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Abstract
Nitric oxide has been shown to be an important component of the human immune response, and as
such, it is important to understand how pathogenic organisms respond to its presence. In Neisseria
gonorrhoeae, recent work has revealed that NsrR, an Rrf2-type transcriptional repressor, can sense
NO and control the expression of genes responsible for NO metabolism. A highly pure extract of
epitope tagged NsrR was isolated and mass spectroscopic analysis suggested that the protein
contained a [2Fe-2S] cluster. NsrR/DNA interactions were thoroughly analyzed in vitro. Using
EMSA analysis, NsrR::FLAG was shown to interact with predicted operators in the norB, aniA, and
nsrR upstream regions with a Kd of 7 nM, 19 nM, and 35 nM respectively. DNase I footprint analysis
was performed on the upstream regions of norB and nsrR, where NsrR was shown to protect the
predicted 29 bp binding sites. The presence of exogenously added NO inhibited DNA binding by
NsrR. Alanine substitution of C90, C97, or C103 in NsrR abrogated repression of norB::lacZ and
inhibited DNA binding, consistent with their presumed role in coordination of a NO-sensitive Fe-S
center required for DNA binding.
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INTRODUCTION
Neisseria gonorrhoeae, the causative agent of the sexually transmitted infection gonorrhea, is
a considerable global threat. It is estimated that worldwide, 62 million new infections occur
each year, and antimicrobial resistance remains a major concern (www.cdc.gov, Seib et al.,
2006). Prolonged gonococcal infection may lead to serious complications, including pelvic
inflammatory disease (PID), a major cause of female sterility, and disseminated gonococcal
infection (DGI), which can lead to septicemia, dermatitis, and migratory polyarthritis (Garnett
et al., 1999, Edwards & Apicella, 2004).

As an obligate human pathogen, the gonococcus is extremely well adapted for growth on a
variety of mucosal surfaces (Edwards & Apicella, 2004, Ghosn & Kibbi, 2004). N.
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gonorrhoeae is also a facultative anaerobe capable of nitrite (NO2
−) respiration under

microaerobic and anaerobic conditions, and nitric oxide (NO) respiration in the presence of
NO (Knapp & Clark, 1984, Overton et al., 2006). Anaerobic growth is accomplished through
utilization of a truncated denitrification pathway encoded within the gonococcal genome as a
pair of divergently transcribed genes, aniA, encoding a copper-containing nitrite reductase, and
norB, encoding a single subunit nitric oxide reductase (Householder et al., 1999, Householder
et al., 2000). Both of these genes are subject to regulation by NsrR, a nitric oxide sensing Rrf2-
type transcriptional repressor in the winged helix superfamily (Rodionov et al., 2005, Overton
et al., 2006, Seib et al., 2006, Nakano et al., 2006, Filenko et al., 2007, Gilberthorpe et al.,
2007, Rock et al., 2007, Rogstam et al., 2007, Isabella et al., 2008).

Recent work has demonstrated that NsrR controls the expression of nitric oxide detoxification
systems in several pathogenic and environmental organisms. Also, genes in the NsrR regulon
contribute to resistance to nitrosative stress (Rodionov et al., 2005, Bodenmiller & Spiro,
2006, Overton et al., 2006, Filenko et al., 2007, Nakano et al., 2006; Gilberthorpe et al.,
2007, Rock et al., 2007, Rogstam et al., 2007). Aside from aniA and norB, gonococcal NsrR
has been shown to regulate the expression of dnrN, a gene involved in the repair of RNS or
ROS damaged Fe-S centers, mobA, a gene involved in molybdopterin guanine dinucleotide
biosynthesis, and the nsrR gene itself (Justino et al., 2007, Heurlier et al., 2008, Isabella et al.,
2008, Overton et al., 2008).

The ability of pathogenic organisms to sense and respond to the presence of NO during infection
may have profound effects on disease, thus making NsrR an essential target of study (for a
review on the role of NO in immunity see: Stefano et al., 2000, Bogdan, 2001, Guzik et al.,
2003). In Neisseria meningitidis, reduction of host-produced NO results in modulation of
cytokine responses, enhanced intracellular survival, and inhibition of apoptosis in a
macrophage model (Stevanin et al., 2005, Tunbridge et al., 2006, Stevanin et al., 2007). The
effect of NO reduction during gonococcal infection is still unclear, though recent evidence
suggests that the reduction of host-produced NO to anti-inflammatory levels may play a role
in the high rates of asymptomatic infection observed in women (Cardinale & Clark, 2005).

A closely related Rrf2 protein, IscR, has been characterized in E. coli and is reported to sense
the Fe-S cluster status of the cell by reversible binding of an Fe-S cluster (Schwartz et al.,
2001, Giel et al., 2006, Yeo et al., 2006, Rock et al., 2007). NsrR contains three conserved
cysteine residues that, in IscR, are presumed to coordinate the Fe-S cluster. It is predicted that
NsrR also coordinates an Fe-S cluster, and that NO interaction with this cluster perturbs the
ability of the protein to bind DNA (Rock et al., 2007). NsrR homologs in Bacillus subtilis,
Salmonella typhimurium, and E. coli have all been shown to regulate the expression of the gene
encoding flavohemoglobin (Hmp), one of the most extensively studied NO-detoxifying
proteins (Nakano et al., 2006, Overton et al., 2006, Gilberthorpe et al., 2007, Rogstam et al.,
2007). Hmp is present in a broad range of bacterial species, and hmp mutations in most bacteria
severely compromise bacterial survival in the presence of NO (Gilberthorpe et al., 2007).
However, N. gonorrhoeae does not contain an hmp ortholog, and unlike most bacteria,
gonococcal norB mutants incubated anaerobically in the presence of nitrite (NO-generating
conditions) are still able to survive (Zumft, 1997, Garnett et al., 1999, Householder et al.,
2000). This suggests that N. gonorrhoeae has additional NO detoxification pathways, and that
these pathways are novel (Seib et al., 2006).

The potential pathogenic outcome of the bacterial response to NO sensing, as well as the
relative lack of information available on the Rrf2 class of transcriptional regulators, gave cause
to further analyze NsrR. In this study we prepared an extract of epitope-tagged gonococcal
NsrR for use in vitro. A thorough analysis of NsrR/DNA interaction with the upstream regions
of norB, aniA, and nsrR was completed in order to calculate binding affinities for the NsrR
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operators controlling expression of those genes. NsrR binding sites are identified in the
upstream regions of norB and nsrR by generating DNaseI footprints. Mass spectroscopy is
used to analyze the iron-sulfur cluster content of purified NsrR extracts. Finally, the effects of
alanine substitution of conserved cysteine residues in NsrR are reported.

RESULTS
NsrR::FLAG purification

Site directed mutagenesis was used to add the codons of a FLAG peptide tag to the 3’ end of
the gonococcal nsrR gene. This fusion gene was overexpressed in E. coli, and NsrR::FLAG
protein (17 kD) was subsequently isolated with M2 antibody (α-FLAG) to generate an extract
for use in vitro. The recovered extract was shown to be extremely pure, as no contamination
was observed in a silver stained sample, and no cross-reactive species were observed by
Western blot analysis (Fig. 1A). In a gonococcal strain containing a norB::lacZ translational
promoter fusion (RUG7500), the wild-type nsrR gene was replaced with a copy of nsrR::FLAG
(RUG7800). Comparison of β-galactosidase levels in the wild-type and nsrR::FLAG strain
confirm that NsrR::FLAG is still functional as a repressor and is capable of regulating
expression of norB::lacZ under NO-generating conditions (cells grown anaerobically with
nitrite; Fig. 1B).

NsrR is predicted to coordinate a [2Fe-2S] cluster involved in NO-sensing (Nakano et al.,
2006, Rock et al., 2007). Purification of NsrR::FLAG by immunoprecipitation, though
resulting in an extremely pure extract, is not amenable for the production of protein in the
concentrations necessary for observation of an iron-sulfur cluster by electron paramagnetic
resonance (EPR) or UV-visible spectroscopy. In order to confirm that this NsrR::FLAG extract
contained a [2Fe-2S] cluster, mass spectroscopic analysis of undigested protein was performed
in linear positive ion mode (Fig. 1C). The predicted mass of a [2Fe-2S] cluster is 175.8 Daltons,
while the predicted mass of NsrR with the attached octapeptide FLAG tag is 17,038.8 Daltons.
Combining the mass prediction of NsrR::FLAG with that of [2Fe-2S] gives approximately
17,214 Daltons, which was the observed mass peak of the NsrR::FLAG sample. The data also
suggests that the extract is fully loaded with [2Fe-2S], as there is no peak visible at 17,038.8
Daltons. The case is different for IscR, where the purified protein was observed to be 26−66%
occupied with iron-sulfur cluster (Giel et al., 2006). The observed discrepancy in iron-sulfur
cluster content between purified NsrR and IscR may simply be due to the different expression
and purification schemes used in each case, or conversely, it may be due to the fact that
physiologically, apo-IscR is a functionally relevant state, whereas apo-NsrR has yet to be
shown to be involved in gene regulation in vivo (Bodenmiller & Spiro, 2006, Giel et al.,
2006, Overton et al., 2006, Rock et al., 2007, Isabella et al., 2008).

NsrR-specific binding of the norB upstream region
An Electrophoretic Mobility Shift Assay (EMSA) was performed using a 120 bp biotin end-
labeled fragment of the norB upstream region (−90 to +30 relative to the translation start site).
Labeled norB target DNA was shifted to a higher molecular weight upon addition of
NsrR::FLAG to the binding reaction (Fig. 2). DNA binding was shown to be NsrR-specific by
supershift with M2 antibody. Binding was shown to be sequence-specific by shift inhibition
upon the addition of 100 fold higher concentration of unlabeled norB target to the binding
reaction.

Binding affinity at the NsrR operator
The gonococcal NsrR operator has been partially characterized in previous work in vivo, by
analysis of the ability of NsrR to regulate promoter-lacZ reporter fusions containing variations
of the NsrR binding site (Isabella et al., 2008). In order to determine important bases of the 29
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bp inverted repeat sequence presumed to make up the NsrR binding site, we determined the
in vitro binding affinity of NsrR for its binding sites in the norB, aniA, and nsrR upstream
regions. EMSA analysis of the 120 bp biotin end-labeled norB fragment with increasing
concentrations of NsrR::FLAG allowed for the estimation of dissociation constant (Kd)
between NsrR and its operator in norB, which was equal to the concentration of NsrR::FLAG
at which half of the biotinylated DNA was bound. NsrR was found to interact with the norB
operator with an estimated Kd of 7 nM (Fig. 3). This measurement was verified by shifting
half of the norB fragment with NsrR::FLAG at its estimated Kd in a subsequent EMSA (Fig
3A).

The aniA upstream region contains a putative NsrR binding motif that matches the consensus
predicted by Rodionov et al. (2005) and that was shown to confer NsrR regulation of aniA
(Overton et al., 2006, Rock et al., 2007, Isabella et al., 2008). The putative 29 bp NsrR operator
from aniA was cloned into the norB upstream region, replacing the NsrR binding site of
norB with that of aniA (Isabella et al., 2008). This fragment, identical to the one used to measure
NsrR/norB interaction except for the 29 bp replacement, was used to estimate the Kd between
NsrR::FLAG and its operator in aniA. NsrR::FLAG was shown to interact with the aniA
operator with an approximate Kd of 19 nM (Fig. 3). These results show that NsrR has a different
affinity for the promoters of each of the denitrification genes.

The putative NsrR binding site from the nsrR upstream region has only a low level of similarity
to that found in norB (Fig. 3B), however, expression of norB::lacZ in a gonococcal reporter
fusion strain in which the norB NsrR operator was replaced with that from nsrR still displayed
a weakly repressed phenotype and was induced in the presence of NO, albeit only by four-fold
(Isabella et al., 2008). Contrary to this finding, expression of nsrR::lacZ in a gonococcal
reporter fusion strain was induced sixty-fold in a ΔnsrR mutant (Isabella et al., 2008). In E.
coli, IscR was demonstrated to recognize two distinctly different classes of binding sites (Giel
et al., 2006,Yeo et al., 2006). We reasoned that the discrepancy in the aforementioned data
could potentially be due to the existence of a second NsrR binding site in the nsrR promoter.
To test this hypothesis, we performed an EMSA with a 380 bp biotin end-labeled fragment of
the nsrR upstream region to estimate the Kd (−350 to +30 relative to the translation start site;
Fig. 3). The 35 nM Kd measurement obtained was higher than that observed for norB or
aniA, and no higher order shifted bands were observed, suggesting that there is only one NsrR
binding site in the nsrR promoter. A 120 bp fragment of the norB upstream region in which
the 29 bp norB NsrR operator was replaced with that from nsrR displayed a Kd comparable to
that seen in the 380 bp fragment, suggesting that this low similarity operator was the functional
regulatory site (data not shown). IscR was shown to bind one class of operator in its apo-form
(Giel et al., 2006,Yeo et al., 2006). The nsrR upstream region could not be shifted by
NsrR::FLAG C90A, where we have shown [2Fe-2S] to be absent (data not shown; Fig. 6).
Together these results suggest that regulation of nsrR expression is more complex than
previously thought and likely involves other regulators or mechanisms of regulation, and that
the mechanism of nsrR regulation is different from that observed in iscR.

The NsrR binding site of nsrR shows greater similarity in the downstream portion than in the
upstream portion compared to the site in norB (Fig. 3B). This suggests that NsrR may recognize
only a half-site in the nsrR non-coding region. To test whether NsrR can recognize a half site,
we removed the last 14 bp of the 29 bp norB NsrR binding site by substitution with an arbitrary
sequence, leaving only the first 15 bp from the original sequence (5’-TTTAACATTCATATT).
NsrR::FLAG was unable to cause a significant shift of a labeled target fragment containing
this site (Kd > 1 μM; Fig 3), suggesting that NsrR cannot bind to a half-site.
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DNaseI footprinting of the norB and nsrR promoters
Rodionov et al. (2005) used computational analysis to predict that NsrR recognized a 19 bp
sequence in neisserial genes, while we used genetic analysis that suggested that the NsrR
binding site spanned a larger 29 bp sequence (Isabella et al., 2008). To resolve these differences,
we performed DNase I footprinting on the norB and nsrR upstream regions, which contained
the highest and lowest affinity NsrR binding sites respectively.

As expected, the footprint created by binding of NsrR::FLAG to the norB upstream region
spanned the 29 bp inverted repeat sequence, protecting nucleotides −31 to −59 relative to the
translation start site (Fig. 4A). These data definitively show that this inverted repeat sequence
is the NsrR binding site. The footprint generated upon the interaction of NsrR::FLAG with the
nsrR upstream region also protected the previously identified region, spanning nucleotides −42
to −68 relative to the translation start site (Fig. 4B). Though the low affinity binding site in the
nsrR upstream region reveals only a half-site in comparison to the site in norB (Fig. 3B), NsrR
still retains the capacity to bind DNA across an extended region.

NsrR responds directly to Nitric Oxide
It has previously been shown that NsrR derepresses the genes in its regulon in response to NO
in vivo (Rock et al., 2007, Isabella et al., 2008). To show that NO directly inhibits the ability
of NsrR to bind to its operator in vitro, we performed an EMSA with increasing concentrations
of the long half-life (∼20 h) NO donor DETA-NO. Increasing concentrations of DETA-NO in
the binding reactions inhibited the shift of the biotin-labeled norB target DNA, showing that
NsrR senses NO by a direct mechanism (Fig.5).

Role of conserved cysteine residues in NsrR function
The gonococcal NsrR protein contains three conserved cysteines that correspond to residues
suggested to coordinate a [2Fe-2S] cluster in IscR (Yeo et al., 2006). To investigate the role
of these cysteine residues in NsrR function, we constructed single C90A, C97A, and C103A
mutations in the nsrR::FLAG gene in gonococcal strain RUG7800. These strains were
monitored for their ability to repress norB::lacZ expression in the absence of NO. A C90A
substitution resulted in a level of norB::lacZ expression comparable to that seen in a ΔnsrR
mutant (RUG7600), illustrating the importance of this residue in NsrR function and indicative
of a potential role in Fe-S coordination (Fig 6A). Expression of norB::lacZ in the C97A and
C103A mutants were 52% and 74% of that observed in the ΔnsrR mutant respectively, showing
that these residues are also important in the presumed coordination of Fe-S.

In order to further investigate the cysteine mutants of NsrR::FLAG, purified extracts of each
modified protein were isolated and used in EMSA analysis in order to determine their capacity
to bind to the norB upstream region. A 50 nM concentration of wild type NsrR::FLAG was
enough to shift all DNA in the binding reaction (Fig. 6B). The cysteine mutants of NsrR::FLAG
were not as effective as the wild type at shifting the norB fragment. The C97A mutant displayed
very little binding at 50 nM and only shifted the DNA completely when the NsrR concentration
was in the micromolar range. The C90A and C103A mutants only showed a measureable shift
of the norB fragment at a concentration of 5 μM NsrR::FLAG, far in excess of what would be
encountered in vivo.

To confirm that the loss of norB regulation and decreased binding affinity associated with the
C90A mutation was concomitant with lack of [2Fe-2S] coordination, mass spectroscopy of
undigested NsrR::FLAG C90A protein was performed in linear positive ion mode (Fig. 6C).
Unlike the wild type protein, which displayed a 175.8 Dalton increase above the predicted mass
attributable to the presence of [2Fe-2S] (Fig. 1C), the observed mass peak of NsrR::FLAG
C90A matched the predicted mass of 17,006 Daltons, suggesting the absence of [2Fe-2S].
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High NsrR::FLAG C90A concentrations were able to shift a biotinylated fragment of the
norB promoter (Fig. 6B). However, unlike the wild type NsrR::FLAG protein, the mobility
shift observed with NsrR::FLAG C90A was not inhibited by the addition of a NO donor (Fig.
6D). The NO insensitivity of NsrR::FLAG C90A shows that the ability of NsrR to sense and
respond to NO is likely dependent upon the presence of [2Fe-2S].

DISCUSSION
In this study we have extensively characterized the interactions between the gonococcal NsrR
protein and its operator sequence. We demonstrated that NsrR binding could be directly
inhibited by the presence of nitric oxide. We also showed that DNA binding by NsrR in vivo
is likely dependent on the coordination of a [2Fe-2S] cluster through the concerted action of
three conserved cysteine residues. This work has furthered our understanding of the
biochemistry of Rrf2 type proteins, a subfamily of winged helix regulators about which
relatively little is known (Aravind et al., 2005). We will discuss the relationship between
gonococcal NsrR and the related IscR protein in E. coli to illustrate the similarities and
differences between these two Rrf2 repressors.

Iron-sulfur clusters are essential cofactors in many different types of proteins, and these clusters
can be involved in any number of cellular processes, including electron transfer, nitrogen
fixation, and gene regulation to name just a few (Johnson et al., 2005). In E. coli IscR is
predicted to utilize three cysteine residues to coordinate a labile Fe-S cluster capable of sensing
the Fe-S status of the cell by reversible binding of a [2Fe-2S] cluster (Giel et al., 2006, Yeo
et al., 2006). IscR has also been demonstrated to regulate genes involved in biogenesis and
repair of Fe-S clusters in times of oxidative stress (Giel et al., 2006, Yeo et al., 2006, Hyduke
et al., 2007, Pullan et al., 2007). This observation comes as no surprise, as reactive oxygen
species are known to damage or destroy Fe-S clusters, explaining the need for their high
turnover rate under stressful conditions (Giel et al., 2006). There is a great deal of similarity
in secondary structure between NsrR and IscR (Fig. S1), and there is likely some functional
redundancy as well. There are various examples of crosstalk between the regulons of each
regulator. NO is capable of causing damage to Fe-S clusters, and IscS, a cysteine desulfurase
in the IscR regulon, has been demonstrated to play a role in the repair of Fe-S clusters damaged
by nitrosative stress (Yang et al., 2002). IscR, like NsrR, is expected to sense NO by a direct
mechanism, and microarray data shows that genes in the IscR regulon are indeed regulated in
response to NO (Hyduke, et al., 2007, Pullan et al., 2007). Also, the NsrR protein of several
organisms, including Neisseria spp. and E. coli, has been shown to regulate dnrN, a second
protein demonstrated to repair the Fe-S clusters of proteins damaged by reactive oxygen or
nitrogen (Justino et al., 2007, Heurlier et al., 2008, Isabella et al., 2008, Overton et al.,
2008). Further evidence of crosstalk between the two regulons is observed in a gonococcal
iscR mutant. In the absence of NO, expression of norB::lacZ was shown to be increased 8 fold
in a gonococcal reporter strain harboring a ΔiscR mutation (Fig. S2). The cause of this increase
is uncertain, though perturbation of the Fe-S biogenesis pathway by the ΔiscR mutation may
inhibit proper loading of NsrR with Fe-S, which we have shown to be important for NsrR/
operator interaction.

There are several differences between DNA binding by NsrR and IscR. IscR is capable of
interacting with one class of operator when coordinating an Fe-S cluster and to a second class
in its apo-form (Giel et al., 2006, Yeo et al., 2006). IscR was also shown to act as a direct
activator of the suf operon in its apo-form (Yeo et al., 2006). Conversely, NsrR does not seem
to be as broad acting as IscR. Microarray studies comparing nsrR+ and ΔnsrR strains in N.
meningitidis have suggested that the Neisserial NsrR regulon is small (Heurlier et al., 2008).
Furthermore, only one class of NsrR binding site in both Neisseria spp. and E. coli has been
identified to date, and there is no evidence that NsrR is able to act as a direct activator of gene
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transcription at any promoter (Bodenmiller & Spiro, 2006, Heurlier et al., 2008, Isabella et
al., 2008). DNaseI footprint analysis of the E. coli iscR promoter revealed two copies of a class
I IscR binding site overlapping the −35 region (Giel et al., 2006), while footprinting of the
gonococcal nsrR promoter revealed just a single low affinity NsrR binding site located
downstream of the proposed −10 region. The footprint of iscR also revealed a second region
of protection that was unique to this promoter, however no additional regions of protection
were observed in the nsrR footprint (Giel et al., 2006). The NsrR footprints of norB and
nsrR fail to show any bases that are hypersensitive to DNase cleavage, whereas in E. coli, the
IscR footprints of several promoter regions contained bands that corresponded to
hypersensitivity, suggesting that binding by IscR may have a larger effect on DNA structure
and cause more DNA bending than NsrR (Giel et al., 2006).

The dissociation constants estimated from EMSA analysis using the norB, aniA, and nsrR
upstream regions may not be the same as that observed in vivo, under differing ionic conditions
and in the limiting environment of the cell, rather they should be taken as relative values for
comparison between each other. The actual concentration of NsrR in vivo is currently under
investigation, however, it is expected to be quite low as the gonococcal NsrR regulon is likely
small. The use of a streptavidin purified biotinylated primer for generating a target DNA for
EMSA analysis made it possible to perform this assay. Radiolabeling is not as efficient and
cannot guarantee that all target DNA used in the binding reaction is labeled, whereas the biotin
labeled primer ensures that all target DNA is labeled and can be easily quantitated. As expected
from previous work (Isabella et al., 2008), the nsrR promoter displayed the least affinity for
NsrR. This comes as no surprise, as basal levels of this protein should ensure that the binding
sites of other NsrR-repressed genes are occupied before switching off its own expression.
However, the sixty fold increase in expression of nsrR::lacZ seen in a gonococcal ΔnsrR mutant
cannot be explained entirely as an NsrR-dependent effect localized at this weak binding site
(Isabella et al., 2008). For this reason, it would be appealing to further elucidate the mechanism
of nsrR regulation, as these studies may reveal novel, as yet undiscovered targets or
mechanisms of NsrR regulation, whether they are direct or indirect.

During the course of this study we attempted to use mass spectroscopy to observe the nature
of the interaction between NsrR and NO. Treatment of purified NsrR with NO resulted in
conversion of the protein from a charge of +1 (Fig. 1C) to a charge of +3 (data not shown),
and the resultant mass peak was a broad triplet of which an accurate mass could not be
determined. It is not known if this charge increase is due to the intrinsic characteristics of a
NO-modified NsrR or the addition of chemical adducts to NsrR that are hyper-reactive to
matrix-assisted laser desorption/ionization. A possible cause of the charge increase is the
addition of dinitrosyl adducts to each Fe atom in the [2Fe-2S] cluster, as is the mechanism of
NO modification of SoxR, another [2Fe-2S] cluster containing transcription regulator (Ding
& Demple, 2000). Dinitrosyl addition to Fe in analogs of the iron sulfur complex cause a +1
increase in charge (Harrop et al., 2007), and dinitrosyl iron is a NO-derived intermediate with
the redox equivalence of NO+ (van der Vliet et al., 1999). However, D'Autréaux et al.
(2004) have shown that the presence of dinitrosyl iron in purified Fur did not cause a charge
increase in the protein, though the active site Fe in Fur is not part of an Fe-S cluster. In any
case, we are currently exploring several alternative routes to determine the mechanism by
which NO inactivates NsrR.

In conclusion, this study extends recent work dealing with the NO-sensitive repressor protein
NsrR. The response to NO sensing in some organisms is beginning to emerge as a instrument
of virulence, and it will be important to be aware of exactly what changes occur when a
pathogen encounters NO (i.e. as part of the human immune response). Future work will attempt
to elucidate the overall response of N. gonorrhoeae upon encountering NO, and to determine
what that response means for the host.
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EXPERIMENTAL PROCEDURES
Construction of an nsrR:: FLAG fusion gene

The bases encoding a FLAG epitope tag (Sigma) were linked in-frame to the 5'-end of primer
that annealed to the 3’ end of the gonococcal nsrR gene and the wild type stop codon was
removed (Fig. 8). The complementary FLAG bases and a stop codon, TAA, were added to the
5’ end of a primer that annealed to the 3’ end of a kanamycin resistance cassette (aph). An
nsrR fragment (beginning at −342 nucleotides relative to the nsrR start codon) and an aph
cassette were separately amplified using these primers with their suitable pairs. These
fragments were then spliced to make a single nsrR::FLAG-aph fragment using SOE PCR (Ho
et al., 1989). This fragment was cloned into the SstI and HindIII restriction sites in the E.
coli expression vector pEXT20 to make pVI28 (Dykxhoorn et al., 1996). Cysteine mutations
in the nsrR::FLAG gene were also constructed by SOE PCR using suitable primers and pVI28
as a template.

Construction of gonococcal strains expressing nsrR::FLAG
All gonococcal strains were derived from strain F62 and were grown as previously described
(Isabella et al., 2008). An nsrR::FLAG-aph fusion gene was obtained by digestion of pVI28
with SstI and HindIII. PCR was used to amplify another fragment that contained the 915 bp
chromosomal region immediately downstream of the nsrR stop codon, and was joined to the
free end of the kanamycin resistance cassette by restriction with HindIII and subsequent
ligation. This fragment was used to transform the gonococcal strain RUG7500 by methods
described previously (Isabella et al., 2008). Cysteine mutants of the nsrR::FLAG gene were
used to transform RUG7500 in a similar manner. Presence of fusion gene, as well as insertional
mutagenesis of the wild-type nsrR gene, was confirmed by PCR. Gene reporter activity was
determined by β-galactosidase assays from cultures grown aerobically and anaerobically with
nitrite (Miller, 1972; Isabella et al., 2008).

Isolation and purification of NsrR::FLAG
E. coli strain DH10B was transformed with pVI28, the expression vector containing the
nsrR::FLAG fusion gene under control of the IPTG-inducible Ptac promoter (Dykxhoorn et
al., 1996). A 20 mL volume of an overnight culture of DH10B harboring pVI28 was used to
inoculate 500 mL of LB containing kanamycin at 50 μg ml−1 and cells were grown shaking at
37 °C. When the culture reached an OD600 of 0.5, 1 mM IPTG was added and cells were grown
out for 4 hours, at which point cells were harvested and the pellet was frozen overnight at −20
°C. The cell pellet was resuspended in 10 mL of TBS (10 mM Tris, pH 8, 150 mM NaCl), 0.4
mM PEFA-BLOC (Roche), 1 mM DTT, and DNaseI at 200 μg/mL (Sigma, D-5025). Cells
were lysed in a French pressure cell press (SLM Instruments), and the resulting lysate was spun
at 20,000 × g twice to remove the insoluble fraction. A 90 μL volume of M2 affinity resin
(Sigma) was added to the cleared lysate, followed by rocking incubation for 2 h at 4 °C. M2
affinity resin was collected by centrifugation at 500 × g and subsequently washed four times
with 10 mL of TBS. Bound resin was added to Handee Spin-columns (Thermo) and incubated
for 15 minutes with 400 μL 3X FLAG peptide (Sigma) in TBS at 1 mg/mL before centrifugation
to collect released protein. Recovered FLAG fusion protein was stored in TBS, 1 mM DTT,
and 50% glycerol at −20 °C.

Electrophoretic Mobility Shift Assays (EMSA)
EMSAs were performed with a LightShift Chemiluminescent EMSA kit (Thermo). Briefly,
PCR was used in conjunction with a biotin end-labeled primer (Invitrogen) and unlabeled
primer pair to generate biotin end-labeled targets to measure protein binding. Binding reactions
contained 3.5 fmol biotin labeled DNA, 2 μl 10× binding buffer (100 mM Tris, 500 mM KCl,
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10 mM DTT, pH 7.5), 1 μl 50% glycerol, 1 μl 1% NP-40, 1 μl MgCl2 (100 mM), 0.5 μg poly
(dI•dC), varied NsrR::FLAG concentrations, and dH2O up to a total volume of 20 μl. Binding
reactions were incubated at room temperature for 15 min and run on 6% 0.5× TBE gels. Gels
were transferred to nylon membrane, crosslinked in a UV crosslinker (Stratagene), and biotin
was detected following manufacturer's protocol (Thermo). For EMSAs performed with the
long half-life NO donor diethylenetriamine/NO adduct (DETA-NO; Sigma), binding reactions
were increased to 1 hour. For supershift reaction, 1 μl of M2 antibody (Sigma, F1804) was
added to the binding reaction. Quantitation of shifted DNA was calculated by spot densitometry
using a FlourChem IS-5500 imager (Alpha Innotech).

DNaseI footprinting
NsrR::FLAG extract was used to generate DNaseI footprints from the upstream regions of
norB (nucleotides −92 to +13 relative to the translation start site) and nsrR (−119 to +22
nucleotides relative to the translation start site). Briefly, plasmids containing the relevant
upstream regions were cut singly with one restriction enzyme, treated with cow intestine
alkaline phosphatase (CIP, New England Biolabs), and radiolabeled on the non-coding strand
with [γ-32P]-ATP using T4 polynucleotide kinase (Fermentas). After phenol/chloroform
extraction, single end-labeled fragment of these upstream regions were released by digestion
at a second restriction site, and fragments were gel purified (Qiagen). Binding reactions were
performed as described for EMSA except that 20,000 cpm of radiolabeled DNA was used
rather than biotin labeled DNA. After 15 minutes of preincubation, 1 μl of DNaseI at 40 μg/
mL (Sigma; D5025), suspended in TBS plus 50 mM CaCl2, was added to each reaction. After
90 sec incubation, reactions were stopped by the addition of 20 μl of 2X stop loading buffer
(80% dimethyformamide, 1 mg/mL bromophenol blue, 1 mg/mL xylene cyanol FF, 2% SDS,
and 40 mM EDTA, pH 8.0 in 0.5X TBE) and immediately incubated at 95 °C for 20 minutes.
A+G sequencing ladders were generated as previously described (Maxam & Gilbert, 1980). A
volume of 5 μl of each reaction was loaded onto 8% TBE-Urea sequencing gels. Reaction
products were visualized by phosphorimaging (Bio-Rad).

Mass spectroscopy
Undigested samples were analyzed on an AutoflexIII TOF/TOF MALDI mass spectrometer
(Bruker Daltonics, Billerica, MA, USA). Spectra were collected in linear positive ion mode
(1800 shots accumulated in m/z range 3000−20000). An external calibrant, Protein 1
CalibStandard (Bruker Daltonics, Billerica, MA, USA), was used to ensure mass accuracy.
This calibrant ranged from m/z 5734−16952. Spectra were processed by baseline subtraction
and analyzed with flexAnalysis (Bruker Daltonics, Billerica, MA, USA). SequenceEditor
(Bruker Daltonics, Billerica, MA, USA) was used to predict the m/z of the proteins used in
this experiment.

Oligonucleotide and DNA sequencing
All synthesized oligonucleotides were obtained from Invitrogen, and confirmatory DNA
sequencing was performed at ACGT Inc. (Wheeling, IL). Primer sequences are available upon
request.

Molecular biology techniques
Cloning and PCR techniques were performed in accordance to standard protocols (Ausubel et
al., 1987; Ausubel et al., 1992; Sambrook et al., 1989). Plasmid preparations were obtained
with Wizard Plus SV Minipreps kits (Promega Corp., Madison, Wis.). DNA fragments were
purified with QIAquick PCR Purification or QIAquick Gel Extraction kits (QIAGEN,
Valencia, CA).
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Figure 1. Analysis of NsrR::FLAG extract and functionality in vivo
(A) Affinity purified NsrR::FLAG was analyzed by SDS-PAGE and silver stained (left) or
probed with M2 antibody in Western blot analysis (right). (B) Wild type (RUG7500) and
nsrR::FLAG expressing (RUG7800) gonococcal norB::lacZ reporter fusion strains were
grown aerobically (white bars) and anaerobically with nitrite (black bars), and ß–galactosidase
activity was measured. These data are the mean of 6 determinations ± one SD. (C) Mass
spectrum of undigested NsrR::FLAG in linear positive ion mode. 1800 laser shots were
summed to obtain this spectrum. The observed mass peak is equal to the predicted mass of the
protein plus the mass of a [2Fe-2S] cluster.
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Figure 2. In vitro analysis of NsrR::FLAG extract
EMSA analysis was performed on a biotin end-labeled fragment of the norB promoter: Lane
(1) No NsrR addition, (2) 50 nM NsrR::FLAG, (3) 50 nM NsrR::FLAG + M2 antibody, (4) 50
nM NsrR::FLAG + 100X concentration (350 fmol) of unlabeled norB fragment.
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Figure 3. Binding affinity at the NsrR operator
(A) Increasing concentrations of NsrR::FLAG were used to shift 120 bp biotin end-labeled
fragments containing the norB, aniA and norB half-site NsrR operators, as well as a 380 bp
fragment of the nsrR upstream region. Panels to the right show fragments shifted to their
estimated Kd in subsequent experiments. (*) Positive control containing full length norB NsrR
binding site (B) Spot densitometry was used to quantify the ratio of shifted DNA from the
EMSA analysis in (A). Kd stimations were calculated by extrapolating the concentration of
NsrR::FLAG where 50% of the labeled fragment was shifted. Legend shows the sequence of
the NsrR operators from norB, aniA, nsrR, and the norB half-site. Bases shaded in grey are
common to the NsrR operator of norB.
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Figure 4. DNaseI footprint analysis of the norB and nsrR upstream regions
(A) A DNaseI footprint was generated from a radiolabeled fragment of the norB upstream
region using increasing concentrations of NsrR::FLAG. Binding by NsrR::FLAG was shown
to protect nucleotides −31 through −59 relative to the translational start site. In the sequence
data, the large bracket above the sequence represent nucleotides that make up the predicted
NsrR binding site (Isabella et al., 2008), and the small bracket makes up the consensus predicted
by Rodionov et al. (2005). Underlined bases represent nucleotides protected from DNaseI
digestion. (B) DNaseI footprint analysis of the nsrR upstream region using increasing
concentrations of NsrR::FLAG. Protein binding was shown to protect nucleotides −42 through
−68 relative to the translational start site. Brackets above the sequence show the predicted NsrR
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binding site. Underlined bases represent nucleotides protected from DNaseI digestion. (NA)
No addition.
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Figure 5. Nitric Oxide sensing by purified NsrR::FLAG using long half-life NO donor DETA/NO
EMSA analysis was performed on a biotin end-labeled fragment of the norB promoter. Lane
(1) contains DNA only. All other lanes contain 25 nM NsrR::FLAG with increasing
concentrations of the long half-life (∼20 h) NO donor DETA/NO. (NA) No addition.
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Figure 6. Role of conserved cysteine residues in NsrR function
(A) Single C90A, C97A, and C103A substitutions were created in the appropriate codons of
the nsrR::FLAG gene. These mutants were monitored for their ability to repress norB::lacZ
aerobically in gonoccocal reporter fusion strains. Cells were grown aerobically and ß–
galactosidase activity was measured and compared to parental nsrR::FLAG expressing strain
(RUG7800) and ΔnsrR strain (RUG7600). These data are the mean of 6 determinations ± one
SD. (B) Purified NsrR::FLAG containing C90A, C97A, or C103A substitutions were
monitored for their ability to bind to a biotin end-labeled fragment of the norB promoter at 50,
500, and 5000 nM. (C) Mass spectrum of undigested NsrR::FLAG in linear positive ion mode.
1800 laser shots were summed to obtain this spectrum. The observed mass peak is equal to the
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predicted mass. (D) Purified NsrR::FLAG (wild type or C90A) was monitored for its ability
to bind to a biotin end-labeled fragment of the norB promoter with and without the presence
of long half life NO-donor DETA-NO. (NA) No addition.
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Figure 7. Construction of an nsrR::FLAG fusion gene
The 5’ end of primer P2 contains nucleotides coding for a FLAG epitope tag. The 3’end of P2
anneals to the 3’ end of the nsrR coding region and excludes the wild type stop codon. The
nsrR gene and upstream region were amplified using primers P1 and P2. The 5’ end of primer
P3 contains the codons of a FLAG tag that are complementary to those in P2 followed by the
addition of stop codon TAA. The 3’ end of P3 anneals to the 5’ end of aph (Kanr cassette).
The aph gene was amplified using primers P3 and P4. After amplification, these fragments
were spliced together in a SOE PCR reaction to make nsrR::FLAG-aph, which was
subsequently cloned into an E. coli expression vector to make pVI28. Alternatively, the region
downstream of nsrR was amplified and ligated downstream of aph for making a fragment for
transformation of a gonococcal strain in order to replace wild type nsrR with nsrR::FLAG.
Small bent arrows indicate direction of transcription. Fragments are not drawn to scale.
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Table 1
Plasmids and Bacterial strains used in this study

Constructs: Relevant genotype or properties Source or Reference

Plasmids:
pEXT20 E.coli expression vector, Apr Dykxhoorn, et al. (1996)
pVI28 nsrR::FLAG-aph fragment, pEXT20 backbone This study
pLES94 promoterless lacZ vector, Apr, Cmr Silver et al. (1995)
pEF1 pLES94/full norB upstream from −150 to +9 Householder et al. (1999)
pVI51 nsrR::FLAG-aphfragment, C97A, pEXT20 backbone This study
pVI52 nsrR::FLAG-aphfragment, C100A, pEXT20 backbone This study
pVI53 nsrR::FLAG-aphfragment, C103A, pEXT20 backbone This study
Strains:
F62 pro− Laboratory collection
RUG7500 F62, transformed with pEF1 Householder et al. (1999)
RUG7600 F62, ΔnsrR, transformed with pEF1 Isabella et al. (2008)
RUG7800 F62, transformed with nsrR::FLAG-aph gene and pEF1 This Study
RUG7801 RUG7800, C97A, transformed with pEF1 This Study
RUG7802 RUG7800, C100A, transformed with pEF1 This Study
RUG7803 RUG7800, C103A, transformed with pEF1 This Study
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