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Robust methods for predicting thermal stabilities of collagen triple helices are critical for understanding natural structure and
stability in the collagen family of proteins and also for designing synthetic peptides mimicking these essential proteins. In this
work, we determine the relative stability imparted on the collagen triple helix by single amino acids and interactions between
amino acid pairs. Using this analysis, we create a comprehensive algorithm, SCEPTTt, for predicting melting temperatures of
synthetic triple helices. Critically, our algorithm is compatible with every natural amino acid, can evaluate both homotrimers
and heterotrimers, and accounts for all possible helix compositions and registers, including non-canonically staggered helices.
We test and optimize our algorithm against 431 published collagen triple helices to demonstrate the quality of our predic-
tive system. Finally, we use this algorithm to successfully guide the design of an ABC heterotrimer possessing high assembly

specificity.

teomes, serves as a foundation of nearly all tissue struc-

tures and plays a critical role in the healing of wounds and
the behaviour of cancer cells. The characteristic structure of col-
lagen, the triple helix, is found in proteins of the innate immune
system such as complement Clq, ficolin and mannose-binding
lectins. Other collagen-like proteins are found in viruses, bacte-
ria and fungi'~*. Despite their importance, triple helices have been
understudied compared to protein structures such as the a-helical
coiled-coil. Since the elucidation of the sequence-structure relation-
ship of coiled-coils, beginning with the leucine zipper DNA-binding
motif in GCN4 (refs. >°), the study of such protein structures has
progressed dramatically, and there are now well-established meth-
ods for successful design of impressive arrays of a-helical bundles.
Controlled design of a-helical coiled-coils has promoted the under-
standing of recognition events that are critical in cancer-related
pathways such as the Jun-Fos protein pair’ as well as the production
of numerous nanostructures and self-assembling materials®'*. By
contrast, there has been limited study and exploration of the triple
helix structure.

The fundamental structure of collagen, the triple helix, consists
of three peptide strands with a polyproline II helical secondary
structure that assemble to form a right-handed super helix. Due to
steric constraints, every third residue in each strand must be glycine.
Between glycines, the positions termed Xaa and Yaa can be occu-
pied by any amino acid, but these are most commonly occupied by
proline (Pro) and hydroxyproline (Hyp), respectively’. Inter-strand
hydrogen bonds between amide protons of glycines and the car-
bonyl of an amino acid in the Xaa position stabilize the triple helix.

Collagen mimetic peptides (CMPs), which reproduce the triple
helical structure, can be designed to have three identical sequences
or a combination of different sequences (and are therefore known
as homotrimers or heterotrimers, respectively). The preparation
of homotrimers is straightforward; for example, (Pro-Hyp-Gly),
(n>7) will self-assemble readily. However, the complexity available
is greatly restricted; substitutions at the Gly positions lead to cata-
strophic reductions in helix stability. Substitution of other natural

( : ollagen is ubiquitous; it is a vital component of animal pro-

amino acids at the Xaa or Yaa positions reduces the thermal stabil-
ity of the helix (some unnatural amino acids increase the thermal
stability, notably, fluoroproline substitutions at the Yaa position'®).
Additionally, positively charged residues are more stable in the Yaa
position, while negatively charged amino acids are more stable in
the Xaa position.

The design of heterotrimers, which are biologically common, is
much more complicated. Strategies for analysis and design of het-
erotrimers have been developed only recently’” and remain inad-
equate. The main difficulty is the multitude of potential competing
species: a mixture of CMPs, A and B, could assemble as A,B or AB,,
or as a homotrimer of either A or B. As a further complication, ste-
ric constraints at the glycine position force a single amino acid offset
between each strand. Consequently, each heterotrimer composition
exhibits multiple distinct registers; A,B can assemble as BAA, ABA
or AAB, depending on whether B occupies the leading, middle
or trailing positions, respectively. For mixtures of three peptides,
the number of competing species increases from 8 to 27 (Fig. 1a).
A further complication in heterotrimer design is the possibility of
non-canonical registrations in which the peptides are offset by more
than one amino acid. In such registrations, each cross-section of the
triple helix must still contain exactly one glycine to satisfy steric
constraints. Non-canonical registers lose the stability conferred by
inter-strand hydrogen bonds and van der Waals interactions at their
tips; therefore, they melt at lower temperatures than their canonical
analogues. However, in some cases, such destabilization has been
rectified by stabilizing side-chain interactions'®. Non-canonical reg-
isters can be named according to the offset of each strand in relation
to the leading strand; thus, canonically staggered helices are 012
helices, while helices in which the middle strand is offset by an addi-
tional triplet are 042 helices. Figure 1b illustrates five offset registers.

Pairwise interactions are critical in the design of heterotrimers
as they may either stabilize or destabilize a structure. Given the
extended structure of collagen, pairwise interactions are limited to
two distinct inter-strand geometries (Fig. 1c,d). Lateral interactions
form between amino acids in the Yaa position of the ith triplet in
one peptide and the Xaa position in the ith triplet of the left-handed
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Fig. 1| Organization of the collagen triple helix. a, The 27 canonical register permutations of three collagen mimetic peptides, A (blue), B (red) and C
(green), grouped by composition. A;, B; and C; are homotrimers, the central 18 helices are binary heterotrimers and the 6 helices to the right are ternary
heterotrimers. b, One canonical and four non-canonical arrangements. In all cases, a glycine must reside at every helix cross-section. In canonical 012, the
middle and trailing strands are offset by one and two residues, respectively, from the leading strand. In 015, the trailing strand is offset by an additional
triplet towards the C terminus compared to the 012 helix. In 042, the middle strand is offset by an additional triplet towards the C terminus. In 045, the
middle and trailing strands are both offset by one triplet. In 048, the middle strand is offset by one triplet, and the trailing strand is offset by two triplets.
¢, Text and structure representation of a five-amino-acid-wide section of a collagen helix. N termini are directed to the left. Lassos and bars indicate the
possible inter-strand pairwise interactions; lateral interaction (grey bar) between amino acids in the Yaa position (orange) and the Xaa position of an
adjacent strand (cyan), and axial interaction (black bar) between amino acids in the Yaa position (orange) and the Xaa’ position (cyan) displaced axially.
Backbone hydrogen bonds are indicated by dashed yellow lines. d, Collagen helix containing the most common repeat (Pro-Hyp-Gly),, with N termini
directed towards the reader. Axial and lateral interactions are approximately parallel and tangential to the helix axis, respectively.

adjacent strand. These residues reside in the same cross-section of  the (i+ 1)th triplet of the left-handed adjacent strand (Fig. 1c,d). It
the triple helix. Axial interactions form between amino acids in the  has been shown that axial interactions between a lysine Yaa residue
Yaa position of the ith triplet of one peptide and the Xaa position of ~and a carboxylate Xaa residue can be considerably stabilizing'>'*-*.
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Table 1| Melting temperatures for (POG),, singly substituted peptides (PYG and XOG) and doubly substituted peptides (XYG
and YGX)

Melting temperatures of homotrimers

Xaa\Yaa (T, °C) Ala Phe His Lys Leu Hyp Pro Arg Val

XYG

Ala 45.0
YGX 36.5 25.5 29.0 37.5
XYG 32.0 36.5 38.0

Asp 425
YGX 47.0 42.0
XYG 37.0 39.5 42,5

Glu 44.5
YGX 44.0 42.5
XYG 22.0 31.0 29.5

Phe 37.0
YGX 29.0 19.5 29.5 24.0 415 30.0
XYG

Leu 43.5
YGX 34.4 23.5 28.5 34.5

Pro 44.0 31.0 38.0 40.5 36.0 50.0 47.0 48.5 43.5
XYG

Val 415
YGX 33.5 18.5 19.5 30.5
XYG 14.5

Trp 33.5
YGX 22.5

In contrast, lateral interactions between these residues confer little
stabilization'>*'. These axial interactions are powerful tools in the
design of heterotrimeric collagens because isolated lysine, glutamate
and aspartate residues are highly destabilizing; this therefore enables
both positive design (when charges are paired) and negative design
(when unpaired). Other pairwise interactions using charge-pair
and cation-t motifs have been studied and developed for hetero-
trimer design'”'®*-*. Many studies have used these interactions to
design groundbreaking helices, including the first examples of CMP
heterotrimers and various models of diseased collagens'”'%*»-33,
However, these systems exhibit the complications of heterotrimer
design; most of these helices lack good compositional control and
register specificity. Furthermore, despite the utility of these interac-
tions, they are only a subset of the possible pairwise interactions in
collagen. There are 380 lateral and 380 axial combinations that may
prove useful for triple helix design; hence, a greater understanding
of pairwise interactions in collagen is imperative. The use of both
stabilizing and destabilizing interactions is critical to optimize spec-
ificity in a self-assembled system.

Given the large set of competing species, possible residue sub-
stitutions and potential pairwise interactions, the advantages of a
computational approach to predict triple helix stability are apparent.
Such an approach can rapidly assess the stabilities of all competing
species and the specificity with which peptides will self-assemble
into the desired helix. In 2005, Persikov et al. published the first
algorithm to predict the stability of CMPs, which has been the gold
standard tool to aid CMP design”. This program, hereafter termed
P-CSC (Persikov’s Collagen Stability Calculator), uses the relative
propensities of all natural amino acids in the Xaa and Yaa positions
and considers select amino acid interactions for the stabilization
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of triple helices. However, P-CSC assesses only homotrimers.
Subsequently, many other algorithms to assess and design hetero-
trimeric collagens have been published”****"***; however, none,
including P-CSC, have been able to predict melting temperatures
with sufficient precision. An in-depth discussion of the algorithmic
precedents to our study is included in the Supplementary Discussion
(see the section ‘Algorithmic precedents').

Algorithms that simultaneously predict stability, composition, reg-
ister and specificity for collagen triple helices could play a key role in
the evaluation of natural collagens and collagen-like proteins and in
the de novo design of peptide systems. Here, we describe SCEPTTr
(Scoring function for Collagen-Emulating-Peptides’ Temperature of
Transition), an algorithm that makes such predictions with high accu-
racy and precision (see Supplementary Software 1). The performance
of SCEPTTr is tested against 431 published triple helices and is then
used to design an ABC heterotrimer using amino acids that have not
yet been combined in heterotrimer design. We experimentally verify
the thermal stability, specificity, composition and register of this triple
helix and demonstrate that these parameters show a close match with
the predictions of SCEPTTr.

Results and discussion

To increase the number of pairwise interactions that are under-
stood, we synthesized 49 peptides to analyse 33 of the 760 possible
interactions. The peptides selected were chosen primarily for two
reasons. First, peptides that have been described previously in the
literature had been characterized using a variety of experimental
methods that can influence the observed melting temperature. We
wanted to use a unified method to repeat the determination of the
melting temperature for what we expected to be the most important
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Table 2 | Results from the algebraic deconvolution, showing the effect of each axial or lateral pairwise interaction on the stability

of the triple helix

Calculated stabilizing or destabilizing effects conferred by axial and lateral interactions

Xaa\Yaa () Ala Phe His Lys Leu Hyp Pro Arg Val

Lateral

Ala Axial —-1.250 -0.250 —1.000 —0.500
Lateral —0.500 —1.500 —1.500

Asp
Axial 7.250 1.250
Lateral 1.000 —1.000 —-0.250

Glu
Axial 4.000 -0.125
Lateral —2.750 —1.500 —3.000

Phe
Axial —-1.000 0.750 2.375 0.500 4.500 -0.250
Lateral

Leu
Axial —-1.550 —-0.500 —-0.500 —1.250

Pro
Lateral

Val
Axial —-1.000 —2.000 —4.000 —2.250
Lateral —3.500

Trp
Axial 2.250

The intensity of the colour gradient correlates with the magnitude of stabilizing interactions (in cyan) and destabilizing interactions (in orange). The values have units of °C per interaction and indicate that
each interaction was found to stabilize (positive value) or destabilize (negative value) a triple helix by the number of degrees specified.

amino acid substitutions. Second, specific amino acid combinations
that have not been described previously in the literature were added
due to their perceived importance in natural collagens.

A single substitution in the peptide (POG), yields a homotri-
mer with three substituted residues present (Supplementary Fig. 1).
Owing to their triple helical geometry, these residues extend radially
and cannot interact with one another. Therefore, the thermal effect
of that substitution is due primarily to the inherent propensity of
that residue to mediate helix stability. However, double substitutions
become more complicated, and two cases, XYG and YGX, need to
be considered, as described in the Supplementary Discussion (see
the section ‘Deconvolution of axial and lateral interactions').

As outlined in the Methods section, peptides were synthesized to
ascertain the effects of amino acid combinations on the stability of a
collagen triple helix (Table 1). Table 1 shows 49 homotrimer melting
temperatures. Circular dichroism melting curves and their deriva-
tives are available in Supplementary Figs. 2-50, as are the intermedi-
ate values for deconvoluting interactions from melting temperatures
(Supplementary Table 1). Table 2 shows the calculated thermal sta-
bility contributions of axial and lateral interactions in °C per inter-
action. Notably, in agreement with the literature'>*, the strongest
interaction is the axial lysine-aspartate interaction (Lys-Asp,x) with
a stabilization of 7.3°C per interaction. Other notable stabilizing
pairwise interactions include Arg-Phe,y (4.5°C), Lys-Glu,y (4.0°C),
Lys-Phe,yx (2.4°C) and His-Trp,x (2.3°C). Notable destabilizing
interactions include Leu-Val,, (—4.0°C), His-Trp sy (—3.5°C),
Arg-Phe, ,; (—3.0°C), Lys-Phe, ,; (—2.8°C), Val-Val,y (-2.3°C) and
Phe-Val,y (—2.0°C).
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Computational design. The above analysis of pairwise inter-
actions was used in the design of SCEPTTr. The algorithm was
tested against a library of 431 published triple helices. SCEPTTr
considers six classes of variables to determine the thermal sta-
bility of a collagen helix. These classes and the corresponding
sources for the values used are discussed next. First, in terms
of length, melting temperatures of (GPO), homotrimers of
various lengths have been obtained from previous studies'>'"*.
The (POG), homotrimer has not been characterized in the lit-
erature. Therefore, the melting temperature for (POG), was
calculated by applying the relationship between temperature
and length for the (GPO), series to the (POG), series. Second,
terminal functionality has been shown to affect the stability of
triple helices. In SCEPTTr, the values for stabilization resulting
from N-terminal and C-terminal functionalization have been
derived from Egli et al.** Third, considering amino acid pro-
pensity, values for additional thermal destabilizations of single
amino acids come from Persikov et al.”® Fourth, for pairwise
interactions, in addition to those calculated in the previous sec-
tion, pairwise interactions were determined by and acquired from
refs. '%2%*7%7_Fifth, for triplet-dependent weighting, a previous
study®® found that the tips of a triple helix fray before the core in a
melting analysis. Therefore, triplets nearer the N and C termini of
peptides in a triple helix have a lower impact on its overall stabil-
ity. This difference in stability from tips to core is accounted for
by the triplet-dependent weighting function in SCEPTTr. Last,
considering registration, canonical registers are evaluated inde-
pendently, followed by all non-canonical registers. Non-canonical
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Select one of all the possible registers
for a given mixture of peptides.

}

Begin prediction with the melting
temperature of the base homotrimer of
the same length.
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Incorporate the effects of amino acid
propensity, weighting each amino acid
based on triplet position.

}
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interactions, weighting each interaction
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|
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best and second-best predictions is the
specificity of the mixture.

Select next register

No

Fig. 2 | Flow chart of the logical flow of SCEPTTr to predict melting
temperatures of combinations of peptides in collagen-like triple helices.
Given a selection of CMPs of a particular triple helix, SCEPTTr begins at the
first step (top) in this flow chart and selects one of the possible registers.
Then, SCEPTTr considers the lengths of the peptides, the amino acids
contained in the triple helix, the pairwise interactions present in the triple
helix and the functionality of the termini of the peptides to calculate the
melting temperature for the given register. This process is repeated for

all of the registers. Next, the results are sorted by melting temperature to
display the predicted melting temperature of the combination of CMPs and
the specificity of the system.

registers are destabilized based on melting temperatures reported
in ref. '*. SCEPTTr will consider all registers that have a maxi-
mum offset of three triplets. Thus, 9 registers are evaluated for
homotrimers, 72 registers for binary heterotrimers and 243 regis-
ters for ternary heterotrimers. A complete list of parameters used
by SCEPTTr can be found in Supplementary Table 2. The flow
chart for SCEPTTr is shown in Supplementary Fig. 59.

Example to illustrate the scoring function process. The scor-
ing function of SCEPTTr can be demonstrated by consider-
ing the flow chart in Fig. 2 and the homotrimer formed by
GARGPAGPQGPRGDKGETGPOGPOGPOGPOGV"” as an
example. First, the helix is assigned a melting temperature based on
the length of the peptides. Many synthetic peptides are synthesized
with extra amino acids, herein termed ‘tags, that break the triplet
repeat at one of the termini for practical reasons. SCEPTTr has no
understanding of the effect of tags, and therefore, we remove them
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before performing the analysis. In this example, we disregard the
C-terminal -GV tag in the sequence above. (GPO),, is considered
to be the parent sequence, which melts at 63.8 °C. Next, SCEPTTr
considers the amino acid substitutions necessary to convert the
parent sequence to the sequence of interest. Each substitution has
an associated destabilizing value, which can be adjusted by the
weighting function. The substitutions in the example result in a
14.0°C penalization for each peptide strand in the helix. The next
consideration is the weighted pairwise interactions. The canonical
homotrimer contains five axial interactions (two K-E, two R-D and
one R-E) resulting in a 10.0 °C increase in helix stability. When these
are considered together, the estimated melting temperature can be
calculated to be 31.7°C, a good estimate of the reported melting
temperature of 30.8°C (ref. ). SCEPTTr performs the same analy-
sis for all of the other relevant offset registers. The melting temper-
ature is adjusted according to the stagger of the considered species;
the most stable species for this peptide is canonical and incurs
no penalty. The second-best species is a 015 stagger and incurs a
penalty of —3.6°C corresponding to lost backbone H-bonds at the
tips of the helix. Then, SCEPTTr compares the estimated melting
temperatures of all registers to determine the most stable arrange-
ments. The specificity of the system can then be calculated as the
difference between the two highest melting temperatures.

Performance evaluation of SCEPTTr. To evaluate the performance
of SCEPTTr for a wide range of sequences, a library containing 431
triple helices was assembled; it included a sampling of all natural
amino acids, homotrimers and both A,B and ABC heterotrimers,
and contained sequences from many different research groups. The
sequences of peptides in this library and their corresponding refer-
ences are provided in Supplementary Table 5. SCEPTTr analysed
all of the 431 helices. The published versus predicted melting tem-
peratures are plotted in Fig. 3e. The helix composition predicted by
SCEPTTr was constrained to match the result published, but the
register was allowed to vary. Given that, in the ideal case, the pre-
dicted T,, will match published values exactly, the line of best fit for
any estimation should approach y=x. As seen in Fig. 3e, the line
through the SCEPTTr predictions, y=1.07x, is near ideal.

To evaluate the terms used by SCEPTTr, each was removed
and subsequently reincorporated stepwise. To compare the qual-
ity of each prediction, we calculated the residual sum of squares,
SS:ee= 2 (T pred = Tonmeas)’- We report these as quotients of the library
size to contextualize the values (SS,/n). Figure 3a illustrates the
predictions when SCEPTTr understands amino acid substitution
effects, peptide length, and amidated and/or acetylated termini.
With no additional terms, SCEPTTr accurately predicts only a sub-
set of the analysed triple helices (helix 1 of Fig. 3g), but produces
abysmal estimations for helices with a higher degree of complexity,
as evident from SS,./n=1,105.1. For comparison, an SS,./n value
of 100 indicates an average error of 10°C. Figure 3b illustrates the
analysis by SCEPTTr when the knowledge of pairwise interac-
tions is available. The fit is improved for many species, as shown
by helices 2-6 and the dramatic decrease of SS /n to 72.2. Figure
3c illustrates the analysis by SCEPTTr when the additional allow-
ance for non-canonical offsets without tip-to-core weighting is
available. The accuracy improved for a subset that SCEPTTr pre-
dicts as being stabilized by non-canonical registers (helices 3 and
5), resulting in an SS,,/n value of 51.9. In Fig. 3d, SCEPTTr uses the
weighting function but disallows non-canonical registers, lowering
SS,./n to 47.7. This result indicates that both the weighting function
and non-canonical registers are important for accurate prediction
of triple helix melting temperatures. Finally, the combination of all
of the terms produces the best model, with SS,./n=45.6 (Fig. 3e).

Optimization by genetic algorithm. The parameters of SCEPTTr
were then optimized by a genetic algorithm. A complete discussion
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Fig. 3 | Performance of SCEPTTr for the library of triple helices available in the literature. a-f, Results of the analysis by SCEPTTr for amino acid
propensities only (a), added pairwise interactions (b), added potential for offset registrations without the weighting function (¢), added weighting function
without potential for offset registrations (d), all terms together (e), and all terms after optimization by genetic algorithm (). The three solid lines in each
plot are the lines y=x, y=x+10 and y=x - 10. g, Data points emphasized in colour in (a)-(f) are shown along with their experimental (column T..) and
predicted melting temperatures (columns a-f). Values given in columns a-f correspond to the points plotted in (@)-(f). ‘Prefix’ and 'suffix’ refer to tags

at the front and end of a sequence, respectively. ‘Capped’ indicates whether peptides are amidated (Am), acetylated (Ac), neither (N) or both (Y). The

coloured symbols correspond to the markers'®3%3*%' emphasized in the plots.

of this process can be found in the Supplementary Discussion
(see the section ‘Optimization of SCEPTTr') and in a flow chart
(Supplementary Fig. 57). This algorithm was allowed to adjust the
parameters of SCEPTTr for any pairwise interactions observed.
Before the genetic algorithm was incorporated, SCEPTTr used 27
experimentally defined pairwise interactions. When the genetic
algorithm was used, 103 useful interactions were employed, the R?
value for the prediction fit increased to 0.95 (Fig. 3f) and SS../n
decreased to 5.95. These new interactions should be verified experi-
mentally due to their exciting potential. Furthermore, it was dis-
covered during optimization that additional features are important
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for broader and more accurate predictions; these features include
a more generalized evaluation of peptide length and N-terminal
and C-terminal functionality, along with incorporation of localized
charge density and adjacent Xaa, Yaa substitutions. A discussion of
the inclusion of these features can be found in the Supplementary
Discussion (see the section ‘New features found through optimiza-
tion'). Supplementary Table 3 shows the values used by SCEPTTr
after optimization. Other limitations of SCEPTTr are discussed in
the Supplementary Discussion (see the section ‘Weaknesses of the
model’). A statistical discussion of the performance of SCEPTTr
can also be found in the Supplementary Discussion (see the section
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Fig. 4 | Thermal characterization of the ABC heterotrimer. a, Sequences of the three peptides that constitute the ABC heterotrimer and their expected
registration. In each peptide, glycine #21is *N-labelled while N-termini are acetylated and C-termini are amidated. Purple lassos indicate axial interactions
between Lys-Asp, Arg-Phe and Lys-Glu that stabilize the indicated composition and register. For clarity, only 3 of 15 such interactions are highlighted.

b, Thermal melting data from circular dichroism for the ABC heterotrimer and each of its components. The ABC heterotrimer (black) is clearly seen to
have the highest T. ¢, Comparison of the experimentally determined T, and the T., predicted by SCEPTTr for each component with an observable circular
dichroism transition. Dotted lines indicate 10 degrees over (red) or under (blue) the estimate.

‘Statistical analysis'). Despite its existing limitations, SCEPTTr pre-
dicts the melting temperature of collagen-mimetic peptide triple
helices with precision, as observed in Fig. 3f.

Use of SCEPTTr in heterotrimer design. Before its final optimiza-
tion, SCEPTTr was used to aid the design of an ABC heterotrimeric
triple helix consisting of the peptides shown in Fig. 4a. It is impor-
tant to note that these peptides were designed by humans, but this
design process was expedited by the assistance of SCEPTTr. The use
of SCEPTTr enabled the implementation of many small changes to
the sequence during design and a rapid analysis of the effects of those
changes, calculating alterations in both stability and specificity in
seconds. For example, each of the prolines in Yaa positions are used
to destabilize competing compositions, which may not be obvious
without a comprehensive examination of all competing species. The
C peptide homotrimer was particularly difficult to destabilize and
therefore required substitution of all hydroxyprolines. By contrast,
although the B peptide homotrimer also required destabilization,
many hydroxyproline residues could be retained. Furthermore, the
placement of each amino acid and each axial interaction was honed
by combining human intuition with computational assessment,
optimizing positive interactions in the desired species and negative
interactions in competing species. Our ABC triple helix contains
stabilizing Lys-Asp, Lys-Glu and Arg-Phe axial interactions that are
highlighted in Fig. 4a; however, the design also takes into account
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destabilizing Lys-Phe and Arg-Phe lateral interactions to sabotage
competing species. These lateral destabilizing interactions are not
apparent without thorough analysis performed by a computational
algorithm such as SCEPTTr. Therefore, a process that takes a day
when SCEPTTr is used for assistance would require weeks if the
same thorough process to assess each competing species were per-
formed by hand. The resulting ABC heterotrimer consists of the
most diverse combination of amino acids used in the design of a
triple helix until now.

Experimental verification of the ABC triple helix. Circular
dichroism melting analysis was performed on each peptide alone,
each binary mixture at 1:1 ratios and the ternary mixture in a 1:1:1
ratio. The results of these experiments are presented in Fig. 4b.
From these data, we observe that the ternary mixture results in a
unique species with higher thermal stability (39.5 °C) than any com-
peting species. The highest T, of the competing species (23.5°C)
can then be used to calculate the specificity of the system, which is
16°C. These values are plotted against predictions from SCEPTTr in
Fig. 4c, demonstrating that the entire ABC system is well predicted.

Although circular dichroism is important for defining thermal
stability, it is limited in its ability to evaluate the composition and
register of mixed peptide systems. To address this limitation, we
used NMR. Each of the three peptides was synthesized with one
*N-labelled glycine at position 21. This is a powerful method to
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Fig. 5 | Structural characterization of the ABC heterotrimer. a, 'H->N HSQC of the unary and ternary peptide solutions. The peaks for A, B and C peptide
solutions alone indicate that they contain almost entirely monomeric species. Black peaks correspond to the ternary peptide solution. The peaks that overlap
between the unary and ternary samples indicate monomeric peptides, while the three unique peaks in the ternary sample indicate triple helices (red arrows).
The absence of other peaks in the HSQC indicates the formation of a single-composition, single-register triple helix in solution. b, Three NOESY planes taken
from a 3D 'H-"H-""N NOESY HSQC at specific N shifts correspond to amide trimer peaks in HSQC; from left to right, 105.2 ppm, 109.8 ppm and 110.5 ppm.
Side chain analysis (Supplementary Discussion, see the section ‘Discussion of NMR peak assignments') shows that these amides belong to the B peptide,
the A peptide and the C peptide, respectively. Circled cross-peaks and the progression of the arrow indicate through-space interactions and prove that the

in situ register matches the predicted register. Atom labels are included at the left side of the spectra to indicate important proton shifts. ¢, Molecular model
of the triple helix. The circle colours and styles in (b) match the interaction lines in (c) as follows: dotted magenta indicates leading Gly to unlabelled trailing
Gly NOE; dotted orange indicates middle Gly to trailing Gly; dotted cyan indicates trailing Gly to unlabelled leading Gly; solid orange indicates leading Gly to
middle Hyp; solid cyan indicates middle Gly to trailing Arg; and solid magenta indicates trailing Gly to leading Hyp.
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simplify complicated and highly overlapping NMR spectra. "H-'*N
heteronuclear single quantum coherence (HSQC) experiments will
show a single peak for each chemically distinct conformation of
each peptide. Further explanation of the interpretation of HSQC
experiments can be found in the Methods. Figure 5a shows the over-
lay of four NMR experiments: three from each peptide alone and
one from the ternary mixture at a ratio of 1:1:1. (Three additional
experiments for the binary mixtures at 1:1 ratios are presented in
Supplementary Fig. 55.) The plot in Fig. 5a shows that each single
peptide adopts primarily one unfolded, monomeric conformation,
except C, which forms a small fraction of homotrimer, consistent
with circular dichroism. In contrast, the ABC mixture displays three
additional peaks (indicated with red arrows) that are not observed
in any single peptide or double peptide mixture. These three peaks
are indicative of the formation of a triple helix with the composition
of one A, one B and one C peptide. It also strongly suggests that a
single registration of triple helix is present.

However, to determine the register without ambiguity, we used a
3D nuclear Overhauser effect spectroscopy (NOESY) HSQC NMR
experiment. A more in-depth explanation of the interpretation of
NOESY HSQC experiments can be found in the Methods. Figure 5c
and Supplementary Video 1 are both useful to illustrate the follow-
ing discussion. Figure 5b shows three NOESY planes of that experi-
ment taken at N shifts corresponding to the triple helical peaks
seen in the HSQC (Fig. 5a) for 105.2 ppm, 109.9 ppm and 110.5
ppm. Each vertical line of peaks arises from through-space NOE
interactions between a labelled amide proton and other nearby
protons. The large Ca-H peaks (~3.5-5 ppm) indicate intra-strand
NOE interactions with Yaa amino acids preceding each glycine.
The small Ca-H peaks (~3.5-5 ppm) are inter-strand correlations
between labelled glycine amide N-H and Ca-H on the succeeding
peptide chain in the registration. Starting at a large Ca-H peak and
moving vertically to a small Ca-H peak and horizontally to the next
Co-H results in the registration of the triple helix from leading to
middle to trailing strands as indicated by the arrows in Fig. 5b. The
more upfield peaks inform strand identity and are discussed in the
Supplementary Discussion (see the section ‘Discussion of NMR
peak assignments'). Note that the trailing strand amide N-H shows
a small NOE to an otherwise unseen Ca-H (circled in magenta in
the NOESY plane that is farthest right in Fig. 5b) corresponding to
a position 23 hydroxyproline. Figure 5c shows the positions of these
interactions within the triple helix and demonstrates that these cor-
relations can only be observed when the triple helix is in the regis-
ter predicted by SCEPTTr; A leading, B middle, C trailing. A more
detailed discussion of these data can be found in the Supplementary
Discussion (see the section ‘Discussion of NMR registration assign-
ment'). The collective analysis of circular dichroism and NMR show
a melting temperature of 39.5°C, a specificity of 16°C and a pre-
ferred ABC registration, all of which are predicted accurately by
SCEPTTr.

Conclusion

We have presented a robust method to elucidate the thermal effects
of amino acid pairwise interactions on collagen triple helices and
have applied the method to a set of 49 homotrimers to deconvo-
lute the effect of 33 pairwise interactions on stability. These effects,
along with other values from the literature, were used to create a
comprehensive algorithm, SCEPTTr, to predict the melting tem-
peratures of CMPs. Importantly, SCEPTTr can successfully evalu-
ate homotrimers and A,B and ABC heterotrimers. Results obtained
from testing SCEPTTr against a library of 431 published collagen
triple helices demonstrate its ability to accurately predict melting
temperatures with precision. SCEPTTr is unique due to the combi-
nation of five features: (1) it can assess peptides with any of the 20
naturally expressed amino acids as well as hydroxyproline; (2) it can
assess peptide mixtures with any combination of collagen mimetic
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peptides, both homotrimers and heterotrimers; (3) it assesses all
possible combinations (different compositions and registers) of
the peptides that it is given and predicts an experimentally testable
melting temperature (T;) for each; (4) through this assessment,
it enables the prediction of the experimentally observable triple
helix composition and register of the given set of peptides; (5) and
it enables the prediction of the specificity of the given set of pep-
tides. The specificity indicates whether the most stable species will
assemble to the exclusion of all others or whether a complex mix-
ture of triple helices will be formed. The combination of these five
features and the accuracy of prediction by SCEPTTr distinguishes
this algorithm from all other collagen predictive algorithms. Finally,
we have shown that SCEPTTr can be used to achieve objectives that
previous algorithms could not: to inform discoveries of more pair-
wise interactions and other parameters affecting collagen stability
and to enable the design of novel heterotrimers with high degrees
of specificity. We believe that this algorithm will help to advance the
collagen field towards achieving the versatility of design of a-helices
and the range of specificity available to DNA complementarity.
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Methods

Peptide synthesis. Peptides were synthesized using standard Fmoc-protected
amino acids with a low-loading Rink amide MBHA resin to give C-terminal
amidation. A mixture of 25% v/v piperidine in dimethylformamide

(DMF) was used for deprotecting steps. Coupling was performed using
2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uranium hexafluorophosphate
methanaminium (HATU) and diisopropylethylamine (DiEA) in DMF in the
ratio 1:4:4:6 (resin:amino acids:HATU:DiEA). Acetylation of the N terminus was
performed twice with an excess of acetic anhydride with DiEA in dichloromethane
(DCM). Cleavage was performed with 10% v/v scavengers (anisole,
triisopropylsilane, H,0 and ethanedithiol) in trifluoroacetic acid (TFA). For the
ABC system, the peptides were synthesized with **N isotopically enriched glycine
at position 21 to enable NMR experiments.

Peptide purification. TFA was removed from the reaction mixture by evaporation
under nitrogen. Cold diethyl ether was used to triturate the crude peptide. After
centrifugation, the crude pellet was washed with cold diethyl ether twice. Peptides
were dissolved in H,O to a concentration of 22 mg per ml and filtered before
purification by reverse phase high-pressure liquid chromatography (HPLC) with
water-acetonitrile with 0.05% TFA at a gradient of 0.7% per min on a 19 mm X 250
mm C-18 column. Samples were roto-evaporated to remove acetonitrile and were
then lyophilized. Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) was used to confirm peptide mass. Pure samples were analysed at

1 mM concentration with a 2.1 mm X 50 mm C-18 column at a gradient of 14% per
min water-acetonitrile with 0.05% TFA.

Sample preparation. Peptide samples were dissolved in MilliQ water with
concentration determined by mass. They were diluted to 3mM peptide in 10 mM
phosphate buffer with pH 7.0, and were then preheated at 85°C for 15min. The
samples were cooled to room temperature (20-25 °C) and were then stored
overnight at 5°C. They were diluted to 0.3 mM with water just before performing
circular dichroism spectroscopy.

Circular dichroism spectroscopy. Circular dichroism spectroscopy was
performed on a spectropolarimeter equipped with temperature control. 200 ul of
the 0.3 mM peptide sample were transferred to a quartz cuvette with a pathlength
of 0.1 cm. Wavelength scans were performed between 200 and 250 nm. The
maximum near 225nm was then followed as the temperature increased from 5°C
to 85°C at 10°C per h. Using the Savitzky-Golay smoothing algorithm, the first
derivative curve was calculated. The minimum of the first derivative was defined as
the melting temperature (T;,). The molar residue ellipticity (MRE) was calculated
as previously reported'”.

Interpreting circular dichroism experiments in the context of collagen

mimetic peptides. When analysing collagen mimetic peptides, circular dichroism
experiments can be used to determine the composition of a combination of
peptides that fold into a triple helix. Seven samples must be analysed for a ternary
combination of peptides (A, B and C) to be thoroughly characterized: the three
unary samples (A, B and C), the three binary mixtures thereof and the ternary
mixture. Each level of peptide combinations build on the information gleaned from
the previous level. Analysis of the unary samples provides information about the
stability of the homotrimeric triple helices. New transitions viewed in the binary
samples indicate the presence of binary composed heterotrimers, and transitions
unique to the ternary mixture indicate a ternary composed heterotrimer. Besides
only providing information about triple helical composition, sometimes there is
ambiguity even in the helical composition due to overlapping similar transitions
between different combinations of peptides. It is for these reasons that NMR can be
a particularly useful tool for the elucidation of triple helical structure.

Axial-lateral interaction deconvolution. Peptides of (POG),, (POG),(XOG)
(POG);, (POG),(PYG)(POG),, (POG),(XYG)(POG), and (POG),(PYGXOG)
(POG), sequences were synthesized and characterized for each pair of interactions
studied, unless otherwise noted. For this analysis, we did not use previously
published melting temperatures in order to ensure consistency in our calculations.
Homotrimers contain three units of each residue present in the peptide. The XYG
homotrimer contains two lateral interactions, and the YGX homotrimer contains
two axial interactions and one lateral interaction. The melting temperatures for
each homotrimer can be represented by equations (1) and (2). Rearranging these
equations allows us to solve for the value of the specific lateral or axial interaction
given by equations (3) and (4).

Tmxyg) = Tmpog) + 3x ATM(xy0) + 3% ATMm(y4q) + 2% lat(yx) (1)
Tmyexy = Tmpog) + 3% ATM(xa) + 3% AT'm v, + latyx) + 2% ax(yx) (2)
latiyxy = (Tmpog) + 3% ATM(xe) + 3% ATM(y,e) — TMyxyg))/(—2) 3)

ax(yx) = (Tmpog) + 3% ATM(xaq) + 3% ATy, — Tmycx) — latyx))/(—2)
(4)

Algorithmic design. SCEPTTr was written in Java using the Eclipse development
environment. Scoring parameters were initially optimized by a genetic algorithm
for the minimum value of (T, neasured = Tinprediciea)’> Details are provided in the
Supplementary Discussion (see the section ‘Optimization of SCEPTTr').

NMR. For the sample preparation, 450 pl of the 3 mM peptide samples were mixed
with 50 ul D,O and less than 0.5 mg of trimethylsilylpropionic acid as a reference.
Two-dimensional (2D) 'H-"*N HSQC and three-dimensional (3D) 'H-'H-'*N
NOESY HSQC experiments were performed on an 800 MHz Bruker spectrometer
containing a cryogenic probe. The nitrogen carrier frequency was set at 108 ppm for
the 3D experiment and at 112 ppm for the 2D experiments. The proton carrier
frequency was set to match that of the water signal. All experiments were
performed at 25°C. The 'H-"*N HSQC experiments were collected using
1,922 % 256 complex points for each of 8 scans with 32 preceding dummy scans.
A sweep width of 12 ppm was used in the '"H dimension and 25 ppm in the *N
dimension. The 3D 'H-"H-""N NOESY HSQC experiment was collected with a
90 ms mixing time, 4 scans and 2,048 X 32 X 256 complex points with 64 dummy
scans. The sweep width was 12 ppm in the direct dimension, 10 ppm in the *N
dimension and 8 ppm in the indirect dimension. Raw NMR data were processed
using TopSpin 4.0 software. A baseline correction (qpol for 2D experiments and
sfil for the 3D experiment) and a window multiplication function were applied
(sine squared function for the direct dimension of the 2D experiments and all three
dimensions of the 3D experiment, and sine function for the indirect dimension of
the 2D experiments). Data were zero-filled to process 2,048 x 1,024 complex points
in the HSQC experiments and 2,018 X 128 X 1,024 complex points in the NOESY
HSQC experiment. Each dimension for each experiment was Fourier-transformed
and phase-corrected.

Interpreting 'H-"*N HSQC NMR experiments in the context of collagen mimetic
peptides. HSQC NMR experiments are used to determine the relationship
between two atoms bound to each other and their respective NMR shifts. In these
experiments, a peak is indicative of a pair of atoms bonded together, with the
Cartesian coordinates indicating the NMR shifts of the two atoms involved. When
analysing glycine-labelled collagen mimetic peptides, '"H-""N HSQC experiments
must be run in a similar manner as circular dichroism spectroscopy. In other
words, each peptide must be analysed alone and mixed with the other peptides

to understand and study the results of the ternary mixture. Each labelled glycine

in a unique chemical environment is expected to result in a unique peak in the
HSQC spectrum. Examination of the unary peptide samples enables differentiation
of the separate monomer peaks. Owing to the equilibrium between a monomer
and a trimer in any solution of CMPs, it is expected that these monomer peaks

will be evident in every mixture containing the given peptide. Further, monomer
peaks were confirmed by identifying peaks that were taller and broader than

peaks arising from a triple helical sample due to tumbling rates skewing towards

a monomer, equilibrium rates skewing towards a monomer (particularly in many
unary samples) and greater solvent exposure for these amides. When considering
triple helical peaks, again, each unique chemical environment is expected to result
in a unique peak; therefore, each triple helix is expected to be represented by three
HSQC peaks (in systems in which each peptide contains one labelled glycine).
However, these peaks may not always be distinguishable if there is overlap between
the peaks themselves or an overlap with other peaks in the sample, including
monomer peaks. After running the experiments for all seven combinations

of peptides, a comparison of the spectra reveals (as with circular dichroism
spectroscopy) the composition of the triple helix observed in each mixture.
However, despite the limited ability of circular dichroism spectroscopy to detect
mixtures of triple helices, an HSQC spectrum displaying three monomeric peaks
and three triple helical peaks can be safely designated as being that of a pure species
exhibiting a single composition and single register.

Interpreting 3D '"H-"H-""N NOESY HSQC NMR experiments in the context
of collagen mimetic peptides. When analysing glycine-labelled collagen mimetic
peptides, 3D 'H-'H-*N NOESY HSQC experiments are highly beneficial in
determining the registration of a triple helix. This experiment produces data

for intensities plotted inside a 3D cube of NMR shifts. Viewing this cube from
the HSQC face appears identical to the HSQC experiment and viewing it from
the NOESY face appears identical to the "N-filtered NOESY. NOESY provides
information about 'H-'H interactions through space. A cross-peak between two
hydrogens can be expected if they are within ~5 A of each other. Filtering the
NOESY with the "N label simplifies the experiment to show only the hydrogens
that are bound to "*N, which makes the analysis easier. The 3D experiment is
more powerful than the simple filtered experiment because it allows separation
of the NOESY by creating slices perpendicular to the HSQC plane. In other
words, the 3D experiment makes it possible to select a particular **N shift in the
HSQC spectrum and analyse the NOESY at only that *N signal. This enables the
separation and analysis of two glycines that have similar 'H shifts but different
>N shifts. For collagen helices, labelled glycines have three main NOESY peaks
that can be used to determine the registration of the triple helix: (1) NOEs to
other nearby glycine amide hydrogens; (2) NOEs to the Ca hydrogens of the
sequentially preceding Yaa position amino acid; (3) and NOEs to the Ca hydrogens
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of Yaa-position amino acids on different strands. In (1), each glycine amide proton
will possess an NOE to the amide of the glycines in each cross-section of the
triple helix adjacent to the glycine of interest. With three labelled glycines, this
information can be useful for identifying the middle strand; however, the leading
and trailing strands cannot be differentiated using this analysis. Additionally, at
times, these amide peaks will overlap with one another, resulting in NOEs that
are buried under the main peaks and therefore unhelpful. Using expected peaks
(2) and (3) for each glycine can often help to rectify this resulting ambiguity. Peak
(2) is always a large peak in the region of ~4-5 ppm because the Ca hydrogen of
the Yaa-position amino acid preceding a glycine is ~2.2 A from the amide proton.
Peak (3), which corresponds to the Yaa-position amino acid in the same helical
cross-section as the glycine of interest, is much smaller because this NOE is over
a larger distance, ~3.2 A. The register is evaluated using these peaks, based on

the knowledge that peak (3) of the leading strand corresponds to the same Ca
hydrogen as peak (2) of the middle strand, and that peak (3) of the middle strand
corresponds to the same Ca hydrogen as peak (3) of the trailing strand. Thus, the
order of the strands can be determined from the Ca hydrogen NOE record.

Data availability

The data that support the findings of this study are available within the paper, in
the Supplementary Information and from the corresponding author. In particular,
the NMR raw data are available on request due to the size of the files and the lack of
appropriate public repositories for raw multi-dimensional NMR data.

Code availability

A compiled standalone Java application is available for download as Supplementary
Software 1. The genetic algorithm used to optimize SCEPTTr requires human
input to further optimize the values used. For this reason, it is available from the
corresponding author upon reasonable request.
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