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Abstract
Recent single molecule experiments, using either atomic force microscopy (AFM) or Förster

resonance energy transfer (FRET) have shown that multidomain proteins containing tandem

repeats may form stable misfolded structures. Topology-based simulation models have been

used successfully to generate models for these structures with domain-swapped features,

fully consistent with the available data. However, it is also known that somemultidomain pro-

tein folds exhibit no evidence for misfolding, even when adjacent domains have identical

sequences. Here we pose the question: what factors influence the propensity of a given fold

to undergo domain-swapped misfolding? Using a coarse-grained simulation model, we can

reproduce the known propensities of multidomain proteins to form domain-swappedmisfolds,

where data is available. Contrary to what might be naively expected based on the previously

described misfolding mechanism, we find that the extent of misfolding is not determined by

the relative folding rates or barrier heights for forming the domains present in the initial inter-

mediates leading to folded or misfolded structures. Instead, it appears that the propensity is

more closely related to the relative stability of the domains present in folded and misfolded

intermediates. We show that these findings can be rationalized if the folded and misfolded

domains are part of the same folding funnel, with commitment to one structure or the other

occurring only at a relatively late stage of folding. Nonetheless, the results are still fully con-

sistent with the kinetic models previously proposed to explain misfolding, with a specific inter-

pretation of the observed rate coefficients. Finally, we investigate the relation between

interdomain linker length and misfolding, and propose a simple alchemical model to predict

the propensity for domain-swapped misfolding of multidomain proteins.

Author Summary

Multidomain proteins with tandem repeats are abundant in eukaryotic proteins. Recent
studies have shown that such domains may have a propensity for forming domain-
swapped misfolded species which are stable for long periods, and therefore a potential haz-
ard in the cell. However, for some types of tandem domains, no detectable misfolding was
observed. In this work, we use coarse-grained structure-based folding models to address
two central questions regarding misfolding of multidomain proteins. First, what are the
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possible structural topologies of the misfolds for a given domain, and what determines
their relative abundance? Second, what is the effect of the topology of the domains on their
propensity for misfolding? We show how the propensity of a given domain to misfold can
be correlated with the stability of domains present in the intermediates on the folding and
misfolding pathways, consistent with the energy landscape view of protein folding. Based
on these observations, we propose a simplified model that can be used to predict misfold-
ing propensity for other multidomain proteins.

Introduction
Protein misfolding and aggregation are well-known for their association with amyloidosis and
other diseases [1, 2]. Proteins with two or more domains are abundant in higher organisms,
accounting for up to 70% of all eukaryotic proteins, and domain-repeat proteins in particular
occupy a fraction up to 20% of the proteomes in multicellular organisms [3, 4], therefore their
folding is of considerable relevance [5]. Since there is often some sequence similarity between
domains with the same structure, it is easily possible to imagine that multidomain proteins con-
taining repeats of domains with the same fold might be susceptible to misfolding. Indeed, mis-
folding of multidomain proteins has been observed in many protein families [6]. Single
molecule techniques have been particularly powerful for studying folding/misfolding of such
proteins, in particular Förster resonance energy transfer (FRET) and atomic force microscopy
(AFM). For instance, recent studies using single-molecule FRET, in conjunction with coarse-
grained simulations, have revealed the presence of domain-swapped misfolded states in tandem
repeats of the immunoglobulin-like domain I27 from the muscle protein Titin [7] (an example
is shown in Fig 1e). Domain-swapping [2] involves the exchange of secondary structure ele-
ments between two protein domains with the same structure. Remarkably, these misfolded states
are stable for days, much longer than the unfolding time of a single Titin domain. The domain-
swapped misfolds identified in the Titin I27 domains are also consistent with earlier observa-
tions of misfolding in the same protein by AFM, although not given a structural interpretation
at the time [8]. In addition, AFM experiments have revealed what appears to be a similar type of
misfolding in polyproteins consisting of eight tandem repeats of the same fibronectin type III
domain from tenascin (TNfn3) [9], as well as in native constructs of tenascin [8], and between
the N-terminal domains of human γD-crystallin when linked in a synthetic oligomer [10].

In addition to domain-swapped misfolding, an alternative type of misfolded state is conceiv-
able for polyproteins in which the sequences of adjacent domains are similar, namely the for-
mation of amyloid-like species with parallel β-sheets. Theoretical work in fact made the
prediction that such species would be formed in tandem repeats of titin domains [11]. Recently,
time-resolved single-molecule FRET experiments on tandem domains of I27 have revealed a
surprising number of intermediates formed at short times, which include an unexpected spe-
cies that appears to be consistent with the previously suggested amyloid-like state [12]. How-
ever, since only the domain-swapped species persisted till long times, and therefore are the
most likely to be problematic in cells, we focus on their formation in this work.

A simplified illustration of the mechanism for folding and misfolding, based on both
coarse-grained simulations as well as single-molecule and ensemble kinetics [7, 12], is shown
in Fig 1, using the Titin I27 domain as an example. Starting from the completely unfolded state
in Fig 1a, correct folding would proceed via an intermediate in which either one of the domains
is folded (Fig 1b), and finally to the fully folded state, Fig 1c. The domain-swapped misfolded
state, an example of which is shown in Fig 1e, consists of two native-like folds which are in fact
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assembled by swapping of sequence elements from the N- and C-terminal portions of the pro-
tein. The final structure in Fig 1e comprises what we shall refer to as a “central domain” formed
by the central regions of the sequence (on the left in Fig 1e) and a “terminal domain” formed
from the N- and C-termini (on the right). The intermediate structure in Fig 1d, suggested by
coarse-grained simulations [7], and supported by experiment [12], has only the central domain
folded. This central domain can itself be viewed as a circular permutant [13] of the original
native Titin I27 structure, as discussed further below.

While domain-swapped misfolding of tandem repeats has been identified in a number of
proteins to date, there are several other proteins for which it does not occur to a detectable
level. For instance, extensive sampling of repeated unfolding and folding of a polyprotein of
Protein G (GB1) by AFM revealed no indication of misfolded states, in contrast to Titin [14].
Similarly, early AFM studies on polyUbiquitin also did not suggest misfolded intermediates in
constant force unfolding [15–20], and lock-in AFM studies of refolding [21] were fully consis-
tent with a two-state folding model, without misfolding. More recent AFM [22] studies have
suggested the formation of partially folded or misfolded species, which have been attributed to
partial domain swapping in simulations [23], but these are qualitatively different from the fully
domain-swapped species considered here. Therefore, it is interesting to ask the general ques-
tions: when included in tandem repeats, what types of protein structures are most likely to
form domain-swapped misfolded states, and by what mechanism?

In order to investigate the misfolding propensity of different types of domains, we have cho-
sen seven domains, based on (i) the superfamilies with the largest abundance of repeats in the

Fig 1. Misfolding mechanism of tandem domains. The schematic shows the native-like stable intermediates populated en
route to native folding (upper) or misfolding (lower), and used to explain single-molecule and ensemble folding kinetics [12].
The correctly folded dimer (c) is formed from the unfolded chain (a) via an intermediate (b) in which either of the domains folds
natively. The misfolded dimers (e) form via initial formation of a domain-swapped “central domain” (d) formed by the central
regions of the sequence, followed by a “terminal domain” formed by the terminal regions of the sequence. The blue and red
dots indicate the N- and C- terminal respectively, in each case. The N- and C-terminal halves of the chain are also coloured in
blue and red respectively.

doi:10.1371/journal.pcbi.1004933.g001
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human genome [24], (ii) proteins for which some experimental evidence for misfolding (or
lack thereof) is available and (iii) proteins for which data on folding kinetics and stability is
available for their circular permutants (only some of the proteins meet criterion (iii)). The cir-
cular permutant data are relevant because the misfolding intermediates suggested by simula-
tions and experiment [7, 12] can be viewed as circular permutants of the original structure (Fig
1d). Each of the chosen proteins is illustrated in Fig 2 and described briefly in Materials and
Methods. We study the folding and misfolding of the seven protein domains, using the same
structure-based model as that successfully employed to treat Titin I27 [7, 12]. Molecular simu-
lations are carried out to characterize the possible structural topologies of the misfolded inter-
mediates and the mechanism of their formation. Our model is consistent with available
experimental information for the systems studied, in terms of which proteins misfold and what
misfolded structures they tend to form. We then investigated what factors influence the pro-
pensity of multidomain proteins to misfold. The simplest rationalization of the propensity of a
multidomain protein for domain-swapped misfolding would seem to be offered by parameter-
izing a kinetic model based on the scheme shown in Fig 1, particularly for the steps Fig 1a–1b
versus 1a–1d. We hypothesized that the propensity to misfold might be characterized in terms
of the folding kinetics of the isolated circular permutants representing the domain-swapped
intermediates in Fig 1d. However, contrary to this expectation, we found that the stability of
such isolated domains, rather than their folding rate, is the main determinant of misfolding
propensity. Although superficially this appears to differ from previously suggested kinetic
models [12], it is completely consistent, with a specific interpretation of the rates. Building on
this understanding, we developed a very simplified model which can be used to predict which
domains are likely to be susceptible to domain-swapped misfolding. Finally, we have investi-
gated the effect of the composition and length of the linker between the tandem repeats on the
misfolding propensity.

Materials and Methods

Choice of proteins
Tandem Src homology 3 (SH3) domains (Fig 2a) are widely found in signal transduction pro-
teins and they share functions such as mediating protein-protein interactions and regulating
ligand binding [25]. Kinetic and thermodynamic properties of native and all the possible circu-
lar permutations of SH3 single domain have been well characterized [26]. Two different circu-
lar permutant constructs of the sequence are known to fold to a circularly permuted native
conformation (PDB accession codes are 1TUC and 1TUD) that is similar to the wild-tpe (WT)
protein [26].

With a similar function to the SH3 domains, Src homology 2 (SH2) domains (Fig 2b) are
also involved in the mediation of intra- and intermolecular interactions that are important in
signal transduction [27]. The SH2 domains are well-known from crystallographic analysis to
form metastable domain-swapped dimers [28, 29].

Fibronectin type III (fn3) domains (Fig 2c) are highly abundant in multidomain proteins,
and often involved in cell adhesion. We have chosen to study the third fn3 domain of human
tenascin (TNfn3), which has been used as a model system to study the mechanical properties
of this family. Single-molecule AFM experiments revealed that a small fraction (* 4%) of
domains in native tenascin (i.e. the full tenascin protein containing both TNfn3 and other fn3
domains) [8], with a similar signature to that observed for I27. Subsequently, misfolding events
have been identified in a polyprotein consisting of repeats of TNfn3 only [9]. Interestingly, a
structure has been determined for a domain-swapped dimer of TNfn3 involving a small change
of the loop between the second and third strand [30].
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PDZ domains (Fig 2d) are one of the most common modular protein-interaction domains
[31], recognizing specific-sequence motifs that occur at the C-terminus of target proteins or
internal motifs that mimic the C-terminus structurally [32]. Naturally occurring circularly per-
muted PDZ domains have been well studied [33–35], and domain-swapped dimers of PDZ
domains have been characterized by NMR spectroscopy [36, 37].

Titin (Fig 2e) is a giant protein spanning the entire muscle sarcomere [38]. The majority of
titin’s I-band region functions as a molecular spring which maintains the structural arrange-
ment and extensibility of muscle filaments [39]. The misfolding and aggregation properties of
selected tandem Ig-like domains from the I-band of human Titin (I27, I28 and I32) have been
extensively studied by FRET experiments [7, 24]. In the earlier work on tandem repeats of I27
domains, around 2% misfolding events were reported in repeated stretch-release cycles in
AFM experiments [8]. A slightly larger fraction (* 6%) of misfolded species was identified in
single-molecule FRET experiments and rationalized in terms of domain swapped intermedi-
ates, captured by coarse-grained simulations [7, 11].

In contrast, with the above misfolding-prone systems, there are certain polyprotein chains
have been shown be resistant to misfolding, according to pulling experiments. For instance lit-
tle evidence for misfolding was identified in a polyprotein of GB1 [14] (Fig 2g), with more than
99.8% of the chains (GB1)8 folding correctly in repetitive stretching–relaxation cycles [14].

Lastly, we consider polyUbiquitin (Fig 2f), for which there is conflicting experimental evi-
dence on misfolding. Initial force microscopy studies showed only the formation of native
folds [15], with no misfolding. Later work suggested the formation of collapsed intermediates
[22], however the signature change in molecular extension of these was different from that
expected for fully domain-swapped misfolds. A separate study using a lock-in AFM [21] found
Ubiquitin to conform closely to expectations for a two-state folder, without evidence of mis-
folding. For this protein, there is a strong imperative to avoid misfolding, since Ubiquitin is ini-
tially expressed as a tandem polyUbiquitin chain in which adjacent domains have 100%
sequence identity, yet this molecule is critical for maintaining cellular homeostasis [40].

Fig 2. Native states of the single domains. The experimentally determined structure of a single domain of each of the
protein domains studied here: (a) SH3, (b) SH2, (c) TNfn3, (d) PDZ, (e) Titin I27, (f) Ubiquitin and (g) Protein G. The PDB
accession code are 1SHG, 1TZE, 1TEN, 2VWR, 1TIT, 1UBQ and 1GB1, respectively.

doi:10.1371/journal.pcbi.1004933.g002
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Coarse grained simulation model
A coarse grained structure-based (Go-like) model similar to the earlier work is employed for
the study here [7, 41]. Each residue is represented by one bead, native interactions are attractive
and the relative contact energies are set according to the Miyazawa–Jernigan matrix. The
model is based on that described by Karanicolas and Brooks [41], but with native-like interac-
tions allowed to occur between domains as well as within the same domain, as described below
[7]. All the simulations are run under a modified version of GROMACS [42]. For the seven
species we studied in this work, the native structures of single domains that were used to con-
struct the models for SH3, SH2, PDZ, TNfn3, Titin I27, GB1 and Ubiquitin correspond to PDB
entries 1SHG [43], 1TZE [44], 2VWR, 1TEN [45], 1TIT [46], 1GB1 [47] and 1UBQ [48]
respectively. For the single domains of SH3(1SHG), TNfn3(1TEN) and GB1(1GB1), additional
linker sequences of Asp-Glu-Thr-Gly, Gly-Leu and Arg-Ser, respectively, are added between
the two domains to mimic the constructs used in the corresponding experiments [9, 14, 26].
Construction of the Titin I27 model was described in our previous work [7].

In order to allow for domain-swapped misfolding, the native contact potentials within a sin-
gle domain are also allowed to occur between corresponding residues in different domains,
with equal strength. Specifically, considering each single repeat of the dimeric tandem that has
L amino acids, given any pair of residues (with indices i and j) that are the native interactions
within a single domain, the interaction energy for the intradomain interaction (Ei,j(r)) is the
same as the interdomain interaction between the residue (i or j) and the corresponding residue
(j + L or i + L) in the adjacent domain, i.e. Ei,j(r) = Ei+L,j(r) = Ei,j+L(r) = Ei+L,j+L(r).

Kinetic folding simulation of dimeric tandem
To investigate the folding kinetics of the dimeric tandem, a total of 1024 independent simula-
tions are performed on each system for a duration of 12 microseconds each. Different misfold-
ing propensities are observed at the end of the simulations. With the exception of Ubiquitin
and GB1, the vast majority of the simulations reached stable native states with separately folded
domains. A small fraction of simulations form stable domain-swapped misfolded states. All the
simulations are started from a fully extended structure, and run using Langevin dynamics with
a friction of 0.1 ps−1 and a time step of 10 fs.

Folding reaction coordinates
We note that all the generated domain-swapped misfolding structures, containing the central
and terminal domains, can be monitored by a reaction coordinate based on circular permu-
tated native-like contact sets. Each circularly permuted misfold can be characterized accord-
ing to the loop position K in sequence where the native domain would be cut to form the
circular permutant (K = 0 corresponds to the native fold). If a native contact Cnative = (i,j)
exists between residues i and j in the native fold, the corresponding native-like contacts for the
central (Cin(K)) and terminal domains (Cout(K)) of the domain swapped conformation are
generated as

CinðKÞ ¼ ðiþYðK � iÞL; jþYðK � jÞLÞ;
CoutðKÞ ¼ ðiþYði� KÞL; jþYðj� KÞLÞ;

whereΘ(x) is the Heaviside step function and L is the length of each single domain (plus interdo-
main linker). Sin,K is the set of native-like contacts Cin of the central domain, and Sout,K is the set
of all the native-like contacts Cout of the terminal domain. Sin,K and Sout,K can be used to define a
contact-based reaction coordinate to analyze the kinetics of the dimeric tandemmisfolding. The
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corresponding fraction of contacts for the central domain could be calculated by:

QKðwÞ ¼
1

N

X
ði;jÞ2Sin;K

1

1þ ebðrijðwÞ�lr0
ij
Þ ; ð1Þ

where N is the total number of domain swapped contacts, SK = Sin,K [ Sout,K (equal to the total
number of native contacts), rij(χ) is the distance between residue i and j in the protein config-
uration χ. r0ij is the corresponding distance in the native structure for native-like contacts,

β = 50 nm−1 and λ = 1.2 is used to account for fluctuations about the native contact distance.

Equilibrium properties and free energy surfaces
The equilibrium properties of a single domain of each system are obtained from umbrella sam-
pling along the native contacts Q as the reaction coordinate. The obtained melting temperature
of each system is listed in Table A in S1 Text. A temperature at which the folding barrier ΔGf of
approximately* 2.5 kBT is chosen for the 2-domain tandem simulations for reasons described
below. The stability ΔGs is calculated as

DGs ¼ �kBT ln
Z1

Qz

e�FðQÞ=kBTdQ=
ZQz

0

e�FðQÞ=kBTdQ

2
64

3
75; ð2Þ

where kB and T are the Boltzmann constant and temperature respectively. Q‡ is the position of
the barrier top in F(Q), separating the folded and unfolded states and F(Q) represents the free
energy profile on Q. Barrier heights ΔGf were simply defined as ΔGf = G(Q‡) − G(Qu), where
Qu is the position of the unfolded state free energy minimum on Q.

Relative contact order
We calculated the relative contact order [49], RCOK of different circular permutants K via

RCOK ¼ 1

L � N
X

ði;jÞ2Sin;K
ji� jj; ð3Þ

where L is the length of the single domain, and N is the total number of the native like contacts
(the same for different K). Sin,K is the contacts set of the circular permutant corresponding to
the “central domain” of the misfolded state. Note that the contact order calculation here is
using residue-based native contacts (the same ones defined as attractive in the Gōmodel),
instead of all atom native contacts.

Ising-like theoretical model
An Ising-like model was built based on the native contact map, in which each residue is consid-
ered either folded or unfolded and so any individual configuration can be specified as a binary
sequence, in a similar spirit to earlier work [50–52]. Interactions between residues separated by
more than two residues in the sequence are considered. To simplify the analysis, we also con-
sider that native structure grows only in a single stretch of contiguous native residues (native
segment), which means the configurations such as . . .UFFFUUUUU. . . or . . .UUUUUFFFU. . .
are allowed, however, . . .UFFFUUUFFFU. . . is not allowed (“single sequence approximation”)
[50]. Each residue which becomes native incurs an entropy penalty ΔS, while all possible native
contacts involving residues within the native segment are considered to be formed, each with a
favourable energy of contact formation �.
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The partition function for such a model can be enumerated as:

Z ¼
X

w

exp �GðwÞ
kBT

� �

¼
X

w

exp � nðwÞ�� Nf ðwÞTDs
kBT

� �

where kB and T are the Boltzmann constant and temperature. G(χ) is the free energy deter-
mined by the number of native contacts n(χ) in the configuration χ, and the number of native
residues, Nf(χ). The distribution of the microstates (χ) can be efficiently generated by the
Metropolis-Hastings method with Monte Carlo simulation. In each iteration, the state of one
randomly chosen residue (among the residues at the two ends of the native fragment and their
two neighbouring residues) is perturbed by a flip, from native to unfolded or from unfolded to
native, taking the system from a microstate χ1 with energy E1 to a microstate χ2 with energy E2.
The new microstate is subject to an accept/reject step with acceptance probability

Pacc ¼ min 1; exp �E2 � E1

kBT

� �� �
: ð4Þ

To mimic the folding stability difference between native and circular permutant folds, a
penalty energy term Ep has been added whenever the native fragment crosses the midpoint of
the sequence from either side (the function θ(χ) above is 1 if this is true, otherwise zero). That
situation corresponds to formation of a domain-swapped structure, in which there is additional
strain energy from linking the termini, represented by Ep. We only use the Ising model here to
investigate formation of the first domain (either native or circular permutant), by rejecting any
proposed Monte Carlo step that would make the native segment longer than the length of sin-
gle domain, L.

Results

First passage simulations of misfolding in multidomain proteins
In order to characterize the potential misfolding properties of each type of domain, we have
used a Gō-type energy function based on the native structure. Such models have successfully
captured many aspects of protein folding, including ϕ-values [53, 54], dimerization mechanism
[55, 56], domain-swapping [57–60], and the response of proteins to a pulling force [61, 62].
More specifically, a Gō type model was used in conjunction with single-molecule and ensemble
FRET data to characterize the misfolded states and misfolding mechanism of engineered tan-
dem repeats of Titin I27 [7, 12]. We have therefore adopted the same model. Although it is
based on native-contacts, it can describe the type of misfolding we consider here, which is also
based on native-like structure. Note that this model effectively assumes 100% sequence identity
between adjacent domains, the scenario that would most likely lead to domain-swap formation.
It is nonetheless a relevant limit for this study, as there are examples in our data set of adjacent
domains having identical sequences which do misfold (e.g. titin I27) and those which do not
(e.g. protein G).

For each of the folds shown in Fig 2, we ran a large number of simulations, starting from a
fully extended, unfolded chain, for sufficiently long (12 μs each) such that the vast majority of
them reached either the correctly folded tandem dimer, or a domain-swapped misfolded state
similar to that shown in Fig 1e for titin. In fact, for each protein, a number of different mis-
folded topologies are possible, illustrated for the Src SH3 domain in Fig 3. Each of these
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domains, shown in conventional three-dimensional cartoon representation in the right column
of Fig 3 and in a simplified two-dimensional topology map in the left column, consists of two
native-like folded (or misfolded) domains. For convenience, we call the domain formed from
the central portion of the sequence the “central domain” and that from the terminal portions
the “terminal domain”. We have chosen to characterize each topology in terms of the position,
K, in sequence after which the central domain begins. Thus, the native fold has K = 0, and all
the misfolded states have K> 0. Typically, because of the nature of domain swapping, Kmust
fall within a loop. Of course, there is a range of residues within the loop in question that could
be identified as K and we have merely chosen a single K close to the centre of the loop. This
position, and the central domain, are indicated for the Src SH3 misfolded structures in Fig 3.
We note that each of these central domains can also be considered as a circular permutant of
the native fold, in which the ends of the protein have been joined and the chain has been cut at
position K.

With this nomenclature in hand, we can more easily describe the outcome of the folding
simulations for the seven domain types considered in terms of the fraction of the final frames
that belonged to the native fold, versus each of the possible misfolded states. These final popu-
lations are shown in Table 1. We see that for five of the domains (SH3, SH2, PDZ, TNfn3, Titin
I27), misfolded structures are observed, with total populations ranging from 5–10%. For the
remaining two domains, Ubiquitin (UBQ) and protein G (GB1), no misfolded population is
observed.

Consistency with existing experimental data
The ability to capture domain-swapped misfolds with simple coarse-grained simulations
potentially allows us to investigate the origin of the misfolding, and its relation, if any, to the
topology of the domain in question. However, we also need to benchmark the accuracy of the
results against experiment as far as possible, in order to show that they are relevant. There are
two main sources of information to validate our results. The first is the overall degree of
domain-swapped misfolding for those proteins where it has been characterized, for example by
single molecule AFM or FRET experiments. Qualitatively we do observe good agreement,
where data is available: in experiment, domains which have been shown to misfold are TNfn3
(AFM) and Titin I27 (AFM, FRET), which are both found to misfold here, while there is no
detectable misfolded population for protein G (AFM), again consistent with our results. We
also do not observe any misfolding for Ubiquitin, consistent with the lack of experimental evi-
dence for fully domain-swapped species for this protein [15–23].

Quantitatively, the fractional misfolded population is also consistent with the available
experimental data. For instance, the frequency of misfolded domains in native tenascin
is* 4% as shown by previous AFM experiments [8], the misfolded population of I27 dimers is
*5% in single-molecule FRET experiments [7] while the misfolded population of GB1
domains in polyproteins (GB18) is extrememly low (< 0.2%) [14]. Even though the observed
misfolding population of the misfolded tandem dimer is low, it is potentially a problem consid-
ering that many of the multidomain proteins in nature have large number of tandem repeats,
such as Titin which contains twenty-two I27 repeats [63]. Recent FRET experiments on I27
tandem repeats have shown that the fraction of misfolded proteins increases with the number
of repeats. For the 3- and 8-domain polyproteins, the fraction of misfolded domains increases
by a factor of 1.3 and 1.8, respectively, relative to a tandem dimer [12].

The second type of evidence comes from experimental structures of domain-swapped
dimers. For several of the proteins, bimolecular domain-swapped structures have been deter-
mined experimentally. While no such structures have yet been determined for single-chain
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Fig 3. Folded andmisfolded topologies of Src SH3. (a) Schematic of Src SH3 fold, in which the three-dimensional β sheet
structure (shown in (b)) is unrolled into two dimensions, for each domain (N-terminal and C-terminal in blue and red respectively).
On the N-terminal domain are indicated the sequence positions K 2 {0, 18, 37, 46} characterizing the possible circularly permuted
“central domains”, with K = 0 corresponding to the native fold and K > 0 indicating the approximate starting residue for the “central
domain”misfold. (c), (e), (g): two dimensional representations of the observed misfolded topologies of Src SH3. In each case, the
residue K characterizing the misfold is indicated by the bullet point and the central domain is enclosed by a broken rectangle. (d),
(f), (h): three-dimensional representations of the misfolds shown in (c),(e),(g) respectively.

doi:10.1371/journal.pcbi.1004933.g003
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Table 1. Summary of misfolding statistics and central domain properties. K labels the type of fold/misfold (see text; K = 0 is native); RCO is relative con-
tact order [49]. ΔGf and ΔGs are the folding barrier and stabilities of a single folded/misfolded domain. Population is frequency of each state at the end of the
1024 trajectories. Maximum standard error on populations is 1.6% for a sample size of 1024. Numbers in brackets are rank correlations with folded/misfolded
populations.

Protein K RCO ΔGf (kcal/mol) ΔGs (kcal/mol) Population (%)

SH3 0 0.33 2.7 9.2 95.7

18 0.38 3.4 2.5 1.1

37 0.37 4.1 4.8 2.2

46 0.35 3.0 5.2 1.1

(-0.63) (-0.32) (0.63) (1.0)

PDZ 0 0.32 2.5 4.5 88.7

10 0.28 2.5 2.4 6.7

23 0.33 3.6 1.6 2.3

43 0.27 2.8 0.3 1.7

60 0.33 4.2 0.3 0.7

74 0.26 3.7 0.3 0.0

(0.32) (-0.87) (0.94) (1.0)

TNfn3 0 0.32 2.4 8.1 89.2

16 0.33 2.4 1.6 0.0

28 0.27 3.4 2.8 0.9

43 0.34 3.9 1.8 2.3

54 0.29 3.7 1.1 0.6

66 0.27 3.5 1.8 1.3

79 0.35 2.5 2.5 5.7

(0.34) (-0.11) (0.74) (1.0)

UBQ 0 0.29 2.5 4.2 100.0

9 0.29 3.1 -2.9 0.0

21 0.28 2.7 -3.2 0.0

36 0.28 6.3 -6.3 0.0

61 0.26 3.5 -3.3 0.0

SH2 0 0.24 2.6 6.1 91.7

11 0.25 3.1 3.1 0.4

24 0.30 3.2 1.8 0.0

37 0.28 2.7 3.3 0.9

49 0.25 3.3 3.2 1.1

61 0.26 3.8 3.5 2.8

72 0.27 3.9 2.5 2.6

89 0.26 3.2 2.0 0.4

(-0.50) (0.10) (0.81) (1.0)

Titin I27 0 0.34 2.5 8.1 92.0

16 0.36 3.0 1.5 0.3

28 0.30 2.8 3.0 3.1

37 0.33 2.8 2.9 2.9

53 0.36 3.0 2.0 0.2

64 0.30 3.0 1.0 0.4

76 0.33 2.8 2.3 2.0

(-0.45) (-0.92) (0.86) (1.0)

GB1 0 0.35 2.5 3.1 100.0

12 0.36 4.4 -5.2 0.0

23 0.31 4.6 -5.3 0.0

(Continued)
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tandem dimers, we can compare the misfolded states with the available experimental data. For
each experimental example, we are able to find a corresponding misfolded species in our simu-
lation with very similar structure (related by joining the terminis of the two chains in the exper-
imental structures). The domain swapped dimers solved obtained from experiments (Fig 4a,
4c, 4e and 4g) are strikingly similar to the domain swapping dimeric tandem from simulations,
which are the domain swapped SH3 domains when K(sequence position after which the central
domain begins) = 37 (Fig 4b), SH2 with K = 72 (Fig 4d), TNfn3 with K = 28 (Fig 4f) and PDZ
with K = 23 (Fig 4h). Most of these states have relatively high population among all the possible
misfolds as observed from the simulations (“Population” in Table 1). While the coverage of
possible domain swaps is by no means exhaustive, the observed correspondence gives us confi-
dence that the misfolded states in the simulations are physically plausible.

Circular permutants as models of misfolding intermediates
Having shown that the misfolding propensities we obtain are qualitatively consistent with
experimental evidence (and in the case of Titin I27, in semi-quantitative agreement with sin-
gle-molecule FRET), we set out to establish some general principles relating the properties of
each domain to its propensity to misfold in this way. We can start to formulate a hypothesis
based on the alternative folding and misfolding pathways illustrated in Fig 1. Native folding
has as an intermediate a state in which either the N- or the C-terminal domain is folded. In
contrast, on the misfolding pathway, the first step is formation of the central domain, followed
by that of the terminal domain. This parallel pathway scheme suggests that a descriptor of the
overall misfolding propensity may be obtained from the rate of formation of a single correctly
folded domain, relative to that of the central domain (neglecting back reactions, because this
are rarely seen in our simulations). We can study the central domain formation in isolation,
since these structures are just circular permutants of the native fold, i.e. the two proteins have
the same sequence as the native, but with the position of the protein termini moved to a differ-
ent point in the sequence, as is also found in nature [35]. These structures can be thought of as
originating from the native by cutting a specific loop connecting secondary structure elements
(the free energy cost of splitting such an element being too high), and splicing together the N-
and C- termini. In the context of the tandem dimers, the position at which the loop is cut is the
same K that defines the start of the central domain in sequence.

We investigate the role of the central domain by characterizing the free energy landscape of
the single domain of each system, as well as all of its possible circular permutants, using
umbrella sampling along the reaction coordinate QK. QK is exactly analogous to the conven-
tional fraction of native contacts coordinate Q [64], but defined using the corresponding
(frame-shifted) contacts in the circular permutant pseudo-native structure. The index K indi-
cates the position along the sequence of the WT where the cut is made in order to convert to
the circular permutant.

The free energy surfaces F(QK) of two representative systems, SH3 and Ubiquitin, are
shown in Fig 5, with the data for the remaining proteins given in the Fig A in S1 Text. The free
energy barrier height for folding ΔGf and the stability ΔGs are listed in the Table 1. The free

Table 1. (Continued)

Protein K RCO ΔGf (kcal/mol) ΔGs (kcal/mol) Population (%)

41 0.27 4.9 -5.4 0.0

50 0.36 5.3 -5.7 0.0

doi:10.1371/journal.pcbi.1004933.t001
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Fig 4. Comparison of domain-swappedmisfolds with experimental structures. Selected misfolded dimeric
tandems obtained from the simulations (right column) are compared with corresponding experimental structures (solved
by crystallography or NMR) of domain-swapped dimers involving two separate protein chains (left column). The proteins
are, from top to bottom (a),(b): SH3, (c),(d): SH2, (e),(f): TNfn3 and (g),(h): PDZ domains The PDB accession codes are
1I07, 1FYR, 2RBL and 2OSG respectively.

doi:10.1371/journal.pcbi.1004933.g004
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energy plots indicate that the single domains of Ubiquitin and GB1 are stable only for the
native sequence order, and not for any of the circular permutants. Based on the type of misfold-
ing mechanism sketched in Fig 1, one would expect that unstable circular permutants would
result in an unstable central domain, and consequently no stable domain-swappping misfold-
ing would occur in the dimer folding simulations, as we indeed observe. This is also consistent
with previous studies of polyproteins of GB1 and Ubiquitin using using AFM experiments,
which reveal high-fidelity folding and refolding [14, 65, 66]. We note that only under very
strongly stabilizing conditions is any misfolding observed for ubiquitin dimers: running simu-
lations at a lower temperature (260 K), we observe a very small (1.3%) population of misfolded
states from 1024 trial folding simulations. At a higher temperature of 295 K, once again no mis-
folding is observed.

In contrast to the situation for GB1 and Ubiquitin, all of the circular permutants of the SH3
domain in Fig 5 are in fact stable, although less so than the native fold. The destabilization of cir-
cular permutants relative to native is in accord with the experimental results for the Src SH3
domain [26] (rank correlation coefficient stabilities is 0.80). The other domains considered also
have stable circular permutant structures. This is consistent with the fact that all of these
domains do in fact form some fraction of domain-swapped misfolded states. The simplest view
of the misfolding mechanism would be as a kinetic competition between the correctly folded
intermediates versus the domain-swapped intermediates with a central domain folded (i.e. a
“kinetic partitioning”mechanism [67]). In this case one might naively expect that the propen-
sity to misfold would be correlated with the relative folding rates of an isolated native domain

Fig 5. Free energy profile of WT and its circular permutant domains. The structures of SH3 and Ubiquitin
are shown in (a) and (c), with the “cut” positions K in theWT to form circular permutant labeled with crosses.
(b) is the free energy surfaces F(Q) of WT SH3 as well as its circular permutants at 300K. (d) is the F(Q) of WT
Ubiquitin and its circular permutants at 290K. The labels K indicate the residue index of the cut position. The
free energy curves of the circular permutant cases are shifted vertically for visual clarity, and coloured using
the colours corresponding to the crosses in (a) and (c). The free energy plots of the other systems: GB1, SH2,
TNfn3 and PDZ are shown in Fig A in S1 Text.

doi:10.1371/journal.pcbi.1004933.g005
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and an isolated circular permutant structure. However, the folding barriers ΔGf projected onto
Q (for native) or QK (for circular permutants) show little correlation to the relative frequency of
the corresponding folded or misfolded state, when considering all proteins (Table 1). Since this
barrier height may not reflect variations in the folding rate if some of the coordinates are poor
(yielding a low barrier) or if there are large differences in kinetic prefactors, we have also directly
computed the folding rate for the circular permutants of those proteins which misfold, and con-
firm that the rates of formation of the native fold and circular permutants are similar. We
indeed obtain a strong correlation between the folding rate of the isolated circular permutant
and the folding barrier ΔGf (Table B in S1 Text), which implies Q is a sufficiently good reaction
coordinate here. We have also considered the relative contact order (RCO) as a proxy for the
folding rate, since it has been found to correlate with folding rates for two-state folding proteins
[49, 68]. However, the RCO calculated based on the native or circularly permuted folds did not
correlate with either the barrier height for single domain or circular permutant folding, or with
the extent of misfolding in dimeric tandem proteins (Table 1). Since the folding rates do not
explain misfolding propensities by themselves, another possibility is that the reverse reactions
have to be considered. However, once they had formed, in most cases we did not observe
unfolding of the first native domain, or of the intermediate with central domain folded, indicat-
ing that back reactions should not be needed, at least to explain the simulation data. This lack of
refolding is a consequence of the significant stability of the native folds, which controls the rela-
tive folding and unfolding rates (and indirectly, those of the circular permutants). Under these
conditions, given that folding rates are much higher, once a native fold (or circular permutant
misfold) has formed, it is much more likely that a second domain will fold, rather than the first
domain unfolding. Our choice of stabilizing conditions was motivated by the fact that misfold-
ing is observed in experiment under conditions where the folded state is much more stable, and
the stabilities (ΔGs) of the folded single domains in our simulations are generally comparable to
those in experiment (experiment vs simulation, UBQ: 6.1 vs 4.2, GB1: 5.3 vs 3.1, PDZ: 7.5 vs 4.5,
SH3: 4.1 vs 9.2, Titin: 7.5 vs 8.1, Tnfn3: 5.3 vs 8.1 kcal/mol) [26, 69–72].

On the other hand, we did note that there was a significant, and unexpected, correlation
between the population of the final folded or misfolded states and the stability ΔGs of the corre-
sponding intermediate. Spearman rank correlation coefficients between the folded stability ΔGs

of the intermediate structure and the frequency of folded/misfolded states were 0.63, 0.94, 0.74,
0.81, 0.86 for the SH3, PDZ, TNfn3, SH2 and Titin I27 domains respectively. We note that there
is also a reasonable correspondence between the relative stabilities of circular permutants in
simulation and experiment, where data are available [12, 26]. How can the correlation with sta-
bilities rather than folding rates of the isolated domains be understood? The resolution lies in
the difference between the folding to either type of intermediate represented in Fig 1, and fold-
ing of the single domain “models” for these species, namely that the intermediates fold in the
context of the full sequence. This is important because a large fraction of native (or native-like)
contacts are shared between the native fold and the various misfolded domains. As such, the
native and misfolded states can be considered as belonging to the same folding funnel, with dif-
ferentiation between the two occurring at a late stage of folding. This scenario is illustrated sche-
matically in Fig 6, in which folding to either a state with one native domain folded (on left), or
one possible domain-swapped misfolded intermediate (on right) are considered. The states of
the proteins are represented by very coarse-grained contact maps (e.g. representing contacts
between pairs of β-strands [73], rather than between residues). As can be seen, dividing this fun-
nel into the separate funnels by considering only native contacts for the native or circularly per-
muted fold would be misleading (green and red funnels respectively), since the two funnels
share several configurations, and many of their states can be converted to one in the other fun-
nel by flipping a single coarse-grained “residue” between folded and unfolded states.
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We can see this explicitly by plotting some representative folding transition paths from the
Src SH3 dimer simulations. In Fig 7 top row, we show a folding event for a simulation which
forms a native fold (at the N-terminus), and in the bottom row, for a simulation which forms a
circularly permuted central domain with K = 18. Each event is projected onto two different
reaction coordinates,QK, for K = 0 (standard native Q) and K = 18 (the Q when the circular per-
mutant for K = 18 is considered as “native”). As is evident, a large fraction of the transition
path looks very similar in Fig 7b and 7d, with contacts that could be considered equally as
native-like or central domain-like being formed initially in the lower left part of each plot.
Around Q0 � Q18 � 0.5, the first trajectory moves toward the native structure, where it termi-
nates (Fig 7b). The second trajectory also deviates initially more toward the folded structure,
but then switches back near the end to form the central domain structure instead (Fig 7d). A
similar branching of folding pathways has also been proposed in a recent computational study
of domain swapped dimer formation [74].

The common funnel picture helps to explain why the stability of the isolated native or circu-
lar permutant domains may be correlated with their frequency of formation in the context of
the full length sequence in which either could potentially be formed. Initially, nucleation of
folding could occur by formation of native contacts anywhere in the sequence. Indeed, they are
most likely to form near the centre of the chain. However, as more native/native-like structure
is accumulated, the nascent, partially folded protein will be biased to form the contacts leading
to the lower free energy structure, and so the folding nucleus is likely to move towards one of

Fig 6. Folding/misfolding funnel. Illustration of relation between folding funnels for native and domain-swapped domains. (A) Example native contact
map, highly coarse-grained for simplicity. (B) Map of all possible native-like contacts for a two-domain protein, showing native contacts in black and
domain-swapped contacts in blue. (C) In the context of the two-domain sequence, the folding funnels for a single native domain (green broken line) and
domain-swapped domain (red broken line) are interconnected, forming part of a single global funnel (black line). States are considered part of the native
funnel if all contacts formed belong to the native state, and to the domain-swap funnel if all contacts formed belong to the domain-swapped structure. Note
that only a subset of possible states are shown, for clarity (e.g. other domain-swapped species are possible). Only states with a single native-like stretch of
residues are considered, whose length does not exceed that of a single folded domain. Arrows connect states differing by a single coarse grained residue
flipping between native and non-native.

doi:10.1371/journal.pcbi.1004933.g006
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the termini of the protein. We note that while a previous study suggested that the stability of
the individual domains might be affected by conjugation to another folded domain [75], this is
unlikely to be relevant because in our case the misfolding is controlled by formation of the first
domain, while the second domain is still unfolded.

Further insight into how the above free energy bias influences the outcome of the folding
kinetics can be obtained by considering the progressive formation of folded structure. In order

to characterize the location of nascent folded structures, we define a new order parameter ij
representing the average position of native contacts along the sequence,

ijðwÞ ¼ 1

jSðwÞj
X

ði;jÞ2SðwÞ

iþ j
2

; ð5Þ

where (i, j) is the native or native-like contact formed by the residues i and j in the configura-
tion χ, and S(χ) is the set of all such contacts which are formed in χ. We can locate the position

of nascent structure in the sequence by plotting the distributions of ijðwÞ for χ drawn from the

Fig 7. Transition paths for the formation of the first(folded or misfolded) domain in tandem SH3 dimers. Folding (a) and
misfolding (c) kinetics are projected along the reaction coordinateQin, where two different kinds ofQin are chosen depends on K,
which is for the native fold and the circular permutated misfold when K = 0 and 18, respectively. Transition-path segments are
defined as being betweenQK = 0.1 andQK = 0.9. In the right panels, the same trajectories are projected onto theQK = 0 andQK = 18

(panel (b) for trajectories in (a) and (d) for those in (c).

doi:10.1371/journal.pcbi.1004933.g007
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equilibrium distribution at selected values of the global coordinate Q, defined as the fraction of
native contacts in the native dimer structure (i.e. Q = 0.5 corresponds to a single folded or mis-
folded domain; both native and native-like contacts are counted, and divided by the total num-
ber of contacts in the native state). Fig 8 shows that early in folding, at low Q values (shaded

histograms in Fig 8), the distribution of ij is broad, and centered in the middle of the sequence.
This implies that folding could potentially begin at many positions along the sequence, with no
initial preference for folded or circularly permuted structure. However, as folding proceeds

closer to formation of a complete domain, ij develops two maxima, one in the N-terminal and
one in the C-terminal part of the chain, corresponding to native domain formation. The
nascent native-like structure thus naturally migrates towards the termini to avoid the free
energy penalty of forming a circularly permuted misfolded intermediate.

Fig 8. Distribution of the “folding nucleus” location pðijjQÞ from the tandem dimer simulations (Table 1). The
pðij jQÞ of the (a) (SH3)2 (b) (SH2)2 (c) (TNfn3)2 and (d) (PDZ)2 are extracted at two different Q on the folding pathway (see
individual figure legends forQ values). Note that the Q* 0.5 corresponds to the structure with the first domain fully
formed. The spread of contacts in sequence, within a given conformation, also becomes narrower with increasing Q (Fig B
of S1 Text).

doi:10.1371/journal.pcbi.1004933.g008
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Ising-like theoretical model
The results from the previous sections show that the misfolding propensity is highly correlated
with the the stability of the isolated native domain and its circular permutants. To further
explain how this might occur, we investigate the dependence of the misfolding propensity on
the stability of the central domain in the context of full sequence (dimeric tandem). We have
constructed an even simpler simulation model for formation of the first intermediate (native,
or circularly permuted), by using a simulation of a Wako-Saito-Muñoz-Eaton Ising-like model
[51, 76]. In the version we consider here, each residue is considered either to be folded or
unfolded, so that each configuration can be described as a binary string. Furthermore, we
impose the single-sequence approximation, namely that all native-like structure forms in a sin-
gle segment of contiguous residues. We also restrict the number of folded residues to be at
most one half of the dimer sequence length, so that only a single folded or misfolded domain
can form, the aspect we are most interested in. To model the stability difference between native
and circularly permuted domains, we introduce an additional energy penalty Ep for any folded
segment which crosses the midpoint of the dimer sequence. Such a folded segment must be
forming a circular permutant misfold and as such will incur some additional “strain” energy
from joining the termini of the original fold.

We show results from a typical Monte Carlo trajectory for this model in Fig 9. We have
used two parameters to characterize the results, the fraction of native or native-like contacts,

Qres, and ijðxÞ (Eq 5). Qres equals to the number of residues which are in the native-like state
divided by the total number of residues of one domain (L). The projection of a trajectory for

the model onto ij in Fig 9a shows that the most stable states occur for ij in the center of either
the first of the second natively folded domain. Nonetheless, there are other stable states at inter-

mediate ij, which correspond to the circular permutant intermediates. These have a lower sta-
bility, because a value Ep > 0 was used in this instance. The effect of the stability penalty for the

circular permutants is illustrated by the two-dimensional free energy surfaces FðQres; ijÞ in Fig
9b–9d. In all cases, there are minima at low Qres corresponding to unfolded structures and at
high Qres for folded (native or circular permutants). If the penalty Ep = 0 (Fig 9b), in addition

to the stable native folds at ij � 30 and ij � 90, there are a variety of other free energy minima
at high Qres corresponding to circular permutants, which have essentially identical free energy
to the native fold. However, as Ep is increased, the relative population of these misfolded states
decreases (Fig 9c and 9d), as expected.

Predicting circular permutant stability using alchemical free energy
method
Knowing that misfolding correlates with the relative stability of the native single domain and its
circular permutants is useful because it suggests a means to predict the likelihood of misfolding,
provided one has an estimate of the circular permutant stability. While one could attempt to
determine this experimentally, by synthesizing the circular permutants, or computationally, as
we have done, it would be very helpful to have a quick method to estimate this stability a priori
[77]. Here, we have developed such a method, based on an alchemical transformation from the
native to the domain-swapped misfolded state: the overall conversion between the native and cir-
cular permutant can be expressed as the sum of the free energy changes of two steps as shown in
Fig 10: firstly, joining the N- and C- termini of WT (Fig 10a) to form a cyclic intermediate state
(I) (Fig 10b), in which procedure the free energy change is (ΔGJ). Note that this step is the same
for all circular permutant folds. The second step is to cut different loops on the cyclic configura-
tion I to form a circular permutant CP (Fig 10c) with the change of free energy (ΔGC):
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Assuming the native and circular permutant unfolded states to have the same free energy,
the overall change in stability between the circular permutant (CP) and the wild-type (WT) is:

DDGtot ¼ DGCP � DGWT

¼ DGJ þ DGC:

For the first step (Fig 10a and 10b), in order to join the two termini, they must be sufficiently
close. In general, bringing them closer together will require peeling off a small part of the native
structure, starting from the termini. If we imagine that all of the structure between residues i at
the N-terminus and j at the C-terminus remains native, then the change in free energy for link-
ing the termini for cyclization, ΔGJ, can be split into energetic and entropic components:

DGJ ¼ ðEI � EWTÞ � TðSI � SWTÞ:

Fig 9. Ising-likemodel. a) Monte Carlo simulation trajectory segment when Ep = 4.0 kcal/mol. The free energy
profile of ij vsQres changes when the difference of the stability between theWT and the circular permutant become
larger and larger, in which cases the Ep are b) 0.0, c) 4.0 and d) 6.0 respectively. All the free energy plots are at the
temperature T = 525 K.

doi:10.1371/journal.pcbi.1004933.g009
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Assuming the states of the residues p 2 {0 .. i − 1} and q 2 {j + 1 .. L}, which are on the N-
and C- termini respectively, change from the native state to non-native state (joint loop), the
total energy increase will be ∑x 2 σ(p) �px + ∑x 2 σ(p) �qx, which is the summation of all the native
contact energy, in the Go model over the sets of residues σ(p), σ(q) involving residues p and q
respectively. x represents the residues that form the native contacts with either p or q. We
approximate the entropy gained per residue as δs, where δs = ∑native(i,j) �ij/(TN), where N is the
number of residues and T is the folding temperature. The gained entropy is set to 0 if residue p
or q does not have any contact with other part of the protein except for the neighboring resi-
dues, and the number of such residues is denoted by κ. The average length contribution (r0) of
peeling off each residue from the native structure is set to 3.5 Å here. The topological require-
ment of joining the two termini by peeling off residues 1 to i − 1, and j + 1 to L from the native
state is that the linear distance between the residues i and j (d(Ri,Rj)) on the native structure is
shorter than the effective length contributed by the joint parts:

dðRi;RjÞ < ðiþ L� j�MÞr0 ð6Þ

Note that if N- and C- termini point in opposite directions, such as the TNfn3, Titin I27, UBQ
and GB1 domains (Fig 2), around six residues (three on each side) of the two termini will form
the turn of the joint loop which does not contribute to the the effective length. Therefore, an
offset number M = 6 is used in this case. This is justified because turns in proteins are usually
defined by four residues (or 3 residue-residue bonds) [78]. For SH3, SH2 and PDZ domains
(Fig 2), whose N- and C- termini align to the same direction, M is set to 0. With the above con-
dition (Eq 6), the minimum overall change of ΔGJ by adjusting i and j could be given by:

DGJ ¼ min
i;j

f
X

p20;::;i�1

�ðp; xÞ þ
X

q2jþ1;::;N

�ðq; xÞ � Tði� 1þ L� j� kÞdsg;

where

i 2 f0; 1; ::; 9g and j 2 fL� 9; ::; Lg

Fig 10. Alchemical transformation from native to circular permutant. (a) Native structure; (b) cyclized structure; (c) circular
permutant after cutting another loop.

doi:10.1371/journal.pcbi.1004933.g010
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Analogously, for the second step (Fig 10b and 10c), assume the loop is cut at the position
between residue position K and K + 1, the states of the residues on each side of the cutting
point p0 2 {i0,.., K} and q0 2 {K + 1,.. j0}, will change from the native state to the non-native
state. The gained entropy per residue is δs. ∑x 2 σ(p0) �p0x and ∑x 2 σ(q0) �q0x are the summation of
all the energy of the native contacts which are broken due to the cutting. Therefore, by compar-
ing different combinations of i0 and j0, the minimum change of stabilities ΔGC in this step is:

DGC ¼ ðEC � EIÞ � TðSC � SIÞ

¼ min
i0 ;j0

f
X

p02i0þ1;::;K

�ðp0; xÞ þ
X

q02Kþ1;::;j0�1

�ðq0; xÞ � Tðj0 � i0 � 1Þdsg;

where

i0 2 fK � 3; ::;Kg and j0 2 fK þ 1; ::;K þ 4g:

The ΔΔGtot calculated using this alchemical free energy method is very well correlated with
the stability of the circular permutant ΔGs obtained by umbrella sampling simulations
(Table 1) as shown in Fig 11. It is consistent with the experimental results that GB1 and Ubi-
quitin have the most unstable circular permutant folds in general. The main contribution of
ΔΔGtot is from ΔGJ, since the enthalpy penalty is large when many native contacts are broken
by joining the terminis such as in the case of UBQ and GB1. The free energy cost of cutting the
loop (ΔGc) is relatively small and is similar for all the circular permutants during the transfor-
mation (Fig 10).

Effect of linker length
From the alchemical method we can see that the difference of stability ΔΔG largely depends on
the native contacts that are broken in the procedure when joining the N- and C- termini. How-
ever, ΔΔG could also be lowered by extending the linkers between domains, for instance, by
adding extra residues at the two termini. If the loop formed by the linker is long enough, fewer

Fig 11. ΔΔGtot from alchemical model vsΔGs (Table 1).

doi:10.1371/journal.pcbi.1004933.g011
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native contacts will need to be disrupted, so that the circular permutant folds would be more
stable. Therefore we have investigated the stability of circular permutant folds as a function of
the length of C-terminal extension, by adding Gly-Ser repeats (forming no native contacts).
This extra peptide corresponds to the linker between the tandem domains. The stability of cir-
cular permutants, obtained from simulations using umbrella sampling, as a function of linker
length (ll) is shown in Fig 12 (raw potentials of mean force on QK in Figs C and D in S1 Text).
As expected, longer linkers between the tandem repeats give more stable circular permutants.
The relative change from ll = 0 to ll = 20 is roughly the same for all circular permutants of a
given protein, as expected since the change in all cases is the same loop extension. Note, how-
ever, that the effect is much larger for ubiquitin than for TNfn3. To investigate the conse-
quences of the change of central domain stability for the misfolding propensity of tandem
repeats, we carried out first passage simulations of a tandem dimer of Ubiquitin with linker
lengths of 5,8 and 10 residues respectively. The setup of the dimer simulations was the same
previously. For each linker length, 1024 independent simulations were run from fully extended
structures. No domain-swapped misfolding was found for ll = 5 and ll = 10, however, we indeed
obtained three domain-swapped misfolding events for ll = 8. Two of the misfolds belong to the
K = 61 (Fig 12a) type and the other one is K = 36 type domain-swapping. As one can see from
Fig 12a, the circular permutants K = 36 and K = 61 are the ones which are most stable with
ll = 8. However, they are still somewhat unstable, explaining the small fraction of misfolded
states obtained. In this case it is clear that the length of the linker between the termini of ubi-
quitin is one way in which domain-swapped misfolding is avoided in this protein: since ubiqui-
tin is synthesized initially as an N-C linked polyubiquitin chain [40], it is essential to avoid
such misfolding, given the importance of this protein to cellular homeostasis. It should be
noted though that the influence of the linker depends very much on the protein, as might be
expected, from the much smaller effect on the stability of circular permutants of TNfn3 than
those of ubiquitin in Fig 12. In experiments on titin I27, the misfolded population was, within
error, the same with and without the addition of a four residue RSEL linker [7].

Lastly, we comment briefly on the effect of linker composition. Although we treat the linkers
as structureless chains, not forming native contacts, there may be some effect of linker flexibil-
ity, arising from the backbone dihedral potential in our model. To test for this effect, we have
carried out an additional 1024 independent simulations with the dimeric tandem repeat of the

Fig 12. Stability of different CP of Ubiquitin (a) and TNfn3 (b) with different linker lengths. The linker
sequence composition is (GS)2-S, (GS)5, (GS)7-S and (GS)10 giving ll of 5, 10, 15 and 20 respectively.

doi:10.1371/journal.pcbi.1004933.g012
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SH3 domain using a different four residue linker composition, GGGG, rather than the original
DETG, as used in the original circular permutant studies by Serrano et al [26]. With the new
linker GGGG, the observed misfolded populations are 94.3%, 1.3%, 2.3% and 2.1% for K = 0,
18, 37 and 46 respectively. The differences are not statistically significant compared to the
results with the original linker.

Conclusions
We have investigated the factors which favour formation of domain-swapped misfolded states
in multidomain proteins, by building on knowledge of the folding/misfolding mechanism.
Counter to our original expectations, the misfolding yield does not depend primarily on the
relative folding rates of the native single-domain protein and its circular permutants, represent-
ing intermediates for correct folding and misfolding respectively. Although the folding rates of
wild-type and circular permutants may often be quite similar, the fraction of misfolded protein
is much smaller than this comparison would suggest. Instead, it appears that misfolding is cor-
related with the stability of the native single-domain protein relative to its circular permutants.
This can be understood because the rate of formation of the first intermediate (native-like or
misfolded) occurs in the background of the full-length sequence. In this context, while folding
may be initiated at any point in the chain, the nascent structure will tend to migrate towards
the N- or C-terminus because of the free energy bias towards the native fold; circular permu-
tants invariably pay a cost in stability for joining the protein termini. Thus the folding rate of
isolated circular permutants relative to wild-type protein may not be a good proxy for these
rates in the context of the full length sequence, whilst the domain stability is a better guide as to
the free energy bias towards a particular structure. This suggests that the rates of formation of
these domains inferred from single-molecule experiments [12] should be interpreted as the
rates in the context of the full length sequence. In our analysis, we have neglected the effect of
back-reactions. Since these occurred rarely in the simulations, they were not needed to explain
the results. We have also quantified the effect of linker length on domain swapping, finding
that sufficiently long linkers can permit misfolded species to form in cases where they did not
for the native spacing. Finally, we have developed a simple model for predicting the stability of
misfolded intermediates (circular permutants of native), which should prove useful for deter-
mining whether a given protein may be susceptible to this type of misfolding.

Supporting Information
S1 Text. Thermodynamic and kinetic properties of all the systems. The melting temperature
of single domain folding from umbrella sampling simulations (Table A). The mean first pas-
sage time of the folding simulation of the central domains (Table B). Free energy profile of WT
(single domain) and its circular permutants (Fig A). The spread of native contacts formed at a
given Q (Fig B). Free energy profile of the circular permutant of Ubiquitin with different linker
lengths (Fig C). Free energy profile of the circular permutant of TNfn3 withdifferent linker
lengths (Fig D).
(PDF)

Acknowledgments
This study utilized the high-performance computational capabilities of the Biowulf Linux clus-
ter at the National Institutes of Health, Bethesda, MD. (http://biowulf.nih.gov).

Structural Determinants of Misfolding in Multidomain Proteins

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004933 May 10, 2016 24 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004933.s001
http://biowulf.nih.gov


Author Contributions
Conceived and designed the experiments: PT RBB. Performed the experiments: PT. Analyzed
the data: PT. Contributed reagents/materials/analysis tools: PT RBB. Wrote the paper: PT
RBB.

References
1. Dobson CM. Protein folding and misfolding. Nature. 2003; 426(6968):884–890. doi: 10.1038/

nature02261 PMID: 14685248

2. Rousseau F, Schymkowitz J, Itzhaki LS. Implications of 3D domain swapping for protein folding, mis-
folding and function. In: Protein Dimerization and Oligomerization in Biology. Springer; 2012. p. 137–
152.

3. Apic G, Gough J, Teichmann SA. Domain combinations in archaeal, eubacterial and eukaryotic prote-
omes. J Mol Biol. 2001; 310(2):311–325. doi: 10.1006/jmbi.2001.4776 PMID: 11428892

4. Ekman D, Björklund ÅK, Frey-Skött J, Elofsson A. Multi-domain proteins in the three kingdoms of life:
orphan domains and other unassigned regions. J Mol Biol. 2005; 348(1):231–243. doi: 10.1016/j.jmb.
2005.02.007 PMID: 15808866

5. Tsytlonok M, Craig PO, Sivertsson E, Serquera D, Perrett S, Best RB, et al. Complex energy landscape
of a giant repeat protein. Structure. 2013; 21:1954–1965. doi: 10.1016/j.str.2013.08.028 PMID: 24120762

6. Han JH, Batey S, Nickson AA, Teichmann SA, Clarke J. The folding and evolution of multidomain pro-
teins. Nat Rev Mol Cell Biol. 2007; 8(4):319–330. doi: 10.1038/nrm2144 PMID: 17356578

7. Borgia MB, Borgia A, Best RB, Steward A, Nettels D, Wunderlich B, et al. Single-molecule fluorescence
reveals sequence-specific misfolding in multidomain proteins. Nature. 2011; 474(7353):662–665. doi:
10.1038/nature10099 PMID: 21623368

8. Oberhauser AF, Marszalek PE, Carrion-Vazquez M, Fernandez JM. Single protein misfolding events
captured by atomic force microscopy. Nat Struct Biol. 1999; 6(11):1025–1028. doi: 10.1038/14907
PMID: 10542093

9. Peng Q, Fang J, Wang M, Li H. Kinetic partitioning mechanism governs the folding of the third FnIII
domain of tenascin-C: evidence at the single-molecule level. J Mol Biol. 2011; 412(4):698–709. doi: 10.
1016/j.jmb.2011.07.049 PMID: 21839747

10. Garcia-Manyes S, Giganti D, Badilla CL, Lezamiz A, Perales-Calvo J, Beedle AE, et al. Single molecule
force spectroscopy predicts a misfolded, domain-swapped conformation in human γD-crystallin. J Biol
Chem. 2015; 291:4226–4235. doi: 10.1074/jbc.M115.673871 PMID: 26703476

11. ZhengW, Schafer NP, Wolynes PG. Frustration in the energy landscapes of multidomain protein mis-
folding. Proc Natl Acad Sci U S A. 2013; 110(5):1680–1685. doi: 10.1073/pnas.1222130110 PMID:
23319605

12. Borgia A, Kemplen KR, Borgia MB, Soranno A, Shammas S, Wunderlich B, et al. Transient misfolding
dominates multidomain protein folding. Nat Commun. 2015; 6. doi: 10.1038/ncomms9861 PMID:
26572969

13. Jung J, Lee B. Circularly permuted proteins in the protein structure database. Protein Sci. 2001; 10
(9):1881–1886. doi: 10.1110/ps.05801 PMID: 11514678

14. Cao Y, Li H. Polyprotein of GB1 is an ideal artificial elastomeric protein. Nat Mater. 2007; 6(2):109–114.
doi: 10.1038/nmat1825 PMID: 17237787

15. Fernandez JM, Li H. Force clamp spectroscopy monitors the folding trajectory of a single protein. Sci-
ence. 2004; 303:1674–1678. doi: 10.1126/science.1092497 PMID: 15017000

16. Sosnick TR. Comment on “Force clamp spectroscopy monitors the folding trajectory of a single protein”.
Science. 2004; 306:411b. doi: 10.1126/science.1102236

17. Fernandez JM, Li H, Brujic J. Response to comment on “Force clamp spectroscopy monitors the folding
trajectory of a single protein”. Science. 2004; 306:411c. doi: 10.1126/science.1102236

18. Best RB, Hummer G. Comment on “Force-clamp spectroscopy monitors the folding trajectory of a sin-
gle protein”. Science. 2005; 308:498b. doi: 10.1126/science.1106969

19. Best RB, Hummer G. Protein folding kinetics under force frommolecular simulation. J Am Chem Soc.
2008; 130:3706–3707. doi: 10.1021/ja0762691 PMID: 18307341

20. Brujic J, Fernandez JM. Response to comment on “Force clamp spectroscopy monitors the folding tra-
jectory of a single protein. Science. 2005; 308:498c. doi: 10.1126/science.1106969

21. Schlierf M, Rief M. Surprising simplicity in the single-molecule folding mechanics of proteins. Angew
Chem. 2009; 48:820–822. doi: 10.1002/anie.200804723

Structural Determinants of Misfolding in Multidomain Proteins

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004933 May 10, 2016 25 / 28

http://dx.doi.org/10.1038/nature02261
http://dx.doi.org/10.1038/nature02261
http://www.ncbi.nlm.nih.gov/pubmed/14685248
http://dx.doi.org/10.1006/jmbi.2001.4776
http://www.ncbi.nlm.nih.gov/pubmed/11428892
http://dx.doi.org/10.1016/j.jmb.2005.02.007
http://dx.doi.org/10.1016/j.jmb.2005.02.007
http://www.ncbi.nlm.nih.gov/pubmed/15808866
http://dx.doi.org/10.1016/j.str.2013.08.028
http://www.ncbi.nlm.nih.gov/pubmed/24120762
http://dx.doi.org/10.1038/nrm2144
http://www.ncbi.nlm.nih.gov/pubmed/17356578
http://dx.doi.org/10.1038/nature10099
http://www.ncbi.nlm.nih.gov/pubmed/21623368
http://dx.doi.org/10.1038/14907
http://www.ncbi.nlm.nih.gov/pubmed/10542093
http://dx.doi.org/10.1016/j.jmb.2011.07.049
http://dx.doi.org/10.1016/j.jmb.2011.07.049
http://www.ncbi.nlm.nih.gov/pubmed/21839747
http://dx.doi.org/10.1074/jbc.M115.673871
http://www.ncbi.nlm.nih.gov/pubmed/26703476
http://dx.doi.org/10.1073/pnas.1222130110
http://www.ncbi.nlm.nih.gov/pubmed/23319605
http://dx.doi.org/10.1038/ncomms9861
http://www.ncbi.nlm.nih.gov/pubmed/26572969
http://dx.doi.org/10.1110/ps.05801
http://www.ncbi.nlm.nih.gov/pubmed/11514678
http://dx.doi.org/10.1038/nmat1825
http://www.ncbi.nlm.nih.gov/pubmed/17237787
http://dx.doi.org/10.1126/science.1092497
http://www.ncbi.nlm.nih.gov/pubmed/15017000
http://dx.doi.org/10.1126/science.1102236
http://dx.doi.org/10.1126/science.1102236
http://dx.doi.org/10.1126/science.1106969
http://dx.doi.org/10.1021/ja0762691
http://www.ncbi.nlm.nih.gov/pubmed/18307341
http://dx.doi.org/10.1126/science.1106969
http://dx.doi.org/10.1002/anie.200804723


22. Garcia-Manyes S, Dougan L, Badilla CL, Brujic J, Fernandez JM. Direct observation of an ensemble of
stable collapsed states in the mechanical folding of ubiquitin. Proc Natl Acad Sci U S A. 2009;
106:10534–10539. doi: 10.1073/pnas.0901213106 PMID: 19541635

23. Xia F, Thirumalai D, Gräter F. Minimum energy compact structures in force-quench polyubiquitin folding
are domain swapped. Proc Natl Acad Sci U S A. 2011; 108:6963–6968. doi: 10.1073/pnas.
1018177108 PMID: 21482804

24. Wright CF, Teichmann SA, Clarke J, Dobson CM. The importance of sequence diversity in the aggrega-
tion and evolution of proteins. Nature. 2005; 438(7069):878–881. doi: 10.1038/nature04195 PMID:
16341018

25. Kaneko T, Li L, Li S. The SH3 domain–a family of versatile peptide-and protein-recognition module.
Front Biosci. 2008; 13:4938–4952. doi: 10.2741/3053 PMID: 18508559

26. Viguera AR, Blanco FJ, Serrano L. The order of secondary structure elements does not determine the
structure of a protein but does affect its folding kinetics. J Mol Biol. 1995; 247(4):670–681. doi: 10.1006/
jmbi.1994.0171 PMID: 7723022

27. Schlessinger J. SH2/SH3 signaling proteins. Curr Opin Gen Dev. 1994; 4(1):25–30. doi: 10.1016/0959-
437X(94)90087-6

28. Schiering N, Casale E, Caccia P, Giordano P, Battistini C. Dimer formation through domain swapping in
the crystal structure of the Grb2-SH2-Ac-pYVNV complex. Biochemistry. 2000; 39(44):13376–13382.
doi: 10.1021/bi0012336 PMID: 11063574

29. Benfield AP, Whiddon BB, Clements JH, Martin SF. Structural and energetic aspects of Grb2-SH2
domain-swapping. Arch Biochem Biophys. 2007; 462(1):47–53. doi: 10.1016/j.abb.2007.03.010 PMID:
17466257

30. Hu X, Wang H, Ke H, Kuhlman B. High-resolution design of a protein loop. Proc Natl Acad Sci U S A.
2007; 104(45):17668–17673. doi: 10.1073/pnas.0707977104 PMID: 17971437

31. Ponting CP. Evidence for PDZ domains in bacteria, yeast, and plants. Protein Sci. 1997; 6(2):464. doi:
10.1002/pro.5560060225 PMID: 9041651

32. Harris BZ, LimWA. Mechanism and role of PDZ domains in signaling complex assembly. J Cell Sci.
2001; 114(18):3219–3231. PMID: 11591811

33. Liao DI, Qian J, Chisholm DA, Jordan DB, Diner BA. Crystal structures of the photosystem II D1 C-ter-
minal processing protease. Nat Struct Mol Biol. 2000; 7(9):749–753. doi: 10.1038/78973

34. Ivarsson Y, Travaglini-Allocatelli C, Brunori M, Gianni S. Folding and misfolding in a naturally occurring
circularly permuted PDZ domain. J Biol Chem. 2008; 283(14):8954–8960. doi: 10.1074/jbc.
M707424200 PMID: 18263589

35. Bliven S, Prlic A. Circular permutation in proteins. PLoS Comput Biol. 2012; 8(3):e1002445–e1002445.
doi: 10.1371/journal.pcbi.1002445 PMID: 22496628

36. Wu J, Yang Y, Zhang J, Ji P, DuW, Jiang P, et al. Domain-swapped dimerization of the second PDZ
domain of ZO2 may provide a structural basis for the polymerization of claudins. J Biol Chem. 2007;
282(49):35988–35999. doi: 10.1074/jbc.M703826200 PMID: 17897942

37. Lee HJ, Zheng JJ. PDZ domains and their binding partners: structure, specificity, and modification.
Interactions. 2010; 7:20.

38. Granzier HL, Labeit S. The giant protein titin a major player in myocardial mechanics, signaling, and dis-
ease. Circulation Res. 2004; 94(3):284–295. doi: 10.1161/01.RES.0000117769.88862.F8 PMID:
14976139

39. Tskhovrebova L, Trinick J. Titin: properties and family relationships. Nat Rev Mol Cell Biol. 2003; 4
(9):679–689. doi: 10.1038/nrm1198 PMID: 14506471

40. Weissman AM. Themes and variations on ubiquitylation. Nat Rev Mol Cell Biol. 2001; 2:169–178. doi:
10.1038/35056563 PMID: 11265246

41. Karanicolas J, Brooks CL. The origins of asymmetry in the folding transition states of protein L and pro-
tein G. Protein Sci. 2002; 11(10):2351–2361. doi: 10.1110/ps.0205402 PMID: 12237457

42. Hess B, Kutzner C, Van Der Spoel D, Lindahl E. GROMACS 4: algorithms for highly efficient, load-bal-
anced, and scalable molecular simulation. J Chem Theor Comput. 2008; 4(3):435–447. doi: 10.1021/
ct700301q

43. Musacchio A, Noble M, Pauptit R, Wierenga R, Saraste M. Crystal structure of a Src-homology 3 (SH3)
domain. Nature. 1992; 351:851–855. doi: 10.1038/359851a0

44. Rahuel J, Gay B, Erdmann D, Strauss A, García-Echeverría C, Furet P, et al. Structural basis for speci-
ficity of Grb2-SH2 revealed by a novel ligand binding mode. Nat Struct Mol Biol. 1996; 3(7):586–589.
doi: 10.1038/nsb0796-586

Structural Determinants of Misfolding in Multidomain Proteins

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004933 May 10, 2016 26 / 28

http://dx.doi.org/10.1073/pnas.0901213106
http://www.ncbi.nlm.nih.gov/pubmed/19541635
http://dx.doi.org/10.1073/pnas.1018177108
http://dx.doi.org/10.1073/pnas.1018177108
http://www.ncbi.nlm.nih.gov/pubmed/21482804
http://dx.doi.org/10.1038/nature04195
http://www.ncbi.nlm.nih.gov/pubmed/16341018
http://dx.doi.org/10.2741/3053
http://www.ncbi.nlm.nih.gov/pubmed/18508559
http://dx.doi.org/10.1006/jmbi.1994.0171
http://dx.doi.org/10.1006/jmbi.1994.0171
http://www.ncbi.nlm.nih.gov/pubmed/7723022
http://dx.doi.org/10.1016/0959-437X(94)90087-6
http://dx.doi.org/10.1016/0959-437X(94)90087-6
http://dx.doi.org/10.1021/bi0012336
http://www.ncbi.nlm.nih.gov/pubmed/11063574
http://dx.doi.org/10.1016/j.abb.2007.03.010
http://www.ncbi.nlm.nih.gov/pubmed/17466257
http://dx.doi.org/10.1073/pnas.0707977104
http://www.ncbi.nlm.nih.gov/pubmed/17971437
http://dx.doi.org/10.1002/pro.5560060225
http://www.ncbi.nlm.nih.gov/pubmed/9041651
http://www.ncbi.nlm.nih.gov/pubmed/11591811
http://dx.doi.org/10.1038/78973
http://dx.doi.org/10.1074/jbc.M707424200
http://dx.doi.org/10.1074/jbc.M707424200
http://www.ncbi.nlm.nih.gov/pubmed/18263589
http://dx.doi.org/10.1371/journal.pcbi.1002445
http://www.ncbi.nlm.nih.gov/pubmed/22496628
http://dx.doi.org/10.1074/jbc.M703826200
http://www.ncbi.nlm.nih.gov/pubmed/17897942
http://dx.doi.org/10.1161/01.RES.0000117769.88862.F8
http://www.ncbi.nlm.nih.gov/pubmed/14976139
http://dx.doi.org/10.1038/nrm1198
http://www.ncbi.nlm.nih.gov/pubmed/14506471
http://dx.doi.org/10.1038/35056563
http://www.ncbi.nlm.nih.gov/pubmed/11265246
http://dx.doi.org/10.1110/ps.0205402
http://www.ncbi.nlm.nih.gov/pubmed/12237457
http://dx.doi.org/10.1021/ct700301q
http://dx.doi.org/10.1021/ct700301q
http://dx.doi.org/10.1038/359851a0
http://dx.doi.org/10.1038/nsb0796-586


45. Leahy DJ, HendricksonWA, Aukhil I, Erickson HP. Structure of a fibronectin type III domain from tenas-
cin phased by MAD analysis of the selenomethionyl protein. Science. 1992; 258(5084):987–991. doi:
10.1126/science.1279805 PMID: 1279805

46. Improta S, Politou AS, Pastore A. Immunoglobulin-like modules from titin I-band: extensible compo-
nents of muscle elasticity. Structure. 1996; 4(3):323–337. doi: 10.1016/S0969-2126(96)00036-6 PMID:
8805538

47. Gronenborn AM, Filpula DR, Essig NZ, Achari A, Whitlow M, Wingfield PT, et al. A novel, highly stable
fold of the immunoglobulin binding domain of streptococcal protein G. Science. 1991; 253(5020):657–
661. doi: 10.1126/science.1871600 PMID: 1871600

48. Vijay-Kumar S, Bugg CE, CookWJ. Structure of ubiquitin refined at 1.8 Å resolution. J Mol Biol. 1987;
194(3):531–544. doi: 10.1016/0022-2836(87)90679-6 PMID: 3041007

49. Plaxco KW, Simons KT, Baker D. Contact order, transition state placement and the refolding rates of
single domain proteins. J Mol Biol. 1998; 277:985–994. doi: 10.1006/jmbi.1998.1645 PMID: 9545386

50. Muñoz V, EatonWA. A simple model for calculating the kinetics of protein folding from three-dimen-
sional structures. Proc Natl Acad Sci USA. 1999; 96:11311–11316. doi: 10.1073/pnas.96.20.11311
PMID: 10500173

51. Henry ER, EatonWA. Combinatorial modeling of protein folding kinetics: free energy profiles and rates.
Chem Phys. 2004; 307(2):163–185. doi: 10.1016/j.chemphys.2004.06.064

52. Henry ER, Best RB, EatonWA. Comparing a simple theoretical model for protein folding with all-atom
molecular dynamics simulations. Proc Natl Acad Sci U S A. 2013; 110(44):17880–17885. doi: 10.1073/
pnas.1317105110 PMID: 24128764

53. Clementi C, Nymeyer H, Onuchic JN. Topological and energetic factors: what determines the structural
details of the transition state ensemble and “en-route” intermediates for protein folding? An investiga-
tion for small globular proteins. J Mol Biol. 2000; 298:937–953. doi: 10.1006/jmbi.2000.3693 PMID:
10801360

54. Best RB. How well does a funneled energy landscape capture the folding mechanism of spectrin
domains. J Phys Chem B. 2013; 117:13235–13244. doi: 10.1021/jp403305a PMID: 23947368

55. Levy Y, Wolynes PG, Onuchic JN. Protein topology determines binding mechanism. Proc Natl Acad
Sci USA. 2004; 101(2):511–516. doi: 10.1073/pnas.2534828100 PMID: 14694192

56. Levy Y, Cho SS, Onuchic JN, Wolynes PG. A survey of flexible protein binding mechanisms and their
transition states using native topology based energy landscapes. J Mol Biol. 2005; 346(4):1121–1145.
doi: 10.1016/j.jmb.2004.12.021 PMID: 15701522

57. Levy Y, Cho SS, Onuchic JN, Wolynes PG. A survey of flexible protein binding mechanisms and their
transition states using native topology based energy landscapes. J Mol Biol. 2005; 346:1121–1145.
doi: 10.1016/j.jmb.2004.12.021 PMID: 15701522

58. Ding F, Prutzman KC, Campbell SL, Dokholyan NV. Topological determinants of protein domain swap-
ping. Structure. 2006; 14(1):5–14. doi: 10.1016/j.str.2005.09.008 PMID: 16407060

59. Yang S, Cho SS, Levy Y, Cheung MS, Levine H, Wolynes PG, et al. Domain swapping is a conse-
quence of minimal frustration. Proc Natl Acad Sci U S A. 2004; 101(38):13786–13791. doi: 10.1073/
pnas.0403724101 PMID: 15361578

60. Cho SS, Levy Y, Onuchic JN, Wolynes PG. Overcoming residual frustration in domain-swapping: the
roles of disulfide bonds in dimerization and aggregation. Phys Biol. 2005; 2:S44–S55. doi: 10.1088/
1478-3975/2/2/S05 PMID: 16204848

61. Graham TGW, Best RB. Force-induced change in protein unfolding mechanism: discrete or continuous
switch? J Phys Chem B. 2011; 115:1546–1561. doi: 10.1021/jp110738m PMID: 21271708

62. Dudko OK, Graham TGW, Best RB. Locating the folding barrier for single molecules under an external
force. Phys Rev Lett. 2011; 107:208301. doi: 10.1103/PhysRevLett.107.208301 PMID: 22181779

63. LinkeWA. Sense and stretchability: The role of titin and titin-associated proteins in myocardial stress-
sensing and mechanical dysfunction x2020;. Cardiovascular Res. 2008; 77(4):637–648.

64. Shaknovich E, Farztdinov G, Gutin AM, Karplus M. Protein folding bottlenecks: a lattice Monte Carlo
simulation. Phys Rev Lett. 1991; 67:1665–1668. doi: 10.1103/PhysRevLett.67.1665

65. Chyan CL, Lin FC, Peng H, Yuan JM, Chang CH, Lin SH, et al. Reversible mechanical unfolding of sin-
gle ubiquitin molecules. Biophys J. 2004; 87(6):3995–4006. doi: 10.1529/biophysj.104.042754 PMID:
15361414

66. Carrion-Vazquez M, Li H, Lu H, Marszalek PE, Oberhauser AF, Fernandez JM. The mechanical stabil-
ity of ubiquitin is linkage dependent. Nat Struct Mol Biol. 2003; 10(9):738–743. doi: 10.1038/nsb965

67. Thirumalai D, Klimov DK, Woodson SA. Kinetic partitioning mechanism as a unifying theme in the fold-
ing of biomolecules. Theor Chem Acc. 1997; 96:14–22. doi: 10.1007/s002140050198

Structural Determinants of Misfolding in Multidomain Proteins

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004933 May 10, 2016 27 / 28

http://dx.doi.org/10.1126/science.1279805
http://www.ncbi.nlm.nih.gov/pubmed/1279805
http://dx.doi.org/10.1016/S0969-2126(96)00036-6
http://www.ncbi.nlm.nih.gov/pubmed/8805538
http://dx.doi.org/10.1126/science.1871600
http://www.ncbi.nlm.nih.gov/pubmed/1871600
http://dx.doi.org/10.1016/0022-2836(87)90679-6
http://www.ncbi.nlm.nih.gov/pubmed/3041007
http://dx.doi.org/10.1006/jmbi.1998.1645
http://www.ncbi.nlm.nih.gov/pubmed/9545386
http://dx.doi.org/10.1073/pnas.96.20.11311
http://www.ncbi.nlm.nih.gov/pubmed/10500173
http://dx.doi.org/10.1016/j.chemphys.2004.06.064
http://dx.doi.org/10.1073/pnas.1317105110
http://dx.doi.org/10.1073/pnas.1317105110
http://www.ncbi.nlm.nih.gov/pubmed/24128764
http://dx.doi.org/10.1006/jmbi.2000.3693
http://www.ncbi.nlm.nih.gov/pubmed/10801360
http://dx.doi.org/10.1021/jp403305a
http://www.ncbi.nlm.nih.gov/pubmed/23947368
http://dx.doi.org/10.1073/pnas.2534828100
http://www.ncbi.nlm.nih.gov/pubmed/14694192
http://dx.doi.org/10.1016/j.jmb.2004.12.021
http://www.ncbi.nlm.nih.gov/pubmed/15701522
http://dx.doi.org/10.1016/j.jmb.2004.12.021
http://www.ncbi.nlm.nih.gov/pubmed/15701522
http://dx.doi.org/10.1016/j.str.2005.09.008
http://www.ncbi.nlm.nih.gov/pubmed/16407060
http://dx.doi.org/10.1073/pnas.0403724101
http://dx.doi.org/10.1073/pnas.0403724101
http://www.ncbi.nlm.nih.gov/pubmed/15361578
http://dx.doi.org/10.1088/1478-3975/2/2/S05
http://dx.doi.org/10.1088/1478-3975/2/2/S05
http://www.ncbi.nlm.nih.gov/pubmed/16204848
http://dx.doi.org/10.1021/jp110738m
http://www.ncbi.nlm.nih.gov/pubmed/21271708
http://dx.doi.org/10.1103/PhysRevLett.107.208301
http://www.ncbi.nlm.nih.gov/pubmed/22181779
http://dx.doi.org/10.1103/PhysRevLett.67.1665
http://dx.doi.org/10.1529/biophysj.104.042754
http://www.ncbi.nlm.nih.gov/pubmed/15361414
http://dx.doi.org/10.1038/nsb965
http://dx.doi.org/10.1007/s002140050198


68. Ivankov DN, Garbuzynskiy SO, Alm E, Plaxco KW, Baker D, Finkelstein AV. Contact order revisited:
influence of protein size on the folding rate. Protein Sci. 2003; 12(9):2057–2062. doi: 10.1110/ps.
0302503 PMID: 12931003

69. Clarke J, Cota E, Fowler SB, Hamill SJ. Folding studies of immunoglobulin-like β-sandwich proteins
suggest that they share a common folding pathway. Structure. 1999; 7(9):1145–1153. doi: 10.1016/
S0969-2126(99)80181-6 PMID: 10508783

70. Hultqvist G, Punekar AS, Morrone A, Chi CN, Engström Å, Selmer M, et al. Tolerance of protein folding
to a circular permutation in a PDZ domain. PLoS Comput Biol. 2012;.

71. Roberts A, Jackson SE. Destabilised mutants of ubiquitin gain equal stability in crowded solutions. Bio-
phys Chem. 2007; 128(2):140–149. doi: 10.1016/j.bpc.2007.03.011 PMID: 17434659

72. Morrone A, Giri R, Toofanny RD, Travaglini-Allocatelli C, Brunori M, Daggett V, et al. GB1 is not a two-
state folder: identification and characterization of an on-pathway intermediate. Biophys J. 2011; 101
(8):2053–2060. doi: 10.1016/j.bpj.2011.09.013 PMID: 22004760

73. Sirur A, de Sancho D, Best RB. Markov State Models for Protein Misfolding. J Chem Phys, in press.
2016; 0:1–10.

74. Ono K, Ito M, Hirota S, Takada S. Dimer domain swapping versus monomer folding in apo-myoglobin
studied by molecular simulations. Phys ChemChem Phys. 2015; 17(7):5006–5013. doi: 10.1039/
C4CP05203J PMID: 25591933

75. Arviv O, Levy Y. Folding of multidomain proteins: Biophysical consequences of tethering even in appar-
ently independent folding. Proteins. 2012; 80(12):2780–2798. doi: 10.1002/prot.24161 PMID:
22890725

76. Wako H, Saitô N. Statistical mechanical theory of the protein conformation. II. Folding pathway for pro-
tein. J Phys Soc Japan. 1978; 44(6):1939–1945. doi: 10.1143/JPSJ.44.1939

77. LoWC,Wang LF, Liu YY, Dai T, Hwang JK, Liu PC. CPred: a web server for predicting viable circular
permutations in proteins. Nucleic Acids Res. 2012; 40:W232–W237. doi: 10.1093/nar/gks529 PMID:
22693212

78. Hutchinson EG, Thornton JM. A revised set of potentials for β-turn formation. Protein Sci. 1994;
3:2207–2216. doi: 10.1002/pro.5560031206 PMID: 7756980

Structural Determinants of Misfolding in Multidomain Proteins

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004933 May 10, 2016 28 / 28

http://dx.doi.org/10.1110/ps.0302503
http://dx.doi.org/10.1110/ps.0302503
http://www.ncbi.nlm.nih.gov/pubmed/12931003
http://dx.doi.org/10.1016/S0969-2126(99)80181-6
http://dx.doi.org/10.1016/S0969-2126(99)80181-6
http://www.ncbi.nlm.nih.gov/pubmed/10508783
http://dx.doi.org/10.1016/j.bpc.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17434659
http://dx.doi.org/10.1016/j.bpj.2011.09.013
http://www.ncbi.nlm.nih.gov/pubmed/22004760
http://dx.doi.org/10.1039/C4CP05203J
http://dx.doi.org/10.1039/C4CP05203J
http://www.ncbi.nlm.nih.gov/pubmed/25591933
http://dx.doi.org/10.1002/prot.24161
http://www.ncbi.nlm.nih.gov/pubmed/22890725
http://dx.doi.org/10.1143/JPSJ.44.1939
http://dx.doi.org/10.1093/nar/gks529
http://www.ncbi.nlm.nih.gov/pubmed/22693212
http://dx.doi.org/10.1002/pro.5560031206
http://www.ncbi.nlm.nih.gov/pubmed/7756980

