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One-quarter of the 28 types of natural collagen exist as hetero-
trimers. The oligomerization state of collagen affects the structure
and mechanics of the extracellular matrix, providing essential cues
to modulate biological and pathological processes. A lack of high-
resolution structural information limits our mechanistic under-
standing of collagen heterospecific self-assembly. Here, the 1.77-A
resolution structure of a synthetic heterotrimer demonstrates the
balance of intermolecular electrostatics and hydrogen bonding
that affects collagen stability and heterospecificity of assembly.
Atomistic simulations and mutagenesis based on the solved struc-
ture are used to explore the contributions of specific interactions
to energetics. A predictive model of collagen stability and specific-
ity is developed for engineering novel collagen structures.

protein design | self-assembly | triple helix | cooperativity |
molecular dynamics

he three chains comprising the collagen triple helix primarily

associate as homotrimers, although one-quarter—7 of 28—
exist biologically as heterotrimers (1, 2). Fibril-forming type I
collagen found in bone and skin is formed by the association of
two ol and one o2 chains. Likewise, the nonfibrillar type IV col-
lagen is composed of three different chains (3, 4). The oligo-
merization state of collagen in the extracellular matrix can provide
essential cues to modulate cell behavior, direct tissue morpho-
genesis, and, in some cases, promote fibrosis pathologies (5, 6).
Although noncollagenous prodomains primarily dictate specificity
of collagen assembly (7-9), it is intriguing to explore how the
triple-helical domains may also modulate collagen self-assembly.

Understanding the intermolecular forces underlying hetero-
specific assembly is also important for molecular-scale engi-
neering. Compositional control of multicomponent assemblies
can be used to modulate material properties for a diverse array
of molecular systems, from metal-organic ligand complexes (10,
11) to DNA origami (12, 13) and protein nanocages (14, 15). A
major challenge in such systems is the exponential increase in
complexity as more components are incorporated. In the case of
collagen, three unique components can nominally form 3* =
27 trimeric assemblies. Computational approaches have proved
to be powerful for exploring this large combinatorial space on
oligomers of various secondary structure types (16-18).

The triple-helix structure imposes constraints on the sequence
space available for synthetic collagen design. Collagen sequences
are composed of tandem arrays of Gly-X-Y triplets, where fre-
quently X = Pro and Y = (4R)-hydroxyproline (Hyp or O). In-
stead of a hydrophobic core, the collagen triple helix is a zipper
of backbone hydrogen bonds, which are critical for stability and
folding, but do not control heterospecificity (19). Instead, spec-
ificity may be engineered by introducing networks of side-chain
interactions along the protein surface (20-22). A strategy of
engineering complementary electrostatic interactions has proved
successful in directing the formation of synthetic heterotrimers
(23-27). However, the extent to which the complexity of self-
assembly may be controlled is limited by our understanding of
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the energetics of polar interactions on the highly solvent-exposed
surface of collagen.

Stabilizing effects of salt bridges have been studied by rationally
substituting X and Y positions with charged residues in homotri-
meric (POG), or (PPG), host sequences (28-32). There are cur-
rently only a few structures of collagen-like proteins in the Protein
Data Bank (PDB) (33) and even fewer examples of designed
structures held together by electrostatic interactions (34). Discrete
sequence-based electrostatic scoring functions have been used to
predict collagen stability from sequences (35, 36). Multiobjective
optimization algorithms have been applied to simultaneously
promote the formation of the specific target association and dis-
favor the competing states, leading to the design of an abc het-
erotrimer capable of specific assembly (37) and an obligate abc
heterotrimer where folding requires all three chains (18). How-
ever, the lack of high-resolution structural information critically
limits our ability to control stability and specificity, particularly
under conditions of increasing the complexity (38—40).

To address this structural knowledge gap, we pursued the
atomic resolution crystal structure of a registry-specific collagen
heterotrimer, designed by optimizing salt-bridge networks on the
surface of a target triple helix. The structure was used to select
specific residues for mutagenesis and molecular modeling to
better understand detailed energetic contributions of electro-
static interactions. This work advances our understanding of the
role of surface electrostatics and hydrogen bonding in protein
stability and fold specificity and provides computational tools for
modeling collagen.

Significance

We designed a synthetic heterotrimeric triple helix by jointly
considering stability of a target abc association of three unique
chains and the energy gap between the target and 26 com-
peting states. The critical balance of electrostatic and hydrogen-
bonding interactions is dramatically revealed in an atomic-
resolution structure of the design. Mutations in multibody
electrostatic interactions uncover cooperative networks of salt
bridges. This work advances our understanding of the role of
surface electrostatics and hydrogen bonding in protein stability
and fold specificity and provides computational tools for
modeling collagen.
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Fig. 1. Sequence-based design (18) (A) and atomic-resolution structure (B)
of abc (PDB ID code 5YAN). Salt bridges with distance d between Asp side-
chain carboxylate oxygen and Lys side-chain amine nitrogen d <6 A are
denoted by black dashed lines. Salt bridges that are possible from a discrete
sequence model, but are found to be weak (d > 6 A) in the structure are
denoted with yellow dashed lines. See S/ Appendix for the crystallography
statistics and structure details.

Results and Discussion

Backbone Topology. The pitch of the triple helix has an estab-
lished sequence dependence, with imino-acid-rich sequence
forming a tighter 7 residues per 2 turns (7/2) helical repeat and
imino-acid poor sequences forming a looser 10 residues per
3 turns (10/3) repeat (41, 42). Geometric analysis of the abc
structure using a six-step parameter model adapted from DNA
(42) showed that the heterotrimer formed a 10/3 helix where the
twist parameter was —107.6°, close to the ideal 10/3 helix value of
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108° (SI Appendix, Table S2). Consistent with previous high-
resolution structures of collagen peptides (34, 43, 44), a re-
peated water-backbone side-chain network was observed along
the face of the triple helix (SI Appendix, Fig. S1).

Specific Registry. In prior studies, we knew only that abc assembled
with the correct stoichiometry, but could not discriminate between
the six registries: abc, acb, bac, beca, cab, and cba (18). The discrete
sequence-based model predicted that, of the six registries, abc
would contain the most favorable charge pairs and fewest charge
repulsions (SI Appendix, Table S3). After multiple unsuccessful
attempts to determine a structure, a tyrosine—glycine was added at
the N terminus of each chain to facilitate peptide concentration
measurements. This modification did not affect the stoichiometry
of assembly and increased the melting temperature (7,,) of the
1:1:1 mixture from the previously observed 29 °C to 34 °C. The
improved stability may have facilitated crystals of sufficient quality
for structure determination. abc clearly adopted the intended
registry in both triple helices of the asymmetric unit and formed
the majority of predicted salt-bridge interactions (Fig. 1).

Side-Chain Interactions. The triple-helix fold constrained interac-
tions between neighboring chains to two geometric classes: axial
(Y-X"), where the Y position on one chain sat above the X’ po-
sition of the neighboring chain in a manner coincident with the
helical axis; and lateral (Y-X), where the two neighboring chains
interacted in a direction perpendicular to the helical axis (Fig. 2).
The notation for interacting pairs throughout will be the Y posi-
tion residue followed by the X or X' position residue. For Y-X and
Y-X' arrangements, there are four combinations of Lys and Asp,
resulting in a total of eight types of charge—pair interaction. In the
structure, there were 21 interchain salt bridges between Asp and
Lys (Fig. 1), including both axial and lateral interactions. Based on
the separation between interresidue charged groups, two of the
four opposite charge-pair types, axial DK (7.05 + 1.43 A) and
lateral KD (6.3 + 0.62 A), were consistently quite weak in the
structure. The other favorable charge pairs, axial KD (2.9 +
0.19 A) and lateral DK (4.6 + 0.76 A), were consistently stronger.
Reported homotrimer structures (30) contained primarily axial
KD pairs with geometries very similar to those in abc.
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Fig. 2. Favorable charge—pair distance distributions determined by MD simu-
lations of abc for (A) axial KD interactions, (B) lateral KD interactions, (C) axial DK
interactions, and (D) lateral DK interactions. Distributions are averaged over all
occurrences of a particular class of interactions. Distances are between the closest
side-chain carboxylate oxygen on Asp and the terminal side-chain amine on Lys.
Residue-pair-specific distributions are presented in S/ Appendix, Fig. S2.
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Fig. 3. Mutagenesis of the three-residue network c:K19-a:D21/c:K19-a:D24 between chains ¢ and a, comprising both lateral and axial KD salt bridges.
(A) Three-residue network depicted in both sequence and structure. Thermal denaturation observed by CD spectroscopy at 225 nm for abc, a:D21 (B) or a:D24

(C) substituted with Ala or Lys, and combined with peptides b and c.

Geometries of the various salt-bridge types were consistent
across abc and between the two triple-helices asymmetric unit.
To assess whether charge—pair interactions were biased by lattice
contacts or other potential crystallization artifacts, we performed
molecular dynamics (MD) simulations on individual triple heli-
ces from the abc asymmetric unit. Analyses of the resulting MD
ensemble supported that the electrostatic interactions were
dominating side-chain conformations (Fig. 2). The axial KD in-
teraction was constrained between a narrow range of 2-3 A,
while axial DK and lateral KD showed little evidence of short
salt-bridge formation. Lateral DK can exist in both states in
simulation (SI Appendix, Fig. S3) and adopted intermediate
distance in the experimental structure.

Deconstructing lon Pair Energetics. Unlike substitution studies on
homotrimers, where mutations affect energetics across all three
chains, abc offers a platform to pinpoint specific ion pairs and
characterize their contribution to stability. Two types of mutations
were introduced into abc: charged residue to alanine to disrupt the
salt bridge and charge reversal substitutions (i.e., K-> D or D —»
K) to assess destabilizing effects of the repulsive interactions. It
should be noted that the primary method of characterizing sta-
bility is thermal unfolding, monitored by CD at the characteristic
positive ellipticity band at 225 nm. We did not perform refolding
experiments and thus have not demonstrated true equilibrium
melting temperatures. Instead, we followed a gradual temperature
schedule as developed (45). Consequently, the apparent melting
temperatures do not represent direct measurements of stability
and must be interpreted as apparent stabilities.

Based on simulations and geometric analysis of the abc structure,
a KD interaction was predicted to be more favorable in the axial
than the lateral arrangement. For example, c:K19 simultaneously
participated in a tight axial salt bridge with a:D24 and a weak lateral
interaction with a:D21 (Fig. 34). Mutating a:D24A disrupted the
strong axial KD salt bridge, reducing the T, by 2.9 °C (Fig. 3C). In
contrast, a:D21A had little effect on stability (Fig. 3B). Charge re-
versal substitutions at these positions followed a similar pattern. The
a:D24K mutation reduced T}, by 1.9 °C relative to a:D24A, whereas
a smaller destabilization of 0.9 °C was observed for a:D21K relative
to a:D21A.

An isolated axial KD pair, where neither side chain was in
proximity to interact with additional charged groups, appeared to
be stronger than one in the complex salt-bridge network. Dis-
rupting the axial KD interaction between ¢:K13 and a:D18 led to
a much larger destabilization (5.5 °C) (Table 1 and SI Appendix,
Fig. S4). Comparison of the axial KD interactions in the two
contexts suggested anticooperativity in complex salt bridges for
this type of interaction.

Zheng et al.

Similarly, the DK pairs interacted more tightly in lateral over
axial arrangements, as seen in structure and simulation. a:K12 at
an X position formed a tight lateral salt bridge with ¢:D7 and a
weak axial one with ¢:D10 in the abc structure (Fig. 44). Dis-
rupting this interaction with a c:D10A mutation decreased 77, by
2.8 °C (Fig. 4C). In contrast, when the axial interaction was dis-
rupted with the ¢:D7A mutation, T}, increased slightly (Fig. 4B).
The charge-reversal mutations followed a similar pattern, with c:
D10K having a greater impact on stability than ¢:D7K (Table 2).
Disrupting the isolated interaction between b:D16 and c:K15 was
more destabilizing than in the complex salt-bridge network (S/
Appendix, Fig. S5), indicating weak, if any, anticooperativity.

Based on the interactions probed in abc, complex salt-bridge
networks involving three charged groups showed anticooperativity,
with the strongest effect on residues participating in an axial KD
interaction. For proteins in general, it has been proposed that the
extent and direction of cooperativity in multibody salt-bridge
networks is dependent on the angle, 6, between the central
charged group and two interacting partners (46) (Figs. 34 and
44). When 0 < 90°, the central charged residue can interact tightly
with both partners, resulting in positive cooperativity. When 6 > 90°,
the central charge must adopt different conformations to optimally
interact with one of the other partners, resulting in anticooperativity
(46). For abc, the average 0 for lateral DK interaction was ~85.4 +
13.5°, on the cusp of anticooperativity. The axial KD 0 = 132.2 +
11.9°. In either case, salt-bridge networks appeared to be anti-
cooperative, and isolated charge pairs contributed greater stability.

Lys-Lys repulsions had less impact on stability than Asp—Asp
repulsions (Table 2), consistent with previous observations (47).
This supports the assumptions of previously used discrete
sequence-based scoring functions (18, 35, 48), where repulsions
between acidic residues were weighted more strongly, presumably
because the shorter side chains and decreased conformational

Table 1. Effects of Ala substitutions on stability

Interaction Location T °C AT, °C*

Lateral DK b:D16 c:K15A 30.8 33
c:D10A a:K12 31.3 2.8

Lateral KD cK19 a:D21A 34.4 -0.3

Axial DK a:D16 b:K18A 335 0.6
c:D7A a:K12 35.0 -0.9

Axial KD c:K19 a:D24A 31.2 2.9
cK13 a:D18A 28.6 5.5

Isolated charge-pair networks are highlighted in bold.
*ATm = m, abc — Tm,AIa.
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Fig. 4. Three-residue c:D7-a:K12/c:D10-a:K12 network containing axial and lateral DK salt bridges. (A) Salt bridges are depicted in both sequence and structure. (B and C)
D7 (B) and D10 (C) were mutated to Ala and Lys, mixed with peptides a and b, and characterized by thermal denaturation, monitored at 225 nm by CD spectroscopy.

freedom of Asp or Glu relative to Lys or Arg increased the ef-
fective strength of such repulsions.

Prediction of Collagen Self-Assembly. It is challenging to model
electrostatic interactions on protein surfaces. Given that all
nonglycine positions in collagen are on the surface, such calcu-
lations are highly dependent on how well electrostatics, polar
interactions, and solvation are modeled. Leveraging structural
information from abc and accompanying atomistic simulations,
we extended previous discrete sequence-based scoring functions
by adding terms for isolated charge pairs and those involved in
multibody networks. The contributions of side-chain flexibility
were estimated from MD simulation and used to weight contri-
butions of interactions to thermal stability:

4 4
Tm = Zn,-p,—ATm,,— + anATmJ. [1]

i=1 J=1

For a salt-bridge type i, n; is the number of observations, AT, ; is
the contribution to stability based on mutagenesis, and p; is a
weight obtained from molecular simulations (SI Appendix, Table
S4). This scoring function was evaluated on a set of heterotrimers
of known or modeled structures that exclusively utilized Lys—Asp
interactions to promote stability and specificity. The dataset in-
cluded circular permutations of peptides a, b, and ¢ (39) and a
collagen mimetic peptides designed by Fallas and Hartgerink (37).
The updated scoring function showed improved performance rel-
ative to that used for the original design of abc (Fig. 5).

A 10 °C computed stability gap exists between abc and the next
most stable species, cab and bca (SI Appendix, Table S3), in-
dicating that the specific assembly was likely due to disparities in
charged residue networks between the target and competing
states. Similarly, for the alanine and charge-reversal substitutions,
the abc registry had the highest computed stability (SI Appendix,
Figs. S7 and S8 and Table S6), and the next most stable states
were bca and cab, indicating that single substitutions did not sig-
nificantly perturb the association state energy landscape.

For type I collagen (COL1), the registry of the ol:al:a2
heterotrimer has not been unequivocally determined. Previous
computational, model peptide, and structural studies have variously
placed the single o2 chain in the leading, middle, or trailing position
(36, 49-53). Although collagen assembly is largely directed by
globular prodomains (54), the fibrillar domain also showed pref-
erences for specific association states. By using Eq. 1 on the ~1,000-
residue-long triple-helical regions of rat COL1A1 and COL1A2—
UniProtKB IDs P02454 and P02466 (55) —the o2alal association
state with o2 in the leading position had the most favorable
score (SI Appendix, Fig. S9). The next most stable state was an al
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homotrimer which has been observed to form, albeit with poor effi-
ciency (56, 57). The a2 homotrimer had a poor assembly score, and
its formation was not observed (58). The high computed stability of
a2alal conflicts with a structural analysis of COL1 complexed with
von Willebrand factor, which requires a alala2 association state
(53). It is proposed that collagen stability is marginal at physiological
temperatures to facilitate matrix remodeling in vivo (59).

In many cases within the COL1 sequence, regions showed
preference for different association states and/or stoichiometries
(SI Appendix, Fig. S10). The regions that most clearly discrimi-
nated the o2alal stoichiometry occurred toward the center of
the sequence, rather than near the N or C termini, suggesting
that prodomains may determine specificity of assembly at the
ends that is then facilitated through processive folding of the
center by heterospecific salt-bridge networks. This analysis
was parameterized on peptides and only considered K/D in-
teractions leading to unrealistic melting temperatures for
longer sequences. The landscape may change when consider-
ing the energetic features of other types of residue interac-
tions. abc provides a useful platform for exploring position-
and residue-specific pairwise interactions to address this
question in a more complete manner.

Higher-Order Assembly. Two molecules of abc associated in an
antiparallel configuration in the asymmetric unit (Fig. 64). Al-
though abc exists in solution as a single triple helix (39), interhelical
and lattice contacts may provide insight into how supramo-
lecular assembly is controlled. The helix-helix interaction was
primarily mediated by solvent, but several direct interhelical
interactions were observed. There was a CH-n contact in-
teraction between the C§ hydrogen of a’:Hyp19 and a:Tyrl.
The geometry of this contact, donor-to-ring-center distance,
and angle were well within expected cutoffs for a CH-n contact
(Fig. 6B) (60). Notably, peptides without the tyrosine were
difficult to crystalize and did not diffract to sufficient resolu-
tion for structure determination. CH-n contacts have been

Table 2. Effects of charge reversals on stability

Interaction Location T °C AT, °C*
Lateral DD b:D16 c:K15D 28.2 -2.6
Lateral KK c:D10K a:K12 30.0 -1.3
c:K19 a:D21K 334 -1.0
Axial DD a:D16 b:K18D 29.0 -4.5
Axial KK c:D7K a:K12 34.4 -0.6
c:K19 a:D24K 29.3 -1.9

Isolated charge-pair networks are highlighted in bold.
*ATm = T, Repulsion. — Tm,ala. Corresponding T, 41, values are in Table 1.
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observed between Pro and Phe in the a2f1 integrin structure
(61) and have been implicated in telopeptide-mediated col-
lagen self-assembly (62).

Multiple examples were found in abc of Lys simultaneously
forming intrahelical and interhelical salt bridges with Asp (Fig. 6
C and D). The participation of Lys in multiple simultaneous
interactions on the triple helix is rare (63) and appears to be
limited to structures with significant Lys and Asp content (30).
Weak lattice contacts between asymmetric units were also ob-
served (SI Appendix, Fig. S11). Notably, these contacts did not
significantly bias charge pair geometries relative to distributions
observed in molecular simulations, indicating that interactions
that effectively mediate triple-helix assembly do not come at the
cost of intrahelical stability (63).

Conclusions

The crystal structure of abc confirms a single registry of an obligate
heterotrimer mediated by a complementary network of surface salt
bridges. Their energetic contributions to stability can be ranked as
axial KD > lateral DK > axial DK ~ lateral KD. Complex salt
bridges involving multiple charged residues can exhibit anti-
cooperativity due to geometric constraints imposed by the triple
helix. With structure-based constraints on computational mod-
eling, collagen-folding stability and chain registry can be mod-
eled with improved accuracy. These scoring functions will be
used to enhance stability and specificity of collagen assembly,
targeting conditions of increasing the system complexity (39, 64).
The heterotrimer also provides a powerful platform to study
collagen function and pathological mutations with structural
precision.

Materials and Methods

Crystallization. Peptides a, b, and ¢ were dissolved in a 20 mM Tris-HCl buffer
at pH 7.5 with 100 mM NaCl making the solutions of 5 mM concentration. a,
b and ¢ peptide solutions were mixed at a 1:1:1 ratio, incubated at 4 °C
overnight, and then set for crystallization by using the hanging-drop method at
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Fig. 5. Stability measurements for 10 experimentally characterized synthetic
collagen peptide heterotrimer systems were taken from various studies (18, 37,
39). Corresponding predicted stabilities were calculated by using Eq. 1 and the
original scoring function used to design abc (18, 35). Where registry of a
heterotrimer was not determined, the most stable computed association state
was assumed. A detailed breakdown of favorable and unfavorable electro-
static interactions is presented in S/ Appendix, Table S5.
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Fig. 6.
CH-n interaction between a”Hyp19 and a:Tyr1. The geometric center of the
aromatic ring is represented with a dot. (C and D) Two complex salt-bridge
networks. To show atomic-level details of the CH-r interaction, the stick rep-
resentations in B are further enlarged compared with those in C and D.

(A) Relative orientation of two triple helices in an asymmetric unit. (B)

4 °C. After ~2 mo, the best crystals were obtained under 60% (volivol) (+/-)-2-
methyl-2,4-pentanediol, 40 mM sodium cacodylate trihydrate at pH 7.0, 80 mM
potassium chloride, and 12 mM spermine tetrahydrochloride. The diffraction
data were collected at 100 K, and the best one was diffracted to 1.77 A. The
space group was P2,2,2, indexed by the hkl2000 software (HKL Research).

Structure Determination and Refinement. The structures were solved by mo-
lecular replacement with the Phenix software suite (65) by using a frag-
ment (residues 6-21) of human type Ill collagen (PDB ID code 3DMW) (31).
This structure was chosen because of its low imino-acid containing se-
quence and 10/3 helical conformation (S/ Appendix, Table S2), as would
also be expected for abc. Initial phases were improved by rigid body re-
finement, followed by rounds of simulated annealing and anisotropic B-
factor refinement using the Phenix suite. Model rebuilding was done in
COOT (66). The refinement was performed by autoBUSTER (67). Water
picking was started at 1.77 A, at which point simulated annealing was
replaced by atomic position refinement. The crystal structure has been
deposited in the PDB (PDB ID code 5YAN). Refer to S/ Appendix, Table S1
for crystallography statistics.

MD. The coordinates from the abc structure were used as the initial structure
for MD simulation. The structure was placed in a truncated dodecahedron
periodic box of explicit TIP3P water (68) with 39,291 water molecules. The
distance from the surface of the box to the closest atom of the solute was set
to 10 A. The simulation was carried out in the Amber99sb*-ILDN (69) force
field with GROMACS (70). The lengths of bonds involving hydrogens were
constrained, allowing for a 2-fs time step. Long-range electrostatic interac-
tions were evaluated in reciprocal space by using the particle-Mesh Ewald
method (71) with a maximum spacing for the fast Fourier transform grid of
1.2 A and an interpolation via a sixth-order polynomial. The minimal cutoff
distance for electrostatic and van der Waals interactions was set to 12 A. The
system was relaxed to a local energy minimum by using the steepest descent
method (72). Subsequently, a 10-ns NPT and a 100-ns NVT simulation were
conducted. A temperature of 297 K was maintained via the velocity rescaling
algorithm (0.1 ps relaxation time), and the pressure P = 1 bar was controlled
by using the weak coupling method of Berendsen et al. (73).

Peptide Synthesis. The peptides were synthesized by using solid-phase Fmoc
chemistry, purified to 95% purity by reverse-phase HPLC with mass spec-
trometry at GL Biochem Ltd. N and C termini were uncapped. See S/ Appendix
for peptide sequences, mass spectrometric analyses, and HPLC chromato-
grams for all of the peptides (S/ Appendix, Fig. $12).
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