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ABSTRACT: The cis peptide bond is a characteristic feature of turns in
protein structures and can play the role of a hinge in protein folding.
Such cis conformations are most commonly found at peptide bonds
immediately preceding proline residues, as the cis and trans states for
such bonds are close in energy. However, isomerization over the high
rotational barrier is slow. In this study, we investigate how mechanical
force accelerates the cis to trans isomerization of the prolyl−peptide
bond in a stretched backbone. We employ hybrid quantum mechanical/molecular mechanical force-clamp molecular dynamics
simulations in order to describe the electronic effects involved. Under tension, the bond order of the prolyl−peptide bond
decreases from a partially double toward a single bond, involving a reduction in the electronic conjugation around the peptide
bond. The conformational change from cis to extended trans takes place within a few femtoseconds through a nonplanar state of
the nitrogen of the peptide moiety in the transition state region, whereupon the partial double-bond character and planarity of
the peptide bond in the final trans state is restored. Our findings give insight into how prolyl−peptide bonds might act as force-
modulated mechanical timers or switches in the refolding of proteins.

■ INTRODUCTION

The imino acid proline is unique among the proteinogenic
amino acids, as the side chain is linked back to the backbone via
a bond to the nitrogen, making it a secondary amine. This
feature is the basis for a number of distinctive structural
characteristics of proline in the context of peptide sequences:
(i) the lack of a polar hydrogen prohibits proline from acting as
a H-bond donor; (ii) the backbone torsion angle ϕ (angle
CNCαC) is part of the heterocycle and thus conformationally
restricted; and (iii) the trans state of the prolyl peptide bond is
energetically only slightly preferred over the cis state, as in
either case the Cβ of the preceding residue is close to a carbon
atom of proline (either Cα or Cδ). This is reflected in the
analysis of high-resolution X-ray structures from the RCSB
protein data bank,1 where more than 90% of the cis peptide
bonds in proteins are Xaa-Pro imide bonds.2 Still, the barrier
between both states is high, and the interconversion from cis to
trans is slow in equilibrium.3−6 The general mechanism of
peptide bond isomerization involves a change of the bond order
from a partial double bond to a single bond, followed by a
return to partial double-bond character. This is caused by the
pyrrolidine N changing from a planar sp2 state to a pyramidal
sp3 state with a lone pair orbital. The resulting lone pair dipole
interacts with the CO dipole and influences the peptide
bond rotation during isomerization.7 Furthermore, the
transition state is stabilized by the interaction between the
N−H of the following peptide bond with the lone pair of the

sp3 N.5,8 This isomerization can be catalyzed by peptidyl−
prolyl cis−trans isomerases.9−12
Proline is found in a number of structural proteins, including

tropoelastin. Elastin-like polypeptides (ELP) are models of
tropoelastin and consist of multiple repeats of the sequence
Val-Pro-Gly-Xaa-Gly. The high Pro content results in a high
share of cis-prolyl peptide bonds. Single-molecule force-
spectroscopy experiments by Zauscher and co-workers on
ELP and poly-Pro peptides revealed a temperature-independent
extensional transition upon application of a stretching force.
This increase of the contour length was interpreted as force-
induced cis to trans isomerization of multiple prolyl−peptide
bonds.13 A scheme of the cis to trans isomerization is shown in
Figure 1A.
Another place where cis peptide bonds and Pro residues are

frequently found in proteins is at type VI β turns, with a cis
prolyl−peptide bond between residues 2 and 3 of the turn.14,15

Such turns act as hinges during protein folding and arrange
helices and strands in their native three-dimensional fold. The
structural difference between the cis and the trans conformation
of the peptide bond is significant, and an isomerization might
substantially alter protein (re)folding pathways and timings.6

An example where mechanical force meets the regulation of
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physiological function is the giant blood protein von
Willebrand factor (VWF). The multimers of VWF are sensitive
to the shear forces present in flowing blood and translate shear
flow to an extensional force along its length axis.16,17 As a result,
individual domains of VWF partially unfold and eventually βVIa
turns with cis prolyl−peptide bonds are under direct exten-
sional force. Possible refolding is hindered if the prolyl−peptide
bond of the βVIa turn isomerizes to the trans form.18 Indeed, in
a subset of the optical tweezers experiments reported by
Springer and co-workers refolding of the tethered A2 was
delayed.19 This can be interpreted as force-induced cis to trans
isomerization of the prolyl−peptide bond in the A2 domain
that hampers refolding.
The question arises how mechanical force facilitates the

prolyl cis to trans interconversion over the rotational barrier of
60−80 kJ/mol.5,8 Because of a general interest in mechano-
chemistry and with regard to the potential physiological
importance of this process, we present here a study of the
forced cis to trans isomerization of the prolyl−peptide bond by
classical molecular mechanics and hybrid quantum mechanics/
molecular mechanics (QM/MM) force-clamp molecular
dynamics (FCMD) simulations. Previous theoretical efforts to
reveal the mechanism of isomerization have employed
optimizations along the reaction pathway from trans to cis,
based on a QM or QM/MM description.5,7,8,20 We obtained
dynamic trajectories and kinetic information as a function of
the applied external force while also taking full solvation into
account. We find mechanical stretching of the peptide to
weaken the peptide bond, making the distorted nonplanar
transition state region with reduced electronic delocalization
accessible within shorter time scales.

■ RESULTS AND DISCUSSION
To trigger the isomerization transition from cis to trans prolyl−
peptide bond, we applied an extensional force to the backbone
of a short model peptide, AAPA (Figure 1B), dissolved in water
during FCMD simulations. The Cα of residues Ala1 and Ala4
were subjected to a constant pulling force (Figure 1B). In

response to the applied force, AAPA adopted an extended
configuration, with the prolyl−peptide bond maintaining its cis
conformation.
Starting from this mechanically stretched peptide conforma-

tion, we next investigated the isomerization reaction of the
prolyl peptide bond in AAPA. The cis to trans isomerization
reaction under force can be expected to require a change of
bond character and hybridization of the involved atoms. These
electronic structure effects are not accurately described by
classical force fields, which are parametrized on the basis of
equilibrium states without considering transition states. We
therefore relied on hybrid quantum mechanical and molecular
mechanical simulations (QM/MM) to consider electronic
effects relating to the prolyl−peptide bond (Figure 1B).
Constant forces ranging from 1.1 to 5 nN were applied; the
lowest force for which isomerization was observed within a time
of 500 ps was 3 nN. The experiments of Valiev et al. on ELP
were performed with a constant pulling velocity; the forces they
measured prior to the isomerization event were lower than ours
by a factor of 10, in the range of 200−260 pN.13 Higher forces
induced isomerization on shorter time scales, with a subpico-
second transition in the 4−5 nN range (Figure 2). The force

dependence of the transition time was fitted with the linear Bell
model,21,22 yielding a distance Δx of 0.02 ± 0.007 nm between
the reactant (cis) state and the transition state. The model
predicts a lifetime at zero force (and similarly at the relatively
low forces in experiments13) on the order of τ0 ≈ 10−4 s.
However, the limited range of time scales accessible in the
QM/MM simulations entails a large uncertainty of these values
and does not allow us to distinguish between linear (like the
Bell model) and nonlinear models like the Dudko−Hummer
model.23 Nevertheless, our simulations can be semiquantita-
tively validated by comparison to experiment. Using the Eyring
equation, the estimated lifetime can be converted into an
activation free energy of ∼60 kJ/mol, which is in line with the
experimental zero force barrier of ∼60−80 kJ/mol.13,24−26 The
barrier appears indeed slightly underestimated, as we predict
life times on the order of 0.1 ms instead of the lifetimes in
atomic force microscopy experiments, which are larger than
milliseconds.13 However, the overall agreement is satisfying
given the difference in force application (here constant force, in

Figure 1. (A) Schematic representation of the cis to trans
isomerization. Bonds and atoms defining the peptide bond torsion
are highlighted in red. (B) Schematic representation of the AAPA
peptide as modeled in our simulations. QM region is separated from
the MM region by a dashed line. In the force-clamp simulations, the
Cα atoms of Ala1 and Ala4 (gray spheres) were subjected to a constant
force in opposite directions.

Figure 2. Isomerization lifetimes τ at different forces as obtained from
FCMD simulations. Lifetimes from QM/MM simulations are shown
in red and those from pure MM simulations in black. Fits of the linear
Bell model21 to the data are shown as lines.
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experiments constant velocity pulling) and the limited time
scales of our simulations necessitating a defective extrapolation.
At a first glance, performing the same FCMD simulations of

the AAPA peptide in a pure MM description appears to
reproduce the main findings of the QM/MM simulations
(Figure 2). Indeed, a similar linear dependency of the logarithm
of the lifetime of the cis isomer to the applied force was
observed, now spanning a larger force and time range. The Bell
model fit gives Δx = 0.023 ± 0.004 nm, comparable to the
value obtained from our QM/MM simulations. However, for a
given lifetime, smaller forces are required in the MM
simulations as compared to QM/MM, as reflected by a shorter
zero-force lifetime of τ0 ≈ 10−5 s. Even with an error of at least
1 order of magnitude up or down, we can conclude that the
MM description underestimates the transition free energy
barrier for isomerization. As we will show further below, this is
due to the lack of changes in hybridization and bond order
during the process.
How does the cis to trans isomerization proceed? We next

analyze the mechanism of the isomerization via geometrical
properties of the model system. In the following we will focus
on the QM/MM trajectory at 3 nN, the lowest force for which
isomerization was observed on accessible time scales. The
macroscopic order parameter observed in pulling experiments
with optical tweezers or atomic force microscopy is an increase
of the contour length, which here corresponds to the distance
dCαCα of the Cα atoms adjacent to the prolyl−peptide bond.
During the simulation a sudden jump of dCαCα from about 0.35
to roughly 0.4 nm can be observed between 360 and 370 ps of
simulation time (Figure 3A), which indicates a two-step
process. The resulting difference between the stretched cis
and trans states is 0.05 nm; the difference between the
equilibrium cis state and the stretched trans state is about 0.1
nm, well in line with an investigation by Reimer and Fischer,
who measured Cα distances around Pro residues of selected X-
ray structures from the Protein Data Bank. For residues directly
adjacent to the Pro residue, they reported an increase in dCαCα
from cis to trans of about 0.08 nm.27 The change in prolyl
peptide bond geometry between the two isomers translates into
larger shifts in the adjacent backbone segments. This is why
Valiev et al. consider an increase of the contour length by 0.2
nm per cis to trans isomerized prolyl−peptide bond as an effect
on the overall peptide conformation.13 Simultaneously with the
increase in contour length, the dihedral angle ωAla−Pro (defined
by the backbone atoms Cα−C−N−Cα) rotates from 0° (cis) to
180° (trans) (Figure 3B). This behavior confirms that
experimental observations of jumps in contour length during
the stretching of ELP13,28 and VWF29,19 can be interpreted as
prolyl−peptide bond isomerization into the trans state.
The Cα distance corresponds to the experimental observ-

ables, yet it offers only limited insight into the mechanism of
isomerization. Thus, we focus on further order parameters
describing the transition mechanism. One such parameter is the
bond length dCN of the peptide bond, which is plotted in Figure
3C. In equilibrium, the C−N peptide bond is shorter than a
typical single C−N bond, as the p orbitals of N and carboxyl C
are conjugated. The single peak of dCN from 0.14 to 0.145 nm
and back coincides with the jumps in contour length and
peptide bond torsion angle. This illustrates that the change of
bond order from partially double to single and back is a
consequence of the elimination of orbital conjugation and its
reformation between C and N. The connected change in
hybridization state of the peptide bond N can be tracked by the

volume of the tetrahedron consisting of the nitrogen and the
atoms bound to it (C, Cα , Cδ) as shown in Figure 3D. In the
stretched cis state, the pyramid N, C, Cα , Cδ has a volume of
0.15 Å3. During isomerization, this volume peaks at 0.3 Å3 and
relaxes back to about 0.15 Å3 (Figure 3D) following the
transition of the N hybridization from sp2 to sp3 and back to
sp2.
The force-induced cis to trans isomerization of the prolyl−

peptide bond occurs through a rotation of the peptide bond
torsion angle by roughly 100° (Figure 4A). According to an
overview of the possible transition states by Fischer,30 this
transition state can be characterized as syn/exo. Only the Ala2-
Pro3 peptide bond rotates, while the other torsions have been
already stretched out by the pulling force and remain at
extended values around 180° (except the ϕPro3 which is fixed in
the heterocycle). The transition state can be more readily
analyzed by relating the major order parameter, the prolyl
dihedral angle ω, to the other degrees of freedom affected by
the isomerization, namely, dCαCα, dCN, and VNCCαCδ (Figure

Figure 3. Mechanism of a cis to trans isomerization event (QM/MM,
F = 3 nN). Different order parameters are shown with respect to the
simulation time: (A) contour length given by the distance between the
Cα atoms of Ala2 and Pro3 (dCαCα); (B) torsion angle of the peptide
bond between Ala2 and Pro3 (ωAla−Pro); (C) length of the peptide
bond between Ala2 and Pro3 (dCN); (D) volume VNCCαCδ of the
tetrahedron defined by the atoms C (of Ala2), N, Cα , and Cδ (of
Pro3) as a measure for N hybridization. Black lines show the measured
values from the FCMD simulation; red lines are running averages with
a window size of 100 data points. Time range of isomerization is
highlighted by gray rectangles.
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4B−D). The change in peptide bond torsion angle ωAla−Pro
coincides with the change in contour length measured by dCαCα
in Figure 4B. Even though our force-clamp MD simulations do
not allow us to draw quantitative conclusions on the transition
state, Figure 4B clearly features an area with a low population of
states (gray shade), within which the transition state is likely to
be located. Notably, this transition state region features an
angle ω ≥ 100°, slightly beyond the halfway rotation, and a
contour length dCαCα between 0.36 and 0.39 nm. This
corresponds to an elongation with respect to the product
state by 0.01−0.04 nm. Thus, the change in contour length
from the cis to the ∼100° rotated state serves as a direct
structural interpretation of the Δx of 0.02 ± 0.007 nm obtained
from the Bell model fit (see above) and suggests this as the
transition state. Both the peptide bond length (dCN) and
VNCCαCδ only show increased values within the sparsely
populated region of conformational space that includes the
transition state and then return to equilibrium values (Figure
4C and 4D). Again, this highlights the change in bond character

(double to single and back to double) and hybridization (sp2 to
sp3 and back to sp2) during isomerization. In all our
simulations, employing a range of different forces, isomerization
occurs by rotation from 0° via 90° to 180°, with the lone pair of
the sp3 passing an ecliptic conformation with the preceding Cα.
Rotation via −90°, with an ecliptic orientation of the lone pair
and the carboxyl O, was never observed. In a previous
theoretical study of the isomerization in the absence of
mechanical strain both rotation directions were observed.8

Another important feature of the mechanism shown in previous
studies is that the pyramidal state of the peptide bond N is
stabilized by a N···H interaction with a downstream backbone
NH.5,8 Here, instead, activation of the prolyl−peptide bond is
not promoted by an attacking nucleophile but by mechanical
force.
How can the described force-induced isomerization mech-

anism (Figure 4) be related to the increase in rate (Figure 2)?
Forces of a few nN extend the C−N bond to a length that is
closer to the single bond (0.147 nm) than to the double bond
(0.132 nm). This change in length of the C−N bond in the cis
and trans state as well as for the transition state region is shown
in Supporting Information Figure 2 for the sampled range of
forces. The transition state region features bond lengths typical
of a single bond, while the product trans state relaxes back to
partial double-bond character. Stress relief after isomerization
allows bond lengths even smaller than that of the cis state at the
same force. Thus, application of mechanical force destabilizes
the reactant cis state, thereby moving it closer to the transition
state. It may be that a stabilization of the transition state by
force is another factor for lowering the activation barrier, but
the limited sampling of transitions does not allow the inference
of a relationship between the transition state energy of bond
character and force (Supporting Information Figure 2).
From a technical point of view, it is interesting to compare

the mechanism of isomerization as observed in the QM/MM
description with the pure OPLS-AA force field treatment. In
both setups, sudden and concurrent changes of the contour
length and the peptide bond torsion angle, the two main order
parameters representing the peptide bond isomerization, can be
observed (Figure 3 and Supporting Information Figure 3). A
clear difference becomes obvious when monitoring dCN and
VNCCαCδ. The isomerization mechanism involves transient
femtosecond scale changes in both parameters with the QM/
MM treatment (Figure 3), whereas no such changes occur in
the classical force field model (Supporting Information Figure
3). In the pure MM treatment, the force constant of the prolyl
peptide bond potential remains unmodified and cannot reflect
the bond order changes of the peptide bond undergoing
isomerization. Furthermore, the change of the hybridization
state of the nitrogen, measured via the tetrahedron volume
VNCCαCδ, is prevented by the improper dihedral potentials
exerted on the peptide bond in the force field description of the
system. Thus, as expected, only the QM/MM simulation is able
to reflect the nature of the isomerization of the prolyl−peptide
bond, most importantly including the transient sp3 hybrid-
ization of N associated with a loss of π-electron conjugation of
the prolyl−peptide bond.

■ CONCLUSION
In this work, we were able to elucidate the mechanism of force-
induced cis to trans isomerization of the prolyl−peptide bond
with QM/MM FCMD simulations. Tensile force releases the
partial double bond and converts it to a single bond, rather like

Figure 4. (A) Representative snapshots from the QM/MM trajectory
at F = 3 nN, exemplifying cis, transition (TS), and trans state. (B)
Distance of Cα atoms of Ala2 and Pro3 (dCαCα) plotted versus the
torsion angle of the peptide bond between Ala2 and Pro3 (ωAla−Pro).
(C) Length of the peptide bond between Ala2 and Pro3 (dCN) plotted
versus ωAla−Pro. (D) Volume VNCCαCδ of the tetrahedron defined by the
atoms C (of Ala2), N, Cα , and Cδ (of Pro3) plotted versus ωAla−Pro.
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a clutch. Isomerization (rotation around the peptide bond) can
then occur, and afterward the ‘clutch’ closes and the partial
double bond reforms. In quantitative agreement with experi-
ments, force increases the isomerization rate. One important
factor for the force-induced acceleration is a lengthening of the
reactive C−N bond by force toward the single-bond character
of the transition state.
A previously discussed mechanism for the cis to trans

isomerization in equilibrium by Karplus and co-workers is
based on the interaction of a downstream amide hydrogen with
the free electron pair of the transition state nitrogen.5,8 Such a
mechanism is impossible in the stretched state of the peptide
under tensile force. Instead, force appears to take up the role of
the activating stimulus and stabilizes the transition state (the
change of bond order and hybridization) which allows for
isomerization. Another interesting observation of our study is
that the direction of the isomerization always proceeds from 0°
via 90° to 180°. Apparently, the chirality of the peptide in
combination with the strain along its length axis results in a
preferred rotation direction. The semiquantitative agreement of
our MM and QM/MM simulations on the lifetime−force
relation is of methodological interest. However, the limitations
of molecular mechanics become obvious when studying the
actual isomerization mechanism whose main features, the
changes of the bond order and the hybridization state, can only
be accounted for by electronic structure theory.
Our study demonstrates that cis to trans isomerization can be

triggered by mechanical force. It contributes to an interpreta-
tion of experimental findings on the behavior of ELP under
tensile force.13 Our findings are of special relevance to the
purported regulatory role played by force-triggered cis to trans
isomerization of the prolyl−peptide bond, in which it acts as a
folding timer: in force-responsive proteins, cis prolyl−peptide
bonds can isomerize to the trans state and hinder refolding
until spontaneous isomerization returns it to the original state.
We note that our results suggest only a minor acceleration of
the cis to trans isomerization (by a factor of less than 10) at
physiological forces of less than a few 100 pN. Nevertheless, if
isomerization is a rate-limiting step for protein folding, tensile
forces can tune the competition between proline isomerization
and folding, thereby potentially altering folding pathways. We
speculate that such a mechanism may be functionally important
for the blood protein VWF.

■ METHODS

The tetrameric peptide Ala1-Ala2-Pro3-Ala4 (AAPA) was
modeled in a type VIa β-turn conformation and immersed
within a cubic TIP4P31 water box. Classical MM MD
simulations were performed with Gromacs 3.3.132 and the
OPLS-AA force field,33 with an MD step size of 2 fs. Cut offs
were applied to van der Waals interactions, and the particle-
mesh Ewald method was used for long-range electrostatics.34

The simulations were carried out in an NPT ensemble coupling
to a Nose−́Hoover thermostat35,36 of 300 K and to a
Parinello−Rahman barostat of 1 atm.37 The initial system was
prepared by performing a free MD simulation in equilibrium
for 50 ns. Later, external stretching force was applied to the Cα

atoms of residues Ala1 and Ala4 (highlighted in Figure 1B). A
series of FCMD simulations38 was performed with constant
forces ranging from 0.1 to 3 nN; a list with all forces for which
cis to trans isomerization occurred can be found in Supporting
Information Table S1.

The combined QM/MM simulations under tension were
performed with Gromacs-3.3.132 and Gaussian03.39 As shown
in Figure 1B, the tetrapeptide AAPA was divided into a QM
region and a MM region by cutting the carbon−carbon bonds,
as the dashed line shows. The QM region with 16 atoms was
simulated with B3LYP/6-31G* hybrid density functional
theory40,41 as implemented in Gaussian03. The carbon−carbon
bonds connecting the QM and MM part were capped with
hydrogens for QM calculations.42,43 The QM part of the system
was modeled under a Coulomb field of all MM atoms. The
QM/MM FCMD simulations were carried out with constant
forces from 2 to 5 nN with an integration step size of 1 fs,
starting from a structure sampled from MM simulations at the
same force.
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