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ABSTRACT. In Escherichia coli SecA is a critical component of the protein transport machinery which
powers the translocation process by hydrolyzing ATP and recognizing signal peptides which are the earmark
of secretory proteins. In contrast, SecB is utilized by only a subset of preproteins to prevent their premature
folding and chaperone them to membrane-bound SecA. Using purified components and synthetic signal
peptides, we have studied the interaction of SecB with SecA and with-S&gAal peptide complexes

in vitro. Using a chemical cross-linking approach, we find that the formation of S&&B complexes

is accompanied by a decrease in the level of cross-linking of SecA dimers, suggesting that SecB induces
a conformational change in SecA. Furthermore, functional signal peptides, but not dysfunctional ones,
promote the formation of SecASecB complexes. SecB is also shown to directly enhance the ATPase
activity of SecA in a concentration-dependent and saturable manner. To determine the biological
consequence of this finding, the influence of SecB on the signal peptide-stimulated SecA/lipid ATPase
was studied using synthetic peptides of varying hydrophobicity. Interestingly, the presence of SecB can
sufficiently boost the response of signal peptides with moderate hydrophobicity such that it is comparable
to the activity generated by a more hydrophobic peptide in the absence of SecB. The results suggest that
SecB directly enhances the activity of SecA and provide a biochemical basis for the enhanced transport
efficiency of preproteins in the presence of SecB in vivo.

Studies on secretion iBscherichia colhave revealed the  sequence or consistent region within this group of proteins
existence of several proteins which constitute the transporthas been found to be responsible.

machinery and are required for efficient protein transport.  one model suggests that the rate of preprotein folding
Among these, SecA, the translocation ATPase, is of particulargo\,ems SecB utilization7]. It has been proposed that the
interest because it powers the translocation process byformation of a complex between SecB and its substrate
hydrolyzing ATP and recognizes signal peptides which are gepends on a kinetic partitioning between the rate of folding
the earmark of secretory proteind~3). Furthermore,  f the substrate relative to its rate of association with SecB.
precursor proteins associated with the FM5S RNA Functional signal peptides can retard preprotein folding, thus
complex (theE. coli signal recognition particle) or the enhancing SecB binding opportunitie8).(Upon binding,
chaperone SecB are thought to be transferred to SecA at thegg.g prevents the premature folding of preproteins and
translocon, suggesting that SecA plays a pivotal role during chaperones them to membrane-bound SecA in an export-
both SRP-dependent and SecB-dependent protein tra”SporEompetent state. The interaction of SecA and SecB is

(3, 4). L o mediated primarily through the 22 C-terminal amino acids
In contrast to SecA which is critical for cell viabilityb), of SecA ), though at least one other region of SecA may

inactivation of thesecBgene is not lethal and transport 554 he involved10). Interestingly, the interaction of these

defects are observed for only a subset of preproteins (for ay,, o proteins occurs with a higher affinity when a signal

review, see reB). These include maltose-binding protein Faa ; ;

' peptide is also present, suggesting that signal peptaeA
Egﬁ?&fgpgﬁbg?ﬁ;;&g diZhOEr;)t(Ca)ig (glgpc))tf;rmgand, binding may promote transfer of the preprotein to Set.(
tamage is not disabled in the absgnpce of SecB. Several studies 1€ results of several studies are consistent with the
have been conducted to identify the properties which Conferg)r/ggrtgtzsifftohl3:nsge;igtt”r:zezttlaoﬂa:\5/eretl)2§: :gc?r(?tlslrr]g\t/li(ias\/v Zfd
SecB dependence on some proteins, yet no consensu 1 ;

P P y (12). Other observations are not readily accounted for by
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Grant GM37639 (to D.AK.). association kinetics with substrates, suggesting that SecB can
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dependentX6). Therefore, SecB binding cannot necessarily from Sigma (St. Louis, MO). Acetone-precipitated and ether-
be equated with SecB dependence. Signhal peptide mutantextractedE. coli phospholipids were from Avanti Polar
of the SecB-dependent protein MBRL7], the SecB- Lipids, Inc. (Alabaster, AL). B§ DSS, EDAC, and sulfo-
independent protein PhoAL), and the SecB-independent HSAB were from Pierce (Rockford, IL). SecA and SecB
protein RBP {9) indicate that reducing the signal peptide antisera were gifts from D. Oliver and C. Kumamoto,
efficiency results in an enhanced reliance on SecB, thoughrespectively. The ECL Western blotting kit and Superdex
these mutants would be expected to fold more rapidly, since 200 resin were from Amersham Pharmacia Biotech (Piscat-
they are without the benefit of a highly hydrophobic signal away, NJ). The synthetic signal peptides were prepared as
peptide. These results point to the possibility that SecB may reported previouslyQ, 21). The sequences are as follows:
play an additional role in facilitating preprotein transport. WT (sequence of the wild-type alkaline phosphatase signal

We have previously identified a short sequence motif that peptide), MKQSTIALALLPLLFTPVTKAC-NH,; 3KAL,
includes basic residues and which confers SecB dependenc®KQKKLALAAAALALSSSASAC-NH »; 1K2L, MKQQQ-
on the SecB-independent protein, PhoA, in vi2)( The AALAAAALAASSSASAC-NH ».
impact of the basic motif on SecB dependence decreases as SecA ATPase AssafTPase assays were carried out as
the distance between its location and the signal peptidedescribed previously in buffer B, supplemented with 0.5 mg/
increases, potentially reflecting the extent to which the motif mL BSA, 1 mM DTT, 4 mM ATP, and typically 4@g/mL
interferes with productive interactions between the signal SecA in a total reaction volume of 30 (1, 2, 21). SecB in
peptide and the transport machinery. Intriguingly, the PhoA the concentration range of-@&25 ug/mL was added as
mutants which are most sensitive to the loss of SecB areappropriate. For reactions involving membrane-bound SecA,
those most sensitive to the inhibition of SecA via azide small unilamellar vesicles were formed by sonication in 1
treatment 20). Furthermore, signal peptide mutants of PhoA mM DTT using a Branson sonifier and used at 32mL
with reduced hydrophobicity have been shown to interact phospholipids. Flotation analysis confirmed tha®5% of
less efficiently with SecA in vitro§, 21) and exhibit an the SecA was stably associated with the liposomes. The
enhanced requirement for SecB in vivbg8]. This strong reactions were initiated by addition of ATP, and the mixtures
parallelism suggests the possibility that SecB may promote were incubated at 37C for 40 min. The amount of inorganic
interactions of the signal peptide and SecA which would phosphate released was determined as reported previously
otherwise be less than optimal. (1, 21, 25). The peptide-stimulated SecA/lipid ATPase

To examine this hypothesis, we have studied the interac-activity is determined as the difference in the rate of ATP
tion of SecB with SecA and SeeAsignal peptide complexes  hydrolysis in the presence and absence of peptide.
in vitro using purified components and synthetic signal  Cross-Linking Reactions with SecA and Se8&cA (2ug)
peptides to preclude any contribution from the mature region and the appropriate amount of SecB (indicated in the figures)
of the preprotein. We find that SecB promotes formation of were mixed in buffer B on ice in a total reaction volume of
a SecB-SecA-signal peptide ternary complex. Moreover, 10 uL. After preincubation for 30 min on ice, cross-linking
SecB directly enhances the ATPase activity of SecA. As a was initiated, unless otherwise mentioned, with 0.6 mM BS
consequence, the presence of SecB can enhance the SecAdr 90 min on ice and quenched by addingllof quenching
lipid ATPase activity produced by a signal peptide of buffer [1 M glycine and 100 mM NaHC{pH 8.5)] on ice,
intermediate hydrophobicity to productive levels which and the solution was mixed with 16L of gel loading
otherwise, in the absence of SecB, might be insufficient to solution [125 mM Tris-HCI (pH 6.8), 20% glycerol, 10%
support transport in vivo. The finding that SecB enhances S-mercaptoethanol, 4% SDS, and 0.02% bromophenol blue]
SecA ATPase activity is consistent with previous observa- and analyzed by 6% SDPAGE (26) and silver staining
tions that SecB increases the efficiency of preprotein export or Western blotting.
in vivo (18, 19, 22). Pulse-Chase AnalysisExpression of mutant alkaline
EXPERIMENTAL PROCEDURES phogphatases unde_r the con_trol of tlhe promoter was

) -~ ] carried out as described previousl8|. The sequences of

Materials. SecA was purified from strain BL21.14 pCS1  the signal peptide region of these PhoA mutants are as
as described by Mitchell and Oliver2g). Strain TG1 follows: 3L, MKQSTLAAAAALALATPVTKA,; 4L, MKQ-
(PREP4, pQESecB was used for the overproduction of ST| ALAAALALATPVTKA: 5L, MKQSTLALALALA-
Hise)-SecB. Previous studies have found the behavior of | ATPVTKA: WT, MKQSTIALALLPLLFTPVTKA. Over-
His-SecB to be comparable to that of the untagged, wild- pight cultures of SecB (MC4100) and SecB (CK1953)
type SecB {1). SecB was purified using a NNTA agarose  strains were grown in M63 medium supplemented with
column under nondenaturing co_nditions as described by thethiamine hydrochloride (2g/mL) and glycerol (0.4%), and
manufacturer (Qiagen, Valencia, CA) and subsequently containing 5Q:g/mL chloramphenicol and then subcultured
dialyzed with buffer A [25 mM Tris-HCI (pH 7.5), 25 MM gt 3 dilution of 1:50 in the same medium. Cells were then
KCI, and 0.5 mM EDTA], supplemented with 5 mM  grown at 37°C to logarithmic phase and harvested at an
B-mercaptoethanol and 0.5 mM PMSHor cross-linking
reactions, SecA and SecB were dialyzed with buffer B [50 o . . . N
MM HEPES-KOH (pH 7.0), 30 mM KCI, 30 mM NEEI, gigjccyinnosphatichlglycerol (C16:1): BSA, bovine serum albumin:
and 0.5 mM magnesium acetat@:Mercaptoethanol and  BS®, bis(sulfosuccinimidyl)suberate; DSS, disuccinimidyl suberate;
PMSF were omitted when SecA and SecB were preparedDTT, dithiothreitol; EDAC, 1-ethyl-3-[3-(dimethylamino)propyl]carbo-

_linli ; ; ; diimide; IPTG, isopropyls-p-thiogalactopyranoside; MOPS, 4-mor-
for cross-linking reactions. Protein concentrations were pholinepropanesulfonic acid: NHSy-hydroxysuccinimide; PAGE,

determined by the Bradford assay at 595 rid)( ATP, dpolyacrylamide gel electrophoresis; PMSF, phenylmethanesulfonyl
reactive blue 4 agarose, DOPC, and DOPG were purchasedluoride; sulfo-HSAB, N-hydroxysulfosuccinimidyl 4-azidobenzoate.
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FicUrRE 1: Cross-linking of SecA and SecB. The cross-linking reaction was performed with 0.6 M B&ffer B [50 mM HEPES-KOH

(pH 7.0), 30 mM KCI, 30 mM NHCI, and 0.5 mM magnesium acetate], containing SecA and/or SecB in a total reaction volumelof 10

All other conditions were as described in Experimental Procedures. Samples were electrophoresed in 15% (A)-tDpSDSE-PAGE

and silver-stained (A, B, and D) or blotted to Hybond C membranes (C). The positions of the monomeric (16.6 kDa) and dimeric (33 kDa)
forms of SecB (A) or monomeric (100 kDa) and dimeric (200 kDa) forms of SecA¥pare denoted with black arrowheads. The SecA

SecB cross-linked species are denoted with white arrowheads. (A) SecBg2lbuM) was used. A small amount of SecB resistant to
reducing agents yields the dimeric form observed in lane 1. (B) Se¢dy,(2«M) and SecB (2.7g, 16u4M) were added where indicated.

(C) Western blot of cross-linked samples using SecA antiserum or SecB antiserum. (D) Sag/A2(2V) and various amounts of SecB
(0—10.7 ug or 0—64 uM) were used. Where indicated, 4 or 48 BSA was added.

optical density at 600 nm of 0.8. Cells were washed twice BS®, at relatively low concentration (0.6 mM) and temper-
with MOPS containing 40 mM KEPQ, and resuspended in  ature (0°C) to minimize nonspecific reactions. Using 15%
the same medium supplemented with amino acids (20 mg/SDS-PAGE to resolve the low-molecular mass range, the
mL, excluding methionine) and 0.4 mM IPTG. Cells were cross-linked products observed with SecB alone in the
incubated at 37C for 15 min to induce the expression of reaction correspond to its monomeric (16.6 kDa) and dimeric
alkaline phosphatase. SecBIC4100) and SecB(CK1953)  forms (33.2 kDa) (Figure 1A). SDS stable, tetrameric SecB
strains were pulse labeled witfP$]methionine for 15 sin  complexes are probably not observed because the overall

the presence of 0.4 mM IPTG and chased with excess cross-linking efficiency is low and these would require more
unlabeled methionine as indicated. Samples were immuno-extensive linkage.

precipitated 18), separated by 7.5% SD$AGE, and
analyzed for the extent of precursor processing with a
phosphorimager (Bio-Rad).

The comparable analysis with SecA alone also shows its
monomeric (100 kDa) and dimeric species (200 kDa) on a
6% SDS-PAGE gel. When SecA and SecB are incubated
RESULTS together, two new bands are observed which migrate with

To probe the interaction of SecB and SecA, we sought a apparent molecular masses that are greater than that of SecA
system in which stable complexes could be conveniently alone (Figure 1B). Western blotting of a duplicate gel using
studied. We were able to trap complexes by cross-linking in antisera against either SecA or SecB indicates that these
aqueous solution and make relative comparisons of thebands consist of SecASecB complexes (Figure 1C). The
conditions which promoted or disrupted the Sec@ecB appearance of multiple bands could be accounted for by
complex interaction. We used the water-soluble cross-linker, different ratios of bound SecB to SecA, or more likely, these



SecB Modulation of SecA Biochemistry, Vol. 40, No. 12, 2008677

WT 1K2L A
1 2 34567 SI 9101112 113 1';:?5 Solution Liposomes Liposomes + WT
600 6001 600
205 kD = :
Ll -
ta ~ 500+ 500 500
s el
QL
e T T I T I'T 2
116 kD —» - q.“i“,l <1 E.; 4004 400 400
2z
- we sesssdBed - £
67 kD g B e o TmEETL 2 300 300 3004
SecA: + - + +- + + + ++ + + + + £ 200 200 2004
SecB: - + + - +4+ + + 4+ 4+ 4+ + + + 3
. . w
Peptide(uM): - - - - - - 3 6 1225 5010050 100 100 100
Cross-linker: - - - ++ 4+ + + ++ + + + +
Ficure 2: Signal peptide dependence of See®ecB cross-linking. 0- 0 -

The cross-linking reaction conditions are as described in the legend < 3 <« % <« 3

of Figure 1 except that 16M SecB and varying amounts of signal s 2 s % s %

peptide were used. DSS was used as a cross-linker. The positions < < <

of the monomeric and dimeric forms of SecA are denoted with 3 8 3

black arrowheads. The See/SecB cross-linked species are denoted B

with white arrowheads. The sequences of the WT and 1K2L

peptides are given in Experimental Procedures. When SecA is a

component of the reaction mixture, it is always present aM2 Phosphate released

In those instances where there is extensive Sexignal peptide ;

complex formation (e.g., lanes +13), these can produce SecA (pmole/ul) % difference

signal peptide cross-linked products which appear as a smear on - +BSA +SecB by BSA by SecB

the gel. SecA 11 116 140 5 26t 6

represent different conformations of the same complex S¢¢A + liposomes 167175 235 5. 4lE3
SecA + WT + liposomes 405 446 544 10 34+ 4

induced by different cross-linking patterns as seen in previous
comparable studies3(27). Interestingly, the formation of  Ficure 3: Effect of SecB on the ATPase levels of SecA. (A) The
the cross-linked SecASecB species is concomitant with a reactions were performed in buffer A [50 mM Tris-HCI (pH 7.0),
loss of cross-linked SecA dimer. These effects are striking 30 MM KCI, 30 mM NH,CI, and 0.5 mM magnesium acetate],

T . ~supplemented with 1 mM DTT and 4 mM ATP in a BQ reaction
when the cross-linked products are analyzed as a functmnvolume_ Liposomes (small unilamellar vesicles; 3agmL) from

of increasing SecB concentration, keeping the concentrationg " coli phospholipids were used where indicated. SecAg20.4

of SecA constant. As shown in Figure 1D, over the uM), SecB (2.7ug, 3.2uM monomer), or BSA (2.6:g) was used.
concentration range that is employed, there is a gradual lossThe final concentration of the wild-type signal peptide (denoted as
of the SDS stable, cross-linked form of the SecA dimer with \gj)er\;vrﬁgntza? /g\r/léc@gu?éger(Bc)O?ﬂgOrgss here as nde?SAC”;eed an
a corresponding "_‘Cfeas‘? in the level of the slower migrating maeized, and the effect of BSA is also shown forpcomparison. Each
SecA-SecB species which plateaus at aboutdb SecB. data point represents the average of three experimentie
Changes in the faster migrating See8ecB species are less  standard error.

evident since both SecA and SecB alone have cross-linked

products which comigrate in the same region. To rule out reaction mixture without BSA. Similar results were obtained
the possibility that the changes in cross-linked species in thewith other cross-linkers such as EDAC and DSS and at
presence of SecA and SecB are due to nonspecific interac-different temperatures (25 and 3€; data not shown).

tions, BSA was used because it has a molecular mass similar Moreover, a sulfo-HSAB cross-linker which is bound to
to that of the SecB tetramer and a similar pl (4.0 and 4.8 for SecA before the addition of SecB produced comparable
SecB and BSA, respectively28 29). When BSA is present  results, suggesting that the changes we observe are not due
instead of SecB, no disappearance of the cross-linked SecAto the inaccessibility of the cross-linker (data not shown). It
dimer species is observed (Figure 1D, lanes 13 and 14). Thisshould also be noted that we have no indication that the actual
indicates that BSA does not substitute for SecB and that thelevels of the SecA dimeric species are changing, only that
change in the level of cross-linked SecA dimer seen in the the levels of the dimer that can be cross-linked in the
presence of SecB is not due to interference by additional presence of SecB are substantially reduced. However, this
protein. Since the BSA preparation has some high-molecularsuggests the possibility that the conformation of SecA
mass impurities, we were not able to distinguish these from changes due to SecB.

possible SecABSA cross-linked species (expected molec- It has been suggested that the presence of preprotein
ular mass of 167 kDa) at a high BSA concentrationgh4. increases the affinity of SecB for inner membrane vesicles
However, at a lower BSA concentration #¢M, Figure 1D, (4,9, 11), presumably through an interaction with SecA. This
lane 14), no SecABSA complex is detectable, while the implies that SecB may stabilize SecA in a conformation that
same or a lower concentration of SecB clearly shows SecA is conducive to signal peptide interaction (and vice versa).
SecB complex formation (Figure 1D, lane 4). Furthermore, In vitro cross-linking of SecA and SecB in the presence of
when SecB is added to SecA in addition to BSA, the pattern a synthetic signal peptide, corresponding to the wild-type
of cross-linked species is similar to that of the comparable alkaline phosphatase signal sequence, was not enhanced
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FiIGURe 4: SecB concentration dependence of SecA ATPase levels. (A) SecA ATPase activities in solution. (B) SecA ATPase activities in
liposomes. (C) WT signal peptide-stimulated SecA ATPase activities in liposomes. (D) Signal peptide-stimulated SecA ATPase activity in
liposomes using the WT{), 3K4L (O), and 1K2L () peptides was plotted relative to the maximal level of activity obtained with the WT
peptide. Note, in most cases, the error was so small the error bar is within the symbol. See the legend of Figure 3 for reaction conditions.
Each data point represents the average of three experirtettits standard error.

using either of the water-soluble reagents,B% EDAC. liposomes. As shown in Figure 3A, in the absence of SecB,
However, when DSS, a hydrophobic analogue of,Bfas the SecA ATPase activity is enhanced by incorporating SecA
used, we observed an enhancement in the level of the-SecA in liposomes 1), and further increased by the addition of
SecB cross-linked species as the concentration of the wild-functional signal peptide®(21). Surprisingly, when SecB
type signal peptide was increased (Figure 2). This suggestss also present at a SecA dimer to SecB tetramer molar ratio
the possibility that in the presence of the signal peptide, the of ~1:4, a further enhancement in the SecA ATPase activity
hydrophobic contact surface area between SecA and SecHs observed in both solution and liposomes. For SecA in
is increased. No such change is observed when the 1K2Lsolution, the addition of SecB resulted in a 26% increase in
signal peptide, which corresponds to a nonfunctional signal ATPase activity, while for liposome-bound SecA, there was
sequence, is used (Figure 2). Interestingly, the presence ofa 41% increase in activity in the presence of SecB over the
either signal peptide does not further change the level of thereaction under the same conditions without SecB (Figure 3B).
cross-linked SecA dimer, suggesting that this is an effect This latter increase is even greater (more than 50%) at higher
due to SecB alone (Figure 2). SecB concentrations (Figure 4). This represents an enhance-
We observe enhancement in the levels of Se&&cB ment in ATPase levels that is comparable to the effect of
cross-linking in the presence of increasing concentrations oflipid on SecA alone. It had previously been reported that
the functional signal peptide, suggesting that the signal SecB stimulates the translocation ATPase activity of SecA
peptide promotes formation of a signal peptiecA-SecB using E. coli inner membrane vesicle9)( That result was
ternary complex. In vivo, such complex formation could also attributed to a targeting function of SecB; that is, by
theoretically be driven from the other direction, with enhancement of the delivery of the preprotein to the
increases in the local concentration of SecB promoting translocon and maintenance of it in an unfolded export
SecA-signal peptide complex formation. A parallel situation competent state, translocation activity was also enhanced.
was shown for BiP associated with ER protein translocation Here, using purified SecA and SecB, and even in the absence
(30). In the presence of Sec63p, BiP binds polypeptide of preprotein, we show that SecB also directly enhances the
substrates more readily. Furthermore, this is concomitant with catalytic activity of SecA.
an enhancement in BiP ATPase activity. To examine this If this finding is to have relevance for protein translocation,
possibility in our system, we studied the influence of SecB the presence of SecB should also enhance the level of signal
on the SecA ATPase activity in aqueous solution and in peptide-induced SecA/lipid ATPase activity. Using the
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A liposomes, and signal peptide-stimulated SecA in liposomes.
Maximal levels of activity are reached at molar ratios of 1:2
Phosphate released in solution and 1:8 in liposomes (SecA dimer:SecB tetramer).
(pmole/ugSecA/min) This suggests that under the conditions employed here, SecB
interacts more efficiently with SecA in solution than with
-SecB  +SecB liposomes.
1K2L 241 81+1 The enhancement of ATPase activity due to the interaction

of SecB with SecA may contribute to the SecB dependence
3K4L 74£14 16524 of preproteins with more weakly hydrophobic signal peptides
WT 265+8  355%6 observed in vivo 17, 18). Using conditions similar to those

in which we established ternary complex formation involving
SecB, SecA, and the signal peptide (Figure 2), we examined

B aL the effect of SecB on the SecA/lipid ATPase activity in the
1001 1001 4L presence of synthetic peptides with varying hydrophobicities.
These peptides include the wild-type alkaline phosphatase
80 .80 signal peptide and two model peptides which vary in the
§60_ §60- combination of leucine and alanine residues in the core
g E / region. The 3K4L peptide is moderately hydrophobic; a
5 407 & 401 preprotein with a similar signal sequence functions, albeit
= 20 = 2 with reduced efficiency, in vivo in the presence of SecB but
l\./ ..o \
o TETI o T it accumulates as a precursor in the absence of SE)BThe
0 r y ] 0 T y J 1K2L peptide is of low hydrophobicity; a preprotein with a
0 2 e (522) %0 0 2 (Sgg) %0 comparable signal sequence accumulates as a precursor in
vivo both in the presence and in the absence of SAER (

100- SL 100 - WT As shown in Figure 4D, the enhancement in signal peptide-
3 stimulated SecA ATPase activity is dependent on SecB
807 80+ E concentration for all three peptides that are employed, though
£ o - 360_ o the absolute magnitude of the effect differs. In the absence

© P of SecB, the extent of signal peptide-induced SecA/lipid
«g 404 L g 404 ATPase activity is dependent on the hydrophobicity of the

= o S signal peptide Z, 21). In each case, the addition of SecB
20 201 resulted in a significant enhancement of the ATPase levels

0 0 generated in vitro (Figures 4D and 5A), and this is reflected

0 30 60 90 0 30 60 90 in the in vivo transport activity of alkaline phosphatase with
Time (sec) Time (sec) . . . .
B o the corresponding signal peptides in Séahd SecB null
Ficure 5. Effect of SecB on the SecAllipid ATPase activity strains (Figure 5B). Interestingly, although the 1K2L peptide-

induced by signal peptides of varying hydrophobicity. (A) The . S h e
reaction conditions were as described in the legend of Figure 3. nduced activity is enhanced in the presence of SecB in vitro,

The SecA ATPase activity in the presence of liposomes and in the the maximum level of SecA/lipid ATPase produced is similar
absence of signal peptides is taken to be zero. The concentrationg0 that generated by the 3K4L peptide in the absence of SecB
of SecA and SecB are 0.4 and &, respectively. The sequences  (Figures 4D and 5A). As shown in Figure 5B, in the

o 52 T GE o ol e ot ro e comparaie cass i, s ar eufnt 0 generte
of three experiments: the standard error. (B) Pulsehase analysis fransport activity on a meaningful time scale. In vivo, a

of alkaline phosphatases with signal peptides of varying hydro- Preprotein carrying the 4L signal peptide is translocated in
phobicity in SecB and SecB strains. Cells of MC4100 (Sec a strict SecB-dependent manner (Figure 5B). These results
and CK1953 (MC4100 SecB harboring plasmids encoding the  are consistent with the notion that even in the presence of

indicated proteins were labeled witff$]methionine for 15 s and i
chased with excess cold methionine for 15, 40, and 90 s. The SecB a threshold level of SecA activity must be generated

alkaline phosphatases were immunoprecipitated and analyzed ad® "€Sult in reasonable levels of transpdr8,(31). Further-
described in Experimental Procedures. White squares represenfnore, these results suggest that the ability of SecB to enhance
protein expression in the SecBtrain and black ones that in the  SecA activity directly has an important biological conse-

SecB' strain. The hydrophobicity of the signal sequences was varied quence; namely, it rescues export of preproteins with signal
using various combinations of leucine and alanine residues com- peptides that are less than ideal

parable to those used in the synthetic peptides in panel A.

synthetic peptide corresponding to the wild-type alkaline DISCUSSION

phosphatase signal sequence to stimulate the SecA/lipid It has been suggested that SecB plays at least two roles in

ATPase activity 2), we observed a 34% increase in the SecB-dependent protein secretion. One is that SecB binds

presence of SecB compared to that in its absence (Figureto preproteins through their mature portion, keeping the

3B). No such increase in activity was observed when BSA preproteins from premature foldin@)( The other proposed

was added instead of SecB at a comparable concentrationrole is that SecB targets preproteins to membrane translo-
In Figure 4, the dependence of SecA ATPase activity on cation sites through binding to membrane-associated SecA

SecB concentration is shown. The effect on ATPase activity (4). It has been reported that SeeBreprotein complexes

is dose-dependent and saturable under the three sets dfiave a higher affinity for inner membrane vesicles than does
conditions that were employed: SecA in solution, SecA in SecB alone4, 9). A model which could account for these
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observations involves binding of SeeBreprotein complexes

to SecA with the generation of a conformational change in
SecA. This could, in turn, enhance binding of the signal
peptide to SecA such that transfer of the preprotein readily
occurs (1). The presence of SecB ensures that the SecA
ATPase activity is maximally activated and that efficient
translocation will proceed.

Significant changes in SecA ATPase levels in the presence
of SecB were observed for SecA in liposomes as well as in
aqueous solution. The results presented in Figure 3 indicate
that the signal peptideSecA—SecB ternary complex rep-
resents the most active form of SecA ATPase. This suggests
that an additional function of SecB may be to enhance the
catalytic activity of SecA and promote interactions of SecA
with the signal peptide of the preprotein. This provides an
explanation for the observation that preproteins which interact
with the transport pathway with reduced efficiency require
SecB (L7, 18). Most compelling is the finding that identical
proteins which differ only in the hydrophobicity of their
signal peptides exhibit a continuum with respect to SecB
dependence in vivo. That is, preproteins with more hydro-
phobic signal peptides do not require SecB, while those with
more weakly hydrophobic signal peptides d®)( Further-
more, the latter examples are more sensitive to impaired
SecA function due to azide treatment than the forn2éy, (
pointing to the possibility that SecB can rescue inefficient
signal peptide-SecA interactions. The data presented in
Figure 5 demonstrate that the presence of SecB can elevate
the SecA ATPase activity produced by a moderately
hydrophobic signal peptide to levels consistent with what is
required to achieve transport in vivo. This may explain the
strict SecB dependence observed in vivo for a preprotein
with this signal peptidel, 22).

We propose that in addition to its chaperone activity, SecB
modulates the activity of SecA to enhance preprotein
translocation efficiency. This hypothesis is consistent with
the findings that deletion of SecB is not lethal, that only a
subset of preproteins depends markedly on SecB for transport

in its absence, but with significantly reduced efficien8g)(
Perhaps all preproteins utilize SeeSecB complexes; loss

of SecB simply does not result in a detectable defect for
SecB-“independent” proteins because their interaction with
SecA is, even in its absence, sufficient. This does not mean
that only those preproteins with inefficient signal peptides
should require SecB. Several factors could lead to impaired
interaction of preproteins with SecA. These include rapid
preprotein folding rates, overexpression of exported proteins,
interfering sequences or structures within the early mature
region of the preprotein, and signal peptides of only moderate
hydrophobicity. Previously, the presence of SecB was found
to stimulate protein transpor28, 33), and this result was
attributed to the SecB-assisted delivery of the preprotein to
SecA at membrane-bound translocation si@sQur results
suggest the observed increase in the level of transport in the
presence of SecB is not merely a matter of efficient targeting
to the translocon but is also due to a direct effect of SecB
on the ATPase activity of SecA.
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