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ABSTRACT. Most proteins fold into specific structures to exert their biological functions, and therefore the
creation of protein-like molecular architecture is a fundamental prerequisite toward realizing a novel
biologically active protein-like biomaterial. To do this with an artificial collagen, we have engineered a
peptide template characterized by its collagen-like primary structure composed of Gly-Phe-Gly-Glu-Glu-
Gly sequence to assemble (Pro-Hyp-Glfn = 3 and 5) into triple-helical conformations that resemble

the native structure of collagen. The peptide template has three carboxyl groups connected to the N-termini
of three collagen peptides. The coupling was accomplished by a simple and direct branching protocol
without complex strategies. A series of biophysical studies, including melting curve analyses and CD and
NMR spectroscopy, demonstrated the presence of stable triple-helical conformation in the template-
assembled (Pro-Hyp-Glyjand (Pro-Hyp-Glyy solution. Conversely, nontemplated peptides showed no
evidence of assembly of triple-helical structure. A cell binding sequence (Gly-Phe-Hyp-Gly-Glu-Arg)
derived from the collageny(l) chain was incorporated to mimic the integrin-specific cell adhesion of
collagen. Cell adhesion and inhibition assays and immunofluorescence staining revealed a correlation of
triple-helical conformation with cellular recognition of collagen mimetics in an integrin-specific way.
This study offers a robust strategy for engineering native-like peptide-based biomaterials, fully composed
of only amino acids, by maintaining protein conformation integrity and biological activity.

Most natural proteins fold into a well-defined structure to that the stability of (Pro-Hyp-Gly)can be significantly
implement their biological functions. Therefore, the creation improved by modifying the N-termini with hydrophobic
of protein-like molecular architecture is the fundamental compounds such as 5-carboxyfluorescéid).(Short collagen
prerequisite in realizing a novel biologically active protein- peptides can be formed into triple-helical conformation by
like biomaterial. One protein that is of wide interest to many attaching them onto gold nanoparticldg); In these works,
scientists is collagen, which is the principal constituent of such collagen-mimetic peptides have been used to bind to
extracellular matrices (ECM) in the body. It can be distin- partially denatured collageri@, 11). Additionally, Kotch
guished from other proteins by its unique triple-helical and Raines have recently reported the synthesis of short
structure composed of three left-handed poly(proline-ll)-like collagen fragments being held in a staggered array by
chains, staggered by one peptide residue from each otherdisulfide bonds and self-assembled into fibrils that resemble
intertwined into a right-handed triple helixt,(2). This natural collagen ¥2). Head-to-tail peptide polymerization
assembly is a direct consequence of its unique primary utilizing N-cysteine and C-thioester groups has also been
structure composed of repetitive Xxx-Yyy-Gly triplets, where performed to achieve collagen-like nanofibet8)( On the
Xand Y amino acid residues are predominantly Pro and Hyp, other hand, to reinforce the intramolecular folding and
respectively. Mimicry of collagen structure has been achieved stabilize the triple-helical conformations of these collagen-
by using synthetic polypeptides composed of Pro-Pro-Gly like peptides, templates such as lysine dim&a—<18),
or Pro-Hyp-Gly repeat units3(-6). Various strategies have glutamate dimerX9), 1,2,3-propanetricarboxylic aci@(),
been employed to realize collagen-like triple-helical structure. Kemp triacid (KTA) @1, 22), tris(2-aminoethyl)amine2@),
Hartgerink and co-workers have recently demonstrated theand cyclopropane2d), or a built-in cysteine-knot25, 26),
capability of intermolecular electrostatic interactions to direct have been added into the design of collagen structures.
self-assembly of heterotrimeric collagen triple helic&gs ( However, the incorporation of the amino acid-based tem-
Self-assembly of short collagen peptides into triple helices plates such as dilysine and cysteine-knot to assemble collagen
(8) and collagen-like fibrils §), which also mimicked  peptides poses a number of challenging problems that are
collagen’s biological function, has also been accomplished usually not encountered in the stepwise synthesis of linear
previously. Furthermore, Yu and co-workers demonstrated peptides and often required a carefully designed and complex
synthesis strategy. {—19, 26). Even though many templates
T This work was supported by the National University of Singapore have been used to assemble collagen peptides, few have
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Table 1: Melting Point Temperaturd{) of the PT-Assembled Collagen Peptides and Their Nontemplated Count&rparts

protein/peptides sequerice Tm (°C)
PT-CP1 (GFGEEGj[G-(POG}]s 59

PT-CP2 (GFGEEGH[G-(POG}]s 30

PT-CP3 (GFGEEGH[GG-GPGGFOGERGPO-GG} 20

PT-CP4 (GFGEEGH[G-(GPOYGFOGER(GPOY-G]s 44

CP1 (PO no transition
CP2 (PO no transition
CP3 GP@GFOGERGPO no transition
CP4 (GPOYGFOGER(GPO) 25
(Pro-Pro-Gly) (PPG) no transition
(Pro-Hyp-Gly)o (POG)o 60

collagen calf-skin collagen 37

a Shown here is th&@,, of each peptide as determined by the temperature-dependent UV absorbance measurement at 225 nm. Cell recognition
Site (GFOGER) corresponding to residues 5807 of the collagem (1) is shown in bold. Each GFGEEG peptide template (PT) contains three
carboxylic arms at Its C-terminus for covalent coupling to the N-terminus of the collagen pept&taadard one-letter code is used to express
amino acid sequences, except where noted. O is used to represent hydroxyproline residue.

Integrin-mediated cell adhesion to ECM proteins is known @ )
to be crucial for biological processes such as embryogenesis, Wl QU T w1 il
homeostasis, and tissue remodeling and healdvy Z8). (R Al |
Several regions within the triple-helical domain of collagen 0
have been found to function as cellular recognition binding Gly_phe_G,y_Glu_:;,u_G,v
sites 9—33). Recent studies have identified the Gly-Phe-
Hyp-Gly-Glu-Arg (GFOGER) hexapeptide, derived from (b)
residues 502507 of collagenoy (1), as one major cell Bioacive sequences B
binding site within type | collager2, 30). The triple-helical )
peptides supplemented with GFOGER was used to engineer Gy Poox=Yyy-Glyy
bioadhesive surface34, 35). In this study, this integrin- e e Peptide Spaces || conagaalll
specific GFOGER cell recognition sequence was also Tamplate {PT) Peptides
incorporated into the collagen peptides to serve as anFiGure 1. Molecular structure of the peptide template (PT) and
integrin-specific adhesion site. the PT-assembled collagen-mimetic peptides. (a) Molecular struc-

. . . . ture of the GFGEEG peptide template. The C-terminus of the
This paper describes the synthesis of a peptide templateiemplate contains three carboxyl groups, each of which can be
that is only constituted by amino acids to assemble collagenlinked to a strand of collagen peptide to facilitate the interactions
peptides of different sequences (Table 1) through a simp|eof the three peptide chains to form the triple helical conformation.

and direct branching protocol without complex strategies, The PT has a primary structure of repeating Xxx-Yyy-Gly triplets

. . . -’ that is similar to that of collagen. (b) The PT-assembled collagen
to study the requ_lrements of Collaggn-cell Interactlons_ In peptide. Itis a fully amino acid-based collagen analogue, consistent
terms of triple-helical molecular architecture together with wjth the native protein, with collagen-like primary and tertiary

a cell recognition sequence. The conformational characteristicstructure, which also allows incorporation of collagen cell binding
of the PT-assembled structures was assessed by a series og$equences within the collagen peptide sequences as well as insertion
melting curve analyses and circular dichroism (CD) and of additional functional sequences at the N-termini extension of

. the template.
nuclear magnetic resonance (NMR) spectroscopy. The pep-
tides were examined for their ability to support cell adhesion Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
in an integrin-specific way by cell adhesion and competition Acetonitrile (HPLC grade) was purchased from Merck
inhibition assays and immunofluorescence staining. The (Darmstadt, Germany).
significance of both the triple-helical molecular architecture  Synthesis of Fmoc-Protected GFGEEG Templ&taoc-
and specific cell binding site was investigated. This study GFGEEG hexapeptide (Figure 1) was synthesized in-house
offers a robust strategy for future attempts to engineer native-on an automated Multipep peptide synthesizer (Intavis,
like protein biomaterials by maintaining the integrity of Cologne, Germany). The peptide was assembled on Fmoc-

protein conformation and its biological activity. Gly-Wang resin (substitution levet 0.66 mmol/g resin) at
a 50umol scale. Stepwise couplings of amino acids were
MATERIALS AND METHODS accomplished using a double coupling method with 5-fold

excesses of amino acids, equivalent activator reagents]-2-(1
dbenzotriazol—l—yl)—l,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU) (Advanced Chemtech, Louisville, KY),
andN-hydroxybenzotriazole (HOBt) (Advanced Chemtech),
and two equivalents of basH;methylmorpholine (NMM).
Each coupling reaction was allowed to proceed for 0.5 h at
room temperature. All Fmoc-protected amino acids and
! Abbreviations: PT, peptide template; CP, collagen peptide; BSA, activators were dissolved in dimethylformamide (DMF),

bovine serum albumin; NMR, nuclear magnetic resonance; CD, circular ; _ ;
dichroism; UV, ultraviolet; MALDI-TOF MS, matrix-assisted laser gxcept where nOteC.i’ to saturation. Fmoc Ph.e was dissolved
desorption/ionization time of flight mass spectroscopy; HPLC, high N 1-methyl-2-pyrrolidone (NMP). The saturation concentra-

performance liquid chromatography. tion of Fmoc-amino acids in DMF or NMP is 0.6 M while

Materials. All peptide synthesis chemicals and solvents
were of analytic reagent grade or better and were purchase
from Novabiochem (San Diego, CA) except where noted.
All amino acids were of -configuration and purchased from
Novabiochem. Chemical solvents were purchased from
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Fmoc — (Pro-Hyp-Gly), — (Xxx-Yyy-Gly), = (Pro-Hyp-Gly),

uisey

Fmoc - (Pro-Hyp-Gly), — (Xxx-Yyy-Gly), — (Pro-Hyp-Gly),

Fmoc ~ (Pro-Hyp-Gly), — (Xxx-Yyy-Gly), - (Pro-Hyp-Gly),

20% piperidine to deprotect
Fmoc

HETWHOBLNMM and spacer (Fmoc-Gly)
{1:1:2:1 mol spacer)

Fmoc = (Gly), — (Pro-Hyp-Gly),, — (Xxx-Yyy-Gly),, — (Pro-Hyp-Gly),,

uisay

Fmoc =(Gly)y = (Pro-Hyp-Glyl, — (Xxx-Yyy-Gly), = (Pro-Hyp-Gly),

Fmoc —(Gly)y = (Pro-Hyp-Gly), — (Xxx-Yyy-Gly), — (Pro-Hyp-Gly),

20% piperidine to deprotect
Fmoc

HBETUWHOBLNMM and template (Fmoc-GFGEEG)
{1:1:2:1 mol)

TFA cleavage
TFA/TISHO (95:2.5:2.5) (viv)

H;N-Gly—Phe =Gly— Glu = Glu = Gly —(Gly) = (Pro-Hyp-Gly), — (Xxx-Yyy-Gly), — (Pro-Hyp-Glyly

\—{Giy)n - (Pro-Hyp-Gly), = (Xxx-Yyy-Gly), — (Pro-Hyp-Gly),

(Glyly — (Pro-Hyp-Glyln — (Xxx-Yyy-Gly), — (Pro-Hyp-Gly),

Peptide Template (PT) Spacer Collagen Peptides

Ficure 2: Synthesis of the PT-assembled collagen peptides. The collagen peptides of repeating Xxx-Yyy-Gly sequences are synthesized
and coupled to the template through a spacer by a simple Fmoc-solid-phase peptide synthesis method.

the saturation concentrations of HBTU and HOBt in DMF prior to the cleavage. The crude peptide was purified on an
are 0.6 and 2.2 M, respectively. NMM was prepared in DMF Agilent 1100 semipreparative HPLC (Santa Clara, CA)
at 45% (v/v) concentration. The removal of Fmoc was equipped with an Agilent Zorbax 300SB-C18 reverse phase
accomplished by using 20% (v/v) piperidine in dimethyl- (RP) column (5um particle size, 300 A pore size, 361.0
formamide (DMF) for 15 min twice. The resin was washed cm) using a linear gradient of buffer A (0.1% TFA in water)
four times with DMF. Cycles of deprotection, washing, and buffer B (0.1% TFA in acetonitrile) (10% B to 45% B
double couplings, and washing were repeated until the in 30 min) at a total flow rate of 2.5 mL/min. Detection was
desired sequence was achieved. The Fmoc protection grougset at 215 nm. Analytical HPLC was performed on an Agilent
at the N-terminus of the peptide was not cleaved. The productZorbax 300SB-C18 RP column ¢&m particle size, 300 A
was washed with dichloromethane (DCM) twice and vacuum- pore size, 25x 0.46 cm) at conditions similar to the
dried prior to cleavage from the resin using a cocktail solution preparative HPLC except where noted. The total flow rate
composed of 95% trifluoroacetic acid (TFA), 2.5% deionized was 1 mL/min. The purity of all peptides was greater than
water, and 2.5% triisopropylsilane (TIS) (v/v). The reaction 95% by analytical RP-HPLC. The mass of the peptides was
was allowed to proceed f@ h with occasional shaking. The checked by matrix-assisted laser desorption/ionization time-
cleavage solution was added to cold metieyt-butyl ether of-flight mass spectroscopy (MALDI-TOF MS) on a Bruker
dropwise to induce precipitation of the peptide. The pre- AutoFlex Il MALDI-TOF MS (Bruker, Bremen, Germany).
cipitate was collected by centrifugation and was washed three  Synthesis of Peptide Template-Assembled Collagen Pep-
times with excess of cold ether to remove any residual tides. The PT-assembled collagen peptides (PT-CP1, PT-
scavengers. The final precipitate was redissolved and ly- CP2, PT-CP3, and PT-CP4) as shown in Table 1 were
ophilized. synthesized using the Fmoc solid-phase peptide synthesis
Synthesis of Collagen Peptidé3ollagen peptides (CP1, method (Figure 2). The collagen peptides (CP1, CP2, CP3,
CP2, CP3, and CP4) as shown in Table 1 were synthesizedand CP4) were first synthesized on the resingstbl based
as described above. The Fmoc protection group at theon resin substitution level) as described above. The Fmoc
N-terminus was removed by 20% (v/v) piperidine in DMF protection group at the N-terminus of the peptide-resin was
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removed by 20% (v/v) piperidine in DMF prior to the (DMEM) (Gibco, Grand Island, NY) supplemented with 10%
coupling to the peptide template manually. The resin was fetal bovine serum (FBS) (Hyclon, Logan, UT), 110 mg/L
washed four times with excess of DMF. Fmoc-GFGEEG (8 sodium pyruvate (Sigma-Aldrich), 1% antimycotic solution
umol) was dissolved in DMF to saturation (0.3 M) and added (Sigma-Aldrich), and 1% nonessential amino acids (Sigma-
to the reaction vessel together with 1 equiv of HBTU and Aldrich). The cells were maintained in a 75 €iflask and
HOBt and 2 equiv of NMM, with respect to the carboxylic incubated at 37C in the presence of 5% GGand 95%
arms on the peptide template. The coupling of the peptide relative humidity in an Autoflow NU-4850 COwater-
template to the N-termini of the peptide sequence proceededjacketed incubator (NuAire Inc, Plymouth, MN).

for 6 h atroom temperature with occasional shaking. The  Cell Adhesion AssajNunclon Delta TC Microwell plates
Fmoc protection group was removed as described above. Thevere coated with 10@L of 50 ug/mL collagen peptides or
resin was washed with DMF and DCM twice and vacuum- calf-skin collagen solution at4C overnight. The nonspecific
dried overnight. The cleavage was done as described.binding site of the well-plate was blocked with 100 of
Preparative HPLC was performed to give products of purity 1% heat denatured bovine serum albumin (BSA) (Sigma-
greater than 85% as given by the analytical HPLC. The massAldrich) and then washed with PBS two times. A 100

of the products was examined using MALDI-TOF MS. amount of Hep3B cell suspension in serum-free DMEM (10
MALDI-TOF Mass Spectroscop$amples were dissolved x 10 cells/mL) was then added and incubated foh at
in ultrapure water at about Ag/mL. The matrix,o-cyano- room temperature (20C). The plates were washed with PBS

4-hydroxycinnamic acid (Sigma-Aldrich), was dissolved in two times to remove the unattached cells. Adhered cells were
acetonitrile/water (50:50 v/v) containing 0.1% TFA to measured by a total DNA quantification assay Hoechst 33258
saturation. Equal volumes (0/d) of sample and matrix  (Sigma-Aldrich). Briefly, the cells were lysed by freeze
were mixed thoroughly, spotted on the MTP384 matt steel thaw cycles thrice in ultrapure water, and the cell lysates
target plate (Bruker), and air-dried. Data was acquired usingwere mixed with 2«g/mL bis-benzimide in 10 mM TrisHCI
reflector detector operating at voltage 1614 V, low laser (pH 7.4), 1 mM EDTA, and 0.2 M NacCl fluorescence assay
intensity, and 50 shots per acquisition. Matrix suppression buffer and were incubated in dark for 30 min. The fluores-
was activated to suppress the matrix signal below 800 m/z.cence was read on a GENious microplate reader (Tecan,
CD SpectroscopyCD measurements were performed on Mannedorf, Switzerland) with 360 nm as excitation and 465
a Jasco Model J-810 spectropolarimeter (Jasco, Great Dunhm as emission. Assays were conducted in triplicate, and
mow, Essex, UK) using a quartz cylindrical cuvette (Hellma, the data were expressed as meastandard deviation (SD).
Mullheim, Germany) with a path length of 0.1 mm. The Competition Inhibition Assaylates were coated with 100
cuvette was filled with 150uL of samples for each  uL of 50 ug/mL calf skin collagen solution as described
measurement. The CD spectra were obtained by continuousabove. Hep3B cells (18 1P cells/mL) were incubated with
wavelength scans (average of three scans) from 260 to 18060 ug/mL peptides in serum-free DMEM to saturate the cell
nm at a scan speed of 50 nm/min. All samples were dissolvedsurface receptors for 30 min before seeding. For each
in ultrapure water, unless otherwise stated, and stored at 4competition assay, a 1QL amount of the cell suspension
°C for at least 7 days prior to the test to allow for proper was seeded to the collagen-coated well, and the competitive
equilibration of triple-helical conformation. The samples were adhesion was allowed to take placer f& h at room
equilibrated for at leadl h at thedesired temperature before temperature (20C). The assay was undertaken in triplicate,
the CD spectrum was acquired. and the data were presented as mgaSD. The attached
Melting StudiesThe temperature-dependent UV absor- cells were measured by the total DNA guantification method.
bance of the peptides was measured on a Cary 50Bio UV The adhesion of cells in the blank serum-free medium was
spectrophotometer (Varian, Palo Alto, CA) equipped with a used as a 100% reference level.
Peltier temperature controller (Quantum North-west, Spo- Immunofluorescence Stainin§ubstrates were prepared
kane, WA) @6, 37). Prior to any measurements, all samples as described above on a Lab-Tek chambered coverglass.
were equilibrated at the initial temperature for at least 24 h. Hep3B cells were allowed to adhere on the substrates at a
The samples were allowed to equilibrate at least 15 min until density of 280 cells/mfin serum-free medium for 3 h.
the UV absorbance was time-independent at each subsequerittached cells were fixed in cold 3.7% formaldehyde for 5
temperature point. Thermal transitions of samples equili- min, permeabilized in 0.1% Triton X-100 for 5 min, and
brated in quartz cells of 1 mm path length were examined blocked in blocking buffer (1% BSA in PBS) for 0.5 h. Direct
by collecting data at 225 nm from & to 80°C at 5°C immunofluorescence staining of the cell membrane-cytosk-
increments. Values af,, were determined from the reflection  eletal vinculin with monoclonal anti-vinculin fluorescein
point in the transition region (first derivative). All samples isothiocyanate (FITC) conjugate (Sigma-Aldrich) (1:100
were dissolved in water at 0.50 mg/mL. dilution in PBS) was allowed to proceed for 1 h. The actin
NMR SpectroscopyNMR spectroscopy was done on a cytoskeleton and cell nucleus were stained by incubating the
Bruker Avance DRX500 500 MHz spectrometer (Bruker, cells with phalloidin-tetramethylrhodamine isothiocyanate
Bremen, Germany). NMR samples were prepared i@MH  (TRITC) (Sigma-Aldrich) (1:12000 dilution in PBS) for 1 h
D,0O (2:3) (v/v) with a peptide concentration of about 0.10 and with 4,6-diamidino-2-phenylindole (DAPI) (Sigma-
mg/mL, stored at 4C for at least 24 h, and equilibrated for  Aldrich) (1:1000 dilution in PBS) for 5 min, respectively.
anothe 1 h atspecified temperature before data acquisition. A Zeiss LSM510 META confocal microscope (Zeiss, Thorn-
1D NMR spectra were recorded with a spectral width of wood, NY) was used for imaging.
8012.820 Hz at 15C. Statistical AnalysisThe data of cell adhesion and com-
Cell Culture.Hep3B liver cells (ATCC, Manassas, VA) petition inhibition are presented as mearstandard devia-
were cultured in Dulbecco’s modified Eagle’s medium tion. The statistical analysis of the data was done using
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Student’st test. A 95% confidence level was considered and CP4 were approximately 2%, 8%, 9%, and 1.7%,

significant. respectively. The purified materials eluted as a single distinct
peak in an analytical RP-HPLC which demonstrated the

RESULTS AND DISCUSSION success of this synthesis protocol. The small peak shoulder
. ) may be indicative of deletion peptides of close physical
Synthesis of PT-Assembled Collagen Peptiddany properties to that of the parent molecules. However, the

protein mimics have been created by incorporating non- piqshysical studies have indicated the formation of stable
naturally derived chemical compounds for the template or isje.helical conformations by the PT-assembled collagen
spacer 20—24, 38). To design a fully natural mimic, we — pentides even in the presence of these deletion peptides.
propose a peptide template to engineer collagen mimetic thaty\ya| pI-TOF MS was used to verify the identity of each

is only constituted with amino acids, consistent with native product, and the result showed that the molecular weight of
proteins. For the purpose of mimicking collagen more closely g4ch product obtained is consistent with that of the desired
and in a more simplified manner, we have engineered a ”OVelproduct: PT-CP1 [M+ H]* = 4776.4 (calculatee: 4776.5):
template composed of Gly-Phe-Gly-GIGIu-Gly (GF- [\ + Naj* = 4799.39 (calculatee: 4799.5), PT-CP2 [M
GEEG) hexapeptide that also has the unique collagen-like } H]* = 3172 (calculated= 3172.7); [M+ NaJ* = 3195
primary structure (Figure 1), the repeating Xxx-Yyy-Gly (calculated = 3195.6), PT-CP3 [M+ H]* = 4864.1
sequences, to assemble collagen peptides into triple-helical(ca|cu|ated: 4864.04); [M+ NaJ* = 4887.1 (calculatee:
conformation that resembles the native structure of collagen.4887_o4) and PT'CP4'- [M- H]* = 7729.55 (calculatee:

This peptide template (PT) has three carboxyl groups 7729.4); [M+ Na]* = 7752.43 (calculatee: 7752.4).

connected to the N-termini of three collagen-mimetic pep-  thege pPT-assembled collagen peptides are distinguished
tides (Figure 1). from other protein and collagen mimick4, 15, 17, 18, 20—

The synthesis of template-assembled collagen peptides byp2, 24—26) by the use of a peptide template that has a
solid-phase peptide synthesis poses a number of challengingollagen-like primary structure and the fully amino acid-
problems that are usually not encountered in the stepwisepased contents, which closer mimics the structure of native
synthesis of linear peptides. Ottl et al. utilized a complex collagen. The distinctive characteristics of our peptide (Figure
and carefully planned strategy of orthogonal protection and 1pb) are as follows: first, a branching peptide composed of
deprotection of Cys residues to facilitate the chemoselective GFGEEG used as a template to covalently link three collagen
disulfide bridging of three cysteine-peptid@5(26). Fields  peptides to facilitate the folding of the triple helix. Second,
et al. used a lysinelysine-based construct furnished with  a fully peptide-based template which allows the incorporation
aminohexanoic acid spacers to template-assemble theirof other biologically active sequences at its extension for
collagen-like sequenced?, 18, 39). Branching of three  additional functions such as enzymatic cross-linking sites and
peptide strands from the lysindysine-based construct integrin-specific adhesion domains. Third, the incorporation
required three different protecting strategiebl>-amino  of phenylalanine in the template design as a chromophore
protection,N-amino side chain protection which must be for peptide concentration determination. Fourth, the EEG
stable to the\*-amino protecting group removal conditions,  tripeptide at the C-terminus of the peptide template to provide
andC-carboxyl protection, which must be orthogonally stable three carboxylic arms for coupling with collagen peptides.
to bothN*- andN<-amino protecting group removal condi-  Finally, the glycine residues which were used as spacers to
tions (17, 18, 39). A carefully designed branching protocol reduce steric hindrance and to provide flexibility to ensure
is essential to ensure the proper coupling and parallel growthproper alignment of the three peptide strands with one-residue
of several peptide chains onto a single template and at theregister shift necessary for the assembly of triple helix.
same time_produce template-assembled collagen mimetics CD Spectroscopylhe collagen-like triple-helical confor-
of high purity. mation of the PT-assembled collagen peptides was verified

In this study, a rather simple and direct synthesis schemeusing CD spectroscopy. Natural collagen exhibits a unique
based on a generally applicable Fmoc-solid-phase synthesisCD spectrum characterized by a large negative peak at
method, wherein no complex strategies are required, wasaround 197 nm, a cross-over near 213 nm, and a positive
used to synthesize a series of PT-assembled collagen peptidegeak at approximately 220 nm@ 41). These features have
(Figure 2). Fmoc-GFGEEG template and collagen peptides been frequently used as a basis to determine the presence of
were first synthesized separately on the resin. Subsequentlysynthetic collagen-like triple-helical structures in solution.
the Fmoc-GFGEEG were cleaved from the resin, activated, The function of the peptide template in the folding of
and coupled to NEGly,-(Xxx-Yyy-Gly) ,-resin manually. triple-helical structures was examined by comparing the CD
To ensure optimum vyield of the PT-assembled collagen spectra of the PT-assembled collagen peptides with their
peptides, Fmoc-GFGEEG was used as the limiting reagent.corresponding nontemplated counterparts (CP1, CP2, CP3,
A cell binding motif (GFOGER) was incorporated into the and CP4). Nontemplated (Pro-Hyp-Gly)was used as a
PT-assembled collagen peptides, denoted as PT-CP3 and PTstable prototype of a triple helix in this study. The PT-
CP4, to mimic collagen integrin-specific adhesion. The assembled collagen peptides and CP4 exhibited CD spectra
synthesized PT-assembled collagen peptides were harvestetkatures characteristic of collagen-like triple helix, including
using mild cleavage conditions and purified. Figure S1 shows a positive peak around 22225 nm and a large negative
the analytical HPLC profiles of the purified PT-assembled trough near 200 nm (Figure 3). These CD spectra undergo
collagen peptides and their respective MALDI-TOF MS a red shift in their band positions, as compared to that of
spectra. All peptides were purified to a final purity of at least the collagen (Table S1), because of the higher percentage
85%. Based on the mass of the peptides obtained after HPLCof imino acid content42). In general, the CD spectra of
purification, the yields of the PT-assembled CP1, CP2, CP3, PT-CP1, PT-CP2, PT-CP3, PT-CP4, and CP4 are comparable
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Ficure 3: CD spectra of the PT-assembled and nontemplated collagen peptides. CD spectra of the nontemplated (a) (PreykbgdGly)
line) and (Pro-Pro-Gly)(segmented line) in water at room temperature. CD spectra of the PT-assembled collagen peptides (solid line): (b)
PT-CP1, (c) PT-CP2, (d) PT-CP3, and (e) PT-CP4 and their nontemplated counterparts (dashed line): (b) CP1, (c) CP2, (d) CP3, and (e)

CP4 in water at room temperature. (Pro-Hyp-Gjyyas used as a stable prototype of a triple helix while (Pro-Proz@ligopeptide was
used as a negative control.

to that of natural collagen (Figure S2) and of (Pro-Hyp-&ly) Conversely, the nontemplated counterparts of the PT-
(Figure 3a). The establishment of triple-helical conformations assembled collagen peptides, except CP4, displayed CD
by CD spectral band positions was also supported by com-spectra (Figure 3) of polyproline ll-like structure character-
aring the CD spectra of the PT-assembled collagen peptideszed by the shallow peak at around 200 nm and the lack of
with that of native collagen after thermal denaturation (Figure the positive peak?1, 23). The patterns of these CD spectra
S3). At elevated temperature, a significant decrease in theare similar to that of (Pro-Pro-Gly¥ingle chain peptide as
intensity of both positive and negative peaks of calf-skin col- given in Figure 3a, which is known to have no triple-helical
lagen was observed, indicating a thermal transition from the conformation in solution. The result is consistent with the
folded to unfolded state. The CD spectra of the PT-assembledprevious studies that short synthetic (Pro-Hyp-&tannot
collagen peptides exhibited similar trends at high tempera- assume triple-helical structures in wat2t). Increasing the
ture. However, the degree of conformational change is muchchain length of repeating Pro-Hyp-Gly triplets can help to
smaller than that displayed by the native collagen. This is enhance the assembly of the triple-helical conformation.
probably due to the stabilizing effect of the template. The Alternatively, a template can be used to induce and stabilize
template effect is primarily entropic. It prevents unfolding the assembly of the triple-helical conformation for very short
at one end of the triple-helix and thus shifted the folding/ peptide chains 21, 23). The formation of triple-helical
unfolding equilibrium. This observation provides evidence conformation using short synthetic peptides represents an
for the presence of the triple helices in solution. important breakthrough in the engineering of collagen
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@ .5 control (Pro-Pro-Gly) with no transition and thus no
0o o 2%;%00 evidence of triple heI|C|ty even at low temperature. TRe
£ 0.65 oo 0 @O TXxX values for the four melting curves of these nontemplated
§ Ve . collagen peptides obtained by a linear fitting are greater than
g 055 | XXD Loooood’ - 0.996, suggesting that these melting curves are a linear line
5 oo* oo with no transition. The result is consistent with the CD
5 045 [ 50000 Z Z Z Z Z Z AD spectroscopy that none of .the nontemplated CPl_, CP2, apd
5 anad CP3 can assume stable triple-helical structures in water in
0.35 . the absence of a template since their chain length is too short
0 20 40 60 80 to support a triple helix.
Temperature (°C) The use of the peptide template in promoting assembly
(b) 065 of short peptide sequences into triple-helical conformations
: is clearly seen by the cooperative melting curves displayed
£ 55 - by PT-CP1, PT-CP2, PT-CP3, and PT-CP4 as given in Figure
g7 ommw BB XXX 4b. While nontemplated (Pro-Hyp-Glyshowed no transi-
= 045 | XXX a ot *? tion, 'PT-CPZ comppsed of_ three sh_ort (Pro-Hyp-&ly)
2 T IxxX Vet * exhibited a cooperative melting curve in water with of
§ 44l escnee 30°C. The thermal stability of the PT-assembled (Pro-Hyp-
2 035 ¢ coee? : AAAAL Gly); was comparable to KTA-tethered (Gly-Pro-Hyp)
005 liad At . ‘ . which was shown to also form triple-helical conformation

in water with a melting temperature of 3C (22). As the
peptide chain length increases, the thermal stability of the
PT-assembled conformations increases significantly as dem-
onstrated by PT-CP1 composed of three (Pro-Hyp-Gly)
assembled by the peptide templafg € 59 °C). The melting
temperature of nontemplated (Pro-Hyp-Ghih water is 60

°C as obtained from its melting curve given in Figure 4b,

) S ~which is quite close to th&,, of PT-CP1. Therefore, it can
analogues and preparation of collagen-mimetic biomaterials. he seen that the stabilizing effect of the peptide template is
Rpn ValuesRpn values denote the ratio of positive peak similar and equivalent to the addition of five more Pro-Hyp-

over negative peak intensity in the CD spectra and have beerGly repeats to the nontemplated (Pro-Hyp-Glshain. This
previously used to establish the presence of triple-helical result proves the significant role of the peptide template in
conformations in solution2l, 36). The CD spectra absor- the assembly of short collagen peptide chains into stable
bance and Rpn values of the PT-assembled collagen peptidegiple helices in solution. PT-CP3 supplemented with integrin-
and CP4, listed in Table S1, are comparable to that of calf- specific GFOGER sequenc2q 30) was also found to have
skin collagen for indications of triple-helical conformations. stable triple-helical conformation witfi,, = 20 °C. The
Rpn values of PT-CP4 and CP4 were 0.17 and 0.09, observation of a cooperative transition curve together with
respectively. Higher Rpn values were obtained for PT-CP1 a proper CD spectrum is indicative of the presence of stable
(0.11), PT-CP2 (0.11), and PT-CP3 (0.18) as compared totriple-helical conformation46). It is clear that substitution
their nontemplated counterparts which have Rpn values of the cell binding domain into Pro-Hyp-Gly repeats may
ranging from 0.02 to 0.06. The PT-assembled collagen destabilize the triple helix. However, the co-oligomeric
peptides and CP4 have Rpn values close to or higher thanstructures are still able to form triple helices.
that of natural collagen (0.12) and the triple-helical (Pro-  Nuclear Magnetic Resonance Spectroscdjhe presence
Hyp-Gly).0 (0.11). These data suggest that the PT-assembledof the triple-helical conformation in the peptide solution can
collagen peptides contain triple-helical conformations, while ajso be established by NMR spectroscopy. The assembly of
the nontemplated counterparts, except CP4, do not. Thisa triple-helical structure results in the appearance of a new
conclusion is also supported by the results obtained from set of NMR resonances which cannot be observed for the
both CD spectroscopy and thermal melting curve analyses.unassembled or unfolded collagen analog4@s-@9). It is
Melting Curve AnalysesTriple-helical conformations can  remarkable that among the resonances of the assembled
be distinguished from the polyproline ll-like and non- triple-helical set, that of Pro4El at 3.1 ppm is well resolved
supercoiled structures based on the thermal melting charac-and not overlapped by any resonance of the unfolded struc-
teristic @3). Triple helices melt in a highly cooperative ture sets. The resonance at 3.1 ppm can therefore be used
manner, as the structures are stabilized by both intra- andunambiguously to identify the triple-helical structurr).
interstrand hydrogen-bonding water networls 43, 44). Figure 5 showed the 1EH HMR spectral region contain-
Thermal denaturation of natural collagen will cause a ingthe assembled Pra;8 resonance for collagen analogues
hyperchromic effect in UV absorbance, and a similar effect (Pro-Hyp-Gly),, PT-CP1, and PT-CP2. It can be seen from
can be observed for synthetic collagen-like peptidés). ( Figure 5 that both (Pro-Hyp-Gly)(used as a stable prototype
The melting transition curves are given in Figure 4. The of triple helix in this study) and PT-CP1 displayed a strong
midpoint of the transition was taken as the melting point peak signal at near 3.1 ppm. This is consistent with the
temperature ) and is presented in Table 1. previous CD and UV melting curve analyses that both the
It can be seen from Figure 4a that the nontemplated CP1,collagen analogues adopt stable triple-helical conformation
CP2, and CP3 showed similar melting curves as the negativein solution. Also in agreement with the previous analyses,

0 20 40 60 80
Temperature (°C)

Ficure 4: Thermal melting curve analysis. Melting transition
curves of (a) nontemplated: CP3)(CP2 (), CP3 (n), CP4 (x),
and (Pro-Pro-Gly)(O) and (b) (Pro-Hyp-Gly), (W), PT-assembled
collagen peptides: PT-CP®) PT-CP2 @), PT-CP3 4), and PT-
CP4 (x) at 0.50 mg/mL in water.
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PT-CP2 with lower triple helix stability showed a relatively

lower peak signal with dispersion at near 3.1 ppm (Figure
5c). The result showed that three triplets are minimally 20 ¢
sufficient to form an assembled structure. Goodman et al.
proposed that the resonance dispersion is induced by the Blank Collagen PT-CP4 PT-CP3 CP4  CP3  PT-CPI

trlplg helix end.effect and '.S ”f‘ore S|gn|f|canF In shorter Ficure 6: Cell adhesion and competitive adhesion. (a) Adhesion
peptides 47). This interpretation is consistent with the wide 4t Hep3B cells as a function of surface composition: 1% heat-

broadening of the Pro 41 signal at near 3.1 ppm observed denatured BSA (BSA), calf-skin collagen (collagen), PT-CP4, PT-
for PT-CP2 as compared to PT-CP1 and (Pro-Hyp-@ly) CP3, CP4, CP3, and PT-CP1. Cells in serum-free medium were
On the other hand, it is known from our previous results allowed to adhere to peptide- or protein-coated well plate for 1 h

. . at 20°C. Student'd test with *p < 0.001: significantly different
that CP1 is not stable in the assembled form and thereforeg % " S samples, witfip < 0.001: significantly different

the set of triple-helical resonance at near 3.1 ppm is absentyeqween BSA, CP3, and PT-CP1, and with< 0.05: significantly

in CP1 (Figure 5d). different from PT-CP3 and CP4. (b) Competition inhibition of
Collagen Peptide Actity. Cell adhesion assay was Hep3B cell adhesion to collagen-coated surface. Cells in serum-

performed to study the cell binding activity of PT-CP3 and free medium were incubated with 3@/mL peptide or collagen

o . for 30 min prior to seeding. Cell adhesion in blank serum-free
PT-CP4 and to understand the specific functions of the medium was used as a positive control. Studentést with *p <

protein structure in correlation with specific amino acid 0.05: significantly different from blank, CP3, and PT-CP1.
sequences in the cell binding process. Collagen and heat-

denatured BSA were used as a positive and negative controlreceptors than denatured collagéd,(52). Furthermore, the
respectively. The human carcinoma Hep3B cell line has a triple-helical conformation of collagen has been shown to
high constitutive activity in adhesion to collagen and be essential, if not crucial, for influencing cell adhesion,
therefore was used as the model cell typ6)( spreading, migration, matrix metalloproteinase (MMP) bind-
The cell adhesion result is presented in Figure 6a. Theing, and human platelet adhesion and aggregatién 30,
cell binding activity of PT-CP3 and PT-CP4 was found to 31, 53). It has been reported that (Gly-Pro-Hyghnd (Gly-
be 36+ 5% and 62+ 1% of that of natural collagen, re- Pro-Pro), can serve as substrates for rat hepatocytes at least
spectively. The presence of both PT-CP3 and CP4 promotedto some extentg4), suggesting that repeating tripeptide units
modest but significant adhesion of Hep3B at a similar level composed of Gly and Pro might be recognized by the
(~40%). The cell adhesion can be observed to be conforma-hepatocyte-binding sites. However, in this study, a low
tion-dependent by comparing the differences in cell adhesiondegree of cell attachment to the triple-helical PT-CP1, with
levels on PT-CP4, PT-CP3, CP4, and CP3. The above studieseference to the cell adhesion of the blank (BSA) surface,
have demonstrated that while PT-CP4 adopts a stable triple-was observed, which we attribute to the lower number of
helical conformation, PT-CP3 and CP4 have lowgwralues tripeptide repeats found in PT-CP1. PT-CP1 also lacks a
(20 and 25°C, respectively) and thus may undergo some GFOGER cell adhesion sequence which similarly would have
degree of dissociation. Conversely, CP3 cannot assume an adverse effect on the level of Hep3B cell adhesion, thus
triple helix structure. These conformational differences indicating the specific recognition of the GFOGER sequence
resulted in a considerable loss of recognition. It is interesting by cells. In all, cell recognition of collagen peptides appeared
to note that both PT-CP2 and CP3 promoted cell adhesionto be both conformation and sequence-specific dependent,
at a comparable level probably because of their similar triple and the absence of either resulted in a marked loss of cell
helicity. The result is consistent with the fact that native adhesion. These findings may have great impact for biologi-
collagen has a noticeably higher affinity for collagen-specific cal chemists in their biomolecular design: shorter, and hence

40 r

Adherent Cells (%)
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Ficure 7: Immunofluorescence images of Hep3B cells on PT-CP4, PT-CP3, PT-CP1, and calf-skin collagen. Confocal images were taken
after the cells, in serum-free medium, were seeded on different surfaces for 3 h.

less expensive, collagen peptides can be used as a stable Hep3B cells seeded on PT-CP4, PT-CP3, PT-CP1, and
triple-helical molecular architecture with our template as- collagen substrates were fixed and stained for actin stress
sembly strategy to improve their cell recognition by supple- fibers (TRITC-phalloidin; red), nuclei (DAPI; blue), and
menting them with a specific cell-binding sequence. vinculin (FITC-anti-vinculin; green), a major membrane-
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cytoskeletal protein present in focal adhesion plagues CONCLUSION

that is involved in the linkage of integrins to actin cyto- ) ) , ) , , )
skeleton §5), to study the cytoskeletal organization and  1he synthesis and biophysical studies described in this
focal adhesion formation. The confocal images are shown PaPer show that a simple strategy for making a peptide
in Figure 7. It can be observed that the cells seeded on pPT-i€mplate composed of GFGEEG hexapeptide to assemble
CP4 and PT-CP3 exhibited collagen-like adhesion profiles, collagen-like pgpude sequences into proper triple-helical
as the cells displayed distinct actin stress fibers. The "?O'ec.u'af architecture was successfully devellop.ed.' The
assembled elongated actin filaments indicated the formationb'OIOQ'C""I_assayS dem_o_nstrated _the successful imitation of
of strong actin cytoskeleton organization in the cells. collagen mtegrm-spemflc adhesm_n by the PT-assembled
Conversely, the actin organization was much less pronounceclcc’lI"’“;Jen pepude supplemented W't.h a8 GFOGER sequence.
on the cells seeded on CP3 (Figure S3) and PT-CP1. Mostce" recogpnition of the collagen pep_ndes appeared to be both
cells remained in spherical morphology after 1- and 3-h conformation and sequence-specific dependent, the absence

adhesion on CP3 and PT-CP1. Deletion of the GFOGER ©f Which resulted in a marked loss of cell recognition. This
sequence in the PT-CP1 or loss of triple helical structure in peptide template assembly strategy appears to be versatile

the CP3 caused a substantial decrease in cell-spreadinédor creating and stabilizing desired collagen-like molecular
activities. rchitectures. Such a template-assembly system could be used

_ ) o _ to further study protein folding, to create novel protein
It can be seen from the vinculin staining (Figure 7) that mimetics, to insert additional specific functions into the

the cells formed strong focal adhesion contacts on both PT-potein mimetics by incorporating bioactive sequences at the
CP4 and PT-CP3 surfaces. Most of the vinculin were found extension of the peptide template, or to coat biomaterials to

at the cell periphery and center, associated with the ends ofgngineer integrin-specific surfaces.

stress fibers of the cells. Though the cellular recognition of

GFOGER sequence cannot be measured quantitatively bySUPPORTING INFORMATION AVAILABLE
immunofluorescence staining, it can be qualitatively seen

from the confocal images that the cells on both PT-CP4 and  CD parameters, Rpn values, HPLC chromatograms, MAL-
PT-CP3 surfaces exhibited higher concentrations of vinculin DI-TOF MS spectra of each peptide, and an immunofiuo-
and thus more focal contacts than the cells seeded on cp3escence image of Hep3B cells seeded on CP3. This material
(Figure S3) and PT-CP1 surfaces, indicating a more firm 1S available free of charge via the Internet at http://

adhesion and more rapid interaction between the cell surfacg?ubs.acs.org.

receptors and GFOGER sequence. Cells did not form strong
focal contacts on non-triple-helical GFOGER (CP3) and
PT-CP1, as the vinculin are observed at relatively low
densities at the periphery of the cells. The focal adhesion
position at the convergence of integrin adhesion, signaling,
and the actin cytoskeleton generally involve integral mem-
brane protein integrins, which bind to extracellular proteins
via specific amino acid sequences, such as the RGD maotif.
Therefore, we hypothesize that cell adhesion and spread-
ing on collagen, PT-CP4, and PT-CP3 surfaces are unlike
the interaction between the cells and synthetic polymers,
which merely depends on the nonspecific contact between
the cell membrane proteins and the functional groups of
polymers b6, 57). The extensive cell spreading could, in
fact, be a result of the integrin-mediated cell adhesion process
(18, 58).

The competitive inhibition assay is an indirect screening
for the cell binding activity displayed by the peptides. Cell
adhesion to the collagen surface was inhibited when the cell
surface receptors, especially specific collagen receptors, are
presaturated with the adhesive molecules prior to cell seeding.
The inhibitory activity of PT-CP4 and PT-CP3 was similar
to that of collagen and is shown in Figure 6b. It can be seen
that both PT-CP4 and PT-CP3 effectively inhibited Hep3B
cell binding to collagen. The inhibition was most probably
due to the specific interactions between the adhesive peptides
and the cell surface receptors, suggestive of the participation
of specific collagen receptors in the adhesion process.
Removal of GFOGER sequence or loss of the triple helix
structure resulted in collagen peptides lacking the ability to
inhibit the integrin-mediated cell adhesion process. The triple-
helical GFOGER appeared to represent the critical recogni-
tion for the collagen receptors.
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