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ABSTRACT

Neisseria meningitidis causes bacterial meningitis
and septicemia. It evades the host complement sys-
tem by upregulating expression of immune evasion
factors in response to changes in temperature. RNA
thermometers within mRNAs control expression of
bacterial immune evasion factors, including CssA,
in the 5'-untranslated region of the operon for cap-
sule biosynthesis. We dissect the molecular mecha-
nisms of thermoregulation and report the structure
of the CssA thermometer. We show that the RNA
thermometer acts as a rheostat, whose stability is
optimized to respond in a small temperature range
around 37°C as occur within the upper airways dur-
ing infection. Small increases in temperature grad-
ually open up the structure to allow progressively
increased access to the ribosome binding site. Even
small changes in stability induced by mutations of
imperfect base pairs, as in naturally occurring poly-
morphisms, shift the thermometer response outside
of the desired temperature range, suggesting that its
activity could be modulated by pharmacological in-
tervention.

INTRODUCTION

Pathogenic microbes precisely control the expression of
virulence factors in response to the host microenviron-
ments. Neisseria meningitidis is a Gram-negative diplococ-
cus and an obligate human pathogen, which is an impor-
tant cause of septic shock and meningitis (1). Infection
with this bacterium usually leads to asymptomatic colo-
nization of the human nasopharynx (2), the site of several
thermal gradients (3), but the meningococcus has evolved

elaborate molecular strategies to evade host immunity, es-
pecially the complement system (4). Virtually all strains re-
covered from the blood or cerebrospinal fluid of patients
with meningococcal disease express a polysaccharide cap-
sule, an essential virulence determinant that promotes resis-
tance against complement-mediated bacteriolysis (4), while
around 60% of isolates carried in the nasopharynx are
acapsulate. Strains which express sialic-acid containing cap-
sules (belonging to serogroups B, C, Y and W) account
for >95% of all cases in Europe and USA (5). For most
isolates causing disease, N. meningitidis expresses a capsule
composed of a2-8 linked sialic acid (serogroup B) which is
a molecular mimic of a human molecule, and which pro-
vokes little if any immune response. For other serogroups,
the capsule is a key antigen in several successful vaccines
against the meningococcus (6). Polysaccharide-only and
protein:polysaccharide-conjugate vaccines have proven ef-
fective at preventing meningococcal disease and are in rou-
tine use worldwide.

We have shown that the bacterium enhances expression
of its immune evasion mechanisms as the temperature rises
from those found in the nasopharynx (32°C and upward)
to those in the systemic circulation (37°C) (7). Levels of
the capsule, factor H binding protein (fHbp) (8) and the
lipopolysaccharide-specific sialyl transferase (LST), all of
which contribute to subversion of the complement system,
increase in N. meningitidis over this narrow physiological
range (9) to enable the meningococcus to sense local inflam-
mation; upregulate its immune evasion mechanisms, and
avoid elimination by host effectors, such as complement and
phagocytes (10). Furthermore, thermal regulation by the
meningococcus might provide an advantage to bacteria as
they migrate to systemic circulation, which is at higher tem-
perature than the nasopharynx (11).

The biosynthesis of sialic acid in the meningococcus,
which is incorporated into lipopolysaccharide (LPS) and

*To whom correspondence should be addressed. Tel: +1 206 543 7113; Fax: +1 206 685 8665; Email: varani@chem.washington.edu
Correspondence may also be addressed to Christoph Tang. Tel: +44 1865 275 560; Fax: +44 1865 275515; Email: christoph.tang@path.ox.ac.uk

These authors contributed equally to the paper as first authors.

© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com

910z ‘2 AInC UO [00YS ssausng ples e /B10°S[euINopIo X0 feu//:dny WoJy papeoumoq


http://nar.oxfordjournals.org/

2 Nucleic Acids Research, 2016

capsule, is encoded by the capsule biosynthesis operon, css.
The thermal response in capsule production is mediated
by an RNA thermometer located within 110 nucleotides
of the 5-untranslated region (5-UTRs) of the ¢ss operon.
Typically RNA thermometers located in the 5-UTRs of
a transcript form secondary structures at lower tempera-
tures, which sequester the ribosome binding site (RBS).
This prevents ribosomes accessing the mRNA, thereby pre-
venting protein translation. As the temperature increases,
the secondary structure is lost, allowing translation to pro-
ceed (12,13). Unlike other RNA thermometers studied so
far (12), however, the css thermometer precisely regulates
a single biochemical pathway, rather than affecting global
responses to temperature. Furthermore, it responds to rel-
atively small changes in temperature associated with the
nasal cavity (14,15) and the host response (7,16), raising the
mechanistic question of how this activity is structurally en-
coded within this RNA element.

In this study, we dissect the molecular mechanisms gov-
erning the activation of the cssA thermometer from N.
meningitidis and report its three-dimensional structure. To
date, there are remarkably few reports of the structure
of RNA thermometers (17,18). The Cyanobacterial ther-
mometer, one of the smallest naturally occurring RNA ther-
mometers (18), consists of only 24 nucleotides, while a 34
nucleotide microdomain of a larger RNA structure has also
been characterized (17). The ¢ssA RNA thermometer usu-
ally contains two copies of an 8§ nucleotide sequence (TAT-
ACTTA) located just upstream of the RBS and 15 nu-
cleotides upstream of the ¢ss4 start codon (Figure 1) (7,19);
with this 8 nucleotide repeat, the sequence of the 5-UTR is
remarkably conserved. However, some clinical isolates of N.
meningitidis have lost one copy of the 8 nucleotide sequence
and have enhanced capsule expression. Under these circum-
stances, polymorphisms in the 5-UTR restores CssA ther-
moregulation and capsule expression (7).

Using chemical probing and nuclear magnetic resonance
(NMR), we show that, as the temperature is raised, the
RNA thermometer unfolds, making the RBS accessible
for efficient translation; these changes occur over temper-
atures that are relevant to the bacterium in the human na-
sopharynx. By applying selective 2'-OH acylation analyzed
by primer extension (SHAPE) chemistry to map the RNA
structure as a function of temperature, we demonstrate that
the opening mechanism is not an ‘on-off” process, but pro-
ceeds progressively, much like a rheostat. Even single nu-
cleotide changes that increase the stability of the structure
by a few degrees shift the temperature response outside of
the physiological range, suggesting that this mechanism has
exquisitely adapted to facilitate translation at temperatures
that trigger immune evasion by N. meningitidis. Therefore
our work demonstrates that every base counts in the cap-
sule thermometer. Furthermore, the data provide insights
into the impact of naturally occurring polymorphisms in the
thermometer, and indicate that this structure can be modi-
fied to respond to different temperature changes and be ex-
ploited in bioengineering.

MATERIALS AND METHODS
RNA preparation

All RNAs studied during this work were prepared by in vitro
transcription using T7 polymerase and ‘ultramer’ oligonu-
cleotides (purchased from IDT) or regular DNA templates,
depending on the length of the RNA (Supplementary Table
S1). ‘Ultramer’ oligonucleotides were specifically used for
RNAs longer >75 nucleotides. Additional details are pro-
vided in the Supplementary sections. The RNAs were puri-
fied by anion exchange chromatography with a salt gradient
of 0.1-2M NaCl. The RNAs (which eluted at 200-600 mM
salt concentration) were run on denaturing PAGE to ana-
lytically confirm size and purity. The '*C/">N- uniformly
labeled RNA samples were also aligned in the presence of
10-15 mg/ml bacteriophage Pf1 (ASLA biotech) and resid-
ual dipolar couplings (RDCs) were measured using ARTSY
(20).

Selective 2’-OH acylation analyzed by primer extension
(SHAPE)

We performed SHAPE (21) chemical probing on the wild-
type CssA thermometer, and on the CssAl and CssA2 se-
quences over the temperature range of 4-42°C. The result-
ing chemical modifications were analyzed by primer ex-
tension with a radiolabeled DNA oligonucleotide and sep-
arated by gel electrophoresis. In order to accommodate
primer binding, CssAl and CssA2 were transcribed with a
3’-extension while for the wild-type RNA a primer comple-
mentary to the 3’-single stranded region was sufficient. Ad-
ditional details are provided in the Supplementary Data.

The predicted RNA structures were generated with
VARNA (22).

Mutagenesis studies and thermosensing activity

In order to drive the structure-based mutagenesis to alter
the thermosensing activity, six different mutants were cre-
ated (Supplementary Tables S1 and 2; Figure 2). Three vari-
ants (CssA6, CssA71, CssA72 and CssA75) were tested for
thermometer activity as well (Supplementary Table S2 and
Figure 3), while others had already been previously exam-
ined.

UYV melting studies

Ultraviolet (UV) melting experiments were conducted on
an Agilent 8453 diode array UV-Visible spectrophotometer
by recording the absorbance verses temperature at 260 nM
(Supplementary Table S3). The spectrophotometer has an
external temperature controller which drives a Peltier heat
pump attached to the sample holder to control the temper-
ature in the range 10-90°C in 1 cm path length quartz cu-
vettes with a volume of 1400 pl. The rate of heating was
kept at 1°C/min and each experiment was done at least
twice to estimate reproducibility. The concentration of the
RNAs was maintained at 1-2 wM in the NMR buffer. All
the RNA samples were subjected to snap cooling at 90°C
followed by degassing using a high-speed centrifuge be-
fore performing the thermal melting experiment to remove
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Figure 1. Thermosensing activity of CssA thermometer. (A) Proposed RNA secondary structure for the CssA RNA thermometers and for two variants
(CssAl and CssA2) prepared to perform nuclear magnetic resonance (NMR) studies; predicted structures were generated with VARNA (22). The lower
panel shows the thermoregulated activity of the corresponding RNA constructs as assayed in Escherichia coli by western blot analysis of the protein
products. The A44 and G45 nucleotides are highlighted with blue fill color on the CssA RNA secondary structure. (B) Selective 2’-OH acylation analyzed
by primer extension (SHAPE) (21) for the CssA RNA establishes the RNA secondary structure at different temperatures, well below and just above
activation of protein synthesis (4-42°C). (C) An overlay of the 1D imino region for the CssA RNA and for the two modified variants (CssAl and CssA?2).
The considerable similarities in the imino resonances peak demonstrate the presence of very similar structures across all three RNAs. (D) Temperature-
dependent SHAPE data summarized on the secondary structure of the CssA RNA; the 5'- and 3'-tails are reactive at all temperatures.

any bubbles. The melting temperature (7;,) was obtained
using a two or multi-state equation (23) within Origin 8§
(www.originlab.com).

Small angle X-ray scattering (SAXS)

RNA samples for small angle X-ray scattering (SAXS) were
prepared similarly to samples made for NMR measure-
ments, but in the lower concentration range of 1-2 mg/ml.
SAXS experiments were recorded on beamline 4-2 at the
Stanford Synchrotron Radiation Laboratory implementing
inline FPLC-SAXS set-up (24,25). Frames with consistent
Rg-values were merged in Primus (26). The particle dis-
tance distribution function P(r) plots were calculated using
GNOM (27) and used for low resolution ab initio shape
reconstruction with DAMMIN (28). A total of 16 models
were generated with DAMMIN using in-house written
scripts. The best and final model was selected with a suite
of softwares (DAMSEL, DAMSUP, DAMAVER (29) and

DAMFILT) (http://www.embl-hamburg.de/biosaxs) for
comparison and fitting to the NMR structure. DAMSEL
compares the models, finds the most probable model and
identifies the outliers; DAMSUP aligns all models with the
most probable model; DAMAVER averages these aligned
models and computes a probability map; and DAMFILT
filters the average model at a given default cut-off volume
which is the expected volume of the generated PDB.
DAMFILT removes loosely defined and lower occupancy
atoms and generates a most probable compact model.
Chi-square (x?) values were determined by fitting the
lowest energy NMR structure to the SAXS scattering
profile. CRYSOL (30) was used to back calculate the
Scattering profile from the pdb structure and determine
the Chi-square from fit of the back-calculated scattering
profile with the experimental SAXS data (Supplementary
Tables S4 and 5).
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Figure 2. Per residue SHAPE reactivity and mutations introduced to stabilize the structure of the CssA thermometer. (A) Secondary structure of the CssA
thermometer as predicted by mfold (35). Red and green colored nucleotides correspond to the two copies of the 8 bp sequence (TATACTTA), whereas
blue colored nucleotides correspond to the RBS. The dark gray colored AUG represents the translation start site. (B) Quantification of SHAPE reactivity
over the temperature range 4-42°C. Reactivity is classified as follows: 0.4-0.8 and >0.8 correspond to reactive and highly reactive sites, respectively. At
4°C, nucleotides at the 5" and 3’-single stranded regions, the apical loop and the internal AG-U are chemically modified, indicative of a flexible, open
structure; as the temperature increases, the flexibility spreads from the apical loop further down the structure; by 42°C, the entire RNA structure becomes
reactive. (C) Secondary structure of various mutated thermometers (CssA6, 71, 72, 73, 74 and 75), where single nucleotide substitutions were introduced
to alter the thermodynamic stability of the thermometer. Except for CssA74, all mutations generated a more stable RNA. The area highlighted in blue
within the secondary structure is the region where mutations were introduced. Red colored nucleotides represent the mutated residue. (D) Thermal melting
results for CssA6, CssA71, CssA72, CssA73, CssA74 and CssA75, shown in black, red, wine, olive-green, magenta and blue colors, respectively The CssA
thermometer and its variants have two unfolding transitions around 39-45°C and 69°C, as is most evident in the black melting curve corresponding to
CssA. This behavior is due to the formation of a dimeric, more stable RNA structures at the concentrations required for optical melting studies, which are

not physiologically relevant.

NMR experiments

All NMR experiments were executed on Bruker Avance
800 or 600 MHz spectrometers equipped with triple reso-
nance cryogenic probes. Exchangeable 2D 'H-'H NOESY
and 2D ['H-'N] HSQC spectra were recorded in 95%
H>0/5% *H,0 including 10 mM NaCl, 10 mM Phosphate
pH 6.0 and 0.1 pM ethylenediaminetetraacetic acid at 7°C.
The non-exchangeable 2D 'H-'H NOESY, 'H-'H TOCSY,
DQF-COSY, 2D ['H-*C] HSQC, 'H-*C NOESY-HSQC
and HCCH-TOCSY spectra were recorded in 99.9% 2H,0
buffer at 25°C. The exchangeable and non-exchangeable
NOESY spectra were recorded with various mixing times

(50-250 ms) to facilitate spectral assignments and quan-
tification of cross peak intensities by comparison of peak
intensities. HNN-COSY experiments were recorded to ob-
tain H-bonding constraints for the RNAs (31). Tempera-
ture dependent 1D imino spectra were recorded in the range
of 5-45°C. All NMR data were processed either with Top-
spin (www.bruker.com) or NMRPipe (32) and analyzed us-
ing Sparky (33). For RDCs, ARTSY experiments (20) were
recorded on (1*C, ’N)-labeled RNA on an Agilent 900
MHz NMR system at NMRFAM equipped with a 5 mm
'H(*C/>N) cryogenic probe, oriented in the presence of
10-15 mg/ml bacteriophage Pfl1 (ASLA biotech). Dephas-
ing delays of 11.6, 5.0 and 5.5 ms were used for NH’s,
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Figure 3. Correlation of thermosensing activity in Escherichia coli with thermodynamic stability. (A) Western blot analysis of CssA-GFP expression. Total
protein isolated from indicated strains were subject to western blot analysis. Membranes were probed with antibodies recognizing GFP or RecA. Nucleotide
shown in black box is removed in the respective sequence whereas the nucleotide in red box is mutated to U. Their respective melting temperature is shown
(in°C) at the bottom of secondary structure. The blue colored residues in CssA6 are mutated/deleted in CssA71, CssA72 and CssA75. (B) Thermosensing
properties of the CssA RNA constructs averaged over three biological replicates. The bar chart shows average expression of GFP relative to the loading

control RecA, together with their standard deviations.

H6/H8/H2 and HI1'/HS5, respectively. The processing of
ARTSY experiments recorded for isotropic and anisotropic
samples was done with NMRPipe. Analysis was done using
scripts kindly provided by Dr Ad Bax.

NMR spectral assignments

In order to calculate the RNA structure, we divided it into
three segments, which overlap to generate the complete
thermometer. Overlay of the CssA3, Cssa4 and CssA5 2D
'H-'"H NOESY spectra with those of CssA2 showed re-
markable similarities in the chemical shifts and allowed the
direct transfer of assignments from the smaller RNAs to
the complete thermometer (Supplementary Figures S1, 2,
3 and 4). Thus, analysis of CssA3, CssA4 and CssAS5 RNA
samples enabled the bulk of the assignments to be obtained.
Details of the experiments used are provided in the supple-
mentary section.

Experimental constraints

We generated restraint tables for CssA2 by combining
CssA3, CssA4 and CssAS distance restraints and torsion
angles. Overlaying CssA3, CssA4 and CssAS5 H,O and D,O
'H-"H NOESY spectra on the equivalent CssA2 spectra re-
vealed a highly transferable pattern of chemical shifts and

NOE:s for the HI’-H6/H8/H2 walk and for the base pairs,
including all of CssA4 base pairs (except for the A-C mis-
match) and all of CssA3, including the unusual U-U mis-
match (but excluding the A-U base pair below the bulged
GA). Restraints from CssA3 spanned nucleotides G16-
U53; those obtained with CssA4 spanned G1-A14 and U55-
C68, while CssAS5 contributed information at and around
the A-C mismatch, namely A14-U17 and A52-U55. These
restraints were used in the final structure calculation start-
ing from simulated annealing through the addition of RDCs
for final refinement. The NMR experimental constraints are
summarized in Supplementary Table S4 and described in
the Supplementary Data.

Structure determination

Xplor-NIH (34,35) was used for all structure calculations
with a simulated annealing protocol. The target function
used in simulated annealing included NOE derived and hy-
drogen bond distance constraints (final force constant = 50
keal mol~!' A2) as well as dihedral torsion angle (final force
constant = 200 kcal mol~! rad—?) restraints. Non-bonded
interactions are described by a quartic van der Waals re-
pulsion term (final force constant of 4 kcal mol~! A2 and a
van der Waals radius scale factor of 0.8) and a torsion angle
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database potential (RAMA; with final weighting of 1). The
simulated annealing procedure starts from randomized co-
ordinates and initially undergoes high temperature torsion
angle dynamics (8000 steps at 3500 K). The bath temper-
ature is gradually cooled from 3500 to 298 K introducing
the van der Waals terms and incrementally raising the force
constants for a number of terms (angles, impropers, dihe-
dral angles, NOEs, van der Waals repulsion and RAMA).
Following the final cooling step, the molecule underwent
two sequential final Powell minimizations, first in torsion
angle space and then in Cartesian space. The calculations
are repeated multiple times with different random number
seeds for the assignment of initial velocities; the lowest en-
ergy structures without violations of distance (>0.3A) or
torsion angle (>5°) restraints were used for further refine-
ment. Additional details are provided in the supplementary
section.

RESULTS

The expression of three different genes involved in immune
evasion by Neisseria is activated by temperature-sensing
RNA thermometers within the 5-UTR of the correspond-
ing mRNAs. Unlike other RNA thermometers studied so
far (12,17), which respond in a sigmoidal fashion to changes
in temperature, the CssA thermometer responds in a graded
manner within a narrow range corresponding to differences
in the nasal cavity and central body temperature. According
to mfold (36), the CssA thermometer forms a long imperfect
stem-loop structure flanked by unfolded tails and capped
by a 13 nucleotides large apical loop (Figure 1A). We used
SHAPE chemistry and NMR to define the structure of this
RNA and understand the mechanism of regulation.

Secondary structure of the CssA thermometer

SHAPE (21) chemical probing was performed to establish
the RNA secondary structure between 4 and 42°C (Figure
1B), well below and just above the temperature of activation
of protein synthesis. At 4°C, a temperature much lower than
the bacterium encounters in the nasopharynx, chemical re-
activity is observed only for flexible nucleotides within the
5’- and 3’-end single stranded regions, the large apical loop
and the internal A/G-U bulge.

NMR spectroscopy was used to establish the base pair-
ing unambiguously. We prepared two additional constructs,
CssAl and CssA2 (Figure 1A), to improve the spectral qual-
ity, which is compromised by the long unstructured tails and
the large apical loop in the wild-type CssA RNA. In CssAl,
both flanking tails were removed (two terminal GC base-
pairs were added to facilitate transcription); for CssA2, the
apical loop was exchanged with a stable UUCG tetraloop.
CssA2 is not a good model for temperature regulation. For
this, we employ other RNAs that are not as stabilized. How-
ever, all such constructs are dimeric at the NMR concen-
tration. In contrast the UUCG containing construct is not
dimeric and that allows structure determination. Thus, it is
an excellent model for the structure, as demonstrate by the
chemical shift superposition (see below).

Western blots demonstrate that CssAl retains the behav-
ior observed for CssA (albeit less efficiently as a result of the

two extra base pairs), whereas the UUCG tetraloop abol-
ishes activity over the temperature range (Figure 1A), by
providing thermodynamic stability (37). However, the NH
region of these three RNAs shows strong similarities in-
dicating that the base pairing is the same as observed for
the wild-type sequence (Figure 1C), a result confirmed by a
thorough analysis of two dimensional spectra. As demon-
strated later, the wild-type CssA sequence forms a duplex
structure. The doubling of its effective molecular size leads
to much broader NMR spectra (Figure 1C) and prevents
high quality NMR analysis. Once this was done, spectral
assignments confirmed the secondary structure generated
by SHAPE, as shown in Figure 1A.

Temperature-dependent opening of the CssA thermometer

We used SHAPE and NMR to probe how temperature
affects the RNA secondary structure. As shown by the
SHAPE data (Figure 1B) and summarized in the site-
dependent accessibility plots (Figures 1D and 2), the CssA
thermometer starts unraveling from the apical loop (the un-
paired A58-A70 region) followed by the A71-U78 region.
Intense SHAPE reactivity is observed at all temperatures
for A44 and G45 (as indicated by blue boxed on the gels;
these nucleotides are located at the ‘inflection’ point of the
structures of Figure 1A and are labeled in dark blue), sug-
gesting that they might provide breathing points. All nu-
cleotides become reactive at 42°C (Figure 2B), over a nar-
row temperature range, as the thermometer opens up from
the top down. At and above 42°C, base pairing of the ri-
bosome binding sequence is completely disrupted (Figure
1A).

Effect of single nucleotide changes on stability and activity

The results of Figure 1 suggest that the activity of the
thermometer reflects its dynamic accessibility, and that
temperature-induced opening of the secondary structure
simply provides access to the RBS for activation of pro-
tein synthesis. To test this hypothesis, different mutations
were introduced within the RNA (Figure 2C; Supplemen-
tary Tables S1 and 2), either around the internal A44G45-
U84 bulge highlighted by the SHAPE data or by modifying
the nucleotides of the G-U or C-A pairs to alter the RNA
stability only subtly. The resulting melting curves report
on the fraction of the RNA that is open (single stranded)
or closed (base paired) at any given temperature for each
RNA, because the change in absorption at 260 nM depends
on whether a base pair is stacked on another or not (single
stranded).

The starting structure for introducing mutations is called
CssA6, which is identical to the CssA thermometer but
lacks the flexible 5'-and 3’-end tails that complicate thermo-
dynamic analysis. The mutations increased the thermosta-
bility by only 2-6°C (Figure 2C and Supplementary Ta-
ble S2); larger changes would prevent correlating chemical
physical stability with translational activation. For exam-
ple, CssA71 (where the Adenine in the bulge is removed)
is stabilized by ~3°C while CssA75 (where the Adenine in
the bulge is removed and the Guanine mutated to Adenine,
respectively, to generate a UA base pair in place of a C-A
mismatch) is stabilized by almost 6°C.
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The melting curves for these RNAs (Figure 2D) are
biphasic, but the only relevant transition occurs around
40°C; the second transition corresponds to melting of a
dimeric structure, which is not physiologically relevant and
is just a consequence of the concentrations required for bio-
physical studies. These dimeric structures are observed most
clearly in SAXS that reveal a molecule about twice the size
of the expected stem loop (Supplementary Figure S5A and
B). Once we introduced a UUCG tetraloop, asin CssA2, the
RNA adopted a single stem-loop conformation, as defined
both by the molecule size and shape in SAXS experiments
and by the thermodynamic melting experiments. We only
consider the lower temperature transition in the remainder
of this analysis.

The introduction of these mutations has a decisive effect
on the thermometer activity (Figure 3). To study these mu-
tations in a biological background, we fused these RNA
constructs upstream of a GFP reporter system in pEGFP-
N, and transformed them into Escherichia coli. Their ther-
mosensing properties were observed by western blotting
using a GFP antibody in three biological replicates (Fig-
ure 3A). Expression of GFP (relative to loading control
RecA), is shown in Figure 3B. We observed strong reduction
in thermosensing ability for CssA71 and CssA72, which
have increased thermodynamic stability created by deleting
A18 (CssA71) or by the A18-G transversion (CssA72) (Fig-
ure 3). These effects parallel the increased thermodynamic
stability of these two mutants of 1 and 3°C, respectively.
Thus, the data indicate that the thermosensing activity over
the physiological temperature range reflects the thermody-
namic stability of the RNA, and that even small changes
in temperature are sufficient to shift the response. However,
stability alone is not sufficient to explain the entire spectrum
of activity. When we further stabilized the structure by in-
troducing a C15-A mutation (CssA75), partial thermosens-
ing activity was restored.

The thermosensing activity of CssA was evaluated
for a few additional mutations introduced in the back-
ground of a deletion of 8 nucleotides (instead of two
copies of UAUACUUA, a single copy is retained) ob-
served in polymorphic bacterial strains®. The first two
mutants (A8 bp (AU/GC) where UAUACUUA becomes
UAUGCCUA) and A8 bp (A/G) where UAUACUUA be-
comes UAUGCUUA) have similar thermal melting pro-
file to CssA and partially restore thermosensing activ-
ity, whereas the A8bp (U/C) (UAUACUUA becomes
UAUACCUA) mutation induces a thermal behavior as seen
for CssA-A8bp and demonstrates unregulated CssA expres-
sion at all temperatures® (Supplementary Tables S1, 2 and
3). Thus, mutations generated within the 8 bp sequence have
variable effect in E. coli plasmid reporters. The SHAPE re-
sults for the A8 bp construct suggests that A81 (mutated
in the AU/GC or A/G changes) is more reactive whereas
U83 (for U/C change) is comparatively less reactive (Sup-
plementary Figure S6). Changing A81 to G81 would stabi-
lize the helix and restore thermosensing activity to wild-type
levels in the presence of a single 8 bp sequence, while mutat-
ing the relatively stable nucleotide U83 to C83 would lead
to additional disruption of the stem structure and would
completely abolish the thermosensing activity and upregu-
late CssA production at every temperature.
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Altogether, these data demonstrate that the thermosens-
ing activity of the CssA thermometer responds to even small
changes in temperature and, less strongly, to mutations of
certain nucleotides, suggesting that the thermometer acts as
a bona fide molecular rheostat whose optimal temperature
response can be optimized by simple mutations.

Naturally occurring polymorphisms in the CssA thermometer

The sequence of the CssA thermometer is remarkably con-
served among clinical N. meningitidis isolates. However, in
some strains, one copy of the 8 base repeat is lost, and
this change leads to upregulation of protein production at
every temperature (7). In order to understand the mecha-
nistic basis of this behavior, we performed thermal melt-
ing for several A8 bp constructs (referred to as CssA76,
CssA77 and CssA78; Supplementary Tables S2 and 3). In
CssA76, the first 8 bp adjacent to the RBS were switched
with nucleotides present in the opposite strand, whereas
the second 8 bp region was interchanged with the oppo-
site strand in CssA77; both 8 bp regions were switched
with nucleotides from the other strand in CssA78. As a re-
sult of these changes, CssA77 has a similar thermal pro-
file to CssA6, while CssA76 and CssA78, have lower melt-
ing points, around 35°C (7). These results are consistent
with the dysregulation of thermosensing activity observed
in strains that carry these polymorphic variations (7).

NMR analysis of the CssA thermometer

The wild-type CssA sequence is not suitable for structural
investigation. The relatively poor quality of the imino sec-
tion of the NMR spectra is reflected in even broader spectra
for the non-exchangeable region of the spectrum. The same
was also found for CssA1l or CssA6, and is due to the forma-
tion of a dimeric structure that cannot be avoided at NMR
concentrations but is irrelevant to the biology of the ther-
mometers. Only when we introduced a UUCG tetraloop,
as in CssA2, the RNA adopted only a stem-loop confor-
mation, as defined both by the molecule size and shape in
SAXS experiment and by the behavior in thermodynamic
melting experiments. When we compared imino spectra for
CssAl and CssA2, they looked nearly identical, with the
few extra peaks in CssA2 originating from the UUCG-
tetraloop (Supplementary Figure S5D). These results, and
the monomeric structure of the RNA, demonstrate that
CssA2 is an accurate model to probe the structure of the
CssA thermometer.

We assigned the NMR spectra (Figure 4A) and recorded
1D imino proton spectra for both CssAl and CssA2 to as-
sess the thermal response at the nucleotide level at temper-
atures used for the SHAPE analysis (Figure 4B). We found
that the upper helix is more thermolabile than the lower
stem, as in SHAPE studies. However, imino peaks corre-
sponding to the lower helix are still intact in both CssAl
and CssA2 even at 45°C. This indicates that, as the temper-
ature increases, the RNA unfolds from the apical loop and
this destabilization spreads down toward A30-U39, the re-
gion of the thermometer containing the RBS, thus making
it accessible for ribosome binding.
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Figure 4. Structural analysis of the CssA thermometer. (A) Imino-region of the NOESY spectrum of CssA2, which allowed assignments of the base pair
resonances. (B) Temperature dependence of the imino spectra for CssA1 (top) and CssA2 (bottom) reveals opening of the structure at the level of individual
base pairs. (C) Schematic representation of the secondary structure of CssA2, based on the NMR structure. Residues corresponding to CssA3 and CssA4
are highlighted in blue and black, respectively, to show how the complete structure was constructed by splicing together the two segments. (D) NMR
ensemble of 10 refined structures of CssA2 (residues 1-64). (E) The lowest energy structure of CssA2 in cartoon representation superposed on the SAXS
model shown in blue color; the SAXS results were not used for refinement, they therefore provide independent validation of the structure. (F) Complete
structure of CssA2, highlighting local structural features of the CssA core structure: (I) A14-U55, C15*¥*A54, G16-U53; (II) A18G19-US1 in magenta and

(I1I) U28-U41 in light green color.

NMR structure of the CssA thermometer

We used a ‘divide and conquer’ approach to obtain a much
larger number of constraints for structure determination
than would be possible if we just studied the complete RNA,
whose large and asymmetric structure leads to rapid re-
laxation of the NMR signal. We divided CssA2 into three
partially overlapping segments, designated CssA3, CssA4
and CssAS, which, when the common base pairs are su-

perimposed, generate CssA2. CssA3 spans the upper he-
lix whereas CssA4 spans the lower stem; CssAS consists
of middle stem of CssA2 (Figures 4C-F and 5A). Over-
laying the NOESY NMR spectra of the three segments on
the CssA2 spectra revealed a highly transferable pattern
of chemical shifts and NOESY cross-peaks for both the
exchangeable and non-exchangeable protons (Figure 5B).
Thus, we generated a restraint table for CssA2 by combin-
ing distance and torsion angle restraints from each segment
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Figure 5. NMR Assignment strategy and structural insight into CssA2 thermometer. (A) Three smaller constructs (CssA3, CssA4 and CssAS5) were pre-
pared to help structure determination of CssA2. Green and blue bold letters correspond to the 8 base sequence whereas gray colored bold nucleotides are
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93% H,0 and 7% 2H,0 on Bruker Avance 800 MHz spectrometer at 7°C for CssA2, CssA3, CssA4 and CssAS. The black color corresponds to CssA2,
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recorded for CssA2, CssA3, CssA4 and CssAS. Structural superposition of CssA2 RNA overlayed on (C) the lower helix (corresponding to CssA4) or (D)
the upper helix (corresponding to CssA3). (E) Direct NMR evidence to support the U28*%U41 base pair observed in NOESY spectra of CssA2 and CssA3,
to demonstrate the similarities between the two constructs. (F) Orientation of C42 and C43 shown on the structure. The C43 base and ribose are projected
toward the major groove, while the C42 ribose points inward, but its base has moved outside the helix, exposing both bases.
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to generate a structure for the complete RNA. These re-
straints were used in the final structure calculation starting
from simulated annealing through the addition of RDCs
for final refinement (38,39) (Supplementary Table S4). We
calculated the overall CssA2 structure (Figure 4) starting
from simulated annealing and subsequent refinement using
first local RDC:s for the upper and lower stems to refine the
local geometry, then introduced global RDCs obtained for
the CssA2 NH’s to orient the upper and lower stems along
with the NOEs. The top 10 structures without violations
in distance (>0.3A) or torsion angle (>5°) restraints were
analyzed (Supplementary Table S4). For further validation,
we used the SAXS-generated envelope; we found that the
NMR-generated structure fits very well within the SAXS-
model, which was not used in any way in the refinement
(Figure 4E).

_ The CssA thermometer forms an extended helix of ~100
A in length with a twist of around 30 deg around the
A18G19-U51 bulge, which forms a locally flexible hinge.
The structure has three local distortions: the wobble pair
G16-U53 (1), an A18G19US1 bulge (IT) and a U-C-rich in-
ternal loop (III) (Figure 4F). The lower helix (correspond-
ing to CssA4) is well defined, with a local rmsd of only 0.68
A (Figure 5C and Supplementary Figure S3) whereas the
upper helix (corresponding to CssA3) showed some flexi-
bility in the regions A26-U28, C42-U44 and converges with
a higher backbone rmsd of 1.1 A (Figure 5D). These ob-
servations suggest that the apical helix is only partially sta-
ble because of the presence of irregular structure whereas
the lower helix is more rigid, a result consistent with the
SHAPE and NMR data that indicate top-down melting
of the secondary structure. The U28-U41 base pair in re-
gion IIT is only observed below 30°C (Figures 4F and SE).
The A18*US51 base pair in region II also forms transiently;
US51(H3) is near A18 (H2), indicating formation of a base
pair with A18, while G19 is outside of the A18-US5I plane
(Figure 4F). In region I, Al4 is perfectly aligned toward
US55 (H3, O4) while the C15 base moves away from A54
and makes no contact with either base. G16 (H1/06) forms
a wobble base pair with U53 which opens up at 37°C (Fig-
ure 4B and F). Near region III, C42 and C43 remain very
flexible in the core structure (Figures 4F and 5F) as sup-
ported by strong SHAPE reactivity for the CssA thermome-
ter (Figure 1B and Supplementary Figure S5C).

DISCUSSION

RNA thermometers provide an elegant mechanism for mi-
crobial adaption to different temperatures (40). Their ad-
vantage is that they function independently of a response
regulator, and do not require de novo transcription. They
are energetically economical and offer rapid activation and
reversibility and are therefore ideally suited for responding
to abrupt changes in the environment.

Several enteric pathogens control the expression of
key transcription factors or cellular heat shock responses
through RNA thermometers. For example, Salmonella (41),
Yersina pestis (42), E. coli, Vibrio cholerae (16) and Liste-
ria monocytogenes (43) employ RNA thermometers to re-
program gene expression during transition from the exter-
nal environment to the higher temperatures found in the

mammalian gastrointestinal tract (44). In these examples,
RNA thermometers sense a rapid and large fluctuation in
temperature as the key cue for adaptation to distinct set-
ting within and outside their host. Most offer a binary re-
sponse to the ambient environment, with translation either
being completely stalled by a stable secondary RNA struc-
ture preventing access of ribosomes to the nascent mRNA,
or being active when the RNA structure melts, allowing pro-
tein synthesis. There are other emerging examples of ther-
mometers which promote translation at lower temperatures
in microbes as divergent as Thermus thermophilus (45) and
E. coli to mediated cold shock or adaptive responses (46);
this post-transcriptional response is mediated by secondary
structures in the 5 UTR of the mRNA which form at lower
temperatures to either protect the transcript from degra-
dation, or enable more efficient access of ribosomes to the
RBS.

In contrast, the CssA thermometer from N. meningitidis
regulates bacterial evasion from the host immune responses
by controlling the biosynthesis of a single molecule, rather
than mediating pleiotropic responses in the bacteria. Subtle
increases in temperature, as observed in the air cavities dur-
ing inflammation, activate protein synthesis downstream
of this RNA structure (7). Thus, the CssA thermometer
responds in a gradual manner, like a rheostat, over what
in physical chemical terms is a very modest temperature
change. We think of this structure as a rheostat because the
thermometer activity increases in a more or less constant
manner over the temperature range, consistent with the pro-
gressive melting of the structure, leading to progressive in-
crease in protein expression, with a maximum temperature
that can also be gradually moved with small changes in sta-
bility.

The NMR structure, SHAPE analysis and the correlation
between thermodynamic stability and activity, lead to the
model of thermosensing illustrated in Figure 6. Although
the structure of the thermometer is ‘closed’ at tempera-
tures below activation, in the narrow transition temperature
range around 37°C, the thermometer exists in equilibrium
between closed and open states. The ribosome samples the
population of open thermometers to recognize the RBS and
initiate translation. The structure begins to ‘melt’, from the
top of the helix downward, starting from the A18G19-U51
internal loop, while the RBS sequence remains occluded by
complementary base pairing; around 37°C, the lower helix
becomes partially open making the RBS available for the ri-
bosome to initiate translation (7). As the temperature rises
to 42°C, as occurs during infection, the thermometer be-
comes completely destabilized, liberating the RBS and per-
mitting ribosome entry (Figure 6 and Supplementary Video
S1).

The architecture of the CssA thermometer is reminis-
cent of the cyanobacterial hspl7 thermometer (18). In the
cyanobacterial structure (one of the smallest thermometers)
the 3 nucleotide bulge separates the start codon from the
RBS. This is distinct from the CssA thermometer, where
the bulge is larger and located on one side of the RBS and
translation start site. Similar to N. meningitidis, however,
the hsp17 structure responds gradually to temperatures, al-
beit over a larger temperature range in vitro, achieved via
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37°C 42°C

Figure 6. Model for the thermosensing activity of the CssA thermometer.
Cartoon representation of temperature induced unzipping the thermome-
ter, as revealed by NMR spectroscopy and SHAPE assays. Dark colored
lines represent stable base pairs, whereas dotted lines correspond to weaker
base-pairs which open up at the higher temperatures. At 4°C, all base pair
regions are stably formed, and the ribosome cannot access the RBS which
is fully occluded. As the temperature is raised toward 30°C, the RNA struc-
ture opens up, starting near the apical loop and the A44G45-U84 bulge
in center of the repeated 8 bp elements, shown in red and green, respec-
tively. At this temperature, the RBS, shown in blue color, is still inaccessi-
ble and protein synthesis inhibited. By 42°C, the thermometer structure is
fully open, leading to efficient translation. Around the narrow transition
temperature range near 37°C, the thermometer exists in equilibrium be-
tween closed and open states. The ribosome (depicted in orange) samples
the population of open thermometers to recognize the RBS and initiate
translation.

a zippering mechanism, which enables the translation of
chaperones, involved in the heat shock response.

We previously identified naturally occurring polymor-
phisms in the 5 UTR of the CssA mRNA, which lead to
dysregulated production of CssA (7). These changes distort
the structure in a manner that is amplified when the temper-
ature increases. Single nucleotide substitutions that stabilize
the structure by only a few degrees, lead to a corresponding
decrease in activation of protein synthesis and a shift of acti-
vation to higher temperature. This result suggests that small
molecules that stabilize the RNA would prevent evasion of
the host immune response. The NMR structure of the ther-
mometer identifies distortions in the long base paired he-
lix that could be used for targeting the RNA with small
molecules within the upper helix, where the structure be-
gins to melt. Furthermore, the substitutions demonstrate
that the optimal activity of the thermometer itself can be op-
timized by simple engineering of its sequence, providing an
opportunity to regulate protein synthesis at different tem-
peratures.

RNA thermometers provide a quick, reversible, and en-
ergetically efficient strategy for a bacterium to respond to
changes in temperature. As our findings demonstrate, the
atomic structure of the thermometer and its response can
be exquisitely adjusted to suit the requirements of the bac-
terium; among disease isolates, even the loss of an 8 nu-
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cleotide repeat sequence can be counterbalanced by the ac-
quisition of compensatory mutations that precisely restore
the function of the thermometer. Therefore, pathogenic
strains of N. meningitidis retain the capacity to upregulate
the expression of capsule as they transit from the cooler en-
vironment of the nasopharynx to the temperature in the sys-
temic circulation, following invasion of the epithelial bar-
rier. Our study provides the molecular mechanism under-
lying this key step in virulence, and for understanding the
effects of polymorphisms which are more prevalent in car-
ried strains, and thence the transition from commensalism
to disease in this important human pathogen.
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