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A conserved heterotrimeric membrane protein complex, the Sec61 or SecY complex, forms a protein-conducting channel, allowing
polypeptides to be transferred across or integrated into membranes. We report the crystal structure of the complex from
Methanococcus jannaschii at a resolution of 3.2 Å. The structure suggests that one copy of the heterotrimer serves as a functional
translocation channel. The a-subunit has two linked halves, transmembrane segments 1–5 and 6–10, clamped together by the
g-subunit. A cytoplasmic funnel leading into the channel is plugged by a short helix. Plug displacement can open the channel into
an ‘hourglass’ with a ring of hydrophobic residues at its constriction. This ring may form a seal around the translocating
polypeptide, hindering the permeation of other molecules. The structure also suggests mechanisms for signal-sequence
recognition and for the lateral exit of transmembrane segments of nascent membrane proteins into lipid, and indicates binding
sites for partners that provide the driving force for translocation.

A decisive step in the biosynthesis of many secretory and plasma-
membrane proteins is their transport across the endoplasmic
reticulum (ER) membrane in eukaryotes or across the cytoplasmic
membrane in prokaryotes (for a review, see ref. 1). These polypep-
tides are first targeted to the membrane by hydrophobic amino-acid
sequences, which are either cleavable signal sequences or transmem-
brane segments (TM) of membrane proteins. Soluble proteins, such
as those destined for secretion, are subsequently transported across
the membrane through a protein-conducting channel with a hydro-
philic interior2,3. In the case of membrane proteins, when a
hydrophobic TM arrives in the channel, it is released through an
opening in the channel wall into the surrounding lipid phase. The
capacity of the channel to open laterally towards the lipid and the
wide variety of substrates that it must transport distinguish it from
many other channels.

An evolutionarily conserved heterotrimeric complex of mem-
brane proteins, called the Sec61 complex in eukaryotes and the SecY
complex in eubacteria and archaea, forms the channel (for a review,
see ref. 4). The a-subunits (Sec61a in mammals, Sec61p in
Saccharomyces cerevisiae, SecY in bacteria and archaea) and g-
subunits (Sec61g in mammals, Sss1p in S. cerevisiae, SecE in
bacteria and archaea) show significant sequence conservation (see
Supplementary Fig. S1). Both subunits are required for cell viability
in S. cerevisiae and Escherichia coli. The b-subunits (Sec61b in
mammals, Sbh in S. cerevisiae, Secb in archaea) are not essential for
cell viability in these organisms; they are similar in eukaryotes and
archaea, but show no obvious homology to the corresponding SecG
subunits in bacteria. The a-subunit forms the channel pore, and it is
the crosslinking partner of polypeptide chains passing through the
membrane5. Reconstitution experiments have shown that the
Sec61/SecY complex is the essential membrane component for
protein translocation6,7.

The channel itself is a passive conduit for polypeptides and must
therefore associate with other components that provide a driving
force1. In co-translational translocation, the major partner is the
ribosome. The elongating polypeptide chain moves directly from
the ribosome into the associated membrane channel. The energy for
translocation comes from GTP hydrolysis during translation. Many
(or perhaps all) cells also have post-translational translocation, in

which polypeptides are completed in the cytosol and then trans-
ported across the membrane. In yeast (and probably in all eukary-
otes), the post-translational translocation partners are another
membrane protein complex (the tetrameric Sec62/63p complex)
and the lumenal protein BiP, a member of the Hsp70 family of
ATPases8,9. BiP promotes translocation by acting as a molecular
ratchet, preventing the polypeptide chain from sliding back into the
cytosol10. In the eubacterial post-translational pathway, the cytoso-
lic ATPase SecA pushes polypeptides through the channel11. In
addition, an electrochemical gradient across the membrane stimu-
lates translocation in vitro and is essential in vivo12. Archaea lack
SecA and the Sec62/63p complex, and it is unclear how they perform
post-translational translocation13. Despite the differences between
the pathways, most mechanistic aspects of translocation that relate
to the channel itself are probably similar. Specifically, in all cases the
channel partner—either the ribosome, the Sec62/63p complex or
SecA—binds first, and the signal sequence or TM of a translocation
substrate associates with the channel subsequently, priming it for
polypeptide translocation.

An understanding of the mechanisms that underlie protein
translocation requires detailed structural information. Low-resol-
ution structures have been obtained by single-particle electron
microscopy (EM) of either the isolated Sec61/SecY complex or
the Sec61 complex bound to the ribosome14–18. A recent structure of
the E. coli SecY complex, derived from electron cryo-microscopy of
two-dimensional (2D) crystals in a phospholipid bilayer, indicated
the expected number of TM helices, but the resolution (about 8 Å
in-plane) was insufficient for their identification19. We now report
the structure of the SecY complex from the archae M. jannaschii,
determined by X-ray diffraction at 3.2 Å resolution.

Structure determination of the SecY complex
We purified and crystallized the complex from M. jannaschii in the
detergent diheptanoylphosphatidyl choline. Crystals of seleno-
methionine-derivatized protein diffract to 3.4 Å and have different
unit-cell dimensions, depending on buffer conditions (see Sup-
plementary Table 1). Initial phases were obtained from single-
wavelength anomalous dispersion (SAD) experiments and
improved by a combination of cross-crystal averaging, solvent
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flattening and histogram matching. After obtaining an initial
model, we generated point mutants in the a-subunit aimed at
strengthening crystal contacts. One double mutant (Lys422Arg and
Val423Thr), called Y1, gave crystals that diffracted to 3.2 Å. There
are subtle differences between the mutant and wild-type structures
(see Supplementary Fig. S2), and we have used the latter to generate
the figures below. The final wild-type model includes all residues,
with the exception of some at the termini (a-subunit 434–436;
b-subunit 1–20, 53; g-subunit 67–73). Examples of the fit into the
experimental electron density map are shown in Supplementary Fig.
S3, and a summary of the quality of the structures is given in Table 1.

Architecture of the SecY complex
General characteristics

The crystal structure contains a single copy of the SecY complex
with one polypeptide chain of each of the three subunits. Figure 1a
shows a stereo view from the cytoplasm (‘top view’) and Fig. 1b
shows the complex from the side (for more details, see Supplemen-
tary Fig. S4). As expected (see ref. 4), the a-subunit contains ten
TMs with amino and carboxy termini in the cytosol, and the b- and
g-subunits have one TM each, with their N termini in the cytosol.
Viewed from the top, the SecY complex has an approximately
rectangular shape (Fig. 1a). The a-subunit is open on one side
(the ‘front’) and is surrounded on the remaining three sides by the
two smaller subunits. The side view shows that only the cytoplasmic
domains protrude significantly beyond the phospholipid-head-
group region of the membrane (Fig. 1b).

The a-subunit

This subunit is divided into two halves, TM1–5 and TM6–10
(Fig. 1c), which are connected at the back of the molecule by an
external loop between TM5 and TM6. Each half consists of three
outer and two inner TMs (Fig. 1d) related by pseudo-symmetry
through a two-fold rotation axis in the plane of the membrane
(Fig. 1d), and they have similar folds (Supplementary Fig. S5). The
second half is essentially an inverted version of the first half, and
pairs of helices in the two parts are topologically related (for
example, TM2 and TM7). A similar pseudo-symmetry that is not
obvious from the primary sequence has also been observed in the
structures of several other membrane proteins (for example, refs
20, 21).

Many of the TMs in the a-subunit are not perpendicular to the
plane of the membrane (for example, TM2, TM5 and TM7), and

some do not span the entire membrane (for example, TM9 and
TM10). In addition, several loops have a complex secondary
structure, and some are tucked back into the membrane (for
example, the loop between TM7 and TM8). The most striking
feature of the a-subunit is the segment following TM1 (Fig. 1e). In
most organisms, it begins with the sequence PFXG (F is a conserved
hydrophobic amino acid). It then continues as a long loop that runs
along the external side of the molecule before leading back into the
centre of the a-subunit and ending in a short, distorted helix, called
TM2a. This helix extends to a point about halfway through the
membrane (Fig. 1e). It is not particularly hydrophobic and was
predicted to be in the external aqueous phase22. TM2a is followed
by a segment resembling a b-hairpin loop centred on Gly 68
(Supplementary Fig. S3a). This loop ends in the middle of the
membrane at the completely conserved Gly 74 of the sequence
GFXP. A sharp turn leads into TM2b, which extends from the centre
of the molecule outwards at a,308 angle with respect to the plane of
the membrane.

The b-subunit

This polypeptide begins with a disordered cytoplasmic segment
followed by a loop that crosses over the N terminus of the a-subunit
(Fig. 1a). The TM is almost perpendicular to the plane of the
membrane and comes close to the C terminus of the g-subunit at
the external side of the membrane (Fig. 1b). The b-subunit makes
only limited contact with the a-subunit, which may explain why it is
not essential for the function of the complex.

The g-subunit

This subunit consists of two helices. The N-terminal helix lies on the
cytoplasmic surface of the membrane (Fig. 1a, b). In agreement with
predictions and crosslinking studies23,24, this helix is amphipathic
with the hydrophobic surface pointing towards the membrane,
contacting the C-terminal part of the a-subunit. The helix is
followed by a short b-strand that forms a sheet with a segment of
the b-hairpin between TM6 and TM7 of the a-subunit (Fig. 1a).
The TM of the g-subunit is a long, curved helix that crosses the
membrane at a ,358 angle with respect to the plane of the
membrane (Fig. 1b). One side of the helix makes limited contacts
with TM1, TM5, TM6 and TM10 of the a-subunit, and thus clamps
together the two halves of the a-subunit.

Comparison with the EM structure of the E. coli SecY complex
Functional interpretations of the X-ray structure must be based on
the large body of experimental work carried out on systems from
E. coli, mammals and S. cerevisiae; no functional data are available
for archaeal SecY complexes, but the X-ray structure of the
M. jannaschii complex is probably representative of all species.
The amino-acid sequences of the M. jannaschii subunits are quite
similar to those in eukaryotes and eubacteria (,50% similarity)
(Supplementary Fig. S1). Fitting the X-ray structure into the
electron density map of the 2D crystal structure of the E. coli SecY
complex, determined by EM19, shows that the TM segments of the
SecY complexes from M. jannaschii and E. coli are arranged in
nearly identical ways (Fig. 2a). We can identify all TMs in the E. coli
a-subunit and observe that many features are conserved, including
the position of the unusual segment following TM1 (Fig. 2a). The
external loops between TM7 and TM8 and between TM5 and TM6
are shorter in eubacteria, causing small shifts in some helices, but
the changes are confined largely to lipid-facing parts of the mol-
ecule, which have few conserved residues (Supplementary Fig. S6).
The agreement between the X-ray and EM models also shows that
the architecture is the same whether in detergent solution or in a
phospholipid bilayer. Moreover, as the a-subunit in the 2D crystal is
part of a dimer19 (Fig. 2a, b), oligomerization does not grossly
change the conformation of the SecY complex.

The small subunits of the E. coli complex in the EM structure can

Table 1 Crystallographic statistics

Data set SeMet (X25)* Y1 mutant (8BM)*
.............................................................................................................................................................................

Resolution (Å) 3.5 3.2
Unique reflections 14,439 (1,291) 18,118 (1,439)
I/Ij 30.9 (2.74) 26.9 (2.24)
Completeness (%) 98.4 (89.6) 93.2 (76.1)
Rsym† 0.08 (0.67) 0.05 (0.44)
Phasing to 3.8 Å

FOM (from SOLVE) 0.29 (0.19)
Map correlation‡ 0.24
Mean phase difference (8)§ 75.1 (77.6)

Rcrystk 0.254 (0.383) 0.242 (0.414)
R free{ 0.334 (0.463) 0.287 (0.442)
r.m.s. deviation bond length (Å) 0.008 0.008
r.m.s. deviation bond angles (8) 1.3 1.23
Mean B-factor 122.4 97.8
.............................................................................................................................................................................

*Values in parentheses refer to data in the highest-resolution shell (3.63 Å to 3.50 Å and 3.31 Å to
3.20 Å in the wild-type and mutant data sets, respectively). SeMet, selenomethionine.
†Rsym ¼ ShklSijIiðhklÞ2 IðhklÞj=ShklSijIiðhklÞj; where I(hkl) is the average intensity. All reflections
were used.
‡The map correlation coefficient is the correlation between a synthetic electron density map
calculated on the basis of the final model and the map corresponding to the experimental set of
phases, averaged over all grid points.
§Mean phase difference between initial phases from SOLVE and phases calculated from the final
refined wild-type model. The phase difference is defined as the average difference between
experimental phases and phases calculated from the final refined model.
kRcryst ¼ ShklkFobsj2 kjFcalck=Shkl jFobsj

{R free is the same as Rcryst for a selected subset (10%) of the reflections that was not included in
prior refinement calculations.
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also be identified from a comparison with the M. jannaschii
complex. The bacterial b-subunit (SecG) comprises two TMs, the
second of which has the same position and orientation as the TM of
Secb of M. jannaschii25 (Fig. 2a), suggesting that they may have
analogous functions. The N-terminal TM of the bacterial b-subunit
(SecG) has no correspondence in archaea and eukaryotes. The
g-subunit (SecE) of E. coli has two non-essential TMs at its N
terminus23, which correspond to the two helices that are far apart
from the others in the 2D crystal structure of the E. coli protein
(Fig. 2a). These helices are in approximately the same location as the
N terminus of the M. jannaschii g-subunit in the X-ray structure
(Fig. 2b).

Translocation pore and plug
Experiments in different systems have shown that the SecY/Sec61p
complex forms oligomers during translocation, but as we will argue
later, our structure suggests that a single copy of the SecY/Sec61p
complex serves as a functional channel. A large, funnel-like cavity
with a diameter of 20–25 Å at the cytoplasmic side of the SecY
complex could serve as a channel entrance (Fig. 3a, b). It contains
many conserved residues (Supplementary Fig. S6), suggesting that it
has an important function. The funnel tapers to a close in the
middle of the membrane (Fig. 3b), indicating that the structure
corresponds to a closed channel, impermeable to polypeptides or
even small molecules.

How might the channel open and how could it recognize signals?
A large body of data in the literature allows us to propose specific
models for these and other properties. TM2a, which we call the
‘plug’, blocks the bottom of the funnel about halfway across the
membrane, and separates the cytoplasmic side from the external
aqueous space (Fig. 3a). We propose that the channel opens for

polypeptide translocation by displacement of the plug. Consistent
with this hypothesis, a cysteine introduced into the plug at residue
67 of the E. coli a-subunit (SecY; corresponding to M. jannaschii
Thr 61) can form a disulphide bridge in vivo with a cysteine
introduced at residue 120 of the E. coli g-subunit (SecE;
M. jannaschii residue 64)26. These residues are more than 20 Å
apart in the closed state of the channel (Fig. 3a). Disulphide bridge
formation results in a dominant-negative phenotype, as would be
expected if the channel were locked into a permanently open state.
Another combination of cysteines (E. coli residue 64 in the a-sub-
unit (SecY) and 124 in the g-subunit (SecE)) is also lethal, whereas
combinations of neighbouring residues are not26, suggesting that
the helical structures of the plug and the g-subunit are maintained
during movement. Given that the TM of the g-subunit is a
continuous helix with one hydrophobic side, we assume that it
remains stationary while the plug moves as a rigid body into a cavity
on the external side of the channel next to the C terminus of the
g-subunit (Fig. 3b, c). This displacement requires a translation of
,22 Å towards the back of the molecule, as well as a shift of about
12 Å towards the external side of the membrane. The hinges for the
motion could be the Gly residues at positions 49 and 68. Although
not universally conserved, all species have small residues in this
region that could serve this function. Movement of the plug would
open the pore (Fig. 3b, c), resulting in an hourglass-shaped channel
with aqueous funnels that taper to a constriction in the middle of
the membrane (Fig. 3b).

The funnel-like cavities on both sides of the constriction would
create an aqueous channel across the membrane (Fig. 4a, b). This
feature is consistent with fluorescence life-time measurements3,
which suggest that a translocating polypeptide is in an aqueous
environment. The walls of both funnel-like cavities contain hydro-

Figure 1 General architecture of the SecY complex. a, Stereo view from the cytosol (top).

The a-subunit is coloured blue to red from the N to the C terminus with the TM segments

numbered; the b-subunit is shown in pink and the g-subunit in magenta. b, View from the

back, with the phospholipid head group and hydrocarbon regions of the membrane

shown in blue and grey in the background. Cytosolic loops probably involved in ribosome

and SecA binding are indicated. c, Top view with the N- and C-terminal halves of the

a-subunit in blue and red, respectively. d, Top view sliced through the middle of the

membrane. The solid lines connect the TMs from the N to the C terminus in the two halves;

the dotted arrow shows the axis of internal symmetry. e, Slab views from the front and

back, with the foreground removed and TM1 (dark blue), TM2a and TM2b (sky blue)

highlighted.
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philic residues (Fig. 4a, b), but there are few charges (not shown).
The absence of charges is particularly remarkable for the cyto-
plasmic funnel; its interior is uncharged, but its outer rim in the
cytoplasm contains a large number of both positive and negative
residues.

The pore ring
The nature of the constriction suggests a mechanism by which the
membrane barrier can be maintained during protein translocation.
At its narrowest point, the channel is lined by a ‘pore ring’ of six

hydrophobic residues (Ile 75, Val 79, Ile 170, Ile 174, Ile 260 and
Leu 406) (Fig. 3b, c). In E. coli, the corresponding residues are all
isoleucines, and this amino acid is frequently found as pore residues
in other species (Supplementary Fig. S1). The opening formed by
the ring is about 5–8 Å. The hydrophobic residues may form a
gasket-like seal around a translocating polypeptide, and bulky
isoleucines may be particularly suitable seal residues. Different
amino acids must pass through the pore ring, and the required
flexibility may be provided largely by lateral shifts of the helices to
which the pore residues are attached (see below). Although the seal
is not likely to be perfect, it would significantly hinder the passage of
small molecules during translocation. This model is different from
previous proposals, in which the ribosome–channel junction and
the binding of the lumenal protein BiP provide the seal in co-
translational translocation in mammals3,27. Our model explains how
the membrane barrier can be maintained in both co- and post-
translational translocation pathways, and why a gap between the
ribosome and the channel, seen in EM structures of the eukaryotic
ribosome–channel complex15–18, may not compromise the mem-
brane barrier.

The hourglass shape of the open channel would minimize its
interactions with a translocating polypeptide chain. Contacts would
be confined largely to the constriction formed by the pore residues.
Because the constriction consists of only a single layer of hydro-
phobic side chains (Fig. 3b), interactions with a polypeptide at its
centre would probably be weak, even when hydrophobic amino
acids are passing through. The lack of charges in the cavities on
either side of the constriction may also help to minimize inter-
actions between the channel and the translocating chain.

The diameter of the pore ring seen in the X-ray structure might be
sufficient to accommodate an extended polypeptide chain, but with
a little expansion it could allow passage of an a-helix. An increase in
pore size could result from shifts in the helices that line the channel,
perhaps facilitated by rearrangement of the loop between TM4 and
TM5, in which the conserved Gly residues of a Gly-Ile-Gly-Ser-Gly-
Ile-Gly sequence could serve as hinges. TM10 could also move,
facilitated by conserved Gly residues in the membrane-embedded
loop between TM9 and TM10, related by pseudo-symmetry to the
4/5 loop (Supplementary Fig. S5). These shifts could allow a variable
pore width, and might explain how even bulky residues attached to
the side chains of amino acids in vitro28 or a disulphide-bonded
polypeptide loop of 13 residues in a secretory protein29 can be
transferred through the channel. The pore size would effectively
prevent the passage of folded domains, consistent with experimen-
tal data30,31. Unless the pores of several copies of Sec61p/SecY
complexes fuse into a larger pore (see below), the structure seems

Figure 2 Comparison with the 2D crystal structure of the E. coli SecY complex. a, X-ray

structure of the M. jannaschii SecY complex (coloured as in Fig. 1a), visually docked into

the electron density map of the E. coli SecY complex, determined by cryo-electron

microscopy of 2D crystals19. Shown is a 5 Å slab, viewed from the top, with the map

contoured at 1 j. The M. jannaschii TMs are numbered. TMs of the E. coli complex with

no correspondence in M. jannaschii were fitted into the density as grey cylinders. The

diamond symbol indicates the axis of two-fold symmetry in the E. coli complex.

b, Modelled dimer of the SecY complex, in the same orientation as in a, with TM2b and

TM7 coloured as in Fig. 1a. TM2a (plug) is shown in dark green. A cysteine introduced at

the position indicated by a red sphere results in efficient crosslinks (X) between two g-

subunits.

Figure 3 The channel pore. a, View from the top with TM2a (plug) coloured in dark green.

b, View from the side with the front half of the model cut away. The modelled plug

movement towards the g-subunit (magenta) is indicated. The hydrophobic pore ring is

shown by the side chains coloured in gold. c, Top view with the plug modelled in its open

position. TM2b and TM7 are coloured as in Fig. 1a. The star indicates the region where

introduced cysteines result in crosslinking between TM2a and the TM of the g-subunit.
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to be inconsistent with the claim that the open channel has a
diameter of at least 40 Å (ref. 32).

Signal-sequence binding and lateral gating
One trigger for channel opening is binding of the signal sequence of
a translocation substrate3,33. At the beginning of translocation of a
secretory protein, the polypeptide inserts into the channel as a loop,
with the signal sequence intercalated into the walls of the channel
and the following, mature region located in the aqueous pore.
Photocrosslinking experiments in a yeast in vitro system have shown
that the hydrophobic region of a bound signal sequence forms a
helix of approximately two turns, contacted on opposite sides by
TM2 and TM7 (ref. 34). The part of the signal sequence preceding
the hydrophobic core contacts TM8 (ref. 34). Each residue of the
signal sequence can also be crosslinked to phospholipid molecules,
indicating that the binding site is located at the interface between
channel and lipid34. The X-ray structure of the SecY complex
enables us to rationalize these results. The signal-sequence inter-
calation site is located between TM2b and TM7 at the front of
the cytoplasmic funnel (Figs 5a, b); it is not close to the TM of the
g-subunit, as previously proposed34. The top of TM2b interacts
with TM8, explaining why TM8 can be crosslinked to the N
terminus of the bound signal sequence34. In addition, the weak
crosslinks of the signal sequence to TM2a (designated as TM1 in
ref. 34) are also consistent with the structure. The residues forming
the signal-sequence-binding site are well conserved (Supplementary
Fig. S6). TM2b and TM7 are in opposite halves of the a-subunit,
and intercalation of a signal sequence between them would require
the front of the a-subunit to open. This could result from a small
(,158) hinge motion between TM5 and TM6 at the back of the
molecule (Fig. 5), which would create a pore with dimensions of
15–20 Å front to back and 10–15 Å side to side, sufficient to allow
loop insertion of a translocating polypeptide chain. As TM2b and

TM7 cross at an angle of about 708, the signal sequence could not be
in contact with both TMs for more than two turns, consistent with
the minimal requirement for 6–7 consecutive hydrophobic residues
in a functional signal sequence. Small variations in the hinge
opening could permit a range of separations and relative orien-
tations of TM2b and TM7, providing the flexibility needed to insert
different signal sequences. Intercalation between TM2b and TM7 at
the open front of the a-subunit would also explain why the signal
sequence is exposed to lipid34.

The location of the TM2b–TM7 intercalation site is consistent
with a role for the signal sequence as a trigger for channel open-
ing3,33, because the signal sequence would have access to its binding
site in the closed channel (Fig. 5b). We propose that the bound
signal sequence destabilizes the interactions of the plug that keep it
in the centre of the pore, opening the channel. Insertion into the
pore of the polypeptide region distal to the signal sequence could fix
the channel in the open state by preventing the plug from returning
to its closed-state position. The plug could return and the pore
would close only after the polypeptide chain had left the channel.

The TMs of nascent membrane proteins must exit laterally from
the channel into the lipid phase. The X-ray structure shows that the
front is the only place where the complex could open towards lipid;
all other directions are blocked by the small subunits or obstructed
by segments of the a-subunit. The lateral gate would be formed in
the cytoplasmic half of the membrane by the interface between
TM2b and TM8 and between TM2b and TM7, and in the external
half by the interface between TM3 and TM7 (Fig. 5a, b). Opening
the gate would require breaking of hydrophobic interactions and of
hydrogen bonds between the conserved Gln 86 in TM2b and Thr 337
in TM8, and between Asn 268 in TM7, Glu 122 in TM3 and Thr 80
in TM2b (the last two are conserved; see Supplementary Fig. S1).
Whereas signal sequences contain relatively short hydrophobic
segments and may stay intercalated into the lateral gate until they
are cleaved by signal peptidase, longer and more hydrophobic TMs
may partition into lipid35.

Signal-sequence suppressor mutations
Support for the postulated mechanism of pore opening comes from
the location of signal-sequence suppressor (prl) mutations. Genetic
studies in E. coli have shown that certain mutations in the SecY
complex allow secretory proteins with defective or even deleted
signal sequences to be transported36,37. Most of the prl mutations are
located in the centre of the channel, particularly on the internal side
of TM7 and in the plug (Fig. 6). Inspection of specific mutations
indicates that at least some of them could destabilize the closed state
of the channel. For example, the mutations Phe64Cys and Asn65Tyr
(prlA300 and prlA8914) in the E. coli a-subunit (SecY) correspond
to changes in residues within the plug (Phe 58 and Trp 59) that face
TM7. Other prl mutations change hydrophobic residues in the pore
ring to hydrophilic residues (for example, Ile408Asn (M. jannaschii
Leu 406) in prlA4). These mutations may stabilize the open state of
the channel, in which the residues of the pore are in an aqueous
environment, or they may facilitate widening of the pore during
initiation of translocation. The prlG3 mutation Ser120Phe in the
E. coli g-subunit (SecE; M. jannaschii Gly 64) may also stabilize the
open state of the channel, as this is the same residue that can be
crosslinked to the plug. In general, our analysis supports the idea
that prl mutations mimic the effect of signal-sequence binding—
that is, they destabilize the closed state of the channel or stabilize the
open state.

Binding of cytosolic channel partners
For translocation, the channel must associate with a partner, which
can be—depending on the mode of translocation—the ribosome,
SecA or the Sec62/63p complex. The ribosome must bind predo-
minantly to the cytosolic domains in the C-terminal half of the a-
subunit—that is, to the loops between TM6 and TM7 and between

Figure 4 Distribution of polar residues. Accessible surface representations of the channel

with the plug in its open-state position and polar amino-acid residues

(S,T,C,H,D,E,N,Q,R,K) shown in red. a, b, Internal surface of the cytoplasmic and external

funnels, revealed by cutting the complex into halves. The two views are related by 1808

rotation. c, d, External surface of the complex shown from the front and back. The lines

indicate the borders of the hydrophobic region of the membrane (M).
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TM8 and TM9, and to the C-terminal tail (Fig. 1b). Proteolysis
experiments with the mammalian Sec61p complex have shown that
the loop between TM8 and TM9 and the C-terminal tail are
required for high-affinity ribosome binding38. The tip of the 8/9
loop contains several conserved residues, including the universally
conserved Arg 360 and Arg 372, which are prime candidates for
interaction with nucleic acid in the large ribosomal subunit39. The
cytosolic loops in the N-terminal half are much shorter, hardly
protruding beyond the phopholipid-head-group region (Fig. 1b),
and would not be expected to make strong contacts. Binding of the
ribosome to only one half of the a-subunit would not prevent the
relative movement of the two halves, which the structure suggests is
required for signal-sequence intercalation. The protrusion of the
cytosolic loops in the C-terminal half could place the binding
platform for the ribosome 10–20 Å away from the plane of the
membrane. A gap of this size has been seen by EM of ribosome–
channel complexes15–18.

In eubacteria, the same cytosolic domains that bind the ribosome
probably interact with SecA. The loop between TM8 and TM9 is
particularly important, and mutagenesis of residues corresponding
to Arg 360 and a few residues following it results in translocation
defects (for a review, see ref. 40). Mutations in the C-terminal tail,
although not abolishing the interaction with SecA, prevent a
conformational change in SecA that is required for translocation40.
Both the overlap of the interaction sites and size considerations
suggest that the ribosome and SecA cannot bind at the same time.
The narrow pore in the SecY complex does not explain observations
that suggest a deep insertion of SecA into the channel11,41.

Binding of a channel partner probably causes conformational
changes in the Sec61p/SecY complex. This would be consistent with
the observation that Sec61p channels with bound ribosomes have
an increased conductance for small molecules compared with those
without a channel partner or those containing a translocating
polypeptide2,42. Binding of a channel partner followed by intercala-
tion of a signal sequence may be required to open the channel. In the
case of a prl mutant in E.coli, SecA binding would be sufficient, and a
signal sequence would not be needed.

Oligomerization of the Sec61/SecY complex
The translocating channel is likely to be an oligomer of the Sec61/
SecY complex, containing between two and four copies15–19,43–45, and
it has been assumed that a large pore forms at the interface of several
Sec61/SecY complexes. However, a side view shows that simple
association of several copies of the complex could not form a
hydrophilic pore in the membrane (Fig. 4c, d). A hydrophilic
pore could be generated by multiple complexes only if they
associated at their front surfaces and opened to fuse the a-subunits
into a larger channel. The enlarged pore would be lined by the same
residues as in a single complex, but would have a lateral exit site at
each of the interfaces between a-subunits. Although we cannot
exclude this possibility, we consider it unlikely. In fact, for the
bacterial post-translational translocation system, experimental evi-
dence suggests that a dimer with a back-to-back association of the
complexes is the basic functional unit. This is the arrangement seen
in the 2D crystal structure19 (Fig. 2). A cavity between the two
monomers, previously thought to be a potential pore19, is entirely
hydrophobic and is probably filled with lipids. A functional back-
to-back association of two SecY complexes is supported by several
different experiments. Cysteine crosslinking shows that two g-sub-
units are close to one another during translocation46, with the most
efficient crosslinking occurring at residue 106 of the E. coli g-sub-
unit (SecE; M. jannaschii Ile 50), which is indeed at the interface
between two g-subunits in the 2D crystals (Fig. 2b). Crosslinking
also shows that the N and C termini of two a-subunits are in
proximity, and that the crosslinked dimer has translocation
activity47. A tandem molecule, in which the C terminus of the first
a-subunit is linked with the N terminus of the second, is also
functional45. Because the lateral exit sides in the back-to-back dimer
face different directions and there is no connection between the two
pores (Fig. 2b), we conclude that one copy of the SecY complex is
sufficient to serve as an active pore. In support of this proposal, a
detergent-solubilized translocation intermediate contains just one
copy of SecY complex associated with one SecA and one transloca-
tion substrate molecule45,48. The active translocation channel may
also be contained in a tetramer of SecY complexes43, which could

Figure 5 Signal-sequence-binding site and lateral gate. a, b, Views from the top (a) and

the front (b), with faces of the helices that form the signal-sequence-binding site and the

lateral gate through which TMs of nascent membrane proteins exit the channel into lipid

highlighted in colours as in Fig. 1a. The plug is coloured in green. The hydrophobic core of

the signal sequence probably forms a helix, modelled as a magenta cylinder, which

intercalates between TM2b and TM7 above the plug. Intercalation requires opening the

front surface, as indicated by the broken arrows, with the hinge for the motion being the

loop between TM5 and TM6 at the back of the molecule (5/6 hinge). A solid arrow pointing

to the magenta circle in the top view indicates schematically how a TM of a nascent

membrane protein would exit the channel into lipid.
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form by the association of two dimers side by side, similar to their
arrangement in the 2D crystal lattice19. Crosslinks between the TM
of the E. coli g-subunit (SecE) and TM2 and TM7 of the a-subunit
(SecY) have been observed49, but they do not fit with either front-to-
front or back-to-back orientation of the monomers.

Ribosome-associated Sec61p channels contain three or four
copies of the complex15–18. In view of their sequence similarity
(Supplementary Fig. S1), it seems likely that the co-translational
eukaryotic and the post-translational bacterial complexes function
similarly. We therefore favour a model in which two dimers, with a
back-to-back arrangement of the complexes, associate side by side
beneath the ribosome. The front sides of all complexes would then
face outwards, and only one complex at any given time would form
the active pore and contain a translocating polypeptide. As the
ribosome is asymmetric and would make different contacts with the
four copies of the Sec61p/SecY complex, the monomers may have
different conformations. Our model implies that the appearance of
a pore in low-resolution EM structures of ribosome–channel

complexes is simply an indentation between the subunits rather
than a channel. The recent higher-resolution EM structures do not
have a pore, and the observed central indentation is offset from the
exit site of the nascent chain from the ribosome17,18.

Oligomers of the Sec61p complex may also be required for post-
translational translocation in S. cerevisiae14, but there is no evidence
that the signal sequence intercalates between TMs of different
a-subunits50. Thus, in all three translocation pathways, a single
copy of the Sec61p/SecY complex in an oligomeric assembly may
form the translocation pore.

If the active pore is formed by a monomer, what is the role of
oligomerization? Allosteric interactions between the monomers,
regulation of the binding of partners and display of sites for
recruitment of other factors (for example, signal peptidase, oligo-
saccharide transferase, TRAM or TRAP) are possible answers.
Nonetheless, the issue remains an important puzzle for future work.

A model for protein translocation
The X-ray structure allows us to propose the following refined
model for the translocation of secretory proteins. Initially, the
channel is closed because the plug blocks the pore (Fig. 7, stage
1). Next, a channel partner binds; depending on the mode of
translocation and the organism, this can be a ribosome, the
Sec62/63p complex or SecA (Fig. 7, stage 2 indicates the situation
with a ribosome). Although part of an oligomer, only one copy of
the SecY/Sec61p complex forms the active pore. The closed state of
the channel may be destabilized by a conformational change, but
binding of the partner alone is insufficient to completely open the
channel. In the next step, the substrate inserts as a loop into the
channel, with its signal sequence intercalated between TM2b and
TM7, and with its mature region in the pore (Fig. 7, stage 3).
Insertion requires a hinge motion to separate TM2b and TM7, and
displacement of the plug to its open-state position close to the
g-subunit. The mature region of the polypeptide chain is then
transported through the pore, and the signal sequence is cleaved at
some point during translocation (Fig. 7, stage 4). While the
polypeptide chain is moving from an aqueous cytoplasmic cavity
to an external one, the pore ring forms a seal around the chain,
hindering the permeation of other molecules. Finally, when the
polypeptide has passed through, the plug returns to its closed-state
position (Fig. 7, stage 5). Membrane protein biosynthesis, although
less well understood, might occur in a similar way, except that TMs
could move from the lateral gate all the way into lipid, and cytosolic
domains would form by emerging through the gap between ribo-
some and channel. Several of these points differ from conventional

Figure 7 Different stages of translocation of a secretory protein. See main text for

description.

Figure 6 Signal-sequence suppressor (prl) mutations. a, Stereo view from the top with the

Cb atoms of the residues corresponding to E. coli prl mutations in the a-subunit (SecY)

and g-subunit (SecE) shown as pink and purple spheres, respectively. TM2a, TM2b and

TM7 are highlighted in colour. b, View from the front.
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models, but the structure now provides the basis for experimental
testing. A

Methods
Protein preparation
We cloned SecY complexes from ten different species into the pBAD22 vector (see
Supplementary Information) under control of the arabinose promoter. The plasmids
contained the genes for the g-, a- and b-subunits in this order, each with a separate
translation-initiation site. The genes were amplified by polymerase chain reaction (PCR)
from genomic DNA, and digested with NcoI/SalI, SalI/XbaI and XbaI/KpnI, respectively.
Four-component ligation with NcoI/KpnI-digested pBAD22 resulted in the intergenic
sequence AGGAGGAGCATC between the 5

0
restriction site and the initiation codon of the

a- and b-subunits. The g-subunit contained at its N terminus a hexa-histidine tag
followed by a thrombin cleavage site, resulting after cleavage in the N-terminal sequence
Gly-Ser instead of Met. The following procedure was used for the SecY complex from
M. jannaschii, which gave the highest expression levels and was the most stable in a
number of detergents. Initially, we crystallized the SecYE dimer, but the crystals never
diffracted beyond ,6.5 Å. By consulting sequence databases, we discovered archaeal
polypeptides with sequence similarity to the b-subunits in eukaryotes. We co-expressed
the b-subunit from M. jannaschii and found that it associated with SecYE. The trimeric
complex turned out to be significantly more stable than the dimer. For its purification,
cells of E. coli strain C43 (DE3) were induced with 0.2% arabinose for 3 h at 37 8C or
12–16 h at room temperature, and lysed on ice in TSG buffer (20 mM Tris, 300 mM NaCl,
10% glycerol, pH 7.8) using a microfluidizer. Membranes were collected by centrifugation
for 40 min at 40,000 r.p.m., and solubilized in 1.5% (w/v) 1,2-diheptanoyl-sn-glycero-3-
phosphocholine (DHPC; Avanti Polar Lipids) in TSG buffer. After centrifugation for
30 min at 40,000 r.p.m., the extract was loaded onto a 15–20 ml Ni column (metal-
chelating Sepharose, Amersham Pharmacia Biotech). The column was washed with 20
volumes of 0.2% DHPC in TSG buffer in the presence of 30 mM imidazole. The SecY
complex was eluted with 300 mM imidazole, exchanged into PBS (pH 7.4) containing 10%
glycerol and 0.1% DHPC, and treated with bovine thrombin at 5–10 U mg21 protein for
16 h at 30 8C. After adding imidazole to 30 mM, the solution was passed through a small
(2 ml) Ni column. Further purification was carried out by gel filtration on Superdex-200 in
buffer A (10 mM HEPES, pH 7.5, 100 mM NaCl, 10% glycerol, 0.1% DHPC), followed by
ion-exchange chromatography on Mono-S (Pharmacia) using a gradient from 100 mM to
400 mM NaCl in buffer A. The b-subunit was present at sub-stoichiometric levels relative
to the YE subunits; obtaining crystals depended critically on removing contaminating
SecYE complexes from the trimeric complex, which was achieved by the gel-filtration and
ion-exchange steps. The complex was concentrated to 10–15 mg ml21 with a Centriprep
Plus-20 concentrator (Amicon; molecular mass cutoff, 30 kDa) and dialysed overnight at
4 8C.

Selenomethionine-substituted SecY complex from M. jannaschii was expressed in
wild-type C43 (DE3) cells by inhibition of the methionine biosynthesis pathway. The cells
were grown in M9 minimal medium with 0.2% glucose and 5% (v/v) glycerol as carbon
sources, and induced with 1% arabinose. Purification was as described for the native
protein, with all buffers supplemented with 0.5 mM EDTA and 0.5 mM Tris-(2-
carboxyethyl)phosphine to avoid oxidation.

Crystallization
Crystallization of the M. jannaschii trimeric SecY complex was performed by hanging-
drop vapour diffusion at 4 8C, mixing 1 ml each of protein (5–10 mg ml21) and reservoir
solutions. Initial crystallization conditions were found using a broad screen. After
optimization, the best crystals were obtained with 50–55% PEG400, 50 mM glycine buffer,
pH 9.0–9.5. They appeared overnight and grew to maximum dimensions of
150 £ 150 £ 400 mm within a week. They belong to space group P21212 and diffract to
3.4 Å. Selenomethionine-substituted crystals of the SecY complex were obtained with
,45% PEG400.

After obtaining an initial model, several double mutants were made in which residues
involved in crystal contacts between the C terminus of one monomer and the 5/6 loop of
another were changed. One of them (Lys422Arg/Val423Thr), called Y1, crystallized in thin
plates at 35% PEG400.

Crystals were flash frozen in liquid nitrogen directly from the drop. We discovered that
on gradually increasing the PEG concentration from 35–40% to 52%, the unit cells shrank
substantially (Supplementary Table 1). A similar reduction in cell dimensions was
observed on soaking certain heavy-atom derivatives such as K2PtCl4 into the crystals. The
different crystal forms were useful for cross-crystal averaging of electron density maps.

Data collection, structure determination and refinement
Diffraction data were collected at 100 K on beamlines at either the National Synchrotron
Light Source at Brookhaven National Labs (X25) or the Advanced Photon Source at
Argonne National Labs (8BM, 14BM-C, 19ID) (see Table 1). The data were indexed and
scaled with HKL2000. As the crystals were radiation sensitive, we collected highly
redundant single-wavelength anomalous dispersion (SAD) data sets at the selenium peak
wavelength. Thirteen out of 15 selenium sites were located using SOLVE. The selenium
sites in other crystal forms were found by molecular replacement using AMORE. After
solvent flattening with CNS, electron density maps were generated with useful phases to
,4 Å. An initial model was built with the program O for the a-helical TM segments, using
selenium sites and large amino-acid side chains to determine the registry. The model was
improved by an iterative process, using cross-crystal averaging, solvent flattening and
histogram matching with a modified version of DMMULTI, and model building.
Molecular replacement with the improved model was used in AMORE to obtain electron

density maps for the native SecY complex and the Y1 mutant, which were then included in
the averaging. Torsion angle refinement with hydrogen bond restraints and B-factor
refinement of the model were performed with the Y1 data set using CNS, resulting in an
R free of 28.7%. This model was used in the subsequent refinement of the wild-type crystal
form, giving an R free of 33.4%. The following residues in the best-refined structure of the
a-subunit were poorly defined, presumably because of conformational flexibility: 18–20,
48–55, 288–292 and 301–314. Figures shown in the paper were rendered with RIBBONS
and POV-Ray (http://www.povray.org/), except for Fig. 4, which was generated with
Raster3D and SPOCK, and Supplementary Fig. S4, which was made using Molscript.
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