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Induction of heat shock proteins in Escherichia coli is primarily caused by increased cellular levels of the heat
shock s-factor s32 encoded by the rpoH gene. Increased s32 levels result from both enhanced synthesis and
stabilization. Previous work indicated that s32 synthesis is induced at the translational level and is mediated
by the mRNA secondary structure formed within the 5*-coding sequence of rpoH, including the translation
initiation region. To understand the mechanism of heat induction of s32 synthesis further, we analyzed
expression of rpoH–lacZ gene fusions with altered stability of mRNA structure before and after heat shock. A
clear correlation was found between the stability and expression or the extent of heat induction.
Temperature-melting profiles of mRNAs with or without mutations correlated well with the expression
patterns of fusion genes carrying the corresponding mutations in vivo. Furthermore, temperature dependence
of mRNA–30S ribosome–tRNAf

Met complex formation with wild-type or mutant mRNAs in vitro agreed well
with that of the expression of gene fusions in vivo. Our results support a novel mechanism in which partial
melting of mRNA secondary structure at high temperature enhances ribosome entry and translational
initiation without involvement of other cellular components, that is, intrinsic mRNA stability controls
synthesis of a transcriptional regulator.
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When cells are exposed to stresses such as heat or etha-
nol, a set of well-conserved heat shock proteins (HSPs)
are rapidly induced. Many HSPs are molecular chaper-
ones or proteases and play central roles in modulating
protein folding, translocation, and degradation (Hendrick
and Hartl 1993; Georgopoulos et al. 1994). Induction of
HSPs is controlled primarily at the level of transcription
(Morimoto et al. 1994).

In Escherichia coli, expression of HSPs is positively
regulated by a heat shock transcription factor s32 en-
coded by the rpoH gene (Yura et al. 1993; Gross 1996).
Induction of HSP synthesis results from a transient in-
crease in the level of s32 caused by both increased syn-
thesis and stabilization of s32, which is normally un-
stable (t1/2 ∼ 1 min) (Grossman et al. 1987; Straus et al.
1987). On the other hand, some of the HSPs, particularly
the DnaK, DnaJ, and GrpE chaperones, negatively regu-
late HSP synthesis by reducing the amounts of active s32

(Tilly et al. 1983; Grossman et al. 1987; Straus et al.
1990). Thus, the initial accumulation of misfolded pro-
teins on heat shock is thought to titrate free DnaK/DnaJ

chaperones resulting in stabilization of s32, whereas sub-
sequent buildup of HSP, including DnaK/DnaJ, destabi-
lizes s32 and represses its synthesis (Tilly et al. 1989;
Straus et al. 1990) forming an autogenous regulatory cir-
cuit (Craig and Gross 1991; Bukau 1993). Production of
abnormal proteins without a temperature upshift can in-
duce HSP synthesis (Goff and Goldberg 1985), and stabi-
lization of s32 (Wild et al. 1993), but not increased syn-
thesis of s32 (Kanemori et al. 1994), was observed under
these conditions. In the feedback control mediated by
the DnaK/DnaJ chaperones, a segment of s32 polypep-
tide called region C (nucleotides 364–432) appears to be
critical: Expression of certain rpoH–lacZ gene fusions
lacking region C can be induced normally but not shut
off on heat shock (Nagai et al. 1994). Moreover, appar-
ently normal heat induction takes place in the dnaK,
dnaJ mutants despite the constitutive synthesis of stable
s32 in these strains (Straus et al. 1990; Nagai et al. 1994).
Thus, heat-induced synthesis of s32 occurs indepen-
dently of the chaperone-mediated regulatory circuits.

Induction of s32 synthesis on typical heat shock (shift
from 30°C to 42°C) occurs at the level of translation
(Straus et al. 1987; Kamath-Loeb and Gross 1991; Nagai
et al. 1991). Extensive deletion and mutation analyses of

3Corresponding author.
E-MAIL tyura@hsp.co.jp; FAX (81)-75-315-8659.

GENES & DEVELOPMENT 13:655–665 © 1999 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/99 $5.00; www.genesdev.org 655

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


the rpoH–lacZ gene fusion led us to identify positive
(region A) and negative (region B) elements of the rpoH
mRNA required for translational induction (Nagai et al.
1991). Region A is located near the initiation codon
(nucleotides 6–20) and represents a “downstream box”
that is complementary to the 38-region of 16S rRNA and
that presumably acts as a translational enhancer (Fig. 1C;
Sprengart et al. 1990). Region B is an internal coding
segment of ∼100 nucleotides, located ∼100 nucleotides
downstream of region A. The 58 portion (−19 to +247) of
rpoH mRNA was predicted to form base-pairings involv-
ing a part of the translational initiation region and region
B (Fig. 1B; Nagai et al. 1991). Such a secondary structure
model was supported through analyses of mutations
(Yuzawa et al. 1993), by evolutionary conservation (Na-
kahigashi et al. 1995), and by direct chemical probing
(Morita et al. 1999).

The efficiency of translational initiation in bacteria
can be markedly affected by the mRNA secondary struc-
ture involving the ribosome-binding site (from approxi-
mately −20 to +15 nucleotides), which includes the
Shine–Dalgarno (SD) sequence and initiation codon (de
Smit and van Duin 1990b). Thus, a part of the ribosome-
binding site (+1–20), including the initiation codon and
region A of rpoH, was thought to be masked by pairing
with region B, restricting ribosome entry under non-
stress conditions. Such mRNA structures were supposed
to be disrupted on heat shock to enhance translation,
although the mechanism remained unknown. Recently,
we obtained a minimal rpoH–lacZ gene fusion contain-
ing 97 nucleotides of the rpoH coding region, which ex-
hibits essentially normal thermoregulation (Morita et al.
1999; see Fig. 1). In addition, the appropriate stability of
the mRNA secondary structure, rather than fine struc-

Figure 1. Structure and expression of rpoH–lacZ gene fusion TLF247 and its derivatives. (A) Schematic diagram of TLF247 and its
deletion derivatives. The locations of regions A and B are indicated by hatches. Segments of mRNA that correspond to each of the stem
structures (I–IV; Fig. 1B) are shown above the diagram, and nucleotide numbers are shown below. Pulse-labeling (2 min) with
[35S]methionine was performed before or 3 min after temperature upshift (30°C to 42°C), and immunoprecipitates were analyzed by
SDS-PAGE as described in Materials and Methods. Synthesis rates were normalized to that of TLF247 labeled at 30°C. (Solid arrow-
heads) Positions of 2G substitutions. (B) mRNA secondary structures predicted for rpoH regions of TLF247 and TLF229D(stemIII)GG
by mfold (Morita et al. 1999); the structures with minimum free energy are shown. The initiation codon, region A (nucleotides +6–20),
SD sequence, and major stems (I–IV) are indicated. Region B (nucleotides +112–208) is shown as boldface letter. (d) G–U pairing. (C)
Putative base-pairings between the downstream box (region A) of rpoH and the anti-downstream box of 16S rRNA (spanning 1469–1483
nucleotides).
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ture or specific sequences, appeared to be important for
repression at low temperature and induction on tempera-
ture upshift.

In this study we systematically examined mutant de-
rivatives of the minimal rpoH–lacZ gene fusion and
found a clear correlation between expression or heat in-
ducibility and stability of mRNA secondary structure
involving the translational initiation region. The melt-
ing curve of rpoH mRNA fragments and accessibility of
30S ribosomes to mRNA examined in vitro gave results
that were consistent with the expression patterns of the
fusion constructs in vivo. These combined results sug-
gest a novel mechanism in which melting of the mRNA
secondary structure at high temperature facilitated ribo-
some binding and enhances s32 synthesis, that is, a
mechanism involving direct temperature sensing by
mRNA structure.

Results

Expression of the minimal gene fusion is correlated
with the predicted mRNA stability

Previously, we constructed several internal deletions of
the rpoH–lacZ gene fusion to define the regions critical
for heat induction of s32 synthesis. Among them, a con-

struct lacking the apical half of stem II (+30 to +110) and
the entire stem III (+128 to +178) of the parental fusion
TLF247 exhibited essentially normal thermoregulation
provided that the appropriate instability of the mRNA
secondary structure was maintained (Fig. 1A; Morita et
al. 1999). The fusion TLF229D(stem III)GG carrying two
base changes at +125 (A to G) and +126 (U to G) showed
normal induction, whereas the same fusion without
these changes showed very low expression at both 30°C
and 42°C, despite retention of the native sequence. To
substantiate further the relationship between the stabil-
ity of the mRNA secondary structure and thermoregula-
tion, a series of mutations was introduced into the mini-
mal fusion that exhibits normal regulation and their ef-
fects on the synthesis of the fusion protein before and
after temperature upshift were examined (Table 1 ). The
secondary structure of the rpoH portion of mRNA was
predicted, and stability was calculated for each mutant
by the mfold program (Zuker 1989). As expected, most
mutations predicted to decrease stability (16G, 123C,
124G, 181U, 184C) caused increased expression before
and after temperature upshift (Table 1). In contract,
those predicted to increase stability (5A, 14C, 118C,
121U, 126U, 125A, 125A/126U, 125A/126U/127C,
185G) resulted in reduced expression at both tempera-

Table 1. Effects of base substitutions in minimal gene fusion TLF229D(stemlll)GG on expression of fusion protein

Mutant
Base

changes
DDGa

(kcal/mole)

Relative expression
Fold

induction30°C 42°C

Control 0 1.0 3.5 3.5
5A C → A −2.9 0.68 0.94 1.4
5U C → U 0 1.2 5.3 4.4

14Cb U → C −0.9 0.35 0.48 1.4
14Gb U → G +0.8 0.58 1.6 2.7
15Cb G → C +3.6 1.2 3.3 2.8
15C–124Gb G–C → C–G +0.2 0.83 2.5 3.0
16Gb C → G +2.5 1.9 6.9 3.6
16G–123Cb C–G → G–C 0 0.89 2.3 2.5

118C A → C −2.3 0.36 0.81 2.3
120U G → U 0 0.57 2.0 3.6
121U C → U −2.8 0.60 2.3 3.8
122A U → A +1.0 0.70 2.3 3.3
123C G → C +2.8 1.6 7.3 4.6
124G C → G +1.5 2.6 8.3 3.2
126U G → U −2.9 0.32 0.45 1.4
125A G → A −0.8 0.58 1.9 3.2
125A c G → A

−3.6 0.24 0.34 1.4
126U G → U
125A G → A −0.8 0.37 0.64 1.8
126U G → U
127C U → C
181U G → U +4.1 3.6 8.9 2.5
184C G → C +2.2 2.1 7.8 3.8
185G U → G −5.2 0.43 0.45 1.1

Nucleotide numbering is as in Fig. 1B. Synthesis rate of fusion protein was determined as in Fig. 1A and was normalized to that for
the parental control labeled at 30°C.
aStability (DG) of each predicted mRNA structure was calculated as described in Materials and Methods. DDG represents difference in
DG at 30°C between each mutant and control RNA.
bMutants carrying base substitution(s) in region A.
cThis construct was identical with TLF229D(stemIII) shown in Fig. 1A.
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tures. These results suggested that the appropriate insta-
bility of the mRNA secondary structure, rather than a
specific nucleotide sequence, is a primary requirement
for the thermoregulation characteristic of rpoH transla-
tion.

When relative synthesis rates of fusion protein for
these mutants were plotted as a function of the differ-
ence in predicted stability (DDG) between the mutant
and control RNA, a highly significant correlation was
found at both 30°C and 42°C (Fig. 2). A less clear but
significant correlation was observed between the extent
of heat induction and RNA stability (Table 1). These
results suggest that the translational efficiency of the
minimal gene fusion at both temperatures and the extent
of heat induction are greatly affected by the stability of
the mRNA secondary structure presumably formed be-
tween the translation initiation region and the internal
region.

Correlation between the temperature profile (melting
curve) of RNA and expression in vivo

To examine whether expression levels in vivo are corre-
lated with the actual thermostability of the mRNA, we
measured the temperature profile of circular dichroism
(CD) spectra using mRNA fragments derived from three
representative constructs (control, 5A and 181U mu-
tants). RNAs (∼160 nucleotides of rpoH) were prepared
by in vitro transcription as described in Materials and
Methods, and CD spectra were measured at various tem-
peratures. The CD spectral patterns obtained below 25°C
were similar to those of A-form RNA duplex indicating a
certain folded structure, whereas the patterns at 81°C
indicated denatured structure (data not shown). The
melting curves based on the normalized intensities of
CD spectra at 255 nm are presented in Figure 3B. The
two mutant RNAs revealed significant differences from
the control RNA and from each other that should have

functional relevance. Whereas the 5A mutation, which
reduced expression before and after temperature upshift,
was expected to increase the stability of the mRNA
structure, 181U, which enhanced expression at both
30°C and 42°C, was predicted to reduce the stability
(Table 1 and Fig. 3A). Indeed, 5A-RNA was denatured at
higher temperatures than the control RNA, whereas
181U-RNA was denatured at lower temperatures (Fig.
3B). Thus, the actual thermostability of these RNAs de-
termined in vitro correlated well with the synthesis rate
of fusion proteins from respective RNA under the con-
ditions used.

Because the structure of the minimal gene fusion used
here was markedly different from the parental TLF247,
we also examined thermostability of mRNA from
TLF247 and its mutant derivatives. For the sake of clar-
ity, heat-induced synthesis of fusion proteins from the
representative gene fusions together with structural fea-
tures of their RNAs (Morita et al. 1999) are indicated in
Figure 4, A and B. The 15A mutation predicted to disrupt
the 15G–124C base-pairing (Fig. 1B) enhanced expression
at 30°C and reduced heat induction, whereas a pair of
compensatory mutations (15A–124T) expected to restore
the base-pairing showed recovery of almost normal ther-
moregulation (Fig. 4A). The somewhat higher expression
of 15A–124T was presumably due in part to the slight
instability of A–U pairing as compared with G–C (wild

Figure 2. Correlation between the predicted stability of
mRNA secondary structure and synthesis rates of fusion pro-
teins from the minimal fusion constructs at 30°C (A) and 42°C
(B) based on the results shown in Table 1. The log of relative
synthesis rate was plotted against differences in the predicted
stability of the rpoH portion of the mRNA between each mu-
tant and control. (Arrows) Control or mutant constructs used in
Fig. 3. DDG values were as described in footnote a to Table 1; the
values at 42°C used in B were slightly different from those at
30°C. (s) Expression from fusions carrying mutation(s) in region
A (see footnote b in Table 1).

Figure 3. Expression and thermoregulation in vivo and mRNA
thermostability in vitro of the minimal fusion constructs. (A)
SDS-PAGE patterns of fusion proteins expressed from
TLF229D(stemII)GG (control) and its derivatives with the super-
repressed (5A) or derepressed (181U) phenotype (see Table 1).
Cells were grown at 30°C, shifted to 42°C, and synthesis rates of
fusion protein were analyzed as in Fig. 1. (Solid and open arrows)
Fusion protein and b-galactosidase v protein (internal refer-
ence), respectively. (B) Temperature profiles of CD spectra at
255 nm for the 58 portion (nucleotides −20 to +229) of mRNA
from each fusion. Higher intensity reflects folded structure, and
lower intensity indicates melting of RNA duplexes. (s, d, m)
Control, 5A, and 181U, respectively. CD spectra were deter-
mined, and data were processed as described in Materials and
Methods.
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type) pairing. In addition, it should be noted that a mu-
tation within region A can affect expression by altering
complementarity to 16S rRNA (Fig. 1C; Nagai et al.
1991). Thus, the higher or the lower expression relative
to wild type observed in the 15A–124T or 15C–124G
double mutant, respectively, correlated well with the in-
creased or decreased complementarity to 16S rRNA, re-
spectively. The lower expression of 17C–122G may also
be partially explained on the same basis. Consistent with
the expression patterns observed in vivo, striking alter-
ations in mRNA secondary structure of 15A RNA were
found by means of chemical probing (Fig. 4B). In sharp
contrast, no detectable alterations were found with 15A–
124T RNA containing the compensatory mutations.
Moreover, the 17C–122G double mutant predicted to
form more stable C–G pairing (than the parental A–U
pairing) exhibited reduced expression at 30°C and little
or no induction on shift to 42°C. In agreement with the
latter result, reverse transcriptase often stalled at the
branchpoint of stems II and III even without chemical
modification, indicating that stem II in this mutant
RNA became more stable than in the parental TLF247
(Fig. 4B).

To examine the possible correlation between the ther-
mostability of TLF247 mRNAs determined in vitro and
the results of chemical probing and in vivo expression
analyses, we measured the thermostability of mRNA
fragments (nucleotides −20 to +247) from wild-type con-
trol and mutant derivatives 15A, 15A–124T, and 17C–
122G. As shown in Figure 4C, 15A RNA was denatured
at lower temperatures (between 9°C and 39°C) as com-

pared with the control, whereas 17C–122G RNA was
denatured at significantly higher temperatures through-
out the transition from folded to unfolded structures. On
the other hand, the melting curve of 15A–124T RNA
with compensatory mutations could be superimposed on
that of the control. Thus, the relative thermostability of
the mRNA of both the native and the minimal fusion
constructs correlated well with the characteristic expres-
sion patterns of fusion proteins. In addition, the results
were in good agreement with the mutational alterations
of the mRNA secondary structure as detected by chemi-
cal probing analyses (Fig. 4B). Taken together, these re-
sults strongly support the notion that translational ther-
moregulation of the rpoH or rpoH–lacZ gene fusion de-
pends primarily on the thermostability of the secondary
structure of mRNA involving the translational initiation
region.

The binding of 30S ribosomes to rpoH mRNA depends
on high temperature

Given that the regulation of TLF247 expression is pri-
marily dependent on the thermostability of the 58 por-
tion of rpoH mRNA, we addressed whether the stability
of the RNA structure as well as in vivo expression are
correlated with formation of translational initiation
complexes. It was also of interest to determine whether
any cellular factors such as RNA-binding proteins are
involved in modulating translation. To examine the ef-
fects of mRNA secondary structure on ribosome binding,
we analyzed the accessibility of 30S ribosomes to rpoH

Figure 4. Expression, thermoregulation, and mRNA thermastability of native
TLF247 fusion constructs. (A) SDS-PAGE patterns of fusion protein expressed
from TLF247 or its mutant derivatives. Cells were grown at 30°C, shifted to 42°C,
and synthesis rates of fusion protein were analyzed as in Fig. 1. Fusion proteins
and internal references are indicated as in Fig. 3A. The values were normalized to
that of the control at 30°C. (B) Summary of structural alterations detected for 15A
and 17C–122G RNAs by chemical probing (Morita et al. 1999). Circled nucleo-
tides indicate those modified more strongly in 15A than the control RNA by
CMCT or DEP, which specifically modify unpaired nucleotides U/G or A, respec-
tively. (Arrowheads) Nucleotides at which reverse transcriptase was often arrested
in 17C–122G RNA. Initiation codon, region A and B, and SD sequence are indi-
cated as in Fig. 1B. (C) Temperature profiles of CD spectra at 255 nm for the 58

portion of the mRNA (∼290 nucleotides) of each fusion. (s) Control; (m) 15A; (n)
15A–124T; (j) 17C–122G. CD spectra were determined, and data were processed
as in Fig. 3B.
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mRNA by means of primer extension inhibition, or toe-
printing analysis (Hartz to al. 1988). A sample of wild-
type rpoH mRNA fragment (−60 to +247) was first an-
nealed to a fluorescent 58-labeled primer and was mixed
with 30S ribosomes and initiator tRNAf

Met to allow for-
mation of an mRNA–ribosome–rRNAf

Met ternary com-
plex. The extent of complex formation was estimated by
reverse transcription reaction initiating from the primer
hybridized downstream of the ribosome-binding site
(nucleotides +227 to +247); the reaction was arrested ef-
fectively at or near the edge of the bound ribosome com-
plex, producing a toeprint at position +16 (Fig. 5A).

If a hypothetical cellular factor is required to repress
rpoH translation at 30°C, toeprints may be expected to
emerge at both 30°C and 42°C because the toeprint assay
system should be free of such cellular components ex-
cept for 30S ribosomes. On the other hand, if an activator
is required for translation, little or no toeprint would be
expected at either temperature. Neither of these predic-
tions was supported by our experiments. Whereas no sig-
nificant toeprint was detected at 30°C even on prolonged
incubation (60 min), significant levels of toeprint ap-
peared within 5 min at 42°C and increased steadily for at
least 20 min (Fig. 5A,B). Thus, the formation of a ternary
complex under these conditions was strongly prevented
at 30°C apparently in the absence of any cellular factors

other than purified 30S ribosomes. In marked contrast,
ternary complexes formed rapidly and effectively at 42°C
under the same conditions.

Mutations altering rpoH thermoregulation affect
ribosome binding

To examine the effects of mutations on ternary complex
formation in vitro, toeprint analyses were carried out
with RNA containing mutations altering expression or
thermoregulation and thermostability (Fig. 4). In con-
trast to the results with wild-type RNA, 15A RNA with
a less stable secondary structure rapidly yielded toe-
prints even at 30°C, and complex formation occurred
much faster at 42°C (Fig. 6). The RNA containing two
compensatory mutations (15A–124T) failed to form ter-
nary complexes at 30°C as in the wild-type RNA, and
toeprints emerged only at 42°C; complex formation was
significantly faster with 15A–124T than with wild-type
RNA, presumably reflecting both reduced thermostabil-
ity and increased complementarity to 16S rRNA (Fig.
1C). In 15C–124G RNA predicted to form C–G instead of
G–C pairing, complex formation occurred much more
slowly than with wild-type RNA despite the equivalent
base pairings involved. This result was not unexpected
because the 15C–124G RNA has decreased complemen-
tarity to 16S rRNA and may affect the affinity to 30S
ribosomes in toeprint analysis. No significant toeprint
was detected with 17C–122G RNA at either tempera-
ture. Thus, the effects of these mutations on ternary
complex formation correlated well with those on expres-

Figure 5. Ternary complex formation with 58 portion of rpoH
mRNA as detected by toeprint analysis. (A) Urea–PAGE pat-
terns of products of primer extension analysis. Toeprint assays
with wild-type rpoH mRNA (nucleotides −60–+247) were car-
ried out at 30°C or 42°C as described in Materials and Methods.
The positions of full-length transcript and toeprint at +16 (as
judged by sequence ladder run simultaneously) are indicated.
Incubation times indicated (top) were different at the two tem-
peratures. (B) Toeprint and full-length signals were quantified as
described in Materials and Methods. (% toeprint) Calculated as
the intensity of the toeprint signal divided by the sum of toe-
print and full-length signals multiplied by 100.

Figure 6. Mutations known to affect expression and thermo-
regulation in vivo also affect formation of the toeprint complex
in vitro. Ternary complex formation with mutant mRNAs was
performed at 30°C (A) or at 42°C (B). Toeprint and full-length
signals were quantified. (% toeprint) Calculated as in Fig. 5B.
Note that the values obtained with mutants other than 15A at
30°C are superimposed to that of the control in A.
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sion and thermoregulation of the rpoH–lacZ gene fusion
in vivo. In addition, the relative rates of ternary complex
formation with wild-type, 15A–124T, and 15C–124G
RNA correlated closely with the synthesis rates of fusion
protein from these constructs (Fig. 4A). These results
indicate that the ternary complex formation observed
here reflects, at least in part, translational initiation
events in vivo. The results suggest that thermoregula-
tion of s32 synthesis may not require any specific cellu-
lar factors other than 30S ribosomes, although possible
roles of factors contaminating the 30S ribosome prepa-
ration used cannot be excluded.

Next, we carried out toeprint assays (5-min reaction)
at even higher temperatures with wild-type and the same
mutant RNAs (Fig. 7). As expected, ternary complex for-
mation depended strongly on temperature, yielding
“RNA melting curves” for the temperature range exam-
ined. The curves obtained for 15A and 15A–124T RNA
were significantly shifted toward lower temperatures
than with wild-type RNA, whereas that for 15C–124G
RNA was shifted toward higher temperatures. Toeprints
with 17C–122G RNA were barely seen at temperatures
above 45°C. The temperature dependency of ternary
complex formation in vitro correlated highly with that of
expression observed in vivo (Figs. 4A and 7). These re-
sults strongly suggest that translational initiation com-
plex formation is primarily controlled by the thermosta-

bility of the mRNA secondary structure formed at the
translational initiation region. When such a folded struc-
ture becomes loose or unfolded on heat shock, ribosome
entry and translational initiation would be increased, re-
sulting in induction of s32 synthesis. Single base substi-
tutions affecting the thermostability of RNAs contain-
ing the translational initiation region can markedly af-
fect the temperature sensitivity of the mRNA with
respect to ribosome entry.

Discussion

Here, we show that expression and heat induction of
rpoH–lacZ gene fusions in vivo correlate well with both
the predicted and actual thermostability of rpoH mRNA
secondary structure involving part of the ribosome-bind-
ing site. Furthermore, accessibility of 30S ribosomes to
RNA fragments carrying a specific mutation analyzed by
toeprint assays was correlated well with the expression
pattern of corresponding fusion constructs in vivo. In
addition, distinct temperature dependency of ribosome
binding to the wild-type RNA fragment was observed,
suggesting that cellular factor(s) other than 30S ribo-
somes and initiator tRNA are not required for thermo-
regulation of s32 synthesis, although the possible in-
volvement of some other factors contaminating the 30S
ribosome fraction cannot be excluded. These results, to-
gether with other considerations (see below), led us to
propose that s32 is a heat shock transcription factor with
a unique thermosensing capacity built into its own
mRNA.

The efficiency of translation in E. coli can be markedly
affected at the stage of initiation by the secondary struc-
ture of mRNA containing the ribosome-binding site
(Gold 1988; de Smit and van Duin 1990b). Such second-
ary structure can exert a regulatory role in translation by
a variety of mechanisms (de Smit and van Duin 1990b;
Springer 1996). In the case of rpoH, the initiation codon
and region A are masked by region B located far down-
stream, forming a complex structure that consists of sev-
eral stem–loops (Fig. 1B). de Smit and van Duin (1990a)
observed a linear relationship between the log of synthe-
sis rate and change in stability of a short RNA hairpin
formed at the ribosome-binding site of the MS2 phage
coat gene; expression decreases by 10-fold for each 1.4
kcal/mole increment in stability. We observed a similar
relationship for expression of the minimal fusion con-
struct (Fig. 2), although the effect of stability on expres-
sion was not as marked as that observed in the MS2 coat
gene. Because the regulatory regions of rpoH are sepa-
rated by ∼100 nucleotides of intervening coding se-
quence, RNA folding kinetics may also play some role in
thermoregulation, as in the case of MS2 gene A whose
regulatory regions (SD and its complement) are separated
by 80 nucleotides, forming three stem–loop structures
(Groeneveld et al. 1995; Poot et al. 1997). Consistent
with this expectation, when mRNA folding was sup-
posed to be completed as in toeprint assays, no binding of
30S ribosomes to RNA was detected at low temperature
(Fig. 5). In living cells, transcription–translation coupling

Figure 7. Effects of temperature on ternary complex formation
with control and mutant mRNAs. (A) Urea–PAGE patterns of
products of primer extension analysis. Toeprint assays were car-
ried out at 30°C (not shown), 42°C (lanes 1), 45°C (lanes 2), 48°C
(lanes 3), or 51°C (lanes 4) for 5 min under standard conditions.
The position of full-length transcript and toeprint at +16 are
indicated. (B) Toeprint and full-length signals were quantified
and the percent toeprint was calculated as in Fig. 5B. The values
are plotted as a function of temperature.
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may facilitate a productive interaction between rpoH
mRNA and ribosomes because of the expected delay in
forming stem I structure due to the distance (∼180
nucleotides) separating the AUG codon from the inhibi-
tory sequence. Such a time lag may ensure some basal
level of expression at certain temperatures (e.g., 30°C)
where s32 is required for survival and growth.

Translational regulatory elements, that is, the down-
stream box and the mRNA secondary structure, are
widely conserved among RpoH homologs from g-proteo-
bacteria (Nakahigashi et al. 1995). Moreover, several
base-pairings in stem II (15–124, 16–123, 17–122) that are
critical for thermoregulation in E coli (Yuzawa et al.
1993) are particularly well conserved. The possible in-
volvement of trans-acting factor(s) that can bind to rpoH
mRNA in a sequence-specific manner was suspected ini-
tially because of the unexpected phenotypes found with
double mutants carrying compensatory mutations in
this region; no heat induction in the 15C–124G mutant
and little induction in the 16G–123C mutant (Yuzawa et
al. 1993). It should be noted, however, that the muta-
tions in this conserved segment of region A can mark-
edly affect translation efficiency by altering complemen-
tarity to the antidownstream box of 16S rRNA (Fig. 1C).
In addition, the 15C–124G mutant actually exhibited
slightly reduced but appreciable heat induction (Morita
et al. 1999). Meanwhile we performed extensive screen-
ing for factor(s) that could control rpoH translation and
found several candidate genes that can reduce expression
of the rpoH–lacZ gene fusion when expressed from mul-
ticopy plasmids. However, none of them affected au-
thentic s32 synthesis when the chromosomal genes were
individually disrupted (H. Yuzawa and M.T. Morita, un-
publ.). Recent results of chemical probing analyses sup-
ported the importance of 15–124 and 17–122 base pair-
ings not only for complementarity to 16S rRNA but for
forming RNA secondary structure with the appropriate
stability (see Fig. 4B; Morita et al. 1999). Although heat-
induced translation of rpoH mRNA is conserved within
g-proteobacteria, the extents of heat induction varied be-
tween three- and eightfold among different species (Na-
kahigashi et al. 1998). Interestingly, quantitatively simi-
lar extents of induction were observed when these ho-
mologs were expressed in E. coli, suggesting that the
differential extents of induction might reflect differen-
tial stability of their rpoH mRNA secondary structures
(Nakahigashi et al. 1998). Thus, the critical roles and
strong conservation of the above base pairings appear to
be explained by their involvement in forming mRNA
secondary structure and in interaction with ribosomes.
This should also provide a basis for the potentially high
efficiency of translation required for the rapid response
to heat shock stress.

Ethanol and nalidixic acid are known to increase s32

levels, resulting in the induction of HSPs similar to
those induced by heat shock (Straus et al. 1987; Mi-
zushima et al. 1996). Ethanol causes both induction of
synthesis and stabilization of s32 (Straus et al. 1987 and
unpublished results cited therein), but the mechanism of
these effects remains unclear. Synthesis of TLF247 fu-

sion protein was induced by 4% ethanol, although the
transcriptional fusion OF-0 lacking the translational
regulatory region of rpoH showed similar induction
(M.T. Morita, unpubl.). When the promoter region of
translational fusions was replaced by the trc or ara pro-
moter (chimeric translational fusion), no induction by
ethanol was observed despite the presence of a transla-
tional regulatory region. Therefore, induction of s32 syn-
thesis by ethanol appears to occur primarily at the tran-
scriptional level. Essentially similar results were ob-
tained with the heat shock response following treatment
with nalidixic acid, using chimeric translational fusions
(M.T. Morita unpubl.). Neither ethanol nor nalidixic acid
seems to elicit translational induction: Heat shock ap-
pears to be the only stress condition that clearly causes
translational induction of s32 synthesis.

To our knowledge, two transcriptional regulators that
can respond directly to high temperatures have been de-
scribed: TlpA, an autoregulatory repressor protein of Sal-
monella typhimurium, and heat shock factor 1 (HSF1) of
Drosophila (Hurme et al. 1997; Zhong et al. 1998). Both
proteins exhibited temperature- and concentration-de-
pendent conformational changes required for both mul-
timerization and DNA binding. In addition, possible
temperature sensing by structural changes in mRNA
was suggested for the lcrF gene of Yersinia pestis, which
encodes a transcription activator for induction of several
virulence-related proteins (Hoe and Goguen 1993), al-
though this conclusion was based solely on the calcu-
lated stability at various temperature of predicted hair-
pin structures.

In view of the known characteristics of translational
initiation in prokaryotes, mRNA melting at higher tem-
perature followed by translational initiation appears to
provide a simple mechanism for rapid induction of criti-
cal regulators of the cell. There are other examples in
which RNA structures containing SD were reported to
be unfolded at higher temperature resulting in faster toe-
print complex formation (Spedding and Draper 1993;
Brunel et al. 1995). In the present system, melting of
mRNA structure by heat was directly linked with the
biological function of its product protein s32. The results
reported here do not exclude the involvement of trans-
acting factor(s) that could regulate rpoH translation by
interacting with mRNA only when it forms a specific
structure. Even though such factors might modulate
translation, RNA structure formation would be regarded
as a primary determinant of this regulation. For bacteria
or other unicellular organisms that often experience
drastic changes in environmental temperature, thermo-
regulation of expression or activity of gene regulators by
modulating the conformation of mRNA or protein
should provide simple, rapid, and versatile mechanisms
that should be of great advantage for their survival.

Materials and methods

Strains, phage, and media

E. coli K-12, strain MC4100 [araD D(argF-lac)U169 rpsL relA
flbB deoC ptsF rbsR] (Casadaban 1976) was used for all experi-
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ments in vivo. The lTLF97-3 vector (St. Pierre and Linn 1996)
was used to construct rpoH–lacZ gene fusions. Minimal me-
dium M9 (Nagai et al. 1991) supplemented with 0.2% glucose,
thiamine (2 µg/ml) and all amino acids except for methionine
(20 µg/ml each) was used for pulse-labeling experiments. Mac-
Conkey lactose agar (DIFCO) and L agar containing 5-bromo-4-
chloro-3-indolyl-b-D-galactopyranoside (X-gal; 30 µg/ml) were
used to isolate l lysogens containing rpoH–lacZ gene fusions.
Recombinant DNA and other general techniques were per-
formed as described by Sambrook et al. (1989) and by Miller
(1972).

Chemical, enzymes, and buffers

E. coli uncharged tRNAf
Met was purchased from Sigma, and

avian myeloblastosis virus (AMV) reverse transcriptase was
from Life Sciences. Buffer A was comprised of 10 mM Tris-ac-
etate (pH 7.4), 60 mM NH4Cl, 6 mM b-mercaptoethanol; buffer B
was comprised of buffer A to which 10 mM Mg-acetate was
added. Reverse transcription buffer was buffer B containing
0.375 mM dNTPs and 0.1 U/µl of AMV reverse transcriptase.

Construction of rpoH–lacZ gene fusions

The gene fusion (translational fusion) TLF247, its deriva-
tives carrying base substitutions, minimal gene fusion
TLF229D(stemIII)GG, and plasmids used to construct these
fusions [pBSK247 and derivatives; pBSK229D(stemIII)GG] have
been described (Morita et al. 1999). A set of base substitutions
of TLF229D(stemIII)GG was constructed by use of the ExSite
PCR-based site-directed mutagenesis kit (Stratagene) with
synthetic oligonucleotide primers carrying base substitu-
tions and pBSK229D(stemIII)GG as the DNA template. ClaI–
BamHI fragments of PCR-amplified DNAs were cloned into
pBSK229D(stemIII)GG by replacing the corresponding region.
Nucleotide sequences of PCR amplified regions were confirmed
by dideoxy sequencing. The XhoI–BamHI fragments of the re-
sulting plasmids containing rpoH promoters and the 58 portion
of the coding region were then inserted into the lTLF97-3 vec-
tor to make a fusion in-frame to lacZ. The resulting gene fusion
constructs were transferred to MC4100 by in vitro packaging
followed by infection. After repeated single colony isolation,
monolysogeny of each construct was confirmed by PCR as de-
scribed by Powell et al. (1994).

Prediction of RNA secondary structure

RNA secondary structures and their stability (DG) at 30°C and
42°C were predicted by use of the mfold program provided by
Zuker and Turner on the internet (http://www.ibc.wustl.edu/
zuker/rna).

Determination of synthesis rates of fusion proteins

The procedure used was essentially as described previously (Na-
gai et al. 1994). Portions (0.1 ml) of log phase cultures were
pulse-labeled with L-[35S]methionine (1200 Ci/mmole, 200 µCi/
ml) for 2 min. Extracts were prepared after TCA precipitation
and suspension in SDS buffer, and portions with equal radioac-
tivity were mixed with a fixed amount of JM103 cell extract
(labeled with [35S]methionine) containing b-galactosidase v pro-
tein, and treated with antibody against b-galactosidase (Orga-
non Teknika Cappel). The immunoprecipitates were subjected
to SDS-PAGE (7.5% gel), and intensities of radioactive bands
were quantified by use of a Fujix BAS2000 imaging analyzer to

determine synthesis rates of fusion protein after correcting for
recovery with v protein as a reference.

Measurement of temperature profiles of mRNA CD spectra
(melting curve)

RNAs containing the upstream and part of the rpoH coding
region were prepared in vitro by T7 RNA polymerase and a
MEGAscript Kit (Ambion). The EcoRV (positioned at −22)–
BamHI fragments of pBSK247, pBSK229D(stemIII)GG, or their
derivatives carrying mutations were placed under the control of
the T7 promoter of the pSP72 vector. The resulting plasmids
were digested with BamHI and used as templates for RNA syn-
thesis. All samples for CD measurements were desalted by use
of a reverse-phase column (COSMOSIL, Nacalai Tesque) on an
HPLC apparatus and quantified by UV absorbance at 260 nm
after P1 nuclease digestion. The pH of solution for CD spectra
was buffered with 25 mM sodium phosphate (pH 7.0). The con-
centration of RNA varied from 0.05 to 9 µM for the control RNA
derived from pSP247, and from 0.3 to 3 µM for other RNAs.
Temperature profiles of CD spectra were measured by use of a
Jasco J-720WI spectropolarimeter equipped with a Pertier type
temperature controller, PTC-348WI. CD spectra were acquired
from 220 to 320 nm at 0°C–81°C (every 3°C) with a scanning
speed of 50 nm/min, time constant of 1 sec, spectral band width
of 1.0 nm and seven scans for each temperature. Temperature
varied with heating (up-scan) or cooling (down-scan). The CD
spectra at each temperature were found to be reproducible in
several experiments. Temperature profiles of CD spectra were
recorded for solutions at different concentrations to determine
whether the denaturation processes of all the samples were uni-
molecular processes. The results were consistent with each
other within a range of noise level as assumed as an unimolecu-
lar process. The CD spectra at an RNA concentration of 3 µM

(down-scan) were processed further as described (Kodama et al.
1998). Each signal intensity at 255 nm was plotted against tem-
perature, and curve fitting for the above data was done as de-
scribed (Petersheim and Turner 1983; Kodama et al. 1997) as-
suming a three-state equilibrium, as two transitions were ob-
served (data not shown). Then, the CD signal intensity at 255
nm for each temperature was extracted and normalized by use
of the signal intensities at 0°C and 81°C.

Primer extension inhibition (toeprint) assays

RNA containing the upstream and part of the rpoH coding re-
gion (nucleotides −60 to +247) was prepared in vitro by T7 RNA
polymerase with an RNA transcription kit (Stratagene). The
AflII–BamHI fragments of pBSK247 were placed under the con-
trol of the T7 promoter of the pSP72 vector, and the resulting
plasmids were digested with BamHI and used as a template for
RNA synthesis. The formation of a ternary complex composed
of the 30S ribosomal subunit, target mRNA and tRNAf

Met, and
extension inhibition analyses were carried out basically accord-
ing to Hartz to al. (1988). Purified samples of 30S ribosomes
were kindly provided by Dr. A. Wada (Osaka Medical College;
Wada 1986). RNAs (100 nM) were renatured in the presence of a
fluorescent 58 labeled primer FAM1p (1 µM) complementary to
nucleotides from +227 to +247 by heating the mixture at 65°C
for 3 min followed by slow cooling to room temperature in 10 µl
of buffer A. Then, Mg-acetate was added to the renatured RNA
mixture at a final concentration of 10 mM. The reaction mixture
(10 µl) contained 4 µl of renatured RNA, 0.375 mM dNTPs, 500
nM 30S ribosome, and 1 µM uncharged initiator tRNA in buffer
B. After incubation for 5–60 min at the indicated temperatures,
the reactions were terminated by addition of 190 µl of reverse
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transcription buffer (20-fold dilution; see below). Ternary com-
plex formation was estimated quantitatively by performing
cDNA synthesis at 42°C for 30 min. Samples were treated with
proteinase K and ribonuclease A, and the product DNA was
extracted with phenol/chloroform followed by ethanol precipi-
tation. Portions of primer extension products were loaded onto
a 5% polyacrylamide/8 M urea sequencing gel, and electropho-
resed at 1400 V for 2.5 hr. Primer extension products were quan-
tified with a Fluorescence BioImage Analyzer FMBIO II Multi-
View (Hitachi). The positions of toeprints were determined by
comparison with sequence ladder run simultaneously with the
same end-labeled primers.

As region B of rpoH mRNA involved in repressing translation
is located far downstream from the toeprint position, we wished
to avoid possible complications arising from toeprint complexes
formed during incubation for reverse transcription. Thus, the
toeprint assay was carried out in two steps; complex formation
and reverse transcription. After complex formation, the reac-
tion mixture was diluted 20-fold, which effectively prevented
formation of further complexes. We detected no ternary com-
plex formation when mRNA and 30S subunits were mixed at
such low concentration (data not shown). Once ternary complex
was formed during the first incubation, the complex remained
stable and was hardly dissociated during the second incubation
(data not shown).
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