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Transport and membrane integration of polypeptides is carried
out by specific protein complexes in the membranes of all living
cells. The Sec transport path provides an essential and ubiquitous
route for protein translocation'. In the bacterial cytoplasmic
membrane, the channel is formed by oligomers of a hetero-
trimeric membrane protein complex consisting of subunits SecY,
SecE and SecG*>?. In the endoplasmic reticulum membrane, the
channel is formed from the related Sec61 complex®. Here we
report the structure of the Escherichia coli SecYEG assembly at an
in-plane resolution of 8 A. The three-dimensional map, calcu-
lated from two-dimensional SecYEG crystals, reveals a sandwich
of two membranes interacting through the extensive cytoplasmic
domains. Each membrane is composed of dimers of SecYEG. The
monomeric complex contains 15 transmembrane helices. In the
centre of the dimer we observe a 16 X 25 A cavity closed on the
periplasmic side by two highly tilted transmembrane helices.
This may represent the closed state of the protein-conducting
channel.

The fundamental mechanism underlying protein translocation
through membranes cannot be understood without detailed infor-
mation of the three-dimensional (3D) structure of the membrane
proteins that form the translocation channel. So far, structural
information has been limited to electron microscopy and single-
particle analysis of the eukaryotic Sec61 or bacterial SecYEG
complexes at low resolution®®. To obtain a higher-resolution
structure, crystalline membrane vesicles of the E. coli SecYEG
were grown’. These crystals form by incorporation of the purified,
detergent-solubilized complex into a phospholipid bilayer by slow
removal of the detergent in the presence of lipids. This method has
yielded SecYEG active in protein translocation™’. The 3D structure
of SecYEG was determined by the analysis of electron micrographs
of crystals, tilted at angles of 0-55°. Amplitudes and phases of
structure factors extracted from the images were combined to
calculate a 3D map of SecYEG at 8 A resolution in the membrane
plane (Table 1, Fig. 1).

A side view of the map shows an unusual feature of the SecYEG
crystals: they are composed of two membrane layers related to one
another by a two-fold screw (2;) axis (Fig. 1a). Therefore, the
projection map’ was a superposition of two crystalline membranes.
This explains why it did not reveal the boundaries of the complex
or its oligomeric state. The two membranes are each about 40 A
thick and separated by a zone of lower density roughly 25 A wide. As
each membrane layer contains only the noncrystallographic two-
fold symmetry, the complexes within one membrane have the same
orientation, and thus, owing to the crystallographic 2, axis, the two
outer surfaces of the sandwich crystal are the same. The orientation
of the protein in the crystals was investigated by immuno-electron
microscopy, employing antibodies directed against the carboxy-
terminal region of SecG or SecY, which are known to be located on
the periplasmic and cytoplasmic sides of the membrane, respect-
ively'®"" (Fig. 2a, b). The SecG antibodies labelled the crystals,
whereas the SecY antibodies did not (Fig. 2c, e). Thin sections of
the crystals revealed that the SecG antibodies bound to both sides
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Figure 1 Double membrane crystal of SecYEG. a, Side view of the map of SecYEG at 8 A
in-plane resolution, with applied noncrystallographic two-fold symmetry, contoured at
1.35 s.d. A region of lower density, containing the cytoplasmic loops from both layers,
separates the two membranes. The membranes are related to one another by the
crystallographic 2, axis. The upper membrane is a slab one-unit cell deep. The lower
membrane is a thinner slab centred on the two-fold axis of the dimer, revealing a putative
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channel (asterisk), which is closed on the periplasmic side. b—d, Horizontal sections,

8 A apart, through the SecYEG dimer, as indicated in a. In each section, 15 peaks of
density, corresponding to sections of membrane-spanning helices, are resolved within a
monomer of SecYEG. They are arbitrarily numbered from 1 to 15 and colour coded. Scale
bar, 20 A.
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of the double membrane (Fig. 2d). Therefore, the outer surfaces of
the crystal correspond to the periplasmic side of the protein, and the
more extensive cytoplasmic domains provide the crystal contacts
between the two membranes (Fig. 1a). These features are consistent
with topology models indicating that twice as many residues of
SecYEG are exposed on the cytoplasmic surface than on the
periplasmic side'®'".

Within a single membrane, the SecYEG complex forms dimers
that are clearly separated from one another by featureless, lipid-
containing regions (Fig. 3a). The two monomers within the dimer
are related to each other by noncrystallographic two-fold symmetry.
In each SecYEG monomer, 15 rod-shaped densities—characteristic
of membrane-spanning o-helices—are resolved (arbitrarily labelled
1-15; Figs 1b—d and 3), consistent with predictions based on
polypeptide hydropathy. Helices 1, 3 and 12 run roughly perpen-
dicular to the membrane plane; helices 2, 4, 6, 11 and 13—15 have tilt
angles of 5-20° relative to the membrane normal, whereas helices 5
and 7-10 are highly tilted by 30-45° (Fig. 3a). All membrane-
spanning helices are well resolved at a contour level of one s.d. (Figs
1b—d and 3).

The monomer accommodates 13 tightly packed helices, with
centre-to-centre distances of 7-13 A. The two remaining helices are
isolated from the main bundle. SecY, SecE and SecG are predicted to
contain 10, 3 and 2 membrane-spanning a-helices, respectively.
Because SecG is not required for translocation in vitro>'> or in vivo',
a peripheral location of this subunit in the complex seems likely.

Figure 2 Immunogold labelling with antibodies directed against C-terminal fragments of
SecG (b—d) or of SecY (a and e). £. coli cells overexpressing the SecYEG complex were
freeze-fractured, splitting the inner membrane into convex (cytoplasmic, cyto) and
concave (periplasmic, peri) leaflets. Inmunogold labelling was performed as described®.
As expected, the SecG antibodies labelled only the periplasmic surface (b), whereas the
SecY antibodies bound only to the cytoplasmic surface of the bacterial membrane (a).
SecYEG crystals were immunogold labelled on the electron microscope grid support film
(c and e) or adsorbed to plastic slides before embedding and thin sectioning (d). In either
case, only periplasmic epitopes were labelled, indicating that both faces of the two-
dimensional crystals correspond to the periplasmic surface of the complex. Scale bars:
a, b, 500 nm; c—e, 200 nm.
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Therefore, helices 14 and 15 may correspond to SecG. The remain-
ing 13 helices can be described in terms of a central four-helix
bundle (tilted helices 6-9) with a left-handed twist, surrounded by
three other groups: a layer of less tilted helices (11-13) on one side, a
right-handed four-helix bundle (helices 1-4) on the opposite side,
and two highly tilted helices (5 and 10) at the dimer interface (Fig.
3a).

In the centre of the SecYEG dimer there is a clear cavity 16 X 25 A
wide and 22 A deep around the position of the noncrystallographic
two-fold axis (asterisk in Fig. 1). This indentation is closed on the
periplasmic membrane surface (Fig. 1), and is formed at the inter-
face of the two monomers. The cavity is lined by the whole length of
helices 5 and 10 and, on the cytoplasmic half, also by helices 6 and 9.
The highly tilted helix 10 is in close contact with the same helix of
the adjacent monomer on the periplasmic membrane side. These
two helices tilt away from one another towards the cytoplasmic side
in a V-shaped configuration (Fig. 3a, b), closing the cavity on the
periplasmic side.

Our map shows that a single SecYEG monomer does not contain
a channel that would be large enough for protein translocation.
Consistent with this result, most studies of SecYEG and Sec61p
suggest that the translocation channel is formed by an assembly of
several copies of the translocase complex, although the exact
stoichiometry is uncertain. A recent analysis found that translocat-
ing protein is associated with a dimer of SecYEG', but trimers” and
tetramers™® have also been proposed to form the translocation
conduit. All these studies suggest, however, that the channel is
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Figure 3 Dimeric structure of the SecYEG complex. a, Top view from the cytoplasmic side
of one crystalline membrane with applied two-fold noncrystallographic symmetry. The
unsymmetrized map and the electron density file (as a brk input to the program 0%°) are
available as Supplementary Information. SecYEG dimers are clearly separated from one
another. Within one monomer, the 15 transmembrane helices are drawn as red cylinders.
The two peripheral helices, 14 and 15, may correspond to the non-essential SecG
subunit. b—d, Side views of helices contoured at 1.0 (grey; in b only), 1.35 (blue) and 2.7
(pink) s.d. In ¢, tilted helix 9 extends outside the slab. All helix densities are continuous at
one s.d. Atincreasing contour levels, the densities of the most highly tilted helices, 10 and
7, appear discontinuous, as expected owing to the missing cone of data. The anisotropy of
the resolution is illustrated by the elongation of the point spread function along the
direction perpendicular to the membrane plane® (red inset in b).
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Table 1 Crystallographic data summary

Plane group symmetry L P124p

Unit cell dimensions a=104A,b=57A, =90
Thickness ~120A

Number of lattices* 63

Total no. of observationst 6,213

No. of unique structure factors} 2,175

Overall weighted phase errort1§ 20.3°

*Distribution of tilt angles: 0-10°, 17 images; 10-20°, 8 images; 20-30°, 6 images; 30-40°, 26
images; 40-55°, 6 images.

FIncluding reflections with signal-to-noise ratios greater than one (IQ 1-8; ref. 25).

I Before imposing the noncrystallographic symmetry.

§90° is random.

located at the interface between monomers. Our map of the SecYEG
dimer shows a deep cavity at the dimer interface that is closed at the
periplasmic side of the membrane. This may be the closed translo-
cation channel. The diameter of the cavity is similar to that of
previously observed translocation pores, ranging from 9 to 25 A
(refs 5, 7, 8). Furthermore, the most recent map of a ribosome-
associated Sec61 channel also displays a central indentation rather
than a continuous channel, and is closed on the side of the
membrane that would correspond to the periplasmic surface’.
Small conformational changes would be sufficient to convert the
observed cavity into a continuous channel: the helices 10 of adjacent
monomers could move away from one another to facilitate protein
translocation. Helix 10 could correspond to the conserved third
transmembrane domain of SecE, which has been shown to be a
contact site between two monomers" and is thought to have a
dynamic role in protein translocation'>'*. However, we cannot
exclude the possibility that the active channel is formed upon
incorporation of additional SecYEG monomers into the oligomeric
complex®. Irrespective of the mechanism of channel formation, the
dimer we find in the membrane crystals could represent a state of
the SecYEG complex that can initiate protein translocation. There-
fore, it would contain the binding sites for SecA and for the signal
sequence of a translocation substrate. SecA is an ATPase that
delivers the protein substrate to the channel and is thought to
move in and out of a SecYEG structure while being shielded from
phospholipid''. This interaction results in a progressive move-
ment of the polypeptide through the pore'**. SecA could be bound
by the extensive cytosolic loops of the SecYEG complex near the
dimer interface. The cavity is too small to enclose the entire SecA
dimer, which measures about 150 X 80 X 80 A (ref. 22), suggesting
that only a part of SecA inserts into the channel, or that additional
SecYEG molecules combine to engulf SecA. The cavity we observe
would provide an easy route for the signal sequence to proceed from
SecA to then intercalate between the SecY transmembrane helices'”
and thus to initiate protein translocation. |

Methods
Antibody labelling

On-grid and pre-embedding immunogold labelling were performed as described™.
Antibodies were raised against synthetic peptides corresponding to the last 15 and 16
amino acids of SecY and SecG, respectively, plus additional cysteines at the amino
terminus. The sequences chosen, according to topology predictions, correspond to both
periplasmic (SecG) and cytoplasmic (SecY) regions of the complex. The binding sites of
the antibodies with respect to the plasma membrane were confirmed by freeze-fracture
replica labelling of whole cells** (Fig. 2a, b).

Data collection, processing and analysis

Two-dimensional crystals of SecYEG were obtained and imaged by electron
cryomicroscopy as described’. Images recorded at 0, 20, 30 or 45° nominal tilt were
evaluated by optical diffraction. Well-ordered areas of 4,000 X 4,000 pixels were digitized
on a Zeiss SCAI scanner with a 7-pm step. Images were corrected for distortion of the
crystal lattice, the effects of the contrast transfer function (CTF) and astigmatism using the
MRC image-processing programs>>*°. Initial estimates of tilt angles were calculated from
lattice parameters, and amplitudes and phases of structure factors were merged in plane
group p12;. The absolute hand of the map was checked with an image of tilted purple
membrane, which was compared to the bacteriorhodopsin 3D data set””. The phase origin,
tilt geometry and CTF of each image were refined. About 70 of ~2,000 images yielded 8—
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10 A data, and 63 lattices were merged. The vertical resolution was estimated at ~16 A by
the point-spread function®®. Image amplitudes were scaled with an average temperature
factor of —600 A% to compensate for resolution-dependent drop-off. The 3D density map
was calculated with CCP4 programs®, and the map displayed with the program O*. The
two-fold noncrystallographic symmetry was determined by the CCP4 program FINDNCS
and applied using the program MAPROT.
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Extensive and divergent circadian
gene expression in liver and heart

Kai-Florian Storch, Ovidiu Lipan, Igor Leykin, N. Viswanathan,
Fred C. Davis, Wing H. Wong & Charles J. Weitz

Nature 417, 78-83 (2002).

Two errors of gene annotation have come to our attention.
Although we refer to Zfp36 in the text, the gene identified in our
data sets was Zfp36l-1 (Zfp36-like 1; NCBI RefSeq accession number
NM_007564). Current evidence suggests that Zfp36I-1 protein and
its close relatives are RNA-binding factors rather than transcription
factors'”. Rather than Thra (thyroid hormone receptor-a), which
we identified on the basis of an incorrect Unigene cluster assign-
ment in NCBI, the correct assignment is the nuclear orphan
receptor Rev-erb- (GenBank accession number U09504). These
corrections do not affect our conclusions in any significant way.
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Nitrogen loss from unpolluted
South American forests mainly
via dissolved organic compounds

Steven S. Perakis & Lars 0. Hedin

Nature 415, 416-419 (2002).

In this Letter we reported that hydrologic export of dissolved
organic nitrogen (DON) dominates over nitrate in unpolluted
old-growth forests across southern Chile and Argentina, but that
the reverse pattern occurs in old-growth forests exposed to chroni-
cally high rates of nitrogen deposition in eastern North America. As
a note of clarification, however, we feel it is useful to point out that,
depending on conditions, second-growth forests (that is, those that
have been previously logged) can display various patterns of
nitrogen loss, including dominance of DON over nitrate"* in
cases where forest regrowth and detritus accumulation exert strong
and well-known demands on internal nitrate supply’®. But these
forests were not included in our analysis, given that their nitrogen
cycles are influenced by historically complex interactions between
nitrogen deposition and land use and so do not represent an
appropriate comparison to the old-growth forests investigated in
South America.
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