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The Effect of Different Force Applications on the Protein-Protein Complex

Barnase-Barstar

Jan Neumann and Kay-Eberhard Gottschalk*

Angewandte Physik und Biophysik, Ludwig-Maximilians Universitat, Munich, Germany

ABSTRACT Steered molecular dynamics simulations are a tool to examine the energy landscape of protein-protein complexes
by applying external forces. Here, we analyze the influence of the velocity and geometry of the probing forces on a protein
complex using this tool. With steered molecular dynamics, we probe the stability of the protein-protein complex Barnase-Barstar.
The individual proteins are mechanically labile. The Barnase-Barstar binding site is more stable than the folds of the individual
proteins. By using different force protocols, we observe a variety of responses of the system to the applied tension.

INTRODUCTION

Forces are regulating factors on protein complexes. Applica-
tion of forces is important in numerous processes in biolog-
ical systems like cell adhesion or cellular mobility (1-5). In
addition, forces are often used as an experimental tool for
studying the energy landscapes of both individual proteins
and protein-protein complexes (6—8). The interpretation of
these experiments is complex and a thorough description
of the influence of different force protocols on the unbinding
pathways is critical (9). In particular, force-induced unfold-
ing follows pathways that are different from spontaneous
free-solution, chemically-induced, or temperature-induced
types of unfolding (10,11).

Technically, the application of forces on the nanoscale can
be realized using different experimental techniques like
atomic force microscopy (AFM), force pipette, optical twee-
zers, or simulation methods like steered molecular dynamics
(SMD) on the single-molecule level (12-22).

The response of secondary structure elements on different
orientations of external stresses leads to a large range of un-
raveling forces (23-25). In more recent studies, the depen-
dence of the mechanical stability of protein unfolding on
the force linkage is demonstrated. On the model system of
ubiquitin, it is shown, by experiment and simulation, that
different ubiquitin linkages in nature differ in their unfolding
forces and unfolding free energy profiles (26-28). The un-
folding of fibronectin depends critically on the vector of
the applied forces (29). The force response and energy land-
scape of the fluorescence molecule GFP on different force
attachment points has been examined using AFM experi-
ments as well as model simulations (28,30,31). An asym-
metric nature of the force response of the titin kinase in
a symmetrical setup was shown by Griter et al., demon-
strating the direction dependency of the protein response to
force (32), recently supported by AFM measurements (33).
In force-clamp simulations, possible relations between
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forced and chemically induced unfolding pathways have
been suggested (34). These studies underline the importance
of both the history of force application as well as the direc-
tion of the force vector for the observed response.

Applied forces have also been used to estimate binding
energies and to analyze protein-protein complexes. Recently,
SMD simulations were used to force the cytochrome c2
unbinding from the reaction center (35), to unbind an anti-
body-antigen complex (36) as well as to analyze the
protein-protein interaction energies of the TCR-pMHC
complex (37).

A general advantage of SMD simulations over the exper-
imental techniques is that the chosen unfolding pathway can
be analyzed in atomistic detail. However, due to computa-
tional limitations, the used velocities exceed the experi-
mental ones by orders of magnitude. This renders a direct
comparison between experiment and simulation compli-
cated. Thus, insight into the atomistic response to different
force protocols used is crucial for this comparison. Further-
more, it reveals details of the underlying energy landscape
not observable without the explicit control over the experi-
mental parameters offered by the simulation.

In this work, we perform SMD simulations on the protein-
protein complex Barnase-Barstar. We use different attach-
ment points and different velocities of the force application
to observe the response of the model system. This allows
us to gain detailed insight into the effect of differently
applied forces on a protein complex analogous to the depen-
dence of mechanical stability of protein unfolding on the
force linkage.

Barnase is a bacterial RNase, which is excreted by the
bacterium Bacillus amyloliquefaciens and is deadly to unpro-
tected cells (38—42). The natural inhibitor Barstar protects the
bacterium. Due to the high evolutional pressure, the Barnase-
Barstar complex is one of the fastest forming and most stable
complexes known (43).

The fast association of the Barnase-Barstar is electrostati-
cally facilitated (44-46). Poisson-Boltzmann calculations
predicted a stabilizing electrostatic effect in agreement with
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experimental data (47). Brownian dynamics studies of the
Barnase-Barstar complex showed that its association is diffu-
sion-limited and the experimentally measured association
rates can be reproduced (39,44,48,49). Recently, the free
energy landscape of this association has been analyzed. An
optimal association pathway was found involving a region
close to the RNA binding loop of the protein complex
(50,51). An overlap of association and dissociation path-
ways, using rigid-body Brownian dynamics simulations
with an implicit solvent model, has been suggested (51).
Although the equilibrium association of the Barnase-Barstar
complex has been studied to a great extent, the response of
the complex to nonequilibrium conditions has not been
examined as thoroughly. However, during export of the
complex, it is exposed to forces. Furthermore, protein
complexes are in general an attractive target for force studies:
the probing of protein-protein complexes by force can be
regarded as a complex differential assay, where the mechan-
ical stability of the individual folds is compared to the
stability of the noncovalent binding site, depending on a
variety of experimental parameters.

The aim of this study is to investigate the mechanical
stability of this model complex under the influence of
different force applications. Since Barnase needs to be
exported from the cell, we expect a low mechanical stability
of the individual protein. However, since the cell needs to be
protected as long as Barnase is not exported, we expect
a high stability of the Barnase-Barstar binding site inhibiting
RNA binding. Indeed, we demonstrate here that the complex
binding site is more stable than the individual domains. We
recapture basic features of the unbinding transition state. We
show that we can alter the main trajectory from unfolding to
several unbinding pathways by altering the attachment
points of the steering forces. Hence, our simulations probe,
in a differential force assay, the relative stability of regions
within the complex, depending on the force protocol used.

METHODS

All simulations on the Barnase-Barstar complex (PDB code: 1BRS (52))
were performed with the MD simulation software GROMACS Ver. 3.2—
3.3.3 (53,54). Periodic boundary conditions, SPC/E (55) water, and
OPLS-AA (56) force field were used for all simulations.

System preparation

The Barnase-Barstar structure was preoriented in a4 nm X 5.8 nm x 12 nm
waterbox. The vector connecting C2"7 and C2°86 was oriented parallel to the
z axis of the box. Thirteen Na* and nine C1~ atoms were added to neutralize
the overall charge of the system at a 75 mM NaCl concentration.

Energy minimization was performed with steepest descent and with
a maximum step size of 0.01 nm. A cutoff radius of 1 nm for Coulomb
and van der Waals interactions was used.

A 200-ps positional restraint simulation followed. All protein atoms were
restrained by a harmonic potential with a harmonic force constant of
2000 = 3.322N_All bonds were constrained via the LINCS algorithm
(57). The COM translation of the system was removed. Berendsen temper-
ature coupling (58) was used to couple the protein atoms and the nonprotein
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atoms separately in two groups with a temperature bath of 300 K and a
time-constant of 0.1 ps.

For all further simulations, electrostatics were calculated with fast
particle-mesh Ewald electrostatics (59) with an order of four and a cutoff
for Coulomb and van der Waals interactions of 1.0 nm.

Five-hundred picoseconds of equilibration were performed using the
leap-frog algorithm with a timestep of 2 fs. All C, backbone-atoms were
restrained with a harmonic potential with a force constant of 200 mo‘f.’nm to
avoid a rotation of the system. For equilibration and all SMD runs, the
protein complex and the solvent molecules were coupled to two separate
Berendsen thermostats, setting each temperature to 300 K. In addition,
Berendsen pressure coupling (58) set the whole system to 1 bar with
a compressibility of 4.5 x 107> bar ™' and a time-constant of 0.5 ps. The
final structure of this equilibration step was used as the initial structure for
all SMD simulations.

Before an SMD was started, velocities were again randomly assigned and
another 200-ps equilibration were performed.

SMD simulation

For all setups, constant velocity pulling simulations with fast (vfe = 253),
medium (Upedivm = 0.55), and slow (vgow = 0.12558) pulling velocities
was done. The COM movement was removed for the atom/group where the
complex was fixed in space. A harmonic potential with a spring constant of
k=1600_X_, = 2.66™N was moved in z direction until the final position
was at least 3.5 nm (up to 6 nm) away from the initial position. The majority
was pulled 5 nm, which results in a pulling time of 2.5 ns for fast, 10 ns for
medium, and 40 ns for slow pulling trajectories. The hard spring constantly
forces the atom to closely follow the harmonic potential spatially and in
time. Because the spring constant was kept constant, its influence on the
loading rate of the AFM did not vary in Setups 1-3. The number of simulated
trajectories per setup and pulling velocity can be found in Table 1.

Setup 1

The harmonic potential mimicking an AFM tip was attached to the C,, atom
of the first residue of the first element with regular secondary structure of
Barnase (C2°86) and fixed the position of the C,, atom of the last residue
of the last element with regular secondary structure of Barstar (C®7) in
Setup 1. For the mirrored setup, Setup 1,,,, the attachment points for pulling
and spatial fixation were exchanged (Fig. 1 B).

Setup 2

The COM of Barstar was pulled by the time-dependent harmonic potential,
whereas the COM of Barnase was fixed.

Setup 3

For the direct probing of the protein-protein binding site, the COM of the
C, values of the Barstar binding helix was the attachment point of the force.
The COM of Barnase was fixed like in Setup 2. Only fast pulling was simu-
lated. Due to the early unbinding of the protein complex, the pulling was
only simulated for 2.25 ns, corresponding to a pulling length of 4.5 nm.

Calculation of effective force and work

First, the time of separation for each single trajectory in Setups 2 and 3 was
determined. The forces exerted on the system after the separation were
assumed to be the drag forces of the molecule through the solvent water.
These drag forces were averaged for each trajectory individually from the
time of the separation to the end of the simulation. To renormalize the forces
after the separation to zero, we subtracted the average drag forces from the
calculated forces. This resulted in an effective force F.g for the separation:

Feff(x) - F(-X) - <Fdrag>- (1)
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TABLE 1 The average maximum forces (unfolding for Setups 1 and 1,,,; unbinding for Setups 2 and 3) for the different pulling
velocities are given with the standard deviation of the forces as error; (...) denotes the average

No. of trajectoriespathway/total

Velocity Attachment Loading rate/ % (Fnax)/PN Error/pN number per setup
Setup 1, unfolding
Barnase Fast C-C 5320 951 61 12/77
Medium C-C 1330 799 55 24/31
Slow C-C 3325 753 61 7/12
Barstar Fast C-C 5320 903 82 67/17
Medium C-C 1330 809 58 14/31
Slow C-C 3325 762 33 5/12
Setup 1,, unfolding
Barnase Fast Cc-C 5320 827 57 70/73
Medium Cc-C 1330 732 53 15/15
Slow Cc-C 3325 737 97 12/12
Barstar Fast C-C 5320 855 1/73
Setup 2, unbinding
Fast COM-COM 5320 1310 95 9/67
Medium COM-COM 1330 1123 65 10/10
Slow COM-COM 3325 938 97 8/8
Setup 3, unbinding
Fast Helix-COM 5320 1702 175 55/55
Medium Helix-COM 1330 1332 214 10/10
Slow Helix-COM 3325 1168 201 8/8

The effective work done during the separation of the complex was calcu-
lated by

X <x

Weff(-x) = ZFeff(Xi) X (Xi —X171)~ (2)

These work curves W (x) were then averaged for each pulling velocity of
Setups 2 and 3. No average work distributions for Setups 1 and 1,, were
calculated since no unbinding is seen.

RESULTS

To understand the influence of force application on the
complex, the unfolding pathways need to be described.

Q_i\ Barnase
e

{

single
atom helix
fixed pulled

single}'
atom | :
pulled  —

Due to the high complexity of the system, an approach to
reduce this complexity to a small set of descriptive parame-
ters is needed.

We analyzed the unbinding pathways by defining charac-
teristic contacts in the protein, which open during the simula-
tion. A careful analysis of our trajectories led to the definition
of the five specific contacts for the description of the unfolding
pathways.

The contacts 1 and 3 are within Barstar. The contact 2 is
a contact within Barnase, while the contacts 4 and 5 are
between both complex partners (Fig. 1, Table 2). The calcula-
tion of the average fluctuations of these specific contacts
during the whole equilibration show stochastic fluctuations

FIGURE 1 (A) Contact points for the analysis of the
pathways. The molecular structure of Barnase (dark
gray) complexing Barstar (light gray). The specific
contacts chosen for a description of the unfolding pathways
are shown as colored spheres and denoted with numbers
1-5. (B) Setup 1. The moving potential was attached to
the last Cy-atom C286 of the last secondary structural
element of Barstar (highlighted and with velocity arrow
in the direction of pulling), while the spatially fixed poten-
tial was located at C§“7 (with vertical line), the first
C,-atom of the first secondary structure element of Barnase
(dark gray). (C) Setup 2. The moving potential was
attached directly to the COM of Barstar (left molecule),
while the spatially fixed potential was attached to the
COM of Barnase (right molecule). (D) Setup 3. For a direct
probing of the binding site, the moving potential was
located at the Barstar binding helix (highlighted and with
velicity arrow), while the static potential was attached to
the COM of Barnase (dark gray).
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TABLE 2 The contact separation distances d; and the
characteristic atoms used in the analysis to determine
the trajectory path

Contact  Side chain 2 Side chain 2 4;*%nm;in nm  £;*Y/nm;in nm
d, Leuy,49 Iley, 84 0.48 0.02
d> Asny,5 Tley,,, 76 0.53 0.02
ds Leuy, 34 Val,, 70 0.65 0.02
ds Argy,59 Aspp35 0.58 0.04
ds Sery,,38 Trpys44 0.52 0.04

The contacts are given with the three-letter code of the amino acid with the
chain at lower position (bn, Barnase; bs, Barstar) and the number of the
residue in the chain. For each specific contact, the average equilibrium
distance d;° with its average fluctuation £;*% is given.

of their C ,—C, distances of <0.05 nm. This indicates that they
are in stable regions of the protein complex. However, depend-
ing on the setup, these contacts separate at certain times in our
simulation. A contact is defined as separated if the specific
C,—C, distance of the contact is increased by 0.5 nm relative
to the starting structure of the simulation (Fig. 2).The path-
ways are characterized by the pulled distances d;—ds, at which
these specific contacts separate. If the contact did not separate
during the simulation, the respective distance was set to zero.
By analyzing the histograms of distances d—ds, the response
of the protein complex to force can be described.

Setups 1 and 1,,

In Setups 1 and 1,,, we chose to simulate the experimental,
directly-accessible force application of the acting force to
single C,, atoms.

We examined the effect of the pulling speed on the unfold-
ing pathways of the probed protein complex. The system was
simulated using three different pulling velocities (v = 257,
Umedium = 0.55%, and  vgow = 0.1257%). We  furthermore
tested this setup with two mirrored force vectors: first, the
moving potential was acting on Barstar (Setup 1, Fig. 1)
and second on Barnase (Setup 1,,).

The pathways chosen in these setups are well described
by the distances d; and d, (Fig. 2). The value d, is describing
the unfolding of the probed Barstar (-sheet, while d, is
characterizing the concerted motion of the outermost Barstar
a-helix away from the core of the protein complex.

Setup 1

Here, the force is acting on C 5586, while C2"7 is fixed (bs,
Barstar; bn, Barnase). Two main unfolding pathways and a
mixture of the two main pathways were observed (Fig. 3 A,
left).

The unfolding of the Barstar §-sheet, described by d;, was
the main unfolding pathway at vgg. The characteristic
contact broke after a pulled distance of 1.7 nm. However,
the concerted movement of the Barnase «-helix shearing
away from the core of the protein, described by d,, was
the main event at the slower pulling speeds (Vyegium and
Uslow)- Here, the contact broke after a pulled distance of
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~1.4 nm for the medium and at ~0.9 nm for the slow pulling
velocity. The maximum force on the main pathway are
slightly lower than for the alternative pathway (Table 1).
With decreasing pulling velocity, the maximum forces
decrease. The mixed unfolding pathway was represented
by unfolding at both ends of the protein complex, each
side being unfolded analogous to one of the main pathways.

Setup 1,

Here, we used the mirrored probing protocol of Setup 1
(pulling C2"7 and fixing C2°86).

The Setup 1., shows only one main unfolding pathway.
This unfolding of Barnase from the N-terminus is character-
ized by a distribution of the unbinding distances d,™"
~1.3 nm, d,™%™ ~1.0 nm, and &>"** ~0.9 nm (Fig. 3 A,
right). The maximum forces during the unfolding decrease,
like in Setup 1, with the pulling speed. The average maximum
forces are much lower than for Setup 1 (Table 1). Hence, the
only speed dependency is shifting the unbinding event to
lower pulling distances and lower forces, without switching
the unbinding pathway, despite nearly identical simulation
parameters.

Setup 2

Here, we used a different SMD simulation scheme and
pulled at the center-of-mass (COM) of the two individual
proteins (Fig. 1 C). This resulted in drastic changes in the
choice of the pathway compared to Setups 1 and 1,. A
different set of specific contacts d5 to ds describes the taken
pathways (Fig. 3 B).

The main pathway of the COM pulling in Setup 2 was
a two-step process. The two-dimensional histogram of the
unbinding distances shows that the structural distortion of
Barstar at d; ~0.9 nm is earlier than the unbinding at ds
~1.7 nm (Fig. 3 B). First, an internal rearrangement in Barstar
moved the core of the protein away from the binding helix,
leaving the binding site intact. This increased the separation
dz until all side-chain interactions of the Barstar binding-
helix with the core of the Barstar protein were broken.
Second, the Barstar binding helix began to unbind from
the binding pocket of Barnase, starting from its C-terminal
end. This caused the partial unbinding of the complex, char-
acterized by ds (Fig. 3 B). For medium and slow pulling, all
trajectories unbind (all d4 > 0 nm), whereas, at fast pulling
speeds, some trajectories were not fully separated at the
end of the simulation. Furthermore, for medium and slow
pulling velocities, single trajectories show unbinding of the
complex without complex distortions (d3 = 0 nm).

Setup 3

In the third setup, the COM of the C,-atoms of Barstar’s
binding helix was pulled (Fig. 1 D). This setup was designed
to probe the binding site of the Barnase-Barstar complex
directly.
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FIGURE 2 Setup 1. These representative distance curves show the devel-
opment of the unfolding parameters d; (black) and d, (gray) representing the
three different types of pathways taken during the experiment. The arrows
mark the first time at which the contact showed an increased separation of
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Here, the rupture of the Barnase-Barstar complex was
described by a continuous unbinding event. It started at
one end of Barstar’s binding helix until a fully unbound state
was reached. No major distortions in the protein structure of
the binding partners were observed.

Unbinding that starts the separation at d4 or ds can be
observed. Thus, two unbinding pathways exist. For fast pull-
ing, both pathways are overlapping. For medium pulling,
a separation is indicated. For slow pulling, it can be observed
in the two populations in the two-dimensional histogram
(Fig. 3 O).

The main unbinding pathway shifts from starting separa-
tion at the C-terminal end of the Barstar binding helix ds at
high pulling velocities, to starting with an N-terminal separa-
tion (d4) for medium and slow pulling velocities (Fig. 3 C).

The forces during the trajectory increase to a maximum
force of (Finax) ~ 1.8 nN. The comparison of the maximum
forces depending on the selected pathway show no signifi-
cant differences (Fig. 4 B). The median maximum forces
of the major pathway with (F.x 5) = 1.75 nN is only
slightly smaller than (F.x. 4) = 1.80 nN for the minor
pathway. The ruptures occurred after the maximum force
peak (Fig. 4 A). We defined the rupture force in Setup 3 as
the force F(fyp) at the time of the first separation (fryp =
min(t, t5)). The median of the rupture forces of the major
unbinding pathway was (Fs) = 1056 pN (¢5 < f;) and,
surprisingly, higher than of the minor pathway with
(F4) =786 pN (5 > ;) (Fig. 4 C). Since the force describes
the slope of the energy landscape, this behavior can be
explained with an energy landscape of the unbinding event
being an energy funnel with a constantly decreasing slope
after the point of the maximum force (Fig. 4 D). Hence,
the main unbinding pathway has a steeper slope in the energy
landscape at the point of breakage.

Viscous drag forces after separation

After the separation of the complex in Setups 2 and 3, the
pulling forces exerted on the protein are needed to move
the protein through the water. These drag forces Fyy,, Were
calculated by averaging the forces only after complete sepa-
ration (Table 3). Additional drag forces during the actual
unbinding process are not investigated. Therefore, the drag
forces calculated here are only a lower limit of the drag
forces during the separation. The total amount of the friction
due to viscous drag forces of ~200 pN show that for all pull-
ing velocities, these effects cannot be neglected (Table 3).
A transition from higher to lower drag forces can be seen
if the pulling velocity is decreased from fast to medium
pulling. No major reduction of the average drag forces can

0.5-nm larger than the equilibrium distance. This time is defined as the sepa-
ration time #; or t,. The first graph represents the main pathway at fast pulling
(A), whereas the second shows a typical minor pathway that will become
important in the medium pulling (B). The third pathway (C) can be described
as a superposition of the two main pathways (A and B).
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FIGURE 3 The unbinding and unfolding behavior of the Barnase-Barstar complex is shown by a typical snapshot of the unbinding/unfolding structure, as
well as by histograms comparing the different pulling distances for the specific contacts d—ds to rupture. The size of the boxes in the two-dimensional histo-
grams is proportional to the number of events (binning in both directions is 0.2 nm). (A) Unfolding of Setups 1 and 1,,. (B) Unbinding of Setup 2. (C)
Unbinding of Setup 3.
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be detected when decreasing the pulling velocity from
medium to slow speeds. In contrast to this, the average of
the maximum pulling forces for Setups 2 and 3 decrease
with every pulling velocity reduction (Table 1). The higher
viscous drag forces of Setup 2 compared with Setup 3 during
fast pulling can be attributed to the increased surface area of
the Barstar in Setup 2 due to the extended protein distortions.
However, even though the viscous drag forces are higher in
Setup 2, Setup 3 shows the higher average maximum forces.

Effective work of the protein-protein separation

For Setups 2 and 3, the average effective work (Weg (x)) on
the protein complex depending on the reaction coordinate
x (distance pulled) was calculated (Fig. 5, A and B). For
both setups, lower pulling velocities result in lower work
due to increased sampling of the energy landscape perpen-
dicular to the reaction coordinate.

The comparison of Setups 2 and 3 shows that the final
effective work of separation is comparable (Fig. 5, C-E).
The work in Setup 2 is higher due to additional conforma-

TABLE 3 The calculated drag forces of the pulled molecules
through water after the complete separation of the protein
complex

No. of No. of
(Farag)/PN  stdDev({Farae))/PN  separations  trajectories

Setup 2

Fast 253 25 9 67

Medium 178 10 10 10

Slow 176 22 8 8
Setup 3

Fast 207 20 55 55

Medium 173 7 10 10

Slow 171 5 8 8

a given reaction coordinate, diminish after F';,,, was reached.

reaction coordinate

tional distortions during the separation of the complex. To
separate Barnase and Barstar, Setup 2 requires ~1 nm addi-
tional pulling distance, which leads to an increase in simula-
tion time of ~66% compared to Setup 3.

DISCUSSION
Free, thermal, and forced unfolding

Free, thermal, and chemical unfolding are different from
enforced unfolding (1,10,60). The spontaneous unfolding
of Barnase, without the complexing Barstar, was shown to
differ from the forced unfolding by the import machinery
of the Mitochondria. The spontaneous unfolding starts at
the center region of the protein; the forced unfolding starts
at the N-terminal end without previously inducing a molten
globule state at the import site (1,10), while thermal unfold-
ing induced structural changes within the protein’s core (11).
These results are in line with our simulations in Setup 1 and
Setup 1,,, where for slower pulling we also observe an un-
folding starting from the N-terminus of Barstar independent
of the force vector.

Barnase-Barstar in comparison to other proteins

AFM experiments on a fusion protein consisting of a Barnase
domain fused to titin 127 domains showed that Barnase
unfolds at lower forces than the titin domain. The chimera
was pulled at the terminal ends of the proteins (11), leading
to force vectors analogous to our Setup 1. To compare these
experimental results with our simulation, we extrapolated the
titin unfolding forces observed in previous simulations to the
loading rates of our simulations. All forces were extrapolated
due to their logarithmic dependency on the loading rate
9.61),

Biophysical Journal 97(6) 1687—1699
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kT v X Ax (Fexyr= 1171 pN) as well as its reduced form (F e, = 1022 pN)
Fup = — X In| 5——7—= (3) are higher (Table 4). The pull-and-wait pulling protocol by
Ax koff X kBT

with the loading rate v, the potential width of the bond Ax,
the Boltzmann constant kg, the temperature 7, and the natural
off-rate kooff. This leads to

v
FTUPf(vl) - Frupt(v2) = «a X 11’1<—l>

U

)

and results in an extrapolation formula for the rupture force
of

v
Fexe(v) = & X lnv— + Frp(v1) 5)
1
with
a = kB_T _ Frupl(vl) - Frupt(UZ) (6)
Ax

In <_> |
U2

where two data points (vj, Frup(vi)) need to be known. The

loading rates in Eqgs. 5 and 6 are dimensionless.

In agreement with experiment, the average maximum
forces of the Barnase unfolding in Setup 1 (951 pN) and
Setup 1,, (828 pN) are lower than the extrapolated unfolding
forces of the titin domain 127 of 1228 pN (Table 4) (62).
Also the unfolding forces of titin domain I1 in its oxidized
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Pabén and Amzel produced an even higher Force peak of
1440 pN (63). Since only one loading rate pair is known,
this force was not extrapolated. The energy for the unfolding
of the force-transmitting domain 127 of titin (500%) (64) is
much higher than for the unbinding of the Barnase-Barstar
system (< 150% in Table 5). These data demonstrate the
mechanical instability of the Barnase-Barstar system as
opposed to the titin family, a family that is designed to operate
in a force-exerting environment.

The extrapolated unbinding forces of reported data on
Barnase unfolding (11) are comparable to our unbinding
forces within the error, if not higher (Table 4). This indicates
that due to the N-terminal unfolding of Barnase, the protein
is not significantly stabilized by being complexed with
Barstar.

Antibody-antigen interactions, where the antigen is a small
helical peptide, showed lower unbinding forces compared to
our results of Setups 2 and 3, but comparable forces to our
unfolding forces (Tables 1 and 4). This demonstrates 1),
the high affinity of the Barnase-Barstar complex; and 2),
the low mechanical stability of the complex.

The rupture forces observed for the TCR-pMHC complex
and cytochrome ¢2 exceed the forces observed in our simu-
lations (Table 4) (35,37).
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TABLE 4 The unfolding/unbinding forces and loading rates of a variety of simulated and experimental data

System (reference) Reference Attachment Force/pN Loading rate/ % Extrapolated force/pN
Experimental unfolding

Barnase AFM (1) 100 2.1 %107

Barstar AFM (65) <50

Simulated unfolding

Barnase (11) C-C 507 1390 968
Barnase (11 C-C 269 695 968
Barstar (65) Cc-C 625

Titin kinase activation (32) C-C(2springs) 500 332 988
Titin kinase activation (32) C-C(2springs) 1350 41500 988
Titin 127 (62) 2479 145000 1228
Titin 127 (62) 1870 29000 1228
Titin 127 (63) Pull-and-wait 1440

Titin I1 oxidized 62) 2397 145000 1171
Titin I1 oxidized (62) 1800 29000 1171
Titin I1 reduced (62) 2090 145000 1022
Titin I1 reduced (62) 1570 29000 1022
Ubiquitin (26) N-Term-C-Term 2000 41420

Ubiquitin (26) Lys48-C-Term 1200 41420

Simulated deformation

a-Helix stretching 500

B-Sheet longitudinal shear 23) 1000

(-Sheet lateral shear 23) 40-120

a-Helix longitudinal shear (23) 65-150

a-Helix lateral shear (23) 200

Simulated unbinding in literature

TCR-pMHC (37) Individual 1660

Streptavidin-biotin (70) 800

Antibody-antigen (36) C(N-Term)-COM 716 6640

Antibody-antigen (36) C(Middle)-COM 1161 6640

Antibody-antigen (36) C(C-Term)-COM 775 6640

Cytochrome 2 35) Absolute COM 1500 6943.5

Extrapolated force peak values at the loading rate of our fast pulling experiments (v = 5320 %) were estimated according to Eq. 5. Two data points at different

loading rates were used for the extrapolation.

In a biological context, the mechanical instability contrasts
the equilibrium affinity of the complex. Under equilibrium
conditions, the complex has an extremely low off-rate and
virtually never unbinds. The equilibrium stability of the
complex poses some conceptual problems: while within
the cell, Barnase certainly needs to be complexed to ensure
cell survival, and the complex somehow must be opened to
export Barnase. The mechanical instability may be needed
to unfold the complex during export of Barnase to the extra-
cellular space, which would allow the inhibitor to unbind
only at the point of export, and which is consistent with
the N-terminal position of the signal peptide. This would
pose an interesting balance between different aspects of
mechanical-versus-equilibrium  stability, which would
ensure maximum protection of the cell while allowing for
unbinding during export.

Influence of drag force

For fast probing, the complex is unfolding at different ends
of the complex (Fig. 3 A) in Setups 1 and 1,,,. Since all other
parameters are identical, the reason for this different
behavior is the opposite direction of the probing force vector.

The pulling force Fpyy is compensated by the harmonic
potential holding the protein (Fy,01q) and the opposing pres-
sure of the solvent F, (viscous drag). The harmonic poten-
tials (Fpun and Fhoq) are invariant to the pulling direction.
Therefore, in the absence of solvent, one would not expect
differences between Setups 1 and 1,,. However, the solvent
causes a strongly direction-dependent drag force, which is
also sensitive to the attachment point of the force.

Due to the viscous drag, Fpu > Fpoa Under nonequilib-
rium conditions. Therefore, in Setup 1, F,s > Fy,, and in
Setup 1., Fpn > Fps. These differences in force caused by
drag can explain the observed differences in the trajectories
at high loading rates. At lower loading rates, the influence of
the drag force is reduced (Table 3), rendering the simulations
more similar (Fig. 3). For dual unfolding at both ends, two
barriers need to be overcome, reducing the probability of
such events.

Distortions in Setups 1 and 1,,

At fast loading rates, due to the unfolding of Barstar’s final
B-sheet, the structural core of the protein gets disturbed in
Setup 1. The concerted motion of the helix away from the
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TABLE 5 Computed energies of the Barnase-Barstar and
comparable energies found in literature

System Reference  Energy or work/ %
Experimental unfolding AG
Barstar free energy of unfolding AG (43) —5.28
Barnase unfolding stability AG (11) 10.2
Simulated unfolding AW
Titin 127 total interaction energy AW[ (64) 500
Simulated deformation energies AE
AE of secondary structure elements
a-Helix stretching 23) 50
(-Sheet longitudinal shear 23) 40
(3-Sheet lateral shear 23) 40
a-Helix longitudinal shear (23) 20
«-Helix lateral shear 23) 20
Experimental binding energy AG
Barnase-Barstar free energy (39) -19
of binding AG
Simulated unbinding Work AW
Barnase-Barstar Setup 2—fast 147
Barnase-Barstar Setup 3—fast 144
Barnase-Barstar Setup 2—medium 106
Barnase-Barstar Setup 3—medium 71
Barnase-Barstar Setup 2—slow 56
Barnase-Barstar Setup 3—slow 51
TCR-pMHC unbinding 37 380

structural core of Barnase, in contrast, leaves all the secondary
structure elements intact. Only a few contacts between helix
and structural core are broken (Fig. 6). The lateral unbinding
of the N-terminal helix of Barnase is a gradual, zipperlike
process, while the unfolding of the Barstar 3-sheet is a cata-
strophic, cooperative event (Fig. 6). The shearing of a 8-sheet
has been implicated to be energetically more costly: it has
been shown that the lateral shearing of helix pairs (comparable
to the shearing away of Barnase’s helix observed here) is
energetically more favorable than the shearing of $-sheets
(Tables 4 and 5) (23). Furthermore, Griter et al. showed that
the probed geometry of 3-sheets is very stable (32). Our obser-

Neumann and Gottschalk

vations at slow pulling velocities, where the system has more
time to relax orthogonally to the pulling vector and where the
unfolding of the Barstar §-sheet is not observed, support
this notion. At slower pulling velocities, only the shearing
of the helix is observed, being the thermodynamically more
favorable process. AFM experiments as well as theoretical
considerations showed the mechanical lability of Barnase
and Barstar (11,60,65) (Tables 4 and 5), in line with the
unfolding observed here. In particular, Barnase was suggested
to unfold during mitochondrial import at forces as low as
~10 pN (60). Hence, the unfolding of Barnase does not
seem to be an artifact of the pulling velocities employed.

Distortions in Setups 2 and 3

To avoid unfolding in the simulations and to gain approxi-
mate insight into equilibrium barriers, different simulation
schemes need to be employed (37). One possibility would
be to go to significantly lower velocities approaching adia-
batic conditions, which is hampered by the accompanied
computational cost. Recently, Cuendet and Michielin devel-
oped an attractive simulation scheme, where the steering
force acts only in the direction of the reaction coordinate
(37). For the sake of simplicity, we changed the attachment
of the probing force and pulled at the centers-of-mass of
different groups of the complex. Unbinding simulations of
complexes often used larger pulling/attachment groups for
avoiding unfolding (35-37).

Attaching the pulling and holding forces to the COM of
the molecules distributed the applied tension equally over
the whole molecules (Setup 2). Although these simulations
are not easily reproduced by AFM measurements, they
nevertheless can give insight into aspects of the complex
observable by other techniques like double mutant cycle or
folding measurements. The resulting structural distortions
of the Barstar show that the overall structural integrity of
Barstar is weaker than that of Barnase, as also shown exper-
imentally (Table 5).

t=0ps

t=430ps

t=670ps

FIGURE 6 The unfolding trajectories of Setups 1 and
1., are shown. (Upper panel) Shearing of Barnase helix.

(Lower panel) Shearing of Barstar sheet. The arrows indi-
cate the direction of the force vector.
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We probe here the stability of the binding of this helix to
Barnase, relative to the binding strength to its own protein
core in a differential force assay. Since the here-probed
off-rate of the complex is dominated by van der Waals
interactions, our results demonstrate that these interactions
of Barstar’s binding helix with its own protein core are
weaker than the interaction with the active side of the
RNase Barnase. In an evolutionary point of view, the
blocking of the active site of the Barnase is essential to
prevent damage to its parental bacterium, while the interac-
tion of Barstar’s binding helix with its own protein core is
only necessary for the orientation of its charges in the asso-
ciation process (66,67). These charges destabilized Barstar
additionally, facilitating the unfolding of the inhibitor (43),
in agreement with our results. For even lower pulling
velocities than used here, the distortions will probably
not be observed, as indicated by rare events at slow pulling
velocities.

Directly addressing the pulling forces to Barstar’s binding
helix (Setup 3) results in unbinding without structural distor-
tions. The stiffness of the helix (23) distributes the external
mechanical tension over the binding interface. The majority
of all direct Barnase-Barstar interactions are mediated by this
helix.
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Unbinding pathways

In Setup 3, unbinding pathways without structural distortions
are observed. The high maximum forces (Table 1) point to
a very strong binding of the inhibitor to its RNase. A closer
examination of the complex unbinding reveals that the main
unbinding pathway started separating the complex from the
C-terminal end of Barstar’s binding helix for fast pulling,
and from the N-terminal for medium and slow pulling
(Fig. 3 C, right).

For both pathways, the last contacts involve Arg,59,
Aspps35, and Aspps39 (Fig. 7). These residues have been
implicated to be important for the association pathway of
the complex under equilibrium conditions, in particular the
loop from residue 57 to residue 60 of Barnase (41,48). This
indicates that the observed, enforced dissociation pathways
are a good approximation of equilibrium association path-
ways. Based on Brownian dynamics simulations, the overlap
of association and dissociation pathways has been suggested
before (51). The agreement of our simulated dissociation
pathway with proposed association pathways shows that the
probing of the central helix allows us to sample essential
barriers of the equilibrium trajectory. Even the effective

work of enforced unbinding, with Wesfeftllp3 = 51";2(‘)11‘3, is only

N-terminal Separation

C-terminal Separation

| FIGURE 7 Typical last contacts for Setup 3 (upper

panel) and the time of separation (dashed line in lower
panel) of these last contacts in the force distance trace are
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2-3 times the experimentally determined binding energy of
the complex of 6G, = —19% (39) (Table 5), being thus
in a comparable range despite the nonequilibrium nature of
our simulations. More complex nonequilibrium simulation
schemes of a large protein-protein complex did not reach
a better agreement (37). The effective work values of Setups
2 and 3 show that the conformational distortions in Setup 2
require additional work, especially for the faster and medium
pulling velocities (Table 5).

We did not attempt to use nonequilibrium analysis
schemes like the Jarzynski relation (68). These relations
depend on the observation of rare events. The probability
of these events becomes negligible with increasing dissipa-
tion and system size (69). Standard evaluation schemes use
the cumulative expansion of the Jarzynski relation, which
is dependent on a Gaussian distribution of work values
(69). A Gaussian distribution is not usually observed in
simulations with a limited number of trajectories (37).

CONCLUSION

The velocity and geometry of the force application have
a strong effect on the evolution of a system. Rapidly changing
a system may probe the lability of the energy landscape. This
may be very different from slow changes, which test the
stability of the system. Furthermore, the different attachment
points of force have a severe influence on the final conforma-
tion. Summarizing, we showed that an atomistic under-
standing of unbinding or unfolding pathways needs the
application of a variety of force protocols. The applied forces
alter the energy landscape in a nontrivial way. The resulting
propagation of the probed protein through phase space does
not only critically depend on the geometry of force applica-
tion, but equally on the velocity of force application. There-
fore, for a thorough characterization of the effect of force
on a protein complex, multiple simulations with different
probing geometries and different velocities need to be
performed, carefully testing the lability and stability of the
system. Sophisticated attachment simulation schemes allow
rapid, but approximate insight into the main barriers of the
dissociation pathways, deepening our understanding of the
observed system and helping in the design of experiments.
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