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Fusion of one protein domain with another is a common event in both
evolution and protein engineering experiments. When insertion is at an
internal site (e.g., a surface loop or turn), as opposed to one of the termini,
conformational strain can be introduced into both domains. Strain is
manifested by an antagonistic folding—unfolding equilibrium between the
two domains, which we previously showed can be parameterized by a
coupling free-energy term (AGx). The extent of strain is predicted to depend
primarily on the ratio of the N-to-C distance of the guest protein to the
distance between ends of the surface loop in the host protein. Here, we test
that hypothesis by inserting ubiquitin (Ub) into the bacterial ribonuclease
barnase (Bn), using peptide linkers from zero to 10 amino acids each. AGx
values are determined by measuring the extent to which Co”* binding to an
engineered site on the Ub domain destabilizes the Bn domain. All-atom,
unforced Langevin dynamics simulations are employed to gain structural
insight into the mechanism of mechanically induced unfolding. Experi-
mental and computational results find that the two domains are structurally
and energetically uncoupled when linkers are long and that AGy increases
with decreasing linker length. When the linkers are fewer than two amino
acids, strain is so great that one domain unfolds the other. However, the
protein is able to refold as dimers and higher-order oligomers. The likely
mechanism is a three-dimensional domain swap of the Bn domain, which
relieves conformational strain. The simulations suggest that an effective
route to mechanical unfolding begins with disruption of the hydrophobic
core of Bn near the Ub insertion site.
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“mutually exclusive folding,” a guest protein is
inserted into a surface loop of a host protein. If the
N-terminal to C-terminal distance of the guest is
longer than the distance between ends of the surface

Introduction

The goal of this study is to define the structural and
thermodynamic mechanism by which folding of one

protein domain is coupled to unfolding of another
domain in a new class of engineered, bifunctional
proteins. According to this design, which we call
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molecular mechanics generalized Born surface area.

loop of the host, a thermodynamic struggle ensues in
which each protein attempts to mechanically unfold
the other. The guest exerts a stretching force on the
host at the point of insertion. The host compresses
the termini of the guest. If the above distance
differential is large enough, the two native structures
are incompatible. The host splits the guest in two, or
the guest compresses and unfolds the host, depend-
ing on which protein is more intrinsically stable. The
protein thus interconverts between two functional
forms. This property can be exploited to generate a
switching mechanism that is cooperative, reversible,

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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and responsive to a variety of effector signals,
including ligand binding and changes in tempera-
ture or pH. For example, by inserting the GCN4
DNA binding domain into the ribonuclease barnase
(Bn), we created an enzyme whose activity is allos-
terically regulated by site-specific DNA binding."
We previously characterized the mutually exclu-
sive folding mechanism by inserting ubiquitin (Ub)
into Bn to create the barnase-ubiquitin (BU) fusion
protein.>” Ub (76 amino acids) was inserted bet-
ween residues 66 and 67 of Bn (110 amino acids)
at the tip of a solvent-exposed loop whose ends are
~11 A apart (Fig. 1a). The minimal folding me-
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chanism of BU, in which two-state folding is
assumed for each domain, consists of the four states
shown in black in Fig. 1b. The antagonistic interac-
tion is parameterized by a coupling free-energy term
AGx.®> AGx is the energetic penalty imposed on
folding of one domain by the native structure of the
other. We hypothesize that AGx will depend largely
on the length of the linker peptides used to join the
two proteins. If very long linkers are used, then the
two domains fold and unfold independently and
AGx=0. As the linkers are progressively shortened,
each domain begins to exert strain on the other,
causing AGx to increase. If AGx exceeds the intrinsic

Fig. 1. Design of BU fusion pro-
teins and minimal folding mechan-
ism. (a) X-ray crystal structures of Ub
(top) and Bn (bottom), showing the
site of insertion (asterisk). C*-C*
distances between N-and C-termini
of Ub and between the ends of the
Bn surface loop (Pro64-Thr70) are
indicated. (b) Folding mechanism of
BU. Underlined letters and non-
underlined letters denote folded
and unfolded domains, respectively.
Metal (M)-free states are colored
black and metal-bound states are
shown in blue. K,; and K,, are the
association constants for metal bind-
ing to folded and unfolded Ub
domains, respectively. Ky and Kg
are the equilibrium constants for
folding of the Ub and Bn domains
when the other is unfolded, and are
related to folding free-energy
changes by the relationships AGy=
—RT'In KU and AGBZ_RT'III KB-
AGy and AGg decrease with dena-
turant concentration according to
the linear extrapolation equation:
AGy=AGy™° —my[GdnHCI] and
AGp=AGg™° —mp[GdnHCl], where
AGT© and AGE™© are the values
in the absence of denaturant and my
and mg are proportional to the
difference in accessible surface bet-
ween folded and unfolded states of
each domain.*> Ky is the equili-
brium constant for coupling of the
Bn and Ub domains, where AGx=
—RT'In Kx.

buM
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stability of Bn (AGg) or of Ub (AGy), then folding
becomes mutually exclusive. The two domains
cannot exist simultaneously in their native states.
Linker length is therefore expected to define three
coupling regimes: zero (AGx=0), intermediate
(0<AGx<AGg, AGy), and strong (AGx>AGs,
AGy). In the strong coupling limit, the molecule
interconverts between two functional forms. The
position of the conformational equilibrium is gov-
erned by the relative stabilities of the two proteins.

In an earlier study, we estimated the thermo-
dynamic parameters of the mechanism by introdu-
cing destabilizing mutations into the Ub domain.’
The stability of the Bn domain was inversely pro-
portional to the stability of the Ub domain, as
specified by the coupled equilibria in Fig. 1b.
Fitting the experimental data to the model yielded
AGZH© =75 kecal/mol, AGyH°=5.2 kcal/mol, and
AGx ~4 kcal/mol for wild-type (WT) BU. The
linkers used in that study were Gly-Thr and Gly-
Ala-Ser. Thus, coupling appears to be in the
intermediate regime when linkers are two and
three amino acids in length. The two domains
destabilize each other significantly, but not to the
point where one fully unfolds the other. We
hypothesized that shortening the linker peptides
would intensify the conformational strain between
domains and thereby increase AGx.

Here, we test that hypothesis by creating a series
of BU variants with linker peptides ranging in
length from zero to 10 Gly residues. Varying the
linker length while keeping the sequences of the
domains constant is an orthogonal test of the
mutually exclusive folding mechanism. We predict
that AGx will increase with decreasing linker length
and will exceed AGE™° and AGy™© when the
linkers are fewer than approximately two amino
acids each. To measure AGy, we introduce a bi-His
metal-binding site into the Ub domain via the K6 H
mutation.*” Zn**or Co* bind to the side chains of
His6 and His68. We previously showed that AGx
can be determined most accurately by stabilizing the
Ub domain and measuring changes in stability of
the Bn domain.” Metal binding is the preferred
method to stabilize Ub, as the mutations known to
increase stability do so by optimizing surface
electrostatics,” and their effect is significantly
reduced by the high ionic strength of the guanidine
hydrochloride (GdnHCI) solutions employed in this
study. The additional metal-bound states of K6H BU
are shown in blue in Fig. 1b.

The second objective of this study is to define
some of the structural and energetic considerations
that guide the evolution of multidomain proteins.
Over two-thirds of human proteins are composed of
more than one domain.” In most cases, they are
joined in an end-to-end fashion. Approximately 25%
of multidomain proteins, however, appear to have
evolved by insertion of one domain into another,” '
as we have done in this study. These proteins are
subject to the same conformational strain mechan-
ism that is characterized here. Of additional interest
are proteins that dimerize or oligomerize via a 3D

domain-swapping interaction.'’ In this scenario, a
segment of the polypeptide chain detaches from its
binding site in one molecule and docks to the same
site in a second molecule. Intrinsic to this process is
the concept of conformational strain. It has been
proposed that strain within a monomeric protein
can drive domain swapping, provided that the
strain is relieved upon exchange.'''* Nature may
modulate the extent of strain in order to adjust
binding affinity while preserving the high specificity
dictated by the domain-swapped interface. Our
results indicate that the BU variants with long
linkers are monomeric, whereas those with short
linkers form dimers and higher-order oligomers.
This finding may help explain how domain-swap-
ping arises during evolution and guide future
design of domain-swapped proteins.

The final goal is to understand the structural basis
for how the free energy stored in the native state of
one protein is used to unfold another. How is con-
formational strain distributed throughout the
domains? How much can the native states distort
without unfolding? What are the structures of me-
chanically disrupted states? The inability of un-
folded proteins to crystallize precludes their struc-
tural analysis by X-ray methods. NMR approaches
suffer from a related problem: mechanically
unfolded proteins may refold as dimers or oligo-
mers via domain-swapping interactions. Indeed, we
find that the most strained BU variants form
oligomers at micromolar concentration. Therefore,
structural questions regarding monomeric forms of
BU variants are best addressed by computational
methods. We employ atomistic, unforced Langevin
dynamics (LD) simulations to characterize struc-
tural changes of the Bn and Ub domains as they
exert increasing amounts of strain on each other. To
our knowledge, this represents the first simulation
of mechanically induced unfolding of one protein
domain by another.

Results

Thermodynamic characterization of linker length
variants

GdnHCI and temperature-induced denaturation
curves for BU variants are shown in Fig. 2. CD
ellipticity at 230 nm reveals two GdnHCl-induced
transitions (Fig. 2a). The first transition corresponds
to Bn unfolding. This transition is of primary
interest, as it is coupled to Ub folding when
AGx>0. The second corresponds to unfolding of
the Ub domain when the Bn domain is already
unfolded. It can be seen from the primary data that
shortening the linkers from 10 Gly to 2 Gly
progressively destabilizes the Bn domain and has
little effect on the stability of the Ub domain (Fig.
2a). This finding is consistent with the hypothesis
that decreasing linker length increases conforma-
tional strain between domains. Strain is abolished at
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GdnHCI concentrations above the midpoint of
denaturation (C,,) of the Bn domain, as evidenced
by the common C,,, values of the Ub domains.

To obtain thermodynamic parameters for the
coupled folding—unfolding reaction, we character-
ized the first GAnHCI transition by Trp fluorescence.
All three Trp residues are located in the Bn region of
BU. The wavelength of maximum emission (Fpax)
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Table 1. Thermodynamic parameters for unfolding of free
Bn, free Ub, and the Bn domain of BU variants

Co**  AGH© m (kecal Cm T
Variant (mM) (kcal/mol) mol M) (M) (°Q)
Free Bn 0 115+05* 51+02 226+0.02 515
10 12.6+1.0 55+04 231+0.01 51.0
FreeK6HUb 0 56+04 1.7+0.1 3.26+0.10 N.D"
10 7.0+0.1  1.7+0.02 4.07+0.02 N.DP
BU-G10 0 78403  64+03 1.23+0.02 37.2
10 7.8+05  64+0.6 1.22+0.05 357
BU-G6 0 57+0.2  53+02 1.08+0.01 35.6
10 6.1+£0.1  65+0.1 0.95+0.02 33.0
BU-G3 0 3.8+0.1  5.0+03 0.76+0.03 289
10 324001 49+0.1 0.66+0.01 259
BU-G2 0 3.0+0.1  4.1+02 0.73+£0.01 25.7
10 2.1+0.04 42+0.1 050+0.01 21.1
BU-G1 0 23403  3.6+03  0.64+0.07 23.1
10 1.9+0.01 29+0.05 0.67+0.01 N.D-*
BU-GO 0 19402  3.7+03  051+0.02 205
10 2.0+0.1 35+0.1 0.56+0.01 N.DS

N.D., not determined.
@ Errors are standard deviations of at least three experiments.
b : . .
Not determined because of high melting temperature.
¢ Not determined due to poor fit to a two-state reaction.

increases from 336 to 355 nm upon Bn unfolding.’
Thus, Fnax reports primarily on Bn conformation.
Data for all variants are fit adequately by the two-
state linear extrapolation equation (Fig. 2b). The
resulting parameters are listed in Table 1. BU-G6 is
less stable than BU-G10 as judged by both AG™°
and C,,, values. This result suggests that interdomain
strain begins to be exerted with linkers as long as six
amino acids each. Consistent with that interpreta-
tion, Bn stability continues to decrease as linker
length further shortens.

We monitored thermal denaturation by CD to
further characterize Bn domain stability (Fig. 2c). At
pH 7.5, free Bn exhibits a melting temperature (T',)
of 51.5 °C (Table 1) and free Ub does not denature
below 100 °C." In the context of the BU protein, the
coupled Bn unfolding transition is thus expected to
occur below 51.5 °C, whereas the T,, of Ub is
predicted to remain above 100 °C. Because AC,, and
AH values are not known, we did not attempt to
obtain thermodynamic parameters from thermal
denaturation data. Nonetheless, the relative stabi-
lities of Bn domains can be assessed by comparing
T, values. Ty, decreases progressively from BU-G10
to BU-GO, in agreement with GAnHCI denaturation
results.

Fig. 2. Equilibrium denaturation curves of BU variants
in the absence of Co**. (a) GAnHCl-induced denaturation
of BU-G10, BU-G6, and BU-G2 monitored by CD
ellipticity at 230 nm. Symbols are defined in (b). Lines
are best fits to the three-state linear extrapolation equation.
(b) GdnHCl-induced denaturation of BU variants moni-
tored by Trp fluorescence and normalized to fraction
folded. Lines are best fits to the linear extrapolation
equation. (c¢) Thermal denaturation of BU variants
monitored by CD ellipticity at 230 nm and normalized
to fraction folded, assuming a two-state unfolding
reaction. Symbols are the same as in (b).
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Co?* binding experiments

It is first necessary to determine whether metal
binds specifically to the engineered site on Ub. It can
be shown that metal-induced stabilization of the Ub
domain approaches the limit of RT In[(1+K,)/
(1+K,2)] when binding to both native and unfolded
Ub is saturated, where K,; and K, are the association
constants for the respective forms (Fig. 1b). Krantz
et al. report K,; and K, values in the range of ~ 10*
and ~10° M, respectively, for bi-His Ub variants.*
Consistent with those figures, we observe that
AAG™© of K6H Ub reaches a maximum value of
1.4 kcal/mol at Co?** concentrations greater than
~1 mM (Fig. 3a and Table 1). By contrast, 10 mM
Co®" has little effect on unfolding of Bn, either in its
free state or as a domain in WT BU (data not shown).
Both C,, and T,,, values of free Bn remain relatively
unchanged following addition of Co** (Table 1).

Fraction folded

(c)

Fraction folded

0.0 0.5 1.0 1.5
[GdnHCI] (M)

(b)

(d)

Having established that metal binds to K6H Ub
and not to Bn, we next repeated the GdnHCI
denaturation experiments of Fig. 2b in the presence
of 10 mM Co?*. The model predicts that Co”*
binding will not affect stability of the Bn domain
if AGx=0. In the strong coupling limit, the decrease
in Bn stability will reach a maximum value of
—1.4 kcal/mol. Figure 3b shows that Co?* does little
to destabilize the Bn domain of BU-G10. Coupling
appears to progress into the intermediate regime
with BU-G6, as evidenced by the significant decrease
in Cy, in the presence of Co®". The extent of Co™*-
induced destabilization increases in BU-G3 and
reaches a maximum with BU-G2. Metal binding de-
stabilizes the Bn domain of BU-G2 by 0.9 kcal/mol,
or 64% of the theoretical value for strong coupling.
Curiously, Co®* has little effect on unfolding of BU-
G1 and appears to increase the C,, of BU-GO slightly
(Fig. 3c).
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Fig. 3. Equilibrium denaturation curves of free Ub and BU variants in the presence of Co**. Symbols in (b), (c), and (d)
are the same as those in Fig. 2b. (a) GdnHCl-induced unfolding of free K6H Ub monitored by CD ellipticity at 225 nm.
Co?* concentrations are indicated in the inset. (b) GdnHCl-induced denaturation of BU-G10, BU-G6, BU-G3, and BU-G2
in the presence (gray) and absence (black) of 10 mM Co?*, monitored by Trp fluorescence. (¢) GdnHCl-induced
denaturation of BU-G1 and BU-GO in the presence (gray) and absence (black ) of 10 mM Co?*. (d) Thermal denaturation
curves of BU variants in the presence (gray) and absence (black) of 10 mM Co?". Lines in (a), (b), and (c) are best fits to

the linear extrapolation equation.
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Thermal denaturation curves (Fig. 3d) reflect a
similar trend. Co** slightly decreases T, of BU-G10,
suggesting that the two domains are coupled to a
small extent even when linked by 10 Gly residues.
Co**-induced decrease in thermal stability becomes
more pronounced as linker length decreases. AT,
reaches a maximum with BU-G2. In agreement with
the GAnHCl results, Co?* does not destabilize the Bn
domains of BU-GO or BU-G1. Rather, it broadens the
melting transitions so that they cannot be modeled
as a two-state reaction (data not shown). It is
possible that broadening is caused by transient
oligomerization, although precipitation is not
observed and thermal denaturation is >80% rever-
sible in all cases.

Structural characterization by CD
CD spectra of free Bn, free Ub, and BU variants are

shown in Fig. 4a. The CD spectrum of free Bn is
characterized by unusually low spectral intensities
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Fig. 4. Structural characterization of BU variants by
CD in the (a) absence and (b) presence of 1 mM Co**.
Protein concentrations are ~5 pM.

and an atypical minimum at 231 nm.'® Free Ub
exhibits a minimum at 208 nm. BU-G10 displays
both of these minima, confirming that both domains
are folded. Since AGy is predicted to be greatest for
BU-GO and BU-G1, these variants might be expected
to exhibit increased random coil content. However,
spectra of BU-G0, BU-G1, BU-G2, and BU-G3 are
similar to that of BU-G10. This result indicates that
both domains remain folded in all BU variants,
despite the presence of conformational strain.
Krantz et al. reported that metal binding does not
alter the far-UV CD spectrum of bi-His Ub variants.*
Figure 4b shows that the spectra of BU variants are
similarly unchanged in the presence of Co®". Metal
binding does not appear to perturb the structure
of BU.

Oligomerization of strained variants

To explain the CD data and the anomalous Co**
binding results obtained for BU-G0 and BU-G1, we
considered the possibility that these variants may
dimerize or oligomerize. Domain swapping is a
logical mechanism for oligomerization. In this
scenario, one domain is forced to unfold as AGx
progresses into the strong coupling regime. The
domain will refold, however, if it can do so in a way
that relieves conformational strain in the native
state. That condition may be achieved by intermo-
lecular binding and folding of the N- and C-terminal
fragments of the Bn domain. The simplest structure
that would result is a domain-swapped dimer,
although higher-order oligomers are possible. Both
Ub and Bn domains are expected to be folded in the
dimeric state, with little if any interdomain strain.
Metal binding to the Ub domain is consequently not
expected to perturb stability of the Bn domain.

We tested for oligomerization by sedimentation
equilibrium ultracentrifugation experiments. All
data were fit to a self-associated dimer model and
parameters are listed in Table 2. Representative data
sets, showing quality of the fits, are available as
electronic supplementary material (Fig. S3). As
expected, BU-G10 sediments predominantly as a
21.8-kDa monomer (theoretical molecular mass,
22.2 kDa) with a weak dimer—-monomer dissociation
constant (Kg) of 4.2 mM. BU-G2 also sediments at
close to its expected monomeric molecular mass, but
K4 decreases by nearly 10°-fold to 6.0 pM. Ky further
decreases (1.3 pM) in BU-G1, and the apparent
molecular mass of the monomeric species increases
to 35.5 kDa. This result may be due to the presence
of higher-order oligomers. Consistent with that
interpretation, sedimentation profiles for BU-GO
could not be fit to a monomer/dimer model. BU-
GO appears to sediment as a heterogeneous mixture
of species of large molecular mass (data not shown).
Thus, at the protein concentrations employed in
fluorescence and CD experiments (1-2 uM), BU-GO
and BU-G1 are predominantly dimeric/oligomeric,
while BU-G2 and the longer linker variants are
primarily monomeric. The transition from monomer
to dimer/oligomer at the BU-G2/BU-G1 linker
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Table 2. Apparent monomer molecular weights and
dimer-monomer dissociation constants of BU variants,
obtained from sedimentation equilibrium experiments

Apparent Theoretical
molecular mass molecular mass
Variant (kDa) (kDa) Kq (uM)
BU-GO N.D. 21.1 N.D.
BU-G1 35.5 21.2 1.3
BU-G2 21.6 21.3 6.0
BU-G10 21.8 222 4200

N.D., not determined due to poor fit to dimer-monomer model.

length is consistent with the anomalous Co**
binding results observed for BU-G0 and BU-GI.

Computer simulations

The goal of the simulations is to characterize the
mechanism of mechanical unfolding in conforma-
tionally strained BU variants. There are no existing
experimental structures of BU from which starting
models can be generated, particularly for strained
conformations. Indeed, it is unlikely that experi-
mental methods can provide high-resolution struc-
tures of BU-GO or BU-G1 in their strained,
monomeric states. Crystallization and NMR condi-
tions would strongly favor formation of oligomers
in which strain is relieved. We therefore built
starting models from available X-ray structures of
free Bn and free Ub. The two domains were linked
and orientations between them were explored
exhaustively by MODELLER to identify the most
favorable orientations based on the free-energy
function (see Materials and Methods). In order to
accommodate the insertion, Bn must stretch and/or
Ub must compress. Neither outcome was biased in
initial model building; Bn and Ub atoms were
restrained to their positions in the respective crystal
structures using identical energy functions. MOD-
ELLER chose the latter solution. The 38 A N-
terminal to C-terminal distance in free Ub com-
presses to 35, 37, 35, 31, 27, and 25 A for BU-GI0,
BU-G6, BU-G3, BU-G2, BU-G1, and BU-GO, respec-
tively. In contrast, the C*-C* distance between the
ends of the Bn surface loop (Pro64-Thr70) remains
close to that observed in the isolated Bn crystal
structure (~11 A).

To characterize the structures of mechanically
disrupted states, the starting model of each BU
variant was subjected to 50 ns of LD simulations at
328 K. Simulations were also performed on isolated
Bn (Bn.) and isolated Ub (Ub.,) proteins as
controls. Bng,; and Ub,, were generated by “cut-
ting” them out of the starting model of BU-G0 and
capping the new N- and C-termini with acetyl and
N-methyl groups, respectively. Finally, we per-
formed a 50-ns simulation of BU-GO with the
inhibitor barstar bound to Bn. Since barstar binds
to barnase extremely tightly (Kq=10""* M),""'% the
prediction is that barstar binding will stabilize the
Bn domain and drive unfolding of the Ub domain.

To monitor structural changes during each 50-ns
simulation, we determined C® RMSDs of each
domain. RMSD is the deviation between one
structure in the simulation relative to the energy-
minimized starting structure and reveals the extent
of unfolding at a given time. Both Bn.,; and Ub
remain folded as demonstrated by small and
relatively constant values of RMSD (4.2+0.7 and
2.7+0.5 A, respectively, over the last 25 ns). The
degree of unfolding of one or both domains of BU
variants, as monitored by RMSD, increases as linker
length decreases (Fig. 5a). Starting with BU-G10 and
progressing to BU-G2, moderately elevated RMSDs
(relative to Bn.,; and Ub,, controls) are observed in
either the Bn domain or the Ub domain, but not in
both. BU-G6 appears to sample two substates, one
before 35 ns, in which both domains are folded, and
the other after 35 ns, in which the Ub domain exhibits
significant deviations. BU-G2 undergoes moderately
elevated deviations in the Bn domain; the Ub domain
remains folded. These data are consistent with strain
being present but small enough in magnitude that it
can be dissipated within one domain.

In contrast, RMSDs of both domains are signifi-
cantly increased in BU-G1 (5.2+1.0 A in Bn, 4. 9+
0.5 A'in Ub) and BU-GO (9.9+1.7 A in Bn, 6.2+0.8 A
in Ub). This result is consistent with the experi-
mental data and suggests that strain in these two
variants is so great that it cannot be contained within
a single domain. When barstar is bound to BU-GO,
both domains remain folded. Although no Ub
unfolding is evident, the fact that the deviations of
Bn are lower than those of Bn., indicates that bar-
star binding stabilizes Bn significantly and prevents
Bn from unfolding.

To characterize structural changes in greater detail,
we monitored RMSDs of the hydrophobic cores of
Bn and Ub over the entire 50 ns of simulation. Ub
contains a single core (Ile3, Phe4, Val5, Ile13, Leul5,
Vall7, Ile23, Val26, I1e30, Ile36, Leud3, Phe45, Leu50,
Leu56, Ile61, Leu67, Leu71), whereas Bn contains
three: core; (Phe7, Vall0, Alall, Leul4, Leu20, Tyr24,
Ala74, 1le76, 1188, Tyr90, Trp94, 1196, 11e109), core;
(Ile25, Ala30, Leu33, Trp35, Leu42, Val45, 1le51), and
core; (Phe56, Leu63, Trp71, Leu89, Leu95, Tyr97,
Tyr103, Phel06)."” All of the hydrophobic cores in
Bn.y: and Ub,,; remain close to the starting struc-
tures except for Bn core,, which shows slightly
elevated RMSDs (Fig. 5b and Table 3). Barstar
binding reduces RMSDs of all cores to 3.0 A or less.
RMSDs of core;, corey, and the Ub core generally
increase as linker length is shortened from 10 Gly to
zero Gly (Table 3). Comparing panel c with panel b in
Fig. 5 reveals the extent of unfolding of BU-G2, the
most strained monomeric variant, relative to the
Bn. and Ub,, controls. Cores; exhibits large
RMSDs, partially unfolding while the remaining
hydrophobic cores remain intact (Table 3).

In addition to RMSD, it is informative to calculate
RMS fluctuation (RMSF), which is the RMSD
between one structure in the simulation relative to
the average structure of the simulation. The inten-
sities of the fluctuations provide information on the
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degree of flexibility in the structure. The core of
Ub,, as well as core; and cores of Bn,, are relatively
rigid with all-atom RMSFs of 2.0+0.3, 1.9+0.6, and
1.740.9 A, respectively, averaged over the entire
50 ns (Fig. S1). Core, appears to be more flexible
(RMSF=3.2+1.0 A). Table 3 summarizes the percen-
tage of time that the hydrophobic cores spend in
large fluctuations during the simulations. Fluctua-
tions are defined as large if the all-atom RMSF is
greater than three standard deviations above the

(a)

16 1

Ubgy: 2.7+ 0.5 A

average RMSF of the corresponding cores of Bn
and Ub,,. In general, the extent of large fluctuations
increases as the linkers are shortened. This trend is
particularly pronounced in BU-GO, in which core;
and the Ub core undergo large fluctuations 97% and
70% of the time, respectively.

We conducted a detailed analysis of the unfolding
mechanism for BU-G2, the most strained variant that
is not found experimentally to be dimeric or oligo-
meric. Figure 6 shows snapshots of BU-G2 taken at

-
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o
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Fig. 5. RMSDs of structures
obtained from LD simulations, rela-
tive to energy-minimized starting
models. (a) C* RMSDs of Bn and Ub
domains of BU variants and the BU-
GO/barstar complex. For clarity,
only data points corresponding to
the last 25 ns of the 50-ns simulation
are shown (2500 conformations
sampled every 10 ps). RMSDs
include all amino acids except for
those of the Bn surface loop (resi-
dues 65-69), which were left unrest-
rained during the generation of
starting models (see Materials and
Methods). Horizontal and vertical
lines indicate C* RMSDs of Bngy
and Ub., respectively, averaged
over the last 25 ns of the 50-ns
simulations. (b) All-atom RMSDs of
the hydrophobic cores of Bn.,; and
Ub.y: as a function of time. (c) All-
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various times of simulation. Unfolding of BU-G2
involves the Ub domain pulling Bn residues on the
N-terminal side of the insertion. These Bn residues
include Leu63 and Phe56, two of the eight residues
belonging to core;. The first sign of unfolding occurs
at 17 ns when the Ub domain pulls Bn residue Leu63
away from the center of core;. This dramatic
disruption of the core; is reflected by a sharp increase
in its RMSD from 2.6 A at 14 ns to 7.1 A at 17 ns
(Fig. 5c). At 34 ns, the Ub domain continues to pull on
the Bn domain, exposing Phe56 to solution. At the
end of 50 ns of simulation, the core; region of Bn

Table 3. Average C* RMSDs of hydrophobic cores of Bn
and Ub domains obtained from LD simulations, relative to
the respective starting structures

Bn core; Bn corey Bn core, Ub core
Variant RMSD (A) RMSD (A) RMSD (A) RMSD (A)
Bnyue 2.8+0.5(0) 3.9+1.2(0) 3.0+0.5 (0) N.A.
Ubyt N.A. N.A. N.A. 2.9+0.3 (0)
BU-GO/ 2.1+0.3(0) 2.0+0.2(0) 3.0£04(0) 2.6+0.2(0)

barstar

BU-G10 2.2+0.3(0) 25+1.7(3) 44+1.7(4) 2.8+0.3(0)
BU-G6 2.6+0.2 (0) 2.5+09(0) 3.6+1.1(6) 3.9+2.0(36)
BU-G3 24+0.2 (0) 35£19(1) 24+03(0) 3.2+0.3(0)
BU-G2 2.8+0.7 (0) 5.3+0.8(1) 5.3+2.2(22) 2.8+0.3 (0)
BU-G1 25+03 (0) 6.1+£1.7(5) 4.0+1.1(0) 4.6+1.3(70)
BU-GO 9.8+4.9 (97) 5.0£1.2(0) 3.7£1.0(0) 5.7+1.5(70)

RMSD values are averaged from 5000 conformations sampled
every 10 ps of the 50-ns simulation. Numbers in parentheses are
the percentages of time that the hydrophobic cores spend
undergoing large fluctuations during the simulations. Fluctua-
tions are defined as large if the all-atom RMSF is greater than
three standard deviations above the average RMSF of the
corresponding core of Bng,: or Ub,. N.A., not applicable.

continues to climb in RMSD, indicating that longer
simulation times may reveal further unfolding of
the Bn domain. On the whole, unfolding appears to
be localized to regions of Bn near the Ub insertion
site. Other regions of both protein domains are
relatively undisturbed. Core; experiences slight
fluctuations (RMSF=2.1+0.5 A) that are intrinsic
to that core as evident from the Bn., simulation
(RMSF=1.9+0.6 A). Core, experiences moderate
fluctuations (RMSF=3.3+1.1 A), although consider-
able fluctuations are also observed in this core
during the Bng, simulation (RMSF=3.2+1.0 A).
The hydrophobic core of Ub also exhibits slight
fluctuations (RMSF=1.8+0.3 A) that are compar-
able to those observed in the Ub., simulation
(RMSF=2.0+£0.3 A).

Discussion

Thermodynamic model for antagonistic
coupling

Our strategy for testing the mechanism of Fig. 1 is
to vary the length of the linkers and measure the
coupling free energy AGx. The hypothesis is that
shortening the linkers will increase interdomain
strain, and when the length decreases below a criti-
cal threshold, AGx will exceed AGg™° and AG{™°
and mutually exclusive foldmg will be attained. AGx
is estimated from AG™°, m, and C,, values of the
unfolding transmons of the Bn domain, in the absence
and presence of Co®". This approach is illustrated
below using the three coupling regimes as examples.
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Bn coreq
Bn coreo
Bn corej

Ub core

Fig. 6. Snapshots of BU-G2 taken at indicated times of simulation, illustrating the sequence of mechanically disrupted

states.

Zero coupling

When AGx=0, the Bn unfolding transition is
bu = bu (Fig. 1). The observed m value is theo-
retically identical to that of free Bn. The observed
AGM"value corresponds to the stability of Bn with
Gly residues inserted into the surface loop. Metal
binding to the Ub domain will not affect thermo-
dynamic parameters of Bn unfolding.

Strong coupling

Here, Bn unfolding is linked to Ub folding and the
Bn transition becomes bu = bu. The apparent AG™
and m values decrease to (AGg™°-AGy™°) and
(mg—my), respectively. Metal binding to Ub now
has a pronounced effect on Bn stability. Stabi-
lization of the Ub domain approaches the limit of
RT In[(1+K,1)/(1+K,2)] when metal binding to both
native and unfolded states is saturated. Co?* bind-
ing to Ub will thus destabilize Bn by 1.4 kcal/mol in
the strong coupling condition.

Intermediate coupling

As AGx increases from zero, the Bn unfolding
transition gradually shifts from bu <= bu to bu = bu.
Both transitions occur, although they are not re-
solved by Trp fluorescence and the experimental
data are fit adequately by the two-state model (Fig.
2b). It is therefore appropriate to compare AGH©
and m values only when coupling is in the zero
or strong regimes. Nevertheless, increasing the
value of AGx clearly shifts the Bn denaturation
curves to lower GAnHCI concentrations. AGx can

consequently be estimated from the extent to which
Co”* binding shifts Bn Cy, values.

Effect of linker length on coupling

Peptide linkers of 10 Gly each effectively decou-
ples folding of the Bn and Ub domains. The Bn
domain of BU-G10 exhibits an m value similar to
that of free Bn, and Co*" binding does not appre-
ciably reduce its stability (Table 1). Comparison of
GdnHCI denaturation curves for BU-G10, BU-G6,
BU-G2 and BU-G2 (Fig. 2b) reveals that both C,,, and
m values decrease with linker length. Significant
interdomain strain is present in BU-G6 and it
intensifies as the linkers shorten. The decrease in m
value suggests that AGx approaches the strong
coupling limit in BU-G2. The theoretical m value for
strong coupling (mg—my) is 3.4 or 4.7 kcal mol ™
M (depending on whether mp is obtained from
free Bn or from the Bn domain of BU-G10). The m
value observed for BU-G2 is 4.1 kcal mol ' M.
These findings agree with those of our earlier study,
in which coupling was found to be in the high-
intermediate range (AGx ~4 kcal/mol) for a variant
with linkers of two and three amino acids.

As AGx increases, the free energy of metal binding
to the Ub domain is transduced into destabilization of
the Bn domain (Fig. 3b). Ata concentration of 10 mM,
Co** shifts C,, by —0.01 M (BU-G10), —0.13 M (BU-
G6), —0.10 M (BU-G3), and —0.23 M (BU-G2). Desta-
bilization is greatest for BU-G2, where the AAG™©
value of —0.9 kcal/mol is 64% of the theoretical value
for strong coupling. Thermal denaturation curves
follow a similar profile. At 10 mM concentration, Co**
decreases T, by —1.5 °C (BU-G10), —2.6 °C (BU-G6),
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—3.0 °C (BU-G3), and —4.6 °C (BU-G2). In summary,
results obtained for BU-G10 to BU-G2 provide
evidence for the mechanism of Fig. 1.

Strong coupling induces oligomerization

The above data imply that the Bn and Ub domains
are strained in BU-G2 and that further shortening
the linkers will cause one of the domains to unfold
the other. Puzzlingly, Co** binding does not
destabilize the Bn domains of BU-G1 and BU-GO
(Fig. 3c), which would appear to indicate that
coupling is close to zero in these variants. An expla-
nation is provided by the observation that Ky of
dimerization is strongly dependent on linker length
(Table 2). BU-GO and BU-G1 form dimers and
oligomers under experimental conditions, whereas
BU-G2 and the longer linker variants do not. These
results together suggest that BU-G1 and BU-GO are
in fact under severe strain—strong enough so that
only one domain can fold within a single molecule—
but strain is relieved by intermolecular folding.

Domain swapping provides a straightforward
mechanism for intermolecular folding with ample
precedence. In particular, conformational strain may
be a general mechanism by which the equilibrium
between swapped and nonswapped forms can be
modulated. Kuhlman et al. induced protein L to form
a swapped dimer by mutating three residues in a p-
turn.'? These mutations selectively destabilize the
monomer by forcing turn residues to adopt unfavor-
able backbone dihedral angles. Byeon et al. induced
dimerization of GB1 by positioning a bulky Phe
residue in its hydrophobic core.”” Steric repulsions
were relieved by domain swapping. LeFevre and
Cordes took the opposite approach and converted
dimeric N Cro protein to monomer by selectively
stabilizing the latter.”' Patel et al. proposed that
cadherins use domain swapping to create homophilic
binding interfaces that are highly specific, yet of low
affinity.”” Binding affinity is decreased because the
docking sites for the swapped segment are similar in
both the monomer and the dimer. The resulting
competition between intra- and intermolecular fold-
ing lowers the free energy of complex formation.
Binding affinity can in principle be tuned by
modulating the stability of the monomeric form.
Consistent with this view, a recent X-ray structure of
type I cadherin finds that the hinge region adopts a
strained conformation in the monomer.?*

Mutually exclusive folding is a novel mechanism
for introducing extreme conformational strain into a
protein. Stress is so great in the monomer that one
domain must unfold. It can only refold by unfolding
the other domain, which is thermodynamically up-
hill, or by exchanging segments with another mole-
cule to form dimers or oligomers. With respect to the
latter process, it is not clear what structural features
determine whether two complementary fragments
can associate to reconstitute the native fold. Bn, how-
ever, is known to be particularly amenable to frag-
ment refolding. Native-like complexes form upon
pairwise mixing of peptides consisting of residues (1-

36, 37-110), (1-56, 57-110), (1-68, 69-110), and (1-79,
80-110).>* The (1-68, 69-110) peptides correspond
most closely to the Ub insertion point used in the
present study. These fragments produced the most
stable complex of the four tested,** which may ex-
plain the propensity for our BU construct to form
domain-swapped dimers. In this situation, amino
acids in the Bn surface loop could act as hinges that
allow the C-terminal 67-110 fragment of Bn to dock
to and refold with the N-terminal 1-66 portion of a
second Bn molecule. Ub can remain folded during
this process. If a reciprocal event occurs with the
remaining unpaired fragments of Bn, the resulting
structure is a closed, symmetrical dimer in which all
domains are folded and interdomain strain may be
minimal or absent.

The domain swapping hypothesis remains to be
tested by structural experiments; nevertheless, it is
supported by several previous Bn studies. We found
evidence for a domain-swapped dimer in our earlier
study of the barnase-GCN4 fusion protein." WT Bn
forms a domain-swapped trimer at high protein
concentrations and moderately destabilizing condi-
tions.” Numerous pairs of Bn fragments, generated
by cleaving the protein at various surface loops, can
bind and refold to form native-like complexes.**
Thus, domain swapping is the explanation that best
accounts for all of our present observations.

Structures of mechanically disrupted states

In order to observe unfolding within a 50-ns LD
trajectory, which requires ~1 month for a single BU
variant, it was necessary to reduce solvent viscosity
and employ a generalized Born (GB) implicit
solvation model. Low solvent viscosity has been
employed in simulations of protein folding®® and
opening/closing motions of the flaps in HIV
protease.””*® In such cases, reducing viscosity acce-
lerates reaction rates but does not significantly
change the structures that are populated.?® Implicit
solvation is required in order to enable simulation at
low viscosity. It is important to recognize that GB
models lack some features of explicit water models,
and this difference can lead to artifacts such as the
tendency to overstabilize a-helices®*>* and ion pair
interactions.”?>® It was also necessary to increase
the simulation temperature to 55 °C to facilitate
unfolding within 50 ns. No unfolding was detected
at 40 °C for even the most strained variant (BU-GO).
Since Ty, of free Bn is 51.5 °C, it might be expected
that the Bn domains of all variants would dena-
ture in the 55 °C simulations. However, the
temperature scales of GB models have been reported
to be elevated by 50-100 °C.303339 Iny fact, By (and
Ub.y:) remain folded during the entire 50-ns
simulation at 55 °C. The unfolding that we observe
in each domain is therefore caused by the presence
of the other. This unfolding is likely due at least in
part to mechanical strain.

Our simulation of the most strained monomeric
variant, BU-G2, provides insight into a potential
route to unfolding by mechanical disruption.
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Conformational strain causes the Bn domain to
sample partially unfolded conformations (Fig. 6).
Because Ub is more thermostable than Bn, it is
expected that the Ub domain will unfold the Bn
domain at the temperature of the simulations. The
BU-G2 simulation suggests that the Bn residues on
the N-terminal side of the Ub insertion constitute a
weak point in the Bn structure. Unfolding of the Bn
domain observed in this simulation is consistent
with the mutually exclusive folding hypothesis,
which holds that the guest Ub domain exerts a
stretching force on the host Bn domain.

Conclusions

We have demonstrated that the extent of inter-
domain coupling between folding and unfolding of
two linked proteins is inversely proportional to the
length of the peptides used to join them. When the
linkers are fewer than two amino acids each, AGx
exceeds the stability of the individual domains and
one is forced to unfold. The partially unfolded
protein appears to undergo a domain-swap, which
relieves conformational strain and allows it to refold
as a dimer or oligomer. Our study provides guidance
for future designs of molecular switches based on the
mutually exclusive folding mechanism. It also
suggests that domain insertion may be an effective
means for creating protein binding interfaces via
domain swapping. The affinity of such an interaction
can in principle be adjusted by modulating the extent
to which one domain destabilizes the other in the
monomeric protein (i.e., AGx). AGx can be controlled
by varying the lengths of the linker peptides.

Materials and Methods

Nomenclature, construction and purification of BU
variants

BU variants were constructed by inserting the human
K6H Ub gene between the codons for Lys66 and Ser67 of
WT Bn. Symmetrical linkers of 0, 1, 2, 3, 6, and 10 Gly
residues were used to join the two proteins. BU-G10 refers
to Bn and K6H Ub joined by two linkers of 10 Gly each,
and so on. All sequences were verified by DNA sequen-
cing. Proteins were co-expressed in Escherichia coli with the
inhibitor barstar to prevent cell toxicity. BU was purified
in the presence of 9 M urea to dissociate the Bn-barstar
complex and was subsequently dialyzed to remove urea.’
Due to variations in refolding conditions that inevitably
occur during dialysis, the purified proteins exhibited
different ratios of monomer to oligomer. To ensure uni-
formity of samples used in experiments, we prepared all
samples by dissolving the lyophilized protein in 6 M
GdnHCI. This procedure disrupts any oligomers that may
have formed during purification. Proteins were then
refolded by rapid dilution (typically 50- to 100-fold) into

ice-cold buffer and allowed to equilibrate for >12 h at 4 °C.

CD and fluorescence experiments

All GAnHCI denaturation experiments were carried out
at 10 °C. Samples were prepared by a 50-fold dilution of

the protein in 6 M GdnHCl into aliquots of ice-cold 10 mM
Tris (pH 7.5) and 0.1 M NaCl containing various amounts
of GdnHCI. Those aliquots were prepared previously by
mixing different ratios of buffer and 6 M GdnHCl with a
Hamilton 500 diluter. For Co** binding experiments,
10 mM CoCl, was added to each stock solution prior to
mixing. Samples were then incubated at 4 °C for 12-15 h
and transferred to a 10 °C bath for at least 2 h prior to data
collection. Final protein concentration was 1-2 puM.
GdnHCI concentrations were measured at the end of
each experiment by index of refraction.*” Trp fluorescence
data were recorded on a Horiba Jobin Yvon Fluoromax-3
fluorometer. The Datamax software package (Horiba
Jobin Yvon) was used to calculate the wavelength of
maximum fluorescence emission (Fy,.,). CD data were
collected on an Aviv Model 202 spectropolarimeter. Data
were fit to the linear extrapolation equation.*'

CD wavelength scans were recorded at 10 °C using
5 uM protein in a 2-mm path-length cuvette. To reduce
absorbance arising from residual denaturant, samples
were prepared by dissolving protein in 6 M ultrapure urea
instead of 6 M GdnHCI and were refolded by 150-fold
dilution into 2 mM Tris (pH 7.5).

Thermal denaturation experiments were performed
using a heating rate of 1 °C/m and monitoring CD
ellipticity at 230 nm. Data were fit to a two-state unfolding
mechanism, with linear corrections applied to the baseline
slopes. Reversibility was >80% for all variants.

Analytical ultracentrifugation experiments

Lyophilized protein was dissolved in 6 M urea and
10 mM Tris (pH 7.5) at concentrations of ~700, ~350
and ~175 puM. Proteins were then refolded by 70-fold
dilution into ice-cold 2 mM Tris (pH 7.5). Sedimenta-
tion equilibrium experiments were performed at 10 °C
using a Beckman XL-A protein characterization system
equipped with an eight-cell AN50-Ti rotor. Absorbance
was monitored at 225 nm using a six-channel Epon 12
mm centerpiece. Data were collected at 30,000, 35,000
and 40,000 rpm with 12 h equilibration time followed
by 1 h acquisition time. Data were processed and
analyzed using the SEDFIT/SEDPHAT software pack-
aget. Monomer molecular mass and Ky were obtained
from a global fit of the data from three different protein
concentrations to a self-associating monomer—dimer
model.

Structural models of strained BU variants

Heavy-atom models of each strained BU variant, in
which both domains are folded, were generated by
satisfaction of spatial restraints taken from the crystal
structures of Bn [Protein Data Bank (PDB) code 1A2P]*
and Ub (PDB code 1UBQ),* using the MODELLER 9v1
software package.***° To prevent the generation of
“knots” in the structures, residues 65-69 of the Bn surface
loop were left unrestrained in the MODELLER calculation.
All other atoms in both domains were restrained using the
same energy function. Hydrogen atoms were added using
the LEAP module in AMBER 9. To determine the
optimal relative orientation between the domains in each
model, we first generated a total of 360 orientations by
varying a defined angle (C* atoms of Bn residues 71 and
79 and Ub residue 4) and torsion between the domains (C*

+http:/ /www.analyticalultracentrifugation.com
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atoms of Bn residues 17 and 74 and Ub residues 1 and 8) in
10° increments from 90° to 180° and from 10° to 360°,
respectively, and including the angle and torsion for each
orientation as additional restraints in the MODELLER
calculation. Ten models were randomly generated for
each orientation. The model with the lowest value of the
MODELLER objective function was then protonated
and subjected to energy minimization. To rank the orien-
tations, molecular mechanics generalized Born surface
area (MM-GBSA) free-energy calculations*® were per-
formed on the minimized model using the AMBER ff99SB
force field,* a variation of the GB implicit solvent model
by Onufriev et al. (igh=5 in AMBER 9),°° and no cutoff
for the evaluation of nonbonded interactions. Results
from these calculations revealed the same major mini-
mum for each BU variant. The orientation near the center
of the well (150° angle/50° torsion) was selected as an
optimal orientation. Heavy atoms for the K6H mutation
were positioned using the SCAP side-chain prediction
program in the Jackal 1.5 software package.’! To gene-
rate the starting model of the BU-GO/barstar complex,
barstar was “docked” into the binding site of Bn in the
energy-minimized BU-G0 model by superimposing all C*
atoms of Bn, with the exception of residues 65-69 in the
surface loop, from the crystal structure of the Bn—barstar
complex (PDB code 1BRS)*? onto those of Bn in the BU-G0
model.

Computer simulations

Simulations starting from models of the strained BU
variants were performed with the AMBER 9.0 software
package.*® The force field and implicit solvent model
employed were the same as those specified for the MM-
GBSA calculations. To facilitate dynamic events so that
mechanically induced unfolding occurs on a computa-
tionally feasible time scale, we performed LD simulations
with a reduced solvent viscosity (collision frequency of
1 ps'). These events were further accelerated by
simulating at a moderately elevated temperature of
328 K, using the solvent dielectric constant of water at
that temperature (€=68.3).® To enable a 2-fs time step,
bonds to hydrogen were constrained to their equilibrium
values with the SHAKE algorithm.”* All nonbonded
interactions were evaluated at each time step. The system
was initially subjected to energy minimization followed
by three stages of equilibration each lasting 50 ps. During
the first stage, the energy-minimized system was gradu-
ally heated from 0 K to the target temperature of 328 K.
Positional restraints were applied to all atoms for the first
three stages of equilibration, with force constants of 2.0,
1.0, and 0.1 keal mol™*-A72, respectively. After equilibra-
tion, fully unrestrained production simulations were
carried out for 50 ns at 328 K. Each 50-ns simulation
required approximately 1 month on a dual 2.66-GHz
quad-core processor server, using all eight cores in
parallel.
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