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ABSTRACT: Bacterioferritin comigratory protein (BCP) is a bacterial thioredoxin-dependent thiol
peroxidase that reduces a variety of peroxide substrates. Using high-resolution Fourier transform ion
cyclotron resonance mass spectrometry coupled with top-down fragmentation techniques, we have
analyzed the mechanistic details of hydrogen peroxide reduction by E. coli BCP. We show here that
catalysis occurs via an atypical two-cysteine peroxiredoxin pathway. A transient sulfenic acid is
initially formed on Cys-45, before resolution by the formation of an intramolecular disulfide bond
between Cys-45 and Cys-50. This oxidized BCP intermediate is shown to be a substrate for reduction
by thioredoxin, completing the catalytic cycle. Although we invoke Cys-50 in the catalytic cycle of
Escherichia coli bacterioferritin comigratory protein (BCP), a previous study had shown that this
residue was not absolutely required for peroxiredoxin activity. In order to explain these apparently
conflicting phenomena, we analyzed the reaction of a C50S BCP mutant with peroxide. We show that
this mutant BCP enzyme adopts a different and novel mechanistic pathway. The C50S BCP mutant
reacts with peroxide to form a sulfenic acid on Cys-45, in the same manner as wild-type BCP.
However, the nascent intermediate is then resolved by reaction with Cys-45 from a second BCP
molecule, resulting in a dimeric intermediate containing an intermolecular disulfide bond. We further
show that this novel resolving complex is a substrate for reduction by thioredoxin. The importance of

our results in furthering the understanding of catalysis within BCP family is discussed.

Reactive oxygen species (ROS) arise from incomplete
reduction of molecular oxygen and are potentially
damaging to all cellular macromolecules including DNA,
proteins, and membrane lipids (/, 2). Organisms defend
themselves against ROS damage through the catalytic
action of enzymes such as peroxidases, superoxide dismu-
tases, and catalases which, acting alone or in sequence,
reduce ROS to water or alcohols.

Among the antioxidant proteins, the most recently dis-
covered are the peroxiredoxins (Prxs; EC 1.11.1.15), en-
zymes which reduce hydroperoxides using electrons derived
from NADPH (3—6). These non-heme peroxidases utilize a
highly reactive cysteine residue to decompose peroxides and
are found in all branches of life. Prxs have been shown to
reduce a wide variety of substrates, including hydrogen
peroxide, peroxinitrite, and organic peroxides (7—11).
Furthermore, they are expressed at high intracellular
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levels: in E. coli they are among the ten most abundant
cellular proteins, and in eukaryotic erythrocytes they are the
second or third most abundant protein (12, 13).

Prxs have been classified into two categories, the 1-Cys
and 2-Cys Prxs, based on the number of cysteines required
for catalysis (Scheme 1). The 2-Cys peroxidases have been
further delineated into typical and atypical 2-Cys perox-
idases (6, 14). All Prxs appear to have a common first step,
which involves a conserved cysteine thiolate attacking
the peroxide substrate, resulting in the formation of a sul-
fenic acid intermediate on the cysteine (Cys-SOH) and
a RO leaving group (which is presumably subsequently
protonated). This active cysteine has been termed the
peroxidatic cysteine (Cys-SpH). The resolution of the sul-
fenic acid intermediate occurs via a different pathway
in the three classes of Prxs. The typical 2-Cys Prxs are
obligate dimers, which contain two identical active sites.
In this class, during resolution of the sulfenic acid inter-
mediate a second cysteine residue, known as the resolv-
ing cysteine (Cys-SgH), from one subunit attacks the
sulfenic acid intermediate (Cys-SpOH) of the other
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subunit, resulting in an intermolecular disulfide bridge
between the two subunits. The catalytic cycle is completed
by the reduction of this disulfide bond by a cell-specific
oxidoreductase. The atypical 2-Cys Prxs share the same
basic mechanism as typical 2-Cys Prxs, with the exception
that the atypical 2-Cys enzymes are functionally mono-
meric and the resolving cysteine is, in most cases, located
on the same polypeptide chain as the peroxidatic cysteine.
Thus, resolution of the intermediate sulfenic acid (Cys-
SpOH) results in an intramolecular disulfide bond. All
known atypical 2-Cys peroxidases appear to use thiore-
doxin to reduce this disulfide and complete the catalytic
cycle (6). In contrast, 1-Cys Prxs do not contain a resolving
cysteine. Little is known about the resolution of the
sulfenic acid in this class of Prxs, although various small
molecule electron donors have been implicated in the role,
including glutathione, lipoic acid, cyclophilin, and ascor-
bate (15—18). In recent years, the lines between the differ-
ent classes of Prx have become somewhat blurred, and it is
apparent that these classifications are not absolute. More-
over, it has been demonstrated that 2-Cys Prxs can be
converted into 1-Cys Prxs by mutation of the resolving
cysteine, suggesting some intrinsic mechanistic adaptabil-
ity within the superfamily (/9—21).

Bacterioferritin comigratory protein (BCP)' is an E. coli
protein of mass 18 kDa, which displays the same electro-
phoretic mobility as bacterioferritin (22). The primary
structure of E. coli BCP has similarities with Prx proteins,
and it has been demonstrated that E. coli BCP has thior-
edoxin-dependent peroxidase activity (23). Homologues of
BCP are ubiquitous in the prokaryotic kingdom, and
examples have also been found in higher eukaryotes; the
plant homologue of BCP is peroxiredoxin Q (PrxQ), which

TAbbreviations: BCP, bacterioferritin comigratory protein; Prx,
peroxiredoxin; ROS, reactive oxygen species; Cys-SpH, peroxidatic
cysteine; Cys-SgH, resolving cysteine; PAGE, polyacrylamide
gel electrophoresis; MES, 2-(N-morpholino)ethanesulfonic acid;
ODgo, optical density at 600 nm; DTT, 1,4-dithiothreitol; NEM,
N-ethylmaleimide; TCEP, tris(2-carboxyethyl)phosphine hydro-
chloride; IAM, iodoacetamide; NBD-CI, 7-chloro-4-nitrobenz-2-
oxa-1,3-diazole; FT-ICR-MS, Fourier transform ion cyclotron
resonance mass spectrometry; MS, mass spectrometry; ECD,
electron capture dissociation; CID, collision-induced dissociation;
Da, daltons; ppm, parts per million.
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is expressed only in leaves and is localized in the chlor-
oplasts and the guard cells of stomata (24). Recent studies
in Helicobacter pylori have linked BCP with bacterial
pathogenicity, and BCP was shown to contribute signifi-
cantly to the ability of the bacteria to colonize the host’s
stomach (25, 26).

In this study we use high-resolution mass spectrometry
(FT-ICR-MYS) to study the peroxiredoxin reaction cata-
lyzed by E. coli BCP. The ultrahigh resolving power
and mass accuracy of FT-ICR-MS allow determination of
the accurate mass of intact proteins, which permits the
detection of protein modifications with high confidence.
Furthermore, the use of top-down tandem MS fragmenta-
tion methodologies enables location of these modifications
on the polypeptide chain, without the need for lengthy
proteolytic digestion, chromatographic separation, and
peptide analysis (27—29). To date, this methodology has
predominantly been applied to the study of protein post-
translational modifications (PTMs) (30), although, more
recently, these techniques have also been used for the
interrogation of covalent enzyme intermediates (3/—37).
We find that incubation of recombinant E. coli BCP with
H»0, leads to the oxidation of the cysteine thiol of Cys-45
to sulfenic acid. We subsequently observed conversion of
this sulfenic acid to an intramolecular disulfide bond
through reaction with Cys-50 and found that this inter-
mediate was reduced by thioredoxin back to the dithiol
enzyme. We used similar techniques to study the intermedi-
ates in a C50S BCP mutant. This enzyme also oxidized to a
sulfenic acid but was then resolved by the Cys-45 thiol from
another monomer to generate a dimer linked by an inter-
molecular S—S bond. These results lead us to reevaluate the
classification of E. coli BCP within the peroxiredoxin
superfamily and highlight the utility of FT-ICR MS and
top-down fragmentation in enzymology.

EXPERIMENTAL PROCEDURES

Reagents and Chemicals. Molecular biology grade
dithiothreitol (DTT) was purchased from Invitrogen (Carls-
bad, CA). All LC solvents and ammonium acetate were
purchased from Fischer Chemicals (Zurich, Switzerland)
and were of HPLC or LC-MS grade. N-Ethylmaleimide
(NEM) and tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) were purchased from Pierce (Rockford, IL). Hy-
drogen peroxide, iodoacetamide (IAM), and 7-chloro-
4-nitrobenz-2-oxa-1,3-diazole (NBD-CI) were purchased
from the Sigma-Aldrich Chemical Co. (St. Louis, MO).

Recombinant Expression of E. coli BCP and C50S BCP.
The DNA sequence encoding E. coli BCP was amplified
from E. coli K-12 genomic DNA by PCR and cloned into
pET-28a (Novagen, Madison, WI). The protein was
expressed with a 20-residue N-terminal tag containing
a six-histidine motif to allow isolation by immobilized
metal affinity chromatography. The C50S BCP mutant
was prepared using QuikChange mutagenesis (Strata-
gene). Expression plasmids were transformed into
the E. coli strain BL21(DE3) for protein expression.
Typically, cells were grown to an ODggg of 0.6 at 37 °C,
and protein expression was induced with 0.25 mM
isopropyl fS-p-thiogalactoside for 3 h at 37 °C. Both
wild-type and C50S BCP were expressed with N-terminal
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Hisg tags. Cells were harvested by centrifugation, lysed by
sonication, and purified using a HisTrap affinity column
on an AKTA FPLC system (GE Healthcare; Supporting
Information Figure S1). Eluted protein was stored at 4 °C
in 100 mM ammonium acetate (pH 7.2) and used within
7 days of purification. Protein concentrations were
measured using the BCA assay (Pierce, Rockford, IL),
and both proteins were determined to be >90% pure by
protein PAGE.

Preparation of Reduced Thioredoxin. Thioredoxin
(E. coli) was purchased from the Sigma Chemical Co.
and resuspended in 100 mM ammonium acetate (pH 7.2)
before reduction with 2 mM TCEP. Excess TCEP was
removed by buffer exchange using a PD-Miditrap desalt-
ing column (GE Healthcare), and the sample was eluted
in 50 mM ammonium acetate, pH 5.5. Disulfide bond
reduction was verified by FT-ICR-MS, and the reduced
protein was stored at 4 °C. Protein concentration was
measured using the BCA assay (Pierce, Rockford, IL).

H >0, Oxidation. Typically, BCP and C50S BCP were
at a concentration of 50 uM in ammonium acetate
(100 mM, pH 7.2) before reaction with H,O,. Oxidation
was allowed to proceed for various times before the
addition of 4-fold H,O:MeOH:HCOOH (50:48:2 v/v/v)
quenched the reaction.

Sample Reduction and Alkylation. All experiments were
performed in ammonium acetate (100 mM, pH 7.2).
Reduction was performed by treatment with | mM TCEP
or 10 mM DTT. For NEM alkylation, proteins were
treated with 5 mM N-ethylmaleimide and incubated
at 22 °C for 5—30 min. Iodoacetamide alkylation was
performed by incubation with 10 mM iodoacetamide
at 22 °C for 60 min in the dark.

Modification of C50S BCP with 7-Chloro-4-nitroben:z-
2-oxa-1,3-diazole (NBD-CIl). C50S BCP (50 uM) in
ammonium acetate (100 mM, pH 7.2) was pretreated
with 1 mM NBD-CI before immediate addition of 100
uM H»0,. The reaction was allowed to proceed for 1 h in
the dark. H,O:MeOH:HCOOH (50:48:2 v/v/v) was then
added to quench the reaction and leave the sample at a
final concentration of 10 uM for FT-ICR-MS analysis.
A reaction without H,O, was used as a control.

Reaction of Oxidized BCP Species with Reduced Thior-
edoxin. Oxidized wild-type and C50S BCP species were
produced by treatment with varying concentrations of
hydrogen peroxide and purified by a PD-Miditrap desalt-
ing column (GE Healthcare). The samples (10 uM) were
then treated with 20 uM reduced thioredoxin and incu-
bated at room temperature for 5 min. If alkylation was
subsequently performed, the sample was then treated
with 10 mM iodoacetamide for 1 h in the dark. The
reaction was quenched with 2-fold H,O:MeOH:HCOOH
(50:48:2 v/v/v) and analyzed by FT-ICR-MS.

Protein PAGE. Protein PAGE was performed using the
Nu-PAGE system (Invitrogen). For all analyzes 4—12%
Bis-Tris gels were used, partnered with MES running
buffer. Before analysis samples were treated with 4x
LDS sample buffer containing 4% [-mercaptoethanol
(v/v) and heated to 80 °C for 5 min. For analysis of C50S
BCP dimerization nonreducing Nu-PAGE analysis was
employed, and S-mercaptoethanol was omitted from the
sample buffer. C50S BCP (50 uM) was treated with
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varying concentrations of H,O, and incubated at room
temperature for 2 min before being alkylated with 10 mM
NEM. Alkyation was monitored by MS, and once alkyla-
tion was complete, the samples were treated with 4x LDS
sample buffer and heated to 80 °C for 5 min. All gels were
stained with Gelcode Blue stain reagent (Pierce).

FT-ICR Mass Spectrometry. Before FT-ICR-MS
analysis each sample was quenched with 4-fold H,O:
MeOH:HCOOH (50:48:2 v/v/v), resulting in a protein
concentration of approximately 10 uM. Mass spectro-
metry data were acquired on an Apex Ultra Qh-FT-ICR
mass spectrometer equipped with a 12 T superconducting
magnet and an electrospray ion source (Bruker Daltonics,
Billerica, MA). Nano-ESI was performed using a TriVer-
sa Nanomate (Advion BioSciences, Ithaca, NY) running
in infusion mode. Desolvated ions were transmitted to a
6 cm Infinity cell penning trap. Trapped ions were excited
(frequency chirp 48—500 kHz at 100 steps of 25 us) and
detected between m/z 600 and 3000 for 0.5 s to yield
broad-band 512K or 1 Mword time-domain data. Each
spectrum was the sum of 32 mass analyses. The mass
spectra were externally calibrated using ES tuning mix
(Agilent) and analyzed using DataAnalysis software
(Bruker Daltonics).

Top-Down FT-ICR Tandem Mass Spectrometry.
Top-down fragmentation was performed on the 12 T
Qh-FT-ICR. First, a specific ion species was isolated with
the instrument’s mass resolving quadrupole, and MS/MS
was performed using collision-induced dissociation
(CID) or electron capture dissociation (ECD) (38—40).
For CID, the collision voltage was typically set between
20 and 35 V. For ECD, 1.8 A was applied to the dispenser
cathode filament (Heatwave Technologies), 20 V to the
lens, and a pulse of 4—9 ms was employed. Fragmentation
data were the sum of 250—750 scans, and data analyses
were performed using DataAnalysis (Bruker Daltonics).
The SNAP algorithm was used for automated peak
picking, and the resulting top-down fragment mass lists
were searched against the primary sequence of BCP using
Prosight-PTM software (47, 42). Mass error tolerances
were set for all Prosight searches at 10 ppm.

Isotopic Modeling. Isotope distributions of specific
charge states were predicted using IsotopePattern
software (Bruker Daltonics) from theoretical empirical
formulas. These were overlaid upon the recorded experi-
mental data as scatter plots, with the theoretical apex
of each isotope peak designated by a circle.

RESULTS

E. coli BCP Acts as an Atypical 2-Cys Peroxidase.
Although E. coli BCP has been shown to possess Prx
activity in vitro, little is known about its mechanism
of action. E. coli BCP contains three cysteine residues
(Cys-45, Cys-50, and Cys-99); however, only one, Cys-45,
is absolutely conserved throughout the BCP cluster
(Supporting Information Figure S5). By analysis of a
C45S BCP mutant, Jeong and co-workers have shown
that this residue is absolutely required for activity, and it
is thought to be the peroxidatic cysteine (23). In contrast,
mutation of Cys-99 in BCP had no effect on enzymatic
activity. Of interest, it was found that although mutation
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of the Cys-50 residue reduced the activity of the enzyme, with DTT to break the disulfide bond and subjected to
the protein still retained ~60% Prx activity compared top-down fragmentation using either CID or ECD (CID

with wild type. These results were taken to suggest that fragmentation was performed on the [M + 15H]""
BCP acts via a 1-Cys pathway, where only the peroxidatic charge state at m/z 1321.18, and ECD fragmentation
Cys-45 is utilized during catalytic turnover. In order to was performed on the [M + 18H]'"®" charge state at
test this hypothesis, we have employed high-resolution m/z 1101.16). Fragment mass lists were searched against
mass spectrometry to directly monitor the oxidation the primary structure of BCP using Prosight-PTM soft-
state of BCP before and after treatment with hydrogen ware, and both techniques produced fragments which

peroxide. Surprisingly, upon addition of 200 uM H,O, allowed the assignment of the NEM moiety to Cys-99 and
to BCP we observed a decrease in mass consistent with the disulfide bond to Cys-45—Cys-50 (Figure 2). The

the loss of two hydrogen atoms (Amass —2 Da), suggest- formation of this disulfide between Cys-45—Cys-50 was
ing the formation of a disulfide bond (Figure 1A—C). observed using a wide range of H,O, concentration, from
The formation of the disulfide was confirmed by 50 uM (1 molequiv) to 50 mM (1000 mol equiv). Disulfide
treatment with the cysteine thiol alkylating reagent bond formation was complete within 5 s, the shortest time
N-ethylmaleimide (NEM), which resulted in the addi- we could reproducibly perform and quench the reaction.
tion of only one alkyl group (Amass + 125.047 Da, Localization of the Peroxidatic Cysteine to Cys-45 and
Figure 1D). This monoalkylated species was then reduced Capture of a Sulfenic Acid Intermediate. The above result
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FIGURE 1: Accurate mass measurement of BCP before and after addition of hydrogen peroxide. (A) Typical ESI mass spectrum of E. coli BCP
acquired in positive ion mode under denaturing conditions. Each charge state is annotated. (B) E. coli BCP before addition of H,O,. The isotope
distribution of the [M + 14H]"*" charge state is consistent with the theoretical isotope distribution of BCP containing three reduced cysteine
residues (red circles; empirical formula [Cg,3H; 348N2440263S7]'4 *).(C) E. coli BCP after addition of 200 uM H,0,. The isotope distribution reveals
a mass shift of —2 Da, which is consistent with the formation of one disulfide bond (green circles; empirical formula [Cg73H 1346N244026387]"* ).
(D) The disulfide bond was confirmed by treatment with the alkylating reagent NEM. Alkylation resulted in the addition of a single NEM
moiety, [CsO,NH-], +125.047 Da. (D, insert) The recorded isotope distribution is consistent with the theoretical isotope distribution of
BCP containing one disulfide bond and one NEM-modified cysteine (light blue circles; empirical formula [C879H1353N2450265S7]14+).
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FIGURE 2: Top-down fragmentation of oxidized BCP reveals that the disulfide formed upon addition of peroxide is located between Cys-45 and
Cys-50. BCP was treated with 200 uM H,O,, which results in the formation of a disulfide bond. The oxidized protein was then treated with
the alkylating reagent NEM in order to alkylate the free cysteine. Finally, the disulfide was reduced by addition of the reducing agent DTT.
(A) Top-down CID fragmentation of the [M + 15H]">" ion resulted in the 25 b ions and 21 y ions. (B) Top-down ECD fragmentation of the
[M + 18H]'®" ion was complementary to the CID data and resulted in the 41 ¢ ions and 16 z ions. Using both methods 11 ions could be used to
assign Cys-99 as the NEM-modified cysteine (b and ¢ ions labeled in green, y ions labeled in red).
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led us to hypothesize that E. coli BCP uses an atypical
2-Cys peroxiredoxin mechanism, with Cys-45 acting as
the Cys-SpH and Cys-50 as the Cys-SgH. Interestingly,
there is indirect evidence that the plant homologue of
BCP from Sedum lineare, PrxQ, may act via an atypical
2-Cys pathway (24). To verify our hypothesis, we
attempted to capture a sulfenic acid intermediate on
the peroxidatic cysteine of E. coli BCP using the thiol
and sulfenic acid labeling reagent NBD-Cl (43, 44).
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FIGURE 3: The C50S BCP mutant is susceptible to hyperoxidation
of the peroxidatic cysteine to a sulfinic acid. (A) The C50S BCP
mutant was purified by FPLC with two reduced cysteine residues (red
circles; empirical formula [Cg73H1353N2440264S6]19+). Upon incuba-
tion with 10 mol equiv of H,O,, a mass increase of 31.9865 Da was
observed, consistent with the addition of two oxygen atoms (blue
circles; empirical formula [C873H1353N244026(,S(,]'9+). Treatment of
the oxidized C50S mutant with NEM resulted in the addition of a
single NEM moiety (theoretical isotope distribution, gold circles;
empirical formula [Cg79H|360N24502(,356119+), (B) Top-down ECD
fragmentation of the [M + 21H]*' " charge state of H,O,-oxidized
C50S BCP produced 51 cions and 53 zions. Cleavages which allowed
assignment of the sulfinic acid to Cys-45 are highlighted in red. (C)
Prosight-PTM output file (cleavage map) demonstrating that 28
fragment ions support the placement of the sulfinic acid to Cys-45
(top), while no fragment ions support the placement of the sulfinic
acid to Cys-99 (bottom).
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Unfortunately, we were unable to detect the modification
on the wild-type protein, presumably because the transi-
ent sulfenic acid is quickly resolved by Cys-SgH forming
the stable disulfide bond.

In order to capture and locate the sulfenic acid inter-
mediate, we produced a recombinant C50S BCP mutant,
with the hypothetical Cys-SgH replaced with a serine.
Upon exposure of this mutant enzyme to 500 uM H,O,
we did not observe disulfide bond formation; instead,
the mass of the protein increased by 32 Da, consistent
with covalent modification with two oxygen atoms
(Figure 3A). This was attributed to hyperoxidation
of the peroxidatic cysteine to the sulfinic acid form
(Cys-SpOOH), a reported modification of peroxidatic
cysteines, and a stable redox state of cysteine (45—47).
This was confirmed by reacting the H,O,-treated C50S
mutant with NEM, which resulted in the addition of only
a single NEM moiety. This established that only one
cysteine thiol was available for alkylation and that the
H,0»-induced two-oxygen atom modification took place
on a single cysteine residue and was indeed sulfinic acid
formation. This overoxidation proved advantageous; the
hyperoxidized species, with its peroxidatic cysteine resi-
due distinguishable by a mass shift of 32 Da, was stable to
ESI conditions, allowing us to perform top-down frag-
mentation to locate the peroxidatic cysteine sulfinic acid.
The [M + 21H]*'" charge state was isolated and sub-
jected to MS/MS using ECD, and the resulting MS/MS
spectra are shown in Figure 3B. Fragment mass lists
were searched against the primary structure of BCP using
Prosight-PTM software, and 28 fragment ions were de-
tected which allowed us to assign the sulfinic acid mod-
ification to Cys-45. No fragments were observed which
corresponded to the alternate cysteine modifications
(Figure 3C). These results are in agreement with previous
reports which suggest that Cys-45 is the peroxidatic center
of E. coli BCP (23).

In order to prevent overoxidation and to capture the
enzyme intermediate sulfenic acid, the C50S mutant was
treated with NBD-CI. This electrophilic labeling reagent
reacts specifically with both Cys-SH and Cys-S-OH
to produce Cys-S-NBD adducts and Cys-S(O)-NBD
adducts, respectively (44). Crucially, upon reaction with
NBD-CI, the oxygen atom from a sulfenic acid is retained
within the product, producing a mass label which is stable
to the ESI-MS process. Using this labeling strategy and
high-resolution mass analysis, we were able to capture the
sulfenic acid intermediate as its stable Cys-S(O)-NBD
conjugate (Figure 4). When C50S BCP was oxidized with
H>0O, in the presence of NBD-CI, a species with an isotope
distribution matching C50S BCP containing one Cys-
S-NBD conjugate and one Cys-S(O)-NBD conjugate
([C885H1352N250027186]16+) was clearly observed. Due
to the unstable nature of the sulfenic acid intermediate,
which had a propensity to overoxidize to the sulfinic acid
or to form an intermolecular disulfide bond (see below),
it was necessary to pretreat the protein with NBD-
Cl immediately before oxidation with peroxide. This
resulted in the presence of a C50S BCP species containing
two Cys-S-NBD conjugates in the resulting reaction
mixture, presumably formed by the peroxidatic cysteine
reacting with NDB-CI before the addition of peroxide.
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FIGURE 4: FT-ICR mass spectra showing the NBD-modified products of the reduced and H,0O,-oxidized C50S BCP and analysis of the
[M + 16H]'®*charge state. 50 M C50S BCP was reacted with a 100-fold excess of NBD-Cl with or without prior oxidation by 1 mol equiv
of H,O,. (A) Analysis of the reaction products of reduced C50S BCP and NBD-Cl revealed one major product, consistent with the modification
of both cysteines to Cys-S-NBD (purple circles; empirical formula [CggsHj35,N 250027086]16+). A small amount of single NBD-modified protein
was also present (orange circles; empirical formula [Cg79H 1351 N2470267S¢] ! "), (B) NBD-Cl treatment of C50S BCP oxidized with H,O, produced
a second species with an isotope distribution consistent with C50S BCP containing one Cys-S-NBD conjugate and one Cys-S(O)-NBD conjugate
(cyan circles; empirical formula [CggsH 3 52N250027ISG]16+). A third species was observed which corresponds to C50S BCP with one Cys-SOOH
and one Cys-S-NBD (blue circles; empirical formula [Cg79H 351N2470665¢]'® *).

However, if the enzyme was oxidized with peroxide
before addition of the labeling reagent, the major reaction
product was oxidation at Cys-45, and consequently little
trapped sulfenic acid was observed. Interestingly, we also
observed a minor species corresponding to C50S BCP
with one Cys-SOOH and one Cys-S-NBD. It is evident
that the C50S BCP mutant is prone to hyperoxidation
even upon treatment with stoichiometric quantities of
peroxide and in the presence of NBD-CI.

Oxidized BCP Is Reduced by Thioredoxin. In the
reductive step of the 2-Cys Prx catalytic cycle, thioredoxin
(Trx) is believed to be responsible for the reduction
of oxidized Prxs to return the enzyme to its fully reduced
state. Indeed, initial kinetic analysis has demonstrated that
E. coli BCP can utilize Trx as a reductant in vitro. However,
it is unclear what BCP oxidation state is the natural
substrate for Trx. In order to verify that oxidized BCP,
containing a disulfide bond between Cys-45 and Cys-50, is
a substrate for Trx, we analyzed the redox exchange
reaction by FT-ICR MS. Oxidized BCP was prepared by
treating reduced BCP with 10 equivalents of H,O, and was
monitored by observing the characteristic 2 Da mass
decrease. The third cysteine thiol was subsequently alky-
lated with NEM to produce a species containing a disulfide
bond between Cys-45 and Cys-50 and Cys-99-S-NEM (as
observed in Figure 1D). This species was then incubated
with 2 equivalents of reduced thioredoxin. Any resulting
cysteine thiols were then alkylated with iodoacetamide,
and the reaction mixture was analyzed by FT-ICR-MS.
Upon mass spectrometric analysis of the mixture we
observed a mass shift in the BCP species equivalent to
carbamidomethyl modification of two cysteine residues,
indicating the reduction of the disulfide bond between Cys-
45 and Cys-50 upon addition of Trx, thus demonstrating

that Trx efficiently reduces the oxidized BCP enzyme
intermediate (Supporting Information Figure S2).

These combined results suggest that the E. coli BCP
mechanism occurs via an atypical 2-Cys Prx pathway.
If this is indeed the case, then we would expect that both
Cys-45 and Cys-50 would be essential for Prx activity.
However, it has been previously reported that although
Cys-45 is strictly required for catalysis, removal of Cys-50
does not abolish activity (23). Furthermore, analysis of the
BCP family shows that Cys-50 is not strictly conserved
across all BCP homologues. These observations imply
that the BCP can complete the Prx catalytic cycle via a
different “resolving complex” without the need for Cys-50.

Analysis of the Catalytic Mechanism of the C50S BCP
Mutant.  Treatment of BCP C50S with Excess Peroxide
Results in Overoxidation of Cys-45 to a Sulfinic Acid. In
order to elucidate this alternate catalytic mechanism, we
used FT-ICR-MS to monitor the oxidation of the C50S
BCP mutant by varying amounts of H,O, (Figure 5). As
we have already noted, the C50S BCP mutant is prone to
hyperoxidation of its Cys-SpH to sulfinic acid. This over-
oxidation is prevalent after incubation of C50S BCP with
greater than 5 mol equivalents of H,O, (Figure 5B, blue
circles). Indeed, with a large excess of H,O, (>250 mol
equivalents), we also observed the appearance of a sig-
nificant amount of sulfonic acid modification (Figure 5B,
orange circles). This hyperoxidation is in stark contrast to
wild-type BCP, which produces a stable Cys-45—Cys-50
disulfide bond even in the presence of 250 mol equivalents
of H,0O, (see Figure 5A, green circles). Surprisingly,
moderate peroxide treatment (< 10-fold H-O,) of the
C50S mutant produces a second species with Amass —2
Da, which indicates a loss of two hydrogen atoms
(Figure 5B, green circles). We believe this minor species
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FIGURE 5: Susceptibility of wild-type BCP and C50S BCP to hyper-
oxidation by excess peroxide treatment. Aliquots of BCP or C50S
BCP (50 uM) were incubated with varying amounts of H,O, for
10 min before MS analysis. Here the [M + 18H]'®" charge state is
shown. (A) Addition of peroxide to wild-type BCP results in forma-
tion of the Cys-45—Cys-50 disulfide bond via an atypical 2-Cys
peroxiredoxin pathway (theoretical isotope distribution for BCP
containing one disulfide bond, green circles; empirical formula
[Cs73H1350N244056357]'* 7). The Cys-45—Cys-50 disulfide bond was
resistant to overoxidation, even at 250 molar excess of H,O,.
(B) Addition of peroxide to C50S BCP results in the formation of
a stable hyperoxidized sulfinic acid localized on Cys-45 (blue circles;
empirical formula [Cg73H; 352N244026656]18+). With 50 mol equiv
or more a significant amount of sulfonic acid modification
was also observed (theoretical orange circles; empirical formula
[Cg73H 13 52N24402(,7SG]18 ). With < 10-fold peroxide a second species
was observed with a Amass of —2 Da (green circles; empirical formula
[Cs73H1350N244026387]" ).

is due to the formation of an unstable disulfide between
Cys-45 and Cys-99.

Treatment of C50S BCP with Stoichiometric Quantities
of Peroxide Produces an Intermolecular Disulfide- Linked
Dimer. It is clear that the C50S mutant is prone to over-
oxidation to form the inactive sulfinic acid derivative in the
presence of excess peroxide, a property which we assume is
responsible for the reduced activity of this mutant. In order
to minimize the hyperoxidation of the Cys-SpH, the oxida-
tion of C50S BCP by stoichiometric quantities of peroxide
was studied by mass spectrometry. Within 30 s of peroxide
treatment, two species were observed in the mass spectrum.
The first species had a mass consistent with a BCP C50S
monomer with a loss of 2 Da (Figure 6A, green circles) and
is attributed to the formation of a disulfide between Cys-45
and Cys-99, while the second species had a mass consis-
tent with a C50S BCP dimer (Figure 6A, claret circles).
Isotope modeling of the [M + 29H]* " and [M + 30H]*° "
charge states of this dimeric species reveals that the mass is
consistent with that calculated for a C50S dimer containing
one intermolecular disulfide bond and two cysteine thiols
(Figure 6B, claret circles). This assignment was confirmed
by reaction of the C50S BCP dimer with NEM, which
resulted in an increase in mass of + 250 Da, consistent with
the addition of two NEM moieties and signifying the
presence of only two free thiol groups within the dimer
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(Supporting Information Figure S3A). Furthermore, reac-
tion of the C50S BCP dimer with the chemical reducing
agents TCEP or DTT resulted in the appearance of
a single species, with isotope distributions consistent with
C50S BCP containing two reduced cysteines (Cys-45-SH
and Cys-99-SH), confirming that dimerization of the C50S
mutant is indeed mediated by an intermolecular disulfide
bond (Supporting Information Figure S3B). We were also
able to observe this dimerization by protein PAGE using
nonreducing conditions, where a species of mass ~40 kDa
is observed after treatment of C50S BCP with peroxide
(Figure 6C). For PAGE analysis, 50 uM C50S BCP
was oxidized with varying concentrations of peroxide for
2 min. In order to block any free cysteine thiols, thus
restricting thiol—disulfide exchange, alkylation with
10 mM NEM was performed prior to gel analysis.
Efficient dimerization of BCP C50S was observed upon
oxidation with 0.5 mol equiv of peroxide (Figure 6C, lane
2). As the titer of peroxide increases, more monomeric
C50S BCP is observed (Figure 6C, lanes 3—5). Presum-
ably, this is due to overoxidation of the sulfenic acid to the
sulfinic acid effectively competing with intermolecular
disulfide bond formation. Interestingly, protein PAGE
analysis suggests that the dimeric form of C50S BCP is far
more prominent than the monomeric form after mild
peroxide treatment. In contrast, the MS data have con-
sistently less intense peaks for the dimeric species in
relation to the monomeric species (Figure 6A, bottom).
We believe this is due to the ionization efficiency of each
species during the ESI process. The heavier dimeric
species is less efficiently ionized and detected relative to
the lighter monomeric species. Consequently, the relative
intensities of each ion series cannot be directly compared
in order to deduce their relative quantities. Indeed, we
believe that protein PAGE analysis represents a more
accurate depiction of relative abundance and the dimeric
form of the oxidized protein predominates.
Derivitization and Top-Down Analysis of the Oxidized
C50S BCP Dimer Reveal the Intermolecular Disulfide Is
Formed between Cys-45 and Cys-45'. In order to deduce
which cysteine residues are involved in the intermolecular
disulfide bond, we again utilized top-down tandem MS
fragmentation. The intermolecular disulfide bond was
formed by addition of 1 mol equiv of H,O, to 50 uM
C50S BCP; the two free thiol cysteines were then alky-
lated by incubation with NEM, resulting in a C50S dimer
containing one intermolecular disulfide bond and two
Cys-S-NEM derivatives. This species was subsequently
chemically reduced with DTT to produce two monomers
of the same mass, both containing one reduced Cys-SH
and one Cys-S-NEM (see Supporting Information Figure
S4). Presumably, one monomer contained Cys-45-SpH
and Cys-99-S-NEM, which originated from the molecule
containing the Cys-45-SpOH intermediate, while the
position of the NEM on the “resolving” monomer would
be dependent on which Cys residue was involved in the
intermolecular disulfide bond. This derivatized species
was analyzed by nano-ESI-FT-ICR-MS, and five charge
states (+16 to +21) were systematically isolated and
subjected to MS/MS using ECD. The resulting fragments
were then grouped and analyzed using Prosight-PTM
(Figure 7). Of the 113 assigned fragment ions, 27 were
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and the other consistent with the ;D + 30H]*** charge state of C50S BCP containing one intermolecular disulfide bond (claret circles; empirical

formula [C)746H2606N4gsO528512]

0+). (C) Nonreducing PAGE analysis: lane 1, 50 uM C50S BCP before addition of H,O,; lanes 2—5, C50S BCP

after addition of 25, 50, 200, and 1000 uM H»O; and alkylation with 10 mM NEM.

diagnostic of the Cys-99-S-NEM modification; no
fragments were observed which would indicate that the
Cys-45-S-NEM modification was present (Figure 7B).
These results strongly suggest that the intermolecular
disulfide is formed between Cys-45 and Cys-45'.

The Oxidized C50S BCP Dimer Is Reduced by Thior-
edoxin. For complete peroxiredoxin catalytic turnover
the oxidized resolving complex must be efficiently
reduced to the dithiol form. As we have demons-
trated above, for the wild-type enzyme this can be
achieved by the oxidoreductase thioredoxin. Enzyme
assay experiments suggest that the C50S mutant can
also utilize thioredoxin in this fashion (23). In order to
determine if thioredoxin can also efficiently reduce the
Cys-45—Cys-45' disulfide bond in the C50S BCP dimer,
we studied the redox exchange reaction by FT-ICR-MS.
C50S BCP was oxidized by treatment of the protein with
1 molar equivalents of H>O, for 10 min, and appearance
of the dimeric species was verified by MS. This species was
then incubated with 2 molar equivalents of reduced
thioredoxin for 5 min before FT-ICR-MS analysis. MS
analysis showed two species were present (Figure 8). The
BCP species displayed a charge-state distribution consis-
tent with a monomeric species, and isotope analysis
revealed a distribution consistent with fully reduced
C50S BCP (Figure 8B, red dots; empirical formula).
These results clearly demonstrate that the intermolecular
disulfide bond in the resolving complex of C50S BCP is
efficiently reduced by thioredoxin.

DISCUSSION

In this study we have established the mechanistic details
of catalysis performed by the peroxiredoxin BCP from
E. coli and a single-cysteine BCP variant. This has been

accomplished using recombinant technology, site-directed
mutagenesis, chemical modification, and mass spectro-
metry. Direct interrogation as to the nature and location
of enzyme intermediates has been achieved using FT-ICR
mass spectrometry coupled with top-down fragmentation
methodologies. This is the first time that a peroxire-
doxin reaction mechanism has been delineated using mass
spectrometry.

We have demonstrated that the highly conserved Cys-45
within BCP acts as the peroxidatic cysteine and is oxidized
to a sulfenic acid intermediate upon treatment with excess
peroxide. This catalytic intermediate is subsequently
resolved by reaction with Cys-50, forming an internal
Cys-45—Cys-50 disulfide bond. We have also demon-
strated that the catalytic cycle can be completed by reduc-
tion of the Cys-45—Cys-50 disulfide bond by thioredoxin
(Scheme 2A). Thus, we provide strong evidence that
the mechanism of catalysis of wild-type BCP follows the
atypical 2-cysteine peroxiredoxin pathway (6). This classi-
fication of E. coli BCP is contrary to previous reports which
suggest that the enzyme acts via a 1-cysteine pathway
(23, 48). Our classification is essentially the same as that
proposed for the plant homologue of BCP, PrxQ (24, 49).

However, unlike the plant PrxQ, the catalytic activity of
E. coli BCP is not absolutely reliant on the presence of the
resolving cysteine Cys-50. A BCP mutant lacking Cys-50
still displays thioredoxin-dependent peroxidase activity in
vitro (23). By examining the reaction of recombinant C50S
BCP with peroxide by FT-ICR-MS, we believe an alter-
native and distinct reaction pathway is utilized by this
mutant. Upon mild peroxide treatment we observed that
the C50S mutant quickly formed a stable dimeric species.
FT-ICR-MS analysis of this species reveals that dimeri-
zation is mediated by an intermolecular disulfide bond
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FIGURE 7: Top-down fragmentation of the oxidized C50S BCP
dimer. BCP was treated with 50 uM H,0,, which results in the
formation of an intermolecular disulfide bond. The oxidized dimer
was then treated with the alkylating reagent NEM in order to alkylate
the free cysteines. Finally, the disulfide was reduced by addition of the
reducing agent DTT. (A) Top-down ECD fragmentation of five
charge states resulted in a total of 57 assigned ¢ ions and 56 assigned z
ions. Here the ECD spectra of the [M + 18H]'®" charge state is
shown. (B) Prosite PTM output files (cleavage map) demonstrating
that 27 assigned fragments are diagnostic of a NEM-modified Cys-99
residue (top), while no fragments were diagnostic of an NEM-
modified Cys-45 residue (bottom).

between the two monomers via residue Cys-45 (forming a
Cys-45—Cys-45" dimer). Our interpretation of this result
is that the C50S mutant initially forms a sulfenic acid on
Cys-45 by reduction of peroxide. This intermediate is then
resolved by the attack on the sulfenic acid by the thiolate
form of a second Cys-45, forming the intermolecular
disulfide bond. In effect, Cys-45 is initially acting as
the peroxidatic cysteine, before Cys-45 from a second
monomer acts as a resolving cysteine. We have also
demonstrated that this resolving complex is efficiently
reduced by thioredoxin, allowing the completion of the
catalytic cycle (Scheme 2B). We also show that the C50S
mutant is susceptible to hyperoxidation of the peroxidatic
cysteine to sulfinic acid. This phenomenon, which occurs
under high levels of peroxide substrate, is common in
Prx isoforms that lack the conserved resolving cysteine.
Itis thought to occur because the sulfenic acid intermediate
is not efficiently converted to a stable disulfide by reac-
tion with a nearby Cys-SgH; instead, the sulfenic acid
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FiGURE 8: FT-ICR-MS analysis demonstrating that thioredoxin
can efficiently reduce the Cys-45—Cys-45" intermolecular disulfide
in the C50S BCP dimer. The C50S BCP dimer was formed by
treatment of 50 uM C50S BCP with 50 uM H,0,. This species was
then treated with 2 equiv of reduced thioredoxin for 5 min before the
reaction was quenched and analyzed by FT-ICR-MS. (A) MS
analysis revealed two major species: the C50S BCP ion series is
highlighted with red dots, and the thioredoxin ion series is highlighted
with pink dots. (B) The isotope distribution of the C50S BCP species
is consistent with the theoretical isotope distribution of fully reduced
C50S BCP (red dOtS; empirical formula [C873H1352N2440263S7]18+).
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(in its sulfenate anion form) can attack a second peroxide
substrate, further oxidizing to the sulfinic acid.
Therefore, it appears that the ability of the C50S mutant
to catalyze peroxide reduction is highly sensitive to the
level of the peroxide substrate. At low peroxide levels
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the sulfenic acid intermediate, Cys-45-SOH, is resolved by
Cys-45-S~ from a second molecule forming the Cys-
45-S—S-Cys-45" resolving complex. However, increasing
the concentration of peroxide substrate will presumably
increase the rate of Cys-45-SOH formation and, there-
fore, reduce the supply of Cys-45-S™ available to act as
the resolving cysteine. Consequently, at higher levels of
peroxide the reaction of the sulfenic acid intermediate with
a second molecule of peroxide dominates, resulting in
hyperoxidation of Cys-45 to sulfinic acid and inactivation
of the enzyme. We assume that this irreversible overoxida-
tion pathway is responsible for the observed reduction
in activity of the C50S mutant (23).

Interestingly, this interconversion of Prx mechanisms
upon cysteine deletion has been suggested for other classes
of Prxs (19—21, 50, 51). In these examples, removal of the
resolving cysteine is assumed to lead to the conversion of
a mechanistically classified 2-cysteine Prx to a 1-cysteine
Prx; the Cys-SpOH intermediate becomes a direct sub-
strate for a reducing substrate. However, in the example
of removing the Cys-SgH from BCP, outlined above, the
mutant enzyme adopts a novel peroxiredoxin mechanistic
pathway. This is the first reported example of a peroxir-
edoxin, albeit an engineered enzyme, which utilizes the
same cysteine residue to act as the peroxidatic center and
the resolving nucleophile.

It is noteworthy that the presence of the resolving
cysteine at position 50 actually represents a minor subset
of the bacterial BCP family, being largely confined to
gammaproteobacteria, and particularly the Enterobacter-
iaceae. Instead, the majority of BCP homologues from
across diverse bacterial genera lack this resolving cysteine
(Supporting Information Figure S5). We are currently
investigating the nature of catalysis used by the mem-
bers of the BCP family which lack this residue. We hope
to ascertain whether the novel mechanism reported
here in the engineered E. coli C50S BCP is utilized by the
natural BCP homologues in which the resolving cysteine
is absent.
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