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ABSTRACT: Identification of the signal peptide-binding domain within SecA ATPase is an important goal for
understanding the molecular basis of SecA preprotein recognition as well as elucidating the chemo-
mechanical cycle of this nanomotor during protein translocation. In this study, F€orster resonance energy
transfer methodology was employed to map the location of the SecA signal peptide-binding domain using a
collection of functional monocysteine SecA mutants and alkaline phosphatase signal peptides labeled with
appropriate donor-acceptor fluorophores. Fluorescence anisotropy measurements yielded an equilibrium
binding constant of 1.4 or 10.7 μM for the alkaline phosphatase signal peptide labeled at residue 22 or 2,
respectively, with SecA, and a binding stoichiometry of one signal peptide bound per SecAmonomer. Binding
affinity measurements performed with a monomer-biased mutant indicate that the signal peptide binds
equally well to SecA monomer or dimer. Distance measurements determined for 13 SecA mutants show that
the SecA signal peptide-binding domain encompasses a portion of the preprotein cross-linking domain but
also includes regions of nucleotide-binding domain 1 and particularly the helical scaffold domain. The
identified region lies at a multidomain interface within the heart of SecA, surrounded by and potentially
responsive to domains important for binding nucleotide, mature portions of the preprotein, and the SecYEG
channel. Our FRET-mapped binding domain, in contrast to the domain identified by NMR spectroscopy,
includes the two-helix finger that has been shown to interact with the preprotein during translocation and lies
at the entrance to the protein-conducting channel in the recently determined SecA-SecYEG structure.

Proteins are secreted across or integrated into biological
membranes by means of a variety of protein translocation
systems that have been characterized over the past several
decades. In Escherichia coli, the major pathway for protein
secretion is the general secretion (Sec) pathway that is composed
of two fundamental components: the SecYEG heterotrimeric
complex that comprises the protein-conducting channel and the
SecA ATPase nanomotor that drives transport of preproteins
across the plasma membrane (1, 2). SecA is a 102 kDa multi-
domain protein that is present in cytosolic, phospholipid, and
SecYEG-bound states (3-5). In solution, SecA is found in a
concentration-dependent equilibrium between monomer and
dimer (6) that can be shifted by temperature and salt concentra-
tion as well as interaction with a variety of translocation ligands
such as phospholipids and SecYEG protein (see ref 7 and
references cited therein). Whether SecA functions as a monomer
or dimer or alternates between these two states during the
translocation cycle is currently a matter of controversy (see
ref 7 and references cited therein). Once SecA has bound ATP
and its preprotein cargo and is properly oriented at the SecYEG
channel, ATP hydrolysis is the driving force for SecA-mediated
preprotein translocation, which proceeds through a series of

conformational changes known as SecA’s membrane insertion
and retraction cycle (8, 9).

Recently, a model for preprotein translocation has been
proposedon thebasis of aSecA-SecYEGcocrystal structure (10)
and disulfide cross-linking studies (11). In this model, SecA
captures the preprotein in a clamp formed by nucleotide-binding
domain 2 (NBD-2)1, the preprotein binding domain (PPXD),
and the helical scaffold domain (HSD) (Figure 1). A two-helix
hairpin or “finger” of HSD is proposed to respond to SecA
ATPase activity and push the preprotein into the SecY pore. ATP
hydrolysis leads to a concerted opening and closing of the clamp
as well as an up-and-down movement of the two-helix finger,
which drives the translocation of successive segments of the
preprotein through the protein-conducting channel. This model
implicates specific regions of SecA for preprotein binding and
underscores the importance of elucidating the binding interaction
under physiological conditions.
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SecA can acquire its preprotein cargo either by direct interac-
tionwith nascent or newly released polypeptide chains or by their
transfer from SecB protein, an export-dedicated chaperone that
maintains preproteins in their secretion-competent state prior to
their engagement with SecA (12-14). Several lines of evidence
indicate that SecA interacts directly with preproteins and, in
particular, the signal peptide portion of the preprotein. These
include (i) preprotein-dependent stimulation of SecA ATPase
activity (termed translocation ATPase activity) and its competi-
tive inhibition by functional signal peptides (15, 16), (ii) inhibition
of the ATPase activity of a 64 kDa proteolytic fragment of SecA
by functional signal peptides (17), (iii) stimulation of SecA
ATPase activity in liposomes containing signal peptide alone or
in combination with the mature portion of secretory proteins
(18-20), (iv) cross-linking of preproteins or signal peptides to
SecA either free in solution, as ribosome-associated nascent
chains, or in the presence of liposomes or inverted membrane
vesicles (11, 14, 19, 21, 22), and (v) changes in SecA conformation
upon signal peptide or preprotein binding (19, 20, 23-26). These
studies along with a recent NMR study have also shown that
both the positively charged amino-terminal and hydrophobic
core regions of the signal peptide are important for SecA
binding (20, 27-29). Earlier biochemical studies have also
demonstrated the critical importance of the hydrophobic core
region for signal peptide function where defects in the amino-
terminal region are suppressed if the core is of sufficient length
and hydrophobicity (28, 30). Insertion of polar or charged amino

acid residues within this region also results in secretion defects,
further demonstrating the importance of the hydrophobic core
region for signal peptide function (31-33).

A number of approaches have been utilized to define the signal
peptide or preprotein-binding region of SecA. Many of them
have utilized genetically truncated SecA proteins along with
binding or cross-linking assays using preproteins or signal
peptides to map the relevant ligand-binding site. Originally,
chemical cross-linking of a preprotein to an overlapping family
of truncated SecA proteins allowed localization of a preprotein-
binding region to residues 267-340 of SecA, which comprises
most of the PPXD domain (21). The weakly structured, globular
PPXDdomain is formed byE. coli SecA residues 221-377 and is
connected to NBD-1 by residues 222-229 and 369-376, which
form β-strands in the Bacillus subtilis SecA structure and are
unstructured in the recently determined E. coli SecA structure
(see Figure 1) (3, 34). More precise deletion mutagenesis of SecA
narrowed the signal peptide and mature region-binding domains
to residues 219-244 and 221-377, respectively (25, 35). An
alternative approach to this problem utilized a signal peptide
containing a photoaffinity label and a family of full-length SecA
proteins with engineered Factor Xa cleavage sites to identify a
signal photolabeled region within residues 269-322 of SecA (36).
Genetic analysis of the PPXDdomain of SecA identified Leu-319
as a critical residue in facilitating SecA signal peptide binding,
while Tyr-326was shown tobe important for the SecApreprotein
binding and release cycle (26, 37). Studies of disulfide cross-
linking of a nascent preprotein to SecA point to an interaction
between the tip of the two-helix finger of HSD and the pre-
protein; specifically, SecA residues 795, 797, and 798 were
observed to cross-link strongly to the polypeptide chain (see
Figure 1). In addition, an important role for Tyr-794 was
implicated in these studies, where mutation of this position with
anything but a bulky hydrophobic residue weakened the inter-
action between SecA and the preprotein (11). Recently, more
structural biological approaches have been taken to refine this
picture. A solution NMR structure of SecA bound to an
artificially extended amino-terminal signal peptide, KRR-LamB,
has been presented. In this case, the signal peptide-binding
domain is largely contributed by residues within PPXD with a
smaller contribution fromHSD, and the orientation of the bound
signal peptide is essentially parallel to the PPXD “connector”
strands and orthogonal to the helices of the two-helix finger
subdomain of SecA (38). In a second study, site-directed spin
labeling and electron paramagnetic resonance spectroscopy were
utilized to identify the region of SecA that binds to two different
preproteins. A single interactive surface comprised of the SecA
amino terminus along with the NBD-2, PPXD, and HSD
domainswas identified, which largely corresponded to the groove
containing SecA’s preprotein clamp proposed by Zimmer et
al. (10, 39). Further support of the identification of this area
for peptide binding is found in a recent cocrystal structure of
SecA in which electron density for bound peptide is detected at
the back of this clamp area (40). Thus, all of these studies are
consistent with the importance of the PPXD domain of SecA for
signal sequence and preprotein binding, and the more recent
studies indicate the importance of the HSD and perhaps certain
interfacial portions of NBD-1, NBD-2, and HWD for ligand
binding.

While the aforementioned studies have narrowed this problem
considerably, some uncertainty still surrounds the precise loca-
tion of the SecA signal peptide-binding domain (particularly at

FIGURE 1: Location of SecA domains and cysteine residues. Amodel
of the NMR structure of E. coli SecA (Protein Data Bank entry
2VDA structure 1) (38) is shown in ribbon representation. The
structure of SecA is colored according to domains: light blue for
NBD-1, dark blue for NBD-2, yellow for PPXD, dark green for
HSD, light green for HWD, and red for the structured portion of
CTL. The SecAmonocysteine residues used in this study are colored
magenta and are labeled with their residue number. The two-helix
finger is in the region that falls within the white oval, and the clamp
region is identified with a white diamond (10).
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the atomic level) given a variety of technical limitations with each
of these approaches. Many genetic or biochemical approaches
are limited since they essentially utilize linearmapping techniques
or probe a small number of amino acid residues to localize a
three-dimensional ligand-binding domain. Any regions identified
by such approaches may be peripheral to the actual ligand-
binding site or include only a portion of it. Furthermore,
chemical or photochemical preferences in cross-linking or con-
formational or other sorts of defects in truncated ormutant SecA
proteins could bias or compromise such data sets. Since most of
these techniques lack atomic resolution, they are generally unable
to delineate the precise peptide-binding motifs on SecA. Finally,
while structural approaches to this problem possess the requisite
resolution, certain approaches (e.g., X-ray crystallography and
NMR spectroscopy) require extraordinarily high protein and
peptide concentrations that could promote nonphysiological
ligand binding, while other approaches (e.g., electron paramag-
netic resonance spectroscopy) are sensitive to changes in protein
conformation that can mask or mimic ligand binding.

FRET methodologies have been widely applied to measuring
intersite distances in macromolecules with well-placed fluoro-
phores. Recently, single-molecule FRET techniques in addition
to equilibrium FRET measurements have led to an improved
understanding of dynamic cellular mechanisms, formation of
macromolecular complexes, protein-DNA interactions, map-
ping of ligand-binding sites on proteins, and examination of
conformational changes within proteins (41-43). Three-dimen-
sional information from FRET-based measurements has been
obtained by the engineering of probe locationwith the use of site-
directed mutagenesis in relevant target areas (see refs 44 and 45
and references cited therein for examples). Although the relative
motion of the probes and the extent of energy transfer can limit
the accuracy of distance measurements, with appropriate probe
selection such measurements can approach atomic dimensions.
Considerable detail can be obtained on binding sites and con-
formational changes within proteins whose X-ray or NMR
structures are available.

Previous fluorescence studies of SecA have utilized intrinsic
tryptophan fluorescence along with collisional quenchers to
study SecA conformational changes mediated by binding of
signal peptides, nucleotides, model membranes, or SecYEG-
containing proteoliposomes (24, 46). FRET has been utilized
successfully to study SecA PPXD and HSD interdomain inter-
actions that are modulated by nucleotide and lipid binding (47),
as well as to assess the dimeric form of SecA in solution and to
study its stability in the presence of phospholipids, signal pep-
tides, and nucleotides (48, 49).

In this study, we have developed a FRET methodology for
mapping the location of the bound signal peptide on SecA. These
studies were conducted using a collection of functional mono-
cysteine SecA mutants labeled with a donor fluorophore and
alkaline phosphatase signal peptides labeled with an acceptor
fluorophore to give unique and appropriate distance informa-
tion. By using the FRET technique, which employed a native
signal peptide at more biochemically relevant SecA protein
concentrations, we were able to work under conditions where
concerns about nonphysiological ligand binding wereminimized.
Such conditions are particularly important given the hydropho-
bic nature of both the signal peptide and SecA protein. Our
results place the signal peptide-binding domain near the center of
the SecA protomer where it is flanked by domains critical for the
binding of nucleotide, the remainder of the preprotein, and

SecYEG. The domain identified here overlaps with the function-
ally equivalent region delineated in the NMR structure of the
SecA-signal peptide complex (38). However, our study shows a
more extensive contribution of the HSD domain to the binding
site, and it suggests a model in which signal peptide binding may
occur in parallel rather than orthogonal to HSD by more
extensive interaction with the HSD R-helices. This latter sugges-
tion is consistent with recent biochemical cross-linking and
structural studies that implicated the two-helix finger of HSD
acting as a ratchet to drive preprotein translocation through the
SecYEG channel (10, 11). The importance of theHSD domain of
SecA in preprotein interaction was also observed in the recent
EPR-based mapping study (39).

EXPERIMENTAL PROCEDURES

Materials. SP-Sepharose, hexyl agarose, β-mercaptoethanol,
spectroscopic grade Tris-HCl, and most other reagent quality
chemicals were from Sigma. The fluorescent probes, IAEDANS
and IANBD-Ester, were obtained from Invitrogen. The E. coli
alkaline phosphatase signal peptide SP22, MKQSTIALALL-
PLLFTPVTKAC-NH2, SP2, MCKQSTIALALLPLLFTPVT-
KA-NH2, and scrambled modified SP22, PLMDTEITLKF-
LSPLQALKTVC-NH2, were synthesized by Biomolecules
Midwest Inc. The cysteine residues incorporated into the peptides
provided the target for IANBD labeling, while the carboxyl
terminus of the peptides was capped with an amide to prevent an
unnatural negative charge (20). Peptides were purified viaHPLC,
and their identity was verified with electrospray ionization mass
spectrometry at theKeck BiotechnologyResource Laboratory at
Yale University (New Haven, CT).
Monocysteine SecA Mutant Protein Expression and

Purification. E. coli BL21.19 [secA13(Am) supF(Ts) trp(Am)
zch::Tn10 recA::CAT clpA::KAN] is derived from BL21-
(λDE3) (50) and was used as the host for all secA-containing
plasmids. Plasmid pT7secA-Cys-0, a derivative of pT7secA2 that
has all four cysteine codonswithin secA changed to serine, and its
monocysteine-encoding derivatives have been described pre-
viously (51). pT7secAΔ11-Cys-190 was constructed from pT7se-
cA-Cys-190 using primers (Integrated DNA Technologies)
designed to remove nucleotides corresponding to residues 2-11
using the site-directed QuikChange mutagenesis kit as described
by the manufacturer (Stratagene). All secAmutants were verified
by DNA sequence analysis at the University of Pennsylvania
DNA sequence facility. The plasmids were transformed into
BL21.19 cells and checked for secA complementation by compar-
ing their plating efficiency at 42 and 30 �C as described previ-
ously (52).

Most SecA monocysteine mutant proteins were overproduced
and purified as described previously (48) with the following
modification: the biomass was washed with 10 mM Tris-HCl
(pH 7.5), 50 mMKCl, and 10 mMMgOAc and dialyzed against
25 mM Tris-HCl (pH 7.5), 25 mM KCl, 0.5 mM EDTA, and
0.5 mM phenylmethanesulfonyl fluoride. His-tagged SecA pro-
tein was purified utilizing a HisBind resin column (Novagen)
according to the manufacturer’s protocol. The protein concen-
tration was determined using the Bradford assay (Bio-Rad) with
bovine serum albumin as the standard.
Signal Peptide Labeling.The signal peptidewas dissolved in

dimethyl sulfoxide to a concentration of 3 mM, and IANBDwas
dissolved in dimethyl sulfoxide to a final concentrationof 10mM.
Signal peptide was diluted into 10 mM phosphate buffer (pH 7)
to a final concentration of 200 μM, and IANBDwas added to the
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reactionmixture in a dropwise fashion to a final concentration of
2 mM. The reaction mixture was incubated at room temperature
for 4 h with shaking, and the reaction was terminated when the
mixture was frozen at -80 �C. The labeled signal peptide was
purified by HPLC on a Vydac Silica Gel 214 TP-1010 column
and then lyophilized. It was then dissolved in dimethyl sulfoxide
at a final concentration of 3mMand stored at-80 �Cuntil it was
used. The degree of labeling was calculated according to the
manufacturer’s instructions (Molecular Probes) and was ap-
proximately 100%. Labeling efficiency was confirmed by elec-
trospray ionization mass spectrometry at the Keck Bio-
technology Resource Laboratory at Yale University, where the
level of unlabeled peptide was undetectable in the mass spectrum
of the labeled peptide sample.
SecA Monocysteine Mutant Labeling. Monocysteine

SecA mutant proteins at a concentration of 10 μM in TKE
[25mMTris-HCl (pH 7.5), 25 mMKCl, and 1 mMEDTA] were
labeled with IAEDANS at a 20-fold molar excess for 4 h at room
temperature. The sampleswere quenchedwith 1mM β-mercapto-
ethanol for 30 min. Free IAEDANS was removed from the
sample by repeated addition of TKE and sedimentation through
a Centriprep concentrator (Millipore) until the absorbance at
336 nm of the eluate was zero and its fluorescence spectrum was
similar to that of the buffer. Labeled SecA proteins were stored in
TKE supplemented with 20% glycerol at -80 �C until use.
SecA ATPase Activity. SecA ATPase activities were deter-

mined by the Malachite green method (53) utilizing the modi-
fications described previously (54). ATPase activity was calcu-
lated using the following formulas: endogenous ATPase activity=
ATPase activity in the presence of SecA-ATPase activity in the
absence of SecA; membrane ATPase activity=ATPase activity
in the presence of SecA and IMV- endogenous ATPase activity;
translocation ATPase activity=ATPase activity in the presence
of SecA, IMV, and preprotein - membrane ATPase activity.
Fluorescence Measurements. Fluorescence anisotropy and

intensity spectra were recorded on a FluoroMax-2 spectrofluoro-
meter (Horiba Jobin Yvon) with a programmable water bath
(RTEmodel 111,NESLAB Instruments, Inc.). The samples were
placed in a quartz cuvette (Starna Cell, Inc.) with a 3 mm path
length. The spectral bandwidths of the excitation and emission
slits were set at 4 and 6 nm, respectively. The integration time for
the intensity measurement was typically 0.5 s/data point. Final
values result from at least three separate experiments of at least
three scans for each sample.

Anisotropy experimentswere conductedwith samples contain-
ing 1 μM IANBD-labeled alkaline phosphatase signal peptide in
TKE buffer. SecAwas added to the samples over a concentration
range from 0 to 40 μM and incubated for 30 min before data
collection. Samples were excited at 480 nm and measured at
550 nm. Data were fit assuming a 1:1 binding interaction (vide
infra) using Origin version 6.0 with the following equation:

y ¼ A0 þ ðAi -A0Þ ½SP� þ Kd þ ½P�- 4½SP�½P�
2½P�

� �
ð1Þ

where [SP] is the total concentration of the signal peptide, [P] is
the total concentration of SecA protein, Kd is the equilibrium
dissociation constant,A0 is the anisotropy of the signal peptide in
the absence of SecA, and Ai is the anisotropy under saturating
binding conditions.

For fluorescence intensity spectra, unlabeled or IAEDANS-
labeled SecA (7 μM) and unlabeled or IANBD-labeled alkaline

phosphatase signal peptide (18 μM) were incubated together in
various combinations in TKE buffer for 30 min at room
temperature. The polarizers were set at the magic angle (0� and
55�), and the samples were scanned at a rate of 1 nm/s at 20 �C.
Samples were excited at 336 nm and measured from 346 to
660 nm.

The equilibrium binding constant of SecAΔ11-Cys-190 was
measured using a FRET titration, where protein was maintained
at 0.05 μMand IANBD-labeled SP22was titrated over a range of
0-20 μM. Energy transfer was calculated for each signal peptide
concentration, and those values were plotted usingOrigin version
6.0 and fitted with eq 1.
FRET Calculation. All spectra were corrected for the back-

ground. Donor or acceptor only spectra were collected in the
presence of the unlabeled counterpart to correct for any changes
in fluorescence intensity as a consequence of binding. SP2 FRET
data were corrected for the percent of signal peptide bound in the
experiment (53%). SP22 FRET data were collected at saturation,
and no correction for percent bound was needed.

The FRET efficiency, E, was calculated on the basis of the
quenching of the donor fluorescence intensity in the FRET
complex relative to the donor only emission in the presence of
unlabeled peptide. The efficiency of energy transfer is calculated
using the following equation (55):

E ¼ 1- ðFDA -FAÞ=FD ð2Þ
where FDA, FD, and FA are the fluorescence intensities of the
FRET pair, donor alone, and acceptor alone, respectively. The
donor alone spectra were collected in the presence of unlabeled
signal peptide to correct for any changes in fluorescence induced
by peptide binding. Similarly, acceptor only spectra were
collected in the presence of unlabeled SecA to account for
any changes induced by binding. Although the efficiency was
calculated from the decrease in donor emission, the observa-
tion of FRET was confirmed by the appearance of enhanced
acceptor emission (Figure S1 of the Supporting Information).
The donor decrease was determined to be more reliable and
consistent because of trace amounts of free acceptor dye.
The efficiency of energy transfer is related to R0, the F€orster
distance, andR, the distance between donor and acceptor, by the
equation

E ¼ R0
6=ðR0

6 þR6Þ ð3Þ
R0 is defined as the distance at which the transfer is 50%

efficient and is calculated (in angstroms) as follows (55):

R0 ¼ 0:211½n-4QDK2JðλÞ�1=6 ð4Þ
In eq 4, n is the refractive index [assumed to be 1.4 for biomole-
cules in aqueous solution (55)], κ is the orientation factor (κ2 was
assumed to be 2/3 for a randomly oriented, mobile donor and
acceptor pair), and QD is the quantum yield of the donor in the
absence of acceptor. J(λ), the overlap integral between donor
emission and acceptor absorption, is calculated from the spectral
data by (55)

JðλÞ ¼
Z

½εAðλÞλ4�fDðλÞ dλ ð5Þ

where εA(λ) is the molar extinction coefficient for the acceptor
(M-1 cm-1) and fD is the fluorescence intensity of the donor at
wavelength λ (nanometers).
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The quantum yield of IAEDANS-labeled SecA in the absence
of acceptor was measured relative to quinine sulfate (Φ =
0.56) (56). Quantum yields for IAEDANS-labeled SecA-Cys-
190, SecA-Cys-661, and SecA-Cys-827 could not be accurately
determined; therefore, the averageR0 value of 33.7 Å (see Table 1)
was used to calculate distances for those cases as well as for the
SecA-Cys-256/SP2 pair.

RESULTS AND DISCUSSION

Experimental Design and Functional Activity of Dye-
Labeled SecA Mutants. We have developed a FRET-based
SecA signal peptide binding assay as an alternative structural
method for mapping the SecA signal peptide-binding domain at
more standard biochemical protein concentrations. To this end,
we employed SecA proteins purified from our collection of
functional monocysteine secA mutants (Figure 1) (51) and two
alkaline phosphatase signal peptides with cysteine incorporated
at residue 2 (SP2) or 22 (SP22). These cysteine residues allowed us
to specifically incorporate appropriate donor and acceptor dyes
into our system by sulfhydryl chemistry. The addition of a
C-terminal cysteine residue onto the alkaline phosphatase signal
peptide did not affect translocation or cleavage kinetics in
vivo (57), while amino acid additions or substitutions within
the amino-terminal region of the signal peptide should be
functionally tolerated as long as the hydrophobic core region
contains sufficient hydrophobicity (28, 30).

We chose to utilize the IAEDANS-IANBD pair since these
two dyes have been used successfully in previous FRET studies
(for examples, see refs 58 and 59). The relatively short R0 value
[34 Å measured for the free dyes (data not shown)] was
considered appropriate for the resolution needed to map the
binding site on a large protein like SecA [∼100 Å in its longest
dimension (34)]. In addition, SP22 labeled with one of these dyes
was previously shown to bind to SecA with an affinity compa-
rable to that of control signal peptides under physiological
conditions (26).

IAEDANS-labeled SecAproteins were tested for theirATPase
activities to ensure their continued functionality after dye attach-
ment. SecA protein possesses three types of ATPase activity: an
endogenous ATPase activity in solution that is stimulated by
binding to IMV (membrane ATPase) or IMV and preprotein
(translocationATPase) (60).We found that theATPase activities
of the dye-labeled (Figure 2) and unlabeled (data not shown)
SecA proteins were similar to that of wild-type SecA, although
certain SecA proteins had higher endogenous or membrane
ATPase activity (particularly IAEDANS-labeled SecA-Cys-
190, SecA-Cys-213, SecA-Cys-661, and SecA-Cys-827 or SecA-
Cys-292, SecA-Cys-661, and SecA-Cys-827, respectively), while
others displayed modestly reduced translocation ATPase activity
(IAEDANS-labeled SecA-Cys-256, SecA-Cys-287, SecA-Cys-
718, and SecA-Cys-827). However, previous studies have shown
that all mutant SecA proteins that possess g30% translocation
ATPase activity are active for both in vivo and in vitro protein
translocation (D. Oliver, unpublished results). On the basis of
these results as well as the in vivo functionality of these SecA
proteins, we concluded that our IAEDANS-labeled SecA pro-
teins were active for SecA function.
Signal Peptide Binding Affinity Measured by Fluore-

scence Anisotropy. Next, SecA binding affinity and stoichio-
metry for signal peptide were characterized by fluorescence
anisotropy. Binding affinity was measured by reverse titration
inwhich increasing concentrations of unlabeled SecAwere added

to 1 μM IANBD-labeled signal peptide to avoid aggregation of
the signal peptide at high concentrations. In addition, the relative
change in anisotropy is larger for the signal peptide and therefore
yields a greater signal. Since wild-type SecA exhibits a nanomolar
monomer-dimer dissociation constant under similar condi-
tions (6, 61), we assume that the SecA was mainly in the dimer
form at the concentrations used in this experiment. Although
SecA is also hydrophobic in nature, measurements were limited
to concentrations at which aggregation was not detected. The
large increase in anisotropy of the IANBD-labeled signal pep-
tides was saturable and SecA concentration-dependent, yielding
Kd values of 1.4 ( 0.2 and 10.7 ( 3.1 μM for SP22 and SP2,

Table 1: FRET Data for SecA Signal Peptide Binding

Cys mutant EFRET
a R (Å)b R0 (Å)c

SP22 data 190 0.70 29.2( 0.5 33.7

213 0.21 42.3( 0.2 32.4

256 0.53 26.1( 0.2 26.7

287 0.70 26.2( 0.2 30.3

292 0.33 30.8( 1.1 27.5

371 0.35 37.8( 0.5 30.6

402d 0.08 58.3( 2.1 39.5

447d 0.15 52.8( 1.8 39.5

470d 0.16 51.8( 1.9 39.5

506 0.10 49.1( 1.2 34.0

661 0.53 33.9( 3.9 33.7

718 0.36 37.3( 0.1 40.6

827 0.21 42.4( 0.2 33.7

SP2 data 190 0.59 32.1( 0.7 33.7

213 0.66 30.5( 0.2 32.4

256 0.53 39.4( 0.3 33.7

292 0.63 31.1( 0.2 27.5

827 0.50 33.9( 0.1 33.7

aFRET efficiency (EFRET) was measured by the quenching of the donor
fluorescence intensity as described in Experimental Procedures. bThe
donor-acceptor distance (R) was calculated as described in Experimental
Procedures. cThe F€orster energy transfer distance defined as 50% effi-
cient. dThe FRET fluorescent dye pair used included Alexa Fluor-488 and
Alexa Fluor-555.

FIGURE 2: ATPase activities of IAEDANS-labeled SecA proteins.
The endogenous, membrane, and translocation ATPase activities of
the purified monocysteine SecA mutant proteins were determined at
37 �Casdescribed inExperimental Procedures. The data represent an
average of at least three different experiments. WT indicates wild-
type SecA,while the number indicates the positionof the IAEDANS-
labeled monocysteine substitution within SecA.
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respectively (Figure 3). The binding affinity measured for the
SP22 peptide is in good agreement with peptide-SecA Kd values
previously determined by other methods. Specifically, Kendall
and co-workers conducted SP22-IAEDANS competition ex-
periments over a concentration range of the unlabeled signal
peptide yielding a Ki of 2.5 ( 0.5 μM (26). Also, the Kd value
reported here is comparable to the value obtained for SecA and
the model signal peptide, 3K7L, using a biosensor approach (25)
and the EC50 for wild-type and model signal peptide-induced
stimulation of SecA ATPase activity observed for both the wild-
type and model signal peptide (20). The weakened affinity
observed for the SP2 peptide illustrates the importance of an
intact amino-terminal region of the signal peptide for high-
affinity interaction with SecA (26, 27). In separate fluorescence
binding experiments performed with labeled SecA protein and
unlabeled SP2, we were able to establish that the reduced affinity
of SP2 results mainly from the presence of the label (Figure S2 of
the Supporting Information). When an alkaline phosphatase
signal peptide labeled at position 16, SP16, was tested in our
binding assay, we were unable to detect specific binding at the
concentrations of SecA and signal peptide utilized (data not
shown). This latter result agrees with a similar observation that
attachment of a nitroxide spin-label to the hydrophobic core
region of the KRR-LamB signal peptide inhibited its binding to
SecA (38), and it underscores the importance of this region for
proper SecA-signal peptide interaction.
Stoichiometry of the SecA-Signal Peptide Interaction.

The stoichiometry of binding of SP22 to SecA was measured by
titration of IANBD-labeled SP22 into a solution of SecA at a
concentration of 14 μM, 10-fold greater than the Kd. At this
concentration, all of the added signal peptide binds to SecA, as
shown by a linear increase in fluorescence anisotropy. Once all
the binding sites are filled, a plateau in anisotropy is observed,
and the point of discontinuity corresponds to the binding
stoichiometry. The plateau in anisotropy occurred at a mole
ratio of signal peptide to SecA of 1:1 (Figure 4), a stoichiometry
in agreement with previous results (38). At higher ratios of signal
peptide to SecA, a slight increase in anisotropy was detected,

reflecting a nonspecific binding interaction. Since signal peptides
tend to aggregate at concentrations above 30 μM, the stoichio-
metry of binding of SP2 to SecA could not be determined given
the high concentrations of SP2 needed to perform this measure-
ment.
Binding Affinity of Signal Peptide for the SecA Mono-

mer or Dimer. To elucidate whether the signal peptide binds
preferentially to the SecAmonomer or dimer, we measured SecA
binding affinity with a monomer-biased mutant lacking
N-terminal residues 2-11, SecAΔ11. This SecA mutant has a
micromolar monomer-dimer association constant compared to
the nanomolar association constant of wild-type SecA at the salt
concentrations utilized in our assay system (6, 61). To measure
the binding affinity at concentrationswhere SecAΔ11 is primarily
monomeric (e50 nM), we developed a FRET-based binding
assay to give us the necessary sensitivity at these relatively low
protein concentrations. For these measurements, we utilized
IAEDANS-labeled SecAΔ11Cys-190, since the label at this
position results in a relatively high FRET efficiency with the
SP22 peptide [EFRET = 0.7 (Table 1)]. Forward titrations in
which SecA concentrationswere kept constant and signal peptide
concentrations were varied were performed. The experiment was
performed at a SecA concentration of 50 nM where wild-type
SecA is a dimer while SecAΔ11Cys-190 is a monomer [Kd <
1 nM, and Kd=230( 20 nM, respectively, at 25 mMKCl (data
not shown); also see refs 6 and 61]. The SP22 binding curve
determined for SecAΔ11Cys-190 yielded essentially the same
binding constant as wild-type SecA (3.06( 1.13 and 1.4( 0.2 μM,
respectively). These results suggest that the signal peptide can
bind to either SecA monomer or dimer with approximately
comparable affinity. While two previous studies indicated that
high concentrations of signal peptide can induce SecA mono-
merization, this effect occurred at a signal peptide concentration
higher (g20 μM) than that utilized here, and furthermore, it has
not been observed in all cases (26, 49, 62). In the cell, the
concentration of SecA is estimated to be 5 μM (49), but the
effect of SecA ligands on the monomer-dimer equilibrium
complicates the interpretation of whether translocation occurs

FIGURE 3: Equilibrium binding of the alkaline phosphatase signal
peptide toSecA asdeterminedby fluorescence anisotropy.Binding of
IANBD-labeled SP22 (9) or SP2 (b) to SecA was assessed by
fluorescence anisotropy (r). Signal peptides were maintained at a
constant concentration of 1 μM,andwild-type SecAwas titrated into
the system from 0 to 40 μM.All experiments were performed in TKE
buffer at 20 �C.

FIGURE 4: Stoichiometry of SecA-signal peptide binding as deter-
mined by fluorescence anisotropy. Binding of IANBD-labeled SP22
(9) to SecAwas assessed as fluorescence anisotropy (r) and plotted to
reveal the saturated molar ratio of SP22 to SecA protomer. IANBD-
labeled SP22 was titrated from 0 to 20 μM into a solution of 14 μM
wild-type SecA. All experiments were performed in TKE buffer
at 20 �C.
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via a SecA monomer, a SecA dimer, or some other type of
monomer-dimer association-dissociation cycle (reviewed in
ref 7).
FRET Transfer Efficiencies and Distances. The location

of the signal peptide-binding domain of SecA was determined by
measuring the distance from each IAEDANS-labeled monocys-
teine SecA mutant to the bound IANBD-labeled alkaline phos-
phatase signal peptide using FRET and then determining the
intersection of the combined data set. A control study was
performed to ensure that removal of the four naturally occurring
cysteine residues within SecA and introduction of a mutant
cysteine residue did not affect binding affinity for the signal
peptide. Fluorescence anisotropy was used to measure the
affinity of SecA-Cys-256 for IANBD-labeled SP22 by reverse
titration as described above. The measured Kd of 1.1 ( 0.2 μM
(data not shown) was very similar to that observed for wild-type
SecA, consistent with the normal in vivo function and robust
ATPase activities of the SecA monocysteine mutants used in this
study. Furthermore, the specificity of the binding interaction was
tested by using a scrambled SP22 signal peptide derivative that
contained a cysteine residue at position 22 but lacked both the
positively charged amino-terminal and hydrophobic core re-
gions. These measurements were also used to ensure that at the
experimental concentrations of a nonphysiological ligand and
SecA protein there was no significant background FRET in our
system. We utilized SecA-Cys-190 for this control experiment
because of the high FRET efficiency observed for this pair as
described above (Table 1). Under our conditions (7 μM IAE-
DANS-labeled SecA-Cys-190 and 18 μM IANBD-labeled
scrambled SP22), neither high-affinity binding nor FRET was
detected (data not shown). These measurements demonstrate
that nonspecific binding of the signal peptide to SecA was
negligible under these conditions and did not contribute to our
FRET measurements.

Representative spectra used for our FRET mapping study are
presented (Figure S1 of the Supporting Information), and the
distance results are listed in Table 1. FRET efficiencies were
calculated on the basis of the quenching of donor emission
according to the method described by Lakowicz (55, 63), and
distances weremeasured for 13 SecA-Cysmutants with SP22 and
five SecA-Cys mutants with SP2. Since FRET efficiencies have a
sixth-order dependence on the distance between the fluoro-
phores, the most reliable distance determinations occur in a
FRET efficiency range from 10 to 80% or 0.5R0 to 1.5R0. In
general, the distances measured range from 26 to 59 Å with a
relatively small error as determined frommultiplemeasurements.
R0 values were calculated for most donor-acceptor pairs, and
they were found to lie in the 30-40 Å range, with an average
value of 33.7 Å (Table 1). The variations in R0 were primarily
related to the quantum yield of the donor, which was affected by
the placement of the probe on SecA.

The FRET efficiencies measured lie in four distinct classes:
highly efficient (g0.7), moderately efficient (0.3eE<0.7), fairly
efficient (0.1 e E < 0.3), and poorly efficient (<0.1). Many of
the efficiencies lie in the moderate to high range, and these
distances were most useful for defining the binding site. Never-
theless, the broad range of efficiencies and consequently distances
observed suggest that the FRET donor-acceptor pairs sampled
a relatively large area of SecA topology for the identification of
the signal peptide-binding site. In the case of the SP22 peptide,
FRET efficiencies measured with SecA-Cys-190 and SecA-
Cys-287 are in the highly efficient range while SecA-Cys-256,

SecA-Cys-292, SecA-Cys-371, SecA-Cys-661, and SecA-Cys-718
lie in themoderately efficient range.While most of themutants in
these first two categories have their cysteine residue located
within PPXD, the latter two mutants are significant, since these
cysteine residues are located within the HSD and HWD, respec-
tively. In addition, Cys-190 lies at the NDB-1, HSD, and PPXD
interface, and it is close to the region recently proposed to be a
clamp for binding peptide (Figure 1) (10). These results are
consistent with recent reports that place portions of the SecA
signal peptide-binding domain close to the NBD-1, PPXD, and
HSD interdomain interface (25, 36, 38). By contrast, the weakest
transfer efficiencies, corresponding to distances of ∼50 Å and
longer, were observed for mutants located at the NBD-1-NBD-
2 interface (SecA-Cys-402) or within NBD-2 itself (SecA-Cys-
447, SecA-Cys-470, and SecA-Cys-506), which on the basis of the
available literature (reviewed in the introductory section) are
remote from the signal peptide-binding site. In addition, these
distances were also consistent with measurements from these
residues to portions of PPXDutilizing theB. subtilis SecA crystal
structures (unfortunately, the E. coli SecA X-ray structure is
missing electron density for most of PPXD) (3, 34, 64).

FRET efficiencies were measured for SP2 with SecA mutants
located within NBD-1, PPXD, and HSD. These measurements
are within the moderate range of FRET efficiency and largely
confirmed the distances measured for SP22. The differences in
transfer efficiencies between SP2 and SP22 for a given SecA
mutant are attributed to the different locations of the probe
on the peptide (N-terminal vs C-terminal), and the fact that
the N-terminal region of the peptide is fairly mobile and flexible
as shown by the NMR solution structure of the SecA-bound
signal peptide (38). This flexibility is also reflected in our
anisotropy data for the SecA-signal peptide complex, which
indicates that residue 2 of SP2 displayed significantly greater
mobility than residue 22 of SP22 [0.26 and 0.13, respectively
(Figure 3)].

A number of factors need to be considered in interpreting our
data. (i) The point of attachment of the probes to SecA or signal
peptidemaymodestly affect our distancemeasurements (by up to
∼7-10 Å) based on the size of these probes. The dihedral
flexibility introduced by the covalent attachment of the dyes to
the protein or peptide also contributes to the overall uncertainty
in the distance. (ii) The assumption of random orientation of the
bound dyes (κ2 in eq 4 of Experimental Procedures) contributes
to the uncertainty in the calculated distances. We note that for a
number of labeled SecA mutants investigated, the dyes were
relatively mobile as measured by anisotropy, and thus, the
assumption of 2/3 for the κ

2 value most likely leads to an error
of only e10% in the distance measured (55). (iii) Since FRET
measurements are taken in bulk, they represent an average of all
the conformations present in solution. The NMR and multiple
X-ray structures of SecA point to a conformationally dynamic
protein, where it is estimated that approximately 10% of SecA
exists in a closed conformation in solution where PPXD under-
goes an ∼60� solid body rotation to associate with the HSD and
HWD (38). Thus, our FRETmeasurements represent a weighted
average of SecA in its open and closed conformational states. The
relative population of the closed conformational state is unclear
as it depends on the signal peptide binding affinity of SecA in this
form. However, we assume that this contribution to our FRET
efficiency is no higher than 10%, consistent with the limits of our
measured stoichiometry of signal peptide binding to SecA of 1:1.
(iv) One ormore of themutant SecAproteins utilized heremay be
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significantly altered in their monomer-dimer equilibrium, and
therefore, it may exist in a mixture of the monomer and dimer
under our conditions. However, as we indicate above, there is no
evidence of a difference in the SecA signal peptide-binding sites
between these two forms based on their similar binding affinities
(compare Figures 3 and 5).
Mapping of the Signal Peptide-Binding Site on SecA. To

visually locate the signal peptide-binding domain on the SecA
structure, we mapped the intersection of our FRET distances for
SP22 or SP2 onto all of the existing SecA crystal structures
(Figure S3 of the Supporting Information) as well as the NMR
solution structure of SecA (38) (Figure 6A). For this purpose,
each experimentally measured distance was entered into Jmol
(http://Jmol.sourceforge.net) to create a potential signal peptide-
binding spherical surface around any given SecA cysteine residue.
This surface was defined as the measured FRET distance with
associated error. The overlapping regions were then identified by
creation of a Jmol script that highlighted the SecA structural
regions shared in common for the entire data set. The SecA signal
peptide-binding domain identified in this manner is relatively
large and consists of approximately 20% of the total SecA
residues. It is generally consistent for all of the different SecA
structures that have been determined thus far with some minor
variations. Thus, for all of the X-ray structures of SecA, regard-
less of organism (3, 34, 64-66), the FRET-identified site maps
mainly to PPXD (>50%), but importantly, it includes significant
portions of HSD, particularly the two-helix finger subdomain
previously implicated in preprotein interaction and transloca-
tion (10, 11). The tip of the two-helix finger, where preprotein
cross-linking was shown to occur, is not contained in our binding
site for all of the SecA X-ray structures. Rather, its inclusion is
observed for theE. coli SecAX-ray (3) andNMR structures (38),
where the PPXD is observed to be in the orientation associated
with the open state of SecA, which has been suggested to be the
more physiological state (38). The parallel SecA dimer of Thermus
thermophilus (66) contains the smallest amount of our signal
peptide-binding surface within HSD. In addition, a few residues
from NBD-1 are included in our SecA signal peptide-binding

domain formost of these organisms because of its proximity to the
PPXD-HSD interdomain interface.

We chose to use theNMRsolution structure ofE. coli SecA for
display purposes (38), since it is closest to our solution FRET
conditions. The majority of the binding site is defined by both
SP2- and SP22-determined distances (Figure 6A), largely due to
the higher transfer efficiencies observed for the SecA-SP2
donor-acceptor pairs, which causes a high degree of overlap
between the two data sets. The binding domain determined by
FRET is significantly larger than that identified by previous
studies (Figure 6B), although it is in good overall agreement with
the different genetic, biochemical, and biophysical approaches
that identified this region of SecA (25, 36, 38). We note that the
longest dimension of our binding site is ∼40 Å along the long
helix of HSD, and this distance compares well with the length of
the SecA-bound signal peptide from the NMR study that
measured ∼46 Å for KRR-LamB residues 1-22 (38). The signal
peptide length is necessarily determined by the amount of
secondary structure present, and currently the NMR solution
structure, which includes∼30 Å of unstructured regions ofKRR-
LamB, represents the best structural model for our study.

Although our FRET-determined signal peptide-binding do-
main encompasses all of the residues that experienced the greatest
chemical shift in the NMR study (38), our study identifies a
potentially different binding site (Figure 6B). In particular, most
of theNMR-determined site is confined to portions of PPXDand
includes a thin strip of residues within HSD that align with the
strands connecting PPXD to NBD-1 (Figure 6C) (38). By
contrast, our FRET-determined site includes large portions of
the HSD, including the two-helix finger domain that has been
shown to interact with preprotein and is inserted into the mouth
of the SecYEG channel where it has been proposed to act as a
ratchet to drive protein translocation (Figure 6D,E) (10, 11). On
the basis of this juxtaposition, we propose a model in which the
signal peptide would bind along the axes of the helices of HSD,
and the two-helix finger would promote the insertion of the
bound signal peptide into the SecYEG channel. This proposal is
consistent with our signal peptide-binding site and the geometry
of the SecA-SecYEG complex, whereas the location of the
bound amino-terminal region of the SecA-bound KRR-LamB
signal peptide (i.e., orthogonal rather than parallel to the helices
of HSD) would require an additional major conformational
change of SecA to move the signal peptide into the mouth of the
SecYEG channel. In support of our model, we note that the long
helix of HSD has been implicated in driving the chemo-mecha-
nical movement necessary for SecA-dependent protein transloca-
tion (67). Furthermore, a number of residues within HSD have
also been implicated in preprotein interaction according to a
recent EPR-basedmapping study (39). Very recently, aB. subtilis
SecA crystal structure has been determined with a hydrophilic
peptide bound to mimic the preprotein (40). In this structure,
peptide electron density is observed at the back of the clamp
region. This β-sheet region, which connects the PPXDwith HSD
and NBD-1, is fully contained within the FRET-determined site.
This crystallographic finding lends further support to the identi-
fication of a physiological binding site for the signal peptide by
FRET, which is different in orientation from theNMR-identified
site.

Finally, we believe that it is significant that the C-terminal
“tail” or CTL domain of SecA occupies our FRET-determined
peptide-binding domain (34), which is consistent with its peptide-
binding nature. In addition, it was recently shown that the

FIGURE 5: Equilibrium binding of SP22 to monomeric SecA. Bind-
ing of IANBD-labeled SP22 to IAEDANS-labeled SecAΔ11-Cys-
190 (9) was assessed by FRET. SecAΔ11-Cys-190wasmaintained at
a constant concentration of 0.05 μM, and SP22 was titrated into the
system from 0 to 15 μM. All experiments were performed in TKE
buffer at 20 �C.
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C-terminal tail of SecA serves an autoinhibitory role for signal
peptide binding (i.e., presumably by competing with the binding
of the signal peptide) (38). Our model is also consistent with
the location of the unstructured C-terminal region of the bound
signal peptide in the NMR study (residues 21-28), which
occupies this region (Figure 6C) (38). These observations in the
context of our study indicate that additional work is clearly
needed to further refine the location of the signal peptide-binding
domain of SecA and its conformational movements during the
translocation cycle as well as its mode of regulation.

At this time, we cannot rule out the possibility that different
signal peptides may bind to slightly different regions of SecA,
although depending on the proximity of binding sites such a
possibility would appear to create mechanistic complications for

initiation of the SecA-dependent translocation cycle at the
SecYEG channel. The observed differences could arise because
the 28-residue KRR-LamB signal peptide utilized in the NMR
study (38) has an artificially elongated amino-terminal region,
where residues 9-28 correspond to residues 2-21, respectively,
of our alkaline phosphatase signal peptide. Indeed, Lys-7, Arg-8,
Arg-9, and Lys-10 of KRR-LamB were observed to form salt
bridges with appropriate acidic residues of SecA, while the region
preceding these residues was found to be relatively unstructured
and mobile. Thus, this charged region probably influences the
stability of the complex as a result of the salt bridges, which
enhance the SecA signal peptide interaction (20, 27) as well as the
potential structural stability afforded by a more internal location
of the positive charge (i.e., comparison of Arg-9 vs Lys-2 of the

FIGURE 6: Location of the SecA signal peptide-binding domain. (A) A model of the NMR structure of E. coli SecA (Protein Data Bank entry
2VDA structure 1) (38) is shown in a gray-colored ribbon representation. The SecA region in common for the SP22 and SP2 data sets is colored
yellow, while those residues specific for SP22 and SP2 are colored dark and light green, respectively. The cysteine residues utilized formapping are
colored magenta. (B) Similar to panel A except the different SecA signal peptide-binding sites are color-coded for comparison to highlight
overlapping and nonoverlapping regions: green, red, andmagneta for nonoverlapping regions of our site compared to that determined byMusial-
Siwek et al. (36) and Baud et al. (25), respectively; dark blue, orange, and light blue for single overlapping regions of our site with that determined
byGelis et al.,Musial-Siwek et al., and Baud et al., respectively; purple and yellow for double overlapping regions of our site with that determined
bybothGelis et al. andMusial-Siweket al. orbothGelis et al. andBaudet al., respectively. (C)Comparisonof the SecA-boundKRR-LamBsignal
peptide structure (ProteinDataBank entry 2VDASPstructure 1)with ourFRET-mapped signal peptide-bindingdomain,which is colored green.
TheKRR-LamBsignal peptide is colored blue, and its amino terminus is located at the bottomof the figure. (D)Amodel of the cocrystal structure
of theThermotogamaritima SecA-SecYEG complex (ProteinData Bank entry 3din) (10) viewed from the side.Most of SecA is shown in a gray-
colored ribbon representation, SecY as a gray solid surface structure, SecE as a light blue solid surface structure, and SecG as a dark blue solid
surface structure. The FRET-mapped SecA signal peptide-binding domain is colored dark green, except for those regions that fall within the two-
helix finger, which are colored light green for the sake of clarity. SecA residues 668-741 are not shown for the sake of clarity of presentation of the
two-helix finger. (E) Similar to panel D except viewed from the cytoplasm.
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two signal peptides). Such increased stability is further indicated
by the significantly weaker binding affinity observed for the wild-
type LamB signal peptide with SecA (100 μMvs 3 μM for KRR-
LamB) (38). Thus, the placement of this region in the NMR
structure may be strongly influenced by the interactions of these
particular residues. In addition, although NMR measurements
provide a greater level of structural detail relative to FRET
measurements, the high concentrations of protein and ligand that
are employed can lead to nonspecific interactions, particularly in
this systemwhere both signal peptides and SecA can aggregate or
show artificial associations at high concentrations (>30 μM). By
contrast, FRET-based methods can be performed at more
biochemically relevant protein and ligand concentrations,
although the structural resolution of a binding site can only be
achieved by systematically sampling large regions of the protein
surface bymoving the appropriate probes along the protein from
one location to another. Nevertheless, the relative agreement
between the results of our two groups is striking, given the fact
that different structuralmethods and signal peptides were utilized
in the two studies.

Given the development of a robust fluorescence-based signal
peptide binding assay as well as FRET-based mapping in this
system, a number of additional studies can now be pursued.
These include genetic confirmation and mechanistic exploration
of the SecA signal peptide-binding domain as well as mapping of
the region of SecA involved in binding of the early mature region
of the preprotein, to name just a couple of possibilities. In
addition, the fact that the signal peptide-binding domain identi-
fied here lies at the center of the SecA molecule and is flanked by
domains that interact with ATP and the SecYEG channel
component suggests obvious experiments for further exploring
the details of the chemo-mechanical cycle of SecA utilizing a
multidisciplinary approach to this problem.
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