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The rpoS-encoded cr s subunit of RNA polymerase in Escherichia coil is a global regulatory factor involved in 

several stress responses. Mainly because of increased rpoS translation and stabilization of cr s, which in 

nonstressed cells is a highly unstable protein, the cellular ~r s content increases during entry into stationary 

phase and in response to hyperosmolarity. Here, we identify the hfq-encoded RNA-binding protein HF-I, 

which has been known previously only as a host factor for the replication of phage Q~ RNA, as an essential 

factor for rpoS translation. An hfq null mutant exhibits strongly reduced ~r s levels under all conditions tested 

and is deficient for growth phase-related and osmotic induction of ~r s. Using a combination of gene fusion 

analysis and pulse-chase experiments, we demonstrate that the hfq mutant is specifically impaired in rpoS 
translation. We also present evidence that the H-NS protein, which has been shown to affect rpoS translation, 

acts in the same regulatory pathway as HF-I at a position upstream of HF-I or in conjunction with HF-I. In 

addition, we show that expression and heat induction of the heat shock ~r factor cr 32 (encoded by rpoH) is not 

dependent on HF-I, although rpoH and rpoS are both subject to translational regulation probably mediated by 

changes in mRNA secondary structure. HF-I is the first factor known to be specifically involved in rpoS 
translation, and this role is the first cellular function to be identified for this abundant ribosome-associated 
RNA-binding protein in E. coli. 
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The cs subunit of RNA polymerase in Escherichia coli, 
which is encoded by the rpoS gene, is a key regulator for 

the enhanced expression of many genes during entry into 

stationary phase or in response to increased medium os- 

rnolarity. At present, >40 genes are known to belong to 

the ~s regulon. Many of the corresponding gene products 

play a role in long-term starvation and stress adaptation 

and survival (Hengge-Aronis 1993; Loewen and Hengge- 
Aronis 1994). 

The cellular concentration of o -s itself increases >10- 

fold during transition into stationary phase or upon os- 

motic upshift (Gentry et al. 1993; Tanaka et al. 1993; 

Lange and Hengge-Aronis 1994a; Muffler et al. 1996a,b). 

Several studies have shown that post-transcriptional 

mechanisms are of primary importance in the control of 
the cellular crs level (Loewen et al. 1993; McCann et al. 

1993; Lange and Hengge-Aronis 1994a). rpoS translation 

is already stimulated during the late exponential phase, 

that is, under conditions where nutrients are still present 

and the growth rate is not yet reduced. This may be 

ICorresponding author. 

attributable to a cell density-dependent mechanism 

(Lange and Hengge-Aronis 1994a). Moreover, osmotic 

upshift also results in increased rpoS translation (Muffler 

et al. 1996b). In addition, ~s is a highly unstable protein 

in exponentially growing nonstressed cells (with a half- 

life between 1.4 and 3 min). This rapid turnover is in- 

hibited in response to starvation and high osmolarity 

(Lange and Hengge-Aronis 1994a; Takayanagi et al. 

1994; Muffler et al. 1996b). 

The molecular mechanisms underlying this complex 

regulation are not yet understood. Recently however, a 

few components involved in the post-transcriptional reg- 

ulation of crs have been identified. One of these factors is 

the histone-like protein H-NS, which despite its DNA- 

binding properties is involved in the post-transcriptional 
regulation of ~r s. hns mutants exhibit increased rpoS 
translation and reduced turnover of cs during exponen- 

tial phase and no longer show growth phase-associated or 

osmotic induction of cs. However, the mechanism by 

which H-NS inhibits cs expression has not been charac- 

terized further (Barth et al. 1995; Yamashino et al. 1995). 
Two factors have been found to be essential for cr s turn- 

over. One is the Clp protease, with the subunits ClpP 
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and ClpX (Schweder et al. 1996), the other is a two-com- 

ponent-type response regulator, RssB, wi th  a unique car- 

boxy-terminal  output domain of not yet defined molec- 

ular function (Muffler et al. 1996a). 

In this study we identify a component  that, in contrast 

to RssB and ClpXP, is essential for rpoS translation. This 

factor is the HF-I protein (encoded by the hfq gene), 

which has been known as a host factor for phage Q[3 

RNA replication, but whose function for the E. coli cell 

has remained elusive since it was first described in 1968 

(Franze de Fernandez et al. 1968). HF-I is part of the Q[3 

replicase (Kamen 1970; Kondo et al. 1970) and is required 

for the synthesis of the minus  strand from the original 

viral RNA (Franze de Fernandez et al. 1972; Barrera et al. 

1993}. A recently isolated hfq mutant  exhibits a pleio- 

tropic phenotype, indicating that HF-I plays an impor- 

tant role in the physiology of an E. coli cell, but none of 

the phenotypes observed provided a clear hint  of its mo- 

lecular function (Tsui et al. 1994). The role of HF-I in ~s 

expression reported here is therefore the first known cel- 

lular function of HF-I, and in view of the role of crs as a 

key global regulator, provides a direct explanation for the 

pleiotropic phenotype of hfq mutants .  

R e s u l t s  

Cellular o 5 levels are reduced in the HF-I-deficient 
hfq l : :g] mutant  

Some of the phenotypes of an hfq null  mutant,  such as 

an increased osmosensi t ivi ty  and elongated cell shape 

during the exponential  and stationary phases (Tsui et al. 

1994), would be consistent wi th  a reduced expression of 

the r subunit  of RNA polymerase because similar phe- 

notypes have also been observed with rpoS mutants  

(Lange and Hengge-Aronis 1991a; McCann et al. 1991). 

We wanted to test whether  HF-I is involved in the reg- 

ulation of rpoS. For this study, we used previously de- 

scribed insertions in hfq of an f~(Kan) cassette that car- 

ries transcriptional terminators on both ends (Tsui et al. 

1994). While the hfql::fl mutat ion is a disruption ap- 

proximately in the middle of the hfq gene, the insertion 

of the same f~ cassette close to the 3' end of hfq (hfq2: :fl) 
does not produce the pleiotropic phenotype even though 

Figure 1. The hfql::f~ mutant has strongly reduced crs levels 
during entry into stationary phase. Strains MC4100 (hfq § ; lanes 
2-4), AM111 (hfql:.f~; lanes 5-7), and RH90 (rpoS: :TnlO; lane 8) 
were grown in M9 medium with 0.1% glucose. Samples were 
taken at ODs78 of 0.35 (lane 2), 0.68 (lane 3), 1.35 (i.e., 1 hr after 
the onset of starvation; lane 4), 0.32 (lane 5), 0.75 (lane 6), 0.95 
(1 hr after the onset of starvation; lane 7) and 0.48 (lane 8} and 
subject to immunoblot analysis with antibodies against crs. Size 
standard proteins (49 and 32 kD) are shown in lane 1. 

Figure 2. In the hfql::[l mutant the cellular ~s content does 
not increase in response to osmotic upshift. Strains MC4100 
{hfq~; lanes 2,31, AMl l l  (hfql::[I; lanes 4,51, and AMll2 
(hfq2::[~; lanes 6,7} were grown in M9 with 0.4% glycerol. At an 
OD~7~ of 0.3, the cultures were divided and 0.3 M NaC1 was 
added to one of the aliquots. Thirty minutes after the addition 
of NaC1, samples obtained from NaCl-free (lanes 2,4,6} and 
NaCl-containing (lanes 3,5, 7J cultures were subject to immuno- 
blot analysis with antibodies against crs. Size standard proteins 
(49 and 32 kD) are shown in lane I. 

complete polarity on the downstream gene hflX was 

demonstrated. Therefore, a loss of HF-I itself and not 

polarity on the genes located downstream of hfq ac- 

counts for the observed physiological and morphological 

alterations ITsui et al. 1994). 

~s levels in hfqI::~) and hfq2::~ mutants  were deter- 

mined by immunoblo t  experiments. Figure 1 demon- 

strates that during exponential growth as well as during 

entry into stationary phase, o "s levels were barely detect- 

able in the hfql::~ mutant,  whereas in the otherwise 

isogenic hfq § strain, crs levels increased more than five- 

fold during the growth cycle. In the hfq2::f~ mutant ,  

however, expression of crs was similar  to that observed in 

the hfq* strain (data not shown). Also, osmotic upshift  

during the exponential growth phase did not result in 

accumulat ion of crs in the hfql::K~ mutant,  which  was in 

pronounced contrast to the regulation of crs in the hfq § 

and hfq2::[~ strains (Fig. 2). We conclude that the HF-I 

protein, the gene product of hfq, is required for the ex- 

pression of wild-type levels of crs protein. 

The hfql::f~ mutation interferes with rpoS translation 

To determine which level of cs control was affected by a 

defect in hfq, various transcriptional and translational 

rpoS::lacZ fusions were used. These fusions are located 

on K phages integrated in single copy at the att(M site of 

the E. coli chromosome (for details, see Materials and 

methods). A transcriptional fusion inserted after nucle- 

otide 742 wi thin  rpoS was not affected significantly by 

the hfql::~) mutat ion (Fig. 3A,B). However, the expres- 

sion of the corresponding translational rpoS742::lacZ fu- 

sion, which exhibits a growth phase-related induction in 

wild-type strains of more than fivefold, was nearly abol- 

ished in the hfq mutant  background (Fig. 3C, D). In addi- 

tion, in quantitative primer extension experiments sim- 

ilar levels of rpoS mRNA (originating at the main  pro- 

moter, rpoSpl) have been observed (data not shown). 

These results demonstrate that the HF-I protein is in- 

volved in the post-transcriptional control of cs. 

The RpoS742::LacZ hybrid protein is subject to rapid 

and regulated turnover, just like crs itself (Muffler et al. 

1996b). While this large fusion protein contains a se- 
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Figure 3. The hfql::f~ mutation interferes differentially with the expression of various transcriptional and translational rpoS::lacZ 
fusions. Strains carrying the transcriptional rpoS742:.lacZ fusion (A,B), or the translational rpoS742::lacZ tC,D) or rpoS379::IacZ (E,F} 

fusions in either hfq + (A,C,E) or hfqI::fl backgrounds were grown in M9 medium with 0.1% glucose. Optical densities (O1 and specific 
~-galactosidase activities (A) were determined along the growth curve. Scales for ~-galactosidase activities are different for transcrip- 

tional and translational fusions, as the former possess a relatively inefficient translational start site for lacZ. 

quence e lement  that recently was shown to be involved 

in r degradation, this "turnover element" is not present 

in the shorter RpoS379::LacZ hybrid protein, which  is 

completely stable (Muffler et al. 1996b; Schweder et al. 

1996). ~-Galactosidase activities expressed from 

rpoS379::lacZ are therefore relatively high and, in the 

absence of changes in transcript levels, reflect transla- 

tional control only. In contrast, the activities from 

rpoS742::lacZ are severalfold lower in exponentially 

growing cells (Fig. 3, cf. C and E) and reflect the regula- 

tion of both rpoS translation and orS turnover (Muffler et 

al. 1996b). A comparison of the effects on these two 

translational fusions therefore allows one to distinguish 

whether a given mutat ion affects rpoS translation or cs 

degradation. Figure 3, E and F, demonstrate that the ex- 

pression of the shorter rpoS379::lacZ was also strongly 

reduced in the hfql::f~ mutant  and that its induction 

during the late exponential phase was abolished com- 

pletely. From these data it is evident that the hfql::f~ 
mutation interferes with rpoS translation. 

Osmotic  upshift results in increased translation of 

rpoS as well  as an inhibition of o "s turnover. Accordingly, 

the rpoS742::lacZ fusion exhibits strong osmotic  induc- 

tion, for example, in response to the addition of NaCI or 

sucrose (Lange and Hengge-Aronis 1994a; Muffler et al. 

1996b). Figure 4 shows that this osmotic induction is 

almost abolished completely in the hfql ::fl mutant.  

Changes in the rate of cs  synthesis  in response to os- 
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Figure 4. The hfql ::f~ mutation interferes with osmotic induc- 
tion of the translational rpoS742:.'lacZ fusion. Strains RO91 

(hfq+; A), which carry the translational rpoS742::lacZ fusion 
and its hfql:f l  derivative AMl l7  (B), were grown in M9 with 

0.4% glycerol. At an ODs78 of -0.3, the cultures were divided 
and 0.3 M NaCI was added to one of the aliquots. Optical den- 
sities (0,0) and specific [3-galactosidase activities (A,A) were 

determined in the absence (Q,A) and presence (C),A) of salt. 

motic upshift  were also monitored directly in pulse-  

chase experiments (with short labeling and chase t imes 

to min imize  the influence of a s degradation). Figure 5 

demonstrates that upon the addition of 0.3 M NaC1, a s 

synthesis was more than sixfold s t imulated in the hfq + 

strain, whereas no significant increase was observed in 

the  o therwise  isogenic  hfql::fl  strain. Because these con- 

d i t ions  on ly  affect the  pos t - t ranscr ip t iona l  regula t ion of 

a s, we conclude  tha t  the HF-I prote in  plays a crucial  role 

in de t e rmin ing  the rate of rpoS t rans la t ion .  

Finally,  we have  tr ied to assay w h e t h e r  or not  low 

levels of a s, s t i l l  po ten t i a l ly  syn thes ized  in the hfql::fl 
mutan t ,  exhib i t  no rma l  turnover .  The  hfql::f~ m u t a n t  

was pulse- labeled w i t h  increas ing  chase  t imes  before and 

after osmot ic  upshif t ,  and extended exposure of autora- 

diographs a l lowed the de tec t ion  of weak  a s bands (Figure 

6). In the  absence of NaC1, no labeled a s could be de- 

tected after a 6-min  chase w i t h  nonrad ioac t ive  meth io-  

Figure 5. The hfql ::1~ mutant exhibits reduced rates of Gr s syn- 

thesis before and after osmotic upshift. Strains MC4100 (hfq+; 
lanes 1,2) and A M l l l  (hfql::l~; lanes 3,4) were grown in M9 

with 0.4% glycerol. Samples were taken at ODsz s of 0.32 and 
labeled with [3SS]methionine {60-see pulse, followed by a 30-sec 

chase with nonradioactive methionine; lanes 1,3). Immediately 

thereafter, 0.3 M NaC1 was added to the cultures, followed by a 

similar labeling 10 rain later (lanes 2,4). Labeled samples were 

subject to immunoprecipitation and SDS-PAGE. crs bands on 

the autoradiograph (bottom arrowhead) were quantitated in re- 
lation to an internal standard (an unidentified nonosmotically 
regulated protein that weakly reacts with the crs antiserum, 

marked by the top arrowhead). Relative density values for the gs 

band (after background subtraction and in relation to the inter- 

nal standard) were 1.0 (lane 1), 6.15 (lane 2), 0.55 (lane 3), and 

0.51 (lane 4). The rpoS mutant RH90 was used as a orS-deficient 

control (lane 5). For all experimental details, see Materials and 

methods. 

nine, whereas after osmotic upshift, no degradation 

could be observed during a 3-min chase and at least 50% 

of the ini t ial ly synthesized a s was still present after 6 

min. This indicates that the low residual levels of a s in 

the hfql:: f l  mutant  are subject to normal  turnover con- 

trol. This  is corroborated by an approx imate ly  fivefold 

higher  basal level of expression of rpoS379::IacZ t han  

tha t  of the rpoS742::lacZ fus ion in  the hfql::l~ back- 

ground (Fig. 3, cf. D and F). 

Relationship between HF-I and other components 
involved in the regulation of as: RssB and H-NS 

We have reported previously that the response regulator 

RssB is essential for a s turnover. Translat ional  control of 

rpoS, however, is normal in rssB mutants  (Muffler et al. 

1996a). In contrast, data presented above indicate that 

the HF-I protein  is involved in rpoS t rans la t ion .  To tes t  

more  direct ly  w h e t h e r  RssB and HF-I act in  separate  

pa thways  of a s control,  we performed a double  m u t a n t  

analysis .  We found tha t  in the  hfql::fl m u t a n t  back- 

ground, the in t roduc t ion  of an rssB::TnlO m u t a t i o n  re- 

Figure 6. Residual amounts of crs in the hfql ::1~ mutant ex- 

hibit normal regulation of turnover. Strain A M l l l  (hfql::l~; 
lanes 1-8) was grown in M9 with 0.4% glycerol. Samples were 

pulse-labeled before (lanes 1-4) and after treatment with 0.3 M 

NaC1 (lanes 5-8) as described in the legend to Fig. 5. Chase 

times with nonradioactive methionine, however, varied be- 
tween 25 sec {lanes 1,5), 85 sec (lanes 2,6), 3 min (lanes 3,7), and 

6 rain (lanes 4,8). Autoradiography exposure was for 8 days. The 

rpoS: :Tnl 0 mutant RHg0 {lane 9) was used to identify the weak 
as bands (arrowhead). 
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suited in a severalfold increase in the expression of the 

translational rpoS742::lacZ fusion, whereas this expres- 

sion in the double mutan t  was still lower than that in 

the strain carrying rssB::TnlO alone and was not stimu- 

lated during the late exponential  phase (data not shown). 

We conclude that there is no epistasis relationship be- 

tween hfq and rssB, and therefore the corresponding gene 

products, HF-I and RssB, act independently from each 

other in different pathways. 

Another component  involved in the post-transcrip- 

tional control of 0-s is the H-NS protein, hns mutants  

exhibit  high levels of 0-s protein that are no longer sub- 

ject to growth phase-dependent or osmotic regulation. 

Although H-NS is a DNA-binding protein, it affects rpoS 

translation as well as 0-s turnover by unknown mecha- 

n isms  (Barth et al. 1995; Yamashino et al. 1995). For 

addressing the question of whether  H-NS and HF-I act in 

the same pathway controlling rpoS translation, we made 

a double mutan t  analysis using the translational 

rpoS3 79::lacZ fusion. Because the RpoS3 79:: LacZ hybrid 

protein is not subject to normal RpoS turnover, only ef- 

fects on rpoS translation are monitored with this fusion. 

An hns mutant  exhibited an increased basal level of 

rpoS379::lacZ expression during the exponential phase 

(Fig. 7A,B). When the hfql ::~ mutat ion was introduced 

into the hns strain, a strong reduction in rpoS379::lacZ 

expression was observed (Fig. 7C) and the basal level of 

expression was very s imilar  to that observed in the strain 

that was deficient for hfq alone (cf. to Fig. 3F). These data 

suggest that H-NS most l ikely affects rpoS translation by 

influencing the expression or activity of HF-I. 

Does HF-I play a role in a 3e regulation? 

rpoH, the gene encoding the heat shock 0- factor cr 32, is 

another prominent  example of translational control of 

gene expression in E. coli. Evidence has been presented 

that secondary structure formation of the rpoH mRNA 

interferes with translational initiation, and the current 

model proposes that temperature upshift may cause a 

change in m R N A  secondary structure by a mechan i sm 

not yet identified (Nagai et al. 1991; Yura et al. 1993; Yuza- 

wa et al. 1993). Because m R N A  secondary structure may 

also play a role in the translational control of rpoS (see 

below}, we wanted to know whether HF-I, as an RNA- 

binding protein, is also involved in the translation of rpoH. 

Using immunoblo t  analysis, we determined cellular 

0 -32 levels before and during the first 12 min  after a tem- 

perature shift from 28~ to 42.5~ Heat-shocked cells of 

otherwise isogenic hfq + and hfql::f~ strains contained 
very similar  r levels (Fig. 8A}. Moreover, the basal 

level of 0-32 before heat shock seemed to be even slightly 

higher in the hfq mutant .  In addition, the rapid increase 

in ~32 synthesis in response to heat shock, which is at- 

tributable to increased rpoH translation, was not affected 

by the hfql::f~ mutation,  as demonstrated in a pulse-  

chase experiment  (Fig. 8BI. These findings are in pro- 

nounced contrast to the results obtained for 0-s reported 

above (Figs. 1, 2, and 5). We conclude that HF-I does not 

play a crucial role in the expression and heat shock reg- 

ulation of cr 32. 
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Figure 7. Effects of single and double mutations in hfq and hns 
on the expression of the translational rpoS379::lacZ fusion. 
Strains RO90 (carrying the translational rpoS379::lacZ fusion; 
A} and its hns: :Tnl0 and hns:.TnlO hfql::f~ derivatives AM123 
(B) and AM124 (C}, respectively, were grown in M9 with 0.1% 
glucose. Optical densities (Q) and specific [3-galactosidase activ- 
ities (A) were determined. 

Discussion 

The RNA-binding protein HF-I, which  is encoded by the 

hfq gene (Kajitani and Ishihama 1991), has long been 

known as a host factor essential for the replication of 

Qf3-RNA phage (Franze de Fernandez et al. 1968, 1972). 

While the pleiotropic phenotype of hfq mutants  indi- 

cated that HF-I is clearly important  for E. coli physiology 

(Tsui et al. 1994}, this report is the first to identify a 

cellular process in which  HF-I is involved. HF-I is re- 

quired for normal expression of the cr s subuni t  of RNA 
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Figure 8. The hfql::f~ mutation does not interfere with heat 
shock induction of 0.32. Total cellular levels of 0.32 were assayed 
by immunoblot analysis (A); 0 .32 synthesis was monitored by 
pulse-chase experiments (B). Strains MC4100 (lanes 2-5 in A, 
lanes 1,2 in B) and its hfql::f~ derivative AM111 (lanes 6-9 in A, 
lanes 3,4 in B) were grown in M9 with 0.1% glucose at 28~ At 
an ODs78 of 0.3, samples were taken (lanes 2,6 in A, lanes 1,3 in 
B), and immediately thereafter the cultures were shifted to 
42.5~ For immunoblot analysis (A), additional samples were 
withdrawn 4 min (lanes 3,7), 8 rain (lanes 4,8), and 12 min (lanes 
5,9) after temperature upshift. For pulse-chase experiments (B), 
samples were taken 3 min after heat shock (lanes 2,4}. The 
samples were processed as described in Materials and methods. 
Size standard proteins (49 and 32 kD) are shown in lane 1 in (A). 

polymerase that is a global regulatory factor for the ex- 

pression of many  genes that are induced during entry 

into stationary phase or in response to hyperosmolarity. 

Much of the pleiotropy of hfq mutants  is therefore prob- 

ably explained by the pleiotropic regulatory function of 

or s . In this study we have used an hfq null  mutant  

(hfql::f~) as well  as an insertion mutat ion located near 

the 3' end of the hfq gene (hfq2: :f/) that produces a trun- 

cated HF-I protein with at least partial activity (Tsui et 

al. 1994). Because both mutat ions  are completely polar, 

but ors levels were reduced only in the hfql::f~ mutant,  

we can conclude that the observed effects on ors are a 

result of the absence of HF-I protein itself. 

The cellular ors content is controlled at the levels of 

rpoS transcription and translation as well as of ors protein 

turnover (Lange and Hengge-Aronis 1994a). Here we 

demonstrate that HF-I is crucial for rpoS translation. Our 

conclusion is based on a complementary  approach using 

pulse-chase experiments as well  as the analysis of rpo- 
S::lacZ fusions. Whereas the former, in conjunction with 

immunoprecipi tat ion,  represents a direct assay for ors, 

synthesis and degradation of ors cannot be separated com- 

pletely, because ors half-life is -1 .5  min  under conditions 

of normal  growth. On the other hand, the analysis of 

fusions is a more indirect approach but allows for the 

assaying of rpoS translation in a way that is unaffected 

by ors turnover, because the hybrid protein encoded by 

rpoS379::lacZ does not contain the ors internal turnover 

e lement  required for degradation (Muffler et al. 1996b). 

Several lines of evidence indicate that HF-I is in- 

volved in rpoS translation: {1) Whereas the expression of 

transcriptional rpoS::lacZ fusions was not affected 

by the hfql::f~ mutation,  13-galactosidase levels from 

corresponding translational fusions were reduced 

strongly (Fig. 3); (2) the expression of the translational 

rpoS379::lacZ fusion was affected strongly (Fig. 3), that 

is, of the fusion that does not reflect ors turnover; (3) the 

osmotic s t imulat ion of ors synthesis, which  we have 

shown to be attributable to increased translation {Muf- 

fler et al. 1996b), was reduced in the hfql ::fl mutan t  (Fig. 

5); and, finally, {4) the very low levels of ors still detect- 

able in the hfql:f~ mutant  exhibit  normal ly  regulated 

turnover (Fig. 6). Our data indicate that HF-I is a posi- 

tively acting factor crucial for establishing normal rates 

of rpoS translation. Whether HF-I is also involved in 

translational up-regulation in response to environmental  

signals is not yet clear, although the hypothesis that HF-I 

activity may be controlled by other components of the 

respective signal transduction pathway seems attractive. 

The residual osmotic induction of the very low levels of 

ors in the hfql::~ mutant  even after a short chase t ime 

(25 sec; Fig. 61 does not seem to argue against this hy- 

pothesis, as an apparent twofold induction can be ex- 

plained by inhibi t ion of degradation of ors if the very 

short half-life of ors is taken into account and if it is 

assumed that even nascent polypeptide chains become 

accessible for proteolysis as soon as they contain the 

turnover element  that is located approximately in the 
middle of ors. 

HF-I is the first trans-acting factor known to be in- 

volved specifically in the control of rpoS translation. Re- 

cently, two components involved in the regulation of ors 

turnover, the response regulator RssB {Muffler et al. 

1996al and the ClpXP protease (Schweder et al. 1996), 

have also been identified. Our double mutan t  analysis 

with mutat ions in hfq and rssB reported here confirmed 

that HF-I and RssB act in separate pathways of ors con- 

trol. Figure 9 summarizes  our present knowledge of en- 

vironmental  and physiological conditions, trans-acting 
regulatory factors, and cis-acting regulatory regions in- 

volved at the different levels of control of the cellular o "s 

content. 

mRNA secondary structures in the translational initi- 

ation region (TIR} of rpoS may interfere with the binding 

of the ribosome and thus play a role in translational reg- 

ulation. Depending on the length of RNA sequence used 

for secondary structure prediction, various such struc- 

tures seem possible. Recent results with a lacZ fusion 

containing only 70 nucleotides of rpoS (Muffler et al. 

1996b} and with a point mutat ion shortly upstream of 

the rpoS TIR (S. Bouch4 and R. Hengge-Aronis, unpubl.) 

indicate that the m R N A  secondary structure that is 

l ikely to be relevant for rpoS translational control in- 

volves base-pairing between the TIR and a region located 

directly upstream of the TIR. It has been proposed that in 

association with QI3-replicase, the RNA-binding protein 

HF-I induces a conformational change near the 3' end of 

the stably folded Q[3-RNA that is required for the repli- 

case to initiate the synthesis of the minus  strand (Franze 

de Fernandez et al. 1972; Senear and Steitz 1976; Barrera 

et al. 1993}. In view of these properties of the protein 

HF-I, we speculate that it may bind to rpoS m R N A  and 

perhaps affect its secondary structure in the TIR in such 

a way that translational ini t iat ion is st imulated.  HF-I 

therefore appears to be a rare example of an RNA-binding 
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Figure 9. Regulation of the cellular Cs 
content. Summarized is the present 
knowledge of environmental and physio- 
logical conditions that affect crs levels 
(Lange and Hengge-Aronis 1994a; Muffler 
et al. 1996b), as well as of trans-acting reg- 
ulatory components and cis-acting regula- 
tory regions that play a role in rpoS tran- 
scription and translation and r turnover. 
The involvement of H-NS (Barth et al. 
1995; Yamashino et al. 1995), RssB (Muf- 
fler et al. 1996a}, and the CIpXP protease 
(Schweder et al. 1996) has been reported 
previously. Although RssB and ClpXP are 
each essential for ~s turnover, the relation- 
ship between these two factors is unclear. 
The localization of the promoters that con- 
tribute to rpoS expression (Lange and 
Hengge-Aronis 1994b; Takayanagi et al. 
1994; Lange et al. 1995} and the approxi- 
mate location of a turnover element lo- 
cated within ~s (Muffler et al. 1996a, b; 
Schweder et al. 1996) have been published. 
Asterisks indicate the position of a se- 
quence that is important for ClpXP-medi- 
ated crs degradation (Schweder et al. 1996). 
A region able to fold into a stable mRNA 
secondary structure includes the transla- 
tional initiation region (TIR domain) and 
may interfere with translational initiation 
(D. Traulsen and R. Hengge-Aronis, un- 
publ.1. In addition, the positions of rpo- 
S::lacZ fusions (~70,379,742} used or men- 
tioned in this study are indicated. 

protein that affects translation positively. In eukaryotic 

cells, nearly all RNA-binding proteins known to be in- 

volved in translational regulation act as translational re- 

pressors (Standart and Jackson 1994). 

We have shown previously that hns mutants  exhibit 

consti tutively high expression of rpoS that is not affected 

by osmotic upshift or entry into stationary phase, which 

may indicate that the H-NS protein is involved in this 

control by environmental  signals (Barth et al. 1995). 

While hns mutants  are affected in rpoS translation as 

well as in 0-s turnover, the use of the translational 

rpoS379::lacZ fusion allowed us to show that an hns 

mutat ion  does not affect rpoS translation when present 

in an hfq mutan t  background (Fig. 7), suggesting that 

H-NS acts upstream of or at the same level as HF-I in a 

hypothetical  signal t ransduction pathway. As a histone- 

like DNA-binding protein, H-NS may influence the ex- 

pression of HF-I. On the other hand, it has been reported 

that in vitro H-NS binds tightly to HF-I (Kajitani and 

Ishihama 1991), which raises the possibility that in vivo 

H-NS may interfere wi th  the activity of HF-I by direct 

protein-protein interaction. The environmental  signals 

that control rpoS t ranslation may then affect the inter- 

action between H-NS and HF-I. This would be an en- 

tirely novel function for H-NS, which so far has been 

known as an abundant  DNA-binding protein that specif- 

ically regulates the expression of some genes, such as the 

proU operon, by directly binding to a cis-regulatory re- 

gion (Lucht and Bremer 1994), and that is involved in the 

determination of chromosomal  superstructure (Spassky 

et al. 1984; Owen-Hughes et al. 1992; Tupper et al. 1994). 

As a loosely ribosome-associated RNA-binding protein 

(DuBow et al. 1977), HF-I may  influence the translat ion 

of other mRNAs besides that of rpoS. The cellular level 

of the heat shock ~ factor 0 -32 (encoded by the rpoH gene) 

is controlled by mechanisms that resemble, at least su- 

perficially, those found for 0-s. Also for 0-32, transcrip- 

tional regulation is of minor  importance, and heat shock 

induction is caused by increased translation of rpoH 
mRNA (which is also folded into a complex secondary 

structure with the TIR region being base-paired) as well 

as an inhibition of cr 32 turnover (summarized in Yura et 

al. 1993). However, HF-I is clearly dispensible for normal  

heat shock regulation of 0-32 (Fig. 8). In Azorhizobium 

caulinodans, an HF-I homolog (encoded by the nrfA 
gene) was shown to be required for the expression of 

NifA, but its mechanism of action has not been studied 

in detail (Kaminski et al. 1994). In E. coli, hfq mutan t s  

exhibit somewhat  reduced growth rates and growth 

yields (Tsui et al. 1994). These phenotypes have not been 

observed for rpoS mutants .  Moreover, altered expression 

of various non-o-S-dependent proteins in the hfql::fZ mu- 
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Table 1. Bacterial strains 

Strain Relevant genotype Reference 

MC4100 

RH90 

RO90 

RO91 
RO200 
TX2808 
TX2758 

A M l l l  

AMl l2  

AM119 

AMl17 

AM121 

AM109 
AM122 

GM230 
AM123 

AM124 

F- A(arg-lac)U169 araD139 rpsL150 ptsF25 flbB5301 rbsR deoC relAI 

MC4100 rpoS359: :Tnl 0 

MC4100 [KRZS: rpoS379::lacZ(hybr)] 

MC4100 [KRZS: rpoS742::lacZ(hybr)] 
MC4100 (~RZ5: rpoS742::lacZ) 

hfql ::fl (Kmr; BclI) 
hfq2::f~ (Kmr; KpnI) 

MC4100 hfql::fl 

MC4100 hfq2: :f~ 

RO200 hfql::f~ 

RO91 hfql::f~ 
RO90 hfql ::f~ 
RO91 rssB::TnlO 
RO91 rssB::TnlO hfql::f~ 

MC4100 ~(proU::lacZ)hyb2 hns2OS::TnlO 
RO90 hns205::Tnl0 

RO90 hns205::Tnl0 hfql::l~ 

(Silhavy et al. 1984) 

(Lange and Hengge-Aronis 1991b) 

(Lange and Hengge-Aronis 1994a) 

(Lange and Hengge-Aronis 1994a) 
(Lange and Hengge-Aronis 1994a) 

(Tsui et al. 1994) 

(Tsui et al. 1994) 

this study 

this study 

this study 

this study 

this study 
{Muffler et al. 1996a) 

this study 
(Higgins et al. 19881 

this study 

this study 

tan t  was recen t ly  found (D. Trau l sen  and R. Hengge- 

Aronis,  unpubl.)  ind ica t ing  tha t  there  are other  targets 

for regula t ion  by HF-I besides rpoS. 

Materials and m e t h o d s  

Bacterial strains and growth conditions 

The bacterial strains used in this work are listed in Table 1. hfq, 
rssB, and hns mutant alleles were introduced into various strain 

backgrounds by Pl transduction as described {Miller 1972). hns 

mutants were freshly constructed by Pl transduction for every 

experiment to avoid the occurrence of second-site suppressor 
mutations (Barth et al. 1995). Cultures were grown at 37~ or 

30~ under aeration in Luria-Bertani (LB) medium or minimal 

medium M9 (Miller 1972) supplemented with 0.1% or 0.2% 

glucose or 0.4% glycerol as carbon sources. Antibiotics were 

added as recommended {Miller 1972). Growth was monitored by 

determining the optical density at 578 nm (ODsTs). For osmotic 

or temperature-shift experiments, the cultures were grown ex- 

ponentially for at least three generations before 0.3 M NaCI was 

added or the temperature was increased from 28~ to 42.5~ 

SDS-PAGE and immunoblot analysis 

Sample preparation for SDS-polyacrylamide gel electrophoresis 

{PAGE) and immunoblot analysis were performed as described 

previously (Lange and Hengge-Aronis 1994a). Fifteen micro- 
grams of total cellular protein was applied per lane. Visualiza- 
tion of ~r s or ~32 bands was performed using polyclonal antisera 

against cs (Lange and Hengge-Aronis 1994a) or g32 (kindly pro- 

vided by B. Bukau, Zentrum fiir Molekular Biologie Heidelberg, 

Universit/it Heidelberg, Germany), a goat anti-rabbit IgG alka- 

line-phosphatase conjugate {Sigma), and a chromogenic alkaline 

phosphatase substrate (BCIP/NBT; Boehringer Mannheim). 

Pulse-labeling of cells and immunoprecipitation 

The procedure used for the pulse-labeling of cells with 
E-[3SS]methionine (Amersham; > 1000 Ci/mmole)and immuno- 

precipitation of crs was performed as described (Lange and 

Hengge-Aronis 1994a). The ODs78 of culture samples to be la- 
beled was adjusted to 0.3 by dilution with supernatant from the 

same culture obtained by centrifugation immediately before 
taking the samples for pulse-labeling. For the determination of 

the rate of crs expression, pulse and chase times were 60 and 30 
sec, respectively. As a crS-deficient control, exponential phase 

samples of strain RH90 were harvested at an OD578 of -0.5 and 
labeled as described above. Bands on autoradiographs were an- 

alyzed using the NIH Image software for Macintosh. 

[3-Galactosidase assay 

J3-Galactosidase activity was assayed by use of o-nitrophenyl-j3- 

D-galactopyranoside (ONPG) as a substrate and is reported as 

micromoles of o-nitrophenol per minute per milligram of cel- 

lular protein (Miller 1972). 
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