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ABSTRACT. The heterotrimeric SecY/Sec61 complex is a protein-conducting channel that provides a passage
for proteins across the membrane as well as a means to integrate nascent proteins into the membrane.
While the first function is common among membrane protein channels and transporters, the latter is unique.
Insertion of nascent membrane proteins, one transmembrane segment at a time, by SecY likely occurs
through a lateral gate in the channel. Molecular dynamics simulations have been used to investigate the
mechanism of gate opening. Opening and closing the gate under different conditions allowed us to identify
structural elements that resist opening as well as those that aid closure. SecE, considered to act as a
clamp keeping the lateral gate closed, was found to play no such role. Loosening of the plug by lateral
gate opening, a potential step in channel gating, was also observed. The simulations revealed that lipids
on time scales of up to &s do not flood channels with an open lateral gate.

Protein trafficking by the Sec pathway is a cellular process ring of residues near the center as well as by a small, helical
common to all domains of life. Newly formed (or forming), “plug” domain blocking the periplasmic half-channel. Previ-
unfolded proteins are targeted by means of an N-terminal ous simulations indicated that the pore ring is flexible yet
signal sequence to the Sec translocon in the endoplasmianaintains a tight seal sufficient to block the passage of small
reticulum membrane (in eukaryotes) or the cytoplasmic molecules and ionsl(Q); however, the absence of the plug
membrane (in prokaryotes{6). In the membrane, the  domain may increase the flexibility of the pore ring and even
translocation channel, the SecY or Sec61 complex, eitherthe channel as a whold.1).
permits the nascent polypeptide to cross the membrane or |ntegration of membrane proteins into the bilayer is
integrates it into the membrane. This translocon performs proposed to occur one transmembrane domain {Taflja
its function in concert with a variety of other macromolecular time through a lateral gate in SecY, located at the interface
assemblies: the ribosome, SecA (in bacteria) or BiP (in of two halves of the structure, between TMs 2b/3 and 7/8
eukaryotes), and others. These macromolecules provide thgsee Figure 1). Extensive experiments characterizing the
driving force necessary to feed the polypeptide through the probability of helix insertion through SecY into the mem-
channel and prevent it from sliding back. brane demonstrated a correlation with the Wimt&yhite

The protein translocation channel is comprised of three hydrophobicity scale, suggesting that the inserting TM
subunits, two of which are well-conserved. These two, known samples the lipid phase directly while still within the channel
as SecY and SecE in prokaryotes (Sec@hd Sec6i in (12, 13), although such results may neglect additional factors
most eukaryotes), form the basic unit for translocation of governing insertion 14). Other experiments support a
polypeptides (see, for example, the reviews by Osborne etsequential insertion into the bilayer but suggest different TMs
al. and Pohlschider et al. in ref2 and 3). An additional (and accessory proteins) influence each other during the
subunit, SecG in bacteria and $ein archaea (Seclin integration process16—17). Cross-linking experiments,
eukaryotes), shows no homology between bacteria andperformed for the insertion of the membrane proteins opsin
archaeal/eukarya, and while it promotes translocation, it is (17) and aquaporin 16), demonstrated that each TM
not required for it 2, 7, 8). The crystallographic structure separately inserts into the bilayer and that some TMs do so
of SecYEB from Methanococcus jannaschigvealed in detail ~ more easily than others. Some TMs appear to require the
the arrangement of the three subunits and hinted at theinsertion of the next TM in sequence to move into the bilayer,

function of different structural element8)( while others do not; also, TMs sometimes leave the vicinity
For the translocation of nascent proteins, a channel throughof the translocon during insertion but then return at a later
the center of a single SecY was propose] 9); this stage, possibly to aid insertion of the subsequent Tl (

hourglass-shaped channel is closed by both a hydrophobicl7). Recent experiments have shown that the helices of the
voltage sensor of the ShakerkKhannel also insert coop-
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Ficure 1: SecYEp viewed in a representation showing helices as cylinders. The two pseudosymmetric halves of SecY; 5 ksdl

6—10 (PDB code 1RHZ), are shown in red and blue, respectively. SecE is shown in orange, Aigisbeevn in brown. All of the protein

is transparent except for the helices that comprise the lateral gate: 2b (red), 3 (green), 7 (blue), and 8 (dark green). (A) View from the
membrane plane. (B) View from the cytoplasmic side.

out of the membrane, a process reverse to integration, showa result of the channel being nonfunctiofalyivo without
an interesting resemblance to the integration behavior; whenit. Finally, the behavior of lipids near the gate is explored
pulled from the membrane, the helices unfold through through simulations holding the gate open, both in an all-
different pathways, sometimes sequentially or pairwig ( atom representation and a coarse-grained (CG) representation,
20). which permits time scales normally out of the range of
The functional role of the translocon monomer is contro- conventional MD (see the Materials and Methods).
versial, with experiments suggesting that only oligomers are
functional. While dimersZ1—23) and tetramers24, 25) of MATERIALS AND METHODS
the Sec complex have been observed, different associations Simulated SystenModeling of SecYB began with the
have been proposed. One arrangement, a back-to-back dimeB.5 A resolution coordinates obtained from the Protein Data
based on@a8 A cryo-EM map of a SecYEG dime2{) and Bank (PDB code 1RHZ)§). The protein was placed in a
cross-linking data linking two SecE2§, 27), places the  pre-equilibrated 1-palmitoyl-2-oleowrglycero-3-phospho-
lateral gate of each SecY facing out, away from the interface choline (POPC) lipid bilayer membrane and solvated with
(8, 28). The reason for oligomerization in this arrangement water above and below using plugins in VMB1j. The
has been hypothesized to be cooperative interactions betweeresulting system was complemented through the inclusion
monomers, including those beneficial to translocation directly of Na* and CI ions to a concentration of 50 mM, making
and for recruiting and binding channel partne?s &, 10, the net charge zero. In total, the protein/lipid/water system
28). Another arrangement, a front-to-front dimer based on contained 106 679 atoms and was approximately 100 A in
3D cryo-EM reconstructions, places the lateral gates facing length along all dimensions. The system was equilibrated
each otherZ3). Such an arrangement could provide for a over 5 ns in a multistage process; further details are described
larger, consolidated channel when necessary, by opening botfin ref 10.
lateral gates simultaneously; this arrangement could also All-Atom MD. MD simulations were carried out using
provide two separate pathways, one channel for the solubleNAMD 2.5/2.6 32) and the CHARMMZ27 force field33).
sections and one for the membrane sections of a nascenf multiple-time-stepping algorithm was used to efficiently
protein, with the decision of which channel to use being made evaluate electrostatic interactions. Bonded interactions were
by the ribosomeZ29, 30). computed every 1 fs; short-range nonbonded interactions
In the present study, we provide a detailed, dynamical were computed every 2 fs; and long-range interactions
examination of the feasibility and mechanism of SegYE (defined as beyond a 12 A cutoff) were computed every 4
lateral gate opening and closing by performing extensive all- fs. The particle-mesh Ewald (PME) method with a grid
atom molecular dynamics (MD) simulations on the channel density of more than 1/Awas used to calculate long-range
in a fully solvated lipid bilayer. Because the oligomeric state electrostatics without requiring a cutoff.
is still unknown and previous simulations of the monomer A constant temperature was enforced for all simulations
suggested it can, in principle, act independentl®),( we at T = 310 K using Langevin dynamics coupled lightly
chose to focus on the Sec¥Enonomer only. Using steered  (damping coefficient of 1.0 pd) to the oxygen atoms of
MD (SMD), the lateral gate of SecY is forced open and then water molecules. A constant pressure of 1 atm was also
allowed to relax afterward while we examine the structural maintained in all periodic boundary simulations using a
behavior during these processes, finding that both occur Nose-Hoover Langevin piston; in all cases, the dimensions
without large structural deformations to the protein. The of the unit cell were allowed to fluctuate independently.
connections of SecE and the plug domain to lateral gate When periodic boundary conditions were employed, the
opening and closing are also investigated by removing themdistance between protein images in neighboring cells was
and repeating the simulated opening and relaxation, with thenever less than approximately 25 A.
former being particularly important because the effect of CG MD. CG MD is a technique to reduce the spatial
removing SecE cannot be tested directly experimentally ascomplexity of a system to increase accessible simulation time
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Table 1: Simulations Performed in This Stady

simulation name length (ns) start description
simla 6 SecYR opening the lateral gate (ran twice)
simlb 18 SecYR opening the lateral gate (slow)
sim2a 6 Secy opening the lateral gate
sim3a 6 SecYBAplug opening the lateral gate (ran twice)
simlc 15 simla relaxation (gate closure)
sim2b 15 sim2a relaxation (gate closure)
sim3b 8.2 sim3a relaxation (gate closure)
simld 7.8 simla relaxation with lipids restrained
simle 20 simla holding gate open (all atom)
sim1CG 1000 simla holding gate open (CG)
simlg 15 simle relaxation (gate closure)
simlh 3 simla holding the gate at an intermediate opening
sim4 6 separation of gate helices extracted from S¢tYE
sim5 2.4 equilibration of a bilayer with a hole
simla-20 6 SecYE repeat of simla (see the Supporting Information)
simla-50 6 SecYE repeat of simla (see the Supporting Information)
simla-515 6 SecYE repeat of simla with a larger bilayer (see the Supporting Information)

a Simulations are listed with their name and conditions. sim1 denotes simulations of the native5SsitYErefers to the system without SecE
(SecYB); and sim3 refers to the system without the plug (Se€Xflug). The state of the protein used to begin each simulation is listed under the
start column; in cases where simulations began from the equilibrated structure, the protein itself is listed.

scales. The atoms in biological molecules are mapped to a80, 83, 84, 87, 91, and 92 in transmembrane helix TM2b
reduced (relative to the number of atoms) set of beads inand residues 257, 258, 260, 261, 264, 265, 267, 268, 271,
the following way: amino acid residues are each represented272, 275, 276, and 278 in transmembrane helix TM7, with
by two beads (except glycine), with one bead representing each set partially lining one side of the gate (see Figure 1).
the backbone and one representing the side chain; POPQA force constant ok = 2.5 kcal mot! A~2 was employed
lipids are represented through 13 beads; and four wateralong with a velocity of 1.5 A/ns (0.5 A/ns in the case of
molecules are represented through one bead. The mass abne slower simulation), giving a net opening rate of 3 A/ns
each bead is the sum of its constituent atoms. Parameterg1 A/ns in the slower simulation). Head groups of lipids on
for lipids and water were developed by Marrink et &) the exterior (46 lipids out of 251 total) were restrained
and parameters for proteins were developed by Shih et al.harmonically with a force constant &= 3.6 kcal mot?

(35). Protein parameters were initially developed on the basis A -2, while 251 lipids is a typical amount for a membrane
of all-atom structures and simulatior35f, and some were  protein simulation, we repeated the gate opening calculation
later refined further 36). The structure of the potential  for a system with 515 lipids (simulation simla-515) and

function is similar to the one of the all-atom CHARMM  found the behavior to be similar to that in simla (see the
potential B5). After coarse-graining, the simulated system gypporting Information).

contained 9020 beads, over a factor of 10 less than the

original 106 679 atoms. 1), a SecYy system was built starting from the crystal
NAMD 2.5 was also used to perform the CG simulation, ~/’ yster ring cry
structure and equilibrated for 5 ns in a procedure similar to

sim1CG (see Table 1). Because the beads move more sIowah N ref imulati involving th | of th
than atoms as a result of their larger masses and becaus:ts at nre 10. For simu at|_ons involving the removal o the
plug, i.e., SecYBAplug (sim3a and sim3b), the equilibrated

the potential energy functions are smoother, a longer native structure was used as a starting point. Residué4 Ala
integration time step (15 fs) can be used for integrating the :
9 p( ) 9 9 to 1le¥” were removed, and Prfowas connected to GH;

equations of motion. The smoother potentials also increase_l_h lting struct inimized for 1000 steps bef
the speed of relaxation processes; for example, the Self_begi;?]?#glg?\/lsDruc ure was minimized for Sieps belore

diffusion of water is 2-6 times faster in CG than in all-
atom simulations34—36). Hence, while lus of simulation Relaxation.Different approaches were taken during the
time is reported here, it is representative of a longer time. simulated relaxation of the systems resulting from SMD
A strict cutoff of 12 A was used with no long-range Simulations. For each of the three systems to which SMD
electrostatic interactions included. To mimic charge screeningwas applied (native SecYk SecY3, and SecYBAplug),
and polarization effects, all charges are scaled by 0.7 and aall external forces were turned off and simulations were
relative permittivity of e = 20 is used 34). Langevin continued (simlc, sim2b, and sim3b; see Table 1). In the
damping with a constant of 0.5 pPswas used to keep the case of the native SecYitwo additional simulations were
system near 323 K, and a constant pressure of 1 atm wagperformed. In the first one, simle, the gate was fixed in an
maintained. The entire protein backbone was restrained withopen position by applying harmonic restrainks= 5 kcal
a harmonic potentiak(= 0.5 kcal/mol) to hold the gate open mol~! A~2?) to the atoms noted above in the description of
and avoid any deformations that may obstruct the gate. = SMD. In the second case, sim1d, lipids were held fixed by
SMD SimulationsSMD (37—39) was used to open the restraining only the phosphorus atom of the headgréup (
lateral gate of SecY at a constant velocity in simulations 5 kcal mor* A=?). Out of the total 251 lipids, 242 were
simla, simlb, sim2a, sim3a, and sim4; the simulations arerestrained in this way, with 9 lipids being left free to prevent
specified in Table 1. Forces in opposite directions were possible obstruction of the lateral gate, which could affect
applied individually to the gatoms of residues 75, 76, 79, closing.

For simulations without SecE (sim2a and sim2b; see Table
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Ficure 2: Opening the lateral gate of Sec¥kiewed from the cytoplasmic side in a cartoon representation. In both A and B, the two
pseudosymmetric halves of SecY are shown in red and blue, respectively, ghit Seown in brown. (A) Closed state of the lateral gate.
SecE is shown in three colors, with green representing the conserved regiorppfekrepresenting its nonconserved region, and orange
representing its TM helix (see the text). (B) Forced-open state of the lateral gate. The hinge and angle measured are indicated.

Analysis. The total time for the all-atom simulations structurally unchanging, despite the forces being placed on
(~100 000 atoms) was approximately 150 ns, and the total each of them; each half maintained its internal secondary
time for the CG simulation~{9000 beads) was As. The and tertiary structure well, in support of the suggestion of a
simulations are listed in Table 1. Simulation trajectory clamshell-like motion of the protein during lateral gate
analysis and figure preparation were done using VND).( opening 8). As shown in Figure 3, the measured root-mean-
Sequence alignment and comparison was performed with thesquare deviation (rmsd) of the protein as a whole grew

MultiSeq plugin of VMD @0). significantly, in all simulations, as expected because of the
opening of the gate changing the conformation of the protein.
RESULTS However, the rmsd of each half of SecY grew minimally in

SecYB, in view of its function, is definitely a highly all cases, deviating by on_ly—12 A/atom from the initial_
flexible channel. Naturally, one wishes to explore the 9eometry. The clamshell-like mechanism of lateral gating
mechanisms underlying its largely mechanical function: IS &/S0 supported by other simulation studigg)(including
threading proteins straight through its pore or integrating ©"€ Using principle component analysis on an extended
them sideways into the lipid membrane. This can be done €quilibrium simulation of SecY aloné&).
by mechanical manipulation computationally. The compu-  The clamshell-like opening motion of the protein implies
tational methodology employed, SMBg 41—43), has been  the existence of a hinge at the side opposite the gate. The
very successful in confirming and explaining observed hinge was initially suggested to be located at the loop
mechanical properties of proteind4j, in guiding experi-  connecting the two halves, between TMs 5 and8p. (
mental studies45), and in predicting properties subsequently Previous simulations also indicated an outward (toward the
observed 46—48). A most recent evaluation of the method bilayer) motion of the periplasmic portion of TM 5 when
is found in Sotomayor and Schulted9j. SMD is the the lateral gate was disturbe80j. The same behavior was
computational equivalent of single-molecule force spectros- observed in our simulations of gate opening with motion of
copy but provides atomic level pictures of protein mechanics the helix of 2-3 A in the plane of the membrane. We also
that furnish invaluable guidance to the study of proteins, such located more precisely the hinge region of the protein based
as SecYR. on analysis of all simulations by calculating the rmsd per

Enforced Opening of the Lateral Gafo investigate the ~ residue over the trajectory and identifying which residues
structural characteristics of SecBvhen assisting mem- ~ were disturbed the least during gate opening. The linker
brane protein insertion, we forced open the lateral gate usingregion between the two halves of TM 5 was found to remain
SMD (see the Materials and Methods). As illustrated in structurally least perturbed, as was the linker between the
Figure 2, forces were applied to the channel to mimic the two helices of SecE and large portions of TM 1 and TM 6
strain that the channel experiences during insertion of aof SecY. Hinge-finding algorithms, Hingefind5®) and
membrane-bound polypeptide. However, it is unknown Dyndom §3), also place the hinge at the linker region within
precisely how the exit process occumsvizo, which may ~ TM 5. Interestingly, this region (residues G%¥; Prd®,
involve secondary effects arising from channel partners. GIu'*, and Gly*") is not strictly conserved; however, many
Regardless, the lateral gate must open to allow for the species exhibit a number of glycines here, indicating that
insertion of TMs, and thus, we believe the process simulated flexibility in the periplasmic end of TM 5 may be function-
here captures at least the dominant structural results of thisally relevant.
opening process on the SecyEhnonomer. The simulations To determine the major barriers to lateral gate opening,
carried out are listed in Table 1. One simulation, simla, we measured the force required to open the gate. We also
investigated the complete Sec¥Ecomplex. Simulation identified the structural elements of Seg¥ Evolved in the
sim2a studied Seq¥ (SecE removed), and sim3a inspected gating, in particular, Seck and the plug. For this purpose,
SecYE3 with the plug removed (SecYRplug). we carried out constant velocity SMD simulations (see the

Given the approximate symmetry between the two halves Materials and Methods). The forces applied, specified in the
of SecY (TMs 15 and 6-10), we chose to characterize Materials and Methods, pull Catoms on both sides of the
their individual stability. The two halves remain indeed gate apart through a spring with moving ends. As the spring
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Ficure 3: Time dependence of the rmsd of the protein during opening. In medium gray is the rmsd for the entire SecY protein backbone
as compared to the closed state; in light gray and black are the rmsd values for the two SecY halves pTatsl 5-10, respectively,

not including connecting loops) as compared to their initial states. Shown are the rmsd values for simulations (A) sim18)($8rYE
sim2a (Sec¥), (C) sim3a (SecYBAplug), and (D) simlb (SecYEopened at one-third the speed of the others).

extends, forces increase until they are large enough for thesufficiently destabilized (the rmsd of the plug is presented
gate to open. When the gate experiences increased barriers the Supporting Information). The loosening of the plug
to opening, forces rise; when barriers are lowered, forces by moderate lateral gate opening supports the hypothesis that
decrease. The gate opening was monitored through thesignal sequence intercalation in the lateral gate serves to open
distancedyae defined as that separating the centers of the the channel by destabilizing interactions between the plug
two gate helices, TMs 2b and 7. Shown in Figure 4C is the and the rest of SecY2}.
total applied forcd=(dyaid €XPeErienced during gate opening. As seen in Figure 4C, the total forég; was measured to
The first noticeable peak in the force versus position plot be~2—3 nN. When the speed of gate opening was reduced
[Fo(dgad], Shown in Figure 4, is present for simulations with ~ 3-fold in simulation sim1b (from 3 to 1 A/ns), a #25%
SecE (simla and sim3a) but not for one without (sim2a). reduction in force was observed amidst an otherwise similar
Also, the overall force profile for simulation sim2a is qualitative behavior. While force peaks late in the simulations
approximately 26-25% lower than for the other two systems  (dgae between 10 and 15 A) can be attributed to protein
simulated. The higher forces experienced in simla and sim3astructural deformation, the majority of the force required to
are most likely due to the presence of SecE creating a largeropen the gate comes from the displacement of lipids. This
lateral area for the channel as a whole, which must then forcewas demonstrated through simulation sim4, in which all of
a larger fraction of the membrane to accommodate its the protein SecYE except the four helices in the gate region
opening, increasing the force needed for gate opening.(2b, 3, 7, and 8; see Figure 1) was removed; the remaining
Similarly, the force peaks represent a point at which the four helices were then separated, requiring approximately
N-terminal SecE helix begins to bend in response to the 1.5-2 nN, i.e., the same force as for the full protein, to pull
membrane pressure. them laterally through the membrane, even after there were
The presence (or absence) of the plug has a pronouncedo contacts between them. When surface tensions of 20 and
effect on the opening of SecYE The force profiles for 50 dyn/cm were applied to the system, the force profile was
opening SecYR (simla) and for opening SecYRAplug not significantly affected (see the Supporting Information).
(sim3a) are very similar in magnitude (with the latter Hydrophobic interactions make up the bulk of the contact
exhibiting ~10% lower peak values), with the exception of between the two sides of the lateral gate. Calculations of
the region of opening between 6 and 10 A. Suggested byexposed hydrophobic surface area before and after gate
the plot and confirmed by examination of simulation opening indicate a change in the area of approximately 750
trajectories, this region corresponds to the separation of theA?; this also accounts for the mitigating effects of lipids,
plug from the surrounding portions of SecY. The separation which make contact with the hydrophobic sides of the lateral
occurs by breaking the hydrophobic contact between the pluggate upon opening. Assuming that 15 cal mdh—2 of free
and the lateral gate helices, TMs 2b and 7. An additional energy is required to expose the hydrophobic surfadg (
simulation, sim1h, beginning at the point at which the plug the change in exposed area would requiEL kcal/mol of
became separated (3 ns into sim1a) and holding the gate afree energy. This is in notable contrast to a similar calcula-
its intermediate opening, confirmed that the plug was indeed tion, which suggested 630 kcal/mol to be required2).
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Ficure 4: Force needed for lateral gate opening and its effect on the structure. In A and B, /Biscitown at the conclusion of lateral

gate opening from the (A) cytoplasmic side and (B) within the membrane plane. The protein is colored according to the “stress” at each
point, calculated as the rmsd contributed per residue for the entire protein as compared to its initial state. The color scale is also shown with
blue indicating very little (0.4 A), green indicating moderate, and red indicating large (14.4 A) deviation. In B, the determined location of
the hinge is indicated. (C) Force required to open the gate as a function of gate opening. The plot shows the force fo{sBat¥}

SecYp (sim2a), and SecYfAplug (sim3a), colored as indicated. The first light blue box denotes the range where the presence of SecE is
most noticeable, and the second light blue box denotes the range where the presence of the plug is most pronounced.

The free energy that would be required is further reduced (see Table 1) examined the stability of the protein during
when the smaller opening necessary to free the plug isclosing as well as the factors that govern closing. Special
considered; in that case, the change in the exposed hydroattention was paid to the role of lipids in closing the gate
phobic surface area is 2832 Acorresponding to only 4.25  and to their behavior at the membrane/gate interface.
kcal/mol of free energy. In addition to hydrophobic interac-  To quantify the degree of lateral gate closure, the angle
tions, there are three groups of residues that form hydrogenformed by the two sides of the gate and the gating hinge
bonds across the gate: FHrwith GIn®® and GIy° near the ~ was monitored as shown in Figure 5. This angle measured
cytoplasmic side, Asi§®with Thri® and Glu??in the middle, 14° in the crystal structure and fluctuated only slightly around
and Arg’® with Gly?® near the periplasmic side, with the 15° during equilibration of the native system (not shown).
former two having been recognized previouss).(By At the conclusion of all gate-opening simulations, the angle
measuring the interactions between these three sets oimeasured 35 At this angle, the gate was between 10 and
residues over the course of the simulation, we estimate that16 A wide, depending upon the side-chain orientation, which
the buried hydrogen bonds contribute as much as 30 kcal/would clearly permit the passage of a transmembrane helix
mol of binding energy; however, this energetic penalty of of a typical protein.
gate opening is greatly reduced during opening by the Relaxation of the native SecYx simulated in simlc,
formation of new hydrogen bonds with both lipid head proceeded quickly, as seen in Figure 5. The angle decreased
groups and water molecules that enter the channel. by nearly 10 in the first nanosecond of simulation, after
Spontaneous Closing of the Lateral Ga#dter opening which decrease was slow for the next 6 ns. However, in the
the lateral gate of SecY, each resulting system was allowedfollowing 1 ns, the angle decreased further By #he period
to relax (simulated without external forces) for periods lasting of relative stability in this case is due to the lipids, in
between 8 and 15 ns. Simulations simlc, sim2b, and sim3bparticular, the lipid tails at the gate. During gate opening,
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Ficure 5: Relaxation after gate opening. The plot shows the angle
of the gate opening (defined in Figure 2) as a function of time
during simulated relaxation of each system, colored as indicated.
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Ficure 6: Relaxation of SecYfE The angle of gate opening is
shown as a function of time for free relaxation (simlc, black, see
also Figure 5) as compared to simulation sim1d (gray), in which

The light, thick lines represent the original data, and the solid, thin the lipids were restrained during relaxation.
lines represent averages taken over 100 ps windows.
the plug and, to a lesser degree, the pore ring, the hydro-

lipid tails interact with the hydrophobic sides of the gate, phobic constriction point at the center of the chanBel(),
although they do not invade the polar, hydrated channel; to be responsible for the rapid blockage of the channel.
these tails have to first evacuate the gate region before full Lipid Behaior near the Gate.lt has been suggested
closure can occur. At the conclusion of the 15 ns simulation, recently that if the open lateral gate exposes the channel to
the angle is 17.5 only 2.5 wider than the initial state. The  the bilayer, it would permit an influx of lipids2@). While
rmsd of the protein compared to its original closed state, such influx was not seen in our simulations of gate opening
presented in the Supporting Information, also shows a markedand relaxation, we wondered if it was possible in general
decrease. and, if not, what factors prevent it. Therefore, we performed

Relaxation of the other two structures simulated, $&cY simulations of the protein with the lateral gate held open to
(sim2b) and SecYEAplug (sim3b), progressed at a rate the bilayer, using both an all-atom and a CG representation
similar to that seen in simlc (see Figure 5). Even after 15 of the protein-lipid—water system (see the Materials and
ns for Secs and over 8 ns for SecYE\plug, the measured  Methods).
angles differ by no more than approximately ffom that After the lateral gate of SecYE(simulation simla) was
of the native SecYR. This indicates that SecE (the previ- forced apart, an opening 16 A across remained enforced
ously suggested “clamp”) does not significantly aid gate for simulation simle, as seen in Figure 7. In this simulation,
closure in the simulated system. Because the plug is mostthe gate was held open for 20 ns, while lipids were left free
relevant when in contact with all gating helices, it is not to diffuse. During the entire length of the simulation, no
surprising that the effect of removing it on the rate of gate encroachment of an entire lipid into the channel is observed.
closure is small. As seen previously, lipid tails do continue to sample the gate

Given the large resistance to gate opening as a result ofregion, and also, between 10 and 20 ns in the simulation,
the membrane as seen in the previous simulations, we askedhe head group of one lipid is observed to move toward the
if the membrane also plays a role in gate closing. We hydrated channel (see Figure 7). However, the tails of this
therefore simulated in simld the relaxation of the native lipid still remain deeply embedded in the bilayer and wrapped
SecYEB with the majority of lipid head groups restrained, around the protein (a comparison of the behavior of these
thus determining if SecYfE would close on its own. As lipids to those surrounding a hole in a bilayer is presented
shown in Figure 6, the rate of closure in this simulation was in the Supporting Information). The plug largely blocks the
found to be much slower in the first 6 ns, at which point lower (periplasmic) portion of the channel during the
gate closure is reversed somewhat, because of interactionsimulation, preventing any lipids in the lower bilayer leaflet
with the lipid tails at the interface. We note that lipids near from entering.
the interface were not restrained and therefore were not After 20 ns of holding the gate open, the protein was once
prevented from exiting the gating region. again allowed to relax (simlg). The angle of opening was

The flow of water across the channel during gate opening tracked as a measure of closure and was compared to the
and closing was also analyzed. While one would expect the relaxation performed in simulation siml1c. The two relaxation
channel to be blocked well by a translocating or membrane- processes are shown in Figure 8. While the gate was slower
inserting polypeptide, it still must be capable of closing after to close in simulation sim1g, relaxation still progressed in a
this process. During gate opening (simla), the channelqualitatively similar manner. After a brief (1 ns) period of
became hydrated, permitting the flow of 200 water molecules fast closure, the gate remained at a fixed angle for ap-
in the 6 ns simulation. However, during relaxation (simlc), proximately 6 ns because of the lipids still present at the
water permeation soon ended. While in the first 5 ns, 44 membrane/gate interface. After these lipids left the interface,
water molecules cross the channel, in the next 10 ns, only 7the angle steadily decreased again for the remainder of the
manage to cross. Comparisons between simulations showed5 ns simulation, ending at 22i.e., at an angle 4°5arger
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Ficure 7: Behavior of lipids near the open lateral gate. In all frames, S@cgEhown in cartoon representation, with SecY colored in
gray, SecE colored in orange, and Beolored in brown. Individual lipids are shown in licorice, colored mostly light blue, with one or two

specific lipids highlighted in blue (head group) and green (tails). In both top and bottom, the right frame represents a close-up view of the
channel, with depth indicated by increasing transparency. (Top) Initial and final states for the all-atom system. The gate of SecY was held

open to the bilayer for 20 ns. (Bottom) Simulation repeated for a CG system. The gate was held opes. flor Hoth cases, lipids made

very little entry into the channel.

35
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Ficure 8: Relaxation of SecYf after holding the gate open for

20 ns. The angle of gate opening is shown as a function of time
for relaxation immediately after gate opening (black, simlc) and
for relaxation of the protein after the gate was held open for 20 ns

(gray, simlg).

Recognizing that the time scales of the all-atom simula-
tions described previously may not be sufficient to describe
the lipid behavior fully, a Jus CG simulation was run (see
the Materials and Methods). In this simulation, sim1CG, the
setup used in simle was duplicated, artificially holding the
gate in an open configuration. CG simulations have been
used successfully to describe the properties of fipicter
systems and, more recently, of protelipid systems 85,

36); CG simulations of membrane protein insertion and
interaction with lipids have also validated the usefulness of
the method §5—57). On the basis of this success, it was
believed that a CG simulation would accurately reproduce
the hydrophilic/hydrophobic interactions that govern the
lipid —protein dynamics near the lateral gate of SecY. In fact,
the lipids in the CG simulation displayed a behavior similar
to what was observed for the all-atom simulation, simle.
After 1 us, the head groups of two lipids were seen to
partially enter the channel, although the tails remained
trapped within the bilayer (see Figure 7). However, during
the course of much of the microsecond simulation, only the
head groups of a few lipids were observed to enter and exit
the channel. Because the effective size of a CG bead g

than that at the conclusion of sim1c. Thus, while lipids appear A in diameter, for the lateral gate opening of between 10

to block the gate slightly more after it was held open for 20
ns, they do not provide a significant barrier to closing.

and 16 A, at least one lipid should be capable of crossing
the gate at a time.
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DISCUSSION also been hypothesized that insertion of the signal sequence
) ) ) ) is permitted because of “breathing modes” of the channel,
Given the mechanical nature of Sec¥,BMD simulations in which the lateral gate opens and closes sligh)y While

can naturally present a clear view of the structural behavior j, equilibrium, fluctuations of the gate on the order of only
during protein translocation and integration processes at anp_4° have been observed (whereas up td hay be
atomic level. Specifically, our simulations examined the npecessary), dimerization of the channel, the association of

structural changes that accompany opening and closing ofchannel partners, or even the presence of the signal sequence
the lateral gate of the protein translocon. We simulated may enhance such behavior.

SecYES (simla and simlc) along with two modified systems
in which we removed SecE (Se@Ysim2a and sim2b) or

the plug (SecYBAplug; sim3a and sim3b). Because the
lateral gate is the proposed location for insertion of mem-
brane proteins, the motions induced in our simulations
through forces applied to the sides of the gate should

reasqnaply r_eflect those th‘.'ﬂ th_e protein goes through durlngWeII as ones in which the gate was held open to the bilayer.
openingin vivo, although it still remains unknown what

chanaes in the structure mav be induced by the presence oEowever, the behavior of lipids was not as dramatic as might
9 y d by P ave been expected. In all simulations, lipids did not invade
a channel partner and the nascent chain.

i _ the open channel, instead preferring to cling to the hydro-
~ The most unexpected result from the present simulations yspic sides of the exposed gate helices. Favorable interac-
is that SecE, the smaller accessory protein, which had been;jgs petween the lipids as well as the entropic penalty of
presumed to form a clamp around the channel SecY, doesyne or two lipids crossing the gate likely both contribute to
not function as one. During simulated relaxation of the open iheir hehavior. While extension of our results (on the basis
state of the channel (simulations simlc, sim2b, sim3b, and 5f tens of nanoseconds tqsb of simulation) to the relevant
sim1g), the presence or absence of SecE had no effect ofime scales for protein insertion (on the order of seconds) is
the rate of gate closure. In retrospect, this is not surprising: not straightforward, it is not clear that the interior of the
the linker region between the two helices in SecE is t00 Soft channel would be exposed to the bilayer for seconds, because
to maintain a specific conformation. Much of the available 5, inserting TM could occupy the gate for much of that time.
experimental data appears to support this interpretation. o the basis of our analysis, it seems unlikely then that a
While Seck is known to be necessary for translocation, it jisig influx would actually occur on a scale large enough to
tolerates deletion of much of the N-terminal portion, includ- jnactivate the channel. The accessibility of lipids to a nascent

Also investigated in the simulations was the behavior of
lipids, especially near the gate. A lipid influx during
membrane protein integration that could inactivate the
channel was presented initially as one flaw of a back-to-
back dimer model of the channe23, 29). We examined
this proposal in simulations of gate opening and closing as

ing two additional TM helices present Bscherichia coli  oypeptide in the process of translocation is in agreement
(58, 59). The required portion consists of a conserved yth experiments suggesting that interaction with the lipid
cytoplasmic domain (approximately residues—BD in E. bilayer helps to determine TM insertiorld, 68—71),
coli) and the TM helix crossing the front of Sec¥&-61).  ajthough it is known that cooperative effects between TMs
Figure 2A shows the location of these residues on the 56 sometimes necessaf6{18). We suspect elements of
structure (mapped frofa. colito theM. jannaschiistructure), SecY, such as the hydrophobic pore ring, may also help to

indicating that most of one side of the proposed clamp is getermine the placement of a TM in the bilayer.
not essential. Further experiments demonstrate that much of -, .. w0 o performed reinforced the assumed mech-

Lhuej[ 't\l(;te:?\;gﬁlt %%rt'?; dc;tiiﬁccl)_:f ';?ggrgag;(ng t ftc;]refur;cc:)ttlggée anism for lateral gate opening, specifically, the suggestion
P 9 P y P of a clamshell-like structure of SecY, where the two halves

[mited mitacions, i prabably require ot proper asaoqadion 98 PrOten are relatvely independent during open (
Gy and/o’r other channel-binding partness, (60 72); howc_ever, there appears to be little e]aspc behavior
64). The combination of the computational and expérim’ental inherent n SecY_ or SeckE that_quuld maintain a cIo;ed
res'ults indicates that the function of Sec may be to Catalyzeconformatlon. Evidence of an initial step in the gating
process, namely, the destabilization of the plug through gate

translocatlon_@), prevent degradation, or recruit channel opening, was observed: other steps such as a concomitant

partners, but it IS uniikely to act as a clamp during membrane increase in the flexibility of the structure as a whole may

protein |n.tegrat!on. follow (11). While it remains to be seen how dimerization
In the simulations, another structural element, the channel- 5, the binding of channel partners, such as the ribosome,

blocking plug of SecY, resisted lateral gate opening becauseyoy|q affect our observations, the conclusions arrived at are

of its hydrophobic contact with the gate helices. A destabi- expected to be mostly independent of such partners.

lization of the plug in functional dimers of the channel had

already been predicted by simulation, modeling, and experi- SUPPORTING INFORMATION AVAILABLE

ment (L0, 28, 66). One early step in opening the channel,

the insertion of the signal sequence, has been proposed to Data from additional simulations performed to test and/

cause the lateral gate to open slightly, which then frees theor verify results presented here. This material is available

plug (2). In our simulations, we observed that opening the free of charge via the Internet at http://pubs.acs.org.

gate to~24° was sufficient to break the contact between

the plug and the rest of the channel. It is known that the REFERENCES
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