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Article
Electric-Field-Induced Protein Translocation via a
Conformational Transition in SecDF: An MD Study
Emel Ficici,1 Daun Jeong,1 and Ioan Andricioaei1,*
1Department of Chemistry, University of California, Irvine, Irvine, California
ABSTRACT SecDF is an important component of the Sec protein translocation machinery embedded in the bacterial mem-
brane, which is associated with many functions, such as stabilizing other Sec translocon components within the membrane,
maintaining the transmembrane (TM) potential, and facilitating the ATP-independent stage of the translocation mechanism.
Related studies suggest that SecDF undergoes functionally important conformational changes that involve mainly its
P1-head domain and that these changes are coupled with the proton motive force ðDpÞ. However, there still is not a clear
understanding of how SecDF functions, its exact role in the translocation machinery, and how its function is related to Dp.
Here, using all-atom molecular dynamics simulations combined with umbrella sampling, we study the P1-head conformational
change and how it is coupled to the proton motive force. We report potentials of mean force along a root-mean-square-distance-
based reaction coordinate obtained in the presence and absence of the TM electrical potential. Our results show that the inter-
action of the P1 domain dipole moment with the TM electrical field considerably lowers the free-energy barrier in the direction of
F-form to I-form transition.
INTRODUCTION
An important mechanism in the infection of host cells by
bacterial virulence factors is the translocation of unfolded
secretory proteins across bacterial membranes (1). One
such translocation mechanism is the Sec pathway (2–5).
The Sec pathway is the common pathway between prokary-
otes and eukaryotes in the translocation of secretory or
plasma membrane proteins across the membrane. In prokary-
otes, translocation occurs through the plasma membrane,
whereas in eukaryotes it occurs through the endoplasmic re-
ticulum membrane (4). The Sec translocon machinery is a
protein-conducting channel that functions not only to trans-
locate unfolded proteins across the plasma membrane but
also to insert proteins into the membrane (2,6).

In many bacteria, the Sec machinery is composed of
SecYEG (7,8), the core of the complex forming a protein-
conducting channel, SecA ATPase (1,2), which initiates
the translocation through binding of ATP, and SecDF, which
is thought to facilitate the translocation in the later stages. In
some organisms, SecDF is found as two closely interacting
proteins, i.e., Sec D and SecF, and in others it is formed by a
single chain (9).
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Studies show that SecDF is functional in various stages of
protein translocation. For example, it is thought to stabilize
other components of the Sec machinery, i.e., SecY (10) and
the membrane-inserted state of SecA (11–13). It also regu-
lates protein translocation by stabilizing the translocation
intermediates and by preventing their backward movement
(13). SecDF is also important in the release of preprotein
to the periplasmic side (14). Besides its direct role in protein
translocation, as mentioned, SecDF is also required for the
maintenance of proton motive force levels, which are
needed for efficient translocation (13,15). It is due to these
and related functions that the lack of SecDF results in severe
growth retardation and defects in protein export in vivo
(16,17). Moreover, its important role in the translocation
of several virulence factors, and hence in the bacterial infec-
tion process, makes SecDF an important possible drug target
for preventing bacterial infections. Also, because of its
possible role in protein folding, understanding how SecDF
functions is fundamentally relevant.

Despite its significant role in facilitating protein translo-
cation, protein folding, and membrane protein insertion,
the mechanism of SecDF function remains largely unex-
plored. One aspect that is clear is that SecDF functions in
combination with the proton motive force, Dp, which is
the electrochemical potential difference of protons across
the membrane (18). It is known that both chemical and
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SecDF Dynamics and Proton Motive Force
electrical components of the proton motive force, i.e., the
pH gradient, DpH, and the transmembrane (TM) electric po-
tential, Dj, respectively, have a direct role in the effective
functioning of SecDF (19). ATP and the proton motive force
act at different parts of the preprotein translocation catalytic
cycle (19,20). ATP binding to SecA initiates the transloca-
tion. ATP hydrolysis later provides the release of the
unfolded protein. The proton motive force acts at later
stages to prevent the backward movement of the preprotein
and it drives the rapid and efficient forward translocation re-
action. The coupling of SecDF function to the proton motive
force suggests that SecDF must undergo a conformational
change driven by the proton motive force for it to function.

In a recent study, the structure of SecDF from Thermus
thermophilus HB8 (TtSecDF) shows, indeed, two different
conformations, the so-called F-form and I-form (21,22)
(see Fig. 1). The two conformations vary by the relative
positioning of a P1-head subdomain—the large periplasmic
domain of TtSecDF—which is suggested to undergo a hinge
motion. An analysis of SecDF structure using electron to-
mography and single-particle reconstruction (23) also sup-
ports the existence of two conformations consistent with
FIGURE 1 The two conformations of SecDF, (a) F-form and (b) I-form,

differ by the positioning of the P1-head domain on the P1-base domain. The

F-form and I-form P1-head subdomains are shown in red and pink, respec-

tively. (c) The complete I-form structure is built by superimposing the

I-form P1 base subdomain onto the corresponding subdomain of the

F-form structure and appending the missing domains from the F-form struc-

ture. To see this figure in color, go online.
the F-form and I-form structures reported earlier (22). The
latter study also confirms the conformational flexibility of
the P1 head relative to other domains, as predicted by the
former study.

Although it is known that proper functioning of SecDF
depends on the proton motive force and a conformational
change driven by the proton motive force, the exact mecha-
nism of how the two are coupled is not known. In this study,
we find possible low-energy pathways for the SecDF
conformational transitions in both directions, i.e., F-form
to I-form and I-form to F-form, using the targeted molecular
dynamics (TMD) method. To understand the role of proton
motive force and how it influences the transition, we also
study the conformational transitions in the existence of the
TM electrostatic potential component of the proton motive
force, which we modeled by applying a constant electric
field. In addition, through potential-of-mean-force (PMF)
calculations along the conformational transition pathways,
we show that the interaction of the dipole moment of the
SecDF P1-head with the TM potential significantly lowers
the barrier for the F-to-I transition, and makes the I-form
energetically more favorable. This can explain the source
of the driving force needed for SecDF to carry the transloca-
tion intermediates from inside the channel, after capturing
them while in the F-form, into the periplasm, as it transitions
into the I-form conformation. With the depletion of the TM
potential, i.e., in the absence of a potential gradient, the
barriers for transition in both directions appear to have
similar values.

In the following sections, we first briefly describe the
TMD and umbrella sampling methods as we used them in
this study. Next, we explain the details of the structure setup
and simulations. Finally, we present and discuss our results,
followed by concluding remarks.
MATERIALS AND METHODS

Targeted MD

Large-scale biomolecular conformational changes, such as the proposed

transition between F-form and I-form conformations of SecDF, usually

occur within timescales that are beyond the reach of equilibrium computa-

tional methods. Therefore, non-equilibrium methods are often used to gain

qualitative insights about the transition pathways. In this study, the TMD

method is used to find low-energy pathways for conformational transitions

between the F-form and I-form. TMD is a method developed to induce

conformational transitions via imposing holonomic constraints that mini-

mize the root mean-square distance (RMSD) toward a target conformation

while integrating MD trajectories at ordinary temperatures (24,25).

Since TMD is a non-equilibrium method, the resulting pathway is irre-

versible and it may result in non-physiological pathways, for example, by

causing larger changes to occur before smaller ones (26). This may result

in a seeming hysteresis between transitions in the forward and reverse

directions, yet it may also be a useful method for generating several putative

pathways, where the hysteresis is seen as the coexistence of pathways with

different functional weights. Nevertheless, after obtaining a plausible

pathway via TMD, more accurate free-energy estimates can later be

made, and equilibrium properties can then be calculated by additional
Biophysical Journal 112, 2520–2528, June 20, 2017 2521
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methods such as umbrella sampling simulations. TMD has been success-

fully applied to study a variety of large-scale conformational changes for

proteins (27–34) and nucleic acids (35–37). In this method, the evolving

holonomic constraint of the form below is used to drive the system from

an initial configuration ð~rinitÞ to a target configuration ð~rfinalÞ:

fð~rtÞh
�
RMSD

�
~rt;~rfinal

��2 � rðtÞ2 ¼ 0; (1)

where rðtÞ is an evolving RMSD that is initially set equal to the mass-

weighted RMSD of the initial structure from the target structure, i.e.,

(RMSDð~rinit;~rfinalÞ). To drive the structure toward the target structure,

rðtÞ is monotonically decreased until it is close to zero. Here,~rinit,~rfinal,

and~rt are 3N-dimensional configurational vectors of the N-atoms for initial

structure, final structure, and intermediate structure, respectively, at time t.

RMSD values between initial and final structures are calculated by

RMSD
�
~rinit;~rfinal

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1PN

k¼ 1
mk

PN
k¼ 1mk

��~rk;init �~rk;final
�� 2r
:

(2)

Satisfying the constraint given in Eq. 1 results in an additional constraint

force, Fc, which is given by

Fchl
dfð~rtÞ
d~rt

¼ 2l
�
~rt �~rfinal

�
: (3)

The value of the parameter l that satisfies the constraint is determined at

each integration step.
Free-energy profiles

Once a plausible reaction pathway for the conformational transition is ob-

tained, the PMF (38) along the pathway’s progress variable can be calcu-

lated in principle from the probability distribution functions obtained

through extensive sampling (39,40). In practice, however, advanced sam-

pling techniques such as the venerable umbrella sampling technique are

used to overcome the problem of insufficient sampling in the regions of

high energy (41). In umbrella sampling, the reaction coordinate is covered

by a series of adjacent and overlapping probability distribution windows in

configuration space. Separate simulations for each window are performed

while the system is restrained to the corresponding reaction-coordinate

value by an additional harmonic biasing potential centered on that window.

After the biased probability distributions are obtained by histogramming,

they are unbiased using the weighted-histogram analysis method

(WHAM) (42,43).

In our study, the PMF along the pathway that connects the two SecDF

conformations, i.e., F-form and I-form, is calculated using the following

biasing potential, ðwb;iÞ, for each ith umbrella sampling window:

wb;i ¼ KiðDRMSDð~rtÞ � DRMSDð~r0ÞÞ2; (4)

where DRMSD is defined as

DRMSDð~rÞ ¼ RMSDð~rt;~rFÞ � RMSDð~rt;~rIÞ; (5)

with RMSDð~rt;~rFÞ and RMSDð~rt;~rIÞ represent the RMSD values of the

instantaneous structure from the initial equilibrated F-form and I-form

structures, respectively. DRMSDð~r0Þ is the minimum of the harmonic

biasing potential. The choice of this one-dimensional order parameter,

DRMSDð~rÞ, maintains the difference between RMSD values with respect

to two reference structures around the given minimum while allowing

relaxation in the RMSD value with respect to each reference structure.

This form of biasing potential has previously been used, for example,
2522 Biophysical Journal 112, 2520–2528, June 20, 2017
to obtain the free-energy profile between B-form and A-form DNA

structures (36,44).
Dipole-moment calculation

To understand how the SecDF conformational change involving the

P1-head subdomain may be coupled with the proton motive force, we moni-

tored the dipole moment of this subdomain along the TMD trajectories. The

P1-head includes four a-helices, and protein a-helices are known to have

net dipole moments along the helix axis arising from the additivity of the

individual peptide bonds (45–47). By definition, the dipole moment ð~mÞ
of a protein or a domain is calculated from the position vector ð~rÞ and

the partial charge ðqjÞ of each atom using (48)

~m ¼
X
j

qj~rj; (6)

as always, when the sum of the charges is zero, the dipole moment is origin

independent (48).

Although the dipole-moment values obtained from TMD trajectories are

helpful in gaining insight about how different transition pathways compare,

they are obtained under nonequilibrium conditions. To retrieve equilibrium

values of the ensemble-averaged dipole moment along the reaction coordi-

nate, trajectories from umbrella sampling simulations can be used by un-

biasing (49). The unbiased <mz>i, i.e., the time-averaged z-component of

the dipole moment of the P1-head subdomain for each simulation window,

i, after reweighting is calculated as

hmzii ¼
PNi

j¼ 1m
0
z;j e

bwb;jPNi

j¼ 1e
bwb;j

; (7)

where wb;j is the biasing potential for the jth snapshot in window i, m0
z;j is the

z-component of the biased dipole-moment value for the same snapshot, and

Ni is the total number of snapshots within window i.
Simulation methods: setup and equilibration of
the end-point configurations

Coordinates for the full-length F-form were taken from the Protein Data

Bank (PDB: 3AQP) (22). The coordinates of the missing residues in the

P4 domain were generated after overlaying the P4 domain with the NMR

solution structure of P4 (PDB: 3AQO). The rest of the missing coordinates

are built by using INTCOR and the positions of all hydrogens were deter-

mined via the HBUILD facilities in CHARMM (50).

The full-length F-form was then oriented along the z-direction such that

the two TM helices TM4 (residues 323–353) and TM10 (residues 619–651)

were centered at z ¼ 0 Å (see Fig. 1 a). The P1 domain of the I-form struc-

ture is available with PDB: 3AQO, as shown in Fig. 1 b. The full-length

I-form was modeled by first superimposing the heavy backbone atoms of

the P1 base (from PDB: 3AQO) with the corresponding region in the

full-length F-form followed by appending the missing regions from coordi-

nates of the repaired F-form structure. As seen in Fig. 1 c, the I-form

differed from the F-form in the way the P1-head subdomain was positioned

onto the P1-base subdomain.

Both the F-form and I-form were equilibrated under the same conditions.

SHAKE (51) was used to fix bonds to hydrogen, allowing a time step of 2 fs.

The velocity Verlet integrator was used with the Nos�e thermostat to keep the

temperature constant at 298.15 K. Generalized Born with a simple switch-

ing (GBSW) model (52,53) was used to simulate the solvent and membrane

effects. Membrane thickness was set to be 31 Å centered at z ¼ 0 Å, with a

membrane switching length of 5 Å on each side. The surface-tension coef-

ficient was set to a value of 0.03 kcal/mol/Å. Non-bonded interactions were
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cut off at 12 Å, with smoothing function turned on at 10 Å. CHARMM22

all-hydrogen parameters for proteins with CMAP corrections optimized

specifically for GBSW were used with CHARMM software (Chemistry

at Harvard Macromolecular Mechanics), version c34b2 (50,54,55).

First the system was minimized briefly with 50 steps of steepest descent

followed by 50 steps of ABNR in implicit solvent and membrane while

the backbone heavy atoms were fixed. Then, a harmonic restraining force

with a force constant of 60 kcal/mol/Åwas applied to backbone heavy atoms

and the system was again minimized until the change in energy was

0.01 kcal/mol and then heated briefly. This cycle of minimization and

heating was repeated while gradually reducing the force constant at each

cycle until all restraint was removed after 300 ps. The system was then equil-

ibrated at a constant temperature for 30 ns. The same procedure was used

separately to prepare the structures for both conformations while a constant

electric field of strength 7.7 mV/Å was applied in the �z direction. This

electric field strength corresponds to a voltage of�240 mVacross the mem-

brane thickness of 31 Å. The RMSD of the backbone heavy atoms with

respect to the original structure after reorienting each frame with respect

to the original structure was calculated to monitor equilibration (see Fig. 2).
Targeted MD simulation

The RMSD between the equilibrated F-form and I-form structures was

12.8 Å for the case when no electric field is applied and 13.5 Å for the

case when the electric field is applied. For each of these cases, I-form

and F-form structures were initially placed after a best-fit alignment of

all atoms between the two structures. Then, separate simulations were

run to pull each structure toward the other, yielding four simulations: 1)

F-form to I-form with the electric field (f2i E); 2) I-form to F-form with

the electric field (i2f E); 3) F-form to I-form with no electric field (f2i),

and 4) I-form to F-form with no electric field (i2f). The TMD method as

implemented in the CHARMM software package (50) was used with a pull-

ing speed of 5 Å/ns and a time step of 1 fs. Artificial rotation was removed

every 10 simulation steps. The system was weakly coupled to a heat bath at

298.15 K with a coupling constant of 0.5 ps (56). Equilibrated structures as

described above were used. For each case, initial and target structures were

aligned with respect to TM4 and TM10, the two longest helices at the center

of the TM region. All the transitions studied were smooth, with no unusu-

ally high-energy structures encountered during the transition. The TMD

simulations were stopped when the RMSD between a coordinate set and

the target structure was equal to 0.2 Å. Sample movies for transitions

from the F-form to the I-form and in the reverse direction are included in

the Supporting Material. The P1-head dipole moment was calculated along

each trajectory for a selection of residues 58–261, which has a zero net

charge.
FIGURE 2 RMSD time series for the backbone heavy atoms during

equilibration for each simulation: fform (red) and iform (blue) when there

is no electric field, and fform E (green) and iform E (purple) when there is

an electric field. Each frame is reoriented to give the best fit to the original

structure. To see this figure in color, go online.
Umbrella sampling

Initial structures for each umbrella window were obtained from TMD tra-

jectories by selecting snapshots with 0.2 Å RMSD between adjacent win-

dows. To equilibrate each structure in each window, initial simulations

were run with a higher biasing force constant of 200 kcal/mol/Å2 for

20 ps. The force constant was gradually reduced to 10 kcal/mol/Å2 over

the course of 80 ps, after which additional equilibration was performed

for 50 ps using this force constant. Finally, each umbrella sampling window

was sampled for 3 ns. After obtaining biased probability distributions from

the resulting trajectories, WHAM (42,43) was used to unbias the distribu-

tions and to obtain the PMF profile. Equilibrium averages of the dipole-

moment z-component, mz, were calculated from umbrella sampling

simulations after unbiasing according to Eq. 7.
RESULTS AND DISCUSSION

The RMSD of equilibrated F-form structures from the crys-
tal structures reached a plateau at 4 Åwhen the electric field
was applied and at 5 Å when the electric field was not
applied (see Fig. 2). On the other hand, the RMSD for
I-form structures reached a plateau at 7 Å when the electric
field was applied and at 6 Å when the field was not applied.
The relatively higher RMSD for I-form structures can be
understood by the lack of a complete I-form structure. Since
the only available structure for the I-form was the P1
domain, which had only the P1-base subdomain in common
with the complete F-form structure, the I-form structure we
built involved the assumption that the P1-base subdomain in
the I-form had the same positioning with respect to the other
domains as in the F-form. However, as pointed out in
another study (23), it is possible that the P1 base subdomain
in the two structures may initially have different positions
relative to the other domains, which may explain the rela-
tively high RMSD of the equilibrated I-form with respect
to the originally built structure.

Fig. 3 shows superimposed structures of before and after
equilibration for all cases. It can be seen that the P1-head
subdomain in the equilibrated F-form structure lies slightly
closer to the TM region than in the original F-form structure.
For the I-form case, the equilibrated P1 domain appeared
closer to the P4 domain than it was in the original structure.
Finding and characterizing conformational
transition pathways

According to the TMD simulations, the SecDF conforma-
tional change involved the proposed hinge motion of the
P1-head, as expected, i.e., via a rotational motion between
F-form and I-form structures. Two movies of the conforma-
tional transitions between the F-form and I-form in each
direction are included in the Supporting Material in mpg
format. The P1-head includes four a-helices, which are
known to have considerable dipole moments. Since the
P1-head domain is roughly charge neutral, it will interact
predominantly with the electric field through its dipole
moment. Therefore, to investigate how the P1-head dipole
Biophysical Journal 112, 2520–2528, June 20, 2017 2523



FIGURE 3 The equilibrated structures (red) of the two different SecDF

conformations, (a) F-form and (b) I-form, are shown superimposed on

the initial structures (cyan). To see this figure in color, go online.
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moment ð~mÞ couples with the electric field, we calculated
the P1-head dipole moment for residues 58–261. This selec-
tion had a zero net charge, and therefore, the dipole moment
values would be independent of the choice of a coordinate
system. Since mx and my were orthogonal to the electric field
applied in the �z direction, only the z component, mz inter-
acts with the electric field. Thus, we plotted mz in Fig. 4 and
found that all transition paths, except for the case of the
F-to-I transition in the presence of an electric field, yielded
similar trends of mz. On the other hand, the observed hyster-
esis indicates the possibility of a favorable interaction of the
FIGURE 4 Dipole-moment z-component ðmzÞ for the P1-head as

obtained from TMD simulation trajectories. To see this figure in color, go

online.
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P1-head dipole moment with the electric field during the
F-to-I transition when the electric field was applied. Further
characterization of the transition is made through umbrella
sampling simulations, as discussed in the next section.
Potential of Mean Force

To further investigate the conformational transition between
the F-form and the I-form, as well as to understand the influ-
ence of the electric field on the transition, we obtained the
PMF values along the conformational transition pathways
defined by a DRMSD metric as explained earlier in the
Materials and Methods. Accordingly, the reaction coordi-
nate takes values between DRMSD ¼ �12 and 12 Å,
which correspond to F-form and I-form conformations,
respectively.

As seen in Fig. 5, the PMF obtained when no electric field
was applied showed two minima near �8:7 (F-form-like
structure) and 6.4 Å (I-form-like structure), with the latter
minimum at�5 kcal/mol lower energy than the former min-
imum. The free-energy minimum near the F-form structure
was narrower, reflecting the fact that the F-form conforma-
tion was more restricted in its motion than the I-form-like
structures. This is likely due to the strong interaction of
the two helices, shown in cyan in Fig. 6, with the TM helices
in the F-form conformation. PMF profiles also revealed that
the F-to-I transition was almost barrierless in the presence of
the electric field. In this case, the I-form conformation had a
much lower energy (�20 kcal/mol), with a wide low-energy
basin. This indicates that the P1-head was highly mobile in
this region, more so than in the previous case, where no elec-
tric field was applied. As a result, there were multiple low-
energy structures in this region. Sample structures from each
free-energy minimum are shown in Fig. 6. Some of these
structures from umbrella sampling simulations aligned on
the initial equilibrated structures are included in Figs. S3
and S4. The very high energy barrier in the reverse direction
makes the F-form conformation highly unlikely in the pres-
ence of an electric field.

To understand the influence of the interaction of the
P1-head dipole moment with the electric field applied in
the �z direction, we calculated <mz > , the averaged
dipole-moment z component for each umbrella sampling
window after unbiasing. As shown in Fig. 7, the z-compo-
nent of the P1-head dipole moment was about 100D lower
when there was an electric field than when there was no
electric field. Also in the I-form conformation, the
P1-head dipole moment was oriented such that its interac-
tion with the electric field through its dipole moment would
be greater than in the F-form conformation.

To compare the overall effect of the electric field on
conformational transitions regardless of the direction of
transition, we then combined umbrella sampling data ob-
tained from the F-form-to-I-form and I-form-to-F-form
transitions to find the unbiased dipole moment. The two



FIGURE 5 PMF profiles for the conformational transition between

SecDF F-form and I-form when an electric field is applied (red) and

when no electric field is applied (black). An assessment of convergence

is included in the Supporting Material. To see this figure in color, go online.
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cases, i.e., sampling obtained with and without the electric
field, were treated independently. As seen in Fig. 7, the
intermediate structures, i.e., structures in the region
�5<DRMSD< 5 were found to have dipole moments
lower than the F-form-like structures, which may help
stabilize the intermediate structures more than F-form-like
configurations. Moreover, I-form-like structures with
DRMSD> 5 were found to have an even lower dipole
moment, which may cause the I-form structure to be even
more stable than the intermediate, as well as F-form like
structures. In the presence of an electric field, the P1-head
dipole moment in the z-direction was consistently lower
(more negative) throughout the reaction coordinate, main-
taining a favorable P1-head dipole-moment-electric-field
interaction. Therefore, we concluded that I-form like struc-
tures and the intermediate structures were stabilized through
the interaction of the TM potential with the P1-head dipole
moment and that this interaction facilitated the F-form-to-I-
form conformational change and hence regulated the transi-
tion kinetics.
This result may explain why both the proton motive force
and SecDF are necessary for effective translocation, as
observed in the experimental studies. Accordingly, the
conformational change from F-form to I-form is needed to
prevent preprotein backward motion and to enhance its for-
ward motion. This conformational change in turn relies on
the interaction of the P1-head dipole moment with the TM
potential, which stabilizes intermediate and I-form like
structures. On the other hand, in the absence of the TM po-
tential, this stabilizing effect will be lost and the kinetics
needed for effective preprotein translocation will be dis-
torted. This is consistent with the mechanism proposed
earlier (22) that relates the I-form-to-F-form transition to
proton flow, which would transiently reduce the accumu-
lated TM potential.
P1 domain motion

To analyze the overall P1 domain motion during the confor-
mational change, we calculated the principal moment of
inertia for residues 31–263. To understand the relative mo-
tion of the P1 domain with respect to the rest of the protein,
we defined angles f and q, as shown in Fig. 8 a. Accord-
ingly, the angle f was defined as the angle between the
P1 domain principal axis and the principal axis of the
main protein body excluding the P1-head, which was
closely aligned with the z-axis. The angle q was defined
as the angle that the projection of the P1 domain principal
axis onto the x-y plane makes with the x axis. Equilibrium
averages of both angles, i.e., hfi and hqi, were found from
umbrella sampling simulations. Fig. 8 showed that the
configurational change involved as much as a 40+ increase
in the angle hfi coupled with an increase of about 60+ in
the angle <q> , with both angles accompanied by large
fluctuations.
FIGURE 6 Sample minimum-energy structures

near each minimum of the PMF profiles. To see

this figure in color, go online.
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FIGURE 7 Unbiased averages for (a) mz, i.e., the z-component of the

dipole moment from umbrella sampling simulations for the cases with

and without an electric field, and (b) the energy of interaction between

the protein P1-head subdomain dipole moment and the applied electric

field. Transitions in each direction, i.e., F-form to I-form and I-form to

F-form, are combined to compute unbiased equilibrium averages. To see

this figure in color, go online.
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CONCLUSIONS

In this study, we investigated the conformational dynamics
of TtSecDF as it undergoes transitions between the F-form
and I-form and how this conformational change was coupled
2526 Biophysical Journal 112, 2520–2528, June 20, 2017
with the proton motive force. We first explored transition
pathways between the two conformations using all-atom-
istic TMD simulations. An analysis of the P1-head dipole
moment along the transition pathways revealed a hysteresis
between F-to-I and I-to-F transitions in the case of the exis-
tence of a TM potential. This indicated a coupling between
the TM potential and the P1-head dipole moment. To
estimate the free-energy profiles along the conformational
transitions, we performed umbrella sampling simulations
along a DRMSD-based reaction coordinate. A comparison
of the PMF profiles obtained in the presence and in the
absence of an electric field, which was used to simulate
the TM potential effect, revealed that the TM potential
indeed lowers the barrier significantly in the F-to-I transition
pathway. A free-energy difference of about �18:3 kcal/mol
between F-form and I-form conformations may provide the
driving force needed for the P1-head to carry unfolded
preproteins into the periplasm after capturing them in the
SecYEG protein conducting channel.

The PMF profiles helped us explain the coupling between
proton motive force and the SecDF conformational change.
They further provided strong evidence for the following
mechanism of function: SecDF captures preproteins from
the channel in its F-form when the TM potential is in a
depleted state. As the TM potential is formed, SecDF un-
dergoes a conformational change from F-form to I-form
and stays in the I-form conformation as long as the TM po-
tential is maintained. The high free-energy barrier in the
reverse direction makes the I-to-F transition highly unlikely
when there is a TM potential. As the TM potential is tempo-
rarily depleted through the flow of protons across the SecDF
TM channel, the F-form conformation becomes more easily
accessible, since the difference in free energy drops from
FIGURE 8 (a) Definitions of angles (f and q)

used to characterize P1-head motion. (b) Equilib-

rium average of angle f formed between the prin-

cipal axes of the P1-domain and the TM domain

(TM1–12). (c) Equilibrium average of angle q

formed between the projection of the P1-domain

principle axis on the x-y plane and the x axis. To

see this figure in color, go online.
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20 kcal/mol when there is an electric field to �5 kcal/mol
when there is no electric field.

As a result, we can conclude that the favorable interaction
of the P1-head dipole moment with the electric field due to
the presence of a TM potential may explain the SecDF func-
tional conformational change and how it is coupled to the
proton motive force. Here, we need to note that this study
includes only the electric TM potential component ðDjÞ
of the proton motive force, Dp, and does not include the ef-
fects of pH gradient component ðDpHÞ (or the difference in
the concentration of ions or osmotic effect). The effects of
DpH can be studied in detail by explicit-solvent simulations
and by taking into account different protonation states of
ionizable residues in the SecDF structure (57). Finally, our
results, based on the interaction of the Dj component of
Dp with the SecDF P1-head subdomain, where the main
component of the interaction would be given by the
dipole-field term of the corresponding multipole expansion,
can be experimentally tested by mutating residues that
contribute to the P1-head dipole moment.
SUPPORTING MATERIAL

Four figures and two movies are available at http://www.biophysj.org/
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