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In the gammaproteobacteria the RpoH regulon is often equated with the stress response, as the regulon
contains many of the genes that encode what have been termed heat shock proteins that deal with the presence
of damaged proteins. However, the betaproteobacteria primarily utilize the HrcA repressor protein to control
genes involved in the stress response. We used genome-wide transcriptional profiling to compare the RpoH
regulon and stress response of Neisseria gonorrhoeae, a member of the betaproteobacteria. To identify the
members of the RpoH regulon, a plasmid-borne copy of the rpoH gene was overexpressed during exponential-
phase growth at 37°C. This resulted in increased expression of 12 genes, many of which encode proteins that
are involved in the stress response in other species. The putative promoter regions of many of these up-
regulated genes contain a consensus RpoH binding site similar to that of Escherichia coli. Thus, it appears that
unlike other members of the betaproteobacteria, N. gonorrhoeae utilizes RpoH, and not an HrcA homolog, to
regulate the stress response. In N. gonorrhoeae exposed to 42°C for 10 min, we observed a much broader
transcriptional response involving 37 differentially expressed genes. Genes that are apparently not part of the
RpoH regulon showed increased transcription during heat shock. A total of 13 genes were also down-regulated.
From these results we concluded that although RpoH acts as the major regulator of protein homeostasis, V.

gonorrhoeae has additional means of responding to temperature stress.

A fundamental process in all cells involves the removal of
aberrant proteins, generally misfolded or aggregated protein
complexes formed during cellular stress. The response to this
stress involves stabilization of protein conformations, refolding
of misfolded proteins, and degradation of proteins that are
detrimental to the cell. These processes are performed by a
variety of molecular chaperones and proteases located in dif-
ferent compartments of the cell. In bacteria, the main cyto-
plasmic components involved in protein homeostasis include
the chaperones DnaK/DnalJ/GrpE, GroEL/GroES, HtpG, and
ClpB, as well as the proteases ClpXP, ClpAP, HslUV, Lon,
and FtsH (32). In Escherichia coli and other members of the
gamma subdivision of the Proteobacteria, RpoH is the major
regulator of the genes encoding these factors (32). However,
members of the betaproteobacteria, such as Bordetella and
Burkholderia, utilize a repressor, HrcA, which recognizes in-
verted repeats (CIRCE [controlling inverted repeat of chaper-
one expression]) in the promoter regions of many heat shock-
regulated genes (29). Although Neisseria belongs to the
betaproteobacteria, it is the exception in this group as in silico
searches of the completed genomes of Neisseria gonorrhoeae
and Neisseria meningitidis have revealed that neither a gene
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encoding an HrcA homolog nor CIRCE elements are present
(29). An RpoH homolog, which appears to be essential for cell
viability in Neisseria (24), exhibits elevated expression levels
during heat stress in N. meningitidis (14) and N. gonorrhoeae
(24). In N. gonorrhoeae RpoH appears to be responsible for the
regulation of dnak, dnal, and grpE (24), as well as the groE
operon (43).

In E. coli grown at normal temperatures, low levels of RpoH
(intracellular levels of less than 50 molecules per cell) are
necessary for the transcription of chaperones involved in re-
folding of newly synthesized proteins (32). However, during
heat shock rpoH transcription is rapidly increased. This, in
turn, can result in increased transcription of the genes encod-
ing the chaperones and proteases. However, this control of
rpoH at the transcriptional level plays a relatively minor role in
maintaining the RpoH levels in the cell (1). The regulation of
RpoH is primarily at the posttranscriptional level, where trans-
lation of the protein is repressed by secondary structure in the
rpoH mRNA (24, 47). Additionally, the DnaK chaperone sys-
tem can influence the stability and activity of the protein (32).
At normal temperatures, the small amounts of RpoH can be
sequestered by DnaK/Dnal/GrpE and targeted for degrada-
tion by FtsH, Lon, HsIVU, or ClpP (1) or by GroES/EL (15).
During heat shock, both the DnaK/DnaJ/GrpE and GroES/EL
chaperone complexes preferentially bind misfolded proteins,
releasing RpoH, which is then free to associate with RNA
polymerase and direct transcription from RpoH-dependent
promoters. These promoters control expression of RpoH itself,
as well as the chaperones and proteases involved in protein
homeostasis. Once the misfolded proteins are removed, RpoH
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TABLE 1. Oligonucleotide primers used in this study

Oligonucleotide Sequence (5'-3") Use?
1729 CAGTTCGGCAATGAAGTCCG groEL probe
3260 CACACTGGGACTGAGACATG 16S rRNA probe
3261 CGGCAGTCTCATTAGAGTGC 16S rRNA probe
11076 GACACCCAAATCGTCGGC rpoH probe
11077 CGGCTATGACGGCTACGGG rpoH probe
14107 GGACAGCGTATAACCCTTCTTC grpE probe
14108 ATGAGCGAACAGACACAGCAG grpE probe
14109 CTTGCAGTACGTGGATGGTTAC dnaK probe
14110 CAAGACGTGATGGCTCTACAAC dnaK probe
14115 GTGAGGACGTTCAAGTCGGTAT dnal probe
14116 TGACACCCTTACCCTTCACG dnal probe
14308 ATGCCTCGGATGTTGTTCAC groEL probe
15837 CAGCAAACCGCGGATCCGCAGTTTC Amplification of rpoH gene
16764 GCTGCCGTCCATTTTCATG qRT-PCR of recA
16766 TGGCGCAAATCGAAAAAAGT qRT-PCR of recA
17456 GACGGATAGGATCCTGTACAGCAC Amplification of rpoH gene
23047 GTCGGCAAGCCAGTCGAT qRT-PCR of rpoH
23048 CCGAAAAAGCCAAAATCGAA qRT-PCR of dnakK
23049 ACCGGAAGCTATGGACAAAATC qRT-PCR of clpB
23050 TGGTAATGTACGGCAGGTTGAT qRT-PCR of dnakK
23052 TCGCCTTCCTGCCATTCA qRT-PCR of marR
23053 ACCGTTTCAGGCGTATGCA qRT-PCR of marR
23054 CGCCATCATGGCAGACAAC qRT-PCR of rpoH
23055 TTTCAACGTGCGCCTTTTC qRT-PCR of clpB
23273 CACGCGCCGCAAATCT qRT-PCR of secB
23274 GGTGGAAACGCGCATATCC qRT-PCR of secB

“ qRT-PCR, quantitative real-time RT-PCR.

is once again bound by the chaperone complexes, and the
levels of transcription of the genes encoding the chaperones
and RpoH return to normal.

In N. gonorrhoeae transcription of the chaperone genes grpE,
dnakK, and dnal (24), as well as groESL (43), is induced from
the corresponding RpoH-dependent promoters within the first
10 min of exposure to elevated temperatures. However, tran-
scription of rpoH during heat shock is from a sigma-70-depen-
dent promoter and increases only after 20 min of exposure to
elevated temperatures. This suggests that in N. gonorrhoeae
activation of preformed RpoH is sufficient to respond to a heat
shock (24). In accordance with this suggestion, evaluation of
the heat shock response of N. meningitidis at 45°C for 5 min
has demonstrated that many genes, but not rpoH, are up-
regulated (14).

The objective of this study was to investigate the RpoH
regulon of N. gonorrhoeae and how this regulon overlaps with
the heat shock regulon. To do this, we overexpressed RpoH
from a neisserial plasmid, performed transcriptional profiling
experiments to identify members of the RpoH regulon, and
compared the genes with the genes induced in response to heat
shock. The results suggest that RpoH acts as the major regu-
lator of protein homeostasis during heat stress in N. gonor-
rhoeae, but this species also has additional means of respond-
ing to this stress.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and culture conditions. The E. coli strain
used in all cloning experiments was DHS« [F~ endA1 thil-1 hsdR17 supE44 relA1
AlacU169 ($80AlacZAM15)). The N. gonorrhoeae strain used was MS11-A (36).
E. coli strains were routinely grown at 37°C in Luria-Bertani (LB) broth (Difco)
or on LB plates supplemented with 1.5% (wt/vol) agar. When necessary, LB
media were supplemented with 150 pg/ml erythromycin. Gonococcal strains

were routinely cultured on GC agar base (Oxoid) or GC broth supplemented as
described previously (11). When appropriate, GC agar plates were supplemented
with 7 pg/ml erythromycin, 12.5 pg/ml tetracycline, or 40 wg/ml spectinomycin.
Plate cultures were incubated in a 5% CO, atmosphere, whereas GC broth was
supplemented with 1% (wt/vol) NaHCOj; as a CO, source. Gonococcal trans-
formations and conjugations were performed as described previously (24), except
that conjugations were performed by mixing 5 X 10% donor cells and 1.5 X 10°
recipient cells.

Recombinant DNA techniques. All DNA manipulations were performed by
standard procedures (11). Plasmid DNA was purified using a Hi PURE plasmid
isolation kit from Roche Diagnostics. The restriction endonucleases used in this
study were purchased from New England Biolabs. DNA sequencing was per-
formed with a BigDye Terminator V3.1 cycle sequencing kit (Applied Biosys-
tems), and DNA was analyzed with an Applied Biosystems model 3730 DNA
analyzer. Oligonucleotide primers (Table 1) were synthesized with an Applied
Biosystems 394 oligonucleotide synthesizer.

RNA isolation. To prepare total RNA, 10 ml of a culture was harvested,
immediately mixed with 20 ml of RNAlater RNA stabilization solution (Am-
bion), and incubated at room temperature for 10 min. Prior to RNA isolation
cells were harvested by centrifugation (5,000 X g) for 10 min at room tempera-
ture. RNA was isolated using an RNeasy midi kit (QIAGEN) with an on-column
DNase I digestion step. The quality and quantity of RNA were determined by gel
electrophoresis and spectrophotometry.

RNA dot blotting. RNA dot blotting was carried out as described previously
(4) with 1 pg and 5 pg of total RNA. Probe labeling was performed using a
digoxigenin nonradioactive DNA labeling kit (Roche Diagnostics) according to
the manufacturer’s instructions. The probes used were a 830-bp PCR product
amplified from 16S rRNA and PCR products amplified from rpoH (300 bp),
dnaK (570 bp), grpE (530 bp), dnaJ (590 bp), and groEL (790 bp). The oligonu-
cleotide primers used for each PCR are described in Table 1. Hybridization of
probe DNA to target RNA was detected using the method supplied with the
chemiluminescent substrate CDP-Star (Roche Diagnostics).

cDNA synthesis and labeling. For each synthesis reaction, 30 pg of total RNA
was mixed with 30 g of random hexamers, heated to 70°C for 10 min, and then
rapidly chilled on ice. To this mixture 0.5 pl (20 U) of RNasin (Promega), 6 .l
of Superscript IT buffer (Life Technologies, Inc.), 3 pl of dithiothreitol, 1 mM
dATP, 1 mM dCTP, 1 mM dGTP, 0.4 mM dTTP (Promega), 0.6 mM aminoallyl-
dUTP (Sigma), and 2 pl (400 U) of Superscript II reverse transcriptase (Life
Technologies, Inc) were added and incubated for 2.5 h at 42°C. The reactions
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were terminated, and the RNA was hydrolyzed by addition of 10 wl of 1 M
NaOH and 10 pl of 0.5 M EDTA, heated to 65°C for 15 min, and neutralized by
addition of 25 pl of 1 M Tris-HCI buffer (pH 7.4). Aminoallyl-modified cDNA
was purified using Microcon 30 (Millipore) purification columns as follows. The
c¢DNA mixture was diluted in 400 pl of diethyl pyrocarbonate (DEPC)-treated
water, transferred to a column, and centrifuged at 12,000 X g for 7 min, and the
column was washed four times with 400 pl of DEPC-treated water and centri-
fuged at 12,000 X g for 7 min. Purified labeled cDNA was collected according to
the manufacturer’s recommendations and concentrated to 12 pl, and the quan-
tity was determined using a NanoDrop ND-100 spectrophotometer (NanoDrop
Technologies). Then 2.8 pl of sodium bicarbonate (0.5 M, pH 9) was added to
each cDNA preparation prior to coupling of Cy3 or Cy5 fluorophores. One-
microgram portions of the dyes Cy3 and Cy5 (Amersham) were dissolved in 72
pl of dimethyl sulfoxide (Sigma), and a 4-ul aliquot of the relevant dye was
added to the appropriate cDNA sample. The reaction mixtures were incubated
for 1 h at room temperature in the dark and were purified using Microcon 30
columns as described above, and the eluted samples were concentrated to 10 pl.
Cy3 and Cy5 dye incorporation was determined using spectrophotometry.

Microarray hybridization. The labeled cDNA was hybridized to a pan-Neis-
seria microarray which contained 2,704 PCR products spotted in triplicate, cor-
responding to potential coding sequences from N. gonorrhoeae strain FA1090 (7),
N. meningitidis strains MC58 (44) and Z2491 (28), N. gonorrhoeae strain MS11
Gonococcal Genetic Island (19), and various controls. The nucleotide sequence
of the genome of N. gonorrhoeae strain FA1090 (GenBank accession number
AE004969) has not been formally published, but annotations are available at
the following sites: www.stdgen.lanl.gov, pathema.tigr.org/tigr-scripts/CMR
/CmrHomePage.icg, and www.ncbi.nlm.nih.gov/entrez/query.fcgi. The annota-
tion used for microarray design and the annotation submitted to GenBank can be
compared at gbrowse.molbiol.ox.ac.uk/cgi-bin/gbrowse/FA1090. All gene identi-
fication numbers used in this paper correspond to the numbers in the GenBank
annotation. Details of the construction of this microarray will be published
elsewhere, but details and microarray slides can be obtained from the corre-
sponding author. Prior to prehybridization, each slide was plunged into a 95°C
water bath for 2 min, centrifuged for 5 min at 2,000 X g, and used immediately.
Prehybridization was carried out in a 30-pl mixture containing 25% formamide,
5X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% sodium
dodecyl sulfate (SDS), 10 mg/ml bovine serum albumin (fraction V), and 30 pg
of herring sperm DNA (Promega) under a coverslip in a humidified Corning
CMT hybridization chamber (Corning) for 45 min at 42°C. The slide was rinsed
in water, dried by centrifugation, and used immediately for hybridization. The
labeled cDNA was added to the hybridization fluid (prehybridization solution
without bovine serum albumin) in a 30-pl (total volume) mixture and denatured
at 95°C for 5 min. The hybridization fluid was placed on the surface of the
microarray under a coverslip. The slide was placed in the hybridization chamber
and submerged in a 42°C water bath overnight. After hybridization, slides were
washed once in 2X SSC-0.1% SDS for 5 min at 42°C, once in 0.1X SSC-0.1%
SDS for 10 min at room temperature, and four times in 0.1X SSC for 1 min at
room temperature. The slides were rinsed with water for 10 s, and excess fluid on
the surface of a slide was removed by centrifugation before scanning.

Data collection and analysis. A GMS 418 array scanner (Genetic Microsys-
tems) was used to measure the fluorescence of the Cy3- and Cy5-labeled cDNA
hybridized to the microarray. The images were combined, and quantitation of the
fluorescent and background intensities for each spot was performed using the
ImaGene version 5 software (BioDiscovery) as described previously (5). Data
from poor spots that were manually or automatically flagged in ImaGene were
not used for further analysis. The individual ImaGene data files were loaded onto
a website created with BASE (33) and were converted to a common BASE
format using a custom-made application. Each data set consisted of the data
from two biological repeat experiments, each of which included a technical
repeat with a dye swap. The spot intensities were found to be most reliable when
no background correction was performed. Analysis was done using Bioconductor
(9) and Limma (39). Normalization of the data to remove various biases involved
two steps. First, each array was normalized independently using print tip Loess
normalization (Y. H. Yang, S. Dudoit, P. Luu, and T. P. Speed, presented at
SPIE BiOS 2001, San Jose, Calif., 2001). Second, diagnostic plots suggested that
there was variation in scale between arrays, so the log ratios were scaled in such
a way that each array had the same median for the absolute deviation. The
normalized data were then used to fit a linear model (39) for each gene using
generalized least squares, which took into account the correlation between rep-
licate spots (40). The coefficient of the fitted model for each gene describes the
inferred difference in RNA expression between the two strains. Empirical Bayes-
ian methods were then used to calculate the moderated ¢ statistics and associated
P values. The P values were adjusted for multiple testing using a false discovery
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rate. Genes that had an absolute ratio of more than 1.5-fold and were signifi-
cantly different at the 0.001 level were considered differentially expressed.

Quantitative real-time RT-PCR. cDNA was generated from 5-ug portions of
the same RNA preparations used for the microarray experiments described
above, except that the concentration of each deoxynucleoside triphosphate was 1
mM and 7.8 pg of random hexamers was used. In addition, a second DNase I
treatment was used prior to cDNA synthesis. Specific primer pairs were designed
using the ABI PRISM Primer Express software (Applied Biosystems) and are
shown in Table 1. To quantitate cDNA, the gene-specific standard curve method
was employed, using serial dilutions of MS11-A genomic DNA as the templates.
All assay mixtures included 12.5 pl of SYBER Green PCR master mixture
(Applied Biosystems), 2 pl of each primer (final concentration, 0.5 nM), 2 pul of
template (cDNA was diluted 50- to 100-fold prior to quantitative reverse trans-
criptase [RT] PCR), and enough DEPC-treated water so that the final volume
was 25 pl. The negative controls lacked reverse transcriptase or template. The
reactions were performed with an ABI 7700 sequence detection system (Applied
Biosystems), and rec4 was used for normalization of all reactions. All RT-PCR
described below amplified a single product, as determined by melting curve
analysis (Applied Biosystems).

RESULTS

System for identification of genes in the RpoH regulon of N.
gonorrhoeae. Previous work has suggested that the rpoH gene is
essential for the viability of Neisseria (24). We therefore de-
cided to overexpress RpoH by induction of a plasmid-borne
copy of this gene during the exponential phase of growth at
37°C. We reasoned that an increase in the level of RpoH would
lead to an increase in the level of the corresponding RpoH-
associated RNA polymerase holoenzyme, which would in turn
lead to an increase in the expression of the rpoH regulon. To
control the expression of rpoH in the gonococcus, we cloned
the entire gene into the Hermes-8 E. coli/N. gonorrhoeae shut-
tle plasmid (23). This shuttle vector harbors an inducible P,
promoter that is functional in Neisseria and DNA integration
regions from the large neisserial conjugative plasmid pretM25.2
that allows recombination between the incoming Hermes shut-
tle vector and a resident pretM25.2 plasmid in Neisseria. We
used oligonucleotide primers (Table 1) that allowed introduc-
tion of a modified ribosome binding site for improved trans-
lation to amplify the rpoH gene using Pfu polymerase. The
PCR product was gel purified and inserted into the Hermes-8
plasmid to form plasmid pJKD2605. E. coli transformants were
selected using the erm gene of Hermes, PCR screened, and
sequenced to verify that no mutations had been introduced
into the rpoH gene. Plasmid pJKD2605 was used to transform
N. gonorrhoeae strain JKD484 (24), a derivative of strain
MS11-A, containing the pretM25.2 plasmid. A single transfor-
mant was obtained, and the recombinant plasmid was desig-
nated pJKD5067. The rpoH insert from pJKD5067 was PCR
amplified and completely sequenced. The results showed that
the sequence of the rpoH gene carried on pJKD5067 was
identical to the sequence in N. gonorrhoeae strain MS11-A.
Finally, pJKD5067 was conjugated into JKD5079, a spectino-
mycin-resistant mutant of strain MS11-A, to form JKD5068,
which was used for transcriptional profiling. The optimal time
for induction of the rpoH gene, which was under the control of
the P,. promoter, was determined by performing RNA dot
blotting and monitoring the levels of mRNA derived from
rpoH and the chaperone-encoding genes dnak, groEL, dnal,
and grpE over a 2-h period. Gonococcal strain JKD5068 was
grown to the mid-exponential phase (optical density at 560 nm,
0.6), and the culture was split between two flasks. One half of
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FIG. 1. RNA dot blot hybridization, showing increases in gonococ-
cal dnakK, dnal, groEL, grpE, and rpoH transcripts due to overexpres-
sion of RpoH for 10 min. RNA was extracted from induced (In) and
noninduced (Non) JKD5068 and transferred to the membranes as
indicated on the right Filters were hybridized with probes from gono-
coccal 16S rRNA and from the genes indicated at the bottom.

the culture was induced by addition of 2 mM isopropyl-B-D-
thiogalactopyranoside (IPTG), while the other half was not
induced. RNA dot blotting demonstrated that an induction
time of 10 min was sufficient to obtain maximal expression of
both rpoH and, subsequently, the dnakK, dnal, groEL, and grpE
genes (Fig. 1; data not shown for later times).

Effect of increased RpoH levels on gene expression. Microar-
rays were used to measure changes in gene expression when
rpoH was overexpressed in gonococcal strain JKD5068. Genes
were classified as differentially regulated if the P value using a
t statistic corrected for the false discovery rate was less than
0.001 and the change in the expression ratio was 1.5-fold. A
total of 11 genes were up-regulated, as determined by these
criteria, when rpoH was overexpressed (Table 2). A twelfth
gene (NGO1244) appeared to be up-regulated, but the P value
was 0.009, largely because of a local artifact on one microarray.
Quantitative real-time PCR using the same RNA preparations
indicated that this gene was up-regulated 8.9-fold, and it is
therefore included in Table 2. As expected, we did not identify
any down-regulated genes using the same criteria. A 3.2-fold
increase in rpoH transcription was detected, confirming that
this gene was overexpressed in this system. Data for the same
rpoH transcripts obtained by quantitative real-time PCR
agreed with this overexpression, and a 10.1-fold increase was
observed (Table 2).

Previous work with Neisseria has demonstrated that there is
an increase in transcription of the dna/, dnakK, and grpE genes
encoding the Hsp70 system upon exposure to heat shock (14,
24). As expected, dnak, dnal, and grpE were up-regulated in
the presence of excess RpoH (Table 2), and 3.1-fold up-regu-
lation of dnaK was confirmed by quantitative real-time PCR
(Table 2). ClpB with the assistance of DnaK has the ability to
refold aggregated proteins in E. coli (8, 50) and Thermus ther-
mophilus (26). In contrast to ClpB, other members of the Clp
family are proteases involved in the removal of irreversibly
damaged proteins from the intracellular pool. In E. coli, clpB
together with genes encoding other members of the family
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have been shown to belong to the rpoH regulon (48). In Neis-
seria, only clpB appears to be regulated by RpoH (Table 2). An
increase in transcription was also observed for clpB by quan-
titative real-time PCR (Table 2).

The GroE system is one of the best-characterized chaperone
systems and is stress induced in many bacteria. In Neisseria
groES and groEL are arranged in a bicistronic operon which is
transcribed from an RpoH-dependent promoter upstream of
groES under heat stress conditions (43). Transcription of groES
increased in the presence of excess RpoH (Table 2). However,
we did not detect a significant increase in groEL transcripts
with the microarrays, although marginal induction was ob-
served with RNA dot blots (Fig. 1). In a previous study a 12-bp
inverted repeat capable of functioning as a transcriptional ter-
minator was identified between groES and groEL in Neisseria,
resulting in premature termination of some of the groESL
transcripts (43). This resulted in an increased amount of groES
mRNA relative to the amount of groEL and might explain our
observation that there was marginal induction of groEL tran-
scripts. A gene encoding a homolog of the chaperone SecB was
identified as a member of the RpoH regulon (Table 2), and
2.7-fold up-regulation was observed for secB using quantitative
real-time PCR (Table 2). In addition, lon, a gene encoding an
ATP-dependent protease, also appears to be regulated by
RpoH. In E. coli, the lon gene is regulated by rpoH, and the
protease degrades damaged or unstable cytosolic proteins that
cannot be refolded (6, 48).

An interesting observation was the up-regulation of a tran-
scriptional regulator. NGO1244 potentially encodes a protein
that belongs to the MarR family of transcriptional regulators.
Two MarR family homologs have been identified in N. gonor-
rhoeae, and they are encoded by NGOO0058 (farR) and
NGO1244 (marR) (25). FarR has been shown to regulate the
FarAB efflux pump of N. gonorrhoeae, which mediates resis-
tance to antibacterial fatty acids (25). No function has been
associated with MarR, and we report here that marR appears
to be regulated by RpoH.

Of the remaining genes controlled by RpoH, cred

TABLE 2. Genes up-regulated in N. gonorrhoeae strain JKD5068
when RpoH is overexpressed

Open Fold change

reading  Gene Proposed function?

frame” Microarray” RT-PCR®
NGO0288 rpoH 3.2 10.1 RNA polymerase sigma factor
NGO1244° marR 2.3 8.9 Transcriptional regulator MarR
NGO1046 cipB 2.3 5.1 HSP, chaperone
NGO1429 dnaK 2.2 3.1 HSP, chaperone
NGO1422  gipE 2.1 HSP, chaperone
NGOO0775 lon 2.0 ATP-dependent protease
NGO1694  folA 2.0 Dihydrofolate reductase
NGOO0116  secB 2.0 2.7 Protein secretion
NGO2094 groES 1.9 HSP, chaperone
NGO1222 1.8 OsmC-like family protein
NGOO0570  creAd 1.8 DNA-binding protein
NGO1901  dnaJ 1.7 HSP, chaperone
NGO1426 1.6 Conserved hypothetical protein

¢ Designations from the annotation at www.ncbi.nlm.nih.gov/entrez/query.fcgi.

b Average expression ratio from microarray analysis for genes that were up-
regulated at least 1.5-fold with a P value of =0.001.

¢ Expression ratio for genes that were analyzed by quantitative real-time RT-PCR.

@ Proposed functions of the genes based on sequence annotation, sequence
homology, and previous investigations. HSP, heat shock protein.

¢P = 0.009.



VoL. 188, 2006 GONOCOCCAL STRESS RESPONSE 4773
A.
-35 -10
NGO1429 dnak GCTGTAGCTTGAAACAGCCCGCCGCCCGCCCTATTTA 37
NGO1901 dnaJ TGTTTGTCTTGTGTTTTGCGCAATTGC-CCTCATTTT 36
NGO1422 gpE GCCTTTGCTTGAAGTTTCTTGAAAATGTCCTTATCTT 37
NG02094 groES CGCCTCACTTGAATTTTCCCGCACACA-CCCTAATTT 36
NGO0775 lon GCGTATGCTTGAAATAATACTTTCAA--CCCCAATTT 35
NGO1046 clpB AACAACACTTGAGTTATCCACAGTCAT-GCACATATA 36
NGO1695* aroG TGTTGCACTTGTTTGTGCAAGGTAA--—-ACGATGTAA 34
NGO1426* TTTGGGGCTTGAAATTGCAGGCGGT-——CAAACTTAT 34
NGO1222 TAAGCCGCTTGAAATTGTTTACAATA--ACGCCATAT 35
NGOO114 TTCCGCACTTGCCAAACGGAGCGATTGCCCCTATATT 37
NG00570° cred GCGGATACTTGCAATCGGCTCAAACAG-CCTTATATT 36
NGO1244 marR2 ~ CCCCACGCTTGAAATCAGTCCCGATTATGACTATATA 37
N. gonorrhoeae CTTGaaatt- (N9-12) -———ccNNatttt
E. coli ggcTTGa———-- (N12-20) ———cCCCAT
B.
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el
_A cA:ééll E o X QA EAAI_I-\A
0 NI O RN PO r NI THONDOO —NM D ONDDO ATcru"uoh-
5) T rrrerererrerereremrO0 NN NN ANNANNNOOM mmmmsf

-35

-10

FIG. 2. Determination of the consensus sequence for RpoH-dependent promoters. (A) The sequences upstream of the genes that were
up-regulated when there was excess RpoH were aligned using ClustalW. To maximize the alignment, previously identified RpoH-dependent
promoters from dnaKk, dnal, grpE, and groES were utilized. The length of each identified promoter sequence is indicated on the right. A superscript
a indicates a gene with multiple putative RpoH binding sites, and the site that best fit the consensus was used. Also shown are the E. coli and newly
derived consensus sequences for RpoH-dependent promoters from N. gonorrhoeae. (B) Graphic display of the consensus RpoH-dependent
promoter sequence generated by SEQUENCE LOGO (34). The height of each column reflects the nonrandom bias of a residue at the position,
and the size of each letter reflects the frequency of the residue at the position.

(NGO0570) encodes the DNA binding protein CreA (51%
identity to the CreA protein from E. coli), folA encodes a
dihydrofolate reductase (2), and the final two genes encode
hypothetical proteins. The conserved hypothetical protein en-
coded by NGO1222 exhibits similarity to the OsmC-like family
of proteins. OsmC is an osmotically induced protein from E.
coli (17).

Consensus sequence for neisserial RpoH-dependent pro-
moters. In the gammaproteobacterium E. coli, the RNA poly-
merase holoenzyme associated with RpoH recognizes the con-
sensus sequence 5'-GGCTTGA(12 to 20 bp)CCCCAT-3" with
conserved motifs (underlined) located at the —35 and —10
positions relative to the transcription start points of the RpoH-
regulated genes (48). The promoter consensus sequence for

alphaproteobacteria is slightly different: 5'-CTTG(17 or 18
bp)CC/TTATNTNNG-3' (37). RpoH-dependent promoter el-
ements have previously been identified upstream of dnak,
dnal, and grpE (24), as well as groES (43), in N. gonorrhoeae,
which belongs to the beta subdivision of the Proteobacteria.
We identified a putative RpoH-dependent promoter sequence
upstream of 10 of the 12 genes up-regulated in response to RpoH
overexpression (Fig. 2A). No similar sequences were found up-
stream of the up-regulated fol4 and secB genes (NGO1694 and
NGOO0116); however, we identified the consensus sequence up-
stream of the adjacent upstream genes NGO1695 and NGO0114,
respectively. Alignment of the nucleotide sequences of the up-
stream regions of these genes and putative transcriptional units
allowed a comprehensive consensus sequence for RpoH-depen-
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TABLE 3. Genes up-regulated in N. gonorrhoeae strain MS11-A
after heat shock at 42°C for 10 min

J. BACTERIOL.

TABLE 4. Genes down-regulated in N. gonorrhoeae strain MS11-A
after heat shock at 42°C for 10 min

Open reading frame® Gene Chl:;?ll;eb Proposed function® rfgi(ljgx“
Heat shock response,
chaperones, and
protein
modification and
degradation
NGO1046 clpB 3.0 HSP, chaperone Yes
NGO0775 lon 2.4 ATP-dependent protease Yes
NGO1422 grpE 2.4 HSP, chaperone Yes
NGO0383 fis] 1.9 HSP, cell division protein
NGO1189 hsp33 1.7 Chaperone
NGO0399 hipX 1.7 HSP
NGO1901 dnal 1.7 HSP, chaperone Yes
Other
NGO2142 2.4 Hypothetical protein
NGO1222 2.1 OsmC-like family protein Yes
NGO1244 marR 2.0 Transcriptional regulator, Yes
MarR
NGO0570 creA 2.0 DNA-binding protein Yes
NGO1426 1.9 Conserved hypothetical Yes
protein
NGO0848 leul 1.7 2-Isopropylmalate
synthase
NGO0679 leuC 1.7 3-Isopropylmalate
dehydratase
NGOO0114 greC 1.7 Glutaredoxin 3
NGO0568 1.7 Hypothetical protein
NGO1428 1.7 Hypothetical protein
NGO0999 rpoD 1.6 RNA polymerase sigma
factor
NGO1694 folA 1.6 Dihydrofolate reductase Yes
NGO0678 1.6 Hypothetical protein
NGO1245 1.5 Hypothetical protein
NGO1425 1.8 Hypothetical protein
NGO0392 1.6 Conserved hypothetical
protein
NGO1859 15 Ferredoxin

“ Designations from the annotation at www.ncbi.nlm.nih.gov/entrez/query.fcgi.

® The fold change is the ratio of the mRNA transcript level determined by
microarray analysis in heat-stressed cells to the mRNA transcript level in non-
stressed cells and is the average expression ratio for genes that were up-regulated
at least 1.5-fold with a P value less than 0.001 in two biological repeats.

¢ Proposed functions of the genes based on sequence annotation, sequence
homology, and previous investigations. HSP, heat shock protein

4 Yes indicates that the gene is up-regulated as determined by microarray
analysis with RpoH overexpression (Table 1).

dent promoters to be derived for N. gonorrhoeae (Fig. 2B). The
—35 box of the RpoH-dependent genes shows total sequence
conservation of the CTTG residues compared to the known con-
sensus sequences of other bacteria (Fig. 2). Mutational studies
have shown that the TT residues in this CTTG motif are essential
for the transcription of dnaK under heat stress conditions (24).
There was also some degree of sequence conservation in the
spacer region with an optimum spacer distance of 9 to 12 bp. As
observed previously (48), the —10 box showed some variation
from the stretch of C residues found in the E. coli consensus
sequence. The gonococcal consensus —10 box contains an AT-
rich region (Fig. 2). Even though a previous study (24) showed
that the TA residues in the —10 box of dnaK are essential for
transcription under heat stress conditions, considerable variation
was seen in these nucleotides when the RpoH-regulated genes
were compared.

Comparison of the rpoH regulon with the heat shock stimu-
lon of N. gonorrhoeae. In E. coli the alternative sigma factor
RpoH regulates the transcription of many heat shock proteins

Open

reading Gene Fold b Proposed function®

frame? change'
NGO1235 ilvH 0.38 Acetolactate synthase III, small subunit
NGO0410 0.38 Putative transcriptional regulator CspA
NGO1236 il 0.42 Acetolactate synthase III, large subunit
NGO1473 mdaB 0.44 Modulator of drug activity
NGO1234 0.56 Hypothetical protein
NGO1233 ivC 0.56 Ketol-acid reductoisomerase
NGO0233 nsgA 0.57 Outer membrane protein
NGO1980 yojH 0.61 Malate:quinone oxidoreductase
NGO1415 nqrC 0.62 NADH-quinone reductase, subunit C
NGO1449 0.65 Putative L-lactate permease
NGO0563 0.65 Hypothetical protein
NGO0904 0.66 Conserved hypothetical protein
NGO1406 govT 0.66 Aminomethyl transferase

“ Designations from the annotation at www.ncbi.nlm.nih.gov/entrez/query.fegi.

® The fold change is the average expression ratio for genes that were down-
regulated at least 1.5 fold with a P value of <0.001.

¢ Proposed functions of the genes based on sequence annotation, sequence
homology, and previous investigations.

(32). However, the heat shock response is a much broader
stress response that involves other sigma factors and regulators
and therefore multiple regulons (48). To determine whether
the same is true for N. gonorrhoeae, heat shock experiments
were performed using gonococcal strain MS11-A. A heat shock
of 42°C for 10 min was selected since this treatment was suf-
ficient to elicit a stress response in previous work (24) and
enabled a comparison of the RpoH regulon and the heat shock
response. MS11-A was grown to the mid-exponential phase,
and one half of the culture was incubated at 42°C for 10 min,
while the other half was left at 37°C. Two biological repeat
experiments were performed on separate days, and cDNA
derived from each experiment was used in two microarray
hybridizations: an initial experiment and a dye swap experi-
ment. When data from these hybridizations were analyzed, we
identified 37 genes as genes that were differentially regulated
in N. gonorrhoeae in response to heat stress; 24 of these genes
were up-regulated (Table 3) and 13 were down-regulated
(Table 4) by at least 1.5-fold, with P values of less than 0.001.

Nearly all of the genes previously identified as members of
the RpoH regulon were also up-regulated in response to heat
shock (Table 3). The three exceptions were dnak, secB, and
groLS, for which the P values from the heat shock experiments
were greater than 0.001 (0.002, 0.006, and 0.0013, respectively).
As expected, rpoH was not identified as an up-regulated gene
at this time, which is consistent with a previous finding that
transcription of rpoH is only marginally elevated with 10 min of
a heat shock (24). We identified marR as a gene that was both
RpoH regulated and up-regulated under heat stress condi-
tions. We also identified fts/ as a gene that was up-regulated
in response to heat shock, although not in the experiments in
which RpoH was overexpressed. Situated downstream of fts/ in
the N. gonorrhoeae genome is ftsH, and these two genes appear
to be transcriptionally coupled, a situation that is also observed
in E. coli (21). In E. coli, ftsH is an RpoH-regulated gene, and
the FtsH protein is involved in the degradation of RpoH (21).

The majority of the 13 down-regulated genes were involved
in biosynthetic pathways (Table 4). The genomic arrangement
of some of these genes (for example, NGO1233 to NGO1236)
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suggests that they could be cotranscribed. Again, a gene en-
coding a regulatory protein appeared to be differentially ex-
pressed. NGO0410 encodes a putative cold shock family tran-
scriptional regulator and appeared to be down-regulated both
in our analysis and in N. meningitidis subjected to heat stress (14).

DISCUSSION

Major proteins involved in the stress response are well con-
served across species, but the regulation of the genes encoding
these proteins tends to differ. Genome-wide transcriptional
profiling has been used to document the heat shock response in
bacteria such as E. coli (31, 48), N. meningitidis (14), group A
Streptococcus (38), Campylobacter jejuni (41), Shewanella onei-
densis (12), and Bacillus subtilis (20). The overlapping RpoH
regulon has been studied in E. coli by overexpression of RpoH
(48) and in several other bacterial species by analysis of rpoH
mutants (22, 27, 49). The levels of RpoH and its activity are
regulated at multiple levels in E. coli.

Increased expression of RpoH in N. gonorrhoeae under nor-
mal growth conditions was postulated to result in saturation of
the DnaK/DnalJ/GrpE chaperone complex, allowing RpoH to
associate with RNA polymerase and stimulate transcription
from RpoH-dependent promoters. As expected, we identified
rpoH and an additional 12 genes that appeared to be up-
regulated under these conditions. The majority of the genes in
the RpoH regulon of N. gonorrhoeae encode chaperones and
proteases involved in protein homeostasis. The RpoH regulon
that we identified in the gonococcus was significantly smaller
than the more than 100 genes recently reported for E. coli (48),
which is in keeping with the smaller size of the neisserial
genome.

The core protease (Lon) and chaperones (DnaK, Dnal,
GroES, GrpE, and ClpB) are involved in protein homeostasis,
and their genes appear to be directly regulated by RpoH dur-
ing heat shock in N. gonorrhoeae. A recent proteome analysis
of N. meningitidis serogroup A demonstrated that there was
expression of ClpB, DnaK, and GroEL under standard physi-
ological conditions, highlighting the involvement of these pro-
teins in normal cellular functions (3). In addition, increased
expression of groES, grpE, dnal, dnaK, clpB, lon, and secB was
observed when N. gonorrhoeae was exposed to H,O, (42),
highlighting the fact that the general stress response can be
triggered by a variety of stresses. The main role of the SecB
chaperone is maintaining proteins in an export-competent
state before interaction with the translocation apparatus that
drives export across the cytoplasmic membrane (30). However,
when SecB is overproduced in E. coli, it is able to function as
a general nonspecific chaperone in a strain lacking Dnak,
Dnal, and trigger factor (45).

In E. coli, the regulatory region of rpoH consists of four
promoters (P1, P3, P4, and P5) (10). At 30°C the transcription
of rpoH is sigma-70 dependent and involves the P1, P4, and P5
promoters (10). When the organism is exposed to elevated
temperatures, transcription is from the P3 promoter recog-
nized by sigma-24 (35, 46). Sigma-24 belongs to the ECF sigma
factor family. A separate study has shown that the ECF-type
sigma factor of N. gonorrhoeae is not involved in the heat shock
response of this species (16). In contrast, in N. gonorrhoeae
transcription of 7poH is from a sigma-70 promoter under heat
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stress conditions (24). It has been suggested that preexisting
levels of RpoH in the cytoplasm mediate the initial heat shock
response in gonococci and that unidentified trans-acting fac-
tors are involved in the transcriptional induction of rpoH after
prolonged exposure to stress (24).

Genes encoding additional heat shock proteins were identi-
fied as genes that are up-regulated during heat shock in an
apparently RpoH-independent fashion. One of these proteins,
Hsp33, is a unique redox-regulated chaperone which in E. coli
efficiently prevents or suppresses the aggregation of folding
intermediates that are derived from either chemically or ther-
mally denatured proteins (13). FtsH plays a vital role in regu-
lating RpoH levels in E. coli by degrading RpoH complexed
with DnaJ/DnaK/GrpE (21). In E. coli, ftsH is cotranscribed
from an RpoH-dependent promoter with fts/. ftsJ encodes a
23S rRNA methyltransferase which methylates ribosomes, im-
proving the stability of FtsH (18). In gonococci, the fts/ and
ftsH genes have the potential to be transcriptionally coupled,
but they were not RpoH regulated and there was no charac-
teristic RpoH-dependent promoter consensus sequence up-
stream of ftsJ. During normal heat shock, gonococcal fts/, but
not ftsH, was up-regulated, indicating that the promoter for
ftsJ, at least, is controlled by an as-yet-unidentified stress re-
sponse mechanism. From these observations we suggest that
the homeostatic control mechanisms that determine the level
of cytosolic RpoH in gonococci may be different from the
paradigm established for gammaproteobacteria such as E. coli,
which relies on coordinate expression of RpoH and FtsH. A
large number of genes involved in biosynthesis functions were
apparently down-regulated during heat shock in N. gonor-
rhoeae and N. meningitidis (14). The mode of repression after
heat shock is unclear.

Our current understanding of RpoH regulons indicates that
unlike other members of the betaproteobacteria, Neisseria spe-
cies have retained RpoH as the master regulator of protein
homeostasis. However, the mechanism for triggering the gen-
eral stress response pathway via RpoH in Neisseria is distinctly
different from the model advanced for the gammaproteobac-
teria. In addition, transcription of 7poH is not autoregulated,
and the means by which a delayed increase in transcription
occurs is unknown. Finally, we do not yet understand the
mechanisms that result in the increase in transcription of genes
that are outside the RpoH regulon or the repression of other
genes during the general stress response.
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