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ABSTRACT: In Escherichia coli, bacterioferritin comigratory protein
(BCP) is a peroxiredoxin (Prx) that catalyzes the reduction of H,0, and
organic hydroperoxides. This protein, along with plant PrxQ, is a
founding member of one of the least studied subfamilies of Prxs. Recent
structural data have suggested that proteins in the BCP/PrxQ group can
exist as monomers or dimers; we report here that, by analytical
ultracentrifugation, both oxidized and reduced E. coli BCP behave as
monomers in solution at concentrations as high as 200 uM.
Unexpectedly, thioredoxin (Trx1)-dependent peroxidase assays con-
ducted by stopped-flow spectroscopy demonstrated that V,

increases with increasing Trx1 concentrations, indicating a nonsaturable
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interaction (K., > 100 zM). At a physiologically reasonable Trx1 concentration of 10 uM, the apparent K,,, value for H,O, is ~80

4M, and overall, the

Vinax/ K for H,O,, which remains constant at the various Trx1 concentrations (consistent with a ping-pong

mechanism), is ~1.3 X 10* M™' s™". Our kinetic analyses demonstrated that BCP can utilize a variety of reducing substrates,
including Trx1, Trx2, Grx1, and Grx3. BCP exhibited a high redox potential of —145.9 + 3.2 mV, the highest to date observed for
a Prx. Moreover, BCP exhibited a broad peroxide specificity, with comparable rates for H,O, and cumene hydroperoxide. We
determined a pK, of ~5.8 for the peroxidatic cysteine (Cys4S) using both spectroscopic and activity titration data. These findings
support an important role for BCP in interacting with multiple substrates and remaining active under highly oxidizing cellular
conditions, potentially serving as a defense enzyme of last resort.

ike all aerobic bacteria, Escherichia coli must cope with
damaging endogenous sources of reactive oxygen species
(ROS) that result from autoxidation of components of the
aerobic respiratory chain and byproducts of reactions with
ferrous iron (Fenton chemistry).' In addition, E. coli is exposed
to endogenous ROS released from other bacteria to ward off
noncommensal intruders as well as from macrophages and
neutrophils, which release ROS as part of their microbicidal
arsenals.”~* In response, E. coli employs a variety of antioxidant
defense mechanisms, including proteins such as superoxide
dismutase and catalase and small molecules such as glutathione.
Included among the defenses are a number of proteins that
detoxify hydrogen peroxide and/or organic hydroperoxides,
including KatG (HPI) and HPII (cytosolic and periplasmic
catalases, respectively), BtuE (a glutathione peroxidase
homologue), and three distinct members of the peroxiredoxin
(Prx) family.®
Prxs are fundamentally important, strongly expressed,
cysteine-dependent peroxidases found in nearly all organisms.
Unlike catalase, which converts H,0, to H,O and O,, Prxs
convert H,O, into two H,O molecules with the reducing
equivalents ultimately coming from NADPH or NADH. In all
Prxs, the active site (or peroxidatic) Cys (denoted C) is
located within a conserved (PXXXTXXC,) motif.® This active
site. Cys reacts with hydroperoxide substrates to generate a
sulfenic acid (R-SOH). In many Prxs, a second Cys (the so-
called resolving Cys, denoted C,) reacts with the sulfenic acid
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to form a disulfide bond that prevents further damaging
oxidation of the C,, and provides an accessible, disulfide-bonded
substrate for recychng by Trx or Trx-like redoxins.”~® Multiple
Prxs are often expressed in a given organism, yet they cannot
typically substitute for one another in knockout experiments. In
eukaryotes, the role of Prxs clearly extends beyond simple
detoxification into complex phenomena such as the regulation
of cell signaling, resistance toward radiation treatment, and
tumor suppression, though precise roles and mechanisms of
these aspects are a major area of research in this field."""*

E. coli contains three Prxs from three different subfamilies:
AhpC (Prx1/AhpC subfamily), Tpx (Tpx subfamily), and BCP
(also known as bacterioferritin comigratory protein) from the
BCP/PrxQ subfamily.® AhpC is highly reactive with H,0,, with
a ke /K, of 1.4 X 10’ M~ s7". Although it is also able to reduce
bulkier hydroperoxide substrates, the K values for cumene
hydroperoxide (CHP, 107 uM) and tert-butyl hydroperoxide
(tBHP, 238 uM) are significantly higher than that for H,O,
(1.4 uM)."> AhpC and other Prx1/AhpC subfamily members
form homodimers across the J-sheet-extending B-type inter-
face, and these dimers further oligomerize into decamers across
the A-type interface (for “ancestral” or “alternate”) in a redox-
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sensitive and concentration-dependent manner.'”'® Reduced
AhpC is present as a decamer, whereas disulfide-bonded AhpC
can dissociate into dimers at lower protein concentrations.'®
AhpF, the specialized reductant for AhpC, accepts electrons
from NADH and delivers them to AhpC through three redox
centers (FAD and two redox-active disulfide centers) within
tethered Trx reductase-like and Trx-like domains.”'® In
contrast, E. coli Tpx preferentially reduces the bulkier
hydroperoxide, CHP [k /K,, (for peroxide) = 7.7 X 10°
M s7'], compared with H,0, (ko /K, = 44 x 10* M™!
s') and forms stable dimers across the A-type interface in a
non-redox-sensitive manner.” Previous studies have shown that
E. coli Tpx is reduced by NADPH through thioredoxin
reductase and Trxl and cannot be reduced by Trx2, Grxl, or
AhpE?

Much less is known about the substrates and function of
BCP, the third E. coli Prx family member. The BCP/PrxQ
subfamily is one of the least characterized Prx subfamilies
overall that nonetheless is present across archaea, bacteria, and
some eukaryotic organisms, including plants and Caenorhabditis
elegans.é’lo’21 Bioinformatic analyses of Prxs have been
facilitated recently by the increasing amount of structural and
sequence information available for these proteins, and various
studies have suggested that members of the BCP subfamily are
most similar to the ancestral Prx protein.*'”?> Within the
BCP/PrxQ_ subfamily of proteins, the low-potential PrxQ
proteins of plant chloroplasts have been studied by several
groups and have been shown to be important in maintaining
photosynthesis within this organelle.”® E. coli BCP reportedly
exhibits low peroxidase activity with Trx1, raising the question
of whether this protein might be more active with other
peroxide or reducing substrates.** The functional importance of
this protein has been demonstrated, at least in the human
pathogen Helicobacter pylori, where it helps establish long-term
infections within the host’s gastric mucosa.

Interestingly, the C, residue has been found in at least four
different locations across all Prxs (in helices @2, a3, and aS and
the C-terminal tail) and can involve either an intrasubunit or
intersubunit linkage.'”* The presence of a C, is particularly
variable in the BCP/ Persubfarnily,6 with members possessing
a C, in helix a2 (54%)***” or a3 (like members of the Tpx
subfamily, 79%)*® or lacking a C, altogether (<39%). In cases
where C, is missing (in the so-called “1-Cys” enzymes), less is
understood about the reductive recycling pathways, but small
molecule thiols like glutathione or thiol groups from other
proteins like redoxins may be involved.*”® E. coli BCP is
representative of the largest group of BCP/PrxQ proteins, with
the C, located five residues after the C, in helix a2.>>® Reports
to date have concluded that E. coli BCP is a monomeric protein,
although the recent finding that BCP/PrxQ _subfamily members
can be dimeric suggests that more rigorous studies of the
oligomeric state of this protein in solution are warranted.'”

This study was designed to gather detailed information about
the peroxidatic function and biochemical underpinnings of the
reactivity of E. coli BCP. Its oligomeric and kinetic properties,
substrate preferences (for both hydroperoxide and reducing
substrates ), redox potential, and pK,, for C, were all investigated
and found to support a broad substrate specificity and wide
tolerance of varying cell conditions. For example, this enzyme is
less dependent than the other two Prxs (AhpC and Tpx) on
specific reducing pathways, which may be compromised under
conditions that would render other oxidant defenses less active.
As a high-potential redoxin, it is also poised to remain reduced
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under highly oxidizing conditions that would likely compromise
other defense systems within the cell.

B EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis of BCP from E. coli. The
BCP structural gene (GenBank accession number
EU897604.1) was amplified by polymerase chain reaction
(PCR) from E. coli XL1-Blue cells. The resulting PCR product
was purified from an agarose gel using the QIAquick gel
extraction kit (QIAGEN) and ligated into the pCR-Blunt-
TOPO PCR cloning vector (Invitrogen) following the
manufacturer’s protocol. The sequence and orientation of the
insert were confirmed by plasmid sequencing. The resulting
plasmid was digested with EcoRI and BamHI; the digested
fragments were gel purified, and the BCP-encoding fragment
was ligated into pTrc99A (Amersham Pharmacia Biotech Inc,
Piscataway, NJ) to generate the wild-type BCP expression
construct.

BCP mutagenesis (C45S, C50S, C99S, and C50S/C99S) was
performed using the QuikChange II Site-Directed Mutagenesis
Kit (Stratagene) following the manufacturer’s protocol. All
mutations were confirmed by sequencing of the entire BCP-
encoding insert.

Protein Expression and Purification. For all protein
preparations, cells were lysed by being passed through an
Avestin  EmulsiFlex-C5, and cell debris was removed by
centrifugation at 40000g for 40 min. Purification procedures
were conducted at 4 °C, unless indicated otherwise. All
chromatography, unless noted otherwise, was accomplished
using an Akta Explorer 10S Air FPLC system (GE Healthcare).

Wild-type E. coli BCP was expressed from TA431S cells,
which lack AhpC, the major Prx of E. coli;*® all BCP mutants
were expressed and purified from E. coli strain JW246S, from
the Keio collection, which has a confirmed knockout in BCP.*!
Cells were grown at 37 °C in 6 L of LB medium containing 100
pug/mL ampicillin to an A4y, of 0.6 and then induced for 18 h
with 0.8 mM isopropyl 1-thio-f-p-galactopyranoside (IPTG).
Cells were harvested and resuspended in 50 mM potassium
phosphate with 1 mM EDTA at pH 7.0 (buffer A) and lysed as
described above. The nucleic acids were removed from the
cleared lysate by the addition of 1% (w/v) streptomycin sulfate
and centrifugation at 18000g for 20 min. The resulting
supernatant was applied to a Q-Sepharose HP (GE Healthcare)
column equilibrated with buffer A and eluted using a linear
gradient from 0 to 1.0 M NaCl Fractions were pooled,
concentrated, and loaded onto a 250 mL Superose 12 prep
grade (GE Healthcare) gel filtration column equilibrated with
buffer A (except lacking EDTA). Fractions were pooled and
loaded onto a 10 mL CHT Ceramic Hydroxyapatite (Bio-Rad
Laboratories) gravity-flow column equilibrated with § mM
sodium phosphate (pH 7.0). The column was washed using a
stepwise concentration gradient of 50 and 100 mM sodium
phosphate, and BCP was eluted at 200 mM sodium phosphate.
Fractions containing purified BCP (~180 mg) were pooled and
stored as 10 mg/mL aliquots at —80 °C. Mutant BCP proteins
were expressed and purified essentially as described for the wild
type, except that 2 mM dithiothreitol (DTT) was present
during all steps of the purification, as previously required to
prevent oxidative damage for similar mutants of AhpC and Tpx
lacking the resolving Cys.>**

To obtain pure Trxl, W3110 cells containing pDLS9AT4,>?
a Trxl-expressing, heat inducible plasmid, were grown at 30 °C
in 6 L of 2XYT medium in the presence of ampicillin (100 ug/
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mL) to an Agy of 0.6 and then grown at 42 °C for 18 h. Trx1
was purified as previously described,®* except that the crude
extract was heated at 65 °C for 20 min and then centrifuged
before being subjected to chromatography with Q-Sepharose
HP and Superose 12 prep grade columns. Purity was verified by
SDS—polyacrylamide gels, and pure Trx1 was concentrated and
stored as 10 mg/mL aliquots at —80 °C.

Grx1 was expressed with a removable, N-terminal His tag in
E. coli BL21(DE3) and purified as described previously.*®
Briefly, the fusion protein was purified on a HiTrap Chelating
HP column (GE Healthcare), cleaved with thrombin, and
applied to a Superose 12 prep grade column. The F6W mutant
of Grxl (Grxlpgy) was expressed and t?uriﬁed from E. coli
C41(DE3) cells as previously described.®

Trx2 with an N-terminal His tag was expressed in DHB4 E.
coli cells transformed with plasmid DR1000 containing trxC in
a pET15b vector.®” Cells were grown at 37 °C to an A4y, of 0.6
and induced with 0.8 mM IPTG for 18 h. The Trx2 protein was
purified and the His tag removed essentially as described above
for Grxl.

Grx3 was expressed from pRO1 (grxC in a pBAD33-derived
plasmid)*® harbored within DHB4 E. coli and purified using
previously described methods.**** Briefly, 6 L of cell culture
induced for protein expression by addition of 0.02% arabinose
was harvested, lysed, and treated with streptomycin sulfate.
Chromatographic separations used Q-Sepharose (equilibrated
and eluted with increasing NaCl in buffer A, except at pH 8)
and Superose 12 columns (also using buffer A at pH 8).

Expression of DsbA from E. coli XL1-Blue transformed with
pBJ41*" was induced by overnight growth at 37 °C after
addition of 1 mM IPTG when Agy, equaled 1. The harvested
cells were treated with 300 pg/mL lysozyme in buffer
containing 20% sucrose, 20 mM Tris-HCl (pH 8.0), and 2.5
mM EDTA. The resulting supernatant after centrifugation was
dialyzed against 10 mM Tris-HCI containing 0.25 mM EDTA
(pH 8.0), loaded onto a S5 mL Q-Sepharose HP column
equilibrated with the same buffer, and eluted with a 0 to 0.5 M
NaCl gradient. Peak fractions containing DsbA were pooled,
brought to 1 M in ammonium sulfate, and loaded onto a 75 mL
Phenyl Sepharose HP column equilibrated with 1 M
ammonium sulfate, 20 mM Tris-HCl (pH 8.0), and 0.1 M
NaCl. DsbA was eluted using a 1 to 0 M ammonium sulfate
gradient. Fractions containing pure protein were pooled,
concentrated, and frozen in aliquots at 10 mg/mL.

E. coli thioredoxin reductase (TrxR) was purified as
previously described.'” Yeast glutathione reductase was
purchased from Sigma.

Analytical Ultracentrifugation. Multiple concentrations
of both oxidized and reduced BCP (25, 33, 50 66, 100, and 200
uM) were analyzed by sedimentation velocity experiments
using an Optima XL-A analytical ultracentrifuge (Beckman
Instruments, Palo Alto, CA) outfitted with absorbance optics.
Before analysis, BCP was treated with 10 mM DTT for 30—60
min, DTT was removed, and the buffer was exchanged using a
PD10 (GE Healthcare) column (reduced BCP sample).
Oxidized BCP was prepared from the freshly reduced protein
by addition of 10 mM H,O, for 5 min and exchanged into fresh
buffer without H,O, using a PD10 column. Samples were
analyzed at 20 °C in double-sectored cells in 25 mM potassium
phosphate buffer, 1 mM EDTA, and 0.15 M NaCl (pH 7);
reduced BCP buffers also contained 0.1 mM DTT.
Sedimentation data at 280 nm were collected every 4 min at
a rotor speed of 42000 rpm and a radial step size of 0.003 cm.
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Values of 0.7344S and 0.73446 cm®/g for the partial specific
volumes of reduced and oxidized BCP, res%)ectively, were
calculated from their amino acid compositions.** The molecular
weight was calculated using the Svedberg equation®’ after
extrapolation to zero concentration of the corrected sed-
imentation coefficient (s%;,) and the translational diffusion
coefficient (D°,,) obtained using SVEDBERG version 6.39
(www.jphilo.mailway.com).*#*>

Kinetic Assays. Previous NADPH-dependent assays con-
ducted by Jeong et al.** used a single concentration of Trx1 and
amounts of BCP that were equivalent to or in excess of the
amount of Trxl; under these conditions, BCP turnover is
expected to be limited by the rate of reduction. We therefore
adapted those assays to measure BCP’s activity with various
reductants so that each reductant was in at least a 10-fold excess
over BCP. Reactions were conducted at 25 °C in buffer A
containing 150 uM NADPH, 0.5 yuM BCP, and 1 mM CHP;
CHP rather than H,0, was used because H,O, gave a
significant background rate of reaction with glutathione under
these conditions, whereas CHP did not. Assays with 10 yM
Trxl or Trx2 contained 0.1 yM TrxR (control experiments
with twice as much or half as much TrxR did not give different
rates, confirming that this amount is in excess). Assays with 10
UM Grxl, Grxlggy, or Grx3 instead contained 1 mM
glutathione and 1 unit/mL glutathione reductase. Assay
mixtures were first prepared without CHP, monitored for 1—
2 min to establish the low background rate, and then
supplemented with CHP to start the BCP-dependent
peroxidase reaction. Ay, was followed for the first 2 min of
the reaction on an Agilent 8453 diode array spectrophotometer,
and initial linear rates were determined to calculate the rate of
NADPH oxidation using an € 3,y of 6220 M~ cm™.

Bisubstrate kinetic analysis with varying Trx1 and hydrogen
peroxide concentrations and studies that aimed to determine
BCP specificity with H,0,, cumene hydroperoxide (CHP), or
tert-butyl hydroperoxide (tBHP) with both Trx1 and Grx1 were
performed using an Applied Photophysics SX.18MV stopped-
flow spectrophotometer. First, Trxl (or Grxlggy) and BCP
were prereduced by 10 mM DTT for 1 h, and excess DTT was
removed by using a PD10 size exclusion column (GE
Healthcare). Previous assays conducted with these proteins
have established that this treatment fully reduces the Trx
proteins on the basis of the appearance of two free thiol groups
after reduction (detected by addition of DTNB).*” 046 A
similar test with Grxl established that 2.06 thiol groups per
polypeptide were also generated by this treatment (regardless
of whether 4 M guanidine hydrochloride is included in the
DTNB assay buffer) and were maintained for >5 h after
removal of the DTT with a PD10 column. Prereduced BCP
was mixed in one syringe with either Trxl or Grxl and the
reaction buffer (buffer A, present in both syringes); peroxide
was added to the second syringe. After the samples had been
mixed, the rate of reaction was measured by monitoring the
change in fluorescence of Trx as it is oxidized, with excitation at
280 nm and emission at >320 nm (using an emission filter).
Initial rates for the fluorescence changes at each Trx or Grx
concentration were converted to micromolar peroxide reduced
per second per micromolar BCP using eq 1.

rate [in pM peroxide s (LM BCP)_I]
[reductant]

= rate (inVs_l) X
AF[BCP]

(1)
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where [reductant] (Trx1 or Grxlggy) and [BCP] are the final
micromolar concentrations and AF is the maximum reductant
fluorescence signal change (in volts) in the presence of excess
peroxide for the same reductant concentration as that being
analyzed. Under these conditions, the contribution to the total
fluorescence changes from the very minor BCP fluorescence
changes as the redox state of this protein changes is
negligible.36

The initial rate of fluorescence decrease was determined by
linear regression of the data during the first 2 s of the reaction.
Reported rates are averages of three measurements from no
fewer than three independent assays conducted at 25 °C.

Determination of Midpoint Reduction (Redox) Poten-
tials. Reduced BCP (50 uM) was mixed with oxidized DsbA
(50 uM) in 100 mM potassium phosphate and 1 mM EDTA
(pH 7.0) and allowed to equilibrate anaerobically for 6 h at
room temperature (an equilibration time that was verified to be
sufficient in preliminary experiments). Although we have
previously used a rapid acidification of the sample followed
by direct separation by high-performance liquid chromatog-
raphy (HPLC), in this case an additional step of rapid
alkylation with N-ethylmaleimide (NEM) had to be added to
trap free thiol groups and improve separation on HPLC of the
reduced and oxidized species of BCP in the same gradient in
which the two redox forms of DsbA were resolved. Thus,
samples (50 uL) were quenched by adding SO xL of 200 mM
NEM for 2 min, followed by addition of a 10% volume of 1 M
phosphoric acid, and then aliquots were resolved using a 4.6
mm X 250 mm Vydac C4 HPLC column. Protein components
were separated using a shallow gradient of acetonitrile (50 to
60% acetonitrile for 60 min and then 60 to 82% acetonitrile for
an additional 102 min), with 0.08—0.1% trifluoroacetic acid in
both solvents, at a flow rate of 0.5 mL/min and room
temperature. The locations of the peaks for the reduced and
oxidized species were determined using standards for each
protein, and quantitation of the proteins was based on the peak
area for each species. The redox potential was calculated by
using a derivation of the Nernst equation (eq 2) and a value of
—110 mV (range of —122 to —100 mV) for the DsbA redox

potential.*’~*
] (2)

In separate experiments, oxidized BCP was mixed with
reduced DsbA and incubated for 12 and 24 h at room
temperature to ensure complete equilibration of the two
plroteins..15

Stability and pK, Analysis of BCP. The pK, of BCP
(wild type and mutant) was determined by measuring the
change in the €,,, between pH 3 and 9, following confirmation
that the protein was stable across this pH range (retained full
activity when shifted back to pH 7), essentially as previously
described.** For pK, analysis, BCP was first reduced with 10
mM DTT for 10 min, and then excess DTT was removed using
a PD10 column pre-equilibrated with 5§ mM potassium
phosphate and 1 mM EDTA (pH 7). The concentration of
reduced BCP was determined using an €,g, of 15400 M
cm™". BCP was diluted to a final concentration of 25 uM into
citrate-borate-phosphate (CBP) buffer containing each compo-
nent at 10 mM (sodium citrate, boric acid, and sodium

E,/(BCP) =
[DsbA, ][BCP,.4]
[DsbA ,.4][BCP,, ]

E, (DsbA) + (RT/nF) 1n(
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phosphate), 100 mM sodium chloride, and 0.1 mM
diethylenetriaminepentaacetic acid (DTPA) at various pH
values between 3 and 9; the final pH value of each solution
was determined after mixing. At each pH, the absorbance values
at 240 and 280 nm were measured with an Agilent 8453 diode
array spectrophotometer and the €,,, was calculated assuming
that the € 54y value remained constant across the pH range. The
€54 values were plotted versus pH, and the pK, was
determined by direct fit to eq 3:

y = [(A x 10P?) + (B x 10P%)]/(10P% + 10PT) (3)

where y = £,40, A is the upper plateau at high pH (& 4, for the
deprotonated form), and B is the lower plateau at low pH (& 549
for the protonated form).

The pK, of BCP was also determined by measuring the pH
dependence of BCP peroxidase activity. The rate of peroxide
disappearance was measured using the FOX assay to assess
peroxide levels.*® Prereduced BCP was diluted to 40 M in 2X
CBP buffer at various pH values between 4.5 and 8, and the
assay was started by the addition of an equal volume of 80 M
H,0,, resulting in a final volume of 25 pL. The reaction was
quenched at various times between 0 and 15 s by the addition
of 1 mL of FOX reagent.”® The absorbance at 560 nm was
determined using the Agilent spectrophotometer, and the
amount of peroxide remaining in the solution was calculated by
comparison with standard solutions of H,0,.

B RESULTS AND DISCUSSION

E. coli BCP Is a Monomer in Solution Even at
Concentrations as High as 200 gM. Of the six described
subfamilies of Prx proteins, only the proteins within the BCP/
PrxQ class of Prxs are described as monomeric. Although this
was originally thought to be characteristic of the subfamily as a
whole, recent crystallographic analyses have demonstrated that
some members of the BCP/PrxQ_group are indeed dimeric.'”
In fact, the oligomeric state of E. coli BCP in solution over a
range of concentrations has not been rigorously tested,
although intersubunit disulfide bond formation was ruled out
by SDS—polyacrylamide gel analysis and high-resolution mass
spectrometry (MS).>**® We therefore used analytical ultra-
centrifugation analyses to determine the oligomeric state of
reduced and oxidized BCP in solution at concentrations as high
as 200 uM. As shown in Figure 1A, both redox forms of BCP
exhibit sedimentation coefficients around 2 S; together with the
diffusion coefficient measured from the same experiments,
these data and the Svedberg equation yield shape-independent
molecular masses of 19.4 and 222 kDa for reduced and
oxidized BCP, respectively (given a theoretical mass for E. coli
BCP of 17502.7 Da). No evidence of higher-order species was
observed. Thus, in either redox state, E. coli BCP remains
monomeric in solution even at very high concentrations.

As mentioned above, of the structural representatives of the
BCP/PrxQ_subfamily characterized by X-ray crystallography to
date, four were monomeric, while two members crystallized as
dimers (through the A-type interface commonly used to form
PrxV and Tpx subfamily dimers). Unfortunately, no peer-
reviewed publications have resulted from the dimeric structures
of these Aeropyrum pernix (PDB entries 2cx3 and 2cx4) and
Sulfolobus tokadaii BCP proteins (PDB entry 2ywn), so limited
information is available. Nonetheless, an analysis of these
structures as well as sequences of all BCP/PrxQ subfamily
members (identified during a search of the January 2009 release
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Figure 1. Monomeric nature of E. coli BCP, confirmed by
sedimentation velocity studies, consistent with nonconserved residues
within the region of the A-type interface. As shown in panel A,
analytical ultracentrifugation studies of E. coli BCP at 42000 rpm, 20
°C, and neutral pH show no evidence of the formation of dimers or
higher-order multimers using SO yM reduced (red) and oxidized
(black) wild-type BCP. SVEDBERG software was used to generate the
g*(s) distributions shown in panel A and to fit the data to a single-
species model, yielding molecular masses derived from extrapolated
and corrected s and D values of 19.4 kDa for reduced and 22.2 kDa for
oxidized BCP. Panel B depicts the A-type interface between dimers in
Aeropyrum pernix BCP (PDB entry 2cx4), with one monomer colored
light blue and the other tan. Upon comparison of monomeric BCPs
(bottom of panel C) with the two dimeric BCPs (middle two lines)
and members of three other A-type interface-containing Prx
subfamilies (top part of panel C), it is notable that the dimeric
proteins possess a conserved aromatic residue in region 2 (Trp79 in A.
pernix BCP, blue residue in panel B) and a conserved small, mostly
hydrophobic residue in region 1 (Ala43 in A. pernix BCP, red residue
in panel B); these positions in E. coli BCP and three other monomeric
BCPs instead have hydrophilic and mostly charged residues, consistent
with their exposure to solvent in these monomers. Conserved residues
within the given subfamilies (bold) and those within A interfaces
(underlined) in the top three proteins were identified in a
bioinformatics and structural analysis of subfamily members across
all Prxs identified from a search of the January 2008 release of
GenBank (January 2009 for BCP/PrxQ subfamily members).®
Representative proteins shown are from Salmonella typhimurium
(St), Plasmodium falciparum (Pf), E. coli (Ec), A. pernix (Ap), S.
tokadaii (Sto), Sulfolobus solfataricus (Ss), Saccharomyces cerevisiae (Sc),
and Xanthomonas campestris (Xc). n.s. indicates that there are no
structural data available for ECBCP.

of GenBank®) has revealed a location within the A-type
interface of dimeric BCP proteins in which an aromatic residue
from one monomer packs against a small, often hydrophobic
residue (Figure 1B); the residues involved in this packing
interaction are conserved across the three other Prx subfamilies
that form A-type interfaces (Figure 1C). The presence of
bulkier, charged residues in these positions may explain the lack
of dimer formation in E. coli BCP and other monomeric
subfamily members (Figure 1C).
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E. coli BCP Exhibits Nonsaturable Interactions with
Trx1 and Broad Specificity for Peroxide Substrates.
Previous assays conducted by Jeong et al,,** which used a single
concentration of Trx1 (0.8 uM) and amounts of BCP that were
equivalent to or in excess of the concentration of Trx1, yielded
apparent V.. values for BCP with H,O, of 7 uM peroxide
substrate reduced min™ (uM BCP)~". Our initial assays of E.
coli BCP with Trxl in excess yielded rates higher than those
previously reported; furthermore, rates with Trxl concen-
trations as high as 40 M continued to increase, with no
evidence of saturation (data not shown). A range of assays were
therefore employed to better establish the kinetic attributes of
this system.

As the BCP reaction can be monitored directly by the loss of
Trxl fluorescence as it becomes oxidized, we conducted a
bisubstrate kinetic analysis of BCP with H,0, and Trx1 using a
stopped-flow spectrofluorometer to monitor turnover. Under
these conditions, an increase in Vi, o, and K, ., for H,O, was
observed with increasing Trx1 concentrations as high as 80 uM,
indicating an interaction between the reductant and BCP that is
nonsaturable at physiologically reasonable concentrations
(Figure 2A,B). Extrapolated values from global fits of all the

A . ; ;
T or :
Q
a | |
=
3
< 4r
(%]
°
o L .
N
k=)
3 2t ]
g . -
s ]
3
o0 500 1000 1500 2000
[H,0,], uM
B C
0.8F T T »
< 1500 g
o =
: 3 1000
£04+- 4 J
2 3
£ 500
o
0.0 I 1 = E“‘ 0
000 004 008 0 1000 2000
1T, M [H,0,]. uM

Figure 2. Steady state kinetic analyses of E. coli BCP with H,0, and
Trx1. Peroxidase activity was measured by mixing various concen-
trations of E. coli Trx1 (prereduced by DTT) and BCP (0.5 4M) in 50
mM potassium phosphate (pH 7.0) (with 0.5 mM EDTA) with
various concentrations of H,O, in a stopped-flow spectrophotometer
at 25 °C. The decrease in Trx fluorescence due to oxidation was
monitored and converted to the initial rate as described in
Experimental Procedures. Fixed concentrations of Trx1 assayed over
a range of H,0, concentrations were 10 (@), 20 (O), 40 (Hl), and 80
uM (). Data shown in panel A (+standard error) are averages of
three independent replicates. Lines through the points show the direct
fits to the Michaelis—Menten equation for each Trx1 concentration.
(B) Secondary plot of 1/ Vinasapp VS 1/[Trx] from data shown in panel
A and Table S1 of the Supporting Information. (C) Hanes—Woolf
plot of [H,0,]/v vs [H,0,] from data shown in panel A and Table SI.
Lines intersecting at the y-axis are consistent with a substituted (ping-
pong) enzyme mechanism.
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Table 1. Steady State Kinetic Parameters of BCP Using 10 uM Trxl or Grxlgsy and Varying Hydroperoxide Substrates

Measured by Stopped-Flow Fluorescence Analysis

protein reductant, at 10 uM ROOH" Vinaxapp [HM s™! (uM BCP)™] Ky opp for ROOH (M) Vina/ Ky (M7' s71)
Trxl H,0, 1.24 + 0.02 76.1 + 3.9 1.6 x 10*
CHP 1.21 + 0.02 99.5 + 5.2 1.2 x 10*
{BHP (1.6 +22)° (6800 + 11000)” 23 X 10
Grxlpgy H,0, 0.104 + 0.006 14.6 + 4.9 7.1 x 10°
CHP 0.128 + 0.002 216 + 1.3 59 x 10°
tBHP 0.124 + 0.039 574 + 294 2.2 % 10

“Abbreviations for hydroperoxide substrates are CHP for cumene hydroperoxide and tBHP for fert-butyl hydroperoxide. “Because of a very high

apparent K,

these values are poorly determined; data gathered included tBHP concentrations as high as 2 mM.

data for the K, for Trx and for V., are far outside the range of
the data, at ~500 M and 64 s™', respectively. Nonetheless,
Hanes—Woolf treatment of the data is consistent with a ping-
pong mechanism (Figure 2C). This lack of saturation with Trx1
demonstrates a major difference between BCP and many other
Trx-dependent Prxs, including Tpx from E. coli; the latter
protein interacts saturably with Trxl during turnover with
peroxide substrates (K,, for Trx1 of 25 uM).> Two other BCP/
PrxQ subfamily members, from Xylella fastidiosa and poplar,
were examined using similar kinetic approaches and also
exhibited saturable interactions with both the reducing and
oxidizing substrates (K., values of 7 and 1.5 uM for their Trx
reductants, respectively),””*" indicating that saturability by
Trx1 is at least sometimes observed for members of the BCP/
PrxQ_subfamily.

Although the values for V,,,, ., and K, .., for H,O, changed
with the concentration of Trx1 used, the (V,,,,/Ki,)pp for H,O,
remained constant at the various Trxl concentrations used as
expected for a ping-pong mechanism, giving an overall value of
~1.3 X 10* M™" 57! (Table S1 of the Supporting Information).
This matches well with the value of V,,,./K,, for H,0, obtained
as the reciprocal of the y-intercept in the Hanes—Woolf plot
(12 x 10* M™' s7'), an alternative way to analyze steady state
kinetic data (Figure 2C). This value is in the same range as the
values of ~4 X 10* and ~8 X 10* M~ s™! obtained for the X.
fastidiosa and poplar PrxQ proteins, respectively,””>" and rather
higher than the original estimate of 2.45 X 10* M~ s~ for E.
coli BCP reported by Jeong et al.** This catalytic efficiency is
somewhat modest when compared with k,/K, values obtained
for Trx-dependent Prxs from other subfamilies, which typically
exhibit values for their best substrates as high as 10" or 10° M™*
571195 Interestingly, E. coli Tpx, which reduces organic
hydroperoxides much more efficiently, has a very high K, for
H,0, (~1.7 mM) and consequently a very similar k_,/K,, value
for H,0, (4.4 X 10* M™! s7') compared with that for BCP.?

To directly compare E. coli BCP activity with different
peroxide substrates, a physiologically reasonable Trx1 concen-
tration of 10 uM was chosen for these analyses (based on
cellular concentrations of ~10—30 uM>>>%), Using Trxl, the
apparent K, value for H,O, is ~80 yM and similar to the value
obtained for cumene hydroperoxide; the V., values for
these two substrates are also very similar (Table 1). A related
hydroperoxide substrate lacking the aromatic ring, but with a
methyl group in its place, tert-butyl hydroperoxide, is a very
poor substrate under these conditions (Table 1 and Figure S1
of the Supporting Information). The similarity between H,0,
and cumene hydroperoxide as substrates and the demonstration
that tert-butyl hydroperoxide is a worse substrate for E. coli BCP
are consistent with the trend seen with the kinetically
characterized PrxQ enzymes from X. fastidiosa and poplar,
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although the differences between the two organic hydro-
peroxides were not so striking in those cases.””>"

Multiple Trx and Grx Proteins Are Functionally
Relevant Reductants of E. coli BCP. Although most Prxs
that use Trx substrates for reductive recycling do not show
significant activity with Grx proteins (smaller, CXXC-
containing Trx fold proteins present in many organisms),
some degree of overlapping substrate specificity between these
reductants and specific Prxs has been observed, e.g, in a plant
PrxII subgroug member from poplar phloem (in the PrxV
subfamily),>>*® in mitochondrial Prxlp from Saccharomyces
cerevisiae (a human PrxVI-like protein),”” in human PrxIII,*®
and in members of the BCP/PrxQ_subfamily.*”>" Other cases
in which a Grx is or may be the physiological reductant of a Prx
include the bacterial Prx—Grx hybrid proteins within the PrxS
subfamily®”*® and an unusual system from Clostridium
pasteurianum in which the Prx1/AhpC protein (denoted
Cp20) is recycled by Trx reductase (Cp34)- and Grx (Cp9)-
related proteins expressed from the same operon.®" There is
also a second Trx protein in E. coli, Trx2, which has properties
distinct from those of Trx1°* and has not previously been
investigated as a potential BCP reductant. To quantitatively
evaluate the specific contributions of Trx- and Grx-linked
pathways to recycling of E. coli BCP during turnover with
peroxides, we expressed and purified both Trx proteins (Trxl
and Trx2), as well as the two small, CXXC-containing Grx
proteins from E. coli (Grxl and Grx3). The two Grx proteins
that were not evaluated were Grx2, which is much larger and
more closely related to the glutathione S-transferases,*”** and
Grx4, which is a “monothiol” Grx with CXXS at the active site
instead of CXXC.*® Multicomponent, NADPH-dependent
assays were used, keeping conditions as nearly identical as
possible. These assay mixtures all contained NADPH, a small
amount of BCP (0.5 pM), 1 mM cumene hydroperoxide, and
the reductant being tested (10 #M); assays also included either
TrxR (0.1 M) or glutathione (1 mM) and glutathione
reductase (1 unit/mL), as the recycling systems for Trx and
Grx, respectively. AhpF, the physiological reductant of AhpC,
was also tested in similar assays but exhibited no detectable
activity with BCP (not shown). Under these conditions, the
most active reductant (Trx1) differed less than 6-fold from the
least active (Grx3) in terms of the rate of turnover (Figure 3A).
To gain insight into how much each reductant might be
expected to contribute to the reductive recycling of E. coli BCP
in vivo, we combined previously published data regarding the
abundance of each reductant during exponential or stationary
phases of growth® with these rates to estimate their relative
contributions in E. coli (Figure 3B). Thus, because of its
abundance, Grx3 is likely to contribute more to BCP reduction
than Grxl even though it exhibits a more moderate rate of
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Figure 3. Reductants of E. coli BCP. Thioredoxin (Trx) and
glutaredoxin (Grx) proteins from E. coli were assayed with BCP in a
common buffer that differed only in the appropriate regeneration
system for each (Trx reductase or glutathione reductase and
glutathione, respectively). Assays were conducted in 50 mM phosphate
buffer (pH 7.0) with 1 mM EDTA, 150 uM NADPH, 0.5 uM BCP, 1
mM cumene hydroperoxide, and 10 uM Trxl, Trx2, Grxl, or Grx3.
For Trx-linked assays, 0.3 uM E. coli Trx reductase was also added; the
Grx-linked assays were supplemented instead with 1 mM reduced
glutathione and 1 unit/mL glutathione reductase. Activity was
monitored spectrophotometrically at 340 nm, and initial rates were
used to calculate the amount of NADPH oxidized per minute
normalized to the amount of BCP added. Shown are averages from at
least three experiments =+ the standard error. Also tested was a
reductant system including NADH and AhpF in addition to the BCP
and peroxide, but no activity was observed; thus, this result is not
included in the plot In panel B, abundance in nanograms per milliliter
for each protein® was multiplied by the rate reported in panel A, and
the product was normalized to 1.0 for Trxl.

turnover with BCP (Figure 3A,B). This treatment of data does
not take into account, however, the fact that under high-
oxidative stress conditions, when OxyR is activated and
transcriptionally upregulating trxC (Trx2) expression, the
level of Trx2 can actually rise to a point where it becomes
more abundant than Trx1,” thus suggesting that all four of
these reductants may contribute meaningfully to the cellular
reducing power that sustains BCP peroxidase activity.

As previously established in studies of AhpC and other Prxs,
assays that utilize only one concentration of reductant and/or
one concentration of peroxide may give somewhat deceptive
results."> Therefore, we focused our efforts on conducting a full
kinetic analysis with E. coli Grx1 varying both reductant and
peroxide, as described above for Trxl. Initial experiments
established, however, that the low fluorescence emission of
Grxl, in combination with a similar fluorescence signal being
contributed by BCP, even at low concentrations, obviated the
use of an approach similar to that used with Trx1 (Figure 2).*°
To circumvent this problem, we engineered a new fluorescent
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tryptophan into Grxl in a position near the active site CXXC
where a bulky residue was already present, creating the F6W
mutant of this protein. This mutant is highly ﬂuorescent, and
the fluorescence changes substantially with redox state.*® As
verified by the commonly used HED assays for Grx proteins,
the mutant Grxlpgy exhibited activity equivalent to that of the
wild-type protein using this small molecule substrate.*® In an
extension of these studies, the same multiprotein assays used
above to compare the various Trx and Grx reductants (Figure
3) established that the mutation caused little, if any, change in
activity in a full peroxidase assay with BCP and peroxide [15.8
+ 1.5 uM s~ (uM BCP) ™ for the F6W mutant compared with
174 + 1.9 uM s™' (uM BCP) ™" for wild-type Grx1]. Using the
full bisubstrate analysis of BCP with various concentrations of
Grxlgpgy and peroxides, we found that the catalytic efficiency
(V,/K,) of BCP with H,O, is within ~2-fold of this value
with Trx1 (7.1 X 10° M~ s7), and the relative reactivities with
the different hydroperoxide substrates using Grxl mirror those
with Trxl (Table 1 and Figure S1 of the Supporting
Information). Nonetheless, the Vinaxapp a0d K, o, values for
peroxides are both lower with Grx1 than with Trx1; this may
reflect greater limitation in the reductive recycling of BCP by
Grxl than by Trx], yielding a K,,, ,,,, value for H,O, “artificially”
lower than what would be observed with a better reductant or
poorer peroxide substrate (supported by data in Table 1).

Previous studies have demonstrated that the E. coli Prx with
greatest activity on organic hydroperoxides, Tpx, is functional
only with Trxl and not Trx2 or Grxl.> To establish whether
broad reductant specificity is unique (among the E. coli Prxs) to
BCP, we also investigated the ability of Salmonella typhimurium
AhpC (closely related to the E. coli enzyme) to function with
Trxl and Grxl as alternatives to its native reductant, AhpF.
Although turnover with H,0, can be observed with AhpC in
the presence of E. coli Trx1, the interaction between these two
proteins to support catalysis is nonsaturable using Trxl
concentrations as high as 30 M. If a single concentration of
10 uM is chosen for Trxl and the S128W mutant of C-
termmally truncated AhpF used in stopped-flow assays with
AhpC the apparent V,,,, with H,0, is much lower with TrxI,
at ~1.7% of the value with the AhpF derivative. The rate of
reaction of AhpC with H,0, in the presence of Grxlgy is even
lower.

The Midpoint Reduction Potential of BCP Is Very
High, Consistent with the High Reactivity of This
Protein toward Multiple Reductants. The midpoint
reduction (redox) potentials of the two Trx and two Grx
proteins studied above vary widely (=198 mV for Grx3, —221
mV for Zn-replete Trx2, =233 mV for Grxl, and —284 or —270
mV for Trx1),°*” but all act as rather efficient reductants of
BCP during turnover with peroxides. However, the only known
redox potential for members of this Prx subfamily is for the
poplar PrxQ protein, at —325 mV,>" a very low redox potential
that would hinder electron transfer from all but the most
reducing of the Trx/Grx proteins. In the plant chloroplast, this
redox potential is well suited to the role of Prxs in protection
against oxidants where the Prx must be compatible with the
unique, li§ht-driven redox cycles of this photosynthetic
organelle.”**® As BCP functions, instead, in the cytoplasm of
E. coli, it was important to determine the redox potential for E.
coli BCP to improve our understanding of its functional
attributes contributing to catalysis.

To determine the redox potential of BCP, we modified an
approach used successfully in our hands to determine the redox
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potentials of two bacterial AhpC proteins'>® in which a

protein of unknown potential is equilibrated with another of
known potential and the amount of oxidized and reduced
species in the equilibrated mixtures can be used to calculate the
redox potential of the unknown protein using a derivation of
the Nernst equation.”” When BCP was equilibrated with Grx1,
an approach that worked well for the two AhpC proteins, Grx1
was fully oxidized and BCP was fully reduced, indicating that
the redox potential of the BCP was more than 50 mV higher
than that of the test protein (data not shown). We then
expressed and purified E. coli DsbA for the equilibration as it
has a much higher redox potential (see Experimental
Procedures). Briefly, reduced BCP and oxidized DsbA at pH
7 and room temperature were mixed, equilibrated for 6 h (an
equilibration time that was verified to be sufficient in
preliminary experiments), quenched by addition of NEM
followed by acid, and then resolved by HPLC to quantify the
respective redox forms of the two proteins (Figure 4, red). In
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Figure 4. HPLC profile of the separation of equilibrated reduced and
oxidized forms of E. coli BCP and DsbA to determine redox potential.
Reduced and oxidized BCP and DsbA (each at 50 uM) were allowed
to equilibrate at room temperature in 100 mM potassium phosphate
(pH 7.0) with 1 mM EDTA. The protein mixtures were quenched
with N-ethylmaleimide and phosphoric acid and immediately
separated by HPLC as described in Experimental Procedures.
Shown are the chromatograms from mixing of reduced BCP with
oxidized DsbA (red) and, displaced by 7 min and 0.01 absorbance unit
for ease of viewing, reduced DsbA mixed with oxidized BCP (blue).

three independent replicates, a value for the redox potential of
BCP of —152.6 + 1.2 mV was obtained. Similarly, three
replicates of the reverse experiment (reduced DsbA mixed with
oxidized BCP) yielded a redox potential of —139.2 + 2.2 mV
(Figure 4, blue). Averaging all values yielded a final redox
potential value of —145.9 + 3.2 mV for E. coli BCP. This value
is the highest determined redox potential for a Prx to date and
strikingly different from that of the poplar PrxQ in the same
subfamily, which is the lowest reported value among all Prxs
studied so far.”**"7° Like the values previously obtained for
Treponema pallidum AhpC and S. typhimurium AhpC (—192 +
2 and —178 + 0.4 mV, respectively),'>%
redox potential compared with those of many other redox

this is a relatively high

disulfide-containing proteins and is consistent with the
reduction of BCP being thermodynamically favorable with a
wide range of reductants.
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While a favorable thermodynamic driving force is irrelevant if
no kinetically competent pathway exists for the exchange of
electrons between two proteins, the redox potentials are very
important in that they govern the ratio of the reduced and
oxidized forms of each of the two proteins at equilibrium. Thus,
it is critical to establish the actual kinetic competence of
electron transfer when identifying relevant reductants of a given
oxidized protein, as we have done in the kinetic experiments
described above. Our data indicate that E. coli BCP will be
nearly completely reduced when equilibrated with equimolar
amounts of either fully reduced Trx or fully reduced Grx (with
reduced BCP fraction of >99% or >96% for Trxl and Grxl,
respectively). It should also be noted that an electron donor
may in fact have a higher redox potential than its protein
partner as long as they are reasonably close in potential (within
less than ~100 mV), as is the case with poplar PrxQ and its
physiological reductant, Trx (with redox potentials of —325 and
approximately —290 mV, respectively). In such a case, fully
reduced Trx mixed with fully oxidized PrxQ would reach an
equilibrium state of 20% reduced PrxQ and 80% reduced Trx
(in the absence of further reduction of Trx or oxidation of
PrxQ). At equilibrium, the forward and back reactions both
occur with the same overall flux, leading to no net change in the
populations of the reduced and oxidized proteins. However,
electron transfer in living systems is a very dynamic process,
and the re-reduction of Trx ensures that the forward reaction
continues with a greater flux than the back reaction, allowing a
significant complement of reduced PrxQ_to be maintained for
peroxide reduction in spite of their “inverted” redox potentials.
In contrast, the redox potential is much higher for Grx (—230
mV) than for PrxQ (—325 mV);>' thus, even if a facile kinetic
pathway exists, only 2.4% of PrxQ would be reduced before
equilibrium was reached in the absence of further electron-
transferring partners. These studies establish that BCP
reduction by Trx and Grx is favored both thermodynamically
and kinetically.

The pK, of the Peroxidatic Cysteine of E. coli BCP Is
<6, Similar to Those of X. fastidiosa PrxQ, S.
typhimurium AhpC, and Other Prxs. To react efficiently
with peroxides, the C, in Prxs needs to be deprotonated;
therefore, Prx activity is supported by the lowered pK, of the
C,. Before embarking on pK, analyses of BCP, we assessed the
stability of this protein across a range of pH values to avoid
conducting uninformative experiments. Both fluorescence
measurements for monitoring unfolding and experiments for
evaluating activity retention after low- or high-pH treatment
indicated that BCP is resistant to irreversible denaturation
across the full pH range from 3 to 9. This result differs from
that vgth AhpC, which showed instability in buffers below pH
~4.2.

Attempts to measure the pH dependence of BCP activity
were made through assessment of the competition between
BCP and horseradish peroxidase (HRP) for hydrogen
peroxide,”>**”" but the apparently slow reaction of BCP
under these conditions did not allow us to use this approach as
it competed very poorly with HRP. We therefore turned to an
approach whereby absorbance at 240 nm is used to monitor the
protonation state of cysteine residues in proteins.sz’nf74 Given
the stability results described above, the £,,, was determined
for both oxidized and reduced wild-type BCP over the pH
range between 3 and 9. While the oxidized protein did not
exhibit a significant pH-dependent change in €4, the reduced
protein exhibited a single apparent pK, value of 5.76 + 0.08
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(Figure SA). Although reduced, wild-type BCP possesses three
cysteinyl residues, data obtained are consistent with titration of
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Figure S. Effects of pH on absorbance at 240 nm (A and B) and
activity measured by the FOX assay (B) for BCP proteins. To generate
data shown in both panels, the A,,, and A,g, values for reduced BCP
(25 uM) were measured over a range of pH values and converted to
€49 as described in Experimental Procedures. Assuming the change in
absorbance reflects a simple thiolate:thiol equilibrium, the pK, values
were calculated from the plot of €,, vs pH by a direct fit to eq 3.
Values shown are for wild-type (red circles), C50S (blue squares), and
C50,99S (black triangles) BCP, along with the respective pK, fit curves
(solid red, solid blue, and dotted black lines, respectively). Data for
C45S (green triangles) and oxidized wild-type BCP (QO) are also
shown. In panel B, peroxide reduction rates (right axis) were assessed
using the FOX assay to measure peroxide levels after rapid mixing with
BCP (over a time course of 1—15 s), monitoring the decrease in
absorbance at 560 nm after addition of the reagent (open circles and
dotted line for the fit to eq 3). These data are overlaid with the data
from panel A with reduced, wild-type BCP (filled circles and solid
line) to illustrate the agreement between these independently derived
apparent pK, values.

only one thiol group, or multiple thiol groups with
indistinguishable pK, values around S5.8. As our interest is
very specifically in the pK, value of the peroxidatic Cys that lies
within the active site, mutants were prepared via removal of one
(C, CysS0) or both (CysS0 and Cys99) of the other Cys
residues in the protein by replacement with Ser. In each of
these mutants, the pH dependence of ¢€,,, was shifted slightly
to the right, yielding values of 6.05 + 0.07 and 6.16 + 0.05 for
C50S and C50,99S, respectively. In contrast, the mutant lacking
G, (C458) is much more reminiscent of the oxidized protein
and seems to lack any clear increase in absorbance as the pH
increases (Figure SA). The magnitude of the absorbance
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change was very similar for both C, mutants (CS0S and
CS50,99S) and the wild-type protein, suggesting that each of
these curves reflects primarily, or solely, the C, thiol/thiolate
status. The upward shift of ~0.3—0.4 pH unit for both mutants
that lack the C, likely reflects the moderate influence this
residue has on the C, pK,, presumably through structural and
electrostatic perturbations near the active site imparted by this
mutation.

To provide an independent measure of the pK, of the C,
thiol group, we evaluated the rate of reaction of BCP with H,O,
using rapid manual mixing of enzyme (20 M) and substrate
(40 uM), quenching of the reaction with the FOX reagent, and
subsequent spectrophotometric analysis to detect the dis-
appearance of peroxide at time points from 1 to 15 s. The
amount of peroxide consumed following addition of reduced
BCP was stoichiometric, verifying the complete reduction of
the protein prior to the assay. Under these conditions, a first-
order rate of around 0.17 s™! was obtained at pH 7 that, when
divided by the concentration of BCP used, yields a second-
order rate constant of 9 X 10° M™' s™!, matching well with the
Vinae/ Kin value for peroxide established in the steady state assays
with Trxl. As shown in Figure SB, titration of the BCP
peroxide reactivity gave a remarkably similar pK, value of 5.87
+ 0.16, strongly supporting the interpretation that the pK,
value of ~5.8 observed for the reduced, wild-type enzyme by
monitoring absorbance changes at 240 nm predominantly
reflects titration of the C, thiol group. This pK, value for BCP
. . . . )
is quite similar to those of other Prxs studied previously,
includziél 2X. fastidiosa PrxQ_(6.2) and S. typhimurium AhpC
(5.9)."

B CONCLUSIONS

With these studies, we show that E. coli BCP exhibits similar
levels of activity with a variety of both peroxides and reducing
partners. Notably, E. coli BCP is one of the relatively few Prxs
across the diverse family that can be reduced by glutaredox-
ns. 2733579061 BCP can take advantage of the availability of
multiple forms of both Trx and Grx, in part because of its very
high redox potential, and exhibits activity with both small and
large hydroperoxide substrates, making it a potentially very
important back-up system in cells with compromised redox
pathways. Even under highly oxidizing cellular conditions, BCP
would be able to maintain its peroxidase activity through
interaction with virtually any available reductant and catalyze
the reduction of a variety of peroxides, thus potentially serving
as a defense enzyme of last resort. This functional flexibility
may exist at the cost of a notably slower reactivity with peroxide
(with a k./K,, for peroxide of ~10* M™! s™") as compared to
the two other Prxs present in E. coli (AhpC and Tpx). These
two Prxs exhibit much higher activities with the preferred
substrates but are also much more specific in the peroxide and
reducing substrates used.>”"®

Interestingly, the second-order rate constant of 9 X 10° M™!
s~ obtained by monitoring the disappearance of peroxide in
the presence of BCP indicates that the steady state value for
k./K,, for peroxide does reflect a slow rate of reaction of the
reduced enzyme with H,0, (Figure SB). This is in contrast to
the findings with X. fastidiosa PrxQ, for which the first step of
peroxide reaction is actually much faster (~10” M~ s7!) than
its overall k_/K,, for H,0, (~10* M~! s71).2° Both E. coli BCP
and X. fastidiosa PrxQ do, however, stabilize the thiolate form of
the peroxidatic Cys in the active site to approximately the same
degree (pK, values of ~5.8 and ~6.2, respectively).”
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Differences between these enzymes also extend to the location
of their resolving cysteines. While the resolving cysteine in E.
coli BCP is found in the same helix, a2, as the C, the C, in X.
fastidiosa PrxQ is found in helix a3, as is commonly the case in
Tpx subfamily members, but also observed in ~7% of the BCP/
PrxQ_subfamily members.® Taken together, these differences
support the assignment of E. coli BCP and X. fastidiosa PrxQ _to
two separate subgroups within the BCP/PrxQ_subfamily.”

Although the BCP/PrxQ subfamily members can confidently
be grouped together on the basis of sequence analyses that
emphasize features near the active site,”*>”® they are a very
diverse set of proteins spread across much of the phylogenetic
tree. With these data, we note that E. coli BCP has the highest
redox potential (—146 mV at pH 7) and poplar PrxQ_the
lowest redox potential (—325 mV at pH 7) among all Prxs
studied so far, indicating quite different structural attributes for
the disulfide bonds in these proteins. It is now clear that some
BCP/PrxQ proteins are monomeric, while others are dimeric.
Even the second-order reaction rate with H,O, is now known
to vary bgf as much as 3 orders of magnitude across the
subfamily.”® It is perhaps this very “adaptability” that has led to
the persistence of this subfamily through much of evolution,
ada}})ting to fill a need in the various organisms that express
1t 24257778
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Prx, peroxiredoxin; BCP, bacterioferritin comigratory protein;
C,, peroxidatic cysteine (C45 of E. coli BCP); C, resolving
cysteine (CSO of E. coli BCP); Tpx, thiol peroxidase; Trx,
thioredoxin; Grx, glutaredoxin; DTNB, $§,5-dithiobis(2-nitro-
benzoic acid); SDS, sodium dodecyl sulfate; DTT, 1,4-
dithiothreitol; GuHCI, guanidine hydrochloride; DTPA,
diethylenetriaminepentaacetic acid; EDTA, ethylenediaminete-
traacetic acid; MS, mass spectrometry; IPTG, isopropyl 1-thio-
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p-p-galactopyranoside; Grxlggy, F6W mutant of Grxl; PDB,
Protein Data Bank.
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