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ABSTRACT: Recent studies [Mallett, T. C., and Claiborne, A. (1998)Biochemistry 37, 8790-8802] of the
O2 reactivity of C42S NADH oxidase (O2 f H2O2) revealed an asymmetric mechanism in which the two
FADH2‚NAD+ per reduced dimer display kinetic inequivalence. In this report we provide evidence
indicating that the fully active, recombinant wild-type oxidase (O2 f 2H2O) displays thermodynamic
inequivalence between the two active sites per dimer. Using NADPH to generate the free reduced wild-
type enzyme (EH2′/EH4), we have shown that NAD+ titrations lead to differential behavior as only one
FADH2 per dimer binds NAD+ tightly to give the charge-transfer complex. The second FADH2, in contrast,
transfers its electrons to the single Cys42-sulfenic acid (Cys42-SOH) redox center, which remains oxidized
during the reductive titration. Titrations of the reduced NADH oxidase with oxidized 3-acetylpyridine
and 3-aminopyridine adenine dinucleotides further support the conclusion that the two FADH2 per dimer
in wild-type enzyme can be described as distinct “charge-transfer” and “electron-transfer” sites, with the
latter site giving rise to either intramolecular (Cys42-SOH) or bimolecular (pyridine nucleotide) reduction.
The reduced C42S mutant is not capable of intramolecular electron transfer on binding pyridine nucleotides,
thus confirming that the Cys42-SOH center is in fact the source of the redox asymmetry observed with
wild-type oxidase. These observations on the role of Cys42-SOH in the expression of thermodynamic
inequivalence as observed in wild-type NADH oxidase complement the previously described kinetic
inequivalence of the C42S mutant; taken together, these results provide the overlapping framework for an
alternating sites cooperativity model of oxidase action.

In the heme- and cytochrome-deficient enterococci and
streptococci, the flavoprotein NADH oxidase (Nox)1 cata-
lyzes the direct four-electron reduction of O2 f 2H2O (1,
2). In so doing, this unusual enzyme helps to provide an
intracellular NAD+/NADH balance which is optimal for
glycolysis (3); at the same time, by avoiding one-electron
(fsuperoxide) and two-electron (fH2O2) reductions of O2,
Nox contributes significantly to the antioxidant defense
mechanisms of these bacteria (4). The enzyme has been
purified from Enterococcus faecalis(1) andStreptococcus
mutans(5); the E. faecalisNox is a dimer of two identical
50 kDa subunits. In addition to FAD, each subunit contains
a stabilized sulfenic acid derivative of Cys42 (Cys42-SOH;

ref 1); the essential role of this non-flavin redox center has
been analyzed in detail in the closely related NADH
peroxidase (Npx; refs6-8). Recent kinetic analysis of a
C42S Nox mutant lacking this redox center (9) has shown
that the enzyme now catalyzes the two-electron reduction
of O2 f H2O2, confirming the essential catalytic redox role
of Cys42-SOH/Cys42-SH in the reduction of O2 f 2H2O,
as well.

Working with the wild-type Nox as originally purified
from Streptococcus(now Enterococcus) faecalis10C1,
reductive titrations with dithionite and NADH repeatedly
were shown to require 1.5-1.6 equiv of reductant per FAD
(1, 2) as opposed to the expected stoichiometry of 2 equiv
of reductant per FAD. Still both FAD on each monomer were
reduced completely, and the earlier analysis (2) focused on
the Cys42-SOH redox center as the source of the inequiva-
lence observed under equilibrium conditions for the two
active sites per dimer. Further evidence for this active-site
asymmetry came from titrations of the dithionite-reduced
wild-type enzyme with NAD+ and with the nonreducible
analogue AAD+. In each case one FADH2 per reduced dimer
(1.14 FADH2 with NAD+ and 1.0 FADH2 with AAD+) was
reoxidized anaerobically at pH 7.0 on titration with the
pyridine nucleotide; with NAD+ it was clear that intermo-
lecular electron transfer (NAD+ f NADH) was not signifi-
cant. These observations led to the conclusion that the one
Cys42-SOH per dimer remaining in dithionite-reduced Nox
could accept two electrons directly from its active-site
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FADH2 redox partner on binding NAD+ or AAD+. With
NAD+, this process of intramolecular electron transfer was
proposed (2) to involve a pyridine nucleotide binding site
distinct from that involved in stable formation of the
E-FADH2‚NAD+ charge-transfer complex, which was also
observed.

The availability of the C42S Nox mutant made a direct
test of this idea possible, and the potential relevance of this
active-site asymmetry as observed under equilibrium condi-
tions to the catalytic redox mechanism of wild-type Nox
added to the significance of this study. We have recently
shown (9) that an asymmetric kinetic mechanism, consistent
with an alternating sites cooperativity model (10), applies
for the O2 reactivity of the reduced C42S Nox‚NAD+

complex; the reaction proceeds with the intermediate forma-
tion of an FAD C(4a)-hydroperoxide which eliminates H2O2

to regenerate the oxidized E-FAD form. However, full
reoxidation of one FADH2 per dimer is necessary before O2

can react with the second FADH2, and a rate-limiting step
of 2 s-1 attributed to a change in protein conformation
couples the respective O2 reactions of the two subunits per
dimer (see Scheme 1). In view of the kinetic inequivalence
expressed by the reduced C42S Nox‚NAD+ complex on
reaction with O2, we therefore decided to investigate the
interactions of pyridine nucleotides with both recombinant
wild-type and C42S Nox under equilibrium conditions.

EXPERIMENTAL PROCEDURES

Materials.NADH, NAD+, and NADPH were purchased
from Boehringer Mannheim, and AcPyADH, AcPyAD+, and
AAD+ were from Sigma. IPTG was purchased from Ambion,
and DTT was from Research Organics. 1-Deazariboflavin
was the generous gift of Dr. Wallace Ashton, Merck, Sharp,
and Dohme Research Laboratories. All other chemicals and
restriction enzymes, as purchased from sources described
previously (2, 9, 11), were of the best grades available.

Construction of a Low-Copy T7 Expression Vector,
pOXO7. Expression of the wild-typenoxgene from a high-
copy T7 vector (pNOX7; ref12), prior to IPTG induction,
limits the growth of recombinantEscherichia coliJM109DE3
under vigorous aeration. We therefore prepared a general
low-copy T7 vector by replacing the pUC origin of replica-
tion in pOXO4 (13) with the p15Aori from pACYC184 to
generate pOXO7. AXhoI restriction site and a consensus
ribosome-binding site were introduced upstream of thenox
coding sequence by PCR amplification of the 5′-end of the
gene. The reconstructed wild-typenox gene including the
new ribosome-binding site was subcloned into pOXO7 as a
XhoI/SacI fragment to generate the pNOX11 expression
plasmid. TheXhoI/HindIII fragment encoding the N-terminal

165 residues was subcloned into pBluescript II SK(+) and
used as a template for Cys42f Ser mutagenesis, using the
Sculptor kit (Amersham). After the presence of this single
mutation was confirmed, theXhoI/HindIII fragment was used
to replace the corresponding wild-type segment in pNOX11.

Expression and Purification of Wild-Type and C42S Noxs.
For the recombinant wild-type Nox,E. coli JM109DE3
transformed with pNOX11 was grown in 10 2.8-L Fernbach
flasks, each containing 0.66 L of TYP medium plus 25µg/
mL chloramphenicol (13). Flasks were shaken vigorously
at 37°C until the cultures reached A600) 1.0, and 0.4 mM
IPTG was added at that time. After 4 h of induction cells
were harvested and washed in 0.1 M potassium phosphate,
pH 7.0, plus 1 mM EDTA and 2 mM DTT; the cell
suspension was then disrupted by passage through an SLM/
Aminco French press. After centrifugation of the crude
extract, nucleic acids were precipitated with 2.5% (w/v)
streptomycin sulfate; the 30% saturated ammonium sulfate
(as defined at 25°C) supernatant was then incubated with
62 mM DTT and 90µM FAD at 37°C for 5 min, a process
which is intended to reconstitute any deflavo-Nox which may
be present (1, 14). After being filtered, the solution was
loaded onto a 50-mL Phenyl Sepharose 6 Fast Flow
(Pharmacia Biotech) column equilibrated with the phosphate/
EDTA/DTT buffer plus 30% ammonium sulfate. The column
was washed with the equilibration buffer until A280<0.1
was reached; a 0.5-L gradient from 30%f 0 ammonium
sulfate was then used to elute the enzyme. Fractions with
A448 >0.1 were pooled and dialyzed twice against 4 L of
0.1 M Tris-HCl, pH 7.5 (as measured at 25°C), containing
1 mM EDTA and 2 mM DTT, before being loaded onto a
25-mL Q Sepharose Fast Flow column equilibrated with the
same buffer. After extensive washing the enzyme was eluted
with a 0 f 0.5 M NaCl gradient, and fractions with A280/
A448 <20 were pooled, brought to 65% ammonium sulfate,
and centrifuged. The protein pellet was resuspended in 10
mL of 10 mM phosphate, pH 7.0, containing 2 mM DTT
and 1µM FAD, before being dialyzed twice against 4 L of
the same buffer. The dialyzed protein was incubated (as
before) with 62 mM DTT and 0.5 mM FAD at 37°C for 5
min, centrifuged briefly, and applied to a 50-mL column of
Macro-Prep Ceramic Hydroxyapatite (type 1, 40µm; Bio-
Rad Laboratories) equilibrated with the phosphate/DTT/FAD
buffer. After the column was washed, the enzyme was eluted
with a gradient of 10f 40 mM phosphate, pH 7.0,
containing 2 mM DTT plus 1µM FAD. Fractions with A280/
A448 <8, and which were homogeneous by SDS-PAGE,
were pooled, concentrated, and buffer-exchanged by ultra-
filtration into 0.1 M phosphate, pH 7.0, containing 1 mM
EDTA, 2 mM DTT, and 1µM FAD. The pure enzyme was
then concentrated to 10 mg/mL in the same buffer plus 20%
(v/v) glycerol; 0.2-1 mL aliquots were then flash-frozen in
liquid nitrogen before being stored at-80 °C. For the wild-
type enzyme in particular, the entire purification protocol
was routinely completed within 24 h; all steps were carried
out at 4°C.

The preparation of the C42S mutant followed the same
protocol with the following changes: (1) no reconstitution
step was included prior to Phenyl Sepharose or hydroxy-
apatite chromatography, (2) the A280/A438 ratio of the
purified mutant is 5.2, and (3) the mutant was simply stored
at 4 °C as a 65% ammonium sulfate slurry in 50 mM
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phosphate, pH 7.0, containing 0.5 mM EDTA and 2 mM
DTT, plus 1µM FAD.

General Procedures. Nox assays and anaerobic titrations
followed established protocols (1, 2, 9); absorbance and
fluorescence data were collected using Hewlett-Packard
Model 8451A and 8452A and SLM Aminco-Bowman Series
2 instruments, respectively.E′0 values for the FAD/FADH2
redox couples in both recombinant wild-type and C42S
mutant Noxs were determined by dithionite titration (15) in
the presence of the reference dye 1-deazariboflavin (E′0 )
-280 mV; ref16), using methyl viologen at low concentra-
tion to ensure rapid equilibration of reducing equivalents.
Static titrations of reduced wild-type and C42S Noxs were
analyzed using the ENZFITTER program (17).

RESULTS

Purification and Stabilization of Recombinant Wild-Type
Nox.The expression and purification protocol described in
Experimental Procedures routinely yields 140-150 mg of
pure enzyme (E/EH2 form) from 6.6 L of recombinantE.
coli cultures. In earlier studies with the enzyme purified from
E. faecalis, a specific activity of 340 units/mg was reported;
in some preparations, and for reasons that were not fully
understood, specific activities of 600-700 units/mg were
observed (1). This high-activity form of Nox was extremely
labile, however. Subsequent work with the deflavo-Nox
isolated from E. faecalis demonstrated that the enzyme
activity measured on reconstitution was equivalent to a
specific activity of 670-780 units/mg (14), similar to that
of the high-activity Nox form. Recombinant Nox, in com-
parison, has a specific activity of 560-580 units/mg. As
reported earlier (1, 2), the purified holo-Nox is generally quite
labile on storage at either 4 or-20 °C, even in the presence
of DTT. For example, when stored at 4°C as a 65%
ammonium sulfate slurry with 2 mM DTT plus EDTA and
FAD, the recombinant enzyme loses 50% activity in 2 weeks.
In addition to developing a purification protocol that can be
completed within 24 h, we have also established a procedure
which allows storage of the pure enzyme for up to 6 months
with no activity loss. The concentrated protein (10 mg/mL),
in 0.1 M potassium phosphate, pH 7.0, plus 20% (v/v)
glycerol, 1 mM EDTA, 2 mM DTT, and 1µM FAD, is flash-
frozen in liquid nitrogen in 0.2-1 mL aliquots and stored at
-80 °C.

Prior to experimental work at pH 7.0 the enzyme was
diluted with 0.1 M phosphate, pH 7.0, plus 1 mM EDTA
and 2 mM DTT, and concentrated with a CM-30 microcon-
centrator (Amicon). Since the enzyme is purified in the
E/EH2 form (9), it was necessary to reoxidize the EH2

component to give the fully oxidized, resting E form. This
was accomplished by spectral titration of the enzyme with
17 equiv of H2O2 per FAD, followed by two more CM-30
steps. The enzyme was brought up in the phosphate/EDTA/
DTT buffer and used directly in titration experiments. For
work at pH 8.7, early results showed that 2 mM DTT quickly
reduced Ef E/EH2, so the enzyme was simply taken through
three CM-30 steps with the pH 7.0 buffer before the final
concentrated protein was diluted directly with 0.1 M CHES,
pH 8.7, containing 1 mM EDTA and 2 mM DTT. Enzyme
activity was carefully monitored before and after titration
experiments at pH 7.0 and 8.7, and essentially no activity
losses were observed.

The expression and purification protocol for the Nox C42S
mutant routinely gave 40 mg of enzyme from 6.6 L ofE.
coli, and the stability of this protein allowed it to be stored
as a 65% ammonium sulfate slurry at 4°C with no significant
activity loss. The catalytic properties have recently been
described (9); the mutant specific activity is 16-20 units/
mg, and the enzyme catalyzes the stoichiometric reduction
of O2 f H2O2 with 1 equiv of NADH. Initial experiments
with the mutant included 2 mM DTT as a precaution, but
DTT has no effect on activity or stability and was later
eliminated in work with C42S Nox. The enzyme was
prepared for experiments by CM-30 concentration and buffer
exchange into 50 mM phosphate, pH 7.0, plus 0.5 mM
EDTA.

The spectral and fluorescence properties of the wild-type
E/EH2 and C42S Nox forms have recently been described
(9).

Redox Properties of Wild-Type Nox at pH 7.0: Titrations
with NADPH and NAD+. Reductive titrations of wild-type
Nox purified fromE. faecalisconsistently give stoichiom-
etries of 1.5-1.7 equiv of dithionite or NADH per FAD (1,
2, 14), and this behavior has been interpreted in terms of
active-site asymmetry within the dimeric Nox (see Scheme
2). Only one of the two Cys42-SOH redox centers per dimer
is reduced; the first phase of reduction gives the E/EH2 form,
and full reduction with NADH yields the EH2′/EH4‚(NAD+)2

species (2). Recombinant wild-type Nox exhibits virtually
identical behavior in titrations with both dithionite and
NADH, which also give stoichiometries of 1.4-1.5 equiv
of reductant per FAD, and the reduced enzyme‚NAD+

complex exhibits a long-wavelength charge-transfer band
centered at 720 nm. We have shown that when the closely
related NADH peroxidase is reduced with NADPH instead
of NADH, the analogous charge-transfer band is absent (18).
Figure 1 gives the result of an anaerobic titration of wild-
type Nox with NADPH at pH 7.0. The first phase is identical
to those seen with dithionite or NADH and corresponds to
the reduction of Ef E/EH2 with 0.46 equiv of NADPH per
FAD. It is important to emphasize that this stoichiometry is
the same as that represented (one NADH per dimer) in the
first step of Scheme 2. While the second phase does
correspond to addition of 1.1 equiv of NADPH and yields
the EH2′/EH4 form with both FAD on each monomer
reduced, there is absolutely no development of long-
wavelength absorbance. The conclusion from this titration
is that although NADPH can reduce Nox in a manner directly
comparable to NADH, the NADP+ product is not bound by
the reduced enzyme.

In an earlier report (2) we demonstrated that NAD+

titration of dithionite-reduced Nox at pH 7.0 led to reoxi-
dation of one FADH2 per dimer (57% observed) at the

Scheme 2
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expense of the remaining Cys42-SOH. More recent work
with dithionite-reduced C42S Nox (9), however, demon-
strated the formation of an NAD+-sulfite adduct similar to
that described by Pfleiderer et al. (19). This adduct is
recognized by its near-UV absorbance maximum of about
320 nm, but more importantly it complicates both the spectral
and chemical courses of NAD+ titration of reduced C42S
Nox as well as the accurate determination of free [NAD+].
The results given in Figures 1 and 2 suggest that NAD+

titration of NADPH-reduced Nox might circumvent the
problems associated with dithionite reduction, but it should
be noted that complete reduction of Nox at pH 7.0 requires
the addition of approximately 3 equiv of NADPH. When
NAD+ is titrated anaerobically into a solution of the Nox
EH2′/EH4 form containing excess NADPH (Figure 2), the
primary observation is the appearance of the E-FADH2‚
NAD+ charge-transfer band over the range 490-820 nm;

formation of this complex is not inhibited by the 1.2 equiv
of NADP+ present, again confirming the absence of any
E-FADH2‚NADP+ interaction. The flavin components of
both subunits (EH2′/EH4) remain fully reduced throughout
the NAD+ titration, although perturbations in the E-FADH2

spectrum are observed which give rise to apparent isosbestic
points at 380, 405, and 486 nm. The decrease in A340, which
is observed as a strictly linear function of equivalents of
NAD+ added until 50% of the E-FADH2‚NAD+ complex
(as measured at 720 nm) is formed, is equivalent to the
oxidation of 0.58 mol of NADPH/FAD over the range 0-1
equiv NAD+. The increase in A720 is also strictly linear
through this [NAD+] range; this absorbance change is
observed as the consequence of at least three specific enzyme
events. First, added NAD+ must bind to the EH2′/EH4 dimer;
this event leads to intramolecular electron transfer within
the EH2′ subunit (FADH2 f Cys42-SOH), yielding the EH2′/
EH4 dimer (see Scheme 3). The nascent oxidized FAD of
the EH2 monomer is then (readily) reduced by the excess
NADPH present; if we presume the first NAD+ binds the
original EH2′ subunit directly, this NAD+ must also dissociate
prior to NADPH reduction. Finally, the EH4/EH4 dimer
which results binds free NAD+, giving rise to the A720
increase measured experimentally under equilibrium condi-
tions. The linear decrease in A340 described above represents
the associated oxidation of one NADPH per dimer (0.5 equiv
of NADPH per FAD). Given the strictly linear increase in
A720 during this phase of the titration, it appears that the
apparentKd for NAD+ binding is,1 µM.

Once this phase (corresponding to 1 NAD+ added per
FADH2) is complete, the enzyme consists of a homogeneous
(EH4/EH4)‚NAD+ population. Subsequent addition of NAD+

in the range 1-5 equiv per FADH2 leads directly to the
saturable A720 increase observed, without the associated
redox chemistry and NAD+ dissociation events intrinsic to
the A720 change in the preceding phase. There is little or
no decrease in A340 during the second phase, which adds
further support to this interpretation. The 720 nm data set
over this [NAD+] range corresponds to a simple, reversible
binding process with a stoichiometry of one NAD+ per
FADH2 and aKd of 5.4 µM. On completion of the titration
the fully formed EH4‚NAD+ complex is present; theε720
value of 1920 M-1 cm-1 is comparable to that (2360 M-1

cm-1) resulting from direct NADH titration at pH 7.0 and
could reflect intrinsic differences between the EH2′/EH4‚
(NAD+)2 and EH4‚NAD+ forms.

Redox Potential for the Wild-Type Nox E/EH2 Form. One
factor which could contribute to the active-site asymmetry

FIGURE 1: Anaerobic titration of recombinant wild-type Nox with
NADPH at pH 7.0. The anaerobic cuvette contained 1.0 mL of
24.9 µM enzyme (FAD) in the phosphate/EDTA/DTT buffer.
Spectra shown in order of decreasing A448 correspond to oxidized
enzyme (E;s) and enzyme after addition of 0.49 (E/EH2; - - -),
0.65 (s), 0.98 (- - -), 1.47 (s), and 6.52 (EH2′/EH4; ‚‚‚) equiv of
NADPH/FAD. Inset: Absorbance change at 448 nm versus added
NADPH. The end points correspond to 0.46 and 1.6 equiv of
NADPH/FAD. The oxygen-scrubbing system consisting of proto-
catechuate dioxygenase and protocatechuic acid was added anaero-
bically prior to the titration.

FIGURE 2: Titration of the wild-type Nox EH2′/EH4 form with
NAD+ at pH 7.0. An enzyme solution (1.0 mL) containing 28µM
Nox in the phosphate/EDTA/DTT buffer was reduced with 2.8
equiv of NADPH/FAD. After the NADPH syringe was exchanged
for one containing 2.33 mM NAD+, the titration was continued.
Difference spectra (minus free reduced enzyme) shown in order of
increasing A720 represent complexed enzyme after addition of 0.36
(s), 0.72 (- - -), 1.2 (s), 2.4 (- - -), and 7.2 (s) equiv of NAD+/
FADH2. Inset: Absorbance changes at 340 and 720 nm versus
added NAD+.

Scheme 3
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of wild-type Nox involves the FAD/FADH2 potential(s)
within the E/EH2 h EH2′/EH4 redox system. The E/EH2 form
was titrated with dithionite at pH 7.0 in the presence of 2
mM DTT, using 1-deazariboflavin (E′0 ) -280 mV; ref16)
as the reference dye and methyl viologen as the redox
communicator. In this manner a value forE′0 ) -285 mV
was determined for the two flavins of the dimeric wild-type
oxidase; there is no indication within experimental limits for
any nonequivalence. The 36 mV slope compares favorably
with the theoretical value of 29.6 mV for a two-electron
transfer at 25°C (21). The titration with NADPH (Figure 1)
shows that both FAD on each Nox monomer are essentially
fully reduced on addition of 3.26 equiv of NADPH, and 1.56
equiv of NADP+ are formed in the process. From the Nernst
equation (21) a value forEh ) -321 mV can be calculated
at this point, consistent with the nearly complete reduction
of Nox observed.

Asymmetric Redox BehaVior of Reduced Wild-Type Nox
at pH 8.7. The midpoint potentials for NADH and NADPH
decrease by 30 mV per pH unit at 30°C (21); while the
absorbance spectrum of dithionite-reduced recombinant Nox
at pH 7.0 (λmax ) 357 nm) is consistent with stabilization of
the N(1) anionic form of the dihydroflavin (1), theEm versus
pH profile for Nox was not investigated. In preliminary
studies in 0.1 M CHES, pH 8.7, we observed that 2 mM
DTT quickly reduces the fully oxidized enzyme to the E/EH2

form; while Em for DTT does decrease from-332 mV at
pH 7.0 to-366 mV at pH 8.1 (22), the first pKa for DTT is
8.3 (23). We conclude that the increased concentration of
DTT thiolate at pH 8.7 is likely responsible for the enhanced
reduction of Ef E/EH2. Therefore, in 0.1 M CHES, pH
8.7, plus 2 mM DTT, titration of wild-type Nox (as the E/EH2

form due to the presence of DTT) with either NADH or
NADPH proceeds to the EH2′/EH4 form with a nearly
stoichiometric amount of reductant (e.g., 1.1 equiv of NADH
per FAD; Figure 3). The active-site asymmetry documented
previously is also preserved at the higher pH; the NADPH-
reduced enzyme still contains one Cys42-SOH per dimer,
as will be demonstrated in the following section. In com-
parison with Scheme 2, which is derived from titration data
at pH 7.0, the behavior of wild-type Nox with NADH at pH

8.7 corresponds directly to the second step of Scheme 2,
with DTT replacing the single NADH represented in the first
step. With NADPH reduction at pH 8.7 there still is no
detectable E-FADH2‚NADP+ charge-transfer complex, and
with NADH the ε720 for the corresponding NAD+ complex
is only 800-900 M-1 cm-1, less than half the value at pH
7.0. This observation will be discussed in more detail in the
following section.

The observation that NADPH reduction at pH 8.7 is
essentially stoichiometric with [E-FAD] also provides the
technical basis for titrations of the EH2′/EH4 form without
complications from redox-linked spectral changes due to
NADPH oxidation and/or flavin reduction (e.g., Figure 2).
Figure 4 gives the result of an anaerobic NAD+ titration of
the NADPH-reduced EH2′/EH4 form at pH 8.7. In the initial
phase of this titration, spectral changes are apparent at both
720 nm (E-FADH2‚NAD+) and 448 nm (E-FADH2 f
E-FAD), although the A720 change is much more pro-
nounced; while almost 50% of the increase in A720 is
attained at 0.5 equiv of NAD+, only 7% of the total∆A448
is observed at this point. The direct plot of∆A720 versus
equivalents of NAD+ with Figure 4 allows the determination
of an apparentKd ) 3.6 µM for the E-FADH2‚NAD+

complex; this value is similar to that determined at pH 7.0
(5.4 µM; Figure 2). Therefore, the decreasedε720 for the
complex at pH 8.7 is not due to any increase inKd(NAD+)
at that charge-transfer FADH2 site. The binding stoichiometry
derived from the∆A720 versus equivalents of NAD+ plot
at pH 8.7 is 1 NAD+ per FADH2. Difference spectra indicate
that the maximal∆A720 corresponds to the addition of 4-5
equiv of NAD+; this value then decreases by about 13%, as
the titration continues to completion (60 equiv of NAD+),
and an isosbestic point for this second phase appears at about
656 nm. Analysis of the absorbance change at 448 nm
indicates that on completion of the full titration 52% (one
FADH2 per dimer) of the reduced flavin complement has
been oxidized, and a direct plot of the A448 data set versus
equivalents of NAD+ gives an apparentKd of 0.14 mM.

FIGURE 3: Anaerobic titration of the wild-type Nox E/EH2 form
with NADH at pH 8.7. Enzyme (1.0 mL, 39µM) was reduced in
0.1 M CHES, pH 8.7, containing 1 mM EDTA and 2 mM DTT at
25 °C. Spectra shown in order of decreasing A448 correspond to
the starting E/EH2 form (s) and enzyme after addition of 0.3
(- - -), 0.6 (s), 0.9 (- - -), and 1.6 (s) equiv of NADH/FAD. Inset:
Absorbance change at 448 nm versus added NADH. The end point
after correction for the slight lag corresponds to 1.1 equiv of NADH/
FAD.

FIGURE 4: NAD+ titration of the wild-type Nox EH2′/EH4 form at
pH 8.7. An enzyme solution (1.0 mL) containing 61µM Nox (E/
EH2) in the pH 8.7 CHES/EDTA/DTT buffer was reduced with
1.0 equiv of NADPH/FAD. The titration data shown were collected
after the NADPH syringe was exchanged for one containing
anaerobic NAD+; spectra represent the starting E/EH2 form (s)
and, in order of increasing A448, EH2′/EH4 (s) and enzyme after
addition of 0.48 (- - -), 1.91 (s), 9.54 (- - -), and 60.2 (s) equiv of
NAD+/FADH2 (the last addition was accomplished by tipping 10
µL of 0.2 M NAD+ from the cuvette side arm). Inset: Absorbance
change at 720 nm versus added NAD+.
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An interpretation of the qualitative observations presented
would suggest that the two FADH2 per dimer behave
differently as NAD+ is added; at relatively low [NAD+] the
process of a simple binding interaction with FADH2 at one
site, giving rise to the FADH2 f NAD+ charge-transfer band
centered at 720 nm, predominates. This process also corre-
sponds to an increase in absorbance at 377 nm which may
reflect further stabilization of the N(1) anionic form of
E-FADH2. As the A720 increase comes to completion, the
second phase, which consists of reoxidation of one FADH2

per dimer as evidenced over the wavelength range 330-
500 nm, begins to predominate. Associated with this FADH2

oxidation is an increase at long wavelength between 500 and
650 nm which is attributed to the EH2 charge-transfer band
that develops as the result of intramolecular electron transfer
within the EH2′ subunit. The binding of NAD+ in this phase
(apparentKd ) 0.14 mM) leads to reduction of the EH2′
Cys42-SOH at the expense of FADH2; it is equally clear
that oxidation of this FADH2 has only a small effect onε720
for the EH4‚NAD+ complex, further supporting the conclu-
sion that the two active sites per dimer interact independently
with NAD+. These interpretations are summarized in Scheme
4. The∆A720 titration data (Figure 4) are clearly consistent
with binding of one NAD+ per FADH2; in addition, the
difference spectra (not shown) through 0.2 mM NAD+

indicate only a small increase in A340, suggesting that little
if any NAD+ reduction is occurring. Throughout the titration
the increase in A530 due to nascent EH2 thiolate closely
parallels the∆A448, supporting the conclusion that intramo-
lecular electron transfer to Cys42-SOH, not reduction of
NAD+, accounts for the measured FADH2 oxidation.

In comparing this titration result with that at pH 7.0, the
oxidation of one FADH2 per dimer is consistent with the
oxidation of 0.58 mol of NADPH per subunit in the linear
phase of the pH 7.0 experiment. One indication of differences
in behavior at the two pH values, however, concerns theε720
value for the fully reduced E-FADH2‚NAD+ complex at
pH 7.0 (1920-2360 M-1 cm-1) and the values at pH 8.7
for both the NADH-reduced (Figure 3) and NAD+-titrated
(Figure 4) enzyme forms (900-1100 M-1 cm-1). The
observation that the final species resulting at pH 8.7 from
NADH titration (100% E-FADH2) and from NAD+ titration
of EH2′/EH4 (50% E-FADH2) give the sameε720 value
also suggests that only one FADH2 per dimer in the former
case is involved in the observed charge-transfer interaction
with NAD+.

Interactions of Reduced Wild-Type Nox with AcPyAD+ and
AAD+. The preceding section demonstrates that at pH 8.7
NAD+ titration of the Nox EH2′/EH4 species induces quite
different responses in each of the two active sites per dimer,
but little if any net electron transfer from reduced Nox to

NAD+ is observed. We further examined the possible
connection between the pyridine nucleotide redox potential
and the interaction with reduced Nox by titrating the enzyme
with AcPyAD+ and AAD+, respectively.E′0 for the AcPy-
ADH/AcPyAD+ couple is -248 mV, or 72 mV more
positive than NADH/NAD+ (24). AAD+ is a nonreducible
analogue of NAD+ (25) whose intrinsic fluorescence and
absorbance properties allow more direct spectral analyses
of enzyme binding. As shown in Figure 5, titration of EH2′/
EH4 with AcPyAD+ results in a very different pattern of
binding and redox behavior. In contrast to the NAD+ titration,
the increase in A448 precedes the formation of the charge-
transfer complex at 720 nm, with respect to equivalents of
AcPyAD+ added. The midpoint of the A448 increase
corresponds to an [AcPyAD+] where only 29% of the total
∆A720 is observed; with NAD+ the stable E-FADH2‚NAD+

complex was fully formed before the midpoint was reached
at 448 nm.

In conjunction with the E-FADH2 oxidation, which
reaches a maximum of 52% (one FADH2 per dimer) at
saturating (0.21 mM) AcPyAD+, the large increase in A368
is due to the reduction of AcPyAD+ f AcPyADH (λmax )
363 nm,ε363 ) 9100 M-1 cm-1; ref 26), again in contrast
to the behavior with NAD+. Fluorescence quantitation
(corrected for the contribution from E-FAD) indicates that
a minimum of 0.38 mol of AcPyADH per flavin (0.76 equiv
per enzyme dimer) is formed; the FADH2 oxidation observed
is largely if not entirely coupled to AcPyAD+ reduction, and
not to intramolecular Cys42-SOH reduction. This behavior
is generally consistent with the+72 mV separation inEm

values for AcPyAD+and NAD+ at pH 7.0, and this difference
should also apply at pH 8.7 provided∆Em/pH for AcPyADH/
AcPyAD+ is about-30 mV. From the direct plot of∆A448
versus equivalents of AcPyAD+ we can determine that the
oxidation of E-FADH2 corresponds to a stoichiometry of
one AcPyAD+ per flavin. After correcting the total [AcPy-
AD+] added for the formation of AcPyADH, a similar plot
of ∆A720 gives an apparentKd of 5.8 µM with a similar
unit stoichiometry. Under nearly identical conditions the
apparentKd value for NAD+ at the charge-transfer E-FADH2

site is 3.6µM. In addition, theε720 value for the stable
E-FADH2‚AcPyAD+ complex at pH 8.7 (1330 M-1 cm-1)
is significantly lower than that obtained by AcPyADH

Scheme 4

FIGURE 5: AcPyAD+ titration of the wild-type Nox EH2′/EH4 form
at pH 8.7. A 33µM E/EH2 solution was reduced with 1.1 equiv of
NADPH/FAD, as described in Figure 4. Spectra shown represent
the starting E/EH2 form (s) and, in order of increasing A448, EH2′/
EH4 (s) and enzyme after addition of 0.22 (- - -), 0.67 (s), 1.35
(- - -), and 6.28 (s) equiv of AcPyAD+/FADH2. Inset: Absorbance
change at 448 nm versus added AcPyAD+.

Nonequivalent Redox Centers in NADH Oxidase Biochemistry, Vol. 38, No. 10, 19993005



reduction of Nox at pH 7.0 (4220 M-1 cm-1), consistent with
the spectral properties of the NAD+ complex at pH 8.7 and
7.0, respectively. The NAD+ and AcPyAD+ titrations are
alike in that only one FADH2 per Nox dimer is reoxidized.
Furthermore, it is tempting to speculate that the EH2′ subunit
that undergoes intramolecular oxidation-reduction promoted
by NAD+ binding is also responsible for the E-FADH2

oxidation coupled to AcPyAD+ reduction. In each case the
charge-transfer FADH2 site binds the respective pyridine
nucleotide (with very similar apparentKd values), leading
to the stable complex which is not involved in redox activity
beyond the charge-transfer interaction. As shown in Scheme
5, the remaining FADH2 site ultimately participates in
electron transfer as promoted by pyridine nucleotide binding.
With the lowerEm of NADH/NAD+ the intramolecular path
of electron transfer is favored (Cys42-SOH reduction), but
with AcPyAD+ the bimolecular path leading to AcPyADH
formation is preferred. The charge-transfer FADH2 sites of
any of these enzyme forms can also be occupied through
linked equilibria with NAD+ or AcPyAD+, but the two types
of interactions at the two active sites per dimer appear to be
independent.

When the reduced enzyme was titrated at pH 8.7 with
AAD+, we expected to see intramolecular Cys42-SOH
reduction since bimolecular electron transfer to AAD+ is not
possible. In this experiment, however, addition of 11 equiv
of AAD+ per flavin (final [AAD+] ) 0.34 mM) led to only
a very small increase (about 0.025) in A448. While the
AAD+ titration also failed to give any increase in A720
indicative of a developing charge-transfer interaction, this
observation can be attributed to the unusual redox properties
of AAD+ (25). Since other observations cited previously
indicate that pyridine nucleotide binding may be affected at
pH 8.7, fluorescence analysis of AAD+ (λmax

ex ) 331 nm,
λmax

em ) 420 nm; ref25) binding to reduced Nox was also
performed; this result shows clearly that addition of up to
2.1 equiv per FADH2 does not correspond to any fluores-
cence quenching. To test the suggestion that poor AAD+

binding was a result of the higher pH, the titration was
repeated at pH 7.0 with dithionite-reduced Nox, since AAD+

does not form a sulfite adduct like NAD+ or AcPyAD+. In
this case (data not shown) 44% of the total E-FADH2 is
oxidized (0.88 FAD formed per dimer) on addition of 5.2
equiv of AAD+. Again, since the redox properties of AAD+

preclude any charge-transfer with E-FADH2 (25, 27),
difference spectra clearly show the nascent EH2 charge-
transfer band centered at about 520 nm, which develops as
the EH2′ subunit is converted to EH2 on AAD+ binding. The
pH 8.7 results in summary indicate that the electron-transfer
FADH2 site (EH2′ subunit) is very sensitive to pH as well
as to the nature of the substituent at the 3-position of the
pyridinium ring. With AcPyAD+ 50% of the total FADH2
oxidation observed is seen with 0.6 equiv per flavin, with
NAD+ the apparentKd is 0.14 mM, and AAD+ does not
bind.

Redox Properties of C42S Nox. We have recently shown
(9) that NADH titration of C42S Nox in 50 mM phosphate,
pH 7.0, plus 0.5 mM EDTA leads to direct flavin reduction
with 1 equiv of NADH. Figure 6 presents a similar
experiment in which the mutant enzyme is titrated with
dithionite; full reduction requires 1.1 equiv per FAD, again
confirming that replacement of Cys42 with Ser eliminates
the non-flavin redox center. In addition, a small amount of
neutral blue semiquinone, which is not seen during dithionite
reduction of wild-type Nox, appears during the course of
reduction. Usingε610 ) 3900-4150 M-1 cm-1 as deter-
mined for the neutral semiquinones of flavodoxin and glucose
oxidase (28, 29), we can estimate that the radical form of
C42S Nox accounts for about 15% of the total enzyme at
maximal formation. This is similar to the extent of blue
semiquinone stabilization seen on reduction of wild-type Nox
in the presence of azide (14). It appears from the near-UV
spectrum of reduced C42S Nox that the N(1) anionic form
of FADH2 is stabilized at pH 7.0 (30). As stated recently
(9), the fluorescence yield of the mutant enzyme is 37% that
of free FAD, or twice that of fully oxidized wild-type Nox.
Unlike free FAD or wild-type enzyme, however, the emission
spectrum of the C42S mutant exhibits a striking shoulder at
500 nm in addition toλmax

em ) 520 nm (Figure 6). The
excitation spectrum (λem ) 520 nm) is not distinguishable
from the C42S absorbance spectrum, and both features in
the emission spectrum are reduced together on titration with
dithionite.

In a separate experiment the redox potential for the FAD/
FADH2 couple in the C42S mutant was determined at pH

Scheme 5

FIGURE 6: Dithionite titration of C42S Nox at pH 7.0. Enzyme
(0.7 mL, 18.8µM) was reduced in 50 mM phosphate, pH 7.0,
containing 0.5 mM EDTA plus 2 mM DTT. Spectra shown in order
of decreasing A438 correspond to oxidized enzyme (s) and enzyme
after addition of 0.21 (- - -), 0.52 (s), 0.86 (- - -), and 1.90 (s)
equiv of dithionite/FAD. The end point at 438 nm corresponds to
1.1 equiv of reductant/FAD. Inset: Dithionite titration of C42S Nox
in a similar experiment monitoring enzyme fluorescence (λex )
438 nm); [enzyme] was 35.2µM, and DTT was absent.
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7.0, following the identical protocol (except for the absence
of DTT) as described for wild-type Nox.E′0 ) -275 mV
(data not shown), only 10 mV more positive than that for
the wild-type E/EH2 form, and the corresponding slope is
33 mV. This result contrasts sharply with that observed on
replacement of Cys42 with Ser in the closely related NADH
peroxidase (Npx; ref11); in that case the flavin potential
increases by 93 mV in the mutant and reflects the strong
influence of Cys42-S- (and the Npx EH2 charge-transfer
interaction) on the redox properties of the flavin. The Nox
mutant can still be reduced (pH 7.0) in the presence of an
excess of AcPyADH, where the redox potentials are sepa-
rated by only 27 mV. As with wild-type Nox a very similar
E-FADH2‚AcPyAD+ complex results, andε720 for the
AcPyAD+ complex (3380 M-1 cm-1) is almost double that
for the reduced C42S‚NAD+ complex (1860 M-1 cm-1) at
25 °C. Furthermore, the absorbance spectra for both charge-
transfer complexes show a dramatic dependence on temper-
ature over the range 10-45 °C, which is fully reversible
(Figure 7). Similar behavior was documented previously for
the NAD+ complex of the reduced form of inactive wild-
type Nox (2).

Replacement of Cys42 Eliminates the Intramolecular Path
for NAD+-Induced Electron Transfer. We have proposed that
the active-site asymmetry observed in NAD(H) titrations of
reduced and oxidized forms of wild-type Nox is directly
attributable to the nonequivalence of the two Cys42-SOH
centers per dimer (2); a rather direct prediction based on
this model is that NAD+ titration of reduced C42S Nox
should not give rise to flavin reoxidation. Since theE′0 value
for the mutant enzyme is higher than that for wild-type
enzyme, we were able to obtain essentially full reduction
with stoichiometric NADPH at pH 7.0. As shown in Figure
8, there is a small amount of residual semiquinone in the
reduced enzyme preparation. As NAD+ is added anaerobi-
cally, the charge-transfer absorbance of E-FADH2‚NAD+

develops immediately, but there is no hint of flavin oxidation
even as [NAD+] reaches 0.21 mM at the end of the titration.
The difference spectra also indicate that NAD+ reduction
does not occur, and there are perturbations of the reduced
flavin spectrum that are consistent with increased N(1)

anionic character (∆Amax at 376 nm) and resolution in the
465 nm range. TheKd determined by a direct plot of∆A725
versus equivalents of NAD+ is 3.9 µM, and the binding
stoichiometry is 1.1 NAD+ per FADH2. This Kd can be
compared to the apparentKd values of 5.4µM and 3.6µM
as obtained with NAD+ for the charge-transfer site in reduced
wild-type Nox at pH 7.0 and 8.7, respectively. Theε725
value for the mutant complex at saturating [NAD+] is 2150
M-1 cm-1; this compares favorably with theε725 of 1860
M-1 cm-1 which results on NADH titration of the mutant at
pH 7.0, 25°C (9). This experiment conclusively demonstrates
that the Cys42-SOH center in wild-type Nox is the electron
acceptor within the EH2′/EH4 form that is responsible for
E-FADH2 oxidation (one per dimer) on NAD+ binding.

Titrations of Reduced C42S Nox with AcPyAD+ and
AAD+. The results with wild-type Nox indicate that pyridine
nucleotide binding to the “electron-transfer” FADH2 site
leads to reduction of either Cys42-SOH or the pyridine
nucleotide, depending primarily on the redox potential of
the latter. Mutagenesis of Cys42 should eliminate the former
possibility, as demonstrated in the preceding experiment, but
should have no obvious effect on the reduction of AcPyAD+,
for example. To test this, the reduced mutant was titrated
with AcPyAD+ under anaerobic conditions. As shown in
Figure 9, there are changes in absorbance indicative of both
E-FADH2‚AcPyAD+ complex formation (∆A700) and a
modest extent of enzyme reoxidation (∆A438 equivalent to
21% of total E-FADH2). A direct plot of the A700 data
gives a stoichiometry of 1.1 AcPyAD+ per subunit. The
difference spectra also show, as was the case with wild-type
Nox, that the extent of E-FADH2 oxidation is accounted
for quantitatively by the formation of AcPyADH (∆Amax )
370 nm and fluorescence). A final demonstration of the
altered redox behavior of C42S Nox involved AAD+ titration
of dithionite-reduced mutant enzyme at pH 7.0; under
identical conditions titration of reduced wild-type Nox gives
44% flavin reoxidation. While there are small changes in
reduced C42S absorbance in the 400-600 nm range which
are consistent with perturbations in the E-FADH2 spectrum,
there is no flavin reoxidation.

FIGURE 7: Temperature dependence of the reduced C42S Nox‚
AcPyAD+ charge-transfer spectrum. Difference spectra (minus the
spectrum recorded at 45°C) in order of increasing A700 represent
the E-FADH2‚AcPyAD+ complex (38.6µM) at 35 °C (- - -), 25
°C (s), and 10°C (- - -). All changes were fully reversible, and in
each case the sample was allowed to reach equilibrium at the new
temperature before the final spectrum was recorded. The complex
was prepared in the phosphate/EDTA buffer, pH 7.0, by reducing
the enzyme with 3.93 equiv of AcPyADH/FAD.

FIGURE 8: NAD+ titration of reduced C42S Nox at pH 7.0. Enzyme
(1.0 mL, 28µM) was reduced with 1.1 equiv of NADPH/FAD in
the phosphate/EDTA buffer. The titration data shown were collected
after the NADPH syringe was exchanged for one containing 1.4
mM NAD+; spectra represent the starting oxidized (s) and reduced
(s) enzymes and, in order of increasing A725, the reduced enzyme
after addition of 0.18 (- - -), 0.53 (s), 1.06 (- - -), and 7.43 (s)
equiv of NAD+/FADH2. Inset: Absorbance change at 725 nm
versus added NAD+.
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Mutagenesis of the Cys42-SOH redox center in Nox
certainly eliminates the intramolecular path for electron
transfer from FADH2, and there is no evidence from the static
titrations presented with NAD+ (or NADH) that C42S Nox
retains any element of the intrinsic asymmetry indicated for
the wild-type enzyme in Scheme 5. At pH 7.0 both FADH2

on each monomer behave identically in terms of the affinity
and stoichiometry of NAD+ binding (see Scheme 6). While
AcPyAD+ titration of the reduced mutant does yield partial
FADH2 oxidation along with stable E-FADH2‚AcPyAD+

complex formation, the stoichiometry of the electron-transfer
component is very different from that seen with wild-type
Nox and does not directly support the model (Scheme 5)
for independent, nonequivalent flavin sites in the dimer.
Rather the AcPyAD+ results with C42S Nox can be
accommodated by a simple extension adapted from Scheme
6 (see Scheme 7). As shown in Scheme 7 the extent of
FADH2 oxidation observed is a function of the twoKd values
as well as the redox potentials for flavin and pyridine
nucleotide.

DISCUSSION

The existence of asymmetry within pyridine nucleotide-
complexed dimers has previously been demonstrated under
equilibrium conditions for pig heart lipoamide dehydrogenase
(LipDH; refs27and31) and for the mercuric reductase (MR;
ref 10) encoded byPseudomonastransposon Tn501. Thorpe
and Williams (27) showed that addition of NAD+ to the
monoalkylated EHR form of LipDH over the pH range 6.0-
8.8 led to partial (0.8-1 FAD per dimer) formation of an
FAD C(4a)-adduct with the charge-transfer Cys50 thiol; at
pH 7.6 and 8.8 (15°C) only 1.1-1.2 NAD+ were bound

per enzyme dimer. The flavin fluorescence of EHR was
quenched by 50% as well, supporting the conclusion that
NAD+ binding and C(4a) adduct formation involved one
active site per dimer. Quite different behavior was observed
with the NAD+ analogues AAD+ and AcPyAD+; at pH 7.6
two AAD+ were bound per EHR dimer, restoring the
Cys50-S- f FAD charge-transfer band centered at 580 nm,
which is disrupted on alkylation, but no detectable C(4a)
adduct formation resulted.

While mercuric reductase is also a member of the pyridine
nucleotide-disulfide oxidoreductase family (32) and shares
many properties with LipDH and glutathione reductase (GR),
this enzyme is unique in that two pairs of Cys residues are
found within the active site (33). Cys135 and Cys140
constitute the redox-active disulfide which is formally
equivalent to those found in LipDH and GR. While both
Cys557′ and Cys558′ (formerly referred to as Cys558′ and
Cys559′; see ref34) are required for optimal reduction of
Hg(SR)2, neither is essential as a ligand in the reducible
Hg(II) enzyme complex. Recent evidence (34) indicates that
these C-terminal cysteines, in particular Cys557′, are required
to mediate access of Hg(SR)2 to the redox-active Cys135,
Cys140 pair. The crystal structure of MR (35) shows that
the redox-active disulfide and the C-terminal cysteines within
a given active site are derived from the two respective
subunits within the homodimer. A third pair of N-terminal
cysteines (Cys10, Cys13) is not essential for efficient
reduction of Hg(II) (10). Miller et al. (10) have described a
number of lines of evidence supporting subunit asymmetry
in both wild-type and mutant forms of MR. One group of
equilibrium analyses indicating half-sites asymmetry included
titration of the C135A/C557A/C558A mutant with AADP+,
where 50% formation (one FAD per dimer) of the FAD
C(4a) thiol adduct with Cys140 was observed on addition
of two AADP+ per dimer (Kd

app ) 0.2 µM). In addition,
NADPH titrations of the C10A/C13A mutant (pH 5.1) and
C135A/C140A mutant (pH 7.3) both led to reduction of only
one FAD per dimer. A second group of equilibrium analyses,
for direct ligand-binding processes without associated redox
chemistry, included titration of the wild-type EH2 form with
NADP+, where absorbance changes at 350 and 430 nm
corresponded to stoichiometries of 0.5 and 1 equiv of
NADP+ per FAD, respectively. NADPH titrations of EH2
(pH 7.3) and the C135A mutant (pH 8.5) led to either
differential behavior in which the titration data at different
wavelengths corresponded to different stoichiometries or
biphasic behavior at the indicated wavelengths. Combined
with the differential kinetic behavior observed in the oxygen
reaction of the NADPH-complexed C135A/C140A mutant,
these results were interpreted in support of an alternating
sites mechanism for catalysis with the dimeric enzyme. The
alternating sites mechanism proposed for MR (10) involves
simultaneous “binding” and “catalytic” events on the two
subunits of the dimer; completion of one coordinated set of
events leads to coupled conformational change(s) which
invert(s) the roles of the two subunits. An important
advantage to the resulting catalytic mechanism is the coupling
of energetically favorable and unfavorable reactions, both
within and between the two active sites per dimer; subunit
communication is essential for mediating those changes
across the dimer interface.

FIGURE 9: AcPyAD+ titration of reduced C42S Nox at pH 7.0.
Enzyme (1.0 mL, 27µM) was reduced with 1.1 equiv of NADPH/
FAD as described in Figure 9. Spectra shown represent the starting
oxidized (s) and reduced (s) enzymes and, in order of increasing
A700, the reduced enzyme after addition of 0.21 (- - -), 0.53 (s),
0.95 (- - -), and 5.04 (s) equiv of AcPyAD+/FADH2. Inset:
Difference spectra (minus free reduced enzyme) shown in order of
increasing [AcPyAD+].

Scheme 6

Scheme 7
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Like LipDH and MR, Nox and its closely related homo-
logues Npx (6) and coenzyme A-disulfide reductase (36) are
members of the glutathione reductase class of NAD(P)H-
dependent flavoprotein disulfide reductases (32). The utiliza-
tion of the Cys-SOH redox center instead of a redox-active
disulfide represents the primary point of contrast between
Nox and Npx (peroxide reductases) and the true disulfide
reductases. In this work we have shown that, as expected,
reduction of the C42S Nox mutant lacking the non-flavin
redox center requires 1.1 equiv of dithionite per FAD; we
have previously demonstrated the same unit stoichiometry
with NADH as reductant (9). The most significant difference
in the spectral courses of the two titrations at pH 7.0 is the
appearance of the FADH2 f NAD+ charge-transfer band
centered at about 725 nm (ε725 ) 1860 M-1 cm-1 at 25
°C). Titration of reduced C42S Nox at pH 7.0 with NAD+

gives aKd value of 3.9µM for this interaction (Scheme 6)
with a similarε725 value of 2150 M-1 cm-1. The qualitative
behavior observed for reduced C42S Nox in these static
titrations with NAD+ and AcPyAD+ is in fact quite similar
to that described for the reduced melilotate hydroxylase‚
substrate complex (37). Kinetic analysis of the reaction with
AcPyAD+ under pseudo-first-order conditions, for example,
clearly showed the initial formation of the E-FADH2‚
AcPyAD+‚S charge-transfer complex, followed by the slower
electron-transfer step leading to the final equilibrium con-
centrations of charge-transfer complex and oxidized enzyme
(plus AcPyADH and free AcPyAD+).

Reduced C42S Nox complexes with NAD+ and AcPyAD+

show striking inverse dependencies on temperature (10-45
°C), with regard to the intensity of the respective charge-
transfer band. This effect, which leads to a reduction inε700
of 45% for the AcPyAD+ complex over the indicated range,
is not attributable to changes inKd for binding of the pyridine
nucleotide and is also fully reversible. We have previously
shown (14) in a study of Nox as reconstituted with a series
of FAD analogues (free solutionE′0 values ranging from
-55 to -335 mV) that the reduced enzyme‚NAD+ com-
plexes do not show a strong correlation for eitherλmax or
intensity with the expected change in charge-transfer donor
strength. Massey and Palmer (38), in contrast, did observe
the expected red shift inλmax for the charge-transfer
complexes of reduced LipDH with NAD+ and thionicotina-
mide adenine dinucleotide, respectively, whereE′0 for the
acceptor increases by 35 mV. With AcPyAD+, however,
direct reoxidation of E-FADH2 was observed; as in the
present study NADP+ failed to give complex formation. The
reduced LipDH‚NAD+ complex also exhibited a temperature
dependence (4-38 °C) for ε700 qualitatively similar to that
seen with C42S Nox, although the extent of∆ε700 was much
smaller than that observed in the present study. In comparing
the properties of these charge-transfer complexes of Nox and
LipDH, it should also be pointed out that the FAD/FADH2

potential for LipDH is 71 mV more negative (39) than that
for C42S Nox at pH 7.0.

The characterization of C42S Nox in the present study
demonstrates that Cys42, almost certainly in the Cys42-SOH/
Cys42-SH form as proposed, is the non-flavin redox center
in the wild-type enzyme. The behavior of reduced C42S Nox
toward NAD+ also confirms that it is this Cys42-SOH center
that is the basis for the asymmetric redox behavior observed
with wild-type enzyme, leading to the requirement of only

1.5-1.6 equiv of dithionite or NADPH per FAD in forming
the mixed EH2′/EH4 dimer (Scheme 2). The remaining
oxidized Cys42-SOH center also serves as the intramolecular
electron acceptor when NADPH-reduced Nox is titrated with
NAD+ at pH 7.0 or 8.7; in the latter case oxidation of one
FAD per dimer is observed directly (Scheme 4). At pH 7.0
the nascent oxidized FAD is readily reduced by the excess
NADPH already present, leading to oxidation of 1.16 equiv
of NADPH per dimer in the linear phase of the NAD+

titration (Scheme 3). Enzyme-monitored turnover analysis
of the wild-type Nox reaction (as with the C42S Nox
reaction; ref40) is consistent with the participation of a
reduced enzyme‚NAD+ complex in the catalytic cycle, since
a largely reduced species with long-wavelength absorbance
(λmax ) 715 nm at 5°C) predominates in the diode-array
spectrum at steady state. While a detailed description of this
and other observations on the kinetic mechanism will be
provided in a separate communication,2 it is also clear that
at steady state wild-type Nox is catalyzing the fully coupled
reduction of O2 f 2H2O (14), without detectable H2O2 or
superoxide production. The combination of static and kinetic
results at pH 7.0 suggests either that reduction of Nox with
excess NADH yields the dimeric EH4‚NAD+ form directly
[in contrast to the EH2′/EH4‚(NAD+)2 form observed in static
titrations] or that the asymmetric EH2′/EH4‚(NAD+)2 species
is the true catalytic intermediate in the wild-type Nox
reaction; during turnover a conformational or chemical
change leads to reduction of the EH2′ subunit (EH2′ f EH4‚
NAD+) prior to its reaction with oxygen. Such an alternating
sites mechanism would also be consistent with that sum-
marized for C42S Nox (see Scheme 8).

The indication of nonequivalent NAD+-binding sites for
wild-type Nox at pH 7.0 (Figure 2) is fully supported by
three key observations at pH 8.7. Direct NADH titration at
the higher pH yields an E-FADH2‚NAD+ complex with
ε720 (800-900 M-1 cm-1) less than half that obtained (2360
M-1 cm-1) in a similar titration at pH 7.0. When NADPH-
reduced Nox is mixed directly with 2 mM NAD+, an initial
complex with ε720 ) 900 M-1 cm-1 appears (data not
shown); over time, however, this is converted to a stable
complex withε720) 1760 M-1 cm-1, an increase of almost
exactly 2-fold. Furthermore, the NAD+ titration at pH 8.7
demonstrates clearly that the charge-transfer site saturated
at low [NAD+] (Kd

app ) 3.6 µM) is independent from the
NAD+-binding site that gives rise to FADH2 oxidation; as
one FADH2 per dimer is oxidized, there is only a small
perturbation in A720. The FADH2 at this electron-transfer
site is distinct from that required for the charge-transfer
interaction (Scheme 5). The same distinction appears on
titration with AcPyAD+, except there is a qualitative differ-
ence in the nature of the observed electron-transfer compo-
nent. The concept of charge-transfer and electron-transfer
FADH2 sites in wild-type Nox, based on these equilibrium
analyses, is also relevant to the kinetic inequivalence reported
recently (9) for the oxidative half-reaction of reduced C42S
Nox‚NAD+. The fully reduced E-FADH2‚NAD+ dimer
reacts with O2 (k ) 8.5× 105 M-1 s-1 at 5°C) at one FADH2

only, yielding the mixed E-FADHOOH(NAD+)/E-FADH2‚
NAD+ dimer which has been characterized by spectral and
kinetic analyses (see also Scheme 1). In keeping with the

2 T. C. Mallett and A. Claiborne, unpublished results.
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electron-transfer versus charge-transfer functions described
above, FAD C(4a)-hydroperoxide formation involves two-
electron reduction of O2; the second FADH2 maintains its
charge-transfer status (see Scheme 8).

Only after the peroxyflavin component completes its
catalytic cycle, releasing H2O2 and NAD+, does oxygen
reactivity at the second FADH2 site proceed. The rate-
limiting step in reoxidation has been ascribed to a chemical
or conformational change (k ) 2 s-1 at 5 °C) which also
matcheskcat. Although flavoprotein oxidases and monooxy-
genases generally react rapidly with O2 (41), it has also been
recognized for a number of years that the reactivity of
FADH2 (or FMNH2) with O2 is modulated by the protein
environment; therefore, rate differences of at least 106 are
found among flavoproteins. The conformational change
described for C42S Nox is likely a form of subunit
communication which modulates the environment of the
charge-transfer FADH2, converting it effectively to an O2-
reactive (electron-transfer) site within a catalytically com-
petent time frame. While these oxidative half-reaction studies
were of necessity conducted in the absence of NADH, it is
likely that NADH reduction of the nascent FAD appearing
at the primary O2-reactive site occurs rapidly (i.e.,.2 s-1).
This energetically favorable process may contribute to the
conformational change involved in subunit communication
in a manner similar to that proposed by Miller et al. (10) for
mercuric reductase (inversion of charge-transfer and electron-
transfer sites in the case of C42S Nox). Still the limiting
rate constant of 2 s-1 is observed both in turnover (excess
NADH) and in the absence of NADH, so any such contribu-
tion would not appear to affect the rate constant for the
conformational change per se.

The crystal structures of the Cys42-sulfonic acid derivative
of E. faecalisNpx (42) and its complex with NADH (43)
suggest two possible structural factors which might contribute
to the subunit communication involved in this version of an
alternating sites mechanism for catalysis by C42S Nox. In
the 2.16 Å structure of the free enzyme there is only one
contribution from the second subunit to the active site located
on the primary subunit; this consists of an intersubunit
hydrogen bond between FAD N(3)-H and Phe424′-O. In

addition, the structure of the NADH complex shows that
while the aromatic ring of Tyr159 covers the isoalloxazine
ring of FAD in the free enzyme, Tyr159 swings out on
NADH binding. Both Phe424 and Tyr159 of Npx are
conserved in Nox (12) and could potentially participate in
intersubunit communication of the type described in Scheme
8, modulating the properties of the second active site in
response to changes in flavin redox state and/or NAD+-
binding status at the primary active site.

While these kinetic studies of O2 reactivity apply strictly
to C42S Nox, it is clear that at pH 7.0 NADH titration of
the wild-type enzyme leaves one Cys42-SOH per dimer.
Given the relatively high value ofE′0 indicated for the Cys42-
SOH/-SH couple in Npx (18), it seems most likely that some
conformational rather than chemical barrier is involved in
“masking” this redox center, in keeping with the observation
that the productive electron-transfer interaction of this Cys42-
SOH with FADH2 is induced on NAD+ binding. At the same
time there is a clear functional rationale for blocking O2

reactivity at the EH2′‚NAD+ site, since this would lead
directly to the formation of potentially deleterious H2O2, not
2H2O. The conformational change identified kinetically with
C42S Nox, and which may be related to that described in
this study, could have the effect of promoting O2 reactivity
at the second FADH2 site in wild-type Nox only after
reduction of the associated Cys42-SOH center (EH2′ f EH4),
thus ensuring the fully coupled reduction of O2 f 2H2O in
steady-state turnover.

Therefore, it is very important to state carefully that while
mutagenesis of the Cys42-SOH redox center in Nox elimi-
nates the path for intramolecular electron transfer from
FADH2, therefore eliminating the asymmetric binding and
redox behavior with pyridine nucleotides as observed with
wild-type Nox under equilibrium conditions, the same C42S
mutant clearly exhibits kinetic inequivalence in its O2

reaction mechanismsand the conformational changes and/
or subunit communication involved in the two cases may
be closely related or identical. It is also important to stress
that a similar type of control is observed with the Nox
homologue coenzyme A-disulfide reductase, as has been
described in a separate communication.3 Finally, this study
adds to our structural understanding of the functional
divergence between Nox and the closely related Npx, with
a major distinction being facile NADH reduction of EH2 f
EH4 only with Nox. E′0 for the respective FAD/FADH2
couples is increased from-312 mV for Npx (EH2 form; ref
18) to -285 mV for Nox (E/EH2 form); stoichiometric
addition of NAD+ to the Npx EH4 form gives direct
conversion to EH2‚NADH (18), but the Nox EH4 subunit
only binds NAD+ tightly to give the charge-transfer complex.
Even more significant is the effect of Cys42-S- on the
respective potentials; the C42S Npx flavin potential is
increased to-219 mV (+93 mV change; ref11) while that
for C42S Nox increases only 10 mV (-275 mV). Reduction
of Cys42-SOH in Npx and the resulting strong charge-
transfer interaction between Cys42-S- and FAD drive the
flavin potential down by almost 100 mV, while the same
process in Nox only decreasesE′0 by 10 mV. While the
thermodynamic description of these active-site interactions
does not fully account for the rapid reduction of Nox EH2

3 J. Luba, V. Charrier, and A. Claiborne,Biochemistry(in press).

Scheme 8
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f EH4 observed catalytically with NADH, it does provide
a framework for distinguishing the respective four-electron
versus two-electron redox cycles catalyzed by these enzymes.
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