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The Ffh protein of Escherichia coli is a 48-kDa polypeptide that is homologous to the SRP54 subunit of the
eukaryotic signal recognition particle (SRP). Efforts to understand the function of Ffh in bacteria have
depended largely on the use of E. coli strains that allow depletion of the wild-type gene product. As an
alternative approach to studying Ffh, a temperature-sensitive ffh mutant was isolated. The ffh-10(Ts) mutation
results in two amino acid changes in conserved regions of the Ffh protein, and characterization of the mutant
revealed that the cells rapidly lose viability at the nonpermissive temperature of 42°C as well as show reduced
growth at the permissive temperature of 30°C. While the ffh mutant is defective in insertion of inner membrane
proteins, the export of proteins with cleavable signal sequences is not impaired. The mutant also shows
elevated expression of heat shock proteins and accumulates insoluble proteins, especially at 42°C. It was
further observed that the temperature sensitivity of the ffh mutant was suppressed by overproduction of 4.5S
RNA, the RNA component of the bacterial SRP, by stabilizing the thermolabile protein. Collectively, these
results are consistent with a model in which Ffh is required only for localization of proteins integral to the
cytoplasmic membrane and suggest new genetic approaches to the study of how the structure of the SRP
contributes to its function.

The signal recognition particle (SRP) is a ribonucleoprotein
complex that was first described for eukaryotic cells as being
important for targeting secretory proteins and integral mem-
brane proteins to the translocation apparatus (67, 68; for a
recent review see reference 27). Following the molecular char-
acterization of a 54-kDa protein component of the SRP from
mammals (SRP54), it was discovered that Escherichia coli en-
codes a protein with striking homology to this SRP subunit (7,
52). The gene encoding this protein was identified as an open
reading frame with no known function (13) and was termed ffh
for “fifty-four homologue.” Amino acids with a high degree of
conservation were located throughout the protein and in-
cluded an amino-terminal domain of unknown function, a GTP
binding domain (G domain), and a methionine-rich carboxy-
terminal M domain. These features led to a model of Ffh
function in which the M domain binds to signal sequences of
exported proteins by contacts between the relatively flexible
side chains of methionine and the hydrophobic amino acids of
a typical export signal (7).

Other E. coli gene products were also discovered that dis-
played significant homologies with components of the eukary-
otic SRP. Specifically, the product of ftsY, a poorly character-
ized gene thought to be important for cell division (19), has
homology with the � subunit of the SRP receptor (SR�) from
higher cells. FtsY also possesses a G domain that is highly
homologous to that of Ffh (7). Furthermore, the 7S RNA
component of the mammalian SRP has sequence and struc-
tural similarities with a 4.5S RNA species from E. coli (50). As

a result of these discoveries, it was proposed that E. coli also
possesses an SRP that functions in bacterial protein localiza-
tion. These conclusions were made solely from arguments
based on homology comparisons, however, as none of the SRP
homologues had ever been identified in genetic screens de-
signed to reveal components of the protein localization ma-
chinery (2, 4).

A series of subsequent studies provided evidence of addi-
tional similarities between the E. coli SRP and its counterpart
in eukaryotic cells. For example, it was shown previously that
Ffh and 4.5S RNA form a ribonucleoprotein complex in vivo
(38, 49, 51) and that Ffh could functionally replace the SRP54
protein in specific in vitro assays (8). Interaction between Ffh
and hydrophobic signal peptides was also shown elsewhere by
in vitro cross-linking (5, 30, 64, 65).

The first genetic approach to exploring the possibility that E.
coli employs an SRP for protein targeting was made with re-
verse genetics. An E. coli mutant was constructed in which the
sole functioning copy of ffh in the cells was placed under the
control of the arabinose (araBAD) promoter and operator.
Growth of this strain without inducer revealed that ffh is an
essential E. coli gene (47). However, experiments to determine
the role of Ffh in protein export yielded equivocal results.
Although the export of several proteins became inefficient
upon depletion of Ffh, the defects were not nearly as severe as
when genes encoding members of the sec-dependent protein
export pathway were mutationally disrupted (32, 45, 55, 58).
These results suggested that Ffh does not participate equally in
the export of all E. coli proteins. Characterization of an E. coli
mutant in which FtsY, the SRP receptor homologue, was de-
pleted, as well as of a strain that expressed a dominant-nega-
tive allele of ffs, encoding 4.5S RNA, yielded similar results (39,
49). Despite the limited availability of ffh mutants, the role of
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the SRP in E. coli was shown indeed to be limited to a subset
of exported proteins, specifically proteins that are targeted to
the inner membrane (16, 41). A screen with a plasmid library
that searched for clones with an increased requirement for Ffh
further confirmed these conclusions and also suggested that
not all inner membrane proteins require Ffh for membrane
targeting (63).

These important insights into Ffh function notwithstanding,
it must also be acknowledged that there exist inherent weak-
nesses in using depletion strains to study an essential cellular
process such as protein localization. Extensive depletion of a
gene product can require the lapse of several generations be-
fore a phenotype is observed (36). During the prolonged
growth period necessary to sufficiently deplete a gene product,
secondary effects can occur that may obscure the true function
of the gene product. Consistent with this notion is the obser-
vation that depletion of Ffh leads to a defect in cell division
(47); however, given the experimental evidence presented to
date, Ffh does not play a direct role in this process. Another
potential indirect effect that could lead to misinterpretation of
the role of the SRP is that SecY, an essential E. coli protein
required for efficient protein export, is itself a membrane-
bound protein whose localization utilizes the SRP pathway (30,
57). Caution is also warranted when interpreting the results of

depletion of gene products that normally function in relatively
low abundance, such as Ffh (6). In this case, exhaustive deple-
tion is required since low, residual levels of the gene product
could still support physiological processes. Indeed, these con-
cerns prompted the revisiting of a genetic screen that eventu-
ally yielded weak mutations in SRP components (61, 62).

To more clearly understand the function of the SRP in
bacterial protein localization, we have sought an alternative
approach to conditional expression of Ffh. We have isolated a
temperature-sensitive ffh mutant that is rapidly inactivated
upon shift to the nonpermissive temperature. Growth of this
mutant at the nonpermissive temperature leads to rapid inac-
tivation of Ffh function and, therefore, provides a means to
study the consequences of Ffh inactivation that does not re-
quire prolonged growth to deplete the wild-type gene product.
This mutant has been used to confirm the role of SRP in
membrane protein localization and to better elucidate how the
4.5S RNA interacts with Ffh in assembly of the SRP.

MATERIALS AND METHODS

Bacterial strains and plasmids. The genotypes and sources of the E. coli
K-12-derived strains and plasmids used in this study are shown in Table 1.

Reagents. Specific antibodies either were obtained from commercial sources
or were generous gifts. Antibodies to alkaline phosphatase, �-lactamase, and

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype or descriptiona Reference or source

Strains
WAM100 MC4100; ara� 47
WAM113 Source of ffh-1::kan 47
SKP1101 WAM100 ffh-1::kan [pSKPP10] This study
SKP1102 WAM100 ffh-1::kan [pSKPP11] This study
SKP1103 WAM100 ffh-1::kan [pSKPP12] This study
SKP1104 WAM100 ffh-1::kan [pSKPP13] This study
CAG629 F� lacZ(Am) phoA(Am) lon supC(Ts) trp(Am) rpsL rpoH(Am)165

zhg::Tn10 mal(Am)
1; New England Biolabs

SKP1105 SKP1101 [pHP42] This study
SKP1106 SKP1102 [pHP42] This study
SKP1107 SKP1101 [pBAP576] This study
SKP1108 SKP1102 [pBAP576] This study
S1693 HfrH lacIq relA1 spoT1 lacY::Tn10 mini-tet ffs::kan-591 [�imm-434 nin-5

XhoI::�(Ptac-ffs)]
10

Plasmids
pSKPP10 ffh-10(Ts) cloned into the RSF1030-derived cloning vector pLCC29; Cmr This study
pSKPP11 ffh� cloned into the RSF1030-derived cloning vector pLCC29; Cmr This study
pSKPP12 ffh-10(Ts) cloned into the RSF1030-derived cloning vector pLCA29; Apr This study
pSKPP13 ffh� cloned into the RSF1030-derived cloning vector pLCA29; Apr This study
pHP42 ftsQ-PBST in pBAD18; Apr 62
pHP44 Source of acrB576-PBST 62
pBADTopo Cloning vector for arabinose-regulated gene expression; araC� Apr Invitrogen
pBAP576 acrB576-PBST cloned into pBADTopo; Apr This study
pT7T3PhoA123 Expression of alkaline phosphatase and �-lactamase; Apr 31
pINGE-Lep Expression of Lep; araC� Apr 15
pSB832 ffs� pBR327 derivative; Apr S. Brown
pSB832�M ffs�MluI (ffs mutant) pBR327 derivative This study
pSB432 ffs�; pACYC184 derivative; Cmr 11
pSB579 ffs�; pACYC184 derivative; Cmr 11
pSB586 ffs mutant; pACYC184 derivative; Cmr 11
pSB832�A ffs�ApaI (ffs�); pSB832 derivative This study
pSB832-59B ffs-A59G (ffs�); pSB832 derivative This study
pSB832-61H ffs-G61U (ffs mutant); pSB832 derivative This study
pSB832-62D ffs-C62A (ffs mutant); pSB832 derivative This study

a Apr, ampicillin resistance; Cmr, chloramphenicol resistance.
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chloramphenicol transferase were obtained from 5 Prime33 Prime Inc. (Boul-
der, Colo.); maltose binding protein (MBP) was obtained from Research Diag-
nostics (Flanders, N.J.); and DnaK and GroEL were obtained from Stress Gen
(Victoria, British Columbia, Canada).

Growth media were obtained from Difco (Detroit, Mich.), and all antibiotics
and amino acid and vitamin supplements were obtained from Sigma Chemical
Co. (St. Louis, Mo.). Restriction enzymes and other reagents for cloning were
obtained from various vendors, including New England Biolabs (Beverly, Mass.);
MBI Fermentas, Inc. (Hanover, Md.); and Gibco-BRL (Gaithersburg, Md.).

Cell growth and general techniques. Cells were cultured in either Luria broth
(LB) or supplemented minimal E medium (66). When required, antibiotics were
added to the culture media at the following concentrations: 100 �g of ampicillin/
ml, 20 �g of chloramphenicol/ml, and 30 �g of kanamycin/ml.

For growth characterization experiments, cells were diluted from cultures
grown overnight at 30°C. Cultures were grown with aeration at 30°C until an
optical density at 600 nm (OD600) of 0.05 to 0.10 was reached, upon which half
of the cell volume was shifted to 42°C. Samples were removed at 1-h intervals
from both the 30 and 42°C cultures for measurement of optical density and
counts of viable cells. For viable cell counts, samples were diluted in LB medium,
plated in duplicate on LB agar, and incubated at 30°C overnight. Colonies were
counted after 48 h of incubation, and the values from three independent exper-
iments were averaged.

Individual cells were visualized by observing wet mounts with phase-contrast
microscopy with an Olympus BH-2 microscope. Digital images were captured
with a charge-coupled device camera.

Transformations were performed as described by Inoue et al. (22). General-
ized transductions using bacteriophage P1 vir were done as described by Miller
(42). Plasmid DNA was prepared by a modification of the technique of Carter
and Milton (14).

DNA sequence analysis of the ffh-10(Ts) allele was done by first cloning a
1.6-kb EcoRI-SalI fragment from a pBR322-derived vector on which the muta-
tion was isolated into appropriately digested pUC19 (72). DNA sequence anal-
ysis was performed by dideoxy dye-termination reactions at the Nucleic Acid
Synthesis and Sequencing Facility at Iowa State University.

Plasmid constructions. pSKPP10 and pSKPP11 were constructed by cloning a
1.6-kb EcoRI-to-SalI fragment, encoding the thermolabile and the wild-type Ffh
proteins, respectively, into a medium-copy-number cloning vector, pLCC29
(G. J. Phillips, unpublished data). This vector is a derivative of pDHC29 and
replicates by using the origin of replication from RSF1030 that is compatible with
most other cloning vectors, including other ColE1-like plasmids (46). In a similar
manner, pSKPP12 [ffh-10(Ts)] and pSKPP13 (ffh�) were constructed by cloning
the appropriate EcoRI-to-SalI fragment into an RSF1030-derived plasmid that
imparts Apr (Phillips, unpublished).

pBAP576 was constructed by PCR amplification of the acrB576-PSBT gene fusion
described by Tian and Beckwith (62) with the primers 5	-CCTAATTTCTTTATC
GATCGCCCG-3	 and 5	-ACCCTGACCGCCCTGCAC-3	. The 1.9-kb product
was cloned into pBADTopo (Invitrogen, Carlsbad, Calif.) according to the manu-
facturer’s instructions. PCR primers were synthesized at the Iowa State University
DNA Synthesis and Sequencing facility.

Strain constructions. The E. coli K-12 strain WAM100, an ara� derivative of
MC4100 (47), was used for construction of the temperature-sensitive ffh mutant
SKP1101 and an isogenic ffh� control strain, SKP1102. These strains were con-
structed by first introducing either pSKPP10 (SKP1101) or pSKPP11 (SKP1102)
to WAM100 by selection for Cmr at 30°C. The chromosomal copy of ffh was
replaced with ffh1::kan from WAM113 (47) by P1 vir-mediated transduction. The
Kanr transductants were tested for growth at both 30 and 42°C to confirm the
temperature-sensitive phenotype of SKP1101 and the ability of SKP1102 to grow
at both temperatures.

Pulse-chase experiments and immunoprecipitation. SKP1101 and SKP1102
were grown overnight at 30°C in minimal E medium containing 1 mg of vitamin
B1/ml; a mixture of 18 amino acids, excluding methionine and cysteine; appro-
priate antibiotics; and 0.4% glucose. Maltose, at a concentration of 0.4% in
combination with 0.4% glycerol, was used for induction of MBP and LamB. For
detection of �-lactamase and alkaline phosphatase, SKP1101 and SKP1102 were
transformed with pT7T3PhoA123.

Overnight cultures were resuspended in the same medium to an OD600 of 0.02
and cultured with aeration at 30°C until the cells reached early logarithmic
growth. One half of the culture was then transferred to a sterile flask, and growth
was continued at 42°C. At various times (typically 1 or 2 h) after division of the
culture, 1-ml aliquots were removed from each culture and pulse-labeled for 20 s
with 10 mCi of Tran35S-label (Amersham Pharmacia Biotech, Piscataway, N.J.;
specific activity, 1,000 Ci/mmol)/ml. An equal volume of prewarmed chase solu-
tion (minimal E medium supplemented with 0.8% methionine and cysteine) was

added and chased for various times at the same temperature as that for the
growth of cultures. Immunoprecipitations were performed as described previ-
ously (18). Autoradiograms were visualized with the GS-363 Molecular Imager
System (Bio-Rad Laboratories, Hercules, Calif.). Half-life (T1/2) determinations
of Ffh were made from the densitometric scans of the gel images with chloram-
phenicol transacetylase as an internal standard to normalize the amount of
protein detected in each lane.

Cellular fractionation. The B-PER bacterial protein extraction reagent
(Pierce Chemical Co., Rockford, Ill.) was used for the extraction of insoluble
proteins. Cultures were grown to late logarithmic phase, and the cells were
concentrated in a 1.5-ml volume to an OD600 of 1.5 in a microcentrifuge. For
lysis, cells were resuspended in 150 �l of B-PER reagent by vigorous vortexing
until the cell suspension was homogenous, followed by vortexing for an addi-
tional minute. The separation of insoluble and soluble proteins was done by
centrifugation at 13,000 rpm in a microcentrifuge for 5 min with the pellet
resuspended in an additional 150 �l of B-PER II reagent. Lysozyme was added
to the resuspended pellet at a final concentration of 400 mg/ml, and the mixture
was vortexed for 1 min. An additional 1 ml of a 1:20 dilution of the B-PER II
reagent was added to the suspension and vortexed for 1 min. Insoluble material
was collected by centrifugation at 13,000 rpm for 10 min. The pellet was then
resuspended in an additional 1 ml of the diluted (1:20) reagent for washing. After
two more washings with the diluted reagent, the pellet was resuspended in 300 �l
of sodium dodecyl sulfate (SDS) sample buffer prior to electrophoresis. Gels
were scanned using a Bio-Rad GS-700 Imaging Densitometer.

Immunoblot analysis. Protein fractions were separated by electrophoresis
through an SDS–12% polyacrylamide gel and visualized by staining with Coo-
massie blue dye. Proteins were transferred onto a nitrocellulose membrane
(Osmonics Inc., Westborough, Mass.) with a Semidry Electroblotter (Owl Sci-
entific, Portsmouth, N.H.). Filters were blocked in 5% dried nonfat milk in
Tris-buffered saline with 0.2% Tween 20 at room temperature for 1 h and washed
with Tris-buffered saline. Appropriate antibody at an optimum dilution was
added and incubated at room temperature for 1 h. Detection of bound antibody
was done with the Opti-4CN detection kit (Bio-Rad Laboratories).

Detection of biotinylated proteins. Detection of biotinylated fusion proteins
was done essentially as described previously (62). Cells were grown overnight at
30°C in LB supplemented with 50 mM biotin and 100 mg of ampicillin/ml. To
induce FtsQ-PBST from pHP42 and AcrB-PBST from pBAP576, cells were
subcultured in the same medium supplemented with 0.02% arabinose and grown
to early log phase prior to shifting a portion of the culture to 42°C for an
additional 1 to 2 h. The cells were concentrated to an OD600 of 1.5 in a 1-ml
volume by centrifugation at 12,000 rpm in a microcentrifuge. The pellets were
resuspended in 100 �l of SDS-polyacrylamide gel electrophoresis (PAGE) sam-
ple buffer, boiled for 3 min, and then recentrifuged. After electrophoresis, the
proteins were transferred to a nitrocellulose membrane, and the membranes
were blocked as described above. To detect biotinylated fusion proteins, strepta-
vidin-horseradish peroxidase conjugate (Amersham Pharmacia Biotech) was
added to the membrane and incubated at room temperature for 1 h. To detect
expressed fusion protein, the membrane was probed with appropriate antibody
by using the ECL Western blotting detection system (Amersham Pharmacia
Biotech) per the manufacturer’s instructions.

Northern hybridization. Total cellular RNA was isolated from E. coli trans-
formants expressing either wild-type or mutant 4.5S RNA species with RNAWiz
RNA isolation reagent (Ambion, Austin, Tex.). The RNA was resolved on an 8%
polyacrylamide gel and transferred to a nitrocellulose membrane with a Semidry
Electroblotter. A 0.6-kb HindIII-to-BamHI DNA fragment from pSB832 was gel
purified, labeled with [32P]dCTP by random priming (Hexalabel DNA labeling
kit; MBI Fermentas), and used as a hybridization probe. Hybridization and
detection of the blots were done essentially as described previously (53).

PCR-based mutagenesis. Site-directed changes to ffs were made by PCR mu-
tagenesis with the primers 5	-GTCCGGAAGGGAGCAGCCAAGGCA-3	 (ffs-
A59G), 5	-GTCCGGAAGGAATCAGCCAAGGCA-3	 (ffs-G61U), and 5	-GT
CCGGAAGGAAGAAGCCAAGGCA-3	 (ffs-C62A). The underlined base
represents the mutational alteration of each mutant allele. These primers were
used in combination with the antisense primer 5	-CTGGGTTGAAGGCTCTC
AAGGGC-3	 to amplify a 0.19-kb fragment that was subsequently digested with
BspEI and BamHI and cloned into pSB832 digested with the same enzymes. The
mutational alterations were confirmed by DNA sequencing. Random mutagen-
esis of ffs was done by PCR amplification with the sense primer 5	-TATCATC
GATAAGCTTGTCGCTGACGC-3	 in combination with the antisense primer
described above under conditions that decreased the fidelity of Taq DNA poly-
merase (Diversity PCR Random Mutagenesis kit; Clontech, Inc., Palo Alto,
Calif.). The PCR products were gel purified, digested with HindIII and BamHI,
and cloned into pSB832.
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Protease accessibility assays. SKP1101 and SKP1102 were transformed with
pINGE-Lep (Table 1) and grown as described above prior to the expression of
Lep being induced with arabinose. After 2 h at the nonpermissive temperature,
cells were pulse-labeled and the protease accessibility of the large periplasmic
domain of Lep was measured as previously described (56).

RESULTS

Characterization of the ffh-10(Ts) allele. A temperature-
sensitive ffh mutant whose viability was strictly dependent on
growth temperature was isolated by use of a plasmid-shuffling
scheme (S.-K. Park, B. Graham, and G. J. Phillips, unpublished
data). To ensure that the temperature-sensitive phenotype was
due to a mutational alteration in the essential ffh gene, a 1.6-kb
EcoRI-to-SalI restriction fragment was cloned from the
pBR322-derived plasmid used to isolate the mutant into the
medium-copy-number cloning vector pLCC29 (see Materials
and Methods), creating pSKPP10. A control plasmid,
pSKPP11, was also assembled to carry ffh�. These plasmids
were used to construct SKP1101, in which the sole source of
Ffh was encoded by the plasmid-borne ffh-10(Ts) allele, and
SKP1102, an isogenic ffh� control strain, respectively (Table
1). Figure 1A shows the distinct temperature-sensitive pheno-
type of SKP1101 in comparison with SKP1102.

To identify the base pair changes in ffh responsible for the
temperature-sensitive phenotype, the 1.6-kb EcoRI-to-SalI
fragment was sequenced. As summarized in Fig. 2, two changes
to ffh clustered in the region encoding the carboxy-terminal M
domain of the protein were found. These mutations resulted in
a change from Leu338 to Pro and from Met351 to Thr. While

the Leu-to-Pro change introduced a helix-breaking amino acid
into a region that has been predicted elsewhere to be in an
�-helical conformation (3, 28), the substitution of Thr occurs at
a conserved Met residue (20). PCR-based site-directed mu-
tagenesis was used to construct ffh mutants altered at each
position individually and revealed that both amino acid substi-
tutions were necessary for the strong temperature-sensitive
phenotype (data not shown).

Growth characteristics of the temperature-sensitive ffh mu-
tant. To further characterize the temperature-sensitive mu-
tant, growth of SKP1101 was monitored spectrophotometri-
cally. As shown in Fig. 3A, the control strain showed typical
growth kinetics at both 30°C (open triangles) and 42°C (closed
triangles), while the mutant continued growth only at the lower
temperature (compare open and closed circles in Fig. 3A). At
42°C, the mutant cells increased in density for only 1 h postshift
and had completely ceased growth by 2 h. Given the initial
doubling time of SKP1101 at 42°C of 30 min, Ffh relinquishes
function within two generations after shift to 42°C. Similar
results were seen when cells were shifted at either higher or
lower optical densities. It was also noted that the mutant grew
more slowly than the control even at 30°C, suggesting that the
mutant protein was not fully functional even at the permissive
temperature. Additional experiments described below confirm
this prediction.

A similar pattern was observed by measuring the number of
viable cells recovered following growth at the nonpermissive

FIG. 1. (A) Temperature-sensitive growth of the ffh-10(Ts) mutant.
SKP1101 [ffh-10(Ts)] (a) and the isogenic control strain SKP1102
(ffh�) (b) were streaked onto LB plates and cultured overnight at 30
and 42°C, as indicated. (B) Suppression of the temperature sensitivity
of the ffh-10(Ts) mutant by 4.5S RNA overproduction. SKP1101 (a and
c) and SKP1102 (b and d) were transformed with pSB832 (ffs�) (a and
b) or pSB832�M (ffh mutant) (c and d) and incubated at either 30 or
42°C.

FIG. 2. Domain organization and structure of Ffh. (A) Functional
domains of Ffh are as labeled and include the NG domain including
the X domain of unknown function and the G domain with GTPase
activity. The carboxy-terminal M domain includes four �-helical struc-
tures (�1 to �4) important for contacting the signal sequence and
binding 4.5S RNA. Also shown are the locations of the two amino acid
changes and their corresponding base pair alterations, resulting in the
temperature-sensitive phenotype of the ffh-10(Ts) mutant. (B) Pre-
dicted location of the two amino acid changes superimposed on the
three-dimensional view of the M domain of Ffh from Thermus aquati-
cus. The figure was generated using the program RasMol with coor-
dinates from 2FFH from the Protein Data Base.
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temperature. When SKP1101 was grown at 30°C (open circles
in Fig. 3B), the number of viable cells increased at a rate
somewhat lower than that of the wild-type strain (open trian-
gles). However, cells rapidly lost their ability to form colonies
at 30°C after growth at 42°C for as little as 2 h (closed circles).

Previous studies using an Ffh depletion system revealed that
the cells acquired an elongated morphology within a few hours
of growth without inducer of ffh expression (47). We also
examined SKP1101 microscopically at different growth tem-
peratures (Fig. 4). In comparison with the control strain, the
temperature-sensitive mutant revealed marked cell elongation
within 1 h of shift to 42°C. Inspection of the cells at 30°C also
revealed that, even at this permissive temperature, the ffh mu-
tant exhibited an elongated cell shape. Further growth at the
nonpermissive temperature resulted in formation of inclusion
bodies, suggesting that insoluble proteins were accumulating in
the cytoplasm. This observation was explored further by the
use of the cell fractionation methods described below.

Attempts to introduce ffh-10(Ts) into the chromosome in
single copy (48) to further restrict the temperature-sensitive
phenotype were also made. However, these efforts failed re-
peatedly, indicating that elevated levels of the thermolabile Ffh
protein were necessary to support growth at the permissive
temperature.

Signal sequence processing of cell envelope proteins in the
ffh mutant. Previous experiments using an Ffh depletion sys-
tem yielded equivocal results when used to determine the role
of Ffh in E. coli protein export (47). Similar results were
obtained when the synthesis of other components of the SRP
pathway, including FtsY (39, 57) or 4.5S RNA (49, 51), was
disrupted. A separate in vivo approach showed no evidence of
a protein export defect upon depletion of 4.5S RNA (25).
However, biochemical approaches showed that Ffh interacts
with signal sequences from a number of exported proteins (64,

FIG. 3. Growth characteristics of SKP1101 and SKP1102. Both
SKP1101 and the control SKP1102 were cultured as described in Ma-
terials and Methods to measure the changes in OD600 (A) and viable
cell counts (B) at the permissive and nonpermissive growth tempera-
tures. (A) OD600 of SKP1101 (circles) and SKP1102 (triangles) at 30°C
(open symbols) or 42°C (closed symbols). (B) Viable cell counts of
SKP1101 and SKP1102 with the same symbols as in panel A. The
arrow indicates the point of shift of the cultures from 30 to 42°C.

FIG. 4. Morphological changes of E. coli strains cultured at different times following growth at the nonpermissive temperature. Wet mounts
of cells were prepared from cultures of SKP1101 or SKP1102 grown at either 30 or 42°C for the times indicated and observed by microscopy.
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65, 73), suggesting a biological significance to the interaction
between SRP and exported protein. The efficiency of cross-
linking, however, was dependent upon the hydrophobicity of
the signal peptide (5, 30, 64), further suggesting additional
selectivity in substrate recognition. To more precisely deter-
mine the role of the SRP in generalized protein export in E.
coli, we took advantage of the rapid inactivation of Ffh in
SKP1101 to monitor the efficiency of signal sequence cleavage
of selected periplasmic and outer membrane proteins.

Shown in Fig. 5 are the results of a number of assays used to
measure the kinetics of signal sequence processing of the outer
membrane proteins OmpA (Fig. 5A) and OmpF (Fig. 5B) and
the periplasmic proteins �-lactamase (Fig. 5C) and MBP (Fig.
5D). Signal sequence processing was measured after growth at
the nonpermissive temperature for 2 h, a time when cell
growth was no longer increasing and viability was declining
(Fig. 3). In all cases, the efficiency of signal sequence process-
ing in SKP1101 was comparable to that found in the wild-type
control. Low-level accumulation of the precursor form of MBP
was detected at early chase times (20 s and 2 min), but virtually
all preproteins of MBP were chased out within 5 min, indicat-
ing that MBP preprotein does not require Ffh for its translo-
cation. In addition to the proteins shown in Fig. 5, no differ-
ences in the rate of signal sequence processing of alkaline
phosphatase, OmpC, or LamB were observed between
SKP1101 and SKP1102 (data not shown).

Processing of pre-�-lactamase has been reported previously
to be inhibited at some level in strains where the SRP pathway
components are disrupted (39, 47, 49, 51). Likewise, the tem-
perature-sensitive ffh mutant showed evidence of delayed pro-
cessing at the 20- and 120-s chase times (Fig. 5C). However,

this result is most likely an indirect consequence of perturba-
tion of cell physiology in the mutant strain at 42°C, since export
of �-lactamase is sensitive to alterations in the levels of heat
shock proteins (33, 34, 69).

Insertion of inner membrane proteins. Studies have sug-
gested that the E. coli SRP functions specifically in the local-
ization of proteins to the cytoplasmic membrane (16, 41, 63).
To directly test the importance of Ffh in targeting specific
proteins to the inner membrane, we utilized a simple assay
developed by Jander et al. based on the efficiency with which
biotinylation of polypeptides can occur in vivo (24). Normally,
protein localization is so efficient that a membrane-bound
polypeptide fused at its carboxy-terminal end to a biotin-ac-
cepting domain is transported out of the cytoplasm faster than
it can be modified by biotin ligase (BirA). A delay in mem-
brane localization, however, allows the polypeptide to reside in
the cytoplasm long enough to be biotinylated. The detection of
a biotinylated protein, therefore, is a sensitive indicator of the
efficiency of membrane protein targeting. This assay has been
effectively used to characterize membrane protein insertion
defects of nonconditional ffh and ffs (encoding 4.5S RNA)
alleles (61, 62).

FtsQ, an inner membrane protein involved in cell division, is
oriented in the cytoplasmic membrane with a short cytoplasmic
amino terminus, a single transmembrane segment, and a rela-
tively large carboxy-terminal end exposed to the periplasmic
space. The plasmid pHP42 encodes ftsQ fused to the biotin-
accepting domain from Propionibacterium shermania transcar-
boxylase at its carboxy terminus (FtsQ-PBST) (62). pHP42 was
transformed into both SKP1101 and SKP1102, and synthesis of
FtsQ-PBST was induced by arabinose as described in Materials
and Methods. Following induction, total cellular proteins from
the temperature-sensitive mutant and the wild-type control
strain were resolved by SDS-PAGE and transferred onto a
nitrocellulose membrane for detection of biotinylated FtsQ. As
shown in Fig. 6A, no biotinylated protein was detected in the
control strain, although Western immunoblotting revealed that
the protein was synthesized (Fig. 6C). In contrast, biotinylated
FtsQ was detected in SKP1101 even at 30°C, again consistent
with the observation that the Ffh protein encoded by ffh-10(Ts)
is defective at the permissive temperature. Significantly more
biotinylated protein was detected in the mutant at 42 than at
30°C.

AcrB is a polytopic membrane protein with 12 transmem-
brane segments that is essential for multidrug resistance (40).
A fusion protein (AcrB-PBST) has been constructed that fuses
PBST after the 576th amino acid residue in a region of the
protein localized to the periplasmic space (62). To determine
the effect of Ffh inactivation on membrane targeting of this
membrane protein, the plasmid pHP44, encoding the consti-
tutively expressed AcrB-PBST fusion protein, was introduced
into SKP1101 and SKP1102. While healthy transformants were
obtained in the control strain, transformants into the temper-
ature-sensitive mutant grew very poorly. Attempts to grow
these transformants to detect AcrB-PBST protein expression
were unsuccessful even at the permissive temperature. We
predicted that high-level expression of the polytopic mem-
brane protein was toxic to the temperature-sensitive mutant.
Consequently, we placed expression of AcrB-PBST under the
control of the arabinose operator and promoter, permitting

FIG. 5. In vivo processing of presecretory proteins. The efficiency
of signal sequence processing in SKP1101 or SKP1102 of selected
periplasmic and outer membrane proteins was measured after growth
at 42°C for 2 h by pulse-labeling the cells, followed by a chase at the
indicated times (in minutes). Bla, �-lactamase.
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regulated expression of the toxic fusion protein. As shown in
Fig. 6B and consistent with the results obtained with FtsQ,
AcrB was found to be inefficiently localized in the ffh mutant at
both the permissive and the nonpermissive temperatures, with
a significantly higher amount of biotinylation detected at 42
than at 30°C.

To quantitatively measure the efficiency of membrane inser-
tion, we also tested the efficiency of leader peptidase (Lep)
localization by proteinase K mapping studies. Lep has previ-
ously been shown to be dependent upon the SRP for efficient
membrane targeting (16, 17). SKP1101 and SKP1102 were
transformed with pINGE-Lep (15), encoding leader peptidase
(Lep) under arabinose control. Following induction of Lep
synthesis at both 30 and 42°C, control and mutant cells were
pulse-labeled, and the accessibility of the large periplasmic
domain of Lep to protease digestion was determined (56).

As expected, essentially 100% of Lep was localized in the
control strain at both growth temperatures, as indicated by the
protease sensitivity of the polypeptide. However, even at 30°C,
a significant portion (22%) of Lep was inaccessible to protease
digestion in the ffh-10(Ts) mutant. At 42°C the portion of
protease-resistant polypeptide increased, as two-thirds (67%)
of the carboxy-terminal domain did not properly insert into the
inner membrane. Interestingly, however, one-third (33%) of
Lep did become protease accessible at the nonpermissive tem-
perature, indicating that some portion of the protein properly
inserted into the membrane in the absence of functional Ffh.

Detection of insoluble proteins and heat shock proteins. As
described above, prolonged incubation of the ffh mutant at the
nonpermissive temperature resulted in inclusion body forma-
tion. The formation of insoluble protein complexes in the ffh
mutant is a predicted consequence of the accumulation of
aggregated hydrophobic proteins resulting from failed protein

localization. Indeed, heat shock protein expression has been
observed elsewhere for other mutants defective in SRP com-
ponent expression (6, 9). To determine the extent of insoluble
and aggregated proteins accumulating in the mutant, we used
a reagent (B-PER) designed for purification of insoluble in-
clusion bodies typically associated with the overexpression of
recombinant proteins (60).

Cells were fractionated by the B-PER reagent, as described
in Materials and Methods, and analyzed by SDS-PAGE. Sig-
nificant increases in the total amount of insoluble proteins
were observed for the ffh mutant at both the permissive and the
nonpermissive growth temperatures (data not shown). The
B-PER reagent was used to analyze the protein profiles for an
rpoH mutant that does not synthesize heat shock proteins in
response to elevated growth temperatures (1) as an indepen-
dent means to induce protein misfolding and aggregation (12).
Significant increases in the total amount of insoluble proteins
were observed for the rpoH mutant, indicating that the B-PER
reagent is sensitive to changes in the amounts of nonrecombi-
nant, insoluble proteins in E. coli (data not shown).

We further predicted that such an increase in insoluble pro-
teins should trigger a strong heat shock response, as observed
elsewhere for other conditions in which Ffh or 4.5S RNA was
depleted (6, 9). To test this, we used Western blotting to
compare the levels of two heat shock proteins, DnaK and
GroEL, in the whole-cell fraction of the strains at the different
growth temperatures. In comparison with the wild-type con-
trol, the levels of DnaK and GroEL were elevated in SKP1101
at all growth temperatures, with the most significant increases
being noted at 42°C (data not shown).

The ffh-10(Ts) gene product is unstable. To better under-
stand the nature of the defect of the ffh-10(Ts) gene product,
the stability of Ffh was measured by a pulse-chase assay. Cal-
culations of the T1/2 of both the mutant and wild-type proteins
are summarized in Table 2. At the nonpermissive temperature,
42°C, the thermolabile protein had a T1/2 of 8 min. Even at
30°C, the mutant protein showed heightened instability in com-
parison with that of the wild-type protein at the same temper-
ature (T1/2 of 10 min versus 40 min for the wild-type protein).
This latter value is comparable to previous determinations of
the stability of wild-type Ffh expressed from a recombinant
plasmid (26). Even the wild-type Ffh protein, however, showed
instability at 42°C, as its T1/2 was reduced to 15 min.

Suppression of a temperature-sensitive ffh mutant by 4.5S

FIG. 6. Efficiency of localization of integral membrane proteins.
Localization of FtsQ-PBST (A and C) and AcrB-PBST (B and D)
fusion proteins was monitored using a biotinylation assay (62).
SKP1105 [ffh-10(Ts)] and SKP1106 (ffh�) were constructed to express
FtsQ-PBST, and SKP1107 [ffh-10(Ts)] and SKP1108 (ffh�) were con-
structed for expression of AcrB-PBST (Table 1). Synthesis of the
fusion proteins was induced with arabinose. Cells were grown at the
indicated temperatures. (A) Biotinylated FtsQ-PBST. (B) Biotinylated
AcrB-PBST. (C) Immunoblot detection of FtsQ-PBST. (D) Immuno-
blot detection of AcrB-PBST.

TABLE 2. Ffh protein stability

Strain ffh allele
In vivo T1/2 (min)a at:

30°C 42°C

SKP1101 ffh-10(Ts) 10 8
SKP1102 ffh� 40 15
SKP1101(pSB832) ffh-10(Ts) 
30b 
30b

SKP1101(pSB832�M) ffh-10(Ts) 12 8
SKP1102(pSB832) ffh� 
30b 
30b

SKP1102(pSB832�M) ffh� 38 18

a Strains were grown at either 30 or 42°C prior to pulse-labeling. Labeling was
terminated by addition of chase solution for 5, 15, and 30 min as described in
Materials and Methods.

b No significant reduction in Ffh protein was detected even after the 30-min
chase time.
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RNA overproduction. Since the SRP is a ribonucleoprotein
complex comprised of Ffh and 4.5S RNA, we investigated the
consequences of overproducing the RNA component of the
SRP for the phenotype of SKP1101. As shown in Fig. 1B, when
SKP1101 was transformed with pSB832, a pBR327-derived
plasmid expressing 4.5S RNA, the temperature sensitivity of
the mutant was completely suppressed. The cellular morphol-
ogy of the SKP1101/pSB832 transformants was also indistin-
guishable from that of the wild-type cells shown in Fig. 4.
Although it has not been tested, we also predict that the pro-
tein localization defect of SKP1101 is reversed as well. In
contrast, a nonfunctional allele of ffs (ffs�MluI), created by
deleting an MluI fragment from pSB832, had no effect on the
temperature sensitivity of SKP1101 (Fig. 1B). To confirm that
overproduction of 4.5S RNA was necessary to suppress the
ffh-10(Ts) mutant, ffs� carried by derivatives of pACYC184, a
plasmid whose copy number is lower than that of pSB832, was
transformed into SKP1103, an isogenic derivative of SKP1101
in which ffh-10(Ts) is carried by a plasmid that imparts ampi-
cillin resistance. In contrast to the results with pSB832, ffs
expression from the plasmids pSB432 and pSB579 suppressed
the temperature sensitivity of SKP1101 no better than did that
from pSB586, which has the intact ffs gene deleted (11) (Table
3).

To further assess the expression of ffs from recombinant
plasmids, we also tested their ability to complement the knock-
out mutation ffs::kan-591. Plasmids were transformed into
strain S1693 (10), a mutant whose sole functional copy of ffs is
under the control of the tac promoter. Since ffs is an essential
gene (11), colonies formed without IPTG (isopropyl-�-D-thio-
galactopyranoside) only when the plasmids expressed func-
tional 4.5S RNA. As summarized in Table 3, pSB832, pSB432,
and pSB579 complemented ffh-10(Ts), while pSB586 and
pSB832�M did not. Since only pSB832 suppressed the ffh-
10(Ts) mutant, significant overproduction must be necessary to
permit growth of the temperature-sensitive mutant, while
complementation of ffs::kan-591 can occur with lower levels of
4.5S RNA.

One explanation of how the ffh-10(Ts) mutant is suppressed
is that the thermolabile Ffh protein is stabilized by the in-

creased levels of its interactive partner. To test this, we again
measured the stability of Ffh in SKP1101, as well as in the
isogenic ffh� control strain SKP1102, in the presence of differ-
ent levels of 4.5S RNA. It was determined that, when 4.5S
RNA was overproduced, the stability of the thermolabile pro-
tein was even greater than that of the wild-type Ffh protein
expressed without 4.5S RNA (Table 2), as no appreciable turn-
over of Ffh was detected after a 30-min chase. These results
are consistent with previous studies that showed that in vivo
wild-type Ffh is itself unstable when not associated with 4.5S
RNA (26, 46) and with data from experiments that revealed
that interaction with 4.5S RNA dramatically reduces the sus-
ceptibility of Ffh to protease cleavage in vitro (73). The ffh-
10(Ts) mutation appears to heighten the instability that is
inherent in wild-type Ffh in the absence of 4.5S RNA. The
protein becomes stabilized, however, as more of the protein is
driven into a ribonucleoprotein complex in the presence of
elevated levels of 4.5S RNA.

Isolation of ffs mutants. It became apparent from these
results that a genetic screen could be developed to isolate ffs
mutants that have lost the ability to suppress the temperature
sensitivity of the ffh-10(Ts) mutant. These ffs mutants would
likely be defective in interaction with Ffh and should, there-
fore, be useful in addressing questions about the structure and
function of the SRP. Initially we used mutagenic PCR condi-
tions to amplify ffs and clone the PCR products into pSB832.
SKP1101 transformants were first selected at 30°C and then
replica plated to 42°C to identify clones that failed to yield
viable colonies. Several temperature-sensitive mutants were
isolated in this screen.

Given the essential nature of both SRP components in E.
coli (11, 47), we predicted that mutations in ffs that prevented
interaction of 4.5S RNA with Ffh would also fail to comple-
ment an ffs knockout mutation. Surprisingly, all mutants tested
supported growth of S1192 without inducer. DNA sequence
analysis of two of these mutants revealed that both had alter-
ations outside the 4.5S RNA coding region and in the putative
promoter of ffs (21). Since suppression of the temperature-
sensitive phenotype of SKP1101 requires sufficient overpro-
duction of 4.5S RNA, we hypothesized that the promoter mu-
tations resulted in the reduction of 4.5S RNA levels below that
required for suppression but that levels were still sufficient to
support viability. Indeed, Northern hybridization experiments
revealed that the levels of 4.5S RNA were significantly reduced
in the promoter mutants in comparison with the pSB832 con-
trol (data not shown). Since these ffs promoter mutations did
not directly alter 4.5S RNA, they were not characterized fur-
ther. These results did, however, further confirm that sufficient
overproduction of 4.5S RNA is necessary for ffh-10(Ts) sup-
pression.

To characterize mutations localized within the 4.5S RNA
coding region for their ability to suppress ffh-10(Ts), we used
PCR-based site-directed mutagenesis to generate specific
changes to ffs. These changes resulted in alterations to posi-
tions 61 (G61U) and 62 (C62A) of the mature 4.5S RNA
molecule, both of which have been shown elsewhere to be
important for Ffh interaction (71). Two other variants were
also constructed that altered bases not believed to directly
participate in Ffh binding (71). These included an alteration to
position 59 (A59G) and a four-base deletion at the extreme 3	

TABLE 3. Suppression and complementation patterns with ffs
alleles expressed from recombinant plasmids

ffs allelea Plasmid Suppression of
ffh-10(Ts)b

Complementation
of ffs::kan-591c

ffs� pSB832 � �
ffs�MluI pSB832�M � �
ffs� pSB432 � �
ffs� pSB579 � �
ffs�MluI pSB586 � �
ffs�ApaI pSB832�A � �
ffs-A59G pSB832-59B � �
ffs-G61U pSB832-61H � �
ffs-C62A pSB832-62D � �

a The ffs alleles are as described in the text.
b Plus signs indicate that the transformants of SKP1101 formed colonies on LB

agar at 42°C, comparable to that shown in Fig. 1. The isogenic, Apr derivative
SKP1103 was used as the host strain for the Cmr plasmids pSB432, pSB579, and
pSB586.

c Plus signs indicate that the transformants of S1693 formed colonies on LB
agar plates in the absence of IPTG at 37°C.
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end of 4.5S RNA, creating ffs�ApaI. As summarized in Table
3, the single-base changes to positions 61 and 62 eliminated
suppression of ffh-10(Ts), consistent with the importance of the
bases at these positions in interacting with Ffh. Changes to the
other bases, on the other hand, did not affect the ability of the
plasmids to suppress temperature sensitivity. The plasmids
bearing the different ffs alleles were also transformed into
S1693 to determine if they could complement the ffs knockout
mutation in this strain. As anticipated, ffs�, along with ffs-
A59G and ffs�ApaI, complemented S1693, while ffs�MluI did
not complement it. Interestingly, although ffs-C62A failed to
complement ffs::kan-591, ffs-G61U did support growth of
S1693. Northern hybridizations revealed that all of the ffs al-
leles (ffs�, ffs-C62A, ffs-G61U, ffs-A59G, and ffs�ApaI) ex-
pressed equivalent amounts of 4.5S RNA (data not shown).

These results are, therefore, consistent with previous studies
that showed the essentialness of cytosine at position 62 in
contacting Ffh (71). Although guanine at position 61 has also
been implicated in Ffh interaction, 4.5S RNA with other bases
at this position can apparently still function in some capacity if
the RNA is sufficiently overproduced. Although we have not
tested the idea, we predict that overproduction of the ffs-G61T
gene product is necessary for the observed complementation of
S1192.

Correlation of Ffh stability and ffs allele. To further char-
acterize the ffs mutants, an assay to indirectly measure Ffh-4.5S
RNA interaction was used to determine if any of the 4.5S RNA
molecules, when expressed from pBR327, could stabilize the
Ffh protein in vivo. As described above, previous results indi-
cated that the Ffh protein is naturally unstable when not part
of a ribonucleoprotein complex (26, 46); therefore, elevated
steady-state levels of Ffh should be detected only if expressed
with functional 4.5S RNA.

We further predicted that only those ffs alleles that sup-
pressed the ffh-10(Ts) mutant would also stabilize the Ffh
protein in vivo. To test these assumptions, SKP1101 and
SKP1102 were transformed with pBR327-derived plasmids en-
coding wild-type 4.5S RNA and different ffs mutants. As shown
in Fig. 7, only when ffs� was expressed from pSB832 were the

products of either ffh� or ffh-10(Ts) readily detectable by im-
munoblot analysis. As indicated at the bottom of Fig. 7, when
the level of detectable wild-type Ffh coexpressed with wild-
type 4.5S RNA was assigned a value of 100%, the levels of both
the wild-type and the thermolabile Ffh proteins were reduced
to nearly 10% of this amount when expressed with the different
ffs mutant alleles. Elongation factor G was used as an internal
standard for these comparisons. Although the thermolabile
Ffh protein was reduced to 70% of the level of the wild-type
Ffh protein, it too was stabilized when expressed with the
wild-type 4.5S RNA species. These results confirm our predic-
tion that ffs mutants that do not efficiently interact with Ffh are
incapable of suppressing ffh-10(Ts) and also cannot stabilize
Ffh expressed in vivo. This experiment also allowed us to
compare the steady-state levels of mutant and wild-type Ffh
proteins. Consistent with the kinetic data, the steady-state
amounts of these proteins do differ, reflecting the inherent
instability of the ffh-10(Ts) product.

DISCUSSION

The SRP of E. coli was discovered by homology comparisons
and not by selection for mutants displaying a specific pheno-
type. One consequence of this approach is that the repertoire
of mutants is often limited for experimental analysis. Until
recently the only reported alleles of ffh, ftsY, and ffs were
complete gene knockouts. Through the careful application of a
genetic screen for defective localization of an inner membrane
protein, new ffs, ftsY, and ffh mutants have now been isolated
(61, 62). Prior to these studies, however, most of the insights
into the function of the SRP in general, and Ffh specifically,
were gleaned by use of strains that allow regulated expression
of the wild-type protein (47). Although careful use of these
depletion systems has been informative about the function of
Ffh (6, 16, 41, 44, 63), there could potentially be problems in
interpreting results due to secondary effects caused by deple-
tion of this essential gene product. It was with this caveat in
mind that an alternative approach was sought for depleting E.
coli of functional Ffh to further elucidate its cellular function.

Our strategy was to isolate a temperature-sensitive ffh mu-
tant by performing localized chemical mutagenesis on a recom-
binant plasmid and then to screen for transformants that could
complement an ffh knockout mutation only at 30°C. In order to
identify a temperature-sensitive, recessive mutation in ffh, how-
ever, a complementing copy of the gene had to be provided
prior to introduction of the mutagenized plasmid DNA pool.
To facilitate this, we developed a plasmid-shuffling system to
allow displacement of one plasmid by another (Park et al.,
unpublished data). The results of this screen yielded a temper-
ature-sensitive ffh mutant that lost viability as a consequence of
Ffh inactivation within two generations after shift to the non-
permissive temperature (Fig. 3). Consistent with previous ob-
servations, the ffh mutant cells also displayed filamentation at
the nonpermissive temperature (Fig. 4), likely resulting from
improper localization of membrane-bound cell division pro-
teins.

Our initial studies of the plasmid-borne ffh-10(Ts) allele
included efforts to introduce the mutant gene into the chro-
mosome to further reduce the gene dosage of the gene prod-
uct. However, despite repeated attempts, we were unable to

FIG. 7. Stabilization of both wild-type and thermolabile Ffh pro-
teins requires synthesis of functional 4.5S RNA. SKP1101 (Ts) and
SKP1102 (�) were transformed with plasmids expressing different ffs
alleles, as shown. Cell lysates were resolved by electrophoresis and
immunoblotted. The locations of elongation factor G and Ffh, along
with molecular weight standards (in thousands), are indicated. The
percent values shown at the bottom indicate the relative amounts of
Ffh protein detected by densitometric scanning in comparison with Ffh
detected in the control stain (SKP1102 transformed with pSB832,
second lane from the left).
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introduce the ffh-10(Ts) mutation to the chromosome at the
attachment site for bacteriophage � (48) as the cell’s sole
functional copy of ffh. Consequently, overproduction of the
thermolabile Ffh protein from a medium-copy-number plas-
mid was required to complement the ffh knockout mutation.
This result, coupled with other characteristics of SKP1101,
such as slow growth (Fig. 3), an elongated cell morphology
(Fig. 4), and heat shock protein induction, indicated that the
mutant protein is defective even at the permissive temperature
of 30°C.

It has been proposed elsewhere that the SRP plays a limited
role in generalized protein export, since no SRP mutants were
ever isolated from genetic screens and selections that success-
fully revealed other components of the protein export pathway
(2). Furthermore, the disruption of the SRP pathway compo-
nents, including Ffh (47, 63), 4.5S RNA (25, 49, 51), and FtsY
(39, 57), either by regulated synthesis of the wild-type protein
or by use of dominant-lethal mutations, resulted in only minor
defects in signal sequence processing of several exported pro-
teins. In addition, a genetic screen to identify the substrates for
Ffh in vivo also failed to uncover any proteins with cleavable
signal sequences (63). However, in vitro cross-linking experi-
ments (64, 65), and other studies designed to study interactions
between Ffh and its substrates, showed that Ffh can interact
with a variety of signal sequences, perhaps suggesting a
broader function of Ffh in protein localization (17, 29).

Characterization of SKP1101 confirmed that the role of the
SRP in E. coli protein localization is highly specific for cyto-
plasmic membrane proteins, with no evidence that Ffh func-
tions in the export of proteins synthesized with cleavable signal
sequences. Three integral membrane proteins were tested, and
all showed reduced efficiency of membrane localization (Fig.
6), while several envelope proteins targeted to the periplasmic
space and outer membrane were efficiently exported (Fig. 5).
Localization of membrane proteins in the ffh mutant was also
inefficient at 30°C (Fig. 6), confirming that the product of
ffh-10(Ts) is defective at all temperatures.

In constructing derivatives of SKP1101 to determine protein
localization efficiency, we observed that transformants consti-
tutively expressing an AcrB-PBST hybrid protein grew ex-
tremely poorly. Expression of this polytopic membrane protein
could be accomplished only by placing it under the control of
the tightly regulated ara promoter. This result is reminiscent of
the Slo phenotype reported by Ulbrandt et al. (63), in which
increased expression of membrane proteins from recombinant
plasmids increased the cell’s requirement for Ffh. These stud-
ies led to the conclusion that Ffh is required only for localiza-
tion of a subset of membrane proteins (44, 63) with the rec-
ognition of targeting signals apparently being made on the
basis of the hydrophobicity of the transmembrane domain (17,
35). The observation that the ffh-10(Ts) mutant is defective in
protein localization even at the permissive temperature of
30°C should prove useful in identifying and characterizing E.
coli proteins with differential requirements for the SRP in
membrane targeting.

Surprisingly, insertion of Lep, as measured by a quantitative
proteinase accessibility assay, revealed that insertion of the
large carboxy-terminal periplasmic domain of this membrane
protein continued even after prolonged growth at the nonper-
missive temperature. Likewise, with the use of other systems

for disruption of the SRP pathway, inner membrane protein
insertion has been observed to occur at some low level even
after significant depletion of SRP (16, 17, 44, 63). However,
with these systems it is difficult to confirm that essentially all of
the functional Ffh has been depleted from the cells. With the
temperature-sensitive mutant, however, it is unlikely that Lep
insertion is the result of residual Ffh activity at the nonpermis-
sive temperature, since it has been reported previously that E.
coli requires only very low concentrations of Ffh to survive (6),
and yet at the time at which the localization measurements
were made the cells had ceased growth and were inviable (Fig.
3). Perhaps some of the Lep fraction can be targeted by an
SRP-independent pathway (54), or other Sec proteins can fa-
cilitate translocation of Lep by maintaining it in an export-
competent conformation. It may also be that some proportion
of the Lep population fortuitously arrives at the membrane as
a ribosome-associated inner membrane protein (6).

A secondary consequence of disrupting the synthesis of SRP
components is the induction of the heat shock response (6, 9,
49). Induction of a subset of heat shock proteins, specifically
proteases, is actually required for viability of Ffh-depleted
cells, likely due to the toxic effects of accumulation of ex-
tremely hydrophobic proteins in the cytoplasm (6). Character-
ization of the ffh-10(Ts) mutant revealed that, even at the
permissive growth temperature of 30°C, moderate induction of
the heat shock proteins DnaK and GroEL was observed, with
significant induction observed following growth at 42°C (data
not shown). Using a detergent-based reagent to fractionate
cellular proteins, we observed a significant increase in the
number of insoluble proteins that accumulated in SKP1101,
particularly at the nonpermissive temperature (data not
shown). These results are likely explicable in light of other
observations that showed that the failure to accurately localize
proteins destined for noncytoplasmic locations triggers heat
shock protein induction (23, 70). Experiments are in progress
to better characterize these insoluble proteins.

The rapidity with which the temperature-sensitive mutant
ceased growth indicates that the protein undergoes a confor-
mational change that inactivates previously synthesized mole-
cules of Ffh. The conformational change of Ffh renders the
protein unstable and susceptible to proteolysis, as evidenced by
a T1/2 of only 8 min at 42°C. Although calculation of the T1/2 of
Ffh is complicated by the fact that overproduced protein that
is not in a complex with 4.5S RNA is itself unstable (26), these
results are consistent with our observation that the altered Ffh
protein rapidly loses function upon shift to a nonpermissive
temperature.

Since Ffh is found in a ribonucleoprotein complex in vivo,
we investigated the consequences of increased expression of
the RNA for the phenotype of SKP1101 and found that the
temperature sensitivity of this strain was completely reversed
upon sufficient overproduction of 4.5S RNA (Fig. 1B). The
suppression is the result of stabilization of the thermolabile
product of ffh-10(Ts), as turnover of mutant protein was neg-
ligible during a 30-min chase (Table 2). These results are
consistent with previous studies that showed that Ffh not as-
sociated with 4.5S RNA in vivo is unstable, with a significantly
shortened T1/2 (26, 46). Apparently, the mutant protein is
incapable of efficiently binding 4.5S RNA at the nonpermissive
temperature and, as a consequence, becomes extremely labile.
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We further exploited this observation to genetically character-
ize Ffh-4.5S RNA interaction in vivo by isolating ffs mutants
that lost the ability to interact with Ffh. Overproduction of 4.5S
RNA altered at positions known to be important for contacting
Ffh, including G61 and C62 (71), failed to support growth of
SKP1101 at 42°C and was also incapable of stabilizing steady-
state levels of wild-type or mutant Ffh protein (Fig. 7). RNA
mutants altered at positions not implicated in Ffh interaction
did not, however, eliminate suppression (Table 3).

These results provide additional genetic evidence for forma-
tion of a ribonucleoprotein complex between Ffh and 4.5S
RNA. Although previous studies have provided insights into
how this interaction occurs in vitro (37, 43, 59, 71), including
determination of the three-dimensional structure of the bac-
terial SRP (3), the observation that overproduction of 4.5S
RNA can suppress the temperature-sensitive phenotype of an
ffh-10(Ts) mutant provides a new genetic approach to isolating
and characterizing ffs mutants that should prove useful for
understanding how the structure of the SRP contributes to
function in vivo.

In conclusion, the temperature-sensitive ffh mutant de-
scribed in this study has provided an independent approach to
testing the function of the SRP in E. coli. In agreement with
previous insights primarily obtained by depletion of the wild-
type protein, Ffh participates specifically in the localization of
proteins to the inner membrane. The rapid inactivation of
functional Ffh at the nonpermissive temperature, however,
lessens the likelihood that these conclusions are based on the
consequences of prolonged depletion of this essential gene
product. Since the mutant also displays a moderate defect in
Ffh function at 30°C and yet remains viable, it will facilitate
construction of double mutants to test the potential require-
ments of the SRP pathway for other components of the Sec
protein export machinery. Further characterization of this mu-
tant should also prove useful in addressing how the structure of
the SRP contributes to its molecular function.
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