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ABSTRACT 

Ganguly, Bratati, Ph.D., Department of Chemistry and Biochemistry, College of Science 
and Mathematics, North Dakota State University, September 2010. Differential 
Modulation of the Structural and Functional Characteristics of Human Matrix 
Metalloproteinase Isozymes upon Binding to Different Ligands. Major Professors: Dr. 
Derek Killilea and Dr. Sanku Mallik. 

Matrix metalloproteinases (MMPs) are a family of Zn2
+ -dependent, Ca2

+ -containing 

endoproteinases involved in tissue remodeling and degradation of the extracellular matrix 

(ECM). Human MMP isozymes are known to be involved in the progression and metastasis 

of many diseases like cancer, Alzheimer's, and etc. The different nanoparticles (e.g. gold 

nanoparticles, liposomes, and charged quantum dots) used in this study provides insights 

into nanoparticle-induced differential modulation in the structural-functional characteristics 

of MMP 7, 9 and 10 for better therapeutic intervention. 

To demonstrate the relationship between the rigid and flexible surfaces on the 

differential modulation of functional and structural characteristics of MMP-7, polylysine 

(PLL) and cationic gold nanoparticles (Au-CNP) were selected as representative examples. 

These cationic nano-structures were expected to serve as "soft" (flexible) and ''rigid" (hard) 

ligands, respectively. Steady-state kinetic analysis demonstrated that PLL induces 

activation and inhibition of MMP-7 at stoichiometric and super-stoichiometric 

concentrations respectively. Circular Dichroism spectroscopy was used to confirm that 

binding of Au-CNP to MMP-7 induces denaturation of the protein. 

In pursuit of understanding the molecular origin of the intrinsic selectivity in 

binding of human MMP isozymes to differently charged lipid membranes, steady-state 

kinetic studies and intrinsic tryptophan quenching studies were carried out. Results 

demonstrated that differently charged lipid membranes bind to all three MMPs; 
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phosphotidylserine (POPS) liposomes are selective for MMP-7. The bipolar distribution of 

negative and positive charges on the surface of this enzyme dictates the binding of 

liposomes and perturbation of catalytic activity. 

An attempt to explain the molecular rationale for alternative binding modes of 

differently charged quantum dots (QDs) to the three MMPs, steady-state tryptophan 

quenching, steady-state kinetics, and time-resolved fluorescence measurements were 

carried out. Differently charged QDs bind to all the three MMP isozymes. Enzyme activity 

of these MMPs was perturbed upon binding to cationic and anionic QDs. Binding of 

MMPs to the differently charged QDs is reversible and is mediated via electrostatic 

interactions. Analysis of time-resolved fluorescence data indicates that the protein 

expenences different micro-environments, due to different distribution of intrinsic 

tryptophan residues (buried and exposed) on MMP isozymes or the existence of two 

distinct conformations of the protein. Binding to charged QDs perturbs enzyme activity of 

MMPs either by restricting the access of the substrate to the active-site or through allosteric 

modulation. In order to develop new isozyme-selective inhibitors, small molecule 

inhibitors (SMis) were designed, synthesized and screened for MMP-7, 9 and 10. Results 

indicate that hydroxamates and carboxylates are preferred SMis. Binding preference is 

based on either the micro-environments of the active-site pockets. 
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CHAPTER 1. INTRODUCTION 

1.1. Matrix Metalloproteases Family 

I .1.1. Matrix metalloproteinase family background 

Matrix metalloproteinases (MMPs) comprise a family of zinc-dependent, calcium

containing endoproteinases involved in tissue remodelling and degradation of all 

components of the extracellular matrix (ECM) at physiological pH. Researchers have been 

nterested in the activity of tissue remodeling, both in physiological and disease processes, 

long before the individual enzymes were isolated and characterized. The earliest 

descriptions of MMPs in 1949 [ 1] was of depolymerising enzymes which could facilitate 

tumor growth by making connective tissue stroma and small blood vessels fill with more 

fluid. After 13 years, the first vertebrate MMP ( collagenase) was isolated and characterized 

as the enzyme responsible for the resorption of tadpole tails. Several mammalian enzymes 

were partially purified but it was not until 1985, when structural homologies became 

apparent, allowing many new members to be identified through advancement in molecular 

biology [2]. 

1.1.2. Matrix metalloproteases evolution and diversification 

At the time when MMPs were studied to resolve the mystery about the evolution, 

structure, and diversification of this large family of enzymes, two very prominent questions 

were posed: a) Why would such multiplicity of these enzymes be seen in nature? (b) What 

makes them different, and how does this difference in amino-acid sequence give rise to 

structural elements which can make each MMP a distinct enzyme? 

To address these questions, amino-acid sequences from 64 MMPs of various organisms, 
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vertebrates, invertebrates, and plants were compared. The three dimensional structures of 

several representative members of MMPs were modeled to gain insights into their 

similarities and differences using the available crystal structures for four MMPs [3-6]. 

Entire sequences, the catalytic domains, and the hemopexin-like domains of the 64 

members of the MMP family were analyzed in terms of structures, evolution, and 

interactions with substrates/inhibitors. Analysis on the structural zinc-binding site and the 

calcium-binding sites were performed. These first comprehensive analyses of this 

important family of enzymes provided fundamental information on the evolution and 

properties ofMMPs. 

Analysis of the entire sequences and of the catalytic domains gave rise to 23 distinct 

subfamilies of MMPs [ 5]. To gain an insight into the similarities and differences, the 

available crystal structure of four MMPs were used to model the structures of the several 

representative members of the remaining MMPs. The data indicated that the origin of the 

MMPs could be traced prior to the emergence of vertebrates from invertebrates. The three 

main branches of the dendogram gave rise to the enzyme from vertebrates, invertebrates, 

and plants. The only exception was XMMP, which is from Xenopus. The XMMP was the 

least related. It possess a hemopexin domain that was absent in plant and nematode MMPs 

(Figure 1.1.A and B). This suggested that at some point in evolution, the genes encoding 

the primordial MMP and hemopexin-like domains were joined together leading to the 

origination ofXMMP. 
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Figure 1.1.A. The dendogram of the multiple-sequence analysis of the amino acid 
sequences for the 64 MMPs. The number in brackets represents the different classes. "v" 
represents the branch vertebrate MMPs, "i" represents invertebrate MMPs, and "p" 
represents plant MMPs. This figure has been adapted from the Ref 14. 
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Figure 1.1.B. The simplified schematic diagram of the dendogram. The number in brackets 
represents the different chromosomal origins for human MMPs. This figure has been 
adapted from Ref 14. The amino acid sequences of MMPs were taken from Gene Bank, 
TREMBL, and SWISS-Prot data bank [7]. 
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1.2. The Role of Matrix-degrading Proteases 

Key functions of the basement membrane (BM) comprise cellular and tissue 

support, anatomical compartmentalization, and provision of a surface that enables the 

regulation of cellular function, differentiation, migration, and adhesion [8]. Interstitial 

connective tissue, adjacent to the BM, is composed of collagen fibers, proteoglycans, and 

glycoproteins and forms the major component of the extracellular matrix. Blood and 

lymphatic vessels are in close proximity to these tissues. Metastasis, facilitated by 

degradation of interstitial stroma by proteases, occurs when the cancer cells are able to 

break through these natural tissue barriers [8]. Specific proteolytic enzymes, produced by 

infiltrating leukocytes, stromal cells and tumor cells, are directly involved in the 

degradation and reorganization of the extracellular matrix, which in tum facilitates tumor 

cell invasion and metastasis. These proteolytic enzymes, termed matrix-degrading 

proteases, are classified into four major classes based on the nature of their active sites: (1) 

Matrix metalloproteinases (Gelatinases, Collagenases, Stromelysins, and Membrane Type 

MMPs); (2) Serine proteinases (plasminogen activators); (3) Cysteine proteinases 

(cathepsin B, cathepsin L); and (4) Aspartyl proteinases (cathepsin D). MMPs appear to be 

involved in the initial step of degradation of the extracellular matrix, although tumor 

invasion involves the interaction of several proteases in a complex processes. 

The timely breakdown of the extracellular matrix (ECM) is necessary for 

embryonic development, reproduction, morphogenesis, tissue resorption, and remodeling. 

The matrix metalloproteinases (MMPs ), also called matrix ins, are thought to play a central 

role in these processes. The expression of most matrixins is transcriptionally regulated by 
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growth factors, hormones, cytokines, and cellular transformation [9-1 O]. The proteolytic 

activities of MMPs are accurately controlled during activation from their precursors and 

inhibition by endogenous inhibitors, such as a-macroglobulins and tissue inhibitors of 

metalloproteinases (TIMPs ). Table 1.1 lists the currently known vertebrate matrixins. 

Additionally, non-vertebrate members have been identified in sea urchins [ 11 ], 

Caenorhabditis elegans [12], soybean [13], andArabidopsis thaliana [14]. 

Table 1.1. The vertebrate members of the Matrixin family. A to H mean the domain 
composition of the different MMPs. The structures of the domains are shown in Figure 1.3. 
This table has been reproduced from Ref 15. 

Protein MMP Domain Comoosition 
Collagenase 1 MMP-1 B 
Gelatinase A MMP-2 C 
Stromelysin 1 MMP-3 B 

Matrilysin MMP-7 A 
Collagenase 2 MMP-8 B 
Gelatinase B MMP-9 D 
Stromelysin 2 MMP-10 B 
Stromelysin 3 MMP-11 E 

Macrophage elastase MMP-12 B 
Collagenase 3 MMP-13 B 
MTl-MMP MMP-14 F 
MT2-MMP MMP-15 F 
MT3-MMP MMP-16 F 
MT4-MMP MMP-17 F 

Collagenase 4 (Xenopus) MMP-18 B 
(No Trivial Name) MMP-19 B 

Enamelysin MMP-20 B 
XMMP(Xenopus) MMP-21 G 
CMMP(Chicken) MMP-22 B 
(No Trivial Name) MMP-23 H 

1.2.1. The extracellular matrix 

The ECM, which contains collagens, non-collageneous glycoproteins, and 

proteoglycans, supports the adhesion of cells and transmits signal through the cell-surface 
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adhesive reporters (Figure 1.2). Alternative ECM constituents, such as tenascin, 

fibronectin, and variant isoforms of laminin, are found in tumors and might stimulate 

cancer progression. The BM is a specialized ECM that provides the first barrier against 

invasion of carcinomas and separates the epithelial cells from the underlying stroma. 

(i) Collagens 

Collagen molecules consist of three a.-chains, which form a triple helix [16]. 

''ibrillar collagens (type I, II, III, V and XI) form fibrils through interactions with integrins 

<tnd influence cellular functions. BM collagens (type IV collagens) are network-forming 

collagens of the BM. Cells interact with collagen type IV molecules through integrins, 

laminin and heparan-sulphate proteoglycans. The 'multiple-triple-helix domains with 

interruption' collagens (type XV and XVIII) are primarily found in the BM of internal 

organs. A proteolytic fragment of the a.l chain of collagen type XVIII, known as 

endostatin, is an inhibitor of angiogenesis [ 17]. There are several other groups of collagens, 

including the transmembrane collagens that are a part of focal adhesion sites. It is 

interesting to note that gelatin is a denatured collagen and is a product of collagenase

digested collagens. 

(ii) Glycoproteins 

Laminins composed of a, ~ and y chains are heterotrimeric glycoproteins. They 

form networks with collagen IV and nidogen in the BMs. Laminins affect cellular functions 

by binding to integrins and non-integrin receptors [18]. Fibronectins and glycoproteins, that 

are present in the ECM and in the blood, form fibrils and affect cell morphology, adhesion, 

migration, and differentiation by binding to integrins [19-20]. 
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(iii) Proteogl ycans 

Proteoglycans have post-translational modifications of glycosaminoglycan chains 

such as heparan, keratin, and chondroitin sulphate. Perlecan, found in tumor stroma, is the 

most common heparan-sulphate proteoglycan of the BM. Other important proteoglycans 

are aggrecan, which is found as large 'aggregates' in cartilagenous tissues, and decorin. 

Versican is the main chondroitin-sulphate proteoglycan of non-cartilaginous tissues. 

Syndecans, glypicans, and CD44 are cell-surface proteoglycans [21]. Hyaluronan is also a 

glycosaminoglycan, but not a proteoglycan, and it is not covalently attached to any protein. 

Cells 

Glycoprotems 

//,I','/ Pr t gl . 
.,.,_,,,,,,./ ;.;,r///////'.. r. ;'//// o eo ycans " 
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Figure 1.2. The diagram of the extracellular matrix (ECM), the basement membrane (BM), 
and the interstitial stroma (IS). This figure has been adopted Reference 21. 
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1.3. Classifications of MMPs 

1.3.1. MMP classification based on domain structure and function 

All matrixins are secreted as inactive pro-MMPs and synthesized as pro-enzymes. 

As illustrated in the Figure 1.3, the primary structures of 20 vertebrate matrixins comprises 

of several domain motifs. The peptide domain consists of about 80 amino acids with a 

unique conserved PRCG (VIN) PD sequence. To maintain latency of the pro-MMPs [22-

23], the Cys within this sequence (the "cysteine switch") ligates the catalytic zinc. This 

sequence is missing in MMP-23 [24]. Stromelysin 3 (MMP-11 ), MT-MMPs, Xenopus 

MMP, and MMP-23 have a pro-protein processing sequence RX(K/R)R at the C-terminal 

end of the propeptide, and MMP-11 [25] and MMP-14 [26] were shown to be activated 

intracellularly by furin. 

A -B -C -D -E -F -
■ PropEplide 

.._ __ __.. _____ ...,. 

..,_ _ __,~-~-ll _ _,.__.1._ ___ __ 

-----■-------
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§1:J ~• rla_ Pro-rlrh I L-1 rereptor..i t.e d ma in 

Figure 1.3. The domain arrangements of the vertebrate Matrix ins. This figure has been 
reproduced from Ref 15. 
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The catalytic domain (about 170 amino acids) is made up of a zinc-binding motif 

H.EXXHXfGXXH and a conserved methionine, forming a unique "Met-tum" structure [27]. 

This domain consists of three a-helices, five-stranded ~-sheets, and bridging loops [26]. 

Members from other metalloproteinase families, i.e. astacins and reprolysins (ADAMs), are 

identical in having these backbone structures including the "Met-tum". These latter four 

families constitute the "metzincins" [27]. Stability and the expression of an enzymatic 

activity is provided by an additional structural Zn2
+ ion and 2-3 Ca2

+ ions present in the 

catalytic domains of matrixins (Figure 1.4). MMP-2 and MMP-9 have three repeats of the 

fibronectin-type II domain inserted in the catalytic domain. These repeats interact with 

collagens and gelatins [28-29]. 

The C-tenninal hemopexin-like domain (about 210 amino acids) consists of an 

ellipsoidal-disk shape with a four-bladed P-propeller structure. Each blade is made up of 

four antiparallel P-strands and a-helix [30]. Although the catalytic domains alone can 

retain proteolytic activity toward other substrates [31 ], the hemopexin domain is an 

absolute requirement for collagenases to cleave triple-helical interstitial collagens [32]. The 

hemopexin domain ofMMP-2 is also required for the cell surface activation of pro-MMP-2 

by MTl-MMP [33-34]. Although its interaction with triple helical collagen is 

hypothesized, based on molecular modeling [34-35], the function of the praline-rich linker 

peptide that connects the catalytic and the hemopexin domains is not known. Instead of the 

hemopexin domain, MMP-23 has cysteine-rich, proline-rich, and IL-1 receptor-like regions 

[24]. A trans-membrane domain, found in the MT-MMPs, anchors these enzymes to the 

cell surface. 
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Seventeen different human MMPs have been identified and/or cloned and share 

significant sequence homology and a common multi-domain organization. Several MMPs 

have also been identified in other vertebrates, invertebrates, and from plant sources [36], 

collectively forming the MMP or matrixin subfamily A of the Metalloproteinase family 

[37]. The MMP family can be subdivided into five groups according to their structure and 

functional properties: (i) Collagenases (MMP-1, 8 and 13); (ii) Gelatinases A and B 

(MMP-2 and 9); (iii) Stromelysins 1 and 2 (MMP-3 and IO); (iv) a more heterogeneous 

subgroup containing Matrilysin (MMP-7), Enamelysin (MMP-20), the macrophage 

metalloelastase (MMP-12), and MMP-19 (together making up the 'classical' MMPs); and 

(v) the Membrane-Type MMPs (MT-MMPs-1 to 4 and stromelysin-3, MMP-11). These 

MMPs are glycosylated to different extents and at different sites but share a common multi

domain structure (Figure 1.5). According to sequence alignments [36, 38], the assembly of 

these domains can be attributed to evolutionary and diversification events. All MMPs are 

synthesized with a 20 amino-acid residue signal peptide and are ( except probably the MT

MMP-like furin-processed proteinases) [39-41] secreted as latent pro-forms. These pro

proteinases, except Matrilysin, consist of an 80-residue N-terminal pro-domain followed by 

the 170-residue catalytic domain (see Figure 1.3), they are covalently connected through a 

IO to 70 residue pro-rich linker to the 195-residue C-terminal hemopexin-like domain. 

In the MT-MMPs, the polypeptide chain possesses an additional 75 to 100 residue 

extension, which presumably forms a trans-membrane helix and a small cytoplasmic 

domain [ 40]. Removal of the haemopexin-like domain in the collagenases eliminates their 

characteristic capability to cleave triple-helical collagen, but does not significantly affect 
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hydrolytic activity towards gelatin, casein or synthetic substrates [ 42]. In both gelatinases, 

the catalytic domains have an additional 175 amino-acid residue insert comprising three 

fibronectin-related type II modules conferring gelatin and collagen binding. 

The TIMP family currently includes four different members (TIMPs-1 to -4), which 

after optimal topological superposition exhibit 41-52% sequence identity (43-44]. Besides 

their inhibitory role, these TIMPs seem to have other functions such as growth factor-like 

and anti-angiogenic activities [ 45-46]. Except for the weak interaction between TIMP-1, -2 

and MMPs [40, 47-49], the TIMPs do not seem to significantly differentiate between the 

various MMPs [47]. TIMP-1 and -2 are unique, in a way, that they bind to the pro-forms of 

gelatinase A and B [48]. The complex between MTl-MMP and TIMP-2 seems to act as a 

cell-surface-bound 'receptor' for pro-gelatinase A in in vivo activation [47-49]. Removal of 

one-third of the TIMP polypeptide C-terrninal chain gives rise to the N-terrninal TIMP 

domains (N-TIMPs), which retain most of their reactivity toward their target MMPs [50-

51]. 

1.3.2. MMP classification based on substrate specificity 

The MMP endopeptidases, consisting of more than 21 human MMPs and the 

homologues from other species can cleave virtually any component of the ECM (Figure 

1.5). Historically, the MMPs were divided into collagenases, gelatinases, stromelysins, and 

matrilysins on the basis of their specificity for ECM components. The common names of 

the MMPs reflect this classification (Table 1.2). A sequential numbering system for the 

MMPs has been adapted as the list of MMP substrates, and the MMPs are now grouped 

according to their structure. There are eight distinct structural classes of MMPs: three are 
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membrane-type MMPs (MT-MMPs) and five are secreted. They are discussed below. 

1.3.2.1. Secreted MMPs 

1.3.2.1.1. Minimal domain MMPs 

Minimal-domain MMPs contain an amino-terminal signal sequence (Pre) that 

directs them to the endoplasmic reticulum. The propeptide (Pro) with a zinc-interacting 

thiol (SH) group maintains the inactive zymogens by interacting with the Zn2+ ion in the 

catalytic domain. 

Figure 1.4. The different domain structures of MMPs. Crystallographic sources reveal the 
Pro-peptide domain, the catalytic domain and the hemopexin domain. The propeptide 
domain is representative from the X-ray structure of stomelysin (PDB - lslm); the other 
regions are from collagenase (PDB - 1 fbl). The catalytic zinc is shown as an orange sphere; 
calcium ions in the catalytic domain and the hemopexin-like domain are shown in cyan. 
The propeptide region is represented by the green ribbon, catalytic domain is shown as a 
pink surface, the hinge region is shown as a white surface and the hemopexin-like domain 
is shown as a yellow ribbon. This figure has been adopted from Ref 15. 
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1.3.2.1.2. Hemopexin domain MMPs 

The simple hemopexin domain-containing MMPs have a hemopexin-like domain 

that is connected to the catalytic domain by a hinge (H). It mediates interactions with tissue 

inhibitors of metalloproteinases, cell-surface molecules, and proteolytic substrates in 

addition to the domains that are found in the minimal-domain MMPs. The first and the last 

of the four repeats in the hemopexin-like domains are linked by a disulphide bond (S-S). 

1.3.2.1.3. Gelatin-binding domain MMPs 

The gelatin-binding MMPs contain inserts that are similar to collagen-binding type 

II repeats of fibronectin (Fi). 

1.3.2. 1.4. The furin-activated secreted MMPs 

Secreted MMPs, which are furin-activated, contain a recognition motif for 

intracellular furin-like serine proteinases (Fu) between their propeptide and catalytic 

domains that allows intracellular activation by these proteinases. This motif is also found in 

the vitronectin-like insert (Vn) MMPs and the membrane-type MMPs (MT-MMPs). 

1.3.2.2. Non-secreted MMPs 

1.3.2.2.1. Trans-membrane type MMPs 

MT-MMPs include transmembrane MMPs that have a carboxy-terminal, single

span transmembrane domain (TM) and a very short cytoplasmic domain (Cy) on the 

glycosylphosphatidylinositol (GPI) anchor. MMP-23 represents a third type of membrane

linked MMP. It has an N-terminal signal anchor (SA) that targets it to the cell membrane, 

and hence is a type II transmembrane MMP. MMP-23 is also characterized by its unique 

cysteine array (CA) and immunoglobulin (lg) like domains. 
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Figure 1.5. The structural organization of the MMPs. The figure has been reproduced from 
Ref 52. 

Table 1.2 shows the classification of different types of MMPs based on substrate specificity 

and structural organization of the domains. Table 1.2 has been adopted from Ref 52. 
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Table 1.2. The classification of the different MMPs based on the type of substrate specificity and on the basis of structural 
organization. 

MMP Classification Classification based on Collagen Additional Mol. Wt. 
Designation based on Substrate Specificity Substrate Substrates Collagen 

Structure Distribution Additional 
Substrates 

MMP-1 Simple hemopexin Collagenase-1, interstitial I, II, III, Aggrecan, Gelatin, 55,000/ 
domain collagenase, fibroblast VII,VIII, X MMP-2, MMP-9 45,000 

collagenase, 
tissue collagenase 

MMP-2 Gelatin-binding Gelatinase A, 72-kDa I, II, III, IV, Aggrecan, Elastin, 72,000/ 
gelatinase, 72-kDa type V,VII, X, XI Fibronectin 66,000 

IV collagenase, Gelatin, Laminin, 
neutrophil gelatinase MMP-9, MMP-13 

MMP-3 Simple hemopexin Stromelysin-1, transin-1, II, III, IV, IX,X, Aggrecan, Elastin, 57,000/ 
domain proteoglycanase, XI Fibronectin, 45,000 

procollagenaseactivating Gelatin, Laminin, 
protein MMP-7, MMP-8, 

MMP-13 
MMP-7 Minimal domain Matrilysin, matrin, IV,X Aggrecan, Elastin, 28,000/ 

PUMP 1, small uterine Fibronectin, Gelatin, 19,000 
metalloproteinase Laminin, MMP-1, 

MMP-2, MMP-9 
MMP-8 Simple hemopexin Collagenase-2, I, II, III, V, Aggrecan, Elastin, 75,000/ 

domain neutrophil collagenase, VII,VIII, X F ibronectin, Gelatin, 58,000 
PMN collagenase, Laminin 

granulocyte collagenase 



Table 1.2. ( continued) 

MMP-9 Gelatin-binding Gelatinase B, 92-kDa IV, V, VII, Aggrecan, Elastin, 92,000/ 
gelatinase, 92-kDa type X,XIV F ibronectin, Gelatin 86,000 

IV collagenase 
MMP-10 Simple hemopexin Stromelysin-2, transin-2 III, IV, V Aggrecan, Elastin, 57,000/ 

domain F ibronectin, Gelatin, 44,000 
Laminin, MMP-1, 

MMP-8 
MMP-11 Furin-activated and Stromelysin-3 Aggrecan, Fibronectin, 51,000/ 

secreted Laminin 44,000 
MMP-12 Simple hemopexin Metalloelastase, IV Elastin, Fibronectin, 54,000/ 

domain macrophage elastase, Gelatin,Laminin 45,000 
...... 
-..l 

macrophage and 
metalloelas tase 22,000 

MMP-13 Simple hemopexin Collagenase-3 I, II, III, IV Aggrecan, Gelatin 60,000/ 
domain 48,000 

MMP-14 Membrane-Type MTl-MMP, MT-MMPl I, II, III Aggrecan, Elastin, 66,000/ 
Metalloproteinase-14 Fibronectin, Gelatin, 56,000 

Laminin, MMP-2, 
MMP-13 

Fibronectin, Gelatin, 72,000/ 
MMP-15 Membrane-Type MT2-MMP, MT-MMP2 Laminin, MMP-2 60,000 

Metalloproteinase-15 
MMP-16 Membrane-Type MT3-MMP, MT-MMP3 MMP-2 64,000/ 

Metalloproteinase-16 52,000 
MMP-17 GP I-linked MT4-MMP, MT-MMP4 Fibrin, Gelatin 57,000/ 

Membrane-Type 53,000 
Metalloproteinase-17 



...... 
00 

Table 1.2. ( continued) 

MMP-18 Simple hemopexin 
domain 

MMP-19 Simple hemopexin 
domain 

MMP-20 Simple hemopexin 
domain 

MMP-21 Vitronectin-like insert 

MMP-22 Simple hemopexin 
domain 

MMP-23 Type II 
transmembrane 

MMP-24 Transmembrane 

MMP-25 GPI-linked 

MMP-26 Minimal domain 

MMP-27 Simple hemopexin 
domain 

MMP-28 Furin-activated and 
secreted 

Collagenase-4 (Xenopus; 70,000/ 
no human homologue 53,000 

known) 
RASI-1,MMP-18 IV Fibronectin, Aggrecan, 54,000/ 

COMP ,Laminin, 45,000 
Gelatin 

Enamelysin Aggrecan, Amelogenin, 54,000/ 
COMP 22,000 

Homologue of Xenopus 
XMMP 

CMMP ( chicken; no 
human homologue 

known) 
Cysteine array MMP 

(CA-MMP), femalysin, 
MIFR, 

MMP-21/MMP-22 
MT5-MMP, 
MT-MMP5 

MT6-MMP, MT-MMP6, IV Gelatin, Fibronectin, 
Leukolysin Laminin-I 

Endometase, matrilysin-2 IV Gelatin, 28,000/ 
Fibronectin 19,000 

Epilysin 



It can be observed that MMP-4, 5, and 6 nomenclature has been abandoned. It has 

also been reported that when MMP-19 was discovered, it was first reported as MMP-18 

[ 54-55]; however, a MMP from xenopus had already been discovered and named MMP-18, 

it has been known as MMP-19 ever since. The human MMP-21 has not been characterized 

yet. MMP-23 has a gene sequence similar to MMP-21 and MMP-22; MMP-23 has hence 

been named as MMP-23A and B [56-57]. 

_"l~. MMP catalytic domain 

Out of all the domains in MMPs, the catalytic domain has been the most studied 

domain. The catalytic domain of the MMPs is an oblate ellipsoid. In the 'standard' 

orientation, in most MMPs, a small active-site cleft notched into the flat ellipsoid surface 

extends horizontally across the domain to bind peptide substrates from left to right (see 

Figure 1.6). The cleft, which stores the 'catalytic zinc', separates the larger 'upper 

subdomain' from the smaller 'lower subdomain'. The upper subdomain formed by the first 

three quarters of the polypeptide chain (up to Gly225) consists of a five-stranded ~- pleated 

sheet, surrounded by three surface loops on its convex side and by two long regular a

helices on its concave side embracing a large hydrophobic core (Figure 1.6). The 

polypeptide chain starts on the molecular surface of the lower subdomain, passes strand sl, 

the amphipathic a-helix hA, and ~-strands sII, sill, slV and sV, before entering the 'active

site helix' hB. Strands sll and sIII are connected by a relatively short loop bridging sl in 

classical MMPs. In MT-MMPs, this loop is expanded into the spur-like, solvent exposed 

MT-MMP- specific loop of unknown function [33-35, 40, 42, 48-49]. In all MMPs, 

strandslll and sIV are linked via an 's-shaped double loop', that is clamped via the 
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'structural zinc' and the first of two to three bound Ca2
+ ions to the ~-sheet. This S-loop 

extends into the cleft sided 'bulge' continuing in the antiparallel 'edge strand' sIV. This 

bulge-edge segment is of prime importance for binding of peptidic substrates and inhibitors 

(see Figure 1.6). The sIV-sV connecting loop, along with the sll-slll bridge sandwiches the 

second bound Ca2
+ ion. After strand sV, the chain passes the large open sV-hB loop before 

entering the active-site helix hB. This helix provides the first (218) and the second His 

(222), which bind to the catalytic zinc, and the 'catalytic Glu-219', these residues represent 

the N-terminal part of the 'zinc-binding consensus sequence,' HEXXHXXGXXH, 

characteristic of the metzincin superfamily [27]. 

This active site helix stops abruptly at Gly-225, where the peptide chain bends 

down, and descends, presenting the third zinc liganding to histidine (His-228) and the 

following MMP-invariant Ser-229. The function of the helix cannot be judged from the 

catalytic domain structure alone. This helix runs through a wide right-handed spiral 

catalytic domain's 'chin' terminating in the 1,4-tight 'Met-tum' of the strongly conserved 

sequence (Ala234-Leu235-Met236-Tyr237) with an obligatory methionine residue at tum 

position 3. 

The chain then returns back to the molecular surface to an ( except in human 

stromelysin-3) invariant Pro-238, forms a conserved Pro 238-X-Tyr240 segment (the 'S1 

outer wall of the pocket); runs through another wide loop of slightly variable length and 

conformation (called the 'specificity loop' [28-29]), before it passes the C-terminal-helix 

hC. 
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Figure 1.6. The catalytic domain ofMMP isozymes. The catalytic domains ofMMP-1 is 
shown in red, MMP-3 is shown in blue, MMP-7 is shown in green, MMP-8 is shown in 
dark blue and MMP-14 is shown in pink along with the heptapeptide substrate. The Zn2

+ 

and Ca2
+ ions have been displayed as pink and blue, respectively. This figure has been 

adopted from Ref 58. 
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1.4. MMP Catalysis and Mechanism 

1.4.1. MMP enzyme activity 

The reaction mechanism of MMPs with the proteolysis of ECM and non-ECM substrates 

has been delineated under the influence of the structural information available. It was 

believed that the catalytic Zn2+ of the MMP isozymes coordinates with the scissile amide 

carbonyl (Figure 1.7). The carbonyl gets attached by a water molecule found in the active 

site. This carbonyl bond has a hydrogen bond to one of the conserved residues, Glu-198 (in 

MMP-8) as well as coordinated to the Zn2
+ in the active sites of almost all the MMP 

isozymes. The water molecule donates a proton to the Glu residue, which transfers it to the 

nitrogen of the scissile amide bond. This is followed by the Glu residue shuttling the 

remaining proton from the water molecule (acts as the solvent) to the nitrogen of the 

scissile amide leading to the cleavage of the peptide bond. The Zn2
+ ion plays a vital role in 

stabilizing the negatively charged carbon of the scissile amide and conserved Ala-161 (in 

MMP-8), which in tum helps to stabilize the positive charge at the nitrogen of the scissile 

amide. 

1.4.2. Cysteine switch 

MMPs contain a conserved sequence (PRCGVPD) in the pro-domain that helps in 

maintaining the inactivity of the enzymes (Figure 1.8). The pro-domain in all MMPs fold in 

such a way that the cystein residue can coordinate with the catalytic Zn2
+. Cleavage of the 

cysteine-Zn2
+ interaction replaces the thiol group by a water molecule. This makes the 

MMPs active for attacking peptide bonds of MMP targets and/or removal of the NH2-

terminal of its own pro-domain to become irreversibly activated (See 1.6.1.3 Section). 
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Figure 1. 7. The reaction mechanism for the proteolysis by MMPs. This figure is adopted 
from Ref 59. 

1.4.3. Detailed study of the active site of MMPs 

The active site of MMP isozymes consists of two distinct regions: A) a groove in 

the protein surface with catalytic Zn2
+ as the central point; and B) The SI' specificity site 

varies among all the members. Table 1.3 displays the residues that are found in the 

different isozymes of MMPs. 

Most potent inhibitors like the hydroxamates adopt the extended conformations 

within the groove and manage to make a few P-structures like hydrogen bonds with the 

enzyme (Figure 1.7). The catalytic zn2+ also plays a crucial role in binding to the bound 

inhibitors and stabilizing them in the MMP groove (Figure 1.9). The S l' holds the 

responsibility of recognizing substrate specificity in the active site. 
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Figure 1.8. The cysteine switch model ofMMP activation. This figure has been reproduced 
from Ref 60. 
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Table 1.3. The selected variable residues in the active site of MMPs. This table has been 
adopted from Ref 2. 

Re~idue MMP MMP MMP MMP MMP MMP MMP MMP MMP MMP MMP 
No 1 2 3 1 8 9 10 11 12 13 14 
151 Ser Tvr Tvr Tyr Ser Tvr Tvr Leu His Tyr Thr 
157 Gly Asp Gly Glv Asn Asp Gly Gly Gly Ser Gly 
158 Glv Gly Asn Asn Gly Glv His Glv Glv Glv G]y 

159 Asn Leu Val Thr Ile Leu Ser Ile Ile Leu Phe 
f---

' 

f-

i65 Gin Ala Ala Ala Gin Pro Pro Phe Gly Pro Phe 
188 Glu G)y Glv Glv Asn Glv Glv Glv Glv Glv Gly 
189 Tvr Tvr Thr Ile Tvr Tvr Thr Thr Thr Tvr Asn 
193 Arg Leu Leu Tyr Leu Leu Leu Gin Leu Leu Leu 
194 Val Val Val Ala Val Val Val Val Thr Val Val 
')J Q .. Ser Ile Ile Thr Asn Met Leu Phe Thr Ile Phe 

- ·-
220 Thr Thr His Glv Ala 

·-
Arg Asn Thr Lys Thr Gin 

222 Ser The ·-- Leu Gly Arg Thr Phe Arg Val Thr Met 

S2 SI S2' 

ji.strand IV 

S3 151 

Pho'fyrili4 

S2 

Figure 1.9. Schematic representation of the typical active site ofMMP isozymes. This 
figure depicts the residues around MMP-8. This figure has been adopted from Ref 2. 
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The most important and crucial task in designing inhibitors or solving the rational 

for the substrate specificity of these MMPs has been the correct understanding of the 

different molecular subsite determinants (Figure 1.9). The substrate residues are named 

Pl, P2 and Pl', P2' and similarly substrate recognition sites on the enzyme are named Sl, 

S2 and S l ', S2' in N and C terminal directions of the scissile peptide bond, as per the 

nomenclature designated by Schechter and Berger [61]. The substrate binding pockets 

narrow from S3 to the S l' subsite. It is interesting to note that S 1' appears to be a very well 

notched out pocket. 

1.5. Functions of MMPs 

Growth and development are related to rapid cell movement and restructuring and 

to reshaping of the extra-cellular matrix. A variety of studies have corroborated the 

involvement of MMPs in physiological as well as pathological processes (Table 1 .4). 

Table 1.4. Involvement of MMPs in physiological and pathological conditions. This table 
has been adopted from Ref 62. 

Physioloidcal Processes Patholo1.?ical Processes PatholoS!ical Processes 
Angiogenesis Arthritis Multiple sclerosis 

Apoptosis Alzheimer's disease Neohritis 
Blastocyst implantation Atherosclerosis Neurological disease 

Bone remodeling Breakdown of blood- Osteoarthritis (OA) 
brain barrier 

Cervical dialation Cancer Periodontal disease 
Embryonic development Cardiovascular disease Rheumatoid 

Endometrial cycling Central nervous system Skin ulceration 
disorders 

Hair follicle cvcling Corneal ulceration Sorby's fundus disease 
Immune response Emphysema Vascular disease 

Inflammation Fibrotic lung disease 
Nerve growth Gastric ulcer 

Organ morphogenesis Guillian-Barre disease 
Ovulation Liver cirrhosis 

Postpartum uterine Liver fibrosis 
involution 

Wound healing Metastasis 
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1.5.1. Physiological conditions 

1.5.1.1. Human endometrium 

Menstruation, an event of tissue destruction, involves partial breakdown of the 

functional layer of the endometrium at the beginning of a normal reproductive cycle in 

women. Menstruation is similar to inflammatory responses, which include leukocyte 

infiltration, proliferation, and activation that occur in the endometrium before 

menstruation. It has been proposed that the leukocytes release MMPs during this stage. 

Interactions between leukocytes and the stromal and epithelial cells of the endometrium 

induce and activate MMPs resulting in tissue breakdown [63]. The mRNA for the MMPs, 

the interstitial collagenase, stromelysin-1, 2, and 3, matrilysin, gelatinase A, and gelatinase 

B are all expressed during the menstrual phase in the human endometrium [63-64]. 

Matrilysin is expressed in the epithelium and glandular epithelial cells throughout the 

tissue. Interstitial collagenase and gelatinase B are in stromal cells, but are concentrated in 

the luminal region of the tissue. The transcripts for stromelysin-3 and gelatinase A are 

localized throughout the stromal component of the tissue. The widespread expression of 

MMPs in all compartments of this tissue indicates that the coordinated effort of several 

MMPs may play a vital role in the breakdown and release of endometrial tissue during 

menstruation [65]. 

1.5.1.2. Wound repair 

Wound repair is a physiological event in which tissue injury results in a repair 

process that finally leads to re-establishment of structure and function of the tissue. 

Cutaneous wound repair can be classified into three overlapping phases: (i) formation of a 
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fibrin clot followed by inflammation ( early or late); (ii) re-epithelialization and granulation 

of tissue formation; and (iii) matrix formation and remodeling [66]. A fibrin clot is formed 

as a result of platelet aggregation and blood coagulation in the first phase of wound repair. 

Various growth factors and chemotactic factors, released from activated coagulation 

pathways, injured cells, and platelets, attract inflammatory cells to the wound area. 

Proteolytic degradation of the ECM is required in many stages of wound repair, such as 

degradation of the provisional matrix, angiogenesis, and keratinocyte migration. Following 

injury, MMP-1 is expressed by basal keratinocytes at the migration front of epidermis in 

several types of cutaneous wounds including incision wounds and blistering skin diseases 

[66]. The expression of MMP-1 in basal keratinocytes is rapidly induced after dermal 

injury, persists during healing, and subsides at re-epithelialization. 

1.5.1.3. Cellular fibrinolytic activity 

Interactions between the plasminogen/plasmin (fibrinolytic) system and MMP can 

affect cellular fibrinolysis (Figure 1. 10). MMP-3 (stromelysin-1) specifically hydrolyzes 

urokinase (u-PA) giving rise to a 17 kDa NH2 terminal fragment containing the 

functionally intact receptor (u-PAR)-binding sequence and a 72 kDa COOH terminal 

domain. MMP generates an angiotensin-like fragment from plasminogen. MMP-3 

specifically hydrolyzes human a2-antiplasmin ( a2-AP), the main physiological plasmin 

inhibitor. a2-AP cleaved by MMP-3 does not form a stable complex with plasmin and no 

longer interacts with plasminogen [67]. Cleavage and inactivation of a2-AP by MMP-3 

may constitute a mechanism favoring local plasmin mediated proteolysis. 
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Figure 1.10. The activation cascade of MMPs. The MMPs involved in the activation 
cascade were MTI-MMP and MMP-2 and urokinase-type plasminogen activator (uPA). 
The figure has been adopted from Ref 53. 

1.5.1 .4. Epithelial remodeling 

Matrilysin (the smallest, 28 kDa, of the known MMPs) gets expressed by non

injured, non-inflamed exocrine and mucosa} epithelium in most tissues, i.e. in the lung. The 

expression of matrilysin in the normal epithelium indicates that this enzyme has a common 

homeostatic function among epithelia. All tissues in which matrilysin gets 'constitutively' 

expressed are open to the environment and hence vulnerable to bacterial exposure. 

Matrilysin has been prominently upregulated in tissues with a heavy bacterial load, such as 

in lungs with cystic fibrosis (CF). It has been suggested that matrilysin is responsible for 

the activation of pro-defensins, the precursor form of defensins that kill bacteria by 

membrane disruption [68]. 

A common role of the mucosal epithelium is to function as an active barrier against 

the external environment. The secretion of antimicrobial peptides by epithelial cells can be 

considered to be an important component of innate immunity. The a- and ~- defensins 

consist of a family of cationic peptides that kill bacteria by membrane disruption [ 69]. The 
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pro-segment of a.-defensin precursor retain them in an inactive state, and proteolysis at 

some point in the secretion pathway is required to remove the pro-domain. Paneth cells are 

specialized epithelial cells that secrete defensins and other antimicrobial molecules, and 

matrilysin activates these peptides in the secretion pathway. 

1.5. 1.5. Aging 

Recent studies have confirmed that MMP-2 activity in smooth muscle cells is 

required in chemotactic invasion of a reconstituted basement [70]. The activity and 

expression of MT-MMP (MMP-14), MMP-2, and MMP-9 increase during mechanical 

injury to arteries [71]. MMP-2 has also been shown to be present within atherosclerotic 

lesions. The proteolytic activity results in rupture due to weakening of the fibrous cap [72-

73]. In the aorta, in the absence of externally imposed experimental injury, age-associated 

disorganization of the internal elastic lamina has been observed [74]. Both MMP-2 and 

MMP-9, along with metalloelastase of macrophages [75] exhibit elastase activity [76]. It 

has been established that both latent and activated forms ofMMP-2 are greater in the aortas 

of old than in young rats [74]. 

1.5 .2. Pathological conditions 

1.5 .2.1. Angiogenesis 

Angiogenesis or neo-vascularization can occur throughout the life span of an adult. 

During angiogenesis, capillary of parent venule are stimulated by an angiogenic stimulus, 

such as fibroblast growth factor (FGF), vascular permeability factor (VPF) and vascular 

endothelial cell growth factor (VEGF). The perivascular ECM is composed predominantly 

of type I collagen, and two specific MMPs, interstitial collagenase (MMP-1) and neutrophil 
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collagenase (MMP-8). They are capable of degrading type I collagen [77]. In a recent 

study, it has been demonstrated that MMP-1 activity appears to be required for 

angiogenesis (78]. MMPs facilitate EC ( endothelial cell) release via the degradation of the 

venules basement membrane. Proteolytic activity is also required for the migration of EC 

into the perivascular stroma. These events are followed by sprout extension and subsequent 

lumen formation [79-80]. The finding represents a novel activation mechanism for MMPs 

EC and smooth muscle cells. It has been suggested that the remodeling of the capillary 

endothelium that is required during angiogenesis can be induced by thrombin [81]. Tumor 

cell invasion and angiogenesis share a number of functional similarities. Initiation of 

cellular invasion in both processes requires attachment to a basement membrane, followed 

by creation of a proteolytic defect in the basement membrane and migration through this 

defect. 

Cell proliferation and continued invasive behavior results in production of either a 

new vessel lumen or metastatic foci after invading cells cross this connective tissue barrier. 

Angiogenesis and tumorigenesis may be mutually stimulating in addition to sharing these 

functional similarities. Formation of new blood vessels helps in expansion of tumor foci in 

three dimensions [82]. Tumor foci exist as small, asymptomatic lesions restricted by the 

limitation of passive oxygen and nutrient diffusion, prior to vascularization. Following 

vascularization, the tumor foci undergo rapid local expansion and that in turn acquire 

enhanced metastatic potential that correlate directly with the degree of vasularization of the 

primary tumor [83]. Metastasis formation and tumor invasion are closely linked to tumor 

induced neo-angiogenesis. 
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1.5.2.2. Chronic ulcers 

Chronic ulcers, which do not heal within the normal biological time range, are 

defined as "wounds". Examples of chronic wounds include ulcers, superficial surgical 

wounds, chemical bums, and burn wounds. The expression levels of MMP-2, MMP-9 and 

their activated forms are increased in wound fluids of chronic ulcers, compared to the 

normal healing process of acute wounds [84-85]. 

1.5.2.2.1. Liver fibrosis 

Liver fibrosis is conventionally viewed as a progressive pathological process 

involving multiple molecular and cellular events that lead ultimately to deposition of 

excess matrix proteins in the extracellular space. There is increasing distortion of the 

normal liver architecture, with ineffective regeneration and repair, and the end result is 

cirrhosis. 

1.5.2.3. Lung diseases 

1.5.2.3.1. Chronic obstructive pulmonary disease (COPD) 

The progressive structural damage associated with emphysema and other forms of 

chronic obstructive pulmonary disease (COPD) appears to be due to degradation of 

selective extra-cellular matrix components. The proteinases that can degrade elastin are 

involved in the development of COPD. The elastin content of the lung parenchyma is 

decreased in emphysema, while the collagen content is increased. 

Exposing proteinase null mice to cigarette smoke provides a highly controlled 

model to assess the role of specific MMPs in emphysema. Long-term exposure of wild

type mice to cigarette smoke leads to inflammatory cell recruitment followed by alveolar 
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space enlargement that is quite similar to the lesions that develop in humans. Mice 

deficient in metalloelastase are markedly protected from development of emphysema due 

to long-term smoke exposure [86]. Metalloelastase is not the sole proteinase responsible for 

the human disease. There are probably several proteinases and inflammatory cells involved 

in the development of emphysema in humans. Human macrophages probably have a 

broader spectrum of MMPs (including metalloelastase). Collagenase-1, -2 and -3 also 

undoubtedly contribute to loss of the airspace and an increase in collagen deposition 

leading to airway obstruction [87]. Importantly, different enzymes from multiple families 

may act in concert in tissue remodeling. For example, metalloelastase as well as other 

MMPs degrades al-proteinase inhibitor, and neutrophil elastase, a serine proteinase, 

degrades TIMPs. These enzymes can accentuate overall proteolytic activity by neutralizing 

each other's natural inhibitors [88]. 

1.5.2.4. Cardiovascular diseases 

Atherosclerosis is an inflammatory process in which plaques are formed in the 

intimal layer of the vessel wall as a result of accumulation of lipid-rich macrophages, 

smooth muscle cells and lipids on these vessel walls. Clinical complications of 

atherosclerosis are often triggered by rupture of unstable plaques, triggering intravascular 

thrombosis and tissue ischemia [89-92]. Thinning of the atherosclerotic vessel wall due to 

elastin and collagen degradation and matrix necrosis may result in aneurysm formation and 

bleeding [90-91]. The MMP system has been implicated in the pathogenesis of 

atherosclerosis and aneurysm formation [92-94]. In animal models, over expression of 

TIMP-1 prevents aortic aneurysm formation and rupture. Human atherosclerosis appears to 
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be an important example of the potentially harmful effects of 92 kDa gelatinase production. 

Immuno-staining has shown that 92 kDa gelatinase productions in arteries is increased, 

whereas in normal arteries 92 kDa gelatinase is not expressed in both stable and unstable 

angina [94]. Increased production of 92kDa gelatinase in atherosclerosis may hence 

contribute to the matrix destruction and subsequently lead to plaque rupture. Interstitial 

collagenase and stromelysin have also been identified in atherosclerotic coronary arteries 

[73]. 

1.5.2.5. Inflammatory myopathy 

MMPs have been found to play a role in inflammatory myopathies. These immune 

mediated disorders are characterized by loss of muscle fibres, invasion of mononuclear 

phagocytes and T-lymphocytes. 

1.5.2.5.1. Congestive heart failure 

MMPs such as collagenase-3 (MMP-13) are expressed at very low levels in normal 

myocardium. Membrane type-I MMPs (MTl-MMP) are substantially upregulated in 

congestive heart failure (CHF). However, MMP species are not uniformly increased in 

patients with end-stage CHF, suggesting that a specific portfolio of MMPs is expressed in 

the failing myocardium. Recent studies in transgenic mice suggest that this MMP species 

plays a role in post infarction myocardial remodeling [104]. Clinical studies [95-96] have 

indicated the emergence of the interstitial collagenase MMP-13 in pathological remodeling 

states, such as human breast cell carcinoma and osteoarthritis. In a recent study [97] 

elevated MMP-13 levels were observed in end-stage of human heart failure. Increased 

myocardial MMP-13 levels were shown to occur with chronic pacing, which has been 
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suggested to be associated with the myocardial remodeling process [98-101, 15]. 

1.5.2.6. Angiotensin 

1.5 .2.6.1. Rheumatoid arthritis 

Progressive structural joint damage is one of the strongest predictors of long-term 

outcome in rheumatoid arthritis (RA) and osteoarthritis (OA). The rheumatic diseases 

possible to consistently prevent the progressive joint destruction that leads to chronic 

continue to symbolize a significant health care issue in the 21 st century. It is still not 

disability, despite the best standards of care and recent therapeutic advances. In rheumatoid 

arthritis and osteoarthritis this progressive cartilage and bone destruction is considered to 

be driven by an excess of MMP enzymes [102]. MMPs contribute to joint destruction in 

rheumatoid arthritis (RA) in at least two ways. First, they can directly degrade the cartilage 

and bone. The major MMPs implicated in this process include stromelysin-1, collagenase-

1, collagenase-3, gelatinase-A, and gelatinase-B. Second, MMPs are important during 

angiogenesis (the formation of new blood vessels), which is a prominent feature of 

rheumatoid arthritis. During angiogenesis, endothelial cells degrade at least two distinct 

barriers, the microvascular basement membrane and the interstitium. The gelatinases play a 

pivotal role during these stages [103]. 

1.5.2.7. Cancer 

l.5.2.7.L Role ofMMPs in cancer dissemination 

A positive correlation between the expression of multiple MMP family members 

(MMP-1, MMP-2, MMP-7, MMP-9, MMP-11, andMTl-MMP) and tumor progression has 

been demonstrated in numerous animal and human studies [ 104]. The ratio of activated to 
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total MMP levels, especially MMP-2, has also been correlated with tumor aggressiveness 

[ I 05]. Based on numerous preclinical studies, it was proposed that targeting MMP activity 

may provide a mechanism to prevent cancer dissemination, [106]. 

1.5.2. 7.2. Production of MMPs by tumor stromal cells 

From studies of oncogene transformed cells, cancer cell lines, and experimental 

tumor models (Figure 1.11 ), it had long been assumed that cancer cells were responsible 

for producing the MMPs in human tumors [107-108]. The localization ofMMP-1, MMP-2, 

MMP-3, and MTl-MMP mRNA primarily in stromal fibroblasts, especially in proximity to 

invading cancer cells led to this belief [109-110]. 

Figure 1.11. The potential influence of MMPs on the stromal cell secreted (plasminogen 
activator) cell surface proteinases and TIMPs during cancer progression. The effect of 
MMPs on the different factors like: integrins, cadherin, CD44, perlecan, cytokines (ILl-b), 
plasminogen, fibroblast growth factor (FGF), epithelial growth factor (EGF), insulin-like 
growth factor (IGF), binding proteins for growth factors (IGF-BP, FGF-BP), growth factor 
receptors (FGF-R),extracellular matrix proteins (collagen, laminin, vitronectin, fibronectin, 
enactin, decorin), and apoptosis factors (FAS ligand) are shown in this figure. Figure 1.11 
has been adapted from Ref 111. 
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1.5.2.7.3. The role ofMMPs in tumor invasion and metastasis 

Metastasis, tumor cell invasion (involving proteolytic degradation of BM and 

ECM), altered cell adhesion and physical movement of tumor cells are now regarded as a 

multi-step phenomenon. The formation of new blood vessels (angiogenesis) is essential 

both for tumor growth, successful tumor invasion and metastasis. Angiogenesis is a 

complex and dynamic process that requires proliferation of endothelial cells from pre

existing blood vessels along with migration of endothelial cells and breakdown of the 

extracellular matrix (ECM). MMPs play a central role in the growth and development of 

blood vessels within tumors that require the same factors that are crucial to tumor cell 

invasion. Individual MMPs may have different, possibly contradictory, roles in 

angiogenesis. Proteolysis of the ECM is a pre-requisite for angiogenesis and activated 

MMPs (specifically, MMP-2) are present in endothelial cells of blood vessels near the sites 

of angiogenesis. However, several MMPs (MMP-2, MMP-7, MMP-9, and MMP-3) have 

recently been shown to be capable of proteolytic cleavage of plasminogen to form 

angiostatin, an endogenous angiogenesis inhibitor, which specifically inhibits proliferation 

of endothelial cells [112-114]. 

The MMPs are responsible for degradation of the constituents of BM and ECM. 

MMPs are implicated in altered adhesion between the tumor cell and its environment 

through interactions with an array of cell adhesion molecules. This implies that MMPs play 

a role in the movement of cells through the ECM. MMPs also have growth regulatory 

effects on both primary and secondary tumors in addition to their function in the 

breakdown of the ECM. In vitro studies have demonstrated the degradation of insulin-like 
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growth factor receptor binding proteins (IGFBP-3 and -5) by MMPs, which may contribute 

to the observed growth-regulatory functions of the MMPs [115]. There is experimental 

evidence (Figure 1.12) that proves that MMPs are involved in the early stages of tumor 

growth and development [ 116-117]. 
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Figure 1.12. The expression of MMPs and TIMPs in the case of breast tumors. The breast 
cancer cells are proliferating in the stromal cells. It includes myofibroblasts, fibroblasts, 
pericytes, epithelial cells, macrophages, neutrophils and lymphopcytes in the stroma. MMP 
isozymes and TIMPs are also synthesized where the cancer cells undergo a transition from 
the epithelial to mesenchymal phase transition. The figure has been adapted from Ref 52. 

The latency of the secreted enzymes and the presence of naturally occurring 

inhibitors tightly control the degradative activity of MMPs. The latter include general 
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plasma proteinase inhibitors such as a2-macroglobulin, as well as more specific inhibitors 

such as the tissue inhibitors of metalloproteinases, TIMP-1 [118], TIMP-2 [119], and 

TIMP-3 [120]. 

There appears to be a local and temporal imbalance between the levels of activated 

enzymes and their inhibitors in several diseases such as arthritis [121], neurodegenerative 

disease such as multiple sclerosis [122], and cancer [123] resulting in a breakdown of the 

extracellular matrix. Several studies have shown that in cancer models, the proportion of 

active MMPs overwhelms the local inhibitory activity surrounding the tumor. This MMP 

activity facilitates the local invasion and direct expansion of the primary tumor, the 

movement of tumor cells across the vascular basement membrane, and the local growth and 

invasion of any secondary tumors. MMP activity further contributes to the growth of new 

blood vessels, a requisite for malignant tumor growth. It is not likely that every type of 

cancer uses MMPs to break down matrix barriers, and other classes of proteases, such as 

the urokinase-type plasminogen activator, are known to be expressed in high levels in 

certain malignancies. Identifications of the relationship between cancer and MMPs are one 

of the major challenges in the development of matrix metalloproteinase inhibitors (MMPis) 

as anticancer agents (Figure 1.12). It is extremely important to realize that very few human 

cancer cell lines and experimental in vivo models reflect the MMP expression of the tumor 

from which they were isolated. Hence, human tissues taken at the time of primary surgery 

provide the best insight into the role ofMMPs in human cancer. 

(i) Collagenases 

Fibrillar collagenase activity in epidermoid carcinomas of the oral cavity and larynx 
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was found to increase when compared to the activity in normal mucosa [124]. High levels 

of fibrillar collagenase activity were also found at the invading edge of gastric carcinomas 

[122]. In colorectal cancer, a correlation was detected with collagenolytic activity [124]. 

Interstitial collagenase in the connective tissue stroma of colorectal carcinomas was found 

to increase when compared to the staining in adenomas and normal mucosa [124]. 

(ii) Stromelysins 

Both in stromal and tumor cells, a high level of mRNA encoding for stromelysin-1 

has been detected in lung, head and neck cancer [125]. It was not found in prostate [126], 

gastric, or colorectal cancer [ 127]. In contrast, high levels of PUMP-I mRNA expression 

were revealed in gastric and colorectal cancers [127]. In the latter, it was localized in tumor 

tissue or in adjacent stroma, with little or no expression in surrounding normal tissue [52, 

128-129]. High levels were also found in prostate cancers being localized to the malignant 

and non-malignant epithelial cells but not found to the associated stroma [127]. 

(iii) Gelatinases 

While the ratio of activated to latent gelatinase A was significantly higher in 

malignant versus benign breast lesions and a higher proportion of activated enzyme was 

related to increasing tumor grade [130], high levels of activated gelatinase A were 

demonstrated in invasive cancer of the breast [ 131]. The expression of gelatinase A was 

correlated with the progression of colorectal, gastric and breast cancer [132]; but failed to 

predict relapse or survival in patients with node-negative breast cancers [133]. Gelatinase 

A was also found to be higher in invasive ovarian cancer than in benign cystadenomas of 

the ovary, and was particularly intense around micro-invasive cells or clusters [134]. As 
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compared to normal sera, it was significantly elevated in sera of lung cancer patients and 

levels were also significantly higher in patients with distant metastases [135]. Gelatinase A 

was localized to the cells of the tumor associated stroma in both colorectal cancer [136] 

and infiltrating squamous cell cancer of the skin [137]. 

(iv) Stromelysin-3 

Several correlative studies in breast cancer have shown high levels of expression of 

stromelysin-3 mRNA in tumor tissue or in adjacent stroma, with little or no expression in 

surrounding normal tissue [138]. Low levels of stromelysin-3 mRNA were detected in 

colon, ovary, kidney and lung cancers. More recently stromelysin-3 mRNA and protein 

have been detected exclusively in the stromal cells surrounding squamous cell cancers of 

the head and neck, and these levels were significantly correlated to the invasiveness of the 

cancer cells. Transcripts for stromelysin-3 were localized in the samples exclusively in the 

neoplastic cells, while those for interstitial collagenase were found in both stromal and 

neoplastic cells [139]. The results point to an important role for stromelysin-3 in tumor 

progression and make it even more important to understand the proteolytic function of this 

metalloenzyme. 

(v) MT-MMP 

MT-MMP, which appears to be a specific activator of progelatinase A, is a 

membrane-bound enzyme with a recognized transmembrane domain [140]. The expression 

of MT-MMP by cancer cells would grant the ability to activate gelatinase A, which is 

produced locally by stromal cells at the invasive tumor margins. In a study of gastric 
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cancer, MT-MMP was expressed exclusively in the tumor tissue and co-localised with 

activated gelatinase A in invasive carcinoma cell nests [ 141]. 

1.5.2.8. Neurodegenerative diseases 

MMPs have been shown to degrade components of the basal lamina leading to 

disruption of the blood-brain-barrier in the central nervous system (CNS). MMPs 

contribute to the neuro-inflammatory response in many neurological diseases. Brain cells 

express both constitutive and inducible MMPs in response to cellular stress. MMPs are 

tightly regulated to avoid unwanted proteolysis. Secreted as inactive enzymes, the MMPs 

require activation by other proteases and free radicals. At the cell surface, they act as 

"sheddases" and release growth factors, which are important in cell survival and death 

[142]. The motor neurons in amyotrophic lateral sclerosis patients express significantly 

higher levels of MMP-9 as indicated by its increased levels in cerebrospinal fluid, 

suggesting a role in neurodegeneration [143]. In serum, however, MMP-9 was significantly 

increased in amyotrophic lateral sclerosis (ALS) patients similar to that of viral 

meningoencephalitis (VM) or bacterial meningitis (BM) patients [144]. It has recently been 

shown that axonal damage occurs within active plaques (localized area of myelin sheath 

destruction within the central nervous system) as a consistent consequence of 

demyelination in multiple sclerosis [145]. Demyelination not only damages neural 

transmission directly, but also increases axonal vulnerability to the proteolytic enzymes and 

cytokines produced by activated immune and glial cells. Increased MMP expression has 

also been associated with the pathologies of Alzheimer's disease, malignant gliomas and 

amyotrophic lateral sclerosis [146-147]. 
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1 S2.8. l. Parkinson's disease 

MMP-2 levels in brain tissue from Parkinson's disease (PD) cases in substantia 

nigra were investigated post mortem. Levels of MMP-2 were not significantly changed in 

the cortex and hippocampus. MMP-9 levels remained unchanged in the investigated brain 

regions. Levels of TIMP-1, an endogenous tissue inhibitor of MMPs were significantly 

elevated in the substantia nigra, but not in the cortex and hippocampus. TIMP-2 levels were 

,.1.nchanged in PD. MMP-1 levels were unchanged in PD cases compared to controls. 

Collectively, these data showed alterations of MMP-2 and TIMP-1 in the substantia nigra, 

consistent with the possibility that alterations in MMPs/TIMPs may contribute to disease 

pathogenesis [148]. 

1.5.2.8.2. Alzheimer's disease 

The neurons in the brain affected with Alzheimer disease expresses MMP-9 and 

uP AR. MMP-9 can be produced for the degradation of amyloid beta protein [ 149]. Among 

the non-gelatinase type isoforrns in the brain, MT5-MMP (MMP-24) has been found to be 

the predominant species. As assessed biochemically and immune-histochemically, MT5-

MMP has most strongly been expressed in cerebellum and localized in the membranous 

structure of expressing neurons. In cerebellum, its expression was regulated 

developmentally and was closely associated with dendritic tree formation of Purkinje cells, 

suggesting that MT5-MMP may contribute to neuronal development [150]. Additionally, 

its stable post developmental expression and co-localization with senile plaques in 

Alzheimer brain [ 151] indicates possible roles in neuronal remodeling naturally occurring 

inadulthood and in regulating patho-physiological processes associated with advanced age. 
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The increased activities of MMPs are a maJor cause of tissue breakdown and 

secondary damage in diseases such as rheumatoid arthritis, in peripheral inflammatory 

states. MMP-1 levels were considerably elevated in AD in all cortical areas by 

approximately 50%. It is, therefore, possible that MMP-1 activity in AD may contribute to 

the blood brain barrier dysfunction seen in AD [164]. There is considerable evidence to 

indicate that MMPs can play an important role in the pathogenesis of Alzheimer's disease 

(AD). Stromelysin-1 (MMP-3) plays an important role in activating latent type MMPs that 

were secreted originally as proenzymes. In case of degradation of ~-amyloid protein, the 

selective distribution of MMP-3 in the human brain suggests that MMP-3 might play an 

important role in the pathogenesis of AD [152]. 

1.6. Regulation of MMPs 

MMPs must be present in the right cell type and pericellular location, at the right 

time, and in the right amount, to accomplish their normal ( or pathologic) functions and they 

must be activated or inhibited appropriately. MMPs are tightly regulated at the 

transcriptional and post-transcriptional levels and are also controlled at the protein level via 

their activators, inhibitors, and their cell surface localization. MMP proteolytic activity is 

regulated at three main levels transcription, proenzyme activation and inhibition. 

Regulation of mRNA stability, translational efficiency, enzyme compartmentalization and 

secretion, cell-surface recruitment, substrate targeting, shedding, oligomerization, cellular 

uptake, and internalization, and finally, autolysis are the additional mechanisms by which 

MMP activity is fine-tuned. Since discussion at all these levels in detail would be 

impossible, hence, the major mechanism and regulation level of MMP activity is discussed 
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in this Dissertation. These mechanisms operate in coordination to assure that MMP 

expression and activity are only circumscribed to those sites and conditions in which 

proteolytic activity is necessary. However, malignant tumors have developed strategies to 

circumvent these regulatory mechanisms, and to generate the uncontrolled proteolytic 

activity that leads to cancer development and metastasis. 

1.6.1. Regulation of MMP activity 

1.6.1.1. Transcriptional regulation 

The viewpoint in the early 1980s that MMPs are coordinately regulated at the 

transcriptional level is no longer valid. Instead, each cell displays a proteolytic phenotype 

in response to a particular stimulus and their transcription is independently regulated. There 

are numerous complex mechanisms by which cells control transcription of MMPs [153-

154]. The transcription of MMP genes can be induced in tumor or stromal cells by various 

signals, such as cytokines, growth factors, and oncogene products, but cannot be expressed 

under normal quiescent conditions. These factors are typically released by the stroma, 

infiltrating host defense cells or by tumor cells themselves. MMP transcription can also be 

induced by other conditions such as alterations in cell shape or mechanical stress [155]. 

Although tumor necrosis factor-a (TNF-a) and interleukin (IL-1) are regularly implicated, 

no single factor has been identified to be exclusively responsible for the over-expression of 

MMPs in specific tumors [153]. Depending on the tumor-cell type, the same MMP can be 

transcriptionally induced or repressed by different agents. In MMP transcription, some 

factors such as TGF-~ or retinoids, function as both positive and negative regulators [156-

159]. 
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Pro-MMPs are activated by different events (Figure 1. 13 shows diverse regulatory 

signals). These active MMPs are involved in a number of processes that promote cancer 

development (red boxes), including promoting genetic instability, angiogenesis, cell 

growth, and invasion. They also interfere with apoptosis induction and host antitumor 

immune responses. MMP autolysis or inhibitors can interfere with the induction of these 

cellular effects. The levels of MMP regulation that might be therapeutically targeted are 

shown in orange boxes, and include cell responses to regulatory signals, transcriptional 

induction, signal transduction, post-transcriptional processing, MMP activation, and 

transport and secretion. 
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Figure 1.13. The levels of expression and MMP activity. This figure has been adopted from 
Ref 160. 
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1.6.1.2. Post-transcriptional regulation of MMP activity 

Post-transcriptional mechanisms are vital to the control of MMP activity, as all the 

soluble MMPs are secreted as inactive zymogens requiring activation by cleavage of the N

terminal pro-domain (Figure 1.14). The membrane-type MMPs (MT-MMPs) are 

distinguished by the possession of a trans-membrane domain and differ in that they are 

activated intracellularly, prior to transport to the cell surface. The interaction of the MMPs 

with the urokinase-type plasminogen activator (uPA), also called the plasmin system is a 

complex process. 

s l ._I P_las_;;J ___. .......... 

----~---.l 1--T - I Plas n )------! 
(81-- ...,M_M_ls -I 

! ---- --------(§y T 
MMPfs 

Figure 1.14. Strategies for blocking proMMP activation. This figure has been adapted from 
Ref 160. 

Figure 1.14 shows the active MMPs that are generated through a multi-step 

proteolytic cascade and involves plasminogen cleavage by urokinase to create plasmin, 

which then cleaves proMMPs to create active MMPs. Some of these MMPs go on to cleave 

other proMMPs. MMP inhibitors (MMPis) block MMP generation from proMMPs. 

Serineproteinase inhibitors (PAis) of urokinase block plasmin generation while the plasmin 
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inhibitors block the proMMP conversion to MMPs. 

1.6.1.3. MMP activation 

Like many proteases, MMPs are synthesized as inactive zymogens (Figure 1.8). 

The mechanisms of MMP latency were originally uncertain, and were attributed to TIMP 

binding to the MMP active site. As it was found that the MMP prodomain masks the 

active-site cleft and prevents hydration of the active site Zn2
+ ion, the idea was soon 

disregarded. A conserved unpaired cysteine residue in the prodomain of MMPs forms a 

cysteine-switch [ 161]. This concept has been supported by structural analysis of proMMP-

2 [162] and proMMP-3 [163]. The site for MTl-MMP cleavage of proMMP-2 that initiates 

the activation lies on a surface-exposed loop within the prodomain [162]. This loop is 

likely to be present in other MMPs functioning as 'bait' for activating proteases, such as 

plasmin, chymase, and tryptase. 

The prodomain structure partially unfolds, following initial cleavage, exposing 

additional sites for further cleavage by activating enzymes such as MMP-3. Binding to a 

ligand or to a substrate in vivo might also lead to a disengagement of the propeptide, 

causing protease activation [164]. Elucidating the requirement for a second MMP to 

perform the final activation cleavage, typically at a phenylalanine (Phe) or tyrosine (Tyr) at 

position 80 or 81 was a conceptual breakthrough in MMP research. Differences in the 

active site S 1' subsite and propeptide sequences of MMPs generate specificity for 

activating proteases. MMP-1 is an excellent example of an MMP that requires MMP-3 

activation cleavage. This could not be due to an autocatalytic reaction. The shallow S l' 

subsite pocket of MMP-1 cannot accommodate bulky side chains such as the amino-
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terminal Phe of the correctly processed fully active enzyme. Other MMPs, such as MMP-2, 

have a deep pocket that can accommodate Tyr81, so activation can be completed 

autolytically by another active MMP-2, which must be tethered to the cell surface [165]. 

1.6.1.4. Regulation of MMP activity by inhibitors 

1.6.1.4.1. Using TIMPs 

MMP activity gets blocked by general inhibitors that are present in the plasma and 

1srne fluids, such as a.2-macroglobulin and by more specific inhibitors, such as TIMPs. 

Four human TIMPs that are anchored in the ECM or secreted extracellularly have been 

identified [166]. The net balance between protease and inhibitor activities determines the 

proteolytic potential of tumors, and a decrease in TIMP levels are generally correlated with 

tumorigenesis [167]. Nevertheless, there are abundant examples in which TIMP 

expression, which would be expected to reduce tumorigenic potential, increases during 

tumor progression. This might be due to the host-protective stromal response [ 168]. 

1. 6 .1. 4 .2. Using endogenous inhibitors 

Several recently described proteins contain domains that are homologous to the 

TIMP inhibitory domains, while some are novel MMP inhibitors, reversion-inducing 

cysteine-rich protein with Kazal motifs (RECK), a key regulator of ECM integrity and 

angiogenesis is a cell-surface MMP inhibitor [169]. This is also the case for tissue-factor 

pathway-inhibitor-2 (TFPI2) - a serine proteinase inhibitor that can function as an MMP 

inhibitor [170]. The procollagen C terminal proteinase enhancer (PCPE) releases a C

terminal fragment that is similar to the inhibitory domain of TIMPs, and possesses 
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significant MMP inhibitory activity [ 171-172]. As of now the physiological targets of these 

putative MMP inhibitory activities remain unclear, as so is their relevance in cancer. 
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CHAPTER 2. STATEMENT OF PROBLEM 

2.1. Questions Addressed in this Dissertation 

The focus of this disquisition is the structural-functional behavior of the three 

different hMMP isozymes upon binding to various types of ligands. The three hMMP 

isozymes, hMMP-7, 9 and 10, chosen for these studies are one of the most important and 

disease intriguing members of the MMP family. These three hMMP isozymes were cloned, 

expressed and purified; and used for different biophysical and kinetic studies. The three 

important questions which invoked this study were: (A) MMP-7 is predominantly secreted, 

but it also cleaves a variety of non-ECM substrates such as E-cadherin, TNF-a, Fas ligand, 

insulin-like growth factors, and raises the question : Why would MMP-7 be recruited to the 

cell surface to hydrolyze its cognate non-ECM substrates? (B) Despite its well recognized 

patho-physiological roles, MMP-7 has not been rigorously investigated from the point-of

view of its structural-functional and mechanistic features, and (C) The bipolar distribution 

of the positive and negative charges in the vicinity of the active-site pocket and on the 

opposite end of the protein structure is an interesting characteristic of MMP-7 and 10. This 

study is important from the point-of-view of regulation of MMP isozymes by electrostatic 

interactions with its cognate partners in an aqueous solvent. 

In addition, the choice of these three human MMP isozymes (MMP-7, 9 and 10) 

were based on the fact that MMP-7 (belongs to the subfamily of matrilysin), MMP-9 

(belongs to subfamily of gelatinases), and MMP-10 ( belongs to the subfamily of 

stromelysins) causes varied range of diseases which include multiple scelrosis, chronic 

ulcers, lung diseases, cardiovascular diseases, alzheimer's, rheumatoid arthriritis, and 
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various forms of cancer, such as stomach, pancreas, esophageal, ovarian, lungs, and uterine 

to mention a few. Also, the future application of this work would be that gold

nanoparticles (Au-NPs), liposomes (LNPs), and quantum dots (QDs) are the different 

biocompatible nanoparticles (NPs) which bear excellent potential to mimic the 

"antibodies", are delivered to the target site, in case of metastasis. These NPs can interact 

with the cognate proteins; in this case, the three hMMP isozymes were used to develop a 

highly specific diagnostic and desensitized protOC(!l for the MMP family of biomedical 

relevance. This research establishes the mechanism by which the hMMP isozymes bind 

and interact with Au-NPs, LNPs, QDs and small molecule inhibitors (SMis). This leads to 

the structural-functional consequences the hMMP isozymes upon binding to the different 

ligands. The successful completion of this research provide future insights into developing 

nano-particle based, highly specific and facile diagnostics as well as desensitizing tools for 

MMPs and other biomarker proteins. In an attempt to answer the unresolved questions the 

following objectives were undertaken: 

[ 1]. To demonstrate the relationship between "rigid" and "flexible" surfaces on the 

differential modulation of functional and structural characteristics of human Matrilysin 

(hMMP-7). 

[2]. To study the molecular origin of the intrinsic selectivity in binding of hMMP isozymes 

to differently charged lipid membranes. 

[3]. To elucidate the alternative binding modes of hMMP isozymes to cationic and anionic 

QDs. 

[4]. High throughput screening of the SMis with the hMMP isozymes. 
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CHAPTER 3. MATERIALS AND METHODS 

3.1. Materials 

3 .1.1. Chemical reagents used for the study 

Plasmid pOTb7 containing the full length cDNA clones of human Matrix 

Metalloproteinase-7 (ATCC #: MGC- 3913), human Matrix Metalloproteinase-9 (ATCC #: 

MGC- 12688) and human Matrix Metalloproteinase-10 (ATCC #: MGC-1704) were 

purchased. Nde I and Xho I Restriction Endonuclease and T4 DNA Ligase were obtained 

from New England Biolabs (Ipswich, MA). Miniprep, maxiprep and Qiaquick® 

purification kits were purchased from Qiagen (Valencia, CA). Primers were designed and 

the sequences were checked for hair-pin loop formation and secondary structure formations 

before having them synthesized at Integrated DNA Technologies (IDT, San Diego, 

California). Agarose (Molecular Biology grade) was purchased from Bio-Rad (Hercules, 

CA). ZnCh, CaCh, Tris, HEPES, phosphate, ampicillin, chloramphenicol and IPTG were 

purchased from Life Science Resources (Milwaukee, WI). Yeast extract, tryptone, PMSF, 

and DMSO were purchased from Becton Dickinson (Sparks, MD). Standard Dialysis bags 

of MCWO of 8000 Da and MCWO 14,000 Da came from Spectrum® Bio Labs (Texas, 

USA). Urea, NaCl, bovine serum albumin (BSA) were purchased from Thermo Fisher 

Scientific Inc. (Rockford, IL), Molecular weight standards for SDS-PAGE and Chelex® 

100 were purchased from Bio-Rad (Hercules, CA). BCA Protein Assay Kit was purchased 

from Thermo Fisher Scientific Inc. BL21-CodonPlus® DE3 (RIL), Recombinant Pfu DNA 

polymerase and DH5a E. coli competent cells were purchased from Stratagene (La Jolla, 

CA). The Commercial MMP substrates: Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 and 
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Ac-Pro-Leu-Gly-SCH (CH2CH(CH3) 2]-CO-Leu-Gly-OC2Hs were purchased from known 

Calbiochem (Gibbstown, NJ). MCA standard as control was purchased from Calbiochem. 

The differently charged cationic and anionic AuNPs were provided by Dr Rotello, 

(Department of Chemistry at University of Massachusetts at Amherst). Polylysine (PLL), vydac 

C 1s reverse phase column, acetonitrile, 0.1 % TF A were purchased from Sigma ® (Saint 

Louis, MO). Lipids were purchased from Avanti ® Polar Lipids, (Alabaster, AL). Cationic 

and anionic quantum dots were provided by Dr. Chen (Department of Physics at University 

of Texas at Arlington). Inhibitors that were screened for MMPs were synthesized by Dr. 

Manas Haldar, Rajesh Subramaniam and Mike Scott and were supplied from Dr. Sanku 

Mallik (Department of Pharmaceutical Sciences at NDSU). Inhibitors screened were 

synthesized and supplied by Dr. Cook's Laboratory (Department of Chemistry and 

Biochemistry at NDSU). All other chemicals were of reagent grade, and were used without 

further purification. 

3.2. Methods 

3.2.1. Cloning, expression and purification of recombinant hMMP-7 

Human MMP-7, hMMP-9 and hMMP-10 were cloned m Dr. Srivastava's 

laboratory at North Dakota State University by Donald Klocke. The cloning of human 

hMMP isozymes (hMMP-7, 9 and 10) was carried out using the following method: 

3.2.1.1. Cloning ofhMMP-7 

The cDNA of human matrilysin (hMMP-7) cloned into mammalian expression 

vector pOTB7 was obtained from ATCC (MGC- 3913). The nucleotide fragment encoding 

the catalytic domain of hMMP-7 corresponding to residues Tyr 94-Lys 267 was amplified 
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by the thermocycler using DNA as a template and purified using the QIAquick® gel 

extraction kit. The following oligonucleotides: the sense primer contained the Nde I at the 

5' end (5'- GGAATTCCATATGTACTCACTATTTCCAAATAGCC -3') and the 

antisense pnmer which contained the Bam HI at the 3' end (5'

CGCGGA TCCTCACTATTTCTTTCTTGAA TT ACTTCT -3 ') in order to introduce the 

translational initiating methionine (Met). The 3' end provides the stop codon and the Bam 

site respectively to facilitate the cloning in pET 20b (+) expression vector. The PCR 

reaction mixture contained the template DNA(~ 50 ng), primers (4 µI of 25 µM), dNTPs 

(1 µl of 10 mM), MgCh (10 µI of 25 mM), and Pfu DNA polymerase (5 units) in a total 

volume of 100 µI. The PCR reaction conditions were set as follows: 30 seconds at 94°C for 

denaturation, 1 minute and 30 seconds at 55°C for annealing, 15 minutes at 72°C for 

extension, for a total number of 25 reaction cycles. The PCR reaction product and the 

expression vector pET 20b ( +) were digested with Nde I and Bam HI and purified from an 

agarose gel using the QIAquick gel extraction kit. The purified products were ligated with 

T4 DNA ligase (forming the hMMP-7 pET plasmid) and transformed into DH5u cells for 

plasmid propagation [1]. The cloning of the coding regions of hMMP-7 in the pET 20b (+) 

vector was confirmed by sequencing the plasmid at the University of Chicago, Cancer 

Research Center. The plasmid was transformed into E.coli BL21 (DE3) for protein 

expression. 

3.2.1.2. Expression and induction of hMMP-7 

The pET expression system was grown in Luria Broth (Trypton-1 0g, yeast extract-

5g, NaCl-lOg in IL), supplemented with 100 µg of ampicillin/ml, 50 µg/ml of 
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chloramphenicol at 37°C until A600 was 0.6. The expression of hMMP-7 was induced by 

addition of 400 µM IPTG. The cells were incubated further at 37°C for 5 hours. The cell 

suspension was centrifuged at 8000 r.p.m using a Sorvall SLA 1500 fixed angle rotor for 

20 minutes. 

3.2.1.3. Sonication and urea washes to the inclusion bodies ofhMMP-7 

The pellet was washed in 50 mM Tris buffer, pH 7.5, and lmM PMSF in 2-

propanol was added prior to sonication. The cells were sonicated for a total time of 10 

minutes in a Branson bath sonifier utilizing 40% duty cycle in an ice cold bath. The 

sonicated extract was centrifuged at 15,000 rpm using a Sorvall 8S34 fixed angle rotor for 

30 minutes, and the pellet was collected. The pellet containing inclusion bodies was 

washed with buffer containing 50 mM Tris, pH 7.5, and then the resuspended solution was 

centrifuged at 8000 r.p.m using a Sorvall SLA 1500 fixed angle rotor for 15 minutes. The 

pellet obtained from this step was subjected to 2 M urea buffer wash containing 50 mM 

Tris, 10 mM CaC}z, 10 µM ZnC}z and 150 mM NaCl, pH 7.5. Again, the resuspended 

solution was centrifuged at 8000 r.p.m using a Sorvall SLA 1500 fixed angle rotor for 15 

minutes. The pellet was then dissolved in 6 M urea buffer containing 50 mM Tris, 10 mM 

CaC}z, 10 µM ZnC}z and 150 mM NaCl, pH 7.5 by stirring overnight at 4°C. The 6 M 

urea extract was centrifuged at 15,000 r.p.m using a Sorvall SS34 fixed angle rotor for 30 

minutes and its supernatant extract was collected for further purification. 

3.2.1.4. Refolding using serial dilution of the 6 M urea extract ofhMMP-7 

This step consisted of refolding the hMMP-7 contained in the 6 M urea supernatant 

fraction in 50 mM Tris, 10 mM CaC}z, 10 µM ZnCh, 6 M urea and 150 mM NaCl, pH 7.5 
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by sequential dialysis. The concentration of the 6 M supernatant fraction was determined 

by BCA assay. The 6 M supernatant was diluted to 0.1 mg/ml concentration of the protein, 

by using 50 mM Tris, 10 rnM CaC}z, 10 µM Zn Ch and 150 mM NaCl, pH 7 .5 and this 

diluted supernatant was packed in a membrane dialysis bag with MCWO of 5,000 Da. This 

sample was dialyzed for 24 hours by changing 3 times (for 8 hours at 4°C) into the 

refolding buffer (50 mM Tris, 10 mM CaCh, 10 µM ZnCh and 150 rnM NaCl, pH 7.5). 

The refolding buffer was placed in a 1000 ml cylinder and the dialysis bag was placed 

inside the cylinder for equilibrium to be established. 

3 .2.2. Cloning, expression and purification of recombinant hMMP-9 

3.2.2.1. Cloning ofhMMP-9 

The cloning ofhMMP-9 has been performed the same way as hMMP-7. The cDNA 

of human Gelatinase B (hMMP-9) cloned into mammalian expression vector pOTB7 was 

obtained from ATCC (MGC-12688). The nucleotide fragment encoding the catalytic 

domain of hMMP-9 corresponding to residues Phe-106 - Leu-442 was amplified by PCR 

using DNA as a template and purified using the QIAquick® gel extraction kit. The 

following oligonucleotides: The sense primer contained the Nde I restriction site at the 5' 

end (5' -GGAATTCCATATGTTCCAAACCTTTGAGGGCGAC-3') and the anti-sense 

primers which contained the restriction enzyme Xho I at the 3' end of the primer ( 5 ' -

CCGCTCGAGTTAATAGAGGTGCCGGATGC-3 ') respectively. These primers 

contained the Nde I restriction enzyme sequence in the sense primer and Xho I restriction 

enzyme sequence in the antisense primer. There are additional sequences added in both 

sense and anti-sense primers for the easy recognition by their respective enzymes. 
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The PCR reaction mixture contained the template DNA(~ 50 ng), primers (4 µl of 

25 µM), dNTPs (1 µl of 10 mM), MgC12 (10 µl of 25 mM), and pfu DNA polymerase (5 

units) in a total volume of 100 µl. The PCR reaction conditions were set as follows: 30 

seconds at 94°C denaturation, I minute and 30 seconds at 55°C for annealing, 15 minutes 

at 72°C for extension, for a total number of 25 reaction cycles. The PCR reaction product 

and the expression vector pET 20b (+) were digested with Nde I and Xho I and purified 

from an agarose gel using the QIAquick gel extraction kit. The purified products were 

ligated with T4 DNA ligase (forming the hMMP-9-pET plasmid) and transformed into 

DH5a. cells for plasmid propagation. The cloning of the coding regions of hMMP-9 in the 

pET 20b (+) vector was confirmed by sequencing the plasmid at the University of Chicago 

Cancer Research Center. The plasmid was transformed into E.coli BL21 (DE3) for protein 

expression. 

3.2.2.2. Expression and induction ofhMMP-9 

The protocol for expression and induction ofhMMP-9 was similar to hMMP-7. 

3.2.2.3. Sonication and urea washes to the inclusion bodies ofhMMP-9 

The protocol for sonication and urea washes to the inclusion bodies of hMMP-9 

was similar to hMMP-7. 

3.2.2.4. Refolding using snap dilution of the 6 M urea extract ofhMMP-9 

The 6 M urea supernatant extract was snap diluted by ten fold in 50 mM Tris, 10 

mM CaC}z and 10 µM ZnC}z, pH 7.5. The 6 M urea extract was diluted into the buffer 

drop-wise with slow stirring at 4°C. The non-homogenous solution was stirred for 30 

minutes and eventually put off the stirrer (kept undisturbed) for 12 to 14 hours at 4 °C. 
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3.2.3. Cloning, expression and purification of recombinant hMMP-10 

3.2.3.1. Cloning ofhMMP-10 

The cloning of hMMP-10 was similar to the purification procedure followed in 

case of hMMP-7 and 9. The cDNA of human stromelysin 2 (hMMP-10) cloned into 

mammalian expression vector pOTB7 was obtained from ATCC (MGC- 1704). The 

nucleotide fragment encoding the catalytic domain of hMMP-10 corresponding to residues 

Phe-99 - Lys-277 was amplified by PCR using DNA as a template and purified using the 

QIAquick® gel extraction kit. The following oligonucleotides: The sense primer contained 

Nde I at the 5' end (5' - GGAATTCCATATGTTCAGCTCCTTTCCTGGCATGCC-3' 

and and anti-sense primers 5'-CCGCTCGAGTCACTATTTTGTGGGCACCAGGGGT -

3 '. These primers contained the Nde I restriction enzyme sequence in the sense primer and 

Xho I restriction enzyme sequence in the antisense primer. There are additional sequences 

added in both sense and anti-sense primers for the easy recognition by their respective 

enzymes (Nde I and Xho I). 

The PCR reaction mixture contained the template DNA(~ 50 ng), primers (4 µI of 

25 µM), dNTPs (1 µl of 10 mM), MgC}z (10 µl of 25 mM), and pfu DNA polymerase (5 

units) in a total volume of 100 µI. The PCR reaction conditions were set as follows: 30 

seconds at 94°C denaturation, 1 minute and 30 seconds at 55°C for annealing, 15 minutes 

at 72°C for extension, for a total number of 25 reaction cycles. The PCR reaction product 

and the expression vector pET 20b (+) were digested with Nde I and Xhol and purified 

from an agarose gel using the QIAquick gel extraction kit. The purified products were 

ligated with T4 DNA ligase (forming the hMMP-9-pET plasmid) and transformed into 
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DH5a cells for plasmid propagation. The cloning of the coding regions of hMMP-9 in the 

pET 20b (+) vector was confirmed by sequencing the plasmid at the University of Chicago 

Cancer Research Center. The plasmid was transformed into E.coli BL2 l (DE3) for protein 

expression. 

3 .2.3 .2. Expression and induction of hMMP-10 

The protocol for expression and induction of hMMP-10 was similar to hMMP-7. 

3.2.3.3. Sonication and urea washes to the inclusion bodies ofhMMP-10 

The protocol for sonication and urea washes to the inclusion bodies of hMMP-10 

was similar to hMMP-7. 

3.2.3.4. Refolding using serial dilution of the 6 M urea extract ofhMMP-10 

The 6 M urea supernatant was treated exactly the same way as hMMP-7. The 6 M 

urea extract using serial dilution was refolded. 

3.2.4. Checking the purity of the expressed protein by SDS polyacrylamide gel 
electrophoresis showing different fractions obtained during purification process 

The refolded protein along with all the fractions obtained during the purification 

process was aliquoted and samples were separated by SDS-PAGE. This step is used for the 

estimation of the yield of the protein collected at each step. The protein samples taken as 

aliquots were analyzed by SDS-PAGE electrophoresis, using 12% resolving and 4% 

stacking gels [1]. The 12% resolving gel comprised of 12% acrylamide prepared in 1.5 M 

Tris, pH 8.8, 0.1 % SDS and the stacking gel of 4% prepared in 0.5 M Tris, pH 6.8, 0.1 % 

SDS. Samples were dissolved in loading dye (comprised of 10% SDS, 25% glycerol, 5 

mM ~-mercaptoethanol, 0.015% bromophenol blue, and 300 mM Tris, pH 6.8) and 

denatured by boiling for 5 minutes in a water bath. 
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The gels were electrophoresed at 200 V using a buffer (0.1 % SDS, 25 mM tris, 190 

mM glycine, pH 8.3), stained with a mixture of 0.1 % coomassie blue in 10% acetic acid 

and 10% methanol for 20 minutes and destained by mixture of 10% acetic acid and 40% 

methanol for 20 minutes. The purity of the expressed enzymes (specific activity) was 

estimated by comparising to the number and the degree of the intensity of the individual 

protein bands in the standard protein ladder (Protein™ ladder, EMD; Madison, WI) . 

. ~5. Steady state experiments for the determination of kinetic parameters (K!!l, V max.bat 

.. md Keat/ K for hMMP isoz es 

Life depends on the well orchestrated series of different chemical reactions. Many of 

these life sustaining reactions proceed too slowly on their own. In order to accelerate these 

slow reactions; nature evolved catalysts also known as "enzymes". As time progressed, the 

enzymes discovered were obtained in pure or partially pure forms; hence scientists became 

anxious in attaining a better understanding of the details of the mechanistic properties of 

these enzymes during the catalysis of a reaction. The concept of enzyme forming a 

complex with their cognate substrate was first demonstrated by Emil Fisher during the 

nineteenth century, about the "Lock and Key Model" [2] for the stereo-chemical 

relationship between the enzyme and its cognate substrate. 

3 .2.5. l. Assays and steady-state characterizations of the enzyme catalyzed reaction 

Kinetics is the study of the rates at which chemical reactions occur. A maJor 

importance of this study is that it gives a detailed understanding of the various steps in the 

reaction process and the sequence in which they occur. The advantages of studying the 

kinetics of an enzyme catalyzed reaction are as mentioned: (a) Using the kinetic studies, 

the binding affinities of ligands and the other cognate inhibitors to the enzyme can be 
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determined. This information would give us an idea about the maximum catalytic rate of 

the enzyme; (b) The rate of the reaction varies with different parameters like temperature, 

pH etc, etc; hence, upon combined study of the chemical rate and structural studies done on 

the enzyme, the catalytic mechanism of the enzyme can be established; (c) The 

understanding of the enzyme's rate, which may play an important role in the metabolic 

pathways, would help us understand the role of the enzyme in the physiological conditions. 

3.2.5.1.1. Spectrophotometric assay for MMP isozymes catalyzed reaction 

The spectrophotometric assay for MMPs were performed using a substrate known 

as thiopeptolide TPL [ Ac-Pro-Leu-Gly-(2-mercapto-4-methylpentanoyl)-Leu-Gly-OE], 

originally developed for vertebrate collagenase [3]. The experimental conditions 

maintained are similar for all the hMMP isozymes. The enzyme activity of hMMP-7, 9 and 

10 were measured in 25 mM HEPES, 10 mM CaCli, pH 7.5. The hMMP isozymes (7, 9 

and 10) have a preferred mechanism to cleave the Thiolpeptide (TPL) and release free thiol 

groups [ 4]. The released thiol groups react with the 5, 5'-dithiobis-(2-nitrobenzoic acid) 

(DTNB) to produce a mixed disulfide and 2-nitro-5-mercaptobenzoic acid (TNB), the 

newly released reactive groups ionize TNB anion in water at neutral and alkaline pH 

(Scheme 3.1). The yellow color generated by TNB amon 1s monitored 

spectrophotometrically by monitoring the absorbance at 412 nm(£= 13,600 M-1 cm-1
). 

In a typical experiment, the initial slope of the progress curve is measured via a 

Molecular Devices SpectraMax® Plus microplate reader in a polystyrene microplate or a 1-

cm path length quartz cuvette. The buffer used in the assay is 25 mM HEPES, 10 mM 

CaCh, and pH 7.5 at 25°C. Reaction volumes were restricted to 200 µI for reliability and 
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sensitivity of the instrument. According to the typical experimental setup, the reaction 

mixture contained 1 mM DTNB and 20 µM TPL of the substrate. The enzyme 

concentration varied depending on the hMMP isozyme used. The concentrations of the 

hMMP used were 0.3 µM, 0.16 µM, and 2 µM for hMMP-7, 9 and 10, respectively. 

The monitoring time of the reaction was 300 seconds and the calculation of the 

product formation as a function of time was based on an extinction coefficient of 13.6 mM· 

1 cm·1 (at 412 nm) for 2-nitro-5-mercaptobenzoic acid (TNB) anion generated. The data 

collected were converted in terms of the "units" of activity. The unit of the hMMP activity 

is defined as the "amount of enzyme required to convert one micromole of the substrate to 

product per min under the standard experimental conditions" 

Ac-Pro-Leu-Gly-SCH[CH2 CH(CH3):2)-CO-Leu-Gly-OC2H 5 

TPL 

U MMPAdded 

I HSCH[CH2CH(CH3 )J]-CO-Leu-Gly-OC2H5 I + I Ac-Pro-Leu-Gly 

02N~ 0 

HO~,,.s~OH 

O ~N02 

~. _<'-t1ithiobis-(2:-nilroben2oi c odd) 

Mixed disulfide 2-nilro-5-mercaptobenzoic 
acid (I'NB) anicn j 

Scheme 3.1. Spectrophotometric assay for MMP isozymes using TPL and DTNB. 

3.2.5.1.2. Spectrofluorometric assay for MMP isozymes catalyzed reaction 

The spectrofluorometric assays for MMPs are performed using a peptide substrate, 

Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2• This substrate was developed by Knight et al. 

75 



[5-7]. The experimental conditions maintained are similar for all the hMMP isozymes. The 

enzyme activity of hMMP-7, 9 and 10 were measured in 25 mM HEPES, 10 mM CaCh, 

pH 7.5. In the mentioned substrate MCA and Dpa represents (7-Methoxycoumarin-4-yl) 

acetyl and N-3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl, respectively. In this substrate, 

the highly fluorescent MCA group is very efficiently quenched by energy transfer (RET) 

by the 2,4-dinitrophenyl group. The hMMP isozymes (7, 9 and 10) used in the assay, have 

a preferred mechanism to cleave the Gly-Leu [G - L] bond releasing the MCA group 

(fluorophore group) from the 2,4-dinitrophenyl (quencher group), resulting in an increase 

in fluorescence. This is shown in Scheme 3.2. In a typical experiment, the initial slope of 

the progress curve is measured via a Molecular Devices SpectraMax Plus microplate reader 

in a black polystyrene microplate. The buffer used in the assay is 25 mM HEPES, 10 mM 

CaCh, and pH 7 .5 at 25°C. Reaction volumes were restricted to 200 µl for reliability and 

sensitivity of the instrument. 

In a typical experimental setup, the reaction mixture contained 25 µM of the 

substrate. The enzyme concentration varied depending on the hMMP isozyme used. The 

concentrations of the hMMP used were 0.3 µM, 0.16 µM, and 2 µM for hMMP-7, 9 and 

10, respectively. As the enzyme hydrolyzed the substrate, the release of the AMC was 

indicated by increase in fluorescence at 395 nm. The excitation wavelength was maintained 

at 335 nm. The stock solution of the substrate was carefully prepared in 25 mM HEPES 

buffer at pH 7 .5. The monitoring time of the reaction was 300 seconds and the absorbance 

maximum of the unquenched peptide at 324 nm (E = 12, 900 M-1 cm- 1
) was taken into 
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account as the control. The data collected were converted in terms of the "units" of activity 

(similar to Scheme 3.1.). 

Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 n + MMPAdded 

Mca-Pro-Leu-Gly Leu-Dpa-Ala-Arg-NH2 

(Fluorophore) (Quencher) 

Scheme 3.2. Spectrofluorometric assay for MMP using a commercial fluorogenic substrate. 

3.6. Relationship between "rigid" and "flexible" surfaces on the differential modulation of 
functional and structural characteristics ofMatrilysin (hMMP-7) 

3.2.6.1. Preparation of Au-NPs 

The Au-NPs, prepared in Dr.Rotello's laboratory (University of Massachusetts at 

Amherst), were tested with different buffers and were found to be most stable in 10 mM 

Phosphate buffer, pH 8.0. The stock of the Au-NPs was dissolved in this buffer and small 

amounts of these NPs were diluted in the respective buffer and used for subsequent 

experiments. 

3.2.6.2. Determination of the effect of cationic macro clusters on the hMMP-7 catalyzed 
cleavage of florogenic substrate 

The effect of cationic macro clusters like polylysine (PLL) on enzymatic activity of 

hMMP-7 was monitored by measuring the initial rate of the hMMP-7 catalyzed reaction 

using a fluorogenic peptide (obtained from Calbiochem, CA) of the following composition: 

MCA-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 [Where MCA and Dpa stand for (7-

Methoxycoumarin-4-yl) acetyl and N-3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl, 

respectively] while maintaining the excitation and emission wavelengths of 335 nm and 
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395 nm, respectively. The time course of the reaction was monitored for about 5 minutes. 

Human MMP-7 in the reaction mixture was maintained at 0.3 µM, while PLL varied 

between 0 - 500 µMin the reaction mixture in 25 mM HEPES, 10 mM CaClz, pH 7.5. 

3.2.6.3. Determination of the effect of cationic nano particles (Au-CNP) on the hMMP-7 
catalyzed cleavage of florogenic substrate 

The effect of cationic Nano particles (Au-CNPs) on the hMMP-7 activity was 

determined by using the same fluorogenic peptide as employed with PLL. The excitation 

and emission wavelengths of the fluorogenic peptide were maintained at 335 nm and 395 

nm, respectively. The concentration range for cationic gold nanoparticles (Au-CNP) was 

varied between O and 1 µM. The hMMP-7 concentration during the above experiment was 

maintained at 0.3 µMin a reaction mixture of25 mM HEPES, 10 mM CaClz, pH 7.5. 

3.2.6.4. Evaluating the secondary structural changes in hMMP-7 and PLL via Circular 
Dichroism (CD) spectroscopic studies 

The binding of hMMP-7 to polylysine (PLL) was evaluated using the Circular 

Dichroism System (Jasco J-815 spectropolarimeter) with spectral changes in the far UV 

region (250-200 nm) using 1 mm path length in a quartz cuvette by systematically titrating 

with increasing concentrations of PLL (0 - 100 µM) to hMMP-7 (5 µM) in the cuvette. The 

secondary structural changes / local organization of the unstructured protein were indicated 

by the double peaks at 222 nm and 210 nm. In order to delineate the hypothesis, the origin 

of the significant portion of the CD signal ( contributed from the changes in the secondary 

structure of PLL and protein) was monitored; under the same experimental conditions, 

systematic titration of PLL (0 - 100 µM) in 5 mM HEPES, pH 7 .5 was monitored as a 

control experiment to correct the CD signal as the background of PLL in the absence of 
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hMMP-7. In order to reduce spectroscopic noise, five scans were done and averaged, and 

the inbuilt program was used to analyze the data. 

3.2.6.5. Evaluating the Au-CNP mediated secondary structural changes of hMMP-7 via 
Circular Dichroism spectroscopic studies 

Circular dichroism spectra of hMMP-7 (50 µM) in the presence of increasing 

wncentration of Au-CNP were monitored. The experiment was performed in 5 mM 

r,h0sphate buffer, pH 7.5 between 210-270 nm regions using a Jasco J-815 

spectropolarimeter. The concentration of Au-CNP was varied from O to 5 µM. 

~ .. 2.6.6. Ascertaining whether the the activation/ inhibitory feature ofhMMP-7 with high 
concentrations of PLL was denaturation or inhibition of the enzyme 

In a typical experiment, 39 µM of hMMP-7 and PLL each were pre-incubated and 

then a fixed aliquot was withdrawn every time and transferred to the reaction mixture for 

measuring the enzyme activity using fluorogenic peptide ( obtained from Calbiochem, CA) 

of the following composition: MCA-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 [Where MCA 

and Dpa stand for (7-Methoxycoumarin-4-yl) acetyl and N-3-(2,4-dinitrophenyl)-L-2,3-

diaminopropionyl, respectively]. The excitation and emission wavelengths of 335 nm and 

395 nm, respectively were maintained. In this process, the PLL concentration was diluted 

to 0.3 µM ( activation concentrations) and 50 µM (inhibitory concentrations) in the reaction 

mixture respectively; and then the initial rate of hMMP-7 catalyzed reaction was measured 

using the fluorogenic substrate for different time intervals. The initial rates were compared 

to the rates when the PLL were mixed instantly without any pre-incubation period. 

3.2.6.7. Ascertaining whether the the activation/ inhibitory feature ofhMMP-7 with high 
concentrations of Au-CNP was denaturation or inhibition of the enzyme 

This experiment was performed to ascertain the potencies of Au-CNP on the act of 
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inhibition versus inactivation of hMMP-7. In this typical experiment, a relatively high 

concentration ofhMMP-7 (~ 8 µM) was pre-incubated with 2.1 µM Au-CNP, and 6 µl was 

withdrawn from the stock sample and transferred to the reaction mixture for measuring the 

enzyme activity as already described in the above experiment. In this approach, the Au

CNP was diluted in the reaction mixture, and the concentrations were similar to the ones 

that were used during the inhibition experiment. The initial rates were compared to the 

rates when the Au-CNP was mixed instantly without any pre-incubation period. 

3.2.7. Molecular origin of the intrinsic selectivity in binding of human Matrix 
Metalloproteinase (hMMP) isozymes to differently charged lipid membranes 

3.2. 7 .1. Preparation of differently charged liposomes (LUV s) 

Appropriate volumes of chloroformic solutions of desired lipids were transferred to 

a round bottom flask. A 9: 1 mixture of spectroscopic grade chloroform: methanol (total 

volume 20 ml) was added to achieve complete dissolution of the lipids. The organic 

solvent was removed under vacuum in a rotary evaporator (Yamato® RE 450) at 42°C with 

rotation of the flask at 220 rpm. After its formation, the thin film was kept under vacuum 

for 24 hours to remove residual organic solvent. 

Buffer (5 ml of 20 mM HEPES, pH 7.5 containing 150 mM NaCl) was added to the 

flask, and the thin lipid film was detached by continuous rotation at 220 rpm for 1 hour in a 

water bath at 70°C. The resulting hydrated lipid suspension was sonicated for 1 hour in a 

heating block at 70°C using a probe sonicator (Branson® 150 continuous pulse level #3). A 

clear and unifonn dispersion of the lipid vesicles was obtained. This solution was filtered 

through a 220 µm filter to remove any shavings introduced during sonication. 
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After one hour at room temperature, the suspension of lipid vesicles became hazier, 

confirming their aggregation into larger vesicles. At this stage, the vesicles were extruded 

through a 100 nm polycarbonate filter (Avanti® Polar Lipids, AL) to obtain large 

unilamellar vesicles. 

3.2.7 2. Phosphate assay on the LUVs 

This assay was performed for determining the phospholipid content. 5 mM 

KH2PO4 was prepared as a stock solution and dilutions were made varying from Oto 63.0 

nmoles inorganic phosphate into clean 13 * 100 mm disposable glass test tubes. 200 µl 

10% H2SO4 was heated for 1 hr @ 200°C in a heating block. 25 µl 30% H2O2 was then 

added to each tube and heated for 40 min@ 200°C. The tubes were cooled and later color 

reagent (Ammonium Molybdate, ddH2O and Vit C) and ddH20 was added. This solution 

was heated to 45°C for 20 minutes. The test tubes were cooled down to room temperature 

and the Absorbance at A820 was measured using a Molecular Devices SpectraMax® Plus 

microplate reader using a quartz cuvette (I-cm path length). The control samples and test 

samples were prepared in triplicates. The A820 values from the standard control samples 

were plotted as a function of nmoles of inorganic phosphate. The slope from this plot was 

used to calculate the amount of inorganic phosphate in the different liposome samples. 

3.2.7.3. Determination of hMMP isozymes liposome interaction via fluorescence of 
dansylPE (dPE) 

The interaction of the liposomes with hMMP isozymes was measured with 10 mol 

% dansylPE (Avanti® Polar Lipids, Alabaster, AL) as reporter using an LSB50 

spectroflourimeter. In a typical experiment, 1 µM ofhMMP-7 was taken in the cuvette and 

titrated with increasing concentrations of dansylPE-containing anionic, cationic or neutral 
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liposomes (LNPs ). The excitation wavelength was set at 283 nm and the intensities of the 

emission peak at 343 nm, 335 nm, and 330 nm corresponding to the protein's tryptophan 

residues of hMMP-7, hMMP-9, and hMMP-10, respectively. The corresponding dansyl 

reporter was monitored at 513 nm. The 513 nm peak was corrected for increasing 

background fluorescence due to increasing dansylPE by performing a blank titration of 

dansylPE containing liposomes into buffer-only and subtracting the background from 

corresponding intensities in the presence of hMMP-7. Fractional saturation was determined 

as the ratio of the fluorescence intensity change observed at the given concentration of lipid 

to the maximum fluorescence change observed for 343 nm, 335 nm, or 330 nm for hMMP-

7, 9, and 10, respectively, along with 513 nm peaks. Ki values were determined by 

nonlinear regression using the hyperbola equation. 

As described above, titration of increasing aliquots of dansylPE containing anionic, 

cationic or neutral liposomes into hMMP isozyrnes in the cuvette led to a decrease in the 

fluorescence intensity at 343 nm and a corresponding increase of the corrected dansyl 

fluorescence at 525 nm. Hence, the decrease in the peak intensity of 343 nm, 335 nm, and 

330 nm in case of hMMP-7, hMMP-9, and hMMP-10, respectively, was plotted as a 

function of increasing outer leaflet lipid concentration. The Ki was then determined via 

non-linear regression analysis as mentioned above. 

3.2.7.4. Evaluating the thermograms of different mol % of DMPS using Differential 
Scanning Calorimetry (DSC) 

The LUVs constituted of varying composition of DMPC: DMPS. The DMPS varied 

from 5%, 25%, 30% and 40%. DSC studies were performed on Microcal VP-DSC 

(Microcal Inc, Northampton, MA) system. The major component was DMPC. The total 
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phospholipid concentration was maintained approximately at 3.5 to 4.0 mM in 20 mM 

HEPES, 150 mM NaCl, pH 7.5, similar to the buffer used to prepare the liposomes. The 

LUVs were heated at a scan rate 10°C/ hr (from 10°C to 45°C). Each scan was repeated 

seven times. 

3.2.7.5. Analysis of the effect ofliposomes on the activity ofhMMP isozymes 

The interaction of liposomes with hMMP isozymes were monitored by measuring 

the rate of hMMP isozymes hydrolysis of the fluorogenic peptide MMP-2 / MMP-7, 

MCA-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2·TFA [Dpa = N-3-(2,4-dinitrophenyl)-L-2,3-

diaminopropionyl], using an LSB50 fluorimeter with excitation wavelength set at 335 nm. 

The intensity of emission of the fluorescent product was monitored at 395 nm for 5 

minutes. The concentrations of hMMP-7, hMMP-9, or hMMP-10 in the cuvette/ 

fluorescence plate reader were maintained at 1 µM, 0.3 µM, and 2 µM, respectively, while 

the liposome concentration (total lipid) was varied between O and 250 µM. Graphs showing 

the rate of product formation as a function of increasing concentration of liposomes were 

plotted. The K1 value of the enzyme-liposome complex formed was determined via non

linear regression analysis of the experimental data as described by Banerjee et.al. [8] using 

the Grafit® 4.0 software. 

3.2.7.6. Probing the possible interaction between hMMP-7 substrate and cationic liposomes 

To confirm that the cationic liposomes mediated inhibition of hMMP-7 was due to 

formation of hMMP-7-liposomes complex, and not due to interaction of the enzyme's 

substrate with liposomes, an analytical HPLC (using a vydac C18 reverse-phase column) 

experiment was carried out. During this experiment, 20 µM substrate in the absence and 

83 



presence of 200 µM liposomes was loaded to the column and subsequently eluted by a 

linear gradient of 0-70% acetonitrile in water ( containing 0.1 % TF A) over a 60 minutes 

time period. The flow rate of the column was maintained at 1.5 ml/min. The peak elution 

time of the substrate would suggest whether or not the liposome sequestered the substrate 

and yielded artifactual results about the cationic liposomes mediated inhibition of hMMP-

7. 

3.2.7.7. Plotting the osmolality as a function of increasing concentration of NaCl 

A 1 ml volume of stock 1 M NaCl concentration was prepared in 25 mM HEPES 

Buffer, pH 7.5 in a falcon tube. Subsequent dilutions were made in 1 ml eppendorf tubes 

varying from O to 250 mM NaCL The osmolality of these NaCl solutions was measured 

using an Advanced Instuments Micro-Osmometer. The osmolality as a function of NaCl 

concentrations (mM) was plotted. The slope of the plot was used further to calculate and 

adjust the osmolality of the liposomes prepared for salt dependent experiments. 

3.2.8. To unravel the alternative binding modes of human Matrix Metalloproteinase 
(hMMP) isozymes to cationic and anionic quantum dots 

3.2.8.1. Excitation and emission spectra of COD and AOD 

The absorbance spectra were measured in a Molecular Devices SpectraMax® Plus 

microplate reader using a quartz cuvette (1-cm path length). The excitation spectra 

measured was represented after subtraction of the buffer background and the difference 

data is represented in absorbance units. All measurements were performed in a standard 

quartz cuvette or 96 well plates at room temperature. 

The steady state spectrofluorometric emission studies were performed on a 

Beckman DU 7400 spectrofluorimeter or Molecular Devices SpectraMax® Plus microplate 
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reader (path length approximately 0.3 cm) or in Perkin Elmer lambda 50-B 

spectrofluorometer, equipped with a magnetic stirrer and thermostated water bath. The 

emission spectra measured were represented after subtraction of the buffer background and 

the difference data is represented in relative fluorescence units (RFU). All measurements 

were performed in a standard quartz cuvette or in 96 well plates at room temperature. 

3.2.8.2. Determination of the dissociation constant (K4) ofhMMP-COD complex 

The steady state spectrofluorometric studies were performed on a Beckman DU 

7 400 spectrofluorimeter or Molecular Devices SpectraMax® Plus microplate reader (path 

iength approximately 0.3 cm). As the CdTe cationic quantum dots (CQD) were stable in 

l O mM Tris, pH 8.0, these experiments were done in the mentioned buffer. The CQD (A ex 

= 570 nm, A em 595 nm), with excitation and emission slit widths of 5 mm, using 4*4 mm 

quartz cuvette or fluorescent well plate. The dissociation constant (:Ki) of hMMP-lsozymes 

- CQD complex was determined by titrating hMMP-7 , 9 or 10 into a fixed concentration of 

CQD in 10 mM Tris, pH 8.0 buffer. The excitation wavelength was fixed at 280 nm and the 

quenching of the tryptophan florescence was monitored at 343 nm, 335 nm and 330 nm for 

hMMP-7, hMMP-9, and hMMP-10, respectively. A fixed concentration of CQD (0.3 µM) 

was used to titrate with hMMPs. A blank titration of hMMP isozyme into the buffer was 

performed to subtract the contribution of protein from that of the sample. The difference in 

signal at 343 nm, 335 nm, or 330 nm; after the subtraction, was plotted as a function of 

increasing concentration of hMMP isozymes. The dissociation constant was determined as 

described by Banerjee.et.a/. [8]. However, as the stock concentration of CQD was not 

known, the fitting parameter determining the concentration of CQD used in the cuvette was 
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not constrained. The dissociation constants (K.i) of the MMP-CQD complexes were 

determined by analyzing the binding isotherm with the classical quadratic equation for the 

enzyme-ligand interactions using Grafit 4.0 (Erithacus software) and representing the 

following equation: 

(E
1 
*n+L1 +Kd)-,J(E, *n+L1 +Kd) 2 -4E1 *n*L1 M = C*---------------- ............ Eq (3.5) 

2 

where n, L1, Et and C refer to the stoichiometry of the enzyme-ligand complex, total ligand 

concentration, total enzyme concentration, and capacity (amplitude of the difference in the 

signal change), respectively. The difference in fluorescence of the complex after 

subtraction of its individual components would relate to the dissociation constant (K.i). 

However, the association constant (Ka) of the enzyme-ligand complex was represented here 

in the equation as the reciprocal of the dissociation constant (K.i) in the binding studies. 

3.2.8.3. Determination of the dissociation constant (Kg) ofhMMP-AOD complex 

The steady state spectrofluorometric studies were performed on a Beckman DU 

7400 spectrofluorimeter or Molecular Devices SpectraMax® Plus microplate reader (path 

length approximately 0.3 cm). As the CdTe/ TGA anionic quantum dots (AQD) were stable 

in 10 mM Tris, pH 8.0, these experiments were done in the mentioned buffer. The AQD (A 

ex 570 nm, A em = 625 nm), with excitation and emission slit widths of 5 mm, using 4*4 

mm quartz cuvette or fluorescent well plate. The dissociation constants (K.i) of hMMP

isozymes-CdTe AQD complex were determined by titrating hMMP isozymes 7, 9, or 10 

into a fixed concentration of AQD in 10 mM Tris, pH 8.0 buffer. The excitation 

wavelength was fixed at 280 nm and the quenching of the tryptophan fluorescence was 
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monitored at 343 nm, 335 nm, and 330 nm for hMMP-7, hMMP-9, and hMMP-10, 

respectively. A fixed concentration of AQD (0.57 µM) was used to titrate with increasing 

concentrations of hMMPs. A blank titration of hMMP isozyme into the buffer was 

performed to subtract the contribution of protein from the sample. After the subtraction, 

the difference in signal at 343 nm, 335 nm, or 330 nm for hMMP-7, hMMP-9, and hMMP-

10, respectively, was plotted as a function of increasing concentration of hMMPs. The 

dissociation constant was determined as described by Qin and Srivastava [9]. However, as 

the stock concentration of AQD was not known, the fitting parameter determining the 

concentration of AQD used in the cuvette was not constrained. The same equation was 

used to determine the dissociation constant of the hMMP isozymes to the AQD. 

3.2.8.4. Determination of the inhibition constant (KJ ofhMMP-COD complex 

The effects of CQDs on enzymatic activity of hMMP isozymes were performed by 

measuring the initial rate of the hMMP isozymes catalyzed reaction using the fluorogenic 

substrate of the following composition: MCA-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 [Where 

MCA and Dpn stand for (7-Methoxycoumarin-4-yl)acetyl and N-3-(2,4-dinitrophenyl)-L-

2,3-diaminopropionyl, respectively], maintaining the excitation and emission wavelengths 

of 335 nm and 395 nm, respectively. The progress curve of the hMMP catalyzed reaction 

was monitored for about 300 seconds. The CQD concentrations were varied between O and 

2.2 µM and the concentrations of 0.3 µM, 0.16 µM and 1 µM for hMMP-7, 9, and 10 

respectively, was maintained in the reaction mixture in 50 mM Tris, 10 mM CaCb, pH 7.5. 

3.2.8.5. Determination of the inhibition constant (KJ ofhMMP-AOD complex 

The effect of AQDs on enzymatic activity ofhMMP isozymes were determined by 
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measuring the initial rate of the hMMP isozymes catalyzed reaction using the fluorogenic 

substrate MCA-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 [Where MCA and Dpn stand for (7-

Methoxycoumarin-4-yl)acetyl and the other component is N-3-(2,4-dinitrophenyl)-L-2,3-

diaminopropionyl, respectively]. The excitation and emission wavelengths of 335 nm and 

395 nm, respectively, were maintained. The progress curve of the hMMPs, was a catalyzed 

reaction monitored for about 300 seconds. The AQD concentrations were varied between 0 

and 3.3 µM, and the concentrations of 0.3 µM, 0.16 µMand 1 µM ofhMMP-7, 9, and 10 

respectively, was maintained in the reaction mixture in 50 mM Tris, 10 mM CaCb, pH 7.5. 

3.2.8.6. To probe the effect of inhibition vs inactivation ofhMMP isozymes using CQD 

This experiment was performed to ascertain the potencies of differently charged 

CQD on inhibition versus inactivation of hMMP isozyrnes. In a typical experiment, 

approximately 4 µM ofhMMP-7, 9, or 10 was pre-incubated with 6 µM CQD respectively 

in separate eppendorf tubes for 20 minutes. 10 µl was withdrawn from the stock sample 

and transferred to the reaction mixture for measuring the enzyme activity at different time 

intervals. In the case of reversal studies, the CQD and hMMP isozyrnes were diluted by 25 

fold in the reaction mixture, and their concentrations became similar to the ones that were 

in the enzyme assay and the inhibition studies. The initial rates were compared to the rates 

when the CQD were mixed instantly without any pre-incubation period. 

3.2.8.7. To probe the effect of inhibition vs inactivation ofhMMP isozymes using AQD 

This experiment was performed to ascertain the potencies of differently charged 

AQD on inhibition versus inactivation of hMMP isozymes. In this typical experiment, 

approximately 4 µM of hMMP-7, 9, and 10 was pre-incubated with 6 µM AQD 
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respectively in separate eppendorf tubes for 20 minutes. 10 µl was withdrawn from the 

stock sample and transferred to the reaction mixture for measuring the enzyme activity at 

different time intervals. In the case of reversal studies, the AQD and hMMP isozymes were 

diluted by twenty-fold in the reaction mixture, and their concentrations became similar to 

the ones that were in the enzyme assay and the inhibition studies. The initial rates were 

compared to the rates when the AQD were mixed instantly without any pre-incubation 

period. 

3.2.8 8. Time resolved fluorescence decay of COD in absence and presence ofhMMP 
isozymes 

Fluorescence Lifetime Decay measurements were carried out usmg a custom 

designed Photon Technology International (PTI) Easy Life® instrument. The excitation 

source for measuring the time resolved fluorescence decay was the Light Emitting Diode 

(LED) with maximum power output at 280 and 340 nm respectively. The experiments were 

done under setting 1-ST lcoo (Ex 280 nm, Em 335 nm) and setting II -ST IIcQD (Ex 340 

nm, Em 570 nm) for CQD. The emission slits were maintained at 6.0 nm. The emitted light 

was detected by stroboscopic emission monochromator set at specific wavelengths. The 

data were collected using 200 channels, 1sec as the integration time, and ten averages were 

taken to obtain the highest resolution of the fluorescence traces. The instrument response 

time was recorded by using a starch suspension to measure the scatter. The time resolved 

fluorescence decay curves were analyzed by using the inbuilt exponential decay equations 

in the PTI analysis software. A single exponential decay equation was attempted for each 

decay curve, and a bi-exponential decay equation was used wherein the resulting residuals 

were high [4].The kinetic traces were fitted using the following equations: 
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J(t) = "'n a exp(-t It'.) ...................................... Eq (3.6) .L.i,=I I l 

where ai and Ti are amplitude and fluorescence lifetime for the ith component, respectively. 

The relative contribution of component i (fj) was calculated derived from the above 

mentioned relationship, which when modified can be represented in the following format: 

f,. =(at' 1"'~ a.t'.) * 100% .................................. Eq (3.7) 
1 1 1 .L.ir=l , 1 

The goodness of the exponential fit of fluorescence curves was determined by the reduced 

x2
, the Durbin Watson, and Z values. All measurements were conducted under ambient 

environmental conditions. 

3.2.8.9. Time resolved fluorescence decay of AOD in the absence and presence ofhMMP 
1sozymes 

Fluorescence lifetime decay measurements were performed using a custom 

designed Photon Technology International (PTI) Easy Life® instrument. The excitation 

source for measuring the time resolved fluorescence decay was the Light Emitting Diode 

(LED) with maximum power output at 280 and 340 nm, respectively. The experiments 

were done under setting I- STlAQD (Ex 280 nm, Em 335 nm) and setting II-ST II AQD (Ex 

340 nm, Em 625 nm) for AQD. The emission slits were maintained at 6.0 nm. The emitted 

light was detected by stroboscopic emission monochromator set at specific wavelengths. 

The data were collected using 200 channels, 1sec as the integration time and ten averages 

were taken to obtain the highest resolution of the fluorescence traces. The instrument 

response time was recorded by using a starch suspension to measure the scatter. The time 

resolved fluorescence decay curves were analyzed by using the inbuilt exponential decay 

equations in the PTI analysis software. A single exponential decay equation was attempted 
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for each decay curve, and a bi-exponential decay equation was used where the resulting 

residuals were high. The goodness of the exponential fit of fluorescence curves was 

determined by the reduced i, the Durbin Watson, and Z values. All measurements were 

conducted under ambient environmental conditions. 

L2.9. High throughput screening of the small molecule inhibitors (SMI) with the 
hMMP isozymes 

1 ). 9. I. Analysis on the effect on the enzyme activity for hMMP isozymes with the small 
F'Y~.lecule inhibitors (SMis) 

The effects of the different small molecule inhibitors on enzymatic activity of 

hMMP-7, 9, and 10 were performed by measuring the initial rate of the hMMP isozymes 

catalyzed reaction using the fluorogenic substrate MCA-Pro-Leu-Gly-Leu-Dpa-Ala-Arg

NH2 [Where MCA and Dpa stand for (7-Methoxycoumarin-4-yl)acetyl and N-3-(2,4-

dinitrophenyl)-L-2,3-diaminopropionyl, respectively]. The excitation and emission 

wavelengths of 335 nm and 395 nm, respectively, were maintained. The progress curve of 

the hMMP isozymes catalyzed reaction was monitored for about 300 seconds. The 

Inhibitors are first screened at 10 µM concentration; and if the % inhibition was 50% or 

more of the enzyme activity, then the K1 for the inhibitor of the enzyme was determined, 

while the concentration ofhMMP-7, 9, and 10 was maintained at 0.3 µM, 0.16, and 2 µM 

respectively in reaction mixture in 25 mM HEPES, 10 mM CaCh, pH 7.5. The Ki value of 

the enzyme-inhibitor complex formed was determined via non-linear regression analysis of 

the experimental data as described by Banerjee et.al. [8] using the Grafit® 4.0 software. 

The initial slopes of the progress curves were noted but for easy representation, the rate of 

the hMMP isozymes is represented as% activity. The inhibition constant (K1) and the mode 
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of inhibition was determined by using a double-reciprocal plot analysis of the data for the 

hMMP isozymes with the SMis. It is known that the Michaelis-Menten equation relies on 

the free concentration of the substrate and the SMis, rather than the total concentration of 

each; the fraction bound [I]b must be subtracted from the total [I] 1 to find out the total 

concentration available in the reaction [I]r. This information becomes very crucial for the 

analysis of the kinetic data. This information is carefully fed into the quadratic equation, 

representing the enzyme-inhibitor binding. The built in quadratic equation is a classic 

steady-state equation for the competitive inhibitors. First, the simplest forms of the 

equations were used, and if the data did not fit the simple competitive equation, then the 

other complex forms like un-competitive or non- competitive equations were used. 

Ymax 
v= 

1 + Km/[S] (1 + [I]tfKi) ................................................................ Eq (3.8) 

where [I]r represents the free concentration of the inhibitor. In some inhibition experiments, 

the [S]101a1 ~ Km, the equation would be simplified as: 

vmax 
V = ----- ..................................................... Eq (3.9) 

The final form of the competitive steady-state model can be represented as: 

v= -----------------------

The calculations for the SMI inhibition data [Eq (3 .10)] were used to calculate the Ki for 

the hMMP isozymes using the non-linear regression analysis software, Grafit 4.0. 
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3.2.9.2. Analysis of the spatio-temporal distribution of the functional groups in the inhibitor 
using Gaussian 3.0 

The molecular modeling and the computational methods available for the different 

estimation of the interaction between two molecules (ligands) are categorized as molecular 

mechanics or electronic structure methods. The simplest and easiest method for us to obtain 

the spatio-temporal distribution of the functional groups, as well as their individual 

distribution, which dictated the dynamics of the interaction between the enzyme and the 

side groups and their geometry optimization inside the enzyme active-site cavity was 

captured by Gaussian 3.0 software package. The parameters used make these methods 

computationally inexpensive, making them suited for small and large systems where other 

methods are not very practical and sensitive. 
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CHAPTER 4. PHYSIOCHEMICAL CHARACTERIZATION OF THE 
RECOMBINANT HUMAN MATRIX METALLOPROTEINASE ISOZYMES 

(hMMP-7, 9 and 10) 

4.1. Introduction 

The hMMP isozymes were sub-cloned, expressed and purified in order to use these 

isozymes for the characterization and the analysis of their kinetic parameters. 

4.2. Results and Discussion 

4.2J. Cloning, expression and purification ofhMMP -7 

4.2.1. l. Checking the purity of the expressed protein by SOS-PAGE showing different 
fractions obtained during the purification process ofhMMP-7 

The refolded protein along with all the fractions obtained during the purification 

process was aliquoted, and samples were separated by SDS-P AGE to estimate the yield of 

the protein collected at each step. It would exhibit the natural progressive steps in 

increasing the purity of the protein (specific activity) with the help of the different 

techniques used throughout the purification process of hMMP-7. Figure 4.1 shows that the 

hMMP-7 is approximately 95% pure protein. 

Estimation of the protein concentration ofhMMP-7 was achieved by using the BCA 

protein assay wherein BSA was used as the standard protein marker. The absorbance at 

As62 was measured in a Molecular Devices SpectraMax® Plus microplate reader in a 

polystyrene microplate in duplicate with varied concentrations of the standard (varied from 

50 ng to 500 ng). A new standard plot was prepared each time the Bradford or BCA assay 

was used to measure the protein content of hMMP-7 stock concentration [I]. The refolded 

hMMP-7 has a molecular weight of 19 kDa. 
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Figure 4.1. The SDS PAGE analysis of hMMP-7 at various stages of purification. 
Electrophoresis was on a 12% resolving gel with a 4% stacking gel and proteins were 
stained with coomassie blue. Lane 1: Standard Protein™ ladder, Lane 2: crude extract, 
Lane 3: 2M urea wash, Lane 4: refolded protein, Lane 5: 6 M urea supernatant. 

4.2.1.2. Measurement of enzyme activity and protein estimation of hMMP-7 using 
Bradford method I BCA method 

The enzyme activity of the recombinant hMMP-7 was measured by following the 

initial rate of hydrolysis of the fluorogenic peptide MMP-2/MMP-7 flourogenic peptide 

using an LSB50 Elmer fluorimeter in 25 mM HEP ES, 10 mM CaC12, pH 7 .5 (Figure 4.2). 

The purified enzyme was subjected to SDS-P AGE analysis to conftnn the homogeneity of 

the protein. The enzyme concentrations were determined according to BCA assay, utilizing 
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BSA as the standard protein. Enzyme fractions were then pooled and dialyzed in storage 

buffer (25 mM HEPES, 10 mM CaCh, 150 mM NaCl and 10 µM ZnCh, pH 7.5) and 

stored at -20°C until used. 

2000 

~ 
U) 
C 
Cl) -C 1000 

0 

100 200 300 

Time (secs) 

Figure 4.2. Spectrofluorometric assay of hMMP-7 catalyzed enzymatic reaction in presence 
of MCA-Dpa fluorogenic substrate. The reaction mixture included 25 mM HEPES, 10 
mM CaCh, pH 7.5. The initial rate (represented as ~F.s-1 = 4.9) of the progress curve was 
measured in a polystyrene microplate (path length = 3 mm) for 300 secs; excitation and 
emission wavelengths were 335 nm and 395 nm, respectively. [hMMP-7]= 300 nM, [S] = 
25 µM. 

After cloning and expressing hMMP-7, the active hMMP-7 was purified with a 

high specificity, and also the total yield of hMMP-7 from 1 L of LB medium was 

estimated. Table 4.1 shows the summary table for the purification process of hMMP-7. The 

6 M urea yielded 10.6 mg/ml of the protein, the protein concentration was estimated by 

BCA assay method, the concentration dropped significantly. It was very evident that this is 

a major step where protein is lost. 
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Table 4.1. Summary table of one-step purification of hMMP-7. 

Sample Total Protein Total Activity Specific % 
volume cone protein (µM. min ·1

) activity Recovery 
(ml) (mg/ml) (mg) (µM • -1 I) .mm .mg-

6 M urea 15 10.6 159 - - -
extract 

Refolded 224 0.256 
hMMP-7 

57.3 900 576923.08 36% 

Obviously, in the refolding process there is a large probablility that all of the newly 

folded protein might not have folded into the native conformation. In the heterogeneous 

population of the newly refolded protein sample, the conformation that has acquired the 

native active-site conformation would eventually catalyze the reaction. Only 36% of the 

total protein refolded correctly and was active. Moreover, with hMMP isozymes, it is an 

established fact that there is protein precipitation during serial or snap dilution. Even 

though 150 mM NaCl concentrations have been maintained, still there has been nucleation 

and aggregation occurring during the equilibration of the refolding process leading to the 

protein "falling out" of the solution in the form of visible aggregates [2]. 

The high catalytic activity and high specific activity indicates the efficient refolding 

in the recovered protein. However, comparison of the yield of other proteins recovered 

from inclusion bodies to recovering 57 mg of hMMP-7 per liter of LB broth, the yield 

shown in Table 4.1 is considered good. Hence, purified hMMP-7 was used for the 

experiments included in this Dissertation. It has been reported that in other laboratories 18-

20 mg/ L of LB has been produced [3]. Calbiochem (Gibbstown, NJ), commercially sells 
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hMMP-7 (active, human, recombinant MMP-7), 100 µg for $299, whereas Enzo® Life 

Sciences sells 10 µg for$ 309. 

4.2.2. Cloning. expression and purification of hMMP -9 

4.2.2.1. Checking the purity of the expressed protein by SDS-PAGE showing different 
fractions obtained during purification process of hMMP-9 

The refolded protein along with all the fractions obtained during the purification 

process has been aliquoted, the samples were separated by SDS-PAGE, and the yield of the 

protein collected was estimated at each step. The procedure followed was similar to that for 

hMMP-7. The refolded hMMP-9 has a molecular weight of 42 kDa (Figure 4.3). 

Figure 4.3. The SDS PAGE analysis of hMMP-9 at various stages of purification. 
Electrophoresis was on a 12% resolving gel with a 4% stacking gel and proteins were 
stained with coomassie blue. Lane 1: crude extract, Lane 2: lysis buffer wash, Lane 3: 2M 
urea wash, Lane 4: refolded protein, Lane 5: 2M urea wash (Repeat), Lane 6: 6M urea 
supernatant. 
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4.2.2.2. Measurement of the enzyme activity and protein estimation of hMMP-9 using 
Bradford method I BCA method 

The enzyme activity of the recombinant hMMP-9 was measured by following the 

rate of hydrolysis of the fluorogenic peptide MMP-2/MMP-7 using an LSB50 Elmer 

fluorimeter in 25 mM HEPES, 10 mM CaCh, pH 7.5 (Figure 4.4). The purified enzyme 

was subjected to SDS-PAGE analysis to confirm the homogeneity of the protein. In Figure 

4.3, lane 4 shows the presence of a single band representing a 42 K.Da molecular weight. In 

Figure 4.3, lane 6, a dark band corresponding to the similar molecular weight indicates the 

presence ofhMMP-9 in the denatured state in 6 M urea extract. The enzyme concentrations 

were determined according to BCA assay, utilizing BSA as the standard protein. Enzyme 

fractions were then pooled and dialyzed in storage buffer (25 mM HEPES, 10 mM CaC}z, 

150 mM NaCl and 10 µM ZnC}z, pH 7.5) and stored at -20°C until used. 
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Figure 4.4. Spectrofluorometric assay ofhMMP-9 catalyzed enzymatic reaction in presence 
of MCA-Dpa fluorogenic substrate. The reaction mixture included 25mM HEPES, 10 mM 
CaC}z, pH 7.5. The initial rate (represented as .liF.s-1 = 5.2) of the progress curve was 
measured in a polystyrene microplate (path length = 3 mm) for 300 secs; excitation and 
emission wavelengths were 335 nm and 395 nm, respectively. [hMMP-9]= 160 nM, [S] = 
25 µM. 
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After cloning and expressing hMMP-9, it was important to know whether the active 

hMMP-9 (Figure 4.4) purified possessed a high specificity and also to estimate the total 

yield of hMMP-9 from 1 L of LB medium. Table 4.2 shows the summary table for the 

purification process ofhMMP-9. 

Table 4.2. Summary table of one-step purification of hMMP-9. 

Sample Total Protein Total Activity Specific % Recovery 
volume cone protein (µM. min ·1) activity 

(ml) (mg/ml) (mg) (µM. min ·1
• mg-1) 

6M urea 15 15.9 238.5 - -
extract 

Refolded 188 0.34 
hMMP-9 

63.92 1966.67 655556.67 26.8 

The 6 M urea yielded 15.9 mg/ml of the protein, but when refolded, a significant 

amount of protein was lost. Only 26.8% of the total protein yielded was refolded correctly 

and was active. Moreover, with hMMP isozymes it is a very well established fact that there 

is huge amount of precipitation during the snap dilution step. In presence of 150 mM NaCl, 

there was nucleation and aggregation occurring during the equilibration of the refolding 

process leading to the formation of visible aggregates. Another very striking event during 

the purification and refolding of hMMP-9 was auto-degradation [4]. hMMP-9 acts like a 

triple helicase; preferentially cleaving a specific sequence existing in a triple-helical 

conformation [5]. Hence, this feature makes purification of hMMP-9 in the active form 

even more difficult. But with few of the modifications in the purification protocol this 

problem has been solved (refer to the steps in the purification process-Chapter 3 section 

3.2). The catalytic activity (Figure 4.4) and high specific activity indicates the efficient 



refolding in the recovered protein (Table 4.2). However, it was noticed that the yield of 

hMMP-9 was 63.9 mg/LLB broth. Moreover, the purified enzyme exhibited high activity 

and specific activity. It has been reported that in other laboratories 10-12 mg/ L of LB is 

generally recovered [6]. Calbiochem (Gibbstown, NJ) commercially sells hMMP-9 (active, 

human, recombinant MMP-9) for 5 µg for $289, whereas Enzo ® Life Sciences sells 10 µg 

for $369. 

4.2.3. Cloning, expression and purification of hMMP -10 

4.2.3.1. Checking the purity of the expressed protein by SDS-PAGE showing different 
fractions obtained during purification process ofhMMP-10 

The refolded protein along with all the fractions obtained during the purification 

process has been aliquoted, and the samples were separated by SDS-PAGE to estimate the 

yield of the protein collected at each step. The procedure followed was similar to that of 

hMMP-7 and hMMP-9. The molecular weight of hMMP-10 was determined to be 20 kDa 

(Figure 4.5). 

4.2.3.2. Measurement of enzyme activity and Protein estimation of hMMP-10 using 
Bradford method / BCA method 

The enzyme activity of the recombinant hMMP-10 was measured by following the 

rate of hydrolysis of the fluorogenic peptide MMP-2/MMP-7 flourogenic peptide using an 

LSB50 Elmer fluorimeter in 25 mM HEPES, 10 mM CaCh, pH 7.5 (Figure 4.6). The 

purified enzyme was subjected to SDS-PAGE analysis to confirm the homogeneity of the 

protein. The enzyme concentrations were determined according to BCA assay, utilizing 

BSA as the standard protein. 
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Figure 4.5. The SDS PAGE analysis of hMMP-10 at various stages of purification. 
Electrophoresis was on a 12% resolving gel with a 4% stacking gel and proteins were 
stained with coomassie blue. Lane 1: Standard Protein™ ladder, Lane 2: crude extract, 
Lane 3: lysis buffer wash, Lane 4: 2M urea wash, Lane 5: 6 M urea wash, Lane 6: refolded 
protein. 
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Figure 4.6. Spectrofluorometric assay of hMMP-10 catalyzed enzymatic reaction m 
presence of MCA-Dpa fluorogenic substrate. The reaction mixture included 25 mM 
HEPES, 10 mM CaCb, pH 7.5. The initial rate (represented as ~F.s-1 = 0.5) of the progress 
curve was measured in a polystyrene microplate (path length = 3 mm) for 300 secs; 
excitation and emission wavelengths were 335 nm and 395 nm respectively. [hMMP-1 0]= 
2 µM, [S] = 25 µM. 
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Enzyme fractions were then pooled and dialyzed in storage buffer (25 mM HEPES, 

10 mM CaCh, 150 mM NaCl and 10 µM ZnCh, pH 7.5 and stored at -20°C until used. 

After cloning, expressing, and purifying hMMP-10, it was very satisfying to record that the 

active hMMP-10 showed a high specificity and also estimated the total yield of hMMP-10 

from 1 L of LB medium. Table 4.3 shows the summary table for the purification process of 

hMMP-10. The 6 M urea yielded 14. 7 mg/ml of the protein but once refolded the protein 

concentration was estimated by BCA assay method was to be 1.09 mg/ml. It was this step 

that there was major loss in protein concentration. 

In the heterogeneous population of the sample, the only conformation which 

acquired the native conformation eventually catalyze the reaction and in this case, only 38 

% of the total protein refolded correctly and was active. 

Table 4.3. Summary table of one-step purification of hMMP-10. 

Sample Total Protein cone Total Activity Specific activity % 
volume (mg/ml) protein (µM. min ·1) (µM. min ·1• mg-1

) Recovery 
(ml) (mg) 

6M urea 15 14.7 220.5 - - -
extract 

Refolded 
hMMP-10 

77.5 1.09 83.9 504.38 63047.5 38 

The high catalytic activity (Figure 4.6) and high specific activity indicate the 

efficient refolding in the recovered protein (Table 4.3). However, if the yield of other 

proteins is compared to the recovery from this purification procedure, 83.9 mg from IL LB 

broth is considered good. Hence, it has been very satisfying in observing the activity and 
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specific activity of the purified hMMP-10. It has been reported that other laboratories have 

produced 20-25 mg/ L of LB [7J. It has been noted that Enzo® Life Sciences sells hMMP-

10 for 10 µg for$ 309. 

4.2.4. Distribution ofTyptophan / Tyrosine residues on the surfaces ofhMMP isozymes 

Tryptophan (W) is very sensitive to the micro-environment as a fluorophore based 

on which emission maxima for the protein is determined. To carry out the biophysical 

studies discussed in this dissertation, the following criteria are important: (a) the 

knowledge about the distribution of the W residues; (b) the extent of their surface exposure 

(actively reacting with the solvent); (c) The spatio-temporal arrangement of the 

heterogeneous population (both the buried and exposed) W residues from the active-site 

pocket are very critical and sensitive to the interaction with different ligands. Therefore, a 

detailed study of the W residues in the hMMP isozymes was studied using the UCSF 

Chimera® software and the structures of MMP isozymes have been obtained as PDB files 

[8J. 

4.2.4.1. Solid surface representation of the ribbon structure of hMMP-7 showing the 
distribution of Typ I Tyr residues 

Upon analysis of the crystal structure of the catalytic domain of hMMP-7, it was 

noted that hMMP-7 bears four tryptophan and eight tyrosine residues. Out of the four 

tryptophan residues, three were fully exposed and the other one was partially buried. Figure 

4. 7 shows all the exposed and one partially exposed W residues in hMMP-7. 

4.2.4.2. Solid surface representation of the ribbon structure ofhMMP-9 showing the 
distribution of the Typ I Tyr residues 

Upon analysis of the crystal structure of the catalytic domain ofhMMP-9, eight of 
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tryptophan residues are present in hMMP-9 with varymg degrees of exposure to the 

aqueous environment. A careful analysis of the catalytic domain shows three tryptophan 

residues that were partially exposed, with one residue being fully buried in the interior core 

of the protein. Figure 4.8.A shows the front view of the catalytic domain of hMMP-9. It 

shows the three partially exposed as well as one of the fully buried W residues. Figure 

4.8.B shows the side view of the same protein. 

Figure 4. 7. Solid surface representation of the ribbon structure of hMMP-7 (I Q3A), 
showing the tyrosine and tryptophan residues. The highlighted portion in purple indicates 
the tryptophan residues around the active site. There are 4 tryptophan residues (W), 3 are 
fully exposed and 1 is partially buried. The red colored ball indicates the catalytic Zn21 ion 
and the yellow colored ball and stick represents the inhibitor in the active site pocket. The 
green colored region represents the tyrosine residues. This figure has been developed using 
UCSF Chimera

11 
software [9]. 
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Figure 4.8.A. Solid surface representation of the ribbon structure of hMMP-9 (PDB ID: 
116j) showing tryptophan residues (frontal view). The highlighted portion in purple 
indicates the tryptophan residues around the active site. There are 3 are partially exposed 
and 1 is fully buried tryptophan residues (W). The green colored balls indicate the catalytic 
Ca2

+ ions. This figure has been developed using UCSF Chimera® software. 

Figure 4.8.B. Solid surface representation of the ribbon structure of hMMP-9 (PDB ID: 
l 16j) showing the tryptophan residues (side view). There are 3 are partially exposed (purple 
colored) and 1 is fully buried tryptophan residues (W). The green colored ball indicates the 
catalytic Ca2

+ ion in the active site pocket. This figure has been developed using UCSF 
Chimera® software. 
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4.2.4.3. Solid surface representation of the ribbon structure ofhMMP-10 showing the 
distribution of the Typ / Tyr residues 

Analysis of the crystal structure of the fibronectin domain and the catalytic domain 

of hMMP-10 (Figure 4.9) shows that it harbor 8 tryptophan residues with varying degrees 

of exposure to the aqueous environment. However, two tryptophan residues were found to 

be fully buried in the analysis of the catalytic domain, while one residue was partially 

exposed to the interior core of the protein. 

Figure 4.9. Solid surface representation of the ribbon structure of hMMP-10 (PDB: ljcz) 
showing the tryptophan residues. The highlighted portion in purple indicates the tryptophan 
residues around the active site. There are 3 tryptophan residues (W), 2 are buried and I is 
partially exposed. The red colored ball indicates the catalytic Zn2

+ ion and the yellow 
colored ball and stick represents the inhibitor in the active site pocket. This figure has been 
developed using UCSF ChimeraR' software. 
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4.2.4.4. Steady state experiments for the determination of the kinetic parameters {Km......Ymax, 
Kea, and Keat/ Km ) for hMMP isozymes 

The kinetic parameters that were considered were Km (affinity for the substrate), 

V max (maximal velocity of the enzyme), Keat (tum over number of the enzyme) and Kcav'Km 

(specificity of the enzyme for the substrate) for the three hMMP isozymes. The obvious 

question asked in this study was what would these kinetic constants add to the 

understanding of these enzymes? 

The value of Km varies considerably from one enzyme to another. Km is known as 

the substrate concentration that results in half-maximal velocity for the enzymatic reaction. 

Km also represents the substrate concentration at which half of the active sites in the sample 

are saturated with the substrate molecules in the steady-state. Keat is referred to as the 

turnover number of the enzyme. It defines the number of catalytic turnover events that 

occur per unit time (s-1
). 

In the laboratory, the tum over number as Keat can be easily determined, by 

measuring the reaction velocity under conditions [S] >> Km, so that v (initial rate) equals 

V max (maximal velocity). But in physiological condition, generally [S] << Km is known to 

exist. In the laboratory, where, [S] >> Km, the formation of ES complex is rapid and often 

is not the rate-limiting step. However, in vivo condition, where [S] << Km mostly exists, the 

overall reaction may be restricted by diffusion rate of the encountering molecules (i.e. the 

enzyme and the substrate). Nonetheless, the measurement of Keat (velocity under saturating 

substrate condition) gives us the most consistent medium of comparing rates of different 

enzymatic reactions. Changes in Keat indicate the perturbations in the chemical steps 
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subsequent to the initial substrate binding. Indeed Keat provides the lower limit on the first

order rate constant of the slowest step following substrate binding which eventually leads 

to product release. 

The catalytic efficiency of an enzyme is best defined by the ratio of the kinetic 

constants; Kcai/Km. The ratio has a second order rate constant and is generally used to 

compare the efficiencies of different enzymes. It has often been observed that there are 

large differences in Keat rather than Km. The only reason being substrate specificity often 

results from differences in transition states rather than ground state binding interactions. 

The Kcai/Km ratio is the best measure of substrate specificity. 

4.2.4.4.1. Determination of Km ofMCA 

To investigate the individual kinetic parameters (like Km, Keat and KcaJKm values) 

of the fluorogenic substrate with the three hMMP isozymes in catalyzing the reaction, at 

first the standard plot had to be prepared to determine the nmoles of product formed / sec 

using the fluorogenic substrate. MCA was chosen as the control substrate (commercially 

available). The progress curves for the hMMP isozymes, i.e. the initial rates were obtained 

in the units of Flu units/sec (.L\F.s-1
). For the construction of the MCA plot, a stock solution 

of MCA was prepared in 25 mM HEPES, 10 mM CaCh. pH 7.5. MCA has excitation and 

emission wavelengths of A-ex = 335 nm and A.em 395 nm, respectively, with a cutoff filter 

at 350 nm. The slope of the fluorescence intensity vs. concentration of MCA was then used 

to convert the initial rates of the catalyzed reaction from Fl units/sec to nM product/sec. 

Upon analyzing the data, using the linear equation, the slope of the standard MCA plot was 

found to be 0.11 Flu/nM MCA (Figure 4.10). 
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Figure 4.10. The standard plot for MCA. Stock solution of MCA was prepared in 25 rnM 
HEPES, 10 rnM CaClz,pH 7.5. MCA has an excitation and emission wavelength as Aex = 
335 nm and Aem = 395 nm, respectively, with a cutoff filter at 350 nm. The solid smooth 
line is the best fit of the data by linear regression with slope= 0.11 (Fluorescence units/nM 
ofMCA). 

A "unit" of MMP activity can be defined as the amount of enzyme required to 

convert one micromole (µM) of the substrate to product per min under the standard 

experimental conditions of buffer and temperature. The enzyme activity was calculated 

using the given formulae ( obtained from Calbiochem, CA): 

Activity (U/ml) = ~F * C * V 

F * v ········································Eq (4.1) 

where 11F represents the change in flu during peptide hydrolysis/min, C represents the 

concentration of product used for standard, V indicates the volume of peptide hydrolysis 

reaction, F represents the Flu at the C used from the standard plot, v indicates the volume 

of enzyme added. 
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To determine the other kinetic parameters (For example Km, V max, kcat and Keat/ Km) 

the initial slopes of the progress curves (Fl units/sec) were recorded and were analyzed 

using the classic Michaelis-Menten equation (Eq 4.3). The V max values obtained from the 

plots were represented as Flu units/sec. they were converted into nM product formed /sec 

for each of the cases and subsequently used in the following equation to obtain the required 

V max values. 

Vmax 
Keat=----

[E] T ...••.••••....••••••.••.•.....••••..••.••........•....•• Eq ( 4.2) 

where Keat is the tum over number for the enzyme, V max is the maximum velocity (rate) 

obtained by the enzyme and [Eh is the total concentration of the enzyme available in the 

reaction. Keat is represented in unit of sec-1
• All the data reported herein were analyzed by 

Grafit Software (version 4.0). 

The above kinetic data were expressed as the reactions were initiated by the 

addition of the enzyme and the initial rates were plotted as a function of substrate 

concentration. The data were analyzed via the classic Michaelis-Menten equation: 

V = Ymax / (1 + Km/ [S]) .......................................... Eq (4.3) 

where v is the initial rate, Km is the apparent binding constant of the substrate with the 

enzyme ( represented in µM) and V max is the maximal steady-state rate (represented in µM 

sec-1
). Figure 4.11 shows the Michaelis-Menten hyperbolic plot for hMMP-7 catalyzed 

hydrolysis of the fluorogenic substrate. 

112 



4.2.4.4.2. Determination of Km ofhMMP-7 for fluorogenic substrate 
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Figure 4.11. The Michaelis-Menten hyperbolic plot for hMMP-7 catalyzed hydrolysis of 
the fluorogenic substrate in 25 mM HEPES, 10 mM CaClz, pH 7.5 at 25°C. [hMMP-7] = 
300 nM and substrate concentration varied from 1-45 µM. Product formation was 
measured in arbitrary fluorescence units as a function of time (~F.s-1

), which was then 
converted to concentration of MCA released. A MCA standard curve was used for 
calculating other kinetic parameters. The excitation and emission wavelengths were Aex = 
335 nm and Aem = 395 nm, respectively. The solid smooth line is the best fit of the hMMP-
7 data according to the Michaelis Menten equation (Eq 4.3). The Km was determined to be 
10.3 µM. 

The data represented in Figure 4.11 can be plotted as 1 / v versus 1 / [S] and can 

also be analyzed by the linearized Michaelis-Menten equation, which is also known as the 

Lineweaver-Burk plot (or double reciprocal plot), it can be represented in a simplistic 

manner as follows: 
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1/v Km/Vmax*l/[S]+l/Vmax ............................................. Eq(4.4) 

where the Km/ V max is given by the slope and I / V max is given by the y-intercept. 

From the data (Figure 4.11 ), the Km of hMMP-7 for the commercial fluorogenic 

substrate could reliably be determined. According to the Michaelis-Menten equation, the 

Km was determined to be 10.3 µM. As known in the literature, the Km has been reported to 

be 24-26 µM by Knight et. al. [ 10-12]. The reason for the Km being almost threefold lower 

than the reported data, it can be rationalized that hMMP-7 was homogenous and of high 

purity with very high specific activity (Refer to Table 4.1 ). Moreover, the commercial 

fluorogenic substrate was specific for MMP-2/MMP-7. Hence, that justifies the low Km 

value of hMMP-7 for the fluorogenic substrate. 

4.2.4.4.3. Determination of Km of hMMP-9 for fluorogenic substrate 

The condition under which hMMP-9 catalyzed hydrolysis of the fluorogenic 

substrate were carried out were similar to experimental setup of hMMP-7. Figure 4.12 

shows the Michaelis-Menten hyperbolic plot for hMMP-9 catalyzed hydrolysis of the 

fluorogenic substrate. 

According to the Michaelis-Menten equation, the Km was determined to be 9.2 µM. 

As known in literature [13], the Km has been reported to be varying between 15-30 µM. 

The Km appears to be similar to the reported data; it simply means that hMMP-9 was very 

homogenous and of high purity with very high specific activity (Refer to Table 4.2). Even 

though the commercial fluorogenic substrate was specific for MMP-2/MMP-7, the 

specificity of hMMP-9 for the substrate was very good, as MMP-2 and MMP-9 both 

belong to the gelatinase family. 
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Figure 4.12. The Michaelis-Menten hyperbolic plot for hMMP-9 catalyzed hydrolysis of 
the fluorogenic substrate in 25 mM HEPES, 10 mM CaCh, pH 7 .5 at 25°C. [hMMP-9] = 
160 nM and substrate concentration varied from 1-45 µM. Product formation was 
measured in arbitrary fluorescence units as a function of time (~F.s-1

), which was then 
converted to concentration of MCA released. A MCA standard curve was used in 
calculation of other kinetic parameters. The excitation and emission wavelengths were A.ex 
= 335 nm and A.em = 395 nm, respectively. The solid smooth line is the best fit of the 
hMMP-9 data according to the Michaelis Menten equation (Eq 4.3). The Km was 
determined to be 9 .2 µM. 

The reason for the specificity of hMMP-7 and 9 being so good for this fluorogenic 

substrate is due to the presence of the conserved residues at the active-site and nature of the 

active site amongst the hMMP isozymes [ 14]. Hence, that justifies the low Km value of 

hMMP-9 for the fluorogenic substrate. 
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4.2.4.4.4. Determination of Km of hMMP-10 for fluorogenic substrate 

Figure 4.13 shows the Michaelis-Menten hyperbolic plot for hMMP-10 catalyzed 

hydrolysis of the fluorogenic substrate. 
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Figure 4.13. The Michaelis-Menten hyperbolic plot for hMMP-10 catalyzed hydrolysis of 
the fluorogenic substrate in 25 mM HEPES, 10 mM CaCh, pH 7 .5 at 25°C. [hMMP-1 0] = 
2 µM and substrate concentration varied from 1-45 µM. Product formation was measured 
in arbitrary fluorescence units as a function of time (11F.s-1

), which was then converted to 
concentration of MCA released. A MCA standard curve was used in calculation of other 
kinetic parameters. The excitation and emission wavelengths were Aex = 335 nm and Aem = 
395 nm, respectively. The solid smooth line is the best fit of the hMMP-10 data according 
to the Michaelis Menten equation (Eq 4.3). The Km was determined to be 39.3 µM. 

These data reliably determine the Km of hMMP-10 for the commercial fluorogenic 

substrate. According to the Michaelis-Menten equation, the Km was determined to be 39.3 
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µM. However, it was observed in Figure 4.13, the hMMP-10 catalyzed hydrolysis of this 

commercial fluorogenic substrate was very slow as compared to hMMP-7 and 9. However, 

in this case the substrate concentration could not be varied any higher than 45 µM due to 

two reasons: (a) The highest concentration in a typical experiment chosen should be 

experimentally reasonable; and (b) If a concentration of substrate higher than 45 µM was 

used, in this experiment there would be a contribution of an inner filter effect, which would 

incorporate an additional complexity in the system. A higher Km value, compared to the 

other hMMP isozymes used under the same experimental settings, indicates hMMP-10 has 

less affinity towards the commercial substrate. Moreover, the commercial fluorogenic 

substrate was specific for MMP-2/MMP-7. Hence, that justifies the high Km value of 

hMMP-10 for the fluorogenic substrate as compared to hMMP-7 or 9. 

4.2.4.4.5. Determination of Keat ofhMMP-7 for fluorogenic substrate 

The V max value obtained from Figure 4.11 was converted to nM/sec and used in the 

Eq 4.2. Eq 4.3 was used to convert the V max into nM/sec, and it was found to be 116.11 

nM/sec. Thus, the Keat value could be calculated inserting the values of V max and [Eh of 

116.11 nM/sec and 300 nM, respectively. The Keat value for hMMP-7 for the hydrolysis of 

the fluorogenic substrate was 0.387 s·1
• 

4.2.4.4.6. Determination of Keat of hMMP-9 for fluorogenic substrate 

The V max value obtained from Figure 4.12 was converted into nM/sec and used in 

Eq 4.2. The V max obtained from Eq 4.3 was 26.8 nM/sec. Thus, the Keat value could be 

calculated by using V max and [Eh values of 26.8 nM/sec and 160 nM, respectively. The 

Keat value for hMMP-9 towards the hydrolysis of the fluorogenic substrate was 0.17 s·1
• 
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4.2.4.4.7. Determination ofKcatofhMMP-10 for fluorogenic substrate 

The V max value obtained from Figure 4.13 was converted into nM/sec and used in 

Eq 4.2. The V max from Eq 4.3 was 37 .92 nM/sec. Thus, the Keat value could be calculated 

by using the values of Ymax and [Eh of 37.92 nM/sec and 2 µM, respectively. The Keat 

value for hMMP-9 towards the hydrolysis of the fluorogenic substrate was 0.019 s·1
• The 

Summary table (Table 4.4) represents the kinetic parameters for hydrolysis of the 

fluorogenic substrate by the MMP isozymes. 

Table 4.4. The summary table for the kinetic parameters for hMMP isozymes. The 
comparison of the kinetic parameters for the commericial fluorogenic substrate hydrolysis 
by hMMP-7, 9 and 10 at pH 7.5. The kinetic parameters Km, Keat and Keat /Km have been 
reported. 

hMMP Isozymes Km(µM) k.:at (s-1) k.:atlKm 
(M-1s-1) 

hMMP-7 10.3 0.387 38,000 
hMMP-9 9.2 0.170 20,000 
hMMP-10 39.3 0.019 484 

Table 4.4 shows that the Km values for hMMP-7 and 9 were comparable towards 

the commercial fluorogenic substrate, but hMMP-10 shows almost a threefold lower 

affinity towards the fluorogenic substrate. The Keat values are highest for hMMP-7 

followed by hMMP-9 and lowest for hMMP-10. Keat value indicates the turnover number 

of the enzyme for the substrate. It was obvious from Figure 4.13 and also from Table 4.4, 

that hMMP-10 bears a very low affinity for the commercial substrate. The KcatlKm values 

are an indication of the substrate specificity of the different hMMP isozymes. hMMP-7 has 

a value of 38,000 M·1 .s·1 and hMMP-9 bears a value of 20,000 M-1 .s'1; however, the 

Kca11Km value for hMMP-10 has a very low specificity for this particular substrate. The 

reported KcatlKm value for hMMP-7 by Calbiochem (Gibbstown, NJ) were 1.7 x 105 M-
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1sec·1
, it has been well noted that this result appears to be very similar to the result reported 

herein for hMMP-7. 
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CHAPTER 5. RELATIONSHIP BETWEEN "RIGID" AND "FLEXIBLE" 
SURFACES ON THE DIFFERENTIAL MODULATION OF FUNCTIONAL AND 

STRUCTURAL CHARACTERISTICS OF MATRILYSIN (hMMP-7) 

5.1. Introduction 

The transformation of normal cells to cancerous cells accompanies a wide range of 

changes in the macro-molecular components of the cell [1]. Some of these changes involve 

expression of a new class of enzymes and proteins that interact differently with their 

cognate partners. For example, there are changes in lipid structures, metabolic processes, 

and gene expression [2-3]. Electrostatic interactions serve as one of the important 

mediators of macromolecular interactions, such as observed with proteins, protein-lipid, 

and protein-nucleic acid complexes [ 4-6]. Understanding of the electrostatic forces in 

aqueous solution, which control chemical processes and give rise to biological structure, is 

essential for a variety of biotechnological applications, ranging from chemical synthesis to 

unraveling the physiological processes involved in drug design, signal transduction, protein 

folding, localization, and function related to health and disease [7-9]. 

5.1.1. Use ofLNPs as biosensors and as a diagnostic tool 

Over the past several years, sensitive, selective, and convenient methods have been 

sought to detect proteins in physiological systems [10]. However, protein detection is a 

challenging problem due to protein structural diversity as well as the inability to selectively 

interact with their putative ligand molecules. Several physiological processes are mediated 

through protein-lipid interactions, and the molecular mechanisms by which such 

interactions regulate the cellular function is of considerable interest and importance from 

the point-of-view of developing a wide range of biotechnological applications [11]. 
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The mechanistic studies on protein-lipid interactions have been customarily pursued 

usmg liposomes as the representative lipid nanoparticles (LNP). Apart from lipid 

nanoparticles, protein detection and desensitizations have recently been pursued using 

differently decorated gold nanoparticles (Au-NPs) and quantum dots (QDs) [12-14]. Due 

to the size-and-shape-controlled architecture of these metallic nanoparticles (NPs), 

detection and desensitization of protein biomarkers of many diseases have been facilitated 

[\;q Besides their growth and proliferation, cancer cells also have the potential to dislodge 

from their residual tissues and migrate to other organs and start proliferating [ 15]. These 

"metastatic" processes are accomplished through a series of biochemical reactions 

including disruption of extracellular matrix proteins [16]. 

5.1.2. Patho-physiological roles ofMMPs 

The level of extracellular matrix (ECM) assembly is dynamically controlled 

physiologically by synthesis of individual components (such as collagens, elastin, etc.) and 

degradation by matrix metalloproteinases (MMPs). Under normal conditions, these 

processes are well "coordinated" but during metastasis, several MMPs are over-expressed, 

and their increased levels can be indicative markers of a variety of cancers [ 17-18]. Amongst 

the 26 members of the MMPs family, unlike most MMPs [17-19], which are involved in 

both normal physiological as well as pathological processes, matrilysin (MMP-7) has been 

ascribed to be primarily involved in the inflammatory diseases and cancers, although some 

physiological roles of this enzyme have also been alluded to in the literature [20]. Hence, it 

appears likely that MMP-7 is representative of the "true" pathological enzyme of the matrix 

types of human diseases [21]. 
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Despite its well recognized patho-physiological roles, MMP-7 has not been 

rigorously investigated from the point-of-view of its structural-functional and mechanistic 

features. Although MMP-7 is structurally the simplest and smallest enzyme of the MMP 

family [22], it poseses certain experimental challenges, including increasing the yield and 

stability of the enzyme and characterizing the structure of the enzyme. Since MMP-7 

preferentially cleaves some of the non-ECM substrates [23-24], which are confined to the 

cell membrane (e.g., E-cadherin, 1NF-a., Fas ligand, insulin-like growth factors), its 

confinement to the biological membrane has been sporadically considered [24]. 

One of the interesting features of MMP-7 is its electrostatic surface potentials, 

exhibiting somewhat bipolar distribution of the positive and negative charges in the vicinity 

of the active-site pocket and on the opposite end of the protein structure [25]. Hence, it was 

very interesting to investigate the influence of cationic surface binding groups on the 

catalytic properties of the enzyme. 

These studies are important from the point-of-view of the regulation of MMP-7 by 

electrostatic interactions with its cognate partners in an aqueous solvent Toward this goal, 

polylysine (PLL) and cationic gold nano-particles (Au-CNP) were utilized as representative 

surface binding groups. With the long term goal of desensitizing and alleviating the onset 

of carcinogenesis and metastasis, the structural and functional consequences of interactions 

of hMMP-7 with different surface types of cationic macro-clusters is very interesting. In 

this endeavor, besides utilizing a charged homo-polypeptide system like PLL 

(representative of a "flexible" surface), and cationic Au-NPs (representative of a "rigid" 

surface) were utelized. The objective was to probe the degree to which the catalytic and 

122 



structural features of hMMP-7 changed in the presence of either rigid or flexible charged 

surfaces. It was observed that in addition to the charges, flexibility as well as surface 

curvatures of the different types of charged surfaces (rigid or flexible) modulated the 

structural-functional characteristics of hMMP-7. 

5.2. Results and Discussion 

To probe the influence of cationic macro-clusters on hMMP-7 catalyzed reaction, 

polylysine (PLL) and cationic gold nanoparticles (Au-CNP) were selected as representative 

examples. These cationic macro-structures were expected to serve as "soft" (flexible) and 

"rigid" (hard) ligands, respectively, and thus had the potential to exhibit their entropic 

advantage/disadvantage upon binding with the enzyme. 

Figure 5.1.A shows the structure of the differently functionalized gold nano 

particles (Au-NPs). Dr. Vincent Rotello's laboratory (Department of Chemistry at 

University of Massachusetts at Amherst) provided the cationic Au-NPs. Figure 5.1.B 

shows the schematic diagram of the cationic gold nanoparticle (Au-CNP). Figure 5.2 shows 

the monomer structure of cationic macro-cluster of PLL. 

A B 

Figure 5.1.A. Structure of the cationic gold Nanoparticles. B. Schematic diagram of 
cationic Nanoparticle (Au-CNP). 
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Figure 5.2. Monomer structure of the Polylysine (PLL). 

Figure 5.3 shows the effect of increasing the concentration of PLL on the hMMP-7 

catalyzed cleavage of a fluorogenic substrate (see Materials and Methods) in 25 mM 

HEPES, 10 mM CaCh, pH 7 .5. The initial rate of the enzymatic reaction was determined 

by monitoring the time dependent formation of the fluorophoric reaction product at 395 nm 

(Aex = 335 nm). Note, that as the concentration of PLL increased, the rate of the hMMP-7 

catalyzed reaction initially increased, attained a maximum value, and then started 

decreasing. Evidently, PLL served both as an activator and as an inhibitor at low and high 

concentrations, respectively. Interestingly, the magnitude of activation was not trivial; it 

was about 25% higher than the activity of the enzyme in the absence of the ligand. 

Interestingly, the concentration of PLL required to attain the maximum activity of hMMP-

7, was equal to the concentration of the enzyme. Hence, the PLL mediated activation 

occurred at the stoichiometric ratio of 1: 1. There have been many precedents in the 

literature of PLL having two modes of binding site for ligands [26-28]. The charged homo

polypeptide of PLL can attain several secondary structural conformational states leading to 

two distinct binding sites [28]. 
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Figure 5.3. Effect of PLL on enzyme activity ofhMMP-7. Activation ofhMMP-7 activity 
at stoichiometric concentration of PLL (0.3 µM) followed by inhibition at higher 
concentration of PLL (ranging from 10 µM - 450 µM). The initial rates of the enzyme 
catalyzed hydrolysis of Fluorogenic substrate were measured as a function of the Ligand 
concentrations. [hMMP-7] = 0.3 µM, [S] 25 µM. The solid smooth line is the best fit of 
the experimental data according to Eq 1.1 for the Ki values of K1 (activation constant) and 
K 2 (inhibition constant). K 1 and K 2 values are 0.34 ± 0.2 µM and 2.4 ± 0.04 µM, 
respectively. 

In the absence of any definitive model for the activation and inhibition data of 

Figure 5.3, a general equation [29] was resorted to analyze them by using the following 

format (Eq 5.1). 

V= 
.............................................................................. (Eq5.1) 

Where B and A are the macroscopic constants pertaining to the catalytic and binding 

features of the enzyme, and L represents the concentration of PLL. B0 refers to the enzyme 

activity in the absence of any ligand. For the microscopic 2-step model ( containing one 

activation and one inhibition site) the activation constant (K1) and inhibition constant (K2) 

for the binding of ligand to first and second sites will be equal to l/A1 and A1/A2, respecti-

125 



vely. The solid line on Figure 5.3 shows the non-linear regression analysis of the data 

according to Eq 5.1 with the magnitudes ofB1, A1, and A2 being equal to 476.66, 3.26, and 

0.06, respectively. It resulted in Activation constant (K1) and Inhibition constant (K2) for 

the binding ofligand to be 0.34 ± 0.2 µM and 2.4 ± 0.04 µM, respectively. 

To probe the generality or specificity of PLL-dependent activation and inhibition of 

hMMP-7, a similar experiment in the presence of increasing concentrations of Au-CNP 

(Figure 5.4) was carried out. 
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Figure 5.4. Effect of Au-CNP on enzyme activity ofhMMP-7. Higher concentration of Au
CNP (1 µM) inhibits the enzyme activity of hMMP-7. The initial rates of the enzyme 
catalyzed hydrolysis of fluorogenic substrate were measured as a function of the Ligand 
concentrations. [hMMP-7] = 0.3 µM, [SJ = 25 µM. IC50 value for Au-CNP was obtained 
by fitting by Eq. 1.2 and found to be 0.173 ± 0.030 µM; the solid smooth line represents 
the trend of the data points. 

In contrast to PLL, Au-CNP molecules were conceived to be non-flexible (i.e. 

"rigid") ligands. Hence, if the surface charges were the only determinants for inhibiting 

hMMP-7, both PLL and Au-CNP would be expected to yield an identical result. On the 
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other hand, if the surface curvature and/or rigidity of cationic macro-clusters exhibited 

additive functions in inhibiting hMMP-7, these cationic macro-clustered ligands would 

behave differently even when they carried identical charges. 

To this end, the effect of Au-CNP on the catalytic activity of hMMP-7 under the 

same conditions used for cationic PLL mediated inhibition was investigated. Figure 5.4 

shows the inhibition of the hMMP-7 catalyzed reaction using an increasing concentration 

·Jf Au-CNP. Note that unlike PLL, Au-CNP inhibits the hMMP-7 catalyzed reaction at low 

concentrations of Au-CNP. The solid smooth line is the best fit for the data where the ICso 

value is 0.173 ± 0.030 µM. 

100% 

r ( 1+2_)_)' 
IC so ....................................................... (Eq 5.2) 

Where, Eq 5.2 fits inhibition data to a two parameter equation, with the lower and upper 

limits of the background corrected as being equal to O and 100, respectively. The slope 

factor is 1. 

The experimentally determined IC50 values were ascribed (from the data of Figure 

5.4) to the inhibitory potency of PLL (Figure 5.3). On comparing the IC50 value of the 

above Au-CNP with the Ki value of the cationic PLL ("K2 value" - Inhibitory constant), it 

is apparent that the former was more potent in inhibiting hMMP-7 than the latter. The 

origin of the above difference is likely to partly lie in the "rigidity" as well as the surface 

curvature of Au-CNP as compared to the cationic PLL. It has been suspected that PLL and 

Au-CNP would differently modulate the ionic micro-environment of the enzyme's active 
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site small pocket (via long range interaction), and such a feature is likely to be manifested 

by the "rigidity" and "flexibility" of these cationic macro-clusters. 

At this point, it becomes very important to investigate why the similarly charged 

cationic macro-clusters of macro molecules (PLL and Au-CNP) differentially affect the 

micro-environment of the hMMP-7 active site. To probe more into this interesting feature 

of whether the binding of PLL to hMMP-7 causes CD spectral changes in the far UV 

region ( arising from the secondary structural changes); a study was conducted to determine 

the CD spectra of hMMP-7 in the presence of increasing concentrations of cationic PLL. 

As shown in Figure 5.5, hMMP-7 showed a broad negative elliptical peak in the 245 nm to 

200 nm region, which is primarily dominated by the ~-sheet structure of the protein. The 

magnitude of negative helicity increased with the concomitant emergence of double peaks 

at 222 nm and 219 nm ( characteristics of a-helical structure) as the concentration of PLL 

increased. It was interesting to note that maximal helicity was obtained when the 

concentration of PLL became nearly ten-fold higher than the concentration of hMMP-7 

during the course of titration. Moreover, from Figure 5.3, it was very evident that the 

highest activity in hMMP-7 was observed at stoichiometric concentration of PLL; however, 

in the CD signal the magnitude of negative helicity of hMMP-7 diminished only after 

reaching ten-fold stoichiometric concentration of PLL. This suggests that the secondary 

structural changes are much slower, and it takes super stoichiometric concentrations of 

PLL to drastically exhibit the change (a.-helical population to random coil conformation). 

These data initially led to the conclusion that the PLL-mediated activation of 

hMMP-7 was due to the marked secondary structural changes (from predominantly ~-
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sheet to a-helix) in hMMP-7. But it was soon realized that a significant fraction of CD 

signal was originating due to the conversion of PLL from the random coil structure to a 

helical structure upon binding with the negatively charged surface of hMMP-7 at 

physiological pH. This was confirmed by taking the CD spectra of PLL in the presence of 

negatively charged gold nanoparticles (Au-ANP) as well as in a buffer solution of pH 11.0. 

In both these cases, the diminution of positive charges from the s-NH2 group of lysine 

residues resulted in the transformation of the random coil of PLL to a-helix. Since 

changes in CD signals were observed upon the binding of PLL to Au-ANP, it was 

concluded that the data of Figure 5.5 contain an elliptical contribution from both hMMP-7 

and PLL, and it was difficult to segregate their individual contributions. Irrespectively, the 

formation of the helical content in PLL (in the presence of hMMP-7) attests to their 

physical interactions, and such interactions are electrostatically mediated via 

complementary positive and negative charges of PLL and hMMP-7, respectively. 

PLL at neutral pH is known to exist as a disordered random coil due to unfavorable 

charge-charge repulsions operative among the charged side-chain groups of lysine residues 

[30]. Consequently, an increase in the repulsive forces may favor the backbone to conform 

to a random coil rather than a helical conformation. The interactions between the -NH

and the -CO- groups in the backbone of the polypeptide chain constitute the attractive 

forces. 

At pH 7.5, PLL exists in a random coil conformation; the repulsive forces among 

the charged side-chain groups of the homo polypeptide appear to dominate over the 

attractive forces. However, in the presence of hMMP-7 the dielectric constant of the 

129 



medium decreases, the attraction forces among the backbone -NH- and -CO- groups seem 

to supercede the repulsive forces among the charged side chains, and thus, finally resulting 

in the transformation of the backbone of the charged PLL from a random coil to the a-helix 

conformation. 

At pH 11.0, PLL is known to exist in a-helical conformation, as the side-chain £

amino groups of PLL are expected to be uncharged at this pH. The attractive forces among 

the -NH- and -CO- groups of the backbone are expected to be strengthened resulting in 

the induction of helical conformation. At this juncture, it appears that it is difficult to offer 

a concrete explanation for the destabilization of the helical conformation, but it is likely 

that a very high concentration of PLL propels a condition commonly referred as "over

crowding" [31 ]. Overcrowding eventually leads to the disorganization of the induced 

helical conformation to a random coil when the interactions between the exposed amide 

groups in the polypeptide and bulk water molecules get strengthened. The promotion of the 

"inter-hydrogen bonds" and destabilization of "intra-hydrogen bonds" among the backbone 

-NH- and -CO- groups of the homo polymer were also likely to be stabilized. Such an 

action could indirectly explain the increased stability or fresh induction of a ~-sheet 

transitory conformation and finally stabilizing a loose structure of random coil. 

It was further probed whether incubation of hMMP-7 with Au-CNP resulted in 

changes in the secondary structure of the protein using Circular Dichroism spectroscopy. 

Figure 5.6 shows the changes in the molar ellipticity of hMMP-7 as a function of 

increasing concentration of Au-CNP. Note that as the concentration of Au-CNP increases, 

the amplitude of the a-helical peak ( at 222 nm) of hMMP-7 decreases, suggesting that the 
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enzyme gradually loses its secondary structure, which can be easily ascribed to the Au

CNP mediated denaturation of the enzyme. 
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Figure 5.5. Conformational changes in hMMP-7 upon binding to PLL. The binding of 
polylysine to hMMP-7 was detected by the Circular Dichroism System (Jasco J-815 
spectropolarimeter) with spectral changes in the far UV region (250-200 nm) in the 
presence of increasing concentrations of polylysine. The negative elliptical peak in the 240 
to 200 nm region was predominantly ~-sheet structure. But with increasing concentration 
of polylysine (0 - 100 µM), there is an enhancement in the double peak at 222 and 210 nm. 
Interestingly, the maximal ellipticity was observed at the concentration of hMMP-7 and 
polylysine being 5 µM of hMMP-7, and 50 µM of PLL. The solid bold line (-) indicates 
the CD spectra of 5 µM hMMP-7 and the dotted line ( ... ) indicates the spectra of hMMP-7 
and PLL complex as a function of increasing concentration of PLL. Until the ten-fold 
stoichiometric concentration of PLL to hMMP-7 was reached, the negative helicity 
gradually increased. Upon reaching the super-stoichiometric concentration, the CD signal 
above 60 µM of PLL (inhibitory concentration) gave positive spectra at 219 nm. 
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Figure 5.6. Conformational changes in hMMP-7 upon binding to Au-CNP. hMMP-7 
undergoes denaturation upon interacting with Au-CNP. CD spectra of hMMP-7 in the 
presence of increasing concentrations of Au-CNP. The experiment was performed in 5 mM 
phosphate buffer, pH 7.5 between 210-270 nm region using a Jasco J-815 
spectropolarimeter. The concentration of Au-CNP varied from 0-5 µM. The solid green 
line indicates the CD spectra of 50 µM hMMP-7 alone. The increasing concentration of 
Au-CNP results in the decrease in the magnitude of the negative ellipticity as shown by the 
vertical arrow. 

However, the amplitude of the a-helical peak (at 222 nm) of hMMP-7 diminished 

when hMMP-7 was titrated systematically with super stoichiometric concentrations of PLL 

(Figure 5.5) indicating the collapse of the stable structure and a concomitant increase in the 

positive peak (at 205 nm). These data are further supportive of the fact that apart from 

charge (32], the rigidity/flexibility [33] and the surface curvature [34] of the cationic Au

NPs modulates the structural features of hMMP-7. 

It was also contemplated whether or not the observed inhibition of hMMP-7 at high 

concentrations of cationic macro-clusters like PLL was due to denaturation of the enzyme. 

132 



To ascertain this, hMMP-7 (11 µM) and PLL (10.7 µM) were incubated for 10 minutes, 

and a 7 µl aliquot was withdrawn and transferred to the reaction mixture (total volume 

0.25ml) cuvette for measuring the enzyme activity. In this way, the concentration of PLL 

in the reaction mixture was reduced to 0.3 µM (similar to that required for the full 

activation of the enzyme). The experimental data revealed (Figure 5.7.A) that the above 

dilution restored the enzyme activity to the level (even after Pre-incubation), initially 

•Jbserved in the presence of 0.3 µM PLL when instantly mixed. Similar results were 

observed when 8 µM hMMP-7 and PLL (1.25 mM) were incubated for different time 

intervals, and l O µl aliquots were withdrawn and transferred to the reaction mixture ( total 

volume= 0.25 ml) cuvette for measuring the enzyme activity. The concentration of PLL in 

the reaction mixture was 50 µM (similar to that condition where only 45% activation of the 

enzyme remained when instantly mixed). A control experiment was performed in the 

absence of PLL. 

The black line represents the progress curve for hMMP-7 alone (0.3 µM), the green 

line represents the hMMP-7 + PLL (0.3 µM) Set l(Pre-Incubation), the red line represents 

the hMMP-7 + PLL ( 0.3 µM) Set 2 (No Pre-Incubation), the blue line represents hMMP-7 

(0.3 µM) + PLL (50 µM) Set l (Pre-Incubation), and the pink line represents hMMP-7 

(0.3 µM) + PLL (50 µM) Set 2 (No- Pre-Incubation), respectively. Figure 5.7.A shows the 

enzyme catalyzed reaction progress curves under three different conditions. The black line 

represents the progress curve for hMMP-7 alone (0.3 µM), the green line represents the 

hMMP-7 + PLL (0.3 µM) Pre-Incubation, and the pink line represents hMMP-7 (0.3 µM) + 
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PLL (50 µM) No-Pre-Incubation respectively. The slopes of progress curves are designated 

by black 1 ine (------), green 1 ine (----), and the pink 1 ine (----) for comparison. 
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Figure 5.7.A. Inhibition or inactivation of hMMP-7 with PLL. hMMP-7 binds to PLL 
reversibly. The enzymatic activity of hMMP-7, maintained at 0.3 µM in the reaction 
mixture was monitored by measuring the initial rate of the hMMP-7 catalyzed reaction 
using fluorogenic peptide of the following composition: MCA-Pro-Leu-Gly-Leu-Dpa-Ala
Arg-NH2 [Where MCA and Dpa stand for (7-Methoxycoumarin-4-yl)acetyl and N-3-(2,4-
dinitrophenyl)-L-2,3-diaminopropionyl, respectively] while maintaining the excitation and 
emission wavelengths of 335 nm and 395 nm, respectively. The time course of the reaction 
was monitored for about 250 secs. 

The slopes (~F .s _,) of the progress curves calculated for the above data were 0.44 

(black line), 1.32 (green line), and 0.198 (pink line). Clearly, the activation and inhibition 

feature of hMMP-7 by PLL (at stoichiometric and super-stoichiometric concentrations) was 

fully reversible, and thus the inhibitory phase of Figure 5.3 was not due to inactivation of 

the enzyme. Similarly, to ascertain whether the inhibition exhibited by Au-CNP was a true 

inhibition phenomenon and not due to partial inactivation of the enzyme, the following 

experiment was performed (Figure 5.7.B). The enzyme hMMP-7 (- 8 µM) and Au-CNP 
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(2. I µM) were pre-incubated for different time intervals and 6 µl aliquots were withdrawn 

and transferred to the reaction mixture for measuring the enzyme activity. 
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Figure 5.7.B. Inhibition versus inactivation of hMMP-7 by Au-CNP. The time course of 
the hMMP-7 catalyzed reaction in the presence of Au-CNP is shown. A control experiment 
was performed in the absence of Au-CNP. The time course of the reaction was monitored 
for about I 000 sec. Other conditions are the same as in Figure 24 A. The black solid line, 
the red solid line and the blue solid line indicate the progress curves of hMMP-7 alone, 
hMMP-7 with 0.050 µM Au-CNP (0 time incubation) and hMMP-7 (IO minutes pre
incubation time), respectively. The slopes (~F.s 1

) of the progress curves were calculated 
for the above data 0.38 (black line), 0.28 (red line), and 0.087 (blue line). Note that the 
incubation of hMMP-7 with Au-CNP for 10 minutes resulted in an additional 70% loss in 
the enzyme activity. 

A control experiment was performed in absence of Au-CNP. Figure 5.7.B shows 

the enzyme catalyzed reaction progress curves under three different conditions: control 

(Black line); incubation with Au-CNP for 0 time (Red line); and IO minutes (Blue line). 

The rates of reactions (slopes) under the above conditions for the black (----), red (----), and 

the blue(----) lines were determined to be 0.38, 0.28, and 0.087 ~F.s- 1
, respectively. 
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On comparison of these reaction rates it was apparent that when the enzyme was 

pre-incubated with Au-CNP for 10 minutes, and an aliquot was transferred to the reaction 

mixture (such that hMMP-7 and Au-CNP concentrations were similar to those utilized in 

the O time incubation experiment; red line), the enzyme's activity was impaired by 70%. 

Hence, besides Au-CNP dependent inhibition of hMMP-7 ( compare the slopes of the 

control and O time incubation experiments), the former inactivates the enzyme in a time 

dependent manner. It should be emphasized that such a slow denaturation process was not 

observed in presence of inhibitory concentrations of cationic PLL (Figure 5.7.A). 

Scheme 5.1 shows the proposed mechanism for the differential influence of cationic 

Au-NP and PLL on the structural-functional features of hMMP-7. The negative 

electrostatic potentials in the vicinity of the active-site pocket of the enzyme have been 

shown to form favorable contacts with both cationic PLL as well as Au-CNP. 

However, due to a marked difference in the rigidity as well as the dimension (in the 

form of surface curvature) of PLL (being a flexible, meshy and fluffy network) and Au

CNP (rigid spheres of 2.0 nm diameters), the latter induces a change in the enzyme 

conformation and thus leads to the partial denaturation of the protein. Hence, Au-CNP 

causes both inhibition ( due to complementary electrostatic interaction at the active-site 

pocket) as well as inactivation of the enzyme. On the other hand, the lack of an extensive 

surface curvature coupled with the flexibility of the meshy network of PLL, it was 

surmised that the cationic macro-cluster of PLL only elicits the activation and inhibitory 

influence on the hMMP-7 catalyzed reaction. Although this is the first demonstration of the 

influence of rigid versus flexible cationic macro-clusters on the catalytic and structural 
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features of hMMP-7, there are literature precedents of this type of findings with other 

proteins [35-38]. 

RIGID SURFACE 

+ 
+ + + 

FLEXIBLE SURFACE 

PLL 

Scheme 5.1. The schematic model showing the influence of "flexible" versus "rigid" 
cationic surfaces on the structural feature of hMMP-7. 

The electrostatic interaction existing between the complementary surfaces of the 

enzyme and the NPs were contemplated to vary from being non-reactive to enhancing 

inhibition and inactivation of the enzyme [39]. Of all the possibilities, one of the plausible 

reasons of PLL-mediated interaction elicits the protein to read just its tertiary structure; 

thereby mutual adjustment of the PLL-hMMP-7 complex leads to a flexible, stable "Binary 

Associative Complex" [ 40] (Scheme 5.1 ); eventually leading to the prevention of distortion 

of the protein's native conformation. On the other hand, Au-CNP upon binding to hMMP-7 

is able to bend / distort the active-site pocket of the enzyme, resulting in the "arched 

shaped" conformation. In spite of the entropic favorability, the inhibition constant (K 1 

value) of PLL is lower than IC50 value of Au-CNP. The data thrust on the fact that the en

tropic penalty for the Au-CNP mediated changes in the enzyme conformation is compensa-
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ted by the favorable enthalpic involvement. Irrespectively, the activation and inhibition of 

hMMP-7 occurs by positive charges present on the above (PLL and Au-CNP) macro

clusters rather than by their specific nature. 

Besides, it has been known that proteins can attach to the Au-CNP surface via 

direct chemical cross linking or by "self assembly" via electrostatic interactions [32, 41-

45] such as that observed in the case of hMMP-7. The proteins adsorbed on the "rigid" 

NPs surfaces often induce conformational changes, which are manifested in the changes of 

the local tertiary structures of the protein followed by gradual unfolding to a comparatively 

loose configuration, often leading to the denaturation of proteins. Hence, it is not surprising 

that Au-CNP (rigid, spherical), unlike PLL (flexible, meshy network), causes inactivation 

of the enzyme presumably due to thermodynamic drive imposed by the preferential 

interaction of the denatured (vis a vis native) form ofhMMP-7 to the Au-CNP surface [46-

47]. 

A cumulative account of the experimental data presented in this Chapter leads to 

the following conclusions: (1) The enzyme activity of hMMP-7 is enhanced by 

stoichiometric concentrations of PLL and inhibited at higher concentrations of PLL; (2) 

Au-CNP acts as a very strong inhibitor for hMMP-7; (3) There are secondary 

conformational changes observed in hMMP-7 upon binding to positively charged PLL 

indicating the protein becoming more helical and compact in structure; (4) There are 

secondary changes observed in hMMP-7 upon binding to Au-CNP but the protein loses its 

secondary helical structure indicating that Au-CNP denatures hMMP-7; and (5) PLL binds 

reversibly to hMMP-7 whereas Au-CNP denatures hMMP-7. At the same time, in 
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conjunction with other indirect literature precedents, this work strengthens the idea that 

apart from the charges, rigidity/flexibility and/or surface curvature of the cationic macro

clusters produce a different influence on the catalytic and structural characteristics of 

hMMP-7. There will be more detailed studies on the interaction of hMMP isozymes to 

differently charged surfaces in the subsequent Chapters. 
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CHAPTER 6. MOLECULAR ORIGIN OF THE INTRINSIC SELECTIVITY IN 
BINDING OF HUMAN MATRIX METALLOPROTEINASE (hMMP) ISOZYMES 

TO DIFFERENTLY CHARGED LIPID MEMBRANES 

6.1. Introduction 

Each tissue is an organized assembly of cells held together by cell-cell adhesion, 

cell-matrix adhesion, and an extracellular matrix (ECM) assembly, which is primarily 

constituted of different types of collagen fibers [ l ]. Under physiological conditions, the 

level of extracellular matrix (ECM) assembly is dynamically controlled by synthesis of its 

individual components (such as collagens, elastin, etc.) and its degradation by proteolytic 

enzymes, such as metalloproteinases (MMPs ). Under normal conditions, these 

"coordinated" processes are responsible for embryonic development, reproduction, wound 

healing, and angiogenesis [2-6]. Any factor (genetic and/or environmental), which obviates 

the above dynamic control; either results from an excessive accumulation of the ECM 

assembly or its degradation, thereby, causing a variety of human diseases. For example, 

depending upon the tissue type or excessive ECM degradation leads to the onset of a 

variety of pathological conditions such as: chronic wounds, dermal photo-ageing, bullous 

skin diseases, atherosclerosis, rheumatoid arthritis, pulmonary fibrosis, cancer and 

metastasis, all of which are [7-8] caused by MMPs. 

6.1.1. Brief description of the types of MMPs 

Based on the structural features (including the amino-acid sequences, domain 

organizations, etc.), 26 different types of MMPs [9-1 O] have been recognized in human 

tissues, which fall into six major classes: (i) collagenases (MMP-1, MMP-8, MMP-13, 

MMP-18); (ii) gelatinases (MMP-2, MMP-9); (iii) stromelysins and stromelysin like 
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MMPs (MMP-3, MMP-10, MMP-11); (iv) matrilysins (MMP-7; Putative Uterine 

metalloproteinase or PUMP-1; MMP-26); (v) membrane type MMPs (MMP-14, MMP-15, 

MMP-16, MMP-17, MMP-24, MMP-25); and (vi) other MMPs (viz., MMP-12, MMP-19, 

MMP-20, MMP-23A, and MMP-27). Although MMP-7 and MMP-26 both fall in the 

matrilysin category, and they are often referred to as matrilysin-1 and matrilysin-2, 

respectively, MMP-7 is taken as the sole representative of matrilysin due to its association 

with different diseases and its detailed physiological studies. 

6.1.2. MMP-7 binding to cell membrane 

The localization of secreted MMPs on the surface of the cell membrane is believed 

to be needed for metastatic "selfish" cells to process and degrade the other cell surface 

macro-molecules [11-12]. For the cancer to progress; the anchoring of the secreted MMPs 

on the membrane surface probably has been invoked as a benefit either in preventing rapid 

diffusion of the proteases or in their active interaction with other non-ECM substrates. A 

hemopexin domain is believed to be a pre-requisite for such successful association. This 

work has echoed other researcher's suggestions that MMP-7 (known to lack a hemopexin 

domain) binds to cell surfaces [13]. Previous studies have suggested that rat MMP-7 binds 

to heparan sulfate proteoglycans on rat uterine cell tissue [14] providing a strong indication 

that MMP-7 and it's cognate substrate partners might be mediated by third molecules such 

as heparin sulfate proteoglycans. 

6.1.3. Importance ofliposomes as a diagnostic tool 

Following the classical demonstration of Singer and Nicholson that the lipid 

moieties of biological membranes are highly mobile, there have been several lines of 
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advancements on the structural-functional aspects of membrane fluidity in modulating the 

physiological functions of cells. The original view of the membrane lipid structure as the 

"sea of fluid lipid molecules in which proteins float" has been revised, due to the 

realization that the lipid molecules often exist in highly ordered states and such states are 

presented in the form of micro-domains. Due to varied degrees of interactions (both 

attractive as well as repulsive) among lipid "head" and "tail" groups, lipid membranes are 

:, nown to prevail in a "gel" phase, an ordered (crystalline) liquid phase, and a disordered 

liquid phase [15]. 

It is not surprising that any subtle aberration in these physiological processes can be 

manifested in the pathogenesis of a variety of human diseases. A few of the most prevelant 

ones, such as obesity, diabetes, cardiovascular diseases, cancer, Alzheimer's disease, 

asthma, and others are currently studied and efforts are being made to treat these diseases at 

membrane levels. Due to the feasibility of altering the lipid composition and consequently 

investigating the influence of different types of lipid moieties, liposomes serve as an 

excellent model [ 16] for undertaking biophysical studies of the lipid-protein interactions. 

6.1.4. Characteristics of differently charged liposomes 

The distribution of the lipids between the inner and the outer leaflet of a biological 

membrane is asymmetric. The outer surface is enriched in Phosphotidylcholine (PC) while 

the inner, cytosolic surface is rich in phosphotidylethanolamine (PE) and phosptidylserine 

(PS). The outer lipid membrane surface, as a result, is electrically neutral while the inner 

membrane surface is negatively charged. Lipid asymmetry is known to play a role for the 

proper orientation of the membrane proteins. The crystal structure of lipids like PC, PG and 
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PE, amongst all the anionic lipids, has been well demonstrated, but a crystal structure of a 

PS lipid has not been available. POPS measured at neutral pH in the absence of ions is 

similar to the other phospholipids with respect to the glycerol backbone, but it differs 

significantly in its head group orientation and motion. The POPS head group is rigid and 

exhibits internal flexibility [ 16]. 

In a recent review of membrane lipids, Mclaughlin and Murray [17] indicated the 

observation of a subclass of signaling proteins that spend a considerable fraction of time 

diffusing through the cytosol in search of binding partners. Mclaughlin and Murray [ 17] 

further argued that the cells utilize several biophysical mechanisms to facilitate the flow of 

information from the interior to the surface of the cells. Distinguished physiologist, Knut 

Schmidt-Nielsen coined the term "cheap tricks' to describe this motion [18]. 

Phosphatidylinositol 4,5-bisphosphate (PI( 4,5)P2 or PIP2) is uniquely important 

among membrane-bound lipids as a regulator of cell function. PIP2 is a critical mediator of 

a variety of cellular processes in spite of its structural simplicity and relative scarcity in 

cells (<l % of all membrane lipids). The most widely recognized function of PIP2 is as a 

substrate for hydrolytic cleavage by Phospholipase C (PLC) into diacylglycerol (DAG) and 

inositol trisphosphate (IP3). These are effectors of protein kinase C and calcium signaling, 

respectively. PIP2 itself participates in several signaling pathways and is implicated in the 

regulation of proteins responsible for the maintenance and dynamics of the actin 

cytoskeleton [ 18-19], attachment of these cytoskeletal structures to the plasma membrane, 

regulation of membrane trafficking and attachment [20-21], ion channel activity[22], and 

synaptic vesicle fusion [23]. 
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6.1.5. Non-covalent forces influencing the binding of protein liposome interactions 

Over many years of research on the interactions between proteins and their cognate 

ligand molecules, it is now evident that a large amount of credit goes to the non-covalent 

forces, which enhance and stabilize these intermolecular interactions (24,26]. Modeling 

electrostatic interactions of linear polyelectrolytes with counter macro ions of different 

three-dimensional structures, such as spheres or cylinders (25], are increasingly being 

employed to understand non-trivial contributions in these interactions. These models will 

bring out the interesting aspects of DNA-protein interactions as well as the polyelectrolytes 

and oppositely charged nano-particle interactions. One of the major applications of atomic

scale models is to detect DNA-protein interactions in order to quantitatively explain the 

experimental data and give hints to structural questions of immense biological interest (27]. 

The interesting feature in the latter area was explored in this study from the point

of- view of developing "multi-prong" inhibitors (28] for the pathogenic enzymes as well as 

developing diagnostic tools for the disease marker proteins. Liposomes of varied 

compositions were formulated such that they could be utilized as diagnostics as well as 

therapeutic tools for treating various human diseases. Unlike conventional usage of 

liposomes (i.e., serving as drug carriers), the approach has been to introduce selective 

ligands on the liposomal surface (as head groups) and "tap" the potentials of the lipid 

mobility (within liposomes) in promoting the "multivalent" interactions between the 

liposomal ("reporter") head groups and the complementary proteins. The objective has 

been pursued via formulating liposomes containing sensitized-dansyl as the fluorescent 

probe. 
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The balance between hydrogen-bonding and electrostatic repulsion can regulate 

PIP2-mediated signaling, thereby moderating the pools of PIP2 available for single-lipid 

binding protein domains versus those that bind multi-molecular assemblies [21]. A detailed 

study about PIP2 [24] reveals that when the basic peptide binds to the membrane surface 

rich in PIP2, very low concentrations of lipid POPS in the plane of the membrane was 

found. This can happen only if the peptide sequesters several PIP2 lipids in its immediate 

neighborhood when it binds to a POPC/PIP2 membrane [24]. 

Biosensors based on antibody array technology have made rapid progress as a 

possible means of quick and direct protein detection [16]. However, most recently, metallic 

films and gold nanoparticles have been proposed as sensing platforms to exploit the surface 

plasmon phenomenon and its application in biospecific interaction assays [29]. Although, 

the antibody array methodology can provide quick and simultaneous protein detection, 

nonetheless, it has its own limitations. It is known that metal and glass substrates are not 

the most desirable approach for in vivo applications. 

Despite the wealth of studies on MMPs and the enormous amount of knowledge 

available on the inhibitors of this family of enzymes, the persistent efforts for many 

decades in developing diagnostic tools for the disease marker proteins still remains to be 

defined. Upon consideration that the catalytic and regulatory features of hMMP isozymes 

( especially hMMP-7) would be fine-tuned if it were to be localized on the plasma 

membrane, the main goal was to investigate their potential interactions with model 

biological membranes and discern the functional consequences of such interactions. 
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6.2. Results and Discussion 

The data reveal that all three Matrix Metalloproteinase isozymes (hMMP-7, 9 and 

10) interact with anionic, cationic and neutral lipid membranes, although hMMP-7 interacts 

strongest with anionic membranes. While the catalytic activity of hMMP-7 remains 

unaffected upon binding to neutral and negatively charged membranes, it is drastically 

impaired upon binding to the positively charged membranes. The structural data reveal that 

the origin of these features lies in the ''bipolar'' distribution of the electrostatic surface 

potentials on the crystallographic structure of hMMP-7. 

Figure 6.1 shows the structure of the lipids used to formulate the differently charged 

Liposomes (LUVs). The LUVs were prepared with zwitterionic l-palmitoyl-2-oleoyl-sn

glycero-3-phosphocholine (POPC) as a major (75-95%) component and other lipids 

( contributing different net charges) as minor components. For formulating negatively 

charged liposomes, we utilized anionic lipids; POPS and l,2-dioleoyl-sn-glycero-3-

phosphoinositol-4,5-bisposphate (PIP2), which harbor -1 and -3 net charges, respectively, 

in their head groups at neutral pH. For positively charged liposomes, the cationic lipid; 1-

palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocholine (EPOPC), containing + 1 net charge 

on its head group at neutral pH were utilized. 

The Phospholipid Assay (PLA) was performed for determining the phospholipid 

content in differently charged LUVs so that the mol % of each constituent incorporated into 

the lab prepared LUVs can be measured and considered while calculating the Kt values in 

the binding studies for the different hMMP isozymes. The assumption, that the lipid 

molecules are distributed equally between the outer and the inner leaflets of the LUVs, was 
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used to calculate the effective concentration of POPS, PIP2, EPOPC and POPC along with 

Dansyl PE head groups on the outer surface of LUVs (which would be supposedly 

involved in the interaction with hMMP isozymes ). All the steady-state fluorescence 

experiments were repeated in triplicates, and consistent results were obtained. 

POPC (Neutral Lipid; q=O) 

POPS (Anionic Lipid; q = -1) 

0 0 A II 
R1 0~ ./'-- ,P, 

2 _\ oc\ o~,/ 
Rv.o H , N. 

II C2Hs I 

0 

EPOPC (Cationiclipid; q =+1) 

R1 = CH3(CH2h4 

PIP2 (Anionic Lipid;q = - 3) 

Dansyl PE 
(Fluorescent Probe;q = -1) 

R2 = CH3(CH2)7CH:CH(CH2h 

Figure 6.1. Structure of different lipids used in formulating liposomes. 

To probe whether hMMP isozymes selectively interact with negative, neutral or 

cationic liposomes, we performed binding studies of these differently charged liposomes as 

the Model membrane system. Moreover, this appeared feasible based on the electrostatic 

potentials on the surface of hMMP-7, 9, and 10 (Figure 6.2). It is very striking that in case 

of hMMP-7, the surface around the active site pocket has negative potential, while the 

distal end (opposite side) of the enzyme surface is predominantly positive. Similarly, the 
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electrostatic surface potential of the other hMMP isozymes (hMMP-9 and 10) were tested. 

It was discovered that hMMP-10 shared a common scenario with hMMP-7 (the bipolar 

distribution of charge). 

Figure 6.2. Electrostatic potential of MMP isozymes. The red and blue colors represent the 
negative and positive potentials, respectively; calculated via the aid of the GRASP software 
on a SGI molecular modeling workstation. 

However, hMMP-9 has scattered clusters of positive and negative charge density on 

the protein surface. The distinct and different patterns of distribution of "surface charge 

density" on the hMMP isozymes (especially that of hMMP-7 and 10 with respect to 
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hMMP-9) were helpful in speculating on the effects of anionic and cationic membrane 

surfaces on the micro-environment of the active site of the hMMP isozymes and their effect 

on the efficiency to catalyze the reaction. 

Figure 6.3 shows the binding ofhMMP-7 to anionic LUVs (POPS 5 mol %), which 

was quantified by monitoring the fluorescence signals of the liposome-dansyl probe as well 

as that of the enzyme's tryptophan/tyrosine residues. Further note, the systematic decrease 

in the enzyme's fluorescence emission intensity (Acm = 343 nm) with concomitant increase 

in the intensity of the dansyl peak (at 513 nm). The overall spectral changes conform to a 

single isobestic point at 397 nm, indicating the origin of the presence of an equilibrating 

liposome-hMMP-7 complex. However, it was also closely noted that after the subtraction 

of the background dansyl signal; there was no Fluorescence Resonance Energy Transfer 

(FRET) [30] from the excited state of the enzyme's tryptophan/tyrosine residues to the 

liposome-resident dansyl probe. FRET is a process whereby energy is non-radiatively 

transferred from a donor molecule to an acceptor molecule through long-range dipole 

interactions. FRET has recently been used for many applications that include DNA sensing, 

proteomics, and probing various processes in living cells [31]. The liposomes were 

formulated with the hope of manipulating the differently charged liposomes to invoke 

FRET from the excited state of the protein tryptophan to the stable dansyl probe of the 

protein-dansyl resident liposome complex. In addition, the dissociation constant (.Ki) 

calculated from the liposome concentration-dependent changes in the fluorescence 

intensities at 343 nm (due to quenching of the enzyme's fluorescence) was found to be 55.0 

± 0.73 µM. 
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Figure 6.3. Interaction of hMMP-7 with anionic liposome containing POPC: POPS: OPE 
(85:5: I 0) mo! %. A. Spectra of POPS 5% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal 8. The binding 
isotherm for the POPS - MMP-7 complex . The solid smooth line is the best fit of the data 

for Ki value 55.0 ± 0.73 µM . 
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To investigate the interaction of hMMP-7 with amomc liposomes (POPS) but 

different mol %, a similar experimental setup was used. Figure 6.4 shows the interaction of 

hMMP-7 with anionic liposome containing POPC: POPS: DPE (80:10:10) mol %. The 

binding isotherm (Figure 6.4) shows that Ki value to be 21.3 ± 0.24 µM. Similarly, Ki 

values determined by the systematic decrease in the fluorescence intensities at 343 nm due 

to the interaction of hMMP-7 with anionic liposomes ( containing POPS of different 

compositions such as 25 mol %, 30 mol % and 40 mol %) were 5.5 ± 0.1 µM, 10.0 ± 0.2 

µMand 1.73 ± 0.4 µM, respectively. 

As noted in the case of POPS (5 mol %), after subtraction of the background dansyl 

signal, there was no significant signal from the liposome-resident dansyl probe at 10 mol 

%. But, as the concentration of POPS per unit area in the liposomes increased, i.e. in case 

of 25 mol % (Figure 6.5), 30 mol % (Figure 6.6) and 40 mol % (Figure 6.7) LUVs, there 

was concomitant increase in the dansyl peak (Acm= 513 nm) after the elimination of the 

background probe (dansyl) signal as the fluorescence intensities at 343 nm decreased due 

to quenching of the enzyme's fluorescence. Due to high scatter in the resultant dansyl 

signal (Aex= 280 nm, Acm= 513 nm), it was difficult to reliably confirm the dissociation 

constants (Ki) of hMMP-7 with POPS liposomes using progressive different mol fractions. 

To further investigate, the probe was directly excited to determine the dissociation 

constants of hMMP-7 with these sets of anionic liposomes (Acx= 340 nm, Aem= 513 nm). 

The spectral difference did not give a reliable signal to conclude, and thereby confirm, 

about the probe mediated changes in the micro-environment of the enzyme's 

tryptophan/tyrosine residues or alteration in the micro-environment of the dansyl probe. 
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Figure 6.4. Interaction of hMMP-7 with anionic liposome containing POPC: POPS: OPE 
(80: I 0: I 0) mol %. A. Spectra of POPS 10% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal 8. The binding 
isothem1 for the POPS - MMP-7 complex. The solid smooth line is the best fit of the data 
for Ki value 21.3 ± 0.24 µM. 
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Figure 6.5. Interaction of hMMP-7 with anionic liposome containing POPC: POPS: OPE 
(65:25:10) mol %. A. Spectra of POPS 25% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-7 complex. The solid smooth line is the best fit of the data 
for Kt value 5.5 ± 0.1 µM. 
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Figure 6.6. Interaction of hMMP-7 with anionic liposome containing POPC: POPS: OPE 
(60:30: l 0) mo! %. A. Spectra of POPS 30% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-7 complex. The solid smooth line is the best fit of the data 
for Ki value I 0.0 ± 0.2 µM. 
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Figure 6.7. Interaction of hMMP-7 with anionic liposome containing POPC: POPS: OPE 
(50:40: 10) mo) %. A. Spectra of POPS 40% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-7 complex. The solid smooth line is the best fit of the data 
for Ki value 1.73 ± 0.4 µM. 
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The lipid titrations were carried out in the presence of 5 mol % and 10 mol % 

Dansyl PE (DPE). The spectral difference did not show a significant signal in case of 5 mol 

% DPE incorporated in the differently charged LUVs as compared to 10 mol % DPE. For 

clarity and reliability of the signal from the probe 10 mol % DPE was used for all the 

experiments. As observed for Carbonic Anhydrase [32], the response of hMMP isozymes 

to the dansyl probe was checked as a preliminary control experiment. The data indicated 

that none of the hMMP isozymes binds to the dansyl probe with the consideration that the 

net negative charge of the dansyl-PE may perturb the observed binding. It was quite 

possible that the enhanced binding could be due to the fact that an additional negative 

charge contributed from the DPE played a role to the offset by the bulky dansyl head group 

region of the lipid. However, it was negated out by the fact that the acyl chain (bearing the 

negative charge) would be embedded within the bilayer [33]. 

With the improvement of the sensitivity of fluorescent probes, diagnostics, and 

imaging in biomedical sciences have immensely benefited. The dansyl probe exhibits 

changes in polarity of the micro-environment active-site pocket of proteins like CA I and II 

upon binding [32]. The fluorescence emission intensity and the quantum yield of the dansyl 

probe is known to be enhanced upon binding to hCA I and II leading to the changes in the 

hydrophobicity of the active site of the enzyme [33]. The local polarity of the polar head 

group of the dansyl probe resident in the lipid vesicle has been used in many instances to 

measure the changes of different parameters like polarity, packing constraints and 

hydration degree [34]. 

Figure 6.8 shows the relationship between Ki (hMMP-7) and varying POPS mol %. 
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It is evident that as the mol % of POPS LUVs increases, the dissociation constant (Kc!) 

values decrease attempting to exhibit a saturating trend indicating the progressive increase 

in the binding affinity ofhMMP-7 towards the densely populated POPS liposomes. 

60 - e 

40 -

20 -

• 
0 -

I I I 

0 10 20 30 40 50 

POPS% 

Figure 6.8. Relationship between Kci (hMMP-7) vs POPS %. There is loss of linearity 
between the binding affinity ofhMMP-7 and between the POPS rich anionic liposome. 

This kind of relationship has been demonstrated for the first time in the case of 

hMMP-7. The exponential decrease of the intrinsic membrane dissociation constant as a 

function of POPS content of the anionic lipid vesicles has already been pointed out 

indicating the specificity of POPS liposomes to CA2 [35). At this point, two major 

questions arose: A) Does the Local Charge Density (LCD) of the POPS liposome 

( complementing the large positively charged macro-cluster residues on the distal end of 

hMMP-7) solely dictate the binding affinity of liposome -hMMP-7 associative complex; or 

B) Does the different innate organization of the LUVs with different mol % of POPS 

composition have an important role to play? 
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The thermogram of the 10, 25, 30 and 40 mol % DMPS liposomes has been shown 

in Figure 6.9. DMPC was used as the major lipid component. For easy visualization, the 

scan range for all the thermograms was from 10°C to 45°C. Membrane lipids might exist in 

many different phases and temperature induced inter-conversions between the existing 

different phases can readily occur. In order to probe the thermodynamic characterization of 

these non-perturbing thermotropic phase transitions in biological membranes, DSC has 

been utilized. The thermograms indicate that the Tm of the LUY (5 mol % DMPS) and 

LUY (40 mol % DMPS) is 25.2°C and 29.7°C, respectively. There is a shift in the Tm by 

4.5°C. The POPS LUYs with 5, 25, 30 and 40 mol % showed no transition in the range of 

8°C to 20°C. The scenario was mimicked by preparing the POPS analogues and the DMPS 

LUYs with the 5, 25, 30 and 40 mol %. The calculations of Tm, L1HcaI, L1Hv indicated the 

existence of the DMPS LUYs in their predominant "fluid" phase [36]. This posed a 

question on the influence of lipid organization with different mol fractions of DMPS (i.e. 

POPS) on the thermodynamic parameters for the native stability of the LUYs. 

DMPC was used as a major lipid to prepare different mol % of DMPS (5, 25, 30 

and 40), while DMPS (analog to POPS) provided the charge to the LUY. Tm values for the 

different PS mol % constituted LUYs were analyzed to answer the above question. A shift 

of 4.5°C (from 25.2°C to 29.7°C) was observed. The mol % of the anionic head group and 

the membrane fluidity along with the absolute chemical nature (e.g. POPS versus DMPS) 

of the lipid constituents dictated the thermodynamics of the organization of the LUYs. 

Such a scenario can only originate due to the facile movement of lipid moieties in the 

liposomal bilayers [36]. 
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Figure 6.9. Thermograms of different mol % of DMPS using Differential Scanning 
Calorimetry (DSC). There is a shift of 4.5°C in the Tm of the DMPS liposomes with 
increase in mol % of POPS liposomes. The total phospholipid concentration was 
maintained approximately at 3.5 to 4.0 mM in 20 mM HEPES, 150 mM NaCl, pH 7.5. The 
LUVs were heated at a scan rate 10°C I hr (from 10°C to 45°C). Each scan was repeated 
seven times. 
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These are the first detailed differential scannmg calorimetric studies for the 

organizational distribution of POPS LUVs formulated with varying POPS composition 

under the exact experimental conditions as that of Figure 6.3, 6.5-6.7. The experiments 

provided useful insights into the role of mutual cooperation between the lipid "head" and 

·'tail" groups in the overall energetics of the lipid organization (Table 6.1 ). POPS is 

expected to contain a negative charge on its head group. The lipids are expected to reside at 

h,' farthest possible distance from each other to optimize the energy due to electrostatic 

repulsion between the negatively charged flexible head groups of POPS [36]. This scenario 

fitted well with DMPS (5, 25 and 30 mol %) although DMPS 5 mol % has a sharper peak 

than DMPS 25 and 30 mol %. The DSC profile ofDMPS 40 mol % was different. 

The main transition peak gradually broadens and shifts upward, and there is a 

decrease in peak amplitude as DMPS is incorporated into the DMPC bilayers at 

progressively higher mole fractions. The main transition broadened significantly as the PS 

content was increased to 40 mol %. Considering these results, it becomes very tempting to 

speculate on the induction of demixing/organization of the lipid components, resulting in 

the re-organization of the (PC/PS rich region) of the individual lipid components as part of 

the liposome integrity. However, one possible speculative explanation for this scenario 

would be that there was a re-organization of the lipid tails as the anionic LUV s formulated 

had more and more POPS rich liposomes within the bilayer. Literature precedents indicate 

the presence of entrapped water molecules [37] around the lipid tail regions in the 

crystalline liquid state (but not in the gel state), which might be released upon the re

adjustment of the lipid structures. More so, for the POPC liposomes as the extent of 
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hydration is more pronounced in POPS rich liposomes than POPC. That scenario can 

impart an influence on the degree of hydration of the POPS lipid head groups differently as 

the POPS liposomes get richer in PS content. 

Explanations for the observed effects of lipid structure on membrane fall into two 

broad categories. An explanation in terms of the chemical interactions (hydrogen bonding, 

charge, hydrophobicity, and size) between the lipid and the protein at the microscopic 

level, and an explanation in terms of changes in bulk properties of the lipid bilayer such as 

viscosity, internal pressure, and stored curvature elastic stress at the macroscopic level. 

A phosphatidylethanolamine (PE) head group can be both a hydrogen bond 

acceptor through its phosphate group and a hydrogen bond donor through its -NH3 + group, 

while a phosphatidylcholine (PC) head group can act as a hydrogen bond acceptor through 

its phosphate group. Interactions of the PC head groups with surrounding water molecules 

differ in comparison with PE head groups. As indicated by molecular dynamics simulations 

[38], direct hydrogen bonds are formed between the -NH3 + group and the water molecules 

while the hydrophobic -NMe/ group induces formation of a "clathrate"-like hydration 

shell [36] around the head groups in order to optimize inter-water hydrogen bonding. The 

presence of intrinsic membrane proteins and the bilayer-preferring lipids in a biological 

membrane would force the PE to adopt a bilayer structure, which might be in a state of 

curvature stress. Since insertion of a protein into the bilayer surface will reduce the 

curvature stress, it has been argued that this curvature elastic energy could enhance binding 

of extrinsic membrane proteins to the surface of the membrane. These changes arise due to 

changes in lateral mobility and head group hydration of the POPS within the bilayer, which 
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modulates the ~Heal, ~Hv and Tm values of the LUV s. 

The temperature range over which the transition occurs and the energy associated 

with the transition between states provide information about the stability and the 

cooperativity within the structure [3 7]. The existence of large aggregates of lipid molecules 

in the ordered bilayer structure dictates gel and liquid crystalline states of lipids. There is 

less long-range ordering in the system as the aggregate gets smaller. The extent of long

range interactions determines the degree of cooperativity in the gel to liquid crystalline 

transition in the aggregated bilayer. The limit of cooperativity is achieved when all the 

molecules of the bilayer are placed between states together at a single temperature. The 

size of the "cooperative unit" (c.u.) tends to be less than 1 when the number of lipid 

molecules defining the bilayer has heterogeneity and the existence of discrete domains in 

the bilayers [39]. 

Intuitively, ~Hvan't Hoff is the enthalpy associated with the transition of the entire 

cooperative unit. ~Heal reflects the enthalpy associated with overcoming the intermolecular 

forces between molecules. Hydrated macromolecular systems characterized by a 

macroscopic extended network of homogeneous intra-segmental and intermolecular forces 

are cooperative in nature. One non 2-step model (using Origin® 5.0) was used to analyze 

~Heal and ~Hv values. It indicated that as Tm increases, the ~Heal values increase 

systematically corresponding to the decrease in the ~Hv values. The calculation of ~Hv / 

~Heal (indicating the "cooperation unit" c.u. in the phase transition of the liposomes) was 

much lower than 1 suggesting the existence of more than one intermediate state. 

Theoretical and experimental studies suggest the counterbalance of the attractive and 
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repulsive forces among the head groups of LUY s by encouragmg complementary 

interactions among the tail groups [36]. 

Table 6.1. The T rn, ~Heal and ~Hv values of the DMPC: DMPS (with progress varying mol 
fractions of PS) LUYs. A one non 2-step model using Origin® 5.0 was used to calculate 
the thermodynamic parameters for these lipid membranes. 

Mol¾ Tm Mlcal Mlv 
DMPSS 25.2 ± 0.002 4614 ± 18.3 6.63 ± 0.3 
DMPS 25 26.4 ± 0.004 6056 ± 29.4 4.62 ± 0.8 
DMPS30 26.9 ± 0.004 5369 ± 24.0 3.91 ± 0.2 
DMPS40 29.7 ± 0.005 9188 ± 19.2 1.52 ± 0.9 

For example, if a negatively charged head group (like POPS anionic group) on the 

surface of LUY s is neutralized (by repulsively being thrown away to the farthest possible 

distance) with the increase in the mol % of POPS LUYs, the POPS density per unit area 

would increase. There will be new contacts created between the POPS lipid head and the 

bulk water molecules. The tail rearrangement and their individual interaction with the bulk 

water molecules will alter each other's spatio- temporal arrangements via intrinsic "cross-

talk" [ 40] with rich concentrations of POPS repulsive head groups. 

Figure 6.10 depicts the binding of hMMP-9 to anionic liposomes (POPS 5 mol %), 

which was quantified by monitoring the fluorescence signals of the liposome-dansyl probe 

as well as that of the enzyme's tryptophan/tyrosine residues. The experimental setup was 

similar to Figure 6.3. The Ki values determined by the systematic decrease in the 

fluorescence intensities at 335 nm due to the interaction of hMMP-9 with anionic 

liposomes [ containing POPS of different compositions such as 5 mol %, 25 mol % (Figure 

6.11) and 40 mol % (Figure 6.12)] were 147.03 ± 0.14 µM, 33.3 ± 0.24 µMand 24.04 ± 

0.063 µM, respectively. It was very interesting to note that after subtraction of the 
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background dansyl signal, there was no significant signal from the liposome-resident 

dansyl probe at 10 mol %, 25 mol % or 40 mol % with the interaction of hMMP-9 and 

POPS liposomes. 

Figure 6.13 shows the relationship between Ki (hMMP-9) and varying POPS mol 

%. The trend appears to be similar to hMMP-7. Figure 6.14 shows binding of hMMP-10 to 

anionic liposomes (POPS 5 mol %) and was quantified by monitoring the fluorescence 

signals of the liposome-dansyl probe as well as that of the enzyme's tryptophan/tyrosine 

residues. The experimental conditions have been setup similar to Figure 6.10. The Ki 

values determined by the systematic decrease in the fluorescence intensities at 330 nm due 

to the interaction of hMMP-10 with anionic liposomes [ containing POPS of different 

compositions such as 5 mol %, 25 mol % (Figure 6.15) and 40 mol % (Figure 6.16)] were 

64.5 ± 0.09 µM, 40.2 ± 0.06 µM and 26.0 ± 0.08 µM, respectively. Interestingly, in Figure 

6.14, we can observe in the inset that there is a gradual red shift by 10 nm (from 330 nm to 

340 nm) in the resultant spectra of the interaction of hMMP-10 with POPS (5 mol %). 

There is a red shift upon binding of hMMP-10 with POPS (25 mol %) by 8 nm (from 330 

nm to 338 nm) as shown in Figure 6.15. It can be observed that there is no red shift (in 

Figure 6.16) with interaction of hMMP-10 and POPS (40 mol %). Solvent polarity and the 

local environment have profound effects on emission spectral properties of fluorophores 

[ 41]. One common use of solvent effects is to determine the polarity of the probe binding 

site on the macromolecule. Binding is usually accompanied by spectral shift or change in 

quantum yield due to the different environment for the bound ligand. These spectral shifts 

can also be used in retrospect the extent of binding. 
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Figure 6.10. Interaction of hMMP-9 with anionic liposome containing POPC: POPS: OPE 
(85:5: 10) mol %. A. Spectra of POPS 5% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-9 complex. The solid smooth line is the best fit of the data 
for Kd value 147.03 ± 0.14 µM. 
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Figure 6.11. Interaction of hMMP-9 with anionic liposome containing POPC: POPS: OPE 
(65:25: 10) mol %. A. Spectra of POPS 25% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-9 complex. The solid smooth line is the best fit of the data 
for Kd value 33.3 ± 0.24 µM. 
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Figure 6.12. Interaction of hMMP-9 with anionic liposome containing POPC: POPS: OPE 
(50:40: I 0) mol %. A. Spectra of POPS 40% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-9 complex. The solid smooth line is the best fit of the data 

for Ki value 24.04 ± 0.063 µM. 
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Figure 6.13. Relationship between Ki (hMMP-9) vs POPS %. There is loss of linearity 
between the binding affinity ofhMMP-9 and between the POPS rich anionic liposome. 

This special feature provides many opportunities to probe the local environment 

surrounding a fluorophore. However, it can be difficult to know which effect is dominant in 

a particular experimental system, and usually more than one effect will simultaneously 

affect the fluorophores. It intuitively appears that such electronic spectral changes have 

been attributed to the polar micro-environment of the active-site of the enzyme. However, 

after subtraction of the background dansyl signal, there was no significant signal from the 

liposome-resident dansyl probe at 10 mol %, 25 mol % or 40 mol % POPS liposomes with 

the interaction ofhMMP-10, which is strikingly similar to what was observed with hMMP-

9. The variation in the dansyl signal in case of the interaction of hMMP-7 with increasing 

POPS concentration in the lipsomes was a unique feature observed in hMMP-7 but not in 

hMMP-9 or hMMP-10. 
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Figure 6.14. Interaction of hMMP-10 with anionic liposome containing POPC: POPS: OPE 
(85:5:10) mol %. A. Spectra of POPS 5% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-10 complex. The solid smooth line is the best fit of the data 
for Kd value 64.5 ± 0.09 µM. 
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Figure 6.15. Interaction of hMMP-10 with anionic liposome containing POPC: POPS: OPE 
(65:25:10) mol %. A. Spectra of POPS 25% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-10 complex. The solid smooth line is the best fit of the data 
for Ki value 40.2 ± 0.06 µM. 
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Figure 6.16. Interaction of hMMP-10 with anionic liposome containing POPC: POPS: OPE 
(50:40: 10) mol %. A. Spectra of POPS 40% in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-10 complex. The solid smooth line is the best fit of the data 

for Kt value 26.0 ± 0.08 µM. 
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There can be two scenarios in this situation. (a) Firstly, this could be attributed to 

the difference in the distribution of the surface macro-clusters of the homogenous charge 

densities in hMMP-7 as compared to the scattered charges in hMMP-9 (Figure 6.2). That 

however, does not eliminate the fact that hMMP-10 shares a comparative macro-cluster 

surface charge distribution with hMMP-7, but such a feature has not been observed with 

the dansyl probe in case of hMMP-10. Given these facts; it raises a strong thrust on the 

• , i:-:tence of other weak forces (like electrostatics, hydrophobic forces, etc) also 

contributing to the stability of the protein-ligand (their cognate partner) complexes formed 

[42]. Figure 6.17 shows the relationship between Ki (MMP-10) and varying POPS mol %. 

There is a direct linear relationship between the binding affinity of hMMP-10 and the 

POPS rich anionic liposomes. 
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Figure 6.17. Relationship between Ki (MMP-10) vs POPS %. There is a direct linear 
relationship between the binding affinity of hMMP-10 and between the POPS rich anionic 
Liposomes. The binding affinity increases as the mol % POPS increases. 
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Table 6.2 shows the relationship between Ki (hMMP isozymes) and POPS (25 mol 

%). hMMP-7 shows the tightest binding affinity for POPS liposomes (25 mol %). This 

became very clear upon comparing the data for the three hMMP isozymes at physiological 

pH 7 .5 as well as mimicking the physiological membrane conditions (25 mol % of POPS in 

brain cells), it tentatively suggests that eventhough hMMP-7 is a secreted protein it 

migrates to the sites where these non-ECM substrates are located near the membrane and 

hMMP-7 binding to membrane promotes it's activity [43]. 

Table 6.2. Relationship between :Ki (hMMP isozymes) vs POPS (25 mol %). hMMP-7 has 
the most tight binding affinity to POPS (25 mol %) liposome. 

MMP Isozymes Kd (25 % POPS) µM 

hMMP-7 5.5 

hMMP-9 33.3 

hMMP-10 40.2 

Recent studies have indicated that binding of Cholesterol Sulfate (CS) incorporated 

into liposomes, which mimics a cell membrane, facilitates the MMP-7 catalyzed 

proteolysis of the cell bound proteins eventually inducing a cell-cell aggregation and 

significantly enhancing metastatic potential [ 44]. 

Having established that hMMP-7 holds a strong specificity for POPS liposomes, an 

important question still remains. Does hMMP-7 exclusively interact with the negatively 

charged membranes (POPS) or does it also interact with positively charged (EPOPC 25 

mol %) and/or neutral (POPC 90 mol %) membranes? Recent studies have shown that 

Annexin V (Anx V) binds preferentially to POPS incorporated in lipid vesicles vis-a-vis 

the POPC component of the LUVs [ 45-46]. To probe the generality of the above findings, 
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several binding studies of hMMP-7 to differently charged LUVs as a model membrane 

system were performed. 

Figure 6.18 shows the interaction of hMMP-7 with cationic liposome containing 

POPC: EPOPC: DPE (65:25:10) mol %. The binding isotherm for the EPOPC-MMP-7 

complex has a °K(! value 20.6 ± 0.02 µM. As similar experiment was performed on the 

interaction of hMMP-9 (Figure 6.19) with cationic liposome containing POPC: EPOPC: 

DPE ( 65 :25: 10) mol % and the interaction of hMMP-10 (Figure 6.20) with cationic 

liposome containing POPC: EPOPC: DPE (65:25:10) mol %. The binding isotherm for the 

EPOPC - MMP-9 complex and EPOPC-MMP-10 complex predicts the °K(! values to be 

14.5 ± 0.013 µMand 8.2 ± 0.015 µM, respectively. 

Upon titration with cationic liposomes, it was observed that the intrinsic 

fluorescence of hMMP-7 was quenched, but there was no significant increase in the dansyl 

peak at 513 nm. This was presumably due to the absence of energy transfer (due to 

"distance" or "orientation") from the enzyme's tryptophan/tyrosine residues to the 

liposome resident dansyl-PE probe. Considering the close distance interaction required for 

quenching, the extent of quenching is sensitive to the molecular factors that affect the rate 

and probability of contact, including steric shielding, and charge-charge interactions [ 41]. 

In contrast, FRET is a through space interaction that occurs over long distances and is 

insensitive to these factors. Furthermore, the theory of Forster predicts that FRET depends 

on the distance and the final factor (the orientation factor). The dependence of the 

orientation factor ( 1<) on the direction of the emission dipole of the donor and the 

absorption dipole of the acceptor play a very important role. 
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Figure 6.18 . Interaction of hMMP-7 with cationic liposome containing POPC: EPOPC: 
OPE (65 :25: 10) mo!%. A Spectra of EPOPC 25% in presence of protein, the inset show 
the difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-7 complex. The solid smooth line is the best fit of the data 
for K1 value 20.6 ± 0.02 µM. 
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Figure 6.19. Interaction of hMMP-9 with cationic liposome containing POPC: EPOPC: 
OPE (65:25:IO) mol %. A. Spectra of EPOPC 25% in presence of protein, the inset shows 
the difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-9 complex. The solid smooth line is the best fit of the data 

for Ki value 14.5 ± 0.013 µM. 
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Figure 6.20. Interaction of hMMP-10 with cationic liposome containing POPC: EPOPC: 
DPE (65:25:10) mol %. A. Spectra of EPOPC 25% in presence of protein, the inset shows 
the difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP- 10 complex. The solid smooth line is the best fit of the data 
for Ki value 8.2 ± 0.015 µM. 
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Table 6.3 shows the relationship between Ki (MMP isozymes) and EPOPC (25 mol 

%) liposomes. hMMP-10 shows a two-fold tighter binding than hMMP-7 and 9. Figure 

6.21 shows the binding isotherm of hMMP-7 with neutral liposomes containing POPC: 

OPE (90: 10) mol %. The Ki value was 13.8 ± 0.04 µM. POPC liposomes bind to hMMP-7. 

Upon a closer look at the electrostatic surface potential (Figure 6.2), it was obvious that the 

binding of liposomes occurred near and/or around the positive cluster of residues (on the 

1 c'.ar side of the active site pocket). 

Table 6.3. Relationship between Ki (MMP isozymes) vs EPOPC (25 mol %). hMMP-10 
shows two-fold tighter binding than hMMP-7 and 9. 

MMP Isozymes Kd (25 % EPOPC) µM 

hMMP-7 20.6 

hMMP-9 14.5 

hMMP-10 8.2 

Although the putative binding region of neutral liposomes was still not clearly 

apparent, upon titrating POPC rich liposomes to both hMMP-9 and 10 (Figure 6.22, 6.23), 

both of the hMMP isozymes responded by quenching [ 4 7] of the fluorescence signals of 

Typ/Tyr residues. The Ki values for hMMP-9 and hMMP-10 were 46.5 ± 0.07 µM and 

25.8 ± 0.03 µM, respectively. Table 6.4 shows relationship between Ki (MMP isozymes) 

and POPC (90 mol %). hMMP-7 has the tightest binding affinity amongst MMPs. 

Table 6.4. Relationship between Ki (MMP isozymes) vs POPC (90 mol %). hMMP-7 has 
the tightest binding affinity amongst the MMP isozymes. 

MMP Isozymes Kd (90 % POPC) µM 

hMMP-7 13.8 

hMMP-9 46.5 
hMMP-10 25.8 
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Figure 6.21. Interaction of hMMP-7 with neutral liposomes containing POPC: OPE (90: 10) 
mo! %. A. Spectra of POPC 90% in the presence of protein, the inset shows the difference 
spectra after subtraction of the background dansyl signal B. The binding isotherm for the 
POPS - MMP-7 complex. The solid smooth line is the best fit of the data for Kd value 13.8 
± 0.04 µM. 
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Figure 6.22. Interaction of hMMP-9 with neutral liposomes containing POPC: OPE (90: 10) 
mol %. A. Spectra of POPC 90% in the presence of protein, the inset shows the difference 
spectra after subtraction of the background dansyl signal B. The binding isotherm for the 
POPS - MMP-9 complex. The solid smooth line is the best fit of the data for Kd value 46.5 
± 0.07 µM. 
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Figure 6.23. Interaction of hMMP-10 with neutral liposomes contammg POPC: DPE 
(90: I 0) mo] %. A. Spectra of POPC 90% in the presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the POPS - MMP-10 complex. The solid smooth line is the best fit of the data 

for~ value 25.8 ± 0.03 µM. 
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Figure 6.24 shows the structure of the two important lipid components used for 

these studies. PIP2 and POPS lipid constituents were used to formulate anionic liposomes. 

These two lipids contribute to negative charge, POPS and l ,2-dioleoyl-sn-glycero-3-

phosphoinositol-4,5-bisposphate (PIP2), which harbors (q= -1) and (q= -3) net charges, 

respectively, in their head groups at neutral pH. 

0 0 0 -

R1)lo~oJ-o H,, }-o· 
R2 o•"'\-i f_ ~ y 0 

0 

POPS (Anionic Lipid; q = -1) 

Figure 6.24. Structure of the PIP2 and POPS lipids showing the net charges in their head 
groups at neutral pH (7.0). 

Although, this work clearly exhibits that hMMP-7 has immense specificity for 

phospholipid head groups vis-a-vis POPS as a specific binder there still is a need to 

determine whether or not hMMP-7 binds with equal specificity to any other negatively 

charged liposomes. In order to do this, three different types of anionic liposomes were 

formulated. Here, the anionic liposomes had POPC as the major component, but the PIP2 

concentration was varied to include l mol %, 2 mol % and 4 mol %. Clearly, it was 

intended to strategically increase the LCD with the subsequent increase in the mol % of the 

PIP2 constructed LUVs. 

Figure 6.25 shows the interaction of hMMP-7 with anionic liposomes containing 

POPC: PIP2 : DPE (89: 1: 10) mol %. With an identical experimental setup, POPC: PIP2: 

DPE (88:2:10) mol % and POPC: PIP2: DPE (86:4:10) mol % were used to determine the 

K.:i values of hMMP-7 towards these liposomes. The K.:i values for the interaction of PIP2 ( I 
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mol %), PIP2 (2 mol %) in Figure 6.26 and PIP2 (4 mol %) in Figure 6.27 with hMMP-7 

were 2.6 ± 0.014 µM, 5.2 ± 0.02 µMand 5.5 ± 0.2 µM, respectively. Figure 6.28 shows the 

relationship between Ki and PIP2 mol %. Based on the observation, it becomes evident that 

with slight variation like 1 mol %, 2 mol % and 4 mol % PIP2, there was no significant 

change in the Ki values. 

When the chemical structures of POPC and PIP2 were closely compared (Figure 

6.1 ), it was obvious that the orientation of the head group of PIP2 projects perpendicular 

with respect to the plane of the membrane surface. The potentially erect structure and large 

head group size implies that it may protrude further into the aqueous phase than a typical 

phospholipid [44]. There has been a conscious attempt to strictly vary the PIP2 mol % 

within a very narrow range because: (A) The typical effective concentration of PIP2 in a 

mammalian cell is about of 1 mol % of phospholipids, which is - 10 µM in a human 

erythrocyte [ 48]; and (B) Above 5 mol % of PIP2, there is induction of domain formation 

even with little membrane stress, which would contribute to unnecessary complications in 

the liposome organization while formulating the native PIP2 liposomes. 

Table 6.5 summarizes the Ki values ofhMMP-7 interaction with different mol % of 

POPS LUVs with the Ki values for hMMP-7 interaction with different mol % of PIP2 

LUV s. A casual perusal of the comparative data reveals that the binding of hMMP-7 with 

25 mol % POPS has a similar Ki as that of binding to only 4 mol % PIP2 LUVs. There is 

more favorable binding of PIP2 than POPS lipid head groups. 
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Figure 6.25. Interaction of hMMP-7 with anionic liposomes containing POPC: PIP2: OPE 
(89: I: I 0) mol %. A. Spectra of PIP2 I mol % in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the PIP2 - MMP-7 complex. The solid smooth line is the best fit of the data for 
Kd value 2.6 ± 0.01 µM. 
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Figure 6.26. Interaction of hMMP-7 with anionic liposomes containing POPC: PIP2: OPE 
(88:2: I 0) mo! %. A. Spectra of PIP2 2 mo! % in presence of protein, the inset shows the 
difference spectra after subtraction of the background dansyl signal B. The binding 
isotherm for the PIP2 - MMP-7 complex. The solid smooth line is the best fit of the data for 
Kct value 5.2 ± 0.02 µM. 
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Figure 6.27. Interaction of hMMP-7 with anionic liposomes containing POPC: PIP2: DPE 
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difference spectra after subtraction of the background dansyl signal B. The binding 
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Figure 6.28. Relationship between ~ (hMMP-7) vs PIP2 mol %. 

Such a scenario could originate when protein containing clusters enriched with 

basic and hydrophobic residues bind to negatively charged lipids like PIP2• They might 

control the local free concentration of PIP2 in the plasma membrane by sequestration of 

these anionic lipids [ 49] which are commonly found in the plasma membrane, like the ones 

already mentioned in the Chapter. 

Table 6.5. Comparison of~ (hMMP-7) values between POPS% and PIP2 % LUVs. 

POPS% ~ (µM) 
PIP2 % Kd (µM) 

POPS 5 % 55 
PIP2 I% 2.6 

POPS 10% 21.3 
PIP2 2 % 5.2 

POPS 25% 5.5 
PIP2 4% 5.8 

POPS 30% 10.1 

POPS 40% 1.73 
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Many recent precedents and theoretical analyses [50] throw light on the fact that 

when the monovalent acidic lipids (like POPS) are subjected to such interactions the POPS 

lipids are sequestered minimally, if at all. Despite the mounting evidence for the existence 

of spatially distinct pools of PIP2 [ 49], the precise mechanism for the formation of such 

domains has yet to be defined. 

Now that the binding specificities ofhMMP-7 towards anionic liposomes have been 

resolved, it was of prime importance to investigate the effect of the differently charged 

LUVs on the functional aspect of these enzymes. To test the above hypotheses, the 

influence of liposomes bearing different charges on the catalytic activity of hMMP-7 was 

determined. 

Figure 6.29 shows the effect of differently charged liposomes on enzyme activity of 

hMMP-7. Since the negative charges appeared to be clustered in the vicinity of the active

site pocket of hMMP-7 (see Figure 6.2), it was logical to expect that the enzyme activity 

would be impaired upon binding ofhMMP-7 to the positively (but not negatively) charged 

liposomes. 

As expected, the data clearly show that the neutral and negatively charged 

liposomes do not inhibit the hMMP-7 catalyzed reaction. However, the positively charged 

liposomes exhibit a pronounced inhibitory effect. The analysis of the inhibition data 

yielded a Ki value of 18.6 ± 0.4 µM for the positively charged (EPOPC-containing) 

liposomes, which is comparable to their direct binding affinity (~ = 20.6 ± 0.02 µM; 

Table 6.3). 

It should be pointed out that the above similarity suggests that the inhibition of the 
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hMMP-7 by cationic liposomes is due to their "physical-proximity" interaction. However, 

to exclude the possibility that the above inhibition is due to the binding of substrates to the 

cationic liposomes (such that the substrates are not available to the enzyme), we performed 

an analytical HPLC (using a C 18 reverse phase column) experiment. In this experiment 

(Figure 6.30), the elution profiles of the substrate (20 µM) in the absence and presence of 

cationic liposomes (200 µM) were compared under the condition where about 90% hMMP-

7 was inhibited (see Figure 6.29). The experimental data revealed that the elution time of 

the substrate remained unchanged in the presence of cationic liposomes suggesting that the 

substrate did not interact with the liposomes. 

Figures 6.31 and 6.32 show the effect of differently charged liposomes on enzyme 

activity of hMMP-9 and 10. Surprisingly, none of the differently charged liposomes 

perturbed the enzyme activity ofhMMP-9 and hMMP-10. In the light of the data presented 

herein, it appears plausible that the coulombic interaction between the negatively charged 

active site surface of hMMP-7 and the cationic phospholipid head groups of the liposomes 

exists. The cationic LUVs probably block the accessibility of the substrate to the active-site 

pocket of the enzyme, causing the inhibition of the enzyme. Since the negatively charged 

liposomes are unlikely to block the accessibility of the enzyme's active site pocket for its 

substrate (due to potential coulombic repulsion), they do not exhibit the inhibitory effect. 

The different "site specific binding" of anionic versus cationic liposomes is also apparent 

from the difference in steady-state fluorescence emission profiles of the hMMP-7-liposome 

complexes (compare the Figure 6.5 and 6.18). 

Because of all the lack of an extensive surface curvature coupled with the flexibility 
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Figure 6.29. Effect of differently charged liposomes on enzyme activity of hMMP-7. The 
enzyme-catalyzed hydrolysis of the fluorogenic peptide (Aex = 335 nm, Aem = 395 nm) was 
measured as a function of the liposome concentrations exposed in the outer leaflet of 
LUVs. The symbols (0-C), (o-o) and (•-•) represents Anionic (POPS - 25 mol %), 
Neutral (POPC - 90 mol %) and Cationic (EPOPC - 25 mol %) liposomes, respectively. 
Only EPOPC (25 mol %) inhibits the enzyme activity ofhMMP-7. The solid smooth line is 
the best fit of the data for the Ki value ofMMP-7-cationic liposome complex equal to 18.6 
±0.4 µM. 
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Figure 6.30. HPLC fluorescence spectra of substrate alone and substrate along with 
cationic liposomes (EPOPC-25 mol %) as a function of retention time. 20 µM substrate in 
the absence (Figure 55; top panel) and presence of 200 µM liposomes (Figure 55; bottom 
panel) was loaded onto the a vydac C18 reverse phase column, on an analytical HPLC and 
subsequently eluted by a linear gradient of 0-70% acetonitrile in water ( containing 0.1 % 
TF A) over a 60 minutes time period. The flow rate of the column was maintained at 1.5 
ml/min. the peak elution time of the substrate remained unchanged upon its incubation with 
the cationic liposomes, suggesting that the latter did not sequester the substrate. Hence, the 
inhibition of hMMP-7 by cationic liposomes is a consequence of direct interaction between 
the above species. 
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of the lipid bilayer, it is conceivable that the cationic LUVs elicit the inhibitory influence 

on the hMMP-7 catalyzed reaction. There are literature precedents of these findings with 

other proteins [51-53]. It has been argued that when proteins bind to flexible surfaces like 

liposome nanoparticles (LNPs ), they adjust their conformations in response to the dynamic 

"re-organization" of the membrane. 
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Figure 6.31. Effect of differently charged liposomes on enzyme activity of hMMP-9. The 
enzyme-catalyzed hydrolysis of the fluorogenic peptide (Aex = 335 nm, Aem = 395 nm) was 
measured as a function of the liposome concentrations exposed in the outer leaflet of 
LUVs. The symbols (D-0), (o-o) and(•-•) represents anionic (POPS - 25 mol %), neutral 
(POPC - 90 mol %) and cationic (EPOPC - 25 mol %) liposomes, respectively. None of the 
differently charged liposomes perturbed the enzyme activity ofhMMP-9. 
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Figure 6.32. Effect of differently charged liposomes on enzyme activity of hMMP-10. The 
Enzyme-catalyzed hydrolysis of the fluorogenic peptide (Aex = 335 nm, Aem 395 nm) was 
measured as a function of the liposome concentrations exposed in the outer leaflet of 
LUVs. The symbols(□-□), ( o-o) and (•-•)represents anionic (POPS - 25 mol %), neutral 
(POPC - 90 mol %) and cationic (EPOPC - 25 mol %) liposomes, respectively. None of the 
differently charged liposomes perturbed the enzyme activity ofhMMP-10. 

Depending on their intrinsic thermodynamic stabilities, both LNPs and their 

interacting protein partners can mutually cause structural deformities (Scheme 6.1 ); such 

phenomena are often referred to as the "bending-dominated deformation" of flexible LNPs 

and "stretching-dominated response" of the intrinsically flexible protein [ 54]. 
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Scheme 6.1. Schematic representation of the effect of surface curvature and flexibility of 
LUVs on the differential mode of binding ofhMMP-7 to cationic liposome and influence 
on the catalytic activity of the enzyme. This figure has been taken from Ref 60. 

Weak interactions of proteins and their cognate ligand partners (eg. van der Waals, 

electrostatic and hydrogen bonding forces , etc.) may contribute to the binding of hMMP 

isozymes binding to the differently charged lipid membranes. The hypothesis that 

interaction of hMMP with their cognate partners is driven by electrostatic and/or 

hydrophobic interactions which can be derived from the fact that hMMP isozymes interact 

with both anionic and cationic LUVs. There are examples of such phenomena happening 

with other proteins [55], but no such study has been reported for hMMP isozymes. Many 

important biochemical processes involve reactions in which no covalent bonds are made or 

broken; only weaker bonds and interactions are involved [56] . Examples include the 

reaction of an antigen with its cognate antibody, the binding of many hormone proteins, 
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denaturation of proteins and nucleic acids, and so on. In order to understand the structure 

and dynamics of biological macromolecules, one needs to understand the molecular forces 

that act within a macromolecule [55-56]. 

Many studies support the hypothesis that the interactions between neighboring PIP2 

molecules occur by electrostatic repulsion between the charge-dense poly-anionic head 

groups. It was also worth noting, the importance of hydrogen bonding or lipid head group 

hydration in maintaining the physical state of PIP2 in planar systems. The specificity of 

PI(4,5)P2 may be because of an unique ability to form hydrogen-bonded networks resulting 

in structural and functional sequestration. Because of their large negative charge ( q = -3), 

these lipids may display only mutually repulsive interactions within the plane of the bilayer 

that keeps them dispersed unless they are anchored to specific proteins [57]. 

To ascertain the influence of ionic strength of the buffer on the local charge 

distribution and organization of the native conformation of the LUV s upon physically 

interacting with the hMMP isozymes, the ~ values for the binding of hMMP isozymes to 

POPS (25 mol %) and EPOPC (25 mol %) LUVs with varying concentrations of NaCl 

were carried out. As shown in Figure 6.33, 1 ml standard stock of 1 M NaCl concentration 

was prepared in 25 mM HEPES buffer, pH 7 .5 in a falcon tube. Subsequent dilutions were 

prepared in 1 ml eppendorftubes varying from Oto 250 mM NaCl. The osmolality of these 

NaCl concentrations was measured and the osmolality as a function of NaCl concentrations 

(mM) was plotted. The slope of the plot was used to calculate and adjust the osmolality of 

these liposomes formulated separately for maintaining the osmotic pressure and preventing 

the LUV s from bursting. 
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Figure 6.33. Standard plot for osmolality as a function of increasing concentration of NaCl. 

Osmotic pressure balance between the molar osmotic strength inside the inner 

vesicle layer and in the bulk buffer can be achieved by using sucrose, PEG, or dextran 

while formulating liposomes with varying ionic strength [58]. Figure 6.34 A, B and C 

shows the binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-7 complex 

formation at 150 mM NaCl, 100 mM NaCl and 50 mM NaCl, respectively. It was 

purported to delineate the relationship between the effect of the dissociation constants (Kc 

values) of hMMP-7 upon binding to the POPS liposomes and varied NaCl concentration. 

The Kc values were 5.5 ± 0.lµM, 2.3 ± 0.7 µMand 1.5 ± 0.5 µM for 150 mM NaCl, 100 

mM NaCl and 50 mM NaCl, respectively. Note that these values show that as the ionic 

strength of the buffer decreases the binding of hMMP-7 to the anionic POPS liposomes 

mcreases. 
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Figure 6.34.A. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-7 at 150 
mM NaCl B. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-7 at 100 mM 
NaCl C. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-7 at 50 mM NaCl. 
The excitation wavelength was set at 280 nm. A, B and C represents the binding constants 
derived by conducting the titration in 25 mM HEPES, pH 7 .5 with varying NaCl 
concentrations from (A)150 mM, (B) 100 mM and (C) 50 mM. The solid smooth lines are 
the best fit of the data with the~ values of 5.5 ± 0.lµM, 2.3 ± 0.7 µMand 1.5 ± 0.5 µM 
for A, B and C, respectively. 
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There is a five-fold decrease in the ~ values when the ionic strength was varied 

from 150 mM NaCl concentration to 50 mM NaCl concentration (Figure 6.35). This is a 

clear indication of the prevalence of pure electrostatics in the physical binding of hMMP-7 

and POPS (25 mol % LUVs). 
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Figure 6.35. Relationship between the dissociation constant(~) ofhMMP-7 and POPS (25 
mol % ) as a function of salt concentration. 

Proteins constantly interact with other macromolecules in the vicinity and are an 

essential component of a living cell. Understanding the nature of forces involved in 

protein-protein interaction will lead to vital clues in the functioning of cells [ 59]. 

Although complex interactions between two cognate macro-molecules are driven 

by hydrophobic effects and van der Waals interactions, the contributions of entropy and 

electrostatics cannot be neglected. Similar experiments of ionic strength dependent binding 

effects on hMMP-9 (see Figure 6.36 A, Band C) and hMMP-10 (Figure 6.37 A, Band C) 
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were carried out. The Kt values for hMMP-9 were 33.3 ± 0.24, 74.6 ± 0.12 µM and 53.0 ± 

0.06 µM for 150 mM NaCl, 100 mM NaCl and 50 mM NaCl, respectively. However, the 

Kt values for hMMP-10 were 40.2 ± 0.06 µM, 48.1 ± 0.12 µMand 44.0 ± 0.07 µM for 150 

mM NaCl, 100 mM NaCl and 50 mM NaCl, respectively. 

With the decrease in the ionic strength of the buffer, Kt values increased, 

establishing the fact that binding of hMMP-9 to POPS liposomes is mediated via 

hydrophobic interactions. For hMMP-10 and POPS liposomes; the Kt values did not vary. 

Table 6.6 shows the relationship between the dissociation constant ofhMMP-9 and 

POPS (25 mol %) as a function of increasing salt concentration. Table 6.7 results further 

advocate the relationship between the dissociation constant of hMMP-10 and POPS (25 

mol % ) as a function of increasing salt concentration. In contrast to the hMMP-7 data, 

hMMP-9 and IO experimental results do not display the explicit specific forces involved 

behind the interaction of differently charged liposomes. It is suggestive of the relevant fact 

that the hMMP-7-POPS complex formation is at least most prominently mediated by 

electrostatic forces [56]. However, the hMMP-9-POPS or hMMP-10-POPS complexes 

were partly or completely dictated by hydrophobic forces [56]. Figure 6.38 A, B and C 

shows the binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-7 complex 

formation at 150 mM NaCl, 100 mM NaCl and 50 mM NaCl, respectively. The 

relationship between the effects on the dissociation constants (Kt values) of hMMP-7 upon 

binding to the EPOPC liposomes at varied NaCl concentration were investigated. The Kt 

values were 20.6 ± 0.02 µM, 10.0 ± 0.02 µM and 0.99 ± 0.048 µM for 150 mM NaCl, 100 

mM NaCl and 50 mM NaCl, respectively. 
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Figure 6.36.A. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-9 at 150 
mM NaCl B. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-9 at 100 mM 
NaCl C. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-9 at 50 mM NaCl. 
The excitation wavelength was set at 280 nm. A, Band C represents the binding constants 
derived by conducting the titration in 25 mM HEP ES, pH 7 .5 with varying NaCl 
concentrations from (A) 150 mM, (B) 100 mM and (C) 50 mM. The solid smooth lines are 
the best fit of the data with the K.i values of 33.3 ± 0.24, 74.6 ± 0.12 µM and 53.0 ± 0.06 
µM for A, Band C, respectively. 
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Figure 6.37.A. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-10 at 150 
mM NaCl B. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-10 at 100 
mM NaCl C. Binding isotherm of POPC: POPS: DPE (65:25:10) and hMMP-10 at 50 mM 
NaCl. The excitation wavelength was set at 280 nm. A, B & C represents the binding 
constants derived by conducting the titration in 25 mM HEPES, pH 7.5 with varying NaCl 
concentrations from (A)150 mM, (B) 100 mM and (C) 50 mM. The solid smooth lines are 
the best fit of the data with the~ values of 40.2 ± 0.06 µM, 48.1 ± 0.12 µMand 44.0 ± 
0.07 µM for A, Band C, respectively. 
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Table 6.6. Relationship between the dissociation constants of hMMP-9 and POPS (25 mol 
%J as a function of salt concentration. 

NaCl concentration ~ (25 % POPS) µM 
hMMP-9 

150 mMNaCI 33.3 

100 mMNaCI 74.6 

50 mMNaCI 53.0 

Figure 6.39 indicates the binding of hMMP-7 and EPOPC (25 mol %) liposomes 

are mediated via strong electrostatics. Similar experiments of ionic strength dependent 

binding effects on hMMP-9 (see Figure 6.40 A, B and C) and for hMMP-10 (Figure 6.41 

A, B and C) were carried out. The Ki values for hMMP-9 were 14.0 ± 0.013 µM, 12.0 ± 

0.02 µM and 30.0 ± 0.05 µM for 150 mM NaCl, 100 mM NaCl and 50 mM NaCl, 

respectively. However, The Ki values for hMMP-10 were 8.2 ± 0.015 µM, 15.0 ± 0.025 

µMand 8.7 ± 0.09 µM for 150 mM NaCl, 100 mM NaCl and 50 mM NaCl, respectively. 

Table 6.7. Relationship between the dissociation constants ofhMMP-10 and POPS (25 mol 
%) as a function of salt concentration. 

NaCl concentration Kd (25 % POPS) µM 
hMMP-10 

150 mM NaCl 40.2 

100 mMNaCI 48.1 

50 mMNaCI 44.0 
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Figure 6.38.A. Binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-7 at 150 
mM NaCl B. Binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-7 at 100 
mM NaCl C. Binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-7 at 50 mM 
NaCl. The excitation wavelength was set at 280 nm. A, B & C represents the binding 
constants derived by conducting the titration in 25 mM HEPES, pH 7.5 with varying NaCl 
concentrations from (A)l50 mM, (B) 100 mM and (C) 50 mM. The solid smooth lines are 
the best fit of the data with the ~ values of 20.6 ± 0.02 µM, 10.0 ± 0.02 µM and 0. 99 ± 
0.048 µM for A, Band C, respectively. 
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Figure 6.39. Relationship between the dissociation constants(~) of hMMP-7 and EPOPC 
(25 mol % ) as a function of salt concentration. 

Figure 6.39 shows that strong electrostatic forces drive the binding of EPOPC (25 

mol %) LUVs to hMMP-7. In Table 6.8, the interaction between hMMP-9 and EPOPC (25 

mol %) LUVs are mediated by hydrophobic interaction while Table 6.9 predicts that the 

interaction between hMMP-10 and EPOPC (25 mol %) LUVs are mediated by mixed 

forces [ 60-61]. 

Table 6.8. Relationship between the dissociation constants of hMMP-9 and EPOPC (25 
mol % ) as a function of salt concentration. 

Na Cl concentration Kd (25 % EPOPC) µM 
hMMP-9 

150mMNaCI 14.0 

100 mMNaCl 12.0 

50 mMNaCl 30.0 
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Figure 6.40.A. Binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-9 at 150 
mM NaCl B. Binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-9 at 100 
mM NaCl C. Binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-9 at 50 mM 
NaCl. The excitation wavelength was set at 280 nm. A, B & C represents the binding 
constants derived by conducting the titration in 25 mM HEPES, pH 7.5 with varying NaCl 
concentrations from (A)150 mM, (B) 100 mM and (C) 50 mM. The solid smooth lines are 
the best fit of the data with the Ki values of 14.0 ± 0.013 µM, 12.0 ± 0.02 µMand 30.0 ± 
0.05 µM for A, B and C, respectively. 
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Figure 6.41.A. Binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-10 at 150 
mM NaCl B. Binding isotherm of POPC: EPOPC: DPE (65:25: 10) and hMMP-10 at 100 
mM NaCl C. Binding isotherm of POPC: EPOPC: DPE (65:25:10) and hMMP-10 at 50 
mM NaCL The excitation wavelength was set at 280 nm. A, B and C represents the binding 
constants derived by conducting the titration in 25 mM HEPES, pH 7.5 with varying NaCl 
concentrations from (A)150 mM, (B) 100 mM and (C) 50 mM. The solid smooth lines are 
the best fit of the data with the Ko values of 8.2 ± 0.02 µM, 15.0 ± 0.03 µMand 8.7 ± 0.09 
µM for A, B and C, respectively. 
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Table 6.9. Relationship between the dissociation constants of hMMP-10 and EPOPC (25 
mol % ) as a function of salt concentration. 

NaCl concentration K.i (25 % EPOPC) µM 
hMMP-10 

150 mM NaCl 8.2 

100 mMNaCl 15.0 

50 mMNaCl 8.17 

Table 6.1 0.A and B establishes the relationship between the dissociation constants 

(Ki) of hMMP isozymes and POPS (25 mol %) as a function of increasing salt 

concentration and EPOPC (25 mol %) as a function of increasing salt concentration, 

respectively. 

In view of these findings, the proposed hypothesis states that due to electrostatic 

features, when bound to the negatively charged or neutral membranes, the active-site 

pocket of the hMMP-7 remains unobstructed and the enzyme stays fully active. In contrast, 

when hMMP-7 binds to the positively charged membranes, it is drastically inhibited and 

this is presumably due to the orientation of the enzyme's active-site pocket toward the 

positively charged membrane surface. 

Consistent with this hypothesis, Scheme 6.2 represents the schematic diagram 

showing the electrostatic potentials on the surface of hMMP-7 (pdb lMMQ) containing 

bound hydroxamate inhibitor and putative binding surfaces for anionic and cationic LUY s. 

The structural coordinates of hMMP-7 were obtained from the Research Collaboratory for 

Structural Bioinformatics (RCSB) and Protein Data Bank (PDB). The surface potentials i.e. 

(negative and positive potentials) were calculated with the aid of the GRASP software on a 

SGI molecular modeling workstation [62-64]. 
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Table 6.10.A. Relationship between the dissociation constants (K.i) ofhMMP isozymes and 
POPS (25 mol %) as a function of salt concentration. B. Relationship between the 
dissociation constants (K.i) of hMMP isozymes and EPOPC (25 mol %) as a function of 
salt concentration. 

NaCl concentration MMP-7 <Ki LLM) MMP-9 (K.i u,M) MMP-10 (Kd u.M) 
POPS (25%) 5.5 33.3 40.2 
150mMNaCI 
POPS (25%) 2.5 74.6 48.l 
l00mMNaCI 
POPS (25%) 1.5 53 44 
50mMNaCI --

Prominently Mixed Mixed 
Electrostatics Electrostatics + Electrostatics + 

Hydrophobic Hydrophobic 
Interactions Interactions 

NaCl concentration MMP-7 (K,, u,M) MMP-9 <K .. LLM) MMP-10 (K,i LLM) 

EPOPC(25%) 20 14 8.2 
150mMNaCI 

EPOPC(25%) 10 12 15 
lO0mMNaCI 

EPOPC (25%) 0.99 30 8.17 
50mMNaCI 

Strong Hydrophobic Mixed 
Electrostatics Interaction Electrostatics + 

Hydrophobic 
Interactions 

In summary, it is reported herein, for the first time, a few of the novel conclusions 

about the interaction of the hMMP isozymes and the differently charged lipid membranes: 

(1) All of the three hMMP isozymes bind to the differently charged LUVs with varying 

affinity, but hMMP-7 has more specificity to the POPS liposomes; (2) Enzyme activity of 

hMMP-7 is perturbed upon binding to the EPOPC (25%) liposomes due to strong 

electrostatics; (3) Enzyme activity of hMMP-9 or 10 is not perturbed upon binding to the 
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differently charged LUVs; (4) hMMP-7 binds to cationic liposomes via strong 

electrostatics, unlike MMP-9 and 10; (5) Both local negative charge density (LCD) and 

organization of the LUVs dictate the specificty with which hMMP-7 binds to anionic POPS 

LUVs; and (6) Poly anionic PIP2 (4 mol %) shows binding affinity similar to mono anionic 

POPS with 25 mol %. 

Scheme 6.2. Schematic model illustrating the electrostatic potentials on the surface hMMP-
7 (pdblMMQ) containing bound Hydroxamate inhibitor and putative binding surfaces for 
anionic and cationic lipid membranes. The red (1.9 kcaVmol) and blue (9.8 kcal/mol) 
colors represent the negative and positive potentials, respectively, calculated with the aid of 
the GRASP software on a SGI molecular modeling workstation. 
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Under physiological and pathological conditions, the catalytic activity of hMMP-7 

could be fine-tuned by selective interaction with membranes of different charge and/or 

membrane-resident proteins. Further, the outcome of these studies may lead to the 

development of therapeutic/diagnostic tools for the selective detection of hMMP-7 from 

the pool of MMP isozymes, which is known to be over-expressed in a variety of chronic 

pathological conditions, including cancers [65]. 
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CHAPTER 7. MECHANISTIC STUDIES TO UNRAVEL THE ALTERNATIVE 
BINDING MODES OF HUMAN MATRIX METALLOPROTEINASE (hMMP) 

ISOZYMES TO CATIONIC AND ANIONIC QUANTUM DOTS 

7.1. Introduction 

7 .1.1. Application of ODs in various fields of research 

Semiconductor quantum dots (QDs) are increasingly being incorporated into 

various biological applications ranging from tumor targeting to multiplexed fluorescent 

detection in vivo after being first reported as improved fluorophores for biological imaging 

applications in 1998 [l]. Quantum dots are the tailored form of semiconductor nano

crystals that possess outstanding electronic and spectral properties [2]. Size distribution, 

shape, and their surface defects dictate the spectroscopic properties of the quantum dots. 

QDs are increasingly being used to visualize trafficking dynamics of individual proteins 

[2]. However, the inorganic composition of QDs causes robust size- dependent optical 

properties that are not conducive to their direct integration into biological assays. 

Significant advancements have been made over the past two decades in controlling 

the size and surface of chemically-synthesized semiconductor nanoparticles. Photonic 

crystals, thin-film light-emitting devices, and biological labels are the potential applications 

of water-soluble semiconductor nanoparticles with high photoluminescence (PL) quantum 

efficiency [3]. Semiconductor nanoparticles exhibit unique physical and chemical 

properties, which are distinctly different from their corresponding individual molecules or 

bulk materials [4], due to quantum confinement. 

7 .1.2. Functional modifications made on OD surfaces 

The presence of functional modifications and the presence of various reactive to the 
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chemical functionalities determine the possibility of a net positive or negative surface 

charge on the surface of the QD [ 5-7]. Many researchers have concentrated on identifying 

suitable blocking strategies and surface modifications of features which restrict biological 

recognition of nanoparticles and reduce their nonspecific binding to cellular membranes. 

Protein adsorption can result in unwanted interference or desirable outcomes depending on 

the nature of the biological assay under investigation. An improved understanding of the 

potentially reactive surface will result in the elimination of undesirable biological 

interferences and improved surface passivation [8]. Most of the fluorescent imaging 

applications utilizing QD probes use antibody conjugation to introduce biological 

specificity. 

The biologically active small molecule QD conjugates have been targeted for 

membrane associated receptors by Warenment et.al [9]. Small molecule conjugates, unlike 

antibody recognition, have several advantages. Small molecule attachment provides 

minimal additional bulk whereas the large size of antibodies ( approximately l 50 kDa) adds 

significant steric bulk to an already sizable QD probe [10-12]. The antibody-antigen 

interaction varies dramatically from antibody to antibody, despite the fact that antibodies 

can be designed to recognize virtually any specific biological target, and the associated cost 

of antibody production considerably limits their utility [13-14]. 

7.1.3. The non-covalent binding forces dictating the binding of ODs to protein surfaces 

Hard proteins (proteins with a high internal cohesion) have a stronger resilience 

against structural rearrangements during adsorption as compared to soft proteins (proteins 

which are structurally labile), which change their structure readily upon adsorption to the 
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QD surface [15]. Dehydration of the sorbent surface, being a strong entropically driven 

force for adsorption, enables both hard and soft proteins to adsorb on hydrophobic surfaces. 

In the case of hard proteins, electrostatic attraction is responsible for adsorption to 

hydrophilic surfaces. In case of soft proteins, the adsorption is due to hydrophilic 

electrostatic repulsion, where the gain in conformational entropy ( associated with a 

decrease in secondary structure) of the protein is sufficiently large to overcome the 

electrostatic repulsion [ 16]. Adsorption behavior in the case of bovine serum albumin 

(BSA) is not controlled by the hydrophobicity of the sorbent surface. Other studies have 

also indicated that BSA adsorption is primarily determined by the protein itself [ 17-18] 

rather than the sorbent surface. These studies contributed to in the understanding of 

electrostatic interactions used to induce self-assemblies of water-dispersed NPs with 

polymers [19]. 

7.L4. Studies done usmg ODs to exploit the conformational changes m the protein 
structure 

About 300 papers per year in Biological Abstracts Report present studies on 

changes in tryptophan (Trp) fluorescence of proteins using QDs as fluorescence markers 

[11]. The fluorescence intensity observed for a range of wavelengths using tryptophan 

properties such as emission maximum wavelength ("-max), time resolved fluorescence 

lifetime (LT), anisotropy, and Resonance Energy Transfer (RET) has been studied in detail. 

Using these results, new studies on the changes in protein conformation, quencher 

accessibility to proteins, and enzyme-ligand binding studies have been carried out. 

Monitoring the tryptophan signals associated with the diffusion of different solutes within 

their interior core has been one of the approaches of experimentally evaluating the 
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contributions of conformational dynamics in proteins [12]. The changes in the protein 

conformation depend on the smooth and rigid surfaces. The primary contributions to the 

protein adsorption originate from (i) co-adsorption of small ions arising from the 

electrostatic interactions between the protein and the sorbent surface, (ii) dispersion 

interaction, (iii) changes in the state of hydration of the sorbent surface and parts of the 

protein molecule, and (iv) structural re-organizations in the protein [14-15]. These studies 

have not revealed a great deal of information on MMPs, although several details on the 

molecular level of these proteins have been obtained. 

7 .1.5. Allosteric site in proteins 

The capacity to modulate physiologically significant interactions is more 

widespread and frequent among proteins possesing "Allosteric sites" [21]. Many of the 

approaches like steady-state and time-resolved fluorescence lifetime (LT) measurements 

have been used to experimentally evaluate the contributions of conformational changes in 

MMPs in order to unravel the two different binding modes of hMMP isozymes while 

binding to cationic and anionic quantum dots. This study provides a more detailed insight 

of the interaction of MMP isozymes binding and interacting with differently charged QDs 

for the multi-faceted and efficient use in medical therapy, industrial processes, and as 

diagnostic tools for detection of different stages of cancer. 

7.2. Results and Discussion 

In an attempt to explain the molecular mechanisms for alternative modes of 

binding of hMMP isozymes (hMMP-7, 9 and 10) to differently charged quantum dots (i.e. 

CQD and AQD), binding studies, kinetic studies and time resolved fluorescence 
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measurement studies were carried out. Results of these studies indicate that CQD and AQD 

both bind to all of the hMMP isozymes via both strong electrostatic and hydrophobic 

interactions. 

Figure 7.1.A shows the absorption spectra of cationic quantum dots (CQD). The 

CQDs used were 3.0 nm in diameter and made by cadmium telluride (CdTe) QD 

functionalized by cystamine. The CQDs show a broad absorption band from 250 nm to 610 

nm. Figure 7 .1.B shows the glass vial containing the pale yellow colored CQDs. The 

absorption peak at 340 nm was chosen to excite the QD in order to contribute the least 

from the CQD. 
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Figure 7. I .A. Absorption spectra of cationic quantum dots. B. Photo of a glass vial 
containing cationic quantum dots. The CQD shows a broad absorption band from 250 nm 
to 610 nm. But the absorption peak at 340 nm was chosen to excite the QD in order to have 
minimized contribution from QD as hMMP isozymes would also absorb significantly in the 
UV region. CQDs used were 3.0 nm in diameter and made by cadmium telluride (CdTe) 
QD functionalized by cystamine. 

Figure 7.2.A shows the absorption spectra of anionic quantum dots (AQD). The 

AQDs used were 4.5 nm diameter and made by cadmium telluride (CdTe) QD 
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functionalized by Thioglycolate (TGA). The AQD shows a broad absorption band from 

250 nm to 600 nm. Figure 7.2.B shows the glass vial containing the deep red colored AQD. 

The absorption peak at 340 nm was chosen to excite the QD in order to contribute the least 

from the AQD. 
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Figure 7.2.A. Absorption spectra of anionic quantum dots. B. Photo of a glass vial 
containing anionic quantum dots. The AQD shows a broad absorption band from 250 nm to 
600 nm. But the absorption peak at 340 nm was chosen to excite the QD in order to have 
minimized contribution from QD as hMMP isozymes would also absorb significantly in the 
UV region. AQD used is nearly 4.5 nm diameter and made by Cadmium telluride (CdTe) 
QD functionalized by Thioglycolate (TGA). 

Recent studies on NPs have opened new avenues to a host of new bio-molecular 

conjugates with applications in drug delivery, biocompatibility, "smart" materials in 

diagnostics and sensors [22]. Although semiconductor particles (e.g. CdSe) have been used 

primarily as quantum dots providing an intrinsic fluorescence label to proteins, the most 

common particles used for protein attachment are gold and silver. The size of these NPs 

typically varies about < 10 nm diameter. This makes them suitable as labels rather than 

immobilization matrixes. 
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Although particle size plays a vital role in modulating protein structure and 

function, no systematic study on the effect of particle size on the structure and function of 

adsorbed proteins has been performed till date. Recent studies [22] have shown that smaller 

NPs strongly favor binding to protein structure that result in higher intrinsic enzyme 

activity as compared to larger NPs. In this study, the two differently charged QDs with 

different sizes were compared. The CQD and AQD used in this study were about 3.0 nm 

and 4.5 nm, respectively. 

Figure 7.3 shows the emission spectra of the CQD. Based on the absorption and 

emission spectra for CQDs, the excitation and emission wavelengths chosen for future 

experiments were 340 nm and 570 nm, respectively. 
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Figure 7.3. Emission spectra of cationic quantum dot (CdTe-Cys). The CdTe QD was 
diluted fifty-fold in 10 mM Tris, pH 8.0 using a plate reader with 3 mm diameter. The 
emission spectrum of the sample was corrected against the buffer blank. Acx and Aem was 
340 nm and 570 nm respectively. 
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Figure 7.4 shows the emission spectra of the AQDs. Based on the absorption and 

emission spectra for the AQDs, the excitation and emission wavelengths chosen for future 

experiments were 340 nm and 625 nm, respectively. 
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Figure 7.4. Emission spectra of anionic quantum dot (CdTe-TGA). The CdTe/ TGA QD 
were diluted 50 fold in 10 mM Tris, pH 8.0 using a plate reader with 3 mm diameter. The 
emission spectrum of the sample was corrected against the buffer blank. 'Aex and 'Aem was 
340 nm and 625 nm respectively. 

Many researchers have studied the structures of the different hMMP isozymes 

depicting the size of the active site of these different hMMP isozymes by using the UCSF 

Chimera® software [23]. The crystal structures of many new members of the human MMP 

family have been discovered continuously in the last 20 years, until the final deposition of 

the human genome has fixed the final number at 24, five of which possess an additional 

shorter isoform. All MMPs have in common a catalytic domain constituted by about 170 

amino acid residues. X-ray crystallographic structures of several MMP catalytic domains 

have shown that the active site is a domain which is an oblate sphere, measuring around 20 
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A (2 nm), that runs across the domain. This piece of information indicates the size of the 

active site of the different hMMPs (hMMP-7, 9 and 10) leading to an idea about the 

comparative account of the size difference (considering the circumference) of the CQD or 

AQD compared to the active site of these hMMP isozymes. There have been many reports 

that support that MMP-7 [24], being the smallest in the family, has a catalytic domain 

around the size of 27 A (2.7 nm). The size of MMP-9 [25] and MMP-10 [26] catalytic 

domains are 35 A (3.5 nm) and 25 A (2.5 nm), respectively. We can clearly observe that 

all three hMMP isoforms are comparable in size with the two differently charged QDs. 

However, AQD is a little larger ( 4.5 nm in diameter). 

In order to find the effect of CQD and AQD to hMMP isozymes, binding studies 

were carried out. Figure 7.5 shows the dissociation constant (Ki) of the hMMP-7-CQD 

complex. The steady-state spectrofluorometric studies were performed in a Molecular 

Devices SpectraMax® Plus microplate reader (path length approximately 0.3 cm). The 

CQD used in these experiments were found to be most stable in 10 mM Tris, pH 8.0 and 

were prepared in Dr. Chen's laboratory. 

This experiment was carried out by fixing the CQD concentration (0.3µM), while 

titrating with increasing concentrations of hMMP-7 from a known stock. The quenching of 

the tryptophan/tyrosine signal was monitored keeping the excitation and emission 

wavelength as 280 nm and 343 nm, respectively. The blank titration of protein into the 

buffer was performed to find the difference in the protein signal (8F) to be used to 

determine the dissociation constant (Ki) for the hMMP-7-CQD complex formation. This 

experiment was carried out by fixing the CQD concentration (0.3 µM), while titrating with 
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increasing concentrations of hMMP-7 from a known stock. The quenching of the 

tryptophan/tyrosine signal was monitored keeping the excitation and emission wavelength 

as 280 nm and 343 nm, respectively. The blank titration of protein into the buffer was 

performed to find the difference in the protein signal (LlF) to be used to determine the 

dissociation constant (Ki) for the hMMP-7-CQD complex formation. 
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Figure 7.5. Determination of the dissociation constant (Ki) of the hMMP-7-CQD complex. 
The excitation was at 280 nm and the tryptophan signal was monitored at 343 nm. A fixed 
concentration of CQD (0.3 µM) was titrated with known concentrations of hMMP-7. The 
corrected signal from the blank titration of protein into buffer was used to calculate the 
binding constant. The solid smooth line is the best fit of the data showing the kd to be 1.25 
± 0.3 µM. 

The binding isotherm was plotted using the fluorescence difference signal as a 

function of the protein concentration. The stock concentration of the CQD could not be 

determined a priori, so it seemed a valid approach to use a quadratic binding equation, 

which would account for both the concentration of CQD used as well as determine the Ki 

for the complex formation. The~ was determined to be 1.25 ± 0.3 µM. There was a 12 nm 
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red shift observed in the tryptophan fluorescence emission maxima. The shift can be 

attributed to an Internal Stark effect (ISE) [27]. 

The large red shift in fluid solvents with high dielectric constants can also be 

attributed to the stark effect [28-33]. The strong electric field at the solute is due to the 

partial orientation of solvent dipoles around the larger solute dipoles. The magnitude of the 

field and the orientation of the indole ring determine the spectral shift. The extent to which 

the maximum fluorescence is governed by solvent and protein residues depends on: (1) 

Polarization ( orientation) of water molecules by charged and polar protein; and (2) 

Polarization (electronic) of the Trp ring by an electric field arising from water and protein. 

In most cases, with oriented regions of water, 15-25 A from Trp collectively 

contribute to 5-10 nm blue and red shifts [34 ]. This is due to the ordering of the domains of 

water to the charged groups of the protein. The contribution of water and protein is found 

to increase with increasing wavelengths. Figure 7 .6 shows the binding isotherm for the 

determination of dissociation constant (Ki) of a hMMP-9-CQD complex. Under identical 

conditions the dissociation constant for hMMP-9 to the CQD was determined. The 

quenching of the tryptophan/tyrosine signal was monitored keeping the excitation and 

emission wavelength as 280 nm and 335 nm, respectively. The~ was determined to be 0.2 

± 0.08 µM. 

Figure 7.7 shows the dissociation constant (Ki) of hMMP-10-CQD complexes. The 

quenching of the tryptophan/tyrosine signal was monitored keeping the excitation and 

emission wavelength as 280 nm and 330 nm. The ~ was determined to be 2.0 ± 0.23 µM. 

There was a 15 nm red shift observed in the tryptophan fluorescence emission Amax• 
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Figure 7.6. Determination of the dissociation constant(~) of hMMP-9-CQD complex. The 
excitation was at 280 nm and the W signal was monitored at 335 nm. A fixed concentration 
of CQD (0.3 µM) was titrated with known concentrations of hMMP-9. The corrected signal 
from the blank titration of protein into buffer was used to calculate the binding constant. 
The solid smooth line is the best fit of the data showing the ki to be 0.2 ± 0.08 µM. 
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Figure 7.7. Determination of the dissociation constant (~) of the hMMP-10-CQD 
complex. The excitation was at 280 nm and the W signal was monitored at 330 nm. A fixed 
concentration of CQD (0.3 µM) was titrated with known concentrations of hMMP-10. The 
corrected signal from the blank titration of protein into buffer was used to calculate the 
binding constant. The solid smooth line is the best fit of the data showing the ki to be 2.0 ± 
0.23 µM. 
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Table 7.1 shows the comparative account of the Ko of the hMMP isozymes with 

CQD. hMMP-7 and 10 show a comparable binding affinity to CQD but hMMP-9 exhibits a 

ten-fold higher binding affinity, which reflects a non-trivial interaction existing between 

hMMP-9 and CQD. The interaction of hMMP isozymes with CQD demonstrate that 

hMMP-9 binds to the CQD most strongly while hMMP-7 and 10 share comparable binding 

affinity. 

Figure 7.8 shows the dissociation constant (Ko) of the hMMP-7-AQD complex. The 

steady-state spectrofluorometric studies were performed on a Molecular Devices 

SpectraMax® Plus microplate reader (path length of approximately 0.3 cm). Similar to the 

CQD, the AQD was also found to be stable in 10 mM Tris, pH 8.0. 

Table 7.1. Comparative account of the dissociation constants (Kd) ofhMMP isozymes with 
CQD. 

MMP Isozymes CQDKd(µM) 

hMMP-7 1.25 

hMMP-9 0.2 

hMMP-10 2.0 

A fixed concentration of AQD (0.57 µM) was titrated with known concentrations of 

hMMP-7. The excitation was at 280 nm and the tryptophan signal was monitored at 354 

nm. The blank titration of protein into the buffer was performed to find the difference in 

the protein signal (~F) to be used to determine the dissociation constant (~) for the 

hMMP-7-AQD complex formation. The fluorescence difference signal as a function of the 

protein concentration was used to construct the binding isotherm. It can be observed the 
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saturating hyperbolic profile, showing the Ki value to be 0.6 ± 0.16 µM. Note that the 

AQD binds to hMMP-7 two-fold tighter than CQD. 

Figure 7 .9 shows the dissociation constant (Ki) of the hMMP-9-AQD complex. 

Under the same setting as hMMP-7, the Ki value for hMMP-9 with AQD was determined 

to be 0.13 ± 0.11 µM. When compared with the Ki value of hMMP-9-CQD complex 

formation (kl = 0.2 ± 0.08 µM) it is clear that the binding affinities were easily comparable. 
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Figure 7 .8. Determination of the dissociation constant (Ki) of the hMMP-7-AQD complex. 
A fixed concentration of AQD (0.57 µM) was titrated with known concentrations of 
hMMP-7. The excitation was at 280 nm and the tryptophan signal was monitored at 354 
nm. The corrected signal from the blank titration of protein into buffer was used to 
calculate the binding constant. The solid smooth line is the best fit of the data showing the 
kl was determined to be 0.6 ± 0.16 µM. 

Figure 7 .10 shows that the determination of the dissociation constant (Ki) of the 

hMMP-10-AQD complex. The kl was determined to be 0.03 ± 0.02 µM. The Ki of hMMP-

10 with CQD is 2.0 ± 0.23 µM. The binding affinity of hMMP-10 with AQD is sixty-
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sixfold tighter than with CQD. The AQD binds to hMMP-10 even with higher affinity 

(twenty-fold higher) than hMMP-7. 

Protein contributions such as charged side chains, polar side chains, Trp backbone 

and other backbones cause the shift in protein fluorescence [29, 35-36]. Backbone and 

polar side chains contribute to short range (van der Waals contact) shifts of 5-10 nm by 

dipole-dipole interactions reaching 20 nm in some extreme cases. 
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Figure 7.9. Determination of the dissociation constant (Ko) of the hMMP-9-AQD complex. 
A fixed concentration of AQD (0.57 µM) was titrated with known concentrations ofMMP-
9. The excitation was at 280 nm and the tryptophan signal was monitored at 354 nm. The 
corrected signal from the blank titration of protein into buffer was used to calculate the 
binding constant. The solid smooth line is the best fit of the data showing the kc! was 
determined to be 0.13 ± 0.11 µM. 

Charged amino-acid residues (Lys, Arg, Asp, Glu, and any C-terminal residue) 

make the largest contribution to the fluorescence shift for proteins [36-37]. The largest red 

shift of 78 nm was observed for the Lys-133 of Staphylococcus and 67 nm for the Asp-26 

of thioredoxin, while the largest blue shift was observed at 38 nm for Arg-22 in monomer 
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of melittin and 39 nm for Lys-57 in thioredoxin [37]. The largest shifts of 20 nm due to 

the neutral side chains were observed from Asn-117 of subtilisin and 7 nm for Gln-105 of 
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Figure 7 .10. Determination of the dissociation constant (Ki) of the hMMP-10-AQD 
complex. A fixed concentration of AQD (0.57 µM) was titrated with known concentrations 
of MMP-10. The excitation was at 280 nm and the tryptophan signal was monitored at 354 
nm. The corrected signal from the blank titration of protein into buffer was used to 
calculate the binding constant. The solid smooth line is the best fit of the data showing the 
kt was determined to be 0.03 ± 0.02 µM. 

T 4 lysozyme (W-13 8). The Trp backbone atoms contribute significantly to the shift [3 8]. 

The contributions range from a 9 nm blue shift (for Trp-118 of azurin) to a 6 nm red shift 

(for monellin). 

Table 7.2 shows a comparative account of the Ki of hMMP isozymes with AQD. 

Except for hMMP-9, where there was no variation in the binding affinity for the differently 

charged QD. Other hMMP isozymes (hMMP-7 and hMMP-10) exhibit good specificity for 

AQD (negatively charged QD) as compared to CQD (positively charged QD). But hMMP-
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10 binds tightly with AQD. The interactions of hMMP isozymes with AQD demonstrated 

that hMMP-10 binds to the AQD most strongly, followed by hMMP-9 and hMMP-7. This 

result contrasts the findings in the liposome mediated interactions with hMMP isozymes. 

One plausible rationale would be the comparable size of the two molecules involved 

(hMMP-7 and AQD). As noted above, the size of hMMP-7 active site and AQD were 2. 7 

nm and 4.5 nm, respectively, indicating that unlike anionic LUVs (100 nm diameter), the 

AQDs were two times the size of the enzyme. Hence, the dynamics of the binding would 

get affected due to surface curvature and availability of the surface area for the hMMP-7 to 

spread or bend on the QDs [16). 

Table 7.2. Comparative account of the dissociation constants (K.i) ofhMMP isozymes with 
AQD. 

MMP Isozymes AQDKd(µM) 

hMMP-7 0.6 

hMMP-9 0.13 

hMMP-10 0.03 

The two parameters that decide the emission maximum are degree of exposure of 

the tryptophan residues and solvent properties. The orientation of the water molecules and 

electronic polarization of the indole ring in the trytophan imposed by the surrounding water 

plays a vital role in the determination of the shifts observed in the fluorescence emission 

maxima [39). Tryptophan is very sensitive to the micro-environment as a fluorophore 

based on which emission maxima for the protein is monitored. If A.max < 330 nm, a 

tryptophan residue is considered buried in a non-polar environment, while A.max ~ 330 nm 

suggests the tryptophan is exposed and in a polar environment. The mere presence of water 
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or any buffer solvent does not influence the position of Amax, whereas the orientation of the 

water dipole does influence it. A red shift, with the size of the shift being inversely 

proportional to the distance from the center of the tryptophan ring, is created by the relative 

direction of a charge from the tryptophan bearing positive charges on the end of the 

benzene ring while the reverse holds true for negative charges. The red shift is caused by 

the extent of exposure of the faces of the benzene ring of tryptophan to water. A modest red 

-hift occurs if the edge is exposed to the face of the benzene ring while a large red shift 

occurs if the face is exposed. Water, on the other hand can cause a significant red shift (10-

20 nm) for buried tryptophan's due to the collective action ofregions of water up to 25 nm 

distance that are favorably oriented by the charges and/or shape of the protein [ 40]. 

Upon analysis of the crystal structure of the catalytic domain of hMMP-7, it was 

noted that hMMP-7 contains four tryptophan residues and eight tyrosine residues. Out of 

the four tryptophan residues, three were fully exposed and the other one was partially 

exposed (See Chapter 4). Eight tryptophan residues are present in hMMP-9 with varied 

degrees of exposure to the aqueous environment. A careful analysis of the catalytic domain 

shows three tryptophan residues that were partially exposed with one residue being fully 

buried in the interior core of the protein (41]. A red shift was observed and extensive 

hypochromicity can be credited for the formation of a more open structure in the presence 

of QDs by either partial or complete revelation of one or more exposed tryptophan 

residues. The binding of QDs differently modulates the micro-environment of hMMP-9 

resident tryptophan. It is known that Amax and q ( quantum yield) tryptophan residues can 

separate in proteins into two different classes, one of which is exposed and the other 
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buried. The exposed tryptophan residues, with the position of Amax towards the longer 

wavelength side (Amax of approximately 350 nm) and the quantum yield equal or higher 

than that of free aqueous tryptophan (approximately 0.13-0.17), are in a high-polar aqueous 

environment [42]. 

The other tryptophan residues, which are buried inside the protein in a low-polar 

hydrophobic environment, with the position of Amax toward the shorter wavelength side 

(Amax of approximately 330 nm), have low quantum yield (0.04 to 0.07). The shift in the 

protein spectrum towards 350-353 nm upon denaturation by urea and 330-332 nm upon 

addition of anionic detergents in acidic solutions supports the hypothesis [ 43]. The 

characterization of hMMP-10 was done using a tryptophan fluorescence probe. Human 

MMP-10 harbors 8 tryptophan residues with varied degrees of exposures to the aqueous 

environment together in the fibronectin domain and the catalytic domain [ 44]. However, 

two tryptophan residues were found to be fully buried in the analysis of the catalytic 

domain, while one residue was partially buried to the interior core of the protein. 

With this knowledge, it was tempting to delve into the question of whether or not 

the interaction of the hMMP isozymes has any effect on their functional aspect of 

catalyzing a reaction. To answer this question inhibition studies using the three available 

hMMP isozymes and the two differently charged QDs were conducted. 

Figure 7.11 shows the inhibition constant (Ki) of the hMMP-7-CQD complex. 

When the fluorogenic substrate was cleaved by hMMP-7 in the presence of increasing 

concentrations of CQD, the enzyme was inhibited upto 80% at higher concentrations of 

CQD (varied from Oto 3 µM) used. The K1 was 0.24 ± 0.04 µM. When the~ (1.25 ± 0.3 
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µM) and Ki (0.24 ± 0.04 µM) values were compared for hMMP-7 and CQD, the difference 

in Ki and Ki was five-fold, which indicates that there would be some conformational 

changes in the protein followed by inhibition of the enzyme activity. 

Figure 7 .12 shows the inhibition constant (Ki) of the hMMP-9-CQD complex. The 

enzyme was inhibited more than 90% at lower concentrations of CQD (varying from 0 to 2 

µM) used. The Ki was 0.32 ± 0.037 µM. When the Ki (0.2 ± 0.08 µM) and Ki (0.32 ± 0.037 

µM) values were compared for hMMP-9 and CQD, the similarity in Ki and Ki showed that 

there was binding and subsequent inhibition of the enzyme due to physically binding at the 

active site and blocking the accessibility of the substrate. 
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Figure 7 .11. Determination of the inhibition constant (Ki) of hMMP-7-CQD complex. The 
enzyme-catalyzed hydrolysis of the fluorogenic peptide 0-ex = 335 nm, Acm = 395 nm) was 
measured as a function of the CQD concentrations. The symbol ( o-o) represent data 
obtained in the presence of CQD. [hMMP-7] = 0.3µM, [Substrate]= 25 µM. The activity 
ofhMMP-7 decreases as a function of increasing concentrations of CQD. The solid smooth 
line is the best fit of the data for the CQD-MMP-7 complex. The Ki value was determined 
to be 0.24 ± 0.04 µM. 
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Figure 7.13 shows the inhibition constant (Ki) of the hMMP-10-CQD complex. The 

enzyme was inhibited more than 80% at higher concentrations of CQD (varying from Oto 

4 µM) used. The Ki was 1. 11 ± 0.07 µM. When the Ki (2.0 ± 0.23 µM) and Ki (1. 11 ± 0.07 

µM) values were compared for hMMP-10 and CQD, the comparative values of Ki and Ki 

showed that there was binding and inhibition of the enzyme due to just binding and 

proximity of the active-site and blocking the accessibility of the substrate. 
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Figure 7 .12. Determination of the inhibition constant (Ki) of hMMP-9-CQD complex. The 
enzyme-catalyzed hydrolysis of the fluorogenic peptide 0--ex = 335 nm, Acm = 395 nm) was 
measured as a function of the CQD concentrations. The symbol ( o-o) represent data 
obtained in the presence of CQD. [hMMP-9] = 0.16 µM, [Substrate]= 25 µM. The activity 
ofhMMP-9 decreases as a function of increasing concentrations of CQD. The solid smooth 
line is the best fit of the data for the CQD-MMP-9 complex. The Ki value was determined 
to be 0.32 ± 0.04 µM. 

Table 7.3 shows the comparative account of the Ki of hMMP isozymes with CQD. 

It reflects the similar inhibition constants for hMMP-7 and 9, unlike hMMP-10. Human 

MMP-7 and 9 are inhibited by CQD four-fold more than hMMP-10. The interactions of 
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hMMP isozymes with CQD demonstrated that CQD acts as a potent inhibitor for hMMP-7 

and hMMP-9 to a comparable degree. On the other hand, hMMP-10 binds strongly to 

CQD, but it does not act as a very potent inhibitor. This feature hints at some 

conformational changes that potentially might be occurring upon binding to the CQD. 
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Figure 7.13. Determination of the inhibition constant (Ki) ofhMMP-10-CQD complex. The 
enzyme-catalyzed hydrolysis of the fluorogenic peptide (Aex = 335 nm, Aem = 395 nm) was 
measured as a function of the CQD concentrations. The symbol ( o-o) represent data 
obtained in the presence of CQD. [hMMP-9] = 1.0 µM, [Substrate]= 25 µM. The activity 
of hMMP-10 decreases as a function of increasing concentrations of CQD. The solid 
smooth line is the best fit of the data for the CQD-MMP-10 complex. The Ki value was 
determined to be 1.11 ± 0.07 µM. 

Table 7.3. Comparative account of the inhibition constants (Ki) ofhMMP isozymes with 
CQD. 

MMP Isozymes CQDKi(µM) 

hMMP-7 0.24 
hMMP-9 0.32 
hMMP-10 1.11 
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Figure 7.14 shows the inhibition constant (Ki) of the hMMP-7-AQD complex. The 

enzyme was inhibited 80% at higher concentrations of AQD (varying from 0 to 2.5 µM) 

used. The Ki was 0.04 ± 0.08 µM. When the l«J (0.6 ± 0.16 µM) and Ki (0.04 ± 0.08 µM) 

values were compared for hMMP-7 and AQD it was found that the difference in l«J and Ki 

was seventeen-fold. This indicated that subtle conformational changes in the protein were 

contributing to the inhibition of the enzyme activity. 
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Figure 7 .14. Determination of the inhibition constant (Ki) of the hMMP-7-AQD complex. 
The enzyme-catalyzed hydrolysis of the fluorogenic peptide ("-ex = 335 nm, "-em = 395 nm) 
was measured as a function of the AQD concentrations. The symbol ( o-o) represents data 
obtained in the presence of AQD. [hMMP-7] = 0.3 µM, [Substrate]= 25 µM. The activity 
ofhMMP-7 decreases as a function of increasing concentrations of AQD. The solid smooth 
line is the best fit of the data for the AQD-MMP-7 complex. The Ki value was determined 
to be 0.04 ± 0.08 µM. 

Figure 7 .15 shows the inhibition constant (Ki) of the hMMP-9-AQD complex. The 

enzyme was inhibited a little less than 80% at higher concentrations of AQD (varying from 

0 to 1.2 µM) used. The Ki was 0.15 ± 0.02 µM. When the l«J (0.14 ± 0.11 µM) and Ki (0.15 
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± 0.02 µM) values were compared for hMMP-9 and AQD, the close association in ~ and 

Ki implies that AQD binding leads to conformational changes in the overall enzyme, 

thereby distorting the globular tertiary structure of the protein due to the presence of an 

allosteric binding site for the AQD. 

Figure 7.16 shows the inhibition constant (Ki) of the hMMP-10-AQD complex. The 

enzyme was inhibited a little less than 80% at higher concentrations of AQD (varying from 

(1 to 2 µM) used. The Ki was 0.27 ± 0.03 µM. When the ~ (0.03 ± 0.02 µM) and Ki (0.27 ± 

0.03 µM) values were compared for hMMP-10 and AQD, the difference in ~ and Ki 

implies that upon binding to AQD there are conformational changes in the native enzyme. 
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Figure 7.15. Determination of the inhibition constant (Ki) of hMMP-9-AQD complex. The 
enzyme-catalyzed hydrolysis of the fluorogenic peptide 0-ex = 335 nm, A.cm = 395 nm) was 
measured as a function of the AQD concentrations. The symbol ( o-o) represents data 
obtained in the presence of AQD. [hMMP-9] = 0.16 µM, [Substrate]= 25 µM. The activity 
ofhMMP-9 decreases as a function of increasing concentrations of AQD. The solid smooth 
line is the best fit of the data for the AQD-MMP-9 complex. The Ki value was determined 
to be 0.15 ± 0.02 µM. 
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Nanoparticles, as compared to traditional materials, have a larger surface area that 

can be tailored with organic molecules through covalent or non-covalent modifications to 

form functionalized NPs [ 45]. These tailored NPs possess abilities to prevent non-specific 

binding and recognize specific bio-macromolecules, so that, enzyme activities can be 

specifically regulated when bound to surface modified NPs. 
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Figure 7 .16. Determination of the inhibition constant (Ki) of hMMP-10-AQD complex. 
The enzyme-catalyzed hydrolysis of the fluorogenic peptide (Acx = 335 nm, Aem = 395 nm) 
was measured as a function of the AQD concentrations. The symbol ( o-o) represents data 
obtained in the presence of AQD. [hMMP-10] = 1.0 µM, [Substrate]= 25 µM. The activity 
of hMMP-10 decreases as a function of increasing concentrations of AQD. The solid 
smooth line is the best fit of the data for the AQD-MMP-10 complex. The Ki value was 
determined to be 0.27 ± 0.03 µM. 

In accordance with the above results, a range of studies of protein or peptide 

adsorption on Au or SiO2 NPs of different sizes have been reported. Proteins, including 

lysozyme, horseradish peroxidase, catalase, and trypsin [22], adsorb strongly to SiO2 NPs 

(sizes ranging from 9 to 40 nm). In the process, these proteins undergo a partial loss of the 
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structure and generally a significant loss in enzyme activity. 

Table 7.4 shows the comparative account of the Ki of hMMP isozymes with AQD. 

It shows that hMMP-7 is inhibited most potently compared to hMMP-9 and 10. Even 

though the Ki value is seventeen-fold higher than the Ki value, it appears that hMMP-7 

binds to AQD, and then with conformational adjustment, a stable complex of the hMMP-7-

AQD complex is reached leading to the potent inhibition. This scenario is in contrast to the 

case of hMMP-10, where formation of the complex causes the potency of inhibition to 

decrease. This is a very interesting facet that the isozymes exhibited, leading to the 

conclusion that these flexible hMMPs undergo conformational changes upon binding the 

the QDs, especially the AQD. 

Table 7.4. Comparative account of the inhibition constants (Ki) of hMMP isozymes with 
AQD. 

MMP Isozymes AQDKi(µM) 

hMMP-7 0.04 

hMMP-9 0.15 

hMMP-10 0.27 

The findings in the above experiments showed that CQD and AQD both bind and 

inhibit the three hMMP isozymes with varying potencies. But, to know whether or not the 

inhibition observed was a "true" inhibition or it was newly formed irreversible binary 

hMMP-QD complex, a snap dilution tests were carried out to check the reversibility of the 

formed complex. Figure 7 .17 .A and 7 .17 .B shows whether CQD and AQD respectively 

inhibits or inactive the enzyme activity of hMMP-7. Figure 7 .17 .B shows whether or not 

AQD inhibits or inactives the enzyme activity of hMMP-7. The progress curve of the 
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hMMP-7 catalyzed reaction was monitored in the presence of CQD or AQD under 

different conditions. The conditions were (1) the progress curves of hMMP-7 (0.3 µM) 

alone, (2) hMMP-7 with 0.24 µM CQD/AQD (0 time incubation), and (3) hMMP-7 with 

0.24 µM CQD/AQD (20 minutes pre-incubation time). The slopes (~F.s-1
) of the progress 

curves calculated for the above data were 6.88 (black line), 4.67 (red line), 3.66 (green line) 

and 3.83 (blue line) ~F.s- 1
, respectively, for CQD, while 9.55 (black line), 2.03 (red line), 

2.05 (green line) and 3.0 (blue line) ~F.s-1
, respectively, were calculated for AQD. Upon 

incubation of hMMP-7 with CQD, there was a loss of 17% enzyme activity. But, that 

trivial loss in activity is often expected when enzymes are pre-incubated with very high 

inhibitor concentrations (CQD in this case) and then snap diluted. The enzyme is forced to 

refold back to its native structure. But there is a very good possibility that the enzyme does 

not refold back to its compact native conformation. It might have a close resemblance with 

it's native structure but probably attains a different conformation. However, in case of 

AQD, upon pre-incubation with hMMP-7, the enzyme activity is enhanced [46]. This result 

led to the conclusion that AQD helped hMMP-7 to become a more compact structure. 

Figure 7 .18.A and B shows whether CQD and AQD respectively inhibits or inactive 

the enzyme activity of hMMP-9. The progress curve of the hMMP-9 catalyzed reactions 

are shown in presence of CQD and AQD under different conditions and monitored for 200 

secs. The conditions were (1) the progress curves of hMMP-9 (0.16 µM) alone, and (2) 

hMMP-9 with 0.24 µM CQD/ AQD (0 time incubation), and hMMP-9 with 0.24 µM 

CQD/AQD (20 minutes pre-incubation time). The slopes (~F.s-1
) of the progress curves 

were calculated for the above data were 5.3 (red line), 0.27 (blue line), 0.28 (green line) 
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~F.s-1
, respectively, for CQD, and 5.2 (black line), 0.22 (red line), 0.27 (green line) ~F.s-1

, 

respectively, were calculated for AQD. 

Figure 7.19.A and B shows whether CQD and AQD respectively inhibit or inactive 

the enzyme activity of hMMP-10. The progress curve of the hMMP-10 catalyzed reaction 

is shown in presence of CQD and AQD under different conditions and monitored for 200 

secs. The conditions were 1) the progress curves of hMMP-10 (1.0 µM) alone, and 2) 

hMMP-10 with 0.240 µM CQD/AQD (0 time incubation), and hMMP-10 (20 min pre

incubation time) respectively. The slopes for MMP-10 (~F.s-1
) of the progress curves 

calculated for the above data were 0.38 (black line), 0.14 (red line), and 0.18 (green line) 

~F.s-1
, respectively, for CQD, while 0.38 (black line), 0.09 (red line), 0.11 (green line) 

~F.s-1
, respectively, were calculated for AQD. 

Table 7.5.A shows the comparative account of the effect for inhibition/ inactivation 

of hMMP isozyrnes with CQD. Table 7.5.B shows the comparative account of the effect 

for inhibition/ inactivation of hMMP isozyrnes with AQD. The hMMP-7 becomes a more 

compact structure after incubation with AQD. Moreover, the binding of QDs to hMMP 

isozyrnes are all reversible. Even though both QDs and Au-NPs (See Chapter 5) were rigid 

molecules with high surface curvature, Au-NPs denatured the proteins while QDs 

physically bind to the hMMPs in a reversible manner. 

Electrostatic force plays a key role in the design of nanostructures and biomolecules 

that have high efficiency and self-targeting selectivity [ 16]. The conformation of DNA 

molecules change from coiled long chains to compact globules when CT AB-modified QDs 

induces a DNA condensation process [47-48]. 
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Figure 7 .17 .A. Inhibition / inactivation of the enzyme activity of hMMP-7 by CQD. 8. 
Inhibition / inactivation of the enzyme activity of hMMP-7 by AQD. The time course of 
hMMP-7 catalyzed reaction in the presence of CQD / AQD has been shown. A control 
experiment was performed in the absence of QDs. The black solid line, the red solid line, 
the green solid line and the blue solid line indicates the progress curves of hMMP-7 alone 
(0.3 µM, hMMP-7 with 0.240 µM CQD/ AQD (0 time incubation), and hMMP-7 (20 min 
pre-incubation time) and hMMP-7 (I hr pre-incubation time) respectively. The slopes 
(~F.s-lJ of the progress curves were calculated for the above data were 6.88 (black line), 
4.67 (red line), 3.66 (green line) and 3.83 (blue line) ~F.s- 1

, respectively, for CQD, while 
9.55 (black line), 2.03 (red line), 2.05 (green line) and 3.0 (blue line) ~F.s-1

, respectively, 
for AQD. The incubation of hMMP-7 with CQD for 20 mins resulted in 17 % loss in the 
enzyme activity while the enzyme activity increases upon longer pre-incubation with AQD. 
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Figure 7.18.A. Inhibition / inactivation of the enzyme activity of hMMP-9 by CQD. B. 
Inhibition / inactivation of the enzyme activity of hMMP-9 by AQD. The time course of 
the MMP-9 catalyzed reaction in the presence of CQD I AQD has been shown. Control 
experiment has been performed in the absence of QDs. The time course of the reaction was 
monitored for about maximum 200 sec. For MMP-9 the red solid line, the blue solid line, 
the green solid line indicates the progress curves of hMMP-9 alone (0.16 µM, hMMP-9 
with 0.240 µM CQD/ AQD (0 time incubation) hMMP-9 with the same concentration of 
QDs (20 min pre-incubation time) respectively. The slopes (~F.s-ll of the progress curves 
were calculated for the above data were 5.3 (red line), 0.27 (blue line), 0.28 (green line) 
~F.s- 1

, respectively for CQD while 5.2 (black line), 0.22 (red line), 0.27 (green line) ~F.s- 1
, 

respectively, for AQD. 
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Figure 7.19.A. Inhibition / inactivation of the enzyme activity of hMMP-10 by CQD. B. 
Inhibition / inactivation of the enzyme activity of hMMP-10 by AQD. The time course of 
the reaction was monitored for about maximum 200 sec. For hMMP-10 the red solid line, 
the blue solid line, the green solid line indicates the progress curves of hMMP-10 alone 
(1.0 µM, hMMP-10 with 0.240 µM CQD/AQD (0 time incubation) hMMP-10 with the 
same concentration of QDs (20 min pre-incubation time) respectively. The slopes for 
MMP-10 (~F .s·1 

l of the progress curves were calculated for the above data were 0.38 (black 
line), 0.14 (red line), 0.18 (green line) i:1F.s· 1

, respectively, for CQD while 0.38 (black line), 
0.09 (red line), 0.11 (green line) i:1F.s· 1

, respectively, for AQD. 
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Table 7.5.A. Comparative account of the effect for inhibition/ inactivation of hMMP 
isozymes with CQD. B. Comparative account of the effect for inhibition/ inactivation of 
hMMP isozymes with AQD. 

A B 

MMP CQD MMP AQD 

lsozymes lsozymes 

hMMP-7 98 % reversible hMMP-7 More than 100 % 
reversible 

hMMP-9 100% reversible hMMP-9 I 00% reversible 

hMMP-10 100% reversible hMMP-10 I 00% reversible 

Electrostatic force plays a key role in the rate of arrival of the protein molecules at 

the sorbent surface is slower at lower protein concentration in solution, corresponding to 

lower surface coverage, allowing the molecules more time to adjust their structure to the 

new environment before a neighboring site becomes occupied by molecules arriving at a 

later stage. This results in more severe structural arrangement at lower surface coverage. 

Studies are available in the literature [ 49] that suggests that the structural characteristics of 

BSA molecules in aqueous solution remain unaffected after being exchanged from a 

hydrophilic silica surface. BSA molecules with altered structural properties are obtained 

after release from hydrophobic PS-surfaces. 

There have been recent studies [50] that demonstrate the use of a QD biosensor for 

detection of activity of matrix metalloproteinases. Quantum dots (QDs) are often cell

impermeable and require transporters to facilitate crossing over the cell membranes. There 

is a simple and versatile method that utilizes enzymes, matrix metalloproteases like MMP-

2 and MMP-7, to modulate the cellular uptake of QDs [51]. QD-peptide conjugates could 

be efficiently taken up into cells after MMP treatment. This enzyme-modulated cellular 
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uptake of QDs may be applied to other nanoparticles for biological imaging and selective 

drug delivery into tumor cells. 

Interactions between QDs and hMMP isozymes can also change the lifetime of the 

intrinsic tryptophan residues and confirm the steady-state binding experiments. The 

lifetime ofhMMP-7, 9 and 10 in the presence or absence of CQD and AQD were measured 

to confirm the binding interactions of the hMMP isozymes with the cationic and anionic 

QDs. 

Figure 7 .20 depicts the lifetime of hMMP-7 in the presence and absence of CQD. 

The time resolved fluorescence decay profiles of hMMP-7 in the absence and presence of 

CQD are shown. Fluorescence of tryptophan residues is known to be responsive to the 

polarity of the local environment [ 51 ]. Thus, it shows great potentiaf in the study of 

electronic properties with the limitation that it requires microscopic information, which is 

not easily accessible. To exploit this signal and infer from the experiment, the idea was to 

envisage whether the binding and overall quenching of the tryptophan/tyrosine residues 

manifested in the steady-state fluorescence studies were due to the formation ofhMMP-7-

CQD complex, to a transition from the ground state to excited state phenomena [52-53] or 

the formation of a ground state complex? The protein sample was measured using Aex and 

Acm at 280 nm and 340 nm, respectively. The excited state lifetime traces ofhMMP-7 in the 

absence and presence of CQD were recorded. The lifetime data confirm that both of the 

lifetime traces exhibit a biphasic rate equation, leading to the conclusion that hMMP-7 has 

two lifetimes, the 'ts (shorter lifetime) and 'tt (longer lifetime), in the absence and in the 

presence of CQD. According to the best fit data (smooth lines) 'ts 0.1 ± 0.1 ns and as 
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(amplitude) = 0.2 ± 0.1; -r1 = 2.3 ± 0.2 ns and a1 = 0.05 ± 0.0 for hMMP-7 alone, and 'ts= 

0.06 ± 0.0 ns and as = 0.1 ± 0.0; 't1 = 2.4 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence of 

CQD. The bottom panels show the residuals of the fit of hMMP-7 lifetime traces in the 

absence and presence of CQD. It is very interesting to note that, the shorter lifetime 

decreases drastically. However, the longer lifetime remains comparable in both cases. 

Moreover, the other components (amplitudes) do show changes in the longer lifetime data. 

Figure 7.21 depicts the lifetime of hMMP-7 in the presence and absence of AQD. 

The time resolved fluorescence decay profiles of hMMP-7 in the absence and presence of 

AQD was shown. The protein sample was measured using Aex and Aem at 280 nm and 340 

nm, respectively. The excited state lifetime traces of hMMP-7 in the absence and presence 

of AQD were recorded. The lifetime data confirms that both the lifetime traces exhibit a 

biphasic rate equation leading to the conclusion that there are two lifetimes. The analysis of 

the experimental data indicates 'ts (shorter lifetime) and 't1 (longer lifetime), both with and 

without AQDs. According to the best fit data (smooth lines) 'ts = 0.1 ± 0.1 ns and as 

(amplitude) = 0.2 ± 0.1; 't1 = 2.3 ± 0.2 ns and a1 = 0.05 ± 0.0 for hMMP-7 alone, and 'ts= 

0.06 ± 0.0 ns and CXs = 0.04 ± 0.02; 't1 = 2.6 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence of 

AQD. The bottom panels show the residuals of the fit of hMMP-7 lifetime traces in the 

absence and presence of AQD. Interestingly, again the longer lifetime did not change but 

the shorter lifetime decreased. Amplitude for both the components decreased. 
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Figure 7 .20. Lifetime of hMMP-7 in presence and absence of CQD, "-ex= 280 nm, "-em= 340 
nm. Time resolved Fluorescence decay profiles of hMMP-7 in absence and presence of 
CQD. The protein sample was measured using "-ex and Acm at 280 nm and 340 nm 
respectively. [hMMP-7] = 5 µM, [CQD] = 1.6 µM. The solid smooth lines are the best fit 
of the data according to Eq 3 .6 with 'ts= 0.1 ± 0.1 ns and as (amplitude) = 0.2 ± 0.1; 't1 = 2.3 
± 0.2 ns and a 1 = 0.05 ± 0.0 for hMMP-7 alone, and 'ts= 0.06 ± 0.0 ns and Us = 0.13 ± 0.0; 
't1 = 2.4 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence of CQD. The bottom panels show the 
residuals of the fit ofhMMP-7 lifetime traces in the absence and presence of CQD. 
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Figure 7.21. Lifetime ofhMMP-7 in presence and absence of AQD, Aex= 280 nm, Aem= 340 
nm. Time resolved Fluorescence decay profiles of hMMP-7 in absence and presence of 
AQD. The protein sample was measured using Aex and Aem at 280 nm and 340 nm 
respectively. [hMMP-7] = 5 µM, [AQD] = 1.85 µM. The solid smooth lines are the best fit 
of the data according to Eq 3 .6 with 'ts= 0.1 ± 0.1 ns and as (amplitude) = 0.2 ± 0.1; 't1 = 2.3 
± 0.2 ns and a 1 = 0.05 ± 0.0 for hMMP-7 alone, and 'ts= 0.06 ± 0.0 ns and Us = 0.04 ± 0.02; 
'C1 = 2.6 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence of AQD. The bottom panels show the 
residuals of the fit of hMMP-7 lifetime traces in the absence and presence of AQD. 
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Figure 7.22 depicts the lifetime of hMMP-9 in the presence and absence of CQD. 

The time resolved fluorescence decay profiles of hMMP-9 in the absence and presence of 

CQD was shown. The protein sample was measured using Aex and Aem at 280 nm and 340 

nm respectively.The lifetime data confirms that both of the lifetime traces exhibit a 

biphasic rate equation leading to the conclusion that there are two lifetimes. The analysis of 

the experimental data indicates 'ts (shorter lifetime) and 't1 (longer lifetime), both with and 

without CQDs. According to the best fit data (smooth lines) 'ts = 0.8 ± 0.0 ns and as 

(amplitude)= 0.06 ± 0.1; 't1 = 3.3 ± 0.0 ns and a1 = 0.03 ± 0.0 for hMMP-9 alone, and 'ts= 

0.13 ± 0.0 ns and as= 0.05 ± 0.0; 't1 = 2.2 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence of 

CQD. The bottom panels show the residuals of the fit of hMMP-9 lifetime traces in the 

absence and presence of CQD. Both shorter and longer lifetime values decreased. The 

amplitudes corresponding to shorter and longer lifetime exhibits no significant change. 

Figure 7.23 depicts the lifetime of hMMP-9 in presence and absence of AQD. The 

time resolved fluorescence decay profiles of hMMP-9 in absence and presence of AQD is 

shown. The protein sample was measured using Acx and A.em at 280 nm and 340 nm, 

respectively. The lifetime data confirms that both the lifetime traces exhibit a biphasic rate 

equation leading to conclusion that there are two lifetimes. The analysis of the 

experimental data indicates 'ts (shorter lifetime) and 't1 (longer lifetime); both with and 

without AQDs. According to the best fit data (smooth lines) 'ts = 0.8 ± 0.0 ns and as 

(amplitude) = 0.06 ± 0.1; 't1 = 3 .3 ± 0.0 ns and a1 = 0.03 ± 0.0 for hMMP-9 alone, and 'ts= 

0.17 ± 0.0 ns and as = 0.05 ± 0.0; 't1 = 2.3 ± 0.0 ns and a1 = 0.02 ± 0.0 in the presence of 

AQD. The bottom panels show the residuals of the fit of hMMP-9 lifetime traces in the 

254 



absence and presence of AQD. The drastic decrease in the shorter lifetime was observed. 

The amplitudes for both the components did not vary in this case. 

Similarly, the lifetime changes in the hMMP-10 in the presence and absence of 

CQD and AQD was determined. Figure 7.24 shows 'ts= 1.2 ± 0.0 ns and as (amplitude)= 

0.05 ± 0.0; 'ti= 3.8 ± 0.0 ns and a1 = 0.04 ± 0.0 for hMMP-10 alone, and 'ts= 0.3 ± 0.0 ns 

and as = 0.03 ± 0.0; 't1 = 2.8 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence of CQD. The 

bottom panels show the residuals of the fit of hMMP-10 lifetime traces in the absence and 

presence of CQD. The shorter lifetime decreases with changes in both the amplitude 

values. Figure 7.25 shows the lifetime of hMMP-10 in presence and absence of AQD. The 

lifetime data showed biphasic profiles in presence and absence of AQD. The values were 'ts 

= 1.2 ± 0.0 ns and as (amplitude) = 0.05 ± 0.0; 't1 = 3.8 ± 0.0 ns and a1 = 0.04 ± 0.0 for 

hMMP-10 alone, and 'ts= 0.7 ± 0.0 ns and as= 0.02 ± 0.01; 't1 = 3.4 ns ± 0.0 ns and a1 = 

0.01 ± 0.0 in the presence of AQD. The bottom panels show the residuals of the fit of 

hMMP-10 lifetime traces in the absence and presence of AQD. There was slight decrease 

in the shorter lifetime, however, both the amplitudes decreased. 

Lifetime data help probe many scenarios as compared to steady-state data. Lifetime 

measurements can be used to distinguish between static and dynamic quenching. Events 

that occur in the lifetime of a singlet excited state, with a time-scale range from a few 

picoseconds to a few hundred nanoseconds, can be monitored by time resolved 

fluorescence spectroscopy [54]. 
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Figure 7 .22. Lifetime of hMMP-9 in the presence and absence of CQD, Aex= 280 nm, Acm= 
340 nm. Time resolved Fluorescence decay profiles ofhMMP-9 in absence and presence of 
CQD. The protein sample was measured using Acx and Acm at 280 nm and 340 nm 
respectively. [hMMP-9] = 5 µM, [CQD] = 0.84 µM. The solid smooth lines are the best fit 
of the data according to Eq 3.6 with ts= 0.8 ± 0.0 ns and Us (amplitude)= 0.06 ± 0.1; t 1= 
3.3 ± 0.0 ns and a1 = 0.03 ± 0.0 for hMMP-9 alone, and 'Cs= 0.13 ± 0.0 ns and Us = 0.05 ± 

0.0; '!1 = 2.2 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence of CQD. The bottom panels show 
the residuals of the fit ofhMMP-9 lifetime traces in the absence and presence of CQD. 
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Figure 7.23. Lifetime of hMMP-9 in the presence and absence of AQD, Aex= 280 nm, Aem= 
340 nm. Time resolved Fluorescence decay profiles of hMMP-9 in absence and presence of 
AQD. The protein sample was measured using Aex and Aem at 280 nm and 340 nm 
respectively. [hMMP-9] = 5 µM, [AQD] = 1.85 µM. The solid smooth lines are the best fit 
of the data according to Eq 3.6 with 'ts= 0.8 ± 0.0 ns and as (amplitude)= 0.06 ± 0.1; 'ti= 
3.3 ± 0.0 ns and a1 = 0.03 ± 0.0 for hMMP-9 alone, and 'ts= 0.17 ± 0.0 ns and as= 0.05 ± 
0.0; 't1 = 2.3 ± 0.0 ns and a1 = 0.02 ± 0.0 in the presence of AQD. The bottom panels show 
the residuals of the fit ofhMMP-9 lifetime traces in the absence and presence of AQD. 
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Figure 7.24. Lifetime of hMMP-10 in the presence and absence of CQD, Aex= 280 nm, 
Aem= 340 nm. Time resolved Fluorescence decay profiles of hMMP-10 in absence and 
presence of CQD. The protein sample was measured using Aex and Aem at 280 nm and 340 
nm respectively. [hMMP-1 0] = 30 µM, [CQD] = 0.57 µM. The solid smooth lines are the 
best fit of the data according to Eq 3 .6 with 'ts= 1.23 ± 0.0 ns and as (amplitude) = 0.05 ± 
0.0; 't1 = 3 .8 ± 0.0 ns and a.1 = 0.04 ± 0.0 for hMMP-10 alone, and 'ts= 0.34 ± 0.0 ns and as 
= 0.03 ± 0.0; -r1 = 2.8 ± 0.0 ns and a.1 = 0.01 ± 0.0 in the presence of CQD. The bottom 
panels show the residuals of the fit of hMMP-10 lifetime traces in the absence and presence 
ofCQD. 
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Figure 7.25. Lifetime of hMMP-10 in the presence and absence of AQD, Acx= 280 nm, 
Aem= 340 nm. Time resolved Fluorescence decay profiles of hMMP-10 in absence and 
presence of AQD. The protein sample was measured using Acx and Aem at 280 nm and 340 
nm respectively. [hMMP-10] = 30 µM, [AQD] = 0.96 µM. The solid smooth lines are the 
best fit of the data according to Eq 3.6 with 'ts= 1.23 ± 0.0 ns and as (amplitude) = 0.05 ± 
0.0; 't1 = 3.8 ± 0.0 ns and a1 = 0.04 ± 0.0 for hMMP-10 alone, and 'ts= 0.7 ± 0.0 ns and Us= 
0.02 ± 0.01; 'ti= 3.4 ns ± 0.0 ns and a 1 = 0.01 ± 0.0 in the presence of AQD. The bottom 
panels show the residuals of the fit ofhMMP-10 lifetime traces in the absence and presence 
of AQD. 
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The 280 nm LED was used as the excitation source and an emission wavelength 

was 340 nm. In the case of hMMP-7 and CQD, there was a decrease in the smaller lifetime 

component and in the longer amplitude component. This result invites the conclusion that 

some of the surface exposed tryptophan residues from the interior core of the protein are 

more exposed to the solvent. This is further corroborated by a 12 nm red shift in the steady

state fluorescence emission band of the enzyme's tryptophan residues (Figure 7.5). In the 

case of hMMP-7 and AQD, it is observed that the smaller lifetime component decreases 

leading to a decrease in both of the amplitudes. This can be explained by the fact that the 

decay time of the uncomplexed fluorophore is not decreased by formation of static ground

state complexes, since the unquenched fluorophores are observed in both cases. Dynamic 

quenching, on the other hand, decreases the mean decay time, measures the entire excited 

state population. This feature corroborates with the reversibility experiment attempted on 

hMMP-7 and AQD (Figure 7.17 .B). There too it is observed that upon incubation the 

reversibility of the enzyme activity is more than 100%. This remarkable feature elicits only 

towards the fact that upon binding to AQD, hMMP-7 forms a complex in the excited state 

and the flexible native conformation of the active site undergoes a conformational change 

in order to stabilize the associative complex. 

In the case of hMMP-9 and CQD, we observed the same scenario as for hMMP-7. 

The shorter lifetime component of hMMP-9 changes in the presence of AQD. The shorter 

lifetime decreases drastically, but no change in their corresponding amplitudes was 

observed. This observation leads to the conclusion that there is micro-heterogeneity within 

the hMMP-9 protein molecules. Complex decay can be treated in terms of micro-heteroge-
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neity if the kinetics of the excited-state reaction is rapid as compared to the time-scale of 

measurement. The dynamic approach to the excited-state equilibrium is reflected in the 

observed decay. In the case of hMMP-10 and CQD, we observed that not only is there a 

change in both the lifetimes, but the amplitude for the longer lifetime component decreases 

too. Some of the surface exposed tryptophan residues of MMP-10 get exposed to the 

solvent more from the interior core of the protein. This fact corroborates with 15 nm red 

shift in the steady-state fluorescence emission band. 

Still there is an ongoing debate about the capacity of lifetime of the tryptophan 

residues that can be exploited. Many researchers believe that the rotation of whole proteins, 

segments of polypeptide chains and individual amino acid side chains are biological events 

that occur in this time frame [55). A chromophore in an excited state can interact with 

neighboring amino acid residues or solvent molecules. A single chromophore in different 

micro-environments can be treated as a fluorophore mixture, with two decay constants 

found in a protein containing two tryptophan residues. Bi-exponential decay kinetics can 

reflect two states of the protein and can be used to investigate the interconversion, if a 

protein has only one tryptophan residue and two conformations. Microheterogeneity can be 

subtle [ 56). The bi-exponential decay in tryptophan zwitterions can be interpreted from the 

fact that tryptophan exists in micro-heterogeneous forms. 

All of these results when taken together suggest that hMMP isozymes respond 

differently to CQD and AQD, but they bind to both these QDs which very nicely validate 

the observations noted. Hence, the contribution of the differential binding modes of 

hMMP-7 and hMMP-10 to CQD and AQD (due to their clustered positive and negative 
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charges) together in synergy with the role of strong electrostatics or hydrophobic 

interactions would be sequentially determined. Tables 7.6, 7.7 and 7.8 show the 

comparative account of the lifetime of the hMMP isozymes in the presence and absence of 

differently charged QDs. 

Table 7.6.A. The comparative account of the lifetime of hMMP-7 in the presence and 
absence of CQD, A.ex = 280 nm and Aem = 340 nm. B. The comparative account of the 
lifetime of hMMP-7 in presence and absence of AQD, Aex 280 nm and Aem 340 nm. 

A 
Ex280 nm, 't. a, 't I a1 
Em330nm 

MMP-7 alone 0.1 0.2 ± 0.1 2.3 0.05 
(82 %) (18%) 

+l.85µMAQD 0.06 0.04 ± 0.02 2.6 0.01 
(89%) (11%) 

B Ex 280 nm, 'ts a, 't I a1 
Em330 nm 

MMP-7 0.1 0.2 ± 0.1 2.3 0.05 
alone (82 %) (18 %) 

+ 1.6 µM 0.06 0.13 ± 0.03 2.4 0.01 
CQD (93 %) (7 %) 

Table 7.7.A. The comparative account of the lifetime of hMMP-9 in the presence and 
absence of CQD, Aex 280 nm and Aem = 340 nm. B. The comparative account of the 
lifetime of hMMP-9 in presence and absence of AQD, Aex = 280 nm and Aem 340 nm. 

A Ex 280 nm, 't. a, 't I a1 
Em330nm 

MMP-9 alone 0.8 0.06 ± 0.1 3.3 0.03 
(64 %) (36 %) 

+0.84µM CQD 0.13 0.05 ± 0.0 2.2 0.01 
(86%) (14 %) 

B Ex 280 nm, 't s 
Em330 nm 

as 't I a1 

MMP-9 alone 0.8 0.06 ± 0.07 3.3 0.03 
(64%) (36 %) 

+ 1.85µMAQD 0.2 0.05 ± 0.02 2.3 0.02 
(68%) (32%) 
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Table 7.8.A. The comparative account of the lifetime of hMMP-10 in the presence and 
absence of CQD, Aex = 280 nm and Aem = 340 nm. B. The comparative account of the 
lifetime of hMMP-10 in presence and absence of AQD, Aex = 280 nm and Acm = 340 nm. 

A Ex 280 nm, t. a, t1 a1 

Em330 nm 
MMP-10 alone 1.2 0.05 ± 0.0 3.9 0.04 

(56 %) (44 %) 

+0.57 µM CQD 0.3 0.03 ± 0.0 2.8 0.01 
(58%) (42%) 

B Ex280 nm, t. a. t1 a1 
Em330 nm 

MMP-10 alone 1.2 0.05 ± 0.0 3.9 0.04 
(56%) (44 %) 

+0.96µMAQD 0.7 0.02 ± 0.01 3.4 0.01 
(60%) (40 %) 

To monitor the lifetime of the QDs, the probe was excited and the protein was 

titrated. The probes (CQD and AQD) were excited in absence and presence of the MMP 

isozymes, and then with the change in the micro-environment of the sensitive probe the 

lifetime of the probe changes. We determined the fluorescence lifetime of CQD and AQD 

either in the absence or presence of hMMP-7, 9 or 10. A 340 nm LED was the excitation 

source and the emission monochromator was set at 570 nm (CQD) and 625 nm (AQD). 

Figure 7.26 shows the lifetime of CQD in presence and absence of hMMP-7. The 

time resolved fluorescence decay profiles of CQD in the absence and presence of hMMP-7 

is shown. The CQD sample was measured using Acx and Aem at 340 nm and 570 nm, 

respectively. The excited-state lifetime traces of CQD in the absence and presence of 

hMMP-7 were recorded. The 'ts= 1.6 ± 0.0 ns and as (amplitude)= 0.01 ± 0.0; 'T1 = 13.7 ± 

0.0 ns and a.1 = 0.03 ± 0.0 for CQD in the absence of hMMP-7, and 'Cs= 1.6 ± 0.0 ns and as 
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= 0.01 ± 0.0, 11 = 12.7 ± 0.00 ns and a 1 = 0.01 ± 0.0 in the presence of hMMP-7. These 

results indicate that none of the lifetimes varied. However, the amplitude of the longer 

lifetime drastically decreased. Figure 7 .27 shows the lifetime of AQD in the presence and 

absence of hMMP-7. The time resolved fluorescence decay profiles of AQD in the absence 

and presence of hMMP-7 are shown. The AQD sample was measured using Aex and Aem at 

340 nm and 625 nm, respectively. The excited-state lifetime traces of AQD in the absence 

and presence ofhMMP-7 were recorded. The 'ts= 1.9 ± 0.0 ns and as (amplitude)= 0.01 ± 

0.0; 't1 = 16.6 ± 0.0 ns and a1 = 0.01 ± 0.0 for AQD in the absence of hMMP-7, and 'ts= 

0.01 ± 0.0 ns and as= 0.01 ± 0.0, 11 = 9.4 ± 0.0 ns and a 1 = 0.01 ± 0.0 in the presence of 

hMMP-7. The bottom panels show the residuals of the fit for AQD lifetime traces in the 

absence and presence of hMMP-7. Both the shorter and longer lifetimes decreased. The 

amplitude of the shorter lifetime increased but the amplitude for longer lifetime decreased. 

Figure 7.28 shows the lifetime of CQD in the presence and absence of hMMP-9. 

The time resolved fluorescence decay profiles of CQD in the absence and presence of 

hMMP-9 was shown. The CQD sample was measured using Aex and Acm at 340 nm and 570 

nm, respectively. The excited state lifetime traces of CQD in the absence and presence of 

hMMP-9 were recorded. The 'ts= 1.6 ± 0.0 ns and as (amplitude)= 0.01 ± 0.0; 11 = 13.7 ± 

0.0 ns and a1 = 0.02 ± 0.0 for CQD in the absence of hMMP-9, and 'ts= 0.05 ± 0.0 ns and 

as = 0.03 ± 0.0, 't1 = 10.0 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence of hMMP-9 

respectively. The bottom panels show the residuals of the fit of CQD lifetime traces in the 

absence and presence of hMMP-9. Both the shorter and longer lifetime decreased. The 

shorter lifetime amplitude increased while the amplitude for the longer lifetime decreased. 
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Figure 7 .26. Lifetime of CQD in the presence and absence of hMMP-7, Aex= 340nm, Aem= 
570 nm. The time resolved fluorescence decay of CQD was measured in the absence and 
presence of hMMP-7. The CQD was monitored at and Acm = 570 nm when excited at Aex = 
340 nm. [CQD] = 1 µM, [hMMP-7] = 1.9 µM. The solid smooth lines are the best fit of the 
data according to Eq 3.6 with 'ts= 1.6 ± 0.0 ns and as (amplitude)= 0.01 ± 0.0; -r1 = 13.7 ± 
0.0 ns and a1 = 0.02 ± 0.0 for CQD in the absence of hMMP-7, and 'ts= 1.6 ± 0.0 ns and as 
= 0.01 ± 0.0, 't1= 12.7 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence ofhMMP-7. The bottom 
panels show the residuals of the fit of CQD lifetime traces in the absence and presence of 
hMMP-7. 
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Figure 7 .27. Lifetime of AQD in the presence and absence of hMMP-7, Aex= 340 nm, Aem= 
625 nm. The time resolved fluorescence decay of AQD was measured in the absence and 
presence of hMMP-7. The AQD was monitored at and Acm = 625 nm when excited at Aex = 
340 nm. [AQD] = 2 µM, [hMMP-7] = 3.0 µM. The solid smooth lines are the best fit of the 
data according to Eq 3.6 with ts= 1.9 ± 0.0 ns and as (amplitude)= 0.01 ± 0.0; t 1 = 16.6 ± 
0.0 ns and a1 = 0.01 ± 0.0 for AQD in the absence ofhMMP-7, and ts= 0.01 ± 0.0 ns and 
Us = 0.01 ± 0.0, '!1 = 9.4 ± 0.0 ns and a1 = 0.002 ± 0.00 in the presence of hMMP-7 
respectively. The bottom panels show the residuals of the fit of AQD lifetime traces in the 
absence and presence of hMMP-7. 
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Figure 7.29 shows the lifetime of AQD in the presence and absence of hMMP-9. 

The time resolved fluorescence decay profiles of AQD in the absence and presence of 

hMMP-7 was shown. The AQD sample was measured using Aex and Aem at 340 nm and 625 

nm, respectively. The excited state lifetime traces of AQD in the absence and presence of 

hMMP-9 were recorded. The 'Cs= 1.9 ± 0.0 ns and as (amplitude)= 0.01 ± 0.0; 'C1 = 16.6 ± 

0.0 ns and a1 = 0.01 ± 0.0 for AQD in the absence ofhMMP-9, and 'Cs= 2.2 ± 0.0 ns and CXs 

= 0.01 ± 0.0, 'C1 = 18.3 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence ofhMMP-9. The bottom 

panels show the residuals of the fit for AQD lifetime traces in the absence and presence of 

hMMP-9. Both shorter and longer lifetime slightly increase. The amplitude for longer 

lifetime however decreases while no change in the amplitude for the shorter lifetime. 

Figure 7 .30 shows the lifetime of CQD in the presence and absence of hMMP-10. 

The time resolved fluorescence decay profiles of CQD in the absence and presence of 

hMMP-10 are shown. The CQD sample was measured using Aex and A.em at 340 nm and 570 

nm, respectively. The excited-state lifetime traces of CQD in the absence and presence of 

hMMP-10 were recorded. The 'Cs= 1.6 ± 0.0 ns and as (amplitude)= 0.01 ± 0.0; 'C1= 13.7 ± 

0.0 ns and a1 = 0.02 ± 0.0 for CQD in the absence of hMMP-10, and 'Cs = 0.1 ± 0.0 ns and 

CXs = 0.02 ± 0.0, 'C1 = 10.5 ± 0.0 ns and a1 = 0.02 ± 0.0 in the presence of hMMP-10. The 

bottom panels show the residuals of the fit of CQD lifetime traces in the absence and 

presence of hMMP-10. Both the shorter and the longer lifetime values decrease, more so 

for the shorter lifetime. There was no significant change in the amplitude values. 
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Figure 7.28. Lifetime of CQD in the presence and absence of hMMP-9, Acx= 340nm, Aem= 
570 nm. The time resolved fluorescence decay of CQD was measured in the absence and 
presence of hMMP-9. The CQD was monitored at and Aem = 570 nm when excited at Acx = 
340 nm. [CQD] = 1 µM, [hMMP-9] = 2.7 µM. The solid smooth lines are the best fit of the 
data according to Eq 3.6 with 'ts= 1.6 ± 0.00 ns and as (amplitude)= 0.01 ± 0.0; -r1 = 13.7 ± 
0.0 ns and a1 = 0.02 ± 0.0 for CQD in the absence of hMMP-9, and 'ts= 0.05 ± 0.0 ns and 
as = 0.03 ± 0.0, -r1 = 10.0 ± 0.0 ns and a 1 = 0.01 ± 0.0 in the presence of hMMP-9. The 
bottom panels show the residuals of the fit of CQD lifetime traces in the absence and 
presence ofhMMP-9. 
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Figure 7.29. Lifetime of AQD in the presence and absence of hMMP-9, Aex= 340 nm, Aem= 
625 nm. The time resolved fluorescence decay of AQD was measured in the absence and 
presence of hMMP-9. The AQD was monitored at and Aem = 625 nm when excited at A-ex= 
340 nm. [AQD] = 2 µM, [hMMP-9] = 4.8 µM. The solid smooth lines are the best fit of the 
data according to Eq 3.6 with 'ts= 1.9 ± 0.00 ns and Us (amplitude)= 0.01 ± 0.0; 't1 = 16.6 ± 
0.0 ns and a.1 = 0.01 ± 0.0 for AQD in the absence ofhMMP-9, and 'ts= 2.2 ± 0.0 ns and as 
= 0.01 ± 0.0, 11= 18.3 ± 0.0 ns and a1 = 0.01 ± 0.0 in the presence ofhMMP-9. The bottom 
panels show the residuals of the fit of AQD lifetime traces in the absence and presence of 
hMMP-9. 
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Figure 7.31 shows the lifetime of AQD in the presence and absence ofhMMP-10. 

The time resolved fluorescence decay profiles of AQD in the absence and presence of 

hMMP-7 was shown. The AQD sample was measured using A.ex and A.em at 340 nm and 625 

nm, respectively. The excited state lifetime traces of AQD in the absence and presence of 

hMMP-10 were recorded. The 'ts 1.9 ± 0.0 ns and as (amplitude) 0.01 ± 0.0; 't1 16.6 ± 

0.0 ns and a,1 0.01 ± 0.0 for AQD in the absence ofhMMP-10, and 'ts= 5.9 ± 0.0 ns and 

Us = 0.01 ± 0.0, 't1 = 18. 7 ± 0.0 ns and a,1 = 0.0 l ± 0.0 in the presence of hMMP-10 

respectively. The bottom panels show the residuals of the fit of AQD lifetime traces in the 

absence and presence of hMMP-10. There is an increase in the smaller and longer lifetime 

data. The amplitude for the longer lifetime data decreases. 

In the case of hMMP-7 and CQD, it was found that the lifetime for the shorter and 

the longer phases do not change, however, the amplitude for the longer phase decreases 

drastically. This indicates that the the tryptophan residues from the interior core of the 

protein are more exposed to the solvent. The fact that QDs quench the intrinsic steady-state 

fluorescence of hMMP-7 but do not alter the lifetimes of the tryptophan moieties implies 

that the overall quenching process is a ground-state phenomenon. A plausible reason could 

be that hMMP-7-CQD complex was unable to make the transition of the complex from the 

ground state to the excited state. 

In the case of hMMP-7 and AQD, it was observed that the lifetime decreases (in 

both the phases). The smaller amplitude seems to increase whereas the longer amplitude 

decreases. The origin of the shorter amplitude decrease and longer increase substantiates 

the fact that the protein opens up more and the polarity around the AQD changes. 
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Figure 7.30. Lifetime of CQD in the presence and absence ofhMMP-10, Acx= 340nm, Aem= 
570 nm. The time resolved fluorescence decay of CQD was measured in the absence and 
presence ofhMMP-10. The CQD was monitored at and Acm = 570 nm when excited at Aex = 
340 nm. [CQD] = 1 µM, [hMMP-7] = 1.9 µM. The solid smooth lines are the best fit of the 
data according to Eq 3.6 with 'ts= 1.6 ± 0.0 ns and as (amplitude)= 0.01 ± 0.0; t 1 = 13.7 ± 
0.0 ns and a1 = 0.02 ± 0.0 for CQD in the absence of hMMP-10, and ts= 0.1 ± 0.0 ns and 
as= 0.02 ± 0.0, t 1 = 10.5 ± 0.0 ns and a 1 = 0.02 ± 0.0 in the presence of hMMP-10. The 
bottom panels show the residuals of the fit of CQD lifetime traces in the absence and 
presence ofhMMP-10. 
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Figure 7 .31. Lifetime of AQD in the presence and absence of hMMP-10, Acx= 340 nm, 
Acm= 625 nm. The time resolved fluorescence decay of AQD was measured in the absence 
and presence of hMMP-10. The AQD was monitored at Acm = 625 nm and Acx = 340 nm. 
[CQD] = 2 µM, [hMMP-7] = 0.8 µM. The solid smooth lines are the best fit of the data 
according to Eq 3.6 with ts= 1.9 ± 0.0 ns and CXs (amplitude)= 0.01 ± 0.0; t 1 = 16.6 ± 0.0 ns 
and a1 = 0.01 ± 0.0 for AQD in the absence of hMMP-10, and ts= 5.9 ± 0.0 ns and as= 
0.01 ± 0.0, 't1 = 18.7 ± 0.0 ns and a 1 = 0.01 ± 0.0 in the presence of hMMP-10. The bottom 
panels show the residuals of the fit of AQD lifetime traces in the absence and presence of 
hMMP-10. 
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The electronic configuration of the AQD core shell gets distorted due to the change 

in the solvent polarity. In the case of CQD and AQD with hMMP-9, in both of these 

scenarios, it can be contemplated that the decrease in the longer component of the 

amplitude exposes the QDs to a different polarity of the solvent molecules upon binding to 

hMMP-9. In case ofhMMP-10 and CQD, the lifetime component decreases, while there is 

no change in the amplitudes. This is a clear indication of the transition of the hMMP-10 

and CQD complex transiting from the ground-state to the excited-state due to dynamic 

quenching. However, an interesting aspect of the above analytical outcome is the apparent 

lack of the "static" contribution. For hMMP-10, upon binding to AQD, there was exactly 

an opposite scenario. It was observed that the lifetime of both the phases increase, leading 

to a decreased in the longer amplitude component. This suggests that hMMP-10 upon 

binding to the AQD, undergoes conformation distortion from the native compact structure 

and as MMPs are known to be "soft" flexible proteins [57], it bends on the surface of AQD 

to obtain stability after forming the complex. In light of these observations, it was believed 

that the partially buried Trp residues were completely buried and the exposed ones were 

more exposed. Table 7.9, 7.10 and 7.11 shows the comparative account of lifetime ofCQD 

I AQD in presence and absence of hMMP isozymes (Ex 340 nm, Em 570 nm / 625 nm for 

CQD and AQD, respectively). It can be concluded from the lifetime data that either of the 

following scenarios may exist: (A) It is possible that the tryptophan residues of the 

enzymes are in different micro-environments and as such would decay with different 

lifetime values; or (B) The protein exists m two distinct conformations that exhibit 

different average lifetime decays. 
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Table 7.9.A. The comparative account of lifetime of CQD in the presence and absence of 
hMMP-7, Acx 340 nm and Acm = 570 nm. B. The comparative account of lifetime of AQD 
in the presence and absence of hMMP-7, Aex 340 nm and Aem = 625 nm. 

A 
Ex 340 nm, 't s Us 't I U1 

Em570nm 
CQD alone 1.6 0.01 ± 0.0 13.7 0.02 ± 0.0 

(30%) (70 %) 
+ 1.9 µM MMP-7 1.6 0.01 ± 0.0 12.7 0.01 ± 0.0 

(56%) (44%) 

B Ex 340 nm, 'ts a. 't I U1 

Em625 nm 
AQD alone 1.9 0.01 ± 0.0 16.59 0.01 ± 0.0 

(29 %) (71 %) 
+3µMMMP-7 0.01 0.01 ± 0.0 9.41 0.01 ± 0.0 

(71 %) (29%) 

Table 7 .1 0.A. The comparative account of lifetime of CQD in the presence and absence of 
hMMP-9, Acx = 340 nm and Acm 570 nm. B. The comparative account of lifetime of AQD 
in the presence and absence of hMMP-9, Aex = 340 nm and Aem 625 nm. 

A Ex 340 nm, 'ts a. 't1 a, 
Em 570 nm 

CQD alone 1.6 0.01 ± 0.0 13.7 0.02 ± 0.0 
(30%) (70 %) 

+ 2.7 µM MMP-9 0.1 0.03 ± 0.0 10.0 0.01 ± 0.0 
(83%) (17 %) 

B 
Ex 340 nm, 'ts a. 't I a, 
Em625 nm 

AQD alone 1.9 0.01 ± 0.0 16.6 0.01 ± 0.0 
(29 %) (71 %) 

+4.8 µM MMP-9 2.2 0.01 ± 0.0 18.3 0.01 ± 0.0 
(71 %) (29%) 
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Table 7. I I .A. The comparative account of lifetime of CQD in the presence and absence of 
hMMP-10, Aex = 340 nm and Aem = 570 nm. B. The comparative account of lifetime of 
AQD in the presence and absence ofhMMP-10, Aex 340 nm and Aem 625 nm. 

A 
Ex 340 nm, t. a, t1 a1 
Em570 nm 
CQD alone 1.6 0.01 ± 0.0 13.7 0.02 ±0.0 

(30%) (70 %) 
+ 0.9 µM MMP-10 0.1 0.02 ± 0.0 10.5 0.02 ± 0.0 

(50 %) (50%) 

B Ex 340 nm, 'ts a, 't I a1 
Em625nm 
AQD alone 1.9 0.01 ± 0.0 16.6 0.01 ± 0.0 

(29 %) (71%) 
+0.8 µM MMP-10 5.9 0.01 ± 0.0 18.7 0.01 ± 0.0 

(34 %) (66 %) 

Electronic interactions are crucial to the structural and functional properties of 

proteins [58-60]. In order to establish or refute the concept of binding ofhMMP isozyrnes 

(specially hMMP-7 and 10) via strong electrostatics and hMMP-9 via more prominent 

hydrophobic interactions (inferred from other experimental data), the study of the effect on 

the binding affinity of the hMMP isozyrnes to the two differently charged QDs (CQD and 

AQD) by varying the NaCl concentration was performed. At first, the experimental setup 

for Figure 7.5 was repeated. This facilitates the formation of hMMP-CQD or hMMP-AQD 

complex, and then to this complex, increasing concentrations of NaCl was titrated. 

Qualitatively, it was estimated whether upon increasing the NaCl concentration, the 

quenched fluorescence of the tryptophan (when Aex and Aem were 280 nm and 343 nm 

respectively) returns back to the original hyperchromic intensity of the tryptophan when 

QDs were not present. It was observed that in all the cases (both for CQD and AQD), with 

hMMP-7 and 10, more than 80% of the fluorescence intensity returned to the native 
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intensity of these proteins, but for hMMP-9, the changes were not be correlated to the 

original native fluorescence signal. This corroborates the hypothesis of the "clustered" 

charge distribution of positive and negative charges at the surfaces of the hMMP-7 and 10 

(Scheme 6.2) playing a key role in the interaction between the proteins and QDs (Scheme 

7 .1 ). Due to the "scattered' charge distribution of positive and negative charges in hMMP-

9, it would be plausible to conclude that the interactions of hMMP-9 with QDs was dictated 

by a mixed effect of electrostatics as well as hydrophobic forces. Energy transfer between 

oppositely charged CdSe/ZnS core-shell NCs with electrostatic attraction in aqueous 

solution was reported by Nabiev et al. [61-62]. Rogach et al. [63] reported an efficient 

FRET in bilayers of water-soluble CdTe NCs capped with thiol surfactants, forming a 

layer-bilayer assembly. The use of electrostatic forces for assembly extends to charged 

biomacromolecules such as proteins and DNA [64]. The exhibition of electrostatic 

interactions in the formation of lipid-nanoparticle conjugate materials of variable 

composition and topological structure has also been reported [62]. 

The two major factors that contribute in the determination of minimum size of 

enzymes were: (1) Enzyme conferring enough "rigidity" [16], and (2) A protein should not 

tend to associate indiscriminately with other cellular proteins. Apart from one or two 

possible exceptions, the same general argument may be used to account for the fact that 

allosteric proteins have been found to mediate both homotropic and heterotropic 

interactions implying that they are oligomers. Heterotropic interactions can a priori be me

diated by a monomeric protein possessing two different binding sites (proposed in Scheme 

7 .1 ), associated with two different "tautemeric" states of the molecule [21 ]. 
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Scheme 7.1. The schematic model hypothesized to conceptualize as hMMP-7 bears two alternative modes of binding to CQD and AQD. 
Upon binding to CQD (Mode 1), the enzyme activity ofhMMP-7 gets perturbed due to the inaccessibility of the substrate at the active site, 
whereas upon binding to AQD (Mode 2) at the alternative site (Allosteric site), the enzyme undergoes a subtle modulation in the native 
conformation of the active site, which leads to the inability of the enzyme to catalyze the reaction. The double reversible arrow demonstrates 
that the binding of hMMP-7 can dissociate from the complex in a reversible manner. "S" stands for the Substrate. 



Scheme 7 .1 illustrates the proposed hypothesis that when hMMP-7 (taken as an 

example, a similar situation exists for hMMP-10) binds and forms hMMP-7-CQD 

complex, the complex gets stabilized via electrostatic forces. Due to the existence of strong 

electrostatics, the CQD (which is positively charged) binds at the active site and blocks 

substrate accessibility; hence hMMP-7 when bound to CQD does not catalyze the reaction. 

A perturbation in the enzyme activity is again observed upon binding and forming a 

complex with AQD. Due to strong electrostatics, the clustered positively charged residues 

at the opposite side of the active site would attract the AQD. The binding of the AQD at the 

distal end of the hMMP-7 modulates the active-site pocket (which is flexible), leading to a 

conformation of the active site that no longer can fit the substrate according to the "Induced 

fit hypothesis" [21], thereby the "allosteric site" at the distal end leads to an inactive 

enzyme. 

A detailed analysis of the data from the experimental results presented herein, leads 

to the following conclusions: ( 1) Differently charged QDs bind to hMMP-7, 9 and 1 O; (2) 

Enzyme activity of all three hMMPs gets perturbed due to binding to cationic as well as 

anionic QDs; (3) Binding of the hMMPs to the differently charged QDs is reversible; (4) 

Binding of the hMMP to CQD and AQD were mediated via electrostatics; and (5) Lifetime 

data indicates: [A]. It is possible that the tryptophan residues of the enzymes are in 

different micro-environments and as such would decay with different lifetime values, and 

[B]. The proteins exists in two distinct conformations that exhibit different average lifetime 

decays. MMPs are involved in tumor formation in many types of human cancers, hence 

QDs imaging in vivo, modulation of uptake of these QDs in cells with tumor specific 
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enzymes may lead to selective accumulation of nanoparticles in tumor cells. Another 

application, which is quite likely to bring a revolution in multiplexed applications, is 

utilizing several QD-peptide ligands to target multiple cellular receptors. In addition, this 

proposal may emerge as a powerful imaging method for dissecting complex receptor 

distributions and cell trafficking. Given the rapid growth in new QD based materials and 

the well-established utility of peptides in biology and chemistry, the overlap between these 

fields will certainly be quite bright. 
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CHAPTER 8. HIGH THROUGHPUT SCREENING OF THE SMALL MOLECULE 
INHIBITORS (SMI) WITH THE hMMP ISOZYMES 

8.1. Introduction 

Matrix metalloproteinases (MMPs) are a large family of calcium-dependent zinc

containing endopeptidases that are responsible for tissue remodeling and degradation of the 

extracellular matrix (ECM), which includes collagens, elastins, gelatin, matrix 

glycoproteins, and proteoglycans. Homeostasis is usually maintained since MMPs are 

minimally expressed under normal physiological conditions. These enzymes are strictly 

controlled by endogenous MMP inhibitors (MMPis) and tissue inhibitors of MMPs 

(TIMPs). Imbalance between the activity of MMPs and TIMPs is a result of over

expression ofMMPs and can lead to variety of pathological disorders [1-5]. 

8.1.1. Background of the discovery of inhibitors for MMPs 

The earliest description of MMPs in 1949 was that of depolymerizing enzymes, 

which could facilitate tumor growth by making connective tissue stroma. Collagenase, the 

first vertebrate MMP, was isolated 13 years later from a tadpole tail and was eventually 

characterized. Although several mammalian enzymes were partially purified over the next 

20 years, it was not until 1985 that the field really developed and structural homologies 

became apparent, allowing new members to be identified through molecular biological 

techniques [ 6]. It was confirmed in a recent study that smoking alters the levels of several 

MMPs in skin tissue, serum, and saliva, and thus may in tum affect the turnover of the 

extracellular matrix (ECM) of skin possibly leading to carcinogenesis [7]. MMPs have 

been considered a promising target for cancer therapy, and a large number of synthetic and 

natural MMP inhibitors (MMPis) have been identified as the cytostatic and anti-angiogenic 
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agents and have begun to undergo clinical trials. 

8. l .2. Substrate specificity of the MMPs 

A groove on the protein surface centered on the catalytic zinc ion and a S l' 

specificity site are the two distinct regions of the active-site that varies considerably among 

members of the family. Bound inhibitors make several hydrogen bonds with the enzyme by 

adopting extended ~-structure-like conformations within the groove and provide a fourth 

ligand for the catalytic Zn2
+ ion. The S 1' subset plays a pivotal role in determining the 

substrate specificity in the active enzyme. The volume of this subsite varies widely, with a 

relatively small hydrophobic site in MMP-7 and MMP-1 as compared with a very large site 

in MMP-8 and a site that extends all the way through the MMP-3 molecule [8], open to 

solution at both ends. There is variation in the MMPs in the amino-acid residues that form 

the S l' pocket (Figure 8.1.A). 

It has been confirmed that different MMPs exhibit different selectivity for different 

matrix proteins. Thus, understanding of such substrate selectivity to identify optimized 

peptide substrates to be used in assay development and design of selective MMP inhibitors 

is of significant importance. Studies have been conducted to determine the sequence of the 

cleavage site in protein substrates for individual enzymes [9-11]. 

Praline is the preferred amino acid at the P3 position for all examined MMP 

isozymes. Leu and Met are preferred at P2 position for MMP-7 while Arg is preferred at P2 

for MMP-2 selectivity. Glu provides significant cleavage by MMP-7 and MMP-8, and 

negligible cleavage by MMP-1, MMP-2, and MMP-9 at the Pl position. At Pl', the 

presence of a Tyr residue results in highly selective cleavage by MMP-8 and Leu and Met 
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appear to be preferred for broad-spectrum cleavage. Studies suggest that for efficient 

cleavage there is very little selectivity for the tryptophan residue at the P2' position [10]. 
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Figure 8.1.A. Binding between an inhibitor and MMP-3 in the catalytic domain. This figure 
has been adopted from Ref 12. 

The same is true for amino-acid changes at P3'. The S3-S 1 subsites form a shallow 

region bordered on one side by ~-strand IV that features a hydrophobic proline binding 

cleft at S3. The selective replacement of the catalytic zinc in MMP-3 with other transition 

metals such as Mn2
\ Co2+, Cd2

\ and Ni2+ results in the retention of protease activity. 

However, substitution of the catalytic metal influences the substrate specificity of the 

enzyme since the active-site geometry is altered, and affects the substrate binding site [ 13]. 

The selectivity of the most known MMP inhibitors relies on the two dominant molecular 

features: (a) a chelating moiety that interacts with the catalytic zinc ion; and (b) 

hydrophobic extensions protruding from the catalytic site into the large and hydrophobic 
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the inhibitor selectivity since the structural differences between members of the MMP 

families occur mainly in the Si' subsite [14]. The specificity at those particular sites can 

also be defined by the Structure-Activity Relationships (SARs) in Figure 8.1.B. 
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Figure 8.1.B. The importance of the structure-activity relationships of the Hydroxamate 
MMP inhibitor. This figure is adopted from Ref 5. 

8.1.3. Types ofMMPs inhibitors {MMPis) synthesized 

The criteria for a molecule to qualify as an effective inhibitor of MMP are: (a) at 

least one functional group that provides a hydrogen bond interaction with the enzyme 

backbone; (b) A functional group (e.g. carboxylic acid, hydroxamic acid and sulfydryl etc.) 

capable of chelating the active site zinc (II) ion (this will be referred to as zinc binding 

group or ZBG); and (c) one or more side chains which undergo effective van der Waals 

interactions with the enzyme subsites [15-17]. It is evident that these requirements can be 

fulfilled by a variety of structural classes of MMP inhibitors, which have been discovered 
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by various methods including combinatorial chemistry [18-20]. 

8.1.4. Types ofMMPis screened for therapeutics 

There are several MMPis that have been screened and they have been categorized into 

different classes as discussed below. 

(i) Hydroxamates 

The Hydroxamates (CHNHOH) moiety has proved to be the most potent Zn2
+ 

binding group. It acts as a bidentate ligand with the active site Zn2
+ ion, having distorted 

trigonal bipyramidal geometry. In this conformation, the two oxygen atoms coordinate with 

the Zn2
+ ion present in the active site. While the amide nitrogen forms a hydrogen bond 

with the carbonyl group of the amino-acid residue in the active site. There are three distinct 

types of hydroxamate inhibitors; Succinyl Hydroxamate, Malonic acid based derivatives, 

and Sulfonamide and Sulfone based inhibitors. 

(ii) Carboxylates 

The Carboxylate group has proved to be a less potent binding group towards the 

Zn2
+ ion. Binding of the inhibitor releases water molecules bound to the catalytic Zn z+_ 

(iii) Thiol zinc-binding groups 

The potency of the Thiol zinc-binding group of inhibitors is intermediate between 

hydroxamates and carboxylates. The Thiol (SH) moiety is monodentately coordinated to 

the catalytic Zn2
+ ion of the enzyme. 

(iv) Thiadiazoles/ Thiadiazine group 

Thiadiazoles were discovered as MMP inhibitors through a broad screening of 

many inhibitors. The thiadiazoles form a hydrogen bond with the secondary pleated sheets 
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in Stromelysins. There is rearrangement of the structure and the inhibitor, it obtains a very 

stable structure due to the 1t-1t stacking inside the active site of MMP-3. 

(v) Phosphorous based ligands {PBL) 

PBL becomes coordinated to the catalytic Zn2
+ via oxygen atoms either 

monodentately or bidentately. Extended substitutions in the P3 region and Pl' region 

enhanced potency of the inhibitors. The binding mode of the PBL prefers the phenyl group 

. o be occupied in the S2 pocket and the isobutyl group filled in the S l' pocket. 

( vi) Chemically modified tetracyclines {CMT) 

CMTs bind to metal ions. The preferred metal ions are Ca2
+ or Zn2

+. 

( vii) Natural inhibitors 

Ageadine A is the best known amongst the natural inhibitors for structure-activity 

relationships of the Succinyl Hydroxamate MMP inhibitors. Pyrrole imidazole alkaloid 

isolated from marines Agelas sponges has been the most promising anti-cancer agent with 

potent anti-angiogenic activity. It appears to posses a broad inhibition spectrum. 

8.1.5. Destiny of the MMPis in clinical trials 

Preliminary evaluation of most chemotherapeutic agents involves successive dose 

escalation to identify the maximum-tolerated dose and to describe dose-limiting toxicities. 

Conversely, because of their non-cytotoxic effects on the tumor, Phase I studies with 

MMPis have sought to establish tolerable doses of drug, suitable for protracted 

administration, that produce serum levels that exceed the inhibitory concentration of 

targeted MMPs without causing unacceptable normal tissue toxicity. Another formidable 

challenge faced in the clinical development of MMPis has been the quantification of anti-
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tumor effects. Single-agent phase II clinical trials of new anticancer agents typically have 

objective response rates as their primary end point [21]. Although preclinical models have 

demonstrated the impact of MMPis on delaying growth of the primary tumor, decreasing 

the number and volume of metastatic lesions, prolonging time to tumor progression or 

recurrence and increasing life span. The primary impact ofMMPls has not been substantial 

regression of large primary tumors. Given the limitations of secondary end points of 

response, the development of MMPls has proceeded rapidly to Phase III trial design with 

the end point of survival. Batimastat was the first synthetic MMPI to enter human clinical 

trials but poor solubility limited oral administration. The Phase I and Phase I/II trials [22] 

involved intraperitoneal and intrapleural administration to patients with cytology-proven 

malignant ascites and malignant pleural effusions. 

In retrospection, it can be concluded that the lack of efficacy of most MMPls tested 

in cancer clinical trials was not surprising [23-24]. It is an established fact that MMPs are 

vital in the early aspects of cancer progression and their contribution might be minimal 

once metastases have been generated [25-26]. It is important to design new clinical trials 

for MMPis in selected early-stage of cancers in combination with other drugs. Lack of 

success might also have been a result of problems in the selection of either the inhibitors or 

the protease targets by preventing autolytic degradation. MMPis target proteases such as 

the ADAMTSs, with slow tumor growth through their anti-angiogenic activities [27-28]. 

Although, the use of these new MMPls for cancer therapy must be used cautiously, it needs 

to be noted that many of these paradoxical in vitro or animal model results have not been 

demonstrated in man and might not work once subjected to humans as prescribed drugs. 
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Other proteases from other families might also be involved and even compensate for MMP 

actions blocked by MMPis [29-31]. These proteases should therefore also be identified and 

targeted in combination therapy. 

8.2. Results and Discussion 

The exhaustive study of all these small molecule inhibitors has been targeted as the 

potential therapeutic MMP inhibitors for the varied range of diseases like extracellular 

matrix degradation or angiogenesis. With the additional knowledge about the potency of 

these SMis for the different hMMP isozymes; the rationale for designing the SMis was to 

discover a few potent inhibitors that might prove to exhibit preference of one isozyme over 

the others. In addition, to discover the "drug" that would inhibit MMP isozymes from a 

pool of pathogenic proteins. 

In this project 250 compounds, synthesized by Dr Mallik's laboratory (Department 

of Pharmaceutical Sciences, NDSU) and Dr Cook's laboratory (Department of Chemistry 

and Biochemistry, NDSU), were tested as inhibitors with the three hMMP isozymes 

(hMMP-7, 9 and 10). The enzyme assay was performed under the standard experimental 

conditions (See Materials and Method Section). For compounds obtained from Dr Mallik's 

laboratory, the data for hMMP-9 and 10 were taken from Shakila Tobwala's PhD 

Dissertation [32] and compared and contrasted with the results obtained for hMMP-7 

(which was carried out as a part of this project). The idea behind this comparison was to 

point out the selectivity and preferred potency exhibited by some the SMis synthesized in 

Dr Mallik's laboratory, for hMMP-7 as compared to hMMP-9 and 10. For the compounds 

obtained from Dr Cook's laboratory, assays using hMMP-7, 9 and 10 were carried out as a 
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part of this dissertation. As an integral part of this project, 24 classes of SMis were 

synthesized and screened against the hMMPs. They were classified as: DAP A 

Hydroxamate inhibitors, Omithine Hydroxamate inhibitors, Lysine Hydroxamate 

inhibitors, Miscellaneous Hydroxamate inhibitors, DAPA Carboxylate inhibitors, Omithine 

Carboxylate inhibitors, Lysine Carboxylate inhibitors, Cinnamic acid O-Phenylene 

Diamine Derivative inhibitors, Cinnamic acid O-Phenylene Diamine Cyclene Derivative 

inhibitors, Urea-2-amino-5 mercapto-Thiadiazole derivative inhibitors, Thio Urea 

derivative inhibitors, Urea-2-amino-5 mercapto-Thiadiazole Cyclene derivative inhibitors, 

Mercapto Pyridine derivative inhibitors, Pyrimidine Trione derivative inhibitors, Pyridinol 

inhibitors, Thioxopyrimidine Dione derivative inhibitors, Phenol derivative inhibitors, 

Phenyl Sulfonyl derivative inhibitors, Hydrazono Methyl phenol inhibitors, Benzyl Ester 

inhibitors, Benzamide derivative inhibitors, Benzene Thiol inhibitors, Dimethyl Pyrimidine 

Trione (DPT) derivative inhibitors. 

Figure 8.2 shows the classification of the 24 different classes into these distinct 

categories and they are further discussed in the Chapter with respect to the selective 

potency against the different hMMP isozymes. The measurement of the initial velocity of 

the enzyme reaction was measured from the progress curve and similar experimental 

conditions were maintained for all the tested SMis (See Methods Section). In the Tables 

depicting the results of the different screened inhibitors, NI would stand for "Non

Inhibitory", ND would represent "Not Determined", % respresents the percentage of 

inhibition observed at l O µM concentration of the inhibitor and the numerical values 

represents the Ki values in µM. 
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Figure 8.2. Classification of the different classes of the small molecule MMP isozyme inhibitors screened by the high 
throughput screening of this study. 
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Figure 8.3 shows the Inhibition constant (Ki) of hMMP-7 with DAP A Hydroxamate 

inhibitors. The Ki values for RS-V-93, RS-V-90 and RS-11-75 are 6.0 ± 0.9 µM, 0.6 ± 0.08 

µMand 10 ± 0.1 µM, respectively. 
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Figure 8.3. Determination of the inhibition constant (Ki) of hMMP-7 with DAPA 
Hydroxamate inhibitors. Steady state kinetic reactions of hMMP-7 for DAPA 
Hydroxamate inhibitors. The initial rates of the enzyme catalyzed hydrolysis reaction of 
TPL substrate were measured as a function of increasing concentration of inhibitor. 
[hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is the best fit of the data 
according to Eq 3.10. The Ki values for RS-V-93, RS-V-90 and RS-11-75 are 6.0 ± 0.9 µM, 
0.6 ± 0.08 µMand 10 ± 0.1 µM, respectively. 
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Table 8.1 shows the comparative account of the three different compounds, RS-V-

93, RS-V-90 and RS-11-75. It has been very evident that the position of the CF3 group 

dictates the inhibition constant (Ki) in the Table. In the case of RS-V-93, RS-V-90 and RS

II-75, CF3 has been placed in the ortho, meta and para positions, respectively.The 

functional group in consideration here is an electron donating group. As observed, the 

functional group present at the ortho and para positions was not potent inhibitors of 

h MMP-7, while the meta position acted as a very potent inhibitor. When comparisons were 

sorted with the other two hMMP isozymes, it became obvious that RS-V-93 and RS-V -90 

only inhibited hMMP-7. RS-11-75 inhibited hMMP-7 and 9 with comparable potency as 

compared to hMMP-10. Upon closer comparison of RS-V-93 and RS-V-90 with hMMP-7, 

it was noticed that the same group (CF3 group) when placed in two different positions 

inhibited by ten-fold more potency. The logical reason for this would be that it is only at 

the meta position where the functional group gets enough temporal space to form an 

additional hydrogen bond with the enzyme to stabilize it more inside the active site. The 

CF3 moieties in the other positions: (1) at the ortho position is pushed to the wall of the 

enzyme active site due to steric hindrance; and (2) at the para position, the distance 

restricted the formation of the hydrogen bond. Hence, the meta position was preferred over 

the other two positions. 

Figure 8.4.A, B and C shows the Gaussian view of the three CF3 DAPA 

Hydroxamate inhibitors. Amongst computational methods available for the estimation of 

the interaction between two molecules, molecular mechanics or electronic structure 

methods are the most preferred. 
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Table 8.1. Structures and inhibitory properties of DAPA Hydroxamate derivative 
inhibitors. The data shown for hMMP-9 and IO were obtained from Reference 32. 

Hydroxamates [DAPA] MMP-7 MMP-9 MMP-10 

RS-V-93 6.0 NI NI 
Cf3 

cP ny\ ~- OH OO H Qi-N 8 H 
CF, 

RS-V-90 0.602 NI NI 

··~i ;\ ,,-NH ,OH 00 H 
p-H-N 8 H 

f3C 

RSil .. 5 10 7.9 23 -00 0 
CF3 t;rHOH 
CF3-o-Hi 

- 8 

Figure 8.4.A. The Gaussian view of the ortho CF3 DAPA Hydroxamate inhibitor. B. The 
Gaussian view of the meta CF3 DAPA Hydroxamate inhibitor. C. The Gaussian view of the 
para CF3 DAPA Hydroxamate inhibitor. 

The most simple and easiest method to obtain the spatio-temporal distribution of the 

functional groups as well as their individual distribution, which dictated the dynamics of 

the interactions between the enzyme and the inhibitor side groups and accomodated their 

geometry optimization inside the enzyme active site cavity, was captured by the Gaussian 

3.0 software package [33]. The parameters used render these methods computationally are 
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in-expensive, making them suited for small and large systems where other methods are not 

very practical and sensitive [34]. These data further supports and elaborate on the already 

explained inhibition data. 

Figure 8.5 shows the inhibition constants (Ki) of hMMP-7 with three other DAPA 

Hydroxamate inhibitors. The Ki values for RS-II-19, RS-11-33 and RS-11-31 are 2.8 ± 0.18 

µM, 0.521 ± 0.6 µMand 6.6 ± 0.03 µM, respectively. Table 8.2, as shown in RS-11-19, RS

II-33 and RS-II-31 have a non-substituted benzene ring and para-methoxy and para-nitro 

functional groups attached, respectively. In the case of hMMP-7 the methoxy at the para 

position behaves as a potent inhibitor. This trend is followed by the benzene non-substitute 

benzene derivatives and then the para-nitro containing derivatives. Since, a methoxy group 

is an electron-donating group whereas a nitro group is electron-withdrawing group, the 

more electron density near the sulfonyl group (as RS-11-19), allows a better and stronger 

hydrogen bond to be formed, thereby making a more potent inhibitor. Another striking 

feature observed here is that the worst hydrogen acceptor results in a poor inhibitor. A 

similar trend has been observed for hMMP-9 and 10. 

Figure 8.6 shows the inhibition constant (Ki) of hMMP-7 with these then DAP A 

Hydroxamate inhibitors. The Ki values for M3, Ml and M2 are 0.24 ± 0.07 µM, 5.5 ± 0.12 

µM and 1.3 ± 0.15 µM, respectively. The structures and inhibition constants are being 

shown in Table 8.3. According to the Periodic Table, all the functional groups attached in 

the para positions are electron withdrawing halides, from the smallest fluoride to the 

biggest iodide ion and electronegativity decreases as the size of the halide increases. 
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Figure 8.5. Determination of the inhibition constant (Ki) of hMMP-7 with DAPA 
Hydroxamate inhibitors. Steady state kinetic reactions of hMMP-7 for DAPA 
Hydroxamate ihibitors. The initial rates of the enzyme catalyzed hydrolysis reaction of 
TPL substrate were measured as a function of increasing concentration of inhibitor. 
[hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is the best fit of the data 
according to Eq 3.10. The Ki values for RS-II-19, RS-II-33 and RS-II-31 are 2.8 ± 0.18 
µM, 0.5 ± 0.6 µM & 6.6 ± 0.03 µM, respectively. 
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Figure 8.6. Determination of the inhibition constant (Ki) of hMMP-7 with DAPA 
Hydroxamate inhibitors. Steady state kinetic reactions of hMMP-7 for DAP A 
Hydroxamate inhibitors. The initial rates of the enzyme catalyzed hydrolysis reaction of 
TPL substrate were measured as a function of increasing concentration of inhibitor. 
[hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is the best fit of the data 
according to Eq 3.10. The Ki values for M3, Ml and M2 are 0.24 ± 0.07 µM, 5.5 ± 0.12 
µMand 1.3 ± 0.15 µM, respectively. 
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Table 8.2. Structures and inhibitory properties of DAPA Hydroxamate derivative inhibitors. 
The data shown for hMMP-9 and 10 were obtained from Reference 32. 

Hydroxamates [DAPA] MMP-7 MMP-9 MMP-10 

RS II 19 2.8 0.227 0.356 0-0 0 iNHrHC_>H 
0-~H 0 

RS 33 0.521 0.039 0.355 
--0-0 0 " OH 

OCH:J g
0

NHrH 

OCH3--o-911H - cl 
RS 31 6.6 1.7 22 --0-0 0 N02 tNHrHOH 

N02--0-911H - cl 

Equipped with the knowledge of the pocket sizes of hMMP-7, 9 and 10 active sites 

[35], hMMP-7 is the smallest and most hydrophilic pocket, and thus, the smallest halide 

containing inhibitor is favored. For hMMP-10, a similar scenario is indicated as that of 

hMMP-7 but in the case of hMMP-9, which has a long, hydrophilic pocket, the larger 

halide-containing inhibitor is preferred. 

Figure 8.7.A shows the Gaussian view of the basic structure. Figure 8.7.B shows 

the Gaussian view of the iodo Hydroxamate inhibitor. This illustration supports the kinetic 

data and gives a dimensional arrangement of the different molecules of the inhibitor in 

space. Figure 8.8 shows the inhibition constant (Ki) of hMMP-7 with DAPA Hydroxamate 

inhibitors. The Ki values for RS-V-84, RS-Y-61 and RS-Y-79 are 0.63 ± 0.07 µM, 8.6 ± 

0.15 µM and 4.8 ± 0.6 µM, respectively. Table 8.4 shows the inhibition constant (Ki) of 

hMMP-7 with DAPA Hydroxamate inhibitors. 
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Table 8.3. Structures and inhibitory properties of DAPA Hydroxamate derivative 
inhibitors. The data shown for hMMP-9 and 10 were obtained from Reference 32. 

Hydroxamates [DAPA] MMP-7 MMP-9 MMP-10 

1\13 0.24 0.23 0.6 -0-0 0 Cl tHrH~H 
Cl-0-S.H 

- II 0 
Ml 5.5 0.15 1.33 -0-0 0 

Br ~;fH~H 
Br--0-s.H 

- 0 
1\12 1.3 0.0026 1.6 

•-Oi-?n ,OH 

•-0--1-N - &H 

Figure 8. 7 .A. The Gaussian view of the basic structure. B. The Gaussian view of the iodo 
Hydroxamate inhibitors. 

In Table 8.4 the RS-V-84 bears the fluoride groups at the para position; RS-V-61 

bears many fluorides while RS-V-79 bears the di-methyl amine at the para position. The 

electronics, steric hindrance and additional hydrogen bonds were responsible for the high 

potency of RS-V-84 for hMMP-7. For hMMP-9, RS-V-61 and RS-V-79 are very poor 

inhibitors due to the bulky groups attached to the parent compound. But for hMMP-7 and 
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1 0 these inhibitors are better due to the small size of the pockets, which can be easily 

obstructed by this group of inhibitors. 

Figure 8.9 shows the inhibition constant (Ki) of hMMP-7 with Omithine 

Hydroxamate inhibitors. The Ki value ofhMMP-7 for RS-V-99 is 5.0 ± 0.69 µM. Table 8.5 

summarizes the inhibition of the isozymes by Omithine Hydroxamate inhibitors. Unlike the 

DAPA halide containing Hydroxyl derivatives, in the group of Omithine Hydroxamate 

inhibitors RS-V-99 acts as a potent inhibitor of hMMP-7 only. Figure 8.10.A and 8.10.B 

shows the Gaussian view of the Flouro and Iodo forms of the Omithine Hydroxamate 

inhibitors. Figure 8.1 0.C shows the active site of hMMP-7 exhibiting the small pocket of 

the enzyme. Figure 8.11 shows the inhibition constant (Ki) of hMMP-7 with Omithine 

Hydroxamate inhibitors. The Ki value for RS-11-80 is 7.0 ± 0.61 µM. Table 8.6 shows the 

inhibition constant (Ki) of hMMP-7 with Omithine Hydroxamate inhibitors. RS-11-80 is the 

most potent inhibitor for hMMP-7 whereas for hMMP-9 and 10 the same inhibitor is a very 

poor inhibitor. RS-11-41 inhibits hMMP-9 and 10 to a moderate extent. 

Figure 8.12 shows the inhibition constant (Ki) of hMMP-7 with Lysine 

Hydroxamate inhibitors. The Ki values for RS-VI-24 and RS-VI-22 are 3.1 ± 0.96 µM and 

2.2 ± 0.37 µM, respectively. Table 8.7 shows the structure of the Lysine Hydroxamate 

inhibitors. Amongst all the functional groups only the fluoride and bromide Lysine 

Hydroxamate inhibitors are potent inhibitors ofhMMP-7. CF3 is a big molecule compared 

to the active site pocket of hMMP-7, and is a good inhibitor which blocks the small pocket 

very easily. 
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Figure 8.8. Determination of the inhibition constant (Ki) of hMMP-7 with DAPA 
Hydroxamate inhibitors. Steady state kinetic reactions of hMMP-7 for DAP A 
Hydroxamate inhibitors. The initial rates of the enzyme catalyzed hydrolysis reaction of 
TPL substrate were measured as a function of increasing concentration of inhibitor. 
[hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is the best fit of the data 
according to Eq 3.10. The Ki values for RS-V-84, RS-V-61 and RS-V-79 are 0.63 ± 0.07 
µM, 8.6 ± 0.15 µM & 4.8 ± 0.6 µM, respectively. 
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Table 8.4. Structures and inhibitory properties of DAPA Hydroxamate derivative 
inhibitors.The data shown for hMMP-9 and 10 were obtained from Reference 32. 

Hydroxamates [DAPA] MMP-7 MMP-9 MMP-10 

RS-Y-84 0.625 2.75 4.57 -0-0 0 " OH F rHf. 
F-0-i:NH 

- C) 
RSY61 8.6 212 NI 

*o" o F ~-NrN,OH 
Oo H 

F C l-s''-NH 
6 5 II 0 
RS-Y--9 4.8 

Ar 
150 20 

I '•-So~~?\ / O ,OH 
1/' ~ II H S-N 

- AH 

80 

~ 
·5 
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<( 

-;!2_ 
0 40 

0 

0 20 40 60 
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Figure 8.9. Determination of the inhibition constant (Ki) of hMMP-7 with Omithine 
Hydroxamate inhibitor RS-V-99. Steady state kinetic reactions of hMMP-7 for Omithine 
Hydroxamate inhibitor. The initial rates of the enzyme catalyzed hydrolysis reaction of 
TPL substrate were measured as a function of increasing concentration of inhibitor. 
[hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is the best fit of the data 
according to Eq 3.10. The Ki value for RS-V-99 is 5.0 ± 0.69 µM. 
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Table 8.5. Structures and inhibitory properties of the Omithine Hydroxamate derivative 
inhibitors. The data shown for hMMP-9 and 10 were obtained from Reference 32. 

Hydroumat• MMP-7 MMP-9 MMP-10 
[ORNITHINE] 

RS-'1-19 17% NI 20% 

◊OH 0 
F i-fltn-OH 
F-0-f-fl )3 0 

RS-'1-01 9% NI 34.5 

"-01-=~,. 
c,-O-h )3 

RS-'1-17 32% 9.3% 16.4% 

--00 H 0 
Br S-N~ ,OH o n 
81 -0-~fl )3 - 0 

RS \'99 5.0 221 NI 

•-OP(a-" 
1-0-~fl) - JI 

MMP-7 active site Pocket 

Figure 8.10.A. The Gaussian view of the flouro form of Omithine Hydroxamate inhibitor. 
B. The Gaussian view of the iodo form Omithine Hydroxamate inhibitor. C. The active site 
ofMMP-7. This figure is shown adapted from Reference 35. 
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Figure 8.11. Determination of the inhibition constant (Ki) of hMMP-7 with the Omithine 
Hydroxamate inhibitor of RS-11-80. Steady state kinetic reactions of hMMP-7 for the 
Omithine Hydroxamate inhibitor. The initial rates of the enzyme catalyzed hydrolysis 
reaction of TPL substrate were measured as a function of increasing concentration of 
inhibitor. [hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is the best fit of the 
data according to Eq 3.10. The Ki value for RS-11-80 is 7.0 ± 0.61 µM. 

Table 8.6. Structures and inhibitory properties of the Omithine Hydroxamate derivative 
inhibitors. The data shown for hMMP-9 and IO were obtained from Reference 32. 

Hydroxamates MMP-7 MMP-9 MMP-10 

[ORNITHINE) 

RS42 NI NI NI 

_ 0 0 Os-~ JJ _oH " li N 0 H 
o-i-N) 

Q H 3 

RS-H NI 4.2 16 

-0-0 H 0 
H,co tNt~/OH 

H,co-0----s-N ) - 0 H 3 
RSil 80 7.0 329 337 

-0-0 ~ 0 
F,c ~- t~·OH 
F,c-0---~-N ) - 0 H 3 
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Figure 8.12. Determination of the inhibition constant (Ki) of hMMP-7 with Lysine 
Hydroxamate inhibitors RS-VI-24 and RS-VI-22. Steady state kinetic reactions of hMMP-
7 for Omithine Hydroxamate inhibitors. The initial rates of the enzyme catalyzed 
hydrolysis reaction of TPL substrate were measured as a function of increasing 
concentration of inhibitor. [hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is 
the best fit of the data according to Eq 3.10. The Ki values for RS-VI-24 and RS-VI-22 are 
3.1 ± 0.96 µMand 2.2 ± 0.37 µM, respectively. 

Table 8.8 shows the comparative account of DAP A, Omithine and Lysine 

Hydroxamate inhibitors of hMMP-7. In the case of DAPA Hydroxamate inhibitors the 
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fluoro and the iodo functional group conjugated inhibitors proved to be very potent while 

the bromo inhibitor inhibits moderately. In case of Omithine Hydroxamate inhibitors only 

the iodo form was a good inhibitor. In case of Lysine Hydroxamate inhibitors, the fluoro 

and bromo inhibitors were fair inhibitors of hMMP-7. The extra CH2 group acts as a long 

spacer and helps in the formation of an additional hydrogen bond. 

Table 8.7. Structures and inhibitory properties of the Lysine Hydroxamate derivative 
inhibitors. The data shown for hMMP-9 and 10 were obtained from Reference 32. 

Hydroxamates [Lvs] MMP-7 MMP-9 MMP-10 
RS-\'1-54 44% 7.5% 34.5% 

OOH 0 8:tfOH 
0-g"ll }4 

RS-\'1-13 24% NI NI 

Fsc-O-tttfOH 
Fsc-Q-s-N }4 - 8H 

RS-\'1-24 3.1 NI 27.4% 

F-O-i:~1i~-OH 
F-o-~ij )4 0 

RS-\1-22 2.2 NI 34.5 

er-O-i-t(i~•OH 
Br-0--~"!j )4 0 

RS-\1-21 46% NI 30.9% 

-0--0 H 0 I tN(fOH 
1-Q-s-N) 

- QH ' 

Table 8.8. Comparative account of the OAP A, Omithine, and Lysine Hydroxamate 
inhibitors with hMMP-7. 

DAPA ORNI LYS 

FLUORO Good Poor Fair 
BROMO Fair Poor Fair 

10D0 Good Good Poor 
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Figure 8.13 shows the representation of the rearrangement of Enzyme-Inhibitor 

subunits binding pockets in presence of DAPA Hydroxamate inhibitors, Omithine 

Hydroxamate inhibitors, and Lysine Hydroxamate inhibitors. It seems logical to imagine 

that while binding to hMMP-7, the Ru side chain of the DAP A Hydroxamate inhibitors 

would be placed at the S 1 pocket and R~ side chain at the S 1' pocket. With the Omithine 

Hydroxamate inhibitors, the Ra side chain would be placed at the S 1' pocket and R0 side 

chain was exposed at the solvent and last but not the least, with the Lysine Hydroxamate 

inhibitors, the Ru side chain at the S 1' pocket and Rro side chain exposed in the solvent. 

Therefore, it was concluded that as the spacer length increased, the side chain gets more 

and more pushed to the solvent due to steric hindrance and thereby forms a less stabilized 

Enzyme-Inhibitor complex. 

S 1 

S l' 

Ra 

0
0 0 

i·NH~H<;>H 

~Q) 
~!t.lH - 8 

R~ 

DAPA Hydroxamate 

S 1' 

Gets Solvent 
exposed 

S l' 

Gets Solvent 
exposed 

Ornithine Hydroxamate 

Lysine Hydroxamate 

Figure 8.13. Representation of the rearrangement of Enzyme-Inhibitor subunits binding 
pockets in presence of DAP A Hydroxamates inhibitors, Omithine Hydroxamates inhibitors 
and Lysine Hydroxamates inhibitors. 
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Table 8.9 shows the structures of the four DAPA Carboxylate inhibitors which 

show the poor potency as compared to the DAP A Hydroxamate inhibitors. All the 

functional groups are bulky in this category. 

Table 8.9. Structures and inhibitory properties of DAPA Carboxylate derivative inhibitors. 
The data shown for hMMP-9 and 10 were obtained from Reference 32. 

carboxylates [DAPA] MMP-7 MMP-9 MMP-10 

RS-IV-53 NI NI NI 
F F ~uJH O 

F ~-tl foH 

F F ? 
CcF1-s°-flH 

() 
RS-IV-64 10% NI 16% ,.. 

O=S=O 0 >-g_.·•p 
V ~ ~-ti H 

- ~H 

RS-IV-87 NI NI 34% 
CF, 60-r. 0 

# lrOH 
00 

Qj'-11 0 H 
CF, 

RS-IV-83 NI NI 35% 
F,C 

b+·1·· 00 

01'-tl 
0 H 

F,C 

RS-IV-72 1% NI 7% 
-0.0 H 0 

F3C tllfH 

F3c-O-s-11 
- <> H 

Figure 8.14 shows the inhibition constant (Ki) ofhMMP-7 with DAPA Carboxylate 

inhibitor RS-111-77. The Ki value for RS-III- 77 is 0.327 ± 0.075 µM. Amongst all the 

halides in the group (Table 8.10), and even though the functional group is conjugated with 

a bulky group, it still acts as a very good inhibitor for hMMP-7. This is unlike the condition 
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observed in Table 8.9. The CF3 group is more electron withdrawing than the Iodo group. 

The balance of the electonics and size of the functional groups played key roles in the 

potency of this inhibitor. 
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Figure 8.14. Determination of the inhibition constant (Ki) of hMM P-7 with DAPA 
Carboxylate inhibitor RS-111-77. Steady state kinetic reactions of hMMP-7 for the 
Omithine Hydroxamate inhibitor. The initial rates of the enzyme catalyzed hydrolysis 
reaction of TPL substrate were measured as a function of increasing concentration of 
inhibitor. [hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is the best fit of the 
data according to Eq 3.10. The Ki values for RS-III- 77 is 0.33 ± 0.08 µM. 

Table 8.10. Structures and inhibitory properties of DAPA Carboxylate derivative 
inhibitors. The data shown for hMMP-9 and 10 were obtained from Reference 32. 

Carboxylates [DAPA] MMP-7 MMP-9 MMP-10 

RS-IY-2- 4% NI 15.5% -OOH 0 F tNJOH 
F-0-s-~ - 0 
Rs-m-s- 10% NI 10.9 -OOH 0 
Cl i-y~ 
ci-0-~-- 0 H 
RS-ill-83 20% 5.6% 9.6 

Br-Ot:~IOH 
e,-Q-s-N - o H 

RS-ill- -- 0.327 0.936 65 
-00~ 0 

I t (OH 
1-0-s-N - 0 H 
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Table 8.11 shows the structures of more of DAPA Carboxylate derivative 

inhibitors. Only RS-IV-55 shows a fair potent inhibition of hMMP-10. Figure 8.15.A and 

8.15.B show the Gaussian views of the para and iodo of the CF3 of the Carboxylate 

inhibitor. 

Table 8.11. Structures and inhibitory properties of OAP A Carboxylate derivative 
inhibitors. The data shown for hMMP-9 and 10 were obtained from Reference 32. 

carboxylates [DAPA] MMP-7 MMP-9 MMP-10 

RS-D.l-66 NI NI 25% 00 0 ~-"r" o-i~ o" 
RS-l\"-93 6% NI NI -01" 0 02'1 0-tlyoH 

02'1-0ifl - o" 
RS-n·-ss NI NI 12.8 --00" 0 H,CO t-flr OH 

H,CO -01 fl - o" 
RS-lQ:-85 ND ND ND 

OCHa 
0 

HaCO-O-t_fl joH 

H3CO -Q--s fl 
- '" ocR, 

Figure 8.15.A. The Gaussian view of the para CF3 of Carboxylate inhibitor. B. The 
Gaussian view of the iodo form DAPA Carboxylate inhibitor. 
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Table 8.12 and 8.13 show the structures and properties of more of the Omithine 

Carboxylate inhibitors. Only RS-V-64 shows fair potency with hMMP-10, but it is not a 

good inhibitor for hMMP-7 and 9. Table 8.14 shows the structures and properties of the 

Lysine Carboxylate inhibitors. 

Table 8.12. Structures and inhibitory properties of Omithine Carboxylate derivative 
inhibitors. The data shown for hMMP-9 and 10 were obtained from Reference 32. 

Carboxylates[ORNITHINE] MMP-7 MMP-9 MMP-10 
RS-Y-83 7% NI 14.5% 

-OOH 0 F S-Nt II OH 

F◊~-~ )3 
0 

RS-,·..so 19% 10% 50% 

-OOH 0 Cl ~-NtOH 
c1-0-~-~ )3 

0 

RS-V-64 25% 25.6% 4.9 

-0-0 H 0 Br S-N, " OH 
Br◊~-~\ 

0 

RS-Y-60 26% 42% 38% 

,-o-t-i0
" 

1-0-S·N) - 0 H 3 

Table 8.15 shows the comparative account of OAP A, Omithine and Lysine 

Carboxylate inhibitors. Unlike Hydroxamate inhibitors, only Carboxylate inhibitors only 

the lodo form behave as a potent inhibitor. The DAPA Carboxylate inhibitor shows the 
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most potency but the other two forms (e.g. the Omithine and the Lysine) are poor 

inhibitors. 

Table 8.13. Structures and inhibitory properties of Omithine Carboxylate derivative 
inhibitors. The data shown for hMMP-9 and IO were obtained from Reference 32. 

carboxvlates [Lys) MMP-7 MMP-9 MMP-10 

RS-Yl-07 ND ND ND 

-0-0 H 0 
F t"toH 
F-0-S·II) - ()H .i 

RS-\"1-03 9% 10% 25% 

-00 H 0 Cl t"tOH 
c•-O-~·n ) .. - 0 

RS-\"-100 14% 18.6% NI 

Br -o-t-ntOH 
B1"°111) - 0 4 

RS-\"-97 15% 27% 4.1 

•-Oi:"?iOH 
•-0-i·n 1"' 

Table 8.14. Structures and inhibitory properties of Lysine Carboxylate derivative inhibitors. 
The data shown for hMMP-9 and IO were obtained from Reference 32. 

CarboxvlateslORNITHINE] MMP-7 MMP-9 MMP-10 

RS-\"-27 22% 43.4% 5.2 

00" 0 
~-NriOH o-~-N) 
,!; H 3 

RS-\"-29 19% NI 28% 

-0-0 -11 0 
H:i(O t ti◊H 
H~o-O--l11 ) - o" 3 

RS-\"-92 NI NI 28% 

-00 H 0 
F3C t .. (iOH 

f3C -0-s ·N ) - JH 3 
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Table 8.15. Comparative account of the DAPA, Omithine and Lysine Carboxylate 
inhibitors with hMMP-7. 

DAPA ORNI LYS 

10D0 Good Fair Poor 

Figure 8.16 shows the structure of Hydroxamates that form the five membered ring 

indicating more stability compared to the Carboxylates, which exist as a four membered 

ring. Innate differences in the structural stability of the inhibitors in the active-site pocket 

gave rise to the differences in the potency and variety in the inhibition pattern. 

I 181 
I 

""""' 

lu 19 
H 

Glu-219I 

~ Or1 
Or2 ~O O 

~, 

-l ., H 
I 

?\ R ,,, 
/ , 0 -

I 
Zn-• 0 

/ 
I 

5 member ring 4 member ring 

Figure 8.16. Structure of Hydroxamates form the 5 member ring indicating more stability 
compared to the Carboxylates 4 member ring. This figure has been adapted from Reference 
404-405. 

Figure 8.17 shows the inhibition constant (Ki) of hMMP-7 with the Miscellaneous 

Hydroxamate inhibitor for MH 9/14B. The Ki value for MH 9/ 14 B is I 0.8 ± 0.83 µM. 

Table 8.16 shows the structures ans properties of the Miscellaneous inhibitors. None of the 

compounds in this category are good inhibitors except for MH 9/14 B, which seems to be a 
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fair inhibitor for hMMP-7. Table 8.17 shows the inhibition constant (Ki) of hMMP-7 with 

Methyl Red inhibitors. Neither of the inhibitors were good inhibitors for any of the hMMP 

1sozymes. 
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Figure 8.17. Determination of the inhibition constant (Ki) of hMMP-7 with Miscellaneous 
Hydroxamate inhibitor of MH 9/ l 4 B. Steady-state kinetic reactions of hMMP-7 for the 
Miscellaneous Hydroxamate inhibitor. The initial rates of the enzyme catalyzed hydrolysis 
reaction of TPL substrate were measured as a function of increasing concentrations of 
inhibitor. [hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid smooth line is the best fit of the 
data according to Eq 3.10. The Ki value for MH 9/ 14 Bis l 0.8 ± 0.83 µM. 

Table 8.16. Structures and inhibitory properties of the Miscellaneous inhibitors. The data 
shown for hMMP-9 and 10 were obtained from Reference 32. 

Misc MMP-7 MMP-9 MMP-10 

l\lH 9 5 NI NI NI 
0 0 t o~~")lo O (N N) 

--\ N N 
0 i \_/ ro'f 

l\IB 9 5B NI NI NI 
0 

o~~" O ( HN) 
3HCI 

NH HN 
\_/ 

l\lH 9 14 NI NI NI 
jt A-0 HN O ' 

+Oi~r1N-b 
l\IB 9 UB 10.8 NI NI 

H2N0-0 2HCI 
HN ~ ~ 
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Table 8.17. Structures and inhibitory properties of the Methyl Red derivative inhibitors. 
The data shown for hMMP-9 and IO were obtained from Reference 32. 

Methyl Red MMP-7 MMP-9 MMP-10 

:'.\IH6 88 NI NI 30% 

0 

>-0-N=N--Q-J--N,OH 
H 

:'.\IH6 '95 B NI 15% 16% 
0 

:N-0-N=N~~ 
(NH HN J 3HCI 

L_J 

Figure 8.18 shows the inhibition constant (Ki) of hMMP-7 with Cinnamic Acid O

Phenylene Diamine derivatives inhibitors. The Ki value for MH 7/ 23 is 3.9 ± 0.51 µM. 

Table 8_ 18 shows the structures and properties Cinnamic Acid O-Phenylene Diamine 

derivative inhibitors. 
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Figure 8.18. Determination of the inhibition constant (Ki) of hMMP-7 with Cinnamic Acid 
O-Phenylene Diamine derivative inhibitor MH 7/23. Steady-State Kinetic reactions of 
hMMP-7 for Cinnamic Acid O-Phenylene Diamine derivative inhibitor. The initial rates of 
the enzyme catalyzed hydrolysis reaction of TPL substrate were measured as a function of 
increasing concentration of inhibitor. [hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid 
smooth line is the best fit of the data according to Eq 3.10. The Ki value for MH 7/ 23 is 
3.9 ± 0.51 µM. 
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Table 8.18. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Diamine derivative inhibitors. The data shown for hMMP-9 and 10 were obtained from 
Reference 32 

Cinnilmic Acid Phenylene MMP-7 MMP-9 MMP-10 

Oiamine Derivatives 
l\lll - 21 8.3 40% NI 

0 

b~iV 
"' I HN 

9 o, o=l_o+ 

l\lll - 21 B 19% NI NI 

0 6~~v Ha 

0 ~ H,N 

I 0 

' l\Ill - 22B 21% 
0 

24% 15.3% 

~~v HCI 

H:,N 

l\lll - 23 3.9 NI NI 
0 

~~-o 
HN 

F o=(o+ 

Table 8.19 shows structures and properties of the Cinnamic Acid O-Phenylene 

Diamine derivatives inhibitors. These inhibitors do not inhibit the hMMP isozymes to a 

large extent. Tables 8.20 and 8.21 show the Inhibition constant (Ki) of hMMP-7 with 

Cinnamic Acid O-Phenylene Diamine derivative inhibitors. Table 8.22 shows the structures 

and properties of the Cinnamic Acid O-Phenylene Diamine Cyclene derivatives inhibitors. 

Figure 8. I 9 shows inhibition constant (Ki) of hMMP-7 with Cinnamic Acid O-Phenylene 

Diamine Cyclene derivative inhibitors. The Ki values for MH 7/ 35 and MH 7/ 36 are 3.6 ± 

0.79 µM and 7.0 ± 0.84 µM respectively. The Cinnamic Acid O-Phenylene Diamine 

Cyclene derivatives MH 7/35 and MH 7/36 are good potential inhibitors for the enzyme i.e. 

hMMP-7 but not for the other hMMP isozymes [Table 8.23]. 
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Table 8.19. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Diamine derivative inhibitors. The data shown for hMMP-9 and 10 were obtained from 
Reference 32. 

Clnn■ mlc Acid Phenylene MMP-7 MMP-9 MMP-10 

Dl■mlne Oeriv,itlves 
I\IB - 30B NI 19% NI 

0 
11... r=\ 

HCI ; NV « H ,/, 
H,N 

I\IB - 31 23% 25% NI 
0 

,a-=~~-o 
O HN 

I o.=1.,0+ 

I\IB - 32 30% 35% NI 
0 

_NifA~:9 

1 od + ·o 

I\IB - 33 19% 22% NI 
0 

~Y-~-o 
HN 

-o od. + 
' 'o 

Table 8.20. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Diamine derivative inhibitors. The data shown for hMMP-9 and IO were obtained from 
Reference 32. 

Cinnamlc Acid Ph■nyl■n■ MMP-7 MMP-9 MMP-10 

Oi1mlne Deriv■tivas 
l\m- HB NI 25% NI 

0 

oo-~9 HCI 

I 

I\IB - 3:?B 39% 38% NI 
0 

if~-o HCI 

~ H!-1 
I 

I\IB- HB 
0 AV HCI q-= ~ " I, 35% 36% NI 

O' 1-½:N 

I o, 

I\IB-9 3~B 7% 25% NI 
0 

~.11.._N_OH 
H 

!\Ill - 9 3~B NI 41% NI 
0 

~N"OH 
" 

C1 

l\ffi- 9 l6B NI 31% NI 
0 

-='JlN.0--l 

_1)' H 
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Table 8.21. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Di amine derivative inhibitors. The data shown for hMMP-9 and 10 were obtained from 
Reference 32. 

Cinnamic Acid Phenylene MMP-7 MMP-9 MMP-10 

Dlamlne Derivatives 
l\IB - 23B 9% NI 33% 

0 

lf~v Ha 

F 1-\,N 

l\IlI - 24 31% NI 7% 
0 

~~-P 0 HN 

,~ o=( + 
0 0 

l\IB - 24B NI NI 21% 
0 

if~v HCI 

0-N H,N 

8 
l\IB - 30 NI 27% NI 

0 

✓~v 
HN 

o~+ 

Table 8.22. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Diamine Cyclene derivative inhibitors. The data shown for hMMP-9 and 10 were obtained 
from Reference 32. 

Cinnamic acid Phenylene Diamine MMP-7 MMP-9 MMP-10 

cyclene Derivatives] 

l\ffi - 12 NI 22% 16% 

~P') 3HCI 

HC (NH HN u 
F 

l\ffi - 9B NI 7.5% 15% 
0 

✓("') 3HCI 
\i 

0 (_Ne__'.;N 

I o_ 
l\lll - 14 B 9% NI NI 

0-N 

if(PN) 
(_Nt~? 

3HCI 

" 0 
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Figure 8.19. Determination of the inhibition constant (Ki) of hMMP-7 with Cinnamic Acid 
O-Phenylene Diamine Cyclene derivative inhibitors MH 7/35 and MH 7/36. Steady-state 
kinetic reactions ofhMMP-7 for Cinnamic Acid O-Phenylene Diamine Cyclene derivatives 
inhibitors. The initial rates of the enzyme catalyzed hydrolysis reaction of TPL substrate 
were measured as a function of increasing concentration of inhibitor. [hMMP-7] = 0.3 µM, 
[TPL] = 20 µM. The solid smooth line is the best fit of the data according to Eq 3.10. The 
Ki values for MH 7/ 35 and MH 7/ 36 are 3.6 ± 0.79 µMand 7.0 ± 0.84 µM respectively. 

Figure 8.20 shows the inhibition constant (Ki) of hMMP-7 with three Cinnamic 

Acid O-Phenylene Diamine Cyclene derivatives inhibitors. The Ki values for MH 7/ 37, 

MH 7/ 38 and MH 7/39 are 8.0 ± 0.1 µM, 0.4 ± 0.04 µMand 6.6 ± 0.84 µM, respectively. 

MH 7/ 37 and MH 7/39 are comparable in potency, but MH 7/ 38 behaves as a very potent 
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inhibitor for hMMP-7. In the case of the other two hMMPs poor inhibition was observed 

[32] and tabulated in Table 8.24. Tables 8.22 and 8.26 show that Cinnamic Acid O

Phenylene Diamine Cyclene derivative inhibitors have no inhibitory properties. 

Table 8.23. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Diamine Cyclene derivative inhibitors. The data shown for hMMP-9 and 10 were obtained 
from Reference 32. 
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Table 8.24. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Diamine Cyclene derivative inhibitors. The data shown for hMMP-9 and 10 were obtained 
from Reference 32. 
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Figure 8.20. Determination of the inhibition constant (Ki) of hMMP-7 with Cinnamic Acid 
O-Phenylene Diamine Cyclene derivative inhibitors. Steady-State Kinetic reactions of 
hMMP-7 for Cinnamic Acid O-Phenylene Diamine Cyclene derivatives inhibitors. The 
initial rates of the enzyme catalyzed hydrolysis reaction of TPL substrate were measured as 
a function of increasing concentration of inhibitor. [hMMP-7] = 0.3 µM, [TPL] = 20 µM. 
The solid smooth line is the best fit of the data according to Eq 3.10. The Ki values for MH 
7/37 and MH 7/38 and MH 7/39 are 8.0 ± 0.1 µM, 0.4 ± 0.04 µM and 6.6 ± 0.84 µM, 
respectively. 
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Table 8.25. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Di amine Cyclene derivative inhibitors. The data shown for hMMP-9 and IO were obtained 
from Reference 32. 
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Table 8.26. Structures and inhibitory properties of the Cinnamic Acid O-Phenylene 
Diamine Cyclene derivative inhibitors. The data shown for hMMP-9 and 10 were obtained 
from Reference 32. 
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Figure 8.21 shows the inhibition constant (Ki) of hMMP-7 with Urea 2-Amino-5-

Mercapto-Thiadiazole derivative inhibitor MH 7/28. The Ki value for MH 7/28 is 7.5 ± 

0.11 µM. hMMP-9 and 10 was poorly inhibited (Table 8.27). Tables 8.28 and 8.29 show 

the structures and properties of the Urea 2-Amino-5-Mercapto-Thiadiazole derivative 
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inhibitors. This category did not act as good inhibitors for any of the hMMP isozyrnes. 

Table 8.29 shows the inhibition constant (Ki) of hMMP-7 with Urea 2-Amino-5-Mercapto

Thiadiazole derivatives inhibitors. In this category we did not observe some potential 

candidates. 
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Figure 8.21. Determination of the inhibition constant (Ki) of hMMP-7 with Urea 2-Amino-
5-Mercapto-Thiadiazole derivative inhibitor MH 7/28. Steady-State kinetic reactions of 
hMMP-7 for Urea 2-Amino-5-Mercapto -Thiadiazole derivative Inhibitor. The initial rates 
of the enzyme catalyzed hydrolysis reaction of TPL substrate were measured as a function 
of increasing concentration of inhibitor. [hMMP-7] = 0.3 µM, [TPL] = 20 µM. The solid 
smooth line is the best fit of the data according to Eq 3.10. The Ki value for MH 7/ 28 is 
7.5 ± 0.11 µM. 

Table 8.27. Structures and inhibitory properties of the Urea 2-Amino-5-Mercapto
Thiadiazole derivative inhibitors. The data shown for hMMP-9 and IO were obtained from 
Reference 32. 
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Table 8.28. Structures and inhibitory properties of the Urea 2-Amino-5-Mercapto
Thiadiazole derivative inhibitors. The data shown for hMMP-9 and IO were obtained from 
Reference 32. 
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Table 8.29. Structures and inhibitory properties of the Urea 2-Amino-5-Mercapto
Thiadiazole derivative inhibitors. The data shown for hMMP-9 and 10 were obtained from 
Reference 32. 
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Figure 8.22 shows the inhibition constant (Ki) of hMMP-7 of the Urea 2-Amino-5-

Mercapto-Thiadiazole Cyclene derivative inhibitor for MH 8/22. The Ki value for MH 8/ 

22 is 0.4 ± 0.08 µM. Table 8.30 shows that MH 8/22 is the only derivative which is a 

potent inhibitor for hMMP-7 and is ineffective on hMMP-9 and 10. Table 8.31 shows the 

structures and properties of the Urea 2-Amino-5-Mercapto-Thiadiazole Cyclene derivative 

inhibitors. Amongst the derivatives only MH 8/24 inhibits hMMP-7 by 10%. 

Figures 8.23, 8.24 and 8.25 show the structures of the Pyrimidine Trione derivatives 

Thioxopyrimidine Dione derivatives and Dimethyl Pyrimidine Trione [DPT] derivatives, 

respectively, that were tested. 
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Figure 8.22. Determination of the inhibition constant (Ki) of hMMP-7 with Urea 2-Amino-
5-Mercapto-Thiadiazole Cyclene derivative inhibitor MH 8/22. Steady-State kinetic 
reactions of hMMP-7 for Urea 2-Amino-5-Mercapto -Thiadiazole Cyclene derivative 
inhibitor. The initial rates of the enzyme catalyzed hydrolysis reaction of TPL substrate 
were measured as a function of increasing concentration of inhibitor. [hMMP-7] = 0.3 µM, 
[TPL] = 20 µM. The solid smooth line is the best fit of the data according to Eq 3.10. The 
Ki value for MH 8/ 22 is 0.4 ± 0.08 µM. 
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Table 8.30. Structures and inhibitory properties of the Urea 2-Amino-5-Mercato
Thiadiazole Cyclene derivative inhibitors. The data shown for hMMP-9 and 10 were 
obtained from Reference 32. 
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Table 8.31. Structures and inhibitory properties of the Urea 2-Amino-5-Mercato
Thiadiazole Cyclene derivative inhibitors. The data shown for hMMP-9 and 10 were 
obtained from Reference 32. 
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Figure 8.23. The structures of Pyrimidine Trione derivative inhibitors. 
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Figure 8.24. The structures of Thioxopyrimidine Dione derivative inhibitors. 
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Figure 8.25. The structures of Dimethyl Pyrimidine Trione derivative [DPT] inhibitors. 

Figure 8.26 shows the structures of the Miscellaneous inhibitor (supplied by 

Dr.Mallik's Research Team). None of these different categories of inhibitors inhibit any of 

the hMMP isozymes. 
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Figure 8.26. The structures of the Miscellaneous inhibitor. 
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There were 58 compounds, obtained from Dr Cook's Laboratory, with different 

functional groups that were screened. However, the preliminary synthesis shows that none 

of the inhibitors inhibited any the hMMP isozymes. Still this preliminary screening was 

important as new inhibitors can be designed based on this exhaustive study. There were six 

major categories into which the derivative of the inhibitors obtained from Dr Cook's 

Laboratory has been classified: (1) Benzene Thiols; (2) Benzyl Esters; (3) Hydrazone 

Methyl Phenols; (4) Phenol derivatives; (5) Thio Urea derivatives; and (6) Miscellaneous 

inhibitors. 

Figure 8.27 shows the derivatives that have been categorized into a group of benzyl 

thiols. Due to the bulkiness in the functional group, the binding of these inhibitors could 

not form the stable MMP-lnhibitor complexes; hence, they turned out to be poor inhibitors 

for all three hMMP isozymes. Figures 8.28, 8.29 and 8.30 show the different groups of 

inhibitors like Benzyl Esters, Hydrazone Methyl Phenol and Phenol derivatives 

respectively. All these inhibitors have one common factor, the bulky nature of their 

attached groups. Due to serious steric hindrances amongst the groups none of these are 

potent inhibitors for the hMMP isozymes. 
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Figure 8.27. The structures of the five compounds that have been categorized as Benzene 
Thiols. 
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Figure 8.28. The structures of the five compounds that have been categorized as Benzyl 
Esters. The solid thick dark green colored circle indicates the two components to the 
inhibitors; a) Benzyl group and b) Ester. 
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Figure 8.29. The structures of the four compounds which have been categorized as 
Hydrazone Methyl Phenols. The solid thick green colored circle indicates the functional 
group (Hydrazone Methyl Phenol) within the parent inhibitor. 
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Figure 8.30. The structures of the five compounds which have been categorized as Phenol 
derivatives. 
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Figure 8.31 shows the nme compounds that have been categorized as Urea 

derivatives. Figure 8.32 shows the Miscelleneous inhibitor (supplied by Dr Cook's 

Research Team). Their elongated structure made them bulky and maneuvering these 

functional groups in the vicinity of the active-site of hMMPs might be difficult. Since 

hMMPs fall in the category of "soft proteins" [38], the rigid bulky inhibitors could not 

make significant hydrogen bonds with the solvent and the hMMPs. Hence these are in fact 

not potent inhibitors of the hMMP isozymes. 
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Figure 8.31. The structures of the nine compounds that have been categorized as Urea 
derivatives. 
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TM-1-185 

Figure 8.32. The structure of the compound that was categorized as a Miscellaneous 
inhibitor. 

A review of the inhibition results leads to the following conclusions which have 

been considered herein: (l) DAPA Hydroxamate inhibitors are the most potent Inhibitors 

amongst all the inhibitors assayed in the "High Throughput Screening' technique used in 

this study; (2) DAP A Carboxylate inhibitors are not as potent inhibitors as DAPA 

Hydroxamate inhibitors; and (3) There are potencies exhibited by all three hMMPs 

isozymes to different categories of inhibitors screened herein. A few factors that seem to 

dictate the binding for each of the three hMMPs are; (a) Size of the Inhibitor ( specially the 

associated functional group); (b) The size of the hMMP active site pocket; ( c) The 

hydrophobic or hydrophilic nature of the hMMP involved and the changes undergone by 

the inhibitor philicity in the solvent vicinity of the active site; and ( d) The additional 

hydrogen bonds formed between the side groups of the inhibitor and the enzyme ( amine 

groups in the backbone of the enzyme and the residues accessible in the active site pocket) 

determines the stability of the enzyme-inhibitor complex, and thereby, the potency of the 

concerned inhibitor perturbing the enzyme activity of the hMMP isozymes. After two 

decades of extensive research and the escalating database of information available on the 

structure-function relationship of the MMPs, it has become possible to endorse different 

advances towards blocking these enzymes [17]. The reason behind the failures in the 
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clinical trials of the first-generation MMPis designed until now are being well studied and 

are still being deliberated. For instance, the use of MMP inhibitors, in combination therapy 

and in the early stages of disease onset, could be a novel approach geared towards 

achieving improved clinical advantage. Nevertheless, the design of the first-generation 

MMP inhibitors has demonstrated the synergy between medical chemistry, structural 

biology and molecular modelling, which provides a persuasive means of accelerating the 

lead optimization process. 
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CHAPTER 9. SUMMARY AND FUTURE DIRECTIONS 

9.1. Summary 

The experimental results discussed in the previous chapters illustrated physico

chemical properties of three of the hMMP isozymes. It also gives an insight into the kinetic 

properties and the structural functional relationships existing between the hMMP isozymes 

and their different cognate ligands. Cognate ligands used in this study included Au-NPs, 

PLL, differently charged liposomes, cationic and anionic QDs, and small molecule 

inhibitors (SMis ). 

9.1.1. Relationship between "rigid" and "flexible" surfaces on the differential modulation 
of functional and structural characteristics of Matrilysin (hMMP-7) 

Many researchers have detailed protein detection and desensitization methods using 

decorated gold nanoparticles (Au-NPs) and quantum dots (QDs) [1]. It is the combination 

of the advantageous size and shape of these NPs that detection and desensitization of 

protein biomarkers for many diseases have been rigorously pursued. With the goal of 

desensitizing and alleviating the onset of carcinogenesis as well as metastasis, this study 

included the pathogenic enzyme of the MMP family (hMMP-7). MMP-7 is one of the 

enzymes whose expression is often linked to the pathogenesis of several types of human 

diseases. In this endeavor, one of the main objectives was to focus on the structural and 

functional consequences of interactions of hMMP-7 with different surface types of cationic 

macro-clusters. The results of the experimental data presented in Chapter 5 leads to the 

following conclusions: ( 1) The enzyme activity of hMMP-7 is enhanced by stoichiometric 

concentrations of PLL and inhibited at higher concentration of PLL; (2). Secondary 
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conformational changes were observed in hMMP-7 indicating that the protein becomes 

more helical and compact upon binding to the positively charged PLL; (3). Au-CNP acts as 

a very strong inhibitor for hMMP-7; (4). Again secondary conformational changes were 

observed in hMMP-7 upon binding to Au-CNP but the protein loses its secondary helical 

structure and is denatured; and (5). Inhibition of hMMP-7 by PLL is reversible whereas 

Au-CNP irreversibly denatures hMMP-7. 

9 .1.2. Molecular origin of the intrinsic selectivity in binding of human Matrix 
Metalloproteinase (hMMP) isozymes to differently charged lipid membranes 

Biosensors based on antibody array technology have made rapid progress as 

possible means of quick and direct protein detection. Even though antibody array 

methodology may provide quick and simultaneous protein detection it has limitations. 

More recently, metallic films and Au-NPs have been proposed as sensing platforms to 

exploit the surface Plasmon phenomenon and its application in bio-specific interaction 

assays. However, these metal and glass substrates may not be the most desirable for in vivo 

applications and thus there use has been restricted to in vitro applications. Despite 

exhaustive research on MMPs and knowledge available on inhibitors of these pathogenic 

enzymes, efforts for many decades in developing diagnostic tools for these disease marker 

proteins remains unfulfilled. Based on the possibilities that the catalytic and regulatory 

features of hMMP isozymes (especially hMMP-7) may be fine tuned if localized on the 

plasma membranes in vivo, one goal was to investigate the potential interactions of LUVs 

(as model biological membranes) with three hMMPs, and elucidate the functional 

consequences of these interactions [2]. 

In pursuit of this goal, formulations of LUVs with varied lipid compositions were 
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studied. Unlike conventional usage of liposomes (i.e., serving as drug carriers), the LUV s 

were used to introduce selective ligands on the liposomal surface ( as head groups) and 

"tap" the potentials of the lipid mobility (within liposomes) in promoting "multivalent" 

interactions between the liposomal ("reporter") head groups with the MMP isozyrnes. The 

liposomes also contain sensitized-dansyl groups as fluorescent probes to monitor the 

interactions. This approach was a natural extension towards the effort in designing highly 

potent and selective "two-prong" inhibitors exhibiting MMP isozymes selectivity [3]. 

In summary, the conclusions for the interaction of the hMMP isozymes and the 

differently charged lipid membranes are as follows: 1) All three hMMP isozymes bind to 

the differently charged LUVs with varying affinities but hMMP-7 has more specificity for 

the POPS liposomes; 2) Enzyme activity of hMMP-7 gets perturbed upon binding to the 

EPOPC (25 mol %) liposomes; 3) Enzyme activity of hMMP-9 or 10 does not get 

perturbed upon binding to the differently charged LUV s; 4) hMMP-7 binds to cationic 

liposome via strong electrostatics unlike MMP-9 and 10; 5) Both local negative charge 

density and organization of the LUVs influence the specificity with which hMMP-7 binds 

to anionic POPS LUVs; and 6) Poly-anionic PIP2 (4 mol %) shows similar binding affinity 

as mono-anionic POPS (25 mol %). 

9.1.3. Mechanistic studies to unravel the alternative binding modes of human Matrix 
Metalloproteinase (hMMP) isozymes to cationic and anionic quantum dots 

Quantum dots can be tailored to pursuit improvement in the detection of changes in 

the conformations and dynamics of flexible globular proteins. These quantum dots are a 

form of semiconductor nanocrystals, which are novel functional nano-materials and 

possess outstanding electronic and spectral properties. Size distribution, shape, and surface 
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defects dictate the spectroscopic properties of quantum dots [4]. The capacity to modulate 

physiologically significant interactions is more widespread and frequent among proteins 

that have been studied so far. 

Many of the approaches to experimentally evaluate the contributions of 

conformational dynamics in proteins were used to unravel the different binding modes of 

hMMP isozymes to cationic and anionic quantum dots. The multi-faceted and efficient use 

quantum dots in medical therapy, industrial processes, and as diagnostic tools [5-6] 

,·equires a means to induce and maintain functional conformations of peptides and proteins 

'.JU their surfaces. This study provides a detailed insight into the interactions of the MMP 

isozymes with differently charged QDs and contributes to the long term goal of possibly 

using QDs for detection of different stages of cancers. 

Analysis of the experimental data presented, leads to the following conclusions: 1) 

Differently charged QDs bind to hMMP-7, 9 and 10; 2) Enzyme activity of all three 

hMMPs gets perturbed on binding to the cationic and anionic QDs; 3) Binding of hMMPs 

to the differently charged QDs is reversible with the restoration of the catalytic activities; 

4) Binding of hMMP to CQD and AQD were mediated via electrostatics; and 5) Lifetime 

data indicate: [A]. The possibilities that the tryptophan residues of the MMP isozymes 

are in different micro-environments and as such the lifetime of each MMP decays with 

different lifetime values, and/or [B]. Each protein exists in two distinct conformations that 

exhibit different average lifetime decays. 

9.2. Impact 

Over the past few years sensitive, convenient, and precise-sensing methods have been 

343 



sought to serve as crucial tools for the detection of specific proteins. However, protein 

detection has been a challenging problem owing to the structural diversity and complexity 

of individual proteins. The most popular current technique for detection of proteins is 

ELISA [7]. Despite the high sensitivity of ELISA assays, the high cost of carrying out the 

test, antibody instability and a laborious quantification protocol are problematic [8]. A 

search for alternative procedures using NPs is being investigated. 

Equipped with the knowledge about the interactions between the different NPs (Au

NPs, QDs, and LNPs) studied here and the hMMP isozymes, this information may be 

applicable to the development of highly specific diagnostic and desensitization protocols 

for the MMPs because of their biomedical relevance. Future research should be to develop 

Au-NPs I QDs or LNPs based detection and desensitization methods, which will find 

applications in the isozyme specific detection of Matrix Metalloproteinases (MMPs) that 

are involved in tissue remodeling. The successful completion of this research will provide 

insights into developing nano-particle based, highly specific, and facile diagnostic as well 

as desensitizing tools for MMPs and other biomarker proteins. 

9.1.4. High throughput screening of small molecule inhibitors (SMI) with hMMP isozyrnes 

The ECM plays a critical role for maintaining structure and integrity of tissue types 

in vertebrates [9-10]. However, under many progressive pathological conditions [9, 11-15], 

the well maintained balance between the active forms of the MMPs and the synthesis of 

TIMPs gets disrupted leading to pathogenesis. Consequently, the main approach for the 

identification of synthetic, potent MMPis was design of substrate-based recognition 

peptide sequences [16]. The amino acid sequence at the cleavage site (both left hand side 
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and right hand side) was synthesized. Compounds in the first category were more potent 

inhibitors, and were used for the investigation of the pharmacological applications [9]. 

Research in this dissertation was to design isozyme selective small-molecule 

inhibitors for the hMMP isozymes. The rationale for designing the SMis was to discover a 

few potent inhibitors that might prove to exhibit isozyme preference. Preference was based 

on the micro-environment of the active site pockets. It was based on the deep specificity 

pocket of one MMP over those with a smaller pocket, or the type of additional hydrogen 

bonds formed by the different inhibitor compounds in different MMP isozymes. 

The following conclusions were drawn from the results presented: (1) DAPA 

Hydroxamate inhibitors are the most potent inhibitors of all the inhibitors assayed through 

the "high throughput screening' technique used in this study; (2) DAP A Carboxylate 

inhibitors are not as potent inhibitors as the DAP A Hydroxamate inhibitors; and (3) There 

are varied potency exhibited by all of the three hMMP isozymes to different categories of 

inhibitors screened. The few factors that seem to dictate the binding for each of the three 

hMMPs are (a) size of the inhibitor (especially the functional group associated), (b) The 

size of the hMMP active site pocket, (c) The hydrophobic or hydrophilic nature of the 

hMMP involved and the changes undergone by the inhibitor philicity in the solvent vicinity 

of the active site, and ( d) The additional hydrogen bonds formed between the side groups 

of the inhibitor and the enzyme ( amine groups in the backbone of the enzyme or the 

residues accessible in the active site pocket) determines the stability of the enzyme

inhibitor complex, and thereby the potency of the concerned inhibitor perturbing the 

enzyme activity of the hMMP isozymes. 
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9.3. Future Directions 

In the pursuit of finding potent inhibitor(s) for the MMP family or inhibitors with 

isozyme selectivity, the natural progression would be to carry out chemo-invasion assay 

[ 17] using the potential inhibitors identified here for the three hMMP isozymes. The 

chemo-invasion assay could be used to assess tumor and endothelial cell invasion and its 

modulation with those potential inhibitors. 

Many researchers have claimed that in angiogenesis, the endothelial cells start 

acting partially as the invasive tumor cells. They cross the BM with very high efficiency. 

The set of proteolytic enzymes, mainly MMPs and the uPa (see Introduction Section), 

involved in BM digestion needs to be further investigated. MMPs may be induced by 

oncogenes and inflammation indicates their central role in metastasis (see Introduction 

Section) and tumour progression through disruption of micro-environmental confinement. 

Hence, evaluation of cell migration and quantification to the chemotactic potential of the 

soluble mediators would be a very good step to study. 

In this manner, the quest to discover the "drug" that would selectively inhibit MMP 

isozymes in a pool of pathogenic proteins may be achieved. This might be a very small step 

towards solving the enigma and this tantalizing possibility currently remains a distant 

mirage. MMPs play a critical role for a variety of physiological and pathological processes 

and appear to be some of the most promising targets for new drugs to combat cancer and in 

inflammatory diseases. 
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APPENDIX A. SUB-CLONING OF HUMAN ANNEXIN V WITHOUT A HEXA
HISTIDINE TAG 

A.1. Introduction 

A.1.1. Literature review about annexin family 

The exploration of protein mediators of intracellular calcium signals has been 

instrumental in the identification of a number of soluble proteins, which help in binding 

proteins to phospholipid membranes in a calcium dependent manner [l ]. Initially, these 

proteins (e.g. synexin, calelectrins, chromobindins, calpactins, calcimedins, endonexins, 

and lipocortins) were named for their sources or in vitro properties. The term annexin [2] is 

now used [3] to classify this group of proteins. Chemical properties and protein sequences 

differentiate the annexin family from the protein kinase C, calmodulin (EF hand), and 

phospholipase A2 families of calcium-binding proteins that play a significant role in signal 

transduction. 

A.1.2. Crystal structure of Annexins 

Human annexin V was the first annexin to be characterized by its three-dimensional 

structure [ 4]. The molecular structures of human [ 5-7], chicken [8], and rat annex in V [9] 

have been solved in various crystal forms. Crystal structures have been determined for 

human annexin III [10], human annexin VI [11], annexin XII from Hydra vulgaris [12]. 

Also, the structures of N-terminally truncated forms of human annexin I [13], human 

annexin II [14], and annexin VII from Dictyostelium discoideum [15] have been 

determined. As expected from the high primary sequence homology, all annexin structures 

reveal the same protein topology (Figure A. I). Circular dichroism studies have shown most 

annexins to be almost entirely a-helical [16-17]. The polypeptide chain is folded into four 
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compact domains of similar structure (labelled from I to IV) corresponding to the four 

homologous amino-acid repeats, one exception is annexin VI. Each domain consists of five 

a-helices (labeled from A to E) wound into less than two turns of a right-handed super 

helix. Four helices are oriented approximately anti-parallel to each other while the fifth 

helix lies almost perpendicular to these. The connector between domains I and II is 

extended while domains I and II, and III and IV, respectively, are connected by short inter 

, rlical turns. 

The four domains are arranged in a planar cyclic array. The molecules have a 

slightly curved, but overall flat shape, with a concave and a convex side. The N- and C

termini are placed on the concave side whereas all calcium ions defined in the various 

crystal structures are located on the convex face. The domains II and III, and I and IV 

generate two modules with approximately two-fold dyad symmetry due to tight contacts 

mediated by hydrophobic residues and thereby generating a channel. Well-ordered water 

molecules are buried in the structure, which is located predominantly within this channel. 

The pore has been identified as the calcium-selective ion conduction pathway by single 

channel measurements on annexin V [18-20]. Ion channel activity has also been reported 

for annexins I, II, VI and VU [21-23]. 

A.1.3. Role of metal ions in the stability and function of Annexins 

Metal ions were found to be well defined in the molecular structures when annexins 

were crystallized at millimolar calcium concentrations. Hexagonal crystal forms of the 

human annexin V are exceptions where the calcium-binding sites are not well ordered [24]. 

Binding to phospholipids is dependent on calcium and is rapidly reversed by addition of the 
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calcium (Ca2+)chelators such as EDTA [25-29]. A hydrogen bond with the phospholipids is 

formed when the Ca2+ bound Gly28 securely anchors the membrane bound lipid to the 

metal bound loop [30]. Thus, Ca2+ along with the protein and PS membrane act to stabilize 

and promote protein-membrane association and protein-protein interaction in a synergetic 

manner [26, 31]. 

e ca++ 

repeat 1 

repeat 2 

repeat 3 

Figure A. I. The molecular structure of Annexin Al. It shows the ribbon representation of 
the three-dimensional fold of the Ca backbone of annexin Al in the presence (left) or 
absence (right) of Ca2+ ions. In the X-ray structure the Ca2+-bound annexin Al is shown 
which has integrated into 3 of the folded core domains in the Ca2+ free protein ( depicted in 
yellow in the right handed structure). This figure has been adapted from Ref 32. 

A.1.4. Biological significance of Annexins 

It is known that self-assembly of macro-molecules play a vital role in many 

biological processes [32]. Annexin A5 can self-organize into two-dimensional crystals 

adsorbed on a planar lipid surface or can form a two-dimensional array junction between 

lipid membranes. Annexins also play a major role in tumor development and progression, 
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and are involved in cell motility, tumor invasion, cell signaling pathways, metastasis, 

apoptosis, drug resistance, and angiogenesis. Annexins display tumor specific patterns of 

expression and symbolize prognostic biomarkers and potential diagnostics [33-34]. 

Annexins, expressed in most eukaryotic cell types, are closely related to membrane and 

calcium binding proteins. Annexins, despite their biochemical and structural similarities, 

have varied functions in normal cellular activities that including cell division, vesicle 

trafficking, apoptosis, growth regulation, and calcium signaling. There is sufficient 

evidence that suggests that changes in annexin expression levels or localization may 

contribute to many diseases and have pathological consequences [35-36]. Annexins thus 

have an indirect link to serious human disease classes that include cancer. 

A.1.5. Relation of Annexins with Matrix Metalloproteinases 

A recent study (Figure A.2) on annexin II (Anx II) has revealed that Matrilysin 

(matrix metalloprotease-7) cleaves membrane-bound annexin II and enhances binding of 

tissue-type plasminogen activator (tPA) to cancer cell surfaces [37]. Specific cleavage of 

annexin II by MMP-7 enhances the binding of tPA to cancer cell surfaces leading to 

activation of tPA-mediated pericellular proteolytic cascade on cancer cells. Moreover, Anx 

II has also been reported to play an important role in the patho-physiological action of 

macrophages during inflammatory processes [38]. Annexin XII (ANXII) plays an 

important role in mediating the action of estrogen and on the expression level of MMP-9. 

A.1.6. Application of Annexins in biotechnology and biomedical therapeutics 

Three dimensional structures of annexins [39], comprised of the protein core and a 

short N-terminal domain (annexins III, IV, V, VI and XII) or a form lacking the terminal. 
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Figure A.2. The mechanism for E2-stimulated MMP production in macrophages. E2 
increases MMP by increasing expression of ANXII, which inturn promotes the interaction 
of tPa and plasminogen leading to plasmin activation and conversion of pro-MMP to active 
MMP. Signaling of MMP leads to activation of rac and rho which in turn activate Src and 
pro-MMP. Statins inhibit the association of ANXII as well as translocation of rac and rho. 
This figure has been adapted from Ref 38. 

Most of the known biological functions of annex in V (Anx V) can be attributed to 

its high affinity for negatively charged POPS phospholipids in the presence of 

physiological concentrations of calcium [ 40). This feature has been exploited and Anx V is 

used to detect apoptosis conditions as the apoptotic cells rupture and the PS moieties 

become accessible to Annexin labeled with FITC. 

A. 1.7. Purification and implication of this work 

Annexins generally are prepared by using a single-step anion exchange chromato-
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graphy procedure [38]. The disadvantage in this method is that some portion of annexin V 

gets deleted and only the prominent domain, which has high affinity for the PS membrane, 

is included. The protein is purified with the help of either POPS-rich liposomes or beads 

[ 41]. Rapid expression and purification systems for recombinant proteins are well 

established and in many cases provide better and quicker isolation procedures and yield of 

specific proteins. The hexa-Histidine tag (His tag) is commonly used for making insoluble 

proteins express well in soluble fractions. Addition of a poly-histidine tag to Annexin V ( or 

any protein), should provide a simple means of isolating proteins from other contaminating 

bacterial proteins using a single-step purification procedure. The size of the hexa-His tag 

(19.2 kDa) is smaller than other commonly used tags like Glutathione S Transferase (27.8 

KDa) or Maltose-Binding Protein (44.9 KDa). Thus, this small tag should not interfere with 

the function Anx V to bind to POPS. 

The cDNA encoding mature anx V has been isolated using a R T-PCR method on 

total RNAs from fresh human placenta [ 42]. The anx V cDNA was cloned into expression 

plasmid pET24a (+) under the T7 promoter and then transformed into E.coli BL21(DE3) 

[42] containing a His-tag at the N terminus. In another study, Sun et. al [43] cloned human 

annexin V cDNA into plasmid pET 19b fused to a histidine tag with ten consecutive 

residues at the N-terminus. When expressed in E. coli BL21 (DE3) cells, the recombinant 

Hisl0-annexin V accumulated in a soluble form in the cytoplasm and was purified using 

metal chelate affinity chromatography and anion-exchange chromatography. However, the 

presence of the His-tag lead to artifactual results in metal dependent experiments [44]. 

Thus use recombinant human annexin V for biophysical studies with MMPs [37-38], there 
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is a need to clone and over-express the recombinant human annexin V without a His tag. 

A.2. Materials 

Plasmid pOTB7 containing the full-length cDNA clone of human Annexin V 

(ATCC #: 2261) was purchased from Open Biosystems (Huntsville, AL-Catalog #: 

MHSI0ll-59192). Bam HI and Nco I restriction endonucleases, and T4 DNA ligase 

(Catalog#: Ml801) were purchased from Promega (Madison, USA). Miniprep, Maxiprep 

and Qiaquick® purification kits were purchased from Qiagen (Valencia, CA). Primers were 

designed and the sequences were checked for hair-pin loop formation and secondary 

structure formation before having them custom synthesized at Integrated DNA 

technologies (IDT, San Diego, California). Recombinant Pfu DNA polymerase and DH5a 

E. coli competent cells were purchased from Stratagene (La Jolla, CA). Agarose 

((Molecular Biology grade) was purchased from Bio-Rad (Hercules, CA). The plasmid 

pET3d was purchased from Novagen (Catalog # 69421-3). O'GeneRuler™ lKb DNA 

ladder Plus (catalog# SM1343) was purchased from Fermentas, Inc (Maryland). All other 

chemicals were of reagent grade, and were used without further purification. 

A.3. Methods 

A.3.1.Colony cracking technique 

5 ml of overnight cultures of the colonies of interest was grown. A 1 ml aliquot of 

each overnight grown culture was placed in a 1.5 ml microfuge tube and the remaining 

cultures were refrigerated. The culture in the microfuge tube was centrifuged at 15,000 

r.p.m. a Sorvall SS34 fixed angle rotor for 1 minute. The supernatant was removed. 50 µl 

of IX lysis buffer (See below for the composition) was added to the cell pellet and 
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vortexed to completely resuspend the cells. The resuspended solution was boiled for 90 

seconds at 100°C and centrifuged at 15,000 r.p.m. using a Sorvall SS34 fixed angle rotor 

for 10 minutes. 15 µl of the cleared supernatant was aliquoted in a new 1.5 ml microfuge 

tube. Restriction digests were setup of the sample at the 37°C temperature. After the digest, 

lhe samples were analyzed by agarose-gel electrophoresis. Plasmid-positive candidates 

were obtained from the refrigerated culture. 

/\ _3c2. Preparation of the lysis buffer 

The 10 ml of IX lysis solution consists of 100 µl from IM Tris-HCI (pH 8.0), 200 

µl from 0.5 M EDT A (pH 8.0), 1.5 g sucrose, 20 mg lysozyme, 200 µl from 10 mg/ml 

RNAase A, 100 µl from 10 mg/ml BSA and 9.4 ml ddH2O. 

A.4. Results and Discussion 

To evoke new biophysical studies with MMP isozymes m presence of high 

concentrations of metal ions, human Annexin V was cloned without a His tag. Figure 

A.3.A shows the plasmid map of pOTB7 vector. This is a mammalian non-expression 

vector that was used as a vehicle to transport the human Annexin V (hAnx V) gene. Figure 

A.3.B shows the sequence of the insert in pOTB7. The sequence matches with the existing 

sequence of hAnx V available in NCBI (Accession #: BC001429.2). This is the cDNA 

clone sequence: MGC: 2261. The sequence was carefully matched with the known 

sequence of hAnx V. The cDNA of hAnx V was in a glycerol stock, so to use it further in 

the subsequent experiment, the glycerol stock was streaked on an Agar plate containing 

chloramphenicol (50 µg/ml). The plate was incubated overnight and colonies were 

observed the next day. The plasmid DNA was isolated from a single colony using a 
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QIAquick® plasmid isolation kit. Samples (5 µl) of the plasmid DNA were either treated 

with restriction endonucleases EcoRI and Hpa I or untreated and separated by agarose-gel 

electrophoresis. It was concluded that the plasmid pOTB7 containing the full length clone 

of the coding sequence (CDS) of human Annexin V and was ready for further use. 

The positive plasmid obtained from the above treatment was transformed into 

DH5a competent cells and plated on LB-Amp (I 00 µg/ml) plates. After overnight 

incubation at 37°C, Amp resistant colonies were observed. After the overnight incubation, 

Figure A.5 shows several Amp R colonies and they were selected for further use and 

plasmid DNA was purified from cells grown from these colonies using the Plasmid 

Isolation kit from Qiagen. The purified plasmids from the clonies were stored at -20°C. 

CM(R 

pOTB7 
1 5 bp 

MCS 

ORI 

82 
---l!IP;ffl(219! 

'"7prol'IOb' (100.0'!1, 

!!Jl"lt3J0) 
- Ptfl (3511) 

5"111 (381) 

Figure A.3.A. Plasmid map ofpOTB7 vector showing the restriction sites. The hAnx V 
sent by Open Biosystem was incorporated between the Eco RI and Xho I. 

356 



Figure A.3.B shows the human annexin A5, (cDNA clone MGC: 2261 ), complete CDS. 

The bases corresponding from 71 to 1033 bases constitutes of the CDS sequence of the 

human Annexin V clone [45] . 

UlUGl.N 

1 ggcgcgctaa gcccgaggtt tct tctcttt tgcagtcctg cttcaccttc ccctgacctg 
61 agtagtcgcc atggcacagg ttctcagagg cactgtgact gacttccctg gatttgatga 

121 gcgggctgat gcagaaactc ttcggaaggc tatgaaaggc ttgggcacag atgaggagag 

181 catcctgact ctgttgacat cccgaagtaa tgctcagcgc caggaaatct ctgcagcttt 

241 taagactctg tttggcaggg atcttctgga tgacctgaaa tcagaactaa ctggaaaatt 

301 tgaaaaatta attgtggctc tgatgaaacc ctctcqgctt tatgatgctt atgaactgaa 

361 acatgccttg aagggagctg gaacaaatga aaaagtactg acagaaatta ttgcttcaag 

421 gacacctgaa gaactgagag ccatcaaaca agtttatgaa gaagaatatg gctcaagcct 

481 ggaagatgac gtggtggggg acacttcagg gtactaccag cggatgttgg tggttctcct 

541 tcaggctaac agagaccctg atgctggaat tgatgaagct caagttgaac aagatgctca 

601 ggctttattt caggctggag aacttaaatg ggggacagat gaagaaaagt ttatcaccat 

661 ctttggaaca cgaagtgtgt ctcatttgaq aaaggtgttt gacaagtaca tgactatatc 

721 aggatttcaa attgaggaaa ccattgaccg c:gagacttct ggcaatttag agcaactact 

781 ccttgctgtt gtgaaatcta ttcgaagtat acctgcctac cttgcagaga ccctctatta 

841 tgctatgaag ggagctggga cagatgatca taccctcatc agagtcatgg tttccaggag 

901 tgagattgat ctgtttaaca tcaggaagga gtttaggaag aattttgcca cctctcttta 

961 ttccatgatt aagggagata catctgggga ctataagaaa gctcttctgc tgctctgtgg 

1021 agaagatgac taacgtgtca cggggaagag ctccctgctg tgtgcctgca ccaccccact 

1081 gccttccttc agcacctt ta gctgcatttg tatgccagtg cttaacacat tgccttattc 
1141 atactagcat gctcatgacc aacacataca cgtcatagaa gaaaatagtg gtgcttcttt 

1201 ctgatctcta gtggagatct ctttgactgc tgtagtacta aagtgtactt aatgttacta 

1261 agtttaatgc ctggccattt tccatttata tatatttttt aagaggctag agtgctttta 

1321 gcctttttta aaaactccat ttatattaca tttgtaacca tgatacttta atcagaagct 

1381 tagccttgaa attgtgaact ct tggaaatg ttattagtga agttcgcaac t aaactaaac 
1441 ct gtaaaatt atgatgattg tattcaaaag attaatgaaa aataaacatt tctgtccccc 

1501 tgaaaaaaaa aaaaaaaaaa aaaaaaaaa 

Figure A.3 .B. The sequence of the insert that has been sent incorporated in plasmid map of 
p0TB7 vector within the restriction sites of Eco RI and Xho I. The nucleotides from 71 to 
1033 correspond to the CDS sequence. It has been indicated in red. 

357 



Figure A.4 shows the pET3d vector map of the plasmid to which the ORF (bases 

71-1033 of hAnx V) would be inserted. The pET3d vector contains an N-terminal T7-Tag 

sequence and 8am HJ cloning site. The cloning / expression region of the coding strand 

transcribed by T7 RNA polymerase has been shown in the Figure A.4. There are two major 

reasons as to why pET3d was chosen to be the vector into which hAnx V clone was to be 

inserted. Firstly, there has been literature reports [ 46-47] stating that the rat Annex in V was 

expressed in pET3d [52] . Secondly, the plasmid contains a T7 promoter and cloning sites 

to put the insert DNA in the proper reading frame for expression. 

ORF 2(3569, 4429)~• 
Ampicilh,,(3569, 4429) 
AmpF'. ro( 471,449J J __ , , 

AaUI(456~l 
EcoRI(4635) ~ 

Clol(24) 
Hindlll(29) 

Pvull(2340) 

T7_tum(379, 507) 
let(w/ gap,)(86, 1550) 

T 7_Termmal__pri(447, 465) 
T , 10_ ~ , 11 ··} • _i➔ I 

T7 _leade,(517, 549) 
T7 _tr.,,.l_en_RBS(557, 573) 

T7 __pro( 610, 628) 
;,BP~• -E...nsJ'lll 1 :! '3 I 

ORF 3(765, 1550) 

pEr-3d 

4.6 kb 

BamHJ(510) 
Nco1(546) 
Xbol(585) 
Bglll(643) 

Sall(925) 

Msc!(l720) 

Eagl(l213) 
Nrul(l248) 

Figure A.4. Plasmid map of pET3d showing the backbone and the restriction sites. The 
restriction sites for the insertion of the gene of interest are Barn HJ and Nco / . 
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Figure A.5.A shows the overview of the transformed pET3d colonies on LB-Amp 

plates grown overnight at 3 7°C, and a closer view of the colonies has also been shown in 

Figure A.5.B and C. The pET3d vector was treated with restriction endonucleases Barn HI 

and Nco I. Samples were loaded onto 1 % agarose gel and electrophoresed. The pET3d 

plasmid was transformed into DH5a chemically competent cells, plated, incubated for 

overnight at 3 7°C, and Amp resistant colonies were obtained. The plasmid was isolated 

from AmpR using the Maxi Plasmid Isolation kit. Taking about 2 µl of the DNA from the 

Maxi preparation stock, a restriction digest was setup. The restriction enzymes used were 

Barn HI and Nco I. The result verified the correct size of the DNA fragment for pET3d. 

Restriction fragments were separated on an agarose gel by electrophoresis. Staining of the 

gel with Ethidium Bromide and observation under UV light showed a 4.6 Kb band, 

indicating expected size of the plasmid DNA fragment. 

At this point, purification of the vector from the gel was required in order to make 

the selection of the vector alone without the small fragment (0.036Kb) between Barn HI 

and Nco I site. DNA fragments purified with the QIAquick system would be ready for 

direct use in all applications, including sequencing, ligation and transformation, restriction 

digestion, labeling, microinjection, PCR and in vitro transcription. Figure A.6 shows the 

results of agarose gel used to separate the vector DNA after gel purification. Before storing 

the purified plasmid (pET3d) at -20°C, the absorbance at A260, using Molecular Devices 

SpectraMax® Plus microplate reader or a quartz cuvette (1-cm path length), was measured. 

The excitation spectra measured was represented after subtraction of the buffer background 

( ddH20 was used as blank) and the difference data was converted in Absorbance units. 

359 



Figure A.5.A. Ampicillin containing plates with colonies ofpET3d vector in DH5a. B. The 
distant view of the colonies of pET3d vector in DH5a. C. The closer view of the colonies 
of pET3d vector in DHSa. 
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Figure A.6. Agarose gel showing the vector after gel purification. L to R: Lane I: DNA 
ladder, Lane 4: pET3d vector after cut by Barn HI and Nco I, Lane 5: pET3d vector after 
cut by Barn HI/ Nco I (Duplicate), Lane 6: Uncut pET3d vector. 

The positive plasmid DNA of hAnx V was transformed into DH5a competent cells 

and the plasmid was isolated. The nucleotide fragment from the residue Met 1 to Asp 320 

amino acids (71 to 1033 bases) was amplified by the hot start PCR method [ 48] using the 

above plasmid as the DNA template and synthesized primers. The bases corresponding 

from 7 5 to 95 for the forward primer and bases corresponding from 103 3 to 1011 for the 

reverse primer [43] were chosen for the primer designs. The Forward and Reverse primers 

were obtained from IDT (Integrated data Technologies). The Forward Primer (Reference#: 

47723739) and the Reverse Primer (Reference#: 47723740) were used. Figure A.7 shows 

the forward and the reverse primers designed for the PCR reaction. 
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Annexi:n V Forward mimer: 

®-5' TGCATTCCATGGCACAGGTTCTCAGAGGCACTG 3' OH 

Almexin V Reverse urimer: 

®-5' TGCATTGGATCCTTAGTCATCTTCTCCACAGAGCAGCAGAAGAGC 3' OH 

Figure A.7. Forward and reverse pimers designed for the sub-cloning ofhAnx V. 

While designing forward and reverse primers, various aspects playing a major role 

in the success of the amplification of the correct PCR product were considered. These 

primers are designed to have a sequence corresponding to the reverse complement of a 

region of template or target DNA to which the primer would anneal. When designing 

primers for PCR, it is often necessary to make predictions regarding the melting 

temperature (Tm) and propensity to form dimers with self or other primers in the 

reaction. The IDT DNA (Select Oligo analyzer) program was used to perform these 

calculations on both the primer sequences. The forward primer is 33 bases in length, while 

the reverse primer has 45 bases. The reverse primer is a little long as compared to the 

norms of primer design. This was due to the need to obtain a balance between a length of 

the primer and a match with the Tm values between the two primers. Both the primers 

ended with 3'G or C, or GC: this prevents "breathing" of ends and increases the efficiency 

of priming. Tm for both the primers was comparable (67-68°C). The Tm for both the 

primers were calculated using the Wu et al. [ 48] equation; this is an empirically derived 

equation, based on primer length and GC content, to determine optimal oligonucleotide 

annealing temperatures. 
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In designing these two primers care has been taken to incorporate the restriction 

sites for (Barn HI and Nco I) at the correct ends. Nco I (CCATGG) is incorporated at the 5' 

end of forward primer while Barn HI (GGATCC) in the reverse primer. This was done to 

obtain the PCR product in alignment with the reading frame of the vector (pET3d-Figure 

A.4). For better primer-template hybridization during annealing, random 6 bases 

(TGCA TT) have been added in both the primers at the 5 'end. The use of random extra 

bases is used in conditions where information, e.g. a motif binding site, restriction 

endonuclease site or GC clamp, is attached to 5' end. Such extensions do not generally alter 

annealing to the sequence specific portion of the primer [ 48-49]. 

After the PCR product was obtained (Figure A.8), the product was first analyzed by 

agarose-gel electrophoresis. The PCR fragment corresponded to 0.96 Kb in size when 

compared to the ladder. The PCR product was purified using Omega Product Purification 

Kit (Cat #: D6493-00). The absorbance at A260 was measured to estimate the amount of 

DNA present in the purified product (Figure A.9). The restriction enzyme (Barn HI and 

Nco I) treatment and subsequently agarose-gel electrophoresis established the presence of 

the correct purified PCR product. 

Both the vector (gel purified pET3d) and the insert (purified PCR product) were 

ready to be used for the ligation procedure. Individual restriction reactions, in two separate 

eppendorf tubes ( one for the vector and another one for the insert), were setup. The vector 

and the insert were treated with both Barn HI and Nco I. The vector and the insert after the 

double restriction enzyme digestion were used for the Ligation experiment. 
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Figure A.8. Agarose gel showing the PCR amplified CDS of hAnx V. L to R: Lane 1: The 
DNA Ladder, Lane 3: The PCR amplified product, Lane 4: The PCR amplified product 
(duplicate). 
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Figure A.9. Agarose gel showing the PCR amplified product of amplified CDS of hAnx V 
after purification. L to R: Lane 1: DNA ladder, Lane 2: PCR product after purification. 
Lane 3: PCR product after purification (duplicate). 

The amount of vector and insert used in the ligation experiment were calculated 

according to the following calculation. 

ng of vector * Kb size of the Insert molar ratio oflnsert ·······(A 1) 
ng of Insert * 

Kb size of the vector 
molar ratio of vector 

The molar ratio of vector to insert DNA with varying concentrations ( 1: 1, 1 :3 or 3: 1) was 

used while cloning the fragment into the plasmid vector. Different ratios of the vector and 

insert were used to setup five different experiments. The eppendorf tubes were incubated 

for 16 hours at l 5°C inside the Thermocycler. The ligated reaction mixture was used in the 
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transformation process along with the DH5a competent cells. After incubation overnight 

at 37°C, colonies in the agar plate containing Ampicillin were observed. However, just to 

pursue the matter more extensively and prevent missing out any positive clones, all the 

colonies (53 colonies) obtained in the two agar test plates were hand picked. 5 ml started 

culture of LB broth containing Ampicillin as the antibiotic was grown for 10-12 hours at 

37°C with constant stirring at 250 r.p.m. in a shaker. After the primary culture looked 

turbid, cells were centrifuged down (8,000 r.p.m using a Sorvall SLA 1500 fixed angle 

rotor) to form a pellet at the bottom of the centrifuge tube. The pellets were processed to 

obtain the plasmid using a technique known as "Colony Cracking Technique" (see the 

Methods Section). For future references, master plates were prepared of all the 53 colonies. 

It is essential to use a technique that allows simultaneous rapid screening of a large 

number of potential positive clones without requiring DNA amplification or using 

expensive restriction enzymes. A technique that fulfils these criteria is known as "Colony 

Cracking". This technique is a very fast yet a very crude procedure [50] to determine the 

positive clones. Figure A. l 0 shows the agarose gel of all the 53 clones double treated with 

the two restriction enzymes. It is very evident from the gel that Clone # 2 (Figure A. l 0.A), 

Clone # 21 and Clone # 36 (Figure A. l 0.B) seemed to be the positive clones. The plasmids 

extracted from the Colony Cracking technique were treated with Barn HI and Nco I, later 

agarose-gel electrophoresis confirmed the positive clones for hAnx V from the 53 clones. 

Figure A.11 shows the photos of Master Plates: [A]. Master Plate-I [BJ. Master Plate-2 and 

[C]. Control Plate. The 53 colonies obtained after plating the ligation reaction mixture in 

the LB-Amp plate were hand picked and streaked in the master plate-1 and master plate-2. 
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[A]. Gell 

[B]. Gel 2 

Figure A. IO.A. Agarose gel showing the positive clones using Colony Cracking procedure 
from Gel 1. B. Agarose gel showing the positive clones using Colony Cracking procedure 
from Gel 2. In both the Gels the square boxes indicate the bands of the vector and insert of 
the positive clones. 
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Here, the numbering in the plate has been done as the indication goes from Left to 

right (L to R) in Plate-I and Plate-2. Figure A.11.C shows the control plate. No colonies 

were observed indicating that there is no contamination in the plates used (negative 

control). The positive clones were also used to provide starter cultures in 5ml tubes. These 

were grown for 8-10 hours at 37°C (Figure A.11.D) and the plasmid was isolated from the 

three positive clones (Figure A. IO.A and B). Again restriction digest was setup (Barn HI 

and Nco I). Figure A.12. C shows the agarose-gel electrophoresis with Barn HI and Nco I 

cut in hAnx V cloned in pET3d vector. The figure shown here is that of Colony# 2 (as one 

of the positive clones) but a similar treatment was done to colony # 21. Figure A.12.A 

shows the vector map of the pET3d vector alone using Serial Cloner software. Figure 

A.12.B shows the vector map of the linear insert of hAnx V constructed using Serial 

Cloner. Figure A.12 A and B corroborates with the experimental result obtained in Figure 

A.12.C. 

The sequencmg results were analyzed usmg Clustal W2 [51J for sequence 

alignment. In conjunction with results from Figure A.I I and A.12, Colony# 2 and 21 were 

sent for sequencing from the McLab (San Francisco, CA). Different samples of the same 

positive clones were anayzed: Colony # 2 was picked up and two separate plasmid 

preparations were done and were named as P2-1, P2-2. Similarly, Colony # 21 was picked 

up and two separate plasmid preparations were done and were named as P21-1, P21-2. All 

8 samples were used to sequence with the forward and the reverse primers. Using Clustal 

W2 software, the alignment of the sequences and comparison with the Reference sequence 

(NM_OOI 154) were noted. The% identity between the reference sequence and the existing 
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sequence of hAnx V available in NCBI were compared (Accession#: BC001429.2). There 

was 100% sequence identity between the two known sequences (NM_ 001154 and 

BC001429.2). 

The 8 sample sequences are aligned together in a single multiple alignment, so that 

the forward primer sequence and the reverse-complement sequence determined from the 

reverse primer are both aligned with the same starting sequence. This was done to facilitate 

the easy observation and comparison of these aligned sequences, which would determine 

the consensus sequence. The sequence homology amongst these 8 sample sequences with 

the reference sequence varied between 94 to 99%. The single sequence alignment of one of 

the best matched sequences (99% identity match with the Reference sequence) with the 

reference sequence of hAnx Vis shown in Figure A.13. While detecting the bases during 

sequencing, due to the proximity of the forward and reverse primers, no signal for the 

initial and last few bases was reliably detected. This led to the occurrence of less number of 

bases (846 bases) than the actual 963 bases. For obtaining sequences near the 5' and 3' 

ends, the Universal Forward and Universal Reverse primers should have been used. 

Figure A.14 shows the consensus sequence obtained. The resultant sequence has 

846 nocleotides (Reference Sequence has 963 nucleotides). Figure A.15 shows the protein 

sequence from the consensus Sequence (Figure A.14). The translated protein had 282 

amino acids (Reference hAnx V protein has 320 amino acids) and matched the sequence of 

amino acids in the reference protein. 
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Figure A.11. Photos of Master Plates: A. Master Plate [l] B. Master Plate [2] C. Control 
Plate. D. The ampicillin containing agar plate with the colony picked up from Master plate 
1 (Colony # 2) was transformed in fresh DH5a cells. The spread of isolated colonies are 
being observed of the positive clone (Colony# 2). 
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Vector 

Insert 

Figure A.12. Agarose gel showing the Barn HI and Nco I cut in hAnx V cloned in pET3d 
vector. A. The vector map of the pET3d vector alone using Serial Cloner. B. The vector 
map of the linear insert that should be ligated to pET3d vector using Serial Cloner. C. The 
Agarose gel showing the bands of the vector and the insert after treatment with double 
digest of Barn HI and Nco I restriction enzymes. The DNA shown in the figure is from 
Colony# 2 but similar treatment was done to colony# 21. L to R: Lane 1: DNA Ladder, 
Lane 2: pET3d vector and the hAnx V Insert after Barn HI and Nco I treatment. 
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CLUSTAL 2. 0. 12 multipl e sequence alignment 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

Ref 

ATGGCACAGGTTCTCAGAGGCACTGTGACTGACTTCCCTGGATTTGATGAGCGGGCTGAT 60 

GCAGAAACTCTTCGGAAGGCTATGAAAGGCTTGGGCACAGATGAGGAGAGCATCCTGACT 120 
--------------------TATGAAAGGCTTGGGCACAGATGAGGAGAGCATCCTGACT 40 

**************************************** 

CTGTTGACATCCCGAAGTAATGCTCAGCGCCAGGAAATCTCTGCAGCTTTTAAGACTCTG 180 
CTGTTGACATCCCGAAGTAATGCTCAGCGCCAGGAAATCTCTGCAGCTTTTAAGACTCTG 100 
************************************************************ 

TTTGGCAGGGATCTTCTGGATGACCTGAAATCAGAACTAACTGGAAAATTTGAAAAATTA 240 
TTTGGCAGGGATCTTCTGGATGACCTGAAATCAGAACTAACTGGAAAATTTGAAAAATTA 159 
************************************************************ 

ATTGTGGCTCTGATGAAACCCTCTCGGCTTTATGATGCTTATGAACTGAAACATGCCTTG 300 
ATTGTGGCTCTGATGAAACCCTCTCGGCTTTATGATGCTTATGAACTGAAACATGCCTTG 219 
************************************************************ 

AAGGGAGCTGGAACAAATGAAAAAGTACTGACAGAAATTATTGCTTCAAGGACACCTGAA 360 
AAGGGAGCTGGAACAAATGAAAAAGTACTGACAGAAATTATTGCTTCAAGGACACCTGAA 279 
************************************************************ 

GAACTGAGAGCCATCAAACAAGTTTATGAAGAAGAATATGGCTCAAGCCTGGAAGATGAC 420 
GAACTGAGAGCCATCAAACAAGTTTATGAAGAAGAATATGGCTCAAGCCTGGAAGATGAC 339 
************************************************************ 

GTGGTGGGGGACACTTCAGGGTACTACCAGCGGATGTTGGTGGTTCTCCTTCAGGCTAAC 480 
GTGGTGGGGGACACTTCAGGGTACTACCAGCGGATGTTGGTGGTTCTCCTTCAGGCTAAC 399 
************************************************************ 

AGAGACCCTGATGCTGGAATTGATGAAGCTCAAGTTGAACAAGATGCTCAGGCTTTATTT 540 
AGAGACCCTGATGCTGGAATTGATGAAGCTCAAGTTGAACAAGATGCTCAGGCTTTATTT 459 
************************************************************ 

CAGGCTGGAGAACTTAAATGGGGGACAGATGAAGAAAAGTTTATCACCATCTTTGGAACA 600 
CAGGCTGGAGAACTTAAATGGGGGACAGATGAAGAAAAGTTTATCACCATCTTTGGAACA 519 
************************************************************ 

CGAAGTGTGTCTCATTTGAGAAAGGTGTTTGACAAGTACATGACTATATCAGGATTTCAA 660 
CGAAGTGTGTCTCATTTGAGAAAGGTGTTTGACAAGTACATGACTATATCAGGATTTCAA 579 
************************************************************ 

ATTGAGGAAACCATTGACCGCGAGACTTCTGGCAATTTAGAGCAACTACTCCTTGCTGTT 720 
ATTGAGGAAACCATTGACCGCGAGACTTCTGGCAATTTAGAGCAACTACTCCTTGCTGTT 639 
************************************************************ 

GTGAAATCTATTCGAAGTATACCTGCCTACCTTGCAGAGACCCTCTATTATGCTATGAAG 780 
GTGAAATCTATTCGAAGTATACCTGCCTACCTTGCAGAGACCCTCTATTATGCTATGAAG 699 
************************************************************ 

GGAGCTGGGACAGATGATCATACCCTCATCAGAGTCATGGTTTCCAGGAGTGAGATTGAT 840 
GGAGCTGGGACAGATGATCATACCCTCATCAGAGTCATGGTTTCCAGGAGTGAGATTGAT 759 
************************************************************ 

CTGTTTAACATCAGGAAGGAGTTTAGGAAGAATTTTGCCACCTCTCTTTATTCCATGATT 900 
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RP21-2 

Ref 
RP21-2 

Ref 
RP21-2 

CTGTTTAACATCAGGAAGAG-- TTAGGAAGAATTTTGCCACCTCTCTTTATTCCATGATT 817 
****************** ************************************** 

AAGGGAGATACATCTGGGGACTATAAGAAAGCTCTTCTGCTGCTCTGTGGAGAAGATGAC 960 
AAGGGAGATAC--CTGGGTA---------------------------------------- 835 
*********** ***** * 

TAA 963 

Figure A.13. The sample (RF 21-1) sequence aligned with the Reference sequence. The 
reverse-complement sequence determined from the reverse primer has been aligned with 
the same starting sequence. The blue color represents the reference sequence; green color 
represents the sample sequence. The red colored star represents the homology amongst the 
sequences. 

TTTGATGA GCGGGCTGAT GCAGAAACTC TTCGGAAGGC TATGAAAGGC TTGGGCACAG 

ATGAGGAGAG CATCCTGACT CTGTTGACAT CCCGAAGTAA TGCTCAGCGC CAGGAAATCT 

CTGCAGCTTT TAAGACTCTG TTTGGCAGGG ATCTTCTGGA TGACCTGAAA TCAGAACTAA 

CTGGAAAA!l'T TGAAAAATTA ATTGTGGCTC TGATGAAACC CTCTCGGCTT TATGATGCTT 

ATGAACTGAA ACATGCCTTG AAGGGAGCTG GAACAAATGA AAAAGTACTG ACAGAAATTA 

TTGCTTCAAG GACACCTGAA GAACTGAGAG CCATCAAACA AGTTTATGAA GAAGAATATG 

GCTCAAGCCT GGAAGATGAC GTGGTGGGGG ACACTTCAGG GTACTACCAG CGGATGTTGG 

TGGTTCTCCT TCAGGCTAAC AGAGACCCTG ATGCTGGAAT TGATGAAGCT CAAGTTGAAC 

AAGATGCTCA GGCTTTATTT CAGGCTGGAG AACTTAAATG GGGGACAGAT GAAGAAAAGT 

TTATCACCAT CTTTGGAACA CGAAGTGTGT CTCATTTGAG AAAGGTGTTT GACAAGTACA 

TGACTATATC AGGATTTCAA ATTGAGGAAA CCATTGACCG CGAGACTTCT GGCAATTTAG 

AGCAACTACT CCTTGCTGTT GTGAAATCTA TTCGAAGTAT ACCTGCCTAC CTTGCAGAGA 

CCCTCTATTA TGCTATGAAG GGAGCTGGGA CAGATGATCA TACCCTCATC AGAGTCATGG 

TTTCCAGGAG TGAGATTGAT CTGTTTAACA TCAGGAAGGA GTTTAGGAAG AATTTTGCCA 

CCTCTCTT 

Figure A.14. The Consensus sequence from the single multiple alignments. The sequence 
has 846 nucleotides. 

FDER.\DAETLRKAMKGLG'IDEESILTLLTSRSNAQRQEISAAFk"TLFGRDLLDDLK 
SELTGKFEKLIVALMKPSRL YDAYELKHALKGAGTNEK\'L TEIIASR1PEELR.\IKQ 
VYEEEYGSSLEDDVVGDTSGYYQRMLVVLLQANRDPDAGIDEAQVEQDAQALFQA 
GELKWG'IDEEKFTIIFGTRSVSHLRJ... .. VFDkl'MTISGFQIEETIDRETSGNLEQLLLA 
V\ "KSIRSIP AYLAETL YY AMKGAG'IDDHTLffi\"1.-1\'SRSEIDLF.NIRKEFRKNF ATSL 

Figure A.15. The hAnx V protein sequence from the Consensus sequence. The protein has 
282 amino acids. 
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The cloning of human Annexin V could be presumably over-expressed in BL21 

chemically competent cells and isolated using anionic-exchange chromatography or using 

the protocol of purifying annexins without the use of phospholipids [52]. The protein could 

possibly be purified in decent quantities from inclusion bodies. The sub-cloned, expressed 

and purified human annexin V without the Hexa-Histidine tag could then be used for 

biophysical studies with MMP isozymes in presence of calcium or other metal ion. 
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