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ABSTRACT. SecY is the central channel protein of the Seg¥Eanslocon, the structure of which has been
determined by X-ray diffraction. Extended (15 ns) MD simulations of the isolated SecY protein in a
phospholipid bilayer have been performed to explore the relationship between protein flexibility and the
mechanisms of channel gating. In particular, principal components analysis of the simulation trajectory
has been used to probe the intrinsic flexibility of the isolated SecY protein in the absence efithanit

(SecE) clamp. Analysis and visualization of the principal eigenvectors support a “plug and clamshell”
model of SecY channel gating. The simulation results also indicate that hydrophobic gating at the central
pore ring prevents leakage of water and ions through the channel in the absence of a translocating peptide.

Molecular mechanisms of transport of solutes across On the basis of analysis of the X-ray structure of the
membranes are a key topic in structural biology at presentarcheal SecYE complex (1), it has been suggested) that
(1-5). A key step in the biosynthesis of many secreted and the two halves of the SecY molecule undergo a clamshell-
membrane proteins is their transport across the endoplasmidike conformational change. This would open the pore
reticulum in eukaryotes or the plasma membrane in prokary- laterally (between TM helices M2b and M7) to allow TM

otes via a porelike protein known as the translod®n The helices of a nascent membrane protein to enter the surround-
translocon is a heterotrimeric complex formed ofcasub- ing lipid bilayer. This contention is supported by cryo-
unit (SecY in eubacteria and archaea and Secti electron microscopy of th&. coli SecYEG complex10).

mammals) which forms the pore, @subunit (SecE in It is also suggested that the transbilayer pore opens perpen-
eubacteria and archaea and Secfid mammals), and a  dicularly via displacement of a plug formed by the M2a
B-subunit (SecG in eubacteria, $eo archaea, and Secgl  segment. A hydrophobic gate [or “gasketl)| region is
in mammals) 7—9). The o- and y-subunits are conserved proposed to prevent leakage of water and/or ions.
in sequence; thg-subunit is not. Cryo-EM studies of the  Crystal structures provide a static (time and space average)
Escherichia coliSecYEG complexed with a ribosome and a picture of a protein. Molecular dynamics (MD) simulations
nascent polypeptide chain suggest channel formation by the(12) enable us to extend purely structural approaches to
opening of two linked SecY halves during polypeptide characterize the nanosecond time scale dynamics of mem-
translocation 10). brane proteinsl(3, 14). A couple of recent simulation studies
The X-ray structure of the SecYfEcomplex from the have used steered) MD simulations to explore possible
Methanococcus jannaschiias been determined at 3.5 A mechanisms of opening of the SecY paté,(17). However,
resolution (1). The SecY complex consists of three separate to fully understand the mechanism of protein transport, it is
polypeptides (SecY® with a total of 12 transmembrane also important to determine the intrinsic flexibility of the
(TM)? helices. The Seci-subunit (10 TM) forms the core ~ SecYa-subunit. To do this, we have simulated the dynamics
of the channel. Thg-subunit has a single TM helix. Itis ~ of the SecY protein in the absence of the other two
loosely connected to the-subunit and is not required for ~components of the heterotrimeric complex. As in a recent
channel function in vitro. SecE (agr-subunit) contains a  application of this approach to a bacterial potassium channel
single long TM that is “clamped” around thesubunitand ~ [KirBac (18)], we then use essential dynamics9) to

is an essential gene. The two halves ofdhsubunit (M5 describe the principal motions undertaken by the protein in
and M6-10) are related to each other by 2-fold pseudosym- these simulations. The simulation results appear to support
metry. the clamshell model (discussed above) of the mechanism of

SecY-mediated protein transport.
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simulations. The simulation system was prepared by embed-
ding the SecY a-subunit in an equilibrated palmitoyl- IC
oleoylphosphatidylcholine (POPC) bilayer. The protein was
solvated using SPC watera() in a box with dimensions of

8 nm x 10 nm x 10 nm. Counterions were added to
neutralize the system. The total system consisted of 53 780
atoms. Before running the simulations, we minimized the
energy of the system using 1000 iterations of steepestf,
descents. The system was then equilibrated for 0.25 ns,;
during which the non-hydrogen protein atoms were restrained
using a force constant of 1000 kJ mbhm™2. During the
equilibration, the lipids, water molecules, and ions were free
to move. For the production run, all restraints were removed
and the simulation was run for 15 ns.

Simulation Protocal MD simulations were performed
using GROMACS version 3.1.21, 22) (www.gromacs.org)
employing a modified version of the GROMOS87 force field
(23). The lipid parameters were based on those used in MD
studies of dipalmitoylphosphatidylcholine bilayeg(25).
Berendsen coupling was employe@6) to maintain a
constant temperature of 300 K and a constant isotropic
pressure of 1 bar. Water, lipid, and protein were coupled FiGure 1: Simulation system, showing the Sec¥-subunit
separately to a temperature bath at 300 K, using a Coupling,embedded in a POPC bilayer. Transmembrane helices discussed

: . in the text are color-coded: green for the plug, red for M2b, blue
constant of 0.1 ps. van der Waals interactions were modeled; M7, and gray for the rem%inder of Sec%_ gl’he P atoms of the

using 6-12 Lennard-Jones potentials with a 1.3 nm cutoff. pjjayer are colored lilac. The intracellular side (IC) of the protein
Long-range electrostatics were calculated using the particleis at the top of the figure.

mesh Ewalds metho@7, 28), with a cutoff for the real space
term of 1.2 nm. The LINCS algorithm was used to constrain A s ]
bond lengthsZ9). The time step that was employed was 2 03l E

E o3f ]

fs. Coordinates were saved every 10 ps for subsequentS
. o 02 ]
analysis. a E
P 1

Analysis was carried out using the GROMACS suite of o1
packages plus local scripts. Structural diagrams were gener- bt 1o oo e 1
ated using VMD 80) or PyMol (www.pymol.org). Porcupine
plots of eigenvectors were calculated using an approachB
derived from Tai et al. 31, 32) as implemented in the bl SR R R L L A AL M L A SRR R LY

Dynamite server33). Secondary structure analysis employed Fiii Bine 15 i MENB._ i "6 Nibinos
DSSP 84). 3

Elastic Network ModelingElastic network models, using
a protein topology based on the proximity oft@toms in a
structure, were generated as described in, for example, rel
35. All Ca. atoms within a given cutoff of one another are 4 140 :;:. diie =08 e
linked by a “bond”, with all bonds being assigned the same . . . . .
(arbitrary) force constant. Both one-dimensional (Gaussian Ficure 2: Conformation drift and fluctuations. (A) Structural drift

. . . . of the protein during the simulation. Thex@tom root-mean-square
network model) and three-dimensional (anisotropic network deviation (rmsd) relative to the starting structure is plotted as a

time (ns)

02

RMSF (nm)

0.1

model) variants of the elastic model were employ&s) 87). function of time. (B) Root-mean-square fluctuations (RMSF) of
The cutoff used in the Gaussian network model was 0.7 nm; each @ atom as a function of residue number. Residues that exhibit
for the anisotropic model, it was 0.9 nm. strong fluctuations correspond to the loop regions that connect the

10 helices (labeled M2M10). The pore plug is labeled as P.

RESULTS Co rmsd is constant at 0.25 nm. This is typical of the
Conformational Drift and Flexibility The resolution of ~ behavior of many membrane proteiris3(38) and suggests

the X-ray structure on which this simulation was based is that there is no overall drift in the SecY conformation, at
3.5 A. Also, the simulation is of an isolated SecY subunitin least on a 10 ns time scale. We have also analyzed the
a lipid bilayer (Figure 1). Before a more detailed analysis secondary structure of SecY as a function of time (data not
of the simulation was undertaken, it was therefore important shown). There is a negligible loss afhelicity within the
to establish the overall conformational stability of the protein TM helices. There is some limited change in secondary
over the course of the simulation. The root-mean-square structure in the extended loop following M7. Thus, the
deviation (rmsd) of @ atoms from the initial structure  simulation merits further analysis.
(Figure 2A) provides a simple overall measure of the In terms of identifying the more flexible regions of the
conformational stability of the protein over the course of the protein, we found it is informative to examine structural
simulation. After an initial increase over the firstl ns, the fluctuations. These can be measured as the root-mean-square
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M2b

Ficure 3: Principal components analysis (PCA) of protein motions.
(A) Porcupine plot of the first eigenvector calculated from the
covariance matrix. The SeaX-subunit is represented as a @ace.
The arrows attached to eacle@tom indicate the eigenvector. (B)

Haider et al.

a conformationally stable protein. However, more detailed
examination reveals some interesting patterns. As one would
expect, the RMSF is largest at the N- and C-termini of the
subunit. Also as expected, elevated RMSF value8.125

nm) reveal a greater degree of fluctuation in surface loops
and bends and in thg—turn—/ motif between M6 and M7.
Interestingly, the loops immediately before the plug and
immediately after the M2b helix are relatively flexible, while
that between the plug and the M2b helix is not. This suggests
that the plug and M2b helix may move together.

Principal Motions To characterize the dominant motions
observed during the course of the simulation, we have carried
out essential dynamics (principal components) analysis
(PCA) (19, 39). This requires calculation of the eigenvectors
from the covariance matrix of a simulation. The trajectory
may then be filtered on each of the different eigenvectors.
Preliminary analysis revealed that the first three eigenvectors
account for>50% of the protein motions, so we restricted
our analysis to only these three eigenvectors. Helical bending
at residue G30 in M1 and at G81 in M2b and swivel motions
in M7 dominate the motions in all the three eigenvectors.
Eigenvector 2 also reveals helical bending motion in M8. A
helix bending motion at G214 in M6 is seen in eigenvector
3. Essential dynamics analysis also reveals considerable
flexibility in the loop regions in the structure, mainly at
glycine or proline residues. These results also suggest that
there is a breakdown of the structural pseudosymmetry; i.e.,
a helix exhibits motions distinct from that of its pseudosym-
metry-related partner during the course of the simulation.

The SecY subunit when viewed from the side resembles
the letter X. Visualizing the principal motions using a
porcupine plot32) for eigenvector 1 indicates a simultaneous
movement of the arms of X toward the equatorial position
(Figure 3A), which might be expected to facilitate opening
of the central pore of the protein. A more detailed inspection
of the porcupine plot for eigenvector 1 in the region of the
plug (Figure 3B) reveals a concerted “downward” movement
(where the intracellular surface is defined as uppermost) away
from the core of the protein. This is presumed to be facilitated
by the two glycine residues at either side of the plug which
may act as hinge points for the movement.

Elastic Network ModelOne of the limitations of (all atom)
MD simulations is the relatively short (300 ns) time scales
that can be achieved for membrane proteins of any degree
of complexity. In an analysis of the motions of proteins in
such simulations, this raises the question of the extent to
which such motions may be sampled within such a time win-
dow (40). One approach to this problem is to use more
coarse-grained approaches to examine the motion of the pro-
tein @1). Such models include elastic network mod&@s—

37, 42), which can also be used within the framework of
normal-mode analysigt8). The advantage of these models
is that they allow one to focus on the low-frequency (i.e.,
long time scale) motions of a protein. The disadvantage is

The first eigenvector of the pore plug (green) reveals a downward thair |ack of atomistic detail and, in the context of membrane

motion of the plug (red arrowheads). (C) The first eigenvector of
the M2b and M7 helices exhibits a movement away from each,
indicative of the opening of the lateral gate.

fluctuations (RMSF) from its time-averaged position of each
Co atom as a function of residue number (Figure 2B). The
fluctuations are relatively small, with values 6f0.05 nm

for the cores of the TM helices. Again, this is indicative of

proteins, the absence of any representation of the limit bilayer
environment. It is therefore valuable to compare the results
of elastic network model analysis with those from PCA of
all atom MD simulations.

A Gaussian network model was used to calculate the
magnitudes of the predicted motions and, hence, a profile
of fluctuations (often expressed as crystallografhi@alues)
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swivel (°)

Ficure 4: Elastic network model analysis of SecY motions.
Porcupine plot of the first eigenvector calculated from the aniso- 270
tropic elastic network model. As in Figure 3A (with which this B
may be compared), the arrows attached to eagtatom indicate

the eigenvector.

versus residue number which was compared with the RMSF 07

versus residue number analysis (Figure 2B) discussed above.
The correlation between the two approaches was very good
(see the Supporting Information), suggesting that the MD
simulation and elastic network model were revealing similar
motions. In particular, the modes of the Gaussian network L. ! . ! .
model bisect the protein along the axis of the pore, indicative 5 10 15

of concerted openingclosing motions. Extending this time (ns)

analysis via an anisotropic elastic network model allows us FIGURE 5: (A) Polar pIOt of the kink and swivel angles calculated

: : ; rom the first eigenvector of the M7 helix, saved every 0.1 ns over
to calculate and display the eigenvectors corresponding tothe course of the final 13 ns of the simulation run. (B) Minimum

the major low-frequency motions (Figure 4). These can be gjstance between helices M2b and M7 plotted as a function of time.
compared with the eigenvectors from the PCA of the MD
simulations (Figure 3A). Encouragingly, the same overall create a pore with dimensions of 480 A front to back
pattern is observed in the elastic network model as in the and 16-15 A side to side, sufficient to allow insertion of a
MD simulations. This provides us with some confidence that loop of a translocating peptide chaihij.
the latter have sampled, albeit incompletely, the lower-  Transmembrane helices of nascent membrane proteins
frequency motions of SecY. One may examine the elastic need to be expelled into the lipid bilayer laterally from the
network model-predicted motions in more detail, in particular translocon protein. The interface between M2b and M7, and
with respect to the plug region of SecY. Although there are petween M2b and M8, is the only place where this can
some differences from the MD simulations (which is not nappen since all other directions are blocked by the small
unexpected given the degree of coarse graining in the e|a$ticsubunits (SecE angl) or obstructed by other segments of
network model), both analyses suggest a concerted motionthe Secy subunit. This region has been defined as a lateral
of the plug away from the core of the SecY protein. gate (). Essential dynamics analysis of TM2 and TM7
These results may also be compared with those of Mitra (Figure 3C) indicates the two helices move in different
et al. (10), who combined normal-mode analysis with an directions. A degree of helix bending at G81 is observed in
elastic network model as part of their analysis of the structure M2b, whereas a clear swivel motion is observed for M7
of theE. colitranslocon bound to a ribosome. Analysis of a (Figure 5A). Since M2b and M7 cross at an angle~af0°,
“plug-less” model suggested an opening motion of two SecY any motions in opposing directions would tend to increase
halves. Thus, a number of different approaches, both the distance between the two helices at the interface, thereby
atomistic and coarse-grained, seem to converge in their(partially) opening the lateral gate. Indeed, examination of
description of the motion of SecY. This suggests that further the minimum distance between M2b and M7 as a function
analysis of the key TM helix motions at the atomistic level of time (Figure 5B) reveals fluctuations on afb ns time
afforded by MD simulations may be worthwhile. scale which support a degree of lability in the interaction
TM2b—TM?7 Interactions (Lateral Gate)When a secretory  between this pair of helices. Thus, although of course the
protein enters the translocon, the hydrophobic signal se-lateral gate does not significantly open in this (relatively
qguence is thought to be intercalated between M2b and M7 short) simulation (see below), the observed motions support
(1, 11), which requires the “front” (i.e., the interface between a clamshell model in which M2b and M7 move relative to
the M3 and M2b helices on one side and the M7 and M8 one another and also exhibit some degree of internal
helices on the other side) of the SecY subunit to open. Theflexibility.
essential dynamics analysis (eigenvector 3) revealed helical The center of the protopore in the SecY protein has a
bending motion at G214 in M6. It has been suggested thathydrophobic “pore ring” {1) (formed by the side chains of
a small hinge motion of~15° between M5 and M6 would  residues 175, V79, 1170, 1174, 1260, and L406). In the

distance (nm)
o
[«))
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Ficure 6: (A) Pore lining surfaces [calculated using HOL&D)] of the SecYa-subunit generated from snapshots taken at different time
intervals during the simulation. The pore ring which acts like a hydrophobic gate, narrowing the pore raddu$4mm, is indicated by
the horizontal arrow. (B) Trajectories of two water molecules that approach the pore ring but are unable to cross it.

absence of a translocated peptide, this would be expected tsimulation is the suggestion of a concerted movement of the
remain in a functionally closed state. The pore radius at the plug domain, in addition to evidence of flexibility of helices
ring region is~0.14 nm. Simulations of simplified model M2 and M7 which may form the lateral gate. This is
pores §4—46) suggest a hydrophobic gate of these dimen- consistent with the gating mechanisms of SecY suggested
sions will be functionally closed. Calculation of the pore on the basis of examination of the X-ray structure of the
radius profile, using HOLE47), and visualization of the  closed state of the pore.

inner surface of the pore (Figure 6A) reveal that the central
constriction actually tightens during the firstl ns and then
persists for the duration of the simulation. Examination of . . . . :
the trajectories of water molecules within the SecY protein S|mulat|on_ therefore will not dl_rectly revea_l substantial
(Figure 6B) reveals that although they may approach the porecpnfo.rm.atlonal changes underly Ing pore gating. HO.W cver,
ring from either side they do not cross, at least om® via principal components analysis of an extended equilibrium

ns time scale. Thus, the pore ring remains closed throughoutSimulation of the SecY closed state, we can determine the
the simulation. principal eigenvectors which may indicate elements of the

dynamic flexibility of the protein that are consistent with
DISCUSSION the proposed unplugging (M2a) and clamshell (M2b/M7)
conformational change. However, one should exercise cau-
tion. In essence, by adopting such an approach, we are
examining motions dictated by the local energy landscape

because we wished to explore its intrinsic flexibility. In of the cIo_sed state, in an attempt to infer pathways of
particular, we wished to examine the dynamic behavior of conformational change that lead to the open state(s). Sup-
SecY in the absence of thesubunit (SecE in archaea) which  Porting this general approach to analysis of conformational
forms a clamp around the-subunit. The intrinsic flexibility ~ 1€Xibility are a number of analyses of bacterial potassium
of SecY is likely to be of some biological importance. For channels. Thu_s, exter)ded MD simulations of an isolated TM
example, a recent review of the structural biology of the domain combined with PCA have been used to explore
translocon {) discusses the functional importance of the 9ating mechanisms in KirBad§). Related approaches using
flexibility of SecY. Indeed, one may view SecY as a gated €ither normal-mode analysidq) or elastic network models
pore for polypeptides which is regulated by interactions with (50) have been applied to KcsA and other bacterial potassium
other proteins (e.g., the other TM subunits, the nascentchannels. All of these methods support gating models
polypeptide chain, and/or intracellular components). In this consistent with available X-ray diffraction datalj. Thus,
context, the conformational dynamics of SecY underlying one may have some degree of confidence in the overall
gating of the transbhilayer pore clearly play a key role in approach to exploring the conformational dynamics of the
translocon function. The main result of PCA of the SecY closed state to reveal clues concerning gating mechanisms.

Transport of polypeptides through the SecY pore occurs
on an~1 s time scale48). Clearly, an~15 ns time scale

In this study, we performed an extended (15 ns) simulation
of the isolated SecYa-subunit in a phospholipid bilayer.
We simulated SecY in the absence of theandy-subunits
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We have also compared the results of elastic network to more fully understand how the clamshell SecY pore gating
model analysis with those from the atomistic MD simula- model facilitates insertion of a helix into lipid bilayers and
tions. Both levels of modeling support the plug and clamshell thus contributes to membrane protein foldirky)(
model of SecY opening, although there are of course (given There are clearly limitations to the current simulation
the different granularity of the two models) some differences study, some of which are discussed above. Perhaps the major
in the details. Similar results in terms of SecY opening via ones are the absence of fheandy-subunits, combined with
a clamshell-like mechanism were suggested by normal-modethe time scale of the simulations relative to the process of
analysis of an elastic network model of a plug-less SecY peptide translocation. The latter will not be able to be
(10) and have been obtained via a distance geometry-basedddressed by direct atomistic simulation in the immediate
method using the Dynamite server (http://dynamite.biop. future. However, it is conceivable that recent developments
ox.ac.uk/dynamite)33) (B. A. Hall and M. S. P. Sansom, in coarse-grained simulations of membrane protes@s gnd
unpublished results). Thus, we may have some degree ofin elastic network models3g, 36, 59) in simulating longer
confidence in the sampling of SecY motions by the MD time scale conformational changes in proteins will allow us
simulations. to simulate larger length scale and longer time scale events

The results of the current simulation also inform our underlying protein translocation. It would also be of interest
understanding of the hydrophobic gate as formed by the poreto apply such methods to compare the competing proposals
ring region of SecY. This remains closed throughout the for how the translocon dimer functions, i.e., to compare the
simulation. Indeed, HOLE analysis of the pore suggests that“back-to-back” model 11) in which each translocon mono-
if anything at the end of the simulation the gate is a little mer forms an independent pore with the “front-to-front”
more tightly closed than in the X-ray structure. By tracking model (L0) in which some degree of functional interaction
water molecules close to this gate, we observed that althoughbetween the two translocon pores may occur.

a water molecule (bottom trace in Figure 6B) was able to

move past the M2a plug, no water molecule was able to crosSACKNOWLEDGMENT
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