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Abstract

Collagen mimetic peptides (CMPs) have been used to elucidate the structure and stability of the
triple helical conformation of collagen molecules. Although CMP homotrimers have been widely
studied, very little work has been reported regarding CMP heterotrimers because of synthetic
difficulties. Here we present the synthesis and characterization of homotrimers and ABB type
heterotrimers comprising natural and synthetic CMP sequences that are covalently tethered to a
template, a tris(2-aminoethyl) amine (TREN) succinic acid derivative. Various tethered
heterotrimers comprising synthetic CMPs [(ProHypGly)g, (ProProGly)g] and CMPs representing
specific domains of type | collagen were synthesized and characterized in terms of triple helical
structure, thermal melting behavior and refolding kinetics. The results indicated that CMPs
derived from natural type | collagen sequence can form stable heterotrimeric helical complexes
with artificial CMPs and that the thermal stability and the folding rate increase with the increasing
number of helical stabilizing amino acids (e.g. Hyp) in the peptide chains. Covalent tethering
enhanced the thermal stability and refolding kinetics of all CMPs; however their relative values
were not affected suggesting that the tethered system can be used for comparative study of
heterotrimeric CMP's folding behavior in regards to chain composition and for characterization of
thermally unstable CMPs.

Introduction

As a basic component of the extracellular matrix (ECM) and with more than 28 different
types known to date, collagen is one of the most abundant and diversified proteins in
mammals. It is a major structural component in most connective tissues such as skin,
ligament, cartilage, bone, and tendon.! The collagen molecule is characterized by the
general Xaa-Yaa-Gly trimeric repeating motif in amino acid sequence where proline and
hydroxyproline (Hyp, O) occur most often in the Xaa and Yaa positions, respectively.2 A
hallmark structural feature of collagens is their unique triple helix in which three strands,
each in a left-handed helix, intertwine with one another to form a right handed triple helix
that is stabilized by inter-chain hydrogen bonds. Some collagen types are homotrimers (e.g.
type 11, 111 and VI11), while others are heterotrimers of ABB or ABC composition (e.g. type
I, IV and V). The most abundant type I collagen, for example, exists as an ABB heterotrimer
that consists of two al1(l) chains and one a2(l) chain which are genetically distinct but
similar to each other in terms of amino acid sequence. The heterotrimeric nature of type |
collagen plays an important role in collagen fiber packing as well as the mechanical
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properties and enzymatic susceptibility of collagen fibers.3-> Mutations of heterotrimeric
type I collagen (al),(a2); into homotrimeric type I collagen (a1)3 are reported to cause
osteogenesis imperfecta in mice models.%’

Collagen mimetic peptides (CMPs) have been used as a molecular model to elucidate both
the three-dimensional structure of the collagen triple helix and the origin of its
conformational stability.8-11 CMPs are generally 15 to 45 amino acid residues in length and
are comprised of collagen-like Xaa-Yaa-Gly tri-residue repeats that have the inherent
propensity to form the triple-helix structure. For decades, most research activities on CMPs
have focused on homotrimeric CMPs where three identical polypeptide chains make up the
triple helix. These CMPs are ideal models for the representation of homotrimeric collagens,
such as type Il and type Il1. It has proved more difficult to obtain and characterize
heterotrimeric CMPs, which can serve as models for heterotrimeric collagens such as type |
and IV, and only a few studies on heterotrimeric CMPs have been reported. Zagari and
coworkers reported the melting behavior of CMP heterotrimers
[(ProProGly)1gl2(ProHypGly)1g and (ProProGly)1g[(ProHypGly)1g]2. These heterotrimers
were identified from a mixture solution of (ProProGly),g and (ProHypGly)q after heating
and cooling cycle.1? In addition to thermal transitions of the homotrimers, two additional
transitions, which corresponded to the melting of the heterotrimeric CMPs, were observed
by circular dichroism spectrometry (CD). The presence of heterotrimeric CMPs in the
mixture solution indicated that CMPs with high Hyp content could form triple helices with
CMP chains of low Hyp content. Hartgerink's research group recently reported the use of a
similar melting/refolding strategy, combined with controlled charge-charge interactions, to
prepare well-defined ABB and ABC types of CMP heterotrimers.13:14 When a mixture of
charged single-stranded CMPs were gradually cooled down to below their melting
temperatures, a stable heterotrimer was formed that contained CMP trimers with balanced
electrostatic charges; upon cooling, this CMP mixture solution comprising anionic, cationic
and neutral strands produced only ABC type heterotrimers,13:14 which allowed a folding
kinetic study of a heterotrimer for the first time.1> However, this method is only suitable for
a heterotrimeric system that contains well designed charge distributions and can not be
applied to general heterotrimeric CMPs unless they are employed as part of a host-guest
system. In addition, charge interactions that hold the heterotrimers together are easily
disrupted by changes in pH and ionic strength, which limits the conditions for studying the
trimers' folding behaviors.

Covalent bridges that link three peptide strands together have been used to enhance the
stability of self-assembled triple helices and to produce heterotrimeric CMPs. Common
methods involve cross-linking of side-chain functional groups6:17 or the use of trifunctional
organic templates.18-20 Moroder and coworkers developed an effective method for
heterotrimeric CMP synthesis by applying a cystine-knot strategy.1” The orthogonally
protected thiol groups of cysteine residues were selectively de-protected and coupled to the
thiols on other CMP strands which led to the formation of heterotrimeric CMPs. However,
the order of chain alignment in these heterotrimeric CMPs had significant effects on triple
helical stability and folding Kinetics; two heterotrimers with the same composition but
different chain register exhibited a 12°C difference in melting temperatures.2! This indicated
that the structural constrain in one of the heterotrimers was very high which prevented an
optimal conformation for triple helical structure. Goodman and coworkers reported the
synthesis and biophysical analysis of template-assembled homotrimeric collagen structures
using KTA (cis, cis-1, 3, 5-trimethylcyclohexane-1, 3, 5-tricarboxylic acid) or tris(2-
aminoethyl) amine (TREN) succinic acid derivatives as templates.2%:22 The conformation
study showed that both KTA and TREN derivatives were relatively flexible templates which
provided the one-residue shift necessary for the assembly of collagen-like triple helical
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structure, but the TREN template was reported to be more flexible than the KTA template
and present less steric effects on the CMP's triple helical structure.22

Besides being a structural model of natural collagen, CMPs can also be used to produce
various self-assembled biomaterials for potential applications in biomedicine.23-2% In
particular, our group reported CMP binding to films and fibers of natural collagen, which is
presumably mediated by the formation of hybrid complexes between CMPs and
disentangled domains of the collagen molecules.26:27 These hybrid complexes can be
modeled by template-tethered CMP heterotrimers, though currently all attempts at producing
template-tethered CMPs have focused on homotrimeric CMPs, mainly due to the difficulties
in selectively coupling one or two peptides to the templates. Here, we present a simple
strategy for CMP heterotrimer synthesis using the TREN template, which involves serial
solid phase and solution coupling of two different CMPs onto the template. We chose a
well-established TREN template system to ensure optimal triple helix assembly of our target
homo- and hetero-trimeric CMPs.22 Triple helical structures, thermal melting behaviors and
refolding kinetics of various ABB type heterotrimers are presented which help us understand
the heterotrimeric nature of collagens. In addition, the template-tethered heterotrimers can
serve as an alternative to the host-guest system for studying thermally unstable CMPs
derived from natural collagens and collagen-like sequences in non-collagenous proteins.

Materials and Methods

All reagents were obtained from Sigma-Aldrich (St. Louis, MO), Advanced Chemtech
(Louisville, KY) or Novabiochem (La Jolla, CA) and used without further purification.
Amino acids were purchased from Advanced Chemtech and Novabiochem. Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry analyses were
performed on an Applied Biosystems VVoyager DE-STR spectrometer.

Peptide Synthesis

All peptides were synthesized using Fmoc mediated solid phase chemistry by automated or
manual synthesis. Automated peptide synthesis was carried out on a peptide synthesizer
(model 431) from Applied BioSystems (Foster City, CA). TentaGel R RAM resin (0.19
mmol of reactive sites/g; 0.1 mmol loading level; Peptides International, Louisville, KY)
was loaded in the reaction vessel. Piperidine (20% by volume) in methylpyrrolidone (NMP)
was used as the deprotection solution and effectiveness of the deprotection was monitored
using a conductivity flow cell. The activation solution contained O-benzotriazole-N,N,N’,N’-
tetramethyl-uronium-hexafluoro-phosphate (HBTU, 0.225 M) and N-hydroxybenzotriazole
(HOBL, 0.225 M) in dimethylformamide (DMF). Five molar equivalents of Fmoc-protected
amino acids were used. For side-chain protection, tert-butyl was used for Ser and Tyr, trityl
for Asn and GIn, 4-{N-[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-
methylbutyl]amino}benzyl ester (ODmab) for Glu and 1-(4,4-dimethyl-2,6-
dioxocyclohexylidene)ethyl (Dde) was used for Lys. All amino acids were double-coupled
followed by acetylation using a mixture of acetic anhydride (0.5 M), N-
diisopropylethylamine (DIPEA, 0.125 M), and HOBt (0.015 M) in NMP to minimize the
production of peptides with deleted sequence.

Manual peptide synthesis was carried out using 4 molar equiv of amino acids. Fmoc-
deprotection was accomplished by treatment with 20% (v/v) piperidine in DMF for 40 min.
The coupling reaction was performed using 4 molar equiv of HBTU and 6 molar equiv of
DIPEA in NMP solution. All the coupling reactions were completed within 2~4 hr and
monitored by ninhydrin or chloranil tests. After the coupling of the last amino acid residue,
the peptides were deprotected and the resins were dried under vacuum. The peptides were
cleaved from the resin by treating the resin with a mixture solution of trifluoroacetic acid
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(TFA)/triisopropylsilane (TIS)/H,0 (95:2.5:2.5 by volume) for at least 2 hr. The TFA
solution was collected and ten-fold excess cold ether was added to precipitate the target
peptides. The peptides were collected by centrifugation and dried under vacuum. The
peptides were dissolved in deionized water and purified by reverse-phase HPLC with a C-18
column using a mixture of water (0.1% TFA) and acetonitrile (0.1% TFA) as a mobile
phase. The purified peptides were analyzed by MALDI-TOF MS (Supporting Information:
Figure S1): m/z calculated 1745.0 [M] for P, found 1745.8 [M + H*]; m/z calculated 1841.0
[M] for O, found 1841.9 [M + H*]; m/z calculated 1790.9 [M] for a, found 1791.5 [M +
H*]; m/z calculated 1804.9 [M] for T, found 1826.2 [M + Na*].

Template-Tethered Homotrimer Synthesis

The TREN template, TREN-(suc-OH)s, was synthesized according to the literature.22 DMF
(0.1 mL) solution containing TREN-(suc-OH)3 (1 umol, 0.45 mg) was mixed with HBTU
(3.5 umol in 7.0 uL of DMF solution) and DIPEA (82 umol, 15 uL), and stirred at room
temperature for 5 min. This mixture solution was added drop wise to 0.9 mL of DMF
solution containing the peptide (4.0 umol). The reaction was run for 24 hr at room
temperature. The homotrimers were precipitated using 10 mL of cold ethyl ether and
isolated by centrifugation.

Template-Tethered Heterotrimer Synthesis

Heterotrimers were prepared by the route shown in Scheme 1, involving both solid phase
and solution coupling. Conventional solid phase peptide synthesis was used to prepare CMP
A on TentaGel R RAM resin. After final deprotection, 10 molar equiv of TREN-(suc-OH)3
was reacted to CMP A on the solid phase resin, using 40 molar equiv of HBTU (0.5 M in
DMF solution). After 48 hr, the CMP-template conjugates were cleaved using a mixture of
TFAITIS/H,0=95/2.5/2.5 and purified by HPLC. (Supporting Information: Figure S2)
CMP-template conjugates can also be synthesized by solution coupling. (See Supporting
Information) The CMP-template conjugates (1 pmol) were dissolved in 0.1 mL of DMF to
which were added HBTU (5 umol in 10 pL of DMF solution) and DIPEA (82 pumol, 15 pL).
The reaction mixture was stirred at room temperature for 10 min followed by addition of
DMF solution (0.9 mL) containing 8 umol of CMP B. After 48 hr of reaction time, the crude
product was precipitated by addition of 10 mL of cold ethyl ether and isolated by
centrifugation.

For the synthesis of heterotrimers containing peptide a, the crude heterotrimer product
isolated from centrifugation was re-dissolved in 2% hydrazine in DMF (1 mL) and stirred
for 5 minutes to remove the side chain protective groups from Lys and Glu. The peptides
were re-precipitated in 10 mL of cold ethyl ether and isolated by centrifugation.

HPLC Purification and MALDI Characterization of Template-Tethered CMPs

All peptides and template-tethered trimer products were purified by HPLC. HPLC
purification was performed on a Varian Polaris 210 series equipped with Vydac C18 reverse
phase column. Linear gradient mixture of water (0.1% TFA) and acetonitrile (0.1% TFA)
was used as a mobile phase. Semi-preparative column was used at a flow rate of 4 mL/min
for peptide purification and analytical column was used at a flow rate of 1 mL/min for
template-tethered CMP trimers. If the purity of HPLC purified products was less than 90%,
the peptides were further purified by dialysis or by additional HPLC using a mixture of
water (0.1% TFA) and methanol (0.1% TFA) as a mobile phase. MALDI-TOF MS was used
to confirm the purity of the products (Supporting Information: Figure S1). MALDI MS m/z
calculated 5627.4 [M] for P-P-P, found 5626.4 [M + H*]; m/z calculated 5723.4 [M] for
O-P-P, found 5748.8 [M + Na*]; m/z calculated 5819.4 [M] for P-O-O, found 5820.1 [M +
H*]; m/z calculated 5915.4 [M] for O-O-O, found 5914.1 [M + H*]; m/z calculated 5762.5
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[M] for a-a-a, found 5765.2 [M + H*]; m/z calculated 5673.4 [M] for a-P-P, found 5668.3
[M + H*]; m/z calculated 5865.4 [M] for a-O-0, found 5865.0 [M + H*]; m/z calculated
5804.2 [M] for T-T-T, found 5804.4 [M + H*]; m/z calculated 5686.3 [M] for T-P-P, found
5684.9 [M + H*]; m/z calculated 5878.3 [M] for T-O-O, found 5879.2 [M + H*].

Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were collected on JASCO 715 spectrophotometer equipped
with a JASCO PTC-348 WI temperature controller and a Hellma Cell (400 uL, 0.1 mm
pathlength). Samples (0.2 mg/ml in 20 mM sodium phosphate buffer, pH 7.0) were stored at
4°C for at least 24 hr before the CD measurement and thermal unfolding studies. The
thermal unfolding studies were performed by measuring the ellipticity maximum peak at
225 nm with 60 °C/hr heating rate for all CMPs. Mean residue ellipticity was calculated as
follows: [6] = (6-m)/(c-I:n,), where 9 is the observed ellipticity in mdeg, m is the molecular
weight in g/mol, ¢ is sample concentration in mg/mL, | is path length of the cuvette in cm,
and n, is the number of amino acids in the peptide or in the template-tethered trimer
molecule. Melting temperature (T,,,) was determined by fitting the mean residue ellipticity to
a two-state model.28 All melting experiments were repeated and T,s were found to be
reproducible within £1°C. To compare the effects of heating rate, compound T-O-O's
melting experiment was conducted at both 60 °C/hr and 10 °C/hr heating rates (Figure S5).
Tn, determined from the slower heating rate was approximately 3°C lower than that
determined from the fast heating rate.12 In addition, CD melting studies of heterotrimer
a-0-0 were carried out in both acidic (0.2 mg/ml in 50 mM H3PO4/NaH,PO,4 buffer, pH
3.1) and basic (0.2 mg/ml in 50 mM sodium borate buffer, pH 9.3) solutions to investigate
the effect of pH in the folding behavior of template-tethered heterotrimers.

Refolding Kinetics Studies

The refolding rate of CMP trimers were determined by first measuring the maximum mean
residue ellipticity at 225 nm of the fully folded CMP trimers (0.2 mg/ml in 10 mM sodium
phosphate buffer, pH 7.0) that had been incubated at 4°C for at least 24 hr ([f]foideq)- The
trimer molecules were thermally denatured by heating at a 1°C/min rate from 4°C to a
temperature 20°C higher than their respective Ty,s (for O-0-O, 85°C was used due to the
instrument limitation). CD signal was recorded ([f]unfolded) after 5 min of incubation at that
temperature. The solution was rapidly quenched to 4°C and the recovery of the ellipticity
maximum was recorded over time ([6]). Fraction folded (FF) was calculated from the
following equation: FF = ([0]1 — [@lunfolded)/([Ofoided — [Flunfolded) and the ty, is taken as
the time that the melted CMP takes to achieve 50% fraction folded.

Results and Discussion

Design and Synthesis of CMPs

To demonstrate the advantage and versatility of the template tethering approach, we chose to
study tethered trimers of various compositions comprising four CMPs: two conventional
CMPs based on ProProGly (P) and ProHypGly (O) repeating units, and two natural collagen
mimetic sequences, a and T, derived respectively from the middle domain (a2 chain,
269-286) and the triple helical C- terminal (02 chain, 1091-1108) domain of rat tail type |
collagen (Table 1). CMPs of ProProGly and ProHypGly triplet repeats have been
extensively studied in the past by our group and others. 8:10:12:27 Thejr well-known triple
helical stability and folding behavior allows for easy prediction and interpretation of the
folding behavior of the template-tethered trimers. Previously, we reported CMP's structure-
dependent binding affinity to type I collagen?® and hypothesized that Hyp-deficient domains
or terminal domains could form loose structures that can be potential targets for CMP
hybridization.2” Peptide & was selected from one of the thermally unstable domains of type |
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collagen, while the peptide T was selected from the triple helical C-terminal domain, which
contains four Hyp residues.122 Although this sequence is rich in the helix-stabilizing amino
acid Hyp, we thought that it could also form loose structures in the collagen triple helix
because of its terminal location.

In designing the target peptides, we inserted an extra Gly at the N-terminus as a spacer to
decouple direct interactions between the peptide and the template, and an extra Tyr at the C-
terminus for convenient quantification of peptides using UV absorbance at 275 nm.

Conventional Fmoc chemistry was used to prepare the target peptides. In consideration of
the subsequent template coupling reactions that occur between free amino termini of the
CMPs and the carboxylic acid groups of the templates, all four peptides were synthesized on
a TentaGel R RAM resin that liberates the target peptide with unreactive carbamide
protecting the C-terminus. The side chains of reactive amino acids Lys and Glu were
protected with Dde and ODmab, respectively, which are stable under peptide cleavage
conditions (TFA treatment) and prevent undesired cross-links among various peptides
during template coupling.

We conducted CD melting experiments to determine the thermal stability of the CMP triple
helices (Table 1, Figure 1). Among the four peptides, O and T showed sharp sigmoidal
thermal transitions; O melted at 32°C and T at 16°C. In contrast, a linear decrease in
ellipticity was observed for P and a, suggesting little structure formation even at a
temperature as low as 4°C.

Synthesis of Template-Tethered Homo and Hetero CMP Trimers—Template-
tethered homotrimers, designated as A-A-A, were synthesized by conjugating TREN-(suc-
OH)3 templates directly onto purified CMPs in DMF solution at room temperature for 24 hr.
According to recent report, ABB type heterotrimers can have 3 different chain registers with
varying stability.3% Therefore, TREN template was chosen among other templates for its
flexibility that could potentially accommodate all 3 chain registers and allow formation of
the most stable triple helix.22 We examined three coupling reagents: 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), N,N’-diisopropyl-carbodiimide
(DIC), and HBTU. The MALDI after the conjugation reaction showed that HBTU was most
effective among the three tested. The homotrimer coupling yield of P-P-P after HPLC
purification was 65% for HBTU activation but only 20% for EDC activation, while no
significant product was obtained when DIC was used as the coupling reagent (Figure S3).
When the same HBTU activation methods were applied to the synthesis of O-O-0O, the yield
after HPLC purification was only 32%. The reduction in reactivity for O may have been due
to a small amount of water in the hydrophilic peptide O which can reduce the efficiency of
HBTU as reported before.31 Because of small reaction scale, the exact yields of other
homotrimers (a-a-a and T-T-T) after HPLC purification were not determined; however a
comparative HPLC analyses suggested that they were in between those of P-P-P and O-O-O.

Template-tethered ABB type heterotrimers, designated as A-B-B, were synthesized by a two-
step process. First, a single type A CMP was conjugated to the TREN-(suc-OH)3 template
by reacting excess amount of template with the CMP directly on the resin. Due to the low
density of reactive sites characteristic to the PEG-PS based Tentagel resin, only one of the
template's three carboxylic acid moieties reacted with the resin-bound CMP. This process
allowed easy synthesis of single CMP-template conjugate without any side products (e.g.
double or triple CMP-template conjugates) to which full length type B CMP was added in
solution to produce the template-tethered ABB type trimer. Compared to the homotrimer
synthesis, the second coupling reaction proceeded with much lower reactivity as evidenced
by the MALDI and HPLC profiles. We speculate that the CMP (chain A) conjugated to the
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template is sterically hindering the access of the next CMP (chain B) to the two carboxylic
acids remaining on the template. Therefore, an excess amount of type B CMP was used for
the reaction along with a long reaction time (48 hr) and the following adjustments were
made to the coupling reagents of the second coupling step to achieve the satisfactory
reaction yields. Similar to the homotrimer synthesis, P was found to be more reactive than
O. For example, yields after HPLC purification was 15.6% for T-P-P and 8.8% for T-O-O.

During the 48 hr template conjugation reaction time, the HBTU had a tendency to react with
the terminal amine of the CMP, forming the tetramethylguanidinium derivative.32 To avoid
this side reaction, TREN-(suc-OH)3 was pre-activated with HBTU/DIPEA before addition
to the peptides and the use of excess HBTU was avoided. In the case of coupling O to the
template, we used benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
(PyBOP) instead of HBTU to avoid this side reaction.33 The PyBOP-mediated reaction was
run at 60°C to compensate for its lower reactivity compared to HBTU.

Thermal Stability of Template-Tethered CMPs—In order to demonstrate the validity
of our approach, we first studied the melting and refolding properties of template-tethered
homo and heterotrimers comprising only conventional CMPs, O and P. Our results revealed
significant differences in structural stability between tethered and untethered CMPs. In
drastic contrast to untethered P, when three strands of P were covalently tethered to the
TREN-template, the homotrimer P-P-P displayed a CD spectrum characteristic of collagen
triple helix (MREmax = 3,658 deg-cm2-dmol-1) and a well-defined sigmoidal melting curve
with Ty, at 47°C (Figure 2). Similarly, the tethered homotrimer O-O-O had a high melting
temperature of 72°C, whereas the Ty, of untethered O was 32°C (Figure 3). These drastic
increases in Ty, are mainly due to the entropic effect brought on by the template: folding and
unfolding of tethered CMPs are intra-molecular processes while those of untethered CMPs
are inter-molecular.22

The CD melting study of the homo and heterotrimers revealed that the Ty, of the tethered
trimers rise with increasing numbers of O strands present in the triple helix due to the
stabilizing effect of Hyp (Table 2, Figure 3).34:35 We observed a melting temperature
elevation of 4°-11°C per replacement of one P strand with one O strand: P-P-P (47°C),
O-P-P (51°C), P-0O:0 (62°C), and O-O-O (72°C). These results are in agreement with recent
studies on untethered heterotrimeric CMPs [(PPG)10]2(POG)10 and (PPG)1o[(POG)10]p+12:38
which were produced by cooling a mixture solution comprising the two melted CMPs.
Zagari and coworkers observed Ty, elevation of 6°-12°C per replacement of one
(ProProGly)g strand with (ProHypGly);012 which is close to our template-tethered CMP
system. Further examination of T, values of tethered heterotrimers revealed cooperativity of
O-O interactions in triple helix stabilization. The increase of Ty, from homotrimer P-P-P to
heterotrimer O-P-P was only 4°C, while the T, difference between O-P-P (51°C) and P-O-O
(62°C) was over 11°C. Considering that these jumps in melting temperatures are caused by
the same substitution (single P—0O), the marked differences in ATy, are a clear indication of
cooperativity in triple helix folding where O-O interactions are producing a synergistic
stabilizing effect. Although the results showed a significant triple helix stabilization effect of
the TREN-template, the template did not overwhelm the characteristics of each CMP strand,
and the order of T, remained the same as the untethered CMPs revealing the effect of the
trimer's chain composition on the overall triple helical stability.

Refolding Kinetics Studies of Template-Tethered CMPs—Using this template
system, we were able to study the refolding behavior of CMP heterotrimers under various
conditions. Such studies can only be performed with tethered heterotrimers since during the
refolding process, untethered CMP chains can redistribute and form various heterotrimers
with mixed compositions.12:36 The folding rates of the tethered homotrimers and
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heterotrimers were examined by rapidly quenching the thermally denatured homotrimers or
heterotrimers to 4°C and observing the increase in CD signal at 225 nm over time.
Untethered host-guest homotrimeric CMPs studied by Brodsky and coworkers had folding
half times (ty/2) varying from tens of minutes to more than an hour.3” In contrast, our
tethered CMP trimers showed a very fast refolding process with half times on the order of a
few minutes (Table 2 Figure 4). Homotrimer O-O-O refolded so fast that we were unable to
measure its ty/,; after the operation dead time, the first data point of O-O-O already
corresponded to folding recovery of 68%. The ty/, values of trimers P-O-O, O-P-P and P-P-P
were 0.4 min, 1.3 min, and 2.1 min, respectively. Similar to the thermal melting studies, the
rates of folding were heavily affected by the composition of the peptides: more O stands in
the tethered trimer resulted in faster folding which also correlated with the melting
temperatures as described above. The tethering of CMP strands increases the local
concentration of unfolded CMPs. Given the high concentration dependency of the
nucleation step in folding, the fast folding rates of these tethered CMPs were expected as
others have reported similar fast refolding kinetics for Fe!l(bpy)s-tethered CMP
homotrimers, which displayed a t;/, value of less than one minute.38

The template-tethered heterotrimeric CMPs can be considered a simplified model for
heterotrimeric collagen molecules especially in the folding kinetic studies. Folding of
collagens is nucleated by trimeric non-collagenous domains which are usually located at the
C-terminus of a procollagen chain. While this suggests that the triple helix folding proceeds
from the C- to the N-terminus, recent collagen sequence studies and folding Kinetics studies
of cross-linked CMP homotrimers suggest that collagen folding can also be nucleated at the
N-terminus.3%:40 The complex nucleation domain used in those reported folding studies
could be replaced by the TREN-template which is structurally simple and readily available.
For the TREN-template-tethered CMPs, we expect that the nucleation and follow-up helix
propagation will preferentially occur at the N-terminal end at which the template is attached.
In this regard, the TREN-(suc-OH)3 template CMP system provides not only heterotrimers
of defined composition but also prominent nucleation sites for the helix formation that can
be a suitable model for investigating the inter-strand interactions and the folding
directionality of collagen.

Investigation of CMP-Collagen Interactions—Because of their common structural
features and the nature of inter-strand interactions, synthetic CMPs and collagen are known
to form hybrid complexes by heterogeneous triple helix assembly.#! Schiele and coworkers
reported that the a1 chain of calf-skin collagen can form such hybrids with synthetic
polypeptides including (ProAlaGly),, and (ProProGly),.4! The hybridization was induced by
cooling the melted mixture of al chains and synthetic polypeptides and the optical rotation
data of the hybridized product indicated formation of the triple helix structure. Hybridization
of type I collagen and synthetic CMPs have been extensively studied by our group where
specific techniques were developed to allow CMPs to either adhere to or bury themselves
within type I collagen fibers.26:27:42:43 The temperature-dependency of the collagen binding
affinities that were determined for a series of CMPs with varying chain lengths indicated
that the binding was mainly driven by triple helix propensity. By employment of CMP-
functionalized gold nanoparticles, we identified periodic domains on collagen fibers that
attract CMPs, indicating a high binding specificity.27:43:44 Although our TEM results were
unable to identify the exact molecular location of these hybridization sites, we hypothesized
that thermally unstable domains that lack Hyp or the termini of collagen molecule could
induce microunfolding of triple helix and expose stretches of disentangled collagen chain
that can hybridize with CMPs.

In order to model a potential hybrid complex that might form between CMP and collagen,
we prepared a series of tethered heterotrimers comprising synthetic (O and P) and natural
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sequence (a and T) CMPs, which respectively represent the Hyp-deficient thermally labile
domain and the triple helical C-terminal domain of type I collagen (Table 3). Heterotrimers
a-:0-0, a:P-P and T-O:O, T-P-P were produced to mimic hybrid complexes, and
homotrimers a-a-a and T-T-T were produced to represent native collagen helices based on
the similarity in amino acid sequence between the a1 and a2 chains of type | collagen.
Peptide a, which had the lowest propensity for collagen triple helix among the four CMPs,
did not form triple helices even when all three strands were covalently tethered to the
template (a-a-a, Table 3), evidenced by i) no ellipticity maximum observed at 225 nm
(MREggs = -1415 deg-cm2-dmol-1, Figure 5a) and ii) an almost linear decrease in ellipticity
during thermal melting studies (Figure 5b). In contrast, the CD spectrum of a-O-O showed
positive maximum at 225.2 nm (MREmax = 1761 deg-cm2-dmol-1, Figure 5a) and the
thermal melting experiment showed a clear sigmoidal curve with T, at 44°C (Figure 5b, 5c),
which indicated the characteristic triple helical structure with relatively high thermal
stability. The Ty, of T-T-T, was 47°C, but the T-O-O heterotrimer exhibited an even higher
T of 64°C (Figure 6, Table 3). These results clearly demonstrate that the synthetic/natural
CMP hybrid complexes do fold into stable triple helices, and that unstable sequences
derived from natural collagen can form much more stable helices by hybridization with the
peptide O. In addition, heterotrimers a-P-P (Tyy: 16°C) and T-P-P (Tpy,: 45°C) folded into
triple helical structure with lower thermal stability (Table 3, Figure 5, 6) which verifies the
strong triple-helical stabilization effect of Hyp even in these heterotrimeric systems.
However, these P containing hybrids still showed enhanced or similar triple helical stability
when compared to their natural homotrimer counterparts (Table 3), suggesting that
polypeptide (ProProGly), is well capable of forming triple helical hybrids with natural
collagen sequence.*!

We admit that our template-tethered heterotrimer is an oversimplified model of the CMP-
collagen hybrid complex that does not consider any effect from kinetic competition by
homotrimer formation during CMP invasion or a neighboring effect during hybridization,
both of which are critical to CMP-collagen interactions. However, this was our first attempt
at reproducing the potential CMP-collagen interaction at a molecular level and will serve as
the foundation for further studies aimed at improving this system to better mimic CMP-
collagen complexes. Using the template-tethered heterotrimer system, we were able to verify
the gain in thermal stability that was expected when unstable natural collagen sequences
form a hybridized complex with synthetic CMP with high triple helical propensity.

The unstable triple helical domains in a collagen chain play important roles in biological
activities including ligand binding and enzymatic susceptibility.2® Mutations that lead to
structural instability in the triple helix have been related to debilitating diseases such as
osteogenesis imperfecta.*> CMPs derived from these thermally unstable domains are often
too unstable to be studied directly by CD. Therefore, Brodsky's research group pioneered the
host-guest system.2:45-47 |n this system, the unstable target peptide of interest is flanked at
one or both termini by three to five ProHypGly triplets that act as external triple helix
stabilizers, elevating the T, of the unstable peptide to where it can be easily determined by
CD. Recently, Hartgerink and coworkers have extended this host-guest approach to include
heterotrimers by applying charge-charge interactions that mediate controlled non-templated
heterotrimer assembly.13-15

The template-tethered system, we believe, is an alternative approach that allows thermal
stability studies of unstable domains that are too long or too unstable to be studied in the
host-guest system. In contrast to adding synthetic peptide flanks, the peptide of interest can
be forced to assemble with CMPs of high helical propensity such as (ProHypGly),, by
conjugating them to a template to form a tethered heterotrimer. The CD melting
temperatures for a:O-O (44°C), P-O-O (62°C) indicate that the peptide « is thermally less
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stable than P even though both peptides do not form homotrimeric helices on their own. The
peptides P (no melting) and T (T,=16°C), despite the big difference in their melting
behaviors, seem to show similar triple helical thermal stabilities when they are conjugated to
a template in a homotrimeric form (P-P-P, 47°C; T-T-T, 47°C) or in an ABB type
heterotrimeric form with the same B composition (P-O-O, 62°C; T-0O-0, 64°C). This
suggests that stand-alone peptide P may be thermally unstable but as part of a collagen
protein, this sequence could be almost as stable as sequence T.

To the best of our knowledge, there are only two other reported methods for the preparation
of heterotrimeric CMPs of defined composition: i) covalent cysteine crosslinking methods
developed by Moroder and coworkers’ and ii) the host-guest peptide system that make use
of electrostatic interactions developed by Hartgerink and coworkers.1® The first method
involves cumbersome chemistry, and the registry of CMP chain alignment is known to
affect the triple helical stability and folding kinetics.2! Our TREN-template-tethered
heterotrimers are easy to synthesize, and their folding behaviors are not limited by the
crosslinking/tethering process due to the C3 symmetry and the flexibility of the TREN
template. The second method can be applied to prepare ABB and even ABC types of CMP
heterotrimers as long as the sequence of interest is short enough to be included in the host-
guest system. However, the ionic interactions that dictate the heterotrimer composition are
easily disrupted by ionic strength and pH as evidenced by melting of such compounds under
acidic condition.3 We performed the CD studies on the heterotrimer a-O-O under both
acidic and basic conditions to showcase the versatility of our system in allowing
heterotrimer folding studies under various pH conditions. The heterotrimer displayed a triple
helical conformation with similar CD spectra and melting behaviors under both pH 3.1 and
9.3 (Figure 7). However, T, values obtained under these conditions were 1~4°C lower than
T obtained under pH 7.0 (Table 3) suggesting the existence of small non-intermolecular
interactions from the KGE triplet unit within the single a strand.*8 These results suggest that
our covalent tethered system can not only be used for studying the thermal stabilities of
heterotrimers under various pH conditions, but can also be used to separate intra-chain
factors from inter-chain factors that contribute to triple helix stabilization. Charge-charge
interactions are essential for the stabilization of various collagen like triple helices found in
bacteria.49:50 Considering the complementary nature of the electrostatic interaction and its
pH dependence, the TREN-template CMP heterotrimer will be an important platform for
investigation of the folding behavior of bacterial collagen-like proteins.

Conclusion

Since its introduction, collagen mimic peptide has been a successful model for elucidating
the structural and biophysical characteristics of collagen.11:2%:51 Even though natural
collagens are either homotrimeric or heterotrimeric, most CMPs studied to date are limited
to homotrimers due to challenges associated with heterotrimer synthesis.13:15:17:21 | this
article, we introduced a novel method to assemble ABB type heterotrimeric CMPs by
stepwise covalent conjugation of two different peptides to a TREN-template. We presented
the design, synthesis and characterization of a series of tethered heterotrimers comprising
CMPs of both natural and synthetic sequences. Systematic comparison of their CD melting
curves revealed stabilization of the triple-helical structure by Hyp and the cooperativity of
Hyp-rich chains in the trimer stabilization. In addition, the template-tethered system allowed
facile study of the melting and folding behavior of heterotrimers under varying pH
conditions by providing fixed CMP composition and a well-defined nucleation site for
folding. Using the TREN template tethering methodology, we prepared CMP heterotrimers
that model potential hybrid complexes that might form during the CMP-collagen binding
process.26:27:43 Great gain in triple helical stability was observed when CMPs of natural
sequence were forced to form hybridized trimers with CMPs of high triple helical propensity
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such as (ProHypGly)g. We believe that the two-step tethering approach described in this
article provides one of the most versatile means to prepare template-tethered heterotrimeric
CMPs of defined composition, both in terms of the straightforward synthetic procedure and
the variety of CMP composition. We also believe that the TREN-tethered CMP system can
be useful for studying the thermal stability and folding behavior of heterotrimeric collagens
and collagen-like proteins, especially the ones that are composed of highly charged amino
acids, such as those found in bacteria, which are likely to be sensitive to chain composition
and common environmental conditions (e.g. pH).
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Figure 1.
Thermal melting curves of untethered peptides O, T, P and a.
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Figure 2.

Thermal melting curves and CD spectra (inset) of untethered peptide P and template-
tethered P-P-P. The high ellipticity at 226 nm and the sigmoidal melting curves for P-P-P
indicate triple helix stabilization effect of the TREN template.
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Figure 3.
CD melting studies of peptide O, and template-tethered CMP homotrimers and heterotrimers
composed of P and O.
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Figure 4.
Refolding kinetics of thermally denatured template-tethered CMP homotrimers and
heterotrimers at 4°C.
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Figure 5.

CD spectra (a) and thermal melting curves (b) of a and a-containing template-tethered
homotrimers and heterotrimers, shown as mean residue ellipticity. (¢) Thermal melting
curves of heterotrimer a-P-P and a-0O-0, shown as fraction folded. Peptide & and homotrimer
a-a-a do not self assemble into triple helices, but heterotrimers a-P-P and «-O-O form stable
triple helices with defined T, values.
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Figure 6.
Thermal melting curves of T-T-T, T-P-P and T-O-O, shown as mean residue ellipticity (a),
and fraction folded (b).
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Figure 7.
CD spectra (a) and thermal melting curves (b) of a-O-O under acidic, basic and neutral
conditions.
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Scheme 1.
Synthetic strategy for template-tethered ABB type CMP heterotrimers.
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Sequences and CD melting temperatures of CMPs.

Abbreviation | Peptide Sequence Tm (°C)
P G(PPG)sY -

o] G(POG)sY 32

a GPKGELGPVGNPGPAGPAGY | --

T GSQGPAGPOGPOGPOGPOGY | 16
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CD melting temperatures and refolding parameters of template-tethered trimers comprising synthetic CMPs.

Compound | T, (°C) | typ (Min)
P-P-P 47 21
O-P-P 51 13
P-O-0 62 0.4
000 72 -
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CD melting temperatures of template-tethered homo/heterotrimers comprising natural collagen sequence « and

T.
Compound Tm (°C)
aaa -
aPP 16
a:0:0 44
@0-0 (pH3.1) | 40
a0-0 (pH9.3) | 43
TTT 47
TP-P 45
T00 64
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