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ABSTRACT: Protein folding is often viewed in terms of a funneled potential or
free energy landscape. A variety of experiments now indicate the existence of
multifunnel landscapes, associated with multifunctional biomolecules. Here, we
present evidence that these systems have evolved to exhibit the minimal number of
funnels required to fulﬁll their cellular functions, suggesting an extension to the
principle of minimum frustration. We ﬁnd that minimal disruptive mutations result
in additional funnels, and the associated structural ensembles become more diverse.
The same trends are observed in an atomic cluster. These observations suggest guidelines for rational design of engineered
multifunctional biomolecules.

■

INTRODUCTION
The structure−function paradigm is the cornerstone of our
understanding for biological processes at a molecular level. If it
is possible to identify the populated structural ensembles, and
the interconversion pathways between these ensembles, a
mechanistic interpretation of functionality is possible. Understanding how biomolecules achieve their functional state is
therefore a key research goal. One theoretical framework to
address this problem is provided by the potential energy
landscape, which contains all of the information necessary to
understand the molecular thermodynamic, kinetic, and
structural properties.
A central paradigm in explaining the organization of energy
landscapes is the principle of minimal frustration;1−7 here,
frustration is deﬁned in terms of competing low-energy minima
separated by high barriers. Functional globular proteins appear
to have evolved to reduce frustration as far as possible, and
usually exhibit single-funneled landscapes based on a particular
global minimum structural ensemble. In this case, a single
funnel on the potential energy landscape can be used to deﬁne
a single funnel on the free energy landscape for physiological
temperatures of interest. Nelson and Onuchic8 showed that
minimal frustration in natural proteins leads to sequences that
have evolved to support the native contacts in the global
minimum structural ensemble, resulting in a deep funnel.
The functional structure is still likely to be recognizable for
mutations corresponding to minimal perturbations, even
though these changes may increase frustration. The evolution
of amino acid sequences is therefore inﬂuenced by selection
pressures determining stability, accessibility, and function.9
Indeed, there is both theoretical and experimental evidence that
maintaining the structure of the native fold is an important
constraint on evolution.7 This optimization, leading to
tolerance of sequence modiﬁcation, may also play a role in
the success of Φ-value analysis10,11 for conservative mutations,
which can be treated from a perturbative viewpoint.
More generally, single-funneled potential energy landscapes
have been associated with self-organization or “structure© XXXX American Chemical Society

seeking” properties throughout molecular science and for
condensed and soft matter.12,13 These properties have been
illustrated and analyzed for a diverse range of systems, including
“magic number” atomic and molecular clusters, crystals, and
self-assembling mesoscopic structures, such as shells and
helices.
While analysis of single-funneled potential energy landscapes
has provided detailed explanations for self-organizing capabilities, which resolve the Levinthal paradox, an increasing
number of studies describe multifunneled protein energy
landscapes.14−16 It seems reasonable that a system will have
to adopt more than one distinct conﬁguration to encode more
than one function, with the relative stabilities potentially
tunable by environmental conditions, or binding of speciﬁc
partner ligands, which might relieve the residual frustration
associated with alternative structures.17 The system can then
switch between states to regulate functionality. Double-funnel
landscapes have also been associated with open and closed
forms of enzymes such as adenylate kinase.18 It seems unlikely
that two distinct functional morphologies would be optimized
within a single potential energy funnel, necessitating the
evolution or design of multifunneled landscapes.
In the present work, we suggest that multifunctional
biomolecules have evolved to minimize frustration in their
multifunneled energy landscapes. We present evidence that
proteins and nucleic acids support the minimum number of
funnels necessary to fulﬁll their function. In particular, we show
that minimal disruptive mutations change the potential energy
landscape, producing additional funnels and more diverse
structural ensembles. Here we deﬁne a minimal disruptive
mutation as one that shifts the equilibrium populations of the
competing morphologies, while retaining recognizable funnels
corresponding to the unperturbed system on the transformed
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landscape. For such perturbations, we identify two key results:
(a) increased frustration as a result of additional funnels and
larger energy barriers and (b) greater structural diversity in the
funnels on the perturbed landscapes, due to weakening of
native contacts. Further tests for a double-funnel atomic cluster
reproduce both trends, as illustrated in the Supporting
Information. Our calculations are based on the computational
potential energy landscape framework, which is founded on
geometry optimization with postprocessing using the tools of
statistical mechanics and unimolecular rate theory to predict
structure, dynamics, and thermodynamics.

In this case, mutations may switch the stabilities of competing
topologies, producing apparently anomalous kinetic eﬀects.
In the example of GCN4-pLI, the native sequence only
exhibits the parallel structure.36 A single point mutation, E20S,
stabilizes both antiparallel and parallel arrangements. The
energy landscapes for both cases are shown in Figure 1,

■

METHODS
The Computational Potential Energy Framework.
Potential energy landscapes were explored using discrete path
sampling19,20 to construct kinetic transition networks,21,22
which consist of local minima and the transition states that
connect them. The doubly-nudged elastic band algorithm23−25
coupled with hybrid eigenvector-following26 was used to locate
transition states. The minima connected by the transition states
were then characterized using approximate steepest-decent
pathways. Further details are available in several reviews.16,22
Starting Conﬁgurations and Force Field Settings. We
employed the AMBER ﬀ14SB27 force ﬁeld. To reduce the
computational cost, implicit generalized Born solvation28,29
models were used without cutoﬀs, together with the Debye−
Hückel approximation30 for ions (0.1 M). The starting points
for path sampling for the coiled-coil, ubiquitin, and RNA 7SK
were crystal structures taken from experimental work, as
indicated below. For oxytocin and vasopressin, we used basinhopping global optimization31−33 to locate low-energy
structures.
Visualization and Frustration. The global organization of
an energy landscape is best visualized using disconnectivity
graphs,13,34 and we couple these illustrations with a numerical
index35 to quantify the frustration associated with the increased
number of funnels and higher barriers. The greater
heterogeneity in the residual native funnels after mutation is
manifested in terms of increased structural diversity, and in the
distribution of secondary structural elements.

■

RESULTS

A Coiled-Coil Conformational Switch. The ﬁrst example
considered here is a coiled-coil molecular switch between
parallel and antiparallel helical alignments.36,37 The coiled-coil
arrangement, a common motif for peptides, formed by the
association of multiple supercoiled α-helices, provides an
important test case for protein folding, together with an
attractive starting point for protein design,38 and has been the
subject of several computational studies.39,40
The most important structural feature exhibited by coiledcoils is the hydrophobic core formed between the helices. A
well-studied system is the leucine zipper of the yeast
transcription factor GCN441 and the family of coiled-coils
derived from it.42 This family exhibits interesting assembly
properties. Depending on the solvent and the precise sequence,
multiple oligomer sizes for the coiled-coil have been
characterized.43 Competition has also been observed between
parallel and antiparallel alignment of the α-helices,38 which is
probably encoded via a multifunnel energy landscape. A
multifunnel landscape was predicted for a similar system,
namely the Rop dimer,44 and later experimentally conﬁrmed.45

Figure 1. Top: Disconnectivity graphs for the native sequence (left)
and E20S mutant (right) of GCN4-pLI with representative structures
for all funnels, highlighting the change in relative energies. An
additional funnel corresponding to intermediate structures appears for
the E20S mutant. The coloring is deﬁned by an order parameter q,
which identiﬁes the angle between the two helices, ranging from 0
(red, parallel) to 1 (blue, antiparallel). Bottom: Disconnectivity graphs
for the E20G, E20A, and E20P mutants. Although the two distinct
funnels for parallel and antiparallel conﬁgurations are preserved,
additional funnels appear for E20G and E20A, which increase the
frustration and disorder. For the E20P mutant, the funnel
corresponding to parallel structures exhibits greater structural diversity.
ϵ is 8 kcal mol−1. Adapted from previous work.37
B
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Figure 2. Disconnectivity graphs (a and b) for wild type oxytocin and (c and d) for the Q4T+P7G mutant. The colors correspond to distinct
structural elements: parts a and c highlight bends, and parts b and d highlight turns, where blue means that the motif is present and red that it is
absent. The mutant exhibits greater structural diversity.

Figure 3. 2D heatmaps showing the proportion of residues in a helical conﬁguration, a bend, or a turn, as a function of the potential energy (in
kcal mol−1) for oxytocin where red indicates a large number of structures, and dark blue an absence of structures in this conﬁguration. The mutations
are indicated in the subscripts. Comparing the wild type (top row) to the mutants, the structural diversity increases signiﬁcantly.

both parallel and antiparallel alignments. Here, the increased
funnel width means that a larger number of structures have
relatively low energy, because there is a loss of speciﬁcity in the
stabilizing interactions. While small changes, such as the E20S
mutation, may lead to potentially useful two-state systems and
switches, the disruptive mutations produce a more diverse set
of structures, where control of functionality is likely to be
diﬃcult.
Oxytocin and Vasopressin. Competing structural ensembles have been reported for oxytocin and vasopressin,48 and
both hormones have been characterized as disordered.48 The
key structural motif of these nonapeptides is a disulﬁde bond
between cysteine residues in positions 1 and 6, forming a ring
of six amino acids and a three-membered tail. The activities of
both hormones, and indeed the binding to transport proteins, is
drastically reduced by mutations.49−51 These experimentally
observed alterations in binding aﬃnities make the hormones
interesting targets to better understand biospeciﬁcity, in
particular with respect to point mutations. We explored the
energy landscape for oxytocin and its Q4T, P7G, and Q4T

together with representative structures associated with the
alternative funnels. In the native sequence, the antiparallel
conﬁgurations are suppressed by a high energy barrier between
the funnels and a salt bridge formed with residue 20. Removing
this key interaction and replacing it with a weaker, but still
polar, interaction in the E20S mutant lowers the energy of the
antiparallel funnel and destabilizes the parallel alignment,
enabling two competing structural ensembles to be observed,37
along with a low energy intermediate.
The frustration index35 for the native sequence is an order of
magnitude lower than for the E20S mutant. For a set of more
disruptive mutations, namely, E20A, E20G, and E20P (shown
in Figure 1), further changes to the landscape are observed.
While the two key structural motifs are still preserved, a
number of additional low energy funnels appear for E20A and
E20G. The increase in frustration leads to complexity
reminiscent of the landscapes recently characterized for
intrinsically disordered peptides.5,46,47 For the E20P mutation,
the width of the funnels increases, because nonspeciﬁcity in the
interactions allows for more structural variety, destabilizing
C
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+P7G mutants and for vasopressin and its P7L and Y2H
mutants, in the absence of binding partners, as in previous
work.48 Vasopressin and oxytocin are themselves related by a
pair of mutations (I3F and L8R). All of these mutations change
the number of distinguishable funnels on the energy landscape,
as revealed in the corresponding disconnectivity graphs (Figure
2). Heatmaps of the propensity for diﬀerent secondary
structures in the core region of the peptide (residues 3−7) as
a function of the potential energy are shown in Figure 3. The
analogous plot for vasopressin is provided in the Supporting
Information. Increased structural diversity is also observed in
the radius of gyration.48 These shifts in population between
diﬀerent structures move the systems away from the
conformations adopted for binding to various carriers and
acceptors48 and increase the disorder, which is again reﬂected in
the frustration indices.
Ubiquitin. Our third example is ubiquitin, a signaling
protein. Recently, it was shown that ubiquitin exhibits two
distinct conformations, Ub and Ub-CR.52 In the newly
described Ub-CR conformation, the C-terminal tail is retracted.
The recent ﬁnding of a second “hidden” conformation of
ubiquitin is of great biological importance. Although relatively
unpopulated, the Ub-CR conformation is the target of
phosphorylation by PINK1,53 and a perturbation of this event
leads to hereditary forms of Parkinson’s disease.54 Interestingly,
the resulting phosphorylated ubiquitin also exhibits a higher
propensity for the Ub-CR conformation.55,56 Modulation of the
equilibrium between the two states therefore regulates the
activity of ubiquitin.
The introduction of a single mutation, L67S, shifts the
equilibrium toward the Ub-CR conformation.52 Figure 4 shows
disconnectivity graphs for the wild type (native state) and the
L67S mutant. For the wild type, we ﬁnd two distinct funnels.
However, the higher energy feature has less than 1% occupation
probability at physiological temperatures, consistent with
experiment and with the successful prediction of hydrogen
exchange rates using a single funnel model.57 For the mutant,
not only are the relative energies of the funnels shifted, but the
energy barriers between the smaller subfunnels are larger, and
hence become relevant for the conformational dynamics. The
mutation produces greater frustration compared to the wild
type, which exhibits only the two funnels necessary to stabilize
the two biologically functional conﬁgurations. The corresponding frustration index is again roughly an order of magnitude
lower in the wild type.
The HP1 Hairpin of RNA 7SK. Finally, we summarize
results for the HP1 hairpin of RNA 7SK. RNA 7SK is involved
in regulating the transcription pausing of RNA-polymerase
II58,59 and can be indirectly linked to the transcription of HIV
RNA.60 Transcription involves binding to the HEXIM
protein61,62 through the 5′-hairpin of 7SK (HP1). Recent
experiments have shown that the binding involves speciﬁc
triplet patterns formed by unpaired bases, and mutations
perturb this pattern, leading to a loss of binding aﬃnity.63 In
the wild type sequence, the energy landscape is clearly
partitioned into three funnels, two of which correspond to
the states identiﬁed in crystal structures.63 The third funnel is
an artifact of the HP1 model: the RNA hairpin is truncated to
reduce the computational cost and can therefore bend back
onto itself. Aside from this artifact, the landscape consists of
two funnels corresponding to the two distinct states observed
in nature. For a range of mutations, the frustration increases,

Figure 4. Disconnectivity graphs for the potential energy landscapes of
the wild type (left) and L67S mutants (right) of ubiquitin. r is the
normalized ratio of the distances between the Cα atoms of residues 4
(blue) and 65 (cyan) and residues 4 and residue 67 (red). The Ub-CR
conﬁgurations have a large r value (blue in the disconnectivity graph),
while the Ub conﬁgurations have small values (red and orange).
Increased frustration and disorder is evident for the mutant. ϵ is 8 kcal
mol−1.

due to additional distinct subclasses of conformations separated
by high energy barriers. Two examples are shown in Figure 5.

■

CONCLUSION
In summary, we have presented evidence that some speciﬁc
biomolecules have evolved to exhibit the minimal number of
funnels on their energy landscape to fulﬁll their functions.
While the structure of a single-funneled energy landscape
resolves the Levinthal paradox,64,65 and many examples have
been analyzed throughout molecular science, multifunnel
landscapes also exist. We suggest that these landscapes have
evolved to reduce frustration by supporting the minimal
number of funnels compatible with the required functionality.
Compared to the mutants we have considered, the
landscapes for native sequences seem to be steeper and better
optimized with respect to the lowest energy conﬁguration, in
agreement with the principle of minimal frustration;1−7 i.e., the
speciﬁcity of native interactions is highest for this sequence.
D
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Figure 5. Disconnectivity graphs for RNA 7SK HP1. The disconnectivity graph for the native sequence is shown in the middle. The landscape
exhibits three funnels; the one in red is an artifact of the hairpin truncation, consisting of structures that bend back on themselves. Aside from this
artifact, the other two funnels (blue and green) correspond to the experimentally observed structures, with two distinct triplets forming inside the
hairpin, leading to extended or shortened morphologies. Experiment indicates that these structures fulﬁll distinct functions, and consequently must
correspond to distinct, switchable states. Upon mutation (left and right disconnectivity graphs), the extended funnel splits into multiple smaller
funnels with distinct conformations, all based on the extended triplet morphology. The coloring is based on the positions of U40 and U41, which
experiment indicates are involved in binding.

transformation for one of the core atoms in a double-funnel
system, as detailed in the Supporting Information. As the
magnitude of the perturbation increases, a new funnel with
additional substructure appears, and the two original lowenergy morphologies are shifted up the landscape. These results
again suggest that weakening speciﬁc interactions, which
stabilize key structures, will generally lead to additional lowenergy morphologies and more diverse structural ensembles.

This eﬀect also leads to greater structural variety within
distinguishable conformational ensembles for the mutants, as
illustrated for the E20P coiled-coil mutant and for oxytocin.
Point mutations may lead to additional funnels corresponding to alternative competing structural ensembles. The
additional frustration increases disorder, which shifts the
landscape from a well-deﬁned multifunnel topography. In
artiﬁcially engineered sequences, this eﬀect is likely to produce
a highly frustrated landscape, lacking well-deﬁned functionality.
New design principles should therefore focus not only on the
desired functionality but also on minimizing frustration within a
multifunnel scenario.
We also ﬁnd that mutations generally introduce additional
stable intermediates, which may lead to alternative reaction
pathways. Such changes may be associated with misfunction
and disease, since they introduce additional stable structures
and kinetic traps, which might be exploited as experimental
probes, providing access to conﬁgurational changes and
intermediates. Some landscapes may be optimized for particular
environments, including binding partners, and diﬀerent
environments could produce changes similar to those observed
for minimal mutations. The multifunnel landscapes associated
with intrinsically disordered proteins47 may provide an example
of this eﬀect.
To further explore whether the observed trends apply
beyond the realm of biomolecules, we have investigated the
eﬀect of analogous perturbations for an atomic cluster. In
previous work, additional low temperature heat capacity
features were observed in doped clusters,66 resulting from
alternative competing structures. To visualize the eﬀect of such
changes on the landscape, we considered an alchemical
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(37) Röder, K.; Wales, D. J. Transforming the energy landscape of a
coiled-coil peptide via point mutations. J. Chem. Theory Comput. 2017,
13, 1468−1477.
(38) Grigoryan, G.; Keating, A. Structural specificity in coiled-coil
interactions. Curr. Opin. Struct. Biol. 2008, 18, 477−483.
(39) Su, L.; Cukier, R. I. Hamiltonian replica exchange method
studies of a leucine zipper dimer. J. Phys. Chem. B 2009, 113, 9595−
9605.
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