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No Specific Recognition of Leader Peptide by SecB, a 
Chaperone Involved in Protein Export 

Most proteins destined for export from Escherichia coli are made as precursors 
conta&ing: amino-terminal leader seauences that are essential for export &d that are " 
removed during the process. The initial step in export of a subset of proteins, which 
includes maltose-binding protein, is binding of the precursor by the molecular 
chaperone SecB. This work shows directly that SecB binds with high allinity to 
unfolded maltose-binding protein but does not specifically recognize and bind the 
leader. Rather, the leader modulates folding to expose elements in the remainder of the 
polypeptide that are recognized by SecB. 

P ROTEINS DESTINED FOR EXPORT 

from the cytoplasm of Eschevichia coli 
to the periplasm or outer membrane 

are made as precursors containing amino- 
terminal leader sequences that are essential 
for localization and that are removed during 
the process. The initial step during export of 
a subset of outer membrane and periplasmic 
proteins including the maltose-binding pro- 
tein is recognition by SecB, an oligomeric 
cytosolic factor (monomer; MI, 16,600) (1- 
3). Investigations carried out both in vivo 
and in vitro indicate that SecB binds to 
precursor maltose-binding protein at sites 
that are distinct from the leader (signal) 
sequence and blocks folding of the precur- 
sor, thus maintaining it in an export-compe- 
tent state (2-6). An opposing view, that 
SecB specifically recognizes the leader se- 
quence, has been presented on the basis of 
observations of a complex between SecB 
and precursor maltose-binding protein in 
vitro and the inability to demonstrate a 

similar complex between SecB and matured 
maltose-binding protein (7). The resolution 
of this issue is central to the understanding 
of initial events during protein localization 
in prokaryotes, and in eukaryotes as well, 
since it has been shown that SecB is h c -  
tionally similar to the mammalian signal 
recognition particle (7). 

In the investigations described here we 
have used purified proteins (8) so that the 
parameters of the system are well defined. 
Determination of the sequence of the first 
four amino acyl residues of the purified 
precursor and matured forms of maltose- 
binding protein established that each had 
the authentic amino terminus (9). The kinet- 
ics of the denaturant-induced, reversible un- 
folding of these polypeptides has been ex- 
tensively characterized, allowing us to pre- 
cisely control the rate of refolding (6, 10, 
11). The free species of maltose-binding 
protein (MI, -40,000) were resolved from 
the oligomeric complexes of SecB and malt- 
ose-bindine motein bv eel-filtration chro- 
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Fig. 1. Bin- of pre- A SecB-pMBP complex 
cursor maltose-binding 
protein to SecB. A mix- M S 12 rnl M 15rnl M 

iurc of precursor malt- ~ M B P  - 
ose-binding protein 
(pMBP) and SccB was 
subjected to gel-film- 
tion chromatography on SecB - - L-L - -  
a Pharmacia Supcrose 12 
HR 10130 wlumn in 50 
mM ms-HC1 and 0.1 M 

SDS-polyacrylamide gel M S 12 rni M 15rnl electrophoresis of m- M v v -41.7 domacetic acid @pi- p"BP - -38.5 
tates of succasive 0.5-ml -36.0 
fractions, stareing after 
elution of 9.5 ml, was S ~ C B -  .. V -17.2 
carried out. Only the re- --- 

-1 2.4 
gions of the Coomassic 
b l u e d  gel con- 
taining SecB and pMBP arc shown. ArrmKhcads indicate the positions of SecB-MBP complex (I&) and 
frce monomeric maltose-bmdq protein (right). Lanes S contain 2096 of the quanticy of sample applied 
to the column. Lanes M contain molecular we& marlrcrs (actin, maltose-binding protein, glycedde- 
hyde 3-phosphate dehydrogawe, myoglobin, and cymchmme c). (A) Prrcursor maltose-bin- 
protein unfolded in 2 M guanidinium hydrodoride (GuHCI) was diluted into duwnatognphy buffer 
containing an exccss of&&, and the mixture was applied to the wlumn. (B) As in (A) except that the 
SecB was addcd after the unfolded precursor was allowed to &old by dilution into chromatography 
buffer and incubation on ice for 5 hours. The wncenmtions in the samples applied were: pMBP, 0.25 
)LM; S d ,  5 pM; and G u m  0.1 M. 

(Fig. 1A). No complex was detected when 
the precursor was allowed to refold before 
SecB was added (Fig. 1B). Since only un- 
folded precursor formed a stable complex 
even though the folded precursor carried a 
full-length leader peptide, we d u d e ,  in 
agreement with previous investigators (3, 5, 
6), that SecB interacts with elements that lie 
outside of the leader peptide in another 
portion of the precursor. One might argue 
that SecB does not, in fact, bind to the 
mature portion of the unfolded precursor, 
but that, in the folded state of the precursor, 
the leader is inaccessible for interaction. 
However, this is not the case, since SecB did 
tbnn a complex with matured maltose-bind- 
ing protein that was devoid of a leader, 
provided, as was also true of precursor, that 
refolding of the denatured protein was initi- 
ated in the presence of SecB (Fig. 2). Thus 
SecB does directly interact with elements 
within the mature protein. 

Neither these expecknts nor the previ- 
ously published direct demonstration of 
binding of SecB to unfolded, matured malt- 
ose-binding protein (6) provides informa- 
tion about the a5nity of SecB for matured 
maltose-binding protein relative to that for 
precursor maltose-binding protein. Here we 
show that SecB has similar a5nities for the 
two tbrms of the protein. Refolding of 
precursor and matured maltose-binding 
protein was initiated in solutions in which 
the quantity of SecB was limiting and the 
ratio of precursor to matured maltose-biid- 
ing protein present in the complex was 

determined (Fig. 3). If SecB were binding 
to matured maltose-binding protein at sites 
with very low a5nity relative to the a5nity 
for the leader, then the complex would have 
been enriched for precursor. This was not 
observed; in fact, the complex was enriched 
fbr matured maltose-binding protein. The 
amount of complex present at a molar ratio 
of SecB to total maltose-binding protein of 
3 : 1 was 1.75 times greater than the amount 
of complex observed when the molar ratio 
was 1.5: 1 (compare Fig. 3A and 3B). In 
both casts, the ratio of matured to precursor 
maltose-binding protein in the complex was 
2.2:l (12). This observation obviates the 
hypothesis that SecB did bind precursor 
maltose-binding protein with a much higher 
afKnity than it bound matured maltose- 
binding protein and that there were two 
populations of precursor in the sample: one, 
completely bound, the other, inactive. Were 
this the case, the ratio of matured maltose- 
binding protein to precursor in the complex 
would have increased with the increasing 
amounts of SecB, in contrast to the observed 
d t .  

Information about the &ties is not 
easily obtained h m  the relative quantities 
of polypeptides in the position of uncom- 
plexed matured maltose-binding protein be- 
cause, although the matured species behaves 
as a monomer and is completely recovered, 
the uncomplexed precursor is spread over 
many fractions and is incompletely cecov- 
cred (Fig. 3C). When the polypeptides in 
the mixture were allowed to refold before 

SecB was added, no complex was detected 
(13). 

The results presented here and those pre- 
sented previously (6, 10, 11, 14) are consist- 
ent with the hypothesis (15) that entrance 
into the export pathway is not achieved 
through specific recognition of the leader 
peptide by a signal recognition factor, but 
rathtr that the leader modulates folding to 
expose elements in another pomon of the 
polypeptide that are cec& by export 
factors such as SecB. The features that define 
a biding site for SecB are unknown. SecB 
facilitates the export of several diEerent pro- 
teins, thus it seems likely that the specificity 
for binding is low; perhaps any extended, 
flexible portion of a polypeptide chain or 
any hydrophobic area would provide a site 
for binding. Such sites might have a low 
aflinity for SecB, so that stable interaction 
and blockage of folding would be achieved 
only by simultaneous binding at ' several 
different sites. If this were the case, then 
leader peptides might interact with SecB 
with the same affinity as any one of multiple 
internal biding sites. In this model, bind- 
ing of the leader alone would not result in a 
Gble complex. The data do not indicate 
that SecB does not bind the leader, but 
rather that, if the leader is bound, it is not 
bound in preference to internal sites; in 
other words the leader is not spec%cally 
rtcognized as a hallmark for aport. 

In direct conflict with these findings, Wa- 
tanabe and Blobel (7) concluded that SecB is 
a cymolic signal recognition factor that 
specifically b ids  the leader sequence. They 
based this conclusion on their inabilitv to 
detect biding of SecB to matured m a l k -  
binding protein, whereas they observed a 
complex of !kcB and precursor maltose- 
b i g  protein. The species of maltose- 
b i g  protein used in their study were the 
products of a cell-& system programmed 
with a mutated malE gene. Many extraneous 
components were present, thus making it 
difficult to compare their results with our 
demonstration of a complex generated with 
the puci6ed proteins. Nevertheless, it may 
be relevant that the maltose-biding protein 
produced in their system was a truncated 
h. If, as discussed above, the stability of 
the complex is due to binding at multiple 
low-afKnity sites, it may be that this mutant 
fbrm of maltose-binding protein is m i s s i i  
one or more of the internal binding sites for 
SecB. To account for the difference in b id -  
ing of the precursor and matured forms, 
which were products of the same mutated 
gene, we must assume that the leader does 
provide one of the low-a5nity sites. 
During export of maltose-binding pro- 

tein, SecB maintains the precursor in a 
translocation-competent state by blocking 
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its folding. Thus SecB can be considered a 
molecular chaperone, a term used of pro- 
teins that, in order to prevent nonproduc- 
tive interactions, bind to other polypeptides 
during a wide variety of processes involving 
folding and assembly (1  6). Other molecular 
chaperones involved in the export of bacteri- 
al proteins are the trigger factor and GroE 
( 1  7-19). Molecular chaperones that function 
during protein localization in eukaryotic sys- 

tems include members of the heat-shock 
protein classes hsp60 and hsp70 (20). 

Most, perhaps all, molecular chaperones 
recognize and bind tightly to a variety of 
polypeptides that have no observed se- 
quence identity. Thus they face the appar- 
ently contradictory requirements for stable 
binding of complex ligands and a low degree 
of specificity. The tight association of poly- 
peptides with chaperones might result from 

Fig. 2. Binding of ma- A SecB-mMBP complex 
tured maltoseIbinding 
protein to SecB. The M S 11 ml M 15 ml M 

experiment is similar -41.7 
to that described in rnMBP - -38.5 

Fig. 1. Arrowheads in- \ 36.0 
dicate the positions of v I - 17.2 SecB-MBP complex SecB - cis 

(left) and free mono- -1 2.4 
meric maltose-binding 
protein (right). (A) 
Matured maltose-bind- 
ing protein (mMBP) B SecB and mMBp 
unfolded in 2 M 
GuHCl was diluted M 11 rnl M 15 ml S M 
into chromatography 

- -41.7 
buffer containing an rnMBP - - 38.5 
excess of SecB. (B) As '36.0 
in (A) except that SecB I I 
was added after the un- SecB- .- -1 7.2 

folded maltose-bind- -1 2.4 
ing protein was diluted 
into buffer and allowed to refold. The concentrations in the samples applied were: d B P ,  0.28 pM; 
SecB, 2.6 pM; and GuHCl, 0.06 M. Lanes S contain 15% of the quantity of sample applied to the 
column. Lanes M are markers as in Fig. 1. 

Fig. 3. Relative affini- A SecB: MBP at 3:1 
ties of SecB for precur- 
sor (pMBP) and ma- M S 11.5ml M 15ml M 
tured maltose-binding ~MBP,  . I I -41.7 
protein ( d B P ) .  The -38.5 
experiment is similar mMBpC 36.0 
to that described in 
Fig. 1. Approximately 
equimolar mixtures of SecB- 
unfolded precursor 
and matured maltose- 
binding protein were 
diluted into chroma- B SecB: MBP at 1.5:1 
tography buffer con- 
taining (A) 1.5 pM M S 11.51111 M 15ml M 

SecB; (B) 0.75 pM PMBP, - 7 I -4 1.7 
SecB; or (C) no SecB mMBPr ,38.5 
and were subjected to 36.0 
gel-filtration chroma- .17.2 
tography. Final con- SecB- 
centrations in the sam- -1 2.4 
ples applied were: 
pMBP, 0.25 pM; 
~ B P ,  0.25 PM; and C pMBP and mMBP 
GuHCI. 0.1 M. The 
concentkations of SecB M 
are limiting for com- ~MBP, 
plex formations under 
these conditions. Ar- mMBpr 
rowheads indicate the 
positions of SecB- 
MBP complex (left) 
and free monomeric 
maltose-binding pro- 
tein (right). J&;s S 
contain 15% of the quantity of sample applied to the column. Lanes M are markers as in Fig. 1. 

binding to several low-affinity sites as sug- 
gested here for SecB. However, the low- 
affinity sites cannot be completely nonselec- 
tive since chaperone proteins do exhibit a 
degree of specificity. Trigger factor binds 
the outer membrane protein precursor, 
proOmpA, but not the outer membrane 
protein precursor, proPhoE; whereas, SecB 
and GroEL bind both (21). In addition, the 
folding in vitro of precursor TEM p-lacta- 
mase is blocked by GroEL, but not by 
trigger factor or SecB (19). 

The mammalian signal recognition parti- 
cle, which acts in concert with the ribosome 
to retard synthesis of secreton1 polypeptides, 
might be considered a molecular chaperone 
if its function were to maintain the precur- 
sors in conformations compatible with 
membrane translocation. It has been shown 
that a signal recognition particle can substi- 
tute in vitro for trigger factor and stabilize 
proOmpA for membrane insertion (1  7) .  It is 
widely believed that the signal recognition 
particle specifically recognizes the signal se- 
quence; however, trigger factor is known to 
bind to the mature moiety of OmpA (17). 
Signal recognition particle also interacts in 
vitro with precursor maltose-binding pro- 
tein to arrest its synthesis. This arrest is 
released by addition of SecB, which pre- 
sumably competes with the signal recogni- 
tion particle for binding sites in the na- 
scent polypeptide ( 7 ) .  In the light of these 
functional similarities it is probable that 
signal recognition particle, like SecB and 
trigger factor, interacts with polypeptides 
at sites additional to that in the signal 
sequence. 
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Inhibition of FKBP Rotamase Activity by 
Immunosuppressant FK506: wsted7A&de Surrogate 

MICHAEL K. ROSEN, ROBERT F. STANDAERT, ANDRZEJ GALAT, 
MASASHI NAKATSUKA, STUART L. SCHREIBER* 

The immunosuppressive agents cyclosporin A and FK506 inhibit the transcription of 
early T cell activation genes. The binding proteins for cyclosporin A and FK506, 
cyclophilin and FKBP, respectively, are peptidyl-prolyl-cis-trans isomerases, or rota- 
mases. One proposed mechanism for rotamase catalysis by cyclophilin involves a 
tetrahedral adduct of an amide carbonyl and an enzyme-bound nucleophile. The potent 
FKBP rotamase inhibitor FK506 has a highly electrophilic carbonyl that is adjacent to 
an acyl-pipicolinyl (homoprolyl) amide bond. Such a functional group would be 
expected to form a stabilized, enzyme-bound tetrahedral adduct. Spectroscopic and 
chemical evidence reveals that the drug interacts noncovalently with its receptor, 
suggesting that the a-keto amide of FK506 serves as a surrogate for the twisted amide 
of a bound peptide substrate. 

C YCLOSPORIN A 1 (CSA, FIG. 1) (1) 
is an immunosuppressive agent that 
has found widespread clinical use in 

organ transplantation. FK506 2 (2, 3) is a 
structurally unrelated and potent imrnuno- 
suppressant (4) shown to be effective in 
human organ recipients at doses significant- 
ly lower than those necessary with CsA (5). 
These compounds, especially FK506 (6), 
have potential for the treatment of autoim- 
mune disorders (7)  and for the prevention of 
graft rejection following organ transplanta- 
tion. 

Both CsA and FK506 suppress immune 
response by inhibiting the transcription of 
early T cell activation genes [interleukins-2, 
-3, and -4, granulocyte-macrophage colony 
stimulating factor, and interferon-y (41, 
apparently by controlling the synthesis of or 
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modifying transcriptional regulators such as 
nuclear factor of activated T cells (NF-AT) 
(9) .  A possibly related finding is that the 
binding proteins for CsA and FK506, cyclo- 
philin (10) and FKBP (immunophilins) (1 1, 
12), respectively, are peptidyl-prolyl-cis- 
trans-isomerases (rotamases, Fig. 2), which 
are potently inhibited by their respective 
ligands. Furthermore, the inhibition is high- 
ly selective: FK506 does not inhibit the 
rotamase activity of cyclophilin, and CsA 
does not inhibit that of FKBP. This infor- 
mation, together with recent reports of re- 
lated proteins implicated in signaling path- 
ways (13, 14), led to the suggestion that the 
immunophilins are involved in signaling 
processes that lead to T cell activation (1 1); 
the biological importance of cyclophilin has 
been firmly established, in fact, by a study 
demonstrating that the protein mediates the 
effects of CsA on the lower eukaryotes Neu- 
rospova cvassa and Sacchavomyces cevevisiae (15). 

Elucidation of the mechanism of catalysis 
by rotamases and the mode of binding and 

inhibition by immunosuppressive agents is 
prerequisite to understanding the role of the 
immunophilins in T cell activation. Herein, 
we report on a I3C nuclear magnetic reso- 
nance (NMR)-based investigation of the 
complex between recombinant human 
FKBP (rFKBP) and FK506 that provides 
new insights into these issues. 

The ability of the immunophilins to cata- 
lyze the interconversion of cis and trans pro- 
line amide rotamers implies that they recog- 
nize proline-containing epitopes. [ ~ n  sup- 
port of this suggestion, we note that the 
naturally occurring immunosuppressant 
FR900525 contains proline in place of pipi- 
colinic acid but is otherwise identical to 
FK506 (16) .] Recognition could involve 
either an enzyme-substrate tetrahedral ad- 
duct (Fig. 2B, tetrahedral adduct mecha- 

~U , 

nism) or a twisted peptidyl-prolyl amide 
bond (Fig. 2C, twisted amide mechanism). 
Either mechanism would explain the catalyt- 
ic properties of the immunophilins, as the 
loss of amide resonance should lower the 
barrier to rotation. 

Early support for a tetrahedral hemithio- 
orthoamide adduct mechanism in the case of 
cyclophilin came from the studies of Fischer 
et al. ,-who found that p-hydroxymercuriben- 
zoic acid modifies an active-site cysteine 
residue with concommitant loss of rotamase 
activity (1 7) and observed an inverse second- 
ary isotope effect (kHlkD < 1) with a deuter- 
ated substrate containing an [a,a-2H]Gly- 
Pro fragment (18). However, the latter re- 
sult has been challenged (19), and recent 
studies have shown that any of the four 
cysteines of cyclophilin can be mutated to 
alanine without affecting either affinity for 
CsA or rotamase activity (20). 

The structures of FK506 2 and a structur- 
ally related immunosuppressant rapamycin 
4 (21, 22), which also binds FKBP (11) and 
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