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Compliant mechanical response of the ultrafast
folding protein EnHD under force

Antonio Reifs!, Irene Ruiz Ortiz2, Amaia Ochandorena Saa® ’, Jorg Schénfelder!, David De Sancho?3,

Victor Mufioz*™ & Raul Perez-Jimenez® >0

Ultrafast folding proteins have become an important paradigm in the study of protein folding
dynamics. Due to their low energetic barriers and fast kinetics, they are amenable for study
by both experiment and simulation. However, single molecule force spectroscopy experi-
ments on these systems are challenging as these proteins do not provide the mechanical
fingerprints characteristic of more mechanically stable proteins, which makes it difficult to
extract information about the folding dynamics of the molecule. Here, we investigate the
unfolding of the ultrafast protein Engrailed Homeodomain (EnHD) by single-molecule atomic
force microscopy experiments. Constant speed experiments on EnHD result in featureless
transitions typical of compliant proteins. However, in the force-ramp mode we recover sig-
moidal curves that we interpret as a very compliant protein that folds and unfolds many times
over a marginal barrier. This is supported by a simple theoretical model and coarse-grained
molecular simulations. Our results show the ability of force to modulate the unfolding
dynamics of ultrafast folding proteins.
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ost single-domain proteins exhibit an all-or-none
M folding behavior due to the high energy barriers that

need to be overcome during the (un)folding process.
The (un)folding of this type of protein is highly cooperative!, and
equilibrium and kinetic experiments on this type of system where
the equilibrium is perturbed either by temperature or a chemical
denaturant are easily interpretable. For these proteins, the
ensemble of states is mostly distributed between the folded and
unfolded state, and therefore it is not possible to extract infor-
mation about the folding mechanism, ie., the myriad of con-
formations that are visited as the protein evolves towards the
native state. This becomes possible for ultrafast folding proteins,
which lie on the other side of the cooperativity spectrum. They
fold in timescales between milliseconds and microseconds and are
characterized by their small size, typically helical structure, and
low (<3kgT) free-energy barriers®. For this reason, there is a
measurable population in the intermediate states of the protein,
which could, in principle, be resolved by spectroscopy and,
potentially, even at the single-molecule level.

After their initial applications to protein folding three decades
ago, single-molecule force spectroscopy (smFS) techniques are
now established as a means of accessing details of the (un)folding
process that are distinct from those derived from traditional
methods reliant on ensemble averaging®. smFS techniques either
using optical or magnetic tweezers or an atomic force microscope
(AFM), allow direct manipulation of an (un)folding reaction
coordinate throughout the application of controlled mechanical
forces>~7. Two-state and multi-state proteins often have easily
interpretable signals upon mechanical unfolding, e.g., a saw-tooth
pattern characterized by well-defined contour lengths in constant
speed mode, or discrete jumps of measurable extension in the
force-ramp, and force-clamp modes3-10. However, as the coop-
erativity of the protein decreases, proteins oppose less resistance
to the external force, and these fingerprints become less pre-
dictable or disappear altogether. For example, Rief and his co-
workers studied the prototypical ultrafast folder villin headpiece
subdomain using optical tweezers!! They obtained continuous
hump-like equilibrium transitions at a range of pulling speeds
and completely featureless constant force traces at the midpoint.
More recently, Perkins and his co-workers studied the compu-
tationally designed, three-helix bundle a3D12-14, which in bulk
also folds in the microsecond regime!®. a3D turned out to
be extremely labile under force, resulting in a barely distin-
guishable peak of less than 12 pN. In previous work, we studied
the reversible folding and unfolding protein gpW at a constant
force under the AFM!®17. We resolved hopping transitions in an
energy landscape with a low free energy barrier induced by the
external force.
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Here, we expand the realm of ultrafast folders studied using
smFS examining the mechanical unfolding of the Engrailed
Homeodomain (EnHD), a DNA binding domain of the tran-
scription factor engrailed from Drosophila melanogaster. EnHD is
a three-helix bundle of 54 residues that folds close to the protein
folding speed limit, in the range of a few microseconds, and has
been extensively characterized in bulk!®-20. From the analysis of
calorimetric and kinetic experiments, it has been predicted to
have a marginal folding barrier?!-22. Remarkably, EnHD did not
fold into its conformation in a set of long-time-scale atomistic
simulations, but another homeodomain exhibited a downhill free
energy surface?3. Our pulling experiments show that EnHD has
weak mechanical stability, as expected for a protein that folds
over a marginal free energy barrier. When subjected to a gradu-
ally increasing mechanical force (i.e., a force—-ramp) the observed
signature is not stepwise but sigmoidal. We interpret these results
as a compliant mechanical response compatible with the simple
theoretical adaptation of the Bell model and molecular simula-
tions using a coarse-grained simulation model. The emerging
picture is that of a very compliant protein that folds and unfolds
many times over a marginal barrier induced by the applied force.

Results

Single-molecule force-extension experiments at a constant
speed. For our AFM experiments, we engineered a polyprotein
where the protein EnHD (PDB code:1enh, Fig. 1a) is sandwiched
between two pairs of 191 domains of human cardiac titin,
resulting in the (191),-EnHD-(191), construct. The 191 domains
serve as mechanical handles when the polyprotein is subjected to
a mechanical force (Fig. 1b). Importantly, the mechanical prop-
erties of I91, such as unfolding force and contour length (AL,), are
well characterized and are clearly distinguishable in force spec-
troscopy measurements?42%. Thus, 191 serves as a molecular
fingerprint for an adequate trace selection when the mechanical
properties of the protein of investigation are difficult to recognize.
In the case of EnHD, this is particularly important given its weak
cooperativity, which may result in a featureless signal under force.
Firstly, we conducted force-extension experiments where the
EnHD polyprotein is forced to elongate at a constant velocity of
40 nms~!. The unfolding of the molecule typically creates a
sawtooth pattern in these experiments because the unfolding of
each domain is composed of a stage of building up force while the
domain remains resistant to the applied tension followed by a
sudden drop on the registered force due to the triggering of
unfolding. Registered measurements show the characteristic
sawtooth pattern for 191 domains (Fig. 1c), and the analysis with
the worm-like chain (WLC) model reveals mechanical stability of
approximately in the range of 181+8pN (average+ SEM),
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Fig. 1 Single-molecule force-extension experiments. a Representation of the crystal structure of the EnHD domain. b Scheme of the experimental setup.
The EnHD is sandwiched between two titin homodimers, deposited in solution over a gold surface, and dragged by the AFM cantilever, resulting in the
unfolding of the proteins. ¢ Force-extension trace including the characteristic sawtooth pattern for the titin domains, and the initial featureless signal for

EnHD. Stretching is conducted at a speed of 40 nms—.
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Fig. 2 Course-grained molecular dynamics simulations. a Potential of mean force for the projection of coarse-grained simulations on the fraction of native
contacts, Q. The black curve corresponds to the simulations in native conditions, and the red curve at the mechanical midpoint. b Force-extension curves
from simulations at a constant pulling speed of Te—3 nm/ps for EnHD (red) and titin (black). ¢ Free energy landscape for both the end-to-end extension, L,
and Q. Contour lines mark 0.5 kgT. d Cartoon representation of different conformations sampled during the mechanical unfolding, with timestamps relative
to the numbering in. The green and blue beads correspond to the alpha carbons of the N and C-termini, respectively.

although it depends on the unfolding speed, and a AL, of
28 £ 1 nm (average + SD), in agreement with what is described in
the literature?® (Supplementary Fig. 1). Conversely, no clear
sawtooth pattern is detected for the unfolding EnHD. This sug-
gests that EnHD has a very low mechanical resistance and unfolds
at very low forces, so it goes virtually undetected in force-
extension experiments.

Coarse-grained molecular dynamics simulations. These
experimental results are consistent with coarse-grained molecular
simulations using a structure-based all-atom simulation model
(see Methods). First, in native conditions, the protein exhibits a
unimodal free energy surface derived from the projection on
the relevant reaction coordinate for folding, the fraction of native
contacts, Q (Fig. 2a). Upon the application of an external force
that pulls from the protein ends at constant extension speed,
EnHD is very compliant, resulting in a low force peak (Fig. 2b).
Because the units in the model cannot be compared directly with
those in the experiment, we show the same result for pulling
simulations on an immunoglobulin-like domain of titin used as a
fingerprint for reference. The simulations recover the stark dif-
ferences between a mechanically resistant protein and the fea-
tureless force-extension pattern for EnHD. We show snapshots of
different conformations along the unfolding trajectory in Fig. 2d.
The mechanical unfolding involves untangling the bundle, fol-
lowed by the melting of the alpha helices. We have also run
constant force simulations using our coarse-grained model. As we
found for protein gpW10, force induces a small free energy barrier
of approximately ~2 kgT that separates two well-defined minima
in the protein landscape (Fig. 2a, ¢). We note that a similar
hopping pattern between the folded and unfolded states is
observed in experiments performed at a constant force of 8 pN
(Supplementary Fig. 2a, b), although we were able to measure

only a few of these events due to the complexity of low force
experiments using our AFM. These transitions in the second
timescale are mostly observed when the force perturbation is
maintained to give sufficient time to cross the energy barrier
induced by force. As we showed in our study of protein gpW?7,
the observation of transitions in the second timescale is consistent
with the low barrier predicted by the simulations, if we consider
that the dynamics under constant force are mainly determined by
the apparatus. On the other hand, the change in extension
between the native and mechanically unfolded states observed in
the simulations is shorter than in experiments, likely due to the
many simplifications in the coarse-grained model.

Single-molecule force-ramp experiments. To further resolve
the mechanical unfolding of the EnHD protein, we prepared
force-ramp measurements at different values of the force
loading rate. This approach gives accurate control of the applied
force due to the intervention of a feedback loop that compen-
sates for changes at a window of time below 1 ms. Thus, this
protocol permits scanning a broad range of unfolding forces
while controlling the force applied. The force protocol starts by
pushing the cantilever against the gold substrate with a 10 pN
force. Then, the cantilever slowly pulls from the protein at the
desired loading rate (we used values of 1, 10, and 100 pNs—1),
providing enough resolution to detect the unfolding response of
our protein at both low and high forces. Finally, the rate is
increased so that forces high enough to unfold 191 are reached
more quickly. For two-state proteins, this type of experiment
typically registers discrete jumps with lengths extensions that
are force-dependent and that can be explained by models of
polymer elasticity such as the worm-like chain (WLC) or freely-
jointed chain?82%, However, for EnHD we obtained an unex-
pected sigmoidal unfolding pattern at forces below 20 pN
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Fig. 3 Single-molecule force-ramp experiments. a Time series for the measured extension (top) and force (bottom) in a force-ramp experiment at 10 pN s~
loading rate for EnHD. The inset highlights the signal corresponding to EnHD unfolding. b Same as a, but now including two consecutive low loading-rate force
ramps separated by a force-quench to zero force. € Average force/length curve from multiple traces for EnHD and protein gpW (n = 29 independent traces from
multiple experiments) at 10 pN s~ Vertical dashed lines mark the mid-unfolding force (Fy/,) for EnHD (red) at 7.6 pN, and gpW (brown) at 4.6 pN. Propagating
baselines (black dashed lines) provide an estimated extension of about 7.5 nm for EnHD. The inset is the first derivative of the sigmoidal fit, indicating also mid-

unfolding force.
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Fig. 4 Data analysis using the Bell model. a Force-extension plot from a simulation using the numerical Bell model with stochastic transitions (light green).
Average experimental traces were obtained at 1pN/s (orange). b Same Bell model are shown in (green) using different transition state distances and the

average experimental traces are superimposed (orange).

(Fig. 3a and Supplementary Fig. 3). In the final part of the force-
ramp traces, we observe the events corresponding to the four
I91 titin repeats with a characteristic 24.5 nm length. Prior to
the I91 unfoldings, the total change in the extension of the
sigmoidal pattern matches the extension of EnHD of about
15nm in the 20 pN range force (Fig. 3a), suggesting that this
behavior corresponds to the unfolding of EnHD.

To discard the possibility of any unspecific interactions between the
protein construct and the surface, we repeat the cycle by quenching the
force after the initial sigmoidal increase followed by another force-
ramp at the same loading rate, which resulted in a similar sigmoidal
increase very much like in the first event (Fig. 3b). This reproducibility
in a single protein domain suggests that we are indeed looking at the
mechanical unfolding of EnHD. The sigmoidal curves that we report
have not been observed in the smFS literature before and must be
interpreted with care. In Fig. 3c, we show the average of several force-
ramp traces at 10 pN s~1, from whose derivative we estimate a mid-
unfolding force F; , for this protein of 7.6 pN, which is close also to the
value of the force at which we observed the hopping in force-clamp
experiments (Supplementary Fig. 2b). Baseline propagation to F;,
force value results in an extension of ~7.5nm (Fig. 3c), which is
comparable to the extension obtained by the WLC considering a
contour length L, of 19 nm and persistence length p of 0.4 nm. The F;
value of 7.6 pN is also in the same range as that for gpW also measured
at ramps of 10 pN/s (Fj, =4.6 pN; see Fig. 3¢, inset) and is also

4

consistent with the value of the mid-unfolding force recently
determined for a3D (F,, =89 pN)I4 These results suggest that
EnHD has a mechanical resistance that is intermediate to those of gpW
and a3D, demonstrating that the mid-unfolding force is a feature of
ultrafast folding proteins, but, more importantly, shows that
force-ramp experiments are suitable for the characterization of
compliant unfolding patterns and that the unfolding midpoint is
unique to each protein. Interestingly, the force-ramp perturbation is
still sufficiently fast for EnHD to avoid slow transitions in the second
timescale, such as those created by the entropic energy barrier, easily
observable in the force-clamp regime.

A theoretical model for EnHD mechanical unfolding. To better
understand the molecular event responsible for the sigmoidal
signal, we have run stochastic simulations based on the Bell
model at increasing force3%-31. We set the model parameters using
folding and unfolding rates in the order of the experimentally
derived values for the in bulk at 25°C!820, and calibrate the
position of the transition state to match the average experimental
curve (Fig. 3c). In Fig. 4, we present the result of multiple sto-
chastic simulations where folding and unfolding can occur mul-
tiple times in the timescale of the experiment. We represent the
distance to the transition state (DTS) as a percentage of the total
length. Using a transition state that is close to the unfolded state
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(i.e., at 90% of the distance between folded and unfolded) allows
us to recapitulate the sigmoidal curves observed in the experi-
ments (Fig. 4a). Other DTS are represented in Fig. 4b for com-
parison. We note that a short distance to the transition state
would result in stepwise transitions, as observed for mechanically
stable proteins like the titin domains, and a longer transition state
would result in an almost linear unfolding. In our experiments,
we have occasionally observed both types of transitions (Sup-
plementary Fig. 4), suggesting a certain plasticity in the transition
state of EnHD that would be consistent with its low free energy
barrier. Using the atomistic coarse-grained model, we have run
simulations that gradually increase the unfolding force (see
Methods). The timescale that we cover in the molecular simula-
tions is shorter than that in the experiments and in the stochastic
model. Still, it is sufficient to reproduce the repetitive folding and
unfolding, supporting our interpretation of the results (Supple-
mentary Fig. 5).

Discussion

In the past decade, the study of proteins by smFS has revealed a
variety of aspects in their folding dynamics that are mostly
undetectable by traditional ensemble averaging methods. How-
ever, only recently have these methods been applied to proteins
with low cooperativity, which are challenging due to their low
unfolding forces and fast folding kinetics'®. Here we have pre-
sented results on a protein with weak cooperativity, EnHD, using
a combination of experiments, numerical modeling, and mole-
cular simulations. Our results show that EnHD is a compliant
protein that folds, overcoming a marginal free energy barrier
induced by mechanical force. The mid-unfolding force obtained
from both constant force and force-ramp experiments for EnHD
is in the same range as other labile proteins like gpW1® and
a3D!4, From our force-ramp experiments, we obtain a novel
sigmoidal signature that we interpret as multiple events of folding
and unfolding of the protein, which occur repetitively in the
timescale of the experiment.

In previous work, we investigated the instrumental effects in
constant-force experiments on gpW1®17, Recent theoretical
analysis indicates that folding and unfolding will be slowed down
considerably both by the force probe and the smFS
experiments3233. Although a detailed analysis of these effects is
beyond the scope of the current work, our results show folding
and unfolding rates in the stochastic model up to two orders of
magnitude slower than in bulk. Our previous analysis for gpW
also indicated that despite introducing a slowdown in the
dynamics, the apparent folding and unfolding measured by the
instrument indeed trace the true molecular folding and unfolding
events. We find that even in these conditions, the force-ramp
experiments with EnHD result in a sigmoidal curve with multiple
folding and unfolding events, that could be reproduced using a
simple Bell model. We have discovered that the plasticity of the
mechanical transition state is a feature of EnHD that defines the
low cooperativity of this protein, making the unfolding highly
compliant. Thus, this work shows how force can be used as a tool
to investigate low-cooperativity proteins creating a mechanical
signature that reveals the plasticity and compliance of the
unfolding process. We believe that with greater improvements
both in the time resolution of the instruments and in the design
of cantilevers!234, we anticipate that smFS experiments of folding
and unfolding will continue revealing molecular details of weakly
cooperative proteins.

Methods

Protein expression and purification. Gene encoding (191),-EnHD-(I91), chimeric
polyprotein construct was designed and optimized for expression in Escherichia coli
(Life Technologies). Here, two additional cysteine residues were added in the

C-terminus, which helps for sample immobilization on the gold surface. Standard
DNA manipulation protocols were used to clone the construct into the pQE80L
expression plasmid (Qiagen). C41 strand competent cells of E. coli (Novagen) were
used for protein expression. Transformed competent cells were grown in 1L of LB
media at 37 °C until an ODgg, of around 0.6 was reached. Then protein expression
was introduced by 1 mM of IPTG and further incubation at 37 °C for 4 h. Cells were
then centrifuged, and a gentle cell lysis protocol was used to avoid damage to the
expressed polyproteins. The sample was then purified first by HisTag affinity chro-
matography using a gravity column filled with HisPur Cobalt resin (Thermo Fisher
Scientific) and second by size exclusion chromatography using a Superdex 200 HR
column (GE Healthcare). The final elution buffer was HEPES 10 mM pH 7.0, NaCl
150 mM, and EDTA 1 mM. The sample was further concentrated using ultrafiltration
Amicon 3k filters (Millipore). The final protein concentration was estimated to be
around 1 mg mL~! using a Nanodrop (Thermo Scientific). Then the samples were
snap-frozen in liquid nitrogen and stored at —80 °C.

Single-molecule force spectroscopy (smFS). All smFS force extension, con-
stant force, and force ramp experiments were performed on an Atomic Force
Spectrometer AFS-1 (Luigs Neumann). Biolever cantilevers from Olympus/
Bruker were used with a spring constant of around 6 pN nm~! for all constant
force and force ramp measurements. The spring constant was measured before
each experiment using the equipartition theorem within a software built-in
procedure. Data was recorded between 0.5 and 4 kHz for the constant force
and force ramp measurements. For those experiments that included quenching
of force (Fig. 2¢), the force was ramped at 1 pN s~! until 45 pN (starting from
10 pN pushing F<0). At this point, it was restored back to 10 pN pushing and
ramped with the same rate until 45 pN again. During the combination of
force-ramp and constant force experiments (Fig. 3), the force was ramped at a
rate of 1 pNs~! until reaching the 8 pN constant force. Then the protein was
held for 20-30s at the constant force before the ramp at 1 pNs~—! was con-
tinued. To reduce total experimental acquisition time, all traces include a rapid
increase of the force rate to 30 pN's~! at the end to quickly reach the high
forces required to unfold Titin-191 domains. All AFM experiments were carried
out at room temperature (~24 °C) in HEPES buffer at pH 7.0. Typically, 40 ul
of the protein sample (~uM concentration) was left for around 20 min for
adsorption on a fresh gold-coated surface, using gold evaporation (Oerlikon
UNIVX350). After the adsorption time, the sample was then rinsed off the gold
surface with the HEPES buffer to remove the unbounded protein sample just
before starting the measurements. Multiple traces are collected in each
experiment and several samples were used in every condition. Data was col-
lected and analyzed using Igor Pro 6.0 software.

Theoretical model. To interpret the force ramp experiments we use a simple model of
two-state kinetics that allows for stochastic jumps between the folded and unfolded states
depending on the force-dependent rates for folding and unfolding, k;(F) and k,(F). This
dependence is described using the Bell model®, ie. k¢ (F) = k¢ (0)exp(-BAx¢F) and
k.(F) = k,(0)exp(BAx,F), where kg,(0) are the values of the folding and unfolding rates
in bulk, Axg, is the distance to the from either state to the transition state and § is the
inverse thermal energy. The extension of either the folded or the unfolded state at a given
force are described using the WLC model, using a contour length of 19 nm and a
persistence length of 0.4 nm. Simulations were run using a Gillespie algorithm3”. Igor Pro
6.0 and Matlab v9.5 software were used for calculations and analysis.

Coarse-grained molecular dynamics simulations. We run molecular simula-
tions using an atomistic structure-based model°. Briefly, the model keeps all the
heavy atoms of the protein and represents interactions via harmonic terms for
bonds, angles, and dihedrals. For atom pairs that are in contact in the native
conformation, non-bonded interactions are represented by a Lennard-Jones
potential. All other pairwise interactions are repulsive. Models were generated
using the stand-alone version of the SMOG software package’’, and simulations
were performed using the Gromacs software package®$, using a leap-frog sto-
chastic dynamics integrator with a timestep of 5e—4 fs and a coupling constant
of 1 ps (we note that the timescales of the model do not correspond to physical
times). We first run simulations at multiple temperatures to estimate the folding
temperature in the model. Then we run pulling simulations at a constant force
and constant pulling speed using the pull code in Gromacs. Finally, we emulate
the force-ramp mode by concatenating thousands of short simulation runs, each
of which has an incrementally larger constant pulling force and starts from the
last snapshot of the previous run. Results were analyzed using the MDtraj
Python library3°.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available from the corresponding author
upon reasonable request. Codes used to analyze the data are available upon request.
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