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Hypothiocyanite and hypothiocyanous acid (OSCN™/HOSCN) are pseudohypohalous
acids released by the innate immune system which are capable of rapidly oxidizing
sulfur-containing amino acids, causing significant protein aggregation and damage to
invading bacteria. HOSCN is abundant in saliva and airway secretions and has long
been considered a highly specific antimicrobial that is nearly harmless to mammalian
cells. However, certain bacteria, commensal and pathogenic, are able to escape damage
by HOSCN and other harmful antimicrobials during inflammation, which allows them
to continue to grow and, in some cases, cause severe disease. The exact genes or mecha-
nisms by which bacteria respond to HOSCN have not yet been elucidated. We have
found, in Escherichia coli, that the flavoprotein RclA, previously implicated in reactive
chlorine resistance, reduces HOSCN to thiocyanate with near-perfect catalytic efh-
ciency and strongly protects E. coli against HOSCN toxicity. This is notable in E. coli
because this species thrives in the chronically inflamed environment found in patients
with inflammatory bowel disease and is able to compete with and outgrow other impor-
tant commensal organisms, suggesting that HOSCN may be a relevant antimicrobial in
the gut, which has not previously been explored. RclA is conserved in a variety of
epithelium-colonizing bacteria, implicating its HOSCN reductase activity in a variety
of host-microbe interactions. We show that an 7c/4 mutant of the probiotic Limosilac-
tobacillus reuteri is sensitive to HOSCN and that RclA homologs from Staphylococcus
aureus, Streptococcus pneumoniae, and Bacteroides thetaiotaomicron all have potent pro-
tective activity against HOSCN when expressed in E. coli.
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Hypothiocyanite (OSCN™) is a potent antimicrobial oxidant and is widely considered
a highly specific immune defense mechanism used by the human body that selectively
damages microbes and not host tissue. OSCN™, which exists in equilibrium in aqueous
solution with protonated hypothiocyanous acid (HOSCN), is a pseudohypohalous acid
closely related to hypohalous acids such as hypochlorous acid (HOCI) and hypobro-
mous acid, which are known for being aggressive oxidants that cause damage to nearly
every type of macromolecule found in cells, with HOCI being the most damaging and
reactive of the three (1-4).

During inflammatory response by the innate immune system, heme peroxidase
enzymes convert (pseudo)halide ions into (pseudo)hypohalous acids, which are then
released into the phagosome and the immediate environment to kill pathogenic bacteria
(5, 6). Myeloperoxidase (MPO), which is released by degranulation of leukocytes during
inflammation (7), and lactoperoxidase (LPO), which is secreted in the lungs, breastmilk,
and saliva (8, 9), are primarily responsible for the production of HOCI and HOSCN,
respectively (10-12). These enzymes catalyze the formation of hypohalous and pseudohy-
pohalous acids through a two-electron reaction with H,O, and the corresponding halide
or pseudohalide ions (Cl™, Br~, and thiocyanate [SCN™]). Hypohalous acids are capable
of oxidizing nearly all biomolecules (1) but react most quickly with sulfur-containing
amino acid residues, and this is thought to be the basis of their antimicrobial activity (1).
In the case of HOCI, both Cys and Met residues are rapidly oxidized, forming irreversibly
oxidized sulfinic and sulfonic acids and methionine sulfoxide, respectively (2). HOSCN
more specifically oxidizes Cys residues, forming sulfenic acids and disulfide bonds, which
are oxidation products that can be reversed by cellular reductants (2).

SCN™, the precursor of HOSCN, is found in many human secretions, with the high-
est reported concentrations (from 0.01 to 2 mM) in the lungs and oral cavity (13). The
levels of SCN™ in human fluids are dependent on diet and can be increased by consum-
ing brassica vegetables such as broccoli or Brussels sprouts (14), as well as being present in
much higher concentrations in the plasma of smokers (up to 3 mM) (13, 15). In mam-
malian tissues, accumulation of SCN™ acts as a chemical shield against damaging
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hypohalous acids (16). Not only is SCN™ the preferred substrate
of heme peroxidases (including MPO and LPO), leading to pro-
duction of higher concentrations of HOSCN than of HOCI
when SCN™ is present, but when HOCI reacts with SCN7, it
forms HOSCN, which is less reactive than HOCI and is also
readily reduced by mammalian selenocysteine-containing thiore-
doxin reductase (10, 17). This cycle limits damage to the host
during inflammation. Bacterial thioredoxin reductase, lacking
selenocysteine, is potently inhibited by HOSCN (18)

While work from many laboratories over the last decade has
identified multiple mechanisms by which bacteria defend them-
selves against HOCI and other reactive chlorine species
(19-25), to date, no specific bacterial defense system against
HOSCN has been identified. This contributes to the consensus
that HOSCN is a highly specific antimicrobial which is nearly
harmless to mammalian cells (26). Some bacterial species, both
pathogenic and commensal, are able to survive in areas of high
inflammation where HOSCN is found in abundance (4, 9,
27), but the mechanism allowing their survival is unknown. In
this study, we have identified the flavoprotein RclA, previously
implicated in HOCI stress response (6, 28, 29), as a highly
active, broadly conserved HOSCN reductase which strongly
protects bacteria against HOSCN stress.

In Escherichia coli, RclA is a flavin-dependent oxidoreductase
transcribed as part of the 7/ operon, which consists of the tran-
scriptional activator 7¢/R and three genes: rclA, rc/B, and rcdC
(29). Only RclIR and RclA have been studied in depth, but over-
all, this operon is known to play a role in oxidative stress resis-
tance, particularly against HOCIL. Following exposure to HOCI
and other reactive chlorine compounds, RclR rapidly up-regulates
transcription of the 7/ABC operon more than 500-fold (29, 30).
Recently, Derke et al. (28) and Bacek et al. (6) reported that RclA
has Cu(II) reductase activity. When E. col7 is exposed to a combi-
nation of intracellular Cu(Il) and HOCI, RclA provides modest
protection (28), although the mechanism by which this occurs
remains unclear (6). RclA is also involved in colonizing the intes-
tine of fruit flies (28) and, in Salmonella, resisting killing by mac-
rophages (6). However, the in vitro Cu(Il) reductase activity of
RclA is extremely slow, which is odd for a flavin-dependent
enzyme like RclA. Perplexingly, in vitro Cu(II) reductase activity
was also reported to require O,, and mutation of the conserved
active-site cysteine 43 in RclA enhanced the Cu(ll) reductase
activity of the enzyme (6). These points prompted us to continue
probing the function of RclA and its role in oxidative stress
response, leading us to the identification of HOSCN as a physio-
logically relevant RclA substrate.

RclA is a broadly conserved enzyme (28), with homologs in
many bacteria that colonize or infect epithelial surfaces, includ-
ing Limosilactobacillus reuteri, Bacteroides thetaiotaomicron,
Streptococcus pneumoniae, and Staphylococcus aureus (31), and
we show that the RclA homologs from these distantly related
bacteria also potently protect bacteria against HOSCN. The
identification of RclA as a HOSCN-detoxifying enzyme there-
fore has important implications for understanding how a wide
variety of bacteria, both pathogenic and commensal, survive
interactions with antimicrobials that are released by the mam-
malian immune system.

Results

RclA Is a Highly Active Bacterial HOSCN Reductase. RclA is a
member of the pyridine nucleotide-disulfide oxidoreductase
family, and these enzymes (including RclA) have a pair of cyste-
ine residues in their active site that are used to reduce their
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disulfide-containing substrates using NAD(P)H (32). During
catalysis, the cysteine pair cycles between disulfide and dithiol
states as reducing equivalents are transferred from NAD(P)H to
the disulfide-containing substrate, and a flavin adenine dinucle-
otide prosthetic group mediates electron transfer between
NAD(P)H and the enzymatic cysteine pair. We found it notewor-
thy that RclA’s active site contains these thiols, which are presum-
ably important for the enzyme’s function, as they are the biological
functional group most susceptible to oxidation by the antimicro-
bial oxidants that RclA provides resistance against in vivo (28, 29).
However, in RclA, the intramolecular disulfide that would result
upon oxidation of its cysteine pair can be rapidly reduced back to
the dithiol state by NAD(P)H via the enzyme’s flavin. We there-
fore hypothesized that RclA may provide resistance against the
antimicrobial oxidants produced by the immune system by rapidly
reducing one of those oxidants using NAD(P)H, thereby detoxify-
ing the oxidant before it has a chance to react with other cellular
targets. We investigated this hypothesis in this study.

HOCI, N-chlorotaurine (NCT), and HOSCN are among the
most abundant antimicrobial oxidants produced by the innate
immune system (4, 33, 34), and we evaluated them as potential
substrates for RclA in vitro using NAD(P)H oxidation as a read-
out. HOCI was too reactive to evaluate, as it spontaneously reacts
with NAD(P)H too fast to determine if RclA enhances the rate
of NAD(P)H oxidation (35). NCT and HOSCN spontaneously
reacted with NAD(P)H slowly enough that we could measure
the enhancement in NAD(P)H oxidation rate upon adding RclA
(81 Appendix, Fig. S1), and we therefore evaluated these two oxi-
dants as potential substrates for RclA. RclA exhibited slow
NAD(P)H oxidase activity under aerobic conditions due to the
intrinsic ability of flavins to be oxidized by O,. Both NCT and
HOSCN significanty enhanced the NAD(P)H oxidase activity
of RclA at 200 pM oxidants, though the rate enhancement was
much more dramatic with HOSCN than with NCT (Fig. 14).
Notably, the NAD(P)H oxidation rate was more than 3 times
and more than 100 times greater with NCT and HOSCN,
respectively, than the NAD(P)H oxidation rate in the presence of
Cu(Il), indicating that both of these oxidants react much more
quickly with RclA than with Cu(ll). The enzyme activity with
NADH was greater than the activity with NADPH for both
NCT and HOSCN, so kinetic parameters with these oxidants
were determined using NADH as the pyridine nucleotide in the
following in vitro experiments.

We next measured the NADH oxidation rate at several NCT
and HOSCN concentrations in order to determine steady-state
kinetic parameters for RclA with these two oxidants. With
NCT, RclA had an apparent kg, (turnover number) of 33 s~
and an apparent Ky; (Michaelis constant) of 12.7 mM for NCT,
giving a relatively low ke /Ky value of 2.6 x 10> M~ 's™!
(S Appendix, Fig. S2). The related enzyme glutathione reduc-
tase (GR) displays similar activity with NCT, suggesting that
the ability to react with NCT is a general property of pyridine
nucleotide-disulfide oxidoreductases and is not specific to RclA
(S Appendix, Fig. S3). We also measured RclA’s activity with
a panel of amino acid chloramines to determine if RclA can
generally reduce all chloramines, but only N-chloroglycine
(NCG) enhanced the NADH oxidation rate above back-
ground, suggesting that only smaller chloramines can fit within
RclA’s active site (Fig. 14 and SI Appendix, Fig. S4). With
HOSCN, RclA had an apparent ke, of 180 s~ and an appar-
ent Ky of 2 pM, giving a ke, /Ky of 9 X 107 M~ 's ! at
180 pM NADH (Fig. 1B). This value is near the diffusion
limit, indicating that RclA has near-perfect catalytic efficiency
with HOSCN. Notably, the Ky for HOSCN is well below
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RclA is a potent HOSCN reductase. (A) NAD(P)H oxidation rates with various potential substrates. Note the logarithmic y axis. The reaction was initiated

by adding RclA into a buffered solution containing 200 uM NAD(P)H and 200 uM potential substrate. 10 nM RclA was used in assays with HOSCN, and 2 pM RclA
was used with all other substrates. The rates indicate the apparent activity per enzyme active site with each substrate. The control indicates the NAD(P)H oxida-
tion rate in the absence of added substrate (error bars of one standard deviation). (B) Michaelis-Menten plot of the NADH oxidation reaction velocity with 180 uM
NADH, 10 nM RclA, and various concentrations of HOSCN. (C) ">C-NMR spectra of SCN~ and HOSCN. Upon addition of RclA and NADH, the signal for HOSCN
decreased and the signal for SCN™ increased, indicating that HOSCN was converted to SCN™. Addition of NADH or RclA alone did not convert HOSCN to SCN™.

the HOSCN concentrations that bacteria are predicted to
encounter in vivo (estimates of steady-state concentrations in
saliva, for example, range between 10 and 60 uM) (36, 37). In
contrast, HOSCN reacts more poorly with GR, with GR hav-
ing an apparent ke, of 6.1 s™', an apparent Ky, of 81 pM, and
ke/Knt of 7.5 x 10* M~'s™! for HOSCN, indicating that the
ability to react with HOSCN is specific to RclA and is not a gen-
eral property of pyridine nucleotide-disulfide oxidoreductases
(ST Appendix, Fig. S5). Measuring RclA’s activity at a variety of
NADH and HOSCN concentrations and generating a double-
reciprocal plot revealed a series of parallel lines, which demon-
strates that RclA follows the ping-pong kinetic mechanism
with respect to HOSCN and NADH (87 Appendix, Fig. S6).

We expected that SCN™ would be the product resulting
from the RclA-catalyzed reaction of HOSCN with NADH.
>C NMR was used to verify this. '*C-labeled HOSCN was
first generated from '*C SCN™ using LPO, and the >C reso-
nances for SCN™ and HOSCN were assigned based on prior
reports (33, 38). Note that SCN™ is always present in the sam-
ple containing HOSCN due to an inability to achieve complete
conversion using LPO. Addition of NADH and a catalytic
amount of RcA to '?C HOSCN caused the signal for
HOSCN to disappear and the intensity of the peak for SCN™
to increase, indicating that HOSCN was reduced to SCN™ by
RclA (Fig. 10). Addition of NADH or RclA alone did not per-
turb the signal for '>C HOSCN.

RclA Protects E. coli against HOSCN. After determining that
RclA possesses HOSCN reductase activity in vitro, we investi-
gated the effect of this enzyme on the E. coli oxidative stress
response in vivo. Wild-type (WT) E. coli and an isogenic rclA
knockout strain were exposed to varying concentrations of
HOSCN over 24 h (Fig. 2A4). In the presence of HOSCN, WT
E. coli recovered from the stress and entered log-phase growth
more quickly than the Arc/4 knockout. Chromosomal comple-
mentation of the Arc/A mutation in a single copy restored WT
HOSCN resistance, and expression of r7c/A from a multicopy
plasmid completely protected E. coli from the tested HOSCN
concentrations. Mutants lacking 7c/B and rc/C were also more
sensitive to HOSCN than WT (SI Appendix, Fig. S7).
Expression of rc/A is regulated by RelR, which responds to reac-
tive chlorine species (29), and the RclR homolog of Pseudomonas
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aeruginosa also responds to HOSCN (39). We therefore examined
how different concentrations of HOSCN affect E. coli rclA expres-
sion using QRT-PCR (Fig. 2B). At 20 and 200 pM HOSCN,
expression of 7clA increased more than 256-fold, indicating that
RelR is strongly activated by HOSCN in E. coli. At 2 mM
HOSCN, 7clA expression was variable, probably because the bac-
teria are damaged or dead at that concentration (Fig. 2B).

Active-Site Cysteines C43 and C48 Are Required for HOSCN
Reductase Activity of RclA. There are two cysteine residues
within the active site of RclA (C43 and C48) which are charac-
teristic of flavoprotein-disulfide oxidoreductases (40). Typically,
in flavoprotein-disulfide reductases, the active-site cysteines in
the dithiol form (EH,) transfer electrons to the substrate, with
the cysteines becoming oxidized to an intramolecular disulfide
(Eox) that can subsequently be reduced back to EH, by
NAD@P)H (Fig. 34). The EH, state in flavoprotein-disulfide
oxidoreductases is known to produce a charge-transfer band in
the flavin-visible absorbance spectrum above ~520 nm, and
addition of NADH to oxidized RclA results in the formation of
this charge-transfer absorbance (Fig. 3B). Subsequent addition
of HOSCN converted the flavin absorbance spectrum back to
that of E,,, consistent with HOSCN oxidizing RclA’s cysteines
into the disulfide. We confirmed that C43 and C48 in RclA
undergo reversible disulfide bond formation, as depicted in Fig.
3A using a mass spectrometry (MS)-based thiol-labeling
approach (Fig. 3Cand S7 Appendix, Table S1). Analysis of puri-
fied RclA treated with dithiothreitol (DTT) (Fig. 3C, red)
shows that C43 and C48 are primarily reduced. After complete
removal of the reductant and exposure to HOSCN (Fig. 3C,
ox), C43 and C48 were primarily in the oxidized form, indicat-
ing that HOSCN had oxidized the active-site cysteines to the
disulfide. Subsequent treatment with an excess of NADH to
rereduce the protein (Fig. 3C, rered) caused C43 and C48 to
become reduced again. C396, another cysteine that is not in
the active site of RclA, did not show major changes in oxida-
tion state upon the various treatments. SDS-PAGE (sodium
dodecyl sulfate—polyacrylamide gel electrophoresis) analysis and
reverse  thiol trapping with methoxypolyethylene glycol
(mPEG) maleimide further demonstrated that two cysteines
become oxidized upon HOSCN treatment and are rereduced
by NADH and showed that HOSCN treatment does not
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rclA protects E. coli against HOSCN. (A) WT, ArclA, ArclA atth::pRCLA15(P,qa-rclA, cat™), and ArclA/pRCLA1 (rclA*, bla*) strains of E. coli MG1655 were

exposed to the indicated HOSCN concentrations and incubated 24 h at 37 °C with shaking (n = 8 technical replicates with error bars of 1 SD, representative
of three independent experiments). (B) qRT-PCR was performed using rc/A-specific primers on RNA isolated from WT E. coli after exposure to HOSCN in
biological quadruplicate with error bars representing SD. A one-way ANOVA was performed to test significance between groups (*P < 0.05, **P < 0.01).

induce the formation of intermolecular disulfides between dif-
ferent monomers (S/ Appendix, Fig. S8). Combined, these
results show that like other flavoprotein-disulfide oxidoreduc-
tases during catalysis, RclA’s active-site cysteines cycle between
a disulfide and a dithiol form upon reacting with HOSCN
and NADH.

Based on the in vitro behavior of C43 and C48 upon
HOSCN treatment, we hypothesized that, if HOSCN is the
physiological substrate of RclA, mutating either of these resi-
dues would drastically impair HOSCN reduction by the
enzyme. We mutated each active-site cysteine residue to alanine
and measured the in vicro HOSCN reductase activity for each
mutant. While WT RclA is capable of rapidly reducing
HOSCN (concomitant with NADH oxidation), the C43A
(RlA“*®*) and C48A (RA*®*) murtants were catalytically
inactive (Fig. 3D), confirming that these two cysteine residues
are critical for RclA’s HOSCN reductase activity. To verify
that these two cysteines are important for RclA’s function
in vivo, we individually expressed RAA“*** and RA“*** in
the rclA knockout strain and measured growth in the presence
of HOSCN (Fig. 3E). The rclA knockout complemented with
WT RclA on a plasmid was resistant to HOSCN, but comple-
mentation with cither RAIA“*** or RAA“*** provided no pro-
tection. These results taken together show that HOSCN is a
more typical and more physiologically relevant substrate of

RclA than Cu(ID).

RclA Homologs Also Protect against HOSCN. Because RclA was
so effective at protecting against HOSCN stress in E. coli (Figs.
2A and 3 E), we hypothesized that HOSCN reduction might be
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a conserved function of this enzyme. RclA homologs are found
in diverse bacteria (SI Appendix, Fig. S9) (28). We therefore
complemented the E. coli ArclA mutant with plasmids encod-
ing homologs of RclA from the gram-positive pathogens
S. pneuwmoniae and S. aureus and the gram-negative gut com-
mensal B. thetaiotaomicron (these enzymes range from 47 to
49% amino acid sequence identity to E. coli RclA). Both
S. pneumoniae and S. aureus were selected because of their role
in colonizing tissues during chronic inflammation (41, 42),
especially in the lungs, where they would be expected to come
into contact with high concentrations of HOSCN (27, 43), as
well as previous studies investigating the role of the S. aureus
RclA homolog MerA, which was found to protect S. aureus
against HOCI (44). B. thetaiotaomicron was chosen because it is
an important commensal organism found, like E. colj, in the
human gut (45). Fig. 44 shows that all three 7c/4 homologs
provided substantial resistance to all concentrations of HOSCN
tested, similar to the resistance provided by the complementa-
tion with 7c/A from E. coli. Additionally, we tested the sensitiv-
ity of an r¢/A mutant of L. reuteri (46), a gut-dwelling probiotic
bacterium (47), to HOSCN (Fig. 4B). While L. reuteri was
generally more resistant to HOSCN than E. col, the rlA
knockout was substantially more sensitive than WT. L. reuteri
mutants lacking other predicted redox response genes (46) were
tested, but none were as sensitive to HOSCN as the rc/A
mutant (S/ Appendix, Fig. $10). Fig. 4C shows a comparison of
the amino acid sequences of the N termini of the four RclA
homologs in comparison to the E. coli RclA, with the active-
site Cys residues in red. The full-length alignment is shown in
SI Appendix, Fig. S11. The conserved region N terminus of the
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Fig. 3. Active-site cysteines C43 and C48 are required for HOSCN reduction by RclA. (A) Schematic representation of RclA-mediated reduction of HOSCN
using NAD(P)H. (B) UV-vis absorbance spectrum of RclA after treatment with NADH (EH,) and subsequent reoxidation with HOSCN (E,y). (C) MS-based analy-
sis of the oxidation status of RclA's cysteines after different treatments; red, after reducing enzyme with DTT; ox, after removing the DTT and oxidizing with
HOSCN; rered, subsequent addition of an excess of NADH. (D) Activity of C43A and C48A mutants of RclA compared with WT. Reactions were initiated by
adding 10 nM RclA into a buffered solution containing 200 uM HOSCN and 180 pM NADH. () E. coli ArclA complemented with pBAD30 plasmids expressing
the indicated mutant forms of rc/A. Strains were exposed to HOSCN, with Aggo measured for 24 h. Experiments were performed in biological triplicate with

error bars representing SD.

active site contains two lysine residues previously reported to
affect RclA metalloreductase activity (6) and is predicted to
make up one side of the cleft leading into the active site in the

RclA structure (SI Appendix, Fig. S12).

Discussion

During inflammation, the human immune system releases a
variety of reactive and damaging antimicrobials meant to fight
off invading pathogens. Understanding how bacteria can evade
these powerful oxidants, including the hypohalous acids, is cru-
cial to human health. We have discovered that the pseudohy-
pohalous acid HOSCN is the physiologically relevant substrate
of the widely conserved bacterial flavin-dependent oxidoreduc-
tase RclA, an enzyme that plays a role in the survival of oxida-
tive stress for E. coli (28). While we have not yet directly
addressed the effect of this enzyme on host colonization in vivo,
we have laid an important foundation for future studies with
the data we have gathered here.

When comparing the rate of reduction between HOSCN
and other potential substrates, including Cu(II), which was pre-
viously thought to be the most relevant substrate of RclA (6,
28), HOSCN reduction was substantially faster than any other
compound tested. This reduction rate was shown to be fast
in vitro for RclA. Furthermore, when the two Cys residues of
the RclA active site were mutated, all HOSCN reductase activ-
ity by the enzyme was eliminated. This is also in contrast with
previously published results on Cu(Il) reductase activity (6),
and it provides more evidence that RclA is primarily a HOSCN
reductase. At this time, it is unclear what role the Cu(II) reduc-
tion plays in this system, although the fact that rc/4 mutants
have a Cu-dependent HOCI sensitivity phenotype (28) suggests
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there might be a physiological connection. Additionally, a
recent study from Hajj et al. (48) demonstrated that E. coli
two-component system HprSR responds to HOCI and regu-
lates some copper response genes, reinforcing the idea that
there is a link between the two during stress. In light of our
current results, the mechanism by which RclA (and its S. aureus
homolog MerA) (44) protects bacteria against reactive chlorine
compounds remains unclear (28, 29). RclA has modest NCT
and NCG reductase activity (Fig. 14), which could contribute
to detoxification of chloramines formed in vivo during HOCI
exposure (5). We were also unable to determine if HOCI is a
substrate for RclA because HOCI spontaneously oxidizes
NAD(P)H faster than we can measure using our instrumenta-
tion, leaving open the possibility that RclA may also be capable
of reducing HOCI. However, the rapid, spontaneous reaction
of HOCI with biomolecules like NAD(P)H raises doubts that
an RclA-like reductase would be capable of detoxifying HOCI
before it reacts with other cellular targets. MerA has also been
reported to have allicin reductase activity and to contribute to
resistance to this thiol-targeting compound in S. aureus (31). It
seems likely that RclA homologs provide protection against a
variety of oxidative stresses, but the exceptional speed and cata-
lytic efficiency of RclA’s HOSCN reductase activity (Fig. 1),
especially compared with the lack of spontaneous reaction
between HOSCN and NAD(P)H (87 Appendix, Fig. S1), argue
for this being the primary physiological role of this enzyme.
The presence of a strong HOSCN reductase in gut-dwelling
bacteria like E. coli, L. reuteri, and B. thetaiotaomicron suggests
a previously underappreciated role for HOSCN during gut
inflammation. In the lungs, the pneumonia-causing pathogen
S. pneumoniae possesses RclA and is known to take advantage
of host inflammation to cause severe infection (49), but its
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Fig. 4. Homologs of rc/A protect bacteria against HOSCN. (4) Growth of E. coli ArclA expressing homologs of rc/A from S. pneumoniae and B. thetaiotaomicron
and merA from S. aureus from pBAD30-derived plasmids. Strains were exposed to the indicated concentrations of HOSCN and incubated for 24 h at 37°C
with shaking. Experiments were performed in biological triplicate with error bars representing SD. (B) L. reuteri WT and rc/A mutant cultures were exposed to
1.5 mM HOSCN for 15 h at 37°C, with Agoo measured every 15 min. Averages of biological triplicate are shown with error bars representing SD. Additional
L. reuteri mutants tested can be found in S/ Appendix, Fig. S10. (C) Alignment of the N-terminal 60 residues of RclA from E. coli and homologs from the indi-
cated species (Clustal Omega). Fully and partially conserved residues are indicated in black and gray, respectively, and active-site cysteines are indicated in

red. Full-length alignment is shown in S/ Appendix, Fig. S12.

relationship with HOSCN has only recently been studied (50).
Because SCN™ outcompetes Cl™ and Br™ ions for oxidation by
peroxidase enzymes (36), it is likely that wherever SCN™ is
found during inflammation, there will be a considerable
amount of HOSCN produced, although the in vivo concentra-
tion of HOSCN has not been directly measured in any mam-
malian tissue or fluid due to its reactivity. In the lungs and oral
cavity, SCN™ concentrations are as high as 3 mM, while the
concentration of SCN™ has not, to our knowledge, been mea-
sured in the gut (9, 14, 15, 27, 38, 43, 51, 52). Notably, we
exposed bacteria to a bolus addition of HOSCN, rather than
attempting to simulate the steady-state production of HOSCN
that cells would likely encounter in a host. The concentrations
of HOSCN we found to inhibit E. coli and L. reuteri (Figs.
2-4) with this method are consistent with those reported by
other groups for other bacterial species (39, 53, 54).

HOSCN reductase activity in crude lysates of some oral
Streptococcus species was described more than 50 y ago, and the
presence of this activity is correlated with the ability of strepto-
cocci to survive exposure to HOSCN or salivary LPO (55, 56).
However, no gene or enzyme responsible for this activity has
been identified. With complete genome sequences now avail-
able, we were able to determine that oral Streptococcus species
such as Streptococcus sanguinis (formerly Streptococcus sanguis),
Streptococcus mitis, and Streptococcus salivarius, which possess
HOSCN ' reductase activity also possess homologs of RclA,
while Streptococcus mutans has neither HOSCN reductase activ-
ity nor an RclA homolog (55, 57). In 1996, Courtois and
Pourtois (58) reported the partial purification of a 21-kDa pro-
tein from S. sanguinis that they believed to be an HOSCN
reductase, but the protein was never identified and was only
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partially purified, leading us to speculate that these authors
were observing the activity of RclA contamination in their pro-
tein preps. Future experiments will be needed to establish
definitively whether RclA is responsible for HOSCN reductase
activity in oral streptococci.

Of course, it would be unlikely for RclA to be the sole pro-
tector against an antimicrobial such as HOSCN. The 7/
operon in E. coli consists of the transcriptional regulator RclR
and three additional genes: 7c/A, rc/B, and rc/C (29). A homolog
of RcR (but not of RclA) is found in P. aeruginosa and
responds to HOSCN to up-regulate the transcription of the
peroxiredoxin RelX (39). While RclA is very broadly conserved,
the complete set of RclA, RclB, and RclC is found only in
Enterobacteriaceae, including E. coli, Salmonella, and other
related organisms (28). RelB is a small periplasmic protein, and
RclC is an inner membrane protein. We found that E. coli
knockouts of either rc/B or rc/C (29) are sensitive to HOSCN,
suggesting that those genes are also involved in HOSCN
defense by currently unknown mechanisms (S7 Appendix, Fig.
S7). A homolog of RelC has recently been reported to play an
important role in HOCI resistance in uropathogenic E. coli,
but the mechanism by which it does so is not yet known (59).
In L. reuteri, perR, msrB, hslO, and sigH mutants (46) were sen-
sitive to HOSCN stress, albeit not as sensitive as the rc/4
mutant (87 Appendix, Fig. S10). These results show that RclA,
while important for HOSCN resistance, is not the sole deter-
minant of bacterial survival under HOSCN stress.

Perhaps our most exciting finding is that homologs of RclA,
including from the gut commensal species B. thetaiotaomicron
and L. reuteri and from species implicated in serious lung dis-
ease such as S. pneumoniae and S. aureus (31, 41, 42, 45),
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protect against HOSCN damage to the same degree as E. coli
RclA. This indicates that a wide range of bacteria, both com-
mensal and pathogenic, may possess specific defenses against
HOSCN stress (28). Learning more about the scope of protec-
tion provided by this enzyme to pathogenic species will gain us
better knowledge on potentially a wide range of diseases,
including cystic fibrosis, inflammatory bowel disease, and oral
diseases. Future in vivo experiments will be needed to provide
insight into how bacteria evade the host immune response and
chronic inflammation in any tissue where HOSCN is found.
By identifying the function of RclA in the model organism
E. coli, which notably is able to compete with commensal
organisms and thrive in an inflamed gut (60), we have laid the
foundation for understanding bacterial survival and the rela-
tionship to the human immune system in ways that were previ-
ously not understood.

Materials and Methods

Additional details of materials and methods are available in SI' Appendix,
Materials and Methods.

Enzyme Assays. All in vitro experiments with Cu(ll), NCT, and chlorinated amino
acids were done in 20 mM HEPES and 100 mM NaCl buffer, pH 7. All in vitro
experiments with HOSCN were done in 100 mM sodium phosphate buffer, pH
7.4. Relative NAD(P)H oxidation rates by various substrates without and with WT
or mutant RclA were measured under aerobic conditions, using the change absor-
bance of NAD(P)H at 340 nm as a readout. A Shimadzu UV-1900 ultraviolet-
visible (UV-vis) spectrophotometer (UV Probe software) was used to monitor the
absorbance change. Reactions were initiated by first injecting 200 pM substrate
into the solution containing 200 pM NAD(P)H, followed by addition of the
enzyme. The concentration of the enzyme for the experiments with Cu(ll), NCT,
and other chlorinated amino acids was 2 pM. For the experiments with HOSCN,
the concentration of RclA or mutant enzyme was 10 nM due to the much higher
activity of RclA with HOSCN. All experiments were repeated in triplicate.

Stopped-Flow Steady-State Kinetic Assays. Steady-state kinetic assays used
to determine k., and Ky for the reactions of RclA or GR with NCT or HOSCN
were carried out using a TgK Scientific SF-61DX2 KinetAsyst stopped-flow spec-
trophotometer (with Kinetic Studio software). Stopped-flow experiments with
NCT were carried out under anaerobic conditions to eliminate the NAD(P)H oxi-
dase activity of the enzymes. The reaction of both RclA and GR with NCT is slow
enough that the NAD(P)H oxidase activity of the enzymes contributes signifi-
cantly to the apparent reaction velocity under aerobic conditions. Accordingly, for
experiments with NCT, the enzyme solution was made anaerobic in a glass
tonometer by cycling with vacuum and anaerobic argon (61), with NAD(P)H in a
side arm separated from the enzyme solution. After the solution was made
anaerobic, NAD(P)H from the side arm was added to the enzyme solution. The
10 pM enzyme + 100 pM NAD(P)H solution was then loaded onto the instru-
ment and mixed with buffer solutions containing varying concentrations of NCT
(0.1 to 49.8 mM) that had been made anaerobic by sparging with argon (all con-
centrations listed are after mixing in the stopped-flow instrument), and the
change in absorbance at 340 nm was used as a readout. With HOSCN,
the NAD(P)H oxidase activity of RclA and GR is insignificant compared with the
NAD(P)H oxidation rate in the presence of HOSCN such that steady-state assays
could be performed under aerobic conditions. However, the enzyme solution,
NAD(P)H solution, and HOSCN solution were all kept in separate syringes on the
stopped-flow instrument to prevent the slow oxidation of NAD(P)H that would
otherwise have occurred if NAD(P)H were premixed with either aerobic RclA or
HOSCN prior to initiating the experiment. Accordingly, the stopped-flow instru-
ment's double-mixing mode was utilized, with NAD(P)H and RclA/GR combined
in the instrument's first mix, which was then mixed with the HOSCN solution in
the second mix, using the shortest delay time possible between the two mixes
for the instrument (50 ms), and the change in absorbance of NAD(PH at
340 nm was used as a readout. Stopped-flow experiments with HOSCN were
done using 10 nM enzyme, 180 pM NAD(P)H, and 1 to 100 pM HOSCN for
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RclA or 50 to 250 pM HOSCN for GR (all concentrations after mixing). Initial
velocities were plotted against the substrate concentration and fit to the
Michaelis-Menten equation using KaleidaGraph to determine k., and Ki,. For
determining the kinetic mechanism of NADH and HOSCN binding with RclA,
stopped-flow steady-state assays were repeated using several fixed concentra-
tions of NADH (25, 50, 90, and 180 pM), and double-reciprocal (Lineweaver-
Burk) plots of the reaction velocities were made.

Oxidative Half-Reaction Kinetics. The direct reaction between RclA having
reduced active-site cysteines and HOSCN in Fig. 3B was monitored anaerobically
in a stopped-flow spectrophotometer. The RclA solution was made anaerobic in a
glass tonometer, with 0.9 equivalents of NADH in a side arm separated from the
enzyme solution. After the solution was made anaerobic, NADH from the side
arm was added to the enzyme solution to prereduce the active-site cysteines.
The 18 pM RclA-NADH solution was loaded onto the stopped-flow instrument
and mixed with 18 pM or 50 pM HOSCN (all concentrations after mixing), and
the reaction was monitored using the instrument's multiwavelength charge-
coupled device detector. The absorbance spectrum at 1.6 ms after initiating the
reaction for both HOSCN concentrations indicated that RclA's cysteines had been
oxidized to the disulfide state at that timepoint and no further changes in signal
occurred after that.

3C.NMR Spectroscopy. All *C-NMR spectra were acquired on a JEOL ECZ-
400S, 400-MHz digital FT-NMR (Fourier Transform Nuclear Magnetic Resonance)
spectrometer equipped with a 400 MHz, 5 mM field gradient ROYAL digital
autotune probe, ZNM-03811R05S5-4S, and controlled by Delta 5.3 software. The
samples were prepared in 50 mM phosphate buffer, pH 7; 0.1% 1,4-dioxane;
and 10% D,0, at 25°C using 5-mm NMR tubes. 1,4-dioxane was used as a
chemical shift reference (66.6 ppm). The concentration of HOSCN in the samples
was 1.6 mM, with 5 mM NADH and 1 uM RclA. Reactions were allowed to pro-
ceed for 1 min before adding NaOH to the samples. Due to instability of HOSCN,
100 mM NaOH was added to diminish spontaneous decomposition of HOSCN
during the ~1 h required for data collection. 1,012 scans were taken for each
sample over the course of ~1 h at 20 °C using 5-mm NMR tubes.

Measuring Growth of Bacteria under HOSCN Stress. Single colonies of
E. coli were inoculated into 5 mL of M9 minimal media with 100 pM FeCl; and
grown overnight at 37 °C with shaking. The next day, £. coli was subcultured
into fresh M9 and grown to early log phase [absorbance at 600 nm (Agqo) = 0.3
to 0.4] before harvesting. Cultures were normalized to Agge = 0.05 in M9
medium containing the indicated concentrations of HOSCN and, for strains con-
taining pBAD30-derived plasmids, 0.2% arabinose. The plate was then covered
with a Breathe-Easy plate-sealing film (Andwin Scientific) and placed in a Tecan
M1000 Infinite plate reader. Aggo was measured every 30 min for 24 h at 37 °C,
with shaking in between each measurement.

L. reuteri strains were grown ovemight at 37 °C in malic enzyme induction
broth without cysteine (MEI-C) (46) without shaking and then diluted to Aggp =
0.07 in MEI-C broth containing the indicated concentration of HOSCN and ali-
quoted (200 pL) to clear 96-well plates. The plates were sealed with a transpar-
ent, gas-impermeable membrane and incubated for 15 h at 37 °C in a Tecan
Sunrise plate reader, measuring Aggo every 30 min with shaking (2 s) before
each measurement.

qRT-PCR. Analysis of rc/A gene expression was measured as previously
described (29). The purified RNA from HOSCN-treated E. coli was used to gener-
ate complementary DNA (cDNA) using the SuperScript IV VILO reverse-
transcription kit (Thermo Fisher Scientific), and gRT-PCR was performed using a
Bio-Rad CFX96 thermocycler. Expression of rc/A was normalized against 16S
(rrsD) gene expression, and changes were calculated using the 24 method
(62). SsoAdvanced Universal SYBR Green system dye (Bio-Rad) was used with
rclA primers 5 CAA AAC TIT AAG GAT AAC GGG GIT C 3’ and 5" CCC GIT TIT AGC
GAC CTT AATATC T 3" and rrsD primers 5" GAG CAA GCG GAC CTC ATA AA 3’ and
5/ TCC CGAAGG TTAAGC TACCTA 3.

MS Analysis of Differential Thiol-Labeled RclA. Thiol labeling and MS anal-
ysis were performed as described by Bazopoulou et al. (63). Briefly, reduced
cysteines of recombinant RclA (50 pM) were blocked with 20 mM N-ethylmalei-
mide (NEM) under denaturing conditions (4 M urea, 0.25% SDS, and 10 mM
ethylenediaminetetraacetic acid in 100 mM sodium phosphate, pH 7.5) for 30
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min at 25 °C. After trichloroacetic acid precipitation, the pellet was redissolved in
denaturing buffer containing 2 mM DTT and incubated for 30 min 37 °C. Newly
reduced cysteines were labeled with 10 mM iodoacetamide for 45 min at 25 °C
in the dark and run on an SDS gel. MS and data analyses were performed by
MS Bioworks. After in-gel digestion with trypsin at 37 °C for 4 h, peptides were
analyzed by nano-liquid chromatography with tandem mass spectrometry with
a Waters M-class high-pressure liquid chromatography system interfaced to a
Thermo Fisher Fusion Lumos mass spectrometer. Peptides were loaded on a
trapping column and eluted over a 75-um analytical column at 350 nL/min
using Luna C18 resin (Phenomenex). The mass spectrometer was operated in
data-dependent mode, with the Orbitrap operating at 60,000 and 15,000 full
width at half maximum for MS and tandem MS, respectively. Advanced Peak
Determination was enabled, and the instrument was run with a 3-s cycle for MS
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