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ABSTRACT

Background

Methionine (Met) oxidation leads to a racemic mixture of R and S forms of methionine
sulfoxide (MetSO). Methionine sulfoxide reductases (Msr) are enzymes that can reduce
specifically each isomer of MetSO, both free and protein-bound. The Met oxidation
could change the structure and function of many proteins, not only of those redox-
related but also of others involved in different metabolic pathways. Until now, there is
no information about the presence or function of Msrs enzymes in Leptospira
interrogans.

Methods

We identified genes coding for putative MsrAs (Al and A.) and MsrB in L. interrogans
serovar Copenhageni strain Fiocruz L1-130 genome [roje t. From these, we obtained
the recombinant proteins and performed their functinn' characterization.

Results

The recombinant L. interrogans MsrB cat7ay:ed the reduction of Met(R)SO using
glutaredoxin and thioredoxin as reducing suwstrates and behaves like a 1-Cys Msr
(without resolutive Cys residue). «t ‘vas able to partially revert the in vitro
HCIO-dependent inactivation of !'..interrogans catalase. Both recombinant MsrAs
reduced Met(S)SO, being the re.y.!» mediated by the thioredoxin system. LinMsrAs
were more efficient than Lian‘srg for free and protein-bound MetSO reduction.
Besides, LinMsrAs are en.‘mes involving a Cys triad in their catalytic mechanism.
LinMsrs showed a dual I~cali-ation, both in cytoplasm and periplasm.

Conclusions and Gencral ignificance

This article brings ne v knowledge about redox metabolism in L. interrogans. Our
results support the occurrence of a metabolic pathway involved in the critical function

of repairing oxidized macromolecules in this pathogen.



1. INTRODUCTION

Bacterial species from the genus Leptospira were identified by 16S rRNA gene
sequences in three clades: pathogenic, non-pathogenic, and another clade of
undetermined pathogenicity with intermediate 16S rRNA gene sequence relatedness [1].
Among non-pathogenic (or free-living) bacterium is L. biflexa serovar Patoc which can
be found in wet environments and surface water. Contrary, L. interrogans serovar
Icterohaemorrhagiae or Cophenageni is in a pathogenic clade, and it could survive in
different environments (from the soil and water to the mammalian host’s tissues) and is
the etiologic agent of human leptospirosis [2]. Therefore, Leptospirosis is an infectious
disease caused by pathogenic leptospires that are transmitteu ‘directly or indirectly) by
contact with the urine of infected animals (mainly, ra.s) t humans, thus being a
zoonosis (WHO, https://www.who.int/home). This infe-tioi frequently results in a hard
life-threatening illness characterized by liver Ay function, kidney failure, and
pulmonary hemorrhage [3]. Like other .~f.ctious agents, the survival
of L. interrogans depends on its ability to evuu. the oxidative killing mediated by host
cells (including macrophages). Until nov: liue information is available concerning
mechanisms for functional antiox:{an. proteins present in this pathogen. The
bibliography describes the presence of cawlase in abundant concentration localized in
the bacterial periplasmic space [+]. > typical 2-Cys peroxiredoxin (AhpC) [5], and the
thioredoxin system [6]. Howe a1, in contrast to other pathogenic bacteria, no
information about repairing oxidized enzymatic systems was reported in Leptospira
interrogans.

In general, oxidative ind 1itrosative changes of specific amino acid residues are major
processes for protein  osttranslational modification, with significant physiological and
pathological consequences. In this regard, Met oxidation is a posttranslational
modification that occurs in vivo under normal or stress conditions leading to a racemic
mixture of R and S forms of MetSO [7]. Particularly, Met residue has high reactivity to
HCIO, a reactive halogen species generated in pathological conditions [7, 8]. The
MetSO derivatives are reduced by a group of enzymes called methionine sulfoxide
reductases (Msr). At present, six classes of Msrs were described in several organisms.
Three Mo-dependent (metalloproteins) bacterial Msr-like enzymes (MsrP, DmsA, and
BisC) [9], and three thiol-dependent Msr enzymes (MsrA, MsrB, and MsrC) [10-12].
MsrA and MsrB were found in organisms from almost all living kingdoms [9, 13-20].

MsrA reduces with high specificity the S isomer of MetSO (free or in proteins), while



MsrB is specific for reducing the R isomer (mainly in proteins) [10-12]. Besides, MsrC
(or fMsr, for “free”-methionine sulfoxide reductase), mainly found in unicellular
organisms, is responsible for the specific conversion of free L-Met(R)SO [21-23]. The
active sites of both Msrs are adapted for binding protein-bound methionine sulfoxide
(L-MetSO) more efficiently than free L-MetSO. Besides, thiol-dependent Msrs are
structurally unrelated enzyme classes, but they share the same chemical mechanism
implying sulfenic acid chemistry, representing a case of convergent evolution [9, 11,
12]. The thiol-dependent Msrs can be classified according to the kinetic mechanism
employed to recycle the catalytic Cys [11, 24]. The primary physiologic reductants of
thiol-dependent Msr are Trx (except for 1-Cys Msrs) and G.v [12, 25, 26]. The latter
possess higher catalytic efficiency to reduce 1-Cys Msrs t.an . -Cys or 3-Cys Msrs [12,
25, 26].

Available MsrA structures indicate a structurally wen ~onserved active site containing
the consensus sequence GCFW(G/H) located at the N- erminus and include the catalytic
Cys [11]. However, differences in structu’e are evident in the C-terminal region
harboring the resolving Cys [11]. Regarc'ng wisrBs, a structural characteristic is the
presence of a metal-binding site cor a0s:d of two CXXC motifs. It is located on the
opposite side of the active site ar.1 binds a zinc atom [11, 27]. There is inconclusive
evidence regarding the role of the n.cta1 within the protein: whereas some authors argue
that it can modulate MsrB calytic efficiency [27], others claim that metal ion
substitution does not affect e piotein activity [28].

In different pathogenic hact.rium such as Enterococcus faecalis [29], Campylobacter
jejuni [30] and Pseucomcna aeruginosa [31], Msrs are essential for oxidative and
nitrosative stress prote ~tion and bacterial virulence. Besides this, mainly in human, the
Msrs have also been involved in some physiological regulation of protein function,
making Met oxidation similar to other reversible posttranslational modification [32].
The last finding highlights a new era in the understanding of Msr function and should
facilitate further studies on the physiological role of Msrs [33].

In this work, we presented the recombinant expression of three genes coding for
putative Msrs (linmsral, linmsra2, and linmsrb) from Leptospira interrogans. We
performed biochemical studies and analyzed the different functional properties of these
proteins. The data here presented contributing to general redox metabolism

understanding of L. interrogans.



2. MATERIALS AND METHODS

2.1. Materials

Bacteriological media were purchased from Britania Laboratories and BD Biosciences
(Argentina). Pfu DNA polymerase, Taq DNA polymerase, and restriction enzymes were
purchased from Promega (Argentina). Amylose-resin was acquired from New England
Biolabs. Hi-Trap column and Superdex-200 were purchased from GE-Healthcare
(Argentina). The monoclonal anti-His-tag antibody, racemic L-MetSO, and all other
reagents and chemicals were of the highest quality commercially available from Sigma-
Aldrich (Argentina) or similar. The separation of the L-Metu,Q isomers was carried out
following the method of Lavine [34] from the pure L MerSO racemic mixture by
differential precipitation with picric acid and methznol. Under our conditions, we
obtained a purity greater than 99% for the L-Met(SYSC isomer and a purity of 90% for
the L-Met(R)SO isomer [the remaining 10% corres.2rds to the L-Met(S)SO isomer].

2.2. In vitro culture of Leptospira interroge:'s

L. interrogans serovar Copenhageni <‘rai'i Fiocruz L1-130 cells were grown in EMJH
medium (Ellinghausen-McCullough-Johnson-Harris), a BSA-Tween80 medium (pH
7.4) in static culture for 3-5 days at 2R *C [35, 36]. The cell density was recorded at 420
nm in an S-26 spectrophotonewr (Boeco-Germany). Bacteria number was estimated
according to the relation est:hlisied for Louvel et al [37] where ODa4z0 nm Of 1 represents
2.1-10° bacteria ml™.

Cell extracts were orcduct d from biomass pools of three biological replicates (obtained
from exponential phast. cultures of L. interrogans in EMJH medium). The cellular pellet
was suspended with 1 ml of 100 mM potassium phosphate buffer pH 7.0, 2 MM EDTA.
Cell lysis was performed through three cycles of freezing (at -80 °C) and thawing (at
37 °C), followed by sonication. The cell lysate was centrifuged at 21,000 xg for 30 min
at 4 °C. The soluble protein-extract (supernatant) obtained was used for enzymatic

activity determination.

2.3. Bacteria and plasmids
Escherichia coli TOP10 F* (Invitrogen) and E. coli BL21 (DE3) (Novagen) cells were
utilized in routine plasmid construction and expression experiments, respectively. The

vector pPGEM-T Easy (Promega) was selected for cloning and sequencing purposes.



The expression vectors were pET22b (Novagen), pMAL-C-TEV (kindly provided by
Dr. Wulf Blankenfeldt from the Helmholtz Center for Infection Research, Germany),
and pCold-1 (Takara Bio Inc.). Genomic DNA from L. interrogans was obtained using
the Wizard Genomic DNA Purification Kit (Promega). DNA manipulation, E. coli

cultures, and transformation were performed according to standard protocols [38].

2.4. Molecular cloning of msral, msra2, msra2sp, msrb, and msrbsp genes

Based on available information about L. interrogans serovar Copenhageni strain
Fiocruz L1-130 (http://meta.microbesonline.org/ and
http://bioinfo03.ibi.unicamp.br/leptospira/) genome sequencc.: msral, msra2 (the ORF
encoding for mature MsrA2), msra2sp (the ORF encoling for MsrA2 with signal
peptide), msrb (the ORF encoding for mature MsrB) a1 d m irbsp (the ORF encoding for
MsrB with signal peptide) genes were amplified hv ?CR. Each PCR was performed
using genomic DNA and specific primer pairs (Tau!= Z) under the following conditions:
95 °C for 10 min; 30 cycles of 95 °C for 1 mi:i, 55-65 °C for 1 min 72 °C for 1 min, and
72 °C for 10 min. The PCR products \ere subsequently purified and ligated into
pGEM-T Easy vector and its fidelity an. identity were confirmed by complete DNA
sequencing (Macrogen, South Kor:a).

The obtained pGEM-T Easy co 9. 'ctions were digested with appropriate restriction
enzymes (Table 1) and the pt i~ ORFs were ligated to different expression vectors
using T4 DNA ligase (Pron.~ga) (or 16 h at 4 °C. The linmsrbsp and linmsrb genes were
cloned in pET22b plasmid. 1 .e linmsral gene was cloned in the pCold-I plasmid (using
the BamHI/Sall resti'ctic1 sites). Finally, the linmsra2sp and linmsra2 genes were
cloned in the pET2.h (using the Ndel/Xhol restriction sites), pCold-1 (using the
BamHI/Sall or Ndel/Sall restriction sites), and pMAL-C-TEV plasmids (using the
Ndel/Xhol restriction sites). Competent E. coli BL21 (DE3) cells transformed with the
construct were selected in agar plates containing Lysogeny Broth (LB; 10 g I"* NaCl,
591" yeast extract, 10gl™* peptone, pH 7.4) supplemented with ampicillin or
kanamycin (50 pg ml™) as appropriate. Preparation of plasmid DNA and subsequent
restriction treatment were performed to check the correctness of the construct.

The sequences coding for LinMsrA1C25S and LinMsrA2C18S proteins were generated
following the instructions of the commercial protocol for QuikChange® Site-Directed
Mutagenesis kit (Stratagene) with some technical adaptations. Briefly, we designed two

entirely complementary primers containing the nucleotide with the desired mutation in



the center of these primers (Table 1). PCR mix was performed using as template 10 ng
of pGEM-T Easy/LinMsrAl or pGEM-T Easy/LinMsrA2 plasmids purified from E. coli
TOP10 F° with DNA methylase activity, 1 uM primers, 0.2 mM dNTPs, and
2.5 U Pfu DNA polymerase (Fermentas). The PCR reaction conditions were: 94 °C for
5 min; 12 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C for 11 min. After PCR,
the amplified product was treated for 3 h at 37 °C with 10 U of Dpnl restriction
enzyme (Fermentas), which can degrade the parental methylated DNA plasmid.
Then, E. coli TOP10 F’' competent cells were transformed with the Dpnl digested
plasmid, and the recombinant clones were selected to verify the mutation by

sequencing.

2.5. Overexpression and purification of recombinant prteir s

A single colony of E. coli BL21 (DE3) transformed with each recombinant plasmid was
selected. Overnight cultures were diluted 1/100 .~ f.esh LB medium (for LinMsrAs
expression) or M9 medium [28] (without or v.1v. addition of 100 uM of CoCl,, ZnCl, or
FeCl, for LinMsrB expression) supplemen:d with the appropriate antibiotic and growth
under identical conditions to expon.ntivl phase, ODgyp nm Of 0.6. The induction of
expression of the respective recor.hinant proteins was performed with 0.25 mM IPTG
for 16 h at 25 °C. Then, the cells w = harvested and stored at -20 °C until further use.
Purification of each recombin it nrotein was performed using Hi-Trap™ chelating HP
(GE Healthcare). Briefly, ti.» bacterial pellet was re-suspended in binding buffer (20
mM Tris-HCI pH 7.5, 470 r .M NaCl, and 10 mM imidazole), and then disrupted by
sonication. Centrifugi tion (20,000 xg for 30 min) of the lysate allowed removing cell
debris. The resultant c.ude extract was loaded onto a column already equilibrated with
binding buffer. After being washed with 10 volumes of the same buffer, the
recombinant proteins were eluted with elution buffer (20 mM Tris-HCI, pH 7.5,
400 mM NaCl, 300 mM imidazole). Also, LinMsrA2 and LinMsrA2C18S obtained
from the IMAC chromatography (as an MBP-fusion protein) were treated with TEV
protease (at a ratio of 1 ug protease to 100 ug of recombinant protein at 8 °C for 16 h in
100mM  Tris-HClI pH80 and 1 mM DTT) followed by amylose affinity
chromatography (New England Biolabs), according to the manufacturer's instructions.
Fractions containing pure protein were pooled, concentrated, and frozen with 20% (v/v)
glycerol at -80 °C. Catalase, TrxR, and Trx from L. interrogans were recombinantly
expressed and purified as described elsewhere [4, 6].



2.6. Protein methods

Protein electrophoresis was carried out under denaturing conditions (SDS— PAGE) as
described in [39]. For non-reducing SDS-PAGE, the samples were prepared with buffer
without reducing agent. Protein concentration was determined following the procedure
described by Bradford [40] using bovine serum albumin (BSA) as standard.

The molecular mass of the recombinant proteins at their native functional states was
determined by gel filtration chromatography using a Superdex 200 column (GE
Healthcare) equilibrated with 50 mM HEPES buffer pH 8.0 containing 100 mM NaCl
and 0.1 mM EDTA, at a flow rate of 1 ml min™. A calibration curve was constructed by
plotting the logip of the molecular mass vs. the distribution c2efficient (Ka) measured
from standard proteins (thyroglobulin, 669 kDa; ferritin, 140 <Da; aldolase, 158 kDa;
conalbumin, 75 kDa; ovalbumin, 43 kDa; carbonic ant.\idrz se, 29 kDa; ribonuclease A,
13.7 kDa; and aprotinin 6.5 kDa).

Protein thiol and sulfenic acid groups were quanu®cd with 5,5dithiobis2nitrobenzoic
acid (DTNB, €412 nm = 14.15 mM*cm™[41]) r .-chloro-4-nitrobenzo-2-oxa-1,3-diazole
(NBD-HCI, €340nm = 13.4 mM™cm™,[42. 420 respectively, in 100 mM Tris-HCI pH 7.5
at 25 °C.

MetSO-rich L. interrogans proten. extracts were obtained from washed cells (~10%
cell-mI™, in exponential phase grv.ti,) that were incubated in the absence and presence
of 100 uM HCIO for 30 mir in +3S buffer at 28 °C. Subsequently, the cells derived
from each treatment were a.crupted by sonication in the presence of a lysis solution
(50 mM potassium phosp.atz, pH 8.0, 0.1% (v/v) NP-40, 1 mM EDTA, and 100 mM
iodoacetamide) s’ "nl.meated with protease inhibitor cocktail (SETIII, Calbiochem).
Then, the crude extract s were obtained by centrifugation (20,000 xg for 30 min at 4 °C),
and a differential precipitation treatment with ammonium sulfate at 30% saturation (to
remove membranes and DNA by precipitation) was applied to the resulting
supernatants. After centrifugation, the obtained supernatants were treated with 100 mM
DTT for 15 min at 30 °C. Next, the samples were desalted using BioGel spin-columns
(equilibrated with 50 mM potassium phosphate, pH 8.0, and 1 mM EDTA). Finally, the
proteins were treated again with 100 mM iodoacetamide for 15 min at 30 °C and
desalted using spin columns (equilibrated with 50 mM TRIS-HCI, pH 7.5, and 1 mM
EDTA). The objective of the treatment (reduction and subsequent alkylation) of the

total protein extracts is to eliminate all potentially reactive forms of cysteine residues



(oxidized forms, such as disulfides, sulfenic acids, or nitrosothiols), which could
interfere in the assay for activity (Trx or Grx-dependent coupled assay system). The
resulting protein extracts were used to evaluate the activity of MsrAs and MsrB using

Trx or Grx (as a reducing substrate) to reduce protein MetSO (see 2.10).

2.7. Antibodies production and immunodetection

Serums against MsrB and Lp32 [44] (a surface Lipoprotein) from L. interrogans were
raised in rabbits immunized with the purified recombinant protein, as previously
described [45]. Rabbit anti-Trypanosoma cruzi MsrA (anti-TcrMsrA), prepared as
described previously [46], was used to detect LinMsrA protc.ns. Proteins (recombinant
or protein extracts) in SDS-PAGE gels were blotted orto ritrocellulose membranes
using a Fast Blot, Semi-Dry Electrophoretic Transfer &2pat itus (Biometra GmbH). The
membrane was blocked with 4% (w/v) skimmed ~ilk in PBS for 1 h at room
temperature, subsequently incubated at room ten.ne.ature for 1 h with the primary
antibody, and then with HRP-conjugated ar.u-:abbit secondary antibodies for 1 h at
room temperature. The ECL western blc*-ing detection reagents (Thermo Scientific)

served to visualize the bands.

2.8. Digitonin titration assays

A cellular pellet from a cultu'e of 24 ml of L. interrogans (in the exponential growth
phase) of ODayonm = 0.23 v1as ueated successively with increasing concentrations of
digitonin (from 0 to 4 ma m ™) in extraction buffer (20 mM Tris-HCI, 100 mM NaCl,
1 mM EDTA and 25( mh?! sucrose, pH 7.5). Protein fractions in the supernatants were
subjected to SDS-PASE and western blot analysis. Polyclonal antibodies against
LinTrxR [6] and LinAhpC [5] were cytoplasmic markers and L. interrogans catalase

(Lincatalase), a periplasmic marker [4].

2.9. Determination of metal cofactors in protein

The quantification of metal atoms (Fe, Zn, Cu, or Co) present in the pure recombinant
proteins was performed using atomic absorption spectrophotometry at the SECEGRIN
facility (CCT-CONICET Santa Fe, Argentina). The effective concentration of active

enzyme was estimated based on the [metal atom]/[LinMsrB] ratio.



2.10. Enzyme activity assay

All the enzymatic assays were performed, unless otherwise indicated, at 30 °C, in a final
volume of 50 ul using a Multiskan Ascent one-channel vertical light path filter
photometer (Thermo Electron Co). The data were plotted as initial v-{enzyme]™* (min™)
versus substrate concentration (WM), and the kinetic constants acquired by fitting the
records with nonlinear least-squares formula and the Michaelis-Menten equation.
Kinetic constants were the means of at least three independent sets of data.

The MetSO reductase activity was measured monitoring the NADPH oxidation at
340 nm. Homo sapiens glutaredoxin 1 (HsaGrx, form Sigma-Aldrich - G5298) or
LinTrx were tested as electron donor from the Msrs. "= reaction mixture was
composed by 100 mM potassium phosphate, pH 7.0, 2 n.M EDTA, 200 uM NADPH,
2 uM LinTrxR or 1 U ml? Sacharomyces cerevisiac glu:athione reductase (Sigma-
Aldrich - G3664); 20 uM LinTrx or 25 uM HsaG+x (~lus 3 mM GSH), and different
concentrations of LinMsrAl (from 0.01 to 10 uM, LinMsrA2 (from 0.01 to 10 uM),
LinMsrA1C25S (from 2 to 125 uM), LinMsr,C18S (from 10 to 100 uM) or LinMsrB
(from 0.1 to 150 uM). The measurements . -ere started by adding 5 mM of L-MetSO or
N-AcMetSO. Steady-state kinetics an.'vs.s was performed using 0.1 to 5 mM L-MetSO
or N-AcMetSO, 0.1 to 40 uM L'nTrx or HsaGrx (plus 3 mM GSH) and 1 uM
LinMsrAl, or 1 uM LinMsrA2, o' ..Z uM LinMsrA1C25S, or 10 uM LinMsrB. The
Kinetic constants were acquirea Yy fitting the data with a nonlinear least-squares
formula and the Michaelis—."enten equation. Kinetic constants are the mean of at least
three independent sets o1 Jate.

The specificity of ! -N'atS') isomer reduction by LinMsrs was evaluated using a reaction
mixture of 100 mM potassium phosphate, pH 7.0, 10 MM DTT, 1 mM L-MetSO or
L-Met(R)SO or L-Met(S)SO, and 10 or 100 uM of each one recombinant protein. The
reaction mixture was incubated at 37 °C for 1-2 h and then was loaded on silica sheets
(TLC ALUMINIUM plates, Merck) for thin-layer chromatography (TLC). The mobile
phase was a solution of butanol: acetic acid: water (60:15:25). The chromatogram was
revealed by ninhydrin spray [47].

The reduction of the sulfenic acid form of LinMsrB (LinMsrB-SOH) was evaluated by
monitoring the decreased concentration of 2-nitro-5-thio-benzoate (TNB) at 405 nm.
The reaction mixture contained 200 mM Tris-HCI pH 8.0, 2 mM EDTA, 200 uM TNB
and different concentrations of LinMsrB (0, 25, 50 or 100 uM). The reaction was started



with 5 mM L-MetSO. The synthesis and purification of TNB were produced according
to [48].

Catalase activity was monitored by H,O, consumption at 240nm in an
S26 spectrophotometer (Boeco-Germany) at 25 °C. The reaction mixture comprised
100 mM potassium phosphate, pH 7.0, 0.1 to 1 nM Lincatalase and 10 mM H;0O; in a
final volume of 1 ml [49]. The activity was calculated using the molar extinction

coefficient of 40 mM™* cm™.

2.11. Yeast complementation assays

In vivo activity of the LinMsrs was checked using the triple r..cv deletion mutant GY202
(AmsradmsrbAfrmsr) and W303-1B (parental strain) [5(]. The Saccharomyces
cerevisiae GY202 strain was transformed with parenta pla. mid p425GPD (abbreviated
as p425, as negative control), p425-linmsral, pAzC linmsra2 or p425-linmsrb and
selected for leucine auxotrophy on SD-agar mediui. supplemented with L-Met [51]. For
the complementation assay, each recombin-un clone was cultivated on the SD-agar
medium supplemented with 100 uM L-Me* L-wviet(S)SO, or L-Met(R)SO at 28 °C until
growth was visualized. For oxidative ‘tre-s assays, cellular suspensions (5-10° cell mlI™)
were incubated at 28 °C for 1 h w.*h or wicthout oxidant compounds: 0.1 or 1 mM H,0;
or 0.1 mM HCIO. After this time, s_-iar dilutions (1/5) of each culture were performed,
and 5 ul of each dilution wes laed and incubated at 28 °C until observing yeast

development.

2.12. Molecular mode fing

Structural models o1 LinMsrs were generated by homology modeling using the
Modeller v9.20 program [52], with structure optimization algorithms. LinMsrAs models
were based on the resolved structure of MsrA from E. coli (PDB 1FF3), and Populus
trichocarpa (PDB 2J89). LinMsrB models were based on the solved structure of MsrB
from Methanothermobacter thermautotrophicus (PDB 2K8D), Neisseria meningitidis
(PDB 3HCG), and Burkholderia pseudomallei (PDB 3CXK). Sequences alignment was
carried out using the Clustal X algorithm with the program Bioedit v7.0.8 (lbis
Bioscience 2007). The structures were evaluated using the program online Verify 3D
(http://nihserver.mbi.ucla.edu/Verify _3D/), and the best-obtained models were

visualized for their analysis using UCSF Chimera (https://www.cgl.ucsf.edu/chimera/).



2.13. Phylogenetic trees

MsrAs and MsrBs sequences were downloaded from the NCBI database (including
bifunctional MsrAB proteins) and used to generate multiple alignments (Supplementary
data - Table 1 and Table 2). The Gblock (Castresana lab) served to eliminate poorly
aligned positions and divergent regions Tree reconstruction was performed with
Seaview 4.4 [53] using the Neighbor-Joining method and a bootstrap of 10,000. The
tree was prepared in the FigTree 1.4 program (http:// tree.bio.ed.ac.uk/).

3. RESULTS

3.1. In silico analysis of the sequences coding for Msrs anc rec)mbinant expression

In the analysis of the L. interrogans genome, we could deniify a sequence coding for an
MsrB protein (NCBI, WP_000790973.1, and UNI+2OT, M3G797_LEPIT). Fig. 1
shows an amino acid sequence alignment of the fu.' ccquence of LinMsrB (LinMsrBsp)
with homologous enzymes from different ui-janisms. LinMsrBgsp contains four Cys
residues in conserved positions related tc the inetal atom binding and a fifth residue
involved in catalysis. We analyzed N srBs in a phylogenetical context, as well. An in-
depth analysis of the protein sequences in combination with the phylogenetic separation
allowed us to identify four differzn. ~Jades that could be related to the presence of the
Cys residues related to the rie.! atom binding (and the specific sequences) or the
absence of such residues (-ig. 2). The largest clade (violet lines) is constituted by
archaea, cyanobacteria, acia.bacteria, proteobacteria (a, e and g), fungi, plants, the
protist T. cruzi, and tF e L. interrogans MsrB sequences. Within this group, except for g-
and e-proteobacteria, 'l the proteins contain the consensus sequence CA(G/A)C as part
of the first CXXC motif. A second small group (turquoise lines) is comprised of b-, d-
proteobacteria, and cyanobacteria with a consensus motif CI(G/C)C. The second largest
group is formed by three different subgroups: the proteins containing the motif CVCC
(yellow lines), those containing the CL(V/I)C motif (red lines), and a mixed group of
MsrB and MsrAB proteins that are non-metal binding (grey lines). The CVCC clade
(yellow lines) group the protein sequences of L. biflexa and animals (namely human,
mouse and Xenopus) whereas the CL(V/I)C clade (red lines) is composed of d-
proteobacteria. The non-metal binding protein sequences (gray lines) group only
prokaryotic sequences; proteobacteria, archaea, and firmicutes. This clade is formed by

both MsrBs and MsrABs sequences.



Interestingly, the sequence of LinMsrBsp presents a non-conserved N-terminal
extension containing two Cys residues (at positions 13 and 19). Hypothetically, these
residuals could act as non-conserved putative resolving Cys for catalytic Msr activity.
Given this and as part of the analysis to predict a possible function of this N-terminal,
we performed an in silico analysis using the online predictors SOSUI and SignalP
(Supplementary data — Fig. 1). Such predictions suggested that the non-conserved
N-terminal extension of LinMsrBgsp corresponds to a signal peptide. In parallel, we
performed a domain conservation search using the NCBI database
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?). The in silico analyzes suggest
that the SelR domain of the protein starts at Tyr*® (data not chown). Alternatively, we
observed that in the UNIPROT database is presented a “hor er MsrB sequence from
L. interrogans (serogroup Icterohaemorrhagiae se-ova- copenhageni, Q72NN2
MSRB_LEPIC). This short sequence lacks the first 5= amino acids of the N-terminal
that is present in LinMsrBsp. Given these observauons, we cloned the full sequence and
a truncated sequence (omitting the 105 bp of v.e 5'-end). The resulting mature protein
(LinMsrB) has 131 amino acids (15 kDa), wheieas the full-length recombinant protein
(LinMsrBsp, including the signal pept:ie) .s a protein of 166 amino acids (18.5 kDa).

The expression assay in E. coli BL?21 (DE3) showed a higher abundance in the soluble
fraction for pET22b/LinMsrB then .= 22b/LinMsrBsp (Supplementary data - Fig. 2A).
Interestingly, western blot usi iy ~nu-LinMsrB allowed us to detect two bands in total
soluble fraction from full se:uence over-expressing cells. Each band corresponding with
the LinMsrBsp and LintAsrb forms (Supplementary data - Fig. 2A). This observation
suggests that the conplev> form of the protein is processed proteolytically (probably
after translocation to v e periplasm in E. coli). To evaluate this proposal, we carried out
a subcellular fractionation of E. coli that over-expresses both the complete form
(LinMsrBsp) and the truncated form (LinMsrB, the putative mature form, without the
coding sequence for the signal peptide). We performed a periplasmic-enrichment from
E. coli BL21 (DE3) cells transformed with pET22b/LinMsrBsp or pET22b/LinMsrB
construction, following the osmotic shock method as is described by [54]. With the
fractions, cytoplasmic and enriched-periplasmic, we performed western blot assays
using anti-LinMsrB and the recombinant protein (LinMsrB) as a molecular marker. As
shown in Supplementary data - Fig. 2B, for E. coli BL21 (DE3) containing
PET22b/LinMsrBsp plasmid, the expression was detected both in the cytoplasmic and

the enriched-periplasmic fractions. Interestingly, the variant detected in the periplasmic



fraction has an identical migration pattern regarding the recombinant LinMsrB (without
the first 35 amino acids from the full version) in the highest proportion than the full
version (LinMsrBsp) detected in the cytoplasm. This result suggests that the N-terminal
of LinMsrBsp is a functional peptide in E. coli and that this protein is processed by E.
coli proteolytic machinery (losing both Cys*® and Cys*® from the full sequence, the
potential candidate residues for resolutive Cys), resulting in the accumulation of the
mature form in the periplasm of the bacterium. Contrary, E. coli BL21 (DE3)
transformed with pET22b/LinMsrB, showed only an abundant expression band in the
cytoplasmic fraction. Because of these results, and the higher yield obtained as a
processed form of the protein, we continued the stuu.ias using the construct
pET22b/LinMsrB that codes for the mature form ¢nd perform the functional
characterization.

In addition to MsrB, two putative coding sequence: for MsrA proteins (linmsral,
LIC10545, and linmsra2, LIC12978) were ide: *if.ied in the genome project of
L. interrogans (http://aeg.Ibi.ic.unicamp.br/wi i/lic/). The full sequence genes code for
proteins of 188 (linmsral) and 198 (linms:a2) amino acids, with theoretical molecular
masses of 21 kDa and 23 kDa, respec ve'y. Fig. 3 illustrates an alignment of the amino
acid sequences of full sequence . inMsrAal and LinMsrA2 in comparison with MsrA
from different sources. LinMsr/.s cxhibited similar identity (~37%) to humans, Bos
taurus, and bacteria counterpa. ts, and they contain the characteristic redox-active motif
GCFWC. This structural chovacteristic was observed in the MsrA enzyme from Bacillus
subtilis [11]. The preser.~e o this vicinal Cys residue in the active site of LinMsrAs,
allows us to hypothes ze tat this residue is a putative resolutive Cys (the catalytic and a
possible resolutive Cy. are vicinal residues). In addition to the Cys within the CXXC
motif, LinMsrAl has three further Cys residues, while LinMsrA2 has only one extra
Cys residue (see positions marked by arrows in Fig. 3). Furthermore, we analyzed the
LinMsrAs in a phylogenetic context to construct a tree composed of thirty-seven
sequences, including all the living kingdoms. As can be observed in Fig. 4, two main
clades can be distinguished: the first one comprising five prokaryotic MsrAB sequences
and the second and larger one comprised of MsrA sequences. The MsrAB clade
contains proteins that harbour the GCFWG motif (red lines). Conversely, the MsrA
clade is further separated into three different groups: i) a group comprised of fungi, T.
cruzi, and a-proteobacteria proteins containing a GCFWG motif (red lines); ii) a group

comprised of both eukaryotic (animalia and plantae sequences) and prokaryiotic (a-, g-



proteobacteria, cyanobacteria, and actinobacteria) GCFWG-containing proteins and iii)
a group of prokaryotic sequences containing the motif GCFWC (turquoise lines) and
formed by archaea, b- and d-proteobacteria, cyanobacteria, firmicutes, and the
spirochaetes L. interrogans and L. biflexa. It is worth mentioning that LinMsrAl
(sequence number 8) clustered with other spirochaetes like L. biflexa (sequence number
7), contrary to LinMsrAz2 that groups with Msrs from Firmicutes (sequences number 15-
17) and other prokaryotes, namely Desulfovibrio vulgaris (sequence number 11) and the
cyanobacterium Synechococcus elongatus (sequence number 20).

Interestingly, in a similar way to LinMsrB, the full sequence of LinMsrA2 presents a
non-conserved N-terminal extension. In silico analysis uc.»q the online predictors
SOSUI and Signal-P (Supplementary data — Fig. 3) predi-ted that the initial 21 amino
acids (average) of the full sequence of LinMsrA2 correspor 1 to a signal peptide (with a
high probability of proteolytic cut at position ?1-2°). Given this observation, we
performed a strategy similar to the one carried ot for LinMsrB. We cloned the full
sequence and a truncated sequence (omittinc uv.e 57 bp of the 5'-end). As a result, the
full-length recombinant protein (LinMsrAZ -, nicluding the signal peptide) is a protein
of 198 amino acids (23 kDa) where:s tre mature protein (LinMsrA2) has 179 amino
acids (21 kDa). No expression o7 these cloned MsrAl sequences was detected using
pET22b or pCold-l1 plasmids (. SDS-PAGE and western blot assays using
anti-TrcMsrA antibodies and/or munoclonal anti-His tag antibody, data not shown).
Given these results and the ~bseived data for LinMsrB, we cloned the coding sequence
of the mature version of the |.votein (without the first 19 amino acids, LinMsrA2) in the
PMAL-TEV plasmid, where we could detect the recombinant expression of the protein
as a fusion to 6His-MvrP.

In summary, regarding recombinant protein production, each cloned gene was expressed
in E. coli BL21 (DE3) cells to produce the respective recombinant protein fused to an
N-terminal 6Histag (LinMsrAl and LinMsrA1C25S), C-terminal 6Histag (LinMsrB) or
6His-MBP (LinMsrA2 and LinMsrA2C18S). The analysis by SDS-PAGE showed that
the recombinant enzymes were produced and purified with ~98% purity (data not
shown). These proteins were stored at -80 °C without loss of activity for at least eight

months.



3.2. Functional characterization of LinMsrs in vitro and in vivo

We performed an in vitro assay to determine the ability of LinMsrB, LinMsrAl, and
LinMsrA2 to reduce non-peptide MetSO. Specifically, we evaluated the capacity of the
purified recombinant proteins to catalyze the reduction of the different isomers of
L-MetSO using DTT as a reductant. After that, the reaction products were resolved by
TLC using ninhydrin as a chromogenic reagent. As shown in Fig. 5, the conversion of
L-MetSO to L-Met was partial when the reaction mixture was composed of
L-Met(R)SO and LinMsrB (lane 8), whereas no L-Met was generated when the enzyme
was incubated with L-Met(S)SO (lane 9). Besides, the presence of L-Met was detected
in reactions containing both LinMsrAl and LinMsrA2 plu. the L-Met(S)SO isomer
(lanes 13 and 15), but the result was negative for the L-Mt(R SO isomer (lanes 12 and
14). It should be noted that the low-intensity spot in (e Nlet position observed in the
latter condition is because the L-Met(R)SO isomer = not completely pure (as was
pointed out in Material and Methods).

To evaluate LinMsrs functionality in vivo, we p-.rformed yeast complementation assays.
The open reading frame of each Msr *as cioned into the p425 vector [51] and
introduced into S. cerevisiae GY202 -=lls (deletion mutant for the three Msr enzymes)
[50]. As can be observed in Fiy 6, the S. cerevisiae GY202 strain complemented
with LinMsrAl, LinMsrA2, and |.ir; 1<1B, developed in the presence of L-Met similarly
to the negative control. How:ve~ when L-MetSO replaced L-Met, proliferation was
only observed in those yeas: stra.ns complemented with the transgenes. Also, using the
SD-agar medium supplemen cd with L-Met(S)SO, only the cells transformed with the
encoding genes for L'nM.rAl and LinMsrA2 could grow. Conversely, the cells that
expressed LinMsrB gi.w in the SD-agar medium with racemic L-MetSO but not in the
presence of L-Met(S)SO (Fig. 6). These results indicated that these proteins are actual
L-MetSO reductases in vivo. These results support the stereospecificity of this type of
enzymes, previously observed by the in vitro assays shown in Fig. 5.

Additionally, we analyzed the oxidative stress sensitivity of the different recombinant
yeasts. Cell suspensions were incubated 1 h at 28 °C without oxidant or in the presence
of either H,O,, (0.1 and 1 mM), or 0.1 mM HCIO and then plated on SD-agar. The p425
construct was used to transform S. cerevisiae W303-1B (parental), and GY202 (triple
mutant) strains used as positive and negative controls, respectively. As shown in Fig. 7,
all strains developed in the presence of 0.1 mM H,0O,, observing a better development

of the triple mutant strain complemented with the coding genes for the Msrs (respect to



the no complemented Msr triple mutant strain). Interestingly, when the H,0O;
concentration was increased (to 1 mM), only the recombinant strain complemented
with LinMsrAl or LinMsrA2 was able to grow markedly better than the triple mutant
(although to a lesser extent than the positive control). Besides, under HCIO stress
conditions, only LinMsrA1 complemented cells were able to grow and cope even better
with stress than the parental strain. These results suggest that the proteins could exhibit
different levels of enzymatic activity in the yeast system (being accentuated under
oxidative stress conditions) and that LinMsrAl could have primary antioxidant

functions in vivo.

3.3 Kinetic characterization of LinMsrAl, LinMsrA2 and [ inlv srB

As mentioned in the introduction, low molecular mass thicls (such as GSH coupled to
Grx), or redox proteins (such as Trx) has been iucntified as the natural reducing
substrates of MsrA or MsrB [55]. Previously, we 1>ncrted the existence of a functional
Trx system in Leptospira spp [6]. To quant’ry the biological function of LinMsrs, we
performed enzymatic activity assays usi»a cuupled redox systems to evidence the
L-MetSO reduction through monitorir a1 tre NADPH oxidation at 340 nm. We evaluated
the Trx system as a coupled redox cascade consisting of the following steps: (i)
NADPH-dependent reduction of 1.vk, (ii) reduction of Trx by reduced TrxR, (iii)
reduction of Msr by reduceu Trx [Trx(SH).], and (iv) reduction of L-MetSO (or
N-AcMetSO) by Msrs. Uncr these reaction conditions, both LinMsrAl and LinMsrA2
were functional, indicating at both LinMsrA could employ the Trx system as a
physiological reductat (& upplementary data - Fig. 4 and Supplementary data - Fig. 5).
LinMsrAs exhibited <'milar apparent Michaelis-Menten kinetics for LinTrx and the
sulfoxide substrates. Both LinMsrAl and LinMsrA2 were two-order of magnitude more
efficient in the reduction of LinTrx than in sulfoxide substrate reduction. The kinetic
parameters detailed in Table 2 point out that LinMsrA1C25S and LinMsrA2C18S
exhibited lower enzymatic activity than the wild type versions. Particularly,
LinMsrA1C25S exhibited between 7 to 18-fold less sulfoxide reduction efficiency
than LinMsrAl. Besides, the mutant protein presented between 100 to 160-fold less
efficient for Trx oxidation than the wild-type enzyme (Table 2 and Supplementary data
- Fig. 4). Under our experimental conditions, the enzymatic activity of LinMsrA2C18S
was only detected at high substrate concentrations, which made it difficult to perform its

kinetic characterization. Nevertheless, the LinMsrA mutant versions exhibited the



ability to reduce L-MetSO using DTT as a reducer (assayed by TLC assay,
Supplementary data - Fig. 6). These results indicated that the mutant proteins are active
and suggest that 1) the Trx could directly reduce the sulfenic acid intermediate (with
much less efficiency) in the oxidized form of LinMsrA1C25S and the LinMsrA2C18S

proteins and 11) the disulfide bond formation between Cys® and Cys'®

(for wild-type
LinMsrA1) or Cys™ and Cys'™ (for wild-type LinMsrA2) is critical for enzyme
reduction by Trx and the concomitant catalytic recycling.

Given the amino acid sequence analyses (above) that suggest that the LinMsrB (the
mature form of the protein) is a functional 1-Cys MsrB-type enzyme (lacking resolving
Cys residues and exhibiting a stable R-SOH intermediate,, we evaluated, in a first
approach, an alternative reducing substrate for its cate'vtic reduction. It has been
reported that thio-nitro benzoate (TNB) can act as a ron-physiological reductant,
allowing the reduction of RSOH intermediate formau after catalytic-thiol oxidation of
different proteins, such as Mycobacterium tuberc.'n<is AhpE [42, 48]. Therefore, we
employed TNB as an alternative substrate Tu» LinMsrB-SOH reduction (the sulfenic
protein formed after reaction with sulfo:'‘de substrate). The estimated second-order
Kinetic constants indicate that the st:o ~f formation of the mixed disulfide between
MsrB-SOH and TNB is faster (" = 2167 M™ s) than that corresponding to the
reduction of the MsrB-SS-TNB ', disulfide (generated for the action of a second
TNB molecule) to produce M-r -SH (the thiol form) and DTNB (k" = 48 M s (see
Supplementary data - Fig. 7). Under these reaction conditions, low turnover was
observed. These results sugest that a catalyst is required to accelerate the mixed
disulfide reduction.

Likely to both Linm._rA proteins, we evaluated if the LinTrx (plus LinTrxR) can
reduce LinMsrB in a steady-state kinetics approach. As shown in Supplementary data -
Fig. 8, LinMsrB was active with this redox system. However, the calculated catalytic
efficiency for LinMsrB reduction by LinTrx is lower (~260-fold) than that the calculated
values for both LinMsrAs with the same reducing substrate (Table 2). The Kkinetics data
suggest that the LinTrx is a reducing substrate that could directly reduce the sulfenic
acid intermediate of LinMsrB and regenerate the reducing form of the enzyme (similar
to LinMsrA mutant proteins). The ability of Trx (or Trx-like proteins) to reduce 1-Cys
MsrB was previously described for other enzymes from other organisms [25, 56-58]. As
an alternative to the ability of Trx to be reducing substrates, there is evidence that both
1-Cys MsrA as 1-Cys MsrB is efficiently reduced by Grx (plus GSH) [25, 59].



Accordingly, we evaluated as the possible reductant of LinMsrB (in its different
metal-variants), a heterologous GSH/Grx system. The GSH regeneration was
maintained at the expense of the function of S. cerevisiae glutathione reductase in the
NADPH-dependent reaction. As shown in Supplementary data - Fig. 9, LinMsrB was
active with this redox system. It is noteworthy that the LinMsrB reduction by HsaGrx is
30-fold more efficient than the reduction by LinTrx (Table 2). These results suggest that
Grx (together with GSH) is more efficient than Trx in the reduction of the sulfenic acid
intermediate present in the catalytic cycle of the LinMsrB. Besides, the calculated
kinetics parameters (Table 2) for the reduction of sulfoxide substrate by LinMsrB
showed that the enzyme has more affinity and reduction-eft..‘ency for N-AcMet(R)SO
than L-Met(R)SO. Curiously, the values of catalytic effici'nci¢s for sulfoxide reduction
by LinMsrB are lower than that calculated for both L nM:rAs by the same substrates
(Table 2). These results are in agreement with nreious reports of MsrBs from S.
cerevisiae, N. meningitidis, and E. coli [12, 60].

To evaluate the ability of LinMsrAs and |.ivisrB to reduce oxidized proteins, we
assessed the Msr activity of the recombir.~nt enizymes. The assays were performed in
the presence of Trx or Grx/GSH at renucing substrate, and a protein extract from
L. interrogans treated with HCIO {w~hich reacts rapidly with Met, [32]) as the sulfoxide
substrate. As reference control, 've “'sed a protein extract from untreated bacteria. As
shown in Fig. 8, Msr activity w.~ unly observed with the use of the extract of HCIO-
treated bacteria (the reactioi. rate was proportional to the LinMsr concentration). Worthy
to note is that 'iNNSAL  (Keaapp=1.2 * 0.2min™) and LinMsrA2
(Keatapp = 0.9 £ 0.2 mi ) «xhibited similar reductase activity, but higher than LinMsrB
(Keat app = 0.06 £ 0.01 1v in™"), similarly to that observed for the free L-MetSO substrate or
N-AcMetSO. This result supports that LinMsrs can effectively act on substrates of

higher molecular mass, reducing sulfoxide present in proteins.

3.4 Structural and physical properties of LinMsrs

To determine the structural and physical properties of the purified recombinant LinMsr
proteins, we performed chromatography on Superdex 200 and non-reducing SDS-PAGE
studies. LinMsrB eluted from gel filtration as a monomeric protein with a Mr of 18 kDa,
while LinMsrAl and LinMsrA2 eluted as dimeric proteins with Mr of 38 kDa and
40 kDa, respectively (Supplementary data - Fig. 10).



As previously described [46, 61], MsrAs can change their electrophoretic profile in non-
reducing SDS-PAGE after incubation of the enzyme with DTT (as reducing agent), or
sulfoxide substrate (or other physiological oxidant agents). The highest electrophoretic
mobility of L-MetSO-oxidized proteins (compared to full-reduced proteins with DTT)
could indicate the formation of an intramolecular disulfide bond between distal Cys
residues [62, 63]. Thus, a disulfide bond between distal Cys (in primary structure)
residues induces the formation of a more compact structure of the protein (modifying
the Stokes radius) and finally changing the electrophoretic motility. As shown in Fig. 9,
LinMsrB did not show changes in the non-reducing SDS-PAGE migration (Fig. 9) after
treatment with L-MetSO or DTT, suggesting that LinMsrB ts 2 functional 1-Cys MsrB,
in agreement with its primary sequence (where no recycling C ys residue is identified).
In contrast, the oxidized LinMsrAl and LinMsrA2 prc'eins showed bands with greater
electrophoretic mobility (compared with the redureu form) after the incubation with
L-MetSO. However, when we mutated the vicn.2! Cys to the nucleophilic Cys (in
LinMsrA1C25S or LinMsrA2C18S), the grer.c: electrophoretic migration of protein in
the presence of L-MetSO was not observe !, “11us behavior suggests the formation of a
disulfide bond between the vicinal C s r.sidue in the redox-active motif GCFWC (the
non-conserved Cys residue presen: in the active site of MsrAs) and the distal Cys in the
primary sequence (the Cys in the ¢ ‘erininal) after reaction with L-MetSO in wild-type
enzymes.

To complement the perforr-ad analyzes, we determinate the presence of thiol (R-SH)
and sulfenic acid (R-SCH) ,roups in LinMsrAs before and after reacting with their
sulfoxide substrate. £s shown in Table 3, after the reduction of proteins with DTT, the
detected number of Cys residues in the R-SH form was similar to the total Cys number
derivative from amino acid sequences of LinMsrAs (five Cys residues for LinMsrA1l,
four for LinMsrA1C25S, three Cys for LinMsrA2 and two for LinMsrA2C18S). After
the reaction of the R-SH form of LinMsrAs with L-MetSO (at 1:50 molar ratio), we
detected three remaining R-SH groups for LinMsrAl and LinMsrA1C25S; and one
remaining R-SH group for LinMsrA2 and LinMsrA2C18S. Besides, we could not detect
post-reaction stable R-SOH groups for LinMsrAl or LinMsrA2. However, for
LinMsrA1C25S and LinMsrA2C18S, one Cys residue (approximately) in the R-SOH
form was detected in each mutant protein. Worthy of note is that the difference in R-SH
group number between reduced and oxidized forms of LinMsrALl or LinMsrA2 indicates

the consumption of two R-SH groups, suggesting a possible thiol-disulfide exchange



reaction mechanism. In line with the above, the difference in R-SH group number
between reduced and oxidized forms of LinMsrA1C25S or LinMsrA2C18S indicates
the consumption of one R-SH group with the concomitant formation of an R-SOH
group in each mutant protein. The obtained results of thiol and sulfenic acid titration
suggest that the vicinal Cys residue in the redox-active motif GCFWC of LinMsrAl
(Cys®) and LinMsrA2 (Cys™®) participate in the catalytic mechanism (as resolutive Cys
intermediary) together to the conserved catalytic Cys present in the redox-active motif.
Our data indicated that the vicinal Cys residue in the GCFWC active motif is critical for
the regeneration of the nucleophilic Cys to R-SH form after the L-MetSO reduction
step. This conjecture is based on the observation that the L...MsrA mutant versions of
Cys® of LinMsrAl and Cys*® of LinMsrA2 present stab 2 R-SOH after MetSO
reduction. Thus, the vicinal Cys of the redox-active sit> (aer the resolution of R-SOH
form of nucleophilic Cys in active-redox site) and C-te.minal Cys residue would operate
in the formation and isomerization of the intermeu:=t< disulfide bond, which would be
reducible by Trx. Interestingly, at a higher Ms1 A:MetSO molar ratio (1:500), one more
thiol group was consumed (with the concomiwant detection of one sulfenic group) in
both LinMsrA wild-type proteins. ‘Ne hypothesize that second oxidation of the
resolutive Cys thiol (post-isomerization o a first resolutive disulfide in the active site)
would occur more slowly (and ther.“are detectable at higher MsrA:MetSO molar ratio)
due to the existence of a steri.. n.2oediment to the binding of the sulfoxide substrate in
the active site by the presei.~e o the disulfide formed in the environment of the active
site (between the extra C:/s 0. the active site motif and the Cys C-terminal).

The proposal for a cetaly.ic mechanism of MsrAs is via a Cys triad (with a resolutive
disulfide isomerizatio.) is supported by the results of non-reducing SDS-PAGE assays,
where, the wild-type variants exhibited an electrophoretic mobility gain after MetSO
treatment (in contrast to the LinMsrA1C25S and LinMsrA2C18S proteins that lack this
electrophoretic mobility gain after reaction with MetSO). This highest electrophoretic
mobility of L-MetSO-oxidized proteins suggests the formation of an intramolecular
disulfide bond between distal Cys residues (in primary structure, as was described for
other MsrA proteins [46]). Complementary, we performed molecular modeling of the
LinMsr proteins. The building of the structural models was based on templates detailed
in the Material and Methods section, derived from the known X-ray structure of the
homologous enzymes. Fig. 10 A-B depicts the models for LinMsrAl and LinMsrA2,
highlighting the putative Cys triad involved in the catalytic mechanism of these



proteins. In the case of LinMsrAl, the shown residues are the Cys®, Cys® (from the
CFWC catalytic motif), and the Cys'® (which could act as second resolving Cys).
Based on our three-dimensional model, the Cys*® locates at a close distance (15 A)
from Cys®. For LinMsrA2, the highlighted residues are Cys™, Cys'® (from the CFWC
catalytic motif), and the Cys'™
to ~5 A distance from Cys'®). The generation of LinMsrA1C25S and LinMsrA2C18S

mutants supports the role of the extra Cys residues in the catalytic mechanism. This

(which could act as the second resolving Cys since it is

mechanism has been demonstrated for 3-Cys MsrAs from other organisms [11, 17, 55].

For LinMsrB, after the DTT treatment, only one of the five theoretical Cys residues was
identified as an R-SH group (Table 3). The latter indicate. that the other four Cys
residues of LinMsrB (which could be involved in the binding ¢ f the metal atom) did not
react with DTNB and, therefore, could not be detected On: Cys residue in the R-SOH
form was detected in the protein after L-MetSC inc'tbation. This R-SOH group is
detectable since it is more stable due to the absei.~< of a resolving Cys in LinMsrB.
These results reinforce that only one Cys i< r.olved in the reaction with L-MetSO,
allowing us to classify LinMsrB as a fu.~tional 1-Cys MsrB, following its primary
sequence. As was noted in the sequei.~e ~dignment (Fig. 3), MsrB proteins present four
Cys residues constituting a meic'-binding site (specifically Zn) [11]. Given this,
recombinant LinMsrB produced “re..> =. coli BL21 (DE3) cultures in LB medium was
analyzed by flame spectrophoton.~try. The obtained results indicate that the protein thus
generated has a 30% of mew ! atum occupancy, being mostly Zn and, to a lesser extent,
Fe (91 and 9%, respect: ely). To obtain homogenous populations of the recombinant
protein in the preser~e (ind absence) of a particular metal atom, we produced the
protein using an M9 11edium supplemented with ZnCl,, FeCl,, or CoCl,, purified by
IMAC and analyzed again by flame spectrophotometry. All the different metal-bound
versions of LinMsrB were obtained with a high degree of purity and presented metal
atom occupancy between 30 to 40% (Supplementary data - Fig. 11). Besides,
the LinMsrB isoforms that bind Co and Fe exhibit the characteristic absorption peaks in
the UV-Visible spectrum (Supplementary data - Fig. 11). Fe-LinMsrB shows an
absorption peak at 350 nm, while Co-LinMsrB shows two absorption peaks at 372 nm
and 485 nm (Supplementary data - Fig. 11). Interestingly, the addition of EDTA (at
1:1000 protein mol:EDTA mol) did not modify the spectroscopic profiles of both
isoforms (Fe-LinMsrB and Co-LinMsrB, data not shown), suggesting that the protein

has a high affinity for the metal atom, as was reported for the Se-MsrB of Drosophila



melanogaster [64]. Besides, different LinMsrB metal variants showed identical catalytic
efficiencies regarding L-Met(R)SO reduction (Supplementary data - Fig. 11). However,
metal-free LinMsrB showed ~1% of catalysis efficiencies for sulfoxide reduction
comparing with metal-bound variants for sulfoxide reduction (Supplementary
data - Fig. 11). Similar to spectroscopy assays, the addition of EDTA (up to 1:100000
mol protein: mol EDTA) did not modify the enzymatic activity of the metal-bound
enzymes (data not shown). These results indicate, a priori, that the presence, but not the
nature, of the metal atom, would be necessary for sulfoxide reductase activity. Similar
results were previously presented for the mammalian MsrB [28]. Fig. 10C exhibits the
molecular model obtained for LinMrsB, where the residues Cys*, Cys®, Cys®, and
Cys™! form the structural Zn(Cys), complex. Besides, w. als) highlighted the residue
Cys'?®, which is the putative essential catalytic resid.'e Iccated in a conserved motif
(R(Y/H)C(1/V) at the C-terminal, which forms a p-shec*

3.5. Msrs activity is present in L. interrogans <e:.s

To determine the presence of Msr protins n L. interrogans cells, we performed
western blot assays of the soluble ar 1 r.embrane-associated fractions from a pool of
three bacterial cultures. In <¢:ch a study, we used polyclonal antibodies
against LinMsrAs and LinMsrB ., as detection controls, against a soluble
cytoplasmatic (LinTrxR) as wen 3s a transmembrane (Lp32) protein. As illustrated in
Fig. 11, LinMsrB was detected 10 the soluble fraction, while a signal in both soluble
(mainly) and the membrane-.3sociated fraction was observed for LinMsrA. The serum
used exhibited cross: reac ivity for both LinMsrAl and LinMsrA2 (data not shown),
which did not distincuish the specific isoform detected. The SOSUI and SignalP
predictors suggest that LinMsrALl is a soluble protein, whereas LinMsrA2sp is a protein
harboring a hydrophobic N-terminal signal peptide to the periplasm, which could
explain why MsrA proteins are detected in both fractions. According toin
silico predictions, LinMsrA2sp and LinMsrBsp have a putative N-terminal extension that
could be a transit peptide towards the periplasmic space in L. interrogans. Because of
this, we performed a digitonin cellular fractionation of L. interrogans cells to obtain a
cytoplasmic (identified with antibodies against LinTrxR and LinAhpC) and a
periplasmic (detected with anti-Lincatalase [4]) enriched fractions. Fig. 12 shows that

LinMsrAs and LinMsrB were detected in all fractions (both periplasmic and



cytoplasmic fractions). These results suggest that LinMsrs have both periplasmic and
cytoplasmic localization in the bacteria.

Besides, we assayed the enzymatic activity in soluble crude extracts of exponential
phase growing L. interrogans, taking into account the substrate specificity of each type
of Msr detailed in Table 2. Msr activity was evaluated following the oxidation of
NADPH at 340 nm at 30 °C and pH 7.0, and also using different quantities of cell
proteins soluble extract. For this determination, we used the MetSO isomers (S or R)
separately with the L. interrogans Trx system or the heterologous GSH/Grx as the
electron donor. In this way, a MsrA specific enzymatic activity of 21 + 6 mU mg™ was
detected using L-Met(S)SO, and the L.interrogans T..- system as substrates.
Furthermore, when the R isomer replaced the S isomer in the :ame reaction conditions,
Msr activity was only evident with the heterologous G.3H/Grx system. The MsrB
specific enzymatic activity detected in this condition voas 5 + 1 mU mg™, in agreement
with the observed recombinant LinMsrB function.! 2naracteristics. As a whole, these

results indicate the occurrence of Msr activity n- L. interrogans cells.

3.6. Reversion of Lincatalase inactive tor caused by HCIO

The Lincatalase could be inactiva:~d by HCIO in a DTT-insensitive manner, which is
compatible with structural charge. it the protein related to the oxidation of Met
residues (Fig. 13), similarly to a .vevious report for the enzyme Helicobacter pylori [65-
67]. After this, the questicn aiose if LinMsrs could reverse such HCIO-dependent
inactivation of Lincatalcse. o test for an answer, we performed anin vitro assay
where Lincatalase pa tiah/ inactivated by HCIO was incubated in the presence of
different reductants, ‘ncluding LinMsrB or LinMsrAs. As shown in Fig. 13, the
Lincatalase activity was recovered by ~25% in the presence of LinMsrB. This result
supports the view that part of the enzyme inactivation caused by HCIO would be due to
Met oxidation with the formation of the Met(R)SO isomer. However, the low recovery
of catalase functionality mediated by LinMsrB would require chaperone-type proteins,
which help in the process of functional folding. This synergistic action of MsrB and
chaperone in the recuperation of activity was previously reported for
the H. pylori catalase [65-67]. Since MsrB and catalase were detected in the same
cellular fraction in L. interrogans, it is tempting to speculate that both proteins interact

in a physiological context in the bacteria.



4. DISCUSSION AND CONCLUSIONS

L. interrogans is the causative agent of leptospirosis, a disease with a mortality of
about 30%. In humans, the infection severity varies with the serovar of Leptospira
involved and its virulence, together with the health and immune status of the patient.
Pathogenic leptospiras are invasive, mainly due to their ability to survive and grow in
tissues, escaping natural host-defense mechanisms, such as complement system and
phagocytic cells, similar to other microbial pathogens [2, 68, 69]. L. interrogans
genome project offers information of nucleotide sequences coding for two MsrAs and
one MsrB. Therefore, we present here a functional characterization of three Msrs from
the etiologic agent of Leptospirosis disease. We evidenced . at similar to Msrs from
other organisms [70], LinMsrAs and LinMsrB are not hom ologous proteins. This
diversity in the primary structure confers differences in ti e tridimensional structure
and substrate specificities, although they catalyze .~ same chemical reaction and
share similar primary reaction mechanism. Our re21hs aim to contribute to the right
assignment of structure-function relationships yor these enzymes, adding value to the
data available from the genome project of t"is vacterium.

In a first approach, we evaluaad their functionality in vivo performing
complementation assays of an M~r mutant yeast strain (lacking the three types of
endogenous Msrs). The recombiiar,* veasts supplemented with the genes coding for
LinMsrs were able to develor n. tne presence of L-MetSO, indicating that the three
proteins were functional ir. vivu. By using TLC assays, we confirmed the in vitro
activity and the isomer spe.ificity of the three proteins (using DTT as reducing
substrate). Besides, b 7 in vitro coupled assays (using the recombinant enzymes), we
evaluated the ability o LinMsrs to reduce oxidized proteins from L. interrogans. The
results indicate that LinMsrs can effectively act on substrates of higher molecular
mass, reducing sulfoxide present in proteins. These approaches allow us to conclude
that proteins are functional to continue with their characterization.

The amino acid sequences of LinMsrAl and LinMsrA2 exhibit similar identity to other
MsrA enzymes from other organisms. A noteworthy feature is that in both
L. interrogans MsrAs present an extra Cys residue in the conserved redox-active motif
of MsrA enzymes (GCFWC in the redox-active site of LinMsrAs). Experimentally,
until now, this unusual structural characteristic was observed in the MsrA enzyme
from B. subtilis [11]. The presence of this vicinal Cys residue in the active site of

LinMsrAs, allows us to hypothesize that this residue is a putative resolutive Cys (the



catalytic and a possible resolutive Cys are vicinal residues). To evaluate this
hypothesis, we generated mutant variants of these proteins in this extra Cys residue in
the active site and we continued their comparative study concerning the wild-type
proteins.

The kinetic characterization of wild-type LinMsrAs showed that they have similar
catalytic efficiencies when using L-Met(S)SO and N-AcMet(S)SO as substrates.
Similar values of catalytic efficiencies have been described for Msrs purified from
E. coli, N. meningitidis, and P.trichocarpa [11, 71, 72]. Our experimental data
exhibited that oxidized LinMsrAs was reduced by LinTrx, a common reducing agent
for most described MsrAs [11, 27, 73]. In the catalytic cycle ~f MsrAs, the efficiency
for L-Met(S)SO [or N-AcMet(S)SO] reduction is lower than ti e efficiency for LinTrx
oxidation (suggest that the rate-limiting step in the Ms As catalytic cycle is the
sulfoxide reduction). Other authors reported similar >ehavior in E. coli MsrA [71].
Interestingly, the MsrA-reduction by Trx step ‘< less catalytically efficient for
LinMsrA1C25S or LinMsrA2C18S than for v.u:-type isoforms. These results added to
the thiol/sulfenic acid titration assays, n-n-reuucing SDS-PAGE experiments, and
molecular modeling suggest that »otk LinMsrAs follow a Cys-triad catalytic
mechanism (by the formation anc' isomerization of the intermediate disulfide bond)
mediated via the extra Cys resirius, nresent in the redox-active site (GCFWC). The
proposed mechanism is that tre .:'icieophilic Cys, present in the GCFWC motif, react
with the sulfoxide substrate, forniing the R-SOH intermediate. Then, the second Cys in
the GCFWC motif attac's th. R-SOH intermediate with the consequent formation of
an intramolecular dist Ifiax bond (between the vicinal Cys residues). The isomerization
of such intermediate u sulfide would involve a third Cys, located at the C-terminus of
LinMsrAs (spatially close to the GCFWC motif in the tridimensional model). Finally,
the isomerized disulfide bond is efficiently reduced by Trx to complete the catalytic
cycle. The idea of a formation of an intermediate disulfide that isomerizes to a more
"reactive"” disulfide bond is consistent with the observations that the mutant versions of
MsrAs: 1) are less efficiently reduced by Trx (without losing the ability to reduce a
sulfoxide substrate efficiently, similar to the wild-type versions); 2) exhibit the
presence of intermediate sulfenic acid after MetSO reaction at low MsrA:MetSO
molar ratio (unlike to wild-type versions, where this functional group is not detected
despite the consumption of thiol groups after reaction with MetSO); and 3) lack the

increase in the electrophoretic mobility in non-reducing SDS-PAGE experiments after



MetSO reduction (in contrast to wild-type versions, where is observed an increase in
the electrophoretic mobility of L-MetSO-oxidized proteins, regarding full reduced
proteins with DTT, by the presence of an intramolecular disulfide bond between
spatially distal Cys residues). Added to the above, the detection of a MetSO-dependent
second oxidation event (one more thiol group is consumed with the concomitant
detection of one sulfenic group) in wild-type MsrA proteins (in this case at a high
MsrA:MetSO molar ratio) is consistent with a catalytic mechanism that comprises a
Cys triad (in 3-Cys Msrs, with isomerization of disulfide bonds), as previously
observed for other Msrs (both type A and B [74 81, 75 85]). We hypothesize that
second oxidation of the resolutive Cys thiol (post-isomerization of a first resolutive
disulfide in the active site) would occur more slowly \and therefore detectable at
higher MsrA:MetSO molar ratio) because due to the e ‘iste 1ce of a steric impediment
to the binding of the sulfoxide substrate in the acu e site by the presence of the
disulfide formed in the environment of the active -it¢ (between the extra Cys of the
active site motif and the Cys C-terminal). O:ic interesting aspect of our observations
on the catalytic mechanism proposed for L nvisrAs is that the "pivot™ Cys residue (in
the formation of the isomerized disul’«de oond) is present in the redox-active motif of
enzymes (as vicinal residue to iicleoprilic Cys residue). The proposed catalytic
mechanism is schematized in F'g. 4. To our knowledge, it is the first functional
description of MsrA enzymes 'vi. a vicinal resolutive Cys residue in the active site.

The amino acid sequence cf LinMsrB exhibits a SelB structural folding, which is a
characteristic in MsrB gvotei.s [70]. Such a domain presents two CXXC motifs that
conform to the metal-Hina'ng site (with Zn mainly) [55, 76]. In LinMsrB, we identified

(by sequence identity) four Cys residues (Cys*®, Cys>!, Cys”’, and Cys*™

) involved in
the binding of the Zn atom. Additionally, we identified one conserved Cys residue
(Cys'®) responsible for L-Met(R)SO reduction. Similar to other MsrB proteins lacking
a resolving Cys [11], the formation of a stable R-SOH intermediate in their catalytic
cycle was detected, and the recycle (its reduction to R-SH) was dependent on low-
molecular-mass thiols (such as GSH). Complementarily, regarding the CXXC motif, it
was possible to cluster MsrBs of pathogenic and free-living Leptospira species
phylogenetically. The clade where LinMsrB clustered, possesses a consensus sequence
CA(G/A)C, which was different from the group where is L. biflexa MsrB, which

contains a CVCC motif.



According to thiol/sulfenic acid titration, and kinetics properties, LinMsrB is a 1-Cys
MsrB (without resolving Cys). During the catalytic cycle, the formation of a stable
R-SOH was observed through titration with NBD-HCI and assays with TNB. In the
latter, the recycling of this stable intermediate is the limiting step during the
regeneration (reduction) process of mixed disulfide intermediary (TNB-S-S-MsrB).
This behavior is similar to the reported for TNB-dependent reduction (to thiol) of other
sulfenic acid proteins [42, 48]. Steady-state kinetics experiments indicated that the
catalytic recycle of oxidized LinMsrB (the sulfenic acid intermediate reduction in the
enzyme) was performed more efficiently by the action of the GSH/Grx system than the
Trx system (unlike to LinMsrA proteins). A proposed genert. ~atalytic mechanism for
LinMsrB is schematized in Fig. 14. The specificity of Linl 1srk by the GSH/Grx redox
pair represents a starting point to deepen the study of (ne edogenous Grx occurrence
in this bacterium. It is noteworthy that we have recctly described the presence of
active GSH-dependent metabolism in this bacteriu™m (77]. Our results hypothetically
interconnect both Trx and Grx in the recycliry f different types of Msrs, whose joint
action would be necessary for reverse the cvidauon of Met residues.

As we evidenced in the results sect’an, inMsrB is a metalloprotein, and its metal
variants exhibited similar catalytic efficiericies. A comparable behavior was informed
for the mammalian MsrB1, whe e e substitution of Zn by Co generated a protein
with similar levels of Msr activiy, 1£8]. In contrast, the free-metal enzyme presented a
lower efficiency of catalysic for L-MetSO reduction than isoforms with metal atoms.
Therefore, it was propc<ed .nhat the presence of the metal could contribute to the
correct folding of tle L-otein. Besides, LinMsrB was able to reduce both, free
L-Met(R)SO and N-A.Met(R)SO, but their catalytic efficiencies were lower than those
obtained with LinMsrAs, consistent with previous reports [60]. Given the lack of
identification of a sequence coding for a free Msr-like protein (MsrC), the ability
of LinMsrB to reduce L-Met(R)SO could have significant importance for the bacteria.
Several MsrC (or fMsr) proteins were detected in unicellular organisms like bacteria
and yeasts [60]. They have high specificity for the R isomer of free L-MetSO,
compensating the low activity showed by MsrBs and allowing, in consequence,
efficient recovery of free L-Met oxidized [50, 60].

The fractionation assay results suggest that LinMsrs have both periplasmic and
cytoplasmic localization in L. interrogans. This is an interesting behavior because it

offers the possibility of exhibiting the ability to reduce MetSO-proteins in both



compartments and thus contribute to redox homeostasis. This thiol-dependent Msr
activity dual localization was observed in other pathogenic bacteria such as
Streptococcus pneumoniae [78], Streptococcus gordonii [79], Staphylococcus aureus
[80], and Neisseria meningitidis [81]. In view that the L. interrogans canonical Trx
system (as well as a putative Grx and the GSH) exhibits a cytoplasmic location, a
question to be asked is, what other system or redox protein could be a substrate for the
Msrs in the periplasm? Attending to a possible answer to this question, by analyzing the
L. interrogans genomic information, we found coding sequences for a putative
periplasmic Trx-like protein (L1C10278), a thiol:disulfide interchange protein (DsbA,
LIC11629), and a disulfide interchange transmembrane protein  (DsbhD, LIC12404).
These thiol-dependent redox proteins could be a source of 12ducing equivalents and
catalyze the reduction of the intermediate disulfide (n th: case of LinMsrAs or the
intermediate sulfenic acid in LinMsrB (see Fig. 14) u.''s regenerating the Msrs to their
(reduced) thiol form in the periplasm of L. interru2ans (as already described for other
bacteria [9, 81]). This hypothesis tempts us w propose new experiments that will be
evaluated in future studies.

Previous works reported that in L. ir terrogans, catalase is an abundant protein and a
virulence factor, given that it is th> main 1esponsible for bacterial viability under H,O,
exposition [4, 82, 83]. Lincatalase = » Met rich protein, and HCIO has high reactivity
towards such residues [67]. HZ1C-niediated Met oxidation can lead to forming MetSO,
(Met-sulfone), an irreversik'= mudification that might generate protein misfolding and
aggregation [67]. In ccrseqi.ance, this type of stress conduces to the expression of
proteases and chaper nes and in extreme conditions, damaged proteins are degraded
[84]. Particularly, the 1 ss of function of Lincatalase at the expense of HCIO was related
to changes in its structure (inducing the formation of oligomers of higher molecular
mass, data unpublished). Interestingly, our results suggest that LinMsrB could partially
reverse the HCIO-dependent inactivation of Lincatalase. This latter means, on the one
hand, that LinMsrB can regenerate Met oxidized in proteins. The partial recovery of
catalase activity could be linked to the requirement of a combined action between Msr
and chaperones, as described for the enzyme from H. pylori [65-67]. Combining the in
vitro assays of the recovery of catalase activity (inactivated by HCIO mediated by
MsrB) with the periplasmic localization observed for both proteins, we speculate that

these proteins are a redox partner in vivo. The maintenance of functional Lincatalase



could be essential for bacterial survival in the presence of oxidative stress. Therefore,
both MsrB and catalase could be related to bacteria pathogenicity and virulence.

Using genomic data, we could identify one member of Msr-like proteins
in L. interrogans, a molybdenum-dependent biotin sulfoxide reductase enzyme, bisC
(LIC10874). The primary function of biotin sulfoxide reductase is to mitigate the
effects of oxidative damage to biotin [9]. However, recent work
on E.coli and Salmonella typhimurium has uncovered that the bisC likely has a second
function in L-MetSO reduction [9]. Besides, no encoding sequences are reported in
L. interrogans genome project for methionine sulfoxide reductase P (MsrP, a
periplasmic molybdenum-dependent enzyme) or dimet., 1 sulfoxide reductase
(DmsA). These enzymes are present in other bacteria (such as E. coli [85, 86] and S.
typhimurium [87]) and have been shown to reduce Met30 [9]. In silico analysis
suggest that the amino acid sequence of L. interrogans RisC protein would not present
signaling peptide or transmembrane domains, indic"ti.ig that this protein is a possible
cytoplasmic enzyme. The latter, added to trc Jossible absence of MsrP and DmsA
homologous, gives value to the detection c* LiruvisrA and LinMsrB in the periplasm of
L. interrogans as potential thiol-depe: der ¢ antioxidant enzymes for repairing oxidized
proteins. The latter is similar to thot reporied for S. pneumoniae [78], S. gordonii [79],
S. aureus [80], and N. meningitid’s » 211,

As a whole, the results herein cutnipute to the understanding of the redox metabolism
present in L. interrogans, {1 the establishment of structure/function relationship and
determination of possib!= in.craction among the enzymes involved in it. Besides, our
results constitute the star ing point to evaluate further the regulation mechanisms of
those enzymes, whici. are part of antioxidant systems, as well as to decipher their

possible implication in the virulence and pathogenicity for the bacteria under study.
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Figure 1: Alignment of LinMsrB amino acid sequence with MsrB from other
sources. The sequences stacked together with MsrB from L. interrogans correspond to
MsrB from L. biflexa (NCBI_WP_012388169.1), E. coli (NCBI_WP_001284612.1),
Homo sapiens (NCBI_EAW97151.1), Mus musculus (NCBI_NP_796066.1),
Mycobacterium tuberculosis (NCBI_WP_040631412.1) and Trypanosoma cruzi



(NCBI_XP_817746.1). The boxes with a full line border show the CXXC motifs
necessary to ion metal bind. The box with a dashed line border points out the redox-
active site with the nucleophilic Cys marked by the arrow. The alignment was

performed using the ClustalX program.

Figure 2: Phylogenetic analysis of MsrB proteins. The phylogenetic tree was
arranged using the Neighbor-Joining method (bootstrap of 10,000), as described in the
Material and Methods section. LinMsrB (number 15, asterisk) is grouped with proteins
containing the CA(G/A)C within the first motif used for the metal-binding (violet lines).
Within this group, LinMsrB diverges early next to the Acidobacterium capsulatum
protein (number 01). Yellow lines: CVCC-containing pr teirs. Red lines: CL(V/I)C-
containing proteins. Turquoise lines: CI(G/C)C-conta nin¢ proteins. Gray lines: non-

metal binding Msr sequences. AB, MsrAB. Pb: proteow.~cteria. Acidob: acidobacteria.

Figure 3: Alignment of LinMsAs amino « id sequence with MsrA from other
sources. The sequences stacked together w-th wvisrAs from L. interrogans correspond to
MsrA from Bacillus subtilis (NCBI-/ 1Y%,7801.1), Bos taurus (NCBI-AAI02981.1), E.
coli (NCBI-AAA97115.1), Hom: sapiens (NCBI-NP_036463), L. biflexa (NCBI-
WP_012389572.1 and NCBI-WF _1,?2:389852.1), Mycobacterium tuberculosis (NCBI-
POA5L0.1) and Rhodobacter capsulatus (NCBI-KQB14835.1), respectively. The box
indicates the redox-active _te, vhich is conserved between MsrAs. Notice that Msrs
from pathogen and saprcnhyi. Leptospira strains analyzed contain the redox-active site
is of the kind CXXC Th? arrows point out other Cys residues common between the
sequences present in e alignment. The alignment was performed using the ClustalX

program.

Figure 4: Phylogenetic analysis of MsrA proteins. The phylogenetic tree was
constructed using the Neighbor-Joining method (bootstrap of 10,000), as described in
the Material and Methods section. Two main branches can be observed: one comprising
prokaryotic MsrAB sequences and a second larger one formed by three subgroups.
LinMsrAl (sequence number 8) clusters with other protein from the Spirochaetes
phylum (sequence number 7, L. biflexa), whereas LinMsrA2 (sequence number 9)
groups with further prokaryotic organisms. Turqouise lines: proteins harbour the

sequence motif GCFWC. Red lines: proteins harbour the sequence motif GCFWG. Al:



MsrAl. A2: MsrA2. AB, MsrAB. Pb: proteobacteria. Actinob: actinobacteria. Cyanob:
cyanobacteria.

Figure 5: Evaluation of the reaction products by TLC. The reaction mixtures are
detailed in the tables below each chromatographic migration profile. The stationary
phase used was aluminum-coated silica, and the mobile phase was butanol:acetic

acid:water (60:15:25). The plate was revealed with ninhydrin spray.

Figure 6: Functionality of LinMsrs in vivo. S. cerevisiae strain GY202 was
transformed with the p425 plasmid empty vector, [p425/Li..*srB], [p425/LinMsrA1l],
and with [p425/LinMsrA2]. Cells were plated on SD-agar 'def)1ed medium), containing
100 uM L-Met, 100 uM racemic L-MetSO, or 10) w1 L-Met(S)SO. The initial

densities were normalized to 5-10° cell mI™ and inc*ha.~d at 28 °C between 48-72 h.

Figure 7: Sensitivity of recombinant S. cer.visiae strains to exogenous oxidizing
agents. The parental strain W303-1B of S. cerevisiae was transformed with the empty
p425 plasmid, whereas the strain Cv2r,2 (triple mutant) was transformed with the
empty p425 plasmid, or with [p4zZ/LinMsrB], [p425/LinMsrA1l], or [p425/LinMsrA2].
The cells were normalized (5-1)° ¢~ ml™) and incubated at 28 °C for 1 h in the
presence or absence of oxidizing cqents such as H,O, and HCIO. After that time, serial
1/5 dilutions were made, anw. finally, 10 pl of each dilution was deposited on YPD agar

(complex medium). The lates were incubated at 28 ° C for 48 to 72 h.

Figure 8: Msr actinily of L. interrognas enzymes on MetSO-proteins. The Msr
activity was measured by monitoring NADPH oxidation at 340 nm using a coupled
assay at 30 °C. For MsrA enzymes, the reaction mixture contained 100 mM potassium
phosphate, pH 7.0, 2 mM EDTA, 300 uM NADPH, 1 uM LinTrxR; 10 uM LinTrx, and
different concentrations of LinMsrAs. For MsrB enzyme, the reaction mixture contained
100 mM potassium phosphate, pH 7.0, 2 mM EDTA, 300 uM NADPH, 1 U ml*
Sacharomyces cerevisiae glutathione reductase; 10 uM HsaGrx (plus 3 mM GSH), and
different concentrations of LinMsrB. Reactions began by the addition of 0.1 pg-ul™
processed total soluble protein extract (derived from L. interrogans cells stressed or not

with HCIO). The derivative of unstressed L. interrogans was used as the total soluble



protein extract of reference. The processing of total soluble protein extracts as detailed
in materials and methods. The objective of the treatment (reduction and subsequent
alkylation) of the total protein extracts is to eliminate all potentially reactive forms of
cysteine residues (oxidized forms, outlined in the figure) in proteins with the coupled

enzyme system. S-CAM: cysteine alkylated with iodoacetamide.

Figure 9: Oxidation-reduction assay of LinMsrs visualized by non-reducing
SDS-PAGE. LinMsrAl, LinMsrA1C25S, LinMsrA2, LinMsrA2C18S or LinMsrB
(10 uM each one) were oxidized with 10 mM L-MetSO or reduced with 10 mM DTT,
for 10 min at 30 °C. After this incubation the proteins .re visualized in a 15%
non-reducing SDS-PAGE.

Figure 10: Tridimensional model of LinMsrs. The huilding of the structure models
was based on a template derived from a known X-, ~v structure of the orthologous Msrs
from: Escherichia coli (PDB 1FF3) and Popt'wu . trichocarpa (PDB 2J89) for LinMsrAl
for (A) and LinMsrA2 (B); Bacillus s:htins (PDB 3E00), Methanothermobacter
thermautotrophicus (PDB 2K8D), M s r.usculus (PDB 2L1U), Neisseria meningitidis
(PDB 3HCG), Treponema denticola (PDB 5FA9), Burkholderia pseudomallei (PDB
3CXK), Streptococcus pneumoniae ‘POB 3EOM) and Xanthomonas campestris (PDB
3HCJ) for LinMsrB for (C). Tne mubal Verify-3D averaged 3D1D scores of 63.41 for
LinMsrAl, 67.13 for LinMs: A2 and 59 for LinMsrB, indicate that our best models were
in between the range of \ell- .redicted structures.

Figure 11: Identifica.'on of Msrs in L. interrogans protein extracts. A pool of three
L. interrogans cell cultures in the exponential phase was resuspended in 1 ml of a
solution composed of 50 mM Tris-HCI pH 8.0; 100 mM NaCl and protease inhibitor
cocktail SET Il (Lysis buffer). The cell suspension was sonicated and then centrifuged
at 21,000 xg by 30 min at 4 °C. The supernatant obtained represents the soluble fraction
in the panel. The obtained pellet after sonication was washing with Lysis buffer and
then dissolved with Lysis buffer plus NP-40 1% (v/v). The obtained dissolution was
named membrane fraction. Both cell fractions were analyzed by western blot using
specific polyclonal antibodies against different proteins: LinMsrB (diluted 1/1000),
TcrMsrA (diluted 1/1000), LinLp32 (diluted 1/25000), and LinTrxR (diluted 1/1000).



We employed HRP-conjugated anti-rabbit as a secondary antibody and visualized the
bands using the ECL Western blotting detections reagents.

Figure 12: Digitonin titration of LinMsrs in L. interrogans cells. A cellular pellet
from a culture of 24 ml of L. interrogans (in the exponential growth phase) of
OD420nm 0f 0.23 was treated successively with increasing concentrations of digitonin
(from 0 to 4 mg ml™) in extraction buffer (20 mM Tris-HCI, 100 mM NaCl, 1 mM
EDTA and 250 mM sucrose, pH 7.5). Protein fractions in the supernatants were
subjected to SDS-PAGE and western blot analysis. Polyclonal antibodies against
LinMsrA and LinMsrB allowed to identify the respecti.> protein, LinTrxR, and

LinAhpC were the cytoplasmic markers, and Lincatalase tf = pe ‘iplasmic marker.

Figure 13: Msr-dependent catalase activity recu/ery assay. The enzyme was
subjected to two successive incubation steps at 30 ~ znd pH 7.0. First, it was incubated
with HCIO, then with LinMsrAs or LinMis'3, and finally, catalase activity was
measured by following the consumption of H,U, at 240 nm. The LinTrx system was the
reducing system for LinMsrAs, anc th: GSH/Grx redox pair was the reducer of
LinMsrB. Values of activity were i ~oortea as relative to that of untreated-catalase.

Figure 14: A) The propos:u reaction mechanism for LinMsrAs catalysis. The
thiolate group of catalytic Cys of LinMsrAs (I) attacks the sulfoxide moiety of
Met(S)SO and forms the suh -nic acid intermediate (I1), with the concomitant release of
Met. The catalytic Cy s sui“enic acid (1) is attacked by the vicinal resolutive Cys residue
and generate a vicinol disulfide intermediate (I11). The vicinal disulfide bond in
the LinMsrAs (111) is attacked by the resolutive Cys in the C-terminal leading to the
resolutive disulfide bond isomerization and the concomitant generation of a partially
reduced form of LinMsrA (IV). The partially reduced form of LinMsrAs (IV) can react
with other Met(S)SO molecule to generate the full oxidized form of LinMsrAs (V) or
could be reduced by the Trx in the resolutive disulfide bond, thus regenerating the fully
reduced form of LinMsrAs (I). The full oxidized form of LinMsrAs (V) could be
partially reduced by the Trx in the resolutive disulfide bond, thus generating the sulfenic
acid intermediate of LinMsrAs (l1).

B) The proposed catalytic mechanism of LinMsrB. The thiolate group of catalytic
Cys of LinMsrB (I) attacks the sulfoxide moiety of Met(R)SO and forms the sulfenic



acid intermediate (I1), with the concomitant release of Met. The Cys sulfenic acid
intermediate (1) is attacked by the GSH molecule and generate a glutathionylated MsrB
intermediate (I11). The mixed disulfide bond in the LinMsrB (l11) is resolving by the
Grx, leading to the formation of reduced LinMsrB (thiolate form, I). Alternatively, the
sulfenic acid intermediate of LinMsrB (I1) could be directly reduced by the Trx, thus
regenerating the thiolate form of LinMsrB (1).

Gene Primer Restriction site Tm (°C)
linmsralFow GGATCCATGCAACCTTTGGATTCTAAZ BamHI 68
linmsralRev CTCGAGTTAATTTGTGCTTTTGACT1 T Xhol 54

linmsra2gpFow GGATTCATGTTTAATCTTAAAATTTIANATTTT BamH|I 57
linmsra2Fow CATATGGCGACTCCTAAAAC G, AA Ndel 65
linmsra2Rev CTCGAGTTAACGTTGCCTACA ATTTT Xhol 57
linmsrbspFow CATATGAAAAACAACGA TTTACTC Ndel 47
linmsrbFow CATATGAATTACGAAG ' LAACAAA Ndel 49
linmsrbRev CTCGAGTTCTTT.TCAAACTTTAAGGA Xhol 55

linmsralC25SFow GCGGTTGTTTTTGGTCTLTCGAAGCGGTATATC 78
linmsralC25SRev GATATACCGCTTC~AC AGACCAAAAACAACCGC 78
linmsra2C18SFow CGGCGGTTGTTTTIGCTCTATGGAAGGACCATTCG 80
linmsra2C18SRev CGAATGGTCCT /~CATAGACCAAAAACAACCGCCG 80

Table 1: Primers use” to, ?CR amplification of the genes encoding for methionine
sulfoxide reductcsc: f L. interrogans (LinMsrAl, LinMsrA1C25S, LinMsrA2sp,
LinMsrA2, LinMsrA?7.18S, LinMsrBsp and LinMsrB). The restriction sites included are
in bold and underlined.

Enzyme Substrate Co-substrate Keatapp (MIN™) KM gpp (WM)  Keoe Km™ (M 57)
L-Met(R)SO 25 uM HsaGrx 0.46 £ 0.03 1000 £ 100 8.0
N-AcMet(R)SO 25 uM HsaGrx 0.85 + 0.04 210 % 20 6.7-10"
LinMsrB ]
LinTrx 2.5 mM N-AcMet(R)SO 0.26 £ 0.02 26 +4 1.7-10°
HsaGrx 2.5mM N-AcMet(R)SO  0.87 + 0.04 28+03 5.2.10°

LinMsrA1l L-Met(S)SO 20 uM LinTrx 23.3+0.5 550 +40 7.1-107




LinTrx 2.5 mM L-Met(S)SO 30509 10.1+0.6 5.0-10*

N-AcMet(S)SO 20 uM LinTrx 24909 2700 + 200 1.5-10°
LinTrx 2.5 mM N-AcMet(S)SO 19.0+0.6 8.1+05 4.0-10*
L-Met(S)SO 20 uM LinTrx 0.327 + 0.005 135+ 8 4.0-10"
LinTrx 2.5 mM L-Met(S)SO N.D. >>20 3.2-10
LinMsrA1C25S
N-AcMet(S)SO 20 uM LinTrx 0.329 + 0.008 280 + 20 2.0-10"
LinTrx 2.5 mM N-AcMet(S)SO N.D. >>20 4.0-10?
L-Met(S)SO 20 uM LinTrx 59+0.1 390 + 20 2.5.10°
LinTrx 2.5 mM L-Met(S)SO 5.0 +0.3 20+0.2 4.2.10*
LinMsrA2

N-AcMet(S)SO 20 uM LinTrx 122+0.2 1400 + 100 1.410°
LinTrx 2.5 mM N-AcMet(S)SO 6.1:-0.1 1.8 £0.3 5.6-10*

LinMsrA2C18S Koatapp = 0.008 % 0.003 min™ [with 20 1 1 Lir Trx and 2.5 mM L-Met(S)SO]

Table 2: Apparent kinetic parameters of L.~visrs. The measurements were
performed at pH 7.0 and 30 °C. N.D. = nr( determinable. The reaction mixture
composition is detailed in Material and ;%ethods. Steady-state kinetics analysis was
performed using 0.1 to 5 mM L-Me.SC or N-AcMetSO, 0.1 to 40 uM LinTrx (plus
2 uM LinTrxR) or HsaGrx (plus 3 ."M GSH) and 1 uM LinMsrAl, or 1 uM LinMsrA2,
or 12 uM LinMsrA1C25S, or 10 1M _inMsrB.

£ Total Cys [R-SH]/[Msr] [R-SH]/[Msr] [R-SOH]/[Msr]
nzyme
Y (from sequ ™nce (full reduced) (after MetSO treatment) (after MetSO treatment)
26+0.3" 0.12 +0.04"
LinMsrAl 5 49+0.2 . .
1.8+0.1 0.8+0.3
LinMsrA1C25S 4 39104 31+0.2° 0.9 +0.4"
_ 0.9+0.3" 0.10 £ 0.05"
LinMsrA2 3 3.0+0.3 . .
0.03+0.01 0.89 £0.08
LinMsrA2C18S 2 1.9+05 1.2+0.3" 0.7+05"
LinMsrB 5 1.1+0.3 0.3+0.1° 0.8+0.2°

Table 3: Titration of thiol and sulfenic acid moieties in LinMsrs. The proteins were
incubated with 25 mM DTT for 15 min at 25 °C and pH 7.5. After desalting (using gel

filtration chromatography with Sephadex-G25), the proteins were incubated with



L-Met(S)SO or L-Met(R)SO (according to the evaluated Msr) at Msr:MetSO molar
ratios of 1:50 (#) or 1:500 (*) for 15 min at 25 °C and pH 7.5. After that, the remained
sulfoxide was eliminated with gel filtration chromatography, and the content of thiol
(R-SH, with DTNB reagent) or sulfenic acid (R-SOH, with NBD-HCI reagent) groups
was determined in the different proteins as described in Materials and methods.

Highlights
e LinMsrB catalyzed the reduction of Met(R)SO using Grx or Trx as substrates.
e LinMsrAs reduced Met(S)SO using the homologous Trx sy tem.
o LinMsrAs present a vicinal resolutive Cys residue in their active sites.
e LinMsrB was able to revert the in vitro HCIO-depenc'.. >t wactivation of catalase.
e LinMsrs show cytoplasmic and periplasmic localization ' L. interrogans.



Section 1

1 10 20 30
MmuMsrB3 (1) ———————-———————————— MSAFNLLHLVTKSQPVAPRACGL CRDKK VFSQQEL
HsaMsrB3 (1) ———————————-—=—-—————— MSAFNLLHLVTKSQPVALRACGL CRDKK
TcrMsrB (1) MRRGRFRTETMLLPPLPPSVSVPFSAAASFLWRFHSTCRKLQMTHC SHAETDGSKDIDDAA
MtuMsB (1) -~ ---------------—--—-——-———————————————————-MTSPNV}§----—
LinMsrB,, - —----MKNKILLSIIVICFGFISCLKTNGDSNQTN
LbiMsrB (1) ~———---""—"— - m
EcoMsrB (1) ~-~—--"-"-"""""""""""""""""""~"———————————-MANKPS-———-——-—-———————

Consensus (1)

(103)103 110 120 130 140 190 204
MmuMsrB3 (83) GTPL SGS EFTD HRVETS Y SLSE: SSEAEGSGIKESGSPAA
HsaMsrB3 (83) GTPL i TFTD HRVETS Y L SSGTAEGGSG-VASPAQ

TerMsrB (102) GTLL 'RCG DC PG———AVRE PDSDGVR E[TV : S FOPSP - — — —————————
MtuMsrB (58) GAEL S S ILRP M TTR EV 7

LinMsrB,, (52) GAVL KDGV DKQK EE

LbiMsrB (46) GEAL ] 7 STET

EcoMsrB (50) DAPL S RYIK QRIE [CGNCPAHLGHVFPDG----POPTGERYCMNSASLREETDGENGEEING-—————————
Consensus (103) G LFKSETKFDSGSGWPSFYDPV SEAI D SHGM RTEI YCI_NSASLR '

Section 3
(205) 205 210

MmuMsrB3 (181) ADRAEL
HsaMsrB3 (180) ADKAEL
TerMsrB (183) ——————
MtuMsrB (142) ------
LinMsrB,(132) -
LbiMsrB (127) - —-—-~-
EcoMsrB (138) ——————
Consensus (205)

Figure 1
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Section 1
148
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Section 2

BsuMsrA - -- - MS-- EKK--

BtaMsrA (1) MLSATRRALQ——LE‘HSLFPIERMGDSAAKIVSEQEA PGRKEPLVVAAKHHVNGNRTVEPFPEGTO)

EcoMsrA (1) -~ ---MSLFDKKHLVSPADALPGRNTPMPVATLHAVNG-HSMTNVPDGM

HsaMsrA (1) MLSATRRACQLLLLHSLFPVPRMGNSASNIVSPQEALPGRKEQTPVAAKHHVNGNRTVEPFPEGTQ) DP)
LbiMsrA (1) —- -- -M-TEKA| DP!
LbiMsrA1 (1) - MIGLDCLFGKKLVPLAIFG!AFVLFPFCGPVTQISKQESLPLVPKSGQK 1\

LinMsrAL -= -MQPLDSKLE-

LinMsrA2,, -MFNLKIBIFIYIIFFSPNLMAT--

MtuMsrA -- --

RcaMsrA
Consensus EIATFAQGCFWGME LF LPGVISY SGYAGGYT NPTYREVCSG TGHAEAV IVEDP VISYEELLEVEW NHDPTT

(149) 17 200 10 220 v 230 240

BsuMsrA (89) QFADRG] A HNDKQKEEAE - - - A KQR r P YQRIRTGSGRAGFISEHWGAK

BtaMsrA (147) PTSABHVGAALKSKEDYOQK] -EGLGGTGVSCPLGIKK---

EcoMsrA (127) 5 PLTPEQDAAARASL RFQAAML-DDDRH TE -CGIGGIGVCLEPEA----

HsaMsrA (149) PTSAKQMEAALSSKENYQKHLSEHG r -CGLGGTGVSCRBVGIKK--

LbiMsrA  (86) S {LNEK E AV ---EBKR- - KHEF| N VIFPKLKKLGLKLN-

LbiMsrA1 (132) ADEEEFK AN———TIKKE.QTQN KARG 3 KEFQNRYNEFKTRKTVP

LinMsrA1 (97) SITLCHSKEOKIQAE--- KTEGH TIT PAEN P YEHYVIKPKIEKYLKTGFKVKSTN-

LinMsrA2,(109) HNQTQKKAAE - - - K| KRE SEBKK 1 PAE YKK¥KKYSGREDYLEKMCROR --

MtuMsrA  (84) FDEQ R AL---| IAD EA E EAEPEHQD) Q -CHEVRPGWRLBRRTAESALRASLSPELGT

RcaMsrA (81) TDA ER AR- - - BB 1ADWDA] ELAPAGPFHQAEPEHQD HRIRPNWVLBKRQE--- ----
Consensus (149) QGND GTQYRSAIFY  EQK IA ES V SGLF  IVTEI FY AED‘{HQNYL KNP GY c vy

Figure 3
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Controls MsrB MsrAl MsrA?2

1 S s B T n w0 e B 4 15

LinMsr - - - - - - - v v - - v v v v
DTT vl -] viv]iv]v viviv]iv]iv]v
L-Met Il -T-71- e vl
LMetSO | - | - | v | - |- N Z2E N2
L-Met®R)SO | - | - | - | v | - o] - 22
L-Met($)SO | - | - | - | - | v S N N N
Phosphate | | | | /| viliv]iv]vy viviv|iv]iv]v

buffer

Figure 5
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