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Oxygen Reactivity of an NADH Oxidase C42S Mutant: Evidence for a
C(4a)-Peroxyflavin Intermediate and a Rate-Limiting Conformational CHange
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ABSTRACT. The flavoprotein NADH oxidase (£— 2H,0) from Enterococcus faecali$0C1 contains a
cysteinyl redox center, in addition to FAD. We have proposed a cysteine-sulfenic acid (Cys-SOH) structure
for the oxidized form of Cys42; the presence of this redox center is consistent with the stoichiometries
reported for earlier reductive titrations of wild-type oxidase, and we have proposed that Cys42-SH plays
a key role in the overall four-electron reduction of © 2H,0. To test these proposals, we provide in

this report an analysis of the oxidative half-reaction of an oxidase mutant in which Cys42 is replaced by
Ser. NADH titrations lead to direct flavin reduction with 1.05 equiv of NADH/FAD and give rise to the
formation of a very stable E-FADFNAD' complex. Kinetic analyses indicate that this species is
catalytically competent, and its reactivity witho,Ghas been analyzed in detail by stopped-flow
spectrophotometry using both single-wavelength and diode-array modes of data acquisition. The combined
results of this analysis demonstrate that replacement of Cys42 with Ser provides for an altexgalcfion
stoichiometry in which HO,, not 2H0, is the product. The two subunits of the reduced enziA®*
complex react with @in an asymmetric mechanism, consistent with an alternating sites cooperativity
model such as that proposed [Miller, S. M., Massey, V., Williams, C. H., Jr., Ballou, D. P., and Walsh,
C. T. (1991)Biochemistry 302600-2612] for mercuric reductase. An FAD C(4a)-hydroperoxide is
identified as the primary oxygenated intermediate in reoxidation of the complex, but the reactign of O
with the complementary subunit does not proceed until full reoxidation has occurred at the primary subunit.
To our knowledge, this is the first report of a C(4a)-peroxyflavin intermediate outside the flavoprotein
monooxygenase class.

In the heme- and cytochrome-deficient enterococci and support for this proposal comes from the earlier demonstra-
streptococci, the flavoprotein NADH oxidase (Néxata- tion that theE. faecalis noxsequencef) predicts a primary
lyzes the direct reduction of 8~ 2H,0 (1, 2). In so doing, structure 44% identical to that of the. faecalisNADH
this unusual FAD-dependent enzyme performs two important peroxidase (Npx; kD, — 2H,0); the peroxidase has been
functions: it regenerates the NADequired for glycolysis characterized extensively{9) and is the first example of
in these homofermentative organisn3y, @nd it contributes  a native protein which utilizes a stable Cys-SOH redox
indirectly to the antioxidant defense mechanisms of these center, in concert with FAD, in catalysis. Cys42, which
bacteria by favoring direct tetravalent-2H,0) rather than provides the Cys-SOH redox center in Npx, is absolutely
univalent (~superoxide) or bivalent¢tH,0,) reduction of conserved in all Nox sequence (0, 11, footnote 3), this
O, (4). The enzyme has been purified frdemterococcus leads to the expectation that Cys42-SOH is the non-flavin
faecalis(1) and Streptococcus mutan®), and the recom-  redox center irE. faecalisNox.
binant Noxs fromStreptococcus pyogenasdStreptococcus In the peroxidase, Cys42-Sthe reduced thiolate form of
pneumoniaédhave recently been preparédlThe E. faecalis Cys42-SOH, reacts directly with the 8, substrate in a
Nox is a dimer of two identical 50 kDa subunits, each of nucleophilic attack facilitated by hydrogen-bonding interac-
which contains one FAD and a cysteinyl redox center; we tions in the transition state between the peroxide oxygen(s)
have proposed that the oxidized form of this non-flavin redox and the neutral His10 imidazol&,(12, 13); His10 is also
center is a cysteine-sulfenic acid (Cys-SQOH; Indirect absolutely conserved in all Nox sequences. A major
mechanistic difference in the oxidative half-reactions of Npx
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GM-35394. the reduced flavin of Nox1(4) to yield the singlet peroxide
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reduced (FAD, Cys42-SH) enzyme; FADHOOH, C(4a)-peroxyflavin; 1-deaza-, 2-thio-, and 4-thio-FAD analogués)(indicated
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that the detailed mechanism of oxygen activation differed extensively with anaerobic buffer just prior to being used.
to some extent from that g-hydroxybenzoate hydroxylase In addition, solid dithionite (10 g) is added to the circulating
(PHBH; 17). Modeling studies 16) with a C(4a)-peroxy- liquid [6.6 L of 20 mM Tris-HCI (pH 8.5) and 10% ethanol]
flavin analogue, using the crystal structure for the NADH in the thermostated water bath just prior to the experiment;
complex of Npx, demonstrated that the enantiomeric form the bath is maintained at®® and is continually purged with

of the peroxyflavin opposite of that stabilized in PHBH nitrogen. The contents of the enzyme tonometer and the
would be required for reaction with Cys42-Sn the glass syringes containing buffer were prepared for anaerobic
Nox:NAD™ complex. work as previously described ?).

A logical mechanism for reduction of this or any other =~ When NAD" was added to dithionite-reduced C42S Nox,
peroxide intermediate would involve, in accordance with the the formation of an NAD—sulfite adduct similar to that
Npx mechanism, nucleophilic attack by Cys42-& per- described by Pfleiderer et all&) was observed. This adduct
oxide oxygen. As was observed with Npx mutants lacking was recognized by its near-UV absorbance maximum of
Cys42 (12), replacement of the active-site Cys in Nox should about 320 nm, similar to that reported for the NAD
have several effects, including the elimination of the non- cyanide complexX9). The presence of this adduct had no
flavin redox center as determined in reductive titrations. In effect on either the number of intermediates or the observed
addition, such a mutant should prove very useful in studying rate constants for the oxidative half-reaction with the reduced
the oxidative half-reaction, since some kinetic stabilization enzymeNAD" complex; therefore, the fluorescence stopped-
might be expected for a peroxyflavin intermediate. In this flow analyses (where the excitation wavelength range did
report, we present the initial characterization ofEhdaecalis ~ not go below 340 nm) and the,8, formation measurements
Nox C42S mutant; in addition, we present a detailed analysis (at 498 nm) were carried out with the dithionite-reduced
of the oxidative half-reaction for this mutant. Our results enzymeNAD* complex, prepared as described below. For
provide evidence for a C(4a)-peroxyflavin intermediate in all experiments in which the absorbance of the reduced
this reaction and also indicate that a protein conformational enzymeNAD* complex was monitored directly on reoxi-
or chemical change within the asymmetric, half-reduced Nox dation, however, the complex was prepared in the absence
dimer is rate-limiting with respect to both reoxidation and of dithionite. In both cases, the oxidized C42S Nox was

turnover. taken in a tonometer fitted with a sidearm cuvett2 0);
after the contents were made anaerobic, the enzyme was
EXPERIMENTAL PROCEDURES titrated with reductant (dithionite or NADPH) from an

. . attached syringe. Stoichiometric reduction was observed
Materials NADH, NAD™, and NADPH were purchased it ejther reductant, as monitored spectrally in the sidearm
from Boehringer Mannheim; HRP (type Vi) was from Sigma, ¢,yette. When dithionite was used for reduction, the

and catalase (bovine liver) was from Calbiochem. Sodium E-FADH,:NAD™* complex was prepared by tipping excess
azide was purchased from Fisher; all other chemicals, as purap+ (generally a final concentration of 0.46.5 mM)

chased from sources described previously; (6), were of o0 the extension on the sidearm cuvette. When NADPH
the best grades available. Expression and purification of both,, o< sed the reductant syringe was exchanged for one

recombinant wild-typeE. faecaliSNADH oxidase and the containing anaerobic NAD and formation of the E-FADH
C42S mutant will be described in a separate communicétion. NAD* complex was monitored at 725 nm: these titrations
Enzyme Assays a_nd _Static TitratiorSpectrophotometric generally required 3:03.8 equiv of NAD" per FADH; for
assays of NADH oxidation followed the protocol described completion. NADP does not bind the reduced enzyme at
previously (), as did oxygen consumption measurements these concentrations (NADPH reduction gives no increase
(16), except that a standard buffer of 50 mM potassium in |ong-wavelength absorbance); there is no interference with
phosphate (pH 7.0) and 0.5 mM EDTA was used. The sameNAD* binding under these conditions. Free reduced enzyme
buffer condition was used for all static titrations and stopped- \yas prepared for stopped-flow experiments by dithionite
flow experiments, unless otherwise noted. Spectral titrations tjtration under similar conditions.
were carried out with a Hewlett-Packard model 8452A  pissolved oxygen solutions for stopped-flow work were
single-beam diode-array spectrophotometer, and quorescenc%repared by bubbling buffer in glass syringes (Popper &
measurements were made with an SLM Aminco-Bowman gons, New Hyde Park, NY) with either atmospheric or 100%
Series 2 spectrofluorimeter. Procedures for anaerobiosis haV%xygen and either at 28C or on ice. The dissolved O
been describedl@). concentrations after equilibration with 100% oxygen on ice
Stopped-Flow Kinetics All rapid-reaction analyses were  and at 25°C are 1.9 21) and 1.3 mM (6), respectively.
carried out with the Applied Photophysics DX.17MV  Reoxidation kinetics could therefore be measured at final
stopped-flow spectrophotometet 13), which has been  dissolved @ concentrations of 0.13, 0.19, 0.65, and 0.95
upgraded to include the Applied Photophysics photodiode- mM. Stopped-flow measurements of® formation fol-
array detector. The stopped-flow system was prepared forlowed the protocol reported by Powlowski et &2). The
anaerobic work either as previously describ2g) (or with dithionite-reduced E-FADHNAD™ complex (31.4uM
a newer protocol. A dithionite solution [about 10 mM, in  enzyme and 0.16 mM NAD before mixing) was reacted
20 mM Tris sulfate (pH 8.5)] was introduced into both the with a solution of HRP (60.2M before mixing) containing
drive syringes and the mixing chamber; after this overnight 0.16 mM NAD* and 1.3 mM Q. Control experiments
scrubbing is completed (at 2%C), the system is flushed  substituting 30uM H,0O, for the reduced enzyme, in the
presence and absence of NADed to monophasic conver-
4T, C. Mallett, D. Parsonage, and A. Claiborne, manuscript in Sion of HRP— HRP—compound | at 213'$ (pH 7.0, 5
preparation. °C). The reaction was monitored at 498 nm, which is
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Ficure 1: Comparison of the visible absorption spectrum of the
wild-type Nox E/EH form (—) with that of the C42S mutant
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FIGURE 2: Anaerobic titration of C42S Nox with NADH. The
anaerobic cuvette contained 1.0 mL of 3aM enzyme (FAD) in

enzyme (--). Spectra shown represent the proteins in 50 mM the pH 7.0 phosphate buffer. Spectra shown in order of decreasing

potassium phosphate (pH 7.0) and 0.5 mM EDTA at’€3

isosbestic for the C42S Nox E-FARHNAD™ and E-FAD
species, and the amplitude of the decreasA,gg from the
control measurement was taken to quantitaif®Hormation
by the reduced enzyme.

Reoxidation kinetics were measured at final enzyme
concentrations of 1051 uM and at primary wavelengths
of 390 and 438 nm. Reoxidation of the reduced enzyme
NAD* complex was also measured at 660 nm. Initial
estimates of rate constants and amplitudes were derived fro
either single- or multiple-exponential fits to these single-

wavelength data sets; generally, four independent measure-
ments for each reaction were averaged per data set. Thig'max —

analysis was carried out with the Applied Photophysics
DX.17MV and later with SX.18MV software2Q). Ad-

ditional global analysis of single-wavelength data from both
individual and multiple data sets (for example, in analyzing

Ausgcorrespond to oxidized enzyme and enzyme after addition

of 0.14 (- -), 0.41 ), 0.68 (- -), 0.95 ), and 1.76 (- -) equiv of
NADH/FAD. The inset shows the absorbance change at 438 nm
vs added NADH. The end point corresponds to 0.98 equiv of
NADH/FAD. The oxygen-scrubbing system consisting of proto-
catechuate dioxygenase and protocatechuic &3jl was added
anaerobically prior to the titration.

the visible absorbance maximum of the C42S mutant is simi-
lar to that observed when Cys42 in the closely related Npx
is replaced by Serl@). Another spectroscopic property

shared with the Npx C42S mutant is the increased flavin

uorescence which results on Cys42Ser substitution. The

fluorescence quantum yield for C42S Nax.f, = 438 nm,

EM = 520 nm) is 37% of that for free FAD at pH 7.0; this
represents an increase of 5-fold over the fluorescence of the
wild-type Nox E/EH form. The diminished fluorescence
of the wild-type enzyme relative to that of the C42S mutant
may be attributed to quenching modes involving Cys42 in

the excitation wavelength dependency for fluorescence data)P0th its sulfenic acid (Cys42-SOH) and thiolate (Cys43-S

was performed with Applied Photophysics Pro-Kineticist
(Pro-K) software, which can apply the Marquardlieven-
berg algorithm to simultaneously fit nonlinear rates for all

measured wavelengths. The experimental setup for diode-"eductant per FAD X, 2, 16).

forms.

Reductive titrations of oxidized wild-type Nox (E form)
consistently yield stoichiometries of +83.7 equiv of
Previous work from this

array data acquisition was similar, though at a higher enzyme @Poratory led to the proposal that the two Cys42-SOH redox

concentration of 51uM (after mixing); 100 absorbance
spectra were collected over the range of 32000 nm, in
a logarithmic time base from 1.28 ms to 10 s. The minimum

time interval between spectral acquisitions was 2.56 ms.

centers of the dimeric wild-type Nox are not equivaled)t (
C42S Nox lacks the proposed sulfenic acid redox center yet
retains one tightly bound FAD per subunit. NADH titration
of the mutant oxidase leads to direct flavin reduction with 1

Diode-array data sets were analyzed with Pro-K global €auiv of NADH (Figure 2). A small amount of neutral blue
analysis software as described in Results: intermediate spectr§€Miquinone is observed spectrally (5850 nm) with the

were calculated by linear regression of the concentration
time curves to the original data set.

RESULTS

Spectral and Redox Propertiegigure 1 gives the visible
absorption spectra of the Nox C42S mutaiyt.( = 369 and
438 nmjeq3s= 13 500 M* cm 1) and the recombinant wild-
type Nox as purified Amax = 376 and 448 nm, anehs, =
11 600 Mt cm for the E/EH form; 2). The absorbance

first addition of NADH (total of 0.14 equiv), but an even
longer-wavelength band centered at 725 nm begins to
predominate at this stage, due to the E-FAINAD™
charge-transfer interaction. Similar FADH- NAD* charge-
transfer complexes are observed on NADH reductions of both
oxidized wild-type Nox 2) and the Npx C42S mutant®).
The stoichiometric reduction of C42S Nox by NADH is
consistent with the elimination of the non-flavin redox center
in the mutant.

Catalytic Properties Standard Nox assays with the C42S

ratios at 280 and 450 nm for the purified enzymes are 5.2 mutant at pH 7.0 and 28 consistently give specific activity

and 6.8, respectively. The spectrum of wild-type Nox clearly

values of 16-20 units/mg; recombinant wild-type Nox has

shows the 535 nm absorbance band attributed to the weaka specific activity of 570 units/mg under the same conditions.

charge-transfer interaction between the,Htiolate (Cys42-
S) and FAD (1, 2). The C42S mutant spectrum has no

In earlier reports from this laboratory, the specific activity
of the wild-type Nox purified fronE. faecaliswas reported

absorbance beyond 510 nm, nor is there evidence for anyto be 340 units/mg 2); in some enzyme preparations,

EH.-like spectral feature in either redox form of the mutant,
demonstrating that replacement of Cys42 eliminates the EH
charge-transfer interaction. The hyperchromic blue shift in

however, a very labile, high-specific activity (66@00 units/
mg) form of the enterococcal enzyme was observed. A
method has now been developed which consistently provides
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the high-specific activity (560580 units/mg) form of
recombinant wild-type Nox, and a full description of the 06
preparation and properties of the recombinant enzyme will
be reported in a separate communicatio@onsidering that

in the oxidized wild-type enzyme the sulfenic acid derivative 0.3
of Cys42 (Cys42-SOH) has been proposed to provide the
essential second redox centér14), which participates with

the flavin in the overall four-electron reduction of, &~

2H,0, we also examined the NADH®eaction stoichiom-

etry of C42S Nox. In a spectrophotometric assay, a catalytic
amount (13.4 nM) of the enzyme was incubated with:8%

NADH in air-saturated (0.26 mM £) buffer at 25°C. 0.34 |
NADH oxidation was followed to completion, and the
amount of HO, formed in the reaction mixture was 0.32 |
guantitated by the addition of HRP (the initial Nox assay g
mixture also contained 0.21 mtdianisidine). Oxidation

of 37 uM NADH led to the formation of 1.05 equiv of 1D,
demonstrating that ¥, production during turnover by C42S
Nox was stoichiometric with NADH oxidation. This result
was confirmed in measurements with an oxygen electrode;
assays at 0.2 mM NADH led to the stoichiometric consump- <> 600
tion of O,, and subsequent addition of catalase L4 T
O, + 2H,0) restored 52% of the Qoriginally consumed. ~° 300 |
Mutation of Cys42— Ser in the enterococcal NADH
oxidase, eliminating the Cys42-SOH redox center, thus alters

1 0.06

A438
A660

1 0.03

A390

the reaction stoichiometry: 0.4 (0.1 (mM)
Scheme 1 2
Ficure 3: Stopped-flow analysis of the reaction of @ith the
Wild-type Nox 2NADH + 2H* + 0, 2NAD* + 2H,0 reduced C42S No®NAD™ complex. The complex was prepared
anaerobically in a tonometer by sequential titrations of the enzyme
C42S Nox NADH + H* + 0, >NAD* + H,0, with NADPH (1.1 equiv of NADPH/FAD) and NAD (3.8 equiv

of NAD'/FADH,), as described in Experimental Procedures.
Initial velocity studies were carried out in the stopped- Complex at 51uM (after mixing) was reacted with 1 mM Qn

flow spectrophotometer varying both [NADH] and Qo me FAH T_-Odpgﬁsrghart]e buffert contzirflling 0.34 th rfr?e r\‘r,?mn "
: _ e Applie otophysics stopped-flow spectrophotometer ther-
determine the turnover number for C42S Ndx(= 2.3 mostated at 4.7C. (A) The reaction was monitored at 438)(

st at PH 7.0 and 5°C). Enzyme-monitored turnover anq 660 nm). (B) The reaction was monitored at 390 nf)(
analysis of the C42S Nox reaction gave a nearly identical (C) Direct plot ofkops for the fast phase of reoxidation at 390 nm

value fork. (2.2 s1); in addition, the spectral properties of Vs [Oz_]. Th_ese data were (_)btained in an experiment similar t+o that
the enzyme during steady-state turnover are consistent withdescribed in panel B in which the NADPH-reduced enzyAD

s + : complex (14.&«M after mixing; prepared as described above) was
the participation of a reduced enzyi\D ™ complex in the reacted with NAD solutions (0.09 mM) containing different

catalytic cycle, since a largely reduced species with long- gissolved @ concentrations. The temperature was %5
wavelength (660 nm) absorbance predominates in the
spectrum of C42S Nox at the steady state. Detailed analyseshat of 1.8 s measured at 438 nm. As shown in Figure 3,
of the kinetic mechanisms for wild-type and C42S NADH all three phases are observed at 390 nm. The fast phase
oxidases will be described in a separate communicétion. consists of an increase Mo (kobs= 570 s') and is followed
Oxygen Reactity of the Reduced C42S NOWAD" by a decreasekfys = 46 s°1); the rate constant for the third
Complex The results presented above demonstrate thatphase (1.7¢) is consistent with the limiting rate constants
C42S Nox forms a stable E-FADHNAD* complex in static measured at 438 and 660 nm. Analysis of the)][O
titrations (Figure 2) and furthermore indicate that this dependencies for the three rate constants demonstrates that
complex participates in the catalytic reduction of-© H,O.. the two slower phases are fdndependent; only the fast
To investigate the oxidative half-reaction of C42S Nox in phase is [@-dependent (Figure 3), with a second-order rate
more detail, a series of stopped-flow analyses was performedconstant of 8.5x 1° M~1 st at pH 7.0 and 5°C. The
using both single-wavelength and diode-array data acquisitionsecond-order plot has a finite non-zero intercept correspond-
modes. Figure 3 presents the results of stopped-flow ing to a first-order rate constant of 56'dor dissociation of
analyses for the reaction of 5iM C42S Nox E-FADH: the complex. A minimal kinetic scheme which accounts for
NAD* complex (final concentration) with 1 mM Qn the these data is as follows:
presence of 0.34 mM free NADat pH 7.0 and 5C. At Scheme 2
438 nm, the increase in absorbance corresponding to reoxi-

dation of E-FADH is biphasic with measured rate constants EFADH.-NAD* + o, B5X10TMISL
of 34 and 1.8 sl. The decrease ifsse Which represents ’ ’ 56 s
the loss of the E-FADKNAD™ charge-transfer absorbance, s 34-465"

is also biphasic, but the rate constant for the fast phase is 1719
680 s'%; the rate constant for the slow phase (1.9 shatches C ——————> E-FAD (+ H,0, + NAD")
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FIGURE 4: Stopped-flow analysis of #D, formation during Ficure 5: Stopped-flow diode-array analysi_s of the reox.i('jation
reoxidation of the reduced enzyméAD+ complex. The complex ~ ©f the reduced enzymBAD™ complex. Experimental conditions
was prepared by tipping 0.16 mM NADo 30.4uM dithionite- are identical to those given in Figure 3A,B, except that spectral

reduced C42S Nox in a tonometer, as described in Experimentaldata were acquired with the photodiode-array detector interfaced

Procedures. The complex was then reacted with a buffered solutiont© the Applied Photophysics stopped-flow instrument. Spectra
containing 0.16 mM NAD, 1.3 mM O (before mixing), and 60  correspond to the reduced complex @fter mixing with anaerobic

#M HRP, and the formation of HRPcompound | was measured ~ buffer), the Q reaction mixture at 6.4 (- -) and 50 ms (-), and

at 498 nm. The temperature was 3G. the final reoxidized enzym5 s after mixing{). The temperature
was 4.7°C.
The initial oxygen reaction is observed at both 390 and 660 Scheme 3

nm, but there is almost no fast reaction at 438 nm; the 8.5 x 105 M's?
increase iMysg proceeds after a lag, as a much sloweg]{O Y565
independent biphasic conversion to E-FAD. They]fO 5 34-46 5"
independent conversion of B- C is observed at both 390
and 438 nm, but there is essentially no observable reaction
at 34-46 st at 660 nm; this indicates thago values for  The observation that both steps in the conversion of-B
intermediates B and C are the same, i.e., that this is ang-FAD involve the formation of 0.5 equiv of @, per FAD
isosbestic point. The conversion of € E-FAD can be s entirely consistent with the observation that the slow phase
measured at all three wavelengths, and the rate constant ofk,,s= 1.7—1.9 s%) measured at 438 nm during reoxidation
1.7-1.9 st is very similar to the turnover number (22 of C42S Nox E-FADH-NAD™* accounts for about one-half
2.3 s1) determined for C42S Nox at pH 7.0 and°g, of the total AAszs.  This implies, in combination with the
indicating that this process is largely rate-limiting in catalysis HRP analysis, that conversion of-B C accounts for one-

as well. half of the E-FADH-NAD* — E-FAD conversion, as does

Kinetics of HO, Formation An obvious question raised ~ the conversion of C~ E-FAD. _ _ _
by the kinetic scheme presented above concerns the identity Diode-Array Analysis The observation that intermediate
of the step(s) involving formation of 4D, in the oxidative B iS formed in the [Q]-dependent reaction and decays in

half-reaction, and this was addressed by using horseradisHWO Steps to release 1 equiv 0@ per FAD indicates that

peroxidase (HRP). In studies of the flavoprotein anthranilate 't IS @n oxygenated flavin species. Thgy trace described

hydroxylase 22), the rapid HO,-dependent conversion of M Figure 3 also indicates, however, that this intermediate

HRP to HRP—C(;mpound | (and 1) was monitored during retains significant long-wavelength absorbance characteristic
- . + :

reoxidation of the free reduced flavoprotein to demonstrate of the E-FADH-NAD™ complex. To examine the speciral

that HO, formation corresponded to the fast phase in enzyme (C:Zazrg%%r)l(sg?; :ég}ﬁ%efgfns E)?Cv?thc 'c;r\:fa;e:rfgfggé the
reoxidation. The reoxidation of C42S Nox E-FARNAD™* P y

(16 uM final concentration) was then analyzed in the under conditions identical to those described for the single-
presgnce of 3aM HRP the conversion of HRIi HRP— wavelength measurements, but using photodiode-array detec-

. tion. Figure 5 gives spectra of the E-FAPNAD ™ complex
compound | was measured at 498 nm, a wavelength which g g P 2 P

e ) n 2 at 5°C and of the reaction mixture 6.4 ms, 50 ms, and 5 s
Is isosbestic for E-FADHNAD™ and E-FAD. Surprisingly,  after mixing in the stopped-flow spectrophotometer. The

the decrease ifgs in this experiment is biphasic (Figure  gpectrum of the reduced enzyme was recorded on mixing
4), with rate constants of 29 and 1.8"srespectively.  \ith an equal volume of anaerobic buffer, in the presence
Furthermore, each phase accounted for nearly one-half ofy¢ axcess NAD: the enhanced long-wavelength absorbance
the totalAAsss (48 and 52%, respectively). The totihuwss (3, = 725 nm;ezo5= 3550 ML cmY) relative to that given

was essentially identical to that observed whem/bH 0, in Figure 2 is due to the marked temperature dependence of
(final concentration) was reacted with 31 HRP at pH  this charge-transfer featur®)( From comparison of the

7.0 and 5°C (kops = 213 s* for the monophasic reaction at  difference spectra (data not shown) obtained by subtracting
498 nm), and the rate constants of 29 and I’8&hseasured  the reduced enzyme spectrum from each of those presented
in the presence of C42S Nox are consistent with those above, it is apparent that the reaction mixture at 6.4 ms is
presented in Scheme 2 for the sequential conversion ofcharacterized by a rather broad increase in absorbance over
intermediate B~ C and of intermediate € E-FAD. On the range of 346480 nm. The increase #ussis equivalent

the basis of this analysis, Scheme 2 can be modified toto about 16-17% E-FAD formation, but th&Anaxis about
account for the biphasic formation of,8: 370—395 nm. At 725 nm, the 6.4 ms spectrum has lost 51%

E-FADH,-NAD* + O,

> C + 0.5 H,0,

- -1
c — 19SS EFAD + 0.5 H,0, (+ NAD®)
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of the E-FADH+NAD* charge-transfer absorbance. Inspec-
tion of the 50 ms spectrum over the range of 3490 nm
shows that it is consistent with the formation of E-FAD; at
438 nm, theAA is exactly 51% of that measured at the end
of the reaction. In sharp contrast, there is essentiallxAo
between the 6.4 and 50 ms spectra over the range of 490
1000 nm; the 50 ms spectrum retains exactly 51% of the
original E-FADHNAD™ charge-transfer absorbance. Be-
tween 50 ms and 5 s, the full absorbance of E-FAD returns,
and the remaining long-wavelength absorbance is lost. In
the difference spectra, the 50 msdab s plots share an
isosbestic point at about 493 nm, similar to the isosbestic
point at 498 nm for the C42S Nox E-FAD and E-FABH
NAD™ forms.

Using the entire 1.28 ms to 10 s diode-array data set
(wavelength range of 3200000 nm; 100 spectra acquired

in logarithmic time base), a series of three exponentials was

fit with the global analysis software. Initial estimates of rate
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FiIGURE 6: Calculated absorption spectra for intermediates B and
C. The entire 10 s, 100-spectrum data set from the diode-array
experiment described in Figure 5 was analyzed as described in
Experimental Procedures and Results, for the three-step model
presented in Scheme 4. The spectra shown for the starting reduced
enzymeNAD™ complex () and fully oxidized enzyme—) are
taken from Figure 5. Additional spectra shown were calculated for

intermediate B (- -) and intermediate € ().

constants for the three phases were taken from the single-dependent on [g)and its spectral characteristics in the 340
wavelength analyses in the same experiment (Figure 3); the490 nm region, it is tempting to assign the structure of an

model was then fit to the data (varianee 6.2 x 1075)
iteratively using the Marquardt_evenberg algorithm (see

FAD C(4a)-hydroperoxide to intermediate B. The spectrum
of intermediate B in the near-UV regiofnfax = 368 nm,e

Experimental Procedures). The rate constants obtained are= 8.2 mM~! cm™1) can be compared with those of the FAD

consistent with those given in Scheme 3 and provide for the
following reaction sequence, where the ;Jdependent
formation of intermediate B is described with a pseudo-first-
order rate constant:

Scheme 4
680 s
E-FADH,-NAD* + O, > B
-1
B 35S . ¢ +05H,0,
2s’

Cc > E-FAD + 0.5 H,0, (+ NAD")

The concentrationtime curves for this scheme indicate that

C(4a)-hydroperoxides in PHBH fax = 382—385 nm,e =
8.7-9.7 mM cm%; 24) in the presence of 0.1 M azide
(with and withoutp-hydroxybenzoate), in the microsomal
FAD-containing monooxygenasénfax = 366 nm,e = 10.8
mM~ cm; 25) in the presence of NADR and in phenol
hydroxylase {max = 385 nm,e = 10.5 mM cm™%; 26) in
the presence of thiophenol and 0.25 M KCI. Model studies
(27) with 5-ethyl-4a-peroxylumiflavin in acetonitrile give a
Amax Of 367 nm with are of 9.4 mM~1 cm™?, and the 5-ethyl-
4a-hydroxy-FAD PHBH complex witlp-hydroxybenzoate
has almax of 368 nm with anc of 8.4 mMtcm L. On the

intermediates B and C reach maximal levels correspondingother hand, the charge-transfer absorbance centered at 725
to 83 and 85%, respectively, of the total enzyme at 6.4 and nm in intermediate B is unprecedented among the C(4a)-
90 ms. The 50 ms spectrum shown in Figure 5 consists of peroxyflavin intermediates of other monooxygenases, includ-

77% intermediate C, 19% intermediate B, and about 5%
E-FAD, as derived from the model. The global fit allows

ing the FAD C(4a)-hydroperoxidADP* complex of the
microsomal monooxygenasgs), which exhibits no absor-

for the calculation of the absorbance spectra of intermediatesbance beyond 500 nm. Another question regarding the

B and C; this is based on the kinetic model presented in

assignment of the peroxyflavin structure to intermediate B

Scheme 4 and on the measured spectral parameters for botoboncerns the biphasic release 0fQ4, although similar

E-FADH,*NAD* (species A) and E-FAD (species D).
Figure 6 presents the spectra measured for E-FARAD*
and E-FAD along with the calculated spectra for intermedi-
ates B and C. The reduced C42S NWAD™ complex has
absorbance maxima at 359 and 725 nm, withalues of
5820 and 3550 M! cm™, respectively. Intermediate B
appears on reaction of ,Quith the reduced enzyme; this
species has absorbance maxima at 368 and 725ermm (
8220 and 1750 M' cm™1, respectively), with a low-extinc-
tion shoulder at~460 nm. The conversion of intermediate
B — C leads to the appearance of an oxidized enzyme
absorbance maximum at 438 nen=€ 8100 Mt cm™?), but

only small absorbance changes occur from 340 to 400 nm.

behavior was seen on reoxidation of free, reduced PHBH in
the presence of azide24). An alternative interpretation
which could answer both of these questions regarding the
structure of intermediate B is that the oxygen reactivities at
the two FADH per dimer are not equivalent; if one
E-FADH,*NAD™ per dimer remains in intermediate B, this
would account for both the long-wavelength absorbance
component €725 is 49% of that for the reduced enzyme
NAD™ complex) and the biphasic reoxidation kinetics (B
— C — E-FAD; whereeyss for intermediate C is 60% of
that for E-FAD) for species B. The observation that the long-
wavelength absorbance component is unchanged in inter-
mediate C, which is converted to E-FAD atZ ss 0.5 equiv

The calculated spectra for intermediates B and C are identicalof H,O, per FAD is formed, suggests that one FARPNAD*

over the range of 56061000 nm. The final oxidized enzyme

(E-FAD) has no absorbance beyond 510 nm, and the

absorbance maxima of 368 and 438 nm corresponed to

values of 10 490 and 13 500 Mcm™, respectively.
Intermediate B Contains a C(4a)-Peroxyfta Component

On the basis of the observation that its rate of formation is

per dimer might remain with this species as well.

To address this possibility, the spectral properties of
intermediates B and C were analyzed in more detail, with
two alternative descriptions of these species in mind. In one
case, both FADRNAD™ species react rapidly with Qo
yield peroxyflavin intermediates; the long-wavelength ab-
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sorbance must involve some type of charge-transfer interac-
tion between C(4a)-FADHOOH (perhaps as the hydroper- 12
oxide anion;28) and NAD". Some conformational or —
chemical distinction between the two FADHOOH per dimer 5
allows for the biphasic formation of 40.: =
Scheme 5 Y

FADH,-NAD*

-1
ADHNAD® + 20, 680 s > FADHOOH
5

FADHOOH-NAD*

g 400 500 600 700 800 900
Wavelength, nm

(+ NAD?Y)

FADHOOH 355" > FAD
FADHOOH—NAD" FADHOOH-NAD"

ner

+ H,0,

FAD 2s’
FADHOOH-NAD*

> FAD | NAD* + H,0,
FAD

Over the range of 340500 nm, the calculated spectrum of
intermediate C should compare favorably with the sum of
50% B and 50% E-FAD; in fact, this is not the case. The
shape of the addition spectrum is quite different from the
calculated spectrum, especially in the 34125 nm region; LN _ e
the e3gd€43s ratio is 14% higher, and the individuadss and 400 500 600 700 800 900
€305 values are 1618% higher for the addition spectrum. Wavelength, nm

So we conclude that this description for intermediates B and Ficure 7: Spectral deconvolution for intermediates B and C. (A)
C is not correct. The alternative description, in which one Spectra corresponding to the starting reduced comptgx fllly

FADH,*NAD™ per dimer remains in each intermediate, can 0xidized enzyme-), and intermediate C« —) are from Figure
be represented as follows: 6. Also given is the addition spectrum (- -) obtained by adding 47%

of the reduced complex spectrum and 53% of the fully oxidized

- o

Scheme 6 enzyme spectrum. (B) Spectra corresponding to the starting reduced
. complex (), fully oxidized enzyme+), and intermediate B —)
FADH,"NAD™ o, 680s”  FADHOOH _ (. naD") are from Figure 6. Also given is the spectrum (- -) obtained by
FADH,-NAD FADH,-NAD subtracting 50% of the reduced complex spectrum from the
B intermediate B spectrum and multiplying by 2.
FADHOOH 36s'  , FAD + H,0,
FADH; *NAD FAD':ZC' NAD reactivity of this reduced flavin is limited by a conformational
} or chemical change which occurs once the primary FADH
FABHNAD" A > TR has completed its reaction sequence; therefore, the sequential
} kinetic mechanism presented in Scheme 6 is appropriate. The
%W +0, —=2225 > FAD 4 NAD® + H0, rate constant for the limiting conformational or chemical

change is identical td, for the C42S mutant. This also
The calculated spectrum for intermediate C should comparerepresents, presuming the oxygen reactivity of wild-type Nox
very favorably with the sum of 50% E-FADHNAD* and proceeds through a similar peroxyflavin intermediate, the first
50% E-FAD, and the difference obtained by subtracting 50% example of such an oxygenated flavin intermediate outside
E-FADH,"NAD™* from the calculated spectrum for interme- the flavoprotein monooxygenase clad$)(
diate B should give the spectrum for the C(4a)-FADHOOH  Stopped-Flow Fluorescence Analysi&hisla et al. 27)
species. This addition spectrum gives a much more favorabledemonstrated that PHBH reconstituted with 5-ethyl-4a-
comparison than that described above in terms of the shapehydroxy-FAD is 30% as fluorescent as native enzyme, and
of the spectrum between 340 and 500 nm,dhgeass ratio the presence of bound 6-aminonicotinate enhanced the
(1.1 compared to 1.05 for the calculated spectrum), the fluorescence 4-fold. The FAD C(4a)-hydroperoxide ob-
individual ezgs andeyzg values (within 5 and 9% of the values  served on reaction of the reduced PHBHhydroxynicotinate
from the calculated spectrum, respectively), and the matchcomplex with Q, however, is not fluorescent; the absence
between long-wavelength spectral components (3@D0O of fluorescence was attributed to small differences in
nm). The minor differences between this addition spectrum coenzyme-protein interactions. Maeda-Yorita and Massey
and the calculated spectrum disappear almost entirely if a(28), on the other hand, established the presence of two
component equivalent to only-%% of the final E-FAD peroxyflavin forms in the oxygen reaction of the phenol
spectrum is added to the addition spectrum itself (Figure 7). hydroxylaseresorcinol complex; while both forms are fluo-
In addition, Figure 7 gives the spectrum for the C(4a)- rescent in the absence of azide, the presence of azide
FADHOOH component of intermediate B determined by quenched the fluorescence of one species while enhancing
subtraction as described above. The absorbance maximunthe fluorescence of the second FADHOOH form. We
of 372 nm € = 10.7 mM cm™1) compares very favorably  analyzed the oxygen reaction of the reduced C42SNiak *
with those for both enzymic and model peroxyflavins as complex by fluorescence with two goals in mind. First, we
described previoush2d—28). We conclude from these data wanted to characterize the fluorescence of the FADHOOH
that the reoxidation of the reduced C42S NYAD™ component of intermediate B (Scheme 6). In addition, since
complex proceeds through two intermediates, each of whichthe appearance of oxidized flavin is biphasic during reoxi-
includes one E-FADHNAD™ per dimer. The oxygen dation of E-FADH:NAD™, and since the E-FAD form of
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Time (s)

Ficure 8: Stopped-flow fluorescence analysis of the reoxidation
of the reduced C42S NeXAD* complex. The dithionite-reduced
enzymeNAD ™ complex (20uM before mixing, with 0.5 mM free
NAD™) was reacted with a buffered solution containing 0.5 mM
NAD* and 0.38 mM Qin the Applied Photophysics stopped-flow
instrument. Using an emission cutoff filter which allows transmis-
sion of light at wavelengths 475 nm, the reoxidation traces shown
correspond to excitation wavelengths of 370 @nd 438 nm®).
Data were fit to the kinetic model presented in Scheme 7, using
the global analysis software. Fluorescent units are arbitrary, and
the temperature was 4.

C42S Nox is 37% as fluorescent as free FAD, Scheme 6
predicts that intermediate C is about one-half as fluorescent
as E-FAD. Figure 8 presents the stopped-flow result
obtained when 1«M E-FADHy*NAD* complex (final
concentration) is reacted with 0.2 mM @ the presence of
0.5 mM free NAD"; fluorescence emission data were
collected at wavelengths greater than 475 nm (475 nm cutoff
filter), with excitation wavelengths varied at 10 nm intervals
from 340 to 450 nm. When monitored At = 438 nm,

the reaction trace is generally similar to that obtained in the
absorbance mode at 438 nm; in addition, tf&= 370 nm
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species is less fluorescent than intermediate C when analyzed
at excitation wavelengths from 340 to 390 nm. From 400
to 450 nm, the two species exhibit very similar fluorescence
intensities of about 30% of that for the final oxidized enzyme
(E-FAD). Although the absorbance spectrum calculated for
intermediate Cdj3s = 60% of that for E-FAD) is indistin-
guishable from that of £ the conversion of E— E-FAD

at 1.5 s* accounts for 70% of the total fluorescence increase
on reoxidation of the reduced enzyme, across the excitation
wavelength range investigated. The two major phases of
flavin reoxidation measured in absorbance at 438 nrm~(B

C — E-FAD) do not correspond to exactly equal changes in
fluorescence, implying that the FAD component of inter-
mediate C (or @ is less fluorescent than the FAD of the
fully oxidized enzyme. A possible basis for the fluorescence
change as C~ Cr could be the release of spectrally silent
NAD™ following H,O, elimination from the FADHOOH
component of intermediate B:

Scheme 8

FADHOOH(NAD*) 3538 5" FAD(NAD*)
EADH.-NAD® > EADH..NADT T H:O:
FADH,-NAD FADH,-NAD
g e
FAD(NAD*) 28s' ,  FAD + NAD*
FADH,-NAD* FADH,-NAD*
",

Oxygen Reactity of Reduced C42S Nox in the Presence
of Azide Among the FAD-containing monooxygenases, it
is generally observe@®4) that the hydroxylatable substrate,
or an effector analogue, kinetically stabilizes the correspond-
ing C(4a)-peroxyflavin which is formed on direct reaction
of the reduced enzymsubstrate complex with © Excep-

fluorescence trace gives no evidence for any rapid phasetions are found in the microsomal FAD-containing mono-

corresponding to the formation of a fluorescent species. From
this, we conclude that intermediate B [FADHOOH/FABRBH
NAD ] is nonfluorescent; the peroxyflavin componeiy

oxygenase 45) and cyclohexanone monooxygenags)(
where bound NADP stabilizes the peroxyflavin, and in
p-hydroxyphenylacetate 3-hydroxylas&0f, where a cou-

= 372 nm) therefore resembles that seen in the reducedpling protein stabilizes the primary oxygenated species. Still,
PHBH-6-hydroxynicotinate reaction with£)27). The entire the free reduced enzymes react withi@all cases without
stopped-flow fluorescence data set was then used to fit adirectly observable FADHOOH intermediates, although
series of exponentials with the global analysis software. The Entsch et al. Z4) demonstrated that bound azide ion led to
three-step model presented in Scheme 4, with a pseudo-firststabilization of the PHBH peroxyflavin in a manner some-
order rate constant of 231 ssubstituted for the oxygen-  what similar to that seen with bound effectors. Azide binds
dependent formation of intermediate B, does not fit the to oxidized forms of both wild-type and C42S Nox; it is a
fluorescence data set. The global fit requires four consecu-linear mixed-type inhibitor of the wild-type enzym&g) but
tive reactions; three of these rate constants corresponddoes not inhibit the mutant in standard NADH oxidation
directly to the model derived from the absorbance data, while assays. Azide does, however, interfere with the interaction
one intermediate (§ is detected only by fluorescence: of reduced C42S Nox with NADin static experiments, thus
Scheme 7 precluding studies of E-FADFHNAD™ reoxidation kinetics

in the presence of azide. A complete description of the

E-FADH,-NAD* + 0, —231s" 5 g interaction of azide and chloride ion with both wild-type and
8 BS' ¢ o4o5HO, C42s No>_< will be reported in a separate qommunica‘tion.
Vg & The reaction of reduced C42S Nox (1M final concen-
c —#Bs—>c tration) with G, was investigated in the presence of 0.1 M
¢, —15s' 5 EFAD + 0.5H,0, (+ NAD*) azide; reoxidation was followed at 390 and 438 nm and at

final O, concentrations of 0.13 and 0.65 mM. Simple
The oxygen reaction yielding the peroxyflavin component biphasic reoxidation is observed at both wavelengths (Figure
appears as a lag in the development of fluorescence, since); the first phase corresponds to an altereg-iependent
intermediate B is nonfluorescent. The second rate constantreaction with a second-order rate constant of2.10* M~
of 38 st is consistent with the [g-independent conversion s! (a decrease of 40-fold with azide present instead of
(35 s of intermediate B— C, as described in Scheme 4. NAD™) at pH 7.0 and 5C and a first-order rate constant of
The additional step unique to the fluorescence data corre-5.4 s* for dissociation of the oxygen complex. Again, as
sponds to the formation of intermediate & 28 s!; this with the reaction of E-FADRNADT, the final phase of
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closely related to Nox and Npx as well. The utilization of
the Cys-SOH redox center, as demonstrated for Npx and
favored strongly for Nox, instead of the redox-active cystine
disulfide employed by GR, represents the primary point of
contrast between the two peroxide reductases and the GR-
like disulfide reductases. Given the homology between Nox
and Npx 6), the high-resolution crystal structure for Npx
(33), and the results of earlier analyses of Npx mutants
lacking Cys42 and His101@, 13), a plausible chemical
mechanism for the oxidative half-reaction of Nox involves
Time (s) the sequence

FiGure 9: Stopped-flow analysis of the reoxidation of reduced E-FADH, -NAD* E-FAD(HOOH) - NAD*
C42S Nox in the presence of 0.1 M azide. Dithionite-reduced L +0, > l_

enzyme (25.4uM before mixing) was reacted with a buffered Cys42-s© Cys42-s©
solution containing 1.3 mM @and 0.2 M azide. The reaction was

monitored in the Applied Photophysics stopped-flow instrument F-FAP(HOQH)-NAD® He  FFAD(HOR)-NAD®

at 390 () and 438 nm @©). The temperature was 4°€. Cys42-5© Cys42-SOH
reoxidation corresponds to anjéindependent rate constant ~ E-FAD(HOH) -NAD* . E-FAD  HO + NAD-
of 0.8-1.7 s1. At 438 nm, the slow phase accounts for Cys42-SOH Cys42-S0H

about one-half (4554%) of the total absorbance increase. o _
This behavior is similar to that described previously for the His10, which is absolutely conserved in all Nox sequences,
conversion of [FAD/FADH-NAD*] to E-FAD. The kinetic  is not an essential acitbase catalyst in Npxi@); rather, it

scheme for reaction with azide present is as follows: functions to stabilize the transition state during the nucleo-
Scheme 9 philic attack of Cys42-S on HOOH, through hydrogen-
bonding interactions with the peroxide oxygen(s). His10 also
E-FADH,INS) + O, % X serves to stabilize Cys42-SOH in the resting peroxidase, and
s both functions fit in well with the mechanistic scheme
) — 087 ST eapeN; presented for Nox above. A major question raised by the

proposed Nox mechanism concerns the possibility that an
The available data indicate that no peroxyflavin is observed FAD C(4a)-hydroperoxide intermediate is involved in the
directly in the presence of azide, but it is possible that such Nox catalytic cycle or whether #, formed on FADH
a species is formed, decaying rapidly to give the observed reoxidation is immediately trapped by the peroxidatic Cys42-

intermediate: S~ center. To this end, we have examined the oxidative half-
Scheme 10 reaction of the Nox C42S mutant in detail.
In contrast with those for wild-type Nox, reductive
E-FADH,(N;) + O, 2.1 x 10 M'sy FADH00H:| (N;) _fast o [y titrations of the C42S mutant require only 1 equiv of NADH
5.4s" [FADH, per FAD and lead directly to the FADHNAD™ form of the

o ) o enzyme. Furthermore, while the C42S mutant does have
A similar analysis of the reoxidation of free reduced C42S significant catalytic activityK..= 900 mirr® at 25°C), the

Nox gives kinetic data consistent with a very small extent (a5ction stoichiometry is changed from the tetravalent
of peroxyflavin formation, as shown by a rapid increase ( equction of Q— 2H,0 to NADH + H* + O, — NAD* +

= 4.3 x 10° M™* s%) in Aseo While the observed rate 1,5, These results confirm that Cys42, almost certainly

constant is deper;dent on JOthe corresponding\A only in the Cys42-SOH form as proposed, is the non-flavin redox
accounts for~20% of the totalAAsg at 0.65 mM Q. center in wild-type Nox. In addition, these results strongly
Biphasic reoxidation is also seen at 438 nm, but both rate support the idea that Cys42- wild-type Nox functions

constants of 1215 and 0.8-1.8 s * are independent of [ in the further reduction of some two-electron-reduced oxygen

the latter value is consistent with that for the slow phase jiermediate. The oxidative half-reaction for wild-type Nox
(0.9-1.8 s") at 390 nm. From the analyses presented above, cgn pe thought to consist of a flavoprotein oxidase 4O
it can be concluded that (1) azide does not stabilize the FADH, — ROOH; R= FADH or H) component coupled
peroxyflavin intermediate of C42S Nox and (2) the rate- ity g peroxidase (ROOH- Cys42-S + H* — ROH +
limiting step in the oxidative half-reaction appears to be Cys42-SOH) component; Cys42 is the peroxidatic center,
independent of the presence of NADThe latter conclusion 514 its elimination leads to the catalytic generation gDH
is consistent with the suggestion (Scheme 6) that a confor-y the functioning flavoprotein oxidase center. The spec-
mational change within the [FAD/FADHNAD] dimer is troscopic properties of C42S Nox confirm that Cys42i§
limiting (k = 1.7-1.9 s) to full reoxidation. the charge-transfer donor in the two-electron-reduced wild-
DISCUSSION type enzyme; the enhanced fluorescence of C42S Nox is
consistent with that seen when the analogous mutation is
NADH oxidase (Nox) and NADH peroxidase (Npx) from introduced in Npx and supports the idea that Cys42-SOH
E. faecalisare members of the glutathione reductase (GR) and Cys42-S both contribute to the flavin fluorescence
class of pyridine nucleotide-dependent flavoprotein disulfide quenching modes in Nox and Npx.
reductases3)); recent evidence indicates that tBéaphy- The combination of diode-array and single-wavelength
lococcus aureusoenzyme A disulfide reductas&3) is stopped-flow analyses of the oxidative half-reaction of C42S
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Nox allows for a rather direct interpretation of the sequence between anionic and protonated FADHOOH species of
of events. To begin, we have shown that, in turnover under phenol hydroxylase, we are not able to make such a
[NADH]-limited conditions, the reduced C42S N&AD* distinction for the C42S Nox component. Given thgux
complex predominates. The FARHNAD® species as value of 372 nm, we would attribute the absorbance spectrum
generated in static titrations is extremely stable, even at 1to the protonated C42S Nox FADHOOH.

equiv of NAD" per FADH,, suggesting that dissociation of The second step in the oxidative half-reaction involves
NAD™ is negligible. For these reasons, we conclude that formation of one HO, per dimer:

the E-FADH:-NAD™ complex of C42S (and wild-type) Nox

reacts directly with @ At pH 7.0 and 5°C, the reduced E-FADHODHINAD*) - _;‘ff EFADINAD"] 2 |(N:D£.FAD
enzymeNAD* complex reacts with @in a reversible E-FADH; *NAD® E-FADH,NAD® E-FADH, :NAD*

second-order reaction: _ . . _ . A
Direct peroxide detection with HRP gives both the stoichi-

E-FADH,-NAD® + O, £.5x 10° M's’" E-FADHOOH(NAD") ometry and f|rst-orde.r rate constant for this reaction; these
E-FADH,-NAD" 565 E-FADH,-NAD* values are very consistent with two of the key observations
from stopped-flow analyses of enzyme reoxidation. Diode-

Before commenting on the kinetic inequivalence observed array difference spectra show that (1) almost exactly 50%
for the two FADH per dimer, we should note that the Of the oxidized enzyme spectrum appears at ag]-[O
second-order rate constant for this oxygen reaction-8-3  independent rate constant of 35 and (2) there is no change
fold higher than those for the respective substrate complexesh Azzs during this phase; i.e., there is no reaction involving
of reduced PHBH (2.6x 10f M1 st at 3.5°C; 24) and the E-FADH-NAD™" component of the dimer. There is no
phenol hydroxylase (1.1x 106 M~! s1 at 4 °C; 28). direct evidence from the absorbance data that NA€nains
Considering that Nox is, strictly speaking, a member of the bound to the primary subunit at this stage (i.e., this NAD
GR class of disulfide reductases, the observed high rate ofis spectrally silent). However, in comparing the kinetic data
oxygen reactiviw is remarkable; the Corresponding rate from the absorbance and fluorescence modes, we determined
constant for reduced lactate oxidase (a very efficies@4 that a fourth kinetic phase corresponding to a rate constant
forming flavoprotein), for comparison, is 1:310° M1 s of 28 s (very similar to the rate constant of 388 s*

at 4°C (34). Fully reduced GR reacts only very slowly with measured by both absorbance and fluorescence) was neces-
O, (35); the & reactivity of Nox must be attributable to ~ sary to fita decrease in fluorescence over the excitation range
features of the flavin environment very different from those Of 340-390 nm. The structure of the NGXADH complex

of disulfide reductases in general. Also, although it has not (37) demonstrates that the pyridine nucleotide binds on the
been investigated in detail, the, @activity of the closely re side of the isoalloxazine; the same orientation almost

related Npx under steady-state conditions is only 4% of its certainly holds for the reduced NOXAD* intermediate.
peroxidatic activity at pH 7.036). NAD™ binding thus precludes the reaction of én there

face, and modeling studies have led to the conclusi@ (
that the C(4a)-peroxyflavin intermediate described in this
report must involve the enantiomeric form opposite of that
found in PHBH. Comparisons of free and NADH-com-
plexed Npx 87) indicate that the major side chain movement
d. on pyridine nucleotide binding involves Tyrl59, which

[O2]-dependent reaction at 660 nm is due to the loss of $wings out on .NADH binding. _Thi_s Tyr (Tyrl57 in Nox)
FADH, — NAD* charge-transfer absorbance on conversion is conserved within the NADH-binding fingerprint sequence
of that FADH, to FADHOOH. By comparison, it is for Nox as well §), and almost certainly movement of the

important to note that the NADPcomplex of the peroxy- Tyr157 aromat_it.: ”’?9 a_tccompgnies NADelease from the
flavin form of microsomal FAD-containing monooxygenase primary subunit; this side chain movement may be respon-
exhibits no charge-transfer absorbance involving bound sible for the obsgrved d(_ecre_ase in fluorescence ar2_8 s
NADP* (25), either. Diode-array difference spectra show Th.e fmal §tep n reOX|da't|c.)n accounts for_ the stoichio-
that formation of the C42S Nox peroxyflavin component metric OX|qat|on of the remaining reduced flavin component;
corresponds to the reaction of only one FADper dimer, hqwever, it mus_t be emphasized that the rate constant for
since the decrease Hy,s is only one-half of that observed this process IS independent of JQkops = 1.4-1.9 s* at

on full reoxidation. Further support for this conclusion O, concentrations from 0'1?’ to 1. m_M). We conclude that
comes from the difference spectrum obtained by subtractingthe .Q reactivity of this flavin is I'.m'ted _by some confor-
the spectral component attributed to the complementary mational or chem|cal chan.g.e which is linked to the redox
E-FADH,-NAD™ subunit; the difference spectrum gives a state of the primary subunit:

single maximum at 372 nme(= 10.7 mMt cm™1) which E-FAD
compares very favorably with those of the peroxyflavin  e-FADH,-NAD*
spectra of PHBHAmax = 382—385 nm,e = 8.7-9.7 mM1
cm; 24), 2-methyl-3-hydroxypryidine-5-carboxylic acid
oxygenaseimax = 385 nm,e = 10.2 mM cm™%; 21), and
microsomal FAD-containing monooxygenask.& = 366 There is excellent agreement for both the stoichiometry and
nm, e = 10.8 mM! cm™; 25). Although the combined rate constant (1.879) for H,O, formation and the results
stopped-flow fluorescence and absorbance analyses of Maedafrom diode-array and single-wavelength analyses of enzyme
Yorita and Massey A8) allowed the kinetic distinction  reoxidation in this phase. A very similar rate constant of

The formation of the peroxyflavin component can be
followed directly by the rapid absorbance increase at 390
nm; as with the peroxyflavin intermediates of PHBH (with
6-hydroxynicotinate27) and 2-methyl-3-hydroxypyridine-
5-carboxylic acid oxygenase (with substrat2]), this
component has very little or no fluorescence. The rapi

—r (S’
E-FADH,-NAD*

(E»EAQ ) + 0, _>>2s8' E-FAD + H,0, + NAD*
E-FADH,-NAD* E-FAD
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1.5 s was observed in the fluorescence analysis of this The ensuing nucleophilic attack on the distal oxygen would
reaction; however, we conclude that there is a significant logically lead to direct formation of the C(4a)-hydroxyflavin.
difference between the fluorescence yields of the E-FAD Our data with the C42S mutant indicate an intrinsic peroxy-
components common to the (E-FAD/E-FARNAD")* and flavin decay rate--H,0,) of 35 s'1, and it should be noted
E-FAD/E-FAD species. Therefore, the final phase of re- that the wild-type Nox reaction should not require activation
oxidation accounts for about 70% of the total fluorescence of O, beyond the level of the peroxyflavin, in contrast to
increase observed over the excitation wavelength rangethe additional polarization of the FADHOOH bond which
(340-450 nm) investigated. In quantitative static fluores- is desirable for hydroxylation of aromatic substrat@s)(
cence analyses of the fully oxidized (E/E) and E{Ebtms Ball and Bruice 43) have shown that 5-ethyl-4a-peroxylu-
of wild-type Nox, we have shown that reduction of one miflavin oxygenates the sulfur of thioxane (in methanol at
Cys42-SOH per dimer reduces the fluorescence yield of 30 °C) with a second-order rate constant that i$-ftld
E/EH; to 37% of that for the E/E dimer.This demonstrates  greater than that for #D,, and we have determined the
that the fluorescence of E-FAD is sensitive to the redox state second-order rate constant fop® oxidation of the Npx
of the complementary subunit, consistent with the stopped- Cys42-S (5 °C) to be 3.0x 10 M~1 s (20). With wild-
flow fluorescence results for C42S Nox reoxidation. type Nox, the rate constant for reaction of Cys42viith

To our knowledge, this description of a C(4a)-peroxyflavin the peroxyflavin intermediate must therefore 85 s,
intermediate in C42S Nox is the first example of such an the lability of FADHOOH is diminished to a level that is
oxygenated flavin species outside the flavoprotein monooxy- measurable only with the C42S mutant. Similar consider-
genase class (e.g., PHBHDS). Other properties of Nox  ations for the reactivity of Cys42-Swith the Nox peroxy-
previously reported1(6, 38) have also been interpreted with  flavin may account for the fully coupled (100% ©- 2H,0)
direct reference to PHBH and other FAD-containing mono- O, reduction stoichiometries reported for the 1-deaza- and
oxygenases. For example, the aromatic hydroxylases do noR-thio-FAD reconstituted Nox enzymes, and for the absence
cause dramatic spectral perturbations on binding 8-mercapto-of detectable conversion of 4-thio-FAD Nox to 4-oxo-FAD
FAD, and the resulting 8-mercapto-FAD enzymes are readily enzyme on reoxidation of the reduced enzym6).(
reduced by pyridine nucleotide in the presence of substrate Another direct conclusion from the spectral and kinetic
(39). Nox also stabilizes the N(1)-protonatedjuinoid form analyses of the oxidative half-reaction for the dimeric C42S
of 8-mercapto-FAD 16, 38), and this enzyme is rapidly = Nox E-FADH,-NAD* complex is that the two subunits
reduced by NADH as well. Neither PHBH nor Nox behave asymmetrically. Full reoxidation (and apparently
stabilizes the flavin N(5)-sulfite adduct or the anionic NADT release) at the primary subunit is followed by a rate-
semiquinone; PHBH can stabilize small to substantial limiting conformational or chemical change at 2;sreoxi-
amounts of neutral flavin semiquinon&9, but only in the dation of the complementary subunit only occurs commen-
presence of certain substrates such as 2,4-dihydroxybenzoateurate with this latter process. The observation that a similar
or tetrafluorop-hydroxybenzoate. Similarly, wild-type Nox  limiting step k = 1.7-1.8 s'%) is found in the reoxidations
stabilizes the blue semiquinone only when reduced in the of both free and azide-bound forms of reduced C42S Nox
presence of the inhibitor azid&®); the C42S mutant yields indicates that the rate-determining step does not involve
small amounts of neutral radical on direct reduction with NAD™ release. This documentation of kinetic inequivalence
NADH or dithionite. It has been pointed out by Entsch et for the two FADH in reduced C42S Nox complements
al. (40) and by Gatti et al. 41) that the virtually 100% previous observations of asymmetric behavior for wild-type
coupled hydroxylation op-hydroxybenzoate by PHBH is  Nox on reduction with either dithionite or NADHL( 2). In
the consequence of a very favorable balance between factorgither case, only 1.5 equiv per FAD is required for full
which dramatically reduce the lability of FADHOOH toward reduction, and one Cys42-SOH per dimer remains oxidized
expulsion of HO, and at the same time enhance the reactivity even in the presence of excess reductant. When the
of FADHOOH toward the substrate. With the mobile FAD dithionite-reduced enzyme is titrated with NADabout one-
of PHBH sequestered in the “in” conformation which is half of the FADH, forms a stable charge-transfer complex
productive for hydroxylation, the C(4a)- and N(5)-loci are with NAD™, but one FADH per dimer is oxidized on NAD
protected from solvent, effectively preventing formation of binding, at the expense of the remaining Cys42-SQH (
H,0, by the peroxyflavin 41); a maximal HO, formation Independent evidence for active-site asymmetry in Nox also
rate of 0.9 s! (3.5 °C) has been calculated for wild-type comes from analysis of the spectral and kinetic course of
PHBH (40). The peroxyflavin intermediate of 1-deaza-FAD H,0, oxidation of the 8-mercapto-FAD enzym@gj; flavin

PHBH decays to yield kD, and oxidized flavin at 4.673, 8-S-oxide and 8-sulfenic acid intermediates appeared in a
as measured under similar conditiom®); Like PHBH, 50:50 mixture on initial two-electron oxidation.

wild-type Nox is not designed to reduce, ©- H;O, the While conformational changes have been described in the
Cys42-S is positioned for optimaki face reactivity with oxidative half-reactions of PHBH4(Q) and anthranilate
the peroxyflavin 16): hydroxylase 22), the kinetic inequivalence of the reduced

C42S Nox flavins toward ©is much more relevant to that
described for the C135A/C140A mutant of mercuric reduc-

J . l
:@I“ s \ N /NYO tase 44), which lacks both Cys of the redox-active disulfide.
N NH N];(NH Biphasic oxidation kinetics were observed for the asymmetric
H H O
H O

0 E-FADH,*NADP*/E-FAD-NADPH dimer with oxidation of

|

OH FADH; at the primary subunit required to trigger “intramo-

(@ lecular” NADPH — FAD electron transfer within the
S—Cys42 HOS —Cys42

complementary subunit. The second phase of reoxidation
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is then observed. In this case, it is clear that asymmetry
exists within the initial complexed enzyme dimers, with
regard to both redox state and the identity of the bound
pyridine nucleotide. With the NAD complex of reduced
C42S Nox, it is not evident whether there is some subtle
form of preexisting asymmetry; both flavins are reduced and
bound to NAD". A very similar spectral form predominates
in steady-state turnover with NADH and,@nd the turnover
number of 2.2-2.3 s matches the rate constant of 2s
for the slow phase of C42S Nox reoxidation very closely;
these points imply that the asymmetric behavior of Nox is
relevant to the catalytic mechanism. As discussed by Miller

et al. @4) extensively for mercuric reductase, our results with ~ 11.

C42S Nox are also consistent with a type of alternating sites
cooperativity model. With Nox, oxidation of the second
subunit proceeds only after oxidation of the primary subunit;

the oxygen reactivity of the second subunit is linked to the 13

redox state of the first. Unlike the case for the mercuric

reductase mutant, where the second phase of oxidation is 14.

inhibited by NADP" bound to the primary FAD, the second
phase of oxidation for reduced C42S NBAD™ is limited

by the conformational change of 2'sthis process appears
to provide the basis for the intersubunit communication
intrinsic to the Nox version of the alternating sites cooper-
ativity model. Mercuric reductase, like Nox and Npx, is also
a member of the GR class of flavoprotein disulfide reductases
(3D); in addition to FAD and the Cys135Cys140 redox-
active disulfide, each active site (two per dimer) also includes
the catalytically essential Cys558nd Cys559from the
complementary subunig). The crystal structure of Npx
demonstrates that Phe42dpx numbering; also Phe424

in Nox) is the only residue from the complementary subunit
to contribute to the active site at the primary subuBB)(
Phe4240 is hydrogen-bonded to the flavin N(3)-position;
together with Pro426 Pro431, and Trp432 this residue
forms an apolar patch which shields the pyrimidine moiety
of the flavin from solvent. All four of these residues from
the Npx C-terminal interface domain are conserved in the
four Nox sequences from enterococcal or streptococcal
sources; given the role of the immediate flavin environment
in controlling both FADH:O; reactivity and the fate of the
peroxyflavin intermediate, it is interesting to speculate that
a similar intersubunit contact within the Nox active site could
contribute to the alternating sites cooperativity described for
the oxidative half-reaction of Nox. Future mutagenesis
approaches targeting these residues will be required to test
this possibility.
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