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ABSTRACT: The mechanical properties of proteins and their force-induced
structural changes play key roles in many biological processes. Previous studies
have shown that natively folded proteins are brittle under tension, unfolding after
small mechanical deformations, while partially folded intermediate states, such as
molten globules, are compliant and can deform elastically a great amount before
crossing the transition state barrier. Moreover, under tension proteins appear to
unfold through a different sequence of events than during spontaneous unfolding.
Here, we describe the response to force of the four-a-helix acyl-CoA binding
protein (ACBP) in the low-force regime using optical tweezers and ratcheted
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molecular dynamics simulations. The results of our studies reveal an

unprecedented mechanical behavior of a natively folded protein. ACBP displays an atypical compliance along two nearly
orthogonal pulling axes, with transition states located almost halfway between the unfolded and folded states. Surprisingly, the
deformability of ACBP is greater than that observed for the highly pliant molten globule intermediate states. Furthermore, when
manipulated from the N- and C-termini, ACBP unfolds by populating a transition state that resembles that observed during
chemical denaturation, both for structure and position along the reaction coordinate. Our data provide the first experimental
evidence of a spontaneous-like mechanical unfolding pathway of a protein. The mechanical behavior of ACBP is discussed in

terms of topology and helix propensity.

B INTRODUCTION

The reaction of proteins to mechanical force with loss or gain
of structures under tension plays an important role in diverse
biological processes.' Different proteins respond to force
differently. Some proteins resist mechanical stress to prevent
cells moving apart from one another (e.g, cadherin) or to
preserve the integrity of cells and tissues (e.g, @-actinin and
tenascin).”> Other proteins exploit mechanical strain to
translocate from one cellular compartment to another or to
enter into proteasomes for degradation. Mechanosensors
respond to mechanical stimuli undergoing conformational
changes that initiate intracellular signaling cascades or open
membrane channels.® Understanding the basic principles that
govern the behavior of a protein under tension is important for
delineation of the mechanisms by which fundamental biological
processes are influenced and regulated by force.

Advances in single molecule force spectroscopy techniques,
such as optical tweezers and atomic force microscopy (AFM),
have recently made it possible to study the response of proteins
to force in great detail.’® Using these methods, it is possible to
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apply tiny forces directly onto individual molecules and
describe their unfolding/refolding trajectories along a reaction
coordinate defined by the points of force application.” ™' These
studies have provided a wealth of new information about the
mechanical properties of natively and partially folded protein
states. We now know for example the magnitude of the forces
that hold together the three-dimensional structures of different
proteins and the compliance of their native states (N), that is,
how much they can be deformed along the pulling axis without
crossing the transition state (TS) barrier.”® ' ™" The larger the
distance (x*,) separating N and TS is, the more pliant a protein
structure is. Natively folded single-domain proteins appear to
be brittle, as they unfold after small deformations (x*, < 2
nm).”®"'% 1t follows, therefore, that along the reaction
coordinate their TSs are located much closer to N than to
the unfolded state (U), and the ratio between «*, and the N to
U distance, previously defined as “mechanical” Tanford S-value
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(herein referred to as mfy,),"®" is small (mfy, ~ 0.05—0.1)."*
On the other hand, molten globules appear to be mechanically
compliant. These intermediate states, which characterize the
folding trajectories of many proteins, are very pliant under
tension and they can be stretched for several nanometers before
crossirég the TS barrier, resulting in higher mpr, values of
~0.3."° Tt has been speculated that this large deformability is a
consequence of their unique molecular structures that are
stabilized mainly by short—rang7e interactions and weak
nonstereospecific tertiary contacts. e

Force spectroscopy, in combination with molecular dynamics
(MD) simulations, has also provided information about the
sequence of events characterizing the mechanical denaturation
of a molecule.'®'” These studies have shown that in the high-
force regime explored in AFM experiments proteins under
tension unfold through pathways that significantly differ from
those probed during chemical/thermal denaturation (sponta-
neous unfolding), and populate different transition states.”®”>*
These studies, however, have also suggested that under milder
mechanical perturbations, forced and spontaneous unfolding
could resemble each other.””> Classical MD simulations of
mechanical unfolding have been hampered by the fact that at
small forces of only a few piconewton (pN) proteins unfold on
time scales that are not reachable by standard computational
techniques. In fact, a theoretical description of mechanical
unfolding has so far been carried out only with very simple
models,”*® with coarse-grained interactions, or using forces
that are orders of magnitude larger than those used in force
spectroscopy experiments.””*® This problem can be partially
solved with ratcheted MD simulations,”® which are able to
extract the sequence of conformational changes between given
points of the conformational space at low forces, provided that
a good reaction coordinate is chosen (Supporting Information).
The caveat is that there is no linear correspondence between
the simulation time and real time of the trajectories, and it is
not possible to determine the free energy change of the system.
Still, ratcheted MD simulations can be used to elucidate the
structure and position of the TS along the unfolding reaction
coordinate at atomic resolution. This technique has proven
successful in studying the sequence of events during protein

unfolding®®*! and during the spontaneous folding of protein G,
chymotrypsin inhibitor 2 and acyl-CoA binding protein
(ACBP).?

In the present work, we characterize the behavior of
individual ACBP molecules in the low-force regime using
optical tweezers and ratcheted MD simulations. ACBP is a
topologically simple and highly conserved 86 amino acid
residue protein made of four a-helices organized in a unique
up-down-down-up skewed bundle (Figure 1A).>> Under our
experimental conditions, ACBP unfolds in a two-state manner
and displays an unusual mechanical compliance along two
nearly orthogonal axes. Interestingly, the mf,-values measured
for ACBP along both axes are larger than those reported for the
highly pliant molten globule states. When manipulated from the
N- and C-termini in optical tweezers experiments and in MD
simulations, ACBP unfolds by populating a TS located more
than S nm from N. The structure and position of the TS along
the reaction coordinate resemble those of the TS observed in
bulk studies. Our results provide the first experimental evidence
that in the low-force regime a protein can denature through a
sequence of events that resembles that observed during
spontaneous unfolding induced by chemical or thermal
denaturants.

B MATERIALS AND METHODS

Protein Expression, Purification, and Sample Preparation.
The double cysteine variants ACBP'~*¢ and ACBP*~*¢ were expressed
in Escherichia coli BL21(DE3)-pLysS cells transformed with a pET3a
expression vector containing the mutated bovine ACBP gene.**
Purification was performed as previously described.*® Attachment of
DNA to proteins and coupling of protein—DNA chimeras to beads
were performed exactly as described.*®

Optical Tweezers Experiments. All experiments were performed
using a custom-built optical tweezers instrument with a dual-beam
laser trap. The experiments were conducted at ambient temperatures
in 10 mM Tris, 250 mM NaCl, 10 mM CaCl,, 0.04% NaNj;, pH 7.0. A
3.10 um antidigoxigenin-coated bead (Spherotec) was held in the
optical trap, while a 2.18 ym streptavidin-coated bead (Spherotec) was
held at the end of a micropipet by suction. The force applied on the
molecule was varied by moving the micropipet toward or away from
the optical trap by means of a piezoelectric flexure stage (MAX311/M,
Thorlabs, Newton, NJ). The force applied on the protein was
determined by measuring the change in momentum flux of the light
beams leaving the trap, while the extension of the molecule was
determined by measuring the bead separation distance.’” During force-
ramp experiments,***’ the molecules are stretched and relaxed at
constant speed (nm s™!). Under our experimental conditions, above
~3 pN, the exerted force changes approximately linearly with time and
thus the loading rate (pN s71) is approximately constant.”***' The
applied force and molecule extension were recorded at a rate of 40 Hz.
The single molecule nature of each experiment was confirmed by
identifying the characteristic DNA overstretching transition at 67 pN.”
In force-jump experiments, the force applied on the molecule was
jumped between two set-point values and kept constant through a
force-feedback mechanism. The dead-time (time of jump) was
measured to be 60 ms. The average force was measured and compared
with the desired force every 1 ms. Any difference between these forces
was compensated by moving the micropipet with the piezoelectric
flexure stage. In force-jump experiments, the applied force and
molecule extension were recorded at a rate of 100 Hz.

Changes in Contour Length. Theoretical changes in contour
lengths (AL,) upon unfolding/refolding of ACBP were calculated as
described.” Distances between the attachment points in the native
structure were measured using the solution structure of ACBP
(Protein Data Bank code INTI). Upon an unfolding or refolding
event, AL. was calculated as: (number of residues between the
attachment points X 0.36 nm) — (distance between the attachment
points in the native structure). We calculated a AL, of 28.2 nm for
ACBP'"%, and 10.6 nm for ACBP*~%, Fitting the worm-like chain
(WLC) model to the force vs extension traces’* yielded a AL, of 26.8
+ 1.7 nm for ACBP*™® and a AL_ of 9.9 + 0.8 for ACBP*% (Figure
S1).

Position of TS and Rate Constants from Force Spectroscopy
Experiments. The two-state unfolding and refolding processes of
ACBP were analyzed with the phenomenological Bell model, which
postulates that the unfolding (k,) and refolding (k;) rate constants
depend exponentially on force:™*

in
k. (F) = k k° —u
o(F) mueXP[kT]

B (1)
ek
k(F) = k k] exp(—:—;] o

where k,” and k" are the unfolding and refolding rate constants of the
molecule at zero force, k,, is a "machine” constant that reflects the
effect of instrumental factors, such as beads and molecular handles, on
the measured rates,""*>** F is the applied force, x, and #; are the
distances from the TS to the folded and unfolded states, respectively,
kg is the Boltzmann constant and T is the absolute temperature. Force-
jump data can be fitted using the logarithmic forms of eqs 1 and 2 to
estimate rate constants and distances to the TS from the intercepts
and slopes of the graphs, respectively (Figures 2E and 3C).** More
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detailed expressions for the unfolding/refolding rates have been
proposed,” *® that take into account the explicit dependence of the
TS position on the applied force, and that extend eqs 1 and 2. Here,
however, we stick to the Bell’s formalism, as we wish to explore small
force regimes, while deviation from eqs 1 and 2 can only be detected
when one considers forces ranging over several orders of magnitude.

For a two-state system, in the case of force increasing linearly with
time, an approach similar to that used to obtain eqs 1 and 2 gives the
position of the TS and rate constants according to the following
equations:‘“’49

In[r In[1/N(F, r)]] = In(k k% T/x5) + (x}/ksT)F 3)

In[—r In[1/U(F, r)]] = In(k, k kgT/x}) — (x/ksT)F (4)

where N(F,r) and U(Fyr) are the fraction of folded and unfolded
molecules at the force F and loading rate r (pN s™'). N(F,r) and
U(F,r) can be calculated by integrating the unfolding and refolding
force distributions over the corresponding range of forces. Equations 3
and 4 can be used to fit In[r In[1/N(E,r)]] vs F, and In[—r In[1/
U(F,r)]] vs F to estimate distances to the TS and rate constants from
the slope and intercept of the graphs, respectively (Figures 2C and
3B).

Since rate constants estimated through force spectroscopy experi-
ments contain contributions from experimental parameters (k,,), they
are difficult to interpret and cannot be compared directly to intrinsic
rate constants of the protein. For this reason, rate constants were not
included in Table 1.

Molecular Dynamics Simulations. Simulations were carried out
starting from the NMR structure of ACBP*® using the Amber03 force
field®® in its porting to Gromacs.>® They were gerformed with a
version of Gromacs 4.0.7°> modified as described.>> The protein was
inserted in a parallel epipedal box of sides 4.8 X 4.8 X 20 nm and filled
by 14920 water molecules described by the TIP3p model. The
temperature was kept to 300K by a Nosé-Hoover thermostat.
Ratcheted MD simulations use the standard force field, to which a
soft biasing potential (U,,) is added which depends on the value y of
the reaction coordinate in the harmonic form

1 ) 2
Urat(t) = Ek(p(t) - mlnt’<tp(t )) (5)

where k is the harmonic constant, p(t) = (y(t) — ymget)z, y is the
reaction coordinate (which is the distance between Cysl and Cys86),
and Yy g is the desired/wanted ending point of the simulation (which
is 20 nm for the unfolding simulations). If the value of k is small
enough, the sequence of events obtained with ratcheted molecular
dynamics is a good approximation of the actual trajectories. For each
intensity value of the (constant) applied force, we generated different
sets of six unfolding trajectories and analyzed the associated sequence
of events and the structure of the TS (see Supporting Information for
details).

B RESULTS

Single Molecule Force Spectroscopy. Single ACBP
molecules were manipulated by means of polystyrene beads
(Figure 1). DNA molecular handles were attached to cysteine
residues engineered either at the extreme termini (ACBP'~®
variant) or at positions 46 and 86 (ACBP*~*@ variant),
effectively pulling the protein along two roughly orthogonal
axes (Figure 1A). The kinetics of the unfolding and refolding of
both variants were studied through force-ramp and force-jump
experiments.40 During force-ramp experiments, the micropipet
was moved at constant speeds (nm s™') to generate almost
constant loading/relaxation rates of pulling (pN s™'). When
mechanically manipulated in force-ramp experiments,
ACBP'™® unfolds at ~10 pN and refolds at ~3 pN (Figure
2A). The changes in contour length associated with these
transitions are consistent with complete unfolding and
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5
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.\ Streptavidin

Acyl-CoA binding protein

Pipette

Figure 1. Structure of ACBP and experimental setup. (A) NMR
structure of ACBP (Protein Data Bank code INTI). ACBP has a
simple four-a-helical topology, with the helices arranged in a skewed
up-down-down-up structure. The cysteine pairs 1—86 and 46—86
define two roughly orthogonal pulling axes, indicated by arrowhead
lines. (B) Single ACBP molecules are manipulated by use of DNA
handles attached to polystyrene beads. The protein is stretched and
relaxed by moving the pipet relative to the optical trap.

refolding of the protein, indicating a two-state folding behavior
of ACBP'™* (Figure S1, Materials and Methods). The
transient intermediate states observed in bulk during the
spontaneous folding of ACBP>** are too short-lived (z; ~ 0.1
ms and 7, ~ 1 ms) to be detected in our measurements.
ACBP'™® was stretched and relaxed multiple times to generate
unfolding and refolding force distributions (Figure 2B).

The analysis of these data (Figure 2C) provided information
on rate constants and position of the TS along the reaction
coordinate (Materials and Methods).*""*’ The distances from
TS to N (x¥,) and from TS to U (x%;) were estimated to be 5.2
+ 02 and 6.7 + 0.1 nm, respectively (Table 1). Similar
information was obtained more directly through force-jump
experiments. In these measurements the force is increased
(jumped) or decreased (dropped) quickly to a preset value and
kept constant with a feedback mechanism until an unfolding or
refolding event is observed (Figure S3).** Rate constants can be
measured at different forces directly from the distributions of
the measured dwell-times (Figure 2D).*' The force depend-
ence of the rate constants can then be analyzed with Bells
model to extract information on kinetics (Figure 2E, Table 1
and Materials and Methods).**’ This analysis yielded an x*, of
5.5 + 0.6 nm, and x% of 6.5 + 0.3 nm. The positions of the TS
obtained with the two experimental methods are in good
agreement within the statistical errors. Our data give an average
x*, for ACBP'™® of 5.35 + 0.62 nm and an average mfy, of
0.45 =+ 0.06. These values are remarkably high, being
significantly larger (3—1S5 times) than those found for
previously studied natively folded proteins.”®'"'* More
interestingly, they are larger than the mf, reported for molten
globules, that are considered to be extremely deformable
intermediate states due to the lack of stereospecific tertiary
contacts in their three-dimensional structures.”'

To study the mechanical properties of ACBP along a
different pulling axis, similar experiments were carried out with
ACBP*~®, This variant unfolded at ~18 pN and refolded at
~12 pN, through all-or-none transitions associated with
changes in contour length consistent with complete unfolding
and refolding of the molecular region subject to force (Figure
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Figure 2. Force-ramp and force-jump experiments for ACBP' ¢, (A)
Force vs extension cycles for ACBP' ™, The molecule was stretched
(red) and relaxed (blue) multiple times at a loading rate (r) of 15 pN
s Unfolding and refolding events generate sudden changes in the
extension of the molecule that give rise to discontinuities (rips) in the
recorded traces. (B) Distributions of unfolding (red) and refolding
(blue) forces. Upper panel: Unfolding, r = 15 pN s™!, N = 295,
refolding, r = 8.5 pN s™', N = 293. Lower panel: Unfolding, r = 45 pN
57!, N = 601, refolding, r = 15 pN s}, N = 150. (C) Plots of In[r In[1/
N]] and In[—r In[1/U]] vs force, where N and U are the folded and
unfolded fractions, respectively. Solid circles represent unfolding (red)
and refolding (blue) data collected at 15 and 8.5 pN s™', respectively.
Triangles represent unfolding (red) and refolding (blue) data collected
at 45 and 15 pN s7', respectively. Data acquired at different loading
rates appear to overlap. Best fit values for x%, and x% are reported in
Table 1. Similar %, and x%; values were obtained by fitting unfolding
and refolding distributions directly to probability distribution functions
(Figure $2).* (D) Dwell-time histograms of the folded (red, N = 387)
and unfolded (blue, N = 302) states measured at 8.6 and S pN
respectively. Single exponential fits to the data (solid lines)
demonstrate the first-order nature of the unfolding/refolding
transitions and yielded a kyk, of 0.79 + 0.03 s™', and k,k; of 0.99 +
0.03 s7' (Materials and Methods). (E) Natural logarithm of the
unfolding (red) and refolding (blue) rate constants measured through
force-jump experiments at different forces. Solid lines are fits with Bells
model (Table 1 and Materials and Methods).

3A and Materials and Methods). As for ACBP' %, force and
lifetime distributions of ACBP*~% were analyzed to extract
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Figure 3. Force-ramp and force-jump experiments for ACBP*~%. (A)
Force vs extension cycles for ACBP*~% at 13 pN s™.. The size of the
transitions is consistent with complete unfolding and refolding of the
protein region subject to force. (B) Plots of ln[r In[1/N]] and In[—r
In[1/U]] vs force. Best fit values for ¥, and x*; are reported in Table
1. Similar &%, and % values were obtamed by fitting unfolding and
refolding dlstrlbutlons to probability distribution functions (Figure
$4).* (C) Natural logarithm of the unfolding (red) and refolding
(blue) rate constants vs force. Solid lines are fits with Bells model
(Table 1 and Materials and Methods).

information on the kinetics of the unfolding and refolding
processes (Figure 3B,C, Figure S4, and Table 1). Given the
number of residues between the points of force application, the
value of x*, for ACBP*~% is remarkably large (2.4 + 0.7 nm),
and the mf, value is similar to that measured for ACBP!~%
(0.39 + 0.13). These data show that the unusual compliance of
ACBP is an intrinsic property of its three-dimensional structure
and not a property of the pulling axis.

Table 1. TS Positions and Mechanical Tanford f-Values for ACBP

variant experiment x*u (nm)
ACBP!— Force-ramp 52 +£02
Force-jump 5.5+ 06

ACBPY-56 Force-ramp 2.6 + 0.1
Force-jump 2.1 +04

17071

«* ¢ (nm) <mfr,> <mfre
6.7 + 0.1

0.45 + 0.06 0.55 + 0.06
6.5 + 0.3
3.8 +0.1

0.39 + 0.13 0.61 + 0.05
3.6 +03
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Ratcheted Molecular Dynamics. State-of-the-art ratch-
eted MD simulations of the mechanical denaturation of
ACBP'™™ in explicit solvent were carried out at constant
forces of 12, 30, and 60 pN (Materials and Methods and
Supporting Information). For each value of the force, six
unfolding trajectories were simulated. The sequence of forced
denaturation events at 12 pN is visualized in Figure 4A.
Unfolding starts with disruption of tertiary contacts between
HI1 and the rest of the protein, and subsequently intrahelical
contacts in HI1 are lost. Then H4 starts losing both its
intrahelical and tertiary contacts. The structure involving H2
and H3, which is not subject directly to force, is the last to yield
before complete unfolding. However, in our simulations,
unfolding of H2 and H3 proceeds in a heterogeneous way,
with no specific unfolding sequence, as it is evident at d = 16
nm. A more detailed analysis of the unfolding process can be
obtained by the order of native-contact disruption at a residue
level (Figure SS and Supporting Information). The very first
native contacts to be lost are located at both ends of H1 and
between contacts K8—D78 (H1-H4), P19—-L27 (L1-H2),
F5—L30 (H1—-H2) and T17—Y84 (L1—H4).

Some small rearrangements take place also in H2 (S20—E23,
124-127), while H3 remains intact. Among the last native
contacts to be disrupted are Q33—A69, Q33—L61 and V36—
WSS.

From ratcheted MD simulations it is also possible to obtain
information about the structure of the protein in the T'S. In fact,
the biasing force provided by the ratchet is positive along the
reaction coordinate when the system is climbing a free-energy
barrier, while it is zero when the system is descending it.
Consequently, the TSs can be located by selecting the points of
the trajectory where the biasing energy drops and the derivative
of the extension of the molecule with respect to time peaks
(Figure S6 and Supporting Information). The selected set of
TS conformations was first analyzed in terms of end-to-end
distance (Figure 4A). At 12 pN, the average distance between
the native state and TS (d) is 5.8 + 0.2 nm, in good agreement
with the 5.4 + 0.6 nm obtained experimentally (Table 1). The
ensemble of conformations that represent the TS at 12 pN
(Figure 4A) is structurally homogeneous, displaying an average
root-mean-square deviation (RMSD) of 0.44 + 0.22 nm. When
only the structured regions of the TS are included the RMSD is
024 + 0.03 nm. When simulations carried out at different
forces are compared, the position of the TS along the unfolding
coordinate appears to be force independent (Figure S7),
validating the assumption made in the treatment of the
experimental data (Supporting Information). The intrahelical
contacts of H4, the structure of H2—H3 and some tertiary
contacts between H2—H3 and H4 are still formed in the TS,
while H1 is completely unfolded (Figure 4B).

Simulations of the mechanical denaturation of ACBP*~%
were also attempted but they were not successful because a
good reaction coordinate could not be found (see Supporting
Information).

B DISCUSSION

The significant pliability of the native state observed in our
experiments is a hitherto undiscovered property of single-
domain globular proteins. To date, the distance from N to TS
in the unfolding reaction of ACBP is the largest reported for
any single-domain globular protein structure. In the case of
ACBP, having a deformable structure may be advantageous for
its functions in the cell. ACBP binds acyl-CoA esters with a

A o 2 4 578 8 10 12 16
i L ! ] L d (M)

Native state

Residue

E".
0 10 20 30 40 50 60 70 80
Residue

Figure 4. Molecular dynamics simulation of ACBP'™* forced
unfolding. (A) Snapshots of the unfolding trajectories at force k =
12 pN, selected at different values of d, which represents the distance
between the N- and C-termini of each molecular conformation relative
to the native state. The structural variability (in terms of RMSD)
associated with each value of d is indicated next to the snapshots. The
TS structure is indicated at d = 5.78 nm. (B) The TS contact map. The
colors indicate the average number of atomic contacts, light colors
indicating low average and dark colors indicating high average.

broad range of acyl-chain lengths (Cg—C,,), and the acyl-chain
forms part of the binding site for the CoA headgroup.*® The 3'-
phosphate group alone accounts for 40% of the binding energy
with specific interactions to conserved residues of ACBP**
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and this necessitates its correct positioning. Acyl-chain exposure
must furthermore be minimized, and hence is accommodated
within the ACBP scaffold most likely through an adaptive
induced fit. Functionally, ACBP is involved in fatty acid
elongation as well as membrane assembly and formation,*®
positioning it in an environment likely to inflict strain on a
structure. Hence, ACBP has built-in pliability important for
both ligand binding and delivery in accordance to the one
observed here. Such large native state compliance (large x*,)
makes the unfolding rate very sensitive to force, as k
exp(Fx*,/kyT). Proteins that are subjected to translocation or
otherwise need to be unfolded take up less cellular energy if
they are more sensitive to force. Compliance could even
provide a mean to regulate these processes and thus be a source
of evolutionary pressure.

What are the molecular determinants of protein structure
pliability? In general, all-helical proteins have been found to
have lower mechanical stability and larger compliance than f-
sheet proteins, and fibrillar coiled coil structures have been
shown to be exceptionally malleable.'"**5° This has been
explained by the extensive hydrogen bonding in p-sheet
proteins, which provides higher mechanical resistance than
the longer range hydrophobic interactions that stabilize a-
helical proteins.”> However, the high compliance of ACBP
cannot be attributed simply to its all-helical composition since
several such proteins have been studied, both by experiment
and comIputation, and found to have relatively brittle native
states.”® 1160 I fact, the compliance of previously studied
proteins has been shown to correlate well with both contact
order (CO) and helix content; yet ACBP is clearly anomalous
as it fails to show correlation with these parameters (using CO
or helix content for ACBP, x*, should be ~0.7 nm or ~1.1 nm,
respectively)."" As an example, spectrin is a three-helix bundle
of similar size as ACBP and its mechanical properties have been
studied both experimentally (AFM) and computationally.'"*
This protein, which serves to maintain the structural integrity of
cells, was found to have a relatively large distance to the
transition state (1.5 nm), with good agreement between
experiment and simulation. Despite it being one of the most
compliant structures determined with AFM it can be
considered brittle when compared to ACBP. Nevertheless,
despite the unusual mechanical properties of ACBP, its x*,
correlates well with its average unfolding force, as Fx*, ~ 530
pNA. In fact, the product F.x*, has been shown to be a
constant for proteins and emphasizes that mechanically stable
proteins have short x%, as they are less sensitive to force.®"*>

In the case of molten globules, their large mechanical
compliance has been ascribed to molecular structures mainly
stabilized by short-range interactions and weak nonstereospe-
cific tertiary contacts. This could suggest that the compliance of
ACBP is due to fewer tertiary interactions or a lower relative
CO (CO normalized with chain length) compared to other
proteins.”> However, a simple comparison of the CO of ACBP
(CO ~ 14%) with that of the similar a-helical proteins spectrin
(CO ~ 8% and &%, = 1.5 nm)** and apomyoglobin (CO ~ 8%
and x*, = 1.2 nm)'® shows that this is not the case.

The origin of the large distance between N and TS of ACBP
is not clear. However, one may speculate whether the unusual
pliability of ACBP derives from either its unique fold and/or
the strong helical propensity of H4. The four-helix bundle is a
common fold in proteins but the up-down-down-up skewed
bundle arrangement seen in ACBP is unique.®® Also,
predictions show that H4 has three times higher helical

propensity than the other three helices and even the isolated
helix peptide under denaturing conditions shows 24% helicity
in solution.***® Consequently, when force is applied on helices
H1 and H4 (ACBP'™* variant), H1 can unfold completely
before the structure of the H2—H3—H4 complex is
mechanically altered, and thus before ACBP crosses the TS
barrier. This process may be the origin of the large distance
between N and TS. The strong helical propensity of H4 might
also be the basis of the large compliance displayed by
ACBP*~%, However, the interpretation of these data is more
difficult as no MD simulations are available.

Several studies have compared protein unfolding pathways
observed during chemical/thermal and mechanical denatura-
tion.””%® These studies have been performed using AFM or
MD simulations with high unfolding forces or speeds, and the
general emerging conclusion is that the forced and zero-force
unfolding pathways are not the same.”°~>* However, AFM
experiments using filamin have suggested parallel unfolding
pathways to exist at low pulling speeds® and MD simulations
have shown that at low forces a pathway-switch occurs where
the forced unfolding pathways start to resemble those observed
during thermal denaturation.”® This force-based switch-effect
has also been explored numerically for the protein fibronectin
in the intermediate force/speed regime with an all-atom
model”® and in the low-force regime with a simplified model.”*
The results of these studies have shown that in the low to
intermediate force/speed regime, the protein landscape is still
rough, exhibiting several local minima and maxima which act as
kinetic traps with the protein fluctuating between them, while
at large force/speed the landscape is completely flattened by
the external perturbation, leading to a predominant unfolding
pathway.

Here, we used ratcheted MD simulations to follow the forced
unfolding pathway of ACBP at low forces. Interestingly, the TS
observed in our simulations resembles that observed in bulk
using chemical denaturation. Several residues that form
contacts in the mechanical TS are the same that form native
contacts in the zero-force TS, as identified by phi-value
analysis.”>”> In fact, more recent studies have suggested that
the complex H2—H3—H4 is formed in the TS populated in
bulk as it is in the mechanical TS.”* Some differences might
concern H1 as this helix is completely unfolded in the
mechanical TS, while in bulk studies, it might be at least
partially folded in the chemically induced TS as interactions
between H1 and H2—H4 have been observed.”” However, both
in the mechanical and chemical unfolding H1 appears to be the
least stable and the first helix to lose structure.”” Thus, although
the mechanical TS might be less native-like than the chemical
TS, the sequence of events leading to the unfolding of ACBP
appears to be similar. This conclusion is supported by the
position of TS along the reaction coordinate. The mf -value is
analogous to the Tanford value (f;) used in chemical
denaturation studies.''” For the spontaneous refolding of
ACBP, f3; was determined to be 0.61 + 0.02.°>7® This value
compares well with the mfr of 0.55 + 0.06 deduced from our
experiments.

The gentle mechanical manipulation that is possible to
achieve with a low spring-constant optical trap might favor
sampling of the same unfolding pathways as are populated in
bulk studies. However, the observed similarities between forced
and spontaneous unfolding of ACBP might be specific to this
molecule. In fact, other proteins have been manipulated in the
low-force regime with optical tweezers and displayed much
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shorter &%, (<2 nm).”'>'® The structure of ACBP is simple and

at the same time unique. Among its four helices, H1 appears to
be the weakest both under mechanical and chemical
perturbation, while H4 is the strongest. The sequence of
events leading to the denaturation of ACBP might be mostly
determined by the remarkable difference in stability between
these two helices regardless of the denaturant. Thus, the
behavior of ACBP under tension could originate from the
unique properties of this molecule and might be observed only
with proteins that have similar structural features.

B CONCLUSIONS

Our studies show that native state protein structures can be
much more pliant to force than previously anticipated. To our
knowledge, ACBP is the most compliant globular single-
domain protein structure characterized so far in force
spectroscopy experiments. Our studies also provide the first
experimental evidence of a spontaneous-like mechanical
unfolding pathway of a protein. The TS populated by
ACBP'™® during mechanical unfolding compares well with
that populated in bulk studies, both for its position along the
reaction coordinate and for its structure. The results presented
here disclose a new type of response to force of a protein native
state which may be important for protein function and
biomaterial design.

Abbreviations. ACBP, acyl-CoA binding protein; AFM,
atomic force microscopy; CO, contact order; CoA, coenzyme
A; MD, molecular dynamics; RMSD, root mean square
deviation; N, native state; TS, transition state; U, unfolded
state.
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