Published online 3 December 2010

Nucleic Acids Research, 2011, Vol. 39, No. 7 2855-2868

doi:10.1093/nar/gkq1252

Translation on demand by a simple RNA-based

thermosensor

Jens Kortmann', Simon Sczodrok', Jorg Rinnenthal?, Harald Schwalbe? and

Franz Narberhaus'*

"Lehrstuhl fiir Biologie der Mikroorganismen, Ruhr-Universitdt Bochum, 44780 Bochum and ZInstitute for
Organic Chemistry and Chemical Biology, Center for Biomolecular Magnetic Resonance, Johann Wolfgang

Goethe-University, 60438 Frankfurt/Main, Germany

Received October 8, 2010; Revised and Accepted November 18, 2010

ABSTRACT

Structured RNA regions are important gene control
elements in prokaryotes and eukaryotes. Here, we
show that the mRNA of a cyanobacterial heat
shock gene contains a built-in thermosensor
critical for photosynthetic activity under stress
conditions. The exceptionally short 5'-untranslated
region is comprised of a single hairpin with an
internal asymmetric loop. It inhibits translation of
the Synechocystis hsp17 transcript at normal
growth conditions, permits translation initiation
under stress conditions and shuts down Hsp17
production in the recovery phase. Point mutations
that stabilized or destabilized the RNA structure
deregulated reporter gene expression in vivo and
ribosome binding in vitro. Introduction of such
point mutations into the Synechocystis genome
produced severe phenotypic defects. Reversible
formation of the open and closed structure was
beneficial for viability, integrity of the photosystem
and oxygen evolution. Continuous production of
Hsp17 was detrimental when the stress declined
indicating that shutting-off heat shock protein pro-
duction is an important, previously unrecognized
function of RNA thermometers. We discovered a
simple biosensor that strictly adjusts the cellular
level of a molecular chaperone to the physiological
need.

INTRODUCTION

Cyanobacteria are ubiquitiously distributed on earth and—
together with plants—provide the foundation of aerobic
life by the photosynthetic generation of oxygen. The integ-
rity of the photosynthesis machinery is challenged by
highly fluctuating environmental conditions. In particular,

heat, high light intensities, reactive oxygen species, salt and
metal stress are known to cause defects of the thylakoid
membrane-associated photosystems (1,2).

The small heat shock protein Hspl7 (also known as
Hspl6.6 or HspA) is essential for stress tolerance in the
model cyanobacterium Synechocystis sp. PCC 6803 (3,4).
Hspl7 belongs to the ubiquitous family of a-crystallin-
type ATP-independent chaperones (5). Small heat shock
proteins (sHsps) capture unfolded proteins to prevent for-
mation of irreversible aggregates (6). Synechocystis Hsp17
not only possesses protein-protective activity but also
stabilizes the lipid phase of membranes, thus main-
taining thylakoid membrane integrity under stress condi-
tions (7).

The exposure of Synechocystis to a sudden increase in
temperature or light intensity triggers expression of the
heat shock regulon including #Aspl7 (3,8). Shifting
Synechocystis cells from 34°C to 44°C results in a
>60-fold induction of &spl7 mRNA (9). Global gene ex-
pression profiling revealed a 20-fold induction of the Aspl7
transcript under light stress (8). Transcription of heat
shock genes, including &spl7, was shown to rely on the
alternative sigma factors SigB and Sig (10,11).
Furthermore, hspl7 transcription is strongly regulated
by changes in the physical order of membranes (12). A
combined transcriptomics and proteomics approach sug-
gested that regulation of heat shock gene expression in
Synechocystis is governed by transcriptional and yet
unknown translational regulation (9,11,13,14).

In recent years, the universal importance of regulatory
RNAs as posttranscriptional gene control elements has
been recognized (15,16). In bacteria, small regulatory
RNAs (sRNAs) are very abundant regulators that often
act through base pairing with target mRNAs, thereby
modulating translation efficiency and mRNA stability
(17,18). Biocomputational predictions and experimental
strategies have revealed several hundred sRNAs in
Synechocystis; some acting as trans-encoded regulatory
RNAs with short and discontinuous complementarity to
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Figure 1. Translational control by the /isp/7 UTR element in E. coli.
(A) The secondary structure as predicted by the mfold program (40) of
the entire hspl7 5'-UTR is shown. The start codon (AUG, marked by
gray box) is located 45nt downstream of the transcription start site.
The SD and anti-SD sequences, loopl (L1) and loop2 (L2) are labeled.
Site-directed mutations M1-M4 and the exchanged nucleotides are
indicated; RR, variable nucleotides derived from random mutagenesis
(primer: hspl7therm-M4-fw + hspl7therm-M4-rv, Supplementary Table
S1). (B) Schematic representation of the reporter gene fusion on
plasmid pBAD-bgaB. Additional nucleotides inserted due to the
position of the Nhel cloning site relative to the pBAD promoter are
indicated by a box upstream of the 5-UTR. The artifical nucleotides at
the 5-end of the /Aspl7 transcript do not influence RNA folding and
expression of the gene (data not shown). (C) Expression of the trans-
lational bgaB reporter fusions (Miller Units, MU) to various hspl7
5'-UTRs. Escherichia coli DH5a cells containing the corresponding
plasmids were grown in LB medium at 28°C and either kept at this
temperature (white columns) or transferred to 42°C (black columns) for

their targets, others as cis-encoded perfectly complemen-
tary antisense RNAs (19-21).

In contrast to numerous sRNAs, mRNA-inherent
riboregulators like riboswitches and RNA thermometers
have received little attention in cyanobacteria.
Riboswitches are mRNA leader sequences that fold into
a complex structure whose conformation changes upon
ligand binding (22). RNA thermometers are translational
control elements built-into the 5-untranslated region
(5-UTR) of bacterial heat shock or virulence genes (23).
Typically, they fold into a complex structure that traps the
Shine—Dalgarno (SD) sequence at low temperatures. An
increase in temperature to 37°C (virulence genes) or higher
(heat shock genes) destabilizes the structure, liberates the
SD sequence and permits formation of the translation ini-
tiation complex. Functionality of RNA thermometers in
the relevant temperature range of mesophilic bacteria
requires a structure that is stable enough to resist
opening at temperatures below 30°C but sufficiently
unstable to melt as the temperature increases. This can
be achieved by a delicate balance of Watson—Crick base
pairs, internal bulges and loops and non-canonical base
pairing (24-27).

An RNA thermometer-like structure is located in the
5-UTR of the Synechocystis hspl7 transcript. The
hairpin engages the SD sequence and part of the AUG
start codon in a secondary structure, contains an
internal loop and might thus act as RNA thermometer
(Figure 1A). With only 44 nucleotides in length, the
hspl7 5-UTR is the smallest natural thermometer candi-
date discovered yet. In this work, we provide genetic and
biochemical proof that it acts as bona fide RNA thermom-
eter that has important not previously described physio-
logical functions.

MATERIALS AND METHODS
Strains and growth conditions

Escherichia coli cells (DHS5a and DH5aZ1) were grown at
28 or 37°C in Luria—Bertani (LB) medium supplemented
with ampicillin (Ap, 150pug/ml) or chloramphenicol
(Cm, 50 ug/ml). For induction of the pPBAD promoter in
strains carrying translational bgaB fusions, 0.01% (w/v)
L-arabinose was added. Expression of translational gfp
fusions was induced via inactivation of the Tet repressor
with 50 ng/ml doxycycline.

Synechocystis cells were grown under low light condi-
tions (30 umol photons m—~ s~ ') at 28°C on BG11/agar

30min before B-galactosidase activity was measured. All experiments
were repeated at least in triplicate. Induction rates are shown above
each fusion. A Salmonella agsA-bgaB fusion [fourU element; (27)] was
used as a positive control (C.1), while E. coli gyrA-bgaB (27) served as
a negative control (C.2). Absolute B-galactosidase levels are listed in
Supplementary Table S2. (D) mRNA levels of hspl7-bgaB fusions
before and after heat shock. Total RNA was extracted from E. coli
cultures incubated at either 28 or 42°C. Equal amounts were separated
on a 1.2% denaturing agarose gel and northern blot experiments were
carried out using digoxygenin-labeled RNA probes to detect hgaB tran-
scripts. Ethidum-bromide stained rRNAs from the gel before blotting
are shown as loading control. The bgaB fusion transcript runs at 2kb.



(28) plates or in BGI1 liquid media as described (29).
Liquid media was supplemented with 5mM glucose
when appropriate.

For the measurement of chlorophyll concentrations,
cells were sedimented by centrifugation and extracted
with 100% methanol. The concentration of chlorophyll
was calculated from the absorbance values of the extract
at 666 and 750 nm (30).

Plasmid construction

The hspl7-bgaB fusion (pBO1293) was constructed by
transfer of the Aspl7 5-UTR from pBO1292 upon Nhel/
EcoRI digestion into the corresponding site in pBO415
(Supplementary Table S1). To obtain the translational
gfp fusion (pBO1325), the hspl7 5-UTR was transferred
from pBO1292 via Nhel and an introduced Pstl site into
pXG-10 (31). Site-directed mutagenesis to generate
pBO1312, 1310, 1311, 1316, 1314, 1315, 1313, 1801 and
1802 was performed according to the instruction manual
of the QuikChange® mutagenesis kit (Stratagene, La Jolla,
USA). Plasmid pBO1292 served as a template for PCR
with mutagenic primers (Supplementary Table S1). The
inserts containing mutated Aspl/7 UTRs were isolated
upon Nhel/EcoRI or Pstl/Nhel digestion and cloned
into the corresponding site upstream the bgaB or gfp
gene, respectively. The entire Aspl7 coding region
including its 5-UTR was amplified and cloned into
pUCIS8 (pBO1347) for subsequent site directed mutagen-
esis (Supplementary Table S1). Using unique restriction
sites BamHI/Cpol, #hspl7 thermometer variants rep,
derep and wild-type (WT) were cloned into pNaive.l16
(29) resulting in pBO1834, 1806 and 1807. The correct
nucleotide sequence was confirmed by automated
sequencing (eurofins, Martinsried, Germany). pNaivel6
(pAZ877) was provided by Prof. Dr Elisabeth Vierling
(University of Arizona).

RNA and protein detection

Preparation of total RNA from E. coli and Northern
analysis followed previously published protocols (32).
Preparation of total RNA from Synechocystis was per-
formed with a Qiagen RNeasy® kit (Qiagen, Hilden,
Germany) according to the instruction manual. RNAs
were detected with a DIG-labeled bgaB or hspl7 RNA
probe, respectively. The DIG-HIGH prime labeling kit
(Roche Applied Science, Mannheim, Germany) was used
for preparation of probes (see Supplementary Table S1 for
details). For E. coli protein extraction, cell pellets were
resuspended in lysis buffer (10mM sodiumphosphate,
pH 7.0, 20% glycerol, 0.5mM DTT) according to their
cell density (100 ul buffer per ODsgq of 1.0). SDS sample
buffer was added, cells were boiled for Smin and equal
volumes were subjected to SDS-PAGE. Synechocystis
whole cell lysates were prepared according to Klinkert
et al. (33). Soluble fractions corresponding to 20 pg of
chlorophyll were separated on 12.5% polyacrylamide
gels. SDS-PAGE and western blot was performed as
described (34). GFP was detected on a western blot
using a polyclonal o-GFP antibody (abcam209; Abcam,
Cambridge, USA). Hspl7 antigen was revealed by
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a-Hspl7 antibody, kindly provided by Prof. Dr
Elisabeth Vierling (University of Arizona). Signals were
detected with a ChernilmagerTM Ready (Alpha Innotech,
Biozym, Wien, Austria).

In vitro transcription

RNAs were synthesized in vitro by runoff transcription
with T7 RNA polymerase from linearized plasmid tem-
plates. Plasmids pBO1301, 1304 and 1302 (linearized
with MIsI) were used to generate RNA for enzymatic
structure probing and plasmids pBO1305, 1349 and 1348
(linearized with HpyCH4V) to generate RNA for
toeprinting experiments (Supplementary Table S1).

Structure probing experiments

RNA structure formation at either 28 and 42°C was
compared. RNA was 5-end labeled as described (35).
Partial digestion of 5'-end-labeled RNAs with ribonucle-
ases T1 (0.004U and 0.01U), V (0.008U and 0.02U) was
conducted according to Waldminghaus et al. (32). For
chemical probing, labeled RNA was mixed with 2 ul 5x
lead buffer (250 mM tris—acetate pH 7.5, 25mM Mg-
acetate; 250 mM Na-acetate) and 1pug tRNA in a total
volume of 10pl. Lead(Il) probing assay was conducted
as described (36). RNA fragments were separated on
denaturing 8% polyacrylamide gels. Alkaline ladders
were generated as described previously (395).

Toeprinting analysis

Primer extension inhibition experiments were carried out
using 30S ribosomal subunits, target mRNA and
tRNA™¢ basically according to (37). The 5-[*P]-
labeled hspl7-specific oligonucleotide fspl7therm-runoff-
toeprint (Supplementary Table S1) was used as a primer
for cDNA synthesis. An aliquot of 0.08 pmol mRNA
(5-UTR plus 63nt of the hspl7 coding region) annealed
to the oligonucleotide was incubated for 10 min at 28 or
42°C, respectively, together with 16 pmol of uncharged
tRNA™¢ (Sigma-Aldrich, St Louis, MO, USA). Six
picomole of 30S subunits or water (negative control) was
added and incubation for another 10 min followed before
2 ul of MMLV-Mix [VD+Mg**-buffer, BSA, dNTPs and
MMLV reverse transcriptase (USB, Cleveland, OH,
USA)] was added. cDNA synthesis was performed at
28°C. Reactions were stopped after 10min by adding
formamide loading dye and aliquots were separated on a
denaturing 8% polyacrylamide gel.

CD spectroscopy

Circular dichroism (CD) unfolding and refolding curves
were recorded with a JASCO spectropolarimeter J-810.
RNA concentration was adjusted to 25uM. Buffer
conditions: 15 mM K, H,(PO,), 25mM KCl, pH 6.5. CD
unfolding curves were recorded with a temperature slope
of 1°C/min at a wavelength of 263nm between 5 and
90°C. CD refolding curves were recorded with a tempera-
ture slope of —1°C/min starting from 90 to 5°C. The CD
melting curves were normalized to determine the fraction
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of the unfolded RNA o(7) according to Equation (1).

[RNA1ded] O(T) — Bunfolded(T)

(D [RNAlotal] 6)l"olded(]_) - eunfolded(T)

)

In Equation (1) T is the temperature, 6(7) is the ellipti-
city in [mdeg], Ounrolaed(7) is the ellipticity of the unfolded
RNA, 014ea(T) is the ellipticity of the folded RNA and
a(T) the temperature dependent fraction of unfolded
RNA (RNAhp01deq) With respect to the total amount of
RNA (RNA ). At the melting temperature T, the
fraction of unfolded RNA is a(7},) = 0.5.

B-Galactosidase assays

B-Galactosidase activities of E. coli strains carrying bgaB-
fusions (pBO1312, 1310, 1311, 1316, 1314, 1315, 1313, 602
and 1056; Supplementary Table S1) were measured as
described previously (38), except that enzyme activity
was measured at 55°C.

GFP-fluorescence assays

Twenty-five mililiter of LB-Cm medium was inoculated
with 2ml of E. coli DH5aZ1 overnight cultures, carrying
translational gfp-fusions (pBO1325, 1801 and 1802,
Supplementary Table S1) of the respective hspl7 therm-
ometer variants. Cultures were grown at 28°C to a final
ODyggop of 0.5-0.6. Ten milliliter of the culture was
transferred to a prewarmed flask at 42°C. Subsequent to
heat shock; cells were shifted to 28°C for 90 min to allow
full maturation of GFP-fusion proteins. Aliquots were
taken for Western analysis. Two times 2.5ml of cells
were spun down (13000 rpm, 1min) and resuspended in
500 ul 1 x PBS buffer. Ten microliter of cell suspension
was pipetted on object slides and fixed with 10ul 0.5%
low-melting agarose. The samples were analyzed under a
fluorescence microscope (BXS51; Olympus, Hamburg,
Germany).

Engineered Synechocystis strains

The Synechocystis strains used in this work were generated
by transforming pNaive- hspl7 derivates (pBO1834,
1806 and 1807) into the kanamycin-resistant hspl7
deletion strain HK1-1 (Kosaka and Fukuzawa, Kyoto
University, Japan) kindly provided by Prof. Dr Elisabeth
Vierling (University of Arizona). Transformations were
performed according to Klinkert ez al. (33), prior to select-
ing for increasing spectinomycin resistance, at concentra-
tions up to 250 pg/ml spectinomycin dihydrochloride as
described (29). Homologous recombination of the Aspl7
variants (WT, rep and derep) into Synechocystis genome
was confirmed by PCR, northern and western analysis.

Synechocystis heat shock assays

Heat shock treatments (42°C) for subsequent analysis
were conducted by shifting cells from 28°C to prewarmed
flasks at 42°C for various time lengths as indicated in the
figure legends.

Synechocystis high-light stress assays

High-light experiments were performed by exposing cells
to 600 pumol of photons m~2 s~! at 28°C for various time
periods as indicated in the figure legends. Light intensities
were measured outside the flasks. Potential light-induced
heat generation was monitored in a reference flask. We
measured a maximal increase of 2.5°C over a 360-min
period.

Chlorophyll determination

Chlorophyll determinations of Symechocystis cells was
based on the method described by Porra et al. (39). Five
hundred microliter of each culture was pelleted and resus-
pended in 1 ml MeOH prior to sonification for 15min.
After centrifugation, absorbance of the supernatant was
read at 652, 665.2 and 750 nm on a Novaspec spectropho-
tometer (Pharmacia Biotech, Freiburg, Germany).
Chlorophyll a (Chl a) concentration was calculated using
the following formula:

Concentration (Chl a) [mg/ml] = 18.22 x (ODg¢gs0—
OD750)—9.55 x (ODgs5,—0D750).

Thylakoid stability assays

In vivo examinations of thylakoid thermostability were
conducted with a luminescence spectrometer (Aminco
Bowman II, Thermo Fisher Scientific, Langenselbold,
Germany) as described (12). The temperature of respective
Synechocystis cultures (‘WT’, Rep and Derep) was
increased at 2°C/min. Thylakoid photostability was
determined by exposing cells to high light at 28°C for
380 min. Changes in chlorophyll a (Chl a) fluorescence
were measured every 20 min.

Photosynthetic assays

A water-cooled Clark-type electrode (Bachofer,
Reutlingen, Germany) was used to measure the photosyn-
thetic rates of Synechocystis strains carrying different
hspl7 mutations. Samples of heat shocked or high-light
stressed cells were immediately transferred to an oxygen
electrode chamber. To prevent CO, depletion, 1 mM
NaHCO; was added to the culture as described (3). For
analysis of cellular recovery, cells were transferred to
physiological conditions (28°C and low light).

In silico RNA structure prediction

RNA secondary structures were predicted by using the
mfold server (http://frontend.bioinfo.rpi.edu/applications/
mfold/cgi-bin/rna-form1.cgi) running version 3.2 (40).

RESULTS

Characterization of the first cyanobacterial RNA
thermometer

In contrast to other RNA thermometers, the 5-UTR of
Synechocystis hspl7 exhibits a rather minimalistic archi-
tecture. Based on the previously determined transcription
start site (41,42), the calculated structure of the 5-UTR



consists of a single hairpin of 44nt, in which the SD
sequence site is flanked by two loops, the internal asym-
metric L1 loop and the large L2 loop at the top
(Figure 1A). Nearly perfect canonical base pairing exists
between the SD (AGGAG) and the anti-SD (UCCUU)
sequence. The AUG triplet is only partially embedded
in the structure at the base of the hairpin. The calculated
free energy of the entire structure is —5.5kcal mol™!
[mfold; (40)].

A well-established Escherichia coli reporter gene system
(27) was used to test whether the cyanobacterial RNA
element is able to confer temperature-dependent transla-
tional control. The Aspl7 5-UTR element was cloned
between the L-arabinose-inducible pBAD promoter and
the bgaB gene coding for a heat-stable B-galactosidase
(43) (Figure 1B). At 28°C the WT fusion allowed a basal
B-galactosidase activity of 30 MU that increased 6-fold to
180 MU after a shift to 42°C (Figure 1C). The induction
by the /isp17 5'-UTR is comparable to the Salmonella agsA
fourU thermometer in our control experiments and clearly
exceeds induction of a control fusion to the 5-UTR of the
E. coli housekeeping gene gyrA coding for the DNA
gyrase.

As the efficiency of translation initiation correlates with
the accessibility of the ribosome binding site (44,45),
stabilizing and destabilizing point mutations should have
an impact on RNA thermometer function. Selected sites
for oligonucleotide-directed mutagenesis are outlined in
Figure 1A. The first set of mutations (M1-M4) was
aimed at stabilizing the overall thermometer structure.
Indeed, M1, M2 and M3 significantly lowered expression
both at 28 and 42°C (Figure 1C). Introduction of a G—-C
pair instead of the kinked internal loop in M1 (AAC39-
41G; henceforth called rep for ‘repressed’) resulted in
complete loss of reporter activity at both low and high
temperatures. Mutation M2 (U17C) substituted a G-U
basepair by a more stable G—-C basepair resulting in
tighter repression at both temperatures. M3 (U22G) was
constructed to reduce the size of loop L2 (Figure 1A). The
extra G—C pair provided additional stability to the stem
and reduced P-galactosidase activity at 28 and 42°C but
retained a 5-fold induction (Figure 1C).

A collection of destabilizing mutations was obtained by
partially randomized oligonucleotides that introduced
various nucleotides at the positions C19 and C20 (see
‘Material and Methods’ section and Supplementary
Table S1). Four different Aspl7 5-UTR variants (M4.1-
M4.4) that were predicted to reduce the thermodynamic
stability of the SD/anti-SD interaction resulted in elevated
expression at 28 and 42°C (Figure 1C). As an example, the
M4.4 variant (henceforth called derep for ‘derepressed’)
produced 200 and 790 MU (as compared to 30 and 180
MU, respectively, in the WT). Elevated reporter gene
activity at 28°C resulted in reduced heat induction (2.5-
to 3.9-fold) by all four constructs.

To demonstrate that the changes in expression levels at
different temperatures were due to translational control
rather than to different transcript levels, we conducted
northern blot experiments (Figure 1D). The amounts of
WT, rep and derep mRNAs were monitored at 28 and
42°C using a probe directed against the coding region of
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the bgaB reporter gene. Temperature changes had no in-
fluence on the steady-state level of the transcripts.
Translational control by the Aspl7 5-UTR was further
assessed by a newly developed green-fluorescent protein
(gfp)-based reporter system (Figure 2A). In contrast to
the bgaB system, it does not add any vector-derived nu-
cleotides to the 5'-end of the transcript. Transcription is
driven by the Py 0.1 promoter and initiates at the natural
+1 site immediately at the 5'-end of the inserted fragment
(46). In E. coli DH5aZ 1, this promoter is tightly repressed
by the Tet repressor and can be regulated by supplying
50ng/ml doxycycline to the culture. Western analysis
demonstrated doxycycline-dependent and temperature-
controlled expression of the translational WT fusion
(Figure 2B). In case of the rep fusion, expression
occurred neither at 28°C nor at 42°C confirming the im-
portance of loop L1 for thermometer function. The derep

A +1
C— &
5-UTR
44 bp
| Lo gfp+ |
promoter 753 bp
B WT rep derep
28 42 28 42 28 42 28 42 T[C]
= + o+ o+ o+ + + doxycycline [50 ng/ml]
~27 kDa— adD &a@ °CFP
C 28°C 42°C
WT
rep
derep

Figure 2. The hspl7 5-UTR controls gfp expression in E. coli.
(A) Schematic representation of the reporter gene fusions on the
low-copy vector pXG10 (31). (B) Detection of GFP fusion proteins.
Escherichia coli DHS5aZ1 cells (46) carrying reporter plasmids with the
WT, rep and derep /spl7 UTR element were grown in LB medium at
28°C. Following heat shock as described in the legend to Figure 1C,
cells were incubated at room temperature for 90min to allow fully
maturation of GFP fusion proteins. Samples were subjected to
western  blot analysis using monoclonal o-GFP  antibodies.
Transcription of the gfp fusions was induced by application of doxy-
cycline (50ng/ml), which inactivates the Tet repressor. (C) Aliquots
from the same samples were inspected by phase contrast and fluores-
cence microscopy. GFP fluorescence was excited at 460 nm, and light
emission was recorded using a 510nm filter. Representative examples
are shown from three independent experiments, all of which gave
similar results.
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fusion produced equal amounts of GFP protein at both 28
and 42°C. The determined protein levels were fully re-
flected by GFP fluorescence in vivo (Figure 2C).
Fluorescence microscopy revealed weak basal GFP
activity at 28°C from the WT fusion that was enhanced
when cells were shifted to 42°C. The rep variant produced
no fluorescence at all, whereas cells containing the derep
fusion emitted fluorescence at both temperatures.

Taken together, the 5-UTR of the Synechocystis hspl7
gene displays all features characteristic of a typical RNA
thermometer when tested in E. coli reporter systems. The
rep and derep versions are presumably locked into ‘closed’
and ‘open’ states, respectively.

Temperature-mediated structural changes in the hsp17
leader sequence

To map the structure and temperature responsiveness of
the hspl7 5-UTR in vitro, we synthesized WT, rep and

derep fragments by T7 RNA polymerase-mediated in vitro
transcription and performed comparative enzymatic and
chemical probing experiments. Cleavages introduced at 28
and 42°C by lowest enzyme or lead(Il) concentrations,
respectively, were used for structural interpretations. The
cleavage pattern of the WT UTR after limited digestion
with various RNases indicated that the computer-
predicted structure (Figure 1A) is almost correct (Figure
3A). Nucleotide G9 proposed to mask the uridine of the
AUG start codon appeared to be partially single stranded
at 28°C and became highly susceptible to RNase TI,
which cuts 3’ of single-stranded nucleotides, at 42°C.
Temperature-mediated disengagement of the AUG start
codon was also suggested by enhanced T1 cleavage of
G47 at 42°C. The SD sequence-forming nucleotides
G33, G34 and G36 were moderately cleaved by RNase
T1 at 28°C. The susceptibility of this region was signifi-
cantly increased at 42°C, providing evidence for
temperature-induced liberation of the SD region. G36
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Figure 3. Enzymatic and chemical probing of /spl7 UTR variants. (A and B) Enzymatic hydrolysis and lead(Il)-induced cleavages performed on
5-end-labeled Asp17 5'-UTR at 28 or 42°C. The conditions for RNase and lead(II) concentrations were as follows: (A) RNase T1 (0.004 and 0.01U),
RNase V (0.008 and 0.02 U); (B) lead(II) (10 and 20 mM). RNA fragments were separated on 8% polyacrylamide gels. Lanes N, controls without
RNase or modifying agents; lanes T, RNase T1 cleavages under denaturing conditions; lane L, alkaline ladder. Start codon (SC), internal loopl (L1),
Shine-Dalgarno (SD), loop2 (L2) and anti-SD regions are indicated. (C) Computer-predicted secondary structures and enzymatic and lead(I])-
induced cleavage sites of WT and mutated /spl7 UTRs. Cleavage sites introduced at 28°C by lowest enzyme or lead(II) concentrations are depicted
by arrows as indicated. Circled nucleotides are highly susceptible to RNase T1 at 42°C. Enhanced lead(II) cleavage at 28°C occurred at nucleotides

marked by asterisks.



was most sensitive toward RNase T1 suggesting that
melting initiates from L1 toward G36.

The structure of the rep RNA clearly deviates from the
WT structure (Figure 3A). Absent T1 cuts supported the
predicted tight structure. Nucleotides U42 and A43 were
cleaved by RNase V at low and high temperature suggest-
ing permanent sequestration of the start codon. RNase V
primarily cleaves double stranded and stacked regions.
The anti-SD nucleotides were also cleaved by RNase V
at 28 and 42°C. Most importantly, the SD sequence did
not become accessible to RNase T1 at 42°C indicating a
‘closed’ state, in which the SD sequence is not accessible to
the 16S rRNA.

In the derep RNA, the introduction of two Gs instead
of two Cs at positions 19 and 20 (pairing with the two Gs
of the SD sequence in the WT RNA, Figure 1A) resulted
in an altered and less stable structure with a shifted L2
loop and a wider L1 loop (Figure 3C). The instable struc-
ture at low temperature was most evident by chemical
probing (Figure 3B). Lead was used as a single-strand-
specific probe to detect subtle conformational changes in
rather flexible regions, e.g. internal loops and bulged
nucleotides (47). Nine nucleotides (A12, U13, Cl14, U44,
and in particular A15, A16, C41, A42, U43) in or flanking
the internal loop L1 of the derep RNA were attacked by
lead (II) at 28°C. Loop L1 of the WT structure was much
less sensitive toward lead(Il). Lead probing confirmed the
predicted existence of the L2 loop in the WT and rep
RNAs. The SD sites of all RNAs remained unaffected
by lead(Il) attack probably due to strong base stacking
of the purine nucleotides.

Collectively, these results support the model that the
5'-UTR of Synechocystis hspl7 blocks access to the SD
sequence at low temperatures and responds to a tempera-
ture upshift by melting that liberates the ribosome binding
site.

To provide further evidence for the melting process
and the differences between the three RNA species,
commercially synthesized RNA was subjected to
temperature-gradient circular dichroism (CD) spectrom-
etry (Figure 4A). The unfolding curves exhibit 7;, values
of 45.1°C for the derep RNA, 50.2°C for the WT RNA
and 56.9°C for the rep RNA. Unfolding and refolding
curves of the WT RNA are nearly identical (Figure 4B)
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indicating that unfolding is a completely reversible
process.

Temperature-controlled ribosome binding to the hsp17
thermometer

In order to directly examine binding of the ribosome to the
Synechocystis hspl7 5'-UTR, we performed toeprinting
(primer extension inhibition) assays. Complex formation
between the radio-labeled primer, 30S ribosome and initi-
ator tRNA and the Aspl7 UTRs (WT and derep: 104 nu-
cleotides; rep: 102 nt; see full-length products in Figure 5)
was allowed at 28 or 42°C. The extent of ternary com-
plex formation was determined by primer extension.
Prematurely terminated products (toeprints) correspond-
ing to the +17 position downstream of the AUG start
codon were expected if ribosome was bound to the RNA.
At 28°C, the majority of reverse transcripts were extended
to the 5-end of the template (Figure 5). Only small
amounts of truncated cDNAs were obtained at the charac-
teristic toeprint position. In contrast, prominent toeprint
signals accompanied by a reduced yield of full-length
cDNA occurred at 42°C indicating that formation of a
translation initiation complex was greatly stimulated at
heat shock temperatures.

The complete absence of a toeprint signal when the rep
RNA was used and constitutive, temperature-independent
formation of a ternary complex with the derep RNA con-
firmed the importance of the RNA architecture for
ribosome binding.

Introduction of hsp17 thermometer variants into the
Synechocystis background

As reported previously, inactivation of the Synechocystis
hspl7 gene results in reduced thermotolerance and thyla-
koid stability under heat stress conditions (3.,48).
Conversely, constitutive expression of hspl7 confers
thermotolerance and protection of the photosynthetic
apparatus (49). This offers the unique opportunity to
test for the physiological importance of the Aspl7 therm-
ometer element. We made use of a Ahspl7 mutant and
engineered  stable  Symechocystis  strains  carrying
chromosomally integrated WT, rep and derep 5-UTRs
upstream of hAspl7 (henceforth called “WT’, Rep and
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Figure 4. Melting studies of Aspl7 thermometer element by CD spectroscopy. (A) Temperature-dependent fraction of unfolded RNA o(T) of the
hspl7 WT (blue line), derep (black line) and rep (red line) RNA as derived from CD unfolding curves recorded at a wavelength of 263 nm.
(B) Comparison of unfolding and refolding o(T) curves of the Aspl7 WT RNA as derived from CD unfolding and refolding curves recorded at

a wavelength of 263 nm.
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Derep strains). The Synechocystis HK-1 strain, which
lacks the hspl7 open reading frame s//1514 (50) was used
for homologous recombination via flanking sequences
enabling selection for increasing spectinomycin resistance
(Figure 6A). Correct insertion into the Synechocystis
genome was confirmed by PCR (data not shown).
Expression of hspl7 in the recombinant strains was
assayed by northern and western blot analyses. All three
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Figure 5. Temperature-dependent ribosome binding to the hspl7
5-UTR. Toeprinting was carried out on 2pmol of WT, rep and
derep RNAs as described in ‘Materials and Methods’ section. The
absence (—) or presence (+) of 30S subunits is indicated. Terminated
reverse transcription products (toeprints) at position +17 relative to the
A of the translation start codon and full-length products are pointed
out by arrows. TGCA refers to a sequencing ladder generated with the
same oligonucleotide as in the toeprint experiments. The position of the
start codon is boxed.

strains produced comparable amounts of Asp/7 mRNA
(Figure 6B and C). Consistent with previous results (42),
the level of Aspl7 transcript was low at 28°C and increased
after a shift to 42°C for 1h (Figure 6B). Despite the
presence of hspl7 mRNA, the small heat shock protein
was not detectable at low temperature suggesting transla-
tion inhibition. Hsp17 protein accumulated at 42°C. The
Rep strain was incapable of translating Asp/7 mRNA
whereas the Derep mutant synthesized equal amounts of
Hspl7 at 28 and at 42°C.

Induction of hspl7 in Synechocystis occurs not only
after heat-shock but also after exposure to strong visible
light (8). As Synechocystis cells exposed to 300 pmol
photons m—> s~ transcribe only little isp/7 mRNA (3),
we choose higher light intensities of 600 umol photons m 2
s~ for 30 min. Light stress-dependent synthesis of Hsp17
in “‘WT’, Rep and Derep cells followed the same pattern as
in heat-shocked cells; i.e. it was induced, absent or consti-
tutively high, respectively (Figure 6C). Comparative
western blot analysis showed that heat shock is a
stronger inductor of Aspl7 expression than high light
stress (Supplementary Figure S2). Moreover, Hspl7
protein is a very stable protein as it was still traceable in
the late recovery phase (60 min post-shock) of stressed
‘WT’, Rep and Derep strains.

Open and closed hspl17 UTRs confer growth defects under
stress conditions

In order to determine their stress resistance, Synechocystis
‘WT’, Rep and Derep strains were challenged with differ-
ent stress conditions. First, cells were exposed to a 6 h heat
shock at 42°C and subsequently incubated at 28°C under
low light conditions (30 pmol photons m~2 s~') for 5 days
(Figure 7A, top panel). The pale phenotype showed that
the Ahspl7 strain was sensitive to this treatment. The
complemented “WT’ strain was protected, and the Rep
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WT| 16SRNA — s s e 0 o9 9 STy )
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Figure 6. Effect of chromosomally integrated Asp/7 UTR variants on Hspl7 production in Synechocystis. (A) Outline of the strategy for construc-
tion of Aspl7 mutants. The Synechocystis HK-1 (Ahspl7) strain was used for integration of Asp/7 and its 5-UTR via up and downstream flanking
sequences. SmR, spectinomycin resistance; KmR, kanamycin resistance. Homologous recombination resulted in generation of the so-called “WT’,
Rep and Derep strains. (B and C) Determination of /&sp/7 mRNA and Hspl7 protein levels by northern and western analysis, respectively. Total
RNA and protein was extracted from Synechocystis cells incubated at either 28 or 42°C. Ethidium bromide stained 16s rRNA served as a loading
control in northern blot experiments. Equal amounts of total protein were checked by Coomassie-stained SDS-PAGE gels (data not shown). A
digoxygenin-labeled RNA probe was used to detect hspl7 transcripts, Hspl7 protein was detected via monoclonal o-Hspl7 antibody. (C)
Synechocystis cells were incubated under low light (LL: 30 umol photons m~2 s™') or high light (HL: 600 umol photons m~2 s~') conditions at
28°C for 30 min. Temperature-stability of the culture was monitored. Subsequent northern and western analysis was conducted as described above.
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Figure 7. Stress-induced phenotypes of Synechocystis hspl7 mutants.
(A) Cells were grown to early log phase prior to stress treatment.
HS, cells were incubated at 42°C for 6h; HL, cells were exposed to
600 pmol photons m~2 s~! for 6h; HL*, cells were incubated at 42°C
for 60min prior to 5h HL (600 pumol photons m~2 s~') treatment.
Following the different stress conditions, the cultures were transferred
to 28°C and LL conditions for 5 days. Before documentation, cultures
were diluted to an optical density (OD739) of 1.5. Representative
examples of at least three experimental repetitions are shown.
(B) Samples from these Synechocystis cell cultures were used for Chl
a extraction. (C) Early log phase cells grown in the presence or absence
of glucose were treated with HS, HL, HL* as described in (A). After
treatment, cells were transferred to 28°C and LL conditions for 48 h.

and Derep mutants behaved like the Ahspl7 and “WT’
strain, respectively.

Heat sensitivity of the Ahspl7 and Rep strains
coincided with a reduced Chlorophyll a (Chl a) content
(1.0mg/ml in Ahspl7 and 1.5mg/ml in Rep compared to
6.0mg/ml in “WT’ cells; Figure 7B). As Chl a is function-
ally linked to PSII reaction centers, the reduced Chl a
concentrations suggest a defective photosynthetic appar-
atus in the absence of Hspl7. When the four strains were
exposed to high light (600 pmol photons m~2 s~ ') for 6h
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at 28°C, they displayed a similar phenotype as after heat
stress (Figure 7A, second panel). However, light stress
caused less Chl a decay in Ahspl7 and Rep cells (3- and
2-fold, respectively; Figure 7B) indicating a milder impact
on cellular fitness. A defect of the Derep mutant became
evident when a combined heat/light stress was applied
(Figure 7A, third panel) suggesting that permanent over-
production of Hspl7 alters cell physiology. Here, a heat
shock for 1 h was applied prior to 5h high-light exposure.
While the “WT’ strain was protected against this severe
stress, the Ahspl7 and the Rep strain were equally sensi-
tive. The Derep mutant showed an intermediate pheno-
type retaining one third of its original Chl a content
(Figure 7B).

The importance of appropriate amounts of Hspl7 for
the fitness of Synechocystis was further demonstrated by
growth tests in the presence (heterotrophic growth) or
absence (phototrophic growth) of glucose. The Rep
mutant had an extended generation time compared to
the “WT’ under all stress conditions tested (Figure 7C).
The Derep strain grew as well as the “WT’
heterotrophically in the presence of glucose. Under photo-
synthetic growth conditions in the absence of glucose,
however, the Derep strain suffered from continuous
Hspl7 production. The calculated generation time was
elevated to 25h under light stress and to nearly 50h
under heat/light stress suggesting that deregulated Aspl7
expression in particular affects the photosynthetic
apparatus.

Open and closed hsp17 thermometer elements affect
photosynthesis activity of Synechocystis

The Hspl7 protein stabilizes the lipid phase of membranes
and contributes to the maintenance of the thylakoid integ-
rity, especially under stress conditions (7). This prompted
us to examine the integrity of the photosynthetic appar-
atus in our hspl7 mutants. Chlorophyll a (Chl a) fluores-
cence can be used as an intrinsic probe for the stability of
PSII-protein complexes (12). Loss of thylakoid membrane
stability is correlated with an increase in Chl a fluores-
cence. Maximal fluorescence in the ‘WT’ strain was
measured at 48°C (Figure 8A). A striking reduction of
thermal stability to 42°C was monitored in the Rep
mutant whereas thermostability of the photosynthetic ap-
paratus was increased to 55°C in the Derep strain. This is
in good agreement with the thermostability of the corres-
ponding 5-UTRs (Figure 4) indicating that it is the
behavior of the RNA that is responsible for the physio-
logical outcome. Light stress led to comparable results
(Figure 8B). Maximal Chl a fluorescence was measured
in the ‘WT after 200min of high-light exposure.
Photostability was reduced to 140min in the Rep
mutant and increased to 300 min in the Derep strain.

To measure photosynthetic activity of the hspl7
mutants, we determined oxygen evolution after exposure
to 42°C or high-light conditions. While there was a drop in
oxygen evolution of ~30% during the first hour at 42°C in
the “‘WT’, the Derep mutant was barely affected suggesting
that the photosynthetic machinery was well-protected
(Figure 8C). Heat sensitivity of the Rep mutant on the
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Figure 8. Integrity of the photosynthetic machinery in Synechocystis strains with mutated hspl7 5-UTRs. (A) The temperature effect on Chl a
fluorescence was measured over a temperature range from 30°C to 60°C in “WT’ (circles), Rep (squares) and Derep (triangles) cells grown at 28°C
under LL conditions. (B) The impact of light stress on Chl a fluorescence was measured in cells from the same pre-culture as in (A). Cultures were
exposed to HL over a period of 380 min. (C) Oxygen evolution was monitored after a heat shock from 28°C to 42°C at the indicated time points.
After 380 min, cultures were returned to 28°C. (D) Oxygen evolution after shift to HL conditions. For recovery, the cultures were returned to LL
conditions for 60 min. Cells from the same cultures were used for the experiments in (C) and (D). Results are presented as percentage of the oxygen
evolution rate measured at time 0. The photosynthetic activities before stress treatment were 3.02 & 0.04, 2.96 + 0.01 and 2.87 + 0.07 pmol O, mg
Chl™" min~" in the “WT’ (circles), Rep (squares) and Derep (triangles) strains, respectively. Error bars represent standard deviations obtained from

three independent experiments.

other hand was reflected by a sharp decrease in oxygen
evolution to 20% within 60min after heat shock.
Interesting differences were observed in the recovery
phase after the cultures had been returned to 28°C and
low light conditions. The ‘“‘WT’ and in particular the Rep
strain, which is unable to produce Hspl7, recovered
rapidly and regained full oxygen evolution capacity
within 1 h. In contrast, the Derep mutant suffered most
in the recovery phase and returned to pre-shock efficiency
only slowly indicating that continued production of Hsp17
is counterproductive once the stress has declined.
Exposure to high-light intensities had a similar effect
on oxygen evolution. Heat-preincubation of the cells
increased the effect of high-light stress in all strains (data
not shown). Again, intermediate damage after stress
exposure occurred in the “WT” background (Figure 8D).
The Rep mutant was most sensitive and the Derep strain
was barely affected. Under recovery conditions, the “WT’
and Rep strain performed best, whereas the Derep strain
was delayed in full oxygen production. Apparently,

well-adjusted synthesis of Hspl7 protein by the Aspl7
UTR is important for stress management in Synechocystis.

DISCUSSION
A novel RNA thermometer family

RNA thermometers are widely distributed genetic control
elements in the 5-UTR of temperature controlled genes
(23,51). They have been found in numerous o- and
y-proteobacteria and in the Gram-positive pathogen
Listeria monocytogenes (25,27,52). Here, we document
the first cyanobacterial RNA thermometer that controls
translation initiation of the Asp17 gene in Synechocystis sp.
PCC 6803. Consisting of only 44 nt forming a single stem—
loop structure, it is by far the shortest and most simple
natural RNA thermosensor known to date. Typical re-
pression of heat shock gene expression (ROSE) elements
are between 60 and 110nt long (52). The fourU element
upstream of the Salmonella agsA gene contains 58 nts (27).



The E. coli rpoH thermometer that reaches far into the
coding region is composed of 227 nts (24). In its simplicity,
the cyanobacterial element resembles rationally designed
synthetic RNA thermometers consisting of a short single
stem—loop (53).

Riboswitches and RNA thermometers are simple regu-
latory elements that have repeatedly been suggested to
originate from an ancient RNA world (23,54,55).
Recently discovered cyanobacterial fossils were dated
3.5-billion-years old (56) marking the advent of oxygenic
photosynthesis. Apparently the presence of a functional
hspl7 5'-UTR is beneficial to Synechocystis sp. PCC
6803. This prompted us to ask whether other
cyanobacteria possess similar elements. Interestingly,
likely candidates were identified in the long 5-UTRs of
the Thermosynechococcus elongatus and T. vulcanus small
heat shock gene AspA. At their 3’-end they exhibit signifi-
cant sequence similarity to the Aspl7 leader sequence
(Supplementary Figure S1). According to in silico calcula-
tions, the extended 5-end is predicted to form a long
hairpin structure which might be required for overall sta-
bility of the RNA structure in a thermophilic habitat. The
presence of thermometer-like sequences upstream of small
heat shock genes in distantly related, thermophilic
cyanobacteria suggests that this translational control
element might be commonly used to withstand constantly
changing temperature and light conditions.

Physiological relevance of the cyanobacterial thermometer

Our study provides first experimental evidence for the
physiological importance of the on- and off-function of
an RNA thermometer. Although the structure and
temperature-induced conformational changes of several
RNA thermometers have been studied in detail, evidence
for their in vivo significance has been lacking except
for the Listeria prfA thermosensor that activates virulence
gene expression inducing host cell invasion (25). A major
reason is that most known RNA thermometers control
translation of small heat shock genes, which usually are
dispensable because the cellular chaperone network is
very redundant (5). In contrast, the Aspl7 gene is critic-
ally important for Synechocystis because its major target,
the photosynthetic machinery is very sensitive to
stress-induced damage. Therefore, Hspl7 is essential
for tolerance to high temperatures and light stress in
several mesophilic and thermophilic cyanobacteria
(3,49,57). Heterologous expression of the sHsp from
Synechococcus vulcanus in Synechococcus sp. PCC 942
conferred increased thermal resistance and prevented in-
activation of the photosynthetic apparatus (49). The pro-
tective effect of the amphitrophic Hsp17 protein depends
on its dual role as a protein and membrane chaperone (7).
In vitro, Hspl7 is able to protect model proteins from
heat-induced aggregation (7). In vivo, heat stress-induced
Hspl7 interacts with a large variety of proteins and
protects a wide range of cellular functions (58). The
second important activity is its membrane association
(59). Most newly synthesized Hspl7 is associated with
the thylakoid membrane (12). Here, it plays a critical
role in controlling the physical order, bilayer stability
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and integrity of membranes (7). Further evidence for the
importance of this property derives from an Aspl7 mutant
with increased thylakoid association, which provided
elevated resistance against UV stress (60). Isolated
Synechococcus elongatus PCC7942 phycocyanin interacts
directly with HspA, a Hspl7 homolog (57). Thus, the
severe defect of stressed Symechocystis Ahspl7 and Rep
mutants (Figure 7A) might be due to detachment and deg-
radation of accessory pigments. This assumption is well
supported by the reduced Chl a levels (Figure 7B).
Despite the importance of Hspl7 for photosynthetic
activity, the mechanisms controlling its expression were
largely unexplored. Alternative sigma factors are known
to be required for transcription of hspl7. However, the
mRNA is not translated in the absence of stress
(Figure 6). Consistent with our northern blot experiments,
DNA microarray assays revealed basal transcription of
the hspl7 gene even if the inducing SigB factor was
missing (10,11). The absence of Hspl7 protein under
normal growth conditions despite the presence of signifi-
cant amounts of /Aspl/7 mRNA (Figure 6) indicates
that the 5-UTR of hspl7 blocks translation initiation
(Figure 9) when the chaperone is not required. In vitro
ribosome binding assays demonstrated that translation is
strictly temperature-controlled and does not require the
aid of additional cellular factors. Constitutive basal tran-
scription of hspl7 apparently provides a cellular pool
of mRNA intended for instantaneous ‘translation-on-
demand’, in case the conditions become unfavorable.
Under stress conditions, the simultaneous induction of
hspl17 transcription and translation allows rapid accumu-
lation of Hspl7 protein (Figure 9). In turn, the sHsp
promotes readjustment of membrane fluidity and repair
of unfolded proteins in the cytoplasm. In the post-stress
phase, rapid shut-down of Hsp17 synthesis is achieved by
the thermometer inherent to the mRNA. The defect of the
Derep mutant under phototrophic conditions and in the
stress recovery phase strongly suggests that turning off
hspl7 translation is as important as turning it on.
Apparently, permanent accessibility of the SD sequence
is deleterious in the recovery phase when hspl/7 mRNA
levels are still very high (Figure 9). Immediate sequestra-
tion of the SD sequence ensures that the abundant mRNA
is silenced after restoration of physiological conditions.
In the course of our experiments we made the puzzling
observation that translation of sp/7 mRNA was not only
induced by heat stress but also, although weaker
(Supplementary Figure S2), by high-light conditions
(Figure 6). As we constantly monitored temperature
during light exposure, we exclude that the observed induc-
tion was simply due to heating-up the growth medium.
Thus, it appears that the Aispl7 thermometer responds to
high-light stress. At this point we can only speculate on
the mechanism underlying the induction of /sp/7 transla-
tion. The exposure of phototrophic organisms to light
quantities above the level required for saturating photo-
synthetic electron flow results in irreversible damage to the
D1 protein and inactivation of PSII (61). To avoid
progressive photoinactivation, excess photon energy is
partially dissipated as heat from non-functional PSII
centres (62,63). Although this might not induce a global
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Figure 9. The 5-UTR of the Synechocystis hspl7 gene controls translation on demand. The WT RNA forms a secondary structure at physiological
temperature (28°C) masking the ribosomal binding site of Aspl7, thus preventing the binding of the ribosome. A heat shock induces hspl7 tran-
scription. Concomitant melting of the hairpin structure in the 5-UTR allows translation initiation. A downshift to physiological temperatures shuts
off translation in spite of high transcript levels. Transcriptional induction of the Derep and Rep variants is unaffected. However, the blocked SD
sequence in the Rep mutant prevents translation under all conditions, whereas translation is constitutively on in the Derep mutant.

heat-shock response, it might be sufficient to cause partial
melting of an RNA thermometer given the prolonged and
intensive high-light stress (we were not able to induce
Hspl7 translation with visible light intensities below
600 pmol photons m > s~'). In this context, it is interesting
that de novo synthesis of thylakoid-associated Hspl7 at
ambient temperature can be induced by altering
membrane microviscosity by addition of 30 mM benzyl
alcohol (12). As interaction of benzyl alcohol with ribo-
nucleic acids has been reported, the alcohol might be able
to induce partial melting of an RNA thermometer (64).
Ethanol also was shown to induce sHsp biosynthesis
controlled by the ROSE thermometer in Bradyrhizobium
Japonicum (65). In any case, alcohol was a much weaker
inducer of sHsp biosynthesis than heat shock.

In y-proteobacteria like E. coli and Salmonella, RNA
thermometers modulate heat shock gene expression by
adding an additional layer of control to the efficient tran-
scriptional induction by the alternative sigma factor 32
(27,36,66). Instead, the Aspl7 thermometer is the predom-
inant regulator of hspl7 expression in Synechocystis.
Severe phenotypes were elicited by the exchange of only
a few nucleotides in the chromosomally integrated therm-
ometer. Weakening the SD/anti-SD interaction by two
point mutations resulted in permanent Aspl7 translation,
which offered a significant protection to the photosynthet-
ic apparatus in the first hours after stress exposure. As a
drawback, cells with elevated Hspl7 levels were delayed
in stress recovery and showed reduced fitness under

photosynthetic growth conditions in the presence of
stress. Apparently, the architecture of the hspl7 UTR is
well-adjusted to supply the perfect amount of the chaper-
one under normal, stress and recovery conditions. It is a
sensitive, efficient and rapidly responding gene control
element that performs equally well in vitro, in E. coli
and in Synechocystis making it an attractive candidate
for applications in green biotechnology, which uses
cyanobacteria or plants as biofactories (67). Owing to its
simple architecture the Synechocystis element is much
more suitable as versatile gene control element than all
other previously described RNA thermometers.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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