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ABSTRACT: The two-component flavoprotein styrene monooxygenase (SMO) from Pseudomonas putida S12 catalyzes the
NADH- and FAD-dependent epoxidation of styrene to styrene oxide. In this study, we investigate the mechanism of flavin
reduction and transfer from the reductase (SMOB) to the epoxidase (NSMOA) component and report our findings in light of
the 2.2 A crystal structure of SMOB. Upon rapidly mixing with NADH, SMOB forms an NADH — FAD,, charge-transfer
intermediate and catalyzes a hydride-transfer reaction from NADH to FAD, with a rate constant of 49.1 + 1.4 s/, in a step that is
coupled to the rapid dissociation of NAD". Electrochemical and equilibrium-binding studies indicate that NSMOA binds FAD,
~13-times more tightly than SMOB, which supports a vectoral transfer of FADy, from the reductase to the epoxidase. After
binding to NSMOA, FADy, rapidly reacts with molecular oxygen to form a stable C(4a)-hydroperoxide intermediate. The half-
life of apoSMOB generated in the FAD-transfer reaction is increased ~21-fold, supporting a protein—protein interaction between
apoSMOB and the peroxide intermediate of NSMOA. The mechanisms of FAD dissociation and transport from SMOB to
NSMOA were probed by monitoring the competitive reduction of cytochrome ¢ in the presence and absence of pyridine
nucleotides. On the basis of these studies, we propose a model in which reduced FAD binds to SMOB in equilibrium between an
unreactive, sequestered state (S state) and more reactive, transfer state (T state). The dissociation of NAD" after the hydride-
transfer reaction transiently populates the T state, promoting the transfer of FAD,, to NSMOA. The binding of pyridine
nucleotides to SMOB—FAD), shifts the FAD,,;-binding equilibrium from the T state to the S state. Additionally, the 2.2 A crystal
structure of SMOB—FAD,, reported in this work is discussed in light of the pyridine nucleotide-gated flavin-transfer and

electron-transfer reactions.
S tyrene occurs naturally in the environment as a petroleum
component and as an enzymatic metabolite of cinnamic
acid decarboxylation."” Because of the large-scale worldwide
production of styrene for use in the synthetic plastic and rubber
industries as well as an increasing reliance on fossil fuels as a
source of energy, environmental contamination by styrene has
reached unprecedented levels, primarily from industrial
accidents and effluent as well as the incomplete combustion
of fossil fuels and other organic materials.>~>
Although styrene represents an essential commodity, its
large-scale synthesis and distribution pose significant human
and environmental health concerns, as it can disrupt biological
membranes and act as a potential carcinogen in higher
organisms.®” Exposure to styrene induces the expression of
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eukaryotic isoforms of cytochrome P450, which oxygenate the
styrene aromatic ring and vinyl group to yield carcinogenic
metabolites like styrene-7,8-oxide, a neurotoxin and alkylating
agent, and 4-vinylphenol, a pulmonary toxin.**"'® This
downstream toxicity categorizes styrene as a metabolic Trojan
horse. Despite these cytotoxic effects in higher organisms, fungi
and bacteria have evolved pathways allowing them to detect,
transport, and catabolize styrene as a sole source of carbon and
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The catabolic genes of Pseudomonas putida (S12) include a
two-component E-class FAD-dependent styrene monooxyge-
nase (SMO) that catalyzes the enantioselective epoxidation of
styrene to (S)-7,8-styrene oxide through the concerted actions
of an NADH-specific reductase (SMOB) and an FAD-specific
epoxidase (SMOA).'>'® The delivery of reduced FAD (FAD
hydroquinone, FADhq) from the reductase to the monoox-
ygenase poses a mechanistic challenge for all members
belonging to this class of two-component flavin monooxyge-
nase. If the rate of flavin reduction exceeds the rate of the
substrate-oxygenation reaction, then excess reduced flavin will
accumulate and react with dissolved cytosolic oxygen to
generate reactive oxygen species such as hydrogen peroxide
and superoxide.'”

Various biological strategies have evolved to accommodate
the efficient exchange of flavin between the reductase and
epoxidase active sites of two-component flavin monooxyge-
nases, including direct flavin transfer via the formation of a
protein—protein complex, as observed in alkanesulfonate
monooxygenase, allosterically activated dissociation of flavin
from the reductase component of 4-hydroxyphenylacetate-3-
hydroxylase, and NAD"-gated transfer of FMN from the
reductase to the hydroxzflase components of ActV in actino-
rhodin biosynthesis."* > In addition, redox-linked flavin-
binding equilibria have been shown to thermodynamically
favor the binding of reduced flavin by the monooxygenase
components of ActV and SMO, where it reacts rapidly with
oxygen to form a stable flavin-hydroperoxide intermediate that
is poised to catalyze substrate oxygenation.”">* The hydroxy-
flavin product of the styrene epoxidation reaction eliminates
water to regenerate oxidized FAD, which binds weakly to N-
terminally tagged SMOA (NSMOA), favoring flavin dissocia-
tion and the return of flavin back to SMOB.>

No evidence for a ternary complex formed between oxidized
FAD, the epoxidase, and the reductase has been detected under
equilibrium conditions for either SMO or the closely related 4-
hydroxyphenylacetate-3-monooxygenase.”* "> However, the
efficiency of coupling NADH oxidation by SMOB to styrene
oxide synthesis by NSMOA is higher than would be expected
for a purely diffusive reaction.*® This disparity prompted us to
investigate the possibility that transient epoxidase—reductase
interactions at other intermediate points in the oxidative or
reductive half reactions of SMO could be responsible for the
increased reaction efficiency.

In the present work, we investigate the reductive half reaction
of SMOB and the mechanism of the transport of reduced flavin
from SMOB to NSMOA. By using a combination of steady-
state and rapid-reaction kinetic techniques, we find new
evidence supporting a model of flavin transfer that incorporates
transient protein—protein interactions in the reaction mecha-
nism of SMO. In addition, we report the crystal structure of
SMOB with oxidized FAD bound solved at 2.2 A resolution
and discuss the binding configurations of FAD as they relate to
the mechanism of SMO and the homologous structures of the
reductase components of phenol hydroxylase and 4-hydrox-
yphenylacetate-3-monooxygenase.””

B EXPERIMENTAL SECTION

Expression and Purification. Native SMOB (SMOB) and
N-terminally histidine-tagged NSMOA (NSMOA) were ex-
pressed from pET-29SMOB and pET-28NSMOA in Escherichia
coli BL21 (DE3).** NSMOA was purified by nickel-affinity
chromatography as previously described.”> SMOB was
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recovered by a method similar to that previously reported.”®
Cell pellets recovered from a 6 L expression of native SMOB
were harvested by centrifugation and washed in Buffer A (50
mM Tris, 0.5% Triton X-100, and 10 mM EDTA, pH 7.5) to
eliminate contamination from the expression medium and were
stored at —80 °C. Cell pellets were then thawed in 50 mL of
Buffer A containing 1 mM PMSF and disrupted by sonication.
The resulting suspension was pelleted by centrifugation at
2000g and resuspended in Buffer B (S0 mM Tris and 2.0 M
urea, pH 7.5). Insoluble inclusion bodies were recovered by
centrifugation at 2000g and were dissolved in 1 L of Buffer C
(50 mM Tris, 8.0 M urea, and 5 mM DTT, pH 7.5). Two-
hundred fifty milliliters of this solution were transferred to a 13
000 molecular-weight cut off dialysis tube, and the solution was
dialyzed overnight against 4 L of Buffer D (50 mM Tris, 1 mM
DTT, and 100 yM FAD, pH 7.5) and concentrated by
ultrafiltration to 1 mM. The concentrated enzyme was stored as
50% glycerol stocks at —20 °C. To establish the molar
absorptivity of SMOB, a sample was denatured by heating at 90
°C for S min to release all bound FAD, and the insoluble
denatured protein was removed by centrifugation. The
absorbance of the released FAD in this process was measured
spectrophotometrically, and the concentration was computed
by using the molar extinction coefficient at 450 nm (11 300
M~ cm™). A molar extinction coefficient for FAD bound to
SMOB of 10800 M™' cm™ at 456 nm was computed by
dividing the absorbance of the FAD-bound protein by the
concentration of FAD released in the heat denaturation (Figure
S1).

Stabilizing Effect of FAD and NSMOA on SMOB. The
stabilizing effect of FAD was evaluated by comparing the half-
lives of the apoSMOB and holoSMOB preparations.
ApoSMOB was prepared by diluting a 50% glycerol stock to
10 M, mixing it with 90 mg of activated carbon, and
immediately filtering it through a 0.22 ym Spin-X centrifuge
filter. ApoSMOB was then incubated at 15 °C on the stopped-
flow instrument. To determine the role that NSMOA plays in
apoSMOB stabilization, apoSMOB was also generated via
NSMOA. By mixing 600 nM SMOB with 15 uM NSMOA and
100 #M NADH, the high K; of NSMOA for reduced FAD (0.2
uM at 15 °C) and the 25-fold excess of NSMOA over SMOB
ensures that a majority of the available FAD is reduced and
bound to NSMOA in a stable peroxide intermediate. The
activity of apoSMOB generated by these two methods was
assayed at regular time intervals (over a 70 min period) by
mixing apoSMOB with 20 yuM FAD and 200 uM NADH and
observing the kinetics at 340 nm. The slopes were measured
during the linear steady-state phase of each assay and plotted
against the incubation time.

Steady-State Fluorescence Measurements. SMOB was
exchanged into 20 mM MOPSO, pH 7.0, with 5% glycerol by
gel filtration to remove excess FAD and diluted to 200 nM in a
3 mL quartz cuvette containing 1.5 mL of the same buffer. All
studies were conducted with a Horiba Jobin Yvon Fluorolog-3
spectrofluorometer. Fluorescence excitation and emission
spectra were recorded with a 1 nm spectral resolution at
temperatures ranging from 4—30 °C while stirring the sample
with a S mm Teflon-coated stirrer bar. Fluorescence was excited
at 456 nm, and emission was monitored at 563 nm. Data points
used for fitting represent averages of 100 independent
determinations. The data were fit using quadratic eq 1.”**°
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F= gl[FAD]total + ((KQPP + [FAD]total + [SMOB]total

- ((I<§Pp + [FAD]total + [SMOB]total )2
- 4[FAD:|total [SMOB]total )1/2)/2) (82 - 81) (1)
Measurement of the Redox Potential. SMOB with

oxidized FAD bound was exchanged into a 20 mM MOPSO,
pH 7.0, buffer with 5% glycerol, transferred to an anaerobic
quartz cuvette, and titrated with sodium dithionite in the
presence and absence of anthroquinone(-1,5)-disulfonate
(AQ15DS) and anthroquinone-2-sulfonate (AQ2S) at 22 °C.
The reduction potential of FAD bound to SMOB was
estimated by fitting the spectral data representative of the
redox equilibria obtained after each incremental addition of
dithionite. The fractions of the oxidized and reduced species
present were computed using the oxidized and reduced basis
spectra of the redox indicators and SMOB-bound FAD. The
table function built into the Kaleidagraph software was used to
find the best fitting linear combination of oxidized and reduced
dye and SMOB basis spectra to describe each intermediate
spectrum in the equilibrium titration. The highly over-
determined system of equations solved in this process is
represented by eq 2.

= (€0

B,
A/ll - gred )Dx + EredDT + ( ¢ - red)B + 8red

= (EODM - sred )Dx + gred DT + (8 o= Erlz/(lln)B + grl:/(lln
@)
The best fitting equilibrium values of the oxidized dye and

SMOB concentration computed from each spectrum were
substituted into the Nernst equation, given by eq 3.
]ox [Dye]red ] (3)

Stopped-Flow Spectroscopy. Rapid kinetic data were
recorded at a single wavelength using an Applied Photophysics
SX-17 stopped-flow instrument equipped with absorbance and
fluorescence photomultiplier tubes and diode array detection,
as previously described.”** Preparations and equipment for
running the experiments under anaerobic conditions were
similar to those described previously.””*° In these studies,
SMOB was exchanged into 20 mM MOPSO, pH 7, buffer
containing 5% glycerol by gel filtration; all kinetic studies were
performed at 15 °C. Time-resolved absorption spectra with a 5
ms integration time were recorded with an Ocean Optics
USB2000+ spectrophotometer interfaced with the stopped-flow
flow cell through a 400 um fiber optic cable. This instrument
was controlled by SpectraSuite operating software and was
triggered externally by the stop syringe. Typically, between 500
and 1000 spectra were recorded per shot. Software was
developed using MATLAB to transform the intensity data
output by the diode array into the absorbance data, correct the
stopped-flow data for the instrument dead time (3 ms), and
logarithmically time average the data to reduce the data set to a
more manageable size of ~50 logarithmically spaced spectra.
Kinetic traces were fit with sums of exponential equations using
Kaleidagraph software, giving rate constants describing the
kinetic change.

During the observation of the epoxidation reaction,
fluorescence was induced by excitation at 410 nm (2 nm
excitation slit width), corresponding to the hydroxyflavin peak;

[SMOB]red [Dye]
[SMOB

AESMOB — AEDYe 4 RT
nF
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emission was monitored at ~520 nm by placing a VG-6 filter
(420—620 nm transmission band) in front of the emission
photomultiplier, as previously described.”®

Cytochrome c reacts rapidly to accept electrons from free
reduced flavin in solution and thus serves as a valuable reagent
to help establish the mode of FAD transfer from the reductase
to the oxy Xygenase component of two-component flavoen-
zymes.'”*>*” It was observed that the reduction of cytochrome
¢ by dithionite-reduced FAD was unaffected by the presence of
oxygen; for this reason, all cytochrome c¢ experiments were
performed aerobically. In our studies, the reduction of bovine
heart cytochrome ¢ with flavin-derived reducing equivalents was
monitored by observation of the & band at 550 nm using rapid
scanning diode array or photomultiplier detection. In these
studies, we used a molar extinction of 8400 M™' cm™ for
oxidized cytochrome c¢ at 550 nm. Because of the limited
spectral resolution of our stopped-flow instrument at 550 nm,
we used empirically determined apparent molar extinction
coefficients of the cytochrome c a band (21 600 M~! cm™ for
photomultiplier-based detection and 24808 M™' cm™ for
diode array-based detection) to compute the concentration of
the reduced cytochrome ¢ and the extent of cytochrome ¢
reduction.

Reduced cytochrome c reacts with FAD,, primarily in the
dead time of the stopped-flow instrument because of the large
second-order rate constants for the reaction of the hydro-
quinone (3 X 10" M™' s7!) and semiquinone (7 X 10’ M~ s7")
forms of reduced flavins.*” In our studies, we found that that in
reactions of SMOB—FAD},, or pyridine nucleotide complexes
of the reduced reductase cytochrome c the reduction proceeded
with first-order kinetics, even when reacted under second-order
conditions with respect to the concentration of SMOB—FADy,.
This feature is useful for characterizing the kinetics of slower
upstream processes that gate the subsequent rapid reactions of
free FADy,y with cytochrome c. In our studies, we found that
the reactions of oxidized cytochrome c with SMOB—FADy,, are
gated by slower upstream kinetic processes associated with the
dissociation of FAD},; from SMOB—FAD,, For this reason, the
observed first-order rate constants coupled to the cytochrome ¢
reduction reactions represent the rate-limiting kinetics of the
reaction steps preceding cytochrome c reduction in the studies
presented here.

Crystallization and Structure Determination. SMOB
was exchanged into a 25 mM Tris, pH 7.5, buffer containing
excess FAD and concentrated to ~6 to 7 mg/mL. The protein
was crystallized in buffer containing 100 mM Tris, pH 8.5, 1.7—
1.9 M (NH,),SO,, and 200—300 mM NH,NO; using the
sitting-drop vapor-diffusion method at room temperature and
combining equal volumes of the protein and mother liquor.
Small yellow rods of 0.05 X 0.05 X 0.2 um® grew within 1 week
and were flash frozen in a cryo solution containing S0 mM Tris,
pH 85, 1.6 M (NH,),SO,, 200 mM NH,NO,, and 25%
glycerol before data collection on the NE-CAT beamline 24-
IDE at 100 K. The crystals belonged to the space group P3, and
had unit dimensions a = b = 130.0 A and ¢ = 92.3 A. The
reflections were indexed and scaled using HKL2000.>* The
scaling and refinement statistics are summarized in Table 1.
The analysis of the data in Phenix revealed the asymmetric unit
contained six dimers and that the crystals had 47%
pseudomerohedral twinning. Molecular replacement was
performed with Phaser using the Geobacillus thermoglucosidasius
flavin reductase PheA2 structure (1RZ0) as a starting
model.**** Model building and subsequent refinements were

dx.doi.org/10.1021/bi400763h | Biochemistry 2013, 52, 6063—6075
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Table 1. X-ray Data Collection, Scaling, and Refinement
Statistics

data collection

beamline NE-CAT 24IDE
wavelength (A) 0.979

space group P3,

unit cell dimensions (A) 130.0 X 130.0 X 92.3
resolution range (A) 50 — 223

total reflections 531349

unique reflections Ccp4i 76065 scalepack 87338
completeness (%) 99.99 (99.0)
I/o(1)? 134 (6.9)

Ry (%)*° 10.5 (35.5)
refinement

Ryt (%)° 160

Ry (%) 219

average B-value (A?) 16.0

rm.s. deviation bond length (A) 0.023

rm.s. deviation bond angles (deg) 2.11

dimers per ASU 6

no. protein atoms 15301 total

no. nonprotein atoms 164

water molecules 152

PDB code 4F07

“Values in parentheses are for the highest resolution shell. bR,
Y0 IL(hKD) — (L(hkD)M)/Zy (1(hkD)), where L(hkl) is the ith
measured diffraction intensity and (I(hkl)) is the mean intensity for
the Miller index (hkl). “Rya = Ty IE(HkDI — IE(RKDI/Zyy |
F (kD). “R;, = R ysear for a test set of reflections (5% in each case.)

carried out in Coot and RefmacS. The r.m.s. deviation between
all backbone atoms in the six molecules comprising the
asymmetric unit ranged between 0.13—0.25 A%, The analysis of
the final structure by Procheck indicated that 92.7, 6.6, and
0.7% of residues were in favorable, allowed, and unfavorable
regions of the Ramachandran plot, respectively. Those residues
lying in unfavorable regions (12 total) localized to disordered
loops with weak electron density.

B RESULTS

Role of FAD and NSMOA in the Stability of SMOB. The
stability of apo- and holo-SMOB was investigated by
monitoring the steady-state activity of the reductase at regular
time points of incubation. SMOB—FAD,, incubated at 15 °C
showed a steady drop in activity over an 80 min period, with a
half-life of 22.2 + 0.8 min (Figure S2). When apoSMOB was
generated by activated-carbon treatment, however, the protein
was significantly destabilized, showing a half-life of 9.2 + 0.2
min under similar conditions. This is in agreement with the
finding that the addition of FAD during the refolding step of
the SMOB purification greatly increases the yield of active
protein as well as the observation that apoSMOB is less soluble
and less stable than the FAD-bound form.

It was also observed that the stability of SMOB is markedly
enhanced when it is coincubated with a 25-fold excess of
NSMOA under aerobic conditions. In this reaction, FAD is
reduced and transferred from SMOB to NSMOA, where it
reacts with oxygen to form a stable C(4a)-FAD-hydroperoxide
intermediate. The reaction is characterized by an initial 34%
decrease in activity (t;, = 1.6 = 0.2 min), after which the
reductase activity stabilizes and remains constant for the
remainder of the 80 min incubation period. This observation
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suggests that NSMOA with the bound FAD-peroxide
intermediate interacts with apoSMOB in a way that significantly
prolongs SMOB stability and reductase activity.
FAD-Binding and Redox Equilibria. The equilibrium
dissociation constant of oxidized FAD for SMOB was
established by a series of fluorescence titration experiments.
Each titration was accompanied by a hyperbolic increase in
fluorescence emission intensity associated with FAD binding to
SMOB and a subsequent linear increase as free FAD
accumulated in solution (Figure 1). The best fitting K, values

2.00 10" —

1.50 10* |-

1.00 10* -

Emission at 563 nm

5.00 10°

o.ooﬁf:--'--'--‘

3000 4500
[FAD] / nM

6000

Figure 1. Fluorescence titration monitoring of the binding of FAD to
SMOB (200 nM) at 4 °C (red) and 25 °C (blue). The fluorescence
was excited at 456 nm, and the emission was monitored at 563 nm.
Quadratic fits through the data according to eq 1 yield Ky estimates of
0.36 + 0.03 and 1.1S5 + 0.14 uM at 4 and 25 °C, respectively.

were observed to increase with temperature from Ky = 356 =+
30 nM at 4 °C to Ky = 1.15 + 0.14 uM at 25 °C, according to
the van’t Hoft relationship. These values are in good agreement
with a Kj value estimated previously by equilibrium ultra-
filtration methods in this temperature range.”*

The equilibrium midpoint potential of SMOB was
established to be —232 + 9 and —232 + 6 mV using
AQI5DS and AQ2S as reference indicators, respectively. These
data represent a 20 mV decrease in the midpoint potential
below that of free FAD.? Fits through the AQ2S raw titration
data and an inset plot of the solution potential as a function of
the extent of SMOB reduction computed from the Nernst
equation are shown in Figure 2. Oxidized FAD was calculated
to bind 2.2-fold more tightly to SMOB than reduced FAD. This
is a relatively slight increase in the FAD binding affinity and is
consistent with the observation that reduced FAD remains
tightly associated with SMOB after gel filtration under both
oxidizing and reducing (buffer containing S mM dithionite)
conditions. A general scheme describing the binding equilibria
of reduced and oxidized FAD to SMOB and NSMOA is shown
in Scheme 1.

Kinetics of the FAD-Reduction Reaction. The reaction
of SMOB with NADH was evaluated by stopped-flow
absorbance spectroscopy. Time-resolved absorbance spectra
recorded with a S ms exposure time are presented in Figure 3.
Spectra documenting the reaction of SMOB with NADH

dx.doi.org/10.1021/bi400763h | Biochemistry 2013, 52, 6063—6075
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Figure 2. Reductive titration to determine the oxidation—reduction
potential of FAD bound to SMOB. SMOB (32 uM) and AQ2S (60
uM) were titrated incrementally with dithionite at 22 °C, pH 7. The
spectra were recorded after each addition, with the observed
absorbance decreases at 456 nm corresponding to the increasing
extent of the reduction. The lines passing through the data points
represent the best fitting linear combinations of oxidized and reduced
dye and SMOB basis spectra obtained using Kaleidagraph’s table
function (eq 2). Concentrations returned from these fits were used to
construct the Nernst plot and to compute the equilibrium midpoint
potential for reduced SMOB as —232 + 6 mV (eq 3).

Scheme 1. Redox-Linked Binding Equilibria of FAD, SMOB,
and NSMOA

E,17(SMOB-FAD) =

-232 mV
SMOB-FAD,, SMOB-FAD, 4
/ J
Ky=12xM |[SMOB SMOB|| K4=25uM
E.7(FAD) = y
-212 mV
FADOX FADred
/
Kq=16mM [|[NSMOA NSMOA || K4=02uM
E,7(NSMOA-FAD) = y
-148 mV

NSMOA-FAD,, NSMOA-FAD, 4

(Figure 3A) indicate the presence of an NADH — FAD,,
charge-transfer complex (CT-1) during the first S ms after
mixing.*® The formation of this intermediate is followed by a
hydride-transfer reaction from NADH to FAD at a rate of 48.7
+ 1.1 s7! at 15 °C. The temperature dependence of this rate
constant yields a linear Eyring plot.

In the single-turnover reduction reaction of SMOB, no
NAD* — FADH™ charge-transfer complex (CT-2) accumu-
lated, suggesting that NAD" rapidly dissociates from the
enzyme in a reaction that is fast compared to the preceding
hydride-transfer step. For this reason, the CT-2 complex does
not accumulate in the SMO flavin-transfer reaction. To observe
CT-2, the chemically reduced SMOB—FAD,, complex was
titrated with NAD" under anaerobic conditions (Figure 3C,
inset). Fitting these spectra yielded an NAD* K, value of 356 +
71 uM for reduced SMOB. The kinetics describing the
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Figure 3. SMOB reduction kinetics and intermediate spectra recorded
by stopped-flow diode array absorbance spectroscopy. (A) Time-
resolved reduction spectra monitoring the conversion of the NADH
— FAD,, charge-transfer complex (CT-1) to SMOB—-FAD,,,. CT-1
formed in the mixing time of the stopped flow as 29 yM SMOB
reacted with 36 uM NADH. The inset shows the kinetics of CT-1
reduction monitored at 600 nm. (B) Conversion of CT-1 to the
NAD* — FADH™ charge-transfer complex (CT-2). The data were
obtained from the reaction of SMOB (28 M), NADH (36 uM), and
NAD" (2.4 mM). The inset shows CT-2 formation at 750 nm. (C)
Plot showing representative spectra of each species, with the oxidized
SMOB (black), NADH — FAD,, charge-transfer complex (CT-1)
(red), NAD* — FADH™ charge-transfer complex (CT-2) (blue), and
reduced SMOB (purple). The CT-2 spectrum was corrected for the
contribution of oxidized FAD absorbance by subtracting a spectrum
corresponding to 1.4 yM SMOB—FAD,, from the final spectrum
recorded at 1 s. The inset shows the equilibrium titration of SMOB—
FAD,, with NAD". The line represents the best hyperbolic fit through
the CT-2 absorbance data recorded at 750 nm as a function of titrating
SMOB-FAD,,, with increasing concentrations of NAD" at 15 °C;
fitting gives a Ky value of 356.3 + 71 uM.

formation of CT-2 were studied by rapidly mixing oxidized
SMOB with stoichiometric NADH and varied amounts of
NAD" (Figure 3B, inset). The rate of hydride transfer is only
modestly affected by the presence of NAD* (k=43 + 1.7 s7")
compared to rates observed without NAD" present (k = 48.7 +
1.1 s7"). The apparent lack of competition indicates that NAD*
binding must be significantly weaker than that of NADH to
SMOB—FAD,,. The spectra of SMOB corresponding to the
CT-1 kinetic intermediate and CT-2 state are presented in
Figure 3C.

dx.doi.org/10.1021/bi400763h | Biochemistry 2013, 52, 6063—6075
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Figure 4. Reduction and oxygen reactions of SMO components monitored at 340 nm. NADH oxidation monitored at 340 nm along a 0.1 cm path
length at 15 °C for 1 s (A) and 10 s (B) of 45 uM SMOB with 250 uM NADH (red) in the presence of 48 uM NSMOA (blue), and 48 uM

NSMOA and 125 uM styrene (purple).

Reduction and Oxygen Reactions of SMO Monitored
at 340 nm. The kinetics of SMOB—FAD,, reacting with
NADH in the presence and absence of equimolar NSMOA
monitored at 340 nm are shown in Figure 4. At this wavelength,
oxidized and reduced spectra of FAD bound to SMOB are
nearly isosbestic, but the oxidation of NADH to NAD" occurs
with a decrease in molar absorptivity (€34 ym = 6220 M™!
cm™') (Figure S1). In the reaction of SMOB—FAD,, with
NADH and O, (Figure 4A), the initial exponential drop in
absorbance at 340 nm corresponds to the oxidation of NADH
in the first turnover. The observed rate of this reaction matches
that of the transformation of SMOB—FAD,, to SMOB—FAD,,
by hydride transfer monitored at 450 nm (Figure 3C, inset) and
is not dependent on NSMOA or styrene. The single-turnover
reaction is followed by a subsequent period of steady-state
NADH oxidation. For the steady-state reaction of SMOB—
FAD,, with NADH and O,, the initial rate of NADH oxidation
proceeds with an observed rate constant of 0.997 + 0.002 s/,
corresponding to the rate-limiting kinetics of reoxidation of the
reduced FAD by molecular oxygen. When equimolar SMOB—
FADy,, and NSMOA are reacted with NADH and O,, the result
is markedly different. Under these conditions, the single-
turnover kinetics of the SMOB reduction reaction are
immediately followed by a much slower steady-state oxidation
of NADH with an observed rate constant of 0.0763 + 0.001
s, corresponding to the rate-limiting decomposition of the
NSMOA peroxide intermediate in the absence of styrene.*> For
reactions including NSMOA and styrene, the SMOB-catalyzed
hydride-transfer reaction is followed by the steady-state
epoxidation reaction limited by the rate constant for hydroxy-
FAD dehydration (0.819 + 0.001 s!).** This reaction
continues until the limiting reagent, styrene, is consumed,
and it then enters a final steady-state phase with a reaction rate
that closely parallels the kinetics observed in the rate-limiting
decomposition of the NSMOA peroxide intermediate in the
absence of styrene.””

Single-Turnover Kinetics of the Epoxidation Reaction.
To study the SMO epoxidation mechanism, matched
concentrations of NSMOA and SMOB—FAD,, were rapidly
mixed with 35 yM NADH and 250 yM styrene in the stopped-
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flow instrument. Kinetics were monitored by absorbance at 450
nm and by fluorescence emission at 520 nm (Figure S). The
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Figure 5. Coupled FAD reduction and styrene epoxidation reactions
monitored by fluorescence. Ten micromolar SMOB and 10 M
NSMOA were reacted with 35 uM NADH and 250 uM styrene at 15
°C. The fluorescence was excited at 382 nm, and the emission was
monitored at 520 nm (red); the same reaction was also monitored by
absorbance at 450 nm (blue). The increase in fluorescence
corresponding to FAD C(4a)-hydroxide formation was fit with a
rate constant of 49.7 + 0.25 s™!, whereas the decrease in absorbance at
450 nm corresponding to FAD reduction was fit with a rate constant
of 50.02 + 1.72 57",

lines passing through the data points represent the best
exponential fits of the observed data. The absorbance data,
which represents the hydride-transfer reaction from NADH to
FAD, were fit with a rate constant of 50.0 + 1.7 s~ The
fluorescence data, however, are more complex. The decrease in
fluorescence during the first phase represents the FAD-
reduction reaction (k = 49.0 + 0.7 s™'). This is followed by
an opposing increase in fluorescence, corresponding to the

dx.doi.org/10.1021/bi400763h | Biochemistry 2013, 52, 6063—6075



Biochemistry

formation of the highly fluorescent C(4a)-hydroxy-FAD
intermediate as a product of the epoxidation reaction. The
observed rate constant for this step (49.7 + 0.3 s™') is
indistinguishable from the hydride-transfer reduction reaction.
This implies that the net rate constant for the subsequent FAD
transfer, peroxide formation, and styrene epoxidation reactions
must be faster than, and are therefore limited by, the rate
constant for the hydride-transfer step.

Electron Transfer from SMOB—FAD,,, to Cytochrome
C. Single-turnover studies were conducted to evaluate the
potential of pyridine nucleotides to gate the kinetics of FADy,
dissociation from SMOB—FADy, and the subsequent cyto-
chrome c reduction reaction (Figure 6). In the reaction of

0.8 e

06 |

550

04l

0.001
Time /' s

Figure 6. Electron transfer from SMOB pyridine nucleotide complexes
to cytochrome c. The reactions shown were initiated by rapid mixing
in the stopped flow. Curves passing through the data represent the
best exponential fits through the absorbance data recorded at 550 nm.
The reactions of 25 uM reduced SMOB—NADH complex prepared by
anaerobic titration of 70 yM NADH with 30 yM oxidized cytochrome
c (blue) and 18 M oxidized SMOB with 400 uM NADH and 30 uM
cytochrome c (red) were fit with monoexponential (k = 30 s™') and
biexponential (k;, k, ~50 s™) functions. The inset shows the best
monoexponential fit through data from the reaction of 5 uM oxidized
cytochrome ¢ with 25 yM reduced SMOB—NAD" complex prepared
by anaerobic titration with stoichiometric dithionite and 3 mM NAD*
(k=13.65s7).

SMOB—-FAD,, with NADH and cytochrome c, the kinetics of
the electron transfer were observed to be monophasic,
independent of NADH concentration, and limited by the
hydride-transfer rate constant (50 s™'). When an NADH-
SMOB—-FAD,, complex is prepared by titrating SMOB—FAD,,
with a molar excess of NADH and then rapidly mixing with
oxidized cytochrome c in the stopped flow, the cytochrome c¢
reduction kinetics remain monophasic but proceed more
slowly, with an observed rate constant of 30 s™. The inset in
Figure 6 shows the reaction of the NAD'—SMOB—FAD,
pyridine nucleotide complex prepared by first titrating an
anaerobic solution of SMOB—FAD_, and 3 mM NAD" with
dithionite and then rapidly mixing in the stopped flow with
oxidized cytochrome ¢ and 3 mM NAD". This reaction also
proceeds with monophasic exponential kinetics, but it does so
more slowly, with an observed rate constant of 13.6 s,
When SMOB—FAD),, prepared by titration with dithionite is
reacted with cytochrome ¢, the kinetics are best fit using a
biphasic exponential function (k; = 46.3 + 3s ' and k, = 62 +
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3.1 s7') (Figure 7). The kinetics were observed to be
independent of concentration over the investigated exper-

02 :
0.001

Figure 7. Electron transfer from dithionite-reduced SMOB to
cytochrome c. Reaction of 13 yM SMOB (prepared by reduction
with dithionite) with 22.8 (blue) and 84.5 uM (red) cytochrome c.
The best biexponential fits through these data give k; = 46.3 + 3.0 s™"
and k, = 6.2 + 3.1 s™". The traces passing through the data represent
the results of numerical integration of the model described in the text
and Figure S4.

imental range of cytochrome ¢ concentration (10—-85 uM).
Simulations of the cytochrome c reduction reaction by SMOB—
FADy, suggest that only submicromolar amounts of semi-
quinone accumulate during the reaction (Figures S3 and S4).
This is in agreement with our observations of cytochrome ¢
reduction in which no spectral features common to semi-
quinone formation (e.g, broad bands at 600—650 nm) are
observed during the reduction reaction.”?

Competition Between NSMOA and Cytochrome c for
FADyg. A series of experiments comparing the kinetics and
extent of reduction of oxidized cytochrome c by free FAD,, and
SMOB—-FAD, in the presence of apoNSMOA were under-
taken to evaluate the mechanism FAD,, transport to the active
site of NSMOA (Figure 8). The best single-exponential fit
through the 550 nm absorbance data corresponding to the
reduction of cytochrome ¢ by FAD, released from SMOB—

0.7 } ]

0.4

0.1 1
Time / s

Figure 8. Competition of NSMOA and cytochrome ¢ for free and
SMOB-bound forms of reduced FAD. A comparison of the reaction
kinetics of 25 yuM SMOB—FAD,,, with 30 uM cytochrome c (blue) or
25 puM FADy, with 30 uM oxidized cytochrome c in the presence
(green) or absence (red) of 30 uM NSMOA.
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Figure 9. Ribbon structure (A) and electrostatic surface map (B) of the SMOB dimer depicting the FAD cofactor-binding site. FAD is colored by
the atom type, where green is carbon, red is oxygen, blue is nitrogen, and orange is phosphate. (C) Packing interactions between SMOB dimers
depicting swapped-cofactor interactions and salt bridges between R100, NO;~, and Ké67.

FADj, indicates a reduction rate constant of ~72 s”'. By
allowing the final absorbance value of 550 nm for this amount
of cytochrome ¢ with an excess of FAD, to represent 100%
reduction, the extent of the reduction reaction when FAD, is
delivered by SMOB was calculated to be 44%. Although the
kinetics of the reaction of free reduced FAD}, with cytochrome
c in the presence of apoNSMOA are too rapid to measure
accurately in the stopped flow, the extent of this reaction was
calculated to be 49.7%. The Berkeley Madonna program was
used to model these data and to estimate the value of the
second-order rate constant for the binding of FADy, to
NSMOA (Figure S3).

Crystal Structure of SMOB. SMOB is a homodimeric
protein with a twofold center of symmetry in which one active
site lies on each face of the molecule (Figure 9). The overall
fold is similar to other flavin reductase family members, such as
PheA2 (1RZ1), which has an rmsd between all Ca atoms of
0.61 A% respectively. The electron density for residues 1—13 of
the N-terminus are not seen in any of the 12 monomeric units
found in the asymmetric unit. Given the position of the first
observable residue on the N-terminus, these residues likely
reside near the FAD/NADH binding pocket. For some (but
not all) monomers, the electron density corresponding to the
loops at positions 38—41, 102—107, and 153—156 is weak,
suggesting both disorder and greater flexibility in these regions.

As a result of crystal packing, each SMOB monomer
participates and shares in the binding of two molecules of
FAD at unique sites on the same face of the protein (Figure 9).
The isoalloxazine ring occupies the cofactor-binding site of one
molecule, whereas the adenine and ribose rings of the same
FAD occupy the active site of an adjacent SMOB subunit
belonging to a different molecule. The swapped cofactor
interactions and protein—protein packing are further stabilized
by a nitrate ion, which binds between the adenine and
isoalloxazine rings and acts as an electrostatic cross-linker
bridging Argl00 in one protein subunit and Lys67 in the other

(Figure 9).
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The comparisons between SMOB and PheA2, the closest
homologue for which a structure is known (39% identity),
indicate that the FAD cofactor binds differently in these
structures (Figure 10). In PheA2, the adenosine, ribose, and
phosphate groups of FAD interact with a small cleft on the side
of each subunit that is formed by a loop corresponding to
residues 84—92, which are analogous to residues 94—102 in
SMOB. In SMOB, this loop adopts a more open conformation
and is generally more disordered, as judged by the weaker
electron density and higher temperature factors (32.4 A* for the
loop vs 16.0 A* for the overall structure excluding water
molecules). The residues in this region of the protein are not
well conserved among homologous flavin reductases (Figures
10 and SS). Given the high structural similarity between SMOB
and PheA2, however, it is possible that under physiological
conditions FAD binds to SMOB in a configuration similar to
the one observed in PheA2.

The NADH binding site lies adjacent to the FAD cofactor-
binding site. The adenine and ribose rings of the swapped FAD
are bound such that the adenine C6 amine is oriented toward
the core of the protein. In the NADH-soaked PheA2 (1RZ1)
structure, the adenine ring of NAD" binds at a similar position,
albeit in a different configuration such that the C6 amine faces
toward the surface and N3 orients toward the center of the
protein. This orientation is accommodated because the
nicotinamide ring rotates to occupy the space between the
adenine and isoalloxazine rings such that the aromatic rings 7
stack. In SMOB, nitrate occupies the same position as the
NAD" nicotinamide group in PheA2.

B DISCUSSION

Redox-Linked FAD-Binding Equilibria Drive FAD
Exchange in SMO. Efficient catalysis by SMO is facilitated
by a set of FAD-binding equilibria that are well tuned for flavin
exchange between the reductase and epoxidase components
(Scheme 1). NSMOA has a 5-fold higher affinity for reduced
FAD than does SMOB, and this allows for a concerted vectoral
delivery of reduced FAD from SMOB to NSMOA. Likewise,
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Figure 10. Comparison of SMOB and PheA2 crystal structures. (A)
Overlap of SMOB (pink) and PheA2 (gray) depicting differences in
FAD binding and in the orientation of the residues on SMOB loop
94—102 (arrow). The SMOB and PheA2 FAD cofactors are depicted
as blue and yellow sticks, respectively. (B) Model for NADH binding
to SMOB at the substrate-binding site. The atoms are colored by type,
as described in Figure 9, except that FAD and NAD" carbons are
colored yellow and pink, respectively. An electrostatic surface of the
cofactor and substrate binding sites is depicted, where blue and red
represent the regions of positive and negative charge, respectively. (C)
FAD (green) from a neighboring SMOB molecule in the unit cell
binding at the substrate site in the SMOB structure. Surfaces and atom
types are depicted as in Figure 2B.

SMOB has a 10-fold higher affinity for oxidized FAD than does
NSMOA, and this allows for the efficient return of FAD to
SMOB during catalysis.*®

Steady-state kinetic studies conducted at enzyme concen-
trations in the submicromolar range suggest that at low FAD
concentrations apoSMOB reacts in a sequential ordered
mechanism, with NADH as the leading substrate.”**° In the
present work, we were unable to complete single-turnover
studies monitoring the reactions of apoSMOB or the SMOB—
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NADH complex with FAD,, because of the tendency of these
forms of SMOB to aggregate when prepared in the tens of
micromolar range required for stopped-flow studies. We
speculate that NADH binding further assists in recycling
oxidized FAD back from NSMOA to the active site of SMOB.
We find that NADH binds rapidly to SMOB—FAD, and forms
the CT-1 charge-transfer intermediate in the dead time of the
stopped-flow instrument followed by a much slower hydride-
transfer reaction (Figure 3 and Scheme 2). The kinetics of CT-
1 formation when NADH functions as the leading substrate are
expected to be similarly rapid compared to the subsequent
kinetics of hydride transfer.

Interaction of SMOB with NSMOA. In the single-turnover
reaction of SMOB with NADH, no detectable NAD* —
FADH™ charge-transfer intermediate (CT-2) accumulates
(Figure 3A). This indicates that the hydride-transfer reaction
from NADH to FAD,, is followed by the rapid dissociation of
NAD". Essentially identical reduction kinetics are observed in
the presence of NSMOA (Figure S) or cytochrome c (Figure
6), which suggests that NSMOA does not interact significantly
with SMOB in the reductive half reaction (Scheme 2).

NSMOA competes effectively with cytochrome ¢ for FADy,
supplied by SMOB. Once sequestered in the active site of
NSMOA, FAD,, reacts with oxygen to form a stable C(4a)-
hydroperoxide intermediate.””** The FAD-peroxide intermedi-
ate of NSMOA not only poises the SMO system to react with
styrene but also acts as a molecular chaperone to maintain
SMOB in an active, folded state as it awaits the return of FAD,,
from NSMOA (Figure S2). In this state, FAD is unavailable to
react further with SMOB, and the FAD reduction reaction is
effectively stalled as the steady-state rate of NADH oxidation
becomes limited by the slow kinetics of hydrogen peroxide
elimination from NSMOA—FADyoy. This mode of catalysis is
closely aligned with that reported for the two-component
system involved in actinorhodin biosynthesis and is quite
different from that reported for phenol hydroxylase in which
the flavin reduced by hydride transfer provides electrons to a
second flavin, which subsequently migrates to the active site of
phenol hydroxylase.>**

The fluorescent C(4a)-hydoxyFAD product of the NADH-
catalyzed epoxidation reaction of SMO forms with an observed
rate constant of ~50 s~'. This implies that the kinetics of the
epoxidation reaction are rate limited by the proceeding kinetics
of the reduction reaction. In the absence of SMOB, NSMOA—
FAD oy reacts with styrene at 15 °C and pH 7 to form styrene
oxide at only 30 s7.>* The increase in the observed rate
constant of the oxygen reaction in the presence of SMOB to a
value limited by the hydride-transfer reaction (Figure $)
suggests that the interaction of SMOB with NSMOA may be
responsible for accelerating the kinetics of the styrene
epoxidation reaction and thus may help explain the observation
that the reaction efficiency is higher than that of a purely
diffusive mechanism. These reactions, excepting the previously
reported kinetics of NSMOA—FAD,,, reacting with oxygen and
styrene,22 are given in Scheme 2.

By modeling the kinetics of the competitive, parallel
reactions of rapid electron transfer from FADy, to cytochrome
c and FAD,,, binding to the active site of NSMOA, we find that
only 50% of the total available oxidized cytochrome c is
reduced. This indicates that apoNSMOA is highly competitive
with cytochrome ¢ for the free reduced FAD. By modeling
these reactions, we were able to calculate an estimate of the
second-order rate constant for FAD,, binding to NSMOA to be
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Scheme 2. Proposed Model of Experimental Results from Electron-Transfer, FAD-Transfer, and Oxygen Reactions of SMOB*
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“ In the reductive half reaction of SMOB, CT-1 forms rapidly in the dead time of the instrument. Following hydride transfer (49 s™'), NAD" rapidly
dissociates to generate the T state of SMOB. In NADH-catalyzed reactions, styrene epoxidation is rate limited by the kinetics of the preceding
hydride-transfer reaction that yields the T-state intermediate. FADy dissociates from the T state of SMOB—FADy at ~58 s7". A second, slower
kinetic phase is thought to be limited by the rate constant for the conversion of the S state to the T state (~6.8 s™!). Pyridine nucleotide complexes
of SMOB—FAD,,  prepared by equilibrium titration are gated by the dissociation of NAD" (13 57") or NADH (30 s™") in steps that are coupled to S-

to T-state isomerization.

8.7 X 107 M~ 57! a value that is near the diffusion limit and
fully consistent with the kinetics of turnover (Figure S3). This
second-order rate constant may be used together with the
dissociation equilibrium constant of reduced FAD from
NSMOA~FAD,, (Ky = 210 nM) to calculate an estimate of
dissociation rate constant of the FADy, (k ~18.2's™") (Scheme
2).

In studies of the efliciency of flavin transport from SMOB—
FADy, to NSMOA in the presence of oxidized cytochrome c,
the extent of cytochrome c reduction is 6% lower than that
observed in the reaction of cytochrome c with the same
concentration of free FAD,, in the presence of NSMOA
(Figure 8). This suggests that the complex formed between the
reductase and epoxidase limits the access of cytochrome c to
the reduced FAD},.

Sequestered and Transfer States of FAD in SMO
Catalysis. In the absence of NSMOA, cytochrome c is reduced
completely in a reaction that occurs with biphasic kinetics
(Figure 7). This switch from a rapid monophasic reduction
reaction in the presence of NSMOA to a slower biphasic
reaction in the absence of NSMOA suggests that the protein—
protein interaction between NSMOA and SMOB may help to
reposition the reductase-bound FAD from a less reactive,
sequestered state (S state) into an exposed configuration (T
state) that allows for facile flavin dissociation and electron-
transfer reactions (Scheme 2).

When pyridine nucleotide complexes prepared by equili-
brium titration of SMOB—FADy,, with NAD" or NADH are
reacted with cytochrome ¢, the reduction reactions are
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monophasic (Figure 6). In these reactions, FAD;, can be
modeled as being bound in a sequestered (S state) pyridine
nucleotide complex such that access to the bound FAD,, is
gated by the dissociation kinetics of the bound pyridine
nucleotide (Scheme 2). The 7 stacking of the isoalloxazine,
nicotinamide, and adenosine rings may contribute to the S-state
stabilization. The movement of the flavin into the T state may
be mechanistically driven by breaking the 7-stacking interaction
when NAD" dissociates. The rapid monophasic kinetics
observed in both the cytochrome ¢ reduction and the styrene
epoxidation reactions are consistent with a model in which the
dissociation of NAD" after hydride transfer is coupled to the
rapid accumulation of the T-state intermediate followed by
slower equilibration between the T-state and S-state config-
urations of FADy,, (Scheme 2).

When SMOB—FAD),, prepared by titration with dithionite is
reacted with cytochrome c, the kinetics of cytochrome c
reduction are biphasic (Figure 7). The observed kinetics could
represent either parallel or sequential electron-transfer reactions
to cytochrome c. However, in considering the observed gating
mechanism of bound pyridine nucleotides in the reductive half
reaction, we favor the sequential model, as presented in Scheme
2. In this model, the SMOB-bound fraction of FADy,
equilibrates in the absence of pyridine nucleotides between
the sequestered (S state) and exposed (T state) configurations
similar to those occurring after the pyridine nucleotide-gated
reduction reaction. We propose that the rapid initial phase of
the cytochrome c reduction reaction is rate limited by the
kinetics FAD,q dissociation from the T-state configuration and
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that the second reaction phase is rate limited by the slower
kinetics of the isomerization of FAD;, from the S-state
configuration to the T-state configuration. Rate constants
provided in Scheme 2 were estimated by numerical simulation
(Figures 7 and S4).

Structural Insight into the Mechanism of FAD
Interaction. In the crystal structure of the SMOB dimer, the
isoalloxazine ring system of the bound FAD is positioned in the
active site of each symmetry-related monomer in a config-
uration similar to that previously observed in the structures of
the PheA2 and 4-hydroxyphenylacetate-3-monoxygenases>"*’
(Figure 10). We consider this type of structure with the
sequestered isoalloxazine to be a good working model for the S
state of the FAD detected in our kinetic studies (Scheme 2).

The symmetry-related SMOB dimers in the crystallographic
unit cell are juxtaposed, with their active sites in close proximity
and facing each other. Interdimer crystal-packing interactions
occur between the adenosine moiety of each bound FAD and
the amino acid side chains of the symmetry related, juxtaposed
dimer (Figure 9C). These contacts, together with additional
interactions of the FAD with bound nitrate ions, contribute to
the unique adenosine ring orientation observed in the structure
of SMOB. With due regard to the bias that these interactions
may impose, it is interesting to consider how flavin binding
modes similar to those observed in the SMOB structure could
be mechanistically relevant.

An outstanding feature of the SMO system is how the
epoxidase is FAD specific, whereas the reductase is able to react
with riboflavin, FMN, or FAD with very little substrate
specificity.”**° In light of these interactions, it was previously
hypothesized that a reduced FAD-transfer complex could
involve an FAD-bridged structure of SMO in which the AMP
moiety of FAD interacts with NSMOA and the reduced
isoalloxazine moiety of the FAD interacts with SMOB.*® It is
interesting to review this idea in light of the new data presented
here. In accordance with the originally proposed mode for FAD
transfer,26 the adenosine ring system in the SMOB structure is
quite solvent accessible (Figure 10A). This would potentially
allow NSMOA access to interact with the adenosine of the
FAD while the reduced isoalloxazine ring system remains
bound to SMOB. It is further possible that during catalysis, the
transfer of reduced FAD to NSMOA is coordinated with the
return of oxidized FAD to SMOB following the elimination of
water from the C(4a)-hydroxyFAD intermediate.

An alternate interpretation is that the structure of SMOB
shown in Figure 10C with the isoalloxazine ring system
extending away from the reductase dimer may be similar to the
kinetically modeled T-state configuration of SMOB-bound
FAD (Scheme 2). Our studies of the reductive half reaction
indicate that formation of the T state is coupled to the
dissociation of NAD" and the increased accessibility of FADj,
to both NSMOA and cytochrome c. Both of these experimental
observations are consistent with this structure. The adenosine
ring system of the FAD occupies a significant fraction of the
pyridine nucleotide-binding site, which we expect to be vacant
following the rapid dissociation of NAD" following the hydride-
transfer reaction. This orientation further positions the
isoalloxazine ring system so that it can extend away from
SMOB in a way that may facilitate interaction with and transfer
into the FAD-binding pocket of NSMOA.>

Using the structures of SMOB and NSMOA, transient
SMOB—NSMOA complexes were modeled to investigate the
potential configurations that would allow for protected FADy,
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transfer. The SMOB electrostatic surface at the cofactor- and
substrate-binding pockets is relatively positive. Similar calcu-
lations of the NSMOA surface also show regions of positive
charge. At first glance, one would think that this precludes a
direct interaction between SMOB and NSMOA; the SMOB
crystal packing, however, indicates that such an interaction may
be possible as long as the substrate and its negatively charged
phosphates can be presented to NSMOA. As an additional
consideration, the 11 N-terminal amino acids of SMOB, which
were disordered in the structure but seem to localize near the
FAD and NADH binding site on the basis of the position of the
first observable residue, may also participate in facilitating the
stabilization of this complex.

Further structural data will be needed to resolve more
definitively the configuration of the FAD involved in the FAD
transfer and other complexes formed by SMOB and NSMOA
in the styrene epoxidation reaction.
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