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Abstract

Although collagenolytic matrix metalloproteinases (MMPs) possess common domain 

organizations, there are subtle differences in their processing of collagenous triplehelical 

substrates. In this study, we have incorporated peptoid residues into collagen model triple-helical 

peptides and examined MMP activities toward these peptomeric chimeras. Several different 

peptoid residues were incorporated into triplehelical substrates at subsites P3, P1, P1′, and P10′ 

individually or in combination, and the effects of the peptoid residues were evaluated on the 

activities of full-length MMP-1, MMP-8, MMP-13, and MMP-14/MT1-MMP. Most peptomers 

showed little discrimination between MMPs. However, a peptomer containing N-methyl Gly 

(sarcosine) in the P1′ subsite and N-isobutyl Gly (NLeu) in the P10′ subsite was hydrolyzed 

efficiently only by MMP-13 [nomenclature relative to the α1(I)772–786 sequence]. Cleavage site 

analysis showed hydrolysis at the Gly-Gln bond, indicating a shifted binding of the triple helix 

compared to the parent sequence. Favorable hydrolysis by MMP-13 was not due to sequence 

specificity or instability of the substrate triple helix but rather was based on the specific 

interactions of the P7′ peptoid residue with the MMP-13 hemopexin-like domain. A fluorescence 

resonance energy transfer triple-helical peptomer was constructed and found to be readily 

processed by MMP-13, not cleaved by MMP-1 and MMP-8, and weakly hydrolyzed by MT1-

MMP. The influence of the triple-helical structure containing peptoid residues on the interaction 

between MMP subsites and individual substrate residues may provide additional information 

about the mechanism of collagenolysis, the understanding of collagen specificity, and the design 

of selective MMP probes.
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Matrix metalloproteinases (MMPs) make up a family of zinc-dependent proteolytic enzymes 

with the ability to catalyze the degradation of extracellular matrix components, including 

collagens. Some MMPs are able to catalyze hydrolysis of one or more of the interstitial 

(types I-III) collagens within their triple-helical domains. This group of MMPs consists of 

MMP-1, MMP-2, MMP-8, MMP-9, MMP-13, MMP-14/MT1-MMP, and MMP-15/MT2-

MMP.1–4 The aforementioned MMPs, except MMP-2 and MMP-9, possess the same 

domain organization and, for efficient collagenolytic activity, require both the catalytic 

(CAT) and hemopexin-like (HPX) domains.5–10 The linker region between these domains 

also plays a role in collagenolysis, either by directing binding of the substrate11 or by 

allowing for proper orientation of the CAT and HPX domains.12,13 MMP-2 and MMP-9 

belong to the gelatinase MMP subfamily and possess three fibronectin type II (FN II) inserts 

within their CAT domains. The FN II inserts offer similar type I collagen binding sites.14–16

The sequence specificities of collagenolytic MMPs have been extensively examined 

utilizing single-stranded peptides, peptide libraries, and phage-display libraries. These 

include studies of MMP-1, MMP-2, and MMP-8,17,18 MMP-13,19,20 and MT1-

MMP.18,21–23 However, there are only a few studies that described the effects of amino acid 

substitutions within a triplehelical context on MMP activity.16,24–28

Peptoids (oligomers of N-substituted glycine residues) represent a class of polymers that are 

not found in nature. They differ from peptides in the manner of side-chain attachment and 

can be considered as peptide mimics in which the side chain has been shifted from the chiral 

α-carbon atom in a peptide to the achiral nitrogen. In polypeptoids, N-substituted glycine 

residues are connected through polyimide bonds. Peptoids lack secondary amide hydrogen 

atoms and thus are incapable of forming hydrogen bonds characteristic of the secondary 

structures found in peptides and proteins. Polypeptoids are also resistant to proteolysis.29 

The modular structure of peptoids, ease of synthesis, and high compatibility with existing 

peptide chemistry synthetic protocols make peptoids an ideal tool for structure–activity and 

drug discovery-related studies.

Peptide–peptoid hybrids (peptomers) have proved to be valuable tools for analyzing 

proteolysis. Peptoid residues have been successfully incorporated into synthetic30 and 

endogenous peptide inhibitors, which allowed for the formation of potent and protease 

resistant peptide-based inhibitors.31 Systematic substitution of natural amino acids using 

peptoid residues can be considered as “peptoid scanning” that in principle is similar to the 

Ala scan commonly employed and provides valuable structural insight into protein–protein 

interactions.32
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Goodman and co-workers reported the first examples of triple-helical peptide (THP)–

peptoid hybrids.33 In a series of studies, the influence of NLeu on triplehelical structure was 

investigated.34–38 Results showed that peptoid-containing (Gly-Pro-NLeu)9 structures 

formed more stable triple helices than (Gly-Pro-Pro)10 and clearly demonstrated that the 

peptoid residue NLeu is an excellent proline surrogate.

THPs have been powerful tools for elucidating MMP kinetic behavior and substrate 

cleavage selectivity. Taking into account the previous introduction of peptoid residues into a 

serine protease inhibitor structure31 that also revealed interesting structural information,39 

we examined the effect of peptoid residues on triple-helical stability and on the activity of 

collagenolytic MMPs, namely MMP-1, MMP-8, MMP-13, and MT1-MMP, toward triple-

helical peptomers. We hypothesized that that probing the CAT and HPX domains of 

collagenolytic MMPs via THPs with varying contents of peptoid residues would reveal 

different binding site interactions. To test this hypothesis, we assembled 10 different THP-

based peptomers incorporating peptoid residues at subsites P3, P1, P1′, and P10′ 

individually or in combination and evaluated their activities toward collagenases. Our 

starting point was the native collagen-like THP based on the α1(I)772–786 sequence.

EXPERIMENTAL PROCEDURES

All chemicals were molecular biology or peptide synthesis grade and purchased from 

ThermoFisher Scientific (Waltham, MA) and Sigma-Aldrich (St. Louis, MO). Fmoc-N-Me-

Ile-OH was purchased from Chemimpex International (Wood Dale, IL). Enzymes were 

purchased from R&D Systems and EMD Biochemicals. The full-length MMP-14/MT1-

MMP used in this study is the enzyme ectodomain also termed soluble MT1-MMP (sMT1-

MMP).

Peptomer and Peptide Synthesis

The parent peptide sequence was based on type I collagen α1-chain residues 772–786, 

which contains the MMP cleavable Gly775–Ile776 bond (Table 1). Peptides and peptomers 

were synthesized by Fmoc solid-phase chemistry using TentaGel S Ram resin (Advanced 

ChemTech, Louisville, KY), with a substitution level of 0.26 mmol/g. Peptide synthesis was 

conducted on the Liberty (CEM, Matthews, NC) automated microwave-assisted peptide 

synthesizer equipped with a Discover microwave module. Fmoc-labeled amino acids were 

coupled using 5 equiv of each amino acid, 4.9 equiv of N, N, N′,N′-tetramethyl-O-(6-

chloro-1H–benzotriazol-1-yl)uronium hexafluorophosphate, and 8 equiv of N-

methylmorpholine (microwave power of 25 W at 50 °C, for 300 s). Peptoid residue N-Me-

glycine (sarcosine, Sar) was introduced as a standard amino acid (Fmoc-Sar-OH) on the 

peptide synthesizer. The NIle and NLeu peptoid residues were introduced manually by the 

two-step submonomeric method involving coupling bromoacetic acid and the corresponding 

amine (S)-(+)-2-butylamine and isobutylamine, respectively, according to the standard 

protocol.40 Fluorogenic analogues were synthesized as described above using Fmoc-

Lys(Mca) and Fmoc-Lys(Dnp) to incorporate the fluorophore/quencher pair (see further 

discussion below) (Table 1).
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Crude peptides and peptomers were purified using RP-HPLC on an Agilent 1260 Infinity 

series preparative HPLC instrument equipped with a Vydac C18 column (15–20 µm, 300 Å, 

250 mm × 22 mm). The elution gradient was from 5 to 50% B in 60 min (where A was 0.1% 

TFA in H2O and B was 0.1% TFA in acetonitrile), with a flow rate of 10 mL/min, and 

detection at λ = 220 and 280 nm. The HPLC fractions were combined, frozen, and 

lyophilized. Peptide and peptomer purity was evaluated on an Agilent 1260 Infinity 

analytical HPLC instrument using a Vydac C18 column (5 µm, 300 Å, 150 mm × 4.6 mm), 

with an analytical gradient from 2 to 98% B over 20 min, a flow rate of 1 mL/min, and 

detection at λ = 220 and 280 nm. MALDI-TOF MS analysis was performed using an 

Applied Biosystems (Carlsbad, CA) Voyager DE-PRO Biospectrometry workstation with a 

α-cyano-4-hydroxycinnamic acid/2,5-dihydroxybenzoic acid matrix.

Circular Dichroism (CD) Spectroscopy

Peptides and peptomers were dissolved in 0.5% acetic acid to a concentration of 25 µM and 

equilibrated at 4 °C (>24 h) to facilitate triplehelix formation. Peptide concentrations were 

determined by HPLC analysis using a calibration curve. Triple-helical structure was 

evaluated by near-UV CD spectroscopy using a Jasco (Easton, MD) J-810 

spectropolarimeter with a path length of 1 mm. Thermal transition curves were obtained by 

recording the molar ellipticity ([θ]) at λ = 225 nm with an increase in temperature of 20 °C/h 

over the range of 5–80 °C. The temperature was controlled by a JASCO PTC-348WI 

temperature control unit. The THP melting temperature (Tm) was defined as the inflection 

point in the transition region (first derivative). The spectra were normalized by designating 

the highest [θ]225 as 100% folded and the lowest [θ]225 as 0% folded.

Metalloproteinase Activation

All MMPs (except MT1-MMP) were activated41 by mixing equal volumes of stock and 

activator to a final concentration of 1 mM p-aminomercuric acetate, incubated for 60 min in 

a 37 °C water bath, diluted to 100 nM in ice-cold TSB*Zn buffer [50 mM Tris, 150 mM 

NaCl, 0.02% NaN3, 0.01% Brij-35, 10 mM CaCl2, and 1 µM ZnCl2 (pH 7.5)], and kept on 

ice to prevent autoproteolysis. MT1-MMP was activated by incubation of proMT1-MMP 

with 0.1 equiv of rhTrypsin-3 for 1 h at 37 °C. After MT1-MMP activation, remaining 

trypsin-3 activity was quenched by addition of 100 equiv of AEBSF (R&D Systems) and 

incubation for 15 min at room temperature. Immediately after activation, the enzyme was 

diluted in cold TSB*Zn buffer. Enzyme aliquots were kept on wet ice and used the same 

day. MMP activity was initially evaluated using the Knight single-stranded peptide and 

compared with prior data. 42,43 In this way, Knight single-stranded peptide activity was used 

as an indicator of enzyme integrity rather than tissue inhibitor of metalloproteinase titration 

as performed previously.25

HPLC-Monitored Hydrolysis of Peptomeric THPs by MMPs

All peptomers were dissolved in TSB and equilibrated at 4 °C for 24 h prior to experiments 

to facilitate formation of the triple helix. Triple-helical structure was additionally evaluated 

using CD spectroscopy. Peptomers were incubated with active MMP-1, MMP-8, MMP-13, 

or MT1-MMP in TSB*Zn buffer, using 20 nM enzyme at a 1:1000 (enzyme:peptomer) 
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molar ratio for 24 h at room temperature. In the case of peptomers MS-2, MS-7, and MS-8, a 

separate experiment was also conducted at 37 °C. The enzymatic hydrolysis reaction was 

quenched using 50 mM EDTA and the mixture subjected to RP-HPLC analysis. The 

analysis was performed in triplicate. The reaction products were evaluated on an Agilent 

1260 Infinity analytical HPLC instrument using a Vydac C18 column (5 µm, 300 Å, 150 

mm × 4.6 mm), with an analytical gradient from 2 to 98% B over 20 min, a flow rate of 1 

mL/min, and detection at λ = 220 nm. MALDI-TOF MS analysis was also performed to 

determine cleavage products. The peaks on HPLC chromatograms were integrated and used 

for the determination of the extent of hydrolysis.

Kinetic Assays

All proteinases were activated as described above. FRET peptomers were dissolved in TSB 

and equilibrated at 4 °C for 24 h to facilitate triple-helix formation. Peptomer concentrations 

were determined using a Thermo Scientific (Waltham, MA) NanoDrop 1000 instrument via 

a wavelength scan at λ = 363 nm and εDnp = 15900 M−1 cm−1. Enzyme kinetic assays were 

performed in triplicate and evaluated with a BioTek (Winooski, VT) Synergy 4 plate reader 

running Gen5 software as described previously.43 In brief, a range of peptide concentrations 

was created by diluting in a 1:1 ratio a 100 µM stock solution of peptide 12 times. A 76 µL 

volume of sample was loaded; the plate was read, and 4 µL of a 20× enzyme stock solution 

(100 nM) was added. The kinetic protocol at 30 °C included shaking for 30 s followed by 

reading each well every 8 s (for 600 s) to determine initial reaction rates. Plates were stored 

at 30 °C for 24 h before a final reading. The peptide concentration of 25 µM was analyzed 

by HPLC to determine the percentage of reaction completeness with 100% cleavage RFU = 

[(24 h RFU) – (0 h RFU)] × 100/ (percentage of peptide cleaved), where RFU is relative 

fluorescence units. Enzyme activity was determined as VCorr = [peptide](initial rate)/(100% 

cleavage RFU). Analysis of substrate concentration versus reaction velocity was achieved 

by Lineweaver–Burke, Hanes–Woolf, and Eadie–Hofstee plots as well as Michaelis–Menten 

regression with GraphPad Prism. When the four modes of analysis correlated well, the 

experiment was considered a success.

Molecular Modeling

The starting structures for the THP and the MMP·THP complex were obtained from our 

previously published NMR-derived complex of MMP-1 with α1(I)772–786 THP.13 

Molecular dynamics simulations were performed using the Desmond software package44 

with the OPLS-AA 2005 force field.45 The α1(I)772–786 THP was used as a reference 

structure for MS-8. The peptoid residues at positions 17 and 26 were modified manually to 

Sar and NLeu, respectively. N- and C-termini were capped with acetyl and N-methyl groups, 

respectively. In each case, the peptide/peptomer was placed in an orthorhombic TIP3P water 

box with 10 Å of buffer in each direction and neutralized with Cl− counterions, followed by 

the addition of 0.15 M NaCl buffer. The model systems were relaxed prior to the simulations 

using a default relaxation protocol in Maestro46 that includes both restrained and 

unrestrained minimizations followed by four short MD simulations in which restraints were 

gradually removed. A NPT simulation of 20 ns was then performed at 300 K with a 

recording interval of 2 ps for the trajectory and energy. All simulations were conducted 

under periodic boundary conditions. The Nose-Hoover thermostat method was used to 
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maintain a constant temperature of 300 K with a relaxation time of 1 ps. Nonbonded 

interactions were modeled using a short-range cutoff method, with a cutoff radius of 9 Å, 

and a long-range smooth particle mesh Ewald method, with an Ewald tolerance of 1 × 10−9. 

All other parameters were at their default settings. The output MD trajectories were 

analyzed using VMD.47 Hydrogen bonds were analyzed using the VMD HBonds plugin. A 

hydrogen bond was defined by a donor– acceptor distance of <3.4 Å and a donor–

H⋯acceptor angle of <35°.

Modeling of MMP-13 interactions was performed as follows. The MS-8 structure was 

aligned with the THP·MMP-1 complex structure13 using heavy atoms of residues P1′ and 

P10′ so that Gln779 occupied the S1′ subsite. This MMP-1· MS-8 complex model was used 

for initial qualitative structure analysis. Also, the MMP-1·MS-8 complex served as a 

template for the MMP-13·MS-8 complex that was obtained by homology modeling using 

Modeler software48 and the MMP-13 sequence (UniProt49 accession number P45452). Next, 

the MMP-13· MS-8 complex was prepared for MD simulation using the protein preparation 

module of the Desmond package, as described above. The enzyme·peptomer complex was 

placed in an orthorhombic TIP3P water box with 15 Å of buffer in each direction and 

neutralized with Na+ counterions, followed by the addition of 0.15 M NaCl buffer. The 

model systems were relaxed prior to the simulations. An NPT simulation of 5 ns was then 

performed at 300 K with a recording interval of 4 ps for the trajectory and 2 ps for energy. 

The output MD trajectories were analyzed using Maestro and VMD.47

RESULTS

Triple-helical peptomer analogues based on the type I collagen α1-chain 772–786 sequence 

were synthesized and characterized (Table 1). The α1(I)772–786 sequence contains the 

Gly775–Ile776 MMP cleavable site 50 The rationale for each peptoid substitution is 

described below. After synthesis and purification, peptomers were analyzed by circular 

dichroism (CD) spectroscopy. CD melting curves were subsequently used to evaluate the 

melting temperatures (Tm values) of the peptomers (Figure 1). Each peptomer was tested for 

proteolytic susceptibility at room temperature using full-length human MMP-1, MMP-8, 

MMP-13, and MT1-MMP. The native α1(I)772–786 THP served as a control.

Primary MMP specificity is determined by the enzyme S1′ subsite (nomenclature of 

Schechter and Berger51). Thus, the first analogue contained NIle substituted for Ile in the P1′ 

subsite (Table 1, analogue MS-1). None of the tested collagenases was able to hydrolyze the 

peptomer. NIle in the P1′ subsite did not greatly affect the stability of the triple helix, as the 

peptomer Tm was lower than the reference THP Tm by only 2 °C (Table 1). Because MS-1 

was not a substrate, its possible inhibitory properties were tested. No inhibition for any of 

the MMPs was observed up to an MS-1 concentration of 200 µM (data not shown). An 

analogue containing N-methyl Gly (sarcosine, Sar) in the P1′ subsite (MS-2) was slightly 

more stable (by 2 °C) than the parent THP (Table 1) and was not hydrolyzed by any of the 

MMPs after incubation for 24 h (at room temperature). This peptomer did not have any 

inhibitory properties (data not shown).
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In collagenous MMP substrates, the P1 subsite is typically occupied by a Gly residue. The 

position of this amino acid is common among many MMP substrates.52,53 The simplest 

peptoid residue mimicking Gly is its N-methylated analogue, Sar (see above). MS-3, which 

contained Sar at subsite P1, was dramatically less stable than the parent THP (ΔTm = 20 °C) 

(Table 1 and Figure 1). MS-3 was readily hydrolyzed by all MMPs without any particular 

selectivity. Hydrolysis occurred between Sar775 and Ile776 as determined by MALDI-TOF 

MS analysis.

Peptomer MS-4, containing Sar at subsite P3, was prepared next. This subsite is typically 

occupied by a Pro residue that is favored by all collagenases.16 In theory, replacement of a 

secondary amino acid with a peptoid residue should not cause a substantial change in THP 

structure or stability. Indeed, MS-4 had a Tm value 4 °C lower than that of the parent peptide 

(Table 1 and Figure 1). When tested for proteolytic susceptibility, MS-4 was not hydrolyzed 

by any of the tested MMPs.

Having tested three crucial residues that interact with the CAT domain, we next sought to 

map interactions between peptomer THPs and the HPX domain. Prior studies indicated that 

the P10′ subsite is important for collagenous substrate interaction with MMP-1, and this 

interaction is via the HPX domain.13,54 Thus, MS-7 contained NLeu at subsite P10′. 

Surprisingly, the substitution at this position resulted in stabilization of the triple helix by 

4.5 °C (Table 1 and Figure 1). Incubation of MS-7 with the collagenolytic MMPs showed 

the peptomer to be a better substrate than the parent THP (data not shown). MS-7 was 

hydrolyzed at the Gly775–Ile776 bond by all enzymes.

The influence of substitution at subsite P10′ in combination with the P1′ or P1 subsites was 

next pursued. MS-8 containing Sar and NLeu at subsites P1′ and P10′, respectively, was the 

most thermally stable peptomer with a Tm of 43.5 °C (Table 1 and Figure 1). Conversely, 

MS-9, which contained Sar and NLeu at subsites P1 and P10′, respectively, has a Tm value 

13.5 °C below that of the parent THP (Table 1 and Figure 1). Overall, substitution of the 

P10′ subsite Leu residue with NLeu stabilized all THP constructs examined. MS-8 was not 

hydrolyzed by either MMP-1 or MMP-8. MT1-MMP exhibited low levels of activity toward 

MS-8 (<2%) and, on the basis of HPLC analysis, hydrolyzed the peptomer at a site different 

than Gly-Sar (data not shown). MMP-13 had the highest activity toward MS-8 (~10%), and 

hydrolysis occurred between Gly778 and Gln779 only. In contrast, MS-9 was readily 

hydrolyzed by all MMPs without any significant selectivity, and the cleavage, as expected 

from results with MS-3, was observed between Sar775 and Ile776. In an attempt to improve 

the selectivity MS-7, the Ile in the P1′ subsite was replaced with a bulky Trp residue 

(MS-10). MS-10 was resistant to MMP-1 hydrolysis, while the other collagenolytic MMPs 

cleaved it at the Gly775-Trp776 bond. MT1-MMP hydrolysis was the least selective, 

occurring at several bonds.

Taking into account the improved stability of peptomers containing NLeu at subsite P10′, we 

examined their proteolytic susceptibility at 37 °C (Figure 2). MS-7 was a much better 

substrate than the parent THP peptide. The greatest (2-fold) difference was observed with 

MMP-13. MT1-MMP was the only collagenase that had no preference for P10′ subsite 

substitution with a peptoid residue. At 37 °C, MS-2 (P1′ Sar residue) became a weak 
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substrate for all MMPs except MMP-1, which did not hydrolyze it. MMP-13 hydrolyzed 

MS-2 4 times faster than MT1-MMP and 3 times faster than MMP-8. The best selectivity 

was obtained for MS-8 (P1′ Sar residue, P10′ NLeu residue), in that it was favored by 

MMP-13. MMP-1 was unable to process MS-8, while MMP-8 and MT1-MMP hydrolyzed it 

3 and 5 times slower, respectively, than MMP-13. Interestingly, the cleavage pattern was 

different for each MMP. MMP-13 had a distinct cleavage site, the Gly778– Gln779 bond, 

while MT1-MMP cleaved the Gly781–Val782 and Arg780–Gly781 bonds, corresponding to 

the P6′–P7′ and P5′–P6′ subsites of the parent THP, respectively. The MMP-8 cleavage site 

was found to be the Gly781–Val782 bond.

A FRET analogue of MS-8, in which subsites P5 and P5′ contained the fluorophore/

quencher pair of Mca/Dnp each attached via the ε-amino group of Lys, was synthesized 

(Table 1). The peptomeric fluorogenic THP (pfTHP-1) formed a stable triplehelical structure 

with a Tm of 36 °C (Figure 1 and Table 1). To further improve the stability of the pfTHP, the 

N-terminus was acetylated (Ac-pfTHP-1). N-Terminal acetylation is useful for stabilizing 

collagen mimetic structures by removing the repulsive N-terminal charges.55 Ac-pfTHP-1 

was more stable than pfTHP-1 (Figure 1), exhibiting a melting point of 40 °C (Table 1).

MMP-1 and MMP-8 were unable to hydrolyze pfTHP-1 and Ac-pfTHP-1. In a fashion 

similar to that of the unlabeled peptomers, pfTHP-1 and Ac-pfTHP-1 were cleaved by 

MMP-13 and MT1-MMP at different sites. MMP-13 had a distinct cleavage site between 

Gly778 and Gln779, while MT1-MMP had two cleavage sites, the Gly781–Val782 and 

Arg780–Gly781 bonds. RP-HPLC analysis of 25 µM Ac-pfTHP-1 incubated at 30 °C for 24 

h indicated <1% hydrolysis by MMP-1, <2% hydrolysis by MMP-8, 22% hydrolysis by 

MT1-MMP, and 65% hydrolysis by MMP-13 (data not shown). The determination of kinetic 

parameters for hydrolysis of pfTHP-1 and Ac-pfTHP-1 was unsuccessful in the cases of 

MMP-1 and MMP-8 because of their minimal activity (Figure 3). The obtained KM, kcat, and 

kcat/KM values for MMP-13 hydrolysis (Figure 3) were in the range of typical triple-helical 

fluorogenic peptide substrates reported previously.16,28 In the case of MT1-MMP, analysis 

using the Michaelis–Menten kinetic model was difficult to interpret because of the low 

activity and multiple cleavage sites. The noncollagenolytic MMP-3 was not able to 

hydrolyze Ac-pfTHP-1 (data not shown).

To examine the selectivity of MMP-13 toward MS-8, a molecular modeling study was 

undertaken. Briefly, a starting structure of a complex of MMP-1 with the α1(I)772–786 THP 

determined by NMR and published previously was used.13 The native THP molecule was 

modified manually to include peptoid residues Sar776 and NLeu785. The alignment of the 

MS-8 P1 subsite with the THP P1 subsite provided the relative orientation of the peptomer 

in relation to the enzyme (Figure 4). This model showed that the position of NLeu785 

changes from the P10′ subsite to the P7′ subsite because of the new Gly–Gln cleavage site. 

In this case, the middle-chain NLeu785 may incur a steric clash with the S7′ residue located 

at helix α1 between blades I and II of the HPX domain (Figure 4). The different composition 

of this region among collagenases together with slightly different orientations of the HPX 

domains may explain the selectivity of MMP-13 toward hydrolysis of MS-2 and pfTHP-1.
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To evaluate the influence of peptoid residues on collagen-like structural stability, two 

independent 20 ns long molecular dynamics (MD) simulations were run for the α1(I)772–

786 THP and MS-8. The simulations were run using a TIP3P water model and OPLS_2005 

force field.45 This system has been used previously to study collagen-like peptides.56,57 The 

triplehelical structures of THP and MS-8 were stable during the entire simulation time. The 

simulation trajectory was analyzed to determine the possible change in the stability and/or 

flexibility of the triple-helical structure. This was performed using root-mean-square 

deviation (rmsd) and root-mean-square fluctuation (rmsf) analysis, where rmsd is the 

deviation from the starting structure and rmsf shows which residues are moving the most 

over the course of the simulation. The rmsd was calculated with respect to the initial 

conformation as a function of time. The average Cα rmsd values for trajectories (Figure 5) 

showed that MS-8 was slightly more flexible than the parent THP. The high- and low-Cα 

rmsd value snapshot structures (Figure 5, designated with numbers) were identified and 

compared (Figure 6). There was no significant difference between the MS-8 and THP 

structures as shown by the analysis of the rmsf of all residues (Figure 7). In both cases, the 

N- and C-terminal residues (residues 1–9 and 31–40, respectively) were more flexible than 

the central residues (10–30). The analysis showed that both compounds behave similarly, 

with MS-8 being slightly more flexible in the central region because of the presence of 

peptoid residues at positions 17 and 26.

Because the stability of a triple-helical structure is partially attributed to a main-chain 

hydrogen bond network,58 the occupancies of main-chain hydrogen bonds during the 

simulation time were investigated. The results show no significant influence of peptoid 

residues on the inter-main-chain hydrogen bond network (Table S1 of the Supporting 

Information). This is due to the fact that the peptoid residues Sar17 and NLeu26 are located 

at position X of the Gly-X-Y triplets, pointing outside the triple-helical main chain. Residues 

17 and 26 act as hydrogen bond acceptors through carbonyl groups. Residue 17 (in both 

models) accepts hydrogen bonds from Gly16 and Gly19 during almost the whole simulation 

time (occupancy of >90%). The Leu26 residue in the THP accepts hydrogen bonds from 

Gly28 and Gly25 (occupancies of 99 and 92%, respectively). The presence of NLeu26 

introduces more disturbances into the hydrogen bond network around this residue. The 

Gly28⋯NLeu26 H-bond reduces its presence by nearly 30% of the time, while the 

Gly25⋯NLeu26 H-bond is present 17% less often (Table S1 of the Supporting 

Information).

A short MD simulation of MMP-13 in complex with MS-8 was run to investigate the 

possible role of the P7′ NLeu in binding of MS-8 with the enzyme. Because no 

experimentally determined MMP-13·collagen-like peptide complex exists and the relative 

orientation of the CAT and HPX domains with ligand present can differ significantly from 

that without ligand,59,60 we utilized the experimentally determined (NMR) model of MMP-1 

with the α1(I)772–786 THP published previously.13 The sequences of MMP-1 and MMP-13 

are 50% identical, and they have the same length of linker domain between the CAT and 

HPX domains. The crude MMP-13·MS-8 model was subjected to a 5 ns MD simulation, 

which was conducted using the Desmond/Maestro package. The simulation showed that 

MS-8 interacts with both the CAT and HPX domains in an expected manner, where the P1′ 
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Gln779 occupies the S1′ pocket, Sar773 (of the leading chain) interacts with the S3 subsite, 

while NLeu782 (of the middle chain) occupies the S7′ subsite. During the simulation, the 

HPX domain moves and maximizes contact with the triple-helical substrate. As the HPX 

domain moves, the triple-helical region close to the P1′ subsite relaxes its structure (Figure 

8A and movie in the Supporting Information). The P7′ subsite occupied by NLeu782 forms 

hydrophobic interactions with the S7′ subsite that includes Phe326 and Tyr360. Remarkably, 

the peptoid residue in the P7′ position allows for easy accommodation of the side chain that 

would not be possible in the case of a natural amino acid (Figure 8B).

DISCUSSION

Peptoid residues influence the backbone geometry of the resulting peptomer because of the 

greater flexibility of peptoid monomers. Peptoids alter the pattern of backbone hydrogen 

bonding and interactions of side chains of the substituted residue (due to the Cα to N side-

chain shift and side-chain reorientation) with the interacting partner. These unique features 

of peptoids may aid in revealing salient features of protein–protein interactions.32 For 

example, the X-ray crystallographic structure of a peptomeric analogue of SFTI-1 

containing NLys in the P1 subsite revealed an interesting mechanism of proteolytic 

resistance.39 The peptomer also provided insights into the mechanism of action of the serine 

protease family.

To understand the molecular basis for collagen stability and metabolism, a number of 

approaches have been used, including the application of synthetic mimics of collagen. Since 

1994, after the high-resolution structure of a collagen model triplehelical peptide became 

available,61 considerable research has focused on synthetic mimics of collagen that contain 

guest residues, tethers, peptoid residues, or analogues of the prevalent 4(R)-hydroxyproline 

residues.62,63

The study presented here has utilized peptoid residue probes to examine triple-helical 

peptide stability and processing. Studies by the Goodman group showed that (Gly-NLeu-

Pro)n constructs form stable triple-helical structures and (Gly-NLeu-Pro)n constructs are 

more stable that (Gly-Pro-NLeu)n analogues.35 Interestingly, an Ac-(Gly-Pro-Sar)10-Gly-

OH analogue did not exhibit triple-helical structure.64 At present, a single substitution by 

NLeu within a Gly784-NLeu785-Hyp786 triplet (MS-7) improved the melting point 

compared with that of the Gly784-Leu785-Hyp786 parent (ΔTm = +4.5 °C). In a similar 

fashion, the Gly775-Sar776-Ala777 construct (MS-2) provided a triple helix more stable 

than that of the parent Gly775-Ile776-Ala777 construct (ΔTm = +2 °C). Interestingly, MS-8, 

which contained both substitutions, had a cooperative stability effect (ΔTm = +5.5 °C). The 

single substitution of the Ile in a peptomer containing the Gly775-NIle776-Ala777 construct 

(MS-1) resulted in a slightly lower triple-helix stability (ΔTm = −2 °C). The difference 

between the stabilities of MS-1 and MS-2 may be explained by the different local geometry 

of a peptoid residue in the Gly-Nxx-Ala triplet and a sum of steric and hydrophobic effects 

that are important for inter- and intrachain interactions in aqueous solvents. This observation 

correlates with a study in which the influence of a single Nxx peptoid residue within Ac-

(Gly-NLeu-Pro)3-Gly-Nxx-Pro-(Gly-NLeu-Pro)3-NH2 was tested.37 The effect of the 

solvent on the main-chain geometry of peptoids/peptomers has been studied experimentally 
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and theoretically.65–68 Results show that water strengthens the tendency of the methylated 

peptide bond in peptoids to adopt the cis configuration. According to quantum chemical 

calculations, in vacuo for both studied compounds, the lowest-energy conformer is in the 

trans configuration, with the energy of the cis N-terminal amide bond conformer being ~2 

kcal/mol higher. However, in water, the energies of these two conformers are almost 

equal.66

Triple-helical peptides have been powerful tools for elucidating MMP kinetic behavior and 

substrate cleavage selectivity. Here, amino acids at subsites P3, P1, P1′, and P10′ were 

replaced with peptoid residues mimicking natural amino acids. The different peptoid 

substitutions had different impacts on activities of MMPs. The changes introduced into 

subsites P3, P1, and P10′ of the α1(I)772–786 THP did not allow for refinement of 

selectivity among the collagenolytic MMPs. Upon substitution of P1′ subsite Ile776 with Sar 

(MS-2), a selective proteolytic susceptibility by MMP-13 was observed. MS-2 was 

hydrolyzed efficiently (>20%) only by MMP-13. MALDI-TOF MS analysis showed 

cleavage products corresponding to hydrolysis of the Gly778–Gln779 bond.

Aligning the sequences of MS-2, MS-7, MS-8, and the parent THP may explain the 

selectivity of MMP-13 (Figure 9). MS-2 and MS-8, containing Sar773 or the combination of 

Sar773 and NLeu782, promote cleavage of the Gly778–Gln779 bond, where Gln becomes 

the new P1′ subsite residue. The hydrolysis site of this Gly–Gln bond is found in native type 

II collagen by MMP-13.69 Upon examination of the alignment of sequences (Figure 9), it is 

apparent that when Gln779 becomes the P1′ subsite residue, another peptoid residue (NLeu) 

becomes the new P7′ subsite residue. Also, the Arg780 residue becomes the new P2′ subsite 

residue, and Gly is found at subsites P4 and P3′, all of which are favored by MMP-13.53

The selectivity observed for MMP-13 could be the result of (a) preferred sequence 

specificity, (b) instability of the triple helix upon peptoid incorporation, and/or (c) altered 

interactions of the triple helix with MMP CAT and/or HPX domains. The Gly–Gln bond is 

hydrolyzed at 28, 10, and 34% of the rate of the Gly–Ile bond for MMP-1, MMP-8, and 

MMP-2, respectively.17 Thus, sequence specificity alone cannot explain the observed 

selectivity, as MMP-1 has a reasonable activity toward Gly–Gln bonds. Other, subtle 

changes in triplehelical sequence affect both MMP-1 and MMP-1325,70–72 but do not 

explain the lack of MMP-1 hydrolysis observed here.

One could argue that the observed MMP-13 selectivity toward the MS-8 peptomer is a result 

of the change in triplehelical structure of the peptomeric THP compared to reference THP. 

Our CD data (Figure 1) together with MD simulation results (Figures 5–7) do not support 

this hypothesis. Another possible explanation of MMP-13 selectivity could be a result of a 

different HPX domain orientation toward the THP substrate. Although the cleavage site is 

shifted, MS-2 and MS-8 still extend to the P20′ subsite of MMP-13. Prior studies have 

shown that the MMP-13 HPX domain has significant interactions with the triple helix until 

at least the P17′ subsite.16 Farndale and co-workers recently confirmed the importance of 

the MMP-13 HPX domain for collagen recognition and cleavage.73 MMP-13 residues of the 

HPX domain interacting with the triple-helical substrate P13′ and P16′ subsites were main 

determinants for MMP-13 collagen recognition and/or processing.73 In NMR-based 
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investigations of full-length MMP-1-catalyzed collagenolysis, residues 291, 292, and 311–

326 belonging to the HPX domain were found to be interacting with the THP.13 Similar sites 

of interaction between MMP-1 and the α1(I)772–786 THP were observed by hydrogen–

deuterium exchange mass spectrometry.70 These sites may differ between MMP-1 and 

MMP-13 on the basis of different conformations of the CAT and HPX domains observed in 

the X-ray crystallographic structures of the two enzymes.74,75 Interestingly, we found that 

the S7′ subsite did not have a substantial influence on MMP-13 HPX domain recognition of 

peptomers, yet an Ala scan found this subsite to affect MMP-13 binding to THPs.73 A 

comparison of HPX residues composing the S7′ subsite pocket reveals differences between 

MMPs (Figure 4B). The incorporation of the NLeu peptoid residue in subsite P7′ allowed 

precise mapping of this interaction, which would be rather difficult to obtain using amino 

acids. The NLeu residue seems to be in the right orientation toward the loop/turn region of 

the HPX domain S7′ subsite (Figure 4A).

As MS-8 allowed for differentiation of hydrolysis rates between collagenolytic MMPs, a 

FRET analogue of the peptomer was synthesized to create a potential discriminatory probe. 

The FRET peptomer Ac-pfTHP-1 was thermally stable (Tm = 40 °C). When tested at 30 °C, 

it showed excellent selectivity toward MMP-13 compared with MMP-1, MMP-8, and MT1-

MMP (Figure 3).

Incorporation of peptoid residues into collagen-like peptides may find several interesting 

applications. Such peptomeric hybrids can be used to search for novel MMP exosites and in 

some cases may serve as proteolytically resistant scaffolds carrying collagen-specific 

recognition sites. For example, the use of peptoid residues may inhibit MMP processing of 

the α1(I)772–786 sequence while maintaining the cell adhesion properties of this site. Along 

these lines, the (Gly-Pro-NLeu)10-Gly-Pro-NH2 collagen mimetic has been shown to 

stimulate the attachment and growth of corneal epithelial cells and fibroblasts. Application 

of triple-helical peptomers could lead to the development of new, collagen-based 

biomaterials, resistant to MMP hydrolysis.

In conclusion, we report here the use of peptoids incorporated into a native collagen peptide 

sequence that allowed for mapping essential MMP–collagen interactions. Peptomers 

containing peptoid residues in the P3 and P7′ subsites are good substrates of MMP-13 and 

may be applied for the design of selective probes of this collagenase.
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ABBREVIATIONS

AEBSF 4-(2-aminoethyl)benzenesulfonyl fluoride

CAT catalytic

Dnp 2,4-dinitrophenyl residue

FN II fibronectin type II domain

FRET fluorescence resonance energy transfer

HCTU N, N, N′, N′-tetramethyl-O-(6-chloro-1H–benzotriazol-1-

yl)uranium hexafluorophosphate

HPX hemopexin domain

Mca 7-methoxycoumarin-4-acetyl residue

MD molecular dynamics

MMP-1 matrix metalloproteinase 1/interstitial collagenase

MMP-13 matrix metalloproteinase 13/collagenase 3

MMP-14/MT1-
MMP

matrix metalloproteinase 14/membrane type 1 matrix 

metalloproteinase 1

MMP-8 matrix metalloproteinase 8/neutrophil collagenase

NIle (S)-(+)-2-butylamine

NLeu N-isobutyl glycine

NPT isothermal–isobaric ensemble

RFU relative fluorescence unit

rmsd root-mean-square deviation

rmsf root-mean-square fluctuation

RP-HPLC reverse-phase high-performance liquid chromatography

Sar sarcosine (N-methyl glycine)

THP triple-helical peptide

TIP3P transferable intermolecular potential three-point water model
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Figure 1. 
CD properties of triple-helical peptides and peptomers. (A) Thermal transition curves of 

triple-helical peptides and peptomers. Readings were taken at λ = 225 nm and normalized to 

fraction folded. (B) Melting point evaluation of triple-helical peptides and peptomers based 

on thermal transition curves.
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Figure 2. 
Screening of the susceptibility of triple-helical peptides and peptomers toward MMP 

hydrolysis at 37 °C after 24 h as measured by RP-HPLC analysis.
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Figure 3. 
Initial velocities (Vi) for MMP hydrolysis of (A) pfTHP-1 and (B) Ac-pfTHP-1 at 30 °C. 

Kinetic parameters were then determined for MMP-13 (table).
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Figure 4. 
(A) Molecular modeling of MS-8 interacting with MMP-1. The P7′ residue (middle strand) 

is sterically hindered during interaction with the S7′ pocket (THP, green; CAT domain, 

magenta; HPX domain, yellow; HPX residues interacting with the THP, orange; P1′ residue, 

red; P7′ residue, cyan). (B) Sequence alignment of the α1 helix region of the HPX domain 

containing the S7′ pocket. The possible S7′ residue causing hindrance is colored blue and 

numbered in blue.
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Figure 5. 
rmsd calculated for Cα atoms in (A) THP and (B) MS-8 during a 20 ns simulation time. 

Numbers correspond to snapshot structures depicted in Figure 6.
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Figure 6. 
Structure snapshots of (A) THP and (B) MS-8 with high and low Cα rmsd values identified 

in MD simulations, numbered accordingly from a trajectory (panels A and B of Figure 5, 

respectively).
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Figure 7. 
rmsf calculated for Cα atoms in (A) THP and (B) MS-8 during a 20 ns simulation time. The 

average fragment rmsf (dashed line) was calculated for residues 10–30.
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Figure 8. 
Analysis of the MD simulation of the MMP-13·MS-8 complex. Panel A shows the relative 

HPX domain movement conjugated with simultaneous destabilization and/or unwinding of 

MS-8. Panel B shows the interaction of the P7′ NLeu782 residue with the S7′ subsite 

containing hydrophobic residues Phe326 and Tyr360. A video showing domain movement 

(morphing) between the beginning and end frames of a 5 ns trajectory is available as 

Supporting Information.
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Figure 9. 
Comparison of MS-2, MS-7, MS-8, Ac-pfTHP-1, and THP sequences. Red is for the peptoid 

residue, magenta for the fluorophore/ quencher attached through the ε-amino group of Lys, 

and green for terminal fragments.
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Table 1

Triple-Helical Peptides and Peptomersa

compound sequence modification type

MW observed [M 
+ H]+

(theoretical)
melting point
Tm (°C)

α1(I)772–786
THP

(GPO)4-GPQG↓IAGQRGVVGLO(GPO)4-NH2 parent sequence 3558.8 (3557.8) 38

MS-1 (GPO)4-GPQG-NIle-AGQRGVVGLO(GPO)4-NH2 P1′ = NIle 3558.8 (3557.8) 36

MS-2 (GPO)4-GPQG-Sar-AGQRGVVGLO(GPO)4-NH2 P1′ = Sar 3517.8 (3516.8) 40

MS-3 (GPO)4GPQ-Sar-IAGQRGVVGLO(GPO)4-NH2 P1 = Sar 3572.8 (3571.8) 18

MS-4 (GPO)4G-Sar-QGIAGQRGVVGLO(GPO)4-NH2 P3 = Sar 3532.8 (3531.8) 34

MS-7 (GPO)4GPQGIAGQRGVVG-NLeu-O(GPO)4-NH2 P10′ = NLeu 3558.8 (3557.8) 42.5

MS-8 (GPO)4GPQG-Sar-AGQRGVVG-NLeu-O(GPO)4-
NH2

P1′ = Sar, P10′ = NLeu 3517.8 (3516.8) 43.5

MS-9 (GPO)4GPQ-Sar-IAGQRGVVG-NLeu-GLO(GPO)4-
NH2

P1 = Sar, P10′ = NLeu 3572.8 (3571.8) 24.5

MS-10 (GPO)4GPQGWAGQRGVVG-NLeu-O(GPO)4-NH2 P1′ = Trp, P10′ = NLeu 3631.8 (3630.8) 34

pfTHP-1 (GPO)4GP-Lys(Mca)-G-Sar-AGQRGV-Lys(Dnp)-G-
NLeu-O(GPO)4-NH2

P1′ = Sar, P10′ = NLeu, 
fluorogenic
substrate

3927.8 (3926.8) 36

Ac-pfTHP-1 Ac-(GPO)4-GP-Lys(Mca)-G-Sar-AGQRGV-Lys(Dnp)
G-NLeu-O(GPO)4-NH2

P1′ = Sar, P10′ = NLeu, 
acetylated
fluorogenic substrate

3969.8 (3968.8) 40

a
O is 4-hydroxy-L-proline. The cleavage site of the parent compound is indicated with a down arrow.
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