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1. Summary  

Matrix metalloproteinases (MMPs) form a group of more than 20 structurally related proteins 

with high importance in normal physiological processes. Its production and activity plays a vital 

role in maintaining the homeostatic balance of the extracellular environment.  Shift of this 

balance has been implicated in progression of various diseases like cancer, arthritis and 

multiple sclerosis. MMPs are considered as important drug targets for non-cytotoxic cancer 

therapies due to their role in tumor growth and metastasis formation. Clinical trials of broadly 

blocking MMPs in patients failed because the unspecific MMP inhibitors caused side effects and 

because multiple MMPs that are today known to have host-protective functions (e.g. 

repression of angiogenesis) were blocked by the non-specific inhibitors. Development of 

inhibitors capable of selectively inhibiting MMPs is of great importance. However, the 

generation of selective inhibitors to this class of proteases is difficult because of the high 

structural similarity of the more than 20 existing human MMPs.  

Bicyclic peptides form are proposed to form a new class of highly potent and selective phage-

derived chemically modified peptides. The novel methodology on obtaining such molecules was 

invented by my thesis advisor Prof. Christian Heinis in association with Sir Gregory Winter at the 

Laboratory of Molecular Biology in Cambridge, United Kingdom. The proof of concept of highly 

selective inhibition by these molecules has also been established (Heinis, C., et al., Nat. Chem. 

Biol., 5, 502-507, 2009).       

 

My degree project work aimed at testing the inhibitory effect of phage selected bicyclic 

peptides on MMP-2 and MMP-9 respectively. The study method involved subcloning the DNA 

sequences of these bicyclic peptides along with surface D1-D2 protein of the phage into an 

expression vector (plasmid pET28b). Furthermore, the goal was to express, purify, chemically 

conjugate the purified peptide fusion protein with tris-bromomethyl-benezne (TBMB) to obtain 

a bicyclic structure and characterize their inhibitory activity towards corresponding MMP-2 and 

-9 respectively.  

 

DNA encoding the phage selected bicyclic peptide fusions was PCR amplified in a single reaction 

and successfully subcloned into the expression vector (plasmid pET28b). 96 clones were 

sequenced after transformation of plasmids with E. coli BL21-CodonPlus cells. The subcloning 

and transformations step yielded expected sequences having similarity to the sequences of 

DNA representing phage selected bicyclic peptides. Following protein expression, purification 

on ÄKTAxpres using affinity and gel filtration columns yielded peptide fusion proteins free from 

aggregates, contaminants and excess of salts. SDS page analysis of individual clones showed a 

single band of expected molecular mass. Reaction with TBMB results in conjugation of TBMB 

with peptide fusion protein and increases its mass by expected 114 Da. Two such TBMB 
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conjugated peptide fusion proteins (clone i9-1 and i9-6) were able to inhibit MMP-9 at 

concentrations of 5, 2.5 and 1.25 μM with an IC50 of 3 and 4.5 μM respectively. The clones 

which did not show inhibition at tested concentrations may inhibit MMP-2 or -9 at higher 

concentrations. There is also a possibility that these clones are not inhibitors i.e. they do not 

probably bind to the active site of enzyme. They may have been selected by binding to some 

other domain during phage selection with respective MMP (-2 or -9).   
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2. Introduction   

 

2.1 Matrix metalloproteinase – function, regulation and role in diseases 

2.1.1 Matrix metalloproteinase: types and physiological functions  

MMPs, also known as matrixins and vertebrate collagense constitute a family of more than 20 

structurally related Zn2+ and Ca2+ dependent proteins that are involved in cleavage of peptide 

bond and degradation of proteins in the extracellular matrix (ECM) [1,2]. MMPs were 

discovered around 47 years ago and presently presences of 23 paralogs in human have been 

identified [1-3]. These enzymes differ in their substrate specificity and on the basis of this they 

are classified into collagenases, gelatinases, stromelysins, membrane type MMPs and others 

[2].          

MMPs have high an importance in the normal physiological processes. They aid in the processes 

like tissue remodeling during embryonic development, wound healing, cell adhesion and 

proliferation, organogenesis and inflammation [4-5]. MMPs also help in regulating complex 

processes of immune system by controlled and specific cleavage of signaling molecules leading 

to their activation or deactivation. The range of substrate for MMPs includes protease 

inhibitors, clotting factors, pro MMPs, receptors, binding proteins, growth factors and 

molecules that help in the process of adhesion [6-7].  

2.1.2 Matrix metalloproteinase: Regulation of activity  

The activity of MMPs is tightly regulated by the changes in gene transcriptional level, 

compartmentalization, inhibition and activation by other molecules [2, 4]. At transcriptional 

level the expression of MMPs can be constitutive or inducible. MMPs having simple promoter 

enhancer regions show constitutive expression in most cells under steady state conditions [8]. 

Other MMPs showing inducible expression have complex promoter enhancer regions which are 

regulated by agonist molecules like growth factors and cytokines [8]. Such agonist molecules 

can increase the level of transcript during biological processes involving degradation of 

components in the ECM space. Following their synthesis MMPs are released within the ECM 

space or they remain anchored to the membrane as inactive molecules. Inactive MMPs can be 

activated by a variety of pathways that include cleavage of their propeptide domains by 

proteases, other MMPs and furin-like serine proteases [2, 5].  The proteolytic activity of all 

MMPs is mainly regulated by four endogenous inhibitors called tissue inhibitors of 

metalloproteinase (TIMPs) [9, 10]. TIMPs counterbalance the ability of MMPs to degrade the 

components in ECM space. Disruption of this balance leads to the progression of diseases which 

are fibrotic or degradative in nature [11]. 
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2.1.3 Matrix metalloproteinase: role in diseases 

MMPs production and activity has a main role maintaining in the homeostatic balance of the 

extracellular environment [8]. Shift in this balance i.e. improper regulation of MMP activity 

have been implicated in development and progression of various diseases like arthritis, multiple 

sclerosis and cancer [12, 13]. It has been proved that over expression of certain MMPs leads to 

progression of cancer. Mouse models of cancer over expressing certain MMPs have shown to 

degrade ECM and aid the cancer progression through metastasis and angiogenesis [14, 15]. 

Besides degradation of ECM, MMPs are now also believed to affect signaling pathways that 

modulate biology of cell in normal and disease state.  

2.1.4   Matrix metalloproteinase 2 and 9 as drug targets 

Matrix metalloproteinase 2 and 9 (MMP-2 and -9) also known as gelatinase A and gelatinase B 

respectively have the capability to degrade collagens occurring in the basement membrane 

[16]. Both these gelatinases have three fibronectin type-II domains inserted into their catalytic 

domain. MMP-2 has been found to be over expressed in several human tumors and also 

involved in metastasis associated with cancer progression [17, 18]. High expression of MMP-2 is 

also associated with early death in breast cancer patients, lymph node metastasis, progression, 

invasion and increasing tumor stage [18, 19]. MMP-9 has been suggested to have a 

considerable influence in progression of few cancer types. Based on microarray and gene 

regulation studies MMP-9 has been considered to have more pronounced role in inflammatory 

diseases like rheumatoid arthritis when compared to their role in neoplastic diseases [20]. 

 

2.2 Matrix metalloproteinase – structure, inhibition strategies and inhibitors   

2.2.1 Structure and inhibition strategies 

MMPs are multiple domain proteins with high similarity in structure. They also show high 

conservation in their domains of signal, propeptide and active site. The propeptide domain has 

a conserved “cysteine switch” motif which is capable of interacting with Zn2+ ion in the active 

site of a MMP and inhibit its activity [21]. All MMPs have presence of a Zn2+ ion in their 

conserved catalytic domain and it interacts with three histidine residues in the conserved motif- 

HEXGHXXGXXH. This Zn2+ ion also coordinates with a water molecule involved in substrate 

cleavage in the active site [22]. Apart from the active site; there is also presence of a Zn2+ ion 

and 1-3 Ca2+ ions in the structure for maintenance of the stability. The Zn2+ in the active site is 

surrounded by unprimed and primed pockets. S1, S2 and S3 constitute the primed pockets and 

S1’, S2’ and S3’ constitute the unprimed pockets [23]. Among these pockets S1’ has a high 

variability in amino acid composition and in the deepness of the pocket whereas S2’ and S3’ 
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pockets face the solvent side. On the basis of the depth of S1’ pocket, MMPs have been 

classified into shallow, intermediate and deep pocket MMPs. This difference in depth has also 

been exploited to develop selective MMP inhibitors (MMPi) [23, 24].  

Generation of inhibitors capable of selectively inhibiting a specific MMP is a challenge which is 

presently unmet in cancer therapy.  Since past three decades many MMPi have been designed 

and developed to inactivate the protein. The first generation inhibitors were based on 

structures mimicking the substrates conjugated with a zinc binding group. This zinc binding 

group is capable of chelating the Zn2+ ion in the active site and thus makes the protein inactive. 

These compounds were potent but showed no selectivity [25]. The next generation inhibitors, 

second and third employed different design strategies to have better therapeutic index, 

selectivity and inhibition effect on the target MMPs against the non target MMPs. Despite of 

development of new designs and inhibition strategies doxycyclin remains the only MMPi 

approved by FDA till date [25].  

Non-zinc binding inhibitors are also being developed on strategies that do not bind to the 

catalytic Zn2+ ion.  These inhibitors bind to residues in the pockets with the aim to disrupt the 

interaction of these residues with the conserved catalytic Zn2+ ion and give some selectivity in 

inhibition [26, 27]. Compound 37 is an example of such an MMPi which shows an IC50 value of 

0.67 nM against MMP-13 and does show significant inhibition with MMP-1, -2, -3,  -7, -8, -9, -

12, -13, -14 or -17 up till 100 μM. Mouse model of osteoarthritis disease have shown 

encouraging results with compound 37 [26].   

A novel approach for inhibition of MMPs is the developmental of mechanism based MMPi 

which are also known as suicide inhibitors [28]. These inhibitors first bind slowly to the active 

site, a specific group on it coordinates with the Zn2+ in the active site and gets activated. 

Following its activation, it forms a covalent bond in the active site which slows down the 

dissociation of this inhibitor compared to other class of inhibitors based on binding to Zn2+ ion 

in active site [28]. These inhibitors are being presently explored for selective inhibition with 

specific MMPs 

 

2.2.2 Inhibitors against matrix metalloproteinases 

2.2.2.1 Small molecule inhibitors  

Majority of small molecule inhibitors prepared to date are based on inhibition by chelating the  

Zn2+ ion in the active site using thiol, carboxyl, phosphorous and hydroxymate groups (21). 

Strategies to inhibit MMPs based on small molecule inhibitors have been described in detail in 

section 2.2.1 The antibiotic Doxycycline binds to the catalytic Zn2+ ion and shows a broad 
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spectrum of inhibition against MMP-1, -2, -7, -8, -9, -12 and -13. Doxycycline and other 

tetracycline antibiotics are being chemically modified and developed further to have less effects 

on normal flora without losing inhibition potency [29].         

2.2.2.2 Cyclic peptides 

Using peptide phage libraries cyclic peptides selective against MMP-2 and -9 have been isolated 

and identified. A cyclic peptide with sequence CTTHWGFTLC selectively inhibited both MMPs 

and decreased tumor growth and invasiveness in animal models [30].    

2.2.2.3 Antibodies 

Antibodies especially monoclonal antibodies are the best class of binding molecules at present 

which can be isolated with a strong affinity towards any antigen. Using phage display 

technology human monoclonal antibodies specific to MMP-1A, MMP-2 and MMP-3 have been 

identified. These antibody fragments displayed binding affinity in the lower nanomolar range 

and are now being further developed and tested in mouse models of pathology [31].    

 

2.5 Selective inhibitors based on bicyclic peptide structure 

2.5.1. Technology for generation and selection of bicyclic peptides   

Generation of bicyclic peptides first requires the creation of large repertoires of linear cycteine 

rich peptides displayed on the surface of bacteriophage as a fusion to its surface D1-D2 protein. 

The displayed peptides are then modified with an organochemical scaffold like TBMB to create 

a diverse array of structured peptides. These structured peptides are further subjected to 

iterative selections for identification of high affinity binding peptides.  Using this methodology 

inhibitors based on TBMB scaffoled peptides were selected against human plasma kallikrein 

with affinity in the low nanomolar range (Ki = 1.5 nM). The selected inhibitor was tested ex-vivo 

and was able to specifically inhibit plasma kallikrein without inhibiting homologus human 

plasma protease, factor X1a and thrombin. This also established the proof of concept of 

selective inhibition by bicyclic peptides against specific drug targets [32].      
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Figure 1. Schematic representation of phage strategy for generation and selection of bicyclic peptides.  Linear 

peptides are displayed on surface of phage to link them to their encoding DNA and structured by chemical 

conjugation with TBMB. Large combinatorial repertoires (> 4 billion different molecules) of bicyclic peptide 

structures are subjected to affinity selections and molecules with desired binding affinities are isolated. The amino 

acids of selected peptides are determined by sequencing the DNA in the phage particles. 

2.5.2 Bicyclic peptide inhibitors 

Antibodies bind to a specific antigen via loops called complementary determining regions 

(CDRs). As shown in the figure 2 the bicyclic peptide structure has polypeptide loops (binding 

loop 1 and 2) anchored to an organochemical scaffold. Modeling studies suggests that bicyclic 

peptide structure is highly constrained by the organochemical scaffold. The orientation of loops 

in the peptide structure is similar to the orientation of CDRs in the antibody structure. By 

varying the amino acid sequences in the binding loops molecules with tailored binding affinities 

can be obtained [32].  

Figure 2. Bicylic peptide structure. Figure 2 shows the orientation of CDRs in a classical antibody. It also shows the 

structure of a bicyclic peptide. The amino acid sequences from the binding loop highlighted in orange and yellow 

bind to a protein target with high affinity and specificity.  
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Bicyclic peptides have a smaller size and they possess the potential of having better 

pharmacological properties than antibodies. They may penetrate tumor more efficiently and 

produce a better effect than antibodies. Antibodies are expensive to produce and bicyclic 

peptides having better properties than antibodies can be efficiently produced by chemical 

synthesis (32). By having different scaffolds different structures can be produced which can 

mimic the structure of biological peptides and thus can be used to target receptors.  

2.6 Objective of the present study 

In previous work, bicyclic peptides were selected against MMP-2 and -9 using phage display and 

their sequences were determined. The objective of the present work was to study the inhibition 

of MMP-2 and -9 by phage selected bicyclic peptide structures. To achieve this objective, the 

peptide part of bicyclic peptide selected with MMP-2 and MMP-9 were subcloned into an 

expression vector (plasmid pET28b), expressed, purified and conjugated with TBMB to produce 

the bicyclic structure. Two such modified sequences, i9-1 and i9-6 inhibited MMP-9 with an IC50 

of around 3 and 4.5 μM respectively.  
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3. Results  

3.1 Subcloning of the peptides selected against MMP-2 and -9 into an expression vector 

The overall aim of the subcloning steps was to clone the DNA sequences of phage selected 

bicyclic peptides (against MMP-2 and MMP-9 respectively) into an expression vector so that the 

different peptides can be expressed as a fusion protein, fused to the D1-D2 domain of the 

filamentous phage minor coat protein pIII. Furthermore, the goal was to purify, chemically 

modify these peptide fusions with TBMB to obtain a bicyclic form and used them to determine 

their inhibitory effect on MMP-2 and -9 respectively.    

3.1.1 Digestion of the expression vector pET28b        

The plasmid pET28b was digested with restriction enzymes (HindIII and NcoI) and separated on 

1% agarose gel. Digestion was done so that the plasmid possesses sticky ends which can be 

used to ligate the DNA encoding peptide fusion proteins i.e. peptide-D1-D2 sequences 

identified after three rounds of phage selection with MMP-2 and MMP-9.  

Figure 3. Separation of the digested pET28b plasmid on 1% agarose gel.  Lane 1 represents 1 kb DNA ladder; a 

single large band in lane 2 represents digested pET28b plasmid with size of 5249bp; a single band in lane 3 

represents control which is undigested pET28b plasmid with size of 5368bp; Lane 4 represents 1 kb DNA ladder.    

The size of the digested plasmid is 5249 bp and its digestion was confirmed by comparing it 

with the undigested plasmid (5368 bp) in Lane 3. The digested plasmid is linearised and has 119 

bp less than the undigested plasmid. Also, this digested plasmid migrates slower on agarose gel 

as compared to the circular, undigested and supercoiled plasmid. Following separation the 

digested plasmid was purified from the agarose gel. 

3.1.2 PCR amplification of the DNA coding for the peptide sequences     

Polymerase chain reaction (PCR) was performed to amplify the clones (peptide fusions) 

selected with corresponding MMP-2 and -9 after three rounds of phage selection. The primers 
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used to amplify these clones had HindIII and NcoI restriction sites in them to facilitate the 

ligation of clones into the digested plasmid having HindIII and NcoI sticky ends.   

                     

Figure 4. PCR product representing peptide fusion clones selected with MMP-2. Lane 1 represents 1 kb DNA 

ladder; a single thick band in lane 2 represent different clones of peptide fusions (729 bp) amplified by PCR; lane 3 

represents control (having no DNA in PCR reaction) and is expected to show no band.   

The amplification of the peptide fusion clones corresponding to MMP-2 was confirmed by 

observing a band of expected size (729bp) in Figure 4 (lane 2). Following amplification, the PCR 

product was restricted digested with HindIII and NcoI restriction enzymes and purified.  

                       

Figure 5. PCR product representing peptide fusion clones selected with MMP-9. Bands in Lane 1 represent 1 kb 

DNA ladder; a single thick band in lane 2 represents the clones (729 bp) amplified by PCR.   

The amplification of the peptide fusions corresponding to MMP-9 was also confirmed by 

observing a band of expected size (729bp) (Figure 5, lane 2). Similarly, this product was 

restricted digested and purified as mentioned for clones selected with MMP-9.   
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3.1.3  Ligation of the peptide sequences into the expression vector 

Figure 6. Separation and analysis of the ligated product. Lane 1 represents 1 kb DNA ladder; a single band in lane 

2 and 3 represent digested (5249 bp) and undigested pET28b plasmid; a thick band  in lane 4 (& lane 5) represent 

peptide fusion clones (5978 bp) selected with MMP-2 and ligated into the digested plasmid. Similarly, in Lane 6 an 

upper thick band reprents peptide fusion clones (5978 bp) seleted with MMP-9 and ligated into the digested 

plasmid.   

The amplified products were ligated to the expression vector pET28b, and products were 

seperated on 0.6 % agarose gel. Ligation between the peptide-D1-D2 clones and digested 

plasmid was confirmed by oberving higher position of the band in lane 4 and 5 when compared 

to the postion of band representing digested plasmid in lane 2 (Figure 6).  

The ligated clones now represent different peptide fusion clones selected during phage display 

and subcloned into pET28b plasmid. Following ligation, the mixture of clones was transformed 

into E. coli BL21-CodonPlus cells to obtain single colonies which represented a particular 

individual clone. 96 such clones selected against MMP-2 and -9 respectively were sequenced.  

 

3.2 Sequences of the peptide after the subcloning step      

96 clones were sequenced to determine the amino acid sequence of phage selected binders 

(peptide sequences) and to screen for presence of mutation in the D1-D2 region of the peptide 

fusion protein. Also, sequencing was primarily done to confirm the variability of DNA sequences 

encoding peptides. This variability should be similar to the variability of peptide sequences 

indentified in the previous work after phage selection with MMP-2 and -9 respectively.     
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Figure 7. Sequences of peptide fusion clones selected with MMP-2. Panel A shows the arrangement of peptide-

D1-D2 fusion protein. Panel B shows the variability of the peptide sequences and the expected conserved cysteine 

residues obtained after the subcloning step. X represents variable amino acids.  

In figure 7, X represents a variable amino acid. The original amino acid residue is not displayed 

due to confidentiality and patenting reasons. As seen panel A of figure 7 the fusion protein has 

a variable peptide sequence linked with D1-D2 protein of phage by a four amino acid long 

flexible linker (GGSG). All peptide sequences have an arrangement of three cysteine residue 

separated by 6 random amino acids (denoted by X). These peptide sequences were selected 

with MMP-2 and subcloned into pET28b plasmid for expression of protein, conjugation with 

TBMB to obtain a bicyclic form and further characterization.  

Panel B shows the consensus in loop 1 and 2 identified among the peptide sequences. A 

particular color represents similar kind of amino acid. Consensus among peptide sequences also 

indicates that these bicycle structures have a similar fold and bind to the same region of 
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enzyme. If this part is an active site, it increases the probability of isolating a good inhibitor. 

Some sequences were selected for many times and hence they have a high abundance.     

                                   

 

Figure 8. Sequences of peptide fusion clones selected with MMP-9. Panel A shows the arrangement of peptide-

D1-D2 fusion protein. Panel B shows the variability of the peptide sequences and the expected conserved cysteine 

residues obtained after the subcloning step. X represents variable amino acids. 

 

Similarly, as seen in figure 8 a nice consensus is observed in loop 1 and loop 2 of the peptides. 

Residues with same color indicate amino acids with similar properties. Also here X represents a 

variable amino and original amino acid residue and important features among sequences are 

not displayed or described due to confidentiality reasons.  

3.3 Expression and purification of peptide fusion protein     

To test the inhibitory effect of peptide fusions on MMP-2 and -9, different peptide-D1-D2 

clones were selected and expressed in E. coli RosettaBlueTM (DE3)pLacI or E. coli BL21 codon 

plus cells. The peptide sequences having UAG stop codon in them were especially expressed 
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with RosettaBlue (DE3) pLacI strain. RosettaBlue (DE3) pLacI is an amber suppression strain and 

its inserts amino acid glutamine for amber stop codon (UAG).  

For protein expression the cells were induced with 0.5mM IPTG when the OD600 reached 

around 0.6-0.8. Following IPTG induction the cells expressed protein for 16 hours at 250C. 

Following expression and lysis the peptide-D1-D2 fusion proteins were purified on ÄKTAxpress 

using affinity and gel filtration columns. The purified peptide-D1-D2 fusion proteins ran at 

expected mass in SDS page analysis and showed a single band with no presence of other 

contaminating proteins.  

Figure 9. Chromatogram of the peptide-D1-D2 fusion protein after purification. Peaks in blue and red color 

represent eluted protein and salt respectively. Peak 1 represents elution of peptide-D1-D2 fusion protein from His 

TrapFF crude affinity column. Peak 2 represents separation of same protein from HiPrep 16/60 Sephacryl S-100 

high resolution gel filtration column. Peak 3 represents salt and similar low molecular weight compounds used in 

the gel filtration buffer. 10% SDS gel shows a single band in lane 1 which corresponds to the mass of i9-1 (27677 

Da).      

The aim of the affinity purification step was to separate histidine tagged fusion protein of 

interest from E. coli contaminants. As observed from peak 1 (Figure 9), HisTrap™ FF crude 

column efficiently elutes the histidine tagged peptide-D1-D2 fusion protein between 10-500 

mM imidazole concentration in the buffer. This eluted protein was automatically loaded on 

HiPrep 16/60™ Sephacryl S-100 high resolution gel filtration column to separate aggregates, 
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remove excess of imidazole and to perform buffer exchange. Buffer exchange aids to have 

purified protein in a buffer suitable for analysis by mass spectrometry. 

 

3.4 Conjugation of organic scaffold to purified peptide fusion protein     

After purification, the peptide fusion proteins were conjugated with TBMB to create the bicyclic 

form. The functional groups of TBMB are expected to preferentially react with the thiol group 

of the 3 cysteine residues in the peptide to give a product which has increase in mass of 114 Da. 

However, TBMB can also react with other amine groups in peptide in the absence of cysteine. 

Different clones have different peptide sequences and similar D1-D2 sequences. Presence of 

correct peptide fusion protein and TBMB conjugated peptide fusion protein was confirmed by 

determining their mass by mass spectrometry.  

Table 1.  Molecular weight of fusion proteins before and after TBMB modification.   

Clone  Before  TBMB Modification After TBMB modification Difference after  

TBMB 

modification 

 Calculated  

Mass (Da) 

Measured  

Mass (Da) 

Calculated  

Mass (Da) 

Measured  

Mass (Da)    

(Da) 

    i2-7 27472 27462 27577 27585 114 

    i9-1 27563 27563 27677 27677 114 

    i9-3 27413 27403 27527 Mixture  114 

    i9-4 27457 27446 27571 27560 114 

    i9-6 27586 27576 27700 27690 114 

    i9- 9  27526 27515 27640 27630 114 

    i9-11 27629 27619 27733 27723 114 

 

The mass of peptide fusion proteins before and after TBMB modification was calculated by 

ExPASy tool ProtParam and compared with the mass measured by mass spectrometry – electro 

spray ionization (MS- ESI). For all proteins expect clone i9-1, the measured mass was 10 Da less 

than the calculated mass. As seen in the last column all the TBMB modified fusion proteins 

showed an expected mass with an increase of 114 Da due to cyclisation. i9-3 showed a mixture 

of proteins in the spectra due to overreaction with TBMB or leakage of polymers from the PD-

10 column.   
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Figure 10. Conjugation of peptide fusion proteins with TBMB. Spectra 1 and 2 show the mass of peptide-D1-D2 

protein before and after TBMB conjugation respectively.  

After TBMB conjugation the peptide-D1-D2 fusion protein should have an increase in mass by 

114 Da.  In figure 10 clone i9-4 shows an expected increase of 114 Da after its conjugation with 

TBMB. Other clones mentioned in table 1 showed similar results after TBMB conjugation. There 

was no presence of any other significant peak in the whole spectra.   

 

3.5 Testing the inhibitory effect of peptide fusions on MMP-2 and -9  

The inhibition assay involved incubation of several concentrations of purified bicyclic peptide 

fusions (5 μM – 0.15 nM) with MMP-2 (2.5nM) or MMP-9 (1.8nM) and flurogenic substrate (20 

μM). The inhibitory activity towards respective MMP was determined observing decrease in 
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fluorescence intensity given by flurogenic substrate in presence of TBMB conjugated peptide 

fusion protein.    

                    

Figure 2. Inhibition of MMP-9 by i9-1 in presence of flurorgenic substrate. IC50 value represents the inhibitor 

concentration able to achieve 50% inhibition of the enzyme activity in the standard assay. The IC50 value is 

calculated from graph of percent activity versus log of the inhibitor concentration using software GraphPrism
TM

 5.0 

 

Table 2.  IC50 of TBMB conjugated peptide-D1-D2 fusion proteins  

Clone  Abundance of the clones 

identified  after phage 

selection and subcloning  

        IC50 

        

   

      i2-7                       01   No inhibition 

   

      i9-1                      36      3 μM 

      i9-4                      08    No inhibition  

      i9-6                      03      4.5 μM 

      i9-9                      14   No inhibition 

      i9-10                      01   No inhibition 
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Bicyclic peptide fusions i.e. clones i9-1 and i9-6 inhibited the activity of MMP-9 with an IC50 

appears to be 3 and 4.5 μM respectively (Table 2). Higher concentrations of fusion proteins are 

required to obtain more precise IC50 value of these inhibitors. Clones i9-4, -9 and -10 selected 

with MMP-9 did not have any inhibitory effect on MMP-9 at the highest tested concentrations 

(5, 1.7 and 5 μM respectively). These clones may inhibit MMP-9 at much higher concentrations 

or they are simply not inhibitors. For MMP-2, one clone i2-7 was tested and it had no inhibitory 

effect on enzyme at the highest concentration of 1.7 μM.  
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4. Discussion and future perspective 

In the present study, we reported subcloning, expression, chemical modification and 

characterization of phage selected peptide-D1-D2 clones. The subcloning step yielded expected 

sequences having similarity to the consensus of sequences obtained after three rounds of 

phage selection against MMP-2 and -9 respectively. Purification on AKTAxpress using affinity 

and gel filtration columns yielded pure protein free from aggregates and other contaminants. 

Protein expression and lyses conditions using E. coli RosettaBlue strain need to be optimized to 

get a higher concentration of protein after the purification step.  

Two TBMB modified peptide fusion proteins i9-1 and i9-6 were able to inhibit MMP-9 with an 

IC50 of 3 and 4.5 μM. To determine more precise IC50 values these inhibitors needed to be 

tested at higher concentration. It would also be interesting to observe their inhibition against 

MMP-2 to see the specificity of bicycle peptides over gelatinase class of MMPs. Other purified 

and TBMB conjugated peptide fusions were not able to inhibit MMP-9. It is most probable that 

these bicyclic peptide clones did not bind to the active site of MMP-9 during phage selection. 

They must have bind to some other part of protein selection and thus incapable of showing 

inhibitory effect. Similarly, a bicyclic peptide (clone i2-7) selected with MMP-2 did not show any 

inhibition against it. It would be interesting to see the effect of the other phage selected bicyclic 

peptides clones on the activity on MMP-2.  

For pharmaceutical application an inhibitor should have an affinity in the lower nano-molar 

range. TBMB conjugated peptide fusion proteins showing inhibition against MMP-9 may serve 

as starting point for increasing the affinity of these inhibitors by using technique like affinity 

maturation. We are repeating the phage selection process and trying to elute the binders by 

using a commercially available potent inhibitor of MMPs. The advantage of this strategy will 

allow us to identifying clones binding specifically to the active site of the enzyme and avoid 

obtaining bicyclic peptides binding to other domains of MMPs. It will be very interesting to 

characterize inhibitors obtained from this strategy. After identification of potent inhibitors 

based on bicyclic structure they would be tested with other MMPs to determine the spectrum 

of inhibition, potency and selectivity. 
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5. Materials and methods 

5.1 Subcloning and sequencing of phage selected peptide sequences  

5.1.1 Digestion of the vector and its purification 

16.8 ug of plasmid pET28b (Novagen) was digested using 120 U of HindIII (Feremtas) and 60 U 

of NcoI (Feremtas) respectively. The total volume of reaction was 200 μl and it also contained 

20 μl of 1X buffer Tango, 110 ml of sterile H2O and 2 μl of Phosphatase enzyme (Feremtas). The 

digestion was carried out for 5 hours and the phosphatase enzyme was added during the last 

45 minutes. Following digestion the reaction was heat inactivated for 20 mins. The control 

reaction had 1.6 μg of plasmid pET28b, 2 μl of 10X buffer tango (Feremtas) and 15 μl of sterile 

H2O to a final volume of 20 μl. The digested product was separated on 1 % agarose gel and 

purified using Agarose gel extract purification kit (5prime).   

5.1.2 Amplification, digestion and purification of the peptide  fusion clones 

The PCR reaction for the amplification of the peptide-D1-D2 sequenc (clones) from the phage 

vectors had following conditions. (These clones represent sequences identified after 3 rounds 

of phage selection with MMP-2 and MMP-9 respectively.)  10ng of DNA representing the 

peptide-D1-D2 clones was amplified using 500nM of Forward Primer (5'- 

ctatgcggcccagccggccatggcagc-3'), 500nM of Reverse Primer (5'- 

gccgcaagcttggccccggacggagcattgacaggagg-3'), 250 μl of dNTPs and 1.8 U of Pfu polymerase 

(Fermentas). The final volume of reaction was 20 μl and it also contained 2 μl of 10 X Pfu buffer 

and 14.55 μl of sterile H20. The PCR was programmed to have three cycles, cycle 1 was 

programmed for denaturation for 3 mins at 95oc, cycles 2 consists of denaturation (50 sec at 

950c), annealing (50 sec at 530c) and elongation step (150 sec at 720c) repeated 29 times and 

cycle 3 represents final elongation step (10 min at 720c) 

 

The amplified clones were separated on 1 % agarose gel and purified using Agarose gel extract 

purification kit (5prime). Following purification the clones the clones were digested. 0.8 μg and 

3.8 μg DNA representing clones selected with MMP-2 and MMP-9 were digested using 60 U of 

HindIII (Fermentas) and 30 U of NcoI (Fermentas) respectively. The total volume of reaction was 

120 μl and it also contained 12 μl of 10X buffer tango, 1 μl of sterile H2O.The digestion was 

carried at 37oC for 4 hours. Following digestion the digested product was purified using PCR 

extract kit from 5 prime kit.  

5.1.3 Ligation reaction for the insertion of digested clones into the digested plasmid 

Ligation reaction was performed using 3:1 molar ratio of insert:vector. 58 ng of insert (digested 

clones) and 142 ng of digested vector represent this ratio and were ligated using 7.5 U of T4 

ligase (Fermentas). The total volume of reaction was 30 μl and it also contained 3.4 μl of ligase  

buffer. The ligated clones were transformed with BL21 codon plus cells and plated on 
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LB/kanamycin plates (50 μg/ml). 96 colonies were randomly picked and grown overnight in a 96 

well plate using LB media with kanamycin (50 μg/ml).  

5.1.4 Sequencing of the peptide-D1D2 clones after the sub cloning step 

200 μl of cells (16% glycerol) from 96 well plate were transferred to other 96 well plate in a 

same order and sent for sequencing (Macrogen, Korea). The sequences in plasmids were 

sequenced using standard T7 promoter primer. A single well was kept with LB media as control. 

5.2 Expression and purification of peptide-D1-D2 fusion protein 

5.2.1 Expression and lysis  

Peptide sequences having UAG stop codon in them were expressed using E. coli RosettaBlueTM 

(DE3)pLacI. For the expression of a particular clone, 5 ml (2YT media) saturated overnight 

growth of the selected colony were transferred to a fresh 500 ml 2YT medium containing 50 

μg/ml kanamycin and incubated with shaking (180-200 rpm) in a incubator at 37°C to an OD600 

of 0.8-1.0 before induction with 0.5 mM IPTG and reduction of the temperature to 20-25°C. 

After 16 hours of induction, the cells were harvested by centrifugation at 8000 rpm for 20 min 

at 4°C and the pellet was stored at -80°C. 

The pellet was resuspended in 25 ml cold lysis buffer. The tubes were incubated for 20-30 min 

in ice in order to let the lysozyme and the DNase work and increase the lysis efficiency. The cells 

were completely disrupted using Sonicator (10 min of pulse at 70% Amp in ice.) After 

sonication, the insoluble fraction was removed by centrifugation at 10000 rpm, 20 min at 4 °C. 

The supernatant (soluble fraction) is transferred to a new tube and is immediately loaded on 

AKTAxpress for purification. It is very important to keep the protein on ice throught out the lysis 

step.  

 

5.2.2 Purification on peptide-D1D2 fusion protein 

The peptide-D1-D2 fusion protein containing a C-terminal 6X his tag was first purified on 

AKTaxpress using affinity and gel filtration columns. His TrapFF crude affinity column.  This 

histidine tagged protein bound to this column was eluted by increasing the concentration of 

imidazole in the elution buffer. After elution, it was directly loaded on a HiPrep 16/60 Sephacryl 

S-100 gel filtration column and purified using gel filtration buffer. The purified samples were 

collected in a 96 well plate and analysed using software UnicornTM 5.1  
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Table 2. Buffers used in purification 

Buffer Name Buffer Composition 

 

Binding buffer 

 

30 mM NaP, pH 7.4 

300 mM NaCl 

10 mM Imidazole 

1 mM TCEP 

 

Elution buffer 30 mM NaP, pH 7.4 

300 mM NaCl 

500 mM Imidazole 

1 mM TCEP 

 

Lysis Buffer 

 

Buffer A 

+ 0.1% v/v Triton X-100 

+ 50 μg/mL Dnase (Fermentas) 

+ 100 ug/mL Lysozyme 

(Fermatas) 

 

Gel filtration 

buffer  

 

20 M NH4HCO3, pH 8.0 

5 mM EDTA 

1 μM TCEP 

 

 

5.3 Conjugation of organic scaffold to purified peptide-D1-D2 fusion protein.  

TBMB was conjugated to the peptide part of the fusion protein using a molar excess of 5 

times. The reaction was carried for 1 hour at 37oc and the excess of TBMB was removed by 

using a PD 10 column (G.E. Life Sciences). We used protein concentration of 20μM and 

TBMB concentration of 100uM. The proteins were concentrated using VisipinTM filters 

having a molecular weight cut off of 10,000 daltons.   

  

5.4 Mass determination by MS-ESI 

The molecular weight (mass) of proteins (5-40 μM) before and after chemical modification with 

TBMB was determined by denaturating the protein and analyzing its time of flight on mass 

spectrometer with electrospray ionization. Molecular weight was obtained by analyzing data on 

software MassLynx version 4.1. This molecular weight was then compared with the molecular 

weight calculated by Expasy tool –ProtParam.  
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5.5 Inhibition assay with MMP-2 and -9 

Inhibitory activities of TBMB conjugated petide-D1-D2 fusion protein (inhibitor) were 

determined by measuring residual activities of the MMP-2 or -9 in presence of different 

concentration of inhibitors. 50 μl of different concentrations of inhibitor (5 μm, 2.5 

μm….0.15nm) in TNC buffer with 0.1% BSA were incubated in a 96 well micro titer plate with 

2.5 nM and 1.8 nm of MMP-2 and MMP9-9 respectively. The reaction was started by adding 50 

μl (20μM) of flurogenic susbtstrate Mca-Lys-Pro-Leu-Gly-Leu-Dap-Ala-Arg-NH2 to the above 

enzyme inhibitor mixture. The change in fluorescence signal (λexcitation=325nm , λemission = 400 

nm) was recorded over 1.5 hour using a plate reader called Spectra Max GeminiTM (Molecular 

Devices).  
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6. Abbreviations  

bp    Base pair  

CDRs    Complementary determining regions  

Da.   Dalton 

ECM    Extra cellular matrix 

IPTG   Isopropyl β-D-1-thiogalactopyranoside 

Kb  kilo base pair 

kDa.   Kilo Dalton  

Ki   Ki is the dissociation constant for inhibitor binding (in the same concentration 

units as [Inhibitor])  

MMPs   Matrix metalloproteinases 

(MMPi) MMP inhibitors  

mM  Mill molar  

MS-ESI     Mass spectrometry-electrospray ionization 

nM   Nano molar  

SDS  Sodium dodecyl sulfate  

TBMB    Tris-bromomethyl-benzne   

μM   Micro molar 
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