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ABSTRACT
The majority of proteins perform their cellular function after folding into a specific and stable native
structure. Additionally, for many proteins less compact ‘molten globule’ states have been observed.
Current experimental observations show that themolten globule state can show varying degrees of
compactness and solvent accessibility; the underlying molecular cause for this variation is not well
understood. While the specificity of protein folding can be studied using protein lattice models, cur-
rent design procedures for these models tend to generate sequences without molten globule-like
behaviour. Here we alter the design process so the distance between the molten globule ensem-
ble and the native structure can be steered; this allows us to design protein sequences with a wide
range of folding pathways, and sequences with well-defined heat-induced molten globules. Simu-
lating these sequences we find that (1) molten globule states are compact, but have less specific
configurations compared to the folded state, (2) the nature of the molten globule state is highly
sequence dependent, (3) both two-state and multi-state folding proteins may show heat-induced
molten globule states, as observed in heat capacity curves. The varying nature of the molten glob-
ules and typical heat capacity curves associated with the transitions closely resemble experimental
observations.
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1. Introduction

One of the hallmarks of protein folding is the precision
with which a specific protein sequence can fold into a
well-defined topology. In the cell, themajority of proteins
perform their functional role in this folded or ‘native’
structure. At high temperatures, proteins will generally
unfold or denature [1,2]; this is due to the chain entropy
becoming more dominant at high temperatures, favour-
ing the unfolded or ‘coil’ state that is an ensemble of
many extended structural configurations. The folding
specificity is characterised by a high peak in the heat
capacity [3–8] that coincides with the heat-unfolding
transition. Moreover, the transition from fully folded
protein configurations to an ensemble of fully unfolded
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protein configurations takes place in a relatively small
temperature window (∼10K) [4,8]. Within this window,
the denaturation midpoint temperature, or Tm in short,
is the temperature at which 50% of the ensemble is in the
folded state. Understanding the underlying biophysical
pathways associated with heat capacity profiles is essen-
tial, especially since many drug development pipelines
[9–11] and even disease profiling techniques can be based
on heat capacity scanning techniques [12].

While the native protein fold is highly specific,
more dynamic, relatively compact states have also been
observed for many real proteins; such states are usually
referred to as ‘molten globules’ [13,14]. These molten
globules are much more compact than the fully unfolded
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coil state, but much less specific than the folded state;
intra-chain contacts between the residues of the pro-
tein form a fluctuating ensemble [14–17]. Over the last
decade, it has become increasingly clear that there is a
very diverse spectrumofmolten globule-like states, rang-
ing from near native compact structures (‘dry’ molten
globules) tomuchmore dynamic andmore solvent acces-
sible structures (‘wet’ molten globules) [18–20]. These
state ensembles also vary greatly in the extent to which
their cores are solvent accessible, spanning several orders
of magnitude [19]. Experimentally, the denaturation of
molten globule states coincides with a peak in the heat
capacity, although such peaks are much smaller than
those observed for unfolding [21] the native structure.
Note that some proteins have even been reported to be
able to function in a molten globule-like state [19,22].

Another, very much related, discussion revolves
around the folding pathway at physiological tempera-
tures, or the free energy landscapes of proteins at tem-
peratures where the folded state is most stable. For the
folding pathway, a distinction can be made between two-
state and multi-state folders [23–25]. The first type of
protein will follow a folding pathway from the unfolded
to the folded structure, with a single barrier in the form
of a transition state – note that this may be an ensemble
of configurations – that separates the coil and fully folded
states. Multi-state folding, with several meta-stable states
between the coil and fully folded state, is associated with
multiple peaks in a heat capacity versus temperature dia-
gram [8]. Typically, multi-state folding is observed for
multi-domain proteins, where each domain represents a
sequence–structure combination that can fold indepen-
dently. Nevertheless, for single-domain proteins multi-
state (un)folding pathways have also been observed
[25,26]. In this work, we will focus on single-domain
proteins.

The high specificity of protein folding and its asso-
ciated thermodynamic characteristics can be captured
by the classic lattice model for protein folding [27].
In these models, amino acid alphabets in combination
with sequence design procedures are used to gener-
ate sequence–structure combinations. This is in contrast
with GO potentials, which are alternative models that
effectively enforce the native structure [28], but can-
not capture non-specific (non-native) contacts [29–31].
With sequence-based lattice models, both the peak in
heat capacity and rapid transition from the folded to
the coil state at increasing temperature can be repli-
cated for a multitude of different sequence–structure
combinations. Off-lattice models are able to show
the same qualities in terms of specificity [30,32,33],
but parametrising such models remains a challenging
task.

Computationally, molten globules have been studied
using various protein simulation models, just so has the
hydrophobic collapse [7,34–43]. However, much less is
understood about the sequence–structure relationship of
molten globules and how folding pathways may be influ-
enced by the presence of such molten globule-like states.
In this work, we use a simple model to answer these
questions.

We adapt the design process of a sequence-based lat-
tice model, with the goal of designing protein sequences,
either with or without molten globule states. Note that
we only alter the design procedure, with which we gen-
erate folding sequences, and do not modify the native
structure, the proteinmodel, the simulationmodel or the
interaction model for these different protein sequences.
We find that the folding pathways and the presence or
absence of molten globule states are highly sequence
dependent. Moreover, we observe that the molten glob-
ule state comes in several varieties, its characteristics
determined by the sequence.

2. Methods

2.1. Foldingmodel

Our folding model is based on the classic cubic lat-
tice model for protein folding [27,43–49], along with
an extension to model interactions between the pro-
tein chain and the solvent [50]. In this coarse-grained
model, a protein is represented by a string of amino
acid beads residing on a lattice corresponding to a three-
dimensional grid. Individual amino acids in the chain can
interact in a pairwise manner and with an implicit sol-
vent; the energy of such interactions is determined by
statistical potentials. In our model, the internal energy of
a protein chain is given by

E = 1
2

N∑
i

N∑
j

εa(i),a(j)Cij +
N∑
i

εa(i),wCiw, (1)

where a(i) is the amino acid type at position i andw is the
solvent. The pair potential εx,y or εx,w gives the interac-
tion energies between amino acid type x and amino acid
type y, or solventw, respectively.Cij is the contact matrix;
Cij is 1 if chain positions i and j are neighbouring on the
lattice without being connected by a peptide bond, oth-
erwise Cij is 0. Ciw describes whether a position i in the
chain is exposed to the solvent w in at least one of four
possible directions:

Ciw =
⎧⎨
⎩
0 if

∑
j
Cij = 4

1 otherwise

⎫⎬
⎭ . (2)
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Any constants, such as the interaction energies of the pair
potential εa,a, were taken unmodified from [50].

2.2. Simulation

The model was simulated by a Monte Carlo simulation
algorithm using the Metropolis rule [51] for trial move
acceptance or rejection:

Pacc = min
{
1, exp

(−�E
kBT

)}
, (3)

where kB is the Boltzmann constant, T is the simula-
tion temperature and �E is the change in system energy
resulting from the proposed move. As our investigation
is limited to single proteins, only internal moves are
allowed. These are end moves, corner flips, crank shafts
and point rotation moves [47].

2.3. Design procedure

In order to generate a sequence that is able to fold specif-
ically into a single structure, we use a design procedure
in which the internal energy of a sequence is minimised,
given a desired, fixed, conformation. We use a Monte
Carlo based minimisation procedure largely based on
existing design procedures [50]. The algorithm initialises
the protein chain with a random sequence. Then, iter-
atively, a change in amino acid type is proposed for a
single residue. Acceptance of such a change (c.f. move)
depends on several design criteria. The designed pro-
tein sequence needs to fold with high specificity into the
given native structure. To this end, the change in internal
energy difference �Ecoil→folded between a fully extended
conformation and the desired native confirmation is one
of the optimisation criteria.

Ecoil→folded = Efolded − Ecoil. (4)

Ecoil→folded and the other energy terms are calculated
using Equation 1. In this instance, the spatial config-
uration, expressed by the contact matrix C, is fixed to
the native conformation and the amino acid sequence
of the chain is varied, through the amino acid mapping
function a(i).

2.3.1. Molten globule design term
To generate a more diverse folding landscape, we include
an additional objective in the design procedure. We con-
sider themolten globule to be a set of competing compact
states. To model this, we add an energy term corre-
sponding to the change in internal energy between the
native conformation and an estimation of an ensemble of

compact states.

Emg→folded = Efolded − Emg. (5)

Here the molten globule enthalpy Emg is estimated as
the mean enthalpy over a small ensemble of compact
structures:

Emg =
n∑
i

exp
(
− 1

TDEss,i
)

Z
Ess,i, (6)

Z =
n∑
i
exp

(
− 1
TD

Ess,i
)
. (7)

Here Ess,i denotes molten globule shadow state i of n. A
shadow state is defined as having the native chain con-
figuration, but with a randomly permuted amino acid
sequence; this permutation order differs per shadow state
but is unchanged during a single run of the design proce-
dure. TD is the design temperature; the higher the design
temperature the more likely the algorithm is to accept an
energetically unfavourable move. In the context of the
molten globule approximation, it affects the weights of
the shadow states; a lower temperature means the more
energetically favourable shadow states will have a larger
contribution to the total estimate Emg. Even at a higher
design temperature, the number of shadow states n is
required to be sufficiently large as to prevent a single
shadow state from dominating the estimate. On a stan-
dard laptop computer, n=15 is a reasonable trade-off
between accuracy and speed, although n should be set to
as large a number as is computationally feasible.

In the design procedure, we also use a Monte Carlo
algorithm, using the following acceptance criterion based
on the sequence enthalpy:

Pacc,E = min
{
1, exp

(
− 1
TD

�Etot
)}

(8)

where TD is the design temperature as described previ-
ously. The energy acceptance requirement is always satis-
fied if�Etot < 0; otherwise it is satisfied with probability
Pacc,E.

We define�Etot such that both the enthalpy difference
between the folded and unfolded states, and the enthalpy
difference between the folded and molten globule state,
are included:

�Etot = �Ecoil→folded + α�Emg→folded. (9)

To allow the molten globule contribution to this total
�Etot to be varied, a weighing parameter α is intro-
duced. In principle, negative values of α should result in a
sequence inwhich the internal energy difference between
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the native state and themolten globule state is small; con-
versely, positive values of α should result in a sequence in
which the energy difference is large.

�Ecoil→folded is the change, resulting from the pro-
posedmove, in the internal energy difference between the
coil and folded states, considering the difference between
the current and proposed amino acid composition of the
sequence:

�Ecoil→folded = Eproposedcoil→folded − Ecurrentcoil→folded, (10)

where Emg→folded is an equivalent term, but for the
molten globule and folded states:

�Emg→folded = Eproposedmg→folded − Ecurrentmg→folded. (11)

If only the energy acceptance requirement were used
to constrain the moves, designed sequences would
quickly converge to near-homopolymers, containing
only the amino acid types with the most favourable or
unfavourable interactions. A second acceptance require-
ment is therefore required [47], enforcing realistic het-
erogeneity in the amino acid composition of the chain.

NP = N!
n1!n2! . . . nk−1!nk!

(12)

Pacc,N =
(
Nproposed
P
Ncurrent
P

)1/Tvar

, (13)

where NP is a measure of the variance of the pro-
tein chain; N is the total number of amino acids in
the sequence; nk is the number of occurrences in the
sequence of the amino acid of type k; Tvar is an inde-
pendently controlled temperature constant called the
variance temperature. Higher values ofTvar relax the vari-
ance requirement of the chain; if set too low the major-
ity of moves are rejected because they lower the amino
acid variance; if set too high the variance requirement
is not sufficiently enforced and the sequence converges
to a biologically unrealistic polymer. If the variance is
increased by a move (i.e. if Nproposed

P > Ncurrent
P ) it is

always accepted; if the variance is lowered by a move it
is accepted with probability Pacc,N .

2.4. Sampling

Parallel tempering is used in order to improve the sam-
pling within the simulation of inaccessible regions in
the configurational space [52]. The simulation was set
to attempt 1,000,000 replica swaps in total, attempting
one every 10,000 moves. Acceptance of a replica swap is

governed by the acceptance rule below.

Pacc = min

{
1, exp

(
−�E · �

( 1
T
)

kB

)}
. (14)

In total 30 temperatures are sampled, linearly spaced on
the interval [0.15, 1.15].

The heat capacity CV is calculated through the
recorded internal energies E for every sampled configu-
ration during a simulation. The heat capacity for a given
temperature is

CV(T) = 〈E2〉 − 〈E〉2
T2 , (15)

whereCV is the heat capacity, E is the internal energy and
T is the simulation temperature.

2.5. Order parameters

The order parameters used in the analysis of the simula-
tion data are defined as follows. Ctot is the total number
of internal contacts for a given configuration. Cnat is
the total number of internal contacts for a configuration
which also exists in the native structure, or the structure
thatwas used as the target in the design procedure.Cnon is
defined as Ctot − Cnat, or the number of internal contacts
which do not exist in the native structure.

The free energy Fi of a state i is given by

Fi = −kBT ln(pi), (16)

where kB is the Boltzmann constant, T is the temperature
and pi is the sampling probability of a state i, defined by
one or more order parameters of choice.

2.6. Designed sequences

The parameter controlling the strength – and sign – of the
molten globule minimisation objective in the design pro-
cedure,α, was varied in increments of 0.25 on the interval
[−0.75, 1.5]. Negative values of α should, in principle,
increase the preference for molten globule states; posi-
tive values should decrease the preference. Ten sequences
were designed for every value ofα; thiswas done to gather
more robust statistics, given the probabilistic nature of
the design procedure. The length of the designed pro-
tein sequence was kept constant at 70 amino acids. The
structure for which the energies wereminimised was also
kept constant, using a compact structure with 84 (native)
contacts.

Out of the total ensemble of 90 sequences (10 repli-
cates for 9 different values of α), we selected 5 that best
illustrate variation in the folding pathways. All sequences
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that were used in this work are listed in Appendix.
Note that not every design procedure run resulted in a
sequence that would fold; negative values of α showed
more extensive molten globule-like behaviour but were
also less likely to fold.

3. Results

3.1. Folded, molten globule and coil state

First we consider the distinct states we are able to observe
for one of the designed sequences. We see that the num-
ber of native contacts (Cnat) in Figure 1 shows a very
specific unfolding transition at the denaturation mid-
point temperature Tm = 0.43 ; this coincides with a peak
in the heat capacity (CV), as expected. At temperatures
just above the Tm something interesting happens: the
number of non-native contacts (Cnon) increases sharply,
while the total number of contacts (Ctot) decreases more
gradually than the number of native contacts (Cnat). This
suggests there is indeed a heat-induced molten globule
state present.

This molten globule state is much more apparent if
we consider the two-dimensional free energy landscape

Figure 1. Folding characteristics for a sequence with a heat-
induced molten globule state.
Simulation results are shown for a single protein sequence that
was designed to fold into a specific structure with 84 native con-
tacts. The panels show the total number of contacts (Ctot), the
number of native contacts (Cnat), the number of non-native con-
tacts (Cnon) and the heat capacity (CV) in kB/T , all versus the
temperature in reduced units. The sharp decrease in the num-
ber of native contacts shows the transition from the folded to the
molten globule state, associated with the high peak in the heat
capacity curve. The transition from theheat-inducedmolten glob-
ule state to the coil state canbemost easily seenby thedecrease in
the number of non-native contacts, associated with the shoulder
– or very shallow peak – in the heat capacity curve.

Figure 2. The folded, molten globule and coil states.
Two-dimensional free energy landscapes derived from lattice
model simulations are shown at two different temperatures for
the same protein sequence as shown in Figure 1; native con-
tacts Cnat are shown on the Y -axis, non-native contacts Cnon on
the X-axis. At T = 0.43 the native state, the molten globule state
and coil state are all populated. Note that Tm ≈ 0.43 for this pro-
tein sequence. At the higher temperature, T = 0.77, the coil state
clearly dominates the configurational ensemble. The latticemodel
configurations show hydrophobic residues in yellow, positively
charged in blue, negatively charged in red and polar residues in
grey.

using Cnat and Cnon as order parameters, as shown
in Figure 2 (T=0.43) for the same sequence. Around
the Tm there are indeed three accessible states present:
the fully folded state with 70 < Cnat < 85, the molten
globule state with 15 < Cnat < 30 and 25 < Cnon < 40,
and finally the unfolded coil state with Cnat < 15 and
5 < Cnon < 25. At higher temperatures (T > Tm), this
molten globule state gradually disappears, only leaving
the coil state with highly extended conformations; this
coils state is shown in Figure 2 (T=0.77).

3.2. Themolten globule transition is gradual

We can also observe that the molten globule state has
characteristics very distinct from the fully folded state.
Generally, the molten globule state is a more gradual,
much less specific state. This becomes most apparent
when we consider the ensemble characteristics of this
state under changing temperature.

The transition from the molten globule state to the
coil state is characterised by a more gradual decrease in
the total number of internal contacts, compared to the
unfolding transition (Figures 1 and 3, panel Ctot). The
less specific character of the molten globule state, com-
pared to the folded state, is also apparent in the lower heat
capacity peak at the transition to coil (Figures 1 and 3,
panel CV), compared to the unfolding transition.

Finally, we are able to observe that the nature of the
molten globule state, in terms of the order parameters,
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Figure 3. Folding characteristics for various protein sequences.
Simulation results are shown for various protein sequences all
designed to fold into the same structure with 84 native contacts.
The panels show the total number of contacts (Ctot), the number
of native contacts (Ctot), the number of non-native contacts (Cnon)
and the heat capacity (CV) in kB/T , all versus the temperature in
reduced units. Sequences #1, #2 and #3 fold into the native state,
while sequence #4 does not, as evidenced by the lack of a peak
in the heat capacity plot and the low number of native contacts
at low temperatures. The ensemble characteristics of the molten
globule states, and of the associated transition states, are highly
variable and sequence dependent.

slowly changes with temperature, just as observed for the
coil state. Comparing the two temperatures in Figure 4,
we can see that the number of contacts (native and non-
native) declines as the temperature increases. In contrast,
the folded state remains most stable around a very spe-
cific structure, characterised by Cnat > 70, for all folding
sequences.

3.3. Sequence dependence ofmolten globule states

More generally, Figure 3 shows that the nature of the
molten globule state is very much sequence dependent.
We designed several different sequences for the same
native structure. Each sequence shows a different type
of molten globule state, with a varying number of total
and native contacts; moreover, the temperature Tmg at
which the different sequences show the transition from
molten globule to coil, as well as the height of the associ-
ated peak in the heat capacity, is strongly dependent on
the sequence. In fact, sequence #4, as depicted in Figure 1,
does not even fold into the designed structure – or in
any other structure. Nevertheless it shows two distinct
state transitions, the first changing between two types of
molten globule states, the second changing between the
molten globule and the coil state.

The unfolding temperature Tm also shows a depen-
dence on the sequence. Note that this is also observed for
real proteins with a similar structure; for example, it is

Figure 4. Free energy landscape of a multi-state folder.
Two-dimensional free energy landscapes derived from simula-
tions are shown at two different temperatures for the same pro-
tein sequence #3 used in Figure 3; native contacts Cnat are shown
on the Y -axis, non-native contacts Cnon on the X-axis. At T = 0.39,
the protein is most stable in its native structure, but compet-
ing molten globule-like states are also sampled. At T = 0.56, the
protein is transitioning from the molten globule state to a non-
compact coiled state.

possible to engineer proteins to become more thermally
stable [53].

For some sequences – but not all – the molten glob-
ule state is already present at temperatures at which the
folded state is most stable (i.e. for T < Tm), as shown
in Figure 4. Here the molten globule state forms a com-
peting state to the folded state. This implies that the
folding pathway, at a physiological temperature, should
visit a folding intermediate; and hence we would observe
a single-domain multi-state folder. Other designed pro-
teins show that, when a molten globule is visited in the
heat unfolding pathway, there is not necessarily such
a meta-stable state present at temperatures below Tm
. Hence not all sequences with a heat-induced molten
globule state are multi-state folders.

4. Discussion

The use of amodified sequence design procedure allowed
us to generate several protein sequences for a single pro-
tein structure with different folding pathways, as well as
different types of molten globule states. In the foremost
place, these results show that folding pathways and the
existence of molten globule states are highly sequence
dependent; the molten globule state is not intrinsically
tied to the native structure, nor does it show high speci-
ficity for a particular conformation. In fact, we show
that even protein sequences without any specificity for
a native structure, i.e. natively disordered proteins, can
exhibit (multiple) molten globule-like states. Note that
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experimentally similar temperature-dependent changes
in the compactness of intrinsically disordered protein
regions have been observed [54].

The molten globule states show peaks in the heat
capacity curve, albeit much less high than those observed
for the folding transition. Moreover, the temperature at
which themolten globule states are present is highly vari-
able, sometimes coinciding with the range in which the
protein is stably folded, thereby effectively introducing
a competing meta-stable state. Note that these results
very much agree with current experimental findings that
molten globules are very heterogeneous [19]; moreover,
different types of molten globules have been observed for
many different proteins [19]. Lastly, shoulders and dou-
ble peaks in the heat capacity have also been observed
in Differential Scanning Calorimetry (DSC) experiments
for real proteins [8].

While the adapted design procedure did allow for the
design of a rich landscape of sequences with different
molten globule-like states, the controlling design param-
eter, α, did not have a unique correspondence to spe-
cific molten globule-like features of the designed protein
sequence. Generally, negative values of the α parameter
resulted in sequences exhibiting more compact molten
globule-like states. A negative α also adversely impacted
the success rate of folding into a unique structure. Con-
versely, positive values of α in the design procedure
did not consistently produce sequences with a less com-
pact or destabilised molten globule state. In general, the
variability of folding characteristics between sequences
designed with the same α was large; this, together with
the inherent stochasticity of the design algorithm, makes
it difficult to steer the design procedure towards a spe-
cific type of molten globule state. For this study, more
control over the design procedure was not necessary, as
we obtained our desired variation in folding pathways.
Nevertheless, the design procedure does allow for some
control over the appearance and characteristics ofmolten
globule-like states.

It may not be unrealistic to develop a similar design
procedure for real proteins. While the protein structure
prediction problem remains an unsolved scientific chal-
lenge [55], the challenge of designing a sequence that folds
into a specific structure has been tackled much more
successfully. In fact, the most successful computational
design algorithm for real protein structures [56] resem-
bles in essence the simple design procedure for the lattice
model [47,50], with the addition that small structural
changes are also allowed.

Our results indicate that the absence or presence of
molten globule states strongly depend on the sequence.
Hence, it may be feasible to engineer targeted muta-
tions in an existing protein sequence to drive it away

from or towards a sequence capable of forming molten
globule-like states. Moreover, we show that similar folds
can have different folding pathways, suggesting that it
is possible to alter folding pathways for a given pro-
tein structure by redesigning its sequence. In particular,
destabilising a competing molten globule state may be
of interest: molten globule-like states can lead to irre-
versible unfolding [8] and potentially to aggregation in
real systems.

Lastly, understanding the nature of thermodynamic
characteristics, including competing states in the folding
pathways, is extremely important for understanding heat
capacity curves that are used in a large variety of appli-
cations, including disease profiling [12] and drug design
[9–11].
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Appendix. Sequences of designed proteins in
FASTA format

> f i g _ 1 _ f i g _ 2
KDRPKLICIEHDCHKIGARGKLVFCEPCNEMFRTSPTCNGQ

NQNFEAEFERWWDQEMQPMPVKDKDHYSY
> f i g _ 3 _ s e q _ 1
DSHKHWFMIEGKMERMKSTEDCVCMDQLNTLIRGRPNFNPQ

GPNCEPHCSDWYEKEAEKAQVKDKKRYRQ
> f i g _ 3 _ s e q _ 2
KERPKIFCCEGDCQKMSHRQKIWFCEPCHELFRGSQTCNPQ

NSNIEMELERWFDDDAHPAPVKDKGVYTY
> f i g _ 3 _ s e q _ 3 _ f i g _ 4
PEPSKICIFELECKKVQAHTKWICIENFGDFFRLTSRCSGG

APDCEPYCYRWVDDEMTQMNMKHRQYWHN
> f i g _ 3 _ s e q _ 4
KERGKCICFETNCDKLSARSKVVLFEPFADFCRTHQSINPQ

NGNIEGECEKWCDDEMHPPPMKQRDHWQY
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