Biochemistry1997,36, 1335713364 13357
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ABSTRACT. AhpF, the alkyl hydroperoxide reductase component which transfers electrons from pyridine
nucleotides to the peroxidase protein, AhpC, possesses two redox-active disulfide centers in addition to
one FAD per subunit; the primary goal of these studies has been to test for the requirement of one or both
of these disulfide centers in catalysis. Two half-cystine residues of one centeislsus) align with

those of the homologousscherichia colthioredoxin reductase (TrR) sequence (G¥8ysisg), while the

other two (CysLCysi30) reside in the additional N-terminal region of AhpF which has no counterpart in
TrR. We have employed site-directed mutagenesis techniques to generate four mutants of AhpF, including
one which removes the N-terminal disulfide (Se8efisz) and three which perturb the TrR-like disulfide
center (SepsSenkss, SerasCysas, and CysssSekag). Fluorescence, absorbance, and circular dichroism
spectra show relatively small perturbations for mutations at the disulfide center proximal to the flavin
(Cyss4sCyssa9) and no changes for the SgfSers, mutant; identical circular dichroism spectra in the
ultraviolet region indicate unchanged secondary structures in all mutants studied. Oxidase and
transhydrogenase activities are preserved in all mutants, indicating no role for cystine redox centers in
these activities. Both DTNB and AhpC reduction by AhpF are dramatically affected by each of these
mutations, dropping to less than 5% for DTNB reductase activity and to less than 2% for peroxidase
activity in the presence of AhpC. Reductive titrations confirm the absence of one redox center in each
mutant; even in the absence of Gy€yss the N-terminal redox center can be reduced, although only
slowly. These results emphasize the necessity for both redox-active disulfide centers in AhpF for catalysis
of disulfide reductase activity and support a direct role fore8y/si32 in mediating electron transfer
between Cys:Cysss and the AhpC active-site disulfide.

The alkyl hydroperoxide reductase (AhpRgnzyme AhpR proteins; either protein independently overexpressed
system fromSalmonella typhimuriunis composed of two  in Escherichia coliis partially protective 4).

proteins, AhpF and AhpC, which together catalyze the  characterization of the purified AhpF and AhpC proteins
NAD(P)H-dependent reduction of organic hydroperoxides nas clarified the role of each in catalysis of peroxide

and hydrogen peroxide. Deletion mutants lacking this system yoq,,ction. AhpF, a flavoprotein with two redox-active

(ahp’) or the transcriptional regulator of these and other isuifide centers per subunit (Gy&Cysi3»and CyssCysug),

oxidative stress-linked protein®XyR') are hypersensitive  5151y765 electron transfer between reduced pyridine nucleo-
toward hydrogen peroxide or cumene hydroperoxide treat- tides and acceptor substrates such as oxygen, DTNB, and

g‘e.m and, itr:_ the Iat';]er c;se, accum.ulatef more T)_UtationsAhpC (@—6). Reduced AhpC, which contains two free thiol
uring aerobic growth1(-3). Expression of recombinant groups per subunit, is a direct reductant of organic hydro-

Ath)R protglr}s In|0>t<yI:\; stralps'lldowers éh? §pont|ane|ous peroxides and hydrogen peroxide; oxidation of AhpC returns
mutagenesis levels to those of wild-typeyRstrains, clearly the protein to its native form with two intersubunit disulfide

implicating these proteins as critical components in cellular bonds per dimer4 6). Recent investigations have demon-

defense systems which protect against oxidative damage to o
DNA (1, 2. The cytotoxicity of cumene hydroperoxide is strated that the disulfide bonds of AhpC are formed between

Cysis and Cyses on the other subunit, implying the presence

also substantially decreased in strains overexpressing bothOf two identical active-site cystine centers per AhpC dimer

(7). That catalytic cysteine residues present in each reduced
T This research was supported by NIH Grant GM-50389 and Council protein are required for catalysis of peroxide reduction has

for Tobacco Research Awards SA006 and 4501 to L.B.P. n demonstr ina thiol-modifvin g nth
* Author to whom correspondence should be addressed at the been demonstrated using thiol-modifying ager)s (On the
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1 Abbreviations: AhpR, alkyl hydroperoxide reductase; TrR, thiore-  disulfide interchange, and from a nascent catalytic thiol of
doxin reductase; Tr, thioredoxin; AcPyADoxidized 3-acetylpyridine AhpC to ROOH (Scheme 1). Through analogy with other

adenine dinucleotide; AcPyADH, reduced 3-acetylpyridine adenine - ; i
dinucleotide; AAD", 3-aminopyridine adenine dinucleotide; DTNB, non-heme peroxidase systerBsd) and recent experimental

5,5-dithiobis(2-nitrobenzoate); TNB, 2-nitro-5-thiobenzoate; NTsB, data ¢), this last step probably involves transient formation
2-nitro-5-thiosulfobenzoate; SDS, sodium dodecy! sulfate. of a cysteine sulfenic acid (Cys-SOH), followed by condensa-
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tion of this species with the other active-site cysteine to re-
form the disulfide bond.

Information pertaining to AhpF structure can be derived
from comparisons of its coding sequend®)(with that of
thioredoxin reductase frorischerichia coli(TrR; 11), a
homologue bearing 35% identity at the amino acid level with
the C-terminal 60% of AhpF 1@, Figure 1). Pyridine
nucleotide and FAD binding motifs, as well as the well-
characterized redox-active disulfide center of TrR, are all
present in AhpF; the two additional cysteinyl residues
encoded within the C-terminal region of the AhpF structural
gene that are not present in TrR (Gyand Cyssg) play no
structural or catalytic role in AhpF as assessed by site-
directed mutagenesi§); Modeling of this portion of AhpF
based on the known TrR structuré3f has suggested that
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Ficure 1: Location of the tryptic cleavage site and redox-active
half-cystine residues within the AhpF protein sequence in com-
parison with those of thioredoxin reductase (TrR). The remaining
catalytically inactive Cygs and Cyggg of AhpF and Cysos and
Cyssos Of TrR are not shown.

Structural and catalytic effects of substituting each pair of
cysteine residues (CysCysizz, Of Cy$usCySsag), OF CySus

or Cysgss individually, with serine residues have been
assessed in these studies. We present data that clearly
establish the importance of the N-terminal disulfide center
in the catalysis of AhpC (and therefore peroxide) reduction.

MATERIALS AND METHODS

Materials NADH was purchased from Boehringer Mann-
heim. Sigma was the supplier of FAD, 3-acetylpyridine
adenine dinucleotide (AcPyAD, 3-aminopyridine adenine
dinucleotide (AAD"), cumene hydroperoxide (80%), mo-
lecular biology grade ammonium sulfate, methyl viologen,
protocatechuic acid, and protocatechuate 3,4-dioxygenase.
Difco bacteriological media, sodium dithionite, and organic
solvents were from Fisher. Other reagents and buffer
components including DTNB, SDS, and ultrapure urea were
purchased from Research Organics, Inc. Guanidine hydro-
chloride was from Gibco BRL. Restriction enzymes, T4
DNA ligase, calf-intestinal alkaline phosphatase, and other
DNA-modifying enzymes were obtained from New England
Biolabs.

[0-3S]dATP was from New England Nuclear. The

the C-terminus of AhpF can adopt a structure quite similar standard buffer used was 25 mM potassium phosphate at

to that of TrR, with Cysys and Cysysin close proximity to
the isoalloxazine ring of the bound FADL4). The C-

pH 7.0, with 1 mM EDTA, unless otherwise mentioned.
Mutagenesis, Expression, and Purification of the Mutant

terminal and N-terminal portions of AhpF represent separately- Enzymes In order to replace Cys and Cysss or CySizo

folding domains linked by a proteolytically-sensitive “hinge”
region as demonstrated by limited tryptic digestiols (

and Cyss; of AhpF with serine or alanine residues for the
generation of the double mutants, the following mutagenic

Figure 1) and independent expression of the two fragmentsoligonucleotides were designed:-GTCACCTATT/GCC-

through mutagenesis techniqudsl)

Like the wide variety of flavin-containing pyridine nucleo-
tide:disulfide oxidoreductases characterized to dbsg (he

CCGCACT/GCCGACGGTCCG-and 3-TTCACTCTCC-

T/IGCCCATAACT/GCCCCGG-3 (underlined nucleotides

are the sites of the new codons; T and G are in equal amounts

unique architecture of AhpF appears to impart its specialized in the first position of these codons). The oligonucleotides

AhpC-reducing activity. Without the N-terminal domain,
the C-terminal tryptic fragment of AhpF does not catalyze
peroxide reduction in the presence of Ahpg);(in static

synthesized for individual replacement of Gyand Cysys,

respectively, were'sSGTCACCTATT/GCCCCGCACTGC-
GACGGTCCG-3 and 3-GTCACCTATTGTCCGCAC-

titrations, truncated AhpF missing the N-terminal 207 amino T/GCCGACGGTCCG-3 (oligonucleotide synthesis was

acids is virtually incapable of reducing AhpC4j. We have
therefore hypothesized that the N-terminal domain of AhpF

performed in the DNA Synthesis Core Laboratory of the
Comprehensive Cancer Center of Wake Forest University,

acts as an appended substrate for the TrR-like C-terminalsupported in part by NIH Grant CA 12197). To generate
portion of the protein, mediating electron transfer between the template for mutagenesis at codons 129 and 132, the 526

the TrR-like CysssCyssss disulfide center and the redox-
active disulfide of AhpC. The necessity for multiple

bp EcoRlI—Eag restriction fragment bearing the coding
region for a portion of AhpF was excised from the expression

alternating interactions between AhpF redox centers and thevector, pAF1 ), and ligated into the corresponding restric-
mounting evidence from studies of the related TrR protein tion sites of pBluescriptll Sk{) from Stratagene using
(16) have also led us to hypothesize conformational changesstandard DNA manipulation techniqued7); this new

within AhpF during catalysis@). Studies described herein

plasmid was designated pBIF1 (Figure 2). All other mutants

address the function of both redox-active disulfide centers were created using template from the same phagemid vector

of AhpF through site-directed mutagenesis approaches.

bearing the entire coding region for AhpF (pBIF2;Figure



Redox-Active Disulfide Centers of AhpF

EcoRI
Cy5,5Cy45,

Biochemistry, Vol. 36, No. 43, 19973359

previously reported4). The molar extinction coefficients
of the protein-bound FAD at 445 or 449 nm were determined
by release of the flavin cofactor wit4 M guanidine
hydrochloride and quantitation of the corresponding free
FAD (4).

Anaerobic titrations were carried out essentially as de-
scribed previously &). Dithionite and NADH titrating
solutions were prepared in buffer bubbled for-ZD min
with oxygen-free nitrogen, loaded into the titrating syringe,
and standardized prior to each experiment. An oxygen-
scrubbing system consisting of protocatechuate 3,4-dioxy-
genase and protocatechuic acid was included in all NADH
titration experiments, and methyl viologen was added at a
molar ratio of 1:100 relative to the AhpF protein to promote
equilibration between redox centers during dithionite titra-

FIGURE 2: Recombinant plasmids used in mutagenesis and expres-tions ). Spectral data were not corrected for dilution, which
sion of AhpF mutants. Plasmids were constructed as described undefyas <2.5% overall.

Materials and Methods using the indicated restriction siteéb. T
refers to the T7 termination sequence from pET-11, T7 to the T7
promoter sequenceat to the chloramphenicol acetyltransferase
gene, andamp to the p-lactamase gene conferring ampicillin
resistance.

Activity and Thiol Assays Anaerobic AhpF-dependent
peroxidase assays with cumene hydroperoxide were carried
out essentially as described previousty, (but employed a
stopped-flow spectrophotometer and concentrations ph20
AhpC and 10uM mutant AhpF proteins (or 0.4M wild-

2). Single-stranded DNA was prepared using single-strandedtype AhpF). DTNB reductase assays were performed as

rescue by R408 helper phage from Stratagei®). ( Fol-
lowing mutagenesis with the Sculptior vitro mutagenesis

described previously with the exceptions that NADH was
added at 20@M and plastic or glass cuvettes were used to

kit from Amersham, mutants were screened and appropriatepreyent nonenzymatic decomposition of DTNB by ultraviolet
mutations identified by sequencing of single-stranded DNA |ight in the diode array spectrophotometer. Transhydro-

using the Sequenase Version 2 sequencing kit from Unitedgenase and oxidase assays followed previously described
States Biochemicals; only the serine mutants were chosenprotocols 4).

for subcloning into expression vectors at this stage. To create

the expression plasmid for SgfSers? AhpF, theEcoRI—

Assays for free thiol groups were carried out either by
incubation of protein with nitrogen-bubbled guanidine hy-

Eag fragment containing the mutated region was subcloned .ochioride at a final concentrationf @ M for several

back into the identical sites of pAF1l following dephos-
phorylation of the digested vector fragment. Expression
plasmids for SelCyss, CySasSebas, and SefsSeksgwere
similarly created by transfer of the 734 Hpag—Sma
fragment from the mutated phagemid to &eg and blunted
BsiXl sites of pAF1. Confirmation that the correct mutations

minutes followed by addition of 10&M DTNB, or by
similar additions 66 M guanidine hydrochloride and 100
uM NTSB, a sulfite-insensitive reagent described by
Thannhauser et al.19) which can be used following
dithionite titrations. All thiol assays were performed in8.5
1.0 mL volumes containing sufficient protein to generaie

were present was again obtained by DNA sequence analysis, g ,es between 0.5 and 1.0.

of the entire new restriction fragments within the expression

vectors. Recombinant AhpF mutant proteins were expressedResuULTS

and purified as previously reported for the wild-type
recombinant enzymedy.

Spectral and Anaerobic Experiment# thermostatted

Milton Roy Spectronic 3000 diode array spectrophotometer

Spectral Analyses of AhpF Mutant€omparisons of the
visible absorbance spectra of SeBelhisy SekssSekss, and
Sek4sCys4g mutant AhpF proteins, as summarized in Table

with 0.35 nm resolution was used to collect all absorbance 1+ indicated virtually identical spectral properties for these

spectra and to carry out essentially all enzymatic assay an

anaerobic titration experiments. Several activity assays were

gmutants compared with the wild-type enzyme. In contrast,

the visible spectrum of the CygSekss mutant of AhpF

also performed on a thermostatted Applied Photophysics exhibits markedly blue-shifted flavin peaks, with maxima

DX.17MV stopped-flow spectrofluorometer. Circular dichro-

at 373 and 445 nm (compared with 381 and 449 nm for wild-

ism and fluorescence spectra were recorded using a Jasc®y/P€ AhPF), and a significantly lowered extinction coefficient

J-720 spectropolarimeter and an SLM Aminco Bowman
Series 2 luminescence spectrophotometer, respectively. Flu

for the 373 nm absorbance band (Figure 3). Extinction

0_coefficients for all four mutants at 449 or 445 nm are similar

rescence intensity measurements were compared each timi®> but slightly less than, the value for the wild-type

with that of a 8.8uM FAD standard solutionAuso = 0.1);

flavoprotein. Unlike spectral characteristics of a comparable

the concentrations of wild-type and mutant proteins ranged Mutant of TrR, SaesCysizs (20), no absorbance band beyond

between 6.9 and 7 @AM, corresponding to aAyso of ~0.09.
Extinction coefficients used for all reduced and oxidized
pyridine nucleotides, free FAD, and TNB were those

2Mutants studied herein are designated;®8eks; SebasS€kas,
SekssCysas and CysssSekss using nomenclature as in Miller et al.
(23). Any of the six cysteine residues not included in each designation
have not been altered by mutagenesis.

500 nm which would correspond to a thiolate FAD
charge-transfer interaction is exhibited by the ;38yS4s
mutant of AhpF, even when shifted to conditions of higher
pH (up to pH 8.5) or high ammonium chloride concentration
(up to 0.5 M).

Circular dichroism spectra of the four mutants are es-
sentially identical with that of wild-type AhpF in the far-
ultraviolet region, a strong indication that none of the
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Table 1: Spectral Properties of Wild-Type and Mutant AhpF Proteins

wild type SeizSelis, SekssSekas SekasCysas CyasSe€kag
molar extinction coefficiert 13 000+ 660 12 400+ 300 11 800+ 600 12 500+ 900 12 300+ 800
Amax Of two flavin peaks (nm) 381, 449 381, 449 378, 449 381, 449 373, 445
ratio of absorbancés 1.04 1.03 1.07 1.00 1.20
fluorescence 1.00 1.00 1.32 1.00 0.54

@ Results are for 449 nm or, in the case of GySekas for 445 nm, and are shown as mearstandard deviation (four replicates) expressed as
M~1 cmL. P The ratio is of the absorbance of the flavin peak at 445/449 nm divided by that of the flavin peak at 373/3®Hlunrescence
intensity is shown relative to wild-type AhpF at 1.0, a value which is 24% that of an equivalent concentration of free FAD.

protein was decreased by 46% relative to the wild-type
enzyme.

Flavin-Dependent Transhydrogenase and OxidasevActi
ties of AhpF Mutants Two flavin-mediated activities
catalyzed by AhpF, transhydrogenase activity which meas-
ures hydride transfer from NADH to a pyridine nucleotide
analogue of higher potential (AcPyAlD and oxidase activity
which arises from the transfer of two electrons from NADH
to O, have been very useful in comparing mutant and
truncated AhpF proteins as an assessment of their proper
folding and appropriate flavin binding. Previous results had
indicated that neither of these activities were sensitive to
inactivation by thiol reagents4]. Removal of 202 amino

FieURE3: Comparison of wild-type, SekCysus and CysiSes acids from the N-terminus of AhpF by limited proteolysis
. - ’ A48 Zl 48 i FROAn
AhpF visible absorbance spectra. The proteins were in standard/3S also without effect on these activitie.( Our results

phosphate buffer at neutral pH and room temperature; spectra showrln this study, summarized in Table 2, indicate that replace-
are for wild-type (solid line), CyssSerss (dashed line), and  ment of the N-terminal disulfide center with serine residues

SekasCyszas (dotted line) proteins. has no effect on either activity. Oxidase activity is also
unchanged for CygsSekss and SefssSekqs mutants, while
the Ses.sCyssag mutant exhibits oxidase activity at nearly
twice the level of the other mutants and wild-type AhpF.
Transhydrogenase activities of $eCY s CySasSekas and
Seg4sSekqg Span a range of values, from 80 to 230% relative
to the wild-type and SessSens, proteins. It appears that
the absence of a cysteine at position 345 imparts higher
transhydrogenase activity, while the presence ofsyn
the absence of Cyg decreases the level of activity. 1t is
clear, in any case, that neither disulfide center of AhpF is
required for efficient electron transfer between pyridine
nucleotides.
300 350 400 450 500 550 Effects of Cysteine Mutations on NADH-Dependent DTNB
Wavelength, nm and AhpC/Peroxide Reductase Aittes of AhpF Efficient
FiGurRe 4: Comparison of visible circular dichroism spectra for = catalytic reduction of the disulfide bond of DTNB to release
wild-type and mutant AhpF proteins. Spectra of wild-type and the chromophoric TNB anion was demonstrated previously

mutant proteins were obtained for 668 uM of each protein in - - - .
standard phosphate buffer at pH 7 and room temperature. Measure{0F the wild-type AhpF protein4, 5). Substitution by serine

ments were taken in 0.5 nm increments from 550 to 290 nm in a Qf one or more of the AhpF cys.teine_ residues Undefr
1 cm path length cuvette. Each spectrum is the average of eightinvestigation in this study causes serious impairment of this
scans; smoothing of the data was performed using the defaultactivity (Table 2). The mutant missing the N-terminal

parameters within the Jasco J-720 software. Spectra shown are fory: ., i e 0, o
wild-type (solid line). SemeSens, (long dashed line. almost Wisulfide center, SessSefis, exhibits about 5% of the activity
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completely overlapping with the wild-type spectrum), S&ekss of the wild-type enzyme, while mutations of cysteinyl
(short dashed line), S@eCysus (dashee-dotted line), and residues within the C-terminal disulfide center also result in
CyssasSekgg (dotted line) AhpF proteins. a drop in activity to 2-5% of the wild-type catalytic rate.

Both intact disulfide centers are thus required for efficient
mutations is accompanied by major changes in the secondanelectron transfer to DTNB.
structures of the proteins (data not shown). Interestingly, AhpF-dependent peroxidase assays carried out anaerobi-
visible circular dichroism spectra shown in Figure 4 are cally in the presence of saturating substrates (8AONADH
perturbed for all mutants in which the mutation(s) is (are) and 1 mM cumene hydroperoxide) and an excess of AhpC
in the disulfide center that is expected to be proximal to the (20 xM) indicated very low AhpC-mediated peroxidase
flavin (SekssCySas, CySasSekss, and SefssSekss); the activity (<2%) for all four mutant AhpF proteins (Table 2).
spectrum of the SesSerz, mutant is identical with that of  Efforts to use SDSpolyacrylamide gels of iodoacetamide-
wild-type AhpF. Wild-type, SagsSelis;, and SefsCySas treated proteins to demonstrate AhpC reduction (detected as
mutant proteins exhibited a similar fluorescence intensity, conversion of the covalent dimer to monomérwithin 30
whereas the emission intensity of the S€ekss mutant s after anaerobic addition of this protein to stoichiometric
protein was increased by 32% and that of the L;f®k4s amounts of each NADH-reduced double mutant; S§8ek 3,
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Table 2: Enzymatic Activities of Wild-Type and Mutant AhpF Protéins

wild type SerzoSefs; SekasSekss SekasCyss CysusSekas
oxidase activity 196+ 15 206+ 10 220+ 21 372+ 60 2344+ 19
transhydrogenase activity 1970+ 230 2090+ 260 4490+ 610 41304+ 210 1620+ 160
peroxidase activity 8050+ 226 63.6+ 6.6 57.0+7.8 140.0+ 7.2 69.6+ 5.4
DTNB reductase activity 810+ 130 39+ 3 16+ 3 34+ 5 20+ 3

a Activity results reported as mean standard error are expressed as micromoles of substrate reduced per minute relative to micromoles of FAD
determined at 450 nm; assay volumes were 1 mL (except in peroxidase assays using the stopped-flow spectropidReseltsrvere obtained
for 30 and 60 pmol of each protein and four replicateResults were obtained using 10 and 20 pmol of each protein with five repli¢aepF-
dependent peroxidase activity was measured anaerobically on a stopped-flow spectrophotometepMttwilld type) or 10uM (mutant) AhpF
protein and 2Q«tM AhpC. Activities were corrected for the very low peroxidase activity in the absence of AhpC and were repeated at least 3 times.
¢DTNB reductase activities from at least four separate experiments were measured-&@pol of wild-type and 56200 pmol of mutant

AhpF proteins.
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FiIcure 5: Anaerobic dithionite titrations of SgeSels; and SefssSeksgs ANpF mutants. Titrations were carried out in standard phosphate

buffer at neutral pH in a total volume of 530 at 25°C. Sef,¢Sefis; (16.4 nmol; panels A and B) and $SgfSekas (34.0 nmol; panels C

and D) mutant proteins were titrated in the presence of methyl viologen with 1.9 and 2.9 mM anaerobic solutions of dithionite, respectively.
Spectra (panels A and C) were recorded after each addition when no further absorbance changes occurred. Solid lines in panel A represent
spectra obtained after the addition of 0, 0.49, 0.98, 1.31, and 1.63 equiv of dithionite/FAD in order of decheasing increasind\sso.

Dashed lines in panel A indicate spectra taken after the addition of 1.96 and 2.28 equiv of dithionite/FAD in order of de&igsai

Asgo. Similarly, solid lines in panel B represent spectra obtained after the addition of 0, 0.41, 0.84, and 1.68 equiv of dithionite/FAD, and
dashed lines indicate spectra taken after the addition of 2.16 and 2.65 equiv of dithionite/FAD in order of indgasianels B and D

show the absorbance changes at 450 (closed squares) and 580 nm (closedveirslessiquiv of dithionite/FAD added.

or SekssSekqs, of AhpF failed to detect any rapid reduction does not give complete reduction of the flavin even when
of AhpC by either mutant (data not shown). Clearly, the added in large excess. Formation of a long-wavelength
integrity of both disulfide centers of AhpF is obligatory for charge-transfer band accounted for by FADH NAD™
efficient transfer of electrons from AhpF to AhpC and normal interaction also occurs during NADH, but not dithionite,
catalytic reduction of hydroperoxides by the system. titrations, although the extent of formation of this species is
Reductie Titrations of AhpF MutantsReductive titrations  different for some of the mutants (see below).
of all four AhpF mutants of interest herein give spectral In all titrations, disruption of either of the two disulfide
changes that are qualitatively similar to those observed duringcenters results in the consumption of 1 equiv less of the
NADH and dithionite titrations of wild-type AhpF 6. reductant compared with similar titrations of wild-type AhpF.
Addition of either reductant leads to spectral changes As shown in Figure 5, dithionite titrations require about 2.2
indicative of the progressive reduction of FAD and formation equiv/FAD of the reductant to achieve complete reduction
of significant amounts of the blue, neutral semiquinone form of mutant proteins, relative to3.2 equiv for wild-type AhpF
of the flavin (Figures 5 and 6). Further additions of dithionite (6; data not shown for SefCyssss and CysssSekasg). The
lead to full reduction of the flavin; NADH, on the other hand, apparent preferential reduction of the disulfide center relative
is a relatively poor reductant of the flavin semiquinone and to the flavin demonstrated by the pattern of absorbance
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FIGURE 6: Anaerobic NADH titrations of SessSens, and Sef;sSekqsg ANpF mutants. Titrations were carried out in standard phosphate
buffer at neutral pH in a total volume of 530 at 25°C. Sef,sSefis, (18.0 nmol; panels A and B) and SgfSekas (25.0 nmol; panels C

and D) mutant proteins were titrated with 1.9 and 2.5 mM anaerobic solutions of NADH, respectively. Spectra (panels A and C) were
recorded after each addition when no further absorbance changes occurred. Spectra shown in panel A, in order of degreasing
increasingAsgo, Were obtained after the addition of 0, 0.44, 0.87, 1.31, 1.60, and 1.89 equiv of NADH/FAD; similarly, spectra shown in
panel C were taken after the addition of 0, 0.22, 0.44, 0.66, 0.98, 1.31, and 1.75 equiv of NADH/FAD. Panels B and D show the absorbance

changes at 350 (open squares), 450 (closed squares), 580 (closed circles), and 700 nm (operersideguiv of NADH/FAD added.

changes for the SexSefis, mutant is much like that seen
for the wild-type protein with two disulfide center®)( Fewer
points were obtained for the dithionite titration of S€8ekas
due to the excessive time-(2 h) required for equilibration

min per addition relative to 2015 min), although this rate
is considerably greater than for the dithionite titration.

One notable difference between the double mutants of

AhpF is the extent of formation of the long-wavelength

after addition of reductant, even in the presence of methyl absorbance band at 700 nm during NADH titrations. The

viologen.

During anaerobic NADH titrations, oxidation of NADH,
monitored at 350 nm where the conversion of oxidized flavin
to semiquinone is isoshestic, accounts for-113% equiv/
FAD, rather than~2.6 equiv as measured for wild-type AhpF
(6), at the breakpoint in titrations of all mutant AhpF proteins
(Figure 6; again, data not shown for $g€ysss and
CyssssSensg). The extent of formation of semiquinone during
these NADH titrations is similar to that seen for wild-type
AhpF, at roughly 80% of total flavin by the end of the
titration, although the rise in 580 nm is more linear with
respect to added NADH for the SgfSekss mutant (Figure
5D) than for the SeapsSers, mutant (Figure 5B). A
gquantitative indication of this difference results from a
comparison of semiquinone formation in the two double
mutants on addition of 0.5 equiv of NADH: 17% of the

extent of formation of this species in the SgBek4s mutant

is very similar to that seen during NADH titration of wild-
type AhpF 6). The spectrum of NADH-titrated SgeSe#s,

is almost totally lacking this absorbance, much like the result
seen for the truncated protein missing the entire N-terminus
through residue 2071@). The presence of the N-terminal
disulfide center clearly has a major effect on this FADH
NAD™ charge-transfer interaction. We have hypothesized
either that the oxidized pyridine nucleotide is not bound as
tightly by the reduced SeSers, protein, or that the
predominant position and orientation of the nicotinamide ring
of bound NAD' are not favorable for interaction with the
isoalloxazine ring in this mutant. Efforts to detect differences
in the binding of AAD" to each reduced AhpF double mutant
were not, however, successful (data not shown). We are
currently seeking evidence for different stable conformations

flavin has been converted to semiquinone at this stage inof the two mutants that would support our second proposal.

the titration of SengSeks,, while 36% of the flavin is present
as semiquinone at the same point in the;E8ek,s titration.

That electron transfer from the reduced flavin to the
N-terminal disulfide center occurs at all in the absence of

Preferential reduction of the disulfide center relative to the Cyssss and Cysas is surprising. This result is distinctly

flavin is also seen for the SggSelis, mutant during these
titrations. Spectral changes during NADH titrations of the
SegkssSekss Mutant also take a longer time to reach equilib-
rium than do those with the SegSers, mutant ¢20—30

different from that of Ohnishi et al2() with the Se$;:SeB4o
(C337,340S) mutant of th&. xylanusAhpF homologue; only
the bound FAD of this mutant is reducible by NADH or
dithionite. This lack of electron transfer to the remaining
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disulfide center of the Sgy;Serq mutant of theA. xylanus and CysssSelisg respectively, both exhibit quenching of the
flavoprotein was also confirmed by the unchanged thiol FAD fluorescence??). This fluorescence quenching has
content of the protein at the end of the titration; our four been attributed in TrR to an effect of the hydroxyl group of
AhpF mutants all exhibited two new thiol groups per FAD Sefsg although, in the case of AhpF, if Sey were
following NADH or dithionite titrations. responsible for the quenching of the flavin fluorescence, the
enhanced fluorescence of the flavin in thesaSegss mutant
DISCUSSION might not be expected. Itis possible that flavin fluorescence
Studies described herein demonstrate clearly that bothis also a function of the conformational state of the enzyme,
redox-active disulfide centers, Gy&Cysis, and CysasCysus, a situation which would make the interpretation of these
are required for catalysis of AhpC reduction by AhpF. Static fluorescence data considerably more complex.
titrations with NADH and dithionite reported previousig) ( In considering the role that the N-terminal disulfide center
had originally established the presence of these two redoxof AhpF plays in catalysis of AhpC reduction, we favor
centers in AhpF in addition to the tightly bound FAD. active participation of this redox center in electron transfer
Amino acid sequence comparisons with AhpF homologues between the dithiol form of CysCyssasand AhpC, although
from both Gram-negative and Gram-positive bacteria have this need not necessarily be the case. One other member of
also demonstrated absolute conservation of all four cysteinylthe larger family of pyridine nucleotide:disulfide oxidoreduc-
residues, as well as a high degree of conservation amongases, mercuric reductase, also possesses an auxiliary redox-
the amino acids surrounding each center, further supportingactive disulfide which is at the C-terminus between adjacent

an essential role for these residu@s (That the CysCySs
center is in close communication with the isoalloxazine ring
of the flavin is strongly suggested by the alignment of the
C-terminal region of AhpF with full-length TrR fror&. coli
and by modeling based on this homolodgh2,(14). Our
spectral data confirm the proximity of GygCysssand FAD;
only mutations involving this disulfide center, and not those
at the Cys,dCysis; center, affect absorbance, circular dichro-
ism, and fluorescence spectra of the AhpF flavin. The
N-terminal portion of AhpF can thus be thought of as an
appended “redox module” containing an “auxiliary” redox-
active disulfide and imparting the ability to this protein to
interact with and transfer electrons to AhpC. Interestingly,
TrR itself cannot reduce AhpC unless an additional small
redox protein, thioredoxin (Tr), is added, and, even then,
the electron transfer is relatively inefficiers)(

Apart from the additional redox center and 200 extra amino

residues, Cysg and Cysso (23). In this case, reduction of
the auxiliary disulfide by the disulfide center proximal to
the flavin, CysssCysi4e, produces an “activated” enzyme
which is capable of binding Hg(ll) and catalyzing reduction
of the ion to produce Hgwithout inactivation of the enzyme.
This auxiliary dithiol probably persists through the catalytic
cycle and is not subject to redox cycling during catalysis.
While this latter characteristic could be true of Gy€ysis,

in AhpF, as well, there is no clear specialized role for this
center as there is for CygCysssg in mercuric reductase in
assisting in binding and possibly modulating the redox
potential of the mercuric ion to favor reduction by the
enzyme 23). Any activation effect of reduction of the
CysioCysiz» center of AhpF would presumably be in
optimizing the binding of AhpC, and it seems likely that
the electron transfer would also directly involve this redox
center rather than only being influenced by conformational

acids at the N-terminus, many spectral and functional featureschanges promoted by the dithiol redox state of @f3y/si3>.

of AhpF are quite similar to those of bacterial TrR. During A surprising result from these studies has been that the
anaerobic reductive titrations of both proteins, both flavin N-terminal redox center can be reduced by the flavin even
and disulfide centers are progressively reduced due to similarin the absence of CygCysus This result is quite distinct
redox potentials; in wild-type AhpF, both disulfide centers from those obtained with similar mutants of the homologous
are nonetheless reduced preferentially to the flavin, a featureprotein fromA. xylanusand with comparable mutants of the
which is maintained in the SgsSenrs, mutant but not the more distantly related mercuric reductase enzyme. When
SekssSersg mutant. Reduction of the flavin during equi- Cysszand/or Cysyg of the A. xylanusprotein were mutated,
librium titrations of AhpF leads first to the formation of large  no reduction of the N-terminal disulfide center was observed
amounts of the one-electron-reduced blue, neutral semi-(21). Similarly, the SesSef 4 mutant of mercuric reductase
quinone form (over 90%), although, unlike TrR, formation was unable to reduce the auxiliary disulfide center,

of this species during pyridine nucleotide titrations is not
light- and/or EDTA-dependent. Full reduction of the flavin
of AhpF is accomplished on further addition of dithionite,

CysseCySss0 (23). While it is clear that direct reduction of
the N-terminal center of AhpF by flavin can occur, it is also
notable that this electron transfer is relatively slow, particu-

but not NADH, even when added in great excess. As was larly during dithionite titrations, strongly indicating that the

true for bacterial TrR, no thiolate> FAD charge-transfer

normal pathway of electron flow has been disrupted. This

band around 530 nm was observed during reductive titrationsresult does not, therefore, conflict with the idea that electron

of wild-type AhpF. In contrast, an absorbance band attribut-
able to this species was observed in the §€ys 35 mutant

of TrR, particularly at high pH and in the presence of
ammonium chlorideZ0), but no such species was detected
in the comparable SgeCyssss mutant of AhpF under similar
conditions. We hypothesize that in AhpF the thiolate form
of Cysus, Which is presumably present to at least some

transfer during catalysis occurs first from flavin to €ySySus,

and then from that nascent dithiol to Gy£ysi3>. Our data
also provide additional evidence that the N-terminal disulfide
center is able to communicate with flavin at the active site.
This evidence derives from the fact that, in the absence of
Cysi2LCysi32 charge-transfer interaction between FAA#d
NADT is dramatically decreased, while the absence of

degree at high pH, is not in a proper orientation with respect Cys,sCyssg has no such effect. This result demonstrates
to the FAD for charge-transfer interaction. It is likely, that, atthe very least, the dithiol form of Gy&ys 3, affects
however, that this residue, like Gysof TrR, lies somewhat  the conformation of the flavoprotein, either bringing the
closer to the C4a position of the flavin than does £33 3); nicotinamide ring of NAD into close proximity with the
the corresponding mutants of AhpF and TrR, &ySekas isoalloxazine ring or promoting binding of NAD Indeed,
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interaction of CygdCyss, with flavin and/or Cys,sCysss

Li Calzi and Poole

electrons to the CysfCysis, center during electron flow to

in dimeric AhpF may result from intersubunit or even AhpC and hydroperoxide substrates, although we have yet
interprotein interactions. In mercuric reductase, biochemical to clearly establish the active participation of the N-terminal
as well as structural data from the dimeric protein indicate redox center in the catalytic cycle.

that the auxiliary disulfide from the C-terminus of one

subunit is part of the active site comprised of FAD and ACKNOWLEDGMENT

Cys13sCysiqo from the other subunit2@, 24). We are
currently pursuing investigations to detect such intersubunit
electron transfer in AhpF.

The major disruption of peroxidase activity in the presence
of AhpC that occurs on mutation of either disulfide center
of AhpF is also substantially mimicked by the effect of these
mutations on the catalytic reduction of the chromogenic aryl
disulfide DTNB. These results suggest that DTNB as a
substrate acts much like AhpC in the mechanism by which
it obtains its electrons. Consistent with these results is the
demonstration by Schultz et aR5) that the considerable
activity of wild-type mercuric reductase with DTNB (440
min~! dimer') was decreased to 3% in the GySekqo
mutant and undetectable in the §¢€ysi4o mutant. All three
mutants of theA. xylanusprotein exhibited less than 3%
activity with DTNB (21). As has been suggested for the
xylanus flavoprotein, the bound flavin of AhpF may be
directly responsible for the low level of DTNB reductase
activity catalyzed by cysteine mutants of this protein.

Effects of all mutations of AhpF studied herein were quite
modest with respect to transhydrogenase and oxidase activi-
ties. Our interpretation of these results, supported by earlier
work with thiol modifying agents 4), is that these two
activities are directly mediated by the bound flavin and do
not require the presence of any of the catalytic cysteine
residues. Relatively subtle effects which cause the variation
in these activities to give values from 80 to 230% compared
to those of wild-type AhpF are likely caused by changes in
the electronic environment of the flavin and/or altered
conformational preferences for the different mutants. Indeed,
the effect of mutations on the flavin fluorescence is loosely
correlated with transhydrogenase activity, with the most
fluorescent mutant showing the greatest activity {58€84g)
and the least fluorescent mutant exhibiting the lowest
transhydrogenase activity (GysSeksg). In mercuric reduc-
tase, the transhydrogenase activities of the two mutants
studied, CygsSehao and SefssCySiao, Were 122 and 43%
of wild-type, respectively25). The oxidase activities of
these mutants were 425 and 10% of wild-type, respectively,
although both transhydrogenase and oxidase activities were
substantially lower for mercuric reductase than they are for
AhpF (approximately 2 and 1%, respectively, under some-
what different reaction conditions). Oxidase activities for
Cysssy and/or Cysgyo mutants of theA. xylanusflavoprotein

were measured by extrapolation over a range of oxygen and 21.

NADH concentrations and found to give essentially identical
Km values for both substrates and a lowek&gd, value (to
about 61%) for only the Cys;Sekso mutant @1).

In summary, our data clearly demonstrate the requirement
for both redox-active disulfide centers of AhpF in catalysis

of AhpC and DTNB reduction, but not in transhydrogenase 53

or oxidase activities. In the absence of one redox-active
disulfide center, the other center of AhpF is still capable of
being reduced by the bound flavin, although in the;g8eg4s
mutant this process is substantially slower than in either wild-
type or Sef,eSefks; proteins. The CygsCysss center is in
close proximity to the flavin of AhpF, similar to the
corresponding CyssCysiss center of TrR, and may transfer

We thank Lois LaPrade for technical assistance.
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