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Abstract

SecA is a multifunctional protein involved in protein translocation in bacteria. The structure of SecA on membrane is dramatically
altered compared with that in solution, accompanying with functional changes. We previously reported the formation of a novel ring-like
structure of SecA on lipid layers, which may constitute part of the preprotein translocation channel. In the present work, two-dimensional
crystallization of Escherichia coli SecA on lipid monolayers was performed to reveal the structural details of SecA on lipid layers and to
investigate its function. The 2D crystals composed of ring-like structures were obtained by speciWc interaction between SecA and
negatively charged lipid. The 2D projection map and 3D reconstruction from negative stained 2D crystals exhibited a distinct open chan-
nel-like structure of SecA, with an outer diameter of 7 nm and an inner diameter of 2 nm, providing the structural evidence for SecA
importance in forming the part of the translocation channel. This pore structure is altered after transferring crystals to the SecB solution,
indicating that the lipid-speciWc SecA structure has the SecB binding activity. The strategy developed here provides a promising technique
for studying structure of SecA complex with its ligand on membrane.
© 2007 Elsevier Inc. All rights reserved.
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The Escherichia coli translocase mediates the transloca- 2004; Zimmer et al., 2006). The SecA structures from Esche-

tion of a large number of precursor proteins across the bacte-
ria inner membranes (Wickner and Leonard, 1996). SecA,
along with SecYEG and other Sec proteins, are intrinsic
components of E. coli translocase (Manting and Driessen,
2000; Wickner and Leonard, 1996). SecA is an obligatory
component with multiple functions (de Keyzer et al., 2003). It
binds precursor proteins, hydrolyzes ATP, and uses the
energy of hydrolysis to translocate proteins across the mem-
brane. To reveal the exact mechanism of SecA functions,
structural information is necessary. Several structures of
SecA from diVerent species were obtained by X-ray struc-
tural analysis. Three forms of SecA from Bacillus subtilis
have been reported, and showed diVerent oligomeric pac-
kings and structure features (Hunt et al., 2002; Osborne et al.,
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richia coli (Papanikolau et al., 2006), Mycobacterium tubercu-
losis (Sharma et al., 2003) and Thermus thermophilus
(Vassylyev et al., 2006) also showed diVerent dimeric packing
modes compared with antiparallel dimer of B. subtilis SecA
(Hunt et al., 2002). The diversity of SecA structures indicates
the complexity of SecA structures, which may be related to
the multiple functions of SecA. However, these crystals struc-
tures in soluble forms cannot explain the structural changes
that take place when SecA interacts with membrane or other
Sec proteins in the translocation process, which is more
important for understanding SecA function mechanisms.

Although SecA is soluble and lacks any predicted classi-
cal transmembrane domains (Schmidt et al., 1988), it plays
its important role mainly on or in membrane (Ulbrandt
et al., 1992; Economou and Wickner, 1994). SecA interacts
with SecB (Crane et al., 2005; Patel et al., 2006; Randall
et al., 2005) and binds to a membrane through its
e structure of SecA revealed by electron crystallography: Confor-
doi:10.1016/j.jsb.2007.01.015
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interaction with SecYEG and acidic phospholipids (Hend-
rick and Wickner, 1991). It may integrate into the mem-
brane either by itself or together with other Sec proteins
(Chen et al., 1996). Up to date, the nature of SecA interac-
tion with membrane, particularly the structural aspects,
remains unclear. Recent studies have indicated that SecA
exhibits a signiWcant conformational change upon interac-
tion with lipids. Or et al. (2002) and Benach et al. (2003)
have reported that SecA dimers dissociated into monomers
upon interaction with negatively charged lipids by bio-
chemical assays. Bu et al. (2003) showed that SecA adopted
diVerent monomer conformations on liposomes upon inter-
action with ATP or ADP, as measured by small-angle neu-
tron-scattering study. However, neither method can give
the direct structure information of SecA on membrane. The
high resolution structure of SecA on membrane is crucial
for elucidation of SecA functions in translocation process.

In our previous work (Wang et al., 2003), we found that
SecA on negatively charged lipid layers assumed two char-
acteristic forms by electron microscopy and by atomic force
microscopic examination: a ring-like structure and a dumb-
bell-like structure. The dumbbell-like structure resembles
the SecA X-ray structure in solution, while the novel ring-
like pore structure is totally diVerent. The ring-like
structure implied that SecA may play a more important
structural role in forming a translocation channel than was
previously proposed (Chen et al., 1996). However, the phys-
iological signiWcance of SecA ring-like structure is still in
debate (de Keyzer et al., 2003). In the present work, we
found SecA ring-like structure can form highly ordered
packings on lipid layers, which provides an ideal system to
get the medium or high resolution model for this novel
structure form. More importantly, SecA projecting map
was altered after SecB binding, which indicates the SecA
ring-like structure is an active structure in binding with
SecB.

SecA was puriWed from lysates of E. coli BL21(�DE3)/
pT7-SecA as described (Chen et al., 1996). SecB was puri-
Wed as previously described (Weiss et al., 1988). The same
lipid monolayer technique in our previous work (Wang
et al., 2003) was used in the current work to obtain the two-
dimensional crystal of SecA. BrieXy, 16 �l of protein solu-
tion with concentration from 20�g/ml to 200 �g/ml in
10 mM Tris–HCl, pH 7.4, buVer was placed in a small
TeXon well (4 mm in diameter and 0.5 mm in depth) till the
liquid surface bulged out, and the surface was coated by
0.5–1.0�l lipid solution (»1 mg/ml) in chloroform:methanol
(3:1, v/v) with syringe. The whole system was then incu-
bated in a sealed humid atmosphere at desired temperature
for from 5 min up to 48 h. After incubation, the lipid mono-
layer was picked up with hydrophobic carbon-coated cop-
per grid, and was then negatively stained with several drops
of uranyl acetate solution (1%, w/v). To investigate the
SecB eVect on SecA structures, after 2D crystals formation,
the lipid monolayer with SecA crystals was picked up using
a carbon-coated nickel grid, which was transferred to a
drop of incubation buVer (10 mM Tris–HCl, pH 7.4) with
Please cite this article in press as: Chen, Y. et al., The active ring-lik
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70 �g/ml SecB. As controls, the crystals were also transfer to
buVer without SecB protein. After 0.5–2 h incubation at
4 °C, the nickel grid was picked up and negatively stained.
The specimens were examined in a Phillips CM120 micro-
scope operated at 100 kV. The low-dose mode was used to
take images on Kodak SO-163 Wlms at 49,600£ magniWca-
tion calibrated by catalase crystals. Images were digitized
on Nikon Coolscan 9000ED scanner at a step size of
12.7 �m/pixel. Those images with sharp reXections judged
by optical diVraction spectra were analyzed using MRC
image processing software (Crowther et al., 1996), including
Fourier transformation, indexing, lattice parameters reWne-
ment, lattice unbending, amplitude and phase extraction,
origin reWnement and combination, and lattice line Wt. The
3D map was calculated using the CCP4 crystallographic
programs, and the surface was displayed by DINO pro-
gram (http://www.dino3d.org).

SecA ring-like molecules tended to pack together to
form 2D crystals on phospholipid monolayers containing
negatively charged lipids. Crystals were usually observed on
E. coli lipid extract, DOPE/DMPG, DOPC/DMPG, egg
PC/DMPS or pure DOPG monolayer, but not on neutral
lipid (DOPC) or positively charged lipid (SA/DOPC)
monolayer. These results suggest that 2D crystallization of
SecA is induced by the speciWc interaction between protein
and negatively charged lipids. Crystal formation was sensi-
tive to the ionic strength. When the crystallization buVer
contained 100 mM NaCl or more, the crystals were rarely
observed. The crystals could form at a wide range of tem-
peratures but with diVerent stability. At low temperature
(lower than 16 °C), the crystals were stable and the best
crystals were obtained after incubation for 24 h (Fig. 1a). In
contrast, at 37 °C, the ring-like structures emerged shortly
after interaction with lipid (less than 5 min) and formed
low-ordered packings. After 1 h incubation at 37 °C, the
ring-like structure disappeared and no crystal could be
observed. That implies that at a physiological temperature
(37 °C), the ring-like structure alone is not stable, and may
need the interaction with other proteins, such as SecYEG,
to stabilize it.

Electron micrographs of the best negatively stained crys-
tals were diVracted to 2.5 nm. After unbending, the diVrac-
tion spots with intensity quality (IQ) less than 4 covered
95% of all possible reXections up to a resolution of 2.0 nm
(Fig. 1b). The diVraction pattern suggested a hexagonal
arrangement. The space group of the crystal was deter-
mined to be p3 two-side layer group by the ALLSPACE
program (Valpuesta et al., 1994) (Table 1). The lattice
parameters were determined to be aDbD9.1 nm, �D120°.
Ten untilted images of negatively stained 2D crystals were
analyzed and combined together to generate a data set with
averaged reXections up to 2 nm resolution. The averaged
projection maps without any symmetry imposed were
shown in Fig. 1c. The basic unit of 2D crystal is a ring-like
structure with an outer diameter of 7 nm and an inner
diameter of 2 nm. One ring-like structure has three high-
density domains in the projection map. One high density
e structure of SecA revealed by electron crystallography: Confor-
 doi:10.1016/j.jsb.2007.01.015
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domain has the oval shape with the dimension 3 nm by
5 nm, which is much smaller than SecA monomer, so the p3
symmetry cannot come from SecA trimeric packing. The
“apparent symmetry” in the crystal could derive from the
three similar sized intrinsic domains in SecA molecules due
to low-resolution, which is usually observed in low-resolu-
tion analysis on negative stained 2D crystal and will disap-
pear after increasing the resolution (Wang and Sui, 2002).

In order to better understand the overall architecture of
SecA ring-like structure, 3D reconstruction was carried out
from 49 images of crystals tilted ¡61 to 61°. The dataset
contained three serials with a total of 26 images and 23
individual high tilt angle images (>50°). Only reXections
showing an intensity quality of 4 or better were used in the
analysis. The extracted amplitude and phase data were then
combined cumulatively from low tilt angle to high tilt angle
without any symmetry imposed. The average phase error,
based on the reWnement of each new measurement along
with all previously accumulated phases was 25°. Total 501
Fourier terms from 51 independent lattice lines were col-
lected and used for 3D reconstruction. The surface repre-
sentation shows a channel-like cylinder structure with the

Fig. 1. 2D crystals of SecA ring-like structures. (a) The negative stained
2D crystals of SecA formed on E. coli lipid monolayers. The crystalliza-
tion condition was 10 mM Tris–HCl, pH 7.4, 200 �g/ml SecA, incubating
with lipid monolayer composed of E. coli lipid extract for 24 h at 4 °C. The
scale bar is 100 nm. (b) Computed Fourier transform of a SecA 2D crystal
after two-round unbending. The resolution circles representing 20, 15 Å
were indicated. Only spots with IQ less than 4 are displayed, and the size
of the spot is inverse proportional to IQ: IQ 1 is largest and IQ 4 is small-
est. (c) The projection map of SecA 2D crystals averaged from 10 untilted
images without any symmetry imposed. The scale bar is 5 nm.
Please cite this article in press as: Chen, Y. et al., The active ring-lik
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height of 5.5 nm (Fig. 2). The characteristic feature is a 2 nm
open cavity in the center. The enclosed volume contains
molecular mass of about 200 kDa (assuming the protein
density of 1.33 g/cm3), conWrming that the ring-like struc-
ture is a dimer of SecA. The low-resolution 3D model of
SecA on membrane provides direct evidence that SecA
alone may form preprotein translocation channel on mem-
brane. The X-ray structure of an archaeal SecYE� revealed
a funnel-like cavity with a diameter of 20–25 Å at the cyto-
plasmic side (van den Berg et al., 2004), which is indicated
to be the translocation channel. The pore size of SecYE� is
highly consistent with the SecA pore size reported here.
DiVerent from the closed channel structure of SecYE�, the
SecA channel is an open structure. We have found two
forms of SecA on membrane: dumbbell-like structure and
ring-like structure (Wang et al., 2003). The dumbbell-like

Table 1
The symmetry analysis of SecA 2D crystal and SecA 2D crystal with SecB

�Probable.
*Acceptable.

Layer group Original crystal Crystal with SecB

Phase resid. (No) v. other 
spots (90° random)

Phase resid. (No) v. other 
spots (90° random)

p1 20.1 68 22.7 58
p2 49.1 34 42.5� 29
p12_b 59.4 20 54.4 16
p12_a 59.1 19 64.7 17
p121_b 60.3 20 55.3 16
p121_a 41.7 19 47.7 17
c12_b 59.4 20 54.4 16
c12_a 59.1 19 64.7 17
p222 66.3 73 72.9 62
p2221b 52.6 73 50.3 62
p2221a 57 73 52 62
p22121 66.2 73 57.3 62
c222 66.3 73 72.9 62
p4 63.1 78 62.9 65
p422 62.3 171 66.6 140
p4212 63.3 171 59.4 140
p3 10.3* 56 36 46
p312 19.1* 130 45.2 110
p321 20.8* 135 40.2 113
p6 29.9� 146 42.4 121
p622 28.6� 299 45.1 252

Fig. 2. 3D map of SecA ring-like structure. The left one is top view perpen-
dicular to the membrane. The right one is side view. The 3D reconstruc-
tion resolution is 2 nm and from totally 59 images. The bar is 2.5 nm.
e structure of SecA revealed by electron crystallography: Confor-
doi:10.1016/j.jsb.2007.01.015
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structure is similar as the X-ray structure (Hunt et al., 2002)
while the ring-like structure is totally diVerent from the
solution structure. Dramatic conformational change and
subunit interaction change must happen to form the com-
pact channel-like structure. However, the current resolution
is too low to reveal more information on monomer organi-
zation and structural changes compared with solution
structure. The negatively stained crystals can reach to
2.0 nm resolution, indicating the crystals are highly ordered.
It is suitable for future cryo-EM1 study to get medium reso-
lution structure, which is in progress.

To determine whether the SecA ring-like structure is an
active structure or not, we tested its ability to bind SecB pro-
tein as the test substrate, and examined the eVect of SecB on
SecA crystal structure. We transferred the pre-formed SecA
2D crystals to buVer with and without SecB protein, and
examine the SecB eVect on the crystals. Although during
transfer process, some crystals showed some degrees of
defects and distortions, the 2D crystals were readily observed
and remained same with respect to the unit cell parameters.
The resolution is slightly decreased compared with original
crystals, and the best crystal can reach to 2.3nm after
unbending. SecA crystals after incubation with buVer did not
show the symmetry change. It still showed strong p3 symme-
try. However, after incubation with SecB, the crystals exhib-
ited a considerable change in the crystal symmetry. Table 1
showed that the original p3 symmetry of the 2D crystals is
lost after incubating with SecB. We calculated the averaged
projection map from three images of SecA/SecB crystals
without any symmetry imposed (Fig. 3a). There were four
high-density domains in the projection map. Compared with
Fig. 1c, the major diVerence between the projection maps
with and without SecB was that one domain was split into
two sub-domains and became slightly larger (as indicated by
an arrow in Fig. 3b). Based on the diVerence, we proposed
that the SecA ring-like structure had one SecB binding site
available towards solution (Fig. 3c), and was active in bind-
ing with SecB. It is not yet clear whether the interaction site
observed here corresponds to any of the three SecA–SecB

1 Abbreviations used: EM, electron microscope; 2D crystal, two-dimen-
sional crystal.
Please cite this article in press as: Chen, Y. et al., The active ring-lik
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interaction sites (Crane et al., 2005; Patel et al., 2006; Randall
et al., 2005).

In our previous work, we used electron microscopy and
AFM to investigate the SecA structure on membrane, and
showed the novel ring-like structure formation. In the pres-
ent work, we obtained the 3D model for the SecA ring-like
structures on membrane by electron crystallography. The
SecA is an open channel with the center pore of 2 nm. This
structure feature indicates that SecA can form the prepro-
tein translocation channel or part of the translocation
channel. Moreover, the pore structure is active in binding
with SecB, implying that it could also be involved in the
recognition of SecB-preprotein complex in the targeting
step. The possible multifunction of the SecA structure
emphasizes the importance of SecA pore structure in pro-
tein translocation process in bacteria. The high resolution
structure will help us to better understand the nature and
functions of SecA pore structures. The present 2D crystals
may provide an ideal system for future structural analysis
of SecA and SecA/SecB complex on the membrane.
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