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a b s t r a c t

Collagen's ability to direct cellular behavior suggests that redesigning it at themolecular level could enable
manipulation of cells residing in an engineeredmicroenvironment. However, the fabrication of full-length
collagenmimics of specified sequence de novo has been elusive, and applications still rely onmaterial from
native tissues. Using a bottom-up strategy, we synthesized modular genes and expressed recombinant
human collagen variants in Saccharomyces cerevisiae. The resulting biopolymers contained prescribed cell-
interaction sites that can direct and tune cellular responses, with retention of the important triple-helical
self-assembled structure. Removal of the native integrin-binding sites GROGER, GAOGER, GLOGEN,
GLKGEN, and GMOGER in human collagen III yielded collagen that did not support adhesion ofmammalian
cells. Introduction of GFOGER sequences to this scaffold at specified locations and densities resulted in
varying degrees of cellular attachment. The recruitment of focal adhesion complexes on the different
collagens ranged from a 96% reduction to a 56% increase over native collagen I. Adhesion to the GFOGER-
containing variants was entirely dependent and partially dependent on the b1 and a2 subunits of integ-
rin, respectively, with cell adhesion on average reduced by 86% with anti-b1 and 38%with anti-a2 integrin
antibody incubation. Results support the importance of local context in collagen-cell interactions. The
investigation demonstrates the flexibility of this approach to introduce targeted changes throughout the
collagen polymer for producing fully-prescribed variants with tailored properties.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The importance of the microenvironment in cellular develop-
ment, self-renewal, and differentiation has propelled efforts to
create biomimetic materials that can direct cellular response for
therapeutic applications and regenerative medicine. Characteristics
of the local extracellular matrix (ECM), including nanoscale archi-
tecture, mechanical properties, cell-interaction site presentation,
and degradation rates, have been shown to regulate cellular
behavior [1e3]. However, limitations of using naturally-derived
ECM components have included the inability to decouple such
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properties for independent assessment [2], and the use of animal
sources, which give materials that can be poorly-defined and
immunogenic in clinical applications [4,5]. To address these limi-
tations, strategies to generate cell-responsive synthetic materials
have included the chimeric integration of bioactive ECM sites into
synthetic peptides or polymers (e.g., polyethylene glycol, hyal-
uronic acid) [6e8] and the use of recombinant systems for
molecular-level control (e.g., elastin) [9].

Given that >90% of natural ECM tissue and approximately 30% of
all mammalian proteins comprise the protein collagen [10,11], it
follows that collagen is extensively used in regenerative medicine
investigations as a scaffold on which to grow cells. However, cur-
rent tissue engineering efforts rely on “off-the-shelf” native
collagen obtained from animal sources, such as bovine collagen or
Matrigel, so there is little or no control over molecular-level pa-
rameters, such as protein sequence, cellecollagen interactions, and
residual bioactive impurities [8]. Recombinant collagen has been
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previously expressed by other groups [12,13] and is commercially
available; however, these recombinant systems generate collagen
with native sequence and do not demonstrate the ability to design
multiple, relatively significant changes at specified locations
throughout the biopolymer. This is because a synthetic bottom-up
approach has been elusive, due to the difficulties in generating
synthetic genes encoding the (glycine-X-Y)N backbone of collagen
and the stringent need to post-translationally hydroxylate prolines
in the Y-position for stability [14]. Consequently, synthesis of
designer collagen-mimetic material has primarily focused on pep-
tides [15e19], unhydroxylated collagen-like polymers from bacte-
ria [20,21], or tandem repeating collagen domains [22].

Our research group has developed a platform for creating re-
combinant human collagen III in which we can specifically tailor
the identity, location, and frequency of functional sites within the
biopolymer [14,23]. Collagen III was selected as the molecular
scaffold because it is a homotrimer; experimentally, this requires
only one gene to be synthesized with no need to separate the
heterotrimeric populations of product. Synthetic genes encoding
the collagen-mimetic biopolymers are fabricated from oligonucle-
otides in which DNA sequences are optimized for gene assembly
and yeast expression using a biocomputational strategy. This
optimization is necessary to overcome mishybridization pro-
pensities due to the repetitive glycine-X-Y amino acid sequences
and G-C rich sequences [14]. Twelve gene modules (primary frag-
ments, PF) were designed which span the entire triple-helical re-
gion of collagen III, and the baseline DNA modules encode for the
human amino acid protein sequence. The protein is synthesized in a
recombinant Saccharomyces cerevisiae yeast system that has been
genetically altered to express human a- and b-prolyl hydroxylase,
which impart stability to the collagen triple helix by post-
translational hydroxylation [24]. In this investigation, we demon-
strate the modularity of this platform and its ability to create
defined, non-native variants of human collagen III in the context of
integrin-binding sites.

Integrins are the primary receptors that mediate cell adhesion
and mechanical interactions with the extracellular matrix and are
important in processes such as adhesion, migration, and differen-
tiation [25,26]. Genetic mutations in these receptors can result in
pathological states such as tumor growth and metastasis, muscular
dystrophy, and thrombosis [26]. While biomaterials engineering
has focused on manipulating the fibronectin-based sequence RGD
[7], only approximately one-third of all integrins bind to this
sequence [26]. There is thus untapped potential to engage alter-
native integrins for biomaterials design, thereby expanding the
potential to modulate alternative types of cells and their corre-
sponding processes.

In this investigation, multiple native integrin-binding sites were
removed from the natural amino acid sequence of collagen III
[27,28], and a site from collagen I but nonexistent in collagen III
(GFOGER) [29] was introduced at various locations and frequencies.
Prior examples of biomaterials engineering with GFOGER have
been limited to short peptides, which are able to support cellular
adhesion and promote osteoblast-specific gene expression [15,17],
but do not present the peptides in native context. Our bottom-up,
modular strategy enables the re-design of full-length collagen at
the molecular level to tailor collagen for tuning cellular microen-
vironments and response. This alternative strategy could expand
the level of control over cellular behavior in therapeutics and
regenerative medicine.

2. Materials and methods

2.1. Materials

Escherichia coli strain DH5a (Zymo Research) was used for plasmid mainte-
nance and amplification. Haploid S. cerevisiae strain BYa2b2 [24] was used to
express the collagen baseline and all mutants. TOPO vector used to hold PCR
generated gene fragments, fetal bovine serum (FBS), penicillin, and streptomycin
were purchased from Life Technologies. Restriction enzymes, DNA ligase, DNase,
and RNase were purchased from New England Biolabs. KOD Hot Start DNA Po-
lymerase, human collagen III, bovine collagen I, anti-integrin a2 (MAB1650Z),
and anti-integrin b1 (MAB2253Z) were purchased from EMD Millipore. PfuUltra
II DNA polymerase was purchased from Agilent Technologies. DNA fragments
were purified using Zymoclean Gel DNA Recovery Kit (Zymo Research) after gel
electrophoresis. Phenylmethylsulfonyl fluoride (PMSF) and BCA assay were
purchased from Pierce. Pepsin and phosphate buffer saline (PBS) were purchased
from MP Biomedicals. Human collagen I, bovine collagen III, and calcein-AM were
purchased from BD Bioscience. Streptavidin-alkaline phosphatase was purchased
from GE Healthcare. All E. coli and yeast growth media were purchased from
Difco. Dulbecco's modified Eagle's medium (DMEM) and monoclonal anti-
vinculin antibodies were purchased from Sigma. Unless otherwise noted, all
other chemicals were purchased from Fisher Scientific.
2.2. Construction of genes encoding collagen-mimetic mutants

2.2.1. Integrin-binding site removal and insertion
Our goal was to develop collagen substrates with varying frequencies, location,

and combinations of a2b1 binding sites and to examine their structure, stability, and
biological effect on interacting cells. We used our modular human collagen gene,
which has been described elsewhere [14], as the underlying backbone upon which
desired variants were made. The design of full-length human collagen III includes
twelve gene modules (or “primary fragments”, PF), which span and encode for the
entire triple-helical region (See Fig. 1 for “Baseline” collagen, rCol) and additionally
includes the N- and C-terminal propeptides and telopeptides. These ends were
included to promote correct triple-helical formation, and presence of the triple helix
initiating C-propeptide was confirmed by Western blot after protein expression.

Mutants of human collagenwere designed as described in Fig. 1 and Table 1. One
of these variants included a collagen (rCol-0G) with the native a2b1 binding sites
removed (GROGER, GAOGER, GLOGEN, GLKGEN, and GMOGER hexamer motifs
[27,28]) and replaced with a non-binding sequence. To identify a replacement non-
binding hexameric sequence, we calculated the thermodynamic melting tempera-
tures (Tm) for oligonucleotides encoding an exhaustive list of hexamer peptides to
identify sequences that would minimally interfere with PCR-based gene synthesis.
The top-ten hexamer candidates were then cross-checked with their respective
Toolkit III peptides [28] to determine the sequences likely to yield a well-defined,
thermostable triple helix with low cellular binding. This analysis yielded the non-
binding hexamer GSPGGK, which replaced the native a2b1 binding sites. Although
the melting temperature of short peptides is lower when glycines are introduced
into the X-position of Gly-X-Y [30], work by Raynal et al. reported that the region
with the native GSPGGK site had a Tm which was approximately the average of all
the 27-mer peptides spanning the entire triple-helical region of collagen III [28].
Therefore, we did not expect the introduction of this sequence to be disruptive to the
overall melting temperature of rCol-0G.

An integrin-binding site from collagen I (GFOGER [29]) was systematically
introduced into the rCol-0G scaffold. To preserve the immediate local context and
stability of the GFOGER sequence, we included the three native flanking amino acids
on both sides of the collagen I sequence. Therefore, to create the GFOGER variants,
the amino acid sequence GER-GFOGER-GVQ was substituted for twelve amino acids
in each of the respective replacement sites within the rCol-0G scaffold. Three factors
went into the selection of the new locations for introducing the non-native GFOGER
sequences. The first criterion was to choose primary fragments (PF) that yielded
relatively uniform spacing between the GFOGERs. Secondly, the proximity to the
center of the selected PFs was preferred, since mutagenesis in locations close to the
fragment edges would overlap with the adjacent fragment and require additional
oligonucleotide and PCR fragment synthesis. Finally, we favored regions that mini-
mized the number of amino acid changes between the native and GFOGER se-
quences. For example, the GFOGER of PF1 was introduced into the same location as
the native GROGER sequence.
2.2.2. Mutagenesis of primary fragments in collagen variants
The construction of the genes encoding the collagen-mimetic variants was

performed according to protocols described in Chan et al. [14] and in Supplementary
Information (SI). After defining the amino acid sequences of the different variants
(Table 1), the DNA sequences were optimized by a computational algorithm to favor
correct hybridizations between synthetic oligonucleotides for assembly by PCR, to
disrupt incorrect hybridizations, and for expression in S. cerevisiae [14,31].

For rCol-0G, the PFs containing the non-binding hexamer GSPGGK (replacing
the native hexameric integrin-binding sites) were assembled by PCR from oligo-
nucleotides using previously-described conditions [14]. To introduce the non-native
GFOGER sequences into PFs, we used previously-described strategies of assembly by
PCR using oligonucleotides for encoding GFOGER into PF1 [14] and site-directed
mutagenesis using PFs 4, 8, and 11 for rCol-0G as the template DNA [32]. Details
of the protocol and a list of the oligonucleotides used for mutagenesis are given in SI.
The correct final sequences for PFs were confirmed by DNA sequencing.



Fig. 1. Summary of recombinant collagen variants containing integrin-binding sites in the triple-helical domain. Variants were produced by removing all native integrin sites from
human collagen III (rCol-0G) and systematically introducing non-native integrin-binding sites (GFOGER) in different frequencies and locations. Green regions denote amino acid
sequences native to human collagen III, blue regions denote where native integrin-binding sites have been replaced with non-binding sites, and yellow regions denote non-native
GFOGER sites from collagen I. “PF” denotes the primary fragment of the triple-helical region (one of 12 modules used in gene synthesis). The N- and C-propeptide regions are not
pictured; they are expressed but removed after triple-helical assembly. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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2.2.3. Fabrication of genes encoding full-length collagen variants
Full-length genes were assembled based on our previously-reported methods

[14,23], in which secondary fragments were assembled by PCR from PFs, and full-
length genes for collagen variants were assembled from the secondary fragments.
Details of the protocols are given in SI.

2.3. Expression and purification of recombinant collagen variants

Expression and purification were performed using previously-described pro-
tocols as a departure point [23,24], and details are given in SI. The full-length
collagen genes were cloned in the CEN/ARS plasmid and transformed in
S. cerevisiae strain BYa2b2 in which we had integrated two copies each of a- and b-
prolyl hydroxylase genes into the genome [24]. Expression of collagen was per-
formed, yeast cells were harvested, and resulting collagen variants were purified.

2.4. Stability and structural analysis

Confirmation of triple helix formation and thermostability analysis were per-
formed via circular dichroism (CD). Atomic force microscopy was used to image
proteins and measure structural characteristics. These methods are based on pre-
viously published methods [23,24] and details are described in SI.

2.5. Cell adhesion on collagen substrates

2.5.1. Substrate deposition and cell adhesion imaging
HT-1080 cells were grown in DMEM (with 10% FBS, 100 units/ml penicillin, and

100 mg/ml streptomycin) and subcultured every 3 days. Cells were trypsinized,
Table 1
Summary of recombinant collagen variants and native human collagen controls. Listed
integrin-binding sites. Primary fragment (PF) indicates the region in which the GFOGER

Name of collagen Number of GFOGER sites

hCol I 1
hCol III e

rCol e

rCol-0G 0

rCol-1G-1 1
rCol-1G-8 1
rCol-1G-11 1
rCol-2G-1,4 2
rCol-2G-1,8 2
rCol-2G-8,11 2
rCol-4G 4
washed, and resuspended in DMEM (with 0.1% BSA) before seeding onto the protein-
adsorbed surfaces. To prepare these surfaces, 20 mg/mL native and recombinant
collagens (in PBS) were incubated on 96-well non-tissue culture treated polystyrene
plates (Corning) for 24 h at 4 �C. Our prior investigations showed that protein
adsorption onto non-tissue culture treated wells was saturated when surfaces were
incubated with �10 mg/ml collagen [24]. Relative surface protein concentrations
were quantified as described in SI.

Protein solutions were removed, and surfaces were incubated with DMEM
with 0.5% BSA for 1 h. HT-1080 cells suspended in DMEM containing 0.1% BSA
were then seeded at 3.15 � 104 cells/cm2 on the protein-adsorbed surfaces and
incubated for 4 h at 30 �C. The wells were washed with serum-free DMEM and
imaged (Olympus IX-51). To quantify cell spreading, we measured cell areas. The
boundaries for individual cells were manually defined using ImageJ (v 1.48) [53],
and the areas from fifty adherent cells (N ¼ 50) on each substrate were used to
obtain statistical information.
2.5.2. Quantifying the number of cells adhered to surfaces
HT-1080 cells were incubated on the different protein-adsorbed surfaces for 4 h

at 30 �C. To remove non-specifically bound cells, wells were filled with DMEM
containing 0.1% BSA, and the plate was sealed with Microseal tape (Bio-Rad). The
plates were inverted, centrifuged, and washed with PBS. Adhered cells were incu-
bated with 4 mM of calcein-AM (in PBS and 0.1% BSA) at 37 �C for 1 h. Solutions were
removed, and cells were lysed with CelLytic M (Sigma). Fluorescence was measured
at 494/517 nm (Ex/Em) (SpectraMax M2) and normalized to values for hCol I.
are the abbreviated name of the variant and the number and location of GFOGER
sequence is located.

Description of collagen variant

Human collagen I from native source; 1 native GFOGER site
Human collagen III from native source (no GFOGER, but contains GROGER,
GAOGER, GLOGEN, GLKGEN, and GMOGER binding sites)
Human collagen III amino acid sequence (no GFOGER, but contains GROGER,
GAOGER, GLOGEN, GLKGEN, and GMOGER binding sites)
Human collagen III with GROGER, GAOGER, GLOGEN, GLKGEN, and
GMOGER integrin-binding hexamers replaced with non-binding GSPGGK
rCol-0G with GFOGER in PF1
rCol-0G with GFOGER in PF8
rCol-0G with GFOGER in PF11
rCol-0G with GFOGERs in PF1 and PF4
rCol-0G with GFOGERs in PF1 and PF8
rCol-0G with GFOGERs in PF8 and PF11
rCol-0G with GFOGERs in PF1, PF4, PF8, and PF11
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2.5.3. Cellular adhesion modulation assays
To evaluate whether modulation of adhesion could be achieved through mix-

tures of binding and non-binding variants, native hCol I, rCol-1G-8, and rCol-4G
were diluted with rCol-0G, yielding solutions containing 0.3e20 mg/ml of the
GFOGER-containing collagen, but with a 20 mg/ml total protein concentration. As
described above, protein mixtures were adsorbed and incubated with cells, and cell
adhesion was quantified.

2.5.4. Integrin inhibition assays
We examined the specificity of the cell binding via a2b1 integrins to the collagen

substrates. HT-1080 cells were resuspended in DMEM supplemented with 0.1% BSA
at 3.15 � 104 cells/cm2. Anti-a2, anti-b1, or non-specific IgG antibodies (at 10 mg/ml)
were incubated with the cell suspension for 15 min at 37 �C. These cell/antibody
solutions were incubated with collagen-adsorbed surfaces for 4 h at 30 �C. Cells
were quantified with calcein-AM.

2.6. Quantification of focal adhesion complexes

To investigate the effect of varying integrin-binding sites within collagen sub-
strates on the formation of focal adhesion complexes, we measured the relative
amount of vinculin based on a previous protocol [33]. Wells of a non-tissue culture
treated 6-well plate were coated with collagen-variant proteins. HT-1080 cells were
seeded at 6.3 � 104 cells/cm2 in DMEM supplemented with 10% FBS and incubated
for 4 h at 30 �C. The solution was gently removed and replaced with DPBS, and
bound integrins were crosslinked with 1 mM DTSSP in DPBS for 30 min. Unreacted
DTSSP was quenched with 50 mM TriseHCl in DPBS for 5 min. Uncrosslinked cellular
components were extracted with 0.1% SDS in DPBS supplemented with 1 mM PMSF
for 5 min. Wells were gently washed with DPBS, and crosslinked proteins were
released by the addition of 50 mM DTT and 0.1% SDS in DPBS (without Ca2þ and
Mg2þ) at 37 �C for 30 min. Vinculin was detected through Western blot using
monoclonal anti-vinculin antibodies. Band intensities were quantified using ImageJ
and normalized to the hCol I band intensity for each experiment. Statistical analysis
was performed on three independent experiments (N ¼ 3).

2.7. Statistical analyses

For cell adhesion and focal adhesion quantification assays, statistical analyses
were performed using at least three independent experiments. Each independent
cell adhesion and antibody inhibition experiment contained at least three replicates
(total N ¼ 9); cell area analyses contained 50 cells (N ¼ 50). Statistical significance
was determined using the software program R [34]. We performed a one-way
analysis of variance (ANOVA), followed by Tukey's HSD post-test comparison. Data
is reported as mean ± standard error of mean (S.E.M.) unless otherwise stated.
Values were considered statistically significant when p-values were <0.05.

3. Results and discussion

3.1. Design strategy and synthesis of collagen genes encoding
different combinations of non-native integrin-binding sites

To examine the feasibility of introducing non-native cell-
responsive sites into a collagen scaffold and to study their respec-
tive bioactive properties, we designed a set of collagen variants
containing the collagen I GFOGER a2b1 integrin-binding sequence
in different locations, frequencies, and combinations within a
collagen III scaffold (summarized in Table 1, Fig. 1, and Supple-
mentary Information [SI]). The gene synthesis for this set of
collagen variants was performed using our modular human
collagen III gene, described previously [14,24], coding for the
biopolymer backbone.

Since collagen III naturally exhibits strong adhesion to cells, it
was necessary first to design a full-length collagen variant in which
native integrin interaction sites were removed to serve as a non-
binding scaffold. Studies have identified the main a2b1 integrin
binding amino acid sequences in human collagen III to be the
peptide hexamers GROGER, GAOGER, GLOGEN, GLKGEN, and
GMOGER [27,28] (single amino acid abbreviations used). Based on
the overlap between calculated optimized oligonucleotide melting
temperatures (Tm) for hexameric sequences in gene synthesis [14],
together with experimentally-determined triple-helical sequences
that are both thermostable and exhibit minimal cell adhesion
properties [28], we identified the hexameric sequence GSPGGK to
replace each of the five native integrin-binding sites in collagen III.
This yielded the DNA encoding the protein sequences for the
collagen variant “rCol-0G”. This gene assembled correctly as
confirmed by DNA sequencing.

The integrin-binding sequence GFOGER was then introduced
into the rCol-0G scaffold in primary fragments 1, 4, 8, and 11.
GFOGER (Gly-Phe-Hyp-Gly-Glu-Arg) is found once within natural
collagen I but never in collagen III, and it is specifically recognized
by a1b1, a2b1, a10b1, and a11b1 integrins [26,29]. As with rCol-0G,
all genes encoding these variants correctly assembled, demon-
strating the modularity of the optimized collagen III gene and the
ability to fabricate the genes encoding both single-GFOGER variants
and those with a combination of GFOGER sites (Table 1 and Fig. 1).
These full-length genes were then placed into the yeast expression
system for expression, purification, and characterization of each
collagen variant.

3.2. The collagen scaffold was tolerant of numerous changes while
retaining triple-helical architecture

All collagen variants were successfully expressed and purified
(Fig. S-1, SI). CD showed that all variants yielded spectra similar to
data for rCol [24], and results confirmed their triple-helical struc-
ture (Fig. 2; Fig. S-2, SI). Fig. 2a shows that the variant with the
maximum number of changes (rCol-4G) still remained triple-
helical. The linear, triple-helical structure was confirmed by AFM
imaging (Fig. 2c). Height measurements through the centers of
single polymeric strands yielded 1.1 ± 0.3 nm, 0.9 ± 0.2 nm, and
0.9 ± 0.2 nm for rCol-0G, rCol-4G, and the hCol III control,
respectively, consistent with previously-reported values for
collagen assembled in a triple helix [24,35].

Thermostability scans were performed to determine apparent
melting temperatures Tm (Fig. 2b, SI-3). Results for all variants are
summarized in Tables Se1 (SI). Recombinant collagen III (with
native human collagen III sequence; rCol) gave an average Tm of
35.8 ± 0.5 �C, and all recombinant GFOGER variants yielded com-
parable Tm values. We note that all of the recombinant proteins
consistently yielded Tm values approximately 3.5 �C lower than
human collagen from native tissue sources. This slightly lower
stability has also been observed for fibrillar-type collagens
expressed in other S. cerevisiae systems [13] and is likely due to the
heterologous expression in yeast [14,24]. Yeast does not natively
hydroxylate proline; however, hydroxyproline imparts stability to
the collagen triple helix. Thus, we designed the strain to contain
two copies of the a- and b-prolyl hydroxylase genes integrated into
the yeast genome (BYa2b2), with the collagen gene placed on a
CEN/ARS plasmid (YCpMCOL) to facilitate variant manipulation
[14,24]. The resulting proline hydroxylation level of our yeast sys-
temmeasured using amino acid analysis yielded 31.1 ± 2.4%, which
is lower than the 45 ± 1.4% measured for native hCol III. Ongoing
investigations continue to optimize the yeast expression system
further to increase hydroxylation levels and thermostability of the
collagen trimer.

The high tolerance for mutations in the collagen scaffold shows
the robustness of themodular platform and the scaffold's structural
backbone. The trimeric assembly and thermostability results were
not obvious a priori, as these variants contained significantly more
amino acid changes than had been reported previously. For
example, rCol-0G and rCol-4G contained 19 and 40 amino acid
changes from the native human collagen III sequence, respectively.
In contrast, the maximum number of designed mutations (of which
we are aware) was five amino acids in a localized cluster [36], and
even single amino acid changes in the Gly-position of fibrillar
collagen can cause severe phenotypes [37]. Our results demon-
strate that the collagen backbone can indeed serve as an underlying
scaffold for modular assembly, as long as the Gly-X-Y sequence



Fig. 2. Structural characterization of collagen variant with 4 GFOGER sites introduced into a non-binding collagen scaffold (rCol-4G) and controls. (a) Representative circular di-
chroism (CD) wavelength spectra for rCol-4G. (b) Representative thermostability scan measuring ellipticity at 221 nm vs. temperature for rCol-4G. (c) Representative AFM images for
native human collagen III (hCol III), recombinant human collagen (rCol), and rCol-4G. Scanned areas are 1 mm � 1 mm.
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pattern is retained and the sequence motifs that are substituted
into the scaffold form stable trimers.

The retention of triple-helical structure after bioactive site
incorporation is particularly important for the functional properties
of the collagen-mimetic polymer, since integrin receptors for
collagen simultaneously interact with multiple strands within
intact triple-helical collagen [38]. This result also suggests that
prior challenges to create extensively-mutated collagen in vitro
were likely due to limitations of recombinant DNA technology,
rather than the inherent triple-helical stability of collagen variants.
Codon optimization for gene synthesis was necessary to minimize
oligonucleotide mishybridizations [14]. It is unlikely that these
triple-helical recombinant collagens will form higher-order struc-
tures, such as fibrils. Telopeptides are necessary for fibril assembly
[39], and our purification protocol uses pepsin to remove endoge-
nous yeast proteins, which likely also cleaves the telopeptide re-
gion. Alternative avenues to produce collagen variants with intact
telopeptides are currently being explored. Although fibril assembly
to obtain higher-order three-dimensional structures is an impor-
tant aspect of collagen's use as a tissue engineering hydrogel scaf-
fold, hydrogel formation can also be accomplished with other
strategies, such as utilizing introduced non-native cysteines [23].
3.3. Cellular adhesion to collagen III was abrogated upon removal of
integrin binding sites

Differences between the adhesion of HT-1080 cells to the vari-
ants of collagen were observed in cell microscopy images
(Fig. 3ael), and relative cell numbers were quantified by calcein-
AM (Fig. 3m). As expected, cells adhered to native human
collagen I and III controls from tissue sources (Fig. 3l, k), but did not
adhere to bovine serum albumin (BSA) (Fig. 3a). The baseline
recombinant collagen (rCol), produced in yeast and comprising the
same amino acid sequence as native human collagen III, bound as
many cells as the native collagens (p > 0.05) (Fig. 3j). Accessible
surface concentrations of collagens were confirmed to be at satu-
rated and comparable levels between all samples, assuring any
observed differences in cell binding are due to molecular-level
differences in the collagen substrates rather than surface protein
concentrations (Fig. S-4, SI).

Replacement of the five integrin-binding sites from collagen III
[27,28] with the non-binding sequence GSPGGK [28] yielded the
variant rCol-0G, on which no adhesion of HT-1080 cells was
observed (Fig. 3b). Since this collagen variant remained triple-
helical and showed no loss of stability relative to the recombinant
baseline protein (Fig. S-2 and Table S-1, SI), the lack of cell adhesion
must be specific to the loss of interactions between the integrin
receptors on the cell surface and the hexameric peptide sequences
within collagen. The variant rCol-0G, therefore, can serve as a non-
binding collagen III scaffold, allowing for the evaluation of intro-
duced integrin-binding sites.
3.4. Introduction of the collagen I integrin-binding site (GFOGER) at
different frequencies and locations altered cellular adhesion

Crystal structures of a GFOGER-containing peptide bound by
a2b1 integrin show that integrin interacts with two of the three
triple-helical collagen strands [38,40], confirming that the triple-
helical tertiary structure of collagen is critical for recognition. We
observed that the introduction of only a single-GFOGER motif into
the ~1000-amino acid triple-helical region of the rCol-0G backbone
recovered cellular adhesion (Fig. 3cee). Interestingly, we observed
a marked difference in adhesion, depending on the location of the
GFOGER placement site. Single-GFOGER substitutions placed in



Fig. 3. Adhesion of HT-1080 cells to collagen and collagen-mimetic substrates. (ael) Representative cell images for adhesion to collagen variants and controls. Scale bar ¼ 100 mm.
Substrates are: (a) bovine serum albumin (BSA); (b) rCol-0G; (c) rCol-1G-1; (d) rCol-1G-8; (e) rCol-1G-11; (f) rCol-2G-1,4; (g) rCol-2G-1,8; (h) rCol-2G-8,11; (i) rCol-4G; (j) re-
combinant human collagen III (rCol); (k) native human collagen III (hCol III); and (l) native human collagen I (hCol I). (m) Fluorescence measurements quantifying the relative
number of cells adhered to collagen substrates using a calcein-AM assay. Values were normalized to average for hCol I. Cell adhesion on BSA and rCol-0G was significantly lower
than on all other variants (p < 0.001). The adhesion on rCol-1G-1 was significantly different than all other groups (p < 0.001). Comparisons between substrates showing high
adhesion (substrates shown in panels 3d through 3l) indicated no significant differences (p > 0.05). ***p < 0.001. Mean ± S.E.M. (n) Fluorescence measurements quantifying the
relative number of cells on surfaces coated with solutions of 0.3e20 mg/ml binding collagen (rCol-1G-8, rCol-4G, and hCol I) diluted in non-binding collagen (rCol-0G). Total protein
concentrations (binding þ non-binding collagens) were 20 mg/ml. Fluorescence values were normalized to average for 20 mg/ml hCol I. Mean ± S.E.M.
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primary fragment (PF) 8 or 11 (rCol-1G-8; rCol-1G-11) increased
the number of adhered cells to values similar to those for native
human collagen I and III (Fig. 3m). Differences between cell
spreading areas (per cell) for these two variants and native human
collagen I and III were not significant (p > 0.05). Taken together,
these results demonstrateed similar cell numbers and quality of
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attachment. It was surprising that a single hexamer sequence from
collagen I can promote this degree of adhesion, considering that
native collagens contain not only one but multiple integrin-binding
sites. In contrast, cell adhesion to collagen with a single-GFOGER
introduced into PF1 (rCol-1G-1) was weaker than on other
GFOGER-containing collagen substrates (rCol, rCol-1G-8, rCol-1G-
11, rCol-2G variants, rCol-4G) and native controls, with only
approximately one-third the number of cells attached to the rCol-
1G-1 substrate as compared to native controls (Fig. 3m). Further-
more, cells on rCol-1G-1 did not spread as well as on the other
surfaces (Fig. 3c). The average surface area per cell on rCol-1G-1
was 50% and 54% of areas on hCol I and hCol III, respectively
(p < 0.001).

The significant difference in binding between the rCol-1G mu-
tation locations (in PF 1, 8, or 11) demonstrates the importance of
the local collagen context for integrin-binding interactions. The
results of the AFM analysis (Fig. 2d) support a possible mechanism
for this difference. Although images showed that all recombinant
collagens were linear and triple-helical, the apparent lengths for
the imaged GFOGER mutants (224 ± 12 nm for rCol-0G,
210 ± 21 nm for rCol-1G-1, and 235 ± 27 nm for rCol-4G) were
10% shorter than for the controls (256 ± 10 nm for native hCol III
and 251 ± 13 nm for rCol). Closer examination of individual
GFOGER-variant trimers indicated that one end of the trimeric
polymer often had a greater height or aggregate for a length
ranging approximately 15e30 nm. This suggested that the
decreased overall length could be due to one end of the GFOGER-
collagens folding back on itself. If the folding propensity were in
the N-terminus, then this could occlude GFOGER binding in PF1.
Our data did not support the alternative scenario of proteolytic
truncation; SDS-PAGE analysis showed all collagens in this inves-
tigation exhibit comparable molecular weights (Fig. S-1, SI).
Furthermore, trimer misalignment as a mechanism for decreased
adhesion in rCol-1G-1 was also unlikely, since the N- and C-ter-
minal propeptide domains were expressed. Therefore, they were
present to promote correct triple-helical assembly before their
cleavage during purification.

3.5. Modulation of adhesion could be achieved by mixing different
ratios of the binding and non-binding variants

Binding variants rCol-1G-8 and rCol-4G were diluted with rCol-
0G, producing various concentrations of the GFOGER-containing
proteins while keeping total protein amount at 20 mg/ml. We
observed that the number of adhered cells could be tuned as rCol-
1G-8 or rCol-4G was increased between 0.3 and 20 ug/ml (Fig. 3n).
Variant rCol-4G, containing four GFOGERs, did not significantly
bind additional cells over the collagenwith only one GFOGER (rCol-
1G-8), hinting that the distance between GFOGER sites (intra-
trimeric vs. inter-trimeric GFOGERs) may also be as important as
the number of sites.

3.6. Inhibition of cell adhesion by anti-a2 and anti-b1 integrin
antibodies

We examined the subunit specificity of integrin-based cell
adherence to GFOGER. Integrins that bind to collagens are a1b1,
a2b1, a10b1, and a11b1 [26,29], with the most broadly expressed
and well-studied being a1b1 and a2b1. These two integrins are
involved in biological functions that include immunity, angiogen-
esis, and matrix remodeling [41]. In HT-1080 cells, the primary
integrin that binds to triple-helical collagen (including the GFOGER
sequence) is a2b1 [17,42]. We therefore evaluated the specificity of
cell binding to our GFOGER variants by inhibiting interactions with
the a2 and b1 subunits using antibodies.
Antibodies for the b1 subunit strongly inhibited cell adhesion to
all modular-GFOGER substrates (Fig. 4). All of the native human
collagen controls and recombinant collagen variants containing
GFOGER sites exhibited a significant decrease in cell adhesionwhen
cells were first incubated with an antibody specific for the b1
subunit, relative to media alone. Overall, cell adhesionwas reduced
by an average of 86%with anti-b1 antibody for the variants that had
demonstrated binding. This result is consistent with investigations
showing that all collagen-binding integrins contain the b1 subunit
[26].

Incubation of cells with a2-binding antibodies only partially
inhibited cell adhesion to the GFOGER-containing substrates, with
an average 38% decrease for the variants that showed binding with
non-specific antibodies or media alone. The degree of inhibition
varied with the underlying substrate. Incubation of cells with
antibody concentrations higher than 10 mg/ml yielded no additional
decrease in cellular adhesion. In rCol-1G-1, which exhibited weaker
binding compared to native collagens, the a2 antibody inhibited
nearly all binding. However, for variants demonstrating stronger
binding (e.g., rCol-2G-8,11; rCol-4G), cell binding was not signifi-
cantly inhibited by anti-a2, suggesting that the increased number
of GFOGER sites can sufficiently bind to non-a2b1 collagen-binding
integrins (e.g., a1b1, a10b1, a11b1). This partial inhibition agrees
with prior results for native collagen I [17] and is consistent with
a2b1 being the primary, but not sole, integrin receptor expressed by
HT-1080 cells.

For studies utilizing short GFOGER-peptide substrates, however,
the addition of a2-binding antibodies to cells completely blocked
all cell binding [17,43]. This apparent discrepancy suggests the
importance of the full-length collagen in its native structure for
integrin-mediated adhesion. This importance of the context of
epitope presentation is also supported by prior work in which 30
times more copies of GFOGER were needed when the motif was
surface-adsorbed and displayed in a peptide than when presented
in full-length collagen I (by molar concentrations) [43]. While other
recognition sites such as GLOGER and GASGER in collagen I have
also been reported as binding to a2b1 integrin [44], each site only
occurs once in human collagen I [45] and at similar or weaker
binding than GFOGER [27]. Therefore, their presence alone does not
account for the significantly higher binding of full-length collagen I
relative to a GFOGER-peptide, and suggests that the full structure of
collagen in presenting the sequence plays a significant role in cell
adhesion.

One possible explanation for the increased adhesion to full-
length collagen relative to peptide may be that collagen provides
numerous binding domains for other cell surface receptors, some of
which support cooperative and synergistic interactions with
integrin-mediated effects [46]. For example, several discoidin
domain receptor (DDR) binding domains have been identified in
human collagen III near the integrin-binding domains [46], and
DDRs have been shown to enhance integrin-mediated cell adhesion
[47]. Such effects are not recapitulated in systems that use only
GFOGER peptides. Synergy between neighboring sequences has
been reported in other protein systems. For example, cell binding to
the RGD motif from fibronectin is significantly increased when
presented concurrently with fibronectin's PHSRN peptide sequence
in native spatial context [48,49]. Furthermore, different integrin-
binding specificities are elicited for linear RGD and RGD-PHSRN
peptides. Understanding the mechanisms of synergistic epitope
effects can be important for regulating cell proliferation and dif-
ferentiation [46,49,50].

Another factor which could potentially contribute to the
observed increased binding to full-length collagen is the accessi-
bility of the binding motifs. Immobilization of a GFOGER-peptide
utilizing a PEO linker required approximately three times less



Fig. 4. Cell adhesion after inhibition of binding to a2 and b1 integrin subunits. HT-1080 cells were incubated with no antibodies (media alone), non-specific IgG, anti-a2 IgG, and
anti-b1 IgG prior to incubation with different collagen substrates. Data quantifies the relative number of cells adhered using a calcein-AM assay. Fluorescence values were
normalized to the average for hCol I with no antibodies. A significant decrease in adhesion due to anti-a2 antibody, relative to media-only conditions, was observed for hCol I, hCol
III, rCol, rCol-1G-8, rCol-2G-1,8 (p < 0.001) and rCol-1G-1, rCol-1G-11 (p < 0.01). A significant decrease in adhesion due to anti-b1 antibody, relative to media-only conditions, was
observed for hCol I, hCol III, rCol, rCol-1G-1, rCol-1G-8, rCol-1G-11, rCol-2G-1,4, rCol-2G-1,8, rCol-2G-8,11, and rCol-4G (p < 0.001). Significant differences between a2-and b1-
subunit antibody inhibition for a given substrate was observed for hCol I, hCol III, rCol-1G-8, rCol-1G-11, rCol-2G-1,4, rCol-2G-1,8, rCol-2G-8,11 (p < 0.001) and rCol-4G
(p < 0.01). Mean ± S.E.M. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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peptide than peptide adsorbed to the surface (for the same number
of cells adhered), suggesting that increased accessibility of GFOGER
due to the linker could be important for adhesion [43]. This effect
may occur in full-length collagen if only short regions of the
collagen are required for adsorption to the surface. The total
increased adhesion is likely a combination of multiple effects which
includes both site accessibility and synergistic receptor
interactions.
3.7. The number of focal adhesion complexes was modulated by
GFOGER-collagen substrates

We examined the presence of vinculin, which is present in focal
adhesion complexes, in cells seeded on varying collagen substrates
Fig. 5. Western blot analyses for vinculin in focal adhesion complexes. (a) Represen-
tative Western blot. (b) Band intensities, with values normalized to hCol I in each
independent experiment. Intensity for rCol-4G was greater than those for all other
samples and controls (with p ¼ 0.018 compared to hCol I). *p < 0.05, ***p < 0.001.
Mean ± S.E.M.
[51,52]. Our results demonstrated that the number of GFOGER sites
on an external substrate can affect intracellular processes (Fig. 5). In
Western blot analysis, the average vinculin band intensity for rCol-
4G was greater than those for all other samples and controls. Cells
seeded on rCol-4G exhibited approximately 56% higher levels of
vinculin than on the native hCol I. Furthermore, cells incubated
with the collagen variant containing no integrin-binding sites
(rCol-0G) showed significantly less vinculin than with hCol I.
Intensities were reduced by 96% from native human collagen I on
average and close to that of the negative BSA control. The values for
variant rCol-1G-1 averaged an intermediate intensity that was 12%
of hCol I. These results are consistent with the cell adhesion data
and show the potential to manipulate intracellular biochemical
activity through integrin-binding sites in the underlying
substrates [15].

4. Conclusions

In this study, we used a bottom-up, modular strategy that
enabled systematic placement of integrin-binding sites in full-
length collagen and allowed for the complete control of the num-
ber and location of these sites. Using the biopolymers created from
this strategy, we found that the insertion of only a single-GFOGER
site into a non-binding collagen variant was sufficient to restore
full cellular adhesion. However, the location of the introduced site
affected the degree of recovered adhesion and hints at the impor-
tance of epitope context. Cellular activity also could be modulated
bymixing distinctly different collagen variants at tunable ratios. All
variants were shown to be triple-helical, linear polymers, compa-
rable to native human collagen. This investigation showed that one
can re-design native collagen at the molecular level to tailor
collagen-mimetic materials for manipulating cellular microenvi-
ronments and biochemical responses.
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