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1  |  INTRODUC TION

The human pathogen Streptococcus pneumoniae (also called the 
pneumococcus) is a major cause of bacterial pneumonia and men-
ingitis worldwide (CDC, 2020). During infections, S. pneumoniae 
is phagocytosed by immune cells, such as macrophages and neu-
trophils, which produce reactive oxygen species (ROS), such as 
superoxide anions and H2O2 as well as the highly reactive oxidant 

hypochlorous acid (HOCl) within the respiratory burst to kill the 
invading pathogens (Gray et al., 2013; Ulfig & Leichert, 2021; 
Winterbourn et al., 2016; Winterbourn & Kettle, 2013). HOCl 
leads to oxidative damage of proteins, DNA and lipids (Gray 
et al., 2013; Ulfig & Leichert, 2021; Winterbourn et al., 2016). 
Among the many targets for oxidation by HOCl are the sulfur- 
containing amino acids cysteine and methionine in proteins. HOCl 
causes oxidative unfolding and aggregation of proteins, leading to 
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Abstract
Streptococcus pneumoniae has to cope with the strong oxidant hypochlorous acid (HOCl), 
during host– pathogen interactions. Thus, we analyzed the global gene expression 
profile of S. pneumoniae D39 towards HOCl stress. In the RNA- seq transcriptome, the 
NmlR, SifR, CtsR, HrcA, SczA and CopY regulons and the etrx1- ccdA1- msrAB2 operon 
were most strongly induced under HOCl stress, which participate in the oxidative, 
electrophile and metal stress response in S. pneumoniae. The MerR- family regulator 
NmlR harbors a conserved Cys52 and controls the alcohol dehydrogenase- encoding 
adhC gene under carbonyl and NO stress. We demonstrated that NmlR senses 
also HOCl stress to activate transcription of the nmlR- adhC operon. HOCl- induced 
transcription of adhC required Cys52 of NmlR in vivo. Using mass spectrometry, 
NmlR was shown to be oxidized to intersubunit disulfides or S- glutathionylated under 
oxidative stress in vitro. A broccoli- FLAP- based assay further showed that both NmlR 
disulfides significantly increased transcription initiation at the nmlR promoter by RNAP 
in vitro, which depends on Cys52. Phenotype analyses revealed that NmlR functions 
in the defense against oxidative stress and promotes survival of S. pneumoniae during 
macrophage infections. In conclusion, NmlR was characterized as HOCl- sensing 
transcriptional regulator, which activates transcription of adhC under oxidative stress 
by thiol switches in S. pneumoniae.
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their loss of functions and bacterial killing (Ulfig & Leichert, 2021; 
Winter et al., 2008).

To cope with oxidative stress, S. pneumoniae utilizes the low mo-
lecular weight (LMW) thiol glutathione (GSH) as well as enzymatic 
ROS detoxification enzymes and thiol- disulfide oxidoreductases 
for the maintenance of the redox homeostasis (Mraheil et al., 2021; 
Yesilkaya et al., 2013). However, as facultative anaerobic bacterium, 
S. pneumoniae lacks the catalase and produces high amounts of en-
dogenous H2O2 by the pyruvate oxidase SpxB and lactate oxidase 
LctO to promote bacterial colonization of the nasopharynx and to kill 
competing commensal and pathogenic bacteria in its niche (Mraheil 
et al., 2021; Pericone et al., 2003). Endogenously produced H2O2 
has been shown to protect pneumococci against external H2O2 en-
countered during phagocytosis by host immune cells. For detoxifica-
tion of oxygen, superoxide anion and H2O2, the pneumococcus uses 
alternative antioxidant enzymes, such as the NADH oxidase (Nox), 
the superoxide dismutase (SodA), the thiol peroxidase (TpxD) and 
the alkyl hydroperoxidase (AhpD), which contribute to the oxidative 
stress resistance and virulence. In particularly, the thiol peroxidase 
TpxD was H2O2- inducible and conferred resistance towards external 
H2O2 stress (Mraheil et al., 2021, Yesilkaya et al., 2013). To repair 
oxidized Met residues under H2O2 stress at the bacterial surface, S. 
pneumoniae encodes the CTM electron transfer complex, composed 
the CcdA electron shuttle, extracellular thioredoxins (Etrx1/2) and 
the methionine sulfoxide reductase (MsrAB2), which are important 
for the virulence (Saleh et al., 2013). In addition, the ATP- dependent 
Clp protease, the DnaK/J- GrpE chaperones and the GroES/EL chap-
eronine machines are involved in the protein quality control and are 
assisted in their interaction with unfolded protein substrates by hol-
dases and chaperedoxins, such as CnoX in Escherichia coli, to promote 
refolding of oxidatively damaged proteins (Dupuy & Collet, 2021; 
Mraheil et al., 2021; Ulfig & Leichert, 2021; Yesilkaya et al., 2013).

Furthermore, the pneumococcus encodes alternative transcrip-
tional regulators, such as SpxR, Rgg, RitR, NmlR, CodY and SifR, 
which control enzymes involved in ROS generation and detoxifi-
cation as well as other defense mechanisms required for bacterial 
survival during host– pathogen interactions (Mraheil et al., 2021; 
Yesilkaya et al., 2013; Zhang et al., 2022).

The MerR- family regulator NmlR has been characterized as tran-
scriptional activator, which controls the expression of the nmlR- adhC 
operon under formaldehyde, methylglyoxal and S- nitrosoglutathione 
(GSNO) stress in S. pneumoniae (Potter et al., 2010; Stroeher 
et al., 2007). The adhC gene encodes a class III alcohol dehydro-
genase. These enzymes are widely distributed in prokaryotes 
and eukaryotes and function in detoxification of GSNO and S- 
hydroxymethylglutathione, the GSH adducts of nitric oxide (NO) and 
formaldehyde, respectively (Staab et al., 2008). While AdhC does not 
provide protection against carbonyl stress, it conferred resistance to 
GSNO stress in the pneumococcus, indicating that AdhC functions as 
GSNO reductase (Stroeher et al., 2007). Furthermore, the ΔnmlR mu-
tant was resistant to aerobic growth and produced lower endogenous 
H2O2 levels, which was caused by reduced transcription of the car-
bamoyl phosphate synthase- encoding carB gene (Potter et al., 2010). 

These results established a link between NmlR and H2O2 resistance 
in the pneumococcus. Additionally, AdhC was required for systemic 
virulence of S. pneumoniae in a mouse model by promoting the sur-
vival in the blood (Stroeher et al., 2007). Similarly, other MerR/NmlR 
homologs were characterized in Haemophilus influenzae, Bacillus sub-
tilis, Listeria monocytogenes, Neisseria gonorrhoeae and Neisseria men-
ingitidis and were shown to control the expression of conserved adhC 
genes, which conferred resistance under GSNO, H2O2 and carbonyl 
stress and during infections (Chen et al., 2013; Counago et al., 2016; 
Kidd et al., 2005; Nguyen et al., 2009; Supa- Amornkul et al., 2016).

However, the regulatory mechanisms of MerR/NmlR- family regu-
lators still remain to be elucidated. MerR- family regulators often func-
tion as transcriptional activators, which bind to palindromic repeats 
in promoters with overlong spacers of 19– 20 bp between the −35 
and − 10 elements, which usually cannot be recognized by the RNA 
polymerase (RNAP) alone (Brown et al., 2003; Hobman et al., 2005; 
McEwan et al., 2011). Activation of the MerR- family transcription fac-
tor leads to conformational changes of the promoter, resulting in re-
alignment of the promoter elements allowing recognition and initiation 
of transcription by the RNAP (Brown et al., 2003, Hobman et al., 2005, 
McEwan et al., 2011). In addition, MerR/NmlR- family regulators share 
a conserved Cys residue, which is required for redox- sensing of alde-
hyde and NO stress in B. subtilis AdhR and N. gonorrhoeae NmlR, re-
spectively (Kidd et al., 2005; McEwan et al., 2011; Nguyen et al., 2009). 
While B. subtilis AdhR and S. pneumoniae NmlR are both single Cys- type 
redox- sensing regulators (Nguyen et al., 2009; Stroeher et al., 2007), N. 
gonorrhoeae NmlR harbors four Cys residues, which function in Zn2+ 
coordination (Kidd et al., 2005). The activation mechanism of NmlR 
might involve post- translational thiol- modification of the conserved 
Cys by thiol- S- alkylation upon aldehyde exposure or by S- nitrosylation 
in response to NO stress (Chen et al., 2013; McEwan et al., 2011).

In this study, the NmlR regulon was identified as strongly upreg-
ulated under HOCl stress in the transcriptome of S. pneumoniae D39. 
Thus, we have further characterized the redox regulation of NmlR 
and the role of AdhC in the defense against HOCl and oxidative stress 
in S. pneumoniae. NmlR was oxidized by HOCl and ROS to form inter-
subunit disulfides or S- glutathionylations in vitro, leading to activa-
tion of transcription initiation of adhC by the σ70- RNAP holoenzyme 
in vitro, which required the conserved Cys52. AdhC was further im-
portant for protection of S. pneumoniae against ROS, HOCl and under 
macrophage infections, indicating that the NmlR regulon plays a cru-
cial role under different host- derived redox stress conditions.

2  |  RESULTS

2.1  |  HOCl stress causes an oxidative and 
metal stress response and protein damage in the 
transcriptome of S. pneumoniae D39

To investigate the transcriptional response of S. pneumoniae D39 
under HOCl stress, we analyzed the changes in the RNA- seq tran-
scriptome after 30 min of exposure to sub- lethal doses of 0.8 mM 
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HOCl stress during the log phase of microaerophilic bacteria 
(Figure 1; Tables S1 and S2; Figure S1). For significant fold- changes 
(FC) of induced or repressed genes, the M- value cutoff (log2 FC 
HOCl vs. control) of m ≥ 1.0 and m ≤ −1.0 was chosen (adjusted p- 
value ≤ 0.01). Accordingly, 296 and 306 genes were significantly 
≥2- fold up-  and downregulated, respectively, in S. pneumoniae D39 
under HOCl stress. These HOCl- responsive genes were classified 
into known regulons and visualized by color codes in the M/A ratio 
intensity scatter plot (Figure 1; Tables S1 and S2).

First, we were interested to reveal the redox- controlled reg-
ulons, which contribute to the defense against oxidative and elec-
trophile stress and respond most strongly to HOCl stress in the 
pneumococcus. Among the top- scorers was the CTM electron com-
plex, encoded by the ccdA1- etrxA1- msrAB2 operon (33.4– 42.5- fold), 
which is involved in the oxidative stress response and functions 
in reduction of oxidized methionine residues of cell envelope pro-
teins in S. pneumoniae (Gennaris & Collet, 2013; Saleh et al., 2013). 
In addition, the trxA and trxB genes (4.7-  and 3.8- fold) encoding 
the cytoplasmic thioredoxin (Trx)/thioredoxin reductase system, 
were upregulated by HOCl stress, indicating an increased protein 
thiol- oxidation in S. pneumoniae. Interestingly, the nmlR (36- fold) 
and adhC (26.5- fold) genes were among the most strongly HOCl- 
induced transcripts in the pneumococcal transcriptome (Figure 1; 
Tables S1 and S2). This suggests an important role of AdhC in the 
HOCl stress defense, which was investigated in this work in more 

detail (see next sections). Furthermore, HOCl stress caused the 
strong induction of the quinone- responsive SifR regulon, including 
the catE (29.2- fold) and yhdA (7.1- fold) genes, which encode the 
catechol- 2,3- dioxygenase and NAD(P)H- dependent FMN ferric re-
ductase, respectively (Zhang et al., 2022). In addition, transcription 
of NrdR- controlled SPD_0187– 0191 operon, encoding the anaero-
bic ribonucleoside triphosphate reductase, was weakly (2.6– 3- fold) 
upregulated by HOCl stress (Figure 1; Tables S1 and S2). The NrdR 
homolog of Mycobacterium smegmatis has been previously identified 
as reversibly oxidized in its Zn2+ ribbon motif (Hillion et al., 2017), 
suggesting that the repressor could be also inactivated by HOCl in 
S. pneumoniae.

Due to increased protein thiol- oxidation and aggregation, the 
CtsR- controlled Clp proteases, such as clpL (28.6- fold) and clpE (2.3- 
fold), and the HrcA- regulated chaperones encoded by the hrcA- grpE- 
dnaK- dnaJ (3.4– 6.2- fold) and groL- groES (4.1– 6.5- fold) operons were 
highly upregulated under HOCl stress in the S. pneumoniae tran-
scriptome (Figure 1; Tables S1 and S2). This protein quality control 
machinery of proteases and chaperones is required for protein fold-
ing and degradation of oxidatively damaged proteins under HOCl 
stress (Mraheil et al., 2021; Yesilkaya et al., 2013).

Among the top hits was further the Zn2+ efflux pump- encoding 
czcD gene (17.4- fold), which is transcribed upstream of the nmlR- 
adhC operon and controlled by the TetR- family regulator SczA 
(Kloosterman et al., 2007). HOCl also caused the induction of the 

F I G U R E  1  The RNA- seq transcriptome of S. pneumoniae D39 after HOCl stress. For RNA- seq transcriptomics, S. pneumoniae D39 was 
grown in supplemented RPMI medium to an OD600 of 0.4 and treated with 0.8 mM HOCl stress for 30 min. The gene expression profile of 
control versus HOCl stress is shown as ratio/intensity scatter plot (M/A- plot), which is based on the differential gene expression analysis 
using DeSeq2 as previously described (Love et al., 2014). Dark gray symbols indicate significantly induced and repressed transcripts upon 
HOCl stress (M- value ≥1 or ≤−1; p ≤ 0.01), while transcripts with light gray symbols are not significantly changed (p > 0.01). The most strongly 
upregulated regulons are color- coded and functionally classified into the ROS/RES defense (NmlR, SifR, NrdR, CTM operon), proteostasis 
(CtsR, HrcA), metal stress response (SczA, CopY) and carbon catabolite repression/alternative sugar utilization [GalR (Leloir, galactose), XylR 
(lactose), BguR (ß- glucosides), MalR (maltose), FcsR (fucose), ScrR (sucrose), AgaR (N- acetylgalactosamine), UlaR (ascorbic acid)]. Among 
the downregulated regulons under HOCl stress are BlpR, CiaR, FabT, CodY, RitR, and RpoD, which are listed in Table S2. The complete 
transcriptome data and regulon classifications, including the up-  and downregulated regulons are listed in Tables S1 and S2.
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copper- controlled CopY regulon (4.1– 7.2- fold), including cupA and the 
copper- transport ATPase- encoding copA gene (Shafeeq et al., 2011). 
In addition, the RegR regulon required for virulence, adherence and 
competence of S. pneumoniae, was strongly induced by HOCl stress 
(2.1– 15.7- fold) (Chapuy- Regaud et al., 2003) (Tables S1 and S2). As 
another virulence factor, the pneumococcal adherence and virulence 
factor B pavB was strongly (23.3- fold) induced by HOCl stress.

Interestingly, HOCl stress also caused the induction of several 
regulons involved in the uptake and utilization of alternative carbo-
hydrates, which serve as energy and carbon sources in the absence 
of glucose and are important for virulence in S. pneumoniae (Minhas 
et al., 2021). The induction of these sugar catabolic regulons was 
accompanied by the derepression of 76 genes of the CcpA regulon 
(2– 50.5- fold), indicating that CcpA is partially inactivated after HOCl 
exposure in the pneumococcus (Figure 1; Tables S1 and S2). The most 
strongly induced disaccharide utilization systems were the XylR 
(25.5– 45.9- fold) and ScrR regulons (5.4– 22- fold), which include the 
ABC and PTS transporters and catabolic enzymes for the hydroly-
sis of lactose and sucrose, respectively (Minhas et al., 2021). Among 
the HOCl- induced regulons were further GalR (19.4– 24.1- fold) 
and LacR (4.5– 7.4- fold), comprising the enzymes of the Leloir and 
tagatose 6- phosphate pathways for catabolism of galactose and lac-
tose (Minhas et al., 2021). Furthermore, the BguR, FcsR, RafR, MalR, 
AgaR and UlaR regulons required for the acquisition and catabolism 
of ß- glucosides, fucose, raffinose, maltose, N- acetylgalactosamine 
and ascorbic acid, respectively (Minhas et al., 2021), were upregu-
lated at lower levels (2.2– 8.1- fold) upon HOCl stress. Taken together, 
the upregulation of many utilization systems for alternative carbo-
hydrates suggests that HOCl stress might affect either directly or 
indirectly the regulation of carbon catabolite repression.

In other bacteria, HOCl stress was shown to cause strong ATP 
depletion, which correlated with the loss of viability (Barrette 
et al., 1989; Ulfig & Leichert, 2021). Since HOCl exposure affected 
also the growth in the pneumococcus (Figure S1H), the ATP synthase 
subunits- encoding genes (atpF and atpE) and genes for ribosomal 
proteins were downregulated in the HOCl stress transcriptome 
(Figure 1, Table S1 and S2). Furthermore, the fabT, fabM, fabH and 
acpP genes required for fatty acid biosynthesis showed decreased 
transcription (2.3– 6- fold) in HOCl- treated cells.

2.2  |  The NmlR regulon responds most strongly 
to methylglyoxal, formaldehyde and HOCl stress in 
S. pneumoniae

Due to its strong induction under HOCl stress, the NmlR regulon 
was selected to study in more detail the redox- sensing mechanism 
of NmlR and the role of AdhC under oxidative stress in the 
pneumococcus. The nmlR- adhC operon was previously shown 
to respond strongly to formaldehyde, methylglyoxal and GSNO 
stress in S. pneumoniae (Potter et al., 2010; Stroeher et al., 2007). 
qRT- PCR analysis was used to monitor the expression profile of 
adhC in S. pneumoniae D39 after exposure to sub- lethal doses of 

different thiol- reactive compounds, such as 0.8 mM HOCl, 0.45 mM 
H2O2, 4 mM diamide, 0.167 mM diethylamine (DEA)- NONOate, 
0.4 mM allicin, 0.325 mM methylglyoxal, 0.3 mM formaldehyde and 
10 mM methylhydroquinone (MHQ) (Figure 2; Figure S1). The qRT- 
PCR results confirmed the strongest induction of the nmlR- adhC 
operon under aldehyde stress (70.4– 89.6- fold) (Potter et al., 2010). 
Consistent with the transcriptome data, adhC transcription was 
strongly increased after HOCl treatment (31.4- fold). Exposure to 
the NO donor, allicin, H2O2 and diamide resulted in a much weaker 
induction of adhC (1.7– 3.7- fold). In addition, adhC transcription was 
not upregulated by MHQ. These results indicate that the NmlR 
regulon responds most strongly to reactive aldehydes and the strong 
oxidant HOCl in S. pneumoniae D39.

2.3  |  The conserved Cys52 of NmlR is essential for 
redox- sensing of HOCl stress in vivo

To study the function of the conserved Cys52 of NmlR for redox sens-
ing of HOCl stress, we analyzed transcriptional activation of adhC in 
the ΔnmlR mutant and in the nmlR-  and nmlRC52A- complemented 
strains under control and HOCl stress conditions by qRT- PCR 
(Figure 3a). While adhC transcription was strongly (17.6- fold) upregu-
lated in the wild type (WT) under HOCl stress, the transcript level of 
adhC was decreased in the ΔnmlR mutant under HOCl stress. These 
results support that NmlR acts as transcriptional activator of the 
nmlR- adhC operon under HOCl stress. In agreement with previous 

F I G U R E  2  Transcription of adhC is most strongly induced 
after aldehyde and HOCl stress in S. pneumoniae D39. For qRT- 
PCR analysis, S. pneumoniae D39 was grown in supplemented 
RPMI medium to an OD600 of 0.4 and exposed to different 
thiol- reactive compounds for 30 min, including 0.8 mM HOCl, 
0.45 mM H2O2, 4 mM diamide, 0.167 mM DEA- NONOate as NO 
donor (NO), 0.4 mM allicin (Alli), 0.325 mM methylglyoxal (MG), 
0.3 mM formaldehyde (FA) and 10 mM methylhydroquinone (MHQ). 
Transcription of adhC was analyzed by qRT- PCR before (−) and 
after stress exposure. The stress- induced adhC transcript levels 
were normalized to the adhC mRNA level of untreated cells, which 
was set to a fold- change of 1. Error bars represent the standard 
deviation of 3 biological replicates with 2 technical replicates each. 
Statistical differences to the control were determined using one- 
way ANOVA and Dunnett's multiple comparisons test. *p ≤ 0.05; 
**p ≤ 0.01 and ***p ≤ 0.001.
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studies (Potter et al., 2010), adhC transcription was 5.1- fold en-
hanced in the untreated ΔnmlR mutant, suggesting that NmlR might 
repress adhC transcription under control conditions. In contrast, de-
creased adhC levels were found in the untreated ΔnmlR mutant in 
another study (Stroeher et al., 2007). Surprisingly, adhC transcription 
was further increased under control conditions in the pBAV- nmlR- 
complemented strain, in which nmlR is constitutively expressed under 
the erythromycin cassette promoter pE of plasmid pBAV1CpE (Hess 
et al., 2017), suggesting that constitutive overproduction of NmlR 
might also lead to activation of adhC transcription (Figure 3a). Upon 
HOCl stress, the expression level of adhC was further elevated in the 
nmlR- complemented strain, supporting that NmlR activates adhC 
transcription upon HOCl exposure. In contrast, the transcriptional 
level of adhC was low in the HOCl- treated  nmlRC52A mutant, indi-
cating that Cys52 is required for redox- sensing and transcriptional 
activation by NmlR. These results revealed that NmlR acts as redox- 
sensing activator of adhC transcription under HOCl stress, depending 
on the conserved Cys52 in vivo.

2.4  |  NmlR binds specifically to the nmlR- adhC 
operator in the reduced and oxidized state

NmlR was proposed to bind to the 9– 9 bp palindromic operator 
sequence CTTGGAGTC- aACTCaAAG, located between the −35 
and −10 promoter elements (Stroeher et al., 2007). However, ex-
perimental evidence for the specific binding of NmlR to the oper-
ator is still missing. Thus, gel electrophoretic mobility shift assays 
(EMSAs) were used to investigate the DNA- binding activity of 

purified NmlR protein to the nmlR- adhC operon promoter in vitro. 
The gel- shift results showed that purified reduced NmlR protein 
binds to the nmlR promoter probe, which is indicated by the band 
shift in the NmlR- DNA- binding reactions (Figure 3b). To analyze 
the specific binding of NmlR to the predicted operator sequence, 
we exchanged two nucleotides in each half of the inverted repeat 
(m1: C to A and A to G; m2: T to G and G to T) and analyzed the 
DNA- binding activity of NmlR to these mutated promoter probes 
(Figure 3b). NmlR was unable to bind to the mutated palindromic 
sequences m1 and m2 in vitro, supporting the specific binding of 
NmlR to the 9– 9 bp palindromic sequence.

Next, the effect of thiol- oxidation on the DNA- binding activ-
ity of NmlR was assessed using the EMSAs. Treatment of NmlR 
with increasing concentrations of diamide did not affect the DNA- 
binding activity (Figure 3b). Similarly, the DNA- binding activity was 
not impaired under HOCl stress (data not shown). These results are 
in accordance with previous data, demonstrating that MerR- family 
regulators interact with their cognate DNA both in the presence 
and absence of the specific inducers (Brown et al., 2003; Fang & 
Zhang, 2022). In response to specific signals, MerR proteins undergo 
a conformational change, leading to a DNA distortion and reorien-
tation of the −35 and − 10 elements for RNAP recognition (Brown 
et al., 2003, Fang & Zhang, 2022).

Since the single Cys52 of NmlR was identified as essential for 
activation of adhC transcription upon HOCl stress, we analyzed 
the role of Cys52 for the DNA- binding activity of NmlR in gel shift 
assays. The reduced NmlRC52A mutant protein showed a similar 
DNA- binding affinity compared to NmlR (Figure 3b), indicating that 
Cys52 is not required for the DNA- binding activity of NmlR.

F I G U R E  3  NmlR activates adhC transcription under HOCl stress in vivo (a) and binds to the nmlR- adhC promoter in vitro (b). (a) 
Transcription of adhC was analyzed using qRT- PCR in the S. pneumoniae D39 WT, the ΔnmlR mutant as well as the nmlR+ and nmlRC52A 
complemented strains, which were grown in RPMI to an OD600 of 0.4 and harvested before (- HOCl) and 30 min after exposure to 0.8 mM 
HOCl stress (+HOCl). The HOCl- induced adhC transcript levels in the mutant and complemented strains were normalized to the mRNA 
level of adhC in the WT without HOCl, which was set to a fold- change of 1. Error bars represent the standard deviation of 3 biological 
replicates with 2– 4 technical replicates each. The statistics was determined using one- way ANOVA and Dunnett's multiple comparisons 
test. **p ≤ 0.01 and ***p ≤ 0.001. (b) NmlR binds to the palindromic sequence upstream of the nmlR- adhC operon under reducing and oxidizing 
conditions. EMSAs were used to analyze the DNA- binding activity of increasing amounts (0.1– 7 μM) of NmlR and NmlRC52A to 15 ng of 
the nmlR promoter (PnmlR) in vitro. To analyze the specific binding to the palindrome, two base substitutions were introduced in each half 
of the inverted repeat, denoted in red (m1 and m2). The arrows denote the free DNA probe and the shifted band indicates the DNA- NmlR 
promoter complex. The EMSA experiments were performed in 3 replicates.
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2.5  |  NmlR is oxidized to intermolecular disulfides or  
S- glutathionylated at the redox- sensing Cys52 in vitro

To investigate the redox- sensing mechanism, the post- translational 
thiol modifications of NmlR were analyzed in response to different 
oxidants, such as diamide, H2O2 and HOCl. Using non- reducing 
SDS- PAGE, NmlR was shown to be completely oxidized to form 
intersubunit disulfides after treatment with the oxidants (Figure 4a– 
c). As expected, the intermolecular disulfides could be reversed 
in the reducing SDS- PAGE analysis (Figure 4a– c). Since NmlR 
represents a one- Cys- type redox- sensing regulator, it could also 
sense HOCl and H2O2 stress by formation of mixed disulfides at 
Cys52 with the LMW thiol GSH, termed as S- glutathionylation. As 
shown in Figure 4c, the treatment of NmlR with 1– 2 mM H2O2 in the 
presence of GSH led only to partial formation of the disulfide- linked 
dimers, indicating that GSH prevented the complete intermolecular 
disulfide formation.

Matrix- assisted laser desorption ionization- time of flight- mass 
spectrometry (MALDI- TOF- MS) was used to identify the post- 
translational thiol- modifications of reduced and oxidized NmlR 
after digestion with trypsin. In the MS1 scan of the peptides of 
the reduced NmlR sample, a peptide was identified with the m/z of 
482.19 Da, corresponding to the carbamidomethylated CFR peptide 
(Figure 5a). In the H2O2- oxidized samples of the disulfide- linked 
dimer without or with GSH, this CFR- CAM peptide was absent and 
instead a peptide with the m/z of 847.43 Da was detected, con-
firming the oxidation of NmlR to the Cys52- Cys52’ intermolecular 
disulfide (Figure 5b,c). In addition, the S- glutathionylated CFR pep-
tide was detected as peak at m/z of 730.30 Da in the lower gel band 

of the oxidized NmlR sample, which was treated with H2O2 in the 
presence of GSH (Figure 5d). In conclusion, our data support that 
NmlR functions as redox- sensing transcriptional activator of the 
nmlR- adhC operon that senses oxidants by reversible thiol switches, 
including intersubunit disulfides or S- glutathionylations in vitro.

2.6  |  NmlR activates transcription at the nmlR 
promoter in the oxidized intersubunit disulfide and 
S- glutathionylated form by the Escherichia coli σ 70- 
RNAP in vitro, depending on the conserved Cys52

To test the activation of transcription initiation by NmlR at the nmlR- 
adhC operon promoter, in vitro transcription by E. coli σ70- RNAP 
was monitored from a plasmid that harbors the broccoli fluores-
cent light- up RNA aptamer (broccoli- FLAP) as fluorescent reporter 
(Filonov et al., 2014; Huang et al., 2022), downstream of the nmlR 
promoter (Figure 6). Upon transcription, the broccoli aptamer adopts 
a defined three- dimensional fold that provides the binding platform 
for the fluorogen DFHBI- 1T (Filonov et al., 2014, Huang et al., 2022). 
By binding to broccoli- FLAP, DFHBI- 1T emits fluorescence (emis-
sion = 507 nm), which serves as a readout for transcription. An 
initial lag phase (t0) determines the time in which a first complete 
broccoli- FLAP is transcribed, folded and bound by DFHBI- 1T. The lag 
phase is followed by a linear increase in fluorescence and the slope 
corresponds to the initial transcription rate or relative transcription 
initiation rate, respectively. Multi- round transcription showed that 
broccoli- FLAP production by RNAP in the presence of TCEP- reduced 
NmlR (NmlRred) and NmlRC52A (C52Ared) proteins significantly 

F I G U R E  4  NmlR is oxidized to intermolecular disulfides upon treatment with the oxidants diamide, HOCl and H2O2 in vitro. (a– c) 
The purified NmlR protein was treated with increasing amounts (0.25– 2 mM) of diamide (a), HOCl (b) and H2O2 (c) for 15 min in vitro and 
subjected to non- reducing SDS- PAGE analysis. (c) NmlR was oxidized either with H2O2 alone or with 1 and 2 mM H2O2 in the presence of 0.1 
and 0.2 mM GSH. The reduction of the NmlR disulfides is shown in the reducing SDS- PAGE analyses.
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decreases the relative initiation rate to 0.39 and 0.53, respectively, 
compared to 1 by RNAP alone (Figure 6). This indicates that reduced 
NmlR represses transcription initiation by E. coli RNAP at the nmlR 
promoter, which does not depend on C52A. In contrast, relative ini-
tiation rates are significantly increased to 3.9 and 2.2 through oxida-
tion of NmlR to the intersubunit disulfide (NmlRox) by H2O2 alone or 
to the S- glutathionylated form (NmlRGSH) by H2O2 in the presence of 
GSH, respectively. However, transcription initiation rates by RNAP 
were not significantly changed with both H2O2- treated C52A pro-
teins (C52Aox and C52AGSH), supporting that the conserved Cys is 
important for transcriptional activation via its thiol- switches. These 
data support the model that NmlR is activated by different thiol- 
switches, such as intersubunit disulfides and S- glutathionylations, 
leading to enhanced transcription of the nmlR- adhC operon by the 
RNAP, while reduced NmlR represses transcription.

2.7  |  The alcohol dehydrogenase AdhC functions 
in the defense against HOCl and H2O2 stress in  
S. pneumoniae D39

To investigate the role of AdhC in the protection against oxidative 
stress in S. pneumoniae, growth and survival analyses of the ΔnmlR 
and ΔadhC mutants were performed under HOCl and H2O2 stress 

(Figure 7). The growth of both mutants was significantly impaired 
after treatment with sub- lethal doses of 0.8 mM HOCl as compared 
to the WT (Figure 7a,c). In addition, the ΔnmlR and ΔadhC mutants 
displayed 13.4%– 17% decreased survival rates after 3 h and 4 h expo-
sure to the lethal dose of 1.1 mM HOCl (Figure 7e). While the growth 
of the ΔnmlR mutant was not affected by sub- lethal H2O2 stress, 
treatment with lethal 1 mM H2O2 resulted in decreased survival rates 
of the ΔnmlR mutant compared to the WT (Figure 7d,f). Similarly, the 
ΔadhC mutant showed a higher sensitivity towards lethal H2O2 stress, 
indicated by the 1.7– 2.3- fold lower survival rates than the WT. The 
growth and survival defects of both mutants could be restored back 
to the WT level in the nmlR and adhC- complemented strains, respec-
tively (Figure 7e,f and Figure S2). In contrast, the nmlRC52A mutation 
was unable to complement the HOCl-  and H2O2- sensitive phenotypes 
of the ΔnmlR mutant (Figure 7b,e,f). These results indicate that Cys52 
is important for activation of adhC expression and that AdhC confers 
resistance towards HOCl and ROS stress in S. pneumoniae D39.

2.8  |  The NmlR regulon confers protection 
against the oxidative burst of human macrophages

To analyze the role of the NmlR regulon in the defense of 
macrophage- derived ROS production under infection conditions, 

F I G U R E  5  NmlR can be oxidized by H2O2 to intermolecular disulfides and S- glutathionylated in the presence of GSH in vitro as revealed 
by MALDI- TOF MS. The bands of the reduced NmlR and the oxidized NmlR intermolecular disulfide- linked dimer were digested with trypsin 
and the peptides analyzed by MALDI- TOF MS. The MS1 spectra are displayed in the m/z range of 450– 900 showing the mass peaks of the 
small C52FR peptide in the (a) reduced and (b– d) H2O2- oxidized NmlR samples without or with GSH. (a) Cys52 is fully carbamidomethylated 
(m/z 482.19 Da) in reduced NmlR. (b) Treatment of NmlR with H2O2 alone leads to oxidation to the C52– C52′ intersubunit disulfide peptide 
(m/z 847.43 Da). (c) Oxidation with H2O2 in the presence of GSH leads to the formation of the C52– C52′ intersubunit disulfide- linked dimer 
and (d) the S- glutathionylated Cys52 peptide (m/z 730.30 Da) as labeled in the non- reducing SDS- PAGE analysis in Figure 4.

 13652958, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

m
i.14999 by Freie U

niversitaet B
erlin, W

iley O
nline L

ibrary on [11/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



198  |    FRITSCH et al.

we determined the intracellular survival of the ΔnmlR mutant in 
the human macrophage cell line THP- 1A (Figure 8a). The colony- 
forming units (CFUs) of intracellular S. pneumoniae were determined 
2 to 5 h post- infection (p.i.) (Figure 8a). The results revealed that the 
ΔnmlR mutant was significantly impaired in survival inside human 
macrophages. Specifically, at 3 h p.i., the number of viable bacteria 
decreased to 53.9% for the WT and to 26.7% for the ΔnmlR mutant 
(Figure 8a). Thus, the ΔnmlR mutant showed a 50% reduced sur-
vival rate compared with the WT after 3 h p.i. This sensitivity of the 
ΔnmlR mutant could be abolished by the addition of the flavoprotein 
inhibitor diphenyleneiodonium (DPI) (Figure 8a). DPI was previously 

shown to inhibit NOX2 and the macrophage NO synthase to pre-
vent ROS and NO generation (Altenhofer et al., 2015; O'Donnell 
et al., 1993; Stuehr et al., 1991). Thus, DPI treatment increased the 
survival rate of both S. pneumoniae strains to >90% after 3 h p.i. 
(Figure 8a). Interestingly, the protective effect of DPI was less pro-
nounced after 4 and 5 h p.i., probably indicating the onset of other 
killing mechanisms. Nevertheless, also at these later time points, the 
survival of the ΔnmlR mutant was significantly improved through in-
hibition of the oxidative burst. Under control conditions, the ΔnmlR 
mutant showed a 2.4– 2.5- fold lower survival than the WT, whereas 
the viability rate was only 1.5– 1.8- fold decreased after DPI addition.

Since DPI was shown to affect the phagocytosis rate (Lv 
et al., 2017; Zhu et al., 2017), phagocytosis assays were performed 
to exclude differences in the internalization of the WT and the 
ΔnmlR mutant. DPI significantly decreased the phagocytosis rate of 
THP- 1A cells ~16.5- fold (Figure 8b). However, the phagocytosis rate 
of both strains by THP- 1A cells was comparable in the absence and 
presence of DPI (Figure 8b). These results indicate that the NmlR- 
controlled AdhC is important for the defense against oxidative stress 
and contributes to the resistance of S. pneumoniae D39 against the 
respiratory burst during macrophage infections.

3  |  DISCUSSION

In this work, we have used RNA- seq transcriptome analysis to study 
the expression profile of S. pneumoniae in response to the strong 
oxidant HOCl. The transcriptome signature revealed that HOCl 
stress caused the most prominent induction of the thiol- specific oxi-
dative stress response, indicated by the extracellular CTM complex 
for repair of oxidized Met residues (Gennaris & Collet, 2013; Saleh 
et al., 2013), the NmlR- controlled adhC gene (Potter et al., 2010; 
Stroeher et al., 2007) and the CtsR and HrcA regulons for repair or 
degradation of oxidatively damaged proteins (Mraheil et al., 2021; 
Yesilkaya et al., 2013). In addition, the quinone- responsive SifR regu-
lon (Zhang et al., 2022) and the CopY and SczA regulons controlling 
metal efflux systems (Kloosterman et al., 2007; Shafeeq et al., 2011) 
were strongly induced by HOCl stress. The upregulation of these 
metal efflux systems might be related to the HOCl- induced oxida-
tion of metal- coordinating Cys residues of metal regulators (Fliss 
& Menard, 1991), accounting perhaps for the pneumococcal SczA 
and CopY regulators and the related ArsR and CopR repressors of 
B. subtilis (Chi et al., 2011). Similarly, the NrdR repressor of M. smeg-
matis harbors Zn2+- coordinating Cys residues, which were previ-
ously found oxidized by HOCl stress in the redox proteome, leading 
to derepression of the NrdR regulon in the transcriptome (Hillion 
et al., 2017). Thiol- oxidation of NrdR by HOCl stress therefore most 
likely explains the weak upregulation of the NrdR regulon in the 
transcriptome of S. pneumoniae.

However, the single Cys residue of the activator SczA was not re-
quired for metal binding, which involves rather His and Glu residues 
(Martin et al., 2017), suggesting other mechanisms accounting for 
the induction of the zinc efflux systems by thiol- reactive compounds. 

F I G U R E  6  The NmlR intersubunit disulfide and S- 
glutathionylated NmlR activate adhC transcription by E. coli 
σ70- RNAP in vitro, which depends on the single Cys52. To 
compare transcriptional initiation efficiencies at the nmlR- adhC 
operon promoter by the E. coli σ70- RNAP and reduced, oxidized 
and S- glutathionylated NmlR (NmlRred, NmlRox and NmlRGSH) and 
NmlRC52A mutant proteins (C52Ared, C52Aox and C52AGSH), the 
broccoli- FLAP assay was used (see experimental Procedures). 
Transcription of complete broccoli- FLAP is reported by binding 
of a pro- fluorophore to the aptamer, leading to an increase in 
fluorescence emission at 507 nm. The initial slopes in the curves 
represent the relative initiation rates of transcription. The table 
shows the calculated values of linear fits of the initial increases in 
fluorescence as determined after time offset t0 for the reaction of 
RNAP without or with NmlR or C52A proteins, which were oxidized 
with 2.5% H2O2 in the absence (NmlRox, C52Aox) or presence of 
0.3 mM GSH (NmlRGSH, C52AGSH) or reduced with 10 mM TCEP 
(NmlRred). Data represent means ± SD of three independent 
experiments, using the same biochemical samples. Significance was 
assessed using an unpaired, two- sided t- test. *p < 0.05; **p < 0.01.
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Previous studies established that the LMW thiol bacillithiol (BSH) of 
B. subtilis functions as efficient metal buffer, forming an intracellu-
lar BSH2:Zn2+ pool, which is even more sensitive to thiol- oxidation 
then protein- bound Zn2+, leading to Zn2+ release and BSH oxidation 
to bacillithiol disulfides (BSSB) (Ma et al., 2014). This Zn2+ release 
from BSH stores resulted in induction of the czcD and cadA genes 
through inactivation of the CzrA repressor in B. subtilis. This further 
explained the induction of the CzrA regulon by many thiophilic metal 
ions and by reactive carbonyl electrophiles, which rapidly deplete 
the BSH pool (Chandrangsu et al., 2014; Moore et al., 2005; Nguyen 
et al., 2009). Consequently, the increased Zn2+ level released from 

related GSH2:Zn2+ stores due to GSH oxidation might activate SczA 
to trigger induction of the Zn2+ efflux system CzcD in the pneumo-
coccus, which remains to be investigated in more detail in future 
studies.

Overall, similar thiol- specific oxidative, electrophile and metal 
stress responses were previously reported under HOCl stress in 
other Gram- positive bacteria, such as Staphylococcus aureus and 
B. subtilis (Chi et al., 2011; Loi et al., 2018). Due to its high reac-
tivity with thiols (Storkey et al., 2014), HOCl generally induced 
most known regulons controlled by redox- sensing regulators in 
the different bacteria. The prominent induction of the HrcA-  and 

F I G U R E  7  The NmlR regulon confers resistance to HOCl and H2O2. Growth curves (a– d) and survival assays (e and f) were performed 
with S. pneumoniae D39 WT, the ΔnmlR and ΔadhC mutants as well as the nmlR+, nmlRC52A and adhC+ complemented strains in RPMI 
medium. At an OD600 of 0.4, bacteria were treated with sub- lethal doses of 0.8 mM HOCl and 0.45 mM H2O2 for growth phenotypes and 
survival data, which were acquired 3 and 4 h after exposure to 1.1 mM HOCl and 1 mM H2O2. The survival rates of CFUs for the treated 
samples were calculated relative to the untreated control, which was set to 100%. Growth curves of the nmlR+-  and adhC+- complemented 
strains are shown in Figure S2. The results are from 3– 5 biological replicates. Error bars represent the standard deviation. The statistics was 
calculated using a Student's unpaired two- tailed t- test. *p < 0.05; **p < 0.01; ***p < 0.001.

F I G U R E  8  The ΔnmlR mutant is impaired in survival inside THP- 1A human macrophages. (a) The survival of S. pneumoniae D39 WT and 
the ΔnmlR mutant was analyzed without or with diphenyleneiodonium chloride (DPI) at 135, 150, 180, 240 and 300 min post- infection (p.i.) 
of the human macrophage cell line THP- 1A. The percentage of survival was calculated for the time points above by normalizing them to the 
2 h time point, which was set to 100%. (b) The relative phagocytosis rate was determined for S. pneumoniae D39 WT and the ΔnmlR mutant 
by analyzing the CFUs 2 h after infection relative to the input values and displayed in relation to the WT without DPI treatment, which was 
set to 100%. The results are from four biological replicates and the error bars represent the standard deviation. The statistics was calculated 
using one- way ANOVA and Dunnett's multiple comparisons test. nsp > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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CtsR- controlled proteases and chaperones under HOCl stress is 
conserved throughout firmicutes, supporting that HOCl causes in-
creased protein thiol- oxidation and protein aggregation. However, 
since the bacteria had to be cultivated in the supplemented RPMI 
cell culture medium for optimal growth and to avoid starvation con-
ditions, HOCl could also react with primary amines of medium com-
ponents, leading to formation of less- reactive chloramines (Ashby 
et al., 2020; Peskin & Winterbourn, 2001). Thus, the question arises 
whether the HOCl- induced transcriptome changes in S. pneumoniae 
are due to HOCl or the chloramines as reaction product of HOCl. In 
general, the chosen concentration of 0.8 mM HOCl was sub- lethal 
and caused a half- maximal growth rate in agreement with standard 
conditions of physiological stress experiments. Consequently, the 
transcriptome profiles of the general thiol- specific oxidative, metal 
and protein stress responses upon HOCl stress are similar as out-
lined above between different bacteria cultivated in minimal me-
dium (B. subtilis) versus RMPI (S. aureus and S. pneumoniae) (Chi 
et al., 2011; Loi et al., 2018), supporting that sub- lethal doses of 
HOCl reacted with the bacteria to similar extents without exerting 
non- physiological killing effects. However, further analyses will be 
required to evaluate the transcriptome signatures of the bacteria 
upon chloramine and HOCl treatment in comparison to clarify this 
question.

In addition, HOCl caused derepression of the CcpA regulon in 
S. pneumoniae, accompanied by induction of many regulons for the 
uptake and utilization of alternative carbohydrates, including the 
ScrR, FcsR, RafR, MalR, RegR, AgaR, XylR, BguR, GalR and LacR 
regulons (Minhas et al., 2021). While the basis for the CcpA dere-
pression under HOCl in the pneumococcus is unknown, this study 
provides insights into the usage of alternative carbon sources under 
the growth conditions in supplemented RPMI medium. The XylR, 
GalR and LacR regulons for utilization and catabolism of lactose and 
galactose responded most strongly to HOCl stress, suggesting the 
switch from utilization of glucose to lactose (and the released ga-
lactose) via the Leloir and tagatose 6- phosphate pathways (Minhas 
et al., 2021). Galactose was shown to be the key sugar for niche 
adaptation to the nasopharynx and important for pneumococcal 
colonization (Paixao et al., 2015). However, whether this glucose- 
lactose/galactose switch is physiologically important to mediate 
protection against the oxidative burst during infections remains to 
be investigated in future studies.

Since the nmlR- adhC operon was most strongly upregulated 
under HOCl stress, the redox- sensing mechanism and functions 
of the MerR- family regulator NmlR were investigated in the pneu-
mococcus. qRT- PCR analysis revealed that adhC transcription is 
most strongly elevated by aldehydes (Potter et al., 2010), HOCl, di-
amide and H2O2 stress in the pneumococcus. The ~8.5- fold higher 
induction rates of adhC transcription by sub- lethal 0.8 mM HOCl 
compared to that upon exposure to 0.45 mM H2O2 stress might be 
attributed to the different reactivities of both oxidants with Cys 
thiols. HOCl reacts with cysteine thiols according to second order 
rate constants of k > 108 M−1 s−1 (Storkey et al., 2014), which is sev-
eral magnitudes faster compared to the slow reaction of H2O2 with 

biological thiols, determined as k = 18– 26 M−1 s−1 (Winterbourn 
& Metodiewa, 1999). In addition, S. pneumoniae produces milli-
molar levels of endogenous H2O2, which conferred resistance 
against exogenously encountered H2O2 (Mraheil et al., 2021), pos-
sibly explaining the lower response of the NmlR regulon towards 
H2O2. However, adhC was only weakly induced by the NO donor 
DEA- NONOate. Treatment of bacteria with the NO donor might 
cause a lower intracellular GSNO level compared to the external 
GSNO amount applied directly in the previous study (Stroeher 
et al., 2007). Transcriptional studies further showed that NmlR acts 
as activator of adhC transcription under HOCl stress, depending on 
the conserved Cys52 in vivo. The role of Cys52 of NmlR in redox- 
sensing was further confirmed in growth and survival assays under 
HOCl and H2O2 stress, since the nmlRC52A mutant was unable 
to restore the sensitive phenotypes of the ΔnmlR mutant back to 
the WT levels. Similarly, the conserved Cys was essential for alde-
hyde sensing in other MerR/NmlR homologs, including AdhR of B. 
subtilis (Nguyen et al., 2009) and NmlR of H. influenzae (Counago 
et al., 2016). In contrast, all four Cys residues were involved in tran-
scriptional regulation of NmlR of N. gonorrhoeae, probably reflect-
ing their role in Zn2+- binding (Kidd et al., 2005).

Using non- reducing SDS- PAGE and mass spectrometry, NmlR 
was shown to undergo a reversible thiol switch by formation of in-
tersubunit disulfides or S- glutathionylation at Cys52 under oxidative 
stress in vitro. To estimate the position of Cys52, the structure of 
NmlR was modeled based on the template of the structure of the 
L. monocytogenes MerR homolog LMOf2365_2715 (PDB: 3gp4.1) 
using SWISS- MODEL (Biasini et al., 2014). In this NmlR model, the 
N- terminal α1 and α2 helices form the DNA- binding helix- turn- helix 
(HTH) motifs in each subunit, while the dimer interface is formed by 
the α5 helices. The Cys52 residues are located in the α3 helices and 
are ~27.8 Å apart in the dimeric structure, which is quite far away for 
disulfide bond formation (Figure S3). Thus, the S- glutathionylation 
model would be the more realistic redox- sensing mechanism under 
in vivo conditions, in agreement with the model for typical one- 
Cys- type redox- sensing regulators (Hillion & Antelmann, 2015; Lee 
et al., 2007).

Many MerR- type regulators were shown to be activated by 
conformational changes upon binding of inducers, resulting in re- 
orientation of the DNA- binding HTH motifs (Counago et al., 2016; 
Yang et al., 2021). The structural rearrangements of MerR- type reg-
ulators lead to realignments of the −35 and −10 promoter elements 
by introducing a kink in the DNA molecule to compensate for the 
overlong spacer of 19– 20 bp, allowing the recognition by the RNAP 
to initiate transcription. Based on this overlong spacer, most MerR- 
family transcription factors, including pneumococcal NmlR, were 
shown to function as transcriptional activators in response to spe-
cific signals (Brown et al., 2003). However, NmlR might also function 
as repressor of adhC under control conditions, since transcription of 
adhC was upregulated in the ΔnmlR mutant. Similarly, other MerR- 
family transcription factors were postulated to switch from the 
repressor to the activator conformation in the presence of an in-
ducer (Brown et al., 2003; Chang et al., 2015; Fang & Zhang, 2022). 
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However, the higher transcriptional activity without the MerR- type 
transcription factor might be also caused by the high promoter ac-
tivity independent of the −35 element. Only upon MerR binding, 
this element was shown to be important for transcriptional initia-
tion by the RNAP (Lund & Brown, 1989). Using the broccoli- FLAP 
assay, we could demonstrate that different NmlR thiol- switches, 
including the intermolecular disulfide and S- glutathionylated form, 
activate transcription initiation of the nmlR- adhC operon promoter 
by the heterologous E. coli σ70- RNAP in vitro, while reduced NmlR 
rather inhibited transcription. Importantly, transcriptional activa-
tion by oxidized NmlR was dependent on Cys52, supporting the re-
quirement of thiol- switches for NmlR regulation in vitro. The high 
basal transcription rate of the nmlR promoter by the E. coli σ70- RNAP 
alone and the decreased transcription upon binding of reduced 
NmlR might also indicate its function as repressor under control con-
ditions. Thus, our in vivo and in vitro transcriptional results might 
indicate that reduced NmlR acts as repressor under non- stress 
conditions, whereas thiol- oxidation of Cys52 to intersubunit disul-
fides and S- glutathionylations upon H2O2 and HOCl stress activates 
NmlR to induce the transcription of adhC by the RNAP. Although 
the broccoli- FLAP assay qualitatively reflects the proposed tran-
scriptional activation mechanism of NmlR in vitro, we are aware that 
the transcription initiation rates are lower compared to the strong 
induction of adhC transcription upon HOCl stress in the qRT- PCR 
analyses in vivo. Thus, our in vitro assay does not fully recapitulate 
the transcriptional response in vivo. These discrepancies might be 
caused by the heterologous E. coli RNAP used for the broccoli- FLAP 
assay, which is not identical to pneumococcal RNAP and may lead to 
smaller effects of NmlR.

Overall, NmlR was identified as major redox- sensing regulator of 
the oxidative stress defense in S. pneumoniae. NmlR significantly im-
proved the survival of S. pneumoniae D39 in the human macrophage 
cell line THP- 1A. Decreased ROS and NO levels due to the addition 
of the flavoprotein inhibitor diphenyleneiodonium (DPI) significantly 
enhanced the intracellular survival of the ΔnmlR mutant inside mac-
rophages (Altenhofer et al., 2015; O'Donnell et al., 1993; Stuehr 
et al., 1991). Thus, NmlR plays an important role in the virulence of 
S. pneumoniae by conferring resistance against the oxidative burst 
of activated immune cells during infections. The observed bacterial 
killing of the WT and the ΔnmlR mutant over time, even in the pres-
ence of DPI, is in agreement with previous findings that S. pneumo-
niae contributes to its cell death in the phagosome by endogenous 
H2O2 production (Mandell & Hook, 1969; Pitt & Bernheimer, 1974). 
Additionally, ROS and RNS production is thought to act in concert 
with changes in ion flux, pH decrease and hydrolytic enzymes in 
human macrophages to promote killing of the pathogen (Haas, 2007; 
Nüsse, 2011).

However, THP- 1 macrophages do not express the myeloper-
oxidase to generate the highly microbicidal HOCl during the ox-
idative burst (Siraki, 2021). Thus, the NmlR regulon was shown 
here to confer protection only against ROS and RNS, but not 
against HOCl, during infections by THP- 1A macrophages. In our 
future studies, the role of the NmlR regulon will be investigated 

in the defense against MPO- produced HOCl during neutrophil 
infections. Nevertheless, the NmlR regulon contributed to the 
survival and replication of S. pneumoniae within macrophages, 
which is of major importance in its pathogenicity cycle. After col-
onization of the nasopharynx, S. pneumoniae can cause invasive 
infections and survive intracellularly within organs, such as the 
lung, spleen, heart and brain using different virulence factors and 
immune evasion mechanisms (Subramanian, Henriques- Normark, 
& Normark, 2019). In the lung, pneumococci are phagocytosed by 
mannose receptor C- type lectin 1 (MRC- 1+) alveolar macrophages 
and replicate intracellularly by inhibition of lysosomal fusions and 
repression of inflammatory cytokine production (Subramanian, 
Neill, et al., 2019). In addition, CD169+ macrophages were iden-
tified as a reservoir for intracellular replication of pneumococci 
in the spleen, leading to bloodstream infections, such as septi-
caemia (Ercoli et al., 2018; Subramanian, Henriques- Normark, & 
Normark, 2019). Thus, it will be interesting to further study the 
mechanism of how AdhC promotes intracellular survival in differ-
ent types of macrophages.

The NmlR- controlled alcohol dehydrogenase AdhC was identified 
as major defense mechanism against HOCl and H2O2 stress encoun-
tered during infections in S. pneumoniae. Alcohol- dehydrogenase 3 
enzymes are widespread in bacteria and have been shown to cat-
alyze detoxification of ω- hydroxy fatty acids, various aldehydes, 
medium- chain alcohols, GSNO and S- hydroxymethylglutathione 
(HMGSH) (Staab et al., 2008). In N. meningitidis, AdhC conferred pro-
tection against formaldehyde, but the ΔadhC mutant was not sen-
sitive to methylglyoxal (Chen et al., 2013). The ΔadhC mutant of H. 
influenzae was unable to grow with high oxygen levels and displayed 
increased susceptibilities towards GSNO, methylglyoxal, glyceral-
dehyde and glycolaldehyde (Kidd et al., 2007, 2012), indicating also 
roles of other AdhC homologs in the oxidative and aldehyde stress 
defense. However, the ΔadhC mutant of S. pneumoniae did not show 
sensitive phenotypes under methylglyoxal and formaldehyde stress 
(Potter et al., 2010), raising the question of the physiological sub-
strate of AdhC in S. pneumoniae.

Our results have shown that AdhC protects S. pneumoniae 
against HOCl and H2O2 stress, suggesting a direct or indirect role of 
AdhC in detoxification of these oxidants, which remains to be elu-
cidated. Oxidants can react with various cellular macromolecules, 
resulting in reactive electrophilic species as secondary reactive 
species, such as quinones and aldehydes. Especially lipid peroxi-
dation, DNA and sugar oxidation were shown to generate various 
aldehydes, including glyoxal, formaldehyde, and glycerine aldehyde 
(Beavers & Skaar, 2016; Marnett et al., 2003; Okado- Matsumoto & 
Fridovich, 2000; Spiteller, 2008). Activated neutrophils contribute 
indirectly via HOCl production to the production of α- hydroxy and 
α,β- unsaturated aldehydes and other reactive species, highlight-
ing the relevance of the redox sensor NmlR and the AdhC enzyme 
under infection conditions. Thus, our future analyses are directed 
to further investigate the redox- sensing and defense mechanisms of 
S. pneumoniae to mediate survival, replication and adaptation inside 
infected immune cells.
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4  |  E XPERIMENTAL PROCEDURES

4.1  |  Bacterial strains, growth and survival assays

Bacterial strains and primers are listed in Tables S3 and S4. E. coli 
strains were cultivated in Luria Bertani (LB) medium for plasmid 
construction and protein expression. For growth and survival 
assays, S. pneumoniae strains were cultivated in supplemented 
RPMI medium as described previously (Schulz et al., 2014). At an 
optical density at 600 nm (OD600) of 0.4, the bacteria were exposed 
to different thiol- reactive compounds to monitor the growth 
and survival. Survival assays were performed by plating 100 μl 
of serial dilutions of S. pneumoniae strains onto Columbia blood 
agar plates for CFUs counting. Statistical analysis was performed 
using the Student's unpaired two- tailed t- test. The chemicals 
methylhydroquinone (MHQ), NaOCl, H2O2, diamide, methylglyoxal, 
formaldehyde and DEA- NONOate were purchased from Sigma 
Aldrich, Roth and Cayman Chemical Company, respectively. NaOCl 
dissociates in aqueous solution to hypochlorous acid (HOCl) and 
hypochlorite (OCl−) (Estrela et al., 2002). Thus, the concentration of 
HOCl was determined by absorbance measurements as described 
previously (Winter et al., 2008). DEA- NONOate was reported to 
dissociate to generate 1.5 M NO per 1 M of the parent compound 
(Keefer et al., 1996). Allicin was kindly provided by Martin Gruhlke 
and synthesized as described (Loi et al., 2019)

4.2  |  Construction of the S. pneumoniae D39 
ΔnmlR and ΔadhC mutant as well as the nmlR- , 
nmlRC52A-  and adhC- complemented strains

The S. pneumoniae D39 nmlR (SPD_1637) and adhC (SPD_1636) 
deletion mutants were constructed by insertion– deletion mu-
tagenesis as described previously (Hirschmann et al., 2021). For 
generation of the pSP72- ∆nmlR::ermB and pSP72- ∆adhC::ermB 
plasmids, the 5′ and 3′ flanking regions of both genes were ampli-
fied by PCR using primers nmlR_fl_HindIII_for and nmlR_fl_BglII_
rev or adhC_fl_HindIII_for and adhC_fl_BglII_rev, respectively 
(Table S4). The PCR products were digested with HindIII and BglII 
and cloned into plasmid pSP72. The recombinant plasmids were 
used as a template for an inverse PCR with primers nmlR_in_SalI_
for and nmlR_in_BamHI_rev or adhC_in_SalI_for and adhC_in_
BamHI_rev, respectively (Table S4). The resulting PCR products 
were digested with BamHI and SalI and ligated with the ermR cas-
sette, which was amplified with the primers Ery_BamHI_for and 
Ery_SalI_rev from the plasmid pTP1. The generated plasmids were 
transferred into S. pneumoniae D39 WT as described previously 
(Gomez- Mejia et al., 2018). Briefly, the bacteria were cultivated 
in THY- medium until an OD600 of 0.1. The transformation was 
induced by addition of the competence- stimulating peptide 1 
(CSP1) and the pSP72- ∆nmlR::ermB and pSP72- ∆adhC::ermB plas-
mids. The bacteria were exposed to a cold shock for 10 min, fol-
lowed by 30 min incubation at 30°C. Bacteria were grown for 2 h 

at 37°C and plated onto Columbia blood agar plates containing 
erythromycin for selection.

For construction of the S. pneumoniae D39 nmlR and adhC- 
complemented strains, the coding sequences were amplified from 
chromosomal DNA using the primers nmlR_pBAV_for_NcoI and 
nmlR_pBAV_rev_HindIII or adhC_pBAV_for_NcoI and adhC_pBAV_
rev_HindIII (Table S4). To generate the plasmid for construction of 
the nmlRC52A- complemented strain, two first- round PCR products, 
obtained with the primer pairs NmlRC52A_f2_for and nmlR_pBAV_
rev_HindIII as well as NmlRC52A_f1_rev and nmlR_pBAV_for_NcoI, 
were hybridized and amplified by a second round of PCR using 
the primers nmlR_pBAV_for_NcoI and nmlR_pBAV_rev_HindIII, 
as described previously (Loi et al., 2018). The purified PCR prod-
ucts were digested with NcoI and HindIII and ligated into plasmid 
pBAV1CpE (Hess et al., 2017), which was kindly provided by Sven 
Hammerschmidt (University of Greifswald). The resulting plasmids 
pBAV- nmlR, pBAV- nmlRC52A and pBAV- adhC (Table S3) were in-
troduced into the corresponding S. pneumoniae D39 ΔnmlR and 
ΔadhC mutants as described above. Transformants were selected on 
Columbia blood agar plates containing erythromycin and chloram-
phenicol. In these complemented strains, nmlR, nmlRC52A and adhC 
are ectopically and constitutively expressed from an erythromycin 
promoter (pE).

4.3  |  RNA isolation, RNA- seq transcriptomics and 
qRT- PCR analysis

S. pneumoniae strains were cultivated in RPMI medium and treated 
with various thiol- reactive compounds at an OD600 of 0.4 for 30 min. 
Bacteria were harvested in ice- cold killing buffer (50 mM Tris pH 7.5, 
5 mM MgCl2, 20 mM NaN3), centrifuged at 4750 rpm for 10 min 
at 4°C and the pellets were immediately frozen in liquid nitrogen 
and stored at −80°C. RNA isolation was performed using an acidic 
phenol- chloroform extraction protocol (Wetzstein et al., 1992). After 
DNase- I treatment (Zymo Research, Germany), the RNA quality was 
checked by Trinean Xpose (Gentbrugge, Belgium) and the Agilent 
RNA Nano 6000 kit using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, Böblingen, Germany). For RNA- seq transcriptomics, 
Ribo- Zero rRNA Removal Kit (Bacteria) from Illumina (San Diego, CA, 
USA) was used to remove the rRNA. TruSeq Stranded mRNA Library 
Prep Kit from Illumina (San Diego, CA, United States) was applied to 
prepare the cDNA libraries. The cDNAs were sequenced paired end 
on an Illumina HiSeq 1500 (San Diego, CA, United States) using 70 
and 75 bp read length and a minimum sequencing depth of 10 mil-
lion reads per library. The transcriptome sequencing raw data files 
are available in the ArrayExpress database (www.ebi.ac.uk/array ex-
press) under accession number E- MTAB- 11968.

For quantitative Real- Time PCR (qRT- PCR) analysis, the puri-
fied total RNA was reverse- transcribed into cDNA using the High- 
capacity cDNA reverse transcription kit (Applied Biosystems, 
USA) according to the recommendations of the manufacturer. 
SYBR™ GreenER™ (Applied Biosystems, USA) intercalation in 
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double- stranded DNA was measured using a 7300 Real- Time PCR 
System (Applied Biosystems, USA) according to the manufacturer's 
instructions. The amplification primer pair is listed in Table S4. The 
verification of the resulting qRT- PCR products was performed by 
melting curve analysis. The crossing points were determined using 
the Sequence Detection Software Version 1.4 (Applied Biosystems, 
USA) and the differences in gene expression were analyzed by com-
paring the crossing points of the samples measured in duplicate as 
described previously (Busche et al., 2012).

4.4  |  Cloning, expression and purification of His- 
tagged NmlR and NmlRC52A proteins in E. coli

To generate the plasmids pET11b- nmlR and pET11b- nmlRC52A, the 
nmlR gene (SPD_1637) was amplified from chromosomal DNA of 
S. pneumoniae D39 or from the pBAV- nmlRC52A plasmid, respec-
tively, using primers nmlR_pET_NheI_for and nmlR_pET_BamHI_rev 
(Table S4). The PCR products were digested with NheI and BamHI and 
inserted into plasmid pET11b (Novagen) (Table S3). For expression and 
purification of His- tagged NmlR and NmlRC52A, E. coli BL21(DE3)plysS 
with plasmids pET11b- nmlR and pET11b- nmlRC52A were cultivated in 
1.5 L LB medium until the exponential growth phase at an OD600 of 0.7, 
followed by addition of 1 mM iso- propyl- β- D- thiogalactopyranoside 
(IPTG) for 5 h at 30°C. Recombinant His- tagged proteins were puri-
fied using His Trap™ HP Ni- NTA columns and the ÄKTA purifier liquid 
chromatography system as described (Loi et al., 2018).

4.5  |  Electrophoretic mobility shift assays 
(EMSAs) of NmlR and NmlRC52A proteins

For EMSAs, the 274 bp DNA fragment containing the upstream region 
of nmlR was amplified by PCR (Table S4). The DNA- binding reactions 
were performed with 15 ng of the promoter region and purified His- 
tagged NmlR and NmlRC52A proteins for 45 min, as described previ-
ously (Loi et al., 2018). Diamide was added to the DNA- NmlR- complex 
for 30 min to observe the dissociation of NmlR from the DNA. To gen-
erate two base substitutions in each half of the inverted repeat, two 
first- round PCRs were performed using the primer pairs EMSA_nmlR_
m1_for, EMSA_nmlR_rev and EMSA_nmlR_m1_rev, EMSA_nmlR_for 
or EMSA_nmlR_m2_for, EMSA_nmlR_rev and EMSA_nmlR_m2_rev, 
EMSA_nmlR_for, respectively (Table S4). The first round PCR prod-
ucts were hybridized and amplified by a second round of PCR using 
the primers EMSA_nmlR_for and EMSA_nmlR_rev.

4.6  |  Multiround in vitro transcription assay to 
monitor transcription initiation rates using broccoli- 
FLAP assay

To determine regulatory effects of NmlR on transcription initia-
tion of σ70- RNAP, broccoli- FLAP assay was performed as described 

(Huang et al., 2022) with slight variations. In short, the broccoli gene 
was placed under control of the S. pneumoniae nmlR promoter re-
gion (CTTGACTTGGAGTCAACTCAAAGTTATATAATAAGATAA) 
(Stroeher et al., 2007) in pOP005 (https://bench ling.com/s/seq- 
5bEIo ESV96 X1uEP cEWOw). E. coli RNAP and E. coli σ70 were puri-
fied as described before (Said et al., 2017). To monitor transcription, 
E. coli RNAP and σ70 were incubated for 30 min at 30°C to form the 
holoenzyme. 2 μM holoenzyme were mixed with 50 nM plasmid 
DNA and 10 μM DFHBI- 1T in transcription buffer (10 mM Tris pH 7.9, 
10 mM MgCl2, 100 mM KCl) and transcription was started by adding 
an equal volume of 1 mM pre- warmed rNTPs to the reaction and 
quick mixing. The sample was placed in an OptiPlateTM 384- well 
plate (PerkinElmer) and fluorescence was measured using a Spark 
Multimode Microplate reader (Tecan). Fluorescence was monitored 
every second for a total duration of 3 min using an excitation wave-
length of 472 nm and an emission wavelength of 507 nm. Where 
indicated, 10 μM of NmlR or NmlRC52A proteins were added to 
the transcription reaction prior to rNTP addition and incubated for 
5 min at room temperature. The NmlRred and NmlRC52Ared proteins 
were reduced with 10 mM TCEP for 30 min at room temperature. 
The oxidized NmlRox, C52Aox, NmlRGSH and C52AGSH proteins were 
generated by first reducing NmlR and NmlRC52A with 10 mM DTT, 
followed by buffer exchange, and oxidation with an equal volume of 
a 2.5% H2O2 (w/v) solution in the absence (NmlRox, C52Aox) or pres-
ence of 0.3 mM GSH (NmlRGSH, C52AGSH) for 15 min at room tem-
perature. To neutralize the reaction, 1/10 V of a saturated solution 
of sodium bicarbonate was added to the reaction followed by buffer 
exchange. All measurements were performed in triplicates. Initial 
transcription rates were calculated from the slope of the initial lin-
ear increase in fluorescence after the corresponding lag phases (t0, 
determined from the graph; linear phase measured for all samples 
from t1 = 50 s to t2 = 100 s). Means and SDs were calculated using 
Prism software (GraphPad; RRID: SCR_002798). Relative initiation 
rates were determined by correlating initial transcription rates to the 
rates of RNAP, which was set to 1. p values were calculated using 
Excel (Microsoft) based on unpaired, two- sided t tests. For graphical 
representations, Y0 values were subtracted so that the curves start 
at 0 relative fluorescence.

4.7  |  Identification of thiol- modifications of the 
NmlR protein in vitro

To study thiol- oxidation of the NmlR protein in vitro, the puri-
fied protein was reduced with 10 mM DTT for 15 min and oxidized 
with increasing amounts of diamide, HOCL and H2O2 for 15 min. 
Free thiols were alkylated with 50 mM iodoacetamide (IAM) for 
30 min in the dark before samples were subjected to non- reducing 
SDS- PAGE analyses. The post- translational thiol- modifications of 
oxidized NmlR (with or without GSH) were determined by matrix- 
assisted laser desorption ionization- time of flight mass spectrom-
etry (MALDI- TOF- MS) using an Ultraflex- II TOF/TOF instrument 
(Bruker Daltonics, Bremen, Germany) equipped with a 200 Hz 
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solid- state Smart beam™ laser. The bands of reduced and oxidized 
NmlR from the non- reducing SDS- PAGE were in- gel digested with 
trypsin as described previously (Chi et al., 2011). Alpha- Cyano- 4- 
hydroxycinnamic acid was used as matrix substance and the mass 
spectrometer was operated in the positive reflector mode. Mass 
spectra were acquired over an m/z range of 400– 4000.

4.8  |  Macrophage infection assays

The infection assays were performed as reported previously 
(Kohler et al., 2016), using the human macrophage cell line 
THP- 1A, an adherent derivative of the THP- 1 cell line (Van 
Immerseel et al., 2003). The cells were cultivated in Iscove's modi-
fied Dulbecco's medium (Biochrom) with 10% heat- inactivated 
fetal bovine serum (FBS) at 37°C and 5% CO2. Two days before 
the infection experiment, the cells were seeded at densities of 
1 × 105 cells/ml in 48- well TC- plates (Sarstedt, Germany). If in-
dicated, 5 μM of the flavoprotein inhibitor diphenyleneiodonium 
(DPI) was added 16 hours prior infection. On the day of infection, 
S. pneumoniae strains were grown in supplemented RPMI medium 
to an OD600 of 0.35. Macrophages were infected with log phase 
bacteria at a multiplicity of infection (MOI) of 1:50. One hour 
after infection, the cell culture medium was replaced and 100 μg/
ml gentamicin and 100 U/ml penicillin G were added for 1 h to 
kill extracellular bacteria. The intracellular survival of the bacteria 
was determined at different time points, including 135, 150, 180, 
240 and 300 min after phagocytosis. Infected macrophages were 
lysed with 1% saponin and the supernatant with internalized in-
tracellular bacteria was plated on Columbia blood agar plates for 
determination of CFUs. The percentage of survival of the bacteria 
post infection was calculated in comparison to the CFU counts at 
the 2 h time point post infection, which was set to 100% as indi-
cated in the figure legend.
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