
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Structural basis for intrinsic thermosensing by the master
virulence regulator RovA of Yersinia

Citation for published version:
Quade, N, Mendonca, C, Herbst, K, Heroven, AK, Ritter, C, Heinz, DW & Dersch, P 2012, 'Structural basis
for intrinsic thermosensing by the master virulence regulator RovA of Yersinia' Journal of Biological
Chemistry, vol 287, no. 43, pp. 35796-803., 10.1074/jbc.M112.379156

Digital Object Identifier (DOI):
10.1074/jbc.M112.379156

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher final version (usually the publisher pdf)

Published In:
Journal of Biological Chemistry

Publisher Rights Statement:
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 20. Feb. 2015

http://dx.doi.org/10.1074/jbc.M112.379156
http://www.research.ed.ac.uk/portal/en/publications/structural-basis-for-intrinsic-thermosensing-by-the-master-virulence-regulator-rova-of-yersinia(705b7063-a8a3-4a40-928d-378d6bf8bbb1).html


Ritter, Dirk W. Heinz and Petra Dersch
Herbst, Ann Kathrin Heroven, Christiane 
Nick Quade, Chriselle Mendonca, Katharina
  

YersiniaRegulator RovA of 
Thermosensing by the Master Virulence 
Structural Basis for Intrinsic
Protein Structure and Folding:

doi: 10.1074/jbc.M112.379156 originally published online August 30, 2012
2012, 287:35796-35803.J. Biol. Chem. 

  
 10.1074/jbc.M112.379156Access the most updated version of this article at doi: 

  
.JBC Affinity SitesFind articles, minireviews, Reflections and Classics on similar topics on the 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

Supplemental material:

  
 http://www.jbc.org/content/suppl/2012/08/30/M112.379156.DC1.html

  
 http://www.jbc.org/content/287/43/35796.full.html#ref-list-1

This article cites 30 references, 14 of which can be accessed free at

 by guest on M
ay 9, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

 by guest on M
ay 9, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://affinity.jbc.org/
http://proteinsf.jbc.org
http://genereg.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M112.379156
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;287/43/35796&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/287/43/35796
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=287/43/35796&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/287/43/35796
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/suppl/2012/08/30/M112.379156.DC1.html
http://www.jbc.org/content/287/43/35796.full.html#ref-list-1
http://www.jbc.org/
http://www.jbc.org/


Structural Basis for Intrinsic Thermosensing by the Master
Virulence Regulator RovA of Yersinia*□S

Received for publication, May 9, 2012, and in revised form, August 25, 2012 Published, JBC Papers in Press, August 30, 2012, DOI 10.1074/jbc.M112.379156

Nick Quade‡1, Chriselle Mendonca§1, Katharina Herbst§, Ann Kathrin Heroven§, Christiane Ritter‡, Dirk W. Heinz‡2,
and Petra Dersch§3

From the Departments of ‡Molecular Structural Biology and §Molecular Infection Biology, Helmholtz Centre for Infection Research,
38124 Braunschweig, Germany

Background: The Yersinia virulence regulator RovA is an intrinsic thermometer.
Results: The crystal structure of RovA is reported, and evidence is given that a thermosensing loop in the dimerization domain
controls RovA activity.
Conclusion: Partial unfolding of RovA upon a temperature upshift leads to distortion of the DNA-binding domain and release
from the operator sites.
Significance: Minor alterations, reflecting evolutionary changes between homologs, transform the thermotolerant regulator
into a thermosensor.

Pathogens often rely on thermosensing to adjust virulence
gene expression. In yersiniae, important virulence-associated
traits are under the control of themaster regulator RovA, which
uses a built-in thermosensor to control its activity. Thermal
upshifts encountered upon host entry induce conformational
changes in the RovA dimer that attenuate DNA binding and
render the protein more susceptible to proteolysis. Here, we
report the crystal structure of RovA in the free and DNA-bound
forms and provide evidence that thermo-induced loss of RovA
activity is promoted mainly by a thermosensing loop in the
dimerization domain and residues in the adjacent C-terminal
helix. These determinants allow partial unfolding of the regula-
tor upon an upshift to 37 °C. This structural distortion is trans-
mitted to the flexible DNA-binding domain of RovA. RovA con-
tacts mainly the DNA backbone in a low-affinity binding mode,
which allows the immediate release of RovA from its operator
sites. We also show that SlyA, a close homolog of RovA from
Salmonella with a very similar structure, is not a thermosensor
and remains active and stable at 37 °C. Strikingly, changes in
only three amino acids, reflecting evolutionary replacements in
SlyA, result in a complete loss of the thermosensing properties
of RovA and prevent degradation. In conclusion, only minor
alterations can transform a thermotolerant regulator into a

thermosensor that allows adjustment of virulence and fitness
determinants to their thermal environment.

Microbial pathogens need to adapt rapidly to milieus in
warm-blooded hosts after entry from external habitats. This
requires a coordinated control of large sets of genes covering a
wide range of cellular processes. The thermal upshift accompa-
nying host entry is often used by bacterial pathogens to tailor
the complex regulatory network controlling virulence-associ-
ated functions (1–3).
TheMarR family constitutes an important class of transcrip-

tional regulators by which prokaryotes sense their surrounding
biosphere. They control numerous biological functions impor-
tant for survival, stress resistance, metabolic adaptation, and
virulence (4). The SlyA/RovA family represents a subgroup of
MarR-type regulators that participate in the control of viru-
lence factors and are as such crucial for the successful establish-
ment of an infection (5). The Salmonella SlyA protein was
shown to control hemolysins and antimicrobial peptides and
induces expression of SPI-2 (Salmonella pathogenicity island
2), necessary for survival in macrophages and virulence in mice
(6–9). RovA, the SlyA homolog of pathogenic yersiniae, coor-
dinates the expression of multiple genes contributing to host
colonization andpersistence. For instance, in enteropathogenic
Yersinia species, RovA activates expression of the internaliza-
tion factor invasin, allowing a more efficient colonization of
gut-associated lymphatic follicles, whereas RovA of Yersinia
pestis affects production of the type III secretion system and
antiphagocytic Yop effector proteins, which are essential for
the development of bubonic plague (10–14). In contrast to all
other previously identified MarR homologs, RovA of Yersinia
pseudotuberculosis, which is 100% identical to RovAofY. pestis,
represents an intrinsic proteinaceous thermometer that is able
to sense temperature shifts directly through reversible altera-
tions in its conformation. Thermo-induced conformational
changes within the RovA structure modulate its DNA-binding
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capacity and render the regulator more susceptible to proteo-
lytic degradation by the ATP-dependent protease Lon (11).
Use of a built-in thermosensor in the MarR-type regulator

RovA to control DNA-binding activity and protein stability
represents a unique regulatory strategy to adjust virulence-as-
sociated processes. To gain insight into the molecular mecha-
nism through which RovA confers its specific biological activi-
ties, we solved the crystal structure of free and DNA-bound
RovA and identified amino acids implicated in thermosensing
and regulated proteolysis.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—A
detailed description of the growth conditions, construction of
bacterial strains and plasmids, and molecular biology proce-
dures is provided under supplemental “Experimental Proce-

dures.” Strains and plasmids are listed in supplemental Table
S2.
Crystallization of RovA and RovA-DNA Complexes, Data

Collection, and Structure Solution—Published procedures or
methods described under supplemental “Experimental Proce-
dures” were followed formutagenesis, expression, and purifica-
tion of the RovA proteins (15, 26). RovA in the unbound and
DNA-bound forms was crystallized at a concentration of 20
mg/ml with and without DNA (8 mg/ml). The crystals of RovA
without DNA belong to the space group P212121, and a data set
up to 2.4 Å was collected at European Synchrotron Radiation
Facility beamline ID14h2. The crystals of RovA in complexwith
DNA belong to the space group P3 and diffract up to 1.9 Å. For
details of the determination of the structure, see supplemental
“Experimental Procedures.” Supplemental Table S1 summa-
rizes data collection and refinement statistics. The final models

FIGURE 1. Structure of the thermosensing regulator RovA. A, illustration of the RovA dimer. B, superposition of three RovA dimers found in the asymmetric
unit. The three different types of dimers (AB, CD, and EF) are shown in blue, green, and red. The RovA monomers could be built despite the flexible wing domain.
C and D, schematic representation of a RovA dimer in complex with DNA from the front and the side, respectively. �-Helices, �-sheets, and amino acids
implicated in thermosensing and RovA stability are indicated. One monomer is shown in red and the other in blue.
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were validated usingMolProbity (27). All residues of all models
fall into the allowed region of the Ramachandran plot (28).
Atomic coordinates and structure factors were deposited at the
ProteinData Bank (29) under accession codes 4aih (RovA), 4aik
(RovA bound to an inv fragment), and 4aij (RovA bound to a
rovA fragment).
Analysis of the Biochemical Properties of RovA and SlyA—CD

spectroscopy of the RovA proteins, DNA retardation assays,
and protein stability assays were performed as described under
supplemental “Experimental Procedures” or previously (11,
30).

RESULTS AND DISCUSSION

Structure of the Thermosensor RovA—The structures of
RovA of Y. pseudotuberculosis alone and in complex with DNA
were solved at resolutions of 1.85 and 2.1 Å, respectively. Data
collection and refinement statistics are given in supplemental
Table S1. The overall structure of RovAconsists of two subunits
comprising six �-helices and two �-sheets and resembles other
members of theMarR regulator family (Fig. 1A and supplemen-
tal Fig. S1). The two RovA monomers are tightly intertwined
with the three long helices �1, �5, and �6, which form a large
dimer interface of 2252.6 Å2 and a �G of �34.4 kcal/mol. The
interface is supported mainly by hydrophobic interactions
involving surface-located aliphatic and aromatic amino acids
in the respective dimerization domains. The DNA-binding
domain is formed by the central part of RovA and contains a
winged helix-turn-helix DNA-bindingmotif. It comprises heli-
ces �3 (stabilizing helix) and �4 (recognition helix) and two

antiparallel �-strands linked by a loop (wing) (Fig. 1A and sup-
plemental Fig. S1).
Three different RovA dimer variants exist in a crystallo-

graphic asymmetric unit and have the same overall structure
but vary slightly in their conformation (Fig. 1B). These differ-
ences are due mainly to movements of the DNA-binding
domain or the mobility of one of the long helices in the
dimerization region. Similar to other structures of MarR-type
regulators, thewing of theDNA-binding region is disordered in
the unbound form. This indicates that the unbound form of
RovA shows a considerable degree of flexibility, especially in the
DNA-binding region.
RovA Structure in the DNA-bound State—Two high-affinity

RovA-binding sites (I and II) were previously detected at
diverse positions in the rovA and inv promoters (supplemental
Fig. S2), to which RovA bound with a similar apparent dissoci-
ation constant (Kd� 32–46nM) (10, 11). To compare theDNA-
bindingmode for different target sites, RovAwas crystallized in
the presence of one binding site of each promoter, which con-
tained a short consensus sequence ((A/T)ATTAT(A/T)T)
shown to be important for RovA binding (10). RovA bound to
both promoter fragments in a similar fashion with a root mean
square deviation between common C� atoms of the structures
of 0.41 Å. The asymmetric unit contains one RovA-DNA com-
plex. In contrast to unbound RovA, only one RovA dimer vari-
ant is present, and thewing region is well defined. This suggests
that RovAbinding toDNA locks the regulatory protein into one
conformation (Fig. 1, C and D). The superposition of RovA in

FIGURE 2. Interaction of RovA with the inv and rovA promoters. Shown are schematic drawings of the RovA rovA-DNA (A) and RovA inv-DNA (B) interactions.
Direct interactions are indicated by arrows, and water-mediated interactions are indicated by dashed arrows. Bases of both DNA strands (chains C and D) are
represented by rectangles, deoxyribose by pentagons, and phosphates by circles. The colors of the RovA residues correspond to the chains: chain A (blue) and
chain B (red). The pseudosymmetrical center is indicated by a green oval in the middle of the double strand. Open arrows indicate direct interactions, and closed
arrows indicate water-mediated interactions. bb, amino acid backbone.
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the free and DNA-bound forms shows that RovA performs a
twisting motion upon DNA binding (data not shown). This
conformational change increases the gap between the two
DNA-binding domains in the dimer to allow the insertion of
helix �4 into consecutive major grooves of the DNA (Fig. 1, C
and D). Both the conformational flexibility of RovA and
motions of the DNA-binding domains seem crucial to propa-
gate thermo-induced conformational changes into an attenua-
tion of DNA binding.
DNA-binding Mode of RovA—As expected, RovA bound to

the previously identified DNA-binding site in the middle of the
rovA promoter fragment (Fig. 2A). In the case of the inv pro-
moter fragment, however, RovA interacted with the joint ends
of the promoter fragments (Fig. 2B). The newly generated
RovA-binding sequence in the pseudo-continuousDNA strand
in the crystal is very similar to the originally detected binding
sequence (supplemental Fig. S3), indicating that the new site
represents a similar or even better target site for the RovA pro-
tein. Both RovA subunits make extensive and comparable con-
tacts within the rovA and inv promoter regions (Fig. 2).
Although helix �4 of the helix-turn-helix motif is deeply
inserted into the major groove of the DNA, only very few spe-
cific interactions are visible between RovA and the DNA bases,
namely Gln-60, Val-64, and Arg-86 (Fig. 2 and supplemental
Fig. S4). Gln-60 of one RovA monomer is able to bind to an
adenine located 6 bp from the pseudosymmetrical center in the
rovA fragment (Fig. 2A). RovA binding to the original binding

site in the inv fragment would have allowed a similar contact of
Gln-60 by only one monomer. However, both Gln-60 residues
of the RovA dimer are able to bind to adenines in the newly
generated recognition site, which most probably increased the
affinity for this binding sequence (supplemental Fig. S3). Nota-
bly, the importance of Gln-60 for the DNA interactions is also
supported by the fact that a RovA(Q60R) variant had an
impaired DNA-binding capacity and a reduced ability to stim-
ulate inv expression (15). The other important residue, Val-64,
makes hydrophobic interactions with a thymidine at position 5
from the center of pseudosymmetry in both monomers, and
Arg-86 of the wing domain interacts with a thymidine residue
(position 9) at the end of the pseudopalindromic sequence (Fig.
2 and supplemental Fig. S4).
In addition to helix �4, also helices �2 and �3 and the wing

make direct contacts with DNA (Fig. 1, C and D). However,
most of these interactions are nonspecific hydrogen bonds
between the wing and the deoxyribose phosphate backbone of
the DNA (Fig. 2). This is in line with previous results demon-
strating that RovA is a global regulator that directly interacts
with many promoter regions of Yersinia (10, 13, 16). The rela-
tively small number of specific contacts between RovA and
DNA allows the virulence regulator to recognize multiple non-
palindromic promoter sequences in the Yersinia genome that
do not share a highly conserved consensus sequence (10, 13,
16). Of the nonspecific interactions, binding of Gln-49 seems
particularly important because this residue interacts with two

FIGURE 3. Superposition of RovA and SlyA from S. enterica serovar Typhimurium. Shown is a schematic representation of a RovA dimer in complex with
DNA. The SlyA dimer is shown in green, the RovA dimer in blue, and the DNA in orange (phosphate sugar backbone) and purple (base pairs). The flexible loop
between helices �5 and �6 is enlarged in the inset. Gly-116, which is important for thermosensing, and Ala-116, the equivalent amino acid of Salmonella SlyA,
are illustrated.
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adjacent sugar phosphate units on both sides of the bound
DNA. This is supported by a previous study that showed that
the Q49R mutation impairs DNA binding and renders the
RovA molecule defective for transcriptional activation (15).
RovA of Yersinia and SlyA of Salmonella Display Similar

DNA-binding Properties—The closest homolog of RovA with a
solved structure is SlyA of Salmonella enterica serovar Typhi-
murium, showing an amino acid sequence identity of 76% (Fig.
3 and supplemental Fig. S1) (17). In particular the DNA-bind-
ing regions are virtually identical, and both regulators show a
similar promiscuity regarding their DNA-binding sites. How-
ever, in contrast to RovA, Gln-60 was not involved in DNA
binding in the SlyA-DNA structure. On the other hand, Arg-65
of SlyA, which is bound to a guanine residue in the SlyA oper-
ator site (17), is not visible in the RovA structures in complex
with the inv or rovA promoter fragment. This strongly suggests
that RovA and SlyA recognizeDNA sequences that are partially
incomplete, i.e. do not contain all possible binding partners.
The small number of specific contacts of RovA may be impor-
tant to ensure a DNA-binding strength that allows rapid atten-
uation of DNA binding after a thermal upshift and counter-
regulation and replacement of other competing global
regulatory proteins. Previous studies showed that RovA acts
mainly as an antisilencer that alleviates transcriptional repres-
sion by the small nucleoid protein H-NS, which has also little

sequence specificity (10, 11, 18). This is different from other
global regulators with conserved consensus sequences (e.g. the
cAMP receptor protein Crp), which serve mainly to increase
levels of promoter occupancy by RNA polymerase. In this case,
the activator needs to be precisely positioned to ensure optimal
interaction with the RNA polymerase.
Flexible Loop in the Dimerization DomainMediates Intrinsic

Thermosensing of RovA—Although the structures of the Yers-
inia virulence factor RovA in its unbound form and in complex
with DNA share many features with the Salmonella SlyA pro-
tein (Fig. 3) (17), major differences have been observed in their
biochemical properties. The Yersinia RovA protein itself is a
protein thermometer that uses intrinsic thermal sensing to
control its DNA-binding functions and its degradation (11). In
contrast, thermosensing, concomitant with a loss in stability at
body temperature, has not been described for Salmonella SlyA.
All previous studies on SlyA-mediated control of virulence
gene expression in Salmonella were performed at and report
SlyAproduction at 37 °C (19–22). In fact, when the stabilities of
RovA and SlyA were compared in Y. pseudotuberculosis and
S. enterica serovar Typhimurium, RovA was rapidly degraded,
whereas the Salmonella SlyA protein remained stable at 37 °C
in both pathogens (Fig. 4,A and B). However, at 25 °C, both the
RovA and SlyA proteins remained stable. CD spectroscopy of
the purified proteins further demonstrated that in contrast to

FIGURE 4. Thermo-induced conformational changes and proteolysis of RovA and SlyA. The stability of RovA and SlyA was investigated at 25 and 37 °C in
the original bacterial strains Y. pseudotuberculosis YPIII and S. enterica serovar Typhimurium SL1344 (A) and in the isogenic �slyA (SCM1) and �rovA (YP107)
mutant strains containing either the Plac::rovA (pCM3) or Plac::slyA (pCM15) plasmid (B). A higher molecular weight protein (C) that reacted with the polyclonal
antisera was used as a loading control. C and D, conformational analysis of RovA and SlyA using CD spectroscopy. CD spectra show millidegrees (M

�1 cm�1)
versus wavelength of RovA (0.2 mg/ml) (C) or SlyA (0.2 mg/ml) (D) as a function of temperature.
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RovA (Fig. 4C), SlyA does not undergo a temperature-depen-
dent conformational change (Fig. 4D) and does not lose its
DNA-binding capacity at body temperature (supplemental Fig.
S5). This strongly indicates that SlyA is not an intrinsic thermo-
sensor that is subjected to controlled proteolysis, although its
overall structure is very similar to RovA (Fig. 3). Thermosens-
ing has been described for only three other bacterial transcrip-
tional regulators. However, these regulators are structurally
unrelated to RovA and are most likely controlled by a different
mechanism (23–25).
Superposition of the SlyA and RovA structures to identify

variations between the two regulatory proteins revealed differ-
ences in a small loop between helices �5 and �6 (Fig. 3). This
loop, including Gly-116 of RovA, has a different conformation
in SlyA, in which position 116 is occupied by an alanine (Fig. 3
and supplemental Fig. S1). We introduced a corresponding
substitution into RovA and found that the mutant protein
(RovA(G116A)) showed no major thermally induced loss of
structural integrity (Fig. 5B) and did not display a thermo-in-
duced reduction in DNA binding (Fig. 6B). DNA binding of the
RovA(G116A) variant was comparable at 25 and 37 °C. This
demonstrated that RovA(G116A) lost most of its intrinsic ther-
mosensitivity observed for wild-type RovA. Consequently,
RovA(G116A) did not reduce its DNA-binding property at
37 °C, which was concomitant with an enhanced stability of
RovA (Fig. 5A). It is likely that the recognition sites for the Lon
protease are occluded in the active DNA-bound RovA(G116A)
variant even at 37 °C. In fact, previous studies with chimeric
RovA proteins indicated that amino acids in the vicinity of the
DNA-binding region are important for proteolytic susceptibil-
ity (11). We conclude that the specific intrinsic thermosensing

ability of RovA involves Gly-116 located in a flexible loop
between helices �5 and �6 implicated in RovA dimerization.
This represents a novel thermosensing mechanism. Of the
three known thermosensing regulators, the heat-sensing
domain is known only for CtsR, a master regulator of protein
quality control of low-GC, Gram-positive bacteria (25). Strik-
ingly, in CtsR, intrinsic heat sensing occurs through a tetragly-
cine loop connecting the two �-sheets of its winged helix-turn-
helix domain. Although both regions are structurally and
functionally unrelated, they possess a low thermal stability due
to a flexible loop structure.
Additional Residues Important for Thermo-induced Degra-

dation of RovA—Although thermosensing and degradation of
RovA(G116A) were strongly reduced, degradation was not
entirely abolished at 37 °C (Fig. 5A). Compared with SlyA,
slightly less of the RovA protein was detectable 90 min after
blockage of protein synthesis. This indicates that additional
amino acids contribute to the thermostabilization of SlyA. We
replaced other amino acids of RovA with the equivalent amino
acids of SlyA and found that a substitution of S127I/G128K in
addition to G116A (RovA(G116A/S127I/G128K)) further
increased the stability of RovA to the level of SlyA (Fig. 7A).
DNAbinding studies further showed that RovA(G116A/S127I/
G128K) did not bindDNA in a temperature-dependentmanner
(Fig. 6D), similar to the SlyA protein (supplemental Fig. S5).We
also included both mutations in RovA without the G116A sub-
stitution and found that the RovA(S127I/G128K) protein was
more stable than the wild-type RovA protein, although it was
still degraded at 37 °C (Fig. 5C). In contrast to RovA(G116A),
only a slight reduction in the thermosensing capacity was
apparent in the RovA(S127I/G128K) protein (Fig. 5D). In

FIGURE 5. Thermo-induced conformational changes and proteolysis of RovA mutant proteins. The stability and thermo-induced conformational changes
of the RovA mutants RovA(G116A) (A) and RovA(S127I/G128K) (C) were investigated at 37 °C. A higher molecular weight protein (C) that reacted with the
polyclonal antisera was used as a loading control. Thermo-induced conformational changes in RovA(G116A) (B) and RovA(S127I/G128K) (D) were detected by
CD spectroscopy. CS spectra, degrees (M

�1 cm�1) versus wavelength of RovA(G116A) (0.2 mg/ml) or RovA(S127I/G128K) (0.2 mg/ml) at 20 and 37 °C, are
presented.
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agreement with this observation, DNA binding of this variant
was increased at 37 °C but was still lower relative to
RovA(G116A) (Fig. 6, B andC). Interestingly, thermal denatur-
ation measured by far-UV CD spectroscopy revealed two
unfolding transitions for RovA and its variants, whereas SlyA
exhibited only a single transition at a higher temperature (sup-
plemental Fig. S6). Themidpoints of both unfolding transitions
were lowest for RovA, considerably higher for RovA(G116A),
and highest for RovA(G116A/S127I/G128K) (supplemental
Fig. S6). The in vitro thermal denaturation behavior is therefore

in full agreement with the thermosensing capacities of the vari-
ants observed in vivo. To confirm these observations, we also
included the reverse mutations in SlyA to determine whether
introduction of the reciprocal substitutions leads to its destabi-
lization at body temperature. In fact, we observed a consider-
able degradation of SlyA(A116G/I127S/K128G) in contrast to
wild-type SlyA, which remained completely stable during the
test period (Fig. 7B). All other changes designed to convert
RovA into SlyA resulted in unstable or less stable proteins, e.g.
RovA(T4P), or did not lead to a significant increase in pro-
tein stability at 37 °C, e.g. RovA(Q102E/V103M/D104E) and
RovA(N41H/R42Q) (supplemental Fig. S7). We conclude that
only a few specific amino acid substitutions are sufficient to
transform a thermotolerant protein into an intrinsic thermo-
sensor and vice versa.
Conclusion—The thermal upshift encountered upon host

entry is the most crucial signal for many pathogens to induce
and adjust their virulence functions. Frequently, thermo-in-
duced structural changes in the DNA (e.g. supercoiling and
bending) andmRNAs (thermoswitches) are used to control vir-
ulence gene expression, and the molecular mechanisms under-
lying these control systems have been elucidated in several
pathogens. Recently, also regulatory proteins that function as
“molecular thermometers” have been identified (11, 23–25).
However, the mechanism of the primary thermosensing event
and the structural determinants defining the thermosensitive
properties of these regulators are largely unknown. In this
study, we have shown that the overall structure of the thermo-
sensitivemaster regulator RovA of Yersinia resembles the ther-
motolerant homologous protein SlyA of Salmonella in the free
andDNA-bound forms.However, it contains a small number of
distinct single amino acid substitutions leading to major
changes in the biochemical properties of the regulator. Here,
we have provided evidence that RovA thermosensing depends
mainly on a flexible loop situated between two �-helical struc-
tures involved in dimer formation. Intrinsic thermal sensing is

FIGURE 6. Interaction of RovA, RovA(G116A), RovA(S127I/G128K), or RovA(G116A/S127I/G128K) with the rovA regulatory region at 25 or 37 °C.
Double-stranded promoter fragments of the rovA regulatory region harboring RovA-binding site I (10) were incubated without or with increasing amounts (25,
36, 48, and 65 nM) of purified RovA (A) and its variants (RovA(G116A) (B), RovA(S127I/G128K) (C), or RovA(G116A/S127I/G128K) (D)) at 25 or 37 °C. Lanes in which
lower concentrations of RovA (�25 nM) were added to the DNA fragments are not shown. A nonspecific probe containing an unrelated sequence (csiD
promoter of Escherichia coli) was included as a negative control. The RovA-DNA complexes are indicated by arrows. M, DNA size marker–100 bp DNA ladder.

FIGURE 7. Thermo-dependent stability of the RovA(G116A/S127I/G128K)
and SlyA(A116G/I127S/K128G) proteins. The stability of RovA(G116A/
S127I/G128K) produced in Y. pseudotuberculosis YPIII (A) and SlyA(A116G/
I127S/K128G) synthesized in S. enterica serovar Typhimurium SL1344 (B) was
investigated at 37 °C. RovA (A) and SlyA (B) are indicated by the arrows. A
higher molecular weight protein (c) that reacted with the polyclonal antisera
was used as a loading control.
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supported by additional residues, including G1y-128, which
introducesmore conformational flexibility in the adjacent helix
�6. It is very likely that these determinants promote partial and
reversible unfolding of the intervening helices upon a thermal
upshift without disruption of the dimer. This conformational
change is transmitted to the flexible DNA-binding domain of
RovA, contacting mainly the DNA backbone. A low-affinity
DNA-bindingmode appears to enable the immediate release of
RovA from its operator sites and allows rapid degradation of
nonfunctional protein.
We further conclude that even minor changes that cause

only negligible alterations of the overall structure of the SlyA/
RovA regulators can provoke significant differences in the bio-
chemical properties that affect their ability to promote tran-
scription and to reprogram virulence-associated processes.We
posit that similarly small evolutionary changes in master regu-
lators could generate significant phenotypic changes. A clear
advantage is that it allows pathogens to respond to external
pressures (e.g. temperature), which allows them to adapt rap-
idly and long-term to changing reservoirs, different hosts, or
host environments. The fact that thermo-induced conforma-
tional changes in RovA are reversible makes this regulator also
a useful tool for the development of inducible expression sys-
tems for biotechnological applications.
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