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Deciphering the folding code of collagens

Jean-Daniel Malcor 1, Noelia Ferruz2,4,6, Sergio Romero-Romero 2,5,6,
Surbhi Dhingra2, Vamika Sagar3 & Abhishek A. Jalan 2,3

Collagen proteins contain a characteristic structural motif called a triple helix.
During the self-assembly of this motif, three polypeptides form a folding
nucleus at the C-termini and then propagate towards the N-termini like a zip-
chain. While polypeptides from human collagens contain up to a 1000 amino
acids, those found in bacteria can contain up to 6000 amino acids. Addi-
tionally, the collagen polypeptides are also frequently interrupted by non-
helical sequences that disrupt folding and reduce stability. Given the length of
polypeptides and the disruptive interruptions, compensating mechanisms
that stabilize against local unfolding during propagation and offset the
entropic cost of folding are not fully understood. Here, we show that the
information for the correct folding of collagen triple helices is encoded in their
sequence as interchain electrostatic interactions, which likely act as molecular
clamps that prevent local unfolding. In the case of humans, disrupting these
electrostatic interactions is associated with severe to lethal diseases.

Collagens are highly abundant human proteins that provide structure
and strength to tissues and bind cell-surface and secreted proteins to
regulate key biological processes, including tissue homeostasis and
blood clotting. All collagen proteins contain a characteristic domain
called a triple helix composed of three supercoiled polypeptides. In
humans, collagen genes encode 44 polypeptides, also called α-chains,
that self-assemble into 28 distinct collagen types (I-XXVIII)1. Theα-chains
contain a repetitive three amino acid sequence Gly-Xaa-Yaa, where gly-
cine occupies every third position and Xaa and Yaa are more frequently
non-glycine amino acids. Upon trimerization, the recurrent glycines
sequester into a tightly packed core of the triple helix2. Consequently,
their mutation to other amino acids perturbs the structure resulting in
delayed folding and reduced stability3,4. This is the leading cause of
heritable collagen-related diseases5. Direct study of collagen folding and
stability is complicated by the propensity of native collagens to form
insoluble aggregates in vitro. Fortunately, synthetic peptides containing
sufficient Gly-Xaa-Yaa repeats intrinsically self-assemble into a triple
helix. Investigations using such peptides suggest that triple helices fold
via a nucleation-zippermechanism,where three peptides nucleate at the
C-terminal and then propagate towards the N-terminal like a zip-chain6.

The α-chains of human collagens contain up to 330 Gly-Xaa-Yaa
repeats. Intuitively, until the propagating triple helix has reached a

critical length sufficient to sustain further folding, the propagation
phase is expected to be entropically disrupted due to the substantial
length of the α-chains. In some collagens, the perfect triplet repeat
pattern is also frequently interrupted by non-helical sequences that
lower triple helix thermal stability and disrupt folding7. In such cases,
the triple helix must renucleate after the interruption while also
compensating for the loss in local stability and folding rate. A collagen-
specific chaperone heat shock protein (Hsp) 47 resident in the endo-
plasmic reticulum has been shown to recognize unique sites on the
triple-helical domain of some human collagens8–10. This interaction
between Hsp47 and collagen triple helices is believed to provide sta-
bility against local unfolding while offsetting the entropic loss11.
However, several experimentally observed features of collagen folding
are not fully consistent with the Hsp47-chaperoned folding paradigm.
Prominent among these is the observation that Hsp47 does not
recognize some types of collagens, or does so only weakly12. Addi-
tionally, on a structural level, polypeptides within a triple helix adopt a
one-amino acid staggered alignment with respect to each other. But,
non-canonical polypeptide alignments where the chains are offset by
more than one amino acid are not uncommon13. Hsp47 binding does
not explain how polypeptides avoid incorrect alignment during fold-
ing. Hsp47 binding also does not explain how triple helices in native
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collagen re-nucleate after an interruption and compensate for the loss
in stability and folding rate. Moreover, in addition to eukaryotic col-
lagens, eukaryotes14, prokaryotes15, and viruses16 also encode collagen-
like proteins containing the characteristic Gly-Xaa-Yaa repeats that
form stable and functional triple helices17–19. While human α-chains are
up to 330 triplets long, collagen-like polypeptides in prokaryotes can
reach lengths of up to 2000 triplets and contain a greater number of
interruptions15. How such long polypeptides mitigate local unfolding
during the propagation phase while also compensating for the dis-
rupting effect of interruptions is currently not understood. The
information for the correct folding ofmostproteins is encoded in their
amino acid sequence. Our results here suggest this to be true for col-
lagens as well.

Here we show that human collagens and collagen-like proteins in
archaea, bacteria, and eukarya (excluding human collagen ortholo-
gues), and viruses contain amino acid motifs capable of forming geo-
metrically specific lysine-glutamate and lysine-aspartate salt bridges.
The salt bridges decrease the unfolding rate i.e. increase kinetic sta-
bility ofmodel triple-helical peptides aswell as several native collagens
tested here. We find that the 28 known collagen subtypes contain an
averageof 50salt bridges each. By comparison, only a fewbinding sites
for Hsp47 have formally been identified in human type II and III
collagens20. Importantly, incorrect alignment of the chains in the
respective triple helices dramatically decreases the number of possible
salt bridges in all collagen subtypes. We also find that salt bridges are
distributed throughout the length of the triple-helical domain of
human collagens but their density is especially higher in the vicinity of
non-collagenous interruptions. This combined with their ability to
increase kinetic stability suggests that salt bridges act as local elec-
trostatic clamps that lock the folded regions of the triple helices in
place and allow the remaining regions to propagate. Therefore, our
results provide a general mechanism for how collagen triple helices
avoid local unfolding while precluding unproductive folding inter-
mediates. We also find that mutations that disrupt salt bridges are
associated with severe or lethal diseases, which has important con-
sequences for understandingwhy somemutations in human collagens
cause more severe phenotypes than others.

Results
Triplets that form salt bridges are anomalously frequent in
collagen and collagen-like proteins
Analysis of human fibrillar collagens, representing 9 of the 44 collagen
α-chains, has previously revealed that several Yaa-Gly-Xaa triplets
including KGE and KGD occur in the triple-helical domain with a fre-
quency greater than that expected from a random distribution of
amino acids21. Such an anomalous frequency suggests selection pres-
sure and thus a prominent biological role in folding and/or function.
These triplets possess an ammonium group (on the side chain of
lysines) and a carboxylate group (on the side chains of aspartate or
glutamate) in close proximity, making them likely to participate in
electrostatic salt bridge interactions. We revisited the analysis of KGD
or KGE triplet frequency within all 44 collagen α-chains in humans.
Additionally, we also analyzed the triplet frequency in collagen-like
proteins from archaea, bacteria, eukarya, and viruses to understand
how these compare to the human collagens.

Considering the 20 natural amino acids, there are 400 theoretical
combinations of Xaa and Yaa paired residues in the Yaa-Gly-Xaa tri-
plets. While glycines present in the Xaa and Yaa positions have tradi-
tionally been considered part of the triple-helical domain, we here
consider them as interruptions. The presence of glycines in the Xaa or
Yaa position disrupts the tightly wound helical structure at the site of
interruption. This is evident from the fact that the backbone dihedral
angles of this glycine and residues surrounding it deviate away from
the canonical polyproline type II area of the Ramachandran plot2,22.
This disruption causes a loss of the canonical pattern of hydrogen-

bonds between the chains, which reduces the interchain van derWaals
contact area anddramatically reduces the thermal stability of the triple
helices23. Thus, the Gly-Yaa-Gly-Gly and Gly-Gly-Xaa-Gly motifs,
abbreviate henceforth as GYGG and GGXGG, should more aptly be
considered interruptions instead of a part of the triple-helical domain.

Excluding glycine, there are 361 residue pair combinations pos-
sible in a Yaa-Gly-Xaa triplet. Considering that 6 or more contiguous
repeats of Yaa-Gly-Xaa triplets have previously been defined as a triple-
helical domain24, we identified 468 collagen domains in humans while
archaea, bacteria, eukarya, and viruses accounted for 58002 collagen-
like protein domains (Supplementary Table 1 and Supplementary
Data 1). In order to understand the frequency of triplets in the collagen
and collagen-like domains, the occurrence of each Yaa-Gly-Xaa triplets
was first predicted based on the observed individual frequency of
amino acid residues in the Xaa and Yaa positions within the sequences
of human collagen as reported previously21 (see methods for details).
This prediction was then compared to the observed occurrence of Xaa
and Yaa pair combinations in Yaa-Gly-Xaa triplets.

Triplets with Z-scores greater than 3 or less than −3 (more than
three standard deviations away from the mean of the difference
between observed and predicted values) were considered as anom-
alously frequent. In order to understand if triplets with anomalously
high frequency also have high relative abundance, Z-scores were
plotted against relative abundance, which is defined as the percent
observed instance of a triplet against the total number of triplets in
collagens or collagen-like proteins. As shown in Fig. 1A, KGE and/or
KGD triplets are Z-score outliers and thus anomalously frequent not
only in the α-chains of human collagens but also in collagen-like pro-
teins in archaea, eukarya, bacteria, and viruses. The KGE and KGD
triplets also have high relative abundance ranging between 3 and 6% in
both collagens and collagen-like proteins. In the case of viral collagen-
like proteins, KGD accounts for a stupendous 13% of all observed tri-
plets. In eukaryotes, the PGP triplet, or OGP following the post-
translational modification of proline into 4(R)-hydroxyproline
(notedO), is by far themost abundant. It should benoted that thepost-
translational modification of proline in Yaa position is presumed for
many collagen types rather than experimentally demonstrated. In any
case, a succession of OGP triplets assembles into the most thermally
stable triple helix, with any individual mutation at the Xaa or Yaa
position resulting in destabilization. In particular, in model triple-
helical peptides, a hydroxyproline to lysine mutation decreases the
triple helix thermal stability by 10 °C, and a proline to glutamate or
aspartate mutation destabilizes it by 7 °C or 4 °C respectively25. Yet,
mutating both hydroxyproline and proline to lysine and glutamate
results in amoderate thermal stability decrease of 5–8 °C, suggesting a
compensating stabilization mechanism stemming from salt bridge
formation26.

Threonine-containing triplets TGA and TGP are also found to be
anomalously frequent with high relative abundance in archaea, bac-
teria, and viruses but not inhuman collagenor collagen-like proteins in
eukarya. Bacteria lack the enzyme prolyl hydroxylase required for
post-translational modification of proline to hydroxyproline. The high
abundance of threonine in place of hydroxyproline has been rationa-
lized based on the ability of bacteria to glycosylate threonine27 which
presumably increases triple-helical stability via water-mediated
hydrogen bonds28.

We next analyzed the frequency of Yaa-Gly-Xaa triplets that sur-
round interruptions in human collagens and collagen-like proteins,
following a protocol developed by Bella et al.24. In this nomenclature,
the interruptions are denoted GnG according to sequence length,
where n is the length of the interruption up to 15 amino acids between
two glycines. For example, a deletion of one amino acid from the
triplet repeat sequence is denoted as G1G, and an insertion of one
amino acid is noted as G3G. Importantly, we consider the presence of
glycine in the Xaa or Yaa positions as interruptions. We abbreviate the
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Fig. 1 | Electrostatically charged triplets are anomalously frequent in collagen
andcollagen-like proteins.Frequency ofYaa-Gly-Xaa triplets in the uninterrupted
triple-helical domains (A) and surrounding the interruptions (B) in the 44 known
human collagen α-chains and in the collagen-like proteins from humans, viruses

and the three superkingdoms. In the case of interruptions GnG, where 0 ≥ n ≤ 15,
the triplet frequency was determined in the four triplets (labeled P1-P4) sur-
rounding the interruptions.
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resulting GXGG and GGYG motifs as G2G interruptions. Fibrillar col-
lagens (especially collagen type III) contain many instances of such
interruptions.

IncludingG2G,we identified 393 interruptions inhumancollagens
and 30124 interruptions in collagen-like proteins after removing
duplicates (Supplementary Table 1 and Supplementary Data 2). In
human collagens, one duplicate interruption is found in both type II
and type V collagens, making a total of 394 interruptions. Next, we
determined the frequency of Yaa-Gly-Xaa triplets focusing only on the
sequence surrounding the interruptions. Starting from the N-termini,
the two triplets on either side of the interruptions were labeled P1-P4.
As shown in Fig. 1B, KGE and/or KGD are anomalously frequent in P1-P4
positions surrounding interruptions in not only human collagens but
also collagen-like proteins from bacteria, eukarya, and viruses. Intri-
guingly, we find OGP triplet to be anomalously frequent in the triple-
helical domains in general but it does not appear with anomalous
frequency near the interruptions in humans. Archaeal collagen-like
proteins show anomalous frequency of KGD in only the P4 position.
The relative abundance of the KGE and KGD triplets surrounding
interruptions in collagen-like proteins of bacteria and eukarya ranges
between 2 and 6%. Among all analyzed groups, viruses show the
highest relative abundance of these triplets at 10-12% in all four posi-
tions surrounding the interruptions.

The consistent observation that KGE and KGD triplets are anom-
alously frequent in the triple-helical domains of human collagens and
collagen-like proteins in the four groups and that they are also enri-
ched in the triplets surrounding interruption sites (in P1 to P4 for
bacteria, eukarya and virus, and in P4 for archaea) suggests a promi-
nent and likely common role in stability, folding and/or function.

KGE and KGD triplet-mediated salt bridges are widely dis-
tributed in all human collagens
We established the anomalously high frequency of KGE and KGD tri-
plets in human collagens via analysis of single collagen α-chains.
However, which of these triplets are capable of forming salt bridges
upon trimerization, howmany such salt bridges are feasible in a given
collagen subtype, what is their distribution within the triple-helical
domain and how they are located vis-à-vis interruption is currently not
known. To this end, we aligned the 44 collagen α-chains into the triple-
helical stoichiometries observed in humans1 and determined the
number and location of salt bridges in the triple-helical domains and
also surrounding the interruptions (Supplementary Fig. 1). It should be
noted that we aligned human collagens using a consideration of pre-
viously published sequence-based information and experimental
analysis of the binding of collagen to other proteins (see methods and
Supplementary Table 2). In cases where such considerations were not
available, we aligned sequences by optimizing the length of the triple-
helical domain. Given that direct experimental verification of such
alignments is currently not available, we refer to ours as proposed
alignments.

The lysine and aspartate/glutamate residues capable of forming a
salt bridge in a triple helix are constrained by sequence. In order to
understand these constraints, we refer to the three staggered chains of
the triple-helix as leading (staggered towards the N-terminal end),
middle, or trailing (staggered towards the C-terminal end). In this
scheme, the ith lysineof the leading andmiddle chains formsalt bridges
with i + 2 aspartate or glutamate of the middle and trailing chain,
respectively (Fig. 2A). The remaining lysine on the trailing chain can
also form a salt bridge with the aspartate or glutamate occupying the
i + 5 positions in the leading chain. Salt bridges that conform to the
three sequence constraints are identical with respect to the spatial
condition for interaction. However, the i→ i + 5 salt bridge is formed by
residues thatmay ormay not be present within a KGE or KGD triplet. A
search of the aligned triple-helical domains of human collagens shown
in Supplementary Fig. 1 for pairs of lysine and aspartate/glutamate

residues that satisfy any of the three sequence constraints revealed
1553 salt bridges (Fig. 2B and Supplementary Table 3). Of these, 21% are
i→ i + 5 salt bridges that do not originate from the KGE or KGD triplets.
This emphasizes the need to search aligned triple-helical sequences
rather than relying solely on instances of KGE and KGD triplets to
identify potential salt bridge interactions.

The observed 1553 salt bridges are distributed across the 28
human collagens with an average of ~50 in each subtype. A visual
inspection of their distribution shown in Fig. 2C suggests that they are
present throughout the length of the triple-helical domain. In order to
further understand this distribution, we divided the triple-helical
domains of aligned collagen sequences into four equal parts and
counted the number of salt bridges in each quarter. As shown in
Supplementary Fig. 2, the C-terminal quarter accounts for ~50% (757
out of 1553) of all salt bridges. This highly skewed distribution of salt
bridges assumes significance in view of the C-terminal nucleation-
propagation model currently accepted for the folding of collagen tri-
ple helices.

Misalignment of α-chains reduces the number of possible salt
bridges
Polypeptides within a triple helix are staggered by one amino acidwith
respect to each other. This canonical alignment maximizes interchain
hydrogen bonds and allows glycine residues to sequester into the core
of the triple helix2. In theory, the polypeptides can be staggered by an
arithmetic series of 1, 4, 7, 10,… amino acids while retaining the tightly-
packed triple-helical structure. However, non-canonical alignments of
more than 1 amino acid would result in loss of hydrogen bonds at the
termini. Thus, triple helices containing non-canonically aligned poly-
peptides have not been experimentally observed in short collagen
peptides. However, given that the triple-helical domains of human
collagens contain up to 1000 amino acids and >900 hydrogen bonds,
the free energy difference between the canonical and non-canonically
aligned triple helices is expected to be small. Thus, if only hydrogen
bond and Van der Waals packing are considered, the canonical and
non-canonical staggers of collagens would be separated by low energy
barriers, resulting in frequentmisfolding viamisalignment of chains. It
remains to be understood how collagens avoid such local folding traps
and find the global minimum.

As noted in the previous section, all human collagens contain an
average of 50 salt bridges in each collagen subtype. We find that the
number of possible salt bridges decreases dramatically upon inten-
tionally misaligning either the middle or the trailing chain by just 4
residues (Fig. 3 and Supplementary Table 3). The average loss of salt
bridges upon misaligning the middle and trailing chain is 40 and 30%,
respectively. As a representative example, the α3α4α5 heterotrimer of
collagen type IV loses 8% of salt bridges, while homotrimeric collagen
typeX loses 94%of salt bridges uponmisalignment of themiddle chain
by 4 residues. The loss in salt bridges is expected to increase the free
energy gap between the native and the competing misfolded states,
thus ensuring that only the state with the canonical alignment is
populated. Importantly, given that 50% of all salt bridges are con-
centrated in the C-terminal quarter of the triple-helical domains, the
decision for correct alignment of the polypeptides is likely made early
during the propagation phase.

Collagen subtypes with more interruptions also contain more
salt bridges
We find that the number of salt bridges in each collagen subtype is
positively correlated to both the number of interruptions and the
length of the triple helical domain (Supplementary Fig. 3a–c). In phy-
sical terms, collagens with more interruptions or longer triple helical
domains also contain a greater number of salt bridges. As a repre-
sentative example, the (α1)2α2 heterotrimer of collagen type I with 4
interruptions contains 35 salt bridges but that of collagen type IV with
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23 interruptions contains 129 salt bridges. Similarly, collagen type
XX with the shortest triple helical domain (141 residues) among all
collagens contains only 10 salt bridges while collagen type VII with
the longest triple-helical domain (1380 residues) contains a
staggering 141 salt bridges.While the number of salt bridges is strongly
correlated to both the number of interruptions (Pearson correlation =
0.69, Ptwo-tailed <0.0001, α =0.05) and triplets (Pearson correlation =
0.68, Ptwo-tailed < 0.0001, α =0.05), a weaker correlation is observed
between the number of triplets and interruptions (Pearson correlation
= 0.53, Ptwo-tailed = 0.0014, α = 0.05). Thus, longer triple helices do not
necessarily contain more interruptions.

By comparison, as shown in Supplementary Fig. 3D, E, the number
ofOGP triplets is strongly correlated to the lengthof the collagen triple
helix (Pearson correlation =0.78, Ptwo-tailed < 0.0001,α =0.05), but only
weakly correlated to the number of interruption (Pearson correlation=
0.44, Ptwo-tailed <0.0001, α =0.05). Interruptions disrupt the triple-
helical structure29 causing delayed folding and decreased overall
stability30. Similarly, collagens with longer triple helical domains are

expected to experience greater entropic disruption of folding during
the propagation phase. We hypothesize that the increased abundance
of salt bridges, but not OGP triplets, likely compensates for the dis-
ruptive effects of interruptionswhileboth salt bridges andOGP triplets
stabilize longer triple-helical domains.

Human collagen interruptions areflankedby salt-bridge “knots”
Of the 394 interruptions identified in the aligned triple-helical domains
of human collagens, 58% contain salt bridges on the N- or C-termini or
both (Supplementary Table 3). Close inspection suggests that the salt
bridges seldom appear alone. We find that analogous to the cysteine
knots in collagens31, where two ormore pairs of cysteine residues form
disulfide bridges covalently linking all three chains, two or more pairs
of interacting lysine and aspartate/glutamate residues also link all
three chains.We call these salt bridge knots (SupplementaryFig. 4).We
distinguish salt bridge knots from complex salt bridges observed in
many globular proteins. As originally defined by Musafia et al.32, in a
complex salt bridge, a cationic or anionic residue simultaneously

Fig. 2 | Salt bridges are abundant across all 28 human collagens. A Schematic
depiction of the sequence constraint for salt bridge formation between the leading
(orange), middle (green) and trailing (blue) chains of a triple helix [pdb: 6q3p45].
BThe total number of salt bridges (blue) and interruptions (yellow) observed in the

triple-helical domain of each collagen subtype. C A visual representation of the
distribution of salt bridges (blue), KGE or KGD triplets (light blue), and interrup-
tions (yellow) in the triple-helical domains of human collagens.
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interacts with twoormore charged residues. In contrast, we define salt
bridge knots as pairs of interacting cationic and anionic residues. As
shown in Fig. 4, we identify knots containing up to eight salt bridges
within the sequence space of four triplets.

A quantitative assessment shows that salt bridge knots are pre-
dominantly located close to interruptions. As noted in Supplementary
Table 3, the proposed alignments of human collagens in this work
reveals a total of 394 interruptions sites. The flanking P1-P4 regions of
these interruptions account for 21% (394 * 4 triplets * 3 chains = 4728
triplets) of the 22811 triplets in the aligned collagen sequences but they
contain 48% (228 out of 474) of all salt bridge knots. This suggests that
more salt bridge knots are located close to interruptions than elsewhere
in the triple helix. In addition, within the P1-P4 region, 19% of triplets are
involved in salt bridge knots. This is significantly more than the per-
centage of triplets involved in salt bridge knots outside of the P1-P4
region (6%) and in all of the triple helical domains of human collagens
(9%, one-way ANOVA, Tukey’s post-test, Supplementary Fig. 5).

The general abundance of salt bridge knots in human collagens
and in particular their preferential enrichment close to the interrup-
tions is intriguing and suggests a prominent functional role. While we
currently do not understand what this function might be, a survey of
salt bridge abundance and stability in thermophilic, hyperthermo-
philic and halophilic organisms offers a clue. Proteins from these
organisms frequently contain complex salt bridges, which coopera-
tively stabilize proteins i.e. the total increase in stability is more than
that obtained from a simple sum of individual salt bridges33,34. Due to
the extended rod-like topology and the sequence constraint for
interaction, complex salt bridges are geometrically not feasible in
triple-helices. It is plausible that salt bridge knots in collagens have
evolved as an alternative with a role energetically similar to complex
salt bridges in globular proteins.

KGE and KGD triplets form geometrically specific salt bridges
Salt bridges can be stabilizing or destabilizing35,36, depending on the
protein context. In a remarkable work, Kumar et al. have shown that
the relative geometry of interacting cationic (ammonium or guanidi-
nium) and anionic (carboxylate) head group determines whether or
not a salt bridge is stabilizing37. This suggests that the stability con-
ferred by a salt bridge is intimately linked to its geometry. Thus, we

analyzed the geometry of salt bridges in the published crystal and
solution structures of collagen triple helices using a parameterization
previously developed for those in globular protein38. In this para-
meterization, the geometry of lysine-aspartate/glutamate salt bridges
is defined by the angle between carboxylate oxygen and the Cε-Nζ
atomsof lysine and thedihedral angle between the carboxylate oxygen
and Cδ-Cε-Nζ atoms of lysine. The carboxylate group can adopt one of
the three staggered configurations with respect to the tetrahedral
ammonium group; gauche plus (g+), trans (t) and gauche minus (g−).
Salt bridges in globular proteins are found to favor g+ or g- config-
urations. Additionally, the carboxylates of glutamate or aspartate can
accept hydrogen bonds via either of the two nonbonded lone pairs of
electrons called the syn and anti. Syn carboxylic acid is a weaker acid
than anti and thus its conjugate base is more basic39. Despite the
increased basicity, lysine-aspartate/glutamate salt bridges in globular
proteins predominantly form hydrogen bonds via the anti-lone pair.

The stabilizing effect of both KGE/KGD salt bridges in a triple helix
is well documented in the literature21,40–43 and theirmolecular structure
affirming the direct interaction between the lysine and aspartate/glu-
tamate inmodel triple helical peptides has also been demonstrated by
several independent research labs using crystallography44,45 as well as
NMR46. To the best of our knowledge, there is only one published
molecular structure containing two lysine-glutamate salt bridges in
collagen triple helices (pdb: 3t4f)26. Due to a lack of sufficient data
points for lysine – glutamate salt bridges, we attempted to understand
the geometric preference of salt bridges in collagens using published
structures of triple-helical peptides containing lysine-aspartate salt
bridges.

As shown in Supplementary Fig. 6 and Supplementary Data 3, the
dihedral angle Cδ-Cε-Nζ---Ocarboxylate and angle Cε-Nζ---Ocarboxylate of
salt bridges cluster around 180° and 90°, respectively. This suggests an
overwhelming preference for the trans configuration, in contrast to
the g + /g- preference in globular proteins. The geometric specificity
also manifests in whether the syn or anti-lone pair interacts with the
ammoniummoiety. We parameterized this using the angle Oδ2-Oδ2---
Nζlysine. Angles between 0 and 120° were classified as syn and those
above 120° as anti. As shown in Supplementary Data 3, the majority of
the interactions between the carboxylate and the ammonium group
are via the more basic syn lone pair, again in contrast to globular

Fig. 3 |Misalignment ofα chains reduces the number of salt bridges.Number of
salt bridges observed in the proposed alignment shown in Supplementary Fig. 1
(red) and when the middle chain (purple) or trailing chain (cyan) are misaligned
with a four-residue offsetA. The box andwhiskers plot inB show the aggregate loss

in the number of salt bridges upon misalignment. The end limits of the error bars
show the minimum and maximum number of salt-bridges, the box represents the
lower and upper quartile of the total number of salt bridges and the horizontal line
in the box denotes the median value.
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proteins. Thus, our analysis suggests that KGD and KGE triplets also
foster geometrically specific salt bridges but, in contrast to globular
proteins, these salt bridges strongly favor trans configuration and
nearly always interact via the more basic syn lone pair.

It shouldbenoted that thedirect experimental characterizationof
salt bridge geometry within native collagen molecules has been hin-
dered due to the technical limitation of obtainingmolecular structures
of such complex, aggregation-prone and conformationally flexible
proteins. We are aware of at least one instance where the molecular
structure of collagen type I has been obtained via molecular dynamic
simulations constrained with experimentally determined fiber dif-
fraction parameters47. While its inspection suggests presence of sev-
eral lysine-aspartate as well as lysine-glutamate salt bridges, we
decided to exclude this structure from our analysis. This is primarily
because the alignment of the α1 and α2 chains in the heterotrimer
structure does notmatch that experimentally determinedpreviously45.

Salt bridges increase kinetic stability of collagens
The anomalously high frequency of KGE and KGD triplets has pre-
viously been rationalized based on their ability to foster salt bridges,
which presumably increases the thermodynamic stability of
collagens21. However, it is well-established that triple-helical peptides
containing an OGP triplet unfold at a temperature similar to or mar-
ginally higher than that containing either KGE or KGD26. We also
observed this with triple-helical peptides composed of the GPKGDO,
GPKGEO or GPOGPOmotifs flanked by three GPO triplets (Table 1). In
view of this, the KGE or KGD triplets do not offer any thermal stability
advantage compared to an OGP triplet. Thus, the evolutionary impli-
cations of retaining KGE/KGD triplets at a frequency comparable to
OGP is not explained thermodynamically.

Generally, salt bridges increase the thermodynamic stability of
proteins37,48,49. However, those with limited50,51 or even destabilizing
effects35,52 on stability also abound. The destabilization arises due to
unfavorable desolvationenergy of the interacting electrostatic charges
competing against favorable Coulombic attraction. Given the evolu-
tionary pressure to retain even destabilizing salt bridges, it has been
postulated that they modulate folding kinetics rather than influence
thermodynamic stability48,53. This has led to a general appreciation of
the role of salt bridges in kinetics irrespective of the thermodynamic

component. For example, a surface arginine-glutamate salt bridge in
staphylococcal nuclease hinders denaturation by raising the kinetic
barrier to unfolding by ~7 kcal/mol54. Importantly, a geometrically
optimized surface salt bridge slows the unfolding rate of α-helical
peptideswhile unfavorable geometry has the opposite effect55,56. Given
that KGE and KGD form geometrically specific salt bridges but do not
offer any thermodynamic advantage compared to the OGP triplet, we
also suspected a kinetic role.

Due to their trimeric nature, the rate of collagen nucleation is
concentration dependent while also limited by the slow rate of proline
cis-trans isomerization (kcis→trans ~ 0.1 s−1)57. Consequently, deconvo-
luting the effect of salt bridges on refolding rate from the rate-limiting
proline isomerization is challenging. Thus, we investigated the
unfolding kinetics of collagen peptides containing KGE or KGD triplets
via circular dichroism (CD), differential scanning calorimetry (DSC)
and molecular dynamic (MD) simulations.

Salt bridge interactions include electrostatic and hydrogen-
bonding components. At pH lower than the pKa of glutamate and
aspartate sidechains, the carboxylates are protonated abrogating the
electrostatic component. Thus, we monitored the isothermal unfold-
ing of KGE, KGD and OGP peptides at acidic and neutral pH to
understand how salt bridges contribute to kinetics (see methods). At
pH 2.5, the KGE and KGD peptides unfold to ~80% of the initial value
after incubation at 37 °C for 8 h, but no significant change in signal is
observed at neutral pH (Fig. 5A). Importantly, the signal for the OGP
peptide is largely independent of pH. Unfolding of both peptides at
neutral pH is slow with less than 10% loss in signal over 8 h (Fig. 5B).
However, at pH 2.5, both peptides unfold quickly with a half-life of 1.6
and 3.5 h (Table 1). This pH dependence of unfolding half-life suggests
that the increased kinetic stability of KGE and KGD triple helices at
neutral pH is primarily due to salt bridge interactions.

We further investigated the unfolding kinetics of native fibrillar
collagens type II and V and network-forming collagen type IV. As
shown in Fig. 5C, all three collagen types show pH-dependent
unfolding kinetics. The unfolding traces could be fit to a biexponen-
tial kinetics with a faster and slower decay phase. The half-life of the
faster unfolding phase is largely independent of pH as well as the type
of collagen except type V where a two-fold difference is observed. In
contrast, the half-life of the slower unfolding phase is pH-dependent

Fig. 4 | Salt bridge knots flank the interruptions sites in human collagens.
Representative examples of salt bridge knots observed in human collagens con-
taining two to six (A–E) and eight (F) salt bridges. Interacting pairs of lysine and
aspartate/glutamate residues are shown in dark blue, the KGE and KGD triplets are
shown in light purple and interruptions are shown in yellow. The interchain i → i + 2

salt bridges are shownwith black linewhile the i→ i + 5 salt bridges are shown in red.
Although the representative examples shown in this figure contain interruptions
only towards the C-termini, examples of salt bridge knots on the N-termini also
abound (Supplementary Fig. 4).
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for all collagen subtypes. Collagen type IV and V unfold ~4-fold slower
at pH 7.4 than at pH 2.5 while collagen type II unfolds two-fold slower,
as judged from their half-lives.

We also investigated the unfolding of peptides KGD and KGE via
DSC to determine the activation energy, which is the energy required
to overcome the barrier separating the native and the unfolded states.
We extracted the activation energy from a kinetic analysis of peptide
unfolding endotherms obtained at different scan rates. The thermal-
unfolding endotherms show a temperature shift of melting transition
upon varying the scan rate (Supplementary Fig. 8). This suggests that a
kinetic process controls unfolding. Kinetic control of collagen
unfolding has also been observed by others58. In our case, fitting of the
endotherms to a kinetic model provides an estimate of the unfolding
activation energy (methods). This parameter has been previously
correlated with the magnitude of the protein kinetic stability59,60. In
comparison to the OGP peptide, the KGD and KGE peptides have a
lower thermal stability but considerably higher activation energy
(Table 1), both in the Arrhenius plot (Fig. 5D) and the endothermfitting
(Supplementary Fig. 8). These results indicate a clear difference in
kinetic stability as inferred by the one order of magnitude change in
the kinetic constant (k) and consequently the unfolding half-time of
the peptides (Table 1).

In order to further confirm that the observed differences are
indeed due to salt bridge interactions, we performed DSC measure-
ments in the presence of physiological concentrations of NaCl (Sup-
plementary Fig. 9). While themelting temperature (Tm) and activation
energy are essentially unchanged for OGP in the presence of salt, a
destabilizing effect is observed for both KGE andKGD (Supplementary
Table 4). Based on these results, it would seem that the destabilization
in the presence of salt would render the salt bridges ineffective as a
folding code.However, this is not straightforward. These results, which
are based on small triple-helical peptides containing just 2 salt bridges,
cannot simply be extrapolated to natural collagens containing an
average of 50 salt bridges due to several reasons discussed below.

While it is generally believed that high ionic strength screens
electrostatic charges and should, theoretically, decrease protein sta-
bility, this is not always observed. The effect of ionic strength on
protein stability and kinetics is strongly context-dependent. For
example, the thermodynamic stability of small archaeal modifier pro-
tein 1 (SAMP1) from halophilic organism Haloferax volcanii increases
with increase in ionic strength. Increased ionic strength also decreases
theunfolding rate i.e. increases the kinetic stability of SAMP161. Thus, in
this case, high ionic strength appears to increase both thermodynamic
and kinetic stability. In another report, while comparing the effect of
salt on a cold-shock protein from mesophilic, thermophilic, and
hyperthermophilic organisms, Dominy et al. found that themesophilic
protein is stabilized but those from a thermophilic and hyperther-
mophilic organism are destabilized in the presence of salt62. These
examples underscore how physiological salt concentrations can have
widely different, and sometimes opposing, effects depending on the
context in which protein functions.

As noted previously, salt bridges in natural collagens pre-
dominantly occur in dense clusters we call salt bridge knots and many
collagens contain several of theseknots preferentially enriched around
interruptions (Supplementary Table 3). While we currently do not
understand the function of such highly localized clusters of salt
bridges in collagens, a brief survey of salt bridge abundance and sta-
bility in thermophilic, hyperthermophilic and halophilic organisms
offers a clue. Proteins from these organisms frequently contain com-
plex salt bridges where one acidic or basic residue interacts with
multiple oppositely charged partners. This cooperatively stabilizes
proteins i.e. the total increase in stability is more than that obtained
from a simple sum of individual salt bridges32,33. For example, the
enzyme glutamate dehydrogenase from the hyperthermostable
archaea Pyrococcus furiosus contains a network of complex saltTa
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Fig. 5 | Salt bridges decrease the unfolding rate of collagens. A Decrease in the
characteristic polyproline type II ellipticity signal of OGP, KGE, and KGD peptides
after isothermal incubation at 37 °C. The initial CD spectra and after 8 h are shown
in blue and yellow respectively. (B-C) Kinetics of unfolding of KGE and KGD pep-
tides (B) and collagens type II, IV, and V at pH 2.5 (blue) and 7.0 (orange) (C).
Residuals of themono-exponential fit of collagen peptides and bi-exponential fit of

native collagens are shown in Supplementary Fig. 7.D Kinetic stability comparison
ofOGP (gray), KGE (blue), andKGD (yellow) peptides analyzed by anArrhenius plot
derived from differential scanning calorimetry experiments performed at different
scan rates. The line represents the best fit to the Arrhenius equation. Kinetic
parameters are shown in Table 1. DSC endotherms and fitting to a two-state kinetic
model are shown in Supplementary Fig. 8.
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bridges, which is absent in the mesophilic homolog Clostridium
symbiosum63,64. Similarly, halophilic proteins remain folded in intra-
cellular and extracellular salt concentrations that approach 5 moles
per liter. Bioinformatic analysis of halophilic proteins suggests an
abundance of electrostatically charged amino acids capable of forming
salt bridge networks65,66. It has also been argued that the increased
abundance of salt bridges, especially on the solvent-exposed protein
surface, contributes to their remarkable thermostability under
extreme salt conditions67,68. We suspect that the high density of salt
bridges in the surface-exposed salt bridge knots in collagens performs
a function not very different from complex and networked salt bridges
in extremophilic organisms. They likely compensate for the loss in
stability due to the presence of physiological salt concentration.

It should also be noted that the effect of salt on native collagen
stability and kinetics cannot be directly assessed due to their tendency
to form large aggregates and ultimately hydrogels in presence of
physiological salt concentrations. As aworkaround, we are currently in
the process of investigating this aspect using model triple-helical
peptides containing salt bridge knots. We will report the outcome in
due course. Nonetheless, we suspect that triple helices stabilized by
such knots would be far less sensitive to ionic strength than the KGE
and KGD peptides employed here.

The trend in kinetic stability of peptides as observed by CD and
DSC experiments is further confirmed by molecular dynamics (MD)
simulations. Starting from the previously published crystal structures
of collagen peptides containing the KGD and KGE26 or OGP69 triplets,
we conductedmultiple all-atomsimulations in parallel, each capableof
sampling various conformational landscapes. Specifically, simulations
were conducted for systems containing the triplets KGE, KGD, and
OGP, alongside a simulation with the KGE triplet at a NaCl concentra-
tion of 150mM (methods). In total, we accumulated over 750 μs of
aggregated simulated time (Table 1). To facilitate unfolding processes
within a reasonable timescale, all systems were maintained at 400K.
Each individual simulation ran for 100 ns, which prevented the
observation of complete unfolding events but allowed us to sample
partial fragments of the process. We therefore employedMarkov state
models (MSMs) to combine the information from the entire ensembles
and analyze their collective behavior.MSMshave proven invaluable for
characterizing kinetics, thermodynamics, and trajectories of processes
like ligand-binding70, folding71, and protein-protein interactions72 with
atomic precision. We computed MSMs for all our systems, which
allowed us to obtain approximate transition rates between the folded
and unfolded states (methods and Supplementary Fig. 10). More spe-
cifically, in the context ofMSMs, we define themean first passage time
(MFPT) as the average time required to transition from one state to
another. We computed MFPTs for our simulations, thereby char-
acterizing the average times required for thedifferent systems to reach
theunfolded state. The implied timescales for theOGP,KGEandKGE in
presence of physiological salt concentrations converged but not KGD.
Thus, KGDwas excluded from further analysis. As indicated in Table 1,
KGE triple-helical peptide unfolds approximately two orders of mag-
nitude slower than those containing hydroxyproline or high salt con-
centration. To summarize, both theoretical and experimental
investigations suggest that salt bridge interactions increase the kinetic
stability of collagen triple-helical peptides more than those containing
only proline and hydroxyproline. This provides a rationale for why
Nature has retained the salt bridge forming triplets at anomalously
high frequency in human collagens.

Mutations that disrupt salt bridges are associated with disease
Mutation of amino acids critical for protein folding and function cau-
ses disease. We investigated if mutations within or in the periphery of
salt bridges in collagen are also associated with disease. It has pre-
viously been shown that a Gly → Ala mutation completely unfolds a
region located 9 residues upstream towards the N-termini73. In a

separate study, Gly → Ser mutation also induces unfolded monomer-
like dynamics in theN-terminal residues74.Mutations alsodisrupt triple
helical structure in theC-termini but to amore restricted extent than in
the N-termini. For example, Gly → Ser mutation disrupts a salt bridge
located two triplets towards the C-termini75 but that located five tri-
plets away shows a canonical triple helical conformation74. Thus, in
effect, mutation of a glycine would minimally disrupt a salt bridge
located three triplets towards the N-termini or two triplets in the
opposite direction. We refer to this region over which a mutation can
disrupt salt bridges and can potentially influence folding and stability
as the salt bridge footprint (see methods). A salt bridge footprint is
schematically shown in Supplementary Fig. 11A.

In order to understand if mutations within the salt bridge foot-
print are associated with disease, we searched the Clinvar76, Leiden
OpenVariationDatabase (LOVD)77 andAlport SyndromeDatabase78 for
pathogenic missense mutations due to single nucleotide change. We
identified a total of 2294 mutations, of which 565 (~25%) occur within
the salt bridge footprints (Supplementary Table 5). The salt bridge
footprints in aligned sequences and the identified pathogenic mis-
sense mutations are shown in Supplementary Fig. 11B.

The most dramatic localization of mutations in the salt bridge
footprint is observed in the α5 (38%) and α6 (52%) chains of collagen
type IV and the α1 (45%) chain of collagen type VII. The association of
salt bridge disruption to disease-causing mutations testifies to their
biological function. It is anticipated that mutations would lower the
kinetic stability of triple helices causing downstream effects such as
change in fibrillogenesis, collagen turnover and transport and secre-
tion to the extracellularmatrix but the exactmechanism remains to be
investigated.

Glycine mutations in the salt bridge footprint of collagen type I
are associated with lethal phenotypes
Mutations in the triple-helical region of collagen type I cause osteo-
genesis imperfecta (OI), also known as brittle bone disease. Based on
themode of inheritance and clinical symptoms, Sillence et al. classified
OI into four broadcategories;OI1 presentsmoderate phenotype,OI2 is
lethal causing stillbirth or perinatal death, OI3 causes most-severe but
non-lethal phenotype while OI4 phenotype varies between 1 and 379. A
survey of the LOVD database suggests that 192 missense mutations
present in the triple-helical domain of col1α1 and 164 in col1α2 cause
lethal (OI2) or severe (OI3) phenotype (Supplementary Data 4). Of
these, 54mutations in the α1 chain (28%) and 40mutations in α2 chain
(24%) are present within the salt bridge footprint. Importantly, 55% (52
of 94)mutations in the salt bridge footprint of the α1 and α2 chains are
lethal.

Previously,mutational hotspots in collagen type I that cause lethal
OI have been mapped to two sequence stretches in the α1 chain
(residue 869-1001 and 1088-1142) and 8 in α2 chain (residues 409-454,
541-592, 637-670, 712-727, 784-796, 847-901, 949-997 and 1027-
1084)80,81. These lethal regions are schematically shown in Supple-
mentary Fig. 12. It has previously been postulated that lethal regions in
the collagen sequence correlate with the major ligand-binding regions
of the triple-helical domain82. Presumably, mutations disrupt the
interaction of collagen fibrils to other proteins, resulting in pathology.
However, only 8 of the 54 lethal mutations in the α1 chain within the
salt bridge footprint co-localize with the known lethal region. Our
results suggest that in addition to protein-protein interactions, the
molecular effects of mutations that potentially disrupt salt bridges
could also be consequential in determining the severity of phenotype.

It should be noted that the mutations are not statistically more
likely to appear in the footprint than elsewhere in the triple helices of
native collagens. As shown in Supplementary Table 5, the salt bridge
footprints account for ~43% of all triplets we analyzed. Yet, they con-
tain only 33% of all pathogenic mutations. However, we would like to
qualify this conclusion with a major caveat. A precondition for such a
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statistical analysis is that the pathogenic or benign nature of missense
mutation at every sequence position in all native collagens is known a
priori. This is far from accomplished. We know the location of salt
bridges and the footprint with precision but we don’t know all muta-
tions both within and outside the footprint that might contribute to
disease. The current database of mutations is incomplete and patho-
genic mutations at new residue positions are added as and when they
are discovered based on clinical symptoms. Thus, we have only part of
the information. For example, only one pathogenicmissensemutation
is known for collagen types XIII and XV, both of which are outside the
footprint. In contrast, 1 and 3 mutations are known in collagens type
XXIV and XXV, respectively, all of which are within the salt bridge
footprint. Furthermore, there are 42 pathogenic mutations identified
in the α1 chain of collagen type XI but it is an ABC heterotrimer com-
posed of an α1, α2 and a3, which we cannot unambiguously align the
chain. Thus, which proportion of the 42 mutations are within or out-
side the footprint is not clear to us. These numbers will change as and
when more mutations are identified and so will the statistical analysis.
Thus, in our view, the interpretation of the outcome of the statistical
analyses at this stage is largely meaningless.

Despite the lack of statistical significance, the hypothesis that the
disruption of the salt bridge and the resulting decrease in kinetic sta-
bility could explain the location-dependent phenotypic severity of
natural collagens is intriguing. Remaining folded long enough is a
precondition for the function of nearly all proteins. Thus, mutations
that are detrimental to kinetic stability are likely to cause pathology. In
our case, mutations that cause a loss in kinetic stability would induce
local unfolding of the triple helix. While seemingly a minor event, this
microunfolding is likely to cause a catastrophic cascade. It can render
the triple helix more susceptible to cleavage by collagenases. It can
also cause over-modification of the proline and lysine residues by
prolyl hydroxylase and lysyl oxidase, respectively, considerably chan-
ging stability and downstream hierarchical organization into fibers,
networks, or microfibrils as well altered recognition of other proteins.
In light of this, we hypothesize that the phenotypic severity of a
mutation could be determined by how strongly it alters the kinetic
stability of the collagen triple helix. We are currently investigating this
hypothesis using a combination of model collagen peptides and
recombinantly expressed mutant collagen proteins.

Discussion
Collagen is an enigmatic protein from a folding perspective. Unlike
globular and other coiled-coil proteins, the triple helix lacks a hydro-
phobic core and is primarily stabilized by interchain hydrogen bonds
formed by the repetitive glycines. Amino acids in the Xaa and Yaa
positions determine various aspects of folding and stability. Collagen
α-chains are generally translated with a globular C-terminal pro-
domain83 that self-trimerizes and directs assembly of the correct triple-
helical stoichiometry while also facilitating rate-limiting nucleation.
Importantly, the pro-domains are cleaved before the nascently folded
triple helices undergo further self-assembly into fibers, networks, and
filaments. In a remarkablework, Leikina et al. have shown that collagen
type I unfolds at body temperature84. The implication is that the nas-
cent triple helices have unfavorable free energy and would start
unfolding as soon as the pro-domains are cleaved. In order to explain
how Nature circumvents this folding problem, it has been proposed
that the ER-resident chaperone Hsp47 binds unique sites in triple
helices. This interaction is believed to minimize local unfolding, which
could be a precursor to global unfolding, and also offset the entropic
cost for the stepwise propagation of a ~1000 amino acid long
polypeptide85,86. However, this folding paradigm does not reconcile
with the experimental observation that exogenously added Hsp47
does not significantly influenceeither the stability or the folding rate of
collagen type I in vitro87. Several other biochemical observations are
also not fully consistent with theHsp47-chaperoned folding paradigm.

First, Hsp47 binding sites are predominantly located towards the
N-terminal half of collagens type I, II, and III12,20,88. Given the C- to
N-terminal propagation, the implication is that Hsp47 binds these
collagens after half the triple-helix has already folded. Second, Hsp47
does not recognize collagens type XI, XIV, XXII, or does so only
weakly12. This is also corroborated by our analysis of the distribution of
potential Hsp47 recognition sites across the 28 human collagens
(Supplementary Fig. 13A–C). We find that collagens type VIII, XIII, XIV,
XV, XVIII, XIX, XXI, and XXV contain less than 3 Hsp47 binding sites
even when low affinity sites are considered. Third, Hsp47 chaperoned
folding runs counter to the general experimental observation that
native collagens spontaneously refold in vitro in its absence. Fourth,
the role of Hsp47 during late stages of collagen folding such as pre-
venting premature lateral aggregation of folded triple-helices89,90,
transporting pro-domain cleaved triple-helices to the ER-Golgi
boundary91,92 and then sorting into large pro-collagen cargos93 for
timely secretion into the extracellular matrix is well-established. The
experimental observations that Hsp47 ablation does not influence the
secretion of collagen type VI microfibrils but only its lateral assembly
supports this argument12.We alsofind thatfibrillar collagens,which are
composed of laterally assembled triple helices, contain the highest
abundance of Hsp47 binding sites (Supplementary Fig. 13D). Finally,
collagen-like protein domains of considerable length, and interrup-
tions are also found in archaea, bacteria, eukarya (excluding human
collagen orthologues) and viruses. To the best of our knowledge, there
is currently no evidence for the presence of Hsp47-like proteins in
organisms from these groups. Thus, how collagens and collagen-like
proteins in these groups fold and then remain folded is an open
question.

Salt bridges help globular proteins avoid unproductive folding
pathways by stabilizing productive folding intermediates94,95. Here, we
propose that the salt bridges also stabilize the propagating triple helix,
in effect a folding intermediate, until it has reached a sufficient length
to counter entropic disruption of further folding. This folding para-
digm is a direct consequence of the geometric specificity of salt
bridges and their ability to decrease the unfolding rate of triple helices.
We find that the 28 human collagens contain 1553 lysine–aspartate/
glutamate salt bridges with an average of 50 in each collagen subtype.
We also find that the interaction between lysine and aspartate/gluta-
mate residues is geometrically specific and that they increase the
kinetic stability of model triple-helical peptides as well as native col-
lagens. Of the 1553 salt bridges, 50% are localized in the C-terminal
quarter of the triple-helical domains. This highly skewed concentration
in the C-terminal quarter along with their ability to increase kinetic
stability suggests that salt bridges act as electrostatic clamps to pre-
vent local unfolding and, in the process, allow triple helices to reach a
critical length from which the rest of the propagation can occur. Our
observation that collagens with longer triple-helical domains or a
greater number of structurally and energetically disruptive non-
collagenous interruptions also have more salt bridges further corro-
borates this hypothesis. Additionally, the observation that interrup-
tions are predominantly flanked by multiple closely spaced salt
bridges, which we call salt bridge knots, adds further weight to it.

CD and DSC experiments suggest that the increased kinetic sta-
bility is a result of a raised kinetic barrier to unfolding. Importantly, this
kinetic barrier is lower for the triple helices containing only proline and
hydroxyproline than those containing salt bridges.Thesefindings shed
light on the counterintuitive observation that type I collagen is ther-
modynamically unstable, despite the abundance of OGP triplets. By
raising the kinetic barrier, salt bridges delay collagen unfolding,
allowing sufficient time for hierarchical self-organization into higher-
order structures to occur. This organization can contribute to a
packing force that would further prevent unfolding. This provides a
rationale for why KGE and KGD triplets are anomalously frequent
despite a thermal stability contribution comparable to OGP.
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We also considered if the lysine-containing triplets could be
anomalously frequent for reasons other than folding. Individual
charged residues are pivotal to the assembly of collagen molecules
into fibrils as well as recognition of other proteins. For example, oxi-
dation of lysine to hydroxylysine is needed for inter-triple-helical
cross-linking of fibers96. Although collagen sequences are very rich in
lysines, only a small fraction of these are part of the KGE and KGD
triplet. For instance, the α1 chain of type I collagen contains 37 lysines,
of which only 7 are part of a KGE or KGD triplet. The remaining 24 are
available for crosslinking of collagen fibrils. In light of this, we can
speculate that the likelihood of lysines in KGE and KGD triplets to be
involved in collagen crosslinking, and to be retained by Nature for this
reason, is small. Similarly, collagen binding sites often contain lysine,
aspartate, or glutamate residues (in particular in GxxGEx integrin
recognition motifs). However, no binding motifs containing KGE/KGD
triplets have been identified to our knowledge97. The prevalence of
lysine and aspartate/glutamate close in sequence space as in KGE or
KGD is what drives the formation of the many salt bridges in human
collagens. Thus, we speculate that there is an evolutionary pressure to
retain KGE or KGDmotifs for reasons of folding, rather than for cross-
linking or protein recognition sites.

We also considered if the OGP triplet, also found at anomalous
frequency in human collagens, could also be part of the folding code.
However, several arguments suggest otherwise. First, KGE and KGD
triplets guide folding due to their ability to form interchain salt
bridges. The OGP sidechains lack this capability. The proline and
hydroxyproline residues pre-organize the main chain98 and the latter
also formwater-mediated hydrogen-bonds99 but they do not engage in
specific interchain interactions. The salt bridge interaction is also
constrained by both sequence and geometry. This specificity of
interaction with respect to sequence and geometry is the underlying
basis of the code that we refer to in the manuscript. Second, salt
bridges slow the rate at which triple helices unfold. While OGP also
slows the unfolding rate, the activation energy for the unfolding of
OGP containing triple helices is significantly less than those containing
salt bridges (Table 1). This is reflected in the 2-fold smaller half-life of
OGP than KGE/KGD containing triple helices. We believe that a key
reason for the lower kinetic stability imparted by OGP triplets is the
lack of stabilizing interchain interactions that could hinder unfolding.
Third, OGP triplets are not anomalously frequent in the region sur-
rounding interruptions. In contrast, the increased kinetic stability and
the specificity of interaction is the primary reasons why KGE and KGD-
mediated salt bridges can also compensate for the deleterious effects
of interruptions. This is also corroborated by the strong positive cor-
relation observed between the number of interruptions and the
number of salt bridges. Markedly, only a weak correlation exists
between the interruptions and the number of OGP triplets. Finally,
OGP triplets are binding sites for theGlycoprotein (GP) VI receptor100, a
key receptor for the activation and aggregation of platelets as well as
the cell-lysis inhibitory receptor Leukocyte-associated immunoglobu-
lin-like receptor-1101. As a result, it is difficult to appreciate if the
observed prevalence and localization of OGP triplets in human col-
lagen is due to their contributions to the folding/stability of the triple
helix, to their biological role in triggering platelet activation, to the
prevention of lysis when the cell is identified as self, or all of these
functions. As a result, while OGP is crucial to the stability of the col-
lagen triple helix, we cannot distinguishbetween its different roles and
thus cannot draw conclusions based on their specific localization
within the triple helix. This is contrary to KGE/KGD triplets that seldom
appear in protein binding sites.

The salt bridge-assisted foldingmechanism circumvents the need
for a chaperone during the triple-helical propagation phase. This
folding paradigm likely also explains how collagen-like proteins from
archaea, bacteria, eukarya and viruses, with their stupendously long
triple-helical domains andmany interruptions, are able to successfully

fold and remain folded. The wider implication is that evolution has
converged on a similar mechanism to stabilize triple helices, making
KGD the only triplet with anomalously high frequency across the three
domains of life as well as viruses. Testifying to the genome-wide
function of salt bridges, Mohs et al. have demonstrated that the
collagen-like domain of bacterial protein Streptococcus pyogenes cell-
surface protein Scl2 does not contain any hydroxyproline and that it is
stabilized by salt bridges. This is deduced from a comparison of the
melting temperature andmolar residue ellipticity of recombinant Scl2
at pH 7 and pH 2.2102. Similarly, Ghosh et al. have shown that the
protein EPclA from pathogenic enterohemorrhagic Escherichia coli
strain O157:H7 is thermally more stable (Tm = 42 °C) than the mam-
malian collagen, despite its much shorter sequence length. EPclA lacks
hydroxylated prolines. Its remarkable stability is attributed to an
abundance of proline in the Xaa position as well as to the roughly 22%
electrostatically charged residues found within the sequences18. Our
analysis revealed that the triplets containing threonine are also
anomalously frequent in archaea, bacteria and viruses but the
collagen-like domains in both Scl2 and EPclA do not contain an
abundance of threonine-containing triplets. Thus, these collagen-like
proteins appear to be stabilized by proline or electrostatic interactions
or a combination of both.

The TGP triplet, anomalously frequent in viruses, has previously
been incorporated in a collagen peptide. This peptide Ac-(Gly-Pro-
Thr)10-NH2 is a random coil in solution but glycosylation of all ten
threonine residues with beta-D-galactose renders the peptide triple-
helical103. This suggests that glycosylation of threonine is an alternative
stabilizing mechanism to the hydroxylation of prolines. Organisms
from all taxa possess the ability to glycosylate threonine. Whether this
glycosylation occurs on the unfolded polypeptide or fully folded triple
helices is currently unknown, to the best of our knowledge. Clearly,
this will determine the degree to which TGP triplets contribute to
folding and require further experimental investigation. We also noted
that QGP triplet is anomalously frequent in archaea. A class of enzymes
called Tissue Transglutaminase (tTG) has been shown to deamidate
the glutamine in a QGP triplet in collagen type II to glutamic acid and
facilitate inter-triple-helical crosslinking via imine linkage104. Homo-
logous transglutaminases have also been identified in archaea105.
Whether or not the transglutaminases in archaea post-translationally
modify the glutamines in the QGP triplets remains to be investigated.

Our results concerning the role of salt bridges have additional
important consequences for collagen folding. The three polypeptides
of a collagen triple helices are staggered by one amino acid with
respect to each other to optimize interchain hydrogen bonds and van
der Waals packing. Given the enormous length of triple-helical
domains and the diversity of interruptions, incorrect staggers of
more than one amino acid are plausible. How collagens avoid such
misfolded states is currently not understood. Our observation that
incorrect stagger of α-chains reduces the number of salt bridges by an
average of 50% across all collagen subtypes suggests a mechanism for
how collagens might ensure correct stagger. Most revealingly, we find
that mutations of glycine residues within or in the periphery of a salt
bridge are associated with heritable diseases across several collagen
types while suchmutations in collagen type I frequently result in lethal
phenotype. Previously, efforts to rationalize why mutation of some
glycine residues in collagen type I causes a more severe phenotype
than others using loss in thermal stability showed a poor correlation106.
We can extrapolate from our results that the phenotypic severity is
likely correlated to the loss in kinetic rather than thermodynamic
stability. The structural consequence of mutation in a salt bridge
footprint, how it affects folding kinetics, stability, fibrillogenesis, and
ultimately transportation into the extracellular matrix, and why it
overwhelmingly results in lethal phenotype is not clear to us. However,
these questions gain significance in light of our observation that
mutations in salt bridges generally result in lethal to severe
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phenotypes, even when present outside the aforementioned lethal
regions. Given the effect of salt bridges on collagen kinetic stability as
demonstrated here, a systematic study to explore the correlation
between loss in kinetic stability and the phenotypic severity due to a
mutation is desirable in the future.

Methods
Identification of the collagen domains and interruptions
UniProtKBdatabasewasqueriedon 16.03.2023 for proteins containing
the collagen or collagen-like sequences by applying taxonomic filters
(archaea, bacteria, eukarya or virus) while filtering for sequences
annotated by InterPro as containing collagen triple-helical repeats
(ipr008160). The search terms used were “(taxonomy_id:2759) AND
(xref:interpro-ipr008160)” for eukarya, “(taxonomy_id: 10239) AND
(xref:interpro-ipr008160)” for viruses, “(taxonomy_id:2157) AND (xre-
f:interpro-ipr008160)” for archaea, “(taxonomy_id:2) AND (xref:inter-
pro-ipr008160)” for eubacteria. The 44 α chains of human collagen
sequences were also obtained from UniProtKB by applying taxonomic
filter 9606 and searching for gene names such asCOL1A1, COL2A1, etc.
A total of 59226 collagen sequences were downloaded from Uni-
ProtKB, which were split into smaller datasets based on the phyla they
were recovered from. CD-HIT107, a clustering algorithm to produce
non-redundant dataset was used to cluster these collagen domains
from each taxa. The sequences were clustered at 70% identity to
remove most of the proteins with high sequence similarity and retain
enough diversity. After the removal of duplicate sequences, collagen
or collagen-like domains in the taxa-specific FASTAfileswere identified
by searching for contiguous repeats of 6 or more Yaa-Gly-Xaa triplets.
Given the 20 canonical amino acids and excluding Glycine at the Xaa
and Yaa positions, a total of 361 residue pair combinations are theo-
retically possible in the Yaa-Gly-Xaa triplet. The number of each of the
361 possible Yaa-Gly-Xaa triplets in each collagenomewas counted and
their relative abundance was determined using Eq. 1 below,

rel:abundance=
count of observed YGX triplets
count of all observed triplets

× 100 ð1Þ

The predicted distribution of the triplets was calculated based on
the statistical model described previously21. We counted the observed
instances of the different triplets and calculated Z-scores from the
numerical difference in the observed and predicted count of triplets
using the Z-score function inR package108. Motifs with Z-scores greater
than 3 were considered outliers and thus anomalously frequent.

Interruptions in the human collagen domains and the collagen-
like proteins in archaea, bacteria, eukarya, and viruses were identified
essentially as described previously24. Briefly, interruptions were
defined via their sequence length. For example, a deletion of either the
Xaa or Yaa residue from a Yaa-Gly-Xaa triplet was denoted as G1G; a
deletion of both Xaa and Yaa was denoted G0G; an insertion of n
residueswhere 3 ≤ n ≤ 15wasdenotedGnG. Furthermore,motifswhere
glycine occupies the Xaa or Yaa position were identified as G2G
interruptions. These motifs were extracted from the human and taxa-
specific FASTA files containing the collagen and collagen-like domains,
along with 7 amino acids on the N- and C-termini, to obtain the
sequences of the interruptions together with the flanking P1-P4 tri-
plets. Duplicate or redundant sequences were removed retaining only
unique interruptions.

The amino acids on either side of the interruptions contain a total
of four Yaa-Gly-Xaa triplets labeled here as P1 to P4 starting from the
N-termini. In the case of G0G interruptions, manual inspection
revealed false positives when allowing more than one glycine in the X
or Y position of the P1 to P4 triplets. To circumvent this, we allowed
only one glycine in the X or Y position which could be in the P1, P2, P3,
or P4 position. Z-scores for the frequency of triplets surrounding
interruptionswere calculated as described in the case of the analysis of

uninterrupted triple-helical domains. A list of taxa-specific interrup-
tions is provided in the file Supplementary Data 2.

Determination of the chain alignment of native collagens
Despite stupendous advances in technology, obtaining the molecular
structure of natural collagens has proven to be incredibly difficult due
to their highly complex hierarchical architecture and the tendency to
form insoluble aggregates upon extraction from native tissues. Thus,
the alignment of collagens cannot be experimentally verified. Conse-
quently, the current notion of the correct alignment in native collagens
is a conjecture. However, in the case of some of the more widely stu-
died collagens such as types I, II, III, IV VI, and IX, this conjecture is
informed by sequence-based and experimental considerations. Below,
we discuss these considerations for the aforementioned collagen
subtypes. In the case of the remaining collagens, we relied on the
optimization of the triple-helical domain as a criterion for obtaining
the alignment. We also briefly discuss this below and present it in a
tabular format in Supplementary Table 2.

Collagen type I. The alignment of collagen type I was previously
deduced by investigating the interaction of an epitope within it with
other proteins45. Briefly, the epitope could only recognize the proteins
(von willebrand factor A3 domain and discoidin domain receptor
1 and 2) if presented in the correct alignment. The authors designed
several alignments, of which, only one recognized all three proteins
with the highest affinity. The authors presumed that this alignment is
the correct one for collagen type I.

Collagens type II and III. Similar to collagen type I, the alignment of
collagen type II and III was also deduced from a consideration of epi-
tope alignment needed to recognize cell adhesion receptors α1β1 and
α2β1 integrins109 as well as discoidin domain receptors 1 and 2110.

Collagen type IV. The alignment of collagen type IV [(α1)2α2 hetero-
trimer] was deduced from the interaction of an epitope with α1β1
integrin111. This alignment was also deduced by Hohenester et al. via
analysis of putative osteonectin binding sites in the (α1)2α2 hetero-
trimer of collagen type IV112. This alignmentwas additionally confirmed
by Parkin et al.82, which was also the basis for aligning the (α5)2α6 and
α3α4α5 heterotrimers of collagen type IV.

Collagen type VI. The alignment of the α3α2α1 heterotrimer of col-
lagen type VI was deduced by Ball et al. based on an epitope proposed
to interact with integrin α2β1113. The alignment of the remaining
α5α2α1 and α6α2α1 heterotrimers was based on optimization of the
triple helical domain.

Collagen type IX. Here, we relied on the alignment proposed by
Käpylä et al. based on the interaction of collagen type IX with the
αI-domains of integrinsα1β1,α2β1, α11β1, andα10β1114. Collagen type IX
also contains four non-collagenous domains (NC1-NC4) interspersed
between the collagen domains. Boudko et al. presented an alignment
of theseNCdomains basedon the localizationof cysteine knots inNC1,
NC2, and NC3 domain115,116. This further confirmed the alignment we
used for our analysis.

Remaining collagen types. The alignment of all the remaining col-
lagen subtypeswasdeducedby ensuring that the availableYaa-Gly-Xaa
triplets on the three chains formed the longest triple-helical domain. It
should be noted that all collagen types aligned in this fashion are
homotrimeric. Thus, any interruptions present within the triple-helical
domain are commensurate as defined previously by Bella et al.24.
Consequently, the alignment of the chains as shown in Supplementary
Fig. 1 does not contain any gaps, and the alignment before and after
interruptions remains unchanged.
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As noted before, the molecular structure of native collagens is
difficult to obtain due to their highly complex and hierarchical nature
and conformational flexibility. Consequently, these conjectures are
perhaps the best we can do until further advances in experimental
structural techniques reveal the molecular structure and the correct
alignment of polypeptides in native collagens. It should also be noted
that the alignments of collagen alpha-chains are unlike conventional
multiple sequence alignments (MSAs). Here, they denote the align-
ment of three chains along the principal axis of the triple helix. Simi-
larly, gaps in the sequence of triple-helical alignments, denoted
by dash, also carry a different meaning. In a typical MSA, gaps account
for insertions or deletions across related sequences. However, the
dashes here account for incommensuration as defined previously
by Bella et al.24, and should not be construed as gaps in the
traditional sense.

In some cases of heterotrimeric triple helices shown in Supple-
mentary Fig. 1, all three chains may or may not carry interruptions.
Moreover, the length of interruptions could also differ between the
three chains. These cause changes in the offset before and after
the interruption and are called incommensurate. In order to com-
pensate for this incommensuration, gaps are introduced such that the
three chains on either side are offset by one amino acid relative to each
other. Structural consequences of incommensurate interruptions are
currently not understood, as crystal structures of collagen triple heli-
ces containing such interruptions are not available. However, it
has previously been proposed that such interruptions introduce a kink
in the triple helix117. We speculate that the interruptions within
the kink are likely to adopt semi-structured loop conformations,
allowing the registration on either side to proceed in the canonical
one-residue offset. However, this requires further experimental
investigation.

Determination of the salt bridge footprint
As noted in the main text, mutation of glycine can potentially disrupt
salt bridges located up to three triplets towards the N- and up to two
triplets towards the C-termini. This region is termed the salt bridge
footprint (Supplementary Fig. 11). Since mutation of lysine and aspar-
tate/glutamate residues themselves can most obviously disrupt a salt
bridge, these residues are also considered to be a part of the footprint.
As noted previously, the ith lysine of the leading and middle chains
forms a salt bridgewith the i + 2 aspartate/glutamate of themiddle and
trailing chain, respectively. However, the ith lysine of the trailing chains
pairs with the i + 5 aspartate/glutamate of the leading chain. As a
consequence, the footprint for i to i + 5 salt bridge is longer than the i
to i + 2.

Peptide synthesis
The Ac-(GPO)3GPKGEO(GPO)3-NH2 (KGE), Ac-(GPO)3GPKGDO(GPO)3-
NH2 (KGD) and the Ac-(GPO)8-NH2 (OGP) peptides were synthesized
on a TentaGel Rink Amide MBHA resin at a scale of 0.1mmol using
standard Fmoc-based solid-state peptide synthesis chemistry on a
CEM microwave peptide synthesizer. The peptides were acetylated at
the N-terminal and amidated at the C-terminal and cleaved from the
resin using 95:2.5:2.5 volumetric mixture of trifluoroacetic acid (TFA),
triisopropylsilane and miliQ-H2O. Cleaved peptides were precipitated
from TFA solution using dry-ice-cold diethyl ether, filtered under
vacuum, re-dissolved in 95:5water:acetonitrile (0.1%TFA), freeze-dried
and stored at−20 °C. The cleavedpeptideswerepurifiedusing reverse-
phase HPLC using a gradient of acetonitrile in water with 0.1% TFA.
Multiple fraction corresponding to the main eluting peak were col-
lected and analyzed by matrix-assisted laser desorption ionization
mass spectroscopy. Fractions containing the desired peptide were
pooled, flash-frozen in liquid nitrogen and lyophilized to obtain pure
peptides used in all further experiments.

Determination of the unfolding rates via Circular Dichroism
The unfolding of peptides were determined to investigate the effect of
electrostatic interactions on their kinetic stability. Peptides OGP, KGE,
or KGD at pH 2.5 (aqueous HCl) or 7.0 (10mM sodium phosphate
buffer) at 0.4mg/ml total peptide concentration were equilibrated in
an Eppendorf Thermomixer at 37 °C and the characteristic CD max-
imum of polyproline type II helices at 225 nmmonitored as a function
of time until at least 80% of the initial signal has decayed. For mea-
suring the spectra, the peptide solutions were transferred to a quartz
cuvette (pathlength = 1mm) pre-equilibrated at 37 °C via a Peltier
temperature controller attached to a Jasco-815 CD spectropolarimeter
and CD spectrographs recorded with a data pitch of 5 s and response
time of 4 s at predetermined intervals. The average dead time between
the transfer of the solutions to the cuvette and the recording of the
spectra was 3 s. All spectra were recorded three times with three
independent samples prepared from a common stock solution. The
ellipticity of the peptide solutions was plotted as a function of wave-
length without further data processing.

The unfolding rates were measured at 37 °C to match the
experimental condition for monitoring the unfolding of native col-
lagens described later. 0.4mg/ml peptide solutions at pH 2.5 or 7.0
were incubated at 37 °C in an Eppendorf Thermomixer and the change
in CD signal at 225 nm was monitored as a function of time. For each
data point, the signal at 225 nm was averaged for 2min. The samples
were stored at 37 °C in an Eppendorf tube between measurements.
Unfolding spectra were recorded thrice with samples independently
prepared from a common stock solution. The raw data for samples
were fitted to a one-phase decay model in GraphPad Prism according
to Eq. 2 below and the data normalized using Eq. 3.

Y = Y0� plateauð Þe�kx +plateau ð2Þ

normalized Y ið Þ= Yi� plateau
Y0� plateau

ð3Þ

In order to understand how electrostatic interactions influence
the kinetic stability of native collagens, wemonitored the unfolding of
kinetics of native collagens type II (bovine tracheal cartilage; Sigma-
Aldrich C1188), type IV (human placenta; Sigma-Aldrich C5533) and
type V (human placenta; Sigma-AldrichC3657) in aqueous buffer at pH
7.4 (200mM sodium phosphate, pH 7.4 containing 0.5M glycerol to
prevent fibrillogenesis) and aqueous HCl at pH 2.5. 1mg of each col-
lagen was suspended in 1ml of neutral or low pH buffer precooled in a
ice bath and vortexed for 10min. After orbital shaking overnight in a
cold room, the suspensions were centrifuged at 2200g for 10min at
5 °C and the supernatants were used for further experiments. In a
typical kinetic experiment, the native collagen samples stored at 5 °C
were equilibrated to 37 °C for 10min in an Eppendorf Thermomixer
and then transferred to a quartz cuvette (pathlength = 1mm) also
maintained at 37 °C in the spectropolarimeter. The remaining experi-
mental conditions for data acquisitionwere identical to those used for
the collagen triple-helical peptides.

Determination of activation energy via DSC
Differential Scanning Calorimetry (DSC)measurements were collected
in a VP-Capillary DSC (Malvern Panalytical). Samples were assayed at
0.4mg/mL in buffer 10mM sodium phosphate pH 7.0, and varying the
scan rate from 0.5 °C/min to 3 °C/min. For experiments to determine
the effect of salt on the kinetic stability, thermal unfolding was mea-
sured in buffer 10mM sodium phosphate pH 7.0 and 154mMNaCl. All
scans were collected after exhaustive dialysis and buffer degassing. In
all cases, proper instrument equilibration was reached by running at
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least 2 buffer-buffer scans before sample-buffer experiments. The last
buffer-buffer scan was then used to subtract the signal from each
peptide-buffer scan in order to perform all thermodynamic analysis.

Calorimetric transitions were adequately described by the two-
state kinetics model (N→ F) where N is the native peptide and F is the
final state118. The kinetic conversion from N to F is described by a first-
order rate constant (k) changing with temperature according to the
Arrhenius equation (Eq. 4):

k = exp � Eact

R
1
T
� 1

T *

� �� �
ð4Þ

where T* is the temperature at which the kinetic constant k = 1min−1

and Eact is the activation energy between the native and the transition
states that describe the unfolding process60. Here, Eact was used to
compare the kinetic stability among peptides. Then, the apparent heat
capacity which describes the endotherm is given by (Eq. 5):

CAPP
P =

ΔHEact

RT2
m

expðxÞexp �expðxÞ½ �; x = Eact

RT2
m

ðT � TmÞ ð5Þ

where T is the temperature and ΔH is the unfolding enthalpy. The Eact
was also obtained from the slope of Arrhenius plots, i.e. ln k vs. 1/T as
described before119. The data and associated fits are presented in
Supplementary Data 5.

Determination of unfolding times via MD simulations
The simulation systems were prepared taking the X-ray structures as
protein templates (PDB code 3T4F and 3U29 for KGE and KGD26,
respectively). The molecules were modeled to 15 residues, with four
residues at the N-terminus before the triplet and 8 after (Supplemen-
tary Fig. 10). Systems were solvated and ions were added to neu-
tralization, except for the KGE system which was modeled at high
concentration (150mMNaCl). The systems were produced in all cases
using the software HTMD120 and had ca. 34,000 atoms, from which
33,500 corresponded towatermolecules. All systemswereminimized,
equilibrated, and run using ACEMD121 and amberff14SB122 as forcefield
at 400K. with the TIP3P water model at 400K for one replica during
2 ns. For the MD production, we ran an intelligent adaptive sampling
scheme that performs the simulations in successive epochs by ana-
lyzing them with Markov state models (MSMs), starting with 10 gen-
erators for the first epoch123. The simulations ran with a multi-state
integrator using a time-step of 4 fs in an NVT ensemble using the
Langevin thermostat. The simulations ran using the Particle Mesh
Ewald Method124 with a cutoff of 9 Å for the van der Waals interactions
and real-space electrostatic interactions. The metric used during the
adaptive runs for the MSM analysis was the protein alpha carbon
atoms. The analysis was performed with the software HTMD. The
adaptive scheme ran in all cases until sufficient samplingwas detected.
In particular, 29%, 26%, and 19% of the trajectories had visited the
unfolded state obtained in the MSMs analyses for KGE, GPO, and KGE-
ions, respectively. A summary table is included in the supporting
information detailing the aforementioned aspects of MD simulations
(Supplementary Table 6).

Markov state modeling analysis
Markov state modeling proceeds from the discretization of the con-
formational space and the description of the dynamics of the system of
study as a sequence of transitions between the discretized clusters. A
properly discretized MSM shows converging timescales with high
probability of transition among kinetically similar states, and a lower
probability between kinetically separated states. From this model, the
pathways and kinetic rates between distinct conformations may be
derived3. Here, we ran 2104, 1486, 1990, and 2014 simulations of 100ns
each for the KGD, KGE, GPO, and KGE + ions systems, respectively. The

trajectories were projected using Euclidean distances among all alpha
carbon atoms as ametric.Weprojected themultidimensional data onto
its slow-order parameters using TICA (time-lagged independent com-
ponent analysis)125. We projected the data into theminimumnumber of
TICA dimensions that provided a converged implied timescale, in par-
ticular, we used 2, 1, 1, and 3 TICA dimensions, respectively. 1000
clusterswere computedusing themini-batch k-means algorithm126 in all
cases. The clusters were lumped together into 2 macrostates by the
PCCA algorithm127, using a lag time of 40ns in all cases. First-order
kinetics are derived from mean-first passage times (MFPT)128. These
analyses were performed with HTMD120. We estimated errors for the
unfolding times using a bootstrapping technique. For this, we per-
formed 10 independent runs in which 20% of the trajectories were
randomly eliminated and a new MSM was built after re-clustering.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets, including taxa-specific list of collagen-like domains, list
of interruptions, data associated with DSC and CD experiments and
statistical analysis are provided as supplementary data with this paper.
The dataset associated with molecular dynamic simulations including
the trajectories is available upon request from the corresponding
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