Biochemistry1997,36, 13349-13356 13349

Roles for the Two Cysteine Residues of AhpC in Catalysis of Peroxide Reduction
by Alkyl Hydroperoxide Reductase fro®almonella typhimuriuin
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ABSTRACT. The catalytic properties of cysteine residues Cys46 and Cys165, which form intersubunit
disulfide bonds in the peroxidatic AhpC protein of the alkyl hydroperoxide reductase (AhpR) system
from Salmonella typhimuriumhave been investigated. The AhpR system, composed of AhpC and a
flavoprotein reductase, AhpF, catalyzes the pyridine nucleotide-dependent reduction of organic hydro-
peroxides and hydrogen peroxide. Amino acid sequence analysis of the disulfide-containing tryptic peptide
demonstrated the presence of two identical disulfide bonds per dimer of oxidized AhpC located between
Cys46 on one subunit and Cys165 on the other. Mutant AhpC proteins containing only one (C46S and
C165S) or no (C46,165S) cysteine residues were purified and shown by circular dichroism studies to
exhibit no major disruptions in secondary structure. In NADH-dependent peroxidase assays in the presence
of AhpF, the C165S mutant was fully active in comparison with wild-type AhpC, while C46S and C46,165S
displayed no peroxidatic activity. In addition, only C165S was oxidized by 1 equiv of hydrogen peroxide,
giving a species that was stoichiometrically reducible by NADH in the presence of a catalytic amount of
AhpF. Oxidized C165S also reacted rapidly with a stoichiometric amount of the thiol-containing reagent
2-nitro-5-thiobenzoic acid to generate a mixed disulfide, and was susceptible to inactivation by hydrogen
peroxide, strongly supporting its identification as a cysteine sulfenic acid (Cys46-SOH). The lack of
reactivity of the C46S mutant toward peroxides was not a result of inaccessibility of the remaining thiol
as demonstrated by its modification with S¢bthiobis(2-nitrobenzoic acid), but could be due to the lack

of a proximal active-site base which would support catalysis through proton donation to the poor RO
leaving group. Our results clearly identify Cys46 as the peroxidatic center of AhpC and Cys165 as an
important residue for preserving the activity of wild-type AhpC by reacting with the nascent sulfenic acid
of the oxidized protein (Cys46-SOH) to generate a stable disulfide bond, thus preventing further oxidation
of Cys46-SOH by substrate.

The alkyl hydroperoxide reductase system fr&almo- reagents, we have proposed a catalytic mechanism for the
nella typhimuriumprotects the cell from the toxic effects of alkyl hydroperoxidase system which includes active-site
reactive oxygen species generated during normal aerobiccysteine residues in both proteins (Scheme 1). In this
metabolism and during times of oxidative strets8). The scheme, AhpF transfers electrons from reduced pyridine
system consists of two proteins, AhpF and AhpC, that nucleotides (especially NADH) to Ahpg@ia the flavin and
together catalyze pyridine nucleotide-dependent reduction ofboth redox-active disulfide centers$,(8). Transfer of
organic hydroperoxides and.8, (2, 4-6). The genes electrons between AhpF and AhpC is envisaged to occur
encoding these two proteins are located on the same operomuring direct proteir-protein interaction that allows for
and are under the transcriptional control of the global stressdithiol—disulfide interchange between the two proteins, much
regulator OxyR 8, 7). Our previous studies have demon- like that observed in the thioredoxin reductasigioredoxin
strated that the 57 kDa AhpF is a thioredoxin reductase-like system ). Reduced AhpC, which contains two thiol groups
pyridine nucleotide-dependent protein that contains two per subunit, is then proposed to catalyze peroxide reduction
redox-active disulfide centers and one FAD per subuhit ( through a mechanism closely related to that established for
6). The 21 kDa AhpC protein contains two redox-active enterococcal NADH peroxidasd@, 11); a single cysteine
cystine disulfide bonds per dimer that have been implicated thiolate (Cys-S) attacks the -GO- bond, releasing ROH
in the reduction of organic hydroperoxides—6). and forming a cysteine sulfenic acid (Cys-SOH) within the

On the basis of static reductive titrations, AhpF- and €nzyme. In AhpC, however, this intermediate is expected
AhpC-dependent catalytic assays, and the observed sensitivio be unstable due to the proximity of another cysteine thiol

ity of each of the reduced proteins to inactivation by thiol WhiCh would react rapidl_y Wi'Fh the nascent cysteine sulfenic
acid to regenerate the disulfide bond and release a molecule

of water. In oxidized AhpC, the two half-cystine residues
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Scheme 1 synthetase by a DTT/E&O, system, while the C170S
ROOH ROH mutant of TSA retained full activity in this protection assay

17).
>_< We describe herein experiments designed to definitively

! ?j l_ ‘s{—i establish the chemical roles of Cys46 and Cys165 in the
= Awpc T = catalytic mechanism o08. typhimuriumAhpC using site-

directed mutagenesis, chemical titrations, and activity assays.
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We also report the identification of the disulfide bond
partners in the catalytic redox center of AhpC and provide
strong evidence for the participation of a cysteine sulfenic
acid in catalytic turnover of this enzyme.
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AhpF 's MATERIALS AND METHODS
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sH Materials. NADH was purchased from Boehringer-
Mannheim. Sigma was the supplier of dimethyl sulfoxide,
calcium chloride, streptomycin sulfate, cumene hydroper-
oxide (80%), protocatechuic acid, and protocatechuate 3,4-
dioxygenase. Hydrogen peroxide (30%), acetic acid, and
Difco bacteriological media were from Fisher. Ultrapure
s urea, DTNB, SDS, DTT, ammonium bicarbonate, and all
buffer components were from Research Organics, Inc.
strated by the detection of a single band of dimeric protein TPCK-treated trypsin was purchased from Worthington
on SDS—polyacrylamide gels run under nonreducing condi- Biochemicals. Restriction endonucleases and other DNA-
tions 6). This intersubunit disulfide bond is highly unusual modifying enzymes were purchased from New England
among proteins where the disulfide acts as a redox center.Biolabs or Promega and used as recommended by the
Such redox centers are usually present as intrasubunitmanufacturer. ¢-**S]JdATP for DNA sequence analysis was
disulfides between half-cystine residues separated by onlypurchased from New England Nuclear. Baker-analyzed
two or four amino acids1(2). HPLC-grade trifluoroacetic acid and acetonitrile were used
The proposal that a cysteine sulfenic acid is generated,to prepare solvents for HPLC. The standard buffer used in
albeit transiently, in AhpC on oxidation of a single cysteine most experiments was 25 mM potassium phosphate with 1
residue by hydroperoxides is well-founded based on the MM EDTA at pH 7, unless noted otherwise.
identification of this species within the oxidized form of the Mutagenesis, Cloning, and Purification Procedurédany
flavin-containing NADH peroxidase fronEnterococcus  of the methods employed in the manipulation of recombinant
faecalis. Studies originally supported the identity of this plasmids and expression and purification of mutant proteins
species in NADH peroxidase through chemical means: the were similar to or identical with those previously described
sulfenic acid (1) was reducible by two electrons derived from (5, 6). To replace Cys46 and Cys165 of AhpC with Ser or
NADH to generate the cysteine thiol(ate), (2) was susceptible Ala in either or both positions, degenerate mutagenic
to inactivation by hydrogen peroxidéa formation of higher oligonucleotides with the following sequences were de-
oxidized states of the cysteine, and (3) was reactive with signed: 5CCTTTGTTT/GCCCCGACTG-3and 5-GC-
the thiol-containing reagent 2-nitro-5-thiobenzoic acid (TNB) GAAGTAT/GCCCCGGCGA-3(underlined nucleotides are
as previously demonstrated for protein-associated sulfenicthe sites of the new codons, with T and G in equal amounts
acids (0, 11. Recent studies have directly demonstrated in the first position of these codons; oligonucleotide synthesis
the presence of this species in the oxidized form of NADH was performed in the DNA Synthesis Core Laboratory of
peroxidase through cryocrystallography a&#@-NMR tech- the Comprehensive Cancer Center of Wake Forest University
niques (3, 14. A chemically analogous form of seleno- supported in part by NIH Grant CA-12197). ThbpCgene
cysteine, the selenenic acid (Cys-SeOH), has also beerfor mutagenesis was derived from BodRlI—EcaRlI fragment
identified in the oxidized form of another heme-independent of pAQ27 cloned into theEcoRlI site of M13mp18 §, 7).
peroxidase protein, glutathione peroxida$g)( This latter Single-stranded DNA from this construct was used as
protein is similar to AhpC in its broad substrate specificity, template for mutagenesis, and mutant AhpC constructs were
reducing hydrogen peroxide as well as bulky hydroperoxides. made using the oligonucleotide-direciaditro mutagenesis
A very large family of proteins homologous with AhpC kit (version 2.1) from Amersham. The C165S and C46S
has emerged over the past several yea&f énd is now mutants identified by DNA sequence analysis with the
represented by more than 65 different sequences derived fronSequenase 2.0 kit (United States Biochemicals) were sub-
organisms spanning all kingdoms (L. B. Poole, unpublished cloned into thé?st —Xcm andBbd —Mlul sites of the pAC1
observations). The majority of these homologues possessplasmid, respectively (Figure 15). To create a new
cysteine residues corresponding to both Cys46 and Cysl65expression plasmid, pAC2, these mutant constructs were
of S. typhimuriumAhpC; Cys46 is conserved among all further subcloned into thé>ad—Ndd sites of pACF1,
homologues. Interestingly, it is this cysteine residue that effectively removing th@hpFgene but retaining the OxyR-
was shown to be essential for antioxidant activity in a yeast dependent promoter, thus allowing for the expression of the
homologue, thiol-specific antioxidant (TSA) protein; when recombinant proteins in a wide variety of host bacteria
the corresponding Cys47 was replaced by Ser, this mutant(Figure 1). The double mutant was constructed by subclon-
was unable to protect against the inactivation of glutamine ing the 469 bpMIul—Ndd fragment from C165S into the
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the Comprehensive Cancer Center of Wake Forest University
supported by NIH Grants CA-12197 and PR0048, in addition
to a grant from the North Carolina Biotechnology Center.

Mass Spectrometric Analyse<lectrospray ionization
mass spectrometric determinations were made on a VG
Quattro Il triple quadrupole mass spectrometer from Micro-
mass in the GC-Mass Spectrometry Laboratory supported
by NSF Grant 9414018 and Comprehensive Cancer Center
Grant CA-12197 from NIH. Samples containing 5 nmol of
protein were concentrated and rediluted with deionized water
3 times in a Centricon CM-30 at 40§@ remove phosphate
buffer and EDTA, giving a final volume of approximately
250 uL. Prior to injection, 25QuL of HPLC-grade aceto-
nitrile and 1% formic acid were added to the sample.

Spectral ExperimentsAll kinetic assays were performed
on an Applied Photophysics DX.17 MV stopped-flow
spectrofluorometer thermostatted at 26. The NADH
FiGure 1: Construction of a new expression plasmid for mutant titration and TNB experiments were performed on a ther-
AhpC proteins. The 891 bpad—Ndd fragment from pAC1 was  mostatted Milton Roy Spectronic 3000 diode array spectro-
isolated and ligated into the corresponding sites of pACF1 from photometer with 0.35 nm resolution. Circular dichroism

which the 2.6 kbPad —Ndd fragment containing thahpF gene 0y :
and most of thehpCgene had been excised; the latter fragment spectroscopy of the wild-type and mutant AhpC proteins was

was dephosphorylated with calf intestinal alkaline phosphatase prior P€rformed on a Jasco J-720 spectropolarimeter.
:)Oveifr?ilartnitolri] :tfioaomthD"nyDfl(IEErlTi]e:st: V-l\{ll’tlg dGe(?sri]ree dﬁ':?gm%ma;rﬂ Steady-state aerobic activity assays were carried out on
plasmi%ls yv%re obtained from cor%petent JM109(DE3) cells trans- ::Lisé?‘ﬁ:gﬂo:tl zagcgr?]phgggf(etgu?é f?;t()e v;";?trtirl;i tc:c(;dti-
formed with the ligation mixtures and retransformed into Ehe . : g . L

coli mutant TA4315 for expression as described in the test. T  the relatively low AhpF-dependent oxidase activity were
refers to the T7 termination sequence from pET-&4t to the taken into account in calculating specific activities. Assays
chloramphenicol acetyltransferase gene, axyRto the promoter  for the reactivity of free thiols in the reduced wild-type and
upstream ofihpCrecognized by the transcriptional regulator OxyR. single AhpC mutants were carried out by reaction with
Mlul—Ndd sites of the pAC2 plasmid already containing [.)TNB on the stopped-f_low spectrophotometer. The pseudp—
the C46S mutation. Following mutagenesis and subcloning, first-order rate of reaction was calcul_ated by the increase in
the single (C46S, C165S) and double (C46,165S) mutant?12 NM corresponding to the formation of TNB.

constructs were sequenced in their entirety to verify the The anaerobic NADH titrations for single AhpC mutants
mutations and coding sequence, and the recombinant plasWere performed as previously describe) (ith the fol-
mids were transformed intBscherichia colistrain TA4315  lowing exceptions. The proteins were premixed with 1 equiv
which contains a deletion of thahpCF operon on the  Of hydrogen peroxide following repeated evacuation and
Chromosome:i). The proteins were puriﬁed as previous|y nitrogen ﬂUShing of the solutions over 20 min. All hydrogen
described with minor modificationss). Pelleted bacteria ~ Peroxide solutions were standardized by assay with horserad-
from 24 L was used for the purification’ and in several ish perOXidase and-dianisidine USing a molar extinction
instances the protein was run a second time on a phenyl-coefficient of 11 300 M* cm* at 480 nm for the oxidized
sepharose 6 Fast Flow column following the DEAE-cellulose Product (8). After mixing with hydrogen peroxide, the
column to remove Contaminating proteinsl In addition, all solution was flushed for an additional 15 min with nitrogen.
the buffers used in the purification procedure and the purified AhpF was added under nitrogen to the bulb of the anaerobic
mutant proteins contained 5.0 mM DTT to prevent oxidation Cuvette prior to the addition of the titrating syringe containing
of the thiols. Proteins were separated from DTT on a an anaerobic solution of NADH.

Sephadex G-25 column and analyzed for DTNB-reactive
thiols prior to further experimentation.

HPLC and Amino Acid Sequence Analyséshemical
modification and tryptic digestions prior to HPLC analyses
were performed as previously describ&l (HPLC separa-
tions of oxidized and reduced AhpC peptides were carried
out on a Rainin HPLC system equipped with a 46L00

The TNB reagent was prepared by reacting a slight excess
of DTNB with DTT as measured spectrally at 412 nbi)(
Approximately 1% DTNB was allowed to remain in order
to avoid the presence of an excess of DTT. Following the
anaerobic reaction of each single mutant of AhpC with 1
equiv of hydrogen peroxide, a 20-fold excess of TNB was
added to the cuvette under nitrogen and then mixed and

mm AquaPore RP-300 C8 column. A gradient of acetonitrile allowed to react with the protein for 15 min. The reaction
containing 0.1% trifluoroacetic acid was used for the with TNB was monitored by the decrease in absorbance at
separation, and the peaks were detected at 215 and 254 nM12 nm. The TNB-modified proteins were then washed four
on a DynaMax UV-DIl dual-wavelength detector. One times with deionized water in a Centricon CM-30. Protein
peptide at 47 min in the oxidized tryptic map was rechro- recovery after washing, as assessed at 280 nm, was greater
matographed using a shallower gradient for additional than 90%; the conjugate was then reacted with a 10-fold
purification. Prior to amino acid sequence analysis, the excess of DTT over protein. The release of TNB was
purified peptide was frozen, lyophilized, and resuspended monitored at 412 nm and the amount of TNB released per
in 100uL of deionized water. Amino acid sequence analyses subunit was calculated using the extinction coefficient 14 150
were performed in the Protein Analysis Core Laboratory of M~ cm™ (19).
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Table 1: Amino Acid Sequence Analysis of Purified Pep47-D from
AhpC
first second
cycle peptide pmol peptide pmol
1 Phe 241 Val 300
2 Phe 233 Ala 381
3 Tyr 295 Ala 345
4 Pro 171 His 103
5 Ala 338 Pro 130
6 Asp 311 Gly 95
7 Phe 163 Glu 319
8 Thr 194 Val 159
9 Phe 163 - -
10 Val 174 Pro 100
11 XXX2 - Ala 168
12 Pro 95 Lys 58
13 Thr 121 - -
14 Glu 47 - -
aPeak eluting at 14.5 min, just after Arg (13.5 min) and Tyr (14.2
min); no standard available for identification and quantitation, but this
elution time compares favorably with that of the corresponding PTH-
cystine from AhpF reported previousIg)(
8 | N T L) T T T T ]
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Ficure 2: HPLC separation of tryptic peptides from oxidized or o) 0 i
reduced and pyridylethylated AhpC. Approximately 5 nmol of an )
exhaustive tryptic digest of oxidized (A and C) or reduced, e 1
pyridylethylated (B and D) wild-type AhpC was applied to an N
AquaPore RP-300 C8 column. Solution A contained 0.1% trifluo- 190 200 210 220 230 240 250 260
roacetic acid, and solution B contained 70% acetonitrile and 0.08% Wavelength, nm

trifluoroacetic acid. Aftea 5 min wash with 5% solution B, peptides o . . .
were eluted with a linear gradient from 5 to 80% solution B over FIGURE 3: Circular dichroism spectroscopy of mutant and wild-
80 min (flow rate was 1 mL/min). Peptide elution was monitored type AhpC proteins. Measurements were taken in 0.5 nm increments

at 215 nm (pane's A and B) and 254 nm (pane|s C and D) from 260 to 190 nm in a 0.1 cm path |ength cuvette Wlth the
concentration of protein at 0.2 mg/mL. Each spectrum is the average
RESULTS of four scans; smoothing of the data was performed using the default

parameters within the Jasco J-720 software. Spectra shown are for

L ) . wild-type (solid line), C165S (short dashed line), C46S (long dashed
Disulfide Bond Arrangement of Nag AhpC. Wild-type line), and C46,165S (dotted line) AhpC proteins.

AhpC was previously shown to exist as a covalent dimer

with two intersubunit disulfide bonds, although the arrange- encountered (cycle 9), and a peak corresponding to PTH-
ment of these disulfide bonds was not establisigd (n cystine was released from the second peptide in cycle 11 as
order to identify the disulfide linkages present in native expected from the sequences (Table 1). These results clearly
AhpC, HPLC-generated tryptic maps of oxidized and re- demonstrate that native AhpC contains two identical inter-
duced, pyridylethylated proteins were compared at 215 andsubunit disulfide bonds per dimer formed between Cys46
254 nm. As expected, two peaks exhibiting strong absor- and Cys165 on the other subunit (Cys4Bys16%).2

bances at 254 nm were observed in the tryptic map of the = Structural Analyses of AhpC MutantsSubstitutions of
reduced, pyridylethylated protein, consistent with those either or both AhpC cysteine residue(s) by serine residue(s)
identified and sequenced previously from reduced protein were made by site-directed mutagenesis in order to further
alkylated with iodo[1¥*Clacetamide 16; Pep24-PE and  characterize the cysteinyl redox centers of AhpC. Although
Pep51-PE in Figure 2B,D). These peaks were absent fromthe replacement of cysteine by serine is generally a conser-
the tryptic map of the oxidized AhpC protein, where two vative substitution, in AhpC the substitutions should be
other peaks representing potential disulfide-containing pep-accompanied by a disruption of the native disulfide bonds
tides were observed at 47 and 54 min (Figure 2A,C). On present in the oxidized protein. We began our studies by
isolation of these candidate peptides followed by reduction establishing that all cysteine to serine substitutions caused
and pyridylethylation, only the peptide eluting at 47 min no gross changes in secondary structures within the mutants.
(Pep47-D) was converted to two new peaks correspondingAs shown in Figure 3, circular dichroism spectra for C46S,
to Pep24-PE and Pep51-PE. Amino acid sequence analysi<165S, and C46,165S mutants of AhpC are virtually identical
of Pep47-D confirmed the presence of the disulfide bond

between Cys46 and Cys165 in this peptide; two PTH-amin0 2 cys165 and Cys46 represent cysteine residues located on the
acids were released with each cycle up to the first half-cystine opposite subunit when referring to the dimeric arrangement.
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L L B A 21 and 3484+ 30 nM NADH oxidized s* nM™* protein,

i respectively, and were directly proportional to the amount
of AhpC added. In contrast, neither the C46S nor the
C46,165S mutant exhibited activity under these conditions
(Figure 4). The non-zero intercept represents the relatively
low NADH oxidase activity catalyzed by AhpF alone. These
] results clearly implicate the thiol of Cys46 as the peroxidatic
] center in the active site of AhpC.

As demonstrated in Figure 4, the C165S mutant of AhpC
exhibits full peroxidatic activity in the presence ofuM
] AhpF; in contrast, little or no peroxidatic activity of C165S
0 1'0 2'0 30 20 S0 is observed if AhpF is present at concentrations below 200
[Protein], nM nM (data not shown). This inactivating effect of lowering

Ficure 4: Steady-state kinetic analysis of mutant and wild-type AhpF concentrations is not due to the presence of oxygen;

AhpC proteins. Stopped-flow spectrophotometric measurements €Sults are identical when the same experiments are carried
were carried out at 25C with final concentrations of 150 mM  out under anaerobic conditions. These results are readily

ammonium sulfate, 306M NADH, 1 mM cumene hydroperoxide,  explained if cysteine sulfenic acid is formed on oxidation
1M AhpF, and varying concentrations of AhpC (1000 nM) in of Cys46 by the hydroperoxide substrate. Whether this
g% ;2?{'0ggtﬁfg“mit?aﬁgzpohnatne]i;‘;‘;f%é"gt‘oiemgﬂifErIeAsiﬁiﬁ;e@%h reactive intermediate is further oxidized to sulfinic or sulfonic
the substrates in the other syringe. Data shown are from three@Cid forms, and thus inactivated by the excess cumene hydro-
separate experiments with wild-type (closed circles), C165S (open peroxide present, or is re-reduced by AhpF to continue the
circles), C46S (inverted closed triangles), and C46,165S (open catalytic cycle appears to be a function of the amount of
triangles) AhpC proteins. Rates were determined by linear regres- AhpF available in the reaction mixture. Wild-type AhpC is
g'gna?tgflﬁi'fiﬁé.the change in absorbance at 340 nm from the first \ o gimiiarly sensitive to lowered AhpF concentrations,
presumably due to the presence of the proximal Cysthéd

in the far-UV region with that of the reduced wild-type AhpC  within the active site which rapidly re-forms the highly stable
protein. Although not shown, there is also no significant disulfide bond with Cys46.
difference between circular dichroism spectra of oxidized NADH Titrations of AhpC Mutants Pretreated with®b.
and reduced forms of wild-type AhpC. We set out to examine the species generated on oxidation

As expected from the results described in the previous of each single mutant of AhpC by 1 equiv ob® using
section, each mutation of a cysteine residue removed thereductive titrations with NADH. These titrations were
intersubunit disulfide bridges observed in the wild-type performed in the presence of catalytic amounts of AhpF,
protein. Electrospray ionization mass spectrometry indicated monitoring the absorbance at 340 nm as NADH was added
a molecular mass value of 41 229.341.91 amu for wild- anaerobically from a titrating syringe. Previous experiments
type AhpC (compared with an expected value of 41 228 amu demonstrated the consumption of 1 equiv of NADH and the
for the dimeric protein, calculated as twice the monomeric generation of two new thiol groups per subunit of AhpC
value minus 4 hydrogens per dimer accounting for disulfide under similar conditions). In order to generate the putative
formation; 5). Single mutants (C165S and C46S) gave oxidized forms of the single cysteine-containing AhpC
values of 20599.88+ 0.57 and 20 596.42t 0.66 amu, mutants, preparations of C46S or C165S from which DTT
respectively, compared to expected values of 20 600 amuhad been removed were preincubated with 1 equiv £9.H
for each mutant in its monomeric form. The molecular mass under anaerobic conditions for 15 min prior to the addition
of the double mutant (C46,165S) was 20 582130.76 amu, of AhpF and anaerobic titration with NADH. As shown in
which is in agreement with the expected value of 20 584 Figure 5, 1 equiv of NADH was consumed per subunit during
amu for the monomeric form of this mutant. titrations of the preincubated C165S AhpC mutant, similar

Steady-State Kinetic Analyses of AhpC Mutarisorder to the result observed with wild-type AhpC, while titrations
to address the requirement for one or both cysteine residuef the similarly-treated C46S mutant resulted in no consump-
in the catalysis of peroxide reduction, single (C46S and tion of NADH, giving only a steady increase in the 340 nm
C165S) and double (C46,165S) mutants of AhpC were testedabsorbance throughout the experiment. DTNB assays of the
for activity in the presence of excess AhpF using a stopped- two single mutants confirmed the presence of a single thiol
flow spectrophotometer. We have found that initial rates group per subunit following titration of either mutant by
obtained in this manner are far greater (by 30-fold or more) NADH, while only the HO.-treated C46S mutant reacted
than those previously reported which employed anaerobic with DTNB prior to the titration with NADH. Additional
cuvettes and manual mixing times &f30 s 6). Further experiments with the C46S mutant indicated that neither
analyses comparing the two methods have indicated thatlengthening the time of preincubation with®; (up to 120
wild-type AhpC is sensitive to inactivation by peroxide min) nor increasing the ¥D, concentration (up to a 100-
substrates during turnover, and that this inactivation rate is fold excess) brought about any significant change in the
highly sensitive to the reaction conditions used. In the titration results with this mutant. Clearly only the C165S
present work, we have utilized the stopped-flow spectro- mutant is stoichiometrically oxidized by B, to a form
photometer for all steady-state assays and used data obtainedthich can be efficiently reduced by AhpF with two electrons
during the firg 3 s after mixing, a method which gives far derived from NADH to regenerate the Cys46 thiol of the
more reproducible results than those previously repoBged ( reduced, active protein.

As shown in Figure 4, NADH oxidation rates were nearly ~ TNB Reactiity of Oxidized C165S AhpCAs the NADH
identical for wild-type and C165S AhpC proteins, at 3t8 titration described above provided evidence of an oxidized
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FIGURE 5: Anaerobic NADH titrations of kO -treated C46S and  FIGURE 6: Reduction of the AhpC/C165SINB conjugate with
C165S mutants of AhpC in the presence of AhpF. AhpC mutants DTT. The C165STNB conjugate was generated by mixing 20
(20 nmol) were reacted for 15 min with 1 equiv of hydrogen nmol of C165S pretreated anaerobically with 1 equiv of hydrogen
peroxide under anaerobic conditions in 0.6 mL of a solution peroxide ina 0.6 mL solution of the standard buffer with 400 nmol
containing 50 mM potassium phosphate and 1 mM EDTA at pH of TNB. Following removal of free TNB from the solution in a
7.0 in the presence of protocatechuate dioxygenase (0.02 unit) andCentricon CM-30, a 10-fold excess of DTT was added to the
protocatechuic acid (20 nmol) to eliminate oxygen. Spectra were modified protein and the spectral changes were recorded as
collected after all changes were complete following each addition follows: 1, spectrum of the C1658'NB conjugate prior to the

of the anaerobic NADH solution from a titrating syringe. Shown addition of DTT; 2-7, spectra at 1, 2, 3, 4, 5, and 30 min after the
is the absorbance monitored at 340 mensusequivalents of NADH addition of DTT, respectively. The inset is a semilogarithmic plot
added relative to the AhpC monomer for,®}-treated C46S of the change in absorbance, converted into units of TNB/subunit,
(inverted closed triangles) and C165S (open circles) proteins. As versustime.

shown, the oxidized C165S mutant required 1.01 NADH/AhpC
monomer for complete reduction; results from three experiments
gave an average of 1.68 0.07 NADH/AhpC monomer.

1.

species of Cys46 consistent with the redox behavior of a 0.

cysteine sulfenic acid, we sought independent evidence for
this species through measurement of its reactivity with a
chromophoric thiol-containing reagent, TNB. The C165S
mutant of AhpC was preincubated with 1 equiv ofG4
under anaerobic conditions as described above, and then
reacted with TNB while monitoring the absorbance at 412
nm. The decrease iA4;, accounted for 0.86 0.08 TNB
consumed per subunit of C165S. As expected from the ' .
NADH titration experiments described above, no decrease 0.5 1.0 1.5 2.0 2.5
in A1, was observed on addition of TNB to the C46S mutant Time, sec
pretreated with bD,. An additional measure of the TNB  pgyre 7: DTNB reactivity of reduced wild-type, C46S, and C165S
reaction stoichiometry was obtained on reaction of the AhpC proteins. Stopped-flow measurements were made 4€25
isolated TNB conjugate of C165S with DTT. Figure 6 in the standard phosphate buffer at pH 7.0 upon mixing AhpC
demonstrates that the reduction of the conjugate proceededr’éggzgti%';?yD_;—h’\éBr aattefg}"’}}ﬁg“gﬁ)’g&%i‘i%'gswogsamegzﬂrggoe/é'v'll-lz -
W'th_ aty, of about 2.1 min and gave a tqtal of O:EELO'O6 for a total of 20 s. The-axis represents the total absorbance change
equiv of TNB released per mole of protein. Again, no TNB  normalized to 1.0 for all proteins. The rates were determined from
was released from the C46S mutant treated in a similar two separate experiments and are depicted for the single C46S
manner. Thus, the reactivity of the oxidized form of C165S (inverted closed triangles) and C165S (open circles) mutants and
is consistent with that previously established for cysteine Wild-type (closed circles) AhpC.
sulfenic acids 11). cysteine thiol groups toward @, might be a difference in

In order to address the possibility that th€,mf the thiol the accessibility of these groups toward modifying agents.
of Cys165 was substantially higher than that of Cys46 and We sought to test this hypothesis through analyses of reaction
responsible for the lack of reactivity of this residue toward rates of the thiol group from each mutant with the chro-
H.O,, the TNB experiments with §D,-treated mutants  mophoric thiol reagent DTNB. Shown in Figure 7 are the
described above were repeated at pH 9.0. Again, TNB absorbance changes observed at 412 nm on addition of this
reacted stoichiometrically with C165S but did not give reagent to C46S, C165S, and reduced wild-type AhpC;
detectable reaction with C46S. Denaturation of each of the pseudo-first-order rate constants for these spectral changes
mutants with guanidine hydrochloride prior tg®} treatment were 0.60, 0.45, and 0.47% respectively. As expected,
and TNB modification indicated that both mutants were the extent of each reaction accounted for the modification
unreactive toward kD, at pH 7.0, and partially reactive at of 0.92+ 0.03, 1.0+ 0.04, and 1.8% 0.06 thiols/subunit,
pH 9.0. These results clearly implicate the microenvironment respectively. Thus, the active single mutant of AhpC,
of each of the cysteine residues in modulating their reactivity C165S, reacts with DTNB at a rate nearly identical with that
toward HO,, as discussed below. of the thiol groups of the wild-type protein (previous results

DTNB Reactiity of AhpC Mutants.One explanation for ~ have demonstrated that only one thiol of reduced, native
the differential reactivity of the AhpC C46S and C165S AhpC reacts with DTNB; the second thiol attacks the mixed
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disulfide bond to release a second TNB anion and re-form Scheme 2

the native intersubunit disulfide bon@). The AhpC mutant HOL  4s}-SH HO— 165

which appears to be unreactive with,® or cumene ~\l: :\L
hydroperoxide, C46S, is actually slightly more reactive NADH+HY AhpF,, ROOH
toward DTNB, eliminating inaccessibility as an argument

for the lack of reactivity of the Cys165 thiol toward,Gh. AhpC

DISCUSSION N AhpFy ROH

The results described herein have established the arrange- 4‘1]:5()“ Hoj\‘“
ment of the unusual intersubunit disulfide bonds which act N ~

as catalytic centers in AhpC, and have clarified the chemical . o o

roles for each cysteine residue within the active site. Single mutant of AhpC exhibited full peroxidatic activity,
Through amino acid sequence analyses of the disulfide- While the double mutant was completely inactive. This result.
containing tryptic peptide, the AhpC subunits were shown demonst_rates that _Cys46 is absolutely necessary for catalysis
to exist in an antiparallel arrangement, with Cys46 forming ©Of peroxide reduction by AhpC.

a disulfide bond with Cys165 on the other subunit. The Further experimentation with the C165S mutant of AhpC
antiparallel arrangement was further supported by the massindicated that the activity of this mutant is highly dependent
spectrometric data; the molecular mass obtained for each ofon the reaction conditions. When AhpF concentrations lower
the single mutants is for the monomeric form while the mass than 200 nM were used, C165S exhibited little or no activity
obtained for wild-type AhpC is for the dimeric form of the toward hydroperoxide substrates, apparently due to inactiva-
protein. If the subunit arrangement were parallel (Cys46 tion of the protein by excess peroxide. The oxidized form
Cys46 and Cys165-Cys16%), each single mutant should of C165S is also susceptible to inactivation by oxygen if
still be able to form one disulfide bond per dimer. Our exposed to air over several minutes (data not shown), but
results with AhpC are in agreement with those for a related this autoxidation appears not to be of consequence when the
protein, TSA from yeast, which was also shown to possessC165S mutant is actively turning over.

intersubunit disulfide bonds oriented primarily in this anti- Our interpretation of the above results is that the ab|||ty
parallel fashion 17). These results strongly suggest that of C165S to catalyze continuous peroxide reduction is
there'are two identical active sites per dimer in the AhpC dependent on having the levels of reductants (AhpF and
protein. NADH) sufficiently high to promote reduction of the cysteine
In order to better understand the function of each cysteine sulfenic acid (Cys46-SOH) back to the thiol (Cys46-SH)
residue in catalysis, single (C46S and C165S) and doublerather than oxidation of this center to sulfinic (Cys46,8D
(C46,165S) cysteine to serine mutants were constructed.or sulfonic (Cys46-SeH) acid forms by excess peroxide.
These proteins were expressedBn coli strain TA4315 Peroxide-mediated inactivation of the enterococcal NADH
which contains a deletion of thehpCF operon and thus  peroxidase was also attributable to the generation of these
allows for the expression of these proteins without any wild- higher oxidation states of the catalytic cysteine residug (
type background. Circular dichroism spectra of the mutants These findings also support a similar interpretation of the
were compared with that of wild-type to verify that no gross contrasting results obtained from activity measurements of
secondary structural changes had occurred. Mass spectromthe comparable C170S mutant of yeast TSA. In those
etry of the single and double mutant proteins, in addition to experiments, the mutant exhibited full “protector” activity
DNA sequencing of the full coding sequences of the inthe presence of DTT, preventing inactivation of glutamine
expression vectors and quantitation of the thiol contents of synthetase activity by a metal-catalyzed oxidation system
each protein, confirmed that the desired mutations were (DTT/Fe¥t/0,), but no peroxidase activity in the presence
present and unaccompanied by any other inadvertent muta-of NADPH, thioredoxin, and thioredoxin reductad& ( 20,
tions. 21). The efficiency of reduction of the C170S mutant of

Catalytic functions of AhpC mutants possessing either one TSA by the thioredoxin reductase system may not be
or no cysteine residues per subunit were assessed by activitgufficient to prevent peroxide-mediated inactivation of this
assays carried out in the presence of excess AhpF using gnutant.
stopped-flow spectrophotometer. Our previous demonstra- These findings also explain our previousvivo results
tion that reduced AhpC was very sensitive to inactivation which indicated that none of these AhpC mutants, C46S,
by thiol reagents led to the expectation that C46,165S, which C165S, or C46,165S, provided detectable protection of host
contains no cysteine residues, would be totally inactive. We bacteria against the cytotoxic effects of cumene hydroper-
did recognize, however, that the presence of only one oxide 22). In similar survival assays showing complemen-
cysteine per subunit in AhpC could still be sufficient to tation of anahpGdeficientE. coli strain by Mer5, a mouse
support peroxide reduction during turnover, as is the case inhomologue of AhpC, a mutation of the second cysteine
the active site of the single cysteine-containing NADH corresponding to Cys165 i8. typhimuriundid still result
peroxidase fronk. faecalis(10, 11). The difference forthe  in a moderate amount of protection against peroxide treat-
active single mutantersuswild-type AhpC would be that  ment relative to wild-type sense and antisense strés (
AhpF would have to reduce the putative cysteine sulfenic Thus, these studies did indicate a detectable amount of
acid generated on oxidation of the catalytic cysteine rather activity in a “conditionally active mutant” testdad vivo; it
than the disulfide bond of wild-type AhpC (Scheme 2). is notable that this partially active Mer5 mutant corresponds
Evaluation of the catalytic activities of wild-type and mutant to our C165S AhpC mutant which also exhibits peroxidase
proteins indicated that one (C165S), but not the other (C46S),activity. Taken together, our results indicate that although
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Cys165 is not directly required for the reduction of hydro- cloning them into pAC1, Al Claiborne and Jeff Schmitt for
peroxides, it does play an important role in preventing the valuable discussions, and the reviewers of the manuscript
inactivation of AhpC through reversible formation of a stable for helpful suggestions regarding the interpretation of our
cystine disulfide bond with the nascent Cys46-SOH at the data.

active site.

An important result of these studies is that the inactive REFERENCES

single mutant of AhpC, C46S, does not react with hydrogen
peroxide even when this oxidant is added in excess.
Reactivity of Cys165 toward DTNB is at least as great as
that of Cys46, eliminating inaccessibility as a factor in the
inability of Cys165 to react with kD,. One alternative
explanation for this lack of reactivity would be that thi€,p
of the Cys165 thiol group is substantially higher than that
of Cys46 due to differences in their microenvironments. This
explanation is not, however, supported by the similar reaction
rates for the cysteine thiol(ate)s of the single mutants with
DTNB, a result which suggests a similar degree of ionization,
and therefore nucleophilicity, for these cysteinyl residues
(24). The best explanation for the differential reactivities
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could assist in proton donation to the poor Ri@aving group
of the peroxide substrate, a feature that would be unnecessary
for TNB formation due to the high stability of this anion at
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dimensional structure of AhpC and to identify such a putative
active-site residue will be required to test this hypothesis.
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sulfenic acid is the intermediate formed on reaction of the
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its probable rapid condensation with the proximal thiol(ate)
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