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Background:Numerous proteins are exported across membranes by the translocon SecYEG, a highly conserved complex.
Results:Multiple structural conformations and oligomeric states of SecYEG observed in lipid bilayers.
Conclusion: Cytoplasmic membrane-external segments of SecYEG that orchestrate translocon function are highly dynamic.
Significance:Direct visualization of disordered, flexible structures and oligomeric states in lipid bilayers provides a near-native
vista of the translocon.

Purified SecYEG was reconstituted into liposomes and stud-
ied in near-native conditions using atomic force microscopy.
These SecYEG proteoliposomes were active in translocation
assays. Changes in the structure of SecYEG as a function of time
were directly visualized. The dynamics observed were signifi-
cant in magnitude (�1–10 Å) and were attributed to the two
large loops of SecY linking transmembranehelices 6–7 and8–9.
In addition, we identified a distribution betweenmonomers and
dimers of SecYEGaswell as a smaller population of higher order
oligomers. This work provides a new vista of the flexible and
dynamic structure of SecYEG, an intricate and vital membrane
protein.

Proteins are highly dynamic. This is especially true of the
proteins that orchestrate translocation of polypeptides across
membranes. More than 30% of proteins in any organism are
transported from the site of synthesis into or through a mem-
brane. In Escherichia coli as well as in all archaea and eubacte-
ria, the general secretory or Sec system is the major route of
export (1–3). The pathway through themembrane, the translo-
con, is provided by SecYEG, a protein complex that is highly
conserved, with homologs across the kingdoms of life. In the
E. coli SecYEG complex (�75 kDa) the channel for passing pro-
teins is found in SecY (4), the largest subunit, with 10 trans-
membrane (TM)2 helical spans. SecY also contains a lateral gate
allowing protein insertion into the membrane. SecE and SecG
are two smaller subunits located about the periphery of SecY.
Proteins that are to be exported are synthesized as precursors.
In a dynamic process, the mechanistic details of which are
poorly understood, the motor protein SecA binds SecYEG and
provides energy from a cycle of binding and hydrolysis of ATP

to drive precursors through the channel. SecA interacts with
SecY, making large surface area contact (�6800 Å2) with cyto-
plasmic loops spanning TM helices 6–7 and 8–9 of SecY (5).
Genetic analyses have determined thatmutations in these loops
deleteriously affect translocation activity (6, 7). As inmany pro-
tein-protein interactions, SecA-SecYEG binding involves dis-
ordered loop regions. In a framework dubbed “fly casting” (8),
disordered and flexible regions can increase the capture radius
of a specific binding site and hence boost binding rates. Despite
their functional significance, measurement of flexible and dis-
ordered protein regions remains a significant experimental
challenge (9).
The stoichiometry of the active translocon has been amatter

of contention (10–15). It has been reported that SecYEG exists
in vivo as dimers and tetramers, and in vitro assays have shown
that dimers are active. However, because SecYEG monomers
contain a channel, it is not clear whether assembly into specific
quaternary structures is necessary for activity. Better structural
information, especially in a native lipid environment, may help
to shed light on this interesting question.
Originally developed as a characterization tool for the sur-

face science community (16), the atomic force microscope
(AFM) has emerged as an important instrument for character-
izing biological macromolecules in membranes (17–19). An
AFM consists of a nanoscale force probe (i.e. a tip) interacting
with a sample. The instrument, which operates in physiological
solution, has been successfully used to map flexible and disor-
dered regions of soluble proteins (20) and membrane proteins
in two-dimensional crystalline arrays (21–23). Real-time prob-
ing of individual proteins distinguishes atomic force micros-
copy from traditional structural biology techniques, which typ-
ically require ensembles or cryogenically preserved samples.
Furthermore, anAFM is capable of resolving absolute distances
down to atomic length scales on unlabeled proteins in mem-
brane and can provide a dynamic picture of macromolecules at
work.
Here, we report the first AFMmeasurements of the translo-

con SecYEG and demonstrate the power of the technique in
visualizing the structure of SecYEG and its dynamics in near-
native conditions. Height analyses of the reconstituted SecYEG
complex protruding from the bilayer allowed assignment of
protein orientation. Diverse structural dynamics were
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observed. Height fluctuations of the cytoplasmic surface of
SecYEG ranged from�1–10Å and occurred overmultiple time-
scales, the fastest of which was�100ms. Direct visualization of
individual proteins revealed the presence ofmonomers, dimers,
and higher order oligomers. Taken all together, our work pres-
ents a view of the protein conducting channel in near-native,
non-crystalline conditions and represents a novel characteriza-
tion of the structure and time-varying conformations of
SecYEG segments outside of the lipid bilayer.

EXPERIMENTAL PROCEDURES

Protein Purification—SecYEG was purified from strain
C43(DE3) (24) harboring a plasmid encoding secEwith aHis tag
at the N terminus, secYC329S, C385S, secG (25). Cells were
broken by passage through a French pressure cell (8000 psi),
and themembranes were isolated by centrifugation and solubi-
lized in dodecyl-�-maltoside. SecYEG was purified by chroma-
tography using a HisTrap column (GE Healthcare) and stored
at �80 °C in 20 mM Tris-Cl, pH 8, 0.3 M NaCl, 10% glycerol, 0.6
mM dodecyl-�-maltoside, 2 mM DTT.
Proteoliposome Preparation—Lipids (E. coli polar lipid ex-

tract, Avanti) in chloroformwere blown dry withN2 and placed
in a vacuum chamber overnight. A dry mechanical vacuum
pump (XDS5, Edwards) was used to prevent backstreaming of
oil, a potential contaminant. Dried lipids were suspended in 10
mM HEPES, pH 7.6, 30 mM KAc, 1 mM Mg(Ac)2. Unilamellar
liposomes were prepared by extrusion through membranes
(�100-nm pore diameter, Liposofast, Avestin). To form pro-
teoliposomes the liposomes were swelled, but not disrupted,
using a ratio of detergent to lipids of 4.65mM dodecyl-�-malto-
side to 5 mM lipids (26). After swelling for 3 h at room temper-
ature, SecYEGwas added at 5�M. Incubationwas continued for
1 h at room temperature followedby addition of BioBeads SM-2
(Bio-Rad) to remove the detergent. The proteoliposomes were
isolated by centrifugation at 436,000 � g for 20 min, at 4 °C in a
TL100.1 rotor (Beckman). The pellet was suspended in the
same buffer and centrifuged again as described above. The final
pellet was suspended to give a concentration of �8 mM lipid
and 8 �M SecY. The suspension was stored at �80 °C.
Translocation Assay—Translocation of 1 �M radioactive

proOmpA (precursor of outer membrane protein OmpA),
labeled with a 14C-labeled L-amino acid mixture, into proteoli-
posomes was carried out at 30 °C under conditions of limiting
SecY (1 �M) with SecA (1.2 �M dimer), and SecB (1 �M

tetramer), as described (27) with the following modifications.
AnATP-regenerating systemconsisting of 7.5mMphosphocre-
atine and 37 mg/ml of creatine phosphokinase was present in
the reaction. Proteinase K (5 units/ml, 15 min on ice) was used
for degradation of untranslocated proteins and digestion termi-
nated by trichloroacetic acid precipitation. The washed precip-
itate was dissolved in gel sample buffer containing DTT (10
mM) for analysis by electrophoresis. The radioactivity in the
protein bands in the gels of the translocation assays was mea-
sured using a Fujifilm FLA 3000 phosphorimager in the linear
range of its response, and the molarity of the full-length pro-
tected precursors was estimated by comparison with samples
taken from the same reaction mix, which had not been sub-

jected to proteinase K digestion but had been applied to the
same gel.
Atomic Force Microscope Imaging—Proteoliposome stock

solution was diluted to 80 nM SecYEG, 80 �M lipid in imaging
buffer (100 mM KAc, 5 mM MgAc2, 10 mM HEPES, pH 7.6),
immediately deposited on a freshly cleavedmuscovitemica sur-
face (V-1 grade, Structure Probe, Inc.), and incubated for �20
min, over which time the proteoliposomes were allowed to
deposit on the surface through vesicle fusion (28). The surface
was then rinsed three times with �100 �l of imaging buffer.
AFM images were acquired in imaging buffer in tapping mode
using a commercial instrument (Cypher, Asylum Research).
Biolever mini tips (BL-AC40TS, Olympus) with measured
spring constants �0.06 N/m were used. Images were recorded
at �30 °C with an estimated tip-sample force � 100 pN,
deduced by comparing the free space tapping amplitude (�5
nm) to the imaging set point amplitude. Under such conditions,
minimal protein distortion is expected (29, 30).
Image Analysis—Prior to analysis, images were processed

with standard AFM techniques: flattening to minimize back-
ground tilt and filtering to reduce the influence of noise. A flood
mask was then applied to isolate protein protrusions with a
manually set threshold (�3 Å above the planar lipid surface).
This introduced a small systemic height error that was subse-
quently corrected. Software (Igor Pro) was used to extract the
volume andmaximum height for each protein protrusion. Fea-
tures exhibiting maximum heights � 5 Å were excluded from
analysis. The base height used for the maximum feature height
and volume calculations was taken to be the average height of
the pixels at the perimeter of the feature. Finally, data were
compiled into histograms for display.
Tip Deconvolution—AFM images convolve tip geometry

with that of the sample. We implemented tip deconvolution
software (31, 32) to more accurately deduce protein protrusion
volumes. The program used blind tip estimation to determine
the bluntest tip that could resolve the image. The generated tip
geometry was then removed from the image, outputting a
deconvolved image that more closely approximated the sample
topography (supplemental Fig. 1).

RESULTS

Activity and Orientation of SecYEG—Purified SecYEG was
reconstituted into liposomes and shown to be active for trans-
location. Fig. 1 shows an example of one preparation. Upon
addition of SecA, SecB (a chaperone that keeps the precursor
unfolded; Ref. 33), and proOmpA (precursor of outer mem-
brane protein OmpA) in the presence of ATP, the precursor is
translocated as assessed by protection from proteinase K. The
protection is dependent on the presence of ATP (Fig. 1B, com-
pare filled and unfilled circles), indicating that it represents
active translocation.
The SecYEGproteoliposomeswere deposited ontomica sur-

faces for examination by AFM. The presence of a lipid bilayer
was confirmed by observation of the characteristic �40-Å
thickness (34, 35) of a bilayer at the edge of a membrane patch
(Fig. 2A and line scan, red). Alternatively, pits with a depth of
�40 Å were used. Proteoliposomes containing SecYEG dis-
played numerous punctuate features (Fig. 2A). The line scan
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profile through the image shown indicated the presence of
three SecYEG protrusions above the lipid bilayer. In contrast,
images of liposomes assembled without proteins were essen-
tially featureless, exhibiting �1 protrusion per �m2 (supple-
mental Fig. 2).
SecYEG displays topographic asymmetry between the maxi-

mum heights of the protrusion on the cytoplasmic face com-
pared with the periplasmic face of the membrane. Analyses of
several thousand protrusions (features) from different areas
of lipids using software that determines the maximal height of
each feature above the lipid bilayer are summarized in a histo-
gram (Fig. 2B). Heights in excess of 40 Å were rare (�10% of
total population) andwere excluded fromanalysis. Comparison
of the heights of the three peaks at 7, 17, and 32 Å with the
crystal structure of SecYEG from Thermotoga maritima (Fig.
2B) allowed us to assign two of the three peaks. We chose
T. maritima as a reference because it is homologous (�40%
identity) to E. coli (for which there is no high resolution struc-
ture available). From this comparison, we assigned the region
containing the 7 Å peak (Fig. 2B, gray hatched bars) to the
periplasmic loops (7 Åmaximum in the structure) with a cutoff
for this region based on the clear minimum found at �13 Å in
the height histogram.
The loops connecting TM 6–7 and 8–9 of T. maritima SecY

are similar in length to those of E. coli. The close agreement
between the 32-Å peak in the histogramwith the 30-Å height of
the loop connecting TM 6–7 in the crystal structure allows
assignment of the peak to a similar loop configuration. It should
be noted that the loop in the crystal structure was stabilized in

an extended configuration by interaction with the co-crystal-
lized SecA, which was removed from the figure for clarity.
The third peak observed at 17 Å is attributed to conforma-

tions of the cytoplasmic face of the translocon wherein the 6–7
and 8–9 loops are collapsed downwards, toward the mem-
brane. Such a collapse would expose the AFM probe to the end
of TMhelices 8 and 9, which protrude�17 Å above the bilayer.
The relative population of the cytoplasmic feature heights is
biased toward the compact structure: 57% of cytoplasmic fea-
tures exhibited a maximum height �17 Å; 43% achieve heights

FIGURE 1. Activity of SecYEG reconstituted into liposomes. A, SDS-PAGE of
SecYEG proteoliposomes at 0.15, 0.3, 0.45, and 0.56 �g of SecY. B, transloca-
tion of radiolabeled precursor of outer membrane protein OmpA was assayed
in vitro with (●) and without ATP (E) by protection from proteinase K. The
lines are fits to the data.

FIGURE 2. AFM imaging yields protein orientation. A, large-scale (1250 �
900 nm2) AFM image of SecYEG in lipid bilayer with a cross-section profile
(top, red). The location of the profile is indicated in the image (white dashed
line). Both cytoplasmic (bright) and periplasmic (less bright) features can be
identified protruding the lipid bilayer surface (light brown) in the image. The
vertical scale spans 0 to 100 Å. B, histogram of the maximum height of indi-
vidual SecYEG features (n � 2766; bin size � 1.7 Å). Gray hatched region
represents periplasmic SecYEG with one major peak at �7 Å. In contrast, the
cytoplasmic side of SecYEG exhibited two peaks in its height distribution
(�17 and �32 Å), with a significant population of heights in between them.
Inset, crystal structure of the SecYEG complex indicating asymmetry. The
maximum height of the periplasmic protrusion is �7 Å. In contrast, it is �30 Å
on the cytoplasmic side. The ends of the 8 –9 helices extend �17 Å above the
lipid bilayer; the 6 –7 loop extends �13 Å above these helices. Membrane
boundaries are indicated (solid black lines).
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between 22 and 38 Å. This continuum of populated heights is
likely to result from conformational dynamics.
Structural Dynamics—The unstructured loops at the cyto-

plasmic face of SecYEG are involved in critical interactions
with SecA, which is the ATPase that enables transport. We
addressed conformational dynamics of these loops on a time
scale accessible by AFM scanning. Height analyses indicated
that two conformations of the loops are preferred; however, a
large population of molecules exhibited an intermediate range
of heights. Data for the height histogram shown in Fig. 2 were
extracted from a set of images acquired over multiple months.
Thus, to probe dynamics, we acquired a series of images to track
128 SecYEG features over time. Four representative features
from this data set are presented (Fig. 3, A–D) and enumerated
by image frame number i–v, which is a proxy for time.
Rich and varied dynamic structural behavior was observed.

Examples of this behavior included a SecYEG monomer with
significant changes in maximum height h (Fig. 3A, �h � 7 Å,
prominent in panel iii); a monomer with a significant lateral

conformational change (Fig. 3B, prominent in panel ii); a mono-
mer with changes in both height and shape (Fig. 3C, �h � 6 Å);
and finally, a SecYEG dimer with significant changes in confor-
mation and rotational orientation in all images (Fig. 3D) from
panels i to v. All data presented here have the same lateral
(250� 250 Å2) and vertical (0–40 Å) scales. For the purpose of
visualization, pseudo-three-dimensional renderings of selected
images are presented to highlight the dynamics (Fig. 3E, iden-
tified as row:column).
Temporal dynamics were further quantified by deducing the

magnitude of the observed height fluctuations of individual fea-
tures. We calculated the S.D. � of the maximum height over
time from individual cytoplasmic SecYEG features (n � 128,
total temporal duration varied from 260 to 950 s). The histo-
gram of height fluctuations (Fig. 3F) shows a peak at � � 2 Å.
Roughly one-third of the features were relatively quiescent,
fluctuating at or below � � 2 Å. However, the majority of the
population (63%) exhibited height fluctuations exceeding� � 2
Å. A broad distribution of fluctuations existed near the peaks at

FIGURE 3. Dynamics of SecYEG. Successive AFM images of individual cytoplasmic SecYEG features are displayed. A, monomer with dynamic height (promi-
nent in A, panel iii). B, monomer exhibiting a change in lateral structure (prominent in B, panel ii). C, monomer with significant conformational changes in both
height and shape. D, dimer exhibiting changes in height, shape, and rotational orientation. The scale bar shown in A is 50 Å and applies to A–D. Elapsed time
in seconds is indicated in each image frame. E, three-dimensional renderings are shown of selected images: A, panel ii and iii; C, panels iii and iv; and D, panels
i and ii. The orientation of these renderings (fixed for each pair) was chosen to highlight prominent structural changes. F, histogram of the standard deviation
in maximum height calculated from individual features (n � 128) in successive images. A population (37%) of features fluctuated with � � 2 Å or less. Other
peaks are observed with � � 2.7 and 3.5 Å, respectively, and the population extends out beyond � � 5 Å. G, height trajectories of individual SecYEG in five
successive images are shown corresponding to � � 2 Å features (n � 9, data are shown as black diamonds, lines between points guide the eye). Two clusters of
trajectories (filled diamonds, low; unfilled diamonds, high) were delimitated (gray shaded regions). H, trajectories of representative features exhibiting height
fluctuations � � 2 Å, in particular: � � 2.7 Å (red), � � 3.5 Å (purple), and � � 5 Å (blue).
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� � 2.7 and 3.5 Å, and a small population (�10%) extended out
beyond � � 4 Å.
Height trajectories, plots of feature height versus image

frame number (i.e. time), were organized using the height fluc-
tuation histogram as a guide. The elapsed time between frames
varied from 52 to 190 s, which is very slow compared with the
timescale of molecular fluctuations. Fig. 3G represents a subset
of minority SecYEG trajectories that were relatively stable,
exhibiting small amplitude height fluctuations (� � 2Å, n� 9).
The data are plotted as points (black diamonds); the lines
between them guide the eye. We delimitated two clusters of
trajectories from this subset (gray shaded regions). The lower
region (filled diamonds) is centered at a height of �18 Å, and
the upper region (unfilled diamonds) is centered at �28 Å; the
two regions encompass the first and second cytoplasmic peaks
in the height histogram (Fig. 2B), respectively. Although the
trajectories plotted here exhibit height fluctuations at or below
2 Å, it is possible that significantly greater excursions in height
could be absent from this data due to the limited time
resolution.
In contrast to the minimally fluctuating population, the

majority of SecYEG features exhibited significantly greater
(� � 2 Å) height fluctuations. Representative � � 2 Å height
trajectories are presented (Fig. 3H) and color-coded by the
magnitude of their S.D.: � � 2.7 Å (red), � � 3.5 Å (green), and
� � 5 Å (blue).Gray demarcated regions are carried over from
Fig. 3G. All of these trajectories cross between gray regions;
some cross once (red), some cross twice (green), and some cross
three times (blue). This observation implies that collapsed
loops can extend and vice versa, in a reversible fashion.Wenote
that individual features within the same image sequence exhib-
ited both positive and negative changes in heights, suggesting
that the AFM imaging force was minimal and did not bias the
observed dynamics.
In addition to height fluctuations, structural changes parallel

to themembrane surface also occur. For example, the full width
half-maximum of certain monomeric features (Fig. 3, B and C)
changed by �10 Å from one image to the next, indicating a
significant overall shape change of the protein.
We sought to place firmer bounds upon the time scale of the

observed dynamics. As is typical in AFM, we recorded pairs of
images, with the tip traveling left to right (trace) and right to
left (retrace) over the same region of the membrane surface
(neglecting protein diffusion and instrumental drift). Thus,
trace and retrace line scan profiles from the same features,
which are separated by �100 ms, could be compared, thereby
increasing the temporal resolution �500-fold.
Pairs of line scan profiles of representative cytoplasmic loops

are displayed in Fig. 4 (red, trace; blue, retrace). Features in the
left hand column (Fig. 4, A–D) exhibited significant height dif-
ferences in the time elapsed between the trace and retrace line
scans. These structural changes occurred on time scales of
�100ms, the shortest of which was 65ms. As a control, we also
display representative features that were imaged under identi-
cal conditions and were quiescent on the �100-ms timescale
(Fig. 4, E–H).
Oligomeric States—It has been debated whether SecYEG

populates an equilibriumbetweenmonomer, dimer, and higher

order structures. We determined oligomeric state via direct
inspection and by calculating the volumes of SecYEG cytoplas-
mic protrusions. Fig. 5A presents a volume histogram of fea-
tures on the cytoplasmic face (n � 676) after applying the tip
deconvolution algorithm. Peaks in the volume distribution
were found at 73, 112, 150, and 190 � 103 Å3, with lower pop-
ulations of larger features also observed. Inspection of individ-
ual SecYEG complexes allowed assignment to one of three gen-
eral classes: monomers, dimers, and tetramers. Features with
characteristics of monomers (i.e. single Gaussian-like protru-
sions, Fig. 5B) occupied a volume range roughly between �40
and 120 � 103 Å3 (Fig. 5A). Within this range of volumes, two
distinct peaks (73 and 112 � 103 Å3) were observed. Dimeric
features (i.e. those exhibiting two Gaussian-like protrusions,
Fig. 5,C andD) occurred between�80 and 240� 103Å3, and as
was the case for monomers, two principle peaks (�150 and
190 � 103 Å3) were detected. Conformational changes of the
same quaternary structures can lead to differing volumes (see
“Discussion” and supplemental Fig. 3). A low number of
tetramers were also observed (Fig. 5E) with protrusion volumes
�200 � 103 Å3. Our experiments, carried out with �80 �M

lipid, �80 nM SecYEG, revealed that �40% of total SecYEG
(expressed as monomers) existed as dimers with an additional
�15% as tetramers. Pseudo-three-dimensional renderings of
the four images are also shown (Fig. 5, F–I). The image size was
250 � 250 Å2; the vertical scale spanned 0–40 Å.

DISCUSSION

Proteins are dynamic andmany protein-protein interactions
involve highly dynamic disordered regions. Such regions can
enhance capture radii and hence also increase the probability of
binding. In the general secretory system, loopmotion of SecY is
likely to enhance recruitment of SecA to SecYEG and may play
a key role in translocation through direct contact with the helix
scaffold domain of SecA (5).

FIGURE 4. SecYEG dynamics on �100-ms time scales. Individual line scans
are displayed (red indicates trace; blue indicates retrace). The time difference
between trace and retrace is displayed for each pair of profiles. The first col-
umn (A–D) displays features that underwent significant conformational
changes between trace and retrace. Specifically, the height differences were:
5, 8, 6, and 4 Å for A–D, respectively. In contrast, features in the second column
(E–H) were quite stable. Vertical and horizontal scale bars are indicated.

Dynamic Structure of the Translocon SecYEG in Membrane

16852 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 23 • JUNE 7, 2013



This report is the first observation of dynamics in the mem-
brane external segments of the translocon. We observed two
prominent peaks in the height distribution on the cytoplasmic
face of SecYEGwith a continuumof populated heights between
them.We attribute these observations to a dynamic and revers-
ible conversion between extended and collapsed configurations
of the twomajor loops revealed in the crystal structure of SecY.
We followed the structural dynamics by observing individual

cytoplasmic SecYEG features over time. The majority of pro-
teins studied (63%) exhibited structural dynamics character-
ized by large deviations � � 2 Å in height over time. These
height fluctuations occurred spontaneously and in a tempo-
rally punctuated manner, sometimes with height differences
exceeding 10 Å for an individual protein in successive images
(e.g. Fig. 3H). Although large, these structural deviations are
consistent with the 6–7 and 8–9 flexible loops, both of which
exceed 35 amino acid residues in length. Assuming a rise per
residue of 3.5 Å for an extended polypeptide chain and a tight
(four residues) turn, the maximum extension of these loops is
�50 Å.
We also observed conformational changes parallel to the

membrane surface on the order of �10 Å (Fig. 3, B and C).
Opening of the lateral gate of the translocon involves lateral
displacements � 5 Å, which have been shown previously via
simulations and cross-linking experiments (36–38). In partic-
ular, molecular dynamics simulations have shown large-scale
conformational changes of the 6–7 loop (�10Å vertical,�30Å
lateral) and analogous results for the 8–9 loop (39). Thus, our
results, based on direct single molecule observations, are in
rough agreement with previous reports.
By analysis of trace and retrace profiles, we conclude that

these conformational dynamics occur on time scales �100 ms.
The position of a typical protein undergoing tethered Brownian
motion (40) becomes uncorrelated on time scales ��100 ns.
Therefore, if the SecYEG loop dynamics were random and
rapid with respect to the time scale of the experiment, one
would expect the structural dynamics to average out (i.e. the
trace and the retrace data would agree). In contrast, our data
indicate rich and complex dynamics are occurring over multi-
ple timescales, the shortest of which is �100 ms.

Our data show that SecYEG exists in multiple oligomeric
states and conformations. We observed monomers, dimers
(40% of total monomer), and tetramers (15%). This distribution
of quaternary structures is consistent with previous work based
on electron microscopy, which involved freeze fracturing (41).
Our conclusions are based on direct inspection and volume
analyses of individual SecYEG in lipid bilayers at �30 °C.
The AFM data are in general agreement with the volumes

determined from the crystal structure. By inscribing a cylinder
(radius� 27 Å; height� 30 Å) over the cytoplasmic protrusion
of the crystallographic structure, we coarsely estimate the
monomeric SecYEG protrusion volume to be 69 � 103 Å3,
which iswithin6%of themeasuredvolumepeak.Wenote that two
stablemonomeric conformationswere observed. In general,mac-
romolecular volumesmeasured viaAFMare not conserved under
conformational changes (supplemental Fig. 3). Even if the tip
deconvolutionwere perfect, structural changes resulting in differ-
ing voids within the protein structure are not always accessible to
the probe, which traces only the surface of the protein.
Two modes of dimerization of SecYEG have been proposed:

namely, front to front and back to back (2, 13, 42). The two
distinct dimer peaks we observed suggest that two modes are
likely to coexist; however, assignment of the peaks to either
back to back or front to front will require further experimenta-
tion. We also note that different monomeric conformations
could give rise to multiple dimeric volume peaks independent
of dimeric orientation. The conformational changes intro-
duced an overlap between the monomer and dimer regions in
the volume histogram (supplemental Fig. 4). Thus, direct
inspection was required to unambiguously distinguish mono-
mers from dimers. These results provide a foundation for future
work addressing the oligomeric state of the translocon in associa-
tion with SecA during protein transport, a disputed topic.
AFM imaging allowed single molecule study of the integral

membrane translocon SecYEG embedded in a native lipid envi-
ronment at physiologically relevant temperature and ionic
strength. Such studies are in contrast to many techniques that
require solubilization in detergent, which often results in
decreased activity. Our results shed new light on the intricate
basal dynamics of SecYEG. The inherent flexibility and dynam-

FIGURE 5. Oligomeric state analysis. A, volume histogram of individual cytoplasmic SecYEG features (n � 676, bin size � 13 � 103 Å3). The first two peaks fall
within the monomer volume range: 40 to 120 � 103 Å3. Dimers were found primarily in the subsequent two peaks: �150 and 190 � 103 Å3. Representative
images were as follows: monomer (B), dimers (C and D), and tetramer (E). A scale bar is shown (B, white, 50 Å), and it applies to B–E. Three-dimensional renderings
of the same four images are shown (F–I).
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ics of the loops of SecY may play important roles in orchestrat-
ing protein secretion. Taken together, direct observation of
quaternary structures and structural dynamics in near-native
conditions could lead to a better understanding of the fully
active complex.We thus expect that AFMhas a bright future in
addressing central questions in protein export.
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