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ABSTRACT: Design of heterotrimeric ABC collagen
triple helices is challenging due to the large number of
competing species that may be formed. Given the required
one amino acid stagger between adjacent peptide strands
in this fold, a ternary mixture of peptides can form as many
as 27 triple helices with unique composition or register.
Previously we have demonstrated that electrostatic inter-
actions can be used to bias the helix population toward a
desired target. However, homotrimeric assemblies have
always remained the most thermally stable species in solu-
tion and therefore comprised a significant component of
the peptide mixture. In this work we incorporate com-
plementary modifications to this triple-helical design
strategy to destabilize an undesirable competing state
while compensating for this destabilization in the desired
ABC composition. The result of these modifications is a
new ABC triple-helical system with high thermal stability
and control over composition, as observed by NMR. An
additional set of modifications, which exchanges aspartate
for glutamate, results in an overall lowering of stability of
the ABC triple helix yet shows further improvement in the
system’s specificity. This rationally designed system helps
to elucidate the rules governing the self-assembly of
synthetic collagen triple helices and sheds light on the
biological mechanisms of collagen assembly.

he relationship between a protein’s amino acid sequence

and three-dimensional structure, while intensively studied
for decades, has only been reliably solved for a few relatively
simple protein folds. Foremost among these is the a-helical
coiled coil, which can be reliably designed using hydrophobic
and polar residue patterning as well as stabilizing side-chain
contacts.' > While collagen also has some straightforward
design rules, such as its requirement for glycine every third
amino acid and a high percentage of the cyclic imino acids
proline and hydroxyproline, these design rules only aid in the
preparation of homotrimeric helices.* Natural collagen,
however, can be homotrimeric or heterotrimeric of the AAB
or ABC variety depending on how many unique peptide
strands are involved in its self-assembly. The design rules to
control these heterotrimeric assemblies, both in nature and in
synthetic analogues, are not well understood. Here we utilize a
recently derived sequence-structure relationship between the
positively charged amino acid lysine and the negatively charged
amino acids aspartate and glutamate to rationally engineer
specific salt-bridges into heterotrimeric assemblies that
destabilize undesirable competing states while engaging in
stabilizing pairwise interactions in the target state. This
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multistate approach to rational design results in the self-
assembly of high-stability single-composition ABC-type colla-
gen heterotrimers in which the designed interactions are
satisfied.

The principles required to design sequences that fold into
homotrimeric triple helices are straightforward. They follow
natural collagen’s primary structure, made up of Xxx-Yyy-Gly
triplets, and amino acid composition, with a high content of
imino acids. For example, the sequence (POG),, forms a highly
stable homotrimeric helix, O-O-O, with a melting temperature
of 67.5 °C.> (Here we use single-letter amino acid code and
“O” for hydroxyl proline, while bold letters designate the
peptides listed in Table 1.) This sequence utilizes the most

Table 1. Peptide Sequences and Abbreviations

abbreviation sequence”
A YG(PKGPKGPKGDKGPKG),
B YG(DOG),,
Bl YG(EOG),,
C YG(POGPKGPOGPOGPOG),
(6] (POG),o

“All peptides include a *N-labeled glycine at position 17 and are free
amines at the N-terminus and amides at the C-terminus.

common amino acids found in the Xxx and Yyy positions of
natural collagens, proline and 4R-hydroxyproline. P and O
contribute to the stability of the folded state by restricting the
main-chain dihedrals to values close to those found in the
folded structure.® Also, O is thought to participate in interchain
water-mediated contacts that further stabilize the folded state.”
The glycine residues pack tightly in the core of the helix
enabling the canonical hydrogen-bonding network of this fold,
which is perpendicular to the helical axis and goes from the
amide nitrogen of glycine to the carbonyl of an amino acid in
the Xax position in an adjacent strand.® In order to fulfill this
hydrogen-bonding pattern the chains assemble staggered by
one amino acid differentiating a leading, middle, and lagging
strand.

However, the design principles for obtaining sequences that
self-assemble into heterotrimeric helices are not well under-
stood. This protein fold lacks a well-defined hydrophobic core
that can be used to bias the self-assembly toward a particular
structure, as is the case in other protein structural motifs such
as coiled coils." With this constraint, only solvent exposed side-
chain interactions can be used to direct the assembly toward a
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particular state. Furthermore, because of the one residue
stagger seen in collagen, an AAB heterotrimer can potentially
form three different triple helices, each one referred to as a
different register of the same helical composition. Similarly, an
ABC heterotrimer can populate six distinct registers, which
can be thought of as cyclic permutations of the same structure
making them hard to differentiate energetically. A total of
27 different triple helices are possible in a ternary mixture of
peptides when including all compositions and registers, making
this a challenging system for rational design. Our initial
approach to %enerate ABC-type triple helices using electrostatic
interactions™”'° relied upon charge pairing between two chains,
each with +10 or —10 charge, while using the neutral (POG),,
sequence to complete the helix. This approach can be
rationalized by analyzing the stabilizing effects of pairwise
interactions in triple-helical proteins, where it has been shown
that oppositely charged amino acids engage in the most
stabilizing contacts in this protein fold."* Although successful at
generating high-stability heterotrimers, this approach has the
major drawback that the most thermally stable helix within the
system is the O-O-O homotrimer. This results in a mixed
composition ensemble where both homotrimeric and hetero-
trimeric states are populated.'” A recent study that also uses
electrostatics to impart specificity, and a computational metho-
dology for sequence selection, §enerated a single-composition
ABC heterotrimeric system,"> as determined by circular
dichroism (CD) melting studies. However, the presence of
competing species is easily missed using CD alone.'* Additional
atomic resolution information would be desirable to corrobo-
rate the composition of the system and validate the pairwise
interactions that give rise to the observed specificity.

In order to improve upon the specificity toward hetero-
trimers within our zwitterionic system, the stability of the
0:0-0 homotrimer needs to be reduced. Work by Brodsky
et al. shows that the substitution of hydroxyproline by any other
amino acid leads to a loss of thermal stability in the resulting
triple helix.'* This element of negative design is particularly
attractive since homotrimeric assemblies will include 3 times
the number of substitutions relative to their heterotrimeric
counterparts. Peptide C (Table 1) is based on the (POG),,
template but includes two substitutions in the Yyy position of
the second and seventh triplets (O7K and O22K). This pep-
tide, as well as all others in this study, includes an N-terminal
tyrosine to facilitate accurate calculations of concentration. The
resulting peptide forms a homotrimeric triple helix C-C-C, as
evidenced by the sigmoidal transition observed in CD thermal
unfolding experiments. Figure 1 shows the first derivative of the
CD melting curve of C-C-C, with a transition temperature of
51 °C, which is 14 °C lower than that of the parent helix O-O-O.
To aid the study of the molecular conformation of the peptide
in solution, an "N-labeled glycine was included in the fifth
triplet of the peptide (G17). The 'H,"*N-heteronuclear single-
quantum coherence (HSQC) spectrum of the peptide is shown
in Figure 2A. The peak corresponding to the C-C-C
homotrimer (Gy) has the expected chemical shift, similar to
that of O-0-O. Two additional peaks are observed (G,,), and
we have assigned them to monomeric peptide with different
cis—trans isomerization states of the prolyl-peptide bonds
surrounding the labeled glycine.'®

To complement the negative design element we included a
positive design component to widen the stability gap between
the desired state and competing states. This was achieved by
pairing the lysine residues in chain C with aspartate residues in
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Figure 1. First derivative of the CD thermal unfolding curve for the
C-C-C homotrimer and A-B-C heterotrimer.

an adjacent strand. Since the A-B-C register of the heterotrimer
is the target state, two aspartate residues were placed in the Xxx
position of the fourth and ninth triplets of the (PKG)q
template sequence (P12D and P27D) to make peptide A.
This sequence arrangement (K at position n in the lagging
strand and D at position n+S in the leading strand) was chosen
on the basis of modeling and previous NMR studies,'> which
indicate that this places the charged side-chain moieties in an
ideal position to engage in interstrand ionic hydrogen bonds.
To utilize this relationship we complete our heterotrimeric
system with peptide B, which follows the (DOG),, template.

A 1:1:1 mixture of peptides A, B, and C forms a highly stable
ABC-type heterotrimer as evidenced by CD thermal unfolding
studies. The first derivative of the CD melting curve of an
annealed mixture of the three peptides is shown in Figure 1.
Neither peptide A nor B forms a homotrimer, and the melting
temperature of the ternary mixture, at 60 °C, is approximately
8 °C higher than that of the C-C-C homotrimer, as well as that of
any of the binary mixtures (see Supporting Information (SI)),
making the ABC heterotrimer the most thermally stable species
in the redesigned system.

Despite the apparent success observed by CD (a clean single
transition in the ternary mixture), we are interested in studying
the molecular conformation of the mixture. Particularly, we
would like to verify that the difference in stability between the
ABC heterotrimer and the homotrimer is sufficient to preclude
self-assembly of the latter. The 'H,N-HSQC spectrum of
the mixture (Figure 2B) shows the three peaks expected from
the heterotrimer, with chemical shifts comparable to those of
the template sequences.'” Importantly, it also lacks the peak
corresponding the C-C-C homotrimer. Thus, within the
experimental limits of CD and NMR, we only observe single-
composition ABC heterotrimers, validating our design protocol.
However, in addition to the peaks corresponding to the main
register of the ABC system, an additional cross peak is observed
in the spectrum (G'g), which we assigned to a competing
register of the ABC helix. This assignment is based on a
combination of nuclear Overhauser effect spectroscopy
(NOESY) and 'H,N-HSQC experiments (available in the SI)
at 45 °C to avoid ambiguity about composition since the
highest stability AAB heterotrimer within this system has a
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Figure 2. 'H,"*'N-HSQC spectra of the (A) C-C-C, (B) A-B-C, and (C) A-B1-C triple helices at 25 °C. Peaks are from labeled glycine residues of the
indicated peptide strand (A, B, B1, or C). H indicates homotrimer while M indicates monomer of C-C-C.

melting temperature of 46 °C. The peaks corresponding to the
other two chains of the competing ABC register were not
identified due to chemical shift overlap with the peaks arising
from the main register.

Our structure-based design strategy was successful in
generating a single-composition ABC heterotrimer, but NMR
revealed that it resulted in a mixed system with respect to chain
register. Because we are ultimately interested in generating self-
assembled single-composition, single-register heterotrimers, the
effect of replacing aspartate with glutamate in the Xxx position
of the B chain on the specificity of the system was explored
(peptide B1, Table 1). Previously, we observed that replacing
aspartate with glutamate in heterotrimeric triple-helical systems
decreases the melting temperature of heterotrimers,” which
could lead toward improved specificity in a redesigned system.
CD demonstrates that a 1:1:1 mixture of peptides A, B1, and C
also forms an ABC heterotrimer albeit with reduced thermal
stability (52 °C, similar to that of the homotrimer of C, see SI).
Yet, the 'H,""N-HSQC spectrum of the system (Figure 2C)
lacks the peak corresponding to the C-C-C homotrimer,
confirming that this system is also composed solely of ABC
heterotrimers (within the limit of detection by NMR) despite
the similar melting temperature of the C-C-C homotrimer. The
lack of C-C-C homotrimer can be rationalized by considering
the chemical potential of the solution and the relative stability
of the different available states. The mixture will seek to
minimize the chemical potential to reach equilibrium, and this
is achieved by populating only heterotrimeric helices, as the
self-assembly of C-C-C would force the two remaining peptide
chains to fold into unstable AAB heterotrimers. The pattern
observed in this spectrum is very similar to that of the mixture
containing B, with the main difference being that the peak
corresponding to the secondary is register is significantly
weaker. We interpret this as a reduction in the relative
population of this state. Thus, by including both K/E and K/D
charge pairs, we have improved upon the specificity toward a
particular register with the caveat that the overall stability of the
system is decreased. This trade-off between the overall stability
in a designed protein system and the specificity toward a
particular state is not unusual®'® but has only been recently
been explored for triple-helical systems."

The CD melting studies corroborate the success of our
negative design component, but in order to confirm the success
of our multistate strategy, the structure-based positive design
element needs to be validated using solution NMR. Because of
the symmetry of the triple helix, only a single set of chemical
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shifts is expected for each of the newly incorporated charged
residues,'” facilitating the analysis. Figure 3A shows two
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Figure 3. 'H,'H-NOESY spectrum and model. (A) NOESY spectrum
of the A-B1-C heterotrimer highlighting interstrand interactions
involving the lysine side chains and aspartate/glutamate and glycine
backbone atoms. (B) In silico molecular model (chain A is blue, B1 is
purple, and C green) showing the protons that give rise to the
resonance in (A); circles in (A) correspond to lines of the same color
in (B).

sections of the NOESY spectrum of a 3 mM 1:1:1 mixture of
peptides A, B1, and C at 45 °C. The cross peak at 8.61 and 3.02
ppm arises from the asparate amide proton in chain A and the

lysine e-methylene in chain C, which shows a single chemical
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shift for both diastereotopic protons. This cross peak is
characteristic of salt bridges in triple-helical peptides'”'® and
therefore validates our positive design strategy. Furthermore,
peaks at 3.68 and 3.02 ppm, arising from lysine &-protons in
chain C and the glycine a-protons preceding the aspartate in
chain A, are also observed. The corresponding resonances
between chains A and B1 are also highlighted in the figure.
These peaks are important, not only because they validate our
positive design strategy but also because they serve to
unambiguously determine the register of the triple helix as
A-B1-C. Given the relative position of the charged amino acids
in peptides A and C, the only register in which those residues
can come close enough to one another to generate NOE:s is the
target state, the A-B1-C register of the heterotrimeric helix.
Figure 3B shows a triple-helical structure generated using the
flexible backbone modeling capabilities’” of the Rosetta
macromolecular modeling suite*” in addition to biasing the
charged side chains’ conformation using constraints derived
from the observed NOEs. This highlights the atoms that give
rise to the resonances mentioned above. A comparable analysis
for the remaining system (available in the SI) leads toward the
same conclusion: the main component in the mixture
corresponds to the target state, the A-B-C register of the
heterotrimeric helix.

The synthesis of a single-register self-assembling ABC triple
helix of high stability is a major challenge for de novo protein
design. Such a system is desirable because it can be used as a
scaffold in host—guest peptides to study the structure,
biochemistry, stability, and multistate self-assembly of hetero-
trimeric collagenous proteins, mirroring what has been done
with homotrimeric triple helices, which has been pivotal in our
understanding of the most abundant protein family in the
human body.*" This study successfully improves upon previous
efforts by generating a high-stability single-composition ABC
heterotrimeric system utilizing a rational multistate design
strategy that exploits novel sequence—structure relationships in
triple-helical proteins. Despite populating more than one
register of the desired heterotrimer, NMR studies on the
system are able to confirm that the major component in the
mixture corresponds to the target state and that the stabilizing
pairwise interactions that were included on the basis of
structural modeling are satisfied. Furthermore, we are able to
reduce the relative population of alternative registers by
modifying the amino acid composition of one the peptide
chains within the system. In order for future systems to
improve upon selectivity toward a particular register, the
stability of competing states of the same composition as the
target state needs to be included in the design protocol.
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