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ABSTRACT. SecA ATPase is an essential component of the Sec-dependent protein translocation machinery.
Upon interaction with the plasma membrane containing SecYE, preprotein, and ATP, SecA undergoes
cycles of membrane insertion and retraction resulting in the translocation of segments of the preprotein
to the trans side of the membrane. To study the structural basis of SecA function, we employed fluorescence
spectroscopy along with collisional quenchers with a set of SecA proteins containing single tryptophan
substitutions. Our data show that among the seven naturally occurring tryptophan resilselsasfchia

coli SecA, only the three tryptophan residues contained within the C-domain contributed significantly to
the fluorescence signal, and they occupied distinct local environments in solution: Trp723 and Trp775
were found to be relatively solvent accessible and inaccessible, respectively, while Trp701 displayed an
intermediate level of solvent exposure. Exposure to increased temperature or interaction with model
membranes or signal peptide elicited a similar conformational response from SecA based upon the
fluorescence signals of the SecA-W775F and SecA-W723F mutant proteins. Specifically, Trp775 became
more solvent exposed, while Trp723 became less solvent accessible under these conditions, indicating
similarities in the overall conformational change of the C-domain promoted by temperature or translocation
ligands. Only Trp701 did not respond in parallel to the different conditions, since its solvent accessibility
changed only in the presence of signal peptide. These results provide the first detailed structural information
about the C-domain of SecA and its response to translocation ligands, and they provide insight into the
conformational changes within SecA that drive protein translocation.

During the past two decades, considerable attention hasto prevent preprotein backsliding by slowing the movement
been focused on the steps that lead to the specific targetingof the translocating polypeptide chaihlj.
and translocation of proteins across biological membranes. SecA makes a number of interactions with critical
The relative simplicity and tractability dEscherichia coli ~ components of the translocation machinery. These include
make it an ideal system in which to study this process. ATP, preprotein, SecB, SecY, SecG, and anionic phospho-
Genetic and biochemical methods have allowed the identi- jipids (4—6, 12—17). SecA consists of two structural domains
fication and characterization of the major Sec-dependent of 65 kDa (N-domain) and 30 kDa (C-domair)gj. Located
pathway that is responsible for the biogenesis of most in the N-domain are two nucleotide-binding domains, NBD-|
secretory and many integral membrane proteing). This and NBD-II, that flank the proposed preprotein-binding
system consists of the cytosolic SecB chaperone, the SecAregion (12, 19). The C-domain contains a region for binding
translocation ATPase, SecYE protein that makes up theSecB and phospholipids that is located in a cysteine-rich
translocation channel, and integral membrane accessorytegion at the C-terminu$(16). The N-domain also contains
proteins SecG and SecDF. Both SecB-dependent and indethe SecYE-specific binding activity of SecA, while the
pendent proteins are delivered to SecA, which has binding C-domain binds to membranes nonspecifically through
sites for SecB and preprotein as well as Sec3ES). Upon partitioning into phospholipids20). During protein trans-
binding of preprotein and ATP, SecA undergoes a major |ocation both the N- and C-domains have been reported to
conformational change that allows it to insert into the undergo membrane cycling, where the preprotein-binding and
translocation channeb{-8). ATP hydrolysis and preprotein  C-terminal regions become periplasmically exposed upon
release promote SecA deinsertion and set the stage forSecA membrane insertio,(21, 22).
additional rounds of SecA membrane cycling that facilitates g cigation of SecA conformational cycling and its regula-
the stepwise translocation of preproteifls GecG isasmall  tjon by the various translocation components is critical to
integral membrane protein that facilitates SecA membrane ngerstand the protein translocation cycle. Previous studies
cycling by undergoing a topology inversion that is coupled haye identified at least two distinct conformational states of
to the cycle of SecA insertion and retractiatO(. SecDF  gecA: a compact form that is favored at low temperature
stabilizes the membrane-inserted form of SecA and appearsy; ypon ADP binding and a more extended or relaxed
conformation that is favored at high temperature or upon
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15, 23). This latter state presumably corresponds to a contained on pT7 secA2lP) utilizing appropriate oligo-
transitional form of SecA that bears similarities to the nucleotide primers and a QuikChange site-directed mutagen-
membrane-inserted form of the protein. The change in SecAesis kit (Stratagene) as described by the manufacturer. All
conformation has been followed previously utilizing intrinsic mutations were confirmed by DNA sequence analysis.
Trp fluorescence and corresponds to SecA’s endothermicPlasmids were transformed into BL21./DE3) [secAl3-
transition (L5). Recent work indicates that SecA proteins that (Am) supF(Ts) trp(Am) zch::Tn10 recA::CAT clpA::KAN
confer azide-resistantti) or signal sequence suppressor (12) and checked fosecAcomplementation by growth and
(prID) phenotypes are shifted in their endothermic transition single colony formation at 42C as described previously
toward the relaxed state, and they display a reduced affinity (12).
for ADP and a higher nucleotide exchange r&é)(These Purification of Mutant SecA Proteins and ATPase Assays
observations are consistent with the ability of the respective SecA proteins were overproduced from BL21.19 containing
strains to escape azide inhibition or suppress signal sequencéhe appropriate plasmid and purified by affinity chromatog-
defects. raphy on Cibacron Blue agarose (Sigma) as described

A determination of the crystal structure of SecA protein previously (2). Protein concentration was determined using
is currently in progress (J. Hunt, S. Weinhauf, D. Oliver, the Bradford assay (BioRad) with bovine serum albumin as
and J. Deisenhofer, manuscript in preparation). This ap- a standard. SecA ATPase activities were determined by the
proach, however, will not shed light on the various local or Malachite green method3() utilizing the modifications
global structural fluctuations that occur during the SecA- described in Mitchell and Oliverl@Q). ATPase activity was
dependent protein translocation cycle. By contrast, spectro-calculated using the following formulas: endogenous ATPase
scopic techniques involving fluorescence emission and activity = ATPase activity in the presence of SecA
collisional quenching of emission by solutes can provide ATPase activity in the absence of SecA; membrane ATPase
sensitive probes of the conformational states of proteins andactivity = ATPase activity in the presence of SecA and IMV
their modulation by ligands. The emission of tryptophan is — (ATPase activity in the presence of IM¥ endogenous
highly sensitive to its local environment, and therefore, itis ATPase activity); translocation ATPase activityATPase
often used as a reporter group for changes in protein activity in the presence of SecA, IMV, and preprotein
conformation 5, 26). In previous work, Trp fluorescence membrane ATPase activity. SecA-depleted IMV and the
has been used successfully to monitor conformational chimeric preprotein comprised of thg. coli alkaline
changes of proteins during the protein folding procés$ ( phosphatase signal sequence &tdphylococcahuclease
28) and the insertion of peptides into membrane syst@®9s ( with K97C and W140H substitutions were prepared as
Because of this sensitivity to local environment and structure, described by Kim et al.31) and Cabelli 82), respectively.
we have utilized Trp fluorescence to Study the conformational Fluorescence Measurementsteady_state fluorescence
changes of SecA protein. spectra were recorded at-280 ug/mL SecA protein in TKE

In this work, a family of SecA proteins containing a single  puffer (25 mM Tris-HCI, pH 7.5, 25 mM KCI, 1 mM EDTA)
substitution of Trp to Phe for each of the seven Trp residueson a FluoroMax-2 spectrofluorometer (Instruments S. A.,
of SecA protein was constructed. Comparison of the fluo- Metuchen, NJ) with a Neslab programmable water bath with
rescence properties of this set of proteins under variousa remote sensor. Sample was placed in a quartz cuvette with
conditions allowed us to assign the contribution of individual 3 1-cm excitation and 0.4-cm emission path length. The
Trp residues to the fluorescence spectra, determine theirexcitation and emission slits were set at 0.71 mm to give a
SOIVent accessibility, and |dent|fy those I’eSidues that are 3-nm band_paSS. Spectra were Scanned at a rate of 1 nm/s
responsible for the spectroscopic changes induced by thefrom 320 to 450 nm using an excitation wavelength of 297
e_ndqthermic transition or py phosph_olipid orlsignal peptide nm. Two or more data sets were collected for all experiments,
binding. Our results provide the first detailed structural anq they gave rise to essentially identical results in all cases.
information about the C-domain of SecA and its response | jght scattering due to the presence of LUV was assessed
to temperature or translocatlon Ilgands,. and they prowdg apy comparing the fluorescence spectraNbcetylt -tryp-
basis for gnderstandmg SecA conformational changes du””gtophanamide, LUV, andN-acetyltryptophamide plus LUV
the protein translocation cycle. or SecA, LUV, and SecA plus LUV in the range of 360
450 nm using an excitation wavelength of 297 nm.

Preparation of LUV Synthetic phospholipids dissolved
in chloroform were dried under a stream of nitrogen and

EXPERIMENTAL PROCEDURES
Materials DOPC and DOPG were purchased from Avanti

Polar Lipids (Pelham, AL). Acrylamide and most common
chemicals were obtained from Sigma. The LamB signal
peptides were kindly provided by Lila Gierasch (U. Mass.).
Mutagenesis and ComplementatiofGG (Trp) to TTC
(Phe) substitutions were introduced into teecA gene

1 Abbreviations: AMP-PNP, adenylyl imidodiphophate; DOR&-
1,2-dioleoylphosphatidyl-choline; DOPG, 1,2-dioleoylphosphatidyl-
glycerol; IMV, inverted membrane vesicles; LamB-KRR, LamB signal
peptide with Lys Arg Lys inserted between the sixth and seventh
residue; LamB-KRR19@78, similar to LamB-KRR but also missing
residues 1613 along with a Cys substitution at residue 19 of LamB;
LUV, large unilamellar vesicles; NBD-I or NBD-II, high or low affinity
nucleotide-binding domain, respectively.

dried further under high vacuum for at least 1 h. Lipids were

resuspended thoroughly in TKE buffer and subjected to five
freeze-thaw cycles. LUV were made by passing samples

20 times through polycarbonate filters (pore diameter 100
nm) using an extrusion apparatus, LiposoFast-Basic (Avestin,
Ottawa, Canada). For binding studies the LUV stock solution
was 10 mg/mL DOPC/DOPG (1:1, wiw).

Acrylamide Quenching Experiment& 4 M acrylamide
stock solution was prepared in TKE buffer. Quenching
experiments were carried out by adding aliquots of the
acrylamide stock solution or TKE buffer to the test solution.
The results obtained with TKE buffer were used to correct
for the effect of dilution on the experimental values.
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Data ProcessingAll fluorescence emission spectra were This result suggests that tievivo activity of these mutant
recorded utilizing Datamax (Galactic Industries Corp.). SecA proteins is similar to wildtype SecA.
Values of fluorescence intensity at specific emission wave- SecA protein from each strain was overproduced and
lengths were taken and processed utilizing Prism 2.0 softwarepurified. Analysis of the purified proteins by SBRAGE
(GraphPad Software, Inc.). For quenching experiments, dataand staining with Coomassie brilliant blue revealed a single
points were averaged from two sets of experiments, and thespecies of the predicted molecular mass with greater than
Stern—Volmer equationFo/F = 1 + Ks\[Q] was used for 95% purity (data not showWnSecA protein has been shown
curve fitting. For determination of the affinity of SecA for previously to possess three distinct ATPase activities: an
LUV, the following equation that is based on the assumption endogenous ATPase activity that is stimulated by binding
of a single binding-site was used for curve fittingeF/Fq IMV (membrane ATPase) or IMV and preprotein (translo-
= AFmadFo[LUV]/(Kq4 + [LUV]), where F and Fq are the cation ATPase)34). ATPase assays of the mutant proteins
fluorescence intensities in the presence and absence of LUV jndicated that they possessed comparable endogenous, mem-
respectively,AF is the difference betweeR and Fo, and brane, and translocation ATPase activities to those of
AFnax represents the maximal difference in fluorescence wildtype SecA protein (data not shown). We conclude that
intensity. The values oAFnac and Ky were extracted from  our seven mutant SecA proteins were normally active both
curve fitting. For experiments measuring the endothermic in »ivo andin vzitro, and therefore they should yield valuable
transition or peak shift of SecA protein with increasing information regarding SecA structuréunction relationships
temperature, the data was fitted to a sigmoidal curve by in our spectroscopic assays.
employing the following equation = Yitar + (Yfina — Contribution of Each Trp Residue to SecA Fluorescence
Yinia)(1 + 100 = X% whereY represents/Fo or Fszof Construction of the Trp substitution mutants allowed us to
Fsss, X represents temperatur@, is the midpoint of the  determine the contribution of each Trp residue to the overall
curve, andYsina and Yiniia are the values fo at final and  fluorescence spectrum of SecA protein. We used an excita-
initial temperatures, respectively. tion wavelength of 297 nm in this study since the other two

naturally occurring aromatic amino acids, Phe and Tyr, have

RESULTS little absorption at this wavelength and therefore do not

Characterization of SecA Proteins Containing Single Trp contribute to the fluorescence spectrum, and energy transfer
to Phe SubstitutionsE. coli SecA protein contains seven between identical tryptophyl groups is decreased significantly
Trp residues at positions 349, 519, 541, 622, 701, 723, andor undetectable by excitation at the red edge of the absorption
775 (33). According to previous reports Trp349 is located spectrum 85). Examination of the fluorescence spectra of
within the putative preprotein-binding region, Trp519 and SecA proteins showed that the fluorescence intensity of
Trp541 are located within NBD-II, Trp622 is located at the wildtype SecA, SecA-W349F, SecA-W519F, SecA-W541F,
junction of NBD-II and the C-domain, and Trp701, Trp723, and SecA-W622F was essentially identical (Figure 1, panel
and Trp775 are located within the C-domain of SedZ, ( A), while that of SecA-W701F, SecA-W723F, and SecA-
18, 19). To assess the contributions of individual Trp residues W775F was decreased significantly (Figure 1, panel B). This
to SecA fluorescence we employed site-directed mutagenesigesult suggests that Trp701, Trp723, and Trp775 are the
to produce a set of seven SecA proteins each containing amajor contributors to SecA fluorescence under these condi-
single Trp to Phe substitution. While this approach has the tions. Since the apparent lack of contribution of Trp349,
disadvantage that each protein still contains six Trp residues,Trp519, Trp541, and Trp622 to the overall fluorescence of
complicating the interpretation of the fluorescence data, it SecA protein was unexpected, we critically tested this result
has the advantage of minimally altering the sequence andby examining the fluorescence of a SecA protein lacking
properties of a given SecA protein. We found, for example, Trp701, Trp723, and Trp775, SecA-W701F/W723F/\W775F.
that certain combinations of multiple Trp substitutions altered We found that this protein, which was biologically actine
the biochemical properties of SecA protein rendering it vizo based on our complementation assay, was only weakly
membrane associated and difficult to purify (Ding, Mukerji, fluorescent (Figure 1, panel B). Figure 2, panel A shows
and Oliver, unpublished results). These observations suggesthe fluorescence spectra of the different SecA proteins
that more extensive substitutions within SecA are likely to corrected for their absorbance at 297 nm. The increase in
alter its normal conformational equilibrium and its response relative fluorescence yield of SecA-W349F, SecA-W519F,
to various translocation ligands. SecA-W541F, and SecA-W622F suggests that these Trp

The seven Trp substitution mutants were engineered intoresidues contributed strongly to the absorbance at 297 nm,
pT7 secA2, which expressesecAunder a T7 promoter. but they did not contribute significantly to the overall
BL21.19 was used as the host for these plasmids, since itemission. Furthermore, the increase in relative quantum yield
contains thesecA13(Am) supF(Tg)leles that allow for the  and the similarity in emission profile with respect to wildtype
conditional expression of chromosomsécA Each Trp SecA are also suggestive that energy transfer to other Trp
substitution mutant was named according to the position of residues is not a significant source of fluorescence quenching
the substitution [e.g., BL21.19 (pT7 secA-W349F)]. The forthese residues. By contrast, the relative fluorescence yield
biological function of eachsecA allele was tested by of SecA-W701F, SecA-W723F, and SecA-W775F was
complementation (see Experimental Procedures). All sevensignificantly decreased as compared to wildtype SecA,
mutants were able to grow normally both with respect to indicating that Trp701, Trp723, and Trp775 are the major
the size and efficiency of colony formation under conditions contributors to the fluorescence emission under these condi-
where the mutant SecA protein was expressed at chromo-tions. Figure 2, panel B shows the difference spectrum for
somal levels and was the only source of SecA within the each Trp residue. Only Trp701, Trp723, and Trp775 have
cell (M63 minimal glucose plates at 42) (data not shown).  positive contributions to the overall quantum yield of SecA
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Ficure 1: Fluorescence spectra of wildtype and mutant SecA 300 350 400 450
proteins: (A) wildtype SecA and four N-domain Trp substitution wavelength (nm)

SecA proteins (SecA-W349F, SecA-W519F, SecA-W541F, and
SecA-W622F); (B) wildtype SecA, three C-domain Trp substitution
SecA proteins (SecA-W701F, SecA-W723F, and SecA-W775F) an
SecA-W701F/W723F/W775F. Fluorescence spectra of @NI5
SecA in TKE buffer were recorded at 2€ with excitation at 297
nm.

FiGurRe 2: Contribution of individual Trp residues to SecA
d fluorescence. Fluorescence spectra of @i¥BSecA in TKE buffer
were recorded at 24C with excitation at 297 nm. (A) Absorbance
corrected spectrum of indicated SecA protein; (B) spectrum of
individual Trp residues derived by subtraction of the mutant protein
fluorescence spectrum from that of wildtype SecA. A comparison
) ) ) of the sum of the difference spectra for the individual Trp residues
protein, where Trp723 contributes most, followed in order to that of wildtype SecA is given also.

by Trp701 and Trp775. Since these three Trp residues are
contained solely within the C-domain of SecA, our results (Figure 2, panel B), indicating that they are relatively solvent
indicate that fluorescence studies of SecA provide a specificexposed in SecA in its solution state. By contrast, Trp775
measure of events that occur within this region of the protein. appears to be a buried residue based o itg, of 335 nm.
We note further that the sum of the relative fluorescence This result is consistent with that of den Blaauwenal.
quantum yield of the seven Trp residues is almost identical (23), who studied the fluorescence properties of SecA
to that of wildtype SecA (Figure 2, panel B). This result proteins engineered to contain solely Trp701 or Trp775.
indicates that the single amino acid substitutions were To confirm these inferences, we directly assessed Trp
unlikely to cause a major conformational change in these solvent accessibility utilizing acrylamide as a fluorescence
proteins and that energy transfer between Trp residues withinquencher. Acrylamide is a collisional quench&)( in which
SecA was a relatively minor contribution to the overall the amount of quenching is linearly related to acrylamide
fluorescence spectrum. We also measured the contributionconcentration as described by the Stevtolmer equation,
of each Trp residue to the overall SecA fluorescence intensity Fo/F = 1 + Ksy [Q], where [Q] is the quencher concentration
in the presence of several SecA ligands, such as signaland Ksy is the Stera-Volmer quenching constanKsy is
peptide, ADP, and phospholipid. The results were also the product ok, the collisional quenching constant, ang
consistent with the above observations (data not shown),the excited-state lifetime in the absence of quencher. In the
indicating that Trp701, Trp723, and Trp775 were still the experiments that follow we assume that differencekdn
major contributors of SecA fluorescence emission under theseare most likely due to differences kg, although it remains
conditions. conceivable but much less likely thatwas altered. Figure
Local Ervironment of Trp701, Trp723, and Trp7.75ince 3 is a plot of Fo/F versus acrylamide concentration for the
the amplitude and wavelength of Trp fluorescence emission different SecA proteins, where the slope of each curve
are dependent on the polarity of the local environment and provides the value oKsy for each protein. SecA-W775F
the mobility of Trp residues, the fluorescence emission had the highessy value and consequently, greatest overall
maxima {may often provide valuable information about the solvent exposure, followed in order by wildtype SecA, SecA-
solvent accessibility of Trp residues within a protein. Trp723 W701F, and SecA-W723F (Table 1). Since the Trp775 to
and Trp701 had maxvalues of 354 and 347 nm, respectively Phe substitution increased the overall solvent exposure of
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Ficure 3: Stern-Volmer plots using acrylamide as the quencher for SecA proteins in the absence and presence of LUV. (A) Wildtype
SecA, (B) SecA-W701F, (C) SecA-W723F, and (D) SecA-W775F. For experiments with LUV, Seqfy(@8.) proteins were incubated

with 300uxg/mL LUV in TKE buffer for 30 min prior to initiating the experiment. Fluorescence gquenching experiments were conducted at

24 °C using 297 nm as the excitation wavelength and 340 nm as the emission wavelerayidF are the fluorescence intensities in the
absence and presence of acrylamide, respectively. Values were corrected for dilution. Some error bars are within the range occupied by the
symbols.

In this regard, we have recently shown that when SecA

Table 1: Acrylamide Quenching Constants of SecA Proteins o 4 e :
initially binds to IMV, the N-domain is responsible for

-1
Ksv (M7 interaction with SecYE, while the C-domain interacts with
Sech e S e phospholipids 20). To learn more about the conformational

response of the C-domain during its interaction with phos-
protein alone 4,74 0.04 4.44+0.05 2.42+0.04 7.61+0.08 P 9 P

TLUV 44141007 470L022 356L016 597t 014 pholipids, we first measured the affinity of SecA protein for
+LamB-KRR  3.77+0.03 2.80+0.02 2.47+0.03 1.66+ 0.07 LUV. Figure 4 shows that the different SecA proteins showed
+L}?§F§i9m78 5.00+0.03 4.65-0.03 2.86+0.06 8.24+0.10 similar affinities for LUV, although the affinity of wildtype

SecA was modestly higher than the three mutant SecA

SecA the most, it follows that Trp775 is the most buried Proteins. Previously, we have shown that SecA hasa
Trp residue within the C-domain of SecA. A similar logic between 50 and 7@g/mL for small unilamellar vesicles
indicates that Trp723 is the most solvent exposed Trp residue(SUV) with a similar phospholipid compositiori§). The
within the C-domain, while Trp701 displayed an intermediate high degree of curvature of SUV may contribute to a higher
level of solvent exposure. Our results are in basic agreementaffinity for SecA binding than LUV. Figure 3 compares the
with those of Song and Kim3{), who obtained a value of  acrylamide quenching of SecA fluorescence in the presence
75% exposure for the Trp residues of SecA by comparing Or absence of saturating levels of LUV. Only a minor
iodide quenching for native and denatured SecA protein. difference between these two conditions was noted for
Environmental Changes of Trp701, 723, and 775 during Wildtype SecA and SecA-W701F, while more striking
SecA Interaction with LUVThe interaction of SecA with  differences were revealed with the remaining two mutant
the plasma membrane requires both SecYE protein and acidigproteins. Acrylamide quenched the fluorescence of SecA-
phospholipids 3, 38, 39). It has been shown previously that W723F more strongly in the presence of LUV than in their
SecA can spontaneously insert into model membranesabsence, while the opposite result was observed for SecA-
containing anionic phospholipidsl%, 40). Although this W775F. Light scattering due to the presence of LUV was
insertion is distinct from that which occurs at SecYE after ruled out as a cause for any differences detected (data not
preprotein and ATP binding, it may represent an important shown). Since the Trp723 to Phe substitution increased the
model subreaction in the overall protein translocation cycle. overall exposure of SecA-W723F after LUV addition, it
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Ficure 4: Binding of SecA to LUV. SecA protein (0,AM) was v
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intensities were measured for sample wil) @nd without Eg) 0
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[
follows that Trp723 becomes more buried upon SecA lipid Y
binding. A similar logic indicates that Trp775 becomes more 0.9
solvent exposed when SecA binds to LUV. These results
strongly support the hypothesis of Ulbrarettal. (15) that
SecA undergoes a conformational change upon binding 0.8 . l . . . . ]
model membranes. These results also indicate that this 20 25 30 35 40 45 50 55

response minimally involves portions of the C-domain. temperature (°C)

Enulronmental Chang_es of Trp701, 723, and_775 during Ficure 5: Shift in the peak fluorescence of SecA during its
the Endothermic TransitioWe have shown previously that  endothermic transition. (A) The intrinsic Trp fluorescence intensity
the conformational change of SecA from its more compact at 340 nm relative to that present at the starting temperafiig)(
to extended state is dependent on temperature as well a9f 0.1 uM of the indicated SecA protein in TKE buffer was
phospholipid binding. The fluorescence intensity of SecA measured as a function of temperature at an excitation wavelength

- . . . . of 297 nm. (B) The ratio of emission intensity at 330 and 355 nm
decreases sigmoidally as a function of increasing temperature(,:33 JFass) as a function of temperature was plotted for the different

that is characteristic of this conformational transitidib)( SecA proteins. Sigmoidal curve fitting was conducted for SecA-
To characterize this conformational change further, we W723F and SecA-W775F.

studied the endothermic transitions of our mutant SecA
proteins. Plots oF/F, versus temperature for SecA-W349F, endothermic transition, there was little change in g/
SecA-W519F, SecA-W541F, and SecA-W622F were indis- Fsss ratio for wildtype SecA and SecA-W701F, while this
tinguishable from that of wildtype SecA both in magnitude ratio changed sharply, but in opposite directions, for the two
and shape (data not shown). This result indicates that theother mutant proteins. ThEssdFsss ratio of SecA-W723F
N-domain of SecA does not strongly contribute to the overall decreased during the endothermic transition, while that of
fluorescence of either conformational state of SecA, and thesewildtype SecA remained constant. Therefore, in the wildtype
mutant SecA proteins have a similar conformational flex- protein, the fluorescence of Trp723 must compensate for the
ibility as wildtype SecA protein. In contrast, similar plots observed relative decreasefaky/Fsssin SecA-W723F (i.e.,
for SecA-W701F, SecA-W723F, and SecA-W775F showed Trp723 is blue-shifted in wildtype SecA during the endot-
a decreased magnitude as compared to wildtype SecA (Figurérermic transition). For SecA-W775F, thgsf/Fsssincreased
5, panel A). This result indicates that Trp701, Trp723, and during the endothermic transition, consistent with a red shift
Trp775 were the major contributors to the overall fluores- of Trp775 in wildtype SecA. In sum, it appears that Trp775
cence for both conformational states of SecA. In addition, becomes more solvent exposed and Trp723 becomes more
the midpoint of the endothermic transitiof{) was some- buried during the temperature-induced conformational change
what reduced for SecA-W723F (384 0.8 °C), SecA- of SecA protein. These results are consistent with our
W775F (39.04+ 0.2°C), and SecA-W701F (39.4 0.3°C) guenching studies performed with LUV. They suggest that
as compared to wildtype SecA (40420.3°C), suggesting  a similar conformational change takes place within the
a modest destabilization of the compact form of SecA as a C-domain of SecA both during the endothermic transition
result of the Trp to Phe substitutions. in solution and when SecA interacts with model membranes.
Since shifts in fluorescence maxima during the endother-  Effects of Signal Peptides on the Conformation of the
mic transition were difficult to visualize from the spectra, C-Domain of SecARecently, it has been established that
we plotted theF330/F3s5 ratio as a function of temperature.  signal peptides can specifically interact with SecA protein
This latter method has been shown to more effectively reveal both in solution and in the presence of liposomés4R).
spectral shifts41). Figure 5, panel B shows that during the To probe for signal peptide-induced conformational changes
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FIGURE 6: Sterr-Volmer plots using acrylamide as the quencher for SecA proteins in the absence and presence of functional or nonfunctional
signal peptide. (A) Wildtype SecA, (B) SecA-W701F, (C) SecA-W723F, and (D) SecA-W775F. SecA proteirMPwvias incubated in
the absence or presence of 20 LamB-KRR or LamB-KRR19@78 in TKE buffer for 30 min prior to initiating the experiment.
Fluorescence quenching experiments were conducted &€ 24ing 297 nm as the excitation wavelength and 340 nm as the emission
\(/jv_?\éie;ﬁngth.Fo andF are the fluorescence intensities in the absence and presence of acrylamide, respectively. Values were corrected for
Hnu .
of SecA, we studied the quenching of SecA fluorescence by Trp723 experienced a greater decrease in solvent exposure
acrylamide, utilizing LamB-KRR or LamB-KRR19£78, as compared to Trp701. Utilizing Kl as a collisional
functional or nonfunctional variants of the lambda receptor quencher, Ahn and Kim4Q) obtained a similar measurement
signal peptide, respectively. Figure 6 shows that the acry-for the signal peptide-dependent decrease in Trp solvent
lamide quenching constant for SecA-W775F decreasedexposure for wildtype SecA protein. Finally, we note that
markedly in the presence of functional signal peptide (79% exposure of SecA to signal peptide, LUV, or higher tem-
decrease iKsy, Table 1) as compared to no signal peptide perature all appear to change the local environments of
or nonfunctional signal peptide. This result indicates an Trp723 and Trp775. However, only Trp701 experienced a
overall decrease in the solvent exposure of Trp701 and/orchange in its local environment in the presence of signal
Trp723 in the presence of functional signal peptide. In peptide. The results of our quenching studies are summarized
contrast, a more modest effect was observed for wildtype in Table 1.
SecA (27% decrease Ksy, Table 1) or SecA-W701F (37%
decrease irKsy, Table 1), while little or no effect was DISCUSSION
observed for SecA-W723F. The modest decreas&dn We initiated this study to elucidate further the conforma-
values observed for wildtype SecA and SecA-W701F suggesttional changes that occur when SecA interacts with its various
that Trp775 became more solvent exposed in the presencdigands. Such conformational alterations serve to drive the
of functional signal peptide, thereby compensating in part protein translocation cycle, and their analysis should allow
for the decreased exposure of Trp701 and/or Trp723. Thisus to resolve the detailed steps that occur during this process.
logic is consistent with the results observed for SecA-W723F, We approached this problem by creating a set of single Trp
which showed no effect of signal peptide on sy value substitution variants of SecA protein and utilizing fluores-
(presumably because of equal and opposite effects of Trp701cence spectroscopy to map out the environment of individual
and Trp775). Furthermore, since SecA-W701F (containing Trp residues of SecA and determine their response to
Trp723 and Trp775) showed a modest signal peptide- important translocation ligands such as model membranes
dependent decrease in ity value, while SecA-W723F  and signal peptide. This approach turned out to be a powerful
(containing Trp701 and Trp775) did not, it follows that one, since fortuitously the first four Trp residues of SecA
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did not contribute significantly to the fluorescence spectrum This latter result is important, since it may provide a
in either of SecA’s conformational states, allowing us to structural clue for positioning the signal peptide binding cleft
study the detailed behavior of the remaining three Trp or a signal peptide-specific conformational response or
residues within the C-domain of SecA. Our experience in regulatory element within the C-domain of SecA protein.
this regard indicates the potential utility of a conservative Additional studies are required to follow up on this poten-
mutagenic approach whereby individual or a limited number tially important observation.
of Trp residues are altered within a large protein, thereby  Our results extend the initial observations by others in the
minimally perturbing its structural and biochemical proper- field, who first noted that SecA conformation is sensitive to
ties. temperature or various translocation-related ligands. Specif-
Interpretation of our results relies on the structural and ically, they suggest that SecA alternates between more
biochemical properties of our single Trp substitution mutant compact and extended states depending on its interaction with
proteins being essentially normal. This point is supported a particular ligand or the temperature of the system. ADP
by several observations: (i) the mutant proteins were active binding favors the more compact conformation of SecA,
in zivo at wildtype SecA levels; (ii) they possessed normal while binding to AMP-PNP, model membranes containing
endogenous, membrane, and translocation ATPase activitiesanionic phospholipids, signal peptide, preprotein, or increas-
a critical measure of SecA conformational cycling promoted ing temperature all favor the more extended conformation
by its translocation ligands; (iii) the phospholipid-binding of SecA @, 6, 15, 23, 40, 42). Since protease accessibility
activity of the mutant proteins was similar to wildtype SecA, was often utilized to define these two states, it was unclear
and (iv) they displayed similar endothermic transition profiles whether the extended conformation of SecA was the result
as wildtype SecA protein. Taken together, these observationsof one or more distinct states, all of which were equally
strongly suggest that this set of mutant proteins provides aprotease sensitive. In this regard, our study supports the
valid basis for the study of SecA conformational dynamics existence of a single extended state of SecA, at least for the
and its modulation by translocation ligands. C-domain, since we obtained a similar pattern for the change
The three Trp residues that we studied here, Trp701, in the local environments of Trp723 and Trp775 under these
Trp723, and Trp775 occupy distinct environments within diverse conditions. Since we lacked environmental probes
SecA protein in its solution state. Both the position of peak for other important regions of SecA, such as NBD-I, NBD-
Trp fluorescence as well as the acrylamide quenching datall, and the preprotein-binding region, additional studies will
indicate that Trp723 and to a lesser extent Trp701 are be needed to further resolve the effects that the different
relatively solvent accessible, while Trp775 appears to be translocation ligands have on the conformation of other
buried within the interior of SecA protein. These results are regions of SecA.
consistent with those of den Blaauwen al. (23), who Both the N- and C-domains of SecA have been purported
studied the fluorescence properties of SecA proteins engi-to undergo membrane cycling at SecYE in the presence of
neered to contain solely Trp701 or Trp775, as well as a recentpreprotein and ATP based on their alternating states of
model derived from the crystallization @&acillus subtilis protease resistancé,(8). Evidence in favor of this model
SecA protein (J. Hunt, S. Weinhauf, D. Oliver, and J. has also come from other groups, who showed that both the
Deisenhofer, manuscript in preparation), which displays a preprotein-binding region and the C-terminus of SecA were
50% overall identity to it€. colihomologue 83, 43). This periplasmically exposed after SecA membrane inserdn (
model shows that the C-domain is composed of two helical 22, 31). These observations have left open precisely which
subdomains, C1 and C2. The residue homologous to Trp775regions of SecA interact with the various translocation
(Trp724) is located in the middle of a helix that is shielded ligands as well as the timing of the conformational response-
from solvent by two neighboring helices within C1, while (s) and release of the ligands. Recently, we have shown that
Trp701 (Trp652) and Trp723 (1le676) are located at the the N-domain of SecA contains the SecYE-binding deter-
protein surface within a small bundle of helices that minant, while the C-domain binds phospholipids nonspe-
comprises C2. cifically (20), consistent with a previous report that mapped
Our results suggest that there is a similar change in thea phospholipid binding determinant to the 70 C-terminal
conformation of the C-domain of SecA in response to residues of SecAlp).
temperature or upon binding model membranes or signal Taking our findings as well as those of other investigators
peptide. Specifically it appears likely that during the endot- into consideration, we suggest that the conformational
hermic transition or upon interaction with LUV or signal flexibility of SecA is critical for driving the protein trans-
peptide, Trp775 became more solvent accessible, whilelocation cycle. For example, SecA proteins that confer azide
Trp723 became less solvent exposed. In theory, while theresistant or signal sequence suppressor phenotypes had a
observed changes Ksy value could be due to a change in lower endothermic transition temperature and a reduced
either Trp exposure or excited state lifetime in the absenceaffinity for ADP and a greatly accelerated ADP exchange
of quencher, an alteration in the latter parameter is muchrate @4), indicating the importance of N- and C-domain
less common. In either case, our basic conclusion regardinginteraction and their flexibility for SecA function. A recent
the parallel conformational response of the C-domain to thesestudy found that SecA dimer is formed by association of N-
conditions would be unaffected by this subtlety. Our result and C-domains from adjacent protomers in an antiparallel
indicates that both C1 and C2 are affected by the confor- fashion, and such association appears to regulate the SecA
mational alteration that occurs in response to temperatureATPase cycle44). We propose that a tight association of
or ligand binding. Of note, however, Trp701 did not respond the N- and C-domains is present in the compact state of
in parallel to the different conditions, since its solvent SecA, while a looser association is found in the extended
accessibility changed only in the presence of signal peptide.state of SecA. It seems likely that the conformational change
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that we have followed here allows release of portions of the
N- and C-domains of SecA for their penetration into the
membrane, where portions of SecA and SecA-bound pre-
protein insert into the translocon. Presumably immediately
prior to this event, SecA would have bound SecYE, prepro-
tein, and ATP: ligands that serve to trigger this conforma-
tional transition. It is clear that SecA membrane cycling can
also occur without SecA having bound all of the relevant
translocation ligands, as occurs with default SecA membrane
cycling that is promoted by AMPPNP and does not require
preprotein 45). The fact that both C1 and C2 are altered
during the major conformational change of SecA suggests
that it could be rather widespread, consistent with the need
for at least some movement within the nucleotide- and
preprotein-binding regions of SecA as well. Such issues can
now be approached by the introduction of specific labels
within these regions of SecA, and a similar methodology to

that employed here can be utilized to address these and other25.

related problems of interest.
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