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ABSTRACT. In Escherichia colithe formation of SecASecB complexes has a direct effect on SecA ATPase
activity. The mechanism of this interaction was evaluated and defined using controlled trypsinolysis,
equilibrium dialysis at low temperature, and kinetic analyses of the SecA ATPase reaction. The proteolysis
data indicate that SecB and the nonhydrolyzable ATP analogue AMP-P-C-P induce similar conformational
changes in SecA which result in a more open or extended structure that is suggestive of the ATP-bound
form. The effect is synergistic and concentration-dependent, and requires the occupation of both the high-
and low-affinity nucleotide binding sites for maximum effect. The equilibrium dialysis experiments and
kinetic data support the observation that the SecB-enhanced SecA ATPase activity is the result of an
increased rate of ATP hydrolysis rather than an increase in the affinity of ATP for SecA and that the
high-affinity nucleotide binding site is conformationally regulated by SecB. It appears that SecB may
function as an intermolecular regulator of ATP hydrolysis by promoting the ATP-bound state of SecA.
The inhibition of SecA ATPase activity by sodium azide in the presence of IMVs and a functional signal
peptide further indicates that SecB promotes the ATP-bound form of SecA.

Many proteins which are destined for extracytoplasmic  Using in vivo analysis, previous studies have noted that
locations in Escherichia coliare exported by the Sec preprotein translocation becomes more efficient in the
pathway, a multicomponent preprotein translocase. The presence of SecBLb6—17). This result is consistent with a
SecYEG complex is the centerpiece of the translocation funneling effect by which soluble preproteit$ecB com-
channel through the inner membrane, and SecA is theplexes are concentrated at translocation sites through interac-
molecular motor with its associated ATPase activity respon- tions with SecA. However, recent experiments indicate that
sible for driving the movement of proteins through the this interaction has additional consequences with respect to
channel {—6). Some proteins are targeted to the translocase the activity of SecA. It has been shown that SecB directly
via an interaction with the signal recognition particle (SRP), promotes the ATPase activity of SecA and its presence
yet other proteins are delivered through an interaction with enhances signal peptide-stimulated SecA/lipid ATPase activ-
the chaperone SecH) ity (18). This, in turn, could contribute to the efficiency of

Several studies have established that SecB has at least tW@reprotein translocation in the presence of SecB in vivo.
functions 6, 8); it serves to keep the preprotein in an Thus, the ATPase activity of SecA is exquisitely sensitive
unfolded, translocation-competent sted; @nd it facilitates  to interaction with its ligands, including anionic lipid$),
targeting of the preprotein to membrane-associated SecAgecYEG 19), preprotein 20), signal peptide1, 29, and
(10). Soluble SecA-SecB complexes have been observed secB (8).

i A ﬁiﬁ?ﬁf’fm%rf&!?mat ellfg‘o'\"g,\tﬂhxaz” SecA has both high-affinity (NBD1) and low-affinity
' ’ (NBD2) nucleotide binding domain®8). Binding of ATP

13). This substantial difference in affinity, coupled with the {0 SecA produces a substantial conformational chanae to a
increased concentration of SecA at the membrane, may be P 9

required to direct the cytosolic chaperone and preprotein to more elongated form2) and promotes insertion of SecA

membrane-embedded SecA and to limit the binding of SecB yvell into the lipid bilayer £5). Subsequent hydrolysis of ATP

to cytosolic SecA. Furthermore, it has been suggested that'> accompanied by release of the preprotein, deinsertion of
the SecA-SecB interaction is required to dissociate the SecA from the membrane, and the return to a more globular,

mature domain of the preprotein from SecB and that binding compact SecA form ](_5)‘ Successwt_a cycles may propel
of the signal peptide to SecA is necessary to ensure efficienti® complete translocation of the entire polypeptiz)(
transfer of the preprotein to the transloca$é) ( In this study, we examine the basis for the SecB stimula-
tion of SecA ATPase activity previously reportelB). Data
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binding site is conformationally regulated by SecB. We also
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magnesium acetate, and 1 mM DTT) and preincubated on

demonstrate that the ATPase inhibition observed in the ice for 15-30 min to establish complex formation. After

presence of Naj and SecB is SecYEG-dependent and that

the addition of IMVs (106-200 ug of membrane protein/

the presence of SecB renders SecA more susceptible tamL) or E. coli phospholipids (small unilamellar vesicles, 320

inhibition.
EXPERIMENTAL PROCEDURES

Materials TPCK-trypsin (EC 3.4.21.4), reactive blue 4
agarose, ADP, PMSF, DTT, AMP-P-C-P, afHJADP (25.3
Ci/mmol) were purchased from Sigma (St. Louis, MO).
[y-32P]ATP (3000 Ci/mmol) was from Perkin EImer (Boston,
MA). Acetone-precipitated and ether-extractdcoli phos-
pholipids were obtained from Avanti Polar Lipids Inc.
(Alabaster, AL). TheE. coli wild-type alkaline phosphatase
signal peptide, MKQSTIALALLPLLFTPVTKAC-NH, and
the nonfunctional 1K2L peptide, MKQQQAALAAAA-
LAASSSASAC-NH, were synthesized and purified as
described previously2(, 29.

Protein Purification.SecA was overexpressed and purified
from S300 fractions oE. colistrain BL21.14pCS1 by affinity

chromatography on reactive blue 4 agarose essentially as

reported earlierZ3). Hisg-tagged SecB was isolated from

E. colistrain TG1(pREP4, pQE9secB) under nondenaturing

conditions as described (Qiagen, Valencia, C2§)( Both
proteins were dialyzed against either 25 mM Tris-HCI (pH
7.5), 25 mM KCI, 0.5 mM EDTA, 5 mMB-mercaptoethanol,
and 0.5 mM PMSF or 50 mM Hepe&OH (pH 7.0), 30
mM KCI, 30 mM NH,CI, 0.5 mM magnesium acetate, and
1 mM DTT. Protein concentrations were determined by the
Bradford assay at 595 nn2&) using BSA as the standard.
Working stock solutions of both SecA and SecB-8.Lmg/
mL) were stored at 4C while ammonium sulfate precipitates
were kept at—70 °C for long-term storage.

Inner Membrane Vesicle (IMV) Isolatioinverted inner

ug/mL), the reactions were initiated with 4 mM ATP and
further incubated at 37C for 40 min before determining
the ATPase activity, using the malachite green colorimetric
method 84). All values are corrected for endogenous activity,
and BSA was omitted from all assays containing IMVs and
SecB. NaN was added as indicated in the legend for Fig-
ure 6.

Kinetic AnalysesMultiple-turnover SecA ATPase activity
was determined as follows. Reaction mixtures £b) were
essentially the same as those described above for the SecA
ATPase assay except that ATP (2 to 2 mM) was present
in substantial excess over SecA (@M), and SecB (1@:M,
monomer) was added when needed. After a short preincu-
bation on ice, the reactions were initiated with the desired
concentration of ATP. Incubation was continued for-3@
min at 37 °C, and the released Pi was colorimetrically
determined as described above.

To evaluate the involvement of the high-affinity binding
site, reactions at low ATP concentrations were performed
using [y-*2P]JATP essentially as describe@5) with minor
modification. Reaction mixtures (28.), containing f-32P]-
ATP and unlabeled ATP at the desired concentrations (20
nM to 2 uM), SecA (4 nM), phospholipids (8g/mL), and
SecB (1uM) when needed were incubated at 37 for 10

min in the ATPase assay buffer. ATP hydrolysis was stopped
by mixing 15uL of the reaction mixture with 30@L of a

5% suspension of activated charcoal in 20 mM phosphoric
acid at 0°C. After incubation for 10 min on ice, the charcoal
and the remaining substrate were pelleted by a 10 min
centrifugation at £C. Aliquots (50uL) of the supernatant,
containing the released Pi, were analyzed by liquid scintil-

membrane vesicles (IMVs) were prepared essentially as|aion counting. The amount of Pi released was background-

described 29, 30Q from either wild-type E. coli strain
MC4100 or the SecYEG-overexpressing strain CK1801-
(pSE420secYEG)31). SecA-depleted IMVs were obtained

by treating the membrane preparations with freshly prepared

6 M urea in 50 mM Tris-HCI (pH 8.0) for 30660 min at 0

°C (32). Subsequently, membranes were collected by ultra-

centrifugation (40009 for 90 min), washed once with 20
mM HEPES-KOH (pH 7.5), 250 mM sucrose, 1 mM DTT,

and recentrifuged, and the pellet was resuspended in the sam

buffer. Aliquots of about 5 mg/mL were stored a0 °C.

The amount of membrane protein was determined according

to a modified Lowry procedure3@) using BSA as the
standard.

SecA ATPase AssayecA ATPase activity in the presence

corrected for ATP hydrolysis in the absence of the enzyme.
The data were analyzed using a nonlinear regression analysis
with Prism 2.0 (GraphPad Software, Inc., San Diego, CA)
using the Michaelis Menten equation, anki.,; values were
calculated usingkcat = Vma/[SecA].

SecA TrypsinolysisProteolytic digestions (up to 2 h) of
SecA were carried out with trypsin at @ essentially as
gescribed 36, 37 with minor modification. All reactions
contained SecA (1620 ug in 25-50 uL, 2 uM dimer), 50
mM Tris-HCI, pH 7.8, 50 mM KCI, 0.5 mM MgGl and 1
mM DTT. Nucleotides (ADP, ATP, AMP-P-C-P) and SecB
were added as indicated in the figure legends. Following a
30 min preincubation at 0C, trypsin was added (2500
ng/25uL) and the incubation continued. Aliquots of each

of IMVs was determined essentially as described previously ye4tion ‘were taken at successive time intervals and the

for SecA/lipid ATPase activity41, 22 with minor modi-
fication. Briefly, SecA, synthetic signal peptide, and SecB
were added to the reaction buffer (50 mM Hep&©OH,
pH 7.5, containing 30 mM KCI, 30 mM Ni€I, 0.5 mM

1 Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol;
SDS-PAGE, sodium dodecyl sulfatgpolyacrylamide gel electro-
phoresis; PMSF, phenylmethylsulfonyl fluoride; AMP-P-C-P, adenyl-
ylmethylenediphosphonate; AMP-P-N-P-gglenylylimidodiphosphate;
IMVs, inverted inner membrane vesicles; NaModium azide; Pi,
inorganic phosphate.

reactions terminated by the addition of an equal volume of
2x SDS-PAGE loading mixture (125 mM Tris-HCI, pH
6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and
0.02% bromophenol blue). Samples were boiled for 3 min
and stored at-70 °C until subjected to SDSPAGE (38)

on 10% or 12.5% polyacrylamide mini-gels. Independent
experiments were repeated at least 3 times with high
reproducibility. Gel densitometric scans were obtained using
an LKB Ultrascan XL laser densitometer or by NIH IMAGE
1.62f.
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Table 1: SecB-Induced Increase in SecA ATPase Activity A. 100 ~ ADP
(Relative %) s
) b o SecB O 5 15 30 60 90 min
peptide IMVS IMVs % \ . D -
none 9 13 = 80
wild type® 19 34 -
1K2L 5 17 £
2IMVs prepared from wild-typeE. coli strain MC4100° IMVs ERE
prepared fromE. coli strain pSE420secYEG which overexpresses g
SecYEG.c Wild-type signal peptide oE. coli alkaline phosphatase. =
All reactions were conducted essentially as described under Experi- S 401
mental Procedures. The final concentration of the wild-type and 1K2L a
synthetic signal peptides was 20/. Data are given for the percent g
increase in SecA ATPase activity in the presence of SecB relative to w20
that in its absence. 2
o
- 0 1 L 1 1

Equilibrium Dialysis The effects of SecB and the non-
hydrolyzable ATP analogue, AMP-P-C-P, on the binding and 15 0 e
release of ADP from SecA were evaluated using equilibrium B. Digestion Time (min)

dialysis at 4°C. The dialysis buffer was comprised of 50
y y P 100 AMP-P-C-P

)
mM potassium phosphate, pH 7.5, supplemented with 0.5 2
mM MgCl, and 2 mM DTT. SecA (M, monomer), buffer, = \ SecB 0 5 15 30 60 90 min
and PH]JADP (0.125uM) were placed in one chamber of £ gof \ . = SR s
. . L . . . en + e == -
the dialysis unit while the opposite chamber contained buffer £
only. A dialysis membrane with a 12 0604 000 molecular S ol
weight cutoff was used. After an overnight incubation at 4 S
°C, AMP-P-C-P at 0.13 or 340M was added to the chamber 2 4L
containing SecA and3H]ADP. An additional overnight &
equilibration was performed before SecB was added to a final LS:
concentration of 3@M. At each step of the dialysis, triplicate o 20
aliquots of each chamber were analyzed by liquid scintillation =3
counting to determine the amount of bound and frféd-[ € o :
ADP. At the end of each experiment, the integrity of SecA 5
and SecB was monitored by SBSAGE. No evidence of Digestion Time (min)
proteolytic digestion was observed even after extended Ficure 1: SecB effect on SecA trypsinolysis at 3T in the
incubation at 4°C. presence of AMP-P-C-P or ADP. Proteolysis was conducted as
described under Experimental Procedures. All reactions were
RESULTS preincubated at C for 30—60 min prior to trypsinolysis at 37C

for the indicated times. The concentrations used are as follows:

; ; SecA (2uM dimer), SecB (47uM tetramer), ADP (5 mM) (panel
Recently, it was found that SecB, even in the absence ofA), and AMP-P-C-P (5 mM) (panel B). The trypsin to SecA ratio

preprotein, directly enhances SecA ATPase activity either yseq was either 1:200 (panel A) or 1:400 (panel B). The amounts
in an agqueous environment or in the presence of liposomes.of 102 plus 95 kDa bands at 15 min (panel A) and 5 min (panel B)
Furthermore, SecB stimulates signal peptide-induced SecA/were equated to 100%.

lipid ATPase activity in the absence of the mature portion

of the preprotein18). A comparable effect of SecB on SecA to a lesser extent (Table 1). The IMV data suggest that, in
associated with its biological membrane was confirmed using vivo, both a functional signal peptide and SecB can ef-
urea-treated IMVs from ai. coli strain expressing wild-  fectively contribute to the enhancement of membrane-
type levels of the translocation components as well as associated SecA ATPase activity even in the absence of
membranes from ak. coli strain that overexpresses Sec- Mmature protein.

YEG. As shown in Table 1, SecB enhanced the ATPase To probe the mechanistic basis for the SecB-induced
activity of SecA incubated with wild-type IMVs in the enhancement in SecA ATPase activity, the proteolysis
presence of signal peptide and, under identical conditions, asensitivity of SecA in the presence and absence of SecB was
consistently higher activity was observed with membranes examined. As shown in Figure 1, intact SecA (102 kDa) and
isolated from a SecYEG-overexpressing strain. The data area 95 kDa fragment were more readily hydrolyzed by trypsin
consistent with studies which indicate that SecB has a higherat 37°C in the presence of SecB and either 5 mM ADP or
affinity for IMV-bound SecA in the presence of the signal AMP-P-C-P relative to that with nucleotide alone. This
peptide region of proOmpAld). It also suggests that the indicates that SecB is promoting a more open, trypsin-
enhanced preprotein-stimulated SecA ATPase activity ob- accessible form of SecA which is structurally related to the
served in the presence of SecB3)( may arise in part due to  membrane-inserted and ATP-bound form of the prot2#). (

a direct affect of SecB on SecA, since in this study the mature  Limited trypsinolysis of SecA at 0C generates fragments
region of the preprotein was not present and the signal of 67, 46, 34, 30, and 16 kD&®, 37. The formation of the
peptide region apparently does not bind to Se88).(SecB 46 kDa fragment, which is derived from the amino-terminal
also increased the level of SecA ATPase activity in the 67 kDa domain, is dependent on the presence of nonhydro-
presence of a weak signal peptide, such as 1K2L, however,lyzable ATP analogues, AMP-P-N-P or AMP-P-C-P, but is
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Ficure 2: Effects of SecB and AMP-P-C-P on the trypsinolysis of SecA a&E0The controlled trypsinolysis of SecA dimer M) in

the presence of AMP-P-C-P (1 mM) and/or SecB tetramer(}¥j was conducted as described under Experimental Procedures. The
trypsin to SecA ratio used was 1:33.3 (600 ng of enzyme andy26f SecA). The time of digestion (min) is given at the top of each panel.
SDS-PAGE was done on 12.5% polyacrylamide mini-gels. The solid arrowhead designates the 46 kDa fragment. Asterisks indicate differences
in proteolytic fragments occurring in the 240 kDa region.

Table 2: Relative Change of the 46 kDa Trypsinolysis Fragment at 1N Which trypsin-sensitive residues, such as Arg 420, are
0 °C in the Presence of Different Ligarfds involved (37) and that some stabilization of SecA occurs in

the presence of SecB. Nevertheless, the above data are
consistent with the hypothesis that SecB shifts the equilib-
rium toward the ATP-bound form of SecA, poising SecA

di . ligands
igestion
time (min) SecB AMP-P-C-P SecBAMP-P-C-P

60 34 150 224 for transfer of the preprotein and a subsequent round of ATP
90 a1 227 617 hvdrolva
120 18 134 589 yarolysis.

2 The intensity of the 46 kDa band was normalized to that of zero The dose-dependent responses of SecB and AMP-P-C-P
time (intact SecA), and the relative increase (percent) at each time pointon SecA trypsinolysis at 6C and at 90 min of treatment
in the presence of ligands (SecB and/or AMP-P-C-P) versus their are shown in Figure 3. The intensity of the 46 kDa fragment
absence is given. is dependent on the concentrations of both AMP-P-C-P
not produced appreciably in the presence of ASPADP, g;'ggrr\?e?éAa)ua; (rjnf/legﬁcj(zggur?ezﬁ)e’c\?il\l/tgly «'flt_);:r;:;\;:]eesrg(i)sr:ies
or ATP (37). This fragment is used as an indicator of the effect of both SecB and AMP-P-C-P ié striking (Figure
presence of the ATP-bound form of SecA. A comparison of 3C,D). About a 4-fold increase in the intensity of the 46

o & o et 3 Sonoles SecA kpa ragment s obsenve when L m A£G and
yp Y 9 AP 80 ug of SecB are both present in the reaction mixture

kDa fragment (designated by a solid arrowhead) was ,_. L

generated in the presence of either AMP-P-C-P (Figure 2B) (F_lgurg 3D). No S|gn|f|cant_46 kDa fragment was observed

or, to a lesser degree, SecB (Figure 2C). However, in theWIth either 5 mM ATP (which can be hydrolyzed to ADP)
’ ' ’ ' or 5 mM ADP (data not shown).

presence of both components (Figure 2D), this fragment was
more stable and resistant to proteolysis (Table 2). Under the ~Since the above data suggest that SecB binding favors the
same conditions, when SecH @#0) was replaced with BSA  nonhydrolyzed ATP-bound form of SecA, we considered that
which has a similar pvalue, 4.8 17, 40, no effect on the ~ SecB would also promote the release of ADP. The effects
production of the 46 kDa fragment was evident (data not of SecB and AMP-P-C-P on the binding and release of ADP
shown). The results suggest that the presence of SecBffom SecA were evaluated by equilibrium dialysis at@,
promotes a more open SecA species (which gives rise toand the results are shown in Figure 4. In the presence of
the stable 46 kDa fragment) suggestive of the ATP-bound 340uM AMP-P-C-P, a low level of ADP release from SecA
form (24, 41. Other differences in the protein banding Wwas apparent. However, upon addition of SecB 480, a
profiles, occurring in the 2940 kDa region and indicated greater than 2-fold stimulation in nucleotide release was
by asterisks in Figure 2, are also readily apparent and supporobserved. In comparison, no significant SecB-induced release
a SecA-SecB interaction as well as different SecA confor- of ADP was observed when 0.18/1 AMP-P-C-P was used.
mations in the presence and absence of the chaperoneWhen the same amount of ADP was used instead of AMP-
Although SecB associates primarily with the C-terminal 22 P-C-P, no SecB-induced ADP release was detected (data not
amino acyl residues of SecA3, 42, we cannot emphati-  shown). It should be emphasized that ATP and ADP bind
cally rule out the possibility that binding involves the region to SecA with essentially the same affinity while that for
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A. 0 5 15 30 60 90 120 min  AMP-P-C-P
T " - v ngorvm— = e - T 0.025 mM
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Ficure 3: Effects of AMP-P-C-P and SecB concentrations on the 46 kDa SecA fragment from trypsinoly$@. &tr§psin digestion was
conducted as described under Experimental Procedures. The time of digestion (min) is given at the top of panels A, B, and C. The enzyme
to SecA ratio used was the same as given in Figure 1.-SEXS5E was done on either 10% or 12.5% polyacrylamide mini-gels. Data of

the 90 min values from densitometric scanning of the gel profiles shown in panels A, B, and C are presented in panel D. In panel A, no
sample was loaded on the gel at 60 min in the presence of AMP-P-C-P (5 mM).

AMP-P-N-P is approximately 100-fold lowe48), which is uM—2 mM, the V. was found to be 30% higher in the
similar to that estimated for AMP-P-C-P (data not shown). presence of SecB (Figure 5A). It appears that the SecB effect
This would explain why, at equilibrium, not all of the bound is exhibited when a majority of the low-affinity binding sites
ADP is released from NBD-I in the presence of 34bl are occupied; for example, 75% at 1 mM ATP, 85% at 2
AMP-P-C-P (Figure 4). Other factors that have been mM ATP (24). Under these conditions, the high-affinity
implicated in ADP release from secretory components are binding sites were fully saturated. To investigate the potential
Auy+, a high concentration of ATP or an ATP-generating involvement of the high-affinity binding sites in the SecB
system 44), preproteins 45), synthetic signal peptides effect (Figure 5B), an ATP concentration of 20 rld uM
(unpublished results), and anionic phospholipid6).( An was used, necessitating the use pf{P]JATP and 4 nM
enhanced ADP release would allow increased ATP binding SecA to make accurate determinations. In the presence of
and turnover. SecB and phospholipid vesicles, tfig.xincrease was more

To examine the latter possibility, kinetic studies on the substantial, over 2-fold, indicating a more pronounced affect
effect of SecB on the multiple-turnover ATPase activity of of the chaperone on the high-affinity binding site. In this
SecA in phospholipid vesicles were conducted. As shown experiment, essentially none of the low-affinity binding sites
in Figure 5, theVnax but not theKy, was increased in the  should have been occupied since the highest concentration
presence of SecB. Using an ATP concentration range of 100f substrate used was only .
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Ficure 4: SecB-induced release of ADP from SecA in the presence ATP (nM)
of AMP-P-C-P. The equilibrium dialysis conditions used are - SecB + SecB
described under Experimental Procedures. SecA monomevi{1 Vg (fmole/min) | 18219 | 40220
was equilibrated with either 0.13 or 0.28/ [3H]ADP at 4 °C Ky (UM) 134027 | 129+0.12
overnight. After addition of either 0.13 or 340V AMP-P-C-P ko (min) [ 18220.19]4.02+020
and further equilibration, SecB (final concentration8@ mono- FicUre 5: Kinetics of the SecA ATPase reaction in the presence

mer) was added. Aliquots from each chamber, separated by aand absence of SecB. The enzyme assays were conducted as
12 000-14 000 MWCO dialysis membrane, were analyzed for described under Experimental Procedures. All reactions contained
radioactivity as described. The amounts of fréd]ADP prior to 50 mM Hepes-KOH (pH 7.5), 30 mM KCI, 30 mM NHCI, 0.5
coli phospholipids (32@g/mL), and SecB monomer (M) when
. desired were used with ATP (£¥@000uM) in the reaction (50
It has been well documented that Nahhibits SecA ;1) (panel A). The kinetics of the high-affinity binding site (panel
function and is an effective inhibitor of preprotein translo- B) were evaluated using/{*PJATP as described under Experi-
cation both in vivo and in vitro 47, 48 Us|ng IMVs mental Procedures. Brleﬂy, ATP (2(2000 nM), SecA (4 nM),

) . . phospholipids (3«g/mL), and SecB («M) when needed were
prepared from a SecYEG-overexpresstgroli strain, the included in the reaction (2aL). Each data point represents an

SecA ATPase activity in the presence of synthetic wild-type ayerage of triplicate assays SE. Open circles, SecA alone; filled
signal peptide was inhibited by NgNn a concentration-  circles, SecA plus SecB. Thé,.x values are reported in pmol of
dependent manner (Figure 6A). At a Nadbncentration of ~ Pi/min (panel A) or fmol of Pi/min (panel B).

20 mM, the SecA activity was inhibited 26% in the presence

of SecB, but, interestingly, only a 9% reduction in activity [IMVs since the endogenous ATPase activity of the mem-
was observed when SecB was absent. Furthermore, the SecBrane was comparatively very low.

stimulatory effect on SecA was also reduced by the presence

of NaNs; i.e., 20 mM NaN induced a 39% decrease in the DISCUSSION

SecB enhancement in SecA ATPase activity relative to that  gecA, the pivotal component & coli translocase, is the

in the absence of azide. In contrast, when liposomes from molecular motor that powers the membrane translocation of
E. coli phospholipid were used instead of IMVs, the SecB preproteins. Previous studies have shown that its ATPase
effect on SecA remained almost constant, regardless of theactivity is crucial for the protein translocation process and
presence of NajN(Figure 6B). In the liposome system, NaN s modulated by multiple biological factor&q, 21, 23. As

also showed essentially no inhibition of the SecA activity, shown in Table 1 and Figure 6, there is also a consistent
which is consistent with a previous report using large increase in SecA activity induced by SecB under different
unilamellar vesicles composed Bf coli phospholipids and  conditions. Since, in our study, there was a lack of preprotein
preprotein in the translocation ATPase as#8).(It is clear mature region to interact with SecB, and because SecB does
that the NaN effect on the ability of SecB to stimulate SecA not specifically recognize signal peptidgdj, the observed
activity is specific for SecA that is associated with SecYEG, effect may reflect a role of the protein that is different from
and it is not derived from another component associated with the chaperone and membrane-targeting functions previously
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A Sodium azide markedly inhibits Sec-dependent preprotein
320 7 membrane translocation in vivo and in vitro. It has been
shown that SecA translocation ATPase and in vitro trans-
location are azide-inhibited via blocking the SecA membrane
deinsertion step, leaving SecA in the extended membrane-
inserted state at SecYE@Y). Our data are consistent with
the possibility that Nahlstops the deinsertion of SecA by

I preventing it from adopting an ADP-bound form. This is in

270 -

agreement with our hypothesis that SecB poises SecA in

favor of an extended form that resembles the ATP-bound

conformation which would be particularly susceptible to

NaNs inhibition. This correlates well with in vivo results

170 1 previously reported15) that NalN sensitivity is increased

50 W (/W [Im |/m |I\m for SecB-dependent PhoA mutant proteins compared to wild
5

220 -

SecA ATPase Activity (pmole/min/jLg SecA)

type PhoA which does not require SecB for efficient protein
transport.

Both the equilibrium dialysis and kinetic data are consis-

B. 400 - tent with a SecB-SecA interaction resulting in an increase

in the number of available ATP binding sites. Since ADP

and ATP have similar affinities for SecA8 and ADP

release is the rate-limiting step in hydrolysi87), the

exchange of ADP with ATP may be too slow to support the

biological function of SecA. SecB may be required to

promote conversion of SecA to a form which is more
300 accessible to ATP binding. A similar relationship has been

observed for the modulation of the ATPase activity of the

ol (el

0 1 10 20
Sodium Azide Concentration (mM)

bacterial heat shock protein hsp70 analogue DnaK in the
presence of both the DnaJ and GrpE accessory protedis (
DnaJ binds to DnaK and accelerates the rate of ATP
200 hydrolysis by increasing th&n.x without affecting the

il BNl ENEl EEEl EeEl 8 nucleotide affinity while the subsequent binding of GrpE

0 1 5 10 20 increases the release of bound ADP.
Sodium Azide Concentration (mM) Since the primary SecB recognition elements within SecA

FIGURE 6: Sodium azide inhibition of SecA ATPase activity. Al reside at the C-terminal extreme (22 amino acyl residues)
assays (total volume 2bL) were conducted in 50 mM Hepes of the protein 13, 42, it is unlikely that SecB directly affects
KOH (pH 7.5), containing 30 mM KCI, 30 mM Ni€l, 0.5 mM the ATP hydrolysis reaction per se which would require it
magnesium acetate, 1 mM DTT, SecA monomer (@M, wild- to contact or interact with the NBD1 site. It is more likely
type signal peptide (2@M), SecB monomer (M), and IMVs that SecB stimulates SecA ATP tivity by binding t
(200 ug of membrane protein/mL) (A) or 32@g/mL E. coli at >ecb slimulates SecA AlFase aclivity by binding 1o a
phospholipids (B) as described under Experimental Procedures.fégion other than the ATP binding domain and inducing a
NaN; was added, at the concentrations indicated, before the additionstructural change in the dimer which exposes previously
of ATP. Each data point represents an average of triplicate assayshidden or buried high-affinity nucleotide binding sites.
+ SE. White bar, absence of SecB; black bar, presence of SecB.Recent studies have shown that the C-terminal domain (34
kDa) of SecA contains an intramolecular regulator of ATP
hydrolysis (IRA1) which interacts with the N-domain and

SecA ATPase Activity (pmole/min/ug SecA)

described. Clarifying the molecular basis for the SecB affect
on SecA ATPase activity is nt_aeded to b(_atter understand thecouples ATP binding and hydrolysis to SecA membrane
involvement of the chaperone in the protein transport Process.icartion/deinsertion and preprotein translocatidf).(The

Previous studies have identified at least two distinct N-terminal domain has been reported to include a newly
conformational states of SecA: a closed, compact conforma-defined IRA2 region which overlaps with NBD2 and interacts
tion which is favored at low temperature or upon ADP directly with NBD1 and regulates ATPase activity by
binding; and a more open, elongated one which is favored controlling ADP release and ATP hydrolysis at the high-
at higher temperature or upon interacting with signal peptide, affinity binding site £5). The collective data indicated that
preprotein, anionic phospholipids, or the nonhydrolyzable SecB may also impact ATP hydrolysis through these
ATP analogues AMP-P-N-P or AMP-P-C-B9, 21, 22, 24, proposed regulatory regions. Schmidt et 46) reported that
41, 50. The extended conformation is considered to representthe high-affinity binding site was conformationally regulated
a transition form of SecA that resembles the membrane- by temperature and other factors and suggested that other
inserted form of the protein. Since the compact ADP-bound Sec proteins may act in a similar manner.
form of SecA is the predominant species at low temperature, In summary, in addition to its chaperone activity, mem-
SecB may be needed to alter the conformation of the proteinbrane targeting role, and involvement in modulating SecA
to a more extended structure which is more readily inserted conformation, SecB also enhances the formation of the ATP
into the membrane. It has previously been shown that SecB,binding form. Therefore, it appears that SecB primes SecA
as well as SecG, SecD, and SecF, markedly enhances proteifor membrane insertion and thus increases the efficiency of
translocation, specifically, at lower temperatur6$-53). translocation activity at a critical point in the secretion
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process, namely, the delivery of preprotein to membrane
translocation sites.
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