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Molecular Simulations of Mutually Exclusive Folding in a Two-Domain
Protein Switch
Brandon M. Mills and Lillian T. Chong*
Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania
ABSTRACT Amajor challenge with testing designs of protein conformational switches is the need for experimental probes that
can independently monitor their individual protein domains. One way to circumvent this issue is to use a molecular simulation
approach in which each domain can be directly observed. Here we report what we believe to be the first molecular simulations of
mutually exclusive folding in an engineered two-domain protein switch, providing a direct view of how folding of one protein
drives unfolding of the other in a barnase-ubiquitin fusion protein. These simulations successfully capture the experimental
effects of interdomain linker length and ligand binding on the extent of unfolding in the less stable domain. In addition, the effect
of linker length on the potential for oligomerization, which eliminates switch activity, is in qualitative agreement with analytical
ultracentrifugation experiments. We also perform what we believe to be the first study of protein unfolding via progressive
localized compression. Finally, we are able to explore the kinetics of mutually exclusive folding by determining the effect of linker
length on rates of unfolding and refolding of each protein domain. Our results demonstrate that molecular simulations can
provide seemingly novel biological insights on the behavior of individual protein domains, thereby aiding in the rational design
of bifunctional switches.
INTRODUCTION
Protein conformational switches are one of the simplest
molecular devices in nature, regulating a variety of biological
processes. These switches are necessarily precise, adopting
either ‘‘active’’ or ‘‘inactive’’ conformations in response to
particular signals such as ligand binding (e.g., binding of
the GTP ligand by GTPases) (1) and covalent modification
(e.g., phosphorylation by kinases) (2). Understanding the
mechanism of these switches is not only fundamental to
biology, but could also be applied toward the design of artifi-
cial protein switches for a large number of applications,
including biological imaging, biosensors, and therapeutic
agents.

A number of strategies for designing protein conforma-
tional switches have yielded encouraging results (see (3–5)
for reviews). A particularly elegant strategy is one pioneered
by Radley et al. (6), Cutler and Loh (7), Cutler et al. (8), and
Ha et al. (9) that involves the design of ‘‘mutually exclusive
folding’’ via domain insertion, i.e., the insertion of a guest
protein into the surface loop of a host protein. The sole
requirement of this design is that the N- to C-terminal
distance of the guest is much longer than the distance
between the ends of the loop in the host (see Fig. 1A). Fulfill-
ment of this requirement leads to conformational strain in the
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fusion protein such that the strain is expected to be only
relieved through a thermodynamic ‘‘tug-of-war’’ between
the proteins, where folding of one protein drives unfolding
of the other; thus, the function of a protein is switched on
or off by folding or unfolding, respectively. The state of the
switch, as dictated by the tug-of-war, is controlled by factors
that stabilize one protein over another (for example, muta-
tions, ligand binding, or temperature). Although themutually
exclusive folding design and other related strategies (10–14)
appear promising, the process of engineering an optimal two-
protein fusion is still a major challenge; in particular, the
choice of proteins, site of fusion, and addition of interdomain
linker peptides are all critical for switch function. Moreover,
it not always possible to experimentally monitor the struc-
tural changes of each protein domain.

Computer simulations can be used to directly monitor the
structural changes of each domain at the single-molecule
level, potentially providing insights on switch optimization.
Although all-atom simulations offer the most detailed view
of protein dynamics, use of these simulations to fully
explore the mechanism of mutually exclusive folding is
currently computationally prohibitive (8). On the other
hand, the use of residue-level simulations, along with
a simple G�o-type description of residue interactions
(15,16) can generate a large ensemble of complete unfold-
ing/refolding events within a week.

These types of simulations have been successfully used to
model some key features of protein refolding events (see
Clementi (17) for a review), providing a level of detail
that may be sufficient for identifying the most promising
fusion constructs. Here we explore the potential of these
molecular simulations as virtual assays for switch activity
(in this case, mutually exclusive folding) by focusing on
doi: 10.1016/j.bpj.2010.12.3710
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FIGURE 1 Effect of ubiquitin insertion on the stability of barnase in the

BU-G2 fusion protein. (A) Design of mutually exclusive folding using bar-

nase and ubiquitin as the host and guest proteins, respectively, for domain

insertion. X-ray crystal structures of the host, barnase (blue) (18), and the

guest, ubiquitin (red) (19), reveal that the Ca-Ca distance between the

N- and C-termini of the guest is much longer than that between the ends of

the insertion loopof the host (Pro64 andThr70), thus fulfilling the requirement

formutually exclusive folding. The insertion site (betweenLys66 andSer67 of

barnase) is indicated (asterisk). Interdomain glycine linkers in the BU-G2

fusion protein (shown in green). (B) Average distributions of the fraction

of native contacts (Q) of free barnase and free ubiquitin (blue and red, respec-

tively). (C) Average distributions of the fraction of native contacts of the bar-

nase and ubiquitin domains of BU-G2 (blue and red, respectively).

Distributions were determined from each of 10 independent 10-ms simula-

tions, then averaged, with error bars representing 1 SD (N ¼ 10).
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a set of barnase-ubiquitin (BU) fusion proteins where the
toxic activity of the barnase domain is turned off by unfold-
ing the domain. These simulations are the first, to our
knowledge, to provide a complete molecular view of mutu-
ally exclusive folding.
METHODS

The protein model

All proteins were modeled at the residue level, with each residue repre-

sented by a pseudo-atom at the position of its Ca atom. Ca-models of

both the folded and unfolded states of proteins were generated as starting

conformations for simulation. Coordinates for the folded states were taken

from x-ray crystal structures (PDB codes 1A2P (18), 1UBQ (19), and 1BRS

(20), for barnase, ubiquitin, and barstar, respectively); in the case of the

BU-G2/barstar complex, barstar was docked into the binding site of the bar-

nase domain according to the crystal structure of the barnase-barstar

complex (20). Coordinates for the unfolded states were taken from statis-

tical coil conformations that were generated by the Unfolded State Server

(http://godzilla.uchicago.edu/cgi-bin/unfolded.cgi) (21).

The conformational dynamics of the protein models are governed by

a G�o-type potential energy function (15,16), in which bonded interactions

between residues are modeled by standard molecular mechanics terms:

Ebonded ¼
X
bonds

kbond
�
r � req

�2þ X
angles

kangle
�
q� qeq

�2
þ

X
dihedrals

V1½1þ cosð4� 41Þ�

þ V3½1þ cosð34� 43Þ�
where r, q, and 4 are pseudo-bond lengths, pseudo-angles, and pseudo-dihe-

drals, respectively, andV1 andV3 are potential barriers for the dihedral terms.

Equilibrium bond lengths req, angles qeq, and dihedral phase angles, 41 and

43, were taken from the crystal structures mentioned above. The force

constants kbond and kangle were set to 20 kcal/mol/Å and 10 kcal/mol/rad,

respectively.

Nonbonded interactions between residues (separated by four or more

pseudo-bonds) were modeled using one of two different interaction poten-

tials: a Lennard-Jones-like potential for residue-residue contacts that are

present in the native, folded state and a purely repulsive potential for nonna-

tive contacts. Native contacts were modeled using the potential

Enative
ij ¼ 3native

"
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ij
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�
snative
ij

rij
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#
;

where 3native is the energy well depth for the native interaction, rij is the

distance between residues i and j in the simulation, and snativeij is the distance

between the Ca-atoms of residues i and j in the corresponding crystal struc-

ture of the native state. Two residues were considered to form a native

contact if any of their heavy atoms are within 5.5 Å of each other in the

crystal structure of the folded protein. The number of native contacts for

barnase, ubiquitin, and barstar, were 335, 226, and 272, respectively; 98

native contacts between barnase and barstar were included for the bar-

nase-barstar complex. Nonnative contacts were modeled using the potential

Enonnative
ij ¼ 3nonnative

�
snonnative
ij

rij

�12
;

where 3nonnative is set to 0.60 kcal/mol and snonnativeij is set to 4.0 Å. These

values were chosen so that the repulsive potential of a nonnative contact

is of a similar magnitude as the attractive potential of a native contact.

All contacts between the barnase and ubiquitin domains as well as those

involving linker peptides were considered nonnative. For simplicity, we

refer to 3native as simply 3 for the remainder of this article.
Parameterization of the model

We reproduced the experimental Tm values of each protein by optimizing

the primary adjustable parameter in our G�o-type model: the well-depth

3 for the potential of interaction between two residues that form a native

contact. The energetic parameters 3, V1, and V3, were initialized to 0.57,

0.475, and 0.2375, respectively, because these values reproduce the exper-

imental standard unfolding free energy of barnase (22). To determine the

optimal parameters for each protein, we scaled these initial values until

equal populations of unfolded and folded conformations were sampled in

ten 10-ms simulations. A single scaling factor was used because the ener-

getic balance between nonlocal (controlled by 3) and local interactions

(controlled by V1 and V3) can influence the cooperativity of folding equi-

libria simulated with G�o-type models (23). All dihedrals involving linker

peptides were allowed to freely rotate by setting both V1 and V3 to zero.

Optimal 3, V1, and V3 values along with the corresponding free energy

profiles for each protein are provided in the Supporting Material (Table

S1 and Fig. S1). To model the effects of barstar binding to the barnase

domain of BU-G2, we used a very large 3-value of 1.2 for the native

contacts between barnase and barstar; the effects of other 3-values, i.e.,

0.8 and 1.0 kcal/mol, are reported in Fig. S2.
Simulation details

All simulations were performed at the Tm of barnase (51.5�C) using a stan-
dard Brownian dynamics algorithm developed by Ermak and McCammon

(24) with hydrodynamic interactions (25). To accelerate protein unfolding

and refolding events, we used a small value of 1.5 Å for the hydrodynamic

radii. A time step of 50 fs was used, constraining pseudo-bonds between
Biophysical Journal 100(3) 756–764

http://godzilla.uchicago.edu/cgi-bin/unfolded.cgi


758 Mills and Chong
residues to their native bond lengths using the LINC algorithm (26).

Nonbonded interactions were calculated only if rij was <snativeij þ 6 Å for

native contacts or 10 Å for nonnative contacts; the list of pairwise interac-

tions was updated every 20 time-steps.

Each simulation was carried out for 10 ms, requiring ~4 days on a single

core of a 2.66-GHz quad-core processor. To avoid bias toward the starting

conformation, the first 0.25 ms of each simulation was omitted from

analysis. All analysis was then performed on the remainder of the simula-

tion, sampling conformations every 50 ps. The extent of folding of a protein

at any point in the simulation was quantified using the fraction of native

residue pairs (Q) that are in contact (i.e., within a distance of 1.2snativeij )

(27,28). All simulations were converged, resulting in the same conforma-

tional distributions regardless of starting conformation (folded or

unfolded).

As done by others (29–31), we performed potential domain-swapping

simulations for each protein using the G�o-type potential energy function

described above. The same simulation protocol as described above was

used with the following modifications:

1. Among the two molecules of the protein, only the closer of the intra- and

intermolecular versions of each native contact was treated as an attrac-

tive contact (with the other treated as repulsive).

2. Aweak spherical confining potential with a harmonic spring constant of

1.0 kcal/mol/Å2 and 100 Å radius was applied throughout to enable

frequent collisions between the two molecules.

Fifty independent simulations were performed, starting from each of 50

randomly placed pairs of molecules, separated by at least 30 Å. Each of

these simulations was carried out for 2 ms, requiring ~2 days on a single

core of a 2.66-GHz quad-core processor. Analysis was performed on the

latter 1.75 ms of each simulation, sampling conformations every 50 ps.

Unfolded free energies were calculated from each of our simulations using

–RTln(Nunfold/Nfold) where Nunfold and Nfold are the numbers of unfolded and

folded conformations, respectively. Definitions of the unfolded and folded

states (Qcross < 0.40 and Qcross R 0.40, respectively, where Qcross indicates

contacts between residues on opposite sides of the insertion site (see

Fig. 1 A)) were taken from a free energy profile based on simulations of

barnase (Fig. S1). The free energy of dimerization was estimated using

DGdimerize ¼ �RTln
�
Ndimer

assoc =
�
Nmon

assoc

�2	
;

where Ndimer
assoc and Nmon

assocare the numbers of dimeric and monomeric confor-

mations, respectively, with folded barnase domains. The barnase domain

was considered folded if the fraction of native contacts between its

segments before and after the point of ubiquitin insertion (residues 1–66

and 67–110, respectively) is >0.40, as determined from the free energy

profile based on simulations of barnase (Fig. S1). The ensemble of 50 simu-

lations for each protein provided converged free energies of dimerization,

with standard deviations within 0.2 kcal/mol.
RESULTS AND DISCUSSION

Reproducing protein stabilities

An essential prerequisite to using molecular simulations to
study conformational switching events is that the simula-
tions reproduce known thermodynamic data on the switch’s
component parts. Thus, to simulate switching events of BU
fusion proteins, we must first reproduce the stabilities of
barnase and ubiquitin. In particular, we parameterized our
molecular simulations to reproduce the experimental
melting temperature (Tm) of each protein (8,32) (see
Methods). Throughout this work, we assume that protein
unfolding or refolding events can be adequately described
Biophysical Journal 100(3) 756–764
by the fraction of native contacts (Q), which are residue-
residue contacts present in the folded conformation.

To sample both unfolding and refolding events of the bar-
nase domain, all subsequent simulations were performed at
the Tm value of barnase, 51.5�C; however, full temperatures
scans (10–60�C) of all systems in this study are provided
(see Fig. S3). We note that a major limitation of G�o-type
energy functions is the neglect of stabilizing nonnative inter-
actions, which is known to result in artificial folding mech-
anisms (27,28,33). Therefore, we focus on qualitative rather
than quantitative comparisons with experiment. Although
our simplified G�o-type description of residue interactions
utilizes a number of approximations (see Approximations
of the Simulation Model in the Supporting Material), our
parameterized model may be sufficient for providing useful
qualitative insights, e.g., ranking by potential switch
activity.
Direct simulation of the tug-of-war

To determine the effect of domain insertion on the stability
of barnase, we first performed 10 independent simulations
each of barnase, ubiquitin, and BU-G2, which is the most
conformationally strained, monomeric BU fusion protein
(the term ‘‘G2’’ referring to interdomain linker peptides of
two Gly residues each) (7). In their free states, barnase
forms equal populations of unfolded and folded states
whereas the much more stable ubiquitin is always folded
(Fig. 1 B). Once the proteins are fused together, the ubiquitin
domain remains folded during the simulation, whereas the
barnase domain is almost always unfolded, with a small
probability (~2%) of transiently refolding (Fig. 1 C). The
insertion of ubiquitin into barnase therefore destabilizes bar-
nase, which is consistent with thermodynamic parameters
obtained from both GdnHCl and thermal denaturation
experiments (8).

To directly test for mutually exclusive folding, we simu-
lated the folding of the ubiquitin domain in the context of
BU-G2 to see whether it drives unfolding of the barnase
domain. Fifty such simulationswere started fromaconforma-
tion in which the ubiquitin domain is unfolded and the bar-
nase domain is folded; as a control, an equal number of
simulations were performed from the same conformation,
but in the absence of conformational strain,with the ubiquitin
domain artificially maintained in an unfolded conformation.

To obtain an ensemble-averaged view of the resulting
dynamics, we monitored the average fraction of native
contacts for each domain versus time. As shown in
Fig. 2 A, the rapid refolding of the ubiquitin domain causes
the barnase domain to be slightly more unfolded than it is
in the control simulations (average Q-value of 0.28 5 0.04
compared to Q ¼ 0.32 5 0.06 for the control; error bars
represent 1 SD), indicating a modest role of conformational
strain in unfolding the barnase domain. This only modest
role is likely due to the fact that the domains of BU-G2 are



FIGURE 2 Effect of ubiquitin refolding on the stability of the barnase

domain in the BU-G2 fusion protein. (A) Average fraction of native contacts

as a function of time for the barnase and ubiquitin domains (blue and red,

respectively) from 50 independent 1-ms simulations involving the refolding

of the ubiquitin domain starting from a conformation of the BU-G2 fusion

protein in which the barnase domain is folded and the ubiquitin domain is

unfolded. Additionally, the average fraction of native contacts as a function

of time for the barnase domain from an equal number of control simulations

in which the ubiquitin domain is artificially maintained in an unfolded

conformation is provided (black). (B) Fraction of native contacts as a func-

tion of time for the barnase and ubiquitin domains (blue and red, respec-

tively) for representative simulations of (top) ubiquitin refolding before

barnase unfolds, (middle) ubiquitin refolding after barnase unfolds, and

(bottom) simultaneous ubiquitin refolding and barnase unfolding. (C) Snap-

shots of conformations at the times highlighted with asterisks in panel B.

Protein backbones were constructed from Ca coordinates using the BBQ

program (45). Ribbon diagrams were created using PyMOL (46).

FIGURE 3 Effects of linker length on the stability and propensity of

dimerization of the barnase domain in theBU fusion proteins. (A) Conforma-

tional strain can be relieved through either unfolding or dimerization, poten-

tially through domain swapping, as illustrated with conformations from

simulations of BU-G0 (see alsoMovie S1). (B) Average unfolding free ener-

gies of the barnase domain relative to that of free barnase (DDGunfold) and (C)

average dimerization free energyDGdimerize of the barnase domain. For each

protein, bothDDGunfold andDGdimerize values were computed using 50 inde-

pendent 2-ms simulations (seeMethods). ExperimentalDDGunfold values due

to GdnHCl denaturation (8) are provided in panel B as a qualitative compar-

ison. Error bars represent 1SD (NR 3 for the experimentalDDGunfoldvalues;

and N ¼ 50 for the theoretical DDGunfold and DGdimerize values).
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only coupled to an intermediate extent (8). Our simulations
suggest that, with more closely coupled domains, the folding
of the ubiquitin domain could drive the unfolding of the bar-
nase domain.

In addition to providing an ensemble-averaged view of
the protein dynamics, our simulations reveal the diversity
of individual, single-molecule events. In 78% of the simula-
tions, the refolding of the ubiquitin domain occurs before
unfolding of the barnase domain, which is pulled apart as
a result of the conformational strain (Fig. 2, B and C).
However, ubiquitin refolds after barnase unfolds in 16%
of the simulations and simultaneously (within 1 ns) with
barnase unfolding in the remaining 6%. Thus, our simula-
tions predict a small probability of observing the two latter
events in single-molecule experiments.

Effects of interdomain linker length

The extent of mutually exclusive folding in the BU fusion
protein depends on how closely the folding of one domain
is coupled to unfolding of the other. However, if the two
domains are too closely coupled, the conformational strain
is relieved through dimerization, potentially through domain
swapping, rather than ‘‘switching-off’’ the barnase domain
by unfolding it (Fig. 3 A) (8). One way to modulate the
Biophysical Journal 100(3) 756–764
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degree of coupling between domains is to introduce interdo-
main linker peptides. An important test of our simulations is
to see, therefore, whether the effects of interdomain linker
length on the switch activity of the BU fusion protein can
be reliably reproduced. In particular, we performed simula-
tions of the following BU fusions that contain interdomain
linker peptides ranging from 0 to 10 Gly residues: BU-G0,
BU-G1, BU-G2, BU-G3, BU-G6, and BU-G10. To enable
dimerization events via domain swapping, simulations of
each fusion protein involved two molecules of the protein
at a high effective concentration (see Methods).

The ease of switching off the toxic activity of barnase in
the BU fusion protein can be quantified as the unfolding free
energy of the barnase domain relative to that of free barnase
DDGunfold (see Methods). Interestingly, as shown in Fig. 3 B,
the insertion of the more stable ubiquitin domain drives the
barnase domain toward the unfolded state (DDGunfold > 0)
even in the BU variant with the longest linker peptides,
BU-G10. More importantly, DDGunfold increases as the
linker length is shortened. This trend in DDGunfold is quali-
tatively consistent with that obtained from GdnHCl denatur-
ation experiments involving Trp fluorescence (8), despite
the much greater concentration of proteins in our simula-
tions relative to the experiments (mM versus mM) and the
use of thermal instead of chemical denaturation (DDGunfold

values were not obtainable from thermal denaturation
experiments).

We also directly calculated the free energy of coupling
between the domains, which represents an energetic penalty
imposed on the folding of one domain by the native structure
of the other (Fig. S4). These coupling free energies,which are
reminiscent of those between pairs of residues (34), become
increasingly unfavorable as the linkers are shortened. This
result is qualitatively consistent with both GdnHCl and
thermal denaturation experiments, where Co2þ binding to
an engineered site in the ubiquitin domain progressively
lowers the midpoint of transition for the barnase domain as
the linker length is shortened (8). However, in the absence
of denaturant, circular dichroism (CD) spectra show that
both domains remain folded in all of the BU variants, even
in the presence of Co2þ. Thus, despite the presence of confor-
mational strain, none of the variants appears to behave as
a perfect molecular switch. We note that the CD spectra
were collected at 10�C to minimize aggregation. Although
we primarily focus on our simulation results at the Tm value
of barnase, we did perform simulations of all of the BU vari-
ants at 10�C; consistent with experiment, these simulations
show that both domains are folded (Fig. S3).

Finally, we quantified the propensity for dimerization (via
domain swapping) for each variant by computing free ener-
gies of dimerization (DGdimerize) from our simulations (see
Methods). At the millimolar concentrations of proteins
used in our simulations, there is a massive increase in dimer-
ization for all BU variants, including BU-G10, relative to
free barnase (Fig. 3 C). Although the inserted ubiquitin
Biophysical Journal 100(3) 756–764
domain can be viewed as a covalent linker between the
two interrupted halves of the barnase chain, it is not merely
a tether, which has been shown to stabilize the formation of
dimeric proteins (35); instead, the ubiquitin domain adopts
a folded structure that imposes a large distance between
the two halves of barnase, decreasing their intramolecular
concentration such that the intermolecular folding of bar-
nase (dimerization) more effectively competes with its intra-
molecular folding.

Interestingly, the formation of fully domain-swapped
dimers in our simulations is rare (<10%), with the majority
of dimers resulting from partial domain swapping, meaning
the formation of one folded barnase domain (as opposed to
two); a representative simulation of BU-G0 which illustrates
the formation of a fully domain swapped dimer is provided
as Movie S1 in the Supporting Material. Another key result
of our simulations is that BU-G0 and BU-G1 are signifi-
cantly more likely to dimerize than the other BU variants,
flagging these variants as having potential aggregation
issues. Of the remaining variants, BU-G2 is the most confor-
mationally strained (Fig. 3 B). This result is qualitatively
consistent with the propensity revealed by analytical ultra-
centrifugation experiments in which BU-G0 and BU-G1
form dimers (or even higher oligomers), and BU-G2 and
BU-G10 are monomers (8). Given the qualitative agreement
with experiment, our simulations provide support for
domain swapping as a potential mechanism for the forma-
tion of dimers/higher oligomers.
Kinetics of mutually exclusive folding

Although the thermodynamic aspects of mutually exclusive
folding have been studied in detail (7,8), the kinetics of the
process are relatively unexplored. The only kinetics study of
mutually exclusive folding in artificial domain insertion
proteins was conducted recently using stopped-flow tech-
niques (36). In this study, the folding and unfolding kinetics
of the host protein, GB1-L5, were monitored. Then, the
kinetics of the guest protein, a mutant domain of titin,
were inferred assuming correspondence of host folding
and unfolding rates to guest unfolding and folding rates,
respectively. This correspondence of unfolding and folding
rates, however, is not required for mutually exclusive
folding, which simply involves the folding of one protein
triggering the complete unfolding of the other protein.
Nonetheless, we tested for this correspondence in our simu-
lations of BU-G2 involving refolding of the ubiquitin
domain. The folding rate constant for the ubiquitin domain
is 129 5 9 ms�1 while the unfolding rate constant for the
barnase domain is 76 5 12 ms�1 (see Fig. S5; error bars
represent 1 mean 5 SE). Although the unfolding rate of
the barnase domain does not correspond to the folding
rate of the ubiquitin domain, the unfolding of the barnase
domain is clearly triggered by the folding of the ubiquitin
domain (Fig. 2 A).
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We also investigated the effect that domain insertion has
on the folding rates of the host and guest proteins. Domain
insertion clearly destabilizes the host protein in our simula-
tions, leading to a more favorable free energy of unfolding.
To determine whether this destabilization is due to a faster
rate of unfolding and/or slower rate of folding, we computed
the rate constants for unfolding and folding of the barnase
domain in each BU variant at the Tm value of free barnase
(51.5�C), where we observe a large number of unfolding
and folding events. Table 1 summarizes our computed rate
constants. Relative to free barnase, the barnase domains of
all the BU variants unfold more quickly (by at least 2�),
increasing as the linker peptides are shortened; in contrast,
their folding rates are dramatically slower (by at least
7�), decreasing as the linker peptides are shortened.

The fact that the increase in the barrier to folding is much
more than the reduction in the barrier to unfolding suggests
that unfolding of the barnase domain is driven more by
stabilization of the unfolded state than destabilization of
the folded state, although both effects are observed. The
trend in folding rates with linker length is the opposite of
that found in experiments involving loop insertions of linker
peptides in various proteins (37–39); in these experiments,
as the linker length is shortened, the folding rates increase
while the unfolding rates decrease, reflecting a reduction
in the entropic cost of loop closure. In the BU fusion
proteins, which are designed to be conformationally
strained, this entropic cost is apparently more than counter-
balanced by the increasing degree of strain that results as the
linker length is shortened.
Effects of barnase-barstar binding

One key characteristic of molecular switches is that they can
be toggled by the binding of certain ligands. A critical test of
our molecular simulations, therefore, is whether or not the
simulations can reproduce the effects of ligand binding on
the tug-of-war between the domains in a two-domain
TABLE 1 Effect of linker length on the unfolding and folding

rate constants of the barnase domain

kfold (ms
�1) kunfold (ms

�1) N

Free barnase 26.7 5 1.7 24.9 5 0.9 1270

BU-G10 3.8 5 0.5 54 5 4 319

BU-G6 3.8 5 0.5 54 5 3 323

BU-G3 2.8 5 0.5 55 5 5 217

BU-G2 2.7 5 0.3 61 5 4 358

BU-G1 1.6 5 0.3 70 5 8 126

BU-G0 1.4 5 0.3 68 5 8 109

Unfolding and folding rate constants were estimated by taking the inverse

of the average unfolding and folding times, tunfold and tfold, respectively,

from 10 independent 10-ms simulations. Definitions of the unfolded and

folded states (Q % 0.35 and Q R 0.61, respectively) were taken from

a free energy profile based on simulations of barnase (Fig. S1). Error

bars represent mean 5 1 SE calculated from the combined number of

unfolding and folding events (N).
protein switch. We examined the effect of binding to the bar-
nase domain of BU-G2 by its natural ligand, barstar (40,41),
on the stability of the ubiquitin domain by performing 10
independent simulations starting from the fully folded
conformation of BU-G2 with the barstar ligand bound to
the barnase domain. In the absence of barstar, BU-G2 is
primarily in the state with unfolded barnase and folded ubiq-
uitin while all other possible states are populated to a minor
extent.

Once the barstar ligand is introduced, the barnase domain
is dramatically stabilized such that it is always folded.
Although the state with both domains folded is the most
populated, there is also a significant increase in the state
with folded barnase and unfolded ubiquitin (Fig. 4 A).
This result is consistent with CD spectroscopy data
involving a similar BU variant (with Gly-Thr and Gly-
Gly-Ser linker peptides added to the N- and C-termini of
ubiquitin, respectively, instead of Gly-Gly peptides), which
reveals unfolding of the ubiquitin domain upon barstar
binding of the barnase domain (6). To provide a more
detailed view of the resulting conformational changes in
BU-G2, we determined the average fraction of native
contacts formed by each residue (Fig. 4 B). Consistent
with NMR spectroscopy and hydrogen-deuterium exchange
data, the most dramatic conformational changes that occur
in the barnase domain upon barstar binding occur in the
binding site region (42); the unfolding of the ubiquitin
domain is most dramatic in its b-sheet region.

In the context of the mutually exclusive folding design,
one might expect that the host domain (barnase) unfolds
the guest domain (ubiquitin) by compressing the termini
of the guest domain; this mechanism is in contrast to that
by which the guest domain might unfold the host domain:
pulling apart the host domain. To further explore the effect
of compressing the N- to C-terminal distance of ubiquitin on
its stability, we gradually compressed the distance from 38
to 11 Å by performing simulations of free ubiquitin with
distance restraints; we also performed simulations of free
barnase with the distance between the ends of the insertion
loop pulled apart from 11 to 38 Å (see Fig. 1 A).

Interestingly, ubiquitin is essentially unfazed by the com-
pression until its N- to C-terminal distance is <~26 Å,
at which point the protein begins to unfold (Fig. 4 C).
Expansion of the barnase protein necessarily allows for
complete unfolding, as both fragments of the protein are
eventually pulled apart beyond 30 Å (Fig. 4 D). These
results suggest that distance-restrained simulations might
be useful for identifying the distances required for com-
pressing or pulling apart a protein, aiding the selection of
optimal protein components for the design of mutually
exclusive folding switches.

Distance-restrained simulations involving free ubiquitin
suggest that the ubiquitin domain of BU-G2 may begin
to unfold when the distance between its termini be-
comes <26 Å due to compression by the folded barnase
Biophysical Journal 100(3) 756–764



FIGURE 4 Effects of barstar binding on the stability of the barnase and ubiquitin domains in the BU-G2 fusion protein. (A) Potential of mean force

surfaces for BU-G2 and the BU-G2/barstar complex as a function of the fraction of native contacts in the barnase and ubiquitin domains. Data shown

for each system is based on 10 independent 10-ms simulations. Contours are drawn at intervals of the available thermal energy, 0.5RT. (B) Average fraction

of native contacts formed by each residue in BU-G2 and the BU-G2/barstar complex. The barstar ligand (gray). (C) Average fraction of native contacts as

a function of distance between 1), the termini of free ubiquitin and 2), the ends of the insertion loop of free barnase (see Fig. 1 A). Ten 1-ms simulations were

performed for each distance using restraints. (D) Average fraction of native barnase contacts between residues on opposite sides of the insertion site as a func-

tion of distance between the ends of the insertion loop in the simulations of free barnase described in panel C. (E) Average distribution of N- to C-terminal

distances in free ubiquitin (black) and the ubiquitin domain of BU-G2 in the absence and presence of the barstar ligand (red, solid and red, dashed, respec-

tively) from the 10 independent simulations described in panel A. The solid black line at ~26 Å indicates the N- to C-terminal distance at which ubiquitin

begins to unfold due to compression as shown in panel C. All error bars represent 1 SD (N ¼ 10).
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domain. Indeed, the distribution of N- to C-terminal
distances in the ubiquitin domain shifts toward shorter
distances upon barstar binding to the barnase domain,
resulting in a greater percentage of BU-G2 conformations
with distances <26 Å, increasing from 8 to 38%
(Fig. 4 E). Thus, although the partial unfolding of the ubiq-
uitin domain upon barstar binding of BU-G2 is apparently
due to compression of its termini, the degree of compression
is insufficient for complete unfolding. Localized compres-
sion of proteins, such as compression of its termini, has
been an integral part of facilitating unfolding in engineered
protein systems (43,44). We provide what we believe is the
first molecular view of the extent of compression at the ends
of a protein that is sufficient for unfolding.
CONCLUSIONS

We have performed what we believe to be the first direct
simulations of mutually exclusive folding for a two-domain
Biophysical Journal 100(3) 756–764
protein switch, providing molecular views of each domain
that are difficult to obtain using laboratory experiments
in the context of the switch. In addition, we have demon-
strated that our molecular simulation approach can repro-
duce the qualitative effects of linker length, including
propensities for dimerization, and ligand binding as
observed in experiments. Finally, our simulations provide
what appear to be novel insights about the kinetics of mutu-
ally exclusive folding on the single-molecule level and the
ease of unfolding a protein with localized compression.
Although simulations and experiments both show that the
BU variants are not perfect molecular switches, the fact
that these variants can still be filtered by our simulations
based on their extent of partial switch activity underscores
their usefulness as sensitive virtual assays of switch activity.

It should be noted that BU-G2, despite being the best of
the fusion constructs, lacks the degree of interdomain
coupling that is required for the mutually exclusive folding
design (8). For example, although barstar binding of its
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barnase domain causes partial unfolding of the ubiquitin
domain in our simulations, the most populated state consists
of both domains in their folded states. For an optimal
bifunctional switch, only one of the domains should be
folded. Optimizing the degree of mutually exclusive folding
is likely to involve more than just the degree of coupling
between the domains; for example, the structural plasticity
of the individual domains may also play a role.

Finally, given the likelihood of unfolding-induced oligo-
merization, the exploration of alternate design strategies
that require less net unfolding may yield greater switch
activity; one successful strategy fuses two proteins together
end-to-end with an overlapping sequence (10–14).
SUPPORTING MATERIAL

Full details about the approximations made in our simulation model, along

with Figs. S1–S5, Table S1, and Movie S1, are available at http://www.
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