
An E. coli Ribonucleoprotein Containing 
4.5 S RNA Resembles Mammalian Signal 

Recognition Particle 

The signal recognition particle (SRP) plays a central role 
in directing the export of nascent proteins fi-om the 
cytoplasm of mammalian cells. An SRP-dependent trans- 
location machinery in bacteria has not been demonstrated 
in previous genetic and biochemical studies. Sequence 
comparisons, however, have identified (i) a gene in Esch- 
erichia coli Cffh) whose product is homologous to the 
54-kilodalton subunit (SRP54) of SRP, and (ii) an RNA 
encoded by the ffs gene (4.5s RNA) that shares a con- 
served domain with the 7SL RNA of SRP. An antiserum 
to Ffh precipitated 4.5s RNA fi-om E.  coli extracts, 
implying that the two molecules reside in a complex. The 
4.5s RNA can also bind to SRP54 and can replace 7SL 
RNA in an enzymatic assay. The product of a dominant 
mutation in the ffs gene (4.5s RNAdl') is also coprecipi- 
tated by the antiserum to Ffh protein and is lethal when 
expressed from an inducible promoter. M e r  induction of 
4.5s RNA~' ,  the earliest observed phenotype was a 
permanent induction of the heat shock response, suggest- 
ing that there was an accumulation of aberrant proteins in 
the cytoplasm. Late after induction, translocation of 
p-lactamase was impaired; this may be an indirect effect 
of heat shock, however, because translocation of ribose 
binding protein or of the porin, OmpA, was unaffected. 
An unusual separation of the inner and outer membranes, 
suggestive of a defect in cell envelope, was also observed. 
Protein synthesis did not cease until very late, an indica- 
tion that 4.5s RNA probably does not have a direct role 
in this process. 

I N MAMMALIAN CELLS THE SYNTHESIS OF ESSENTIALLY ALL 

secretory proteins occurs on ribosomes bound to the membrane 
of the endoplasmic reticulum (ER). The signal recognition 

particle (SRP), an 11s cytoplasmic ribonucleoprotein (RNP) con- 
sisting of six distinct proteins and one RNA subunit, and the SRP 
receptor (also termed docking protein), a heterodimeric ER mem- 
brane protein, function as adaptors between the cytoplasmic trans- 
lation apparatus and the membrane bound protein translocation 
machinery (1). Together, SRP and SRP receptor catalyze the events 
that lead to the formation of a proper ribosome-membrane junction. 
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Initially, the 54-kD subunit of SRP (SRP54) binds to the signal 
sequence on the nascent protein as it emerges from the ribosome 
(2). Next, the complex of SRP, nascent chain and ribosome interacts 
with the SRP receptor at the ER membrane. In a guanosine 
triphosphate ( ~ ~ ~ ) - d e ~ e n d e n t  reaction, the ribosome i d  nascent 
protein are transferred to other, less well defined components in the 
membrane, and transport occurs concomitantly with polypeptide 
chain elongation (3). 

Unlike mammalian cells, both yeast and bacteria have a posttrans- 
lational mode of translocating many proteins (4, 5 ) .  Protein precur- 
sors bearing signal sequences (indistinguishable from, and function- 
ally interchangeable with, those of mammalian secretory proteins) 
are released from the ribosomes into a soluble cytoplasmic pool. 
Preproteins are bound to chaperonins, which are thought to main- 
tain them in a soluble and loosely folded state (6,  7) where the signal 
sequence remains accessible for interaction with a membrane-bound 
translocation apparatus (translocon). There is some evidence that 
the chaperonins are in part functionally redundant; some are 
expressed constitutively (such as SecB), whereas others can be 
induced over a basal level by externally imposed conditions such as 
heat shock ( 6 ) .  Although genetic and biochemical studies have 
shown that chaperonins and membrane proteins may be involved in 
the translocation pathway (8-lo), neither approach has identified. 
SRP or SRP receptor-like components have not been identified in 
these organisms. Surprisingly, homologues of SRP54 and the SRP 
receptor have been identified in Escherichia coli [the genes ffh and 
f t s ~ ;  respectively (1 1, 12)] and yeast (13) because of their sequence 
similarity. In addition to these protein homologues, a domain of 
7SL RNA (Fig. 1, top, domain IV) can be found in small RNA's 
from yeast, archaebacteria, and bacteria (14). In E. coli, the con- 
served domain IV is present in the abundant 4.5s RNA (Fig. 1, 
center). The three E. coli SRP homologues described so far are 
essential for viability (15-1 7). Given these similarities, we undertook 
studies to determine whether the products of the ffs and ffh genes 
interact with each other and whether they may constitute a protein 
targeting apparatus in E. coli .  

Association of 4.5s RNA with Ffh in E. coli. An antibodv to a 
fusion protein consisting of a fragment of Ffh fused to glutathione 
transferase specifically recognizes an E. coli 48-kD protein, the size 
expected for the ffh gene product (18). Indirect immunoprecipita- 
tions were performed under native conditions from extracts of 
32P-labeled cells. RNA extracted from the imrnunoprecipitates was 
analyzed directly by polyacrylamide gel electrophoresis (PAGE) 
(Fig. 2A). The RNA recovered from immunoprecipitates of unla- 
beled cells was also analyzed by RNA (Northern) blots hybridized 
with a 4.5s RNA specific oligonucleotide (Fig. 2B). The immune 
serum (Fig. 2, A and B, lanes 21, but not the preimmune serum (Fig. 
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Fig. 1. Proposed secondary 
structures of human 7SL RNA 
(Top), E. coli 4.5s RNA (Cen- 
ter) and 4.5s RNAdll (Bot- 
tom). U.G and A.G base pairs 
are indicated by closed circles 
and open circles, respectively. 
Domains I to IV of the 7SL 
RNA are indicated (14). An al- 
ternative secondary structure 
for 4.5s RNAdll consists of a 
single long stem containing one 
internal copy of the domain IV 
motif. 
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2B, lane 3), specifically precipitated 4.5s RNA. Thus E. coli 4.5s 
RNA and Ffh, which individually were proposed to be homologues 
of essential SRP subunits, are themselves bound together in an 
RNP. We do not yet know whether additional protein components 
are associated with this complex. The experiment shown in Fig. 2A 
implies that 4.5s RNA is the only RNA present in this particle. 

Guanosine triphosphatase activation by an SRP54-4.5s RNA 
complex. We recently observed that SRP54, but no other SRP 
protein, binds tightly to 4.5s RNA under stringent high salt 
conditions (19). This result was unexpected because efficient binding 
of SRP54 to mammalian 7SL RNA has been observed only when 
SRP19 (by itself an RNA binding protein) was also bound (12, 20). 
It may be that parts of mammalian 7SL RNA [such as domain I11 
(1411 that are absent in 4 .5s  RNA may partially obscure the SRP54 
binding site, whereas the binding of SRP19 to the RNA relieves the 
interference. Since the only resemblance between mammalian 7SL 
RNA and E. coli 4.5s RNA lies in the domain IV, motif, we think 
it likely that SRP54 and Ffh bind to their cognate RNAs through 
this conserved stem. 

To determine whether the binding of prokaryotic 4.5s RNA to 
mammalian SRP54 functionally mimics the putative interaction 
between 7SL RNA and SRP54, we used a guanosine triphosphatase 
(GTPase) assay. SRP54 and both subunits of the SRP receptor are 
GTP binding proteins (21), yet neither SRP nor SRP receptor have 
significant GTPase activity by themselves. Rapid GTP hydrolysis 
was observed, however, when both SRP and SRP receptor were 
combined. This constitutes a sensitive biochemical assay for a 
functional interaction of SRP with SRP receptor. Using partially 
reconstituted SRP's, we determined that a particle consisting only of 
7SL RNA, SRP54, and SRP19 is sufficient to elicit GTPase activity 
in the presence of SRP receptor (22). Moreover, we observed that 
SRP19 was dispensable, indicating that SRP54 bound to 7SL RNA 
directly under the low salt conditions of this assay. Because E. coli 
4.5s RNA bound very efficiently to SRP54, we asked whether the 
chimeric SRP54-4.5s RNA particle could replace the partially 
reconstituted SRP (Fig. 3). Only the reaction containing SRP54- 
4.5s RNA and SRP receptor (Fig. 3, lane 81, but not either 
component alone (Fig. 3, lanes 2 to 41, nor any painvise combina- 
tion of the three components (Fig. 3, lanes 5 to 7), was active in 
hydrolyzing GTP. An unrelated control RNA, calf liver transfer 
RNA (Fig. 3, lane 12), could not replace 4.5s RNA in this assay. 

A dominant lethal 4.5s  RNA mutant. To study the physiolog- 
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ical role of 4.5s RNA in vivo, we constructed a mutant allele of the 
ffs gene in which the phylogenetically conserved domain IV has been 
duplicated (23) (Fig. 1, bottom). We reasoned that dominant 
mutations could be created in this way because domain IV might 
contain an important site whose duplication might sterically impede 
function. Analysis of a dominant mutant allele would have advan- 
tages over gene disruption experiments because mutant RNA 
produced from a strong promoter would accumulate rapidly as a 
stable toxic product. Thus, phenotypic changes should occur more 
rapidly, compared to those following shut off of 4.5s RNA 
synthesis (15, 24). In the latter case, the stable RNA first must be 
diluted beyond a minimal threshold by cell division and hence may 
complicate the analysis of primary defects. 

When the wild-type ffs gene was coupled to the strong tac 
promoter and induced by isopropyl-p-D-thiogalactopyranoside 
(IPTG), there was a rapid accumulation of 4.5s RNA but no change 
in the growth rate (Fig. 44, open squares) (25-27). However, 
expression of the mutant 4.5s RNA from the same plasmid led to an 
inhibition of cell growth (Fig. 4A, filled squares). Cell lysis was 
observed by light microscopy analysis and by a reduction in light 
scattering. The plating efficiency on IPTG of cells carrying the 
mutant plasmid was reduced by a factor of more than lo6. This 
indicated that induction of the mutant 4.5s RNA was a lethal event, 
rather than a transient growth arrest. We refer to this mutant allele 
of the 4.5s RNA as ffrd-", and the RNA gene product as 4.5s 
RNAd-" (dominant lethal). 

We next examined the association of 4.5s RNAd-" with Ffh in 
vivo. RNA analysis indicated that 4.5s RNAdl accumulated as a 
stable RNA (Table 1) in cells bearing thefsdl gene. Antibodies to 
Ffh specifically irnmunoprecipitated both 4.5s RNA"" and the 
wild-type 4.5s RNA (Fig. 2A, lane 5, and Fig. 2B, lanes 5 and 6) 
from these extracts. This result indicated that 4.5s RNAd-" resem- 
bles wild-type 4.5s RNA sufficiently to assemble with Ffh. The 
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lethal phenotype of 4.55 RNA*111 induction, however, suggests that 
this complex must be defective in at least one essential function. 

Induction of the stress response by 4.55 UNA*"1. Cells carry
ing the ffs*11 allele contained about half a copy of 4.55 RNA*111 per 
copy of wild-type 4.55 RNA as a result of readthrough transcription 
from the uninduced promoter (Fig. 2A, lane 5). These cells show no 
discernable aberrant phenotype (26). The first observable change 
was an induction of the characteristic set of heat shock proteins (Fig. 
5A), which occurred by 15 minutes after the addition of IPTG. At 

Table 1. Time course of 4.5S RNA*1 induction in S971(pSN3). The 
molar ratio of mutant 4.5S RNA*1 to wild-type 4.5S RNA (mt/wt) was 
estimated by visual comparison of ethidium bromide staining of RNA in 
native gels as described (25) and by comparison with standards. RBP, 
ribose binding protein; MBP, maltose binding protein; N.D. not 
determined. 
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Fig. 2. Immunoprecipitation of 4.55 RNA and 4.55 RNA"111 from native E. 
coli lysates. Lysates were prepared from S971 cells containing either pSNO 
[tac vector (23)] or pSN3 (ffsm) as indicated. Cells were grown in the 
presence of [3*P]phosphate (A) or in LB medium (B) (40). RNA was 
prepared from the total lysate [T, 7.5 pi of lysate (A) or 30 yA (B)] or from 
immunoprecipitates [30 pi of lysate (A) or 100 yl (B)] produced with 
preimmunine antiserum (PI) or antiserum to Ffh (I). The RNA samples 
were analyzed by electrophoresis on a 10 percent nondenaturing polyacryl-
amide gel. In (A) the RNA was visualized directly by autoradiography. In 
(B) RNA was transferred to a nylon membrane and hybridized with a 5' end-
labeled (32P) oligonucleotide probe complementary to 4.55 RNA Lanes 7 
to 9 in (B) contain 0, 1, and 10 ng of purified 4.55 RNA, respectively. 

that time, induced cells had accumulated approximately equimolar 
amounts of 4.55 RNA*111 and 4.55 RNA (Table 1). Since overpro
duction of the wild-type 4.55 RNA had no observable effect on cell 
physiology (25-27)^ heat shock induction was not due simply to the 
overexpression of a stable RNA species. Heat shock induction 
reached a maximum 30 minutes after the addition of IPTG. 
Immunoprecipitation of a protein specifically induced by heat shock 
(groEL) (Fig. 5B) from the 35S-labeled extracts demonstrated that 
synthesis of heat shock proteins was quantitatively indistinguishable 
from that observed in cells shifted to high temperature (Fig. 5B, lane 
1). Furthermore, it was not a transient response as would be 
observed after shifting cells to 42°C. Instead, the stress response 

Fig. 3. A chimeric parti
cle consisting of E. coli 
4.55 RNA and mamma
lian SRP54 elicits GT-
Pase activity in the pres
ence of SRP receptor. 
Reconstitution reactions 
were performed in 
which SRP54 was mixed 
with 4.55 RNA or 
tRNA (400 nM each) 
(41). In some reactions, 
either SRP54 or RNA 
was omitted. GTPase as
say contained 20 nM 
SRP receptor (41) and 
20 nM reconstituted 
SRP54-4.55 RNA, and 
were performed at 25°C 
in 50 mM triethanol-
amine-acetic acid (pH 
7.5), 50 mM postassium 
acetate, 2.5 mM 
Mg(OAc)2, lmMDTT, 
0.1% Nikkol, and 1 JJUM 
[a-32P]GTP. An 0.5-pl 
portion of each reaction 
was analyzed by chroma
tography on polyethyl-
eneimine thin layer 
plates, which were devel-
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Fig. 4. Growth of cells after expression of wild-type and dominant lethal 
alleles of 4.5S RNA (A) Cultures of S971 carrying either pSNl (tac-Jfc, 
asterisks) or pSN3 (fls, closed squares) were diluted into minimal medium 
(M63 plus all the amino acids except methionine and cysteine, 0.2 percent 
glycerol, 0.2 percent maltose, and ampicillin at 50 jig/ml) and grown at 37°C 
to an optical density between 0.1 and 0.2 A6(Xh at which point 1 mM IPTG 
was added to induce expression of the two jjs alleles (time, 0 minute). Cell 
growth was monitored by measuring A600; the cultures were diluted to keep 
the A600 between 0.2 and 1.0. (B) Isogenic strains (23) MC4100 htpR* 
(pSN4) (ffi*1 carrying lad**, asterisks) and MC4100 htpR15 (pSN4) (filled 
squares) were grown at 30°C as described in (A). At time "0 min", 1 mM 
IPTG was added to half of the cells and optical density was monitored in 
both induced (Asoo> with IPTG) and uninduced (Agoo, without IPTG) 
cultures. The ratio of optical densities is shown. The effects of ffiP* 
expression take longer to observe in (B) than in (A) because the high level of 
lacr2 produced from pSN4 inhibits full induction of the tac promoter. 
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Fig. 5. Induction of heat shock after 

45 - expression of 4.5s RNAd". (A) S971 
cells containing pSNl (tat-$) and 
pSN3 (fid") were grown and ffi 

sgsi ;upressi;n was Induce2 w ~ t h  IPTG a s  
dcscrlbed (Fig 4). At the lndlcated 

2 -  . .  2. - - tunes after mduction, cells (1 ml) were .- -. - *- 
--'$-F- - labeled for 30 s w ~ r h  20 ~ C I  of - - I3'Slrneth~onme IICN). Labeline was . - 

stopped by the addition of 10 &cent 
trichloroacetic acid on ice. Cells were 
centrifuged at 10.000,~, resuspendcd in 
20 PI of SDS gel sample buffer and 
boiled for 3 minutes. After the addition 
of 700 ~l of PRS containing 2 percent 

1 INU~I A-AVO, 5-p1 samples were analyzed directly by SDS-PAGE. P-Galac- 
tosidase (@gal), DnaK, and GroEL are indicated on the right. (B) This 
extract (100 tvas used for immunoprecipitations with antibodies to 
GroEL (42). Gel electrophoresis of the supernatant from the immunoprccip- 
itation showed chat GroEL was quantitatively recovered. 

remained permanently induced, su%gesting that the cells had been 
subjected to a harsher and more continuous insult of the sort 
observed after a s U  of d s  to 50°C (28). Heat shock induction has 
also been observed in cells depleted of 4.5s RNA; however, in this 
case induction was delayed until 2.5 to 3.5 hours after shutoff of 
4.5s RNA aanscription (29). 

To asstss influence of heat shock on cell growth, we evaluated the 
derrs of 4.5s RNAdl induction in cells that are defective in 
mounting a heat shock response [htpR- cells (30)l. Thc amount and 
pattern of newly synthesized in htpR- c& at intervals up 
to 6 hours after induction of 4.5s RNAdl was indistinguishable 
from that of uninduced cells (261. The abilitv to induce-the heat 
shock regulon, however, p r o l o ~ d  the abiity'of cells to grow after 
induction of the toxic 4.5s RNAdl (Fig. 4B). 

The heat shock response has been thought to be induced by the 
accumulation of misfblded proteins (31). Given the structural 
resemblance of FB  and 4.5s RNA to SRP components, we 
reasoned that misfolded proteins could result, fiom a defect in a 
targcdng function of the Ffh-4.5s RNP. Periplasmic or membrane 
proteins may fail to become rargetcd to their proper intracel.lular 
locus and accumulate & misfolded precursors in the cytoplasm. A 
vrecedent for such an dfect is that c& defective in the membrane 
&location apparatus (32) induce heat shock in response to 
cytoplasmically retained preproteins. We thedore tested direaly 
whether the translocation of periplasmic or membrane proteins 
would be aEeued by induction of4.5S RNAdl. 

We did not observe translocation defkcrs for a periplasmic protein 
(ribose binding protein, RBP) or an outer membrane protein 
(OmvAl wh& we tested for precursor accumulation aft& short 
;&ladling with [35~]methi~I;ine and subsequent imm-precip 
itation with specific antibodies to those proteins (26). In contrast, 
we observed accumulation of pre+lactamase, the precursor of the 
periplasmic protein p-la&, in a similar labding experiment 
(Fig. 6, compare lanes 1 to 3 with 16 to 18). This translocation 
defect occurred 60 to 90 minutes after 4.5s RNAdl induction (Fig. 
6, compare lanes 11 and 14 to lane 8), whereas the heat shodr 
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Fig. 6. Delay of manslo4011 0f~I;Ktamasc until late after induction of4.5S 
RNAdl' cxpmsion. Expression of S971-SN3 @') was induced with ETG 
as described (Fi 5). At the indicated times after induction, cells were pulsc- p. labeled with [j Slnxthbnine as described (Fig. 4). After 30 s, nonradioac- 
tive 1 mM mcthionine was added. Afm the indicated chase periods (0,1, or 
5 minute) cells were processed for immunopnxipitation with antibody to 
f3-lactamase as described (Fig. 5B). 

response was detectable 15 minutes after 4.5s RNAdl' induction 
(Fig. 5). Because of this lag time between heat shock induction and 
pros-larramasc accumulation, it is, however, questionable whether 
the defbct results directly fiom 4.5s RNA"" induction. 

The observation of a block in p-lactamase sccmion was especially 
surprising in that this protein translocated cfliciently posttranslation- 
ally (4). GroEL has been shown to serve as a chaperonin fbr 
p-lacmmase by binding to pe-lactamase before its translocation 
(33). It has also been suggested that an inability to mount a heat 
shock response can lead to a defkt in p-lactamase translocation (34). 
It is thus conceivable that indicient available GroEL would cause 
the observed translocation defect of pH-lactamase (35). Hence 
the defect in translocation of f3-lactamase may be a secondary dect  
of the disruption of 4.5s RNA function. Further support for this 
idea comes from the observation that, not long after the pros-  
lactamase translocation defect was first detected, other pleiotmpic 
efFects were also observed (Table 1). These e&crs induded the 
shutoff of aanscription h m  the maltose regulon, presumably 
resulting h n  depressed cyclic AMP (adenosine monophosphate) 
levels (36). 

At late times in the eqmiment, an aberrant sepadon of the 
outer and inner membrane was also evident by electron microscopy 
(Fig. 7, compare A with B). This could be due to an impairment of 
membrane protein biogenesis, culminating in the observed defects 
in cell envelope. Still later, a block in cell division caused the 
appearance of flhnentous cells. Taken together, these results show 
that the induction of heat shock is kinetically well separated fiom 
other events that occur a&r 4.5s RNAdl' induction. We have not 
yet determined the primary stimulus of heat shock induction, 
although presumably it involves the improper fblding of certain 
proteins during their biogenesis. 
Punaion ofF&-4.5s RNP. It has been qgested previously, on 

the basis of two lines of evidence, that 4.5s RNA perfbrms an 
essential role in protein synthesis. First, the kinetic analysis of cell 
death in 4.5s RNA depletion experknts showed that protein 
synthesis ceased before DNA synthesis and cell growth (15,24). In 
contrast, our data, as well as that in (29) indicate that heat shock as 
well as other pleiotropic defects precede cessation of protein syn- 
thesis. Hence, the Ffh-4.5s RNP is not likely to be required for 
maintemna of translational capability. Second, artragenic suppres- 
sors of angj mutant map to specific components of the translational 
apparatus (37). la particular, suppression of the lethality caused by 
amounts of 4.5s RNA below those required for cell growth was 
achieved by mutations either in the gene encoding elongation factor 
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G or in any of several genes encoding tRNA synthetases. A common 
feature of these suppressors is that they slow down a specific step in 
the elongation cycle of protein synthesis, namely the step after 
translocation of the nascent peptidyl-tRNA from the A to the P site 
in the ribosome but before exit of tRNA from the E site (3il. , , 
Presumably the suppressor mutations increase the time window 
during which the particle that contains 4.5s RNA can interact with 
the ribosome. While these data are consistent with models involving 
protein elongation, they are equally consistent with another model 
discussed below. 

We and others (38) have observed an inhibition of p-lactamase 
translocation at late time mints after 4.5s RNA function had been 
perturbed. For the reasok described above this is most likely an 
indirect effect of heat shock and not evidence of an SRP activity in 
E. coli. If the Ffh-4.5s RNP particle is required for translocation of 
only a small subset of proteins, we wodd not have observed a 
widespread translocation defect and a more extensive search is 
required to find the correct substrates. 

Our biochemical data indicate that the Ffh-4.5s RNP structurdv 
resembles mammalian SRP and that, in at least one assay, the 4.5s 
RNA of E. coli is able to replace mammalian 7SL RNA. Thus it 
seems reasonable to propose that, by analogy with the mammalian 
SRP, the Ffh-4.5s RNP recognizes signal sequences on nascent 
polypetide chains (through direct binding to Ffh) and targets them 

Fig. 7. Electron microscopy of E. coli expressing wild-type 4.5s RNA and 
4.5s RNAdl. S971 carrying pSNl (tac-fi, A) or pSN3 @id', B) were 
grown in the presence of IPTG for 3 hours (Fig. 4) before being prepared for 
electron microscopy (43). 
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Flg. 8. Model of Ffh-4.5s RNP action. T, Translocon, composed of the 
membrane associated components of the translocation apparatus (SecA, 
SecY, SecE); a3*, product of the htpR gene; hsp, heat shock proteins 
induced by u32; Chap, chaperonins (6). 

cotranslationally to a defined intracellular locus for further process- 
ing. The concept that Ffh-4.5s RNP interacts with nascent chains is 
consistent with the above genetic analysis and is supported by the 
observation that the fiaction of 4.5s RNA that is bound to 
polysomes can be released by puromycin, an agent that releases 
nascent proteins fiom ribosomes (37). 

If the Ffh-4.5s RNP defines a prokaryotic SRP involved in 
membrane targeting and secretion, two major issues must be 
resolved, namely (i) how an SRP-dependent targeting pathway 
relates to the well-established posttranslational translocation path- 
way, and (ii) why neither $z, fs, or fisY were identified during the 
extensive genetic analyses of the secretion pathways in E. c o l i .  
Keeping these questions in mind, we present a molecular model that 
could account for the observed phenomena. 

According to the model (Fig. 8), the Ffh-4.5s RNP provides an 
obligatorily cotranslational activity in pathway A, which recognizes 
signal sequences on certain nascent polypeptide chains. The role of 
the RNA moietv mav be to interact with the ribosome and to , , 
position the presumed signal sequence binding site of Ffh in order 
to ensure &cient recognition. The signal sequence would only be 
released from Ffh after interaction with an appropriate receptor, 
which would ensure that the interaction of the signal sequence and 
ribosome with the translocon is properly set up. Delivery of the 
ribosome-nascent chain complex to the translocon might be medi- 
ated by the putative SRP receptor homologue, FtsY. - 

If the Ffh-4.5s RNP function is perturbed, the preprotein is 
nevertheless synthesized and released from the ribosome (Fig. 8, 
path B). Some preproteins might undergo posttranslational trans- 
location, perhaps if chaperonins can bind to them and maintain 
translocation competence (path C). Alternatively, some preproteins 
may be incapable of posttranslational translocation altogether (path 
D). Accumulation of such mistargeted and hence misfolded secre- 
tory or membrane (pre)proteins in the cytoplasm would induce heat 
shock. Induction of heat shock helps cells to survive longer (Fig. 
5C), probably by partially relieving the distress resulting from 
improper protein targeting by stimulating the posttranslational 
pathway (39) or protein degradation. Hence path C is used as a 
rescue pathway for substrates that are inefficiently targeted cotrans- 
lationally. Alternatively, but not mutually exclusively, path A and 
path B-C are both operational, each for a distinct set of substrates 
under normal physiological conditions (see below). 

In this view the likelihood of identifying fF and fs in a genetic 
screen would be dependent on the pathways used by the test 
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substrate for export. Analysis is complicated because chap- 6. We use the term "chaperonin" to refer to a set of proteins that may have diverse 
recognition properties. A given chaperonin could recognize either the signal eronins can partially One another and components sequence directly (or portions of the mature protein in an unfolded conformation, 

that are not under heat shock control (such as secB) (39). If the or both (7) [L. L.  anda all, T. B. ~opping,  S. J. S. ~ a r d y ,  Science 248,860 (1990)l. 
analyses are limited to the study of passenger proteins that can While SecB may be dedicated to the secretion process, other chaperonins (like 

GroEL, DnaK) are involved in other cellular processes as well and may substitute 
use a P~~~~~~~~~~~~~ pathway, then requirement for for SecB in a less specific manner; see H.  D. Bemstein, T. A. Rapport, P. Walter, 

an SRP-like function would be detected. Furthermore, if only a few Cell 58, 1017 (1989). 

proteins have an absolute requirement for the cotranslational path- :: 6: ~ ~ ? ? ~ ~ , $ d ~ ;  $2, ~ B f ~ ; ~ ~ ~ ~ ~ f ~ ? 2 ,  805 (1988); R, Deshaies, 
way, then blocking Ffh or 4.5s RNA function would not necessarily B. D. Koch, M. Werner-Washbume, E. A. Craig, R. Schekman, ibid., p. 800. 
lead to a vast accumulation of presecretory proteins. Hence fj and 9. p. D. Eggs, A. I. Derman, J. Beckwith, Genetics 118, 571 (1988). 

10. R. J. Deschaies and R. Schekman, J. Cell Biol. 105, 633 (1987); P. J. Schatz, P. ffs might be in genetic screens that D. Eggs, A. Jacq, M. J, Fa*, J. Beckwith, Genes Dev. 3, 1035 (1989). 
preprotein accumulation, such as those that detect up-regulation of 11. H. D. Bemstein et al., Nature 340,482 (1989). 
secA expression (9). In contrast, genetic analysis has been most 12. K. W. R6misch et al.3 ibid.3 P. 478. 

13. B. C. Hann, M. A. Poritz, P. Walter, J. Cell Biol. 109,3223 (1989); M. A. Poritz, 
successful in yeast and in E. coli in defining components of the S, Ogg, H. D, Bemstein, p. Walter, in preparation. 
translocon (SecA, SecY, SecE) ( l o ) ,  where path A and path B-C are 14. M. A. Poritz, K. Strub, P. Walter, Cell 55, 4 (1988); J. C. R. Struck, H. Y. 

proposed to converge. Toschka, T. Specht, V. A. Erdmann, Nucleic Acids Res. 16, 7740 (1988). 
15. S. Brown and M. J. Foumier, J. Mol. Biol. 178, 533 (1984). 

Implicit in this model is the assumption that nascent chains that 16, D, R. Gil and G, P, C Salmond, M O ~ .  Microbiol. 4, 575 (1990);fF is an essential 
utilize path A can be distinguished from those that utilize path B-C. gene: G. Philips and T. Silhavy, personal communication. 

17. P. Brennwald, X. Liao, K. Holm, G. Porter, J. A. Wise, Mol. Cell. Biol. 8, 1580 The distinguishing feature could be encoded in the structure of the (1988); V, P. Dehoux, D, EMBO J ,  7, 231 (1988), 
signal sequences that bind with different afities to components of 18. A 2.8-kb Sd I - ~ i n d  111 fragment containing thefF gene [A. S. Brystr6m, K. J. 
either pathway ( 7 ) .  Alternatively, discrimination could be kinetically Hjalmarsson, p. M. wiksaam, G. R. Bjbrk, EMBO J .  2,899 (1983)l was isolated 

from lambda phage 22D7 of an ordered E. coli library [Y. Kohara, K. Akiyama, K. 
in the rate nascent chain Isono, Cell 50,495 (1987)l and subcloned into pBR322. From this plasmid a Hpa 

after exposure of the signal sequence (for example, by the use of rare I to Xmn I fragment encoding amino acids 173 to 418 of Ffh [numbered according 

codons) would favor interactions with the ~fh-4 .5s  R N ~ ,  ~f so, to (11, 141 was made blunt-ended with the Hepow fragment of E. coli DNA 
polymerase and subcloned into the Sma I site of the vector pGEX3 [D. B. Smith 

changes in cell physiology that affect the rate of protein synthesis and K. S. Johnson, Gene 67 ,3 i  (1988)l. The fusion protein was overproduced and 
could influence the degree to which each targeting pathway is purified by ~ t y  ckomatograph~ on glutathione %arose beads. The overex- 

utilized. pressed fusion protein was insoluble, and therefore was solubilized in urea before 
purification [P. Schloss, I. Hermans-Borgmeyer, H. Betz, E. D. Gundelfinger, 

If our model is correct, then SRP-dependent protein targeting is EMBO J .  7,2889 (1988)l. Rabbit antibodies to the fusion protein were prepared 
an ancient mechanism for localizing proteins during their synthesis. by CalTag, Inc. (South San Francisco, California). W t y  purified antibody 

detected a 48-kD protein, the size predicted for Ffh (1 1, 12), in both immunopre- 
By coupling protein synthesis with membrane translocation, such a ,ipitations immunoblots, rn addition, the of the 48-kD protein 
targeting mechanism would alleviate constraints that particular detected by the antibody increased when cells overexpressed the fF gene (H. D. 

Bemstein and P. Walter, unpublished). folding characteristics might impose on their translocation. Certain 19, D, Zopf, H. D. Bemstein, A. E, Johnson and p. Walter, EMBO I,, in press. K, 
proteins, most prevalent in unicellular organisms, have evolved so strub and P. waiter, unpublished. 
that they can be maintained translocation competent through inter- 20. P. Walter and G. Blobel, Cell 34,525 (1983); V .  Siege1 and P. Walter, J. Cell Biol. 

100, 1913 (1986). actions with other (chaperonins) that keep them from 21. SRP contains a GTP binding site as judged by sequence analysis. GTP binding to 
misfolding. Once the ability of a particular protein to utilize a all three proteins (SRa, SRP, and SRP54) was experimentally demonstrated by 
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[T. Connolly and R. Gilmore, Cell 57, 599 (1989); J. Miller and P. Walter, 
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for a class of as yet unidentified proteins, however, since the yeast 23. The plasmids used in our work were PSNO [ ~ ~ K 2 2 3 - 3  of (25)], which contains the 

tac promoter adjacent to a polylinker and terminator in a pBR322-based vector; 
and E. coli SRP and S W  receptor homologues are e3sential for cell pSNl [pKK235b-15 of (25)], which is derived from pKK223-3 by the insertion of 
viability. the wild-type ffs gene into the Eco RI site in the polylinker; pSN3, which is derived 

It is conceivable that cellular processes other than secretion or from pKK235b-15 by the insertion of a double-stranded oligonucleotide into the 
fi gene sequence to create thefidl allele; and pSN4, which is derived from pSN3 

membrane integration require ~0tranSlationd targeting and also use by insertion of the IacIQ gene into the single Pvu I1 site. The 30-nt synthetic 
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