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A solvent kinetic isotope effect study of electron trans-
fer in two complex flavoproteins, xanthine oxidase and
trimethylamine dehydrogenase, has been undertaken.
With xanthine oxidase, electron transfer from the molyb-
denum center to the proximal iron-sulfur center of the
enzyme occurs with a modest solvent kinetic isotope ef-
fect of 2.2, indicating that electron transfer out of the
molybdenum center is at least partially coupled to depro-
tonation of the Mo(V) donor. A Marcus-type analysis
yields a decay factor, �, of 1.4 Å�1, indicating that, al-
though the pyranopterin cofactor of the molybdenum
center forms a nearly contiguous covalent bridge from
the molybdenum atom to the proximal iron-sulfur center
of the enzyme, it affords no exceptionally effective mode
of electron transfer between the two centers. For trimeth-
ylamine dehydrogenase, rates of electron equilibration
between the flavin and iron-sulfur center of the one-
electron reduced enzyme have been determined, comple-
menting previous studies of electron transfer in the two-
electron reduced form. The results indicate a substantial
solvent kinetic isotope effect of 10 � 4, consistent with a
model for electron transfer that involves discrete proto-
nation/deprotonation and electron transfer steps. This
contrasts to the behavior seen with xanthine oxidase, and
the basis for this difference is discussed in the context of
the structures for the two proteins and the ionization
properties of their flavin sites. With xanthine oxidase, a
rationale is presented as to why it is desirable in certain
cases that the physical layout of redox-active sites not be
uniformly increasing in reduction potential in the direc-
tion of physiological electron transfer.

Electron transfer in biological systems is often linked either
directly or indirectly to protonation/deprotonation events, and
the overall process may involve either discrete or concerted
electron and proton transfer (1, 2). Coupled electron/proton
transfer may occur in systems consisting of either organic
species (e.g. quinones and flavins) or metal centers (as a result
of protonation of ligands to the metal upon reduction). These
effects are manifested in the pH dependence of the reduction
potential(s) and may also influence the kinetics of electron
transfer (1, 2). The uptake of protons with reduction of a metal

center is an example of the principle of charge neutrality in
biological systems, in which the protein environment of a re-
dox-active center is thought to stabilize a given overall charge
for a redox-active center, regardless of the specific oxidation
state of the center.

We have previously examined electron transfer in complex
redox-active enzymes using both pH jump and pulse radiolysis
methodologies (3–9). Using the pH jump protocol, enzyme is
placed in dilute buffer at a given pH and partially reduced by
titration with a reagent such as sodium dithionite. The par-
tially reduced enzyme is then mixed in a stopped-flow appara-
tus with more concentrated buffer at another pH, and the
redistribution of reducing equivalents among the several re-
dox-active centers followed spectrophotometrically as the sys-
tem achieves its new equilibrium position. This methodology is
particularly well suited to systems having a combination of
centers with strongly pH-dependent reduction potentials (e.g.
flavins) and others that are less pH-dependent (e.g. iron-sulfur
centers and hemes). In such cases, the pH jump is expected to
perturb the equilibrium distribution of reducing equivalents
within the enzyme. It is a particular advantage of the method
that it specifically selects for those electron transfer processes
that are coupled to protonation/deprotonation events, since
those that are not do not respond to the pH jump.

Pulse radiolysis, like flash photolysis, involves rapidly intro-
ducing reducing equivalents and following subsequent in-
tramolecular equilibration spectrophotometrically. Pulse radi-
olysis is very useful in that, apart from the superior time
resolution over methods relying on rapid mixing of solutions,
the concentration of the one-electron reduced enzyme species
can be quantified accurately on the basis of the number of
reducing equivalents generated in the radiolytic pulse (as de-
termined by calibration against a chemical standard using
dosimetry).

The specific systems we have examined previously are xan-
thine oxidase (3–6) and trimethylamine dehydrogenase (7–9),
two flavin-containing enzymes containing multiple redox-active
centers. Xanthine oxidase possesses a molybdenum center, two
2Fe/2S centers of the spinach ferredoxin variety and flavin ade-
nine nucleotide (10). The distribution of reducing equivalents
among these centers has been shown to depend strictly on their
relative reduction potentials (11), which are known to be pH-de-
pendent (12). The specific electron equilibration process within
partially reduced enzyme that can be followed using the pH jump
protocol is between the FAD and the iron-sulfur center desig-
nated Fe/S I (3, 5). The process is depicted in Scheme 1.

Electron transfer and deprotonation of the flavin semiqui-
none are tightly coupled in the above process, with deprotona-
tion of the neutral flavin semiquinone occurring concomitantly
with electron transfer from the semiquinone to the iron-sulfur
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center (5). In other words, the flavin N5-H bond of the neutral
semiquinone is being cleaved and the proton is in motion as the
system traverses (or tunnels through) the transition state for
electron transfer. This conclusion is based on the observation of
well behaved single-exponential kinetics for electron transfer
in both the forward and reverse directions, in conjunction with
the observation of large solvent kinetic isotope effects (between
7 and 10), and linear proton inventories (5). The observed rate
constant for the reaction also exhibits only a modest, linear pH
dependence, approximately doubling from 155 s�1 at pH 6 to
330 s�1 at pH 10.

In addition to the oxidation-reduction equilibration involving
Fe/S I and FAD, which can be followed experimentally by
stopped flow, a comparison of the static and kinetic spectral
changes seen in the pH jump experiments indicates that a
second process, involving Fe/S I and the molybdenum center,
takes place in the dead time of the stopped-flow experiment (3).
This faster process cannot be explicitly examined using the pH
jump protocol but has been investigated by pulse radiolysis (4,
6). Using the radiolytically generated radical of N-methylnico-
tinamide (NMN�)1 to rapidly and selectively reduce the molyb-
denum center of the enzyme, we have determined a rate con-
stant for subsequent redox equilibration between the
molybdenum and Fe/S I center of 8,600 s�1 at pH 8.5 (6). The
observed rate constant is in good agreement with that expected
on the basis of Marcus theory for electron transfer, given the
distance between donor and acceptor (13, 14) and assuming a
value for the rate decay parameter � in the range normally
seen in proteins (�1.4 Å�1).

Trimethylamine dehydrogenase is a simpler system than
xanthine oxidase, possessing a single 4Fe/4S (bacterial ferre-
doxin-type) cluster and a covalently linked 6-cysteinyl FMN.
Electron transfer between the iron-sulfur center and flavin
within two-electron reduced enzyme has been studied previ-
ously using the pH jump technique (7, 8). The process is found
to exhibit a large solvent kinetic isotope effect of 7–8 (8),
although in this case the kinetic behavior of the system is more
complicated than is seen with xanthine oxidase. Particularly in
D2O, the observed kinetics deviate significantly from single-
exponential behavior, with lag phases seen in the high-to-low
pH jump experiments and biphasic kinetics seen in the reverse
direction. The observed rate constant in H2O also exhibits an
unusual inverse bell-shaped pH dependence, with rate con-
stants in the range of 300 to greater than 1,000 s�1. The data
obtained with trimethylamine dehydrogenase are best ac-
counted for by assuming discrete steps for protonation and
electron transfer, rather than the concomitant process seen
with xanthine oxidase (Scheme 2).

In this scheme, electron transfer is assumed to be fast (in
excess of 1,000 s�1), with the observed kinetics rate-limited by
the protonation/deprotonation events associated with electron
transfer. Using established pKa values of 8.0 and 6.0 for the
flavin semiquinone and hydroquinone, respectively, and as-
suming diffusion-controlled protonation steps, Scheme 2 is able
to account not only for the observed kinetic behavior of electron
transfer but also, significantly, for the pH dependence of the
observed rate constant for electron transfer within two-electron
reduced enzyme (7).

It is important to note that, in trimethylamine dehydrogen-
ase, the flavin couple involved in the oxidation-reduction equi-
librium is the semiquinone/hydroquinone couple rather than
the quinone/semiquinone couple observed with xanthine oxi-
dase. Nevertheless, the principal basis for the different behav-
ior exhibited by xanthine oxidase and trimethylamine dehydro-
genase apparently has to do with the extent to which the
protein environment of the flavin center preferentially stabi-
lizes the neutral versus the anionic form of the flavin in its
reduced state (8). In the case of xanthine oxidase, this is the
flavin semiquinone, and the protein is known to preferentially
stabilize the neutral FADH� form, as manifested in the typical
long wavelength UV-visible absorbance and relatively broad
EPR linewidths exhibited by the flavin semiquinone (15). By
destabilizing the anionic form of the semiquinone, the protein
prevents deprotonation of the FADH� (acting as the electron
donor) prior to electron transfer. At the same time, electron
transfer is unlikely to precede deprotonation as formation of
oxidized FADH� is extremely unfavorable thermodynamically.
It is this combination of factors that dictates that flavin de-
protonation be concomitant with electron transfer to other sites
in the enzyme. By contrast to xanthine oxidase, trimethyla-
mine dehydrogenase does not preferentially stabilize the neu-
tral or anionic form of either the flavin hydroquinone or
semiquinone oxidation state (8). The pKa values for both the
semiquinone and hydroquinone are comparable to their values
(Refs. 8 and 6, respectively) for the free cofactor (7). As a result,
the protein environment of the flavin does not prevent depro-
tonation prior to electron transfer, as is the case with xanthine
oxidase, and deprotonation and electron transfer are thus
able to proceed via discrete chemical steps rather than
concomitantly.

Other redox-active centers in addition to flavins are known
to take up protons upon reduction, and particularly in the case
of molybdenum centers, such as that found in xanthine oxidase,
it has been clearly demonstrated that reduction of Mo(VI) to
Mo(IV) is associated with proton uptake by ligands in the metal
coordination sphere (16, 17). This redox-linked protonation can
be formulated as follows (Scheme 3).

This scheme is consistent with x-ray spectroscopic studies of
the fully oxidized and reduced forms of the enzyme, in which
protonation of the Mo�S group upon reduction of the center is
manifested as a significant lengthening of the Mo–S bond (18–
20). Comparable changes are seen crystallographically upon
reduction of the aldehyde oxidoreductase from Desulfovibrio
gigas (21), another member of the molybdenum hydroxylase
family of enzymes. Furthermore, EPR studies of the Mo(V)
oxidation state have demonstrated the presence of two in-
equivalent protons in the predominant EPR-active Mo(V) spe-
cies formed at pH 8.5 (22); these have been assigned to be the
Mo-SH and Mo-OH protons of the center species of Scheme 3
(Ref. 10, and references therein). Although formation of the
oxidized Mo(VI)SH species shown in parentheses in Scheme 3
cannot be rigorously excluded, x-ray spectroscopic studies have
demonstrated that the Mo�S bond of oxidized enzyme does not
protonate at as low a pH as 6.0 (as evidenced by no lengthening
of the Mo-S bond).2 It thus appears unlikely that a protonated
Mo(VI)-SH species is an intermediate in the first reductive step
of the scheme. Similarly, density functional calculations have

1 The abbreviations used are: NMN�, the one-electron reduced radical
of N-methylnicotinamide; NMN�, N-methylnicotinamide. 2 R. Hille, G. N. George, and S. P. Cramer, unpublished data.
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shown that, once the molybdenum becomes reduced to the
Mo(IV) state, the Mo-OH group of oxidized enzyme exists pre-
dominantly as Mo-OH2 (23).

The overall uptake of protons upon reduction of the molyb-
denum as indicated in Scheme 3 is an intrinsic property of the
center, just as is the case with the flavin, raising the question
as to whether this occurs concomitantly with reduction or oxi-
dation of the center, or as a discrete chemical step. In order to
further examine electron transfer within xanthine oxidase and
trimethylamine dehydrogenase, specifically with regard to the
role of protonation/deprotonation events associated with elec-
tron transfer, we have undertaken the present solvent kinetic
isotope effect study of electron transfer within these enzymes
using pulse radiolysis.

MATERIALS AND METHODS

Xanthine oxidase was purified from cow’s milk obtained from the
experimental dairy herd at the Ohio State University using a variation
on the protocol of Massey et al. (24), as described previously (25).
Enzyme concentration was determined from the absorbance at 450 nm
using an extinction of 37.8 mM�1 cm�1 (24). Trimethylamine dehydro-
genase was purified from Methylophilus methylotrophus W3A1 as de-
scribed by Steenkamp and Mallinson (26), except that gel filtration was
performed using Sephacryl S-200 rather than Sephadex G-200. An
extinction coefficient of 27.3 mM�1 cm�1 at 442 nm was used to deter-
mine the enzyme concentration (27).

N-Methylnicotinamide was purchased from Sigma, and D2O from
Cambridge Isotopes Laboratory. All other buffers and reagents were of
the highest purity commercially available and were used without fur-
ther purification. Buffered solutions in D2O were prepared using care-
fully dried reagents, adjusting the pH meter reading by 0.4 to correct for
the effect of D2O (28).

Pulse radiolysis was performed using the 4-MeV Dynaray linear
accelerator facility at the University of Auckland (Auckland, New Zea-
land), which possesses a computer-controlled custom-built detection
system fitted with Supracil optics. 200-ns electron pulses of sufficient
power to give radiolytic doses on the order of 4–6 Gy (J/kg) were used
to initiate reactions under controlled conditions, with dosimetry being
carried out before each experimental run to quantify the yield of radi-
cals generated with each pulse. Potassium thiocyanate (at a concentra-
tion of 10 mM) was the dosimetry standard, using a radiation chemical
yield for (SCN)2

. of 0.29 �mol/J and an extinction coefficient of 7.58
mM�1 cm�1 for the radical at 475 nm (29). Under the experimental
conditions used in the present study, the initially generated radiolytic
radicals are eaq

�, HO� and H�, which in N2O-equilibrated buffer solu-
tions containing 0.1 M sodium formate are converted to CO2

. within the
duration of the 200-ns electron pulse. CO2

. in turn quantitatively re-
duces N-methylnicotinamide (present at a concentration of 2.5 mM in
the present experiments), generating NMN� within 1 �s of the electron
pulse. Under the experimental conditions used here, 0.68 �M NMN� was
generated per Gy of radiolytic pulse (30). It is the strongly reducing
NMN� (the reduction potential for the NMN�/NMN� couple is �1.01 �
0.2 V; Ref. 31) that represents the proximal reductant of enzyme in the
present protocol; NMN� has been shown to react with xanthine oxidase
and trimethylamine dehydrogenase with second-order rate constants in
excess of 108 M�1 s�1 (6, 9). Thus, under our experimental conditions of

�100 �M enzyme, xanthine oxidase and trimethylamine dehydrogenase
are reduced by NMN� with pseudo first-order rate constants consider-
ably in excess of 104 s�1, making it possible to follow subsequent slower
intramolecular electron transfer processes spectrophotometrically.

RESULTS

Solvent Kinetic Isotope Effects on Electron Transfer within
Xanthine Oxidase—We have previously shown that the initial
reduction of xanthine oxidase by NMN� occurs at the molybde-
num center, with the absorbance change associated with the
reaction due to oxidation of the radiolytically generated NMN�

(6). The overall reaction of xanthine oxidase with NMN� at pH
8.5 is biphasic: a fast phase involving an absorbance decrease
at 393 nm due to reduction of the molybdenum center by the
NMN�, and a slower phase involving a subsequent absorbance
decrease in the 390–550-nm region due to subsequent electron
transfer from the molybdenum to the iron-sulfur centers. These
results are accurately reproduced in the present work (Fig. 1;
fitted lines have been omitted for clarity, typical uncertainties
were in the range of 15–25%, see Tables I and II). Analysis of
the initial phase of the reaction, which reflects reaction of the
enzyme with NMN�, indicates that the enzyme is reduced with
a second-order rate constant, k1, in the range 3.3 to 7.4 � 108

M�1 s�1 under the present conditions (21 °C and 75 �M enzyme,
calculated from an observed rate constant of 25,000 s�1), some-
what slower than seen in previous work (9 � 108 M�1 s�1; Ref.
6), but generally consistent. When the reaction was repeated in

SCHEME 3

FIG. 1. Kinetic transients observed in the course of the reac-
tion of NMN 2

. with xanthine oxidase at different pH/pD and
concentrations of the protein. The first two kinetic phases followed
for pH/D 8.5 are at 393 nm (panels A (75 �M) and B (89 �M)), the third
kinetic phase followed for pH/D 6.0 is at 525 nm (panels C (64 �M) and
D (70 �M)).
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D2O, the observed rate constant was essentially the same
(within experimental error) as that seen in H2O, with a value of
20,000 s�1 (at 90 �M enzyme). This indicated that the initial
reduction of the enzyme molybdenum center was essentially
independent of solvent isotope and therefore uncoupled from
protonation, the implication being that reduction precedes pro-
tonation on generation of the initially formed Mo(V) species.

The second kinetic phase observed in the reaction at pH 8.5
exhibits a rate constant previously shown to be independent of
protein concentration and wavelength dependence, including a
further absorbance decrease at 393 nm, consistent with elec-
tron transfer from the molybdenum center to one of the Fe/S
centers (6). The rate constant k2 of �10,100 s�1 seen in the
present work (Fig. 1A; Table I) is in reasonable agreement with
these previous results (8,600 s�1; Ref. 6). When the experiment
was repeated in D2O (Fig. 1B), the observed rate constant for
this slower phase was reduced by a factor of approximately 2, to
4,500 s�1 (Fig. 1; Table I). Thus, in contrast to the initial
reduction of the molybdenum center, its subsequent reoxida-
tion by electron transfer to the iron-sulfur centers of the en-
zyme was at least partially coupled to its deprotonation. It is to
be emphasized that, for a solvent kinetic isotope effect to be
manifested on this phase of the reaction, the molybdenum
center must have become protonated (at a diffusion-controlled
rate) subsequent to its initial reduction to the Mo(V) state in
the fast phase of the reaction.

At pH 8.5, the relative reduction potentials of the four redox-
active centers of xanthine oxidase are such that the equilib-

rium distribution of the radiolytically introduced reducing
equivalent within one-electron reduced enzyme favors iron-
sulfur reduction (11, 12), and no spectral change subsequent to
that seen for the molybdenum-to-Fe/S electron transfer is ex-
pected or observed. On lowering the pH to 6, however, a sig-
nificant amount of flavin semiquinone is expected (5, 12), and
indeed on a longer time scale than that seen at pH 8.5, an
additional kinetic phase is observed (6). The wavelength de-
pendence of this kinetic phase is consistent with electron trans-
fer from the iron-sulfur centers of the enzyme to the flavin to
give the semiquinone, including a significant absorbance in-
crease at 525 nm. The rate constant seen in the present work
(166 s�1 averaged from three separate experiments; Fig. 1C
and Table I) was in good agreement with that seen in previous
pH jump studies (155 s�1; Ref. 3). and pulse radiolysis work
(125 s�1; Ref. 6). In D2O, the observed rate constant was
reduced to 74 s�1 (average of Fig. 1D, Table I). The magnitude
of the solvent kinetic isotope effect, 2.2, was approximately one
third that seen in previous pH jump studies (6.9), a result that
presumably has to do with ionizations in addition to those
associated with the flavin center being involved in the pH jump
experiments, but not in the radiolytic experiment.

Solvent Kinetic Isotope Effect on Electron Transfer within
Trimethylamine Dehydrogenase—As with xanthine oxidase,
the reaction of NMN� with trimethylamine dehydrogenase is
multiphasic. Previous work has shown that the initial phase of
the reaction is again dependent on the concentration of protein,
with an approximately pH-independent second-order rate con-
stant of 2 � 0.2 � 108 M�1 s�1 (9). At pH 8.5, the spectral
change associated with the initial phase of the reaction indi-
cates that the principal site of reaction with NMN� is the
4Fe/4S center of the enzyme (9). (Although the Fe/S center lies
rather deeply buried in trimethylamine (�10 Å from the pro-
tein surface at closest approach; Ref. 32), previous work has
demonstrated the existence of a redox-active “hot spot” in the
vicinity of Tyr-442 that is involved in electron transfer from the
Fe/S center to the physiological electron acceptor for trimeth-
ylamine dehydrogenase, an electron-transferring flavoprotein;
Ref. 33.) In the present work, the observed rate constant for
this fast phase of the reaction is 1.8 � 108 M�1 s�1 (average of
two experiments: kobs � 7,400 s�1 with 40 �M enzyme and
22,100 s�1 with 130 �M enzyme; Table II), consistent with this
earlier work. It is significant that, under the present experi-

TABLE I
Rate constants of electron transfer in xanthine oxidase

Table shows data from pulse radiolysis (�10 Gy in 200 ns) of xanthine oxidase ([XO]), sodium formate (0.1 M), N-methylnicotinamide (2.5 mM)
in N2)-saturated phosphate (10 mM) buffered H2O (pH) and D2O (pD) solutions.

pH/pD [XO] 10�4 k1 10�3 k2 k3

�M s�1 s�1 s�1

pH 6.0 64* 3.7 � 0.4 (1)a 8.2 � 0.8 (1)a 190 � 18 (4)a

95 7.0 � 1.6 (2) 12.3 � 0.9 (2) ND
117 ND ND 171 � 32 (4)
105 4.3 � 1.6 (2) 11.3 � 1.7 (2) 138 � 14 (2)
30 3.6b 8.5b

50 4.1b 8.5b ND
70 6.4b 8.6b 125

100 8.2b 8.7b ND
pD 6.0 70* 5.0 � 0.5 (2)a 9.9 � 1.0 (2)a 101 � 2 (2)a

175* 8.7 � 2.0 (2)a 15 � 5 (2)a 96 � 7 (3)a

93 6.3 � 2.6 (3) 13.1 � 2.0 (3) 51 � 5 (3)
99 7.6 � 1.1 (2) 17 � 4.0 (2) 47 � 2 (3)

pH 8.5 75 2.5 � 0.3 (2) 10.1 � 0.4 (2) NR
32 3.7b 8.4b NR
50 5.2b 8.5b NR

pD 8.5 89 2.0 � 0.2 (3) 4.5 � 1.5 (3) NR
a Data at temperature 26 � 0.2 °C, other data at 21 � 1 °C; ND, not determined; NR, no reaction seen; number of transients analysed given in

parentheses; wavelengths of observation for k1 and k2 (393, 420 nm) and k3 (525 nm).
b Data are from Anderson and Hille (Ref. 6).

TABLE II
Rate constants of electron transfer in trimethylamine dehydrogenase
Data from pulse radiolysis (�10 Gy in 200 ns) of trimethylamine

dehydrogenase ([TMADH]), sodium formate (0.1 M), N-methylnicoti-
namide (2.5 mM) in N2-saturated phosphate (10 mM) buffered H2O (pH)
and D2O (pD) solutions. Temperature 21 � 2 °C; number of transients
analysed given in parentheses; wavelengths of observation for k1 (393,
475 nm) and k2 (365, 475 nm).

pH/pD [TMADH] 10�4 k1 k2

�M s�1 s�1

pH 6.0 126 3.39 � 0.67 (3) 1603 � 403 (10)
143 3.1 � 1.0 (2) 1274 � 184 (6)

pD 6.0 117 1.46 � 0.11 (4) 147 � 40 (8)
pH 8.5 40 0.74 (1) 159 � 36 (4)

130 2.21 � 0.20 (3) 156 � 28 (5)
pD 8.5 107 4.84 (1) 116 � 5 (2)
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mental conditions, NMN� reduces the enzyme sufficiently rap-
idly even in D2O (with a pseudo first-order rate constant of
48,000 s�1; Fig. 2B and Table II) for internal electron transfer
taking place subsequent to the initial reduction event to be
followed kinetically.

A slower kinetic phase was observed subsequent to the ini-
tial reduction event whose rate was independent of protein
concentration; the associated spectral change, exhibiting an
absorbance decrease at 396 nm and an increase at 365 nm (Fig.
2A), is consistent with a small amount of electron transfer from
the initially reduced Fe/S center to the enzyme flavin to give
the flavin anionic semiquinone. The observed rate is 158 s�1

(Table II), again consistent with previous work (9). On going to
D2O, the observed rate constant for this slower phase de-
creased to 116 s�1 in D2O (Fig. 2B; Table II), indicating that the
observed process was only very modestly dependent on solvent
isotope. This result is expected, given that the pKa of the flavin
semiquinone is �8 and it is thus principally the anionic form
that is generated at pH 8.5. With little protonation of the flavin
upon reduction, only a small solvent kinetic isotope effect is
expected. The observed rate constant in H2O determined here
is slower than is seen using the pH jump protocol (�400 s�1;
Refs. 3 and 5). Although the present experiments were carried
at a somewhat lower temperature (21 °C rather than 25 °C in
the case of the pH jump experiments), we attribute this differ-
ence primarily to the fact that the pH jump experiment fol-
lowed electron transfer in two-electron reduced enzyme (involv-
ing electron transfer from the reduced Fe/S center to the flavin
semiquinone to give the hydroquinone), whereas in the present
case electron transfer is within one-electron reduced enzyme
(involving electron transfer from the reduced Fe/S center to
oxidized flavin to give the flavin semiquinone).

At pH 6.0, the fast kinetic phase of the initial reaction of
NMN� with trimethylamine dehydrogenase exhibited kinetics
with an observed rate constant of 33,900 s�1 with 126 �M

enzyme and 31,000 s�1 at 143 �M (Table II), yielding a second-
order rate constant for reaction of enzyme with NMN� of 2.42 �
108 M�1 s�1 (average of two experiments) consistent with pre-
vious work indicating a value of 2.0 � 0.2 � 108 M�1 s�1 (9). The
slower phase of the reaction exhibited an increase at 365 nm
and a decrease at 475 nm (Fig. 3A), again indicative of electron
transfer from the 4Fe/4S center to the enzyme flavin. (On the
basis of the observed spectral change, it was principally the
anionic semiquinone that accumulates, although some blue
neutral semiquinone is expected.) The observed rate constant
for this process was 1,603 � 403 s�1 (126 �M enzyme) and
1,274 � 184 s�1 (143 �M enzyme); although there is some
uncertainty, the lower rate constant is observed at the higher
protein concentration, and we conclude that the observed ki-
netics are independent of protein concentration with a value of
�1,440 s�1, in fairly good agreement with the previously de-
termined value of 1,860 � 260 s�1 (9). The observed rate
constant is, however, severalfold faster than that seen under
comparable conditions using the pH jump protocol (440 s�1;
Refs. 3 and 5). Again, the difference in observed rate constant
in the pulse radiolysis and pH jump protocols is attributed to
the different level of enzyme reduction in the two experiments.

In D2O, the observed rate constant for the internal electron
transfer step decreased from �1,500 s�1 to 147 � 40 s�1(Fig. 2,
Table II), reflecting a solvent kinetic isotope effect of �10
Although the uncertainty in the determination is large (�4),
the results are generally consistent with previous work, in
which a value of 13.4 � 1.9 was reported (9). The magnitude of
the present error notwithstanding, it is clear that the solvent
kinetic isotope effect on electron transfer to oxidized flavin seen
here in one-electron reduced enzyme is large (�6) and compa-
rable to that seen on electron transfer to the flavin semiqui-
none in two-electron reduced enzyme (to generate the flavin

FIG. 2. Kinetic transients observed in the course of the reac-
tion of NMN� with trimethylamine dehydrogenase at pH/pD 8.5.
Panel A, pH 8.5, 130 �M; panel B, pD 8.5, 107 �M. In both panels the
upper traces are at 396 nm and the lower traces at 365 nm, following
decay of the NMN� radical and formation of the anionic flavin semiqui-
none, respectively.

FIG. 3. Kinetic transients observed in the course of the reac-
tion of NMN� with trimethylamine dehydrogenase at pH/pD 6.0.
Panel A, pH 6.0, 143 �M; panel B, pD 6.0, 117 �M. In both panels the
upper traces are at 365 nm and the lower traces at 475 nm, following
formation of the flavin semiquinone and oxidation of the iron-sulfur
center, respectively.
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hydroquinone) in the previous pH jump experiments (with a
solvent kinetic isotope effect of �8; Ref. 8).

The overall pH dependence of the observed rate constant for
electron transfer from the 4Fe/4S center of trimethylamine
dehydrogenase to its 6-cysteinyl-FMN as determined by pulse
radiolysis is shown in Fig. 4, where it can be seen that it is
distinctly non-linear. The observed rate constants are depend-
ent on the �E between the two redox-active centers and will
depend individually on the different protonation and ionization
states of the participating centers. At high pH neither center
presumably has an ionizable proton (for the flavin it is the
anionic semiquinone which predominates at this pH), and the
observed rate constant is independent of pH. At lower pH some
protonation of the flavosemiquinone is expected upon reduc-
tion, and the observed increase in the rate of electron equili-
bration most likely reflects an increase in the one-electron
reduction potential of this center relative to that for the Fe/S
center. The result is reminiscent of the pH dependence seen for
electron transfer in the two-electron reduced enzyme (8), and
as in this earlier work we conclude that, although the observed
solvent kinetic effect is large, the system is best described as
having discrete ionization and electron transfer steps in the
course of the overall reaction.

DISCUSSION

Electron Transfer in Xanthine Oxidase—Our results in the
present work not only confirm previous results (3, 5), but ex-
tend a solvent kinetic isotope analysis to electron transfer
between the molybdenum and iron-sulfur centers of the en-
zyme. At pH 8.5, initial reduction of the molybdenum center
does not, within experimental error, exhibit a solvent kinetic
isotope effect. On the other hand, the subsequent electron
equilibration with the iron-sulfur center does, with kobs de-
creasing from 10,100 s�1 to 4,500 s�1 on going from H2O to
D2O. The modest solvent kinetic isotope effect thus observed,
�2.2, must arise from the fact that the molybdenum center,
once reduced by NMN�, protonates prior to electron transfer on
to the iron-sulfur centers. EPR studies have shown that proto-
nation of the Mo�S moiety at the Mo(V) oxidation state occurs
at pH 8.5 (22), and this process is reasonably expected to be
diffusion-controlled. The molybdenum center must eventually
deprotonate upon reoxidation to Mo(VI) upon electron transfer
to the Fe/S center(s), as the oxidized center is known to possess
an unprotonated Mo�S group even at pH 6.0. It is thus most

likely that the Mo-SH proton is responsible for the observed
solvent kinetic isotope effect on electron transfer.3

The solvent kinetic isotope effect seen for electron transfer
from the molybdenum to the iron-sulfur centers is not partic-
ularly large. Two likely explanations exist: either the reaction
proceeds via an “early” transition state (in which case the
isotope effect would not be expected to be fully expressed), or
deprotonation of the molybdenum center is not strictly coupled
to electron transfer. In this latter case, the overall process
involves separate chemical equilibria, and electron transfer
from the molybdenum center to Fe/S I can be summarized as
shown in Scheme 4.

If the forward process (i.e. in the direction of physiological
electron transfer, from the molybdenum center to Fe/S I) in-
volves discrete steps for protonation/deprotonation and elec-
tron transfer, then a Marcus treatment of the data is not
appropriate, as the observed rate constant does not reflect the
intrinsic rate of electron transfer in the system. If, on the other
hand, the process involves a single step (with an early transi-
tion state to account for the small value of the solvent kinetic
isotope effect determined here), it is possible to analyze the
data in the context of Marcus theory for electron transfer (34,
35). The x-ray crystal structures of the aldehyde oxidoreduc-
tase from D. gigas, the CO dehydrogenase from Oligotropha
decarboxidovorans, as well as that of bovine xanthine oxidase,
have been reported (13–15), and in each the molybdenum cen-
ter is found to be 14.5 Å from the nearer of the two iron-sulfur
centers, with the pyranopterin of the molybdenum center (rep-
resented in Schemes 2 and 4 as the two thiolate sulfurs to the
left of the metal) intervening (Fig. 5). The distal amino group of
the cofactor is in fact hydrogen-bonded to a cysteine ligand of
the proximal iron-sulfur center, a structural element that is
highly conserved in these enzymes. It has been known for some
time that the two iron-sulfur centers of xanthine oxidase, while
exhibiting nearly identical UV-visible and circular dichroism
properties (37), give rise to distinct EPR signals (38). It has also
been shown that Fe/S I magnetically couples to the molybde-
num center under certain conditions (39, 40), suggesting that
Fe/S I is the proximal iron-sulfur cluster in the crystal struc-
ture. The assignment of Fe/S I as the proximal iron-sulfur
cluster to the molybdenum center has recently been confirmed
for CO dehydrogenase (41), aldehyde oxidoreductase (42), and
xanthine oxidase (43).

With the assignment of the iron-sulfur clusters established,
it is possible to examine electron transfer from the molybde-
num to Fe/S I in greater detail in light of the newly available
structural information. The reduction potentials for the

3 The so-called “rapid type 1” EPR signal that predominates under
the present experimental conditions exhibits coupling to two inequiva-
lent protons, one more strongly coupled at 12 gauss and the other more
weakly coupled at 4 gauss (22). The former has been assigned to the
Mo-SH group and the latter to the Mo-OH (see Ref. 10, and references
therein). That the former center deprotonates upon reoxidation to the
Mo(VI) valence state while the latter remains as Mo-OH justifies the
assignment of the former as the site responsible for the observed solvent
kinetic isotope effect.

FIG. 4. The pH dependence of the observed rate constant for
electron transfer equilibration from the 4Fe/4S center to the
6-cysteinyl-FMN center of trimethylamine dehydrogenase. Solid
squares, data in H2O, solid circles, in D2O. Conditions are as described
in the text. The nonlinearity of the plot in H2O, distinguishing it from
comparable data for xanthine oxidase (3), is readily evident.

SCHEME 4
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Mo(VI)/Mo(V) and Fe/S I couples at pH 8.5 are �375 mV and
�335 mV, respectively (12), yielding a driving force of 0.9
kcal/mol and an equilibrium constant of 4.6 (in favor of Fe/S I
reduction).4 The observed kinetics involves the approach to an
oxidation-reduction equilibrium between the two centers, and
as such represents the sum of the forward and reverse electron
transfer rate constants. The equilibrium constant represents
the ratio of these two rate constants, permitting the forward
and reverse rates of electron transfer to be calculated explicitly.
With values of 10,100 s�1 for the approach to equilibrium
(present work) and 4.6 for the effective equilibrium constant at
pH 8.5 (from the reduction potentials above), rate constants for
Mo-to-Fe/S I electron transfer and the reverse are calculated to
be 8,300 and 1,800 s�1, respectively. Using a distance, rDA, of
14.5 Å (13–15) between the two centers and the expression for
electron transfer used in Marcus theory, k � Aexp[��rDA], it is
possible to calculate the exponential decay rate with distance
(�). Assuming a pre-exponential factor of 1013 s�1, � � 1.4 Å �1

for electron transfer from the molybdenum center to Fe/S I.
This is in good agreement with the value that is commonly
found for electron transfer in proteins (44, 45), indicating that
the pyranopterin cofactor confers no particularly effective elec-
tron transfer pathway between the molybdenum center and
Fe/S I. Indeed, recent magnetic circular dichroism studies of
xanthine oxidase have led to the proposal that electron transfer
out of the molybdenum center is mediated by � rather than �
interactions with the redox-active dxy orbital of the molybde-
num center (46). The upshot is that the limited �-conjugation of
the pyranopterin cofactor of the molybdenum center (which is

present in the protein as a ring-closed pyran that is equivalent
to a tetrahydro form devoid of � electrons) is not sufficient to
impart any particularly facile pathway for electron transfer out
of the molybdenum center.

A similar analysis is also possible for electron transfer from
Fe/S II to the flavin of xanthine oxidase. Given the spectroscop-
ically silent nature of electron transfer between the two iron-
sulfur centers, the physical disposition of the redox-active cen-
ters in the protein dictate that the spectrophotometrically
observed process involves electron transfer between Fe/S II and
the flavin, which are separated by an edge-to-edge distance of
�8.7 Å (13). Here it is important to recognize a distinction
between the situation encountered in the present pulse radiol-
ysis results and that found in the previous pH jump work (3, 5).
The pH jump experiment necessarily follows the equilibration
of a reducing equivalent between Fe/S I and the flavin, medi-
ated, on the basis of the crystal structure, by Fe/S II despite the
fact that the net level of reduction of Fe/S II does not change
significantly in the course of the pH jump experiment. By
contrast, in the present pulse radiolysis experiment, Fe/S II is
initially oxidized, accepts an electron from Fe/S I then passes
that electron on to the FAD; the spectrophotometrically ob-
served process thus involves electron transfer from Fe/S II
rather than Fe/S I in the pulse experiment. The good agree-
ment of the observed rate constants for electron transfer seen
in the present pulse radiolysis work and previous pH jump
experiments suggests that electron transfer between the two
iron-sulfur centers is not rate-limiting in the latter case. This
implies that electron transfer between the two iron-sulfur cen-
ters is very fast, possibly on a time scale comparable to electron
transfer between the molybdenum center and Fe/S I. Bearing
this in mind, the relevant reduction potentials for consider-
ation are those for Fe/S II and the flavin quinone/semiquinone
couples, which have values at pH 6.0 of �155 and �200 mV,
respectively, at pH 6.0 (12). These potentials yield an equilib-
rium constant of 5.6 (in favor of Fe/S II reduction) and with an
observed rate constant of 170 s�1 for the approach to equilib-
rium (present work; Refs. 5 and 6), the calculated rate con-
stants for electron transfer from the iron-sulfur center to the
flavin (generating the semiquinone) and the reverse are 25 s�1

and 145 s�1, respectively. These rate constants are very small,
given the distance of 8.7 Å between donor and acceptor, a
reflection of the fact that protonation/deprotonation is tightly
linked to electron transfer between Fe/S and FAD in xanthine
oxidase (5); in the Marcus formalism for electron transfer, this
is due to a significant increase in the reorganizational energy
for the electron transfer reaction.

That the redox-active centers of xanthine oxidase are not laid
out in order of their reduction potentials deserves comment.
Electron transfer from the molybdenum center to Fe/S I is
reasonable as the two sites are nearly isopotential. The high
potential Fe/S II, however, intervenes between Fe/S I and the
flavin. This situation is not an uncommon one in biological
systems, and as has been pointed out by Dutton and co-workers
(44, 45), need not necessarily constitute a significant kinetic
barrier to catalysis. It is important to recognize, however, how
this arrangement influences the equilibrium distribution of
reducing equivalents within the system, assuming (as is known
to be the case for xanthine oxidase; Refs. 11, 47, and 48) that
electron transfer among the centers is rapid compared with
catalytic turnover. This “rapid equilibrium” situation leads to
paradoxical behavior of xanthine oxidase in the course of re-
ductive titrations. Thus, in one-electron reduced enzyme, the
electron distribution within the enzyme is such that Fe/S II is
�62% reduced and Fe/S I 25% (the flavin semiquinone and
Mo(V) states are each less than 10%; Ref. 11). By contrast, in

4 At pH 8.5 electron transfer is expected to proceed on to Fe/S II
(which has a considerably higher reduction potential than that of Fe/S
I; �230 mV at pH 8.5; Ref. 12), but as the two iron-sulfur centers exhibit
the same spectral changes on reduction, electron transfer from Fe/S 1 to
Fe/S II is spectroscopically silent. The observed spectral change being
followed in the present study must therefore arise from electron trans-
fer from the molybdenum center to Fe/S I.

FIG. 5. Disposition of the redox-active centers in xanthine
oxidase. The molybdenum atom is rendered in gray on the left, the
flavin in CPK on the right, with the two iron-sulfur centers Fe/S I
(nearer the molybdenum center) and Fe/S II (nearer the flavin) in-
tervening. The lower representation has been rotated 90° about the
horizontal with respect to the upper representation. The cysteine
residue (Cys150) to which the distal amino group of the pyranopterin
cofactor of the molybdenum center is hydrogen-bonded is also shown
(most clearly evident in the lower representation). Figure is modeled
after Enroth et al. (13).
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two-electron reduced enzyme, Fe/S II is only 35% reduced, Fe/S
I 28% reduced, and the flavin 60% fully reduced to the level of
the hydroquinone. The unexpected result is that addition of a
second reducing equivalent to the one-electron reduced enzyme
leads to oxidation of the high potential Fe/S II to a significant
degree. This is a consequence of the fact that, although the first
half-potential for the flavin is substantially lower than those of
the iron-sulfur centers at pH 8.5, the midpoint potential for the
flavin is comparable to the average of the reduction potentials
for the two iron-sulfur centers. Thus, in one-electron reduced
enzyme, little flavin semiquinone (or Mo(V)) is formed and the
single reducing equivalent resides predominantly on Fe/S II
(and to a lesser extent Fe/S I). Upon addition of a second
reducing equivalent, however, the flavin hydroquinone can now
form, with the result that the flavin center competes effectively
for a pair of reducing equivalents with the two iron-sulfur
centers. The significant point is that the relative reduction
potentials for the iron-sulfur centers, with one high and one
low, relative to the flavin midpoint potential, are such that
reducing equivalents are effectively delivered to the flavin in
pairs, despite the fact that the iron-sulfur centers themselves
are strictly one-electron carriers; to a good first approximation,
Fe/S II retains a single reducing equivalent until a second is
available to reduce the flavin fully to the hydroquinone. The
identical situation is also encountered in other systems pos-
sessing multiple redox-active centers and catalyzing two-elec-
tron chemistry, including hydrogenase (49, 50) and fumarate
reductase (51). In both cases, the arrangement may well serve
to ensure that reducing equivalents tend to be delivered to the
active site (a Ni/Fe center in the case of hydrogenase,5 a flavin
in the case of fumarate reductase) in pairs.

Electron Transfer in Trimethylamine Dehydrogenase—In the
case of trimethylamine dehydrogenase, the present work fol-
lowing the solvent kinetic isotope effect on electron transfer in
one-electron reduced enzyme complements that done previ-
ously examining electron transfer within the two-electron re-
duced enzyme using the pH jump technique (8). Our present
pulse radiolysis results indicate that electron transfer to the
oxidized 6-cysteinyl-FMN to give the semiquinone in one-elec-
tron reduced enzyme exhibits a solvent kinetic isotope effect
(10 � 4) at low pH comparable to that seen for electron transfer
to the semiquinone to give the fully reduced hydroquinone in
two-electron reduced enzyme (a value of �8, Ref. 5). The pH
dependence of the observed rate of electron equilibration in the
present pulse radiolysis study is also reminiscent of that seen
in the pH jump experiments. We conclude that protonation/
deprotonation is best described as taking place in a separate
chemical step from electron transfer in one-electron as well as
in two-electron reduced enzyme (as determined previously us-
ing the pH jump method; Refs. 7 and 8).

Contrasts between Xanthine Oxidase and Trimethylamine
Dehydrogenase—Differences in the solvent kinetic isotope ef-
fect for Fe/S3 flavin electron transfer seen in xanthine oxidase
and trimethylamine dehydrogenase are most marked at pH/pD
6. In the case of xanthine oxidase, a solvent kinetic isotope
effect of �2–3 is seen, whereas with trimethylamine dehydro-
genase it is �10. Both the type of Fe/S center (2Fe/2S and
4Fe/4S) and flavin (FAD and 6-cysteinyl-FMN) are different in
the two proteins, but it is most likely that the difference in the
behavior of the two proteins is related to differences in the
environment of the flavin. Clearly, one factor is the extent to

which the protein can accommodate one or another ionization
state of the semiquinone and hydroquinone, as discussed in the
Introduction. In addition, however, the degree of solvent acces-
sibility and the mechanism of protonation/deprotonation may
be important. A study of the fast one-electron reduction of the
solvent-exposed FMN in the flavodoxin from Megasphaera els-
denii has shown that protonation of the anionic flavin semiqui-
none to give the neutral form occurs with a pH-independent,
first-order rate constant of 1.1–2.6 � 105 s�1 (52). As this fast
process is also observed at higher pH (9.15), it cannot arise
from simple protonation and is also unlikely to be due to pro-
tonation of the anionic flavin semiquinone by nearby amino
acid residues. Instead, protonation is likely to occur via rapid
solvolysis of H2O. Indeed, solvolysis in the protonation of the
semiquinone anion of free FMN occurs at �4 � 105 s�1,6

comparable to the rate constant observed with flavodoxin. Al-
though the recent crystal structure of xanthine oxidase indi-
cates that the FAD site is relatively solvent-accessible (13), the
6-cysteinyl-FMN in trimethylamine dehydrogenase is consid-
erably more buried, with hydrophobic amino acid residues in
the immediate vicinity of the flavin ring in the substrate bind-
ing site. Thus, access of bulk solvent to the flavin is more
restricted in trimethylamine dehydrogenase as compared with
xanthine oxidase. The reduction potentials of both the deeply
buried Fe/S center and the 6-cysteinyl-FMN of trimethylamine
dehydrogenase are pH-dependent (36), as is the strong mag-
netic interaction between the two centers as detected by EPR in
the two-electron reduced enzyme (8). The pH dependence of the
reduction potential for the Fe/S center is likely to arise from
changes in the electrostatic environment due to protonation of
ionizable amino acid residues in its immediate vicinity (includ-
ing His29, His44, His443, Tyr442, Tyr539, and Cys320, all of which
are within 10 Å of the 4Fe/4S center). The large solvent kinetic
isotope effect seen on electron transfer from the Fe/S center to
the flavin in trimethylamine dehydrogenase may well arise
from coupling of electron transfer with protonation of these
neighboring residues, in addition to protonation of the flavin to
give the neutral semiquinone.
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