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ABSTRACT: We explore the design of metal binding sites to modulate triple-helix stability of collagen and collagen-mimetic
peptides. Globular proteins commonly utilize metals to connect tertiary structural elements that are well separated in sequence,
constraining structure and enhancing stability. It is more challenging to engineer structural metals into fibrous protein scaffolds,
which lack the extensive tertiary contacts seen in globular proteins. In the collagen triple helix, the structural adjacency of the
carboxy-termini of the three chains makes this region an attractive target for introducing metal binding sites. We engineered His;
sites based on structural modeling constraints into a series of designed homotrimeric and heterotrimeric peptides, assessing the
capacity of metal binding to improve stability and in the case of heterotrimers, affect specificity of assembly. Notable
enhancements in stability for both homo- and heteromeric systems were observed upon addition of zinc(II) and several other
metal ions only when all three histidine ligands were present. Metal binding affinities were consistent with the expected Irving—
Williams series for imidazole. Unlike other metals tested, copper(II) also bound to peptides lacking histidine ligands. Acetylation
of the peptide N-termini prevented copper binding, indicating proline backbone amide metal-coordination at this site. Copper
similarly stabilized animal extracted Type I collagen in a metal-specific fashion, highlighting the potential importance of metal

homeostasis within the extracellular matrix.
D e novo design of metal—protein complexes has advanced
our understanding of metal control on structure and
function.' ™ Engineered structural metals have been success-
fully used to enforce the folding and oligomerization of
proteins.*™ Most work in this area has focused on globular
proteins, while interactions of metals with fibrous proteins such
as collagen remain poorly understood. This is despite the fact
that collagens are the most abundant proteins by mass in
animals, playing important functional roles in many biological
processes. The fibrillar structure of collagen provides tensile
strength and flexibility to tissue, cartilage, and bone. The
interaction of metals with collagen is also of industrial interest.
Metals such as chromium and aluminum are used as tanning
agents and change both the color and structure of leather
through specific interactions with collagen.'*™"*
Collagen has a unique three-dimensional structure, com-
posed of three chains that oligomerize into the triple-helix fold.
Individual chains are in a polyproline II conformation, which
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supercoil in the triple helix. In natural collagens, the fibrillar
region extends over a thousand amino acids and contains post-
translational modifications, making it challenging to express,
purify, and characterize its biochemical and biophysical
behavior. As such, short collagen mimetic peptide (CMPs)
systems have been essential tools in exploring the molecular
basis for stability, specificity, and higher order assembly. The
most stable CMPs using biogenic amino acids consist of
repeating (Gly-Pro-Hyp), triplets."> CMPs have been designed
to probe the role of amino acid sequence on folding kinetics,"*
stability of the triple-helix,">~** and triple-helical geometry.'>**

The introduction of novel metal sites into proteins provides a
way to enhance stability and use metal binding as a structural
switch. There are several approaches to structure-guided design
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of metalloproteins. One is to construct protein folds that
accommodate a metal by parameterizing backbone geometry
and key ligand contacts around a metal—a de novo approach.”
Alternatively, a metal binding site can be designed into a known
fold.” In this study, we explore whether the latter approach can
be used to introduce structural metals into the collagen fold in
order to confer stability and specificity of triple-helix folding.
Unlike globular proteins, collagen has an extended structure
and a limited number of tertiary contacts, making it challenging
to engineer a metal binding site. However, the structural
adjacency of the three chain termini of the triple-helix makes
those sites potentially suited for this purpose.

Connecting the chain termini in CMPs through side chain-
backbone linkages®* ™" or other templates’" at chain termini
was shown to drive folding and enhance the stability of short
Gly-Xxx-Yyy repeats, facilitating host—guest studies of amino
acid substitutions in the triple-helix. Similarly, the inclusion of
metal chelating ligands such as bipyridine,”*>* catechol,” and
imidazole at the ends of chains increased stability of the triple
helix. Metal-binding sites introduced at the ends of CMPs have
been utilized to promoted higher order assembly of collagen
nanostructures.>***~*' Here, we examine whether the inclusion
of metal coordinating biogenic amino acids can enhance model
peptide stability and specificity of assembly.

We are also interested in whether metal binding can be used
as a tool to probe or enhance the specificity of oligomeric
interactions between the three chains in the collagen triple-
helix. A majority of studies of synthetic CMP systems have
focused on homotrimers where the three chains have the same
sequence. However, some naturally occurring collagens exist as
heterotrimers; for example, Type I collagen consists of both an
a; and a, gene product which assemble as an a;:a,:a, complex.
abc-type heterotrimers are also possible, as in the case of Type
V collagen which can exist as an @;::a3 complex. Therefore,
there is significant interest in developing CMP systems that
form specific heterotrimers, providing model systems to study
biophysical effects of disease causing mutations in a
heteromeric context.”* A number of molecular strategies
have been used, including the introduction of disulfide
bridges,44_46 and exploiting complementary pairing of electro-
static interactions.””~*’ Analysis of natural collagen sequences
shows an unusually high frequency of charged amino acids that
participate in favorable interchain interactions.”’>* Brodsky
and co-workers have shown these interactions increase thermal
stability in CMPs.”> ™ Heterotrimers incorporating extensive
charge-pair networks have also been designed using automated
computational approaches.’®™*

We use metal-assisted assembly of CMPs to examine whether
metal binding can modulate stability and specificity of
heterotrimer assembly. C-Terminal histidines are introduced
into a previously designed abc-type CMP heterotrimer.*®
Heterospecific assembly allows us to control histidine ligand
stoichiometry and study its effect on metal affinity. In the triple
helix, the three chains interact in a staggered fashion with a one-
residue shift in register between adjacent chains. We sought to
determine whether varying linker lengths that connect histidine
ligands to the triple helix could produce structurally constrained
designs that would only show an enhancement in stability in
the right relative register of the three chains. Although stability
enhancements were clearly observed in nearly all peptide
systems, metal binding sites as designed were unable to
discriminate the correct register of the abc-type CMDPs,
indicating that structural flexibility of the binding site was a
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confounding factor. In the course of studying this system, a
secondary histidine-independent copper(1I) binding mode was
found in the CMPs and in animal-extracted Type I collagen.
This work highlights the challenges in structure-guided design
of metal binding sites into a triple-helical scaffold.

B EXPERIMENTAL PROCEDURES

Peptide Synthesis and Sequences. The peptides were
synthesized using solid-phase FMOC chemistry at the Tufts
University Core Facility, Boston, MA. Unless otherwise
specified, N- and C-termini were uncapped. Peptides were
purified to 95% purity by reverse-phase high-performance
liquid chromatography (HPLC), and products were verified by
mass spectrometry (Figure S9). The sequences of the
characterized peptides are listed below:

(i) (POG), and (PPG), domain peptides

(POG) 7PAH POGPOGPOGPOGPOGPOGPOGPAH

(POG) 7AH POGPOGPOGPOGPOGPOGPOGAH

(POG) 7H POGPOGPOGPOGPOGPOGPOGH

(POG) 10 POGPOGPOGPOGPOGPOGPOGPOGPOGPOG
(PPG) 10 PPGPPGPPGPPGPPGPPGPPGPPGPPGPPG

(ii) Charged peptides

A PKGPKGPKGKOGPDGDOGDOGDOGPKGPKG
Apan PKGPKGPKGKOGPDGDOGDOGDOGPKGPKGPAH
Apn PKGPKGPKGKOGPDGDOGDOGDOGPKGPKGAH
Ay PKGPKGPKGKOGPDGDOGDOGDOGPKGPKGH

B PDGDOGDOGDOGPDGKOGPDGPDGPDGDOG

Bran PDGDOGDOGDOGPDGKOGPDGPDGPDGDOGPAH
Ban PDGDOGDOGDOGPDGKOGPDGPDGPDGDOGAH
By PDGDOGDOGDOGPDGKOGPDGPDGPDGDOGH

C KOGPDGPDGPKGKOGPKGKOGKOGKOGKOG

Cean KOGPDGPDGPKGKOGPKGKOGKOGKOGKOGPAH
Can KOGPDGPDGPKGKOGPKGKOGKOGKOGKOGAH
Cy KOGPDGPDGPKGKOGPKGKOGKOGKOGKOGH

Designed metal-binding ligands and associated linkers shown in bold. O = 4R-hydroxyproline.

Peptide solutions were prepared in 10 mM Tris buffer pH =
7.4, with or without 150 mM NaCl and metal salts. Peptide
concentrations in solution were estimated by measuring
absorbance at 214 nm using &, = 2200 M™' cm™'. After
mixtures were prepared at room temperature, they were
denatured at 80 °C for 30 min and annealed at 4 °C for at
least 48 h.

Lyophilized calf-skin collagen Type I was provided by Elastin
Products Company (Cat no.: C857). Lyophilized protein was
directly dissolved in either acetic acid or Tris buffer (pH 7.2)
with or without the addition of metal salts.

Circular Dichroism (CD). CD measurements were
conducted using the Aviv model 420SF spectrophotometer
equipped with a Peltier temperature controller. For wavelength
spectra, measurements were made at every 0.5 nm step with an
averaging time of 10 s at each wavelength. Scans were
conducted from 190 to 260 nm at 5 °C. Observed ellipticity
was converted to molar ellipticity by dividing raw values by the
peptide concentration, number of residues, and cell path length.
For temperature induced denaturation, ellipticity was measured
at 225 nm for (POG), and (PPG), domain peptides, or at 223
nm for charged peptides. Unless otherwise specified, total
peptide concentrations used were 0.2 mM. CD temperature
denaturation profiles were smoothed using the Savitsky-Golay
algorithm with 19 points and a third-order polynomial,®” and
melting temperatures assigned based on extrema of the first
derivative.

Dynamic Light Scattering (DLS). DLS measurements
were performed using a Zetasizer Nano ZS (Malvern
Instruments, UK). Data were collected with a 3 mW He—Ne
laser at a 633 nm wavelength. This unit collects back scattered
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light at an angle of 173° and contains a built-in Peltier element
temperature controller. Autocorrelation functions were deter-
mined from the average of three correlation functions, with an
acquisition time of 2 min per correlation function. Reported
viscosity values®® were used for the hydrodynamic radius
calculation. A detailed description of the DLS instrumental
setup and data analysis methods can be found elsewhere.’**

Isothermal Titration Calorimetry (ITC). Isothermal
titration calorimetry (ITC) measurements were carried out at
25 °C using an ITC 200 calorimeter (GE Biosciences,
Piscataway, NJ). All solutions were filtered through 0.2 um
syringe filters and degassed for 5 min prior to measurement.
Aliquots (35—40 pL) of 1.67 mM ZnCl, were injected from a
1000 rpm rotating syringe into a 0.2 mL sample cell containing
0.167 mM trimer (0.5 mM monomer) with a 180 s delay
between injections. Each titration experiment was accompanied
by the corresponding control experiment in which ZnCl, was
injected into a solution of buffer alone. Each injection
generated a heat burst curve (ucal/s versus s), the area under
which was determined by integration using Origin version 7.0
software (OriginLab Corp., Northampton, MA), to obtain a
measure of the heat associated with that injection. The measure
of the heat associated with each ZnCl,-buffer injection, as
estimated using a linear regression analysis of the integrated
data, was subtracted from that of the corresponding heat
associated with each ZnCl,-peptide injection to yield the heat
of ZnCl, binding for that injection. Following removal of the
point corresponding to the first low volume injection, the
buffer-corrected ITC profiles for the binding of each experi-
ment were fit with a model for one set of binding sites.

B RESULTS AND DISCUSSION

Metal Binding Enhances Stability. We previously
designed a series of collagen peptides specifically intended to
form an A:B:C heterotrimer.”® In order to design a metal
binding site that targets an ABC heterotrimer, we developed a
model that took advantage of the one amino acid stagger of A
relative to B, and B to C. Starting with the assumption that the
designed register ABC is the correct one, adding xxH, xH and
H linkers to A, B and C, respectively, should form a blunt-
ended design (Figure 1). Linkers were modeled onto the high-
resolution structure of a [(POG);]; CMP as x-x-His, x-His,
and His for the leading, central, and lagging strands. Backbone
torsions of x and histidine, and side chain rotamers of histidine
were sampled using the modeling platform protCAD®® for
those that formed a tetrahedral His;-metal site. The optimal
conformation identified in the linker sampling specified all x
positions in an a-helical conformation (¢ ~ —60°, w ~ —45°).
Linker amino acids were chosen based on known backbone
conformation preferences. Proline, which is favored at the
beginning of a-helices,”* and alanine, which stabilizes the a-
helix,”® were incorporated to optimize the target linker
conformation, such that the imidazole side chains presented a
preorganized tetrahedral metal binding site. Structures were
minimized in AMBER using the ff99sb force field® plus
parameters for a zinc pseudoatom.”” Pro-Ala-His (PAH), Ala-
His (AH), and His (H) were appended to the C-terminus of A,
B, and C peptides respectively to obtain Apsy, Bay, and Cy
peptides.

Metal binding linkers in an a-helical conformation should
not extend the interchain hydrogen bonding network of the
triple-helix and were not expected to significantly perturb
stability except in the presence of a coordinated metal. CD
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Figure 1. Blunt-end design of a collagen metalloprotein: (A) model of
peptides containing histidines at the C-terminus coordinating zin, to
stabilize the heterotrimer. (B) An initial configuration built using
protCAD (green) and minimized with AMBER (yellow) to model the
heterotrimeric zinc-histidine site.

wavelength spectra and thermal denaturation profiles of the
Apap:Bay:Cyy heterotrimer showed triple-helical structure and
comparable stability to the original A:B:C (Figure 2).
Differences of ~2—3 °C for the A:B:C system from the
previously published T}, values*® were due to the use of a Tris-
buffer system instead of phosphate to allow for metal binding
studies to be performed. In both peptide sets, two transitions
were observed in the absence of NaCl, corresponding to
potential multiple registers of association or the formation of
competing species with lower thermal stability. Increased ionic
strength decreased the stability of both A:B:C and
Apa:Ban:Cy heterotrimers and eliminated one of the
transitions (Figure S2) consistent with our previous character-
ization of the A:B:C heterotrimer.*®

Addition of the histidine ligand and associated linkers did not
perturb heterospecificity of triple-helix folding. Ten combina-
tions of the histidine-containing peptides (Apap:Bau:Cyy
2Apan:Ban Apani2Ban 2Apan:Chy Apan:2Chy 2Bpn:Cy,
Bau:2Chyy 3Apany 3Bam, 3Cy) were prepared in the presence
of ZnCl,, of which only Ap,:Bay:Cy formed a triple-helix
(Figure 3, S3A). Inclusion of ZnCl, up to 2.0 mM stabilized the
His; containing heterotrimer. Zinc concentrations greater than
2.0 mM decreased structure and stability of App:Bay:Cy. This
is presumably due to screening of interchain electrostatic
interactions upon increasing ionic strenégth, as was previously
observed for the unmodified peptides.”® To examine whether
stability enhancements could be caused by nonspecific metal—
salt interactions, we titrated CaCl,, which does not interact
strongly with histidine, into the Ap,p:B,p:Cy mixture. The lack
of Ca(Il) binding to the heterotrimer was consistent with
specific coordination of imidazoles. At 4-fold lower total
peptide concentrations (0.05 mM), the Ap,y:Ba:Cy hetero-
trimer was unfolded. Under these conditions, inclusion of
Zn(1I) induced folding of the triple-helix and enhanced stability

in a concentration-dependent manner (Figure S3B).
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Figure 2. Effect of linker on structure and stability of the A:B:C
heterotrimer. (A) CD temperature-melting curves monitored at 223
nm of 02 mM ABC (red) and Apsy:Ba:Cyy (black) collagen like
peptides in phosphate buffer without salt; (B) respective first
derivative plots. Effect of increasing ionic strength shown in Figure S2.
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Figure 3. abc-type heterotrimer required for metal binding. Circular
dichroism temperature melting curves monitored at 223 nm of (A)
Apan:Ban:Cy heterotrimer peptide in 10 mM Tris buffer, pH = 7.5,
150 mM NaCl with varying concentration of ZnCl, or CaCl,. (B) All
10 possible combination of Apyyy, Bapy, and Cy in 10 mM Tris buffer,
150 mM NaCl, 2 mM ZnCl,.

Effect of Metal Species on the Stability. We measured
the stability of Aps:Bay:Cy in the presence of metal salts:
ZnCl,, CaCl,, CoCl,, MnCl,, FeCl,, NiCl,, and CuCl,. No
significant changes in structure or stability were seen with
Mn(II), Fe(II), and Ca(Il) (Figure 4). Addition of Co(II)
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showed a slight increase in MRE and stability. Ni(II) and
Zn(I) showed more pronounced effects, while addition of
Cu(Il) had the largest increase on stability, AT, = 12 °C,
consistent with previous reports of copper and zinc binding and
stabilization of histidine containing peptides.”® Metal binding
affinities agreed with the expected Irving—Williams series for
imidazole: Ca>* < Mn?* < Fe?* < Co** < Ni** < Cu®* > Zn>*.%

Testing the Blunt-Ended Model. We tested the blunt-end
design hypothesis using two approaches. First, a homotrimeric
system was used to determine whether a blunt-end site was
essential for metal binding. Homotrimers can only form
staggered binding sites and might therefore be expected to
poorly coordinate metal. Second, we wanted to assess whether
the blunt-ended site was the optimal linker configuration. To
determine this, we took advantage of the heterospecific
association of A:B:C to sample linker configurations the
metal binding.

A Dblunt-ended structure cannot form in a homotrimeric
system when each chain has the same linker, instead creating a
metal binding site where each histidine is staggered by one
amino acid relative to the next. Thus, constructing homotrimers
with various linkers allows us to examine the flexibility of the
metal binding site. The H, AH, and PAH linkers were added to
the C-terminus of a homotrimer forming (POG), domain. All
species formed stable triple-helical structures with and without
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ZnCl, (Figure S4). Addition of ZnCl, to (POG),AH and
(POG),PAH increased stability by approximately 7 °C (Figure
SS, Table S1). However, only a marginal effect was observed for
(POG),H stability, about 2 °C. Homotrimers did not bind
Ca(Il), indicating that specific imidazole coordination was
required to enhance stability. To model the zinc-mediated
stability, relevant homotrimer structures were computed and
optimized. The extent to which each homotrimer model could
geometrically adopt a metal binding conformation was
consistent with the observed stability enhancement (PAH,
AH > H). Affinities assessed by ITC (Figure SS) exhibit the
same trend as stability measured by CD and calculated binding
scores (Table S1).

Given that (POG),H could not be modeled to adopt a metal
binding site, it was suspected the small increase in stability
could be due to the metal coordination by multiple triple-
helices. Similar behavior was observed in related designed
peptides containing a histidine at both N- and C-terminal ends
of the sequence (ie, HG(PPG),GH),’® where metal binding
enhanced fold stability and drove higher-order assembly.
Dynamic light scattering measurements (DLS) were conducted
for all three homotrimer peptides in increasing concentrations
of ZnCl,. DLS measures the Brownian motion of the particle
and correlates it to its size. DLS confirmed the formation of
higher order structures for (POG),H upon addition of zinc,
suggesting more than one peptide trimer was required to form
a complete binding site. Larger species were not observed for
(POG),AH or (POG),PAH upon addition of zinc (Figure S6).
This suggests that the increase in stability driven by intrahelical
formation of a Hisy-metal site precludes multiple helical
elements interacting with the same metal ion. In the case of
(POG),H, formation of an intrahelical metal site requires
significant conformational strain, instead promoting multi-
helical metal assemblies, such as those in related systems where
such behavior is intentionally designed.***’

The homotrimer results clearly demonstrated that forming a
blunt-ended site is not an essential requirement for metal
binding. However, the blunt-end may still be the optimal
configuration, requiring minimal rearrangement of the linker
conformation to coordinate metal. A blunt-ended metal site can
only be constructed using a heterotrimer where the leading,
middle, and lagging strands are augmented with PAH, AH, and
H linkers, respectively. To systematically evaluate the relation-
ship between binding site geometry and metal binding, we
generated a library of peptide + linker variants: Ay, Apy, Apapy
Biy, Bamy Boamwy Ciy Camy Cpan- From these nine peptides, one
could potentially assemble 27 (3 X 3 X 3) linker sequence
permutations on an A:B:C heterotrimer. We focused on a
subset of these to determine whether a blunt-end design
provided an optimal metal binding site.

We first examined the three cases where all peptide chains A,
B, and C had the same linker, resulting in a staggered binding
site: Ay:By:Ch, AaBam:Camy and Apa:Bpan:Cpa. These
linker geometries would be most comparable to the (POG),
homotrimer experiments—i.e., they are incapable of creating a
blunt-ended site. As seen in the homotrimer, the PAH linker
increased the baseline stability of the heterotrimer by a few
degrees Celsius relative to the AH and H linkers (Table 1,
Figure S). Addition of Zn(II) and Cu(Il) increased stability in
all cases. Unlike the homotrimer (POG),H, Ay:By:Cyy showed
enhanced stability on par with the other two linkers. Together,
these two observations suggest that heterotrimers show
increased conformational flexibility at the C-terminus, presum-
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Table 1. Melting Temperature (T,,) of Mixture of Peptides
A, B, C with Different Combinations of Ligands PAH, AH,
and H in the Absence of Metal and in the Presence of 2 mM
ZnCl, or CuCl,

T,, (°C) AT, (°C)*
no computed binding

peptides metal  +Zn(II) +Cu(II) score”
same linkers
AuBy:Cyy 27.5 +3.5 +8.3 13858
ApBan:Can 27.4 +43 4110 1007
ApaBpariCoan 295 +33 +9.9 5744
unique linkers
AparBaCut® 28.8 +26  +100 1283
ApanByiCant 282 +19 +8.8 4886
A Bpan:Cat 28.1 +47 +9.2 607
Ay By:Cppnt 282 +42 4105 499
AguBau:Connt 282 +4.5 +92 2550
AuBpa:Can 20.1 +17 +8.9 10380

AT, (°C) = T,, (metal) — T,, (no metal) “Linkers were modeled at
the C-terminus using the structure of an idealized (PPG),, triple-helix,
assuming three peptides are listed in order of leading, middle, and
lagging strand. Values for the best ligand configuration are indicated
here. For all ligand configurations, see Tables S2 and S3. “Corresponds
to the blunt-ended design if association state is ABC.

ably due to the lower content of rigid imino acids relative to
(POG);. Increased flexibility may decrease the coupling
between triple-helix stability and metal binding, and reduce
the effect of linker length on accommodating a metal binding
site at the C-terminus of the triple helix.

Next, we examined the six states where each chain has a
different linker (Apar:Bam:Cry Aan:Bpan:Cry Aam:Bu:Cpams
ApanBriCamy AuBa:Crary AnBpan:Can), that could poten-
tially form a blunt-ended design. If A:B:C associates into one
unique state and the blunt-end site is optimal for metal binding,
one of these six combinations should have a detectably higher
stability than the other five. The composition of the
heterotrimer is known, but the register of the three chains is
not.”® As noted previously, in the absence of salt two melting
transitions are observed, indicating that multiple registers may
occur. Of the possible associations states: the target ABC and
competing BCA, CAB are the most likely species given that
these three are predicted to form the highest number of
favorable charge pair interactions. CBA, BAC, and ACB are
unlikely to be formed as these have primarily repulsive
interchain interactions with significantly lower computed
interaction energies.56

The six mixtures each formed triple-helical structures with
equivalent stabilities in the absence of metal (Table 1, Figure
S7). While addition of either Zn(Il) or Cu(II) stabilized the
triple-helix in all cases, no one state stood out from the other
five as having the highest degree of metal induced stabilization.
Furthermore, the observed stability increases were within the
same range as those for heterotrimers where each chain had the
same linker. This indicates that linker length exerts minimal
control on metal binding site affinity and that the blunt-end
design as implemented is not sufficient to discriminate the
correct register of A:B:C. In natural proteins where binding
sites are in loops or other disordered regions, the strong metal—
ligand interactions can remodel flexible regions of the protein
to adopt a metal coordination site.”” This appears to be the case
at the termini of collagen as well. Another consideration is the
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Figure S. Modeling and characterization of heterotrimers with staggered metal binding sites: Ay:B:Cryy Agp:Ban:Capy and Apay:Bpar:Cpan (A)
atomic models constructed in protCAD and minimized in AMBER. In the case of Ay:By:Cyy the mimized structure did not maintain a metal
coordination competent geometry. (B) Thermal denaturation at 223 nm in 10 mM Tris buffer, pH = 7.4, 150 mM NaCl with (red) no metals
(green) 0.36 mM of ZnCl, and (blue) 0.36 mM CuCl, (C) their respective first derivative plots.

presence of multiple transitions in many of the A:B:C-type
peptide denaturation profiles, indicating that multiple species
may be present. The resulting heterogeneity in binding site
configurations may allow additional plasticity in metal
coordination.

Modeling of Potential Linker Configurations. Calculat-
ing a metal affinity score using a combination of geometric
constraints on ligand—metal interactions and standard intra-
molecular forces indicates other linkers can provide good
scoring coordination sites (Table S3). The blunt-end structure
has the best packing energy, but other linker configurations
have more ideal metal-ligand geometries. The correlation
between calculated and observed stabilities for the variants
tested in Table 1 are modest (R* = 0.56 for copper and 0.42 for
zinc). More sophisticated modeling approaches that adequately
treat both ligand—metal and intramolecular forces could
potentially improve the correlation between calculated and
observed metal affinities.

Evidence for Sequence-Independent Mode of Cu(ll)
Binding to Triple-Helical Peptides. It was expected that all
three histidines would be required for metal binding in the
other heterotrimer variants—this turned out to be the case for
zinc (Figure 6). However, the addition of Cu(II) enhanced
heterotrimer stability even when a complete Hisy site was

absent. Furthermore, no significant correlation was observed
between the degree of stabilization of heterotrimer linker
combinations in the presence of Zn(II) versus Cu(II) (Table
1). This suggested that copper binds to the collagen peptides
through an alternative or additional mode.

We examined metal binding to the A:B:C heterotrimer
without the inclusion of C-terminal histidine. Addition of
Zn(1I) did not affect stability (Figure 7), but the same
concentration of Cu(II) salt raised the melting temperature by
5 °C. A, B, and C peptides have a high number of charged
amino acids (Asp and Lys) which were designed to form
networks of stabilizing charge pairs along the helix axis.”® To
examine whether some of these groups may also be providing
unanticipated binding sites, we examined neutral homotrimers
(POG),q and (PPG),,, also lacking C-terminal histidine groups.
Again, enhancement of stability was observed in the presence of
copper, but zinc had no effect (Figure 8). The only competent
metal ligands remaining in these proline-rich peptides were the
backbone amides and carboxylates of peptide termini. The
parallel orientation of the triple-helix chains brings together
three amines or carboxylates in potentially favorable geometries
for metal coordination. Capping the ends of the triple-helix by
acetylation of the N-terminus and amidation of the C-terminus
of (POG),, giving Ac-(POG),-NH,, resulted in a peptide that
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Figure 7. Metal binding to histidine-lacking heterotrimers. (A) CD
temperature melting curves monitored at 223 nm of 0.18 mM A:B:C
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(red) no metal (green) 0.36 mM ZnCl,, (blue) 0.36 mM CuCl, (B)
their respective first derivative plots.

did not increase in stability upon addition of copper. This
suggested that one of the two termini was forming a secondary
copper binding site.
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To identify on which end of the triple-helix copper binding
occurs, we synthesized a singly capped variant of (POG),,
which was only acetylated on the N-terminus: Ac-(POG),-OH.
This modification prevented copper binding, indicating that the
N-termini of triple-helices were responsible for coordinating
copper (Figure 9). The observed stabilization of Apyy:Bay:Cy
by Cu(II) was due to the presence of two copper sites, one at
the N-terminus and the other at the His; site.

Provided copper binds to backbone amines at the N-
terminus of the triple-helix in a sequence-independent manner,
it was thought that similar binding would be observed to
natural collagen. We measured the thermal denaturation of calf-
skin Type I collagen in the absence and presence of a series of
metals. Similar to the peptide result, copper raised the T, of
collagen by ~5 °C (Figure 10). No effect was seen in the
presence of equivalent concentrations of zinc or calcium.
Addition of copper did not perturb the oligomeric state of
collagen as measured by DLS (Figure S8), suggesting
stabilization through intrahelical interactions. It should be
noted that animal-extracted collagen has a short, nontriple-
helical, N-terminal telopeptide, which should not present the
same ligand configuration as the peptides. Therefore, the mode
of copper binding may be different between natural collagen
and peptide mimetics.

B CONCLUSIONS

The polyproline II conformation of the triple-helix is a
challenging structural context in which to design metal binding
sites. This is particularly evident at the termini, where chain
flexibility hinders the design of a specific, structurally unique
binding site. Although the protCAD software platform used
here was previously successful in developing metal binding a-
helix and p-sheet proteins,””’" collagen presented a novel
design challenge due to its flexibility. One of the advantages of
putting the binding sites at the flexible region of a protein is
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Figure 9. Sequence-independent binding of copper to the N-terminus
of the triple helix. Circular dichroism temperature melting curves
monitored at 225 nm of 0.2 mM N-terminus blocked (POG), with
(blue) and without (red) CuCl,. No change in melting temperature
was observed in the presence of CuCl,.

that the h%ands can adjust to bind the metals in their preferred
geometry. Constraining the linker geometry to promote
formation of a specific heterotrimeric blunt-ended metal
binding site proved to be very difficult. This work highlights
the potential importance of multistate design’> in collagen
engineering where both stability of the target and specificity
against competing states are explicitly considered.”* Multistate
design protocols have been applied at the sequence modeling
level to collagen. To achieve metal binding specificity, we
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Figure 10. Effect of CuCl, on natural collagen stability: Thermal
denaturation of 0.4 mg/mL Type I collagen at 222 nm in 10 mM Tris
buffer, pH = 7.4, (red) no metals, (blue) 1.2 mM CuCl,, (green) 1.2
mM ZnCl,, (orange) 1.2 mM CaCl,.

expect similar approaches to be useful in atomistic design
protocols as well.

There are now several strategies for stabilizing the collagen
triple-helix using terminal augments. Natural pro-collagens
contain N- and/or C-terminal globular noncollagenous
domains that are responsible for directing oligomerization
prior to their cleavage from the triple-helix. This has inspired
the design of synthetic protein augments such as a trimeric
foldon taken from bacteriophage fibritin’>’® or trimeric coiled
coils”” which mimic the adjacent V-domain of bacterial
collagens.”*”” Metal binding sites have been used to engineer
self assembling systems where assembly is gated by a metal

witch.””?7~*>* Metal binding combined with heterospecific
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interstrand interactions provide an expanding set of tools for
controlling the chemical and physical properties of collagen-
derived biomaterials.

Copper binding to the N-termini of proteins has been
previously observed and in some cases shown to depend on its
acetylation state.”" Cu(II) has a high affinity for proline,** and
the close proximity of the three N-termini in the triple helix
may provide an entactic state favoring binding. Copper is
necessary for catalytic activity of lysyl-oxidase, which cross-links
animal collagen, contributing to its mechanical strength. This
work suggests that copper may have additional effects on
collagen matrices that may manifest in metal trafficking
disorders such as Wilson’s disease. Characterizing the specific
interactions between copper and collagen may further our
understanding of the etiology of metal-traﬂickin§ disorders and
the engineering of collagen-based biomaterials.” Toxic metals
such as chromium and aluminum affect the stability and higher-
order structure of animal-extracted collagen,m_12 and are used
in leather processing as tanning agents. On the basis of the
observed broad spectrum effects of copper on many collagen-
like systems, CMPs could be used as models to understand how
other metals impact collagen structure in both industrial and
biological contexts.
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