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ABSTRACT. p-Hydroxyphenylacetate hydroxylase (HPAH) frofitinetobacter baumanniatalyzes the
hydroxylation ofp-hydroxyphenylacetate (HPA) to form 3,4-dihydroxyphenylacetate (DHPA). HPAH is
composed of two proteins: a flavin mononucleotide (FMN) reductasg d@d an oxygenase £ C;
catalyzes the reduction of FMN by NADH to generate reduced FMN (FMNidr use by G in the
hydroxylation reaction. Cis unique among the flavin reductases in that the substrate HPA stimulates the
rates of both the reduction of FMN and release of FMNirfbm the enzyme. This study quantitatively
shows the kinetics of how the;®ound FMN can be reduced and released to be used efficiently as the
substrate for the £reaction; additional FMN is not necessary. Reactions in whiglis@apidly mixed

with solutions containing G-FMNH™ and G are very similar to those in which solutions containing O
are mixed with one containing the,€FMNH~ complex. This suggests that in a mixture of the two
proteins FMNH binds more tightly to @ and has already been completely transferred id&fore it
reacts with oxygen. Rate constants for the transfer of FMNidm C; to C, were found to be 0.35 and
>74 s1in the absence and presence of HPA, respectively. The reduction of cytochrioynEMNH"-

was also used to measure the dissociation rate of FMRbim C;. In the absence of HPA, FMNH
dissociates from Cat 0.35 s, while with HPA present it dissociates at 80'sthese are the same rates

as those for the transfer fromy @ C,. Therefore, the dissociation of FMNHrom C; is rate-limiting in

the intermolecular transfer of FMNHfrom C; to C,, and this process is regulated by the presence of
HPA. This regulation avoids the production 0f®4 in the absence of HPA. Our findings indicate that no
protein—protein interactions betweem, @nd G are necessary for efficient transfer of FMNHetween

the proteins; transfer can occur by a rapid-diffusion process, with the rate-limiting step being the release
of FMNH™ from G;.

In the past decade, many two-component monooxygenasesncluding monooxygenation gd-hydroxyphenylacetate3¢
have been identified and studied R). The enzymes of this  5), phenol 6, 7), chlorophenol §), 2,4,6-trichlorophenol9),
class, which are comprised of reductase and monooxygenas@yrrole-2-carboxylate10), styrene 11, 12), p-nitrophenol
components, are involved in a wide variety of reactions, (13), nitrilotriacetate {4), ethylenediaminetetraacetic acid
(EDTA) (15), alkane sulfonatel@), and aldehyde (bacterial
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nas aeruginosg?27), Escherichia coliW (4, 28), and A.
baumannii(3, 29—31). Interestingly, although catalyzing the
same reaction, the enzymes fall into two distinct types: the
reductases frork. coliandP. aeruginosare dimers of 18

22 kDa monomers, while those frof baumanniiand P.
putidaare dimers of 3436 kDa monomersl( 3—5). The
reductase component {Cof HPAH from A. baumanniiis
isolated with one flavin mononucleotide (FMN) bound per
subunit; its function is to provide the reduced FMN
(FMNH"™) required for G to hydroxylate HPA 8, 29). Our
previous studies showed that the binding of HPA allosteri-
cally stimulates the reduction of the;-Gound FMN by
reduced nicotinamide adenine dinucleotide (NADBD)(

This property has not been observed in the HPAH reductases

from eitherE. coli (4) or P. aeruginosd27). The oxygenases
from E. coli and P. aeruginosaare dimers of 59 kDa
monomers, while the oxygenase frofM baumaniiis a

tetramer of 47 kDa monomers. When amino acid sequences
of the reductases and oxygenases are compared, it is clear

that the two types of HPAH do not have a common origin
(29). Although the different types of HPAH catalyze the same
reaction, they have significant differences in the details of
the mechanisms involved.

Thermodynamic data, including redox potentials &xd
values, imply that apofbinds to FMNH" less tightly than
to oxidized FMN and that the binding to FMNHs even
weaker in the presence of HPAQ). Our earlier investiga-
tions in which the rate constants for each step of catalysis
were determined for the reactions of @ith FMNH™, HPA,
and Q [Figure 1 B1)] demonstrated preferential random-
order interactions, with £binding FMNH- first and then
usually Q, followed by HPA. G was shown to bind tightly
to FMNH™ (K4 for C;—FMNH™ ~ 1.2 uM), contrasting with
its much weaker binding to oxidized FMN{ = 250+ 50
uM) (31). The rate of the reaction to form the C(4a)-
hydroperoxy-FMN (the hydroxylating intermediate) when C
is 20uM, FMNH™ is 10uM, and G is 120uM is 185 st
either when a mixture of £and FMNH" is mixed with a
solution containing @or when a solution containing@nd
O, is mixed with one containing FMNH Therefore, the
formation of the G=FMNH~ complex is very rapid, much
greater than the 185 srate to form the C(4a)-hydroperoxy-
FMN (31) (Figure 1). This suggests that it is possible that
C;-bound FMN, after being reduced by NADH, could be
released from Cand transferred to the active site of Ga
diffusion without requiring specific proteifprotein interac-
tions between the two components.

Flavin transfer between components in this enzyme class
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Ficure 1: Kinetic mechanism of the oxygenase componen) (C
of HPAH from A. baumanii(31).

has been presented. Here, we report results from kinetics
studies of the reactions involving;@nd G under steady-
state and single-turnover conditions and compare these results
to the known kinetics of the individual componens§,(31).

Our results clearly indicate that FMNHcan be delivered

to the active site of £equally well, whether from Cor
directly from solution. The kinetics of transfer of FMNH
from C; to G, by diffusion can quantitatively account for
catalysis. Thus, it is not necessary to form any complex
between @ and G during the catalytic hydroxylation
reaction. Although complexes may form under some condi-
tions, no tight complexes were detected in this work. In
addition, we have shown that the-€C, system can function
efficiently without added FMN, implying that the flavin can

has been investigated in several systems, and the answerSnutte back and forth between the two proteins during

obtained are diverse, e.g., simple flavin diffusion Eorcoli
HPAH (4, 28), complex formation for bacterial luciferase
(32,3) and alkane sulfonate monooxygena34 35), and

a combination of diffusion and complex formation for styrene
monooxygenasel@). However, no quantitative information
as to how simple diffusion can be effective in these systems

1 Abbreviations: HPAp-hydroxyphenylacetate; HPAHp-hydroxy-
phenylacetate hydroxylase; DHPA, 3,4-dihydroxy-phenylacetate; FNMINH
reduced flavin mononucleotide; Geductase component of HPAH from
A. baumannii C,, oxygenase component of HPAH frofn baumannii
C,—FMN, complex of G and oxidized FMN; G—FMNH"~, complex
of C; and reduced FMN; £&-FMNH"HPA, complex of G=FMNH~
and HPA,; cytc, cytochromec.

catalysis.

MATERIALS AND METHODS

Reagents NADH, flavin adenine dinucleotide (FAD),
glucose, and glucose oxidase were from Sigma. FMN was
obtained by conversion of FAD to FMN by snake venom
from Crotalus adamanteug36). Concentrations of the
following compounds were determined using known extinc-
tion coefficients at pH 7.0: NADHgz40= 6.22x 10° M1
Cm_l; FAD, €450=11.3 x 1M1 Cm_l, FMN, €446=12.2
x 108 M~ cm L, HPA, €277 = 1.55 x 168 M~ cm? (3);
Cytochromec (cyt ¢) (reduced-oxidized forms),Aesso =
21 x 108 M~tcm™ (37). C; and G used in this study were
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cloned, expressed, and prepared as previously descbed ( Table 1: Initial Rates of Product (DHPA) Formation Measured in

29). The concentration of £was estimated from the
extinction coefficientessg = 12.8 x 10 M~ cm™%, and the

Steady-State Kinetiés

- . initial rate® initial rate® initial rate®
concentration of gwas from the value (on the basis of the added (uM s (M s (M s
amino acid sequence)g,= 5.67 x 10* M~ cm™ (30, 31). [FMN] (2uMCiand  (4uMCiand  (2uM C;and

Spectroscopic StudieblV—vis absorbance spectra were (M) 4uM Cy) 4uM Cy) 2uM Cy)
recorded with a Hewlett-Packard diode array spectropho- 0.0 3.9 3.7 35
tometer (HP 8453A) or a Shimadzu 2501PC spectropho- 1.0 3.8 3.7
tometer. Fluorescence measurements were carried out with ~ 29 3; gg
a Shimadzu RF5301PC spectrofluorometer. All spectral 8.0 34 34
instruments were equipped with thermostated cell compart-  16.0 3.2 31

ments. aReactions were carried out by mixing a solution containingu@l
Rapid Reaction Experimentsll reactions were carried  C, (as indicated) and 100M HPA with buffers containing 8Q:M

out in buffer A: 50 mM sodium phosphate buffer at pH 7.0 NADH with or without free FMN in 50 mM sodium phosphate buffer

and 4°C, unless otherwise specifed. When appropriste, %0610 5 1 sovpec low specun e, oy,

solutions were madg anaeroplc by eqL.JIIIb.ratllflg with oxygen- BHP}’-( into the ye)ql%w 5-Carboxymethyl-2-hydroxymucona){e semial-

free argon as described earli&d). Rapid kinetics measure-  gehyde that can be monitored at 420 r8 @ calibration curve using

ments were performed with Hi-Tech Scientific stopped-flow authentic DHPA was used to correlate the absorbance at 420 nm to

spectrophotometers, model SF-61DX in double-mixing mode the concentration of DHPA formed Values are from three replica,

or model SF-61SX in single-mixing mode. Optical path and errors are less than 5%.

lengths of the observation cells were 1 cm. The stopped-

flow instrument was made anaerobic by flushing the flow RESULTS

system with an anaerobic solution consisting of 400

glucose, 1 mg/mL glucose oxidase (15.5 unit/mL), and 4.8  Steady-Steady Kinetics in the Presence 0@l G. Most

ug/mL catalase in 50 mM sodium phosphate buffer at pH steady-state kinetics studies of the two-component flavin-

7.0. An anaerobic glucose/glucose oxidase solution wasdependent hydroxylases have been carried out with flavin

allowed to stand in the flow system overnight, and the flow in great excess over the two enzymes. If the reductase used

unit was then thoroughly rinsed with anaerobic buffer prior Was to have a high catalytic turnover rate compared to the

to experiments. oxygenase (which is usually the case), the excess free

Apparent rate constants from kinetic traces were calculatedreduced flavin produced could react with @nd lead to

from exponential fits using KinetAsyst 3 software (Hi-Tech
Scientific, Salisbury, U.K.) or program A (written at the
University of Michigan by Rong Chang, Jung-yen Chiu, Joel
Dinverno, and David P. Ballou). FMN (alone or in complex
with either G or C,;) was reduced anaerobically in a
tonometer with dithionite{5 mg/mL stock solution in 100
mM potassium phosphate buffer at pH 7.0) delivered
anaerobically from a syringe prior to reactions with i@

considerable KD, (and even superoxide). This would result
in the overall hydroxylation being poorly coupled to the use
of NADH. We have carried out experiments here to test
whether excess FMN is necessary or whether the FMN that
is bound to the reductase {)Cas isolated is sufficient for
efficient catalysis. Steady-state survey kinetics usindv

C1, 4 uM C,, 200 uM NADH, 120 uM HPA, and various
concentrations of free FMN were monitored by measuring

the stopped-flow apparatus. Reduction reactions were moni-the NADH consumption at 340 nm in the stopped-flow

tored spectrophotometrically. Buffer solutions containing

instrument. It was observed that when the added FMN

various concentrations of oxygen were prepared by bubbling concentration was decreased from 1 to Qu04, the initial

solutions with mixtures of certified nitrogen and oxygen.
Gel-Filtration Chromatography To Assess Affinities gf C
to FMN and FMNH . The affinity of the G active site for
FMN was investigated by passing solutions of 31
oxidized G in the presence of 20@M HPA through a
Sephadex G-25 gel-filtration column (1>4 11 cm) previ-
ously equilibrated with 50 mM sodium phosphate buffer at
pH 7.0, 1 mM dithiothreitol (DTT), and 0.5 mM EDTA at

rate only changed from 21.7 to 8:8V/s, less than 3-fold
(data not shown). We also carried out reactions containing
100 uM HPA, 80 uM NADH, and various concentrations
of free FMN (1, 2, 4, 8, and 16M) to test whether product
formation was stimulated by added FMN. The initial rate of
formation of DHPA was measured using 3,4-dihydroxyphen-
ylacetate dioxygenase to convert the product to the highly
colored 5-carboxymethyl-2-hydroxymuconate semialdehyde,

25°C. This procedure was used to separate free FMN from which is easily detected (see Table B).(The addition of

enzyme-bound forms. In other experiments 82 reduced
C,, either with or without 20(«tM HPA was similarly passed

through the same Sephadex G-25 gel-filtration column.

NADH (1 mM) was included in the equilibration and elution
buffers to maintain the FMN in the reduced state. The flow
rate for elution was 1.5 mL/min. Fractions of 1.5 mL were

collected from the column and left at room temperature for

about 30 min until the reduced flavin (colorless upon elution)
became fully oxidized (yellow) before analysis. Each of the

free FMN did not increase the initial rate of product
formation. In fact, the apparent rate seemed to be slightly
smaller at high concentrations of free FMN (Table 1). It
might be noted that at these higher FMN concentrations this
apparent loss of activity could be due to the reduction of
added FMN by the reductase, which would result in decreases
of absorbance at 420 nm that could partially counter the
increase as a result of the formation of the product. Thus, at
this range of concentrations of,@nd G, external FMN is

fractions was monitored for protein and FMN concentrations not needed for catalysis. The flavin initially bound by C
by measuring the absorbance at 280 and 450 nm, respecean function as both a cofactor and substrate fQrRMN
tively. is reduced on ¢ transferred to & where it reacts with @
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and HPA to effect the hydroxylation, and then returns to C
to begin another catalytic cycle.

A steady-state kinetics study with no added FMN was
therefore carried out in buffer A using the stopped-flow
spectrophotometer. Assays containedM C;, 4 uM Cy,
and various concentrations of HPA (10, 20, 40, 80, 100, 120,
140, and 16(M). Because the reaction obEFMNH™ with
0O is very fast, the concentration of,@vas kept at 24@&M
(aerobic), which is likely to be well in excess Kf, for O..

The solutions containing the enzymes and various concentra-

tions of HPA were mixed with 10M NADH, and the
reactions were monitored at 340 nm. All concentrations are
given as after mixing. It was found that HPA concentrations
greater than 12Q:M resulted in substrate inhibition, as
described previously3() and discussed below. Therefore,
subsequent assays used HPA at 10@ and various
concentrations of NADH (10, 20, 40, 80, 100, 120, and 140
uM). Inhibition occurred at NADH concentratiors 100
uM. The apparenV/max was determined to be 4M/s under
these conditions, yielding an apparégt ~ 2 s'* (data not

shown). This value is similar to the apparent rate constant

of 1.8 s’ calculated from single-turnover experiments for
the last phase of the reaction ob-€FMNH~ with these
concentrations of HPA andQOln this last step, the C(4a)-
hydroxy-FMN product formed from the hydroxylation reac-
tion (via ks in Figure 1) loses kD (ks in Figure 1) to form
oxidized FMN @B1). As described below, high concentrations
of HPA trap the C(4a)-hydroxy-FMN to retard its dehydra-
tion to form FMN. Thus, the dehydration of,@G the rate-
limiting step of the overall hydroxylation reaction.

The coupling of product formation to NADH utilization

Sucharitakul et al.

g g T T T T
8 L C“Ol) + HPA -1
< 0.08 |- .
8 0.06 |- c1(red) _
T HPA
E 0.04 1(red)
= \
? 0.02 X
o YT .Y ]
< 0 T,

0 5 10 15 20 25

Fraction number

FiGure 2: Gel-filtration chromatogram of £-FMN(H™) complexes

in the absence and presence of HPA. Procedures are as described
in the Materials and Methods. Under reducing conditions, the initial
applied mixture and the fractions immediately eluting from the
column were colorless, indicating that all of the flavin was reduced
throughout the experiment. All of the protein eluted in fractions
5—8. Therefore, the peak absorbing at 450 nm in fraction 6 indicates
the flavin bound to @ while the fractions including-920 indicate

free flavin. Chromatograms are shown in the solid line for oxidized
C: plus 200uM HPA, a dotted line for HPA-free reduced,Gnd

a line with filled circles for reduced plus 200uM HPA.

in the presence of 200M HPA. Most of the FMN eluted
with C; (holoenzyme), but a small amount of free FMN was
detected, consistent with its slightly weaker binding in the
presence of HPAK4 = 38 nM at 4°C (30)]. The dashed
line is a chromatogram of reduced i@ the absence of HPA,
while the line with filled circles represents a chromatogram
of reduced &in the presence of HPA (2QaM). The reduced
state of G was maintained by including 1 mM NADH in
all buffers. Under reducing conditions, it is clear that a larger
fraction of the flavin separated from the protein than under

was tested under the same conditions as used above for thexidizing conditions, and the presence of HPA resulted in

steady-state kinetics study. The DHPA product was quanti-
fied by high-performance liquid chromatography (HPLC)
analysis using NADH as the limiting substrate, and HPA

most of the FMNH eluting separately from £This suggests
that HPA significantly weakens the binding of FMNHo
C;. In sections below, it will be shown that the binding of

was 120uM. These experiments showed that an average of HPA to G is a key factor controlling the transfer of FMNH

86% of the NADH was used in the hydroxylation of HPA
(data not shown). This value is similar to that determined
from single-turnover reactions-80%) when based on the
amount of reduced flavin used in the reactioB$)(

between the two protein components.

Attempt To Detect a Complex between énd G.
Experiments similar to those in Figure 2 but including C
(32 uM) and using G-100 Sephadex gel filtration were

Overall, the results from the steady-state kinetics studiescarried out to detect any {C, complex that was present

allow us to conclude that (a) no extra FMN (above that in

under various conditions. Any complex should be readily

the reductase) is required for effective catalysis, (b) the ratesdetected by this method becausgi€a dimer of~35 kDa

of product formation are nearly optimal under these condi-
tions, and (c) FMNH is transferred from the reductase to

the oxygenase, with very little being oxidized while free in

solution (i.e., there is good coupling).

Separation of FMN(H) from C, under Equilibrium
Conditions.Experiments were carried out to examine quali-
tatively whether FMNH binds less tightly to €than does
FMN and whether HPA has further effects on this putative
differential binding. G-25 Sephadex gel-filtration chroma-

monomers and £s a tetramer of-47 kDa monomers. Using
oxidizing or reducing conditions, either in the presence or
absence of HPA, no fractions that contained botlafd G
were found (data not shown); therefore, no stable complex
was present.

Evidence that G Binds FMNH More Tightly than G.
Efficient transfer of flavin between the two components
during catalysis requires that FMNHbinds more tightly to
C, (the hydroxylase) than to;Gthe reductase) and that FMN

tography (Figure 2) was used to separate free from boundbinds more tightly to @ A solution containing 1&M C; in

FMN in both oxidized and reduced forms, as described in

buffer A was placed in a cuvette and made anaerobjc. C

the Materials and Methods. The peak centered at fraction 6was reduced with a slight excess of sodium dithionite to
contains all of the protein and therefore indicates the amountensure that the flavin remained reduced during the experi-

of flavin that is bound to € Fractions 9-20 contain free
flavin. When oxidized ¢ (no HPA present) was chromato-
graphed, essentially all of the FMN eluted with the protein
(data not shown), which is consistent with the known tight
binding of FMN to G (Kq = 6 nM at 4°C) (30). The solid
line of Figure 2 represents a chromatogram of oxidized C

ment; reduction of €was monitored spectrophotometrically.
When G was tipped in from a side arm to be at a final
concentration of 2&M, the reduced flavin spectrum became
perturbed as shown in Figure 3A. This perturbed spectrum
is very similar to that when £was added to a solution of
free FMNH- (Figure 3B), strongly suggesting that it is due
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Ficure 3: Evidence for binding FMNH from C, or free in solution

to the G active site. (A) G (16 M) was reduced by a slight excess
of sodium dithionite in an anaerobic cuvette, and its spectrum is
shown as the dotted line. Then; 25 uM final) was added from
the side arm into the cuvette, and the spectrampwas recorded.

(B) This experiment was carried out in the same manner as in A,
but 16 uM of free FMNH~ was used instead of reduced.C

to the binding of FMNH to C,. This conclusion implies
that G binds FMNH" with aKy < that for G. Note that the
solid lines in parts A and B of Figure 3 are not exactly the
same because onty80% of FMNH™ was transferred from
C,; to G under the conditions used in Figure 3A (see
explanation in the next experiment).

Reaction of Reduced;@®lus G with Oxygenlf, in an
anaerobic mixture of Cand G, most of the FMNH is
bound to G, such a mixture would be expected to react with
O, essentially the same as wheni€ not present. Buffer A
containing 15uM C; and 25uM C, was stoichiometrically
reduced with sodium dithionite (see the Materials and
Methods) and then mixed at 4C in a stopped-flow
spectrophotometer with buffer A containing various con-
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FiIGURe 4: Reaction of reduced Cplus G with oxygen. (A)
Anaerobic solution of 1M reduced G and 25«M C, was mixed

in a stopped-flow spectrophotometer with buffer A containing
various concentrations of oxygen. The solid and dotted lines are
traces measured at 385 and 458 nm, respectively, using oxygen
concentrations of 0.13, 0.31, 0.61, and 1.03 mM (right to left). The
inset shows the observed rate constants for the formation of C(4a)-
hydroperoxy-FMN as a function of the oxygen concentration (the
phase from 0 to 10 ms), from which a second-order rate constant
of 1.2+ 0.1 x 10° M~1 s 1 was calculated. (B) Data from similar
experiments as in A using 1.03 mM,@ere recorded at selected
wavelengths between 310 and 550 nm. A spectrum of the C(4a)-
hydroperoxy-FMN intermediate (line with filled circles) was
obtained by plotting the values from the traces at 10 ms. The
spectrum has an absorption peak at 380 nm. The spectrum of
reduced & plus G is shown as the dashed line, while that of the
final oxidized species with FMN bound to,@ shown as the solid
line.

a large fraction of the FMNHhad already been transferred
from C; to G, before the reaction with £

The second phase (6-® s) is indicated by a slight
increase in absorbance at both 385 and 458 nm and was also
dependent upon the oxygen concentration, with an apparent

centrations of oxygen (Figure 4). Concentrations are given bimolecular rate constant 6f340 M~* s™%. This rate constant

in the caption as after mixing in the stopped-flow instrument.
Reactions were monitored at 385 and 458 nm (Figure 4A).

corresponds to the rate of oxidation of reducedddenerate
H.O, (320 Mt s71) (30), indicating that the second phase

Kinetic analysis indicated that the reaction consisted of three was likely due to the oxidation of a small quantity of-€

phases, with the first phase being complete~b§.02 s, the
second phase being complete ©% s, and the third phase
being complete by~200 s. The first phase is shown by an

FMNH™ remaining from the incomplete transfer of FMNH
to C,. The amplitude of this phase at 458 nm suggests that
about 20% of the FMNH was bound to € Given that the

increase of absorbance at 385 nm with no change at 458K for binding FMNH™ to C; is 1.2uM (31), this suggests

nm, indicating the formation of C(4a)-hydroperoxy-FMN
with no formation of oxidized FMN. A plot ok for this

that theKqy for FMNH™ binding to G is likely to be>5 uM.
The third phase, shown by a decrease in absorbance at 385

phase was linearly dependent upon the oxygen concentrationnm and an increase at 458 nm at 0.:370.02 s, was

with a second-order rate constant of #20.1 x 106 M1
s! (inset of Figure 4A). These results are nearly identical
to those for the formation of C(4a)-hydroperoxy-FMN in the
reaction of a complex of £and FMNH (C,—FMNH™) with
oxygen in the absence of,CTable 2 @1)]. This finding is

independent of the oxygen concentration and corresponded
to the rate constant (0.35% observed during the elimination

of H,O, from hydroperoxy-FMN in the reaction of .€
FMNH™ with oxygen in the absence of;(31). Therefore,

the reaction of ¢ plus reduced €with O, is kinetically

consistent with the binding experiment above, suggesting thatnearly equivalent to the reaction of,@Qith C,—FMNH~



8616 Biochemistry, Vol. 46, No. 29, 2007 Sucharitakul et al.

Table 2: Kinetic and Thermodynamic Constants for the Reactions of ReducBtI€G with O, and Reactions of £-FMNH~ Alone (31)2

kinetic or thermodynamic constants reducadis G Co—FMNH~
ks, formation of C(4a)-hydroperoxy-FMN 1.24+0.1x 1M 1s? 1.1+01x 1PM1s?
ks, formation of C(4a)-hydroperoxy-FMN in the presence of HPA 50+ 03x 10°M1s? 48+02x 100Mts?
K¢B, for the reduced enzyme/HPA compfex 123+ 1uM 180+ 3uM
KC, for the enzyme-C(4a)-hydroperoxy-FMN/HPA complex 0.41+0.03 mM 0.35£ 0.03 mM
k4, for the isomerization of the £ C(4a)-hydroperoxy-FMN/ 209+ 4st 208+ 4 st
HPA complex
ks, hydroxylatior®c ~17-22s? ~17-22s?
k7, product releasirfg ~6-9s?t ~6-9s!
ks, dehydration (and release of FMN) 8.3s? 8.3s?

aKinetic constants correspond to the labels in Figuré\alues from single-mixing stopped-flow experimerft¥alues from double-mixing
stopped-flow experiment§.Strongly dependent upon the HPA concentration.

alone, because most of the FMNHhitially bound to G £ 0.2 Ty 0.2 >
had been transferred to, ®efore the reaction with £ g 0.18 015 §
Kinetic traces of the reaction described in Figure 4A using P> -
1.03 mM oxygen were monitored at-30 nm intervals in ol 0.1 0.1 %
the region of 315550 nm. Values at the reaction time of S 0414 ]
0.01 s were used to construct a spectrum of the C4da- -g | 0.05 &
hydroperoxy-FMN intermediate (Figure 4B). The spectrum 2 042 po s | e g°
(filled circles in Figure 4B) is typical for spectra of C(4a)- < PP I ERTLL L P IS 3
oxygenated flavin adducts838—41) and the one observed 0.001  0.01 0.1 1 10
during the reaction of £&-FMNH™ with oxygen @1). Note Time (s)
that because of the incomplete transfer of FMNirtbm C; o

to G, by 10 ms under these conditions, the absorbance of
the intermediate in Figure 4B is less than that from the 0.25
reaction of G—FMNH~ (31) or that shown in the next 0.2
section (Figure 5). When the reaction was complete, the '

Absorbance

absorbance peaks at 375 and 458 nm because of FMN had 0.15 .
resolved shoulders, characteristic of the-bt@und FMN 0.1 -
spectrum (solid line in Figure 4BB( 30), consistent with it 0.05 i

having been transferred back to,,Owhere it can be
re-reduced for subsequent catalytic reactions. 0

300 350 400 450 500 550 600
Reaction of Reduced;CPlus G with Oxygen in the Wavelength (nm)
Presence of HPAThe results above suggested that the . 9 ) .
presence of HPA makes the transfer of FMN#om Cl to Ficure 5: Reaction of reduced 1Q)|us C\Q with oxygen In the

. . : presence of HPA. (A) Anaerobic solution of 18/ reduced G,
C, more favorable. To test this hypothesis, anaerobic buffer 25 M C,, and 400uM HPA was mixed with buffer A containing

A containing 16uM reduced G, 25uM C,, and 400uM 400xM HPA and various concentrations of oxygen in a stopped-
HPA was mixed in a stopped-flow spectrophotometer with flow spectrophotometer. The solid and dotted lines are traces
buffer A containing 40¢«tM HPA and various concentrations measured at 370 and 458 nm, respectively. Oxygen concentrations
of oxygen. The reaction monitored at 370 nm shows four :Js%ted At 0-13't Oi_?’l' 0~61'.a39' 1t-0§’ mM oxygen (from right t‘t)
phases (Figure 5A). At the highest oxygen concentration (the thg' Congf;nctgnor? ;ﬁgsszrceo;]r:j 'gﬂ:se a;g ;Ltrtlggln\%rsur;p;\;een o)
left most trace), the first phase was an increase of absorbanceoncentration in the inset to yield a second-order rate constant of
during the dead time until about 4 ms and the rate was 5.0+ 0.3 x 10* M~! s™L, The first phase (not plotted) yielded a

dependent upon the oxygen concentration (.2.3 x 10° rate constant of 1.2t 0.1 x 10° M~* s™*. (B) Data from

11 ; . ; xperiments similar to those in A using 1.03 mM @ere recorded
M™ s ™). This second-order rate constant is the same as thatgt selected wavelengths between 310 and 550 nm. A spectrum of

for the formgtlon of C(_4a)-_hydroperoxy-FMN in the absence the C(4a)-hydroperoxy-FMN intermediate (line with filled circles)
of HPA during the oxidation of &-FMNH™ (31) and for was calculated from the absorbance values at the reaction time of
the first phase of the reaction of the reducedis G with 80 ms and rate constants described in the text. The spectrum of
oxygen (Figure 4A). The second phase in Figure 5A consists reduced plus G in the presence of 400M HPA is shown as a

of a large increase in absorbance from ms to~0.1 s, dashed line, while that of the final species is a solid line.

and this rate was also dependent upon the oxygen concentra-

tion (5.0+ 0.3 x 10* M~! s1, inset of Figure 5A). This  rate constant of~17—22 s (Figure 5A), similar to the
value is essentially the same as that previously measurechydroxylation step occurring in the reaction of oxygen with
for the reaction of oxygen with ££-FMNH™ in complex with C,—FMNH™ in complex with HPA [Figure 1 and Table 2
HPA [Figure 1 and Table 23()]. Therefore, the first and  (31)]. The fourth phase is seen as an absorbance decrease at
second phases are likely to be due to the formation,ef C 370 nm and a large increase at 458 nm (dotted-line traces),
C(4a)-hydroperoxy-FMN intermediates in the HPA-free and with an apparent rate constant of 1.1.sThis phase was
HPA-bound forms. The third phase consists of a small due to the dehydration of C(4a)-hydroxy-FMN to yield
decrease in absorbance between 0.1l 4ns and was  oxidized FMN and is dependent upon the concentration of
independent of the oxygen concentration, with an apparentHPA; when HPA is at 2 mM, an apparent rate constant of
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0.35 s' is observed. The presence of 2 mM HPA traps
hydroxy-FMN, so that the loss ofJ@ to form oxidized FMN
occurs slowly 81).

Spectra of two intermediates were calculated from a set
of traces similar to those shown in Figure 5A, recorded at

5—10 nm intervals from 315 to 550 nm. The first spectrum

was plotted from the values observed at 4 ms. The second
intermediate was calculated using absorbance values at the

reaction time of 0.08 s, corrected for full formation using
rate constants for the oxygen reaction of 54 &he G

reaction under these conditions in the presence of HPA), the

hydroxylation step of 223, and the dehydration step of
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Ficure 6: Transfer of the FMNH from C; to G, in the absence

1.1 s'*. The line with open circles represents a spectrum of and presence of HPA. Reactant concentrations are indicated as after

C(4a)-hydroperoxy-FMN formed from that fraction25%)
of the enzyme that does not have HPA bound; it is similar

mixing. Reduced €(16 M) was mixed with solutions of £(25

uM) containing 0.13, 0.31, and 0.61 mM of,CGand the reactions

were monitored at 380 and 458 nm. Reactions in the absence of

in character to that shown in the previous section obtained ypp are shown as dotted lines. Reactions in the presence of HPA

without HPA (Figure 4B). The line with closed circles

represents a spectrum of C(4a)-hydroperoxy-FMN formed

are shown as solid lines.

by the end of the second phase, and it represents the spectrurreaction of free FMNH with C, under these conditions has

of the HPA-bound form of the enzyme [which reacts more
slowly with oxygen than the free enzym@1j] plus that of

a rate of formation of the C(4a)-hydroperoxy-FMN of 185
s L; this intermediate converts to oxidized FMN very slowly

any enzyme without HPA bound. It appears that the presenceat 0.037 s?, the same as observed in the above experiment

of HPA slightly shifts the spectrum to shorter wavelengths
compared to that in Figure 4 (375 nm versus 380 nm).

(3.
The presence of 2 mM HPA dramatically changes these

Overall, these results are very similar to those obtained reactions. The solid lines in Figure 6 show the results of

without G, present 81) and are also consistent with most of
the G-bound FMNH" having been transferred to, @ the
presence of HPA before being mixed with.O
Determination of the Rate Constant for the Transfer of
FMNH™ from G to G, in the Absence and Presence of HPA.
From our earlier study3(), the rate constant for free FMNH
binding to G (Figure 1) was estimated to bel0’ M~* s,
This large rate constant explains why mixing free FMNH
with an aerobic solution of Cresulted in the complete
formation of G—C(4a)-hydroperoxy-FMN at the same rate
as when preformed £ FMNH~ was mixed with oxygen
[the C(4a)-hydroperoxy-FMN intermediate forms with a
second-order rate constant of 12 106 M~ s (31)].

mixing reduced ¢containing 2 mM HPA with solutions of
C, also containing 2 mM HPA and various concentrations
of O,. At 380 nm, the observed rate constants for the
formation of the C(4a)-hydroperoxy-FMN (first phase,
0.002-0.2 s) were all less than those for the reaction pf C
FMNH™ with O, (see Figure 4A and Table 2) and were not
linearly dependent upon the oxygen concentration. Kohe
values for this phase ranged from 55 to 74 as Q varied
from 0.13 to 1.03 mM. This indicates that the rate of transfer
of FMNH™ from C; to G, occurs at a rate that is74 s
The conversion of the C(4a)-FMN adduct to oxidized FMN
under these conditions occurs~ad.35 s, as shown by the
trace recorded at 458 nm (solid line trace of 458 nm in Figure

Because the C(4a)-hydroperoxy-FMN forms very rapidly (see 6). In this reaction, hydroxylation proceeded~&20 s to
Figure 4A), its appearance can be used to indicate whenform C(4a)-hydroxy-FMNKs in Figure 1), which has almost

FMNH~ is transferred from €to C,. For example, if the
transfer of FMNH from C; to G, is much faster than the

the same spectrum as C(4a)-peroxy-FMN. However, as
discussed above, the presence of 2 mM HPA traps the

rate of the oxygen-dependent formation of C(4a)-hydroper- hydroxy-FMN, so that the loss of J to form oxidized FMN

oxy-FMN, the intermediate should form with the same
second-order rate as when i€ absent (as in the reaction of
the G—FMNH~ complex). On the contrary, if the rate of
FMNH-™ transfer is slower than the rate of the formation of
C(4a)-hydroperoxy-FMN, the observed rate of its formation
will indicate the rate of transfer and will not be second-order
with respect to @ A solution of reduced Cwas mixed in
a stopped-flow spectrophotometer with solutions efilC
buffer A containing various concentrations of,.OThe
reactions were monitored at 380 and 458 nm (Figure 6).
In the absence of HPA, C(4a)-hydroperoxy-FMN formed
at only ~0.35 s, with some dependence on the, O

occurs at only 0.3578. Note that in the previous section
this rate was 1.1'$ when less HPA (40@M) was present
(31). At very low concentrations of HPA, the rate of this
process is extrapolated to be8 s, as indicated in Figure
1. It is a coincidence that, with this concentration of HPA
(2 mM), the formation of FMN after hydroxylation (0.35
s1) is the same as the rate of transfer of FMNfiom C;
to G, in the absence of HPA.

We also used a double-mixing stopped-flow approach to
measure the rate constant for transfer of FMNirbom C;
to G, in the absence of HPA. First, reduced (€6 uM) was
mixed with G (25 uM) anaerobically and aged for various

concentration (380 nm, dotted lines), and this intermediate periods. Then, buffer that contained oxygen (0.5 mM after

converted to oxidized FMN at 0.037's(458 nm, dotted
line in Figure 6). Thus, in the absence of HPA, flavin transfer
is slow and occurs at only0.35 s*. Moreover, because it
is so slow, some C-FMNH™ becomes oxidized by its direct
reaction with Q (note the 458 nm trace, dotted line, out to
~10 s). In contrast to the reaction withy-€FMNH™, the

mixing) was added in the second mix, and the reactions were
monitored at 380 nm to detect the rapid formation of C(4a)-
hydroperoxy-FMN (Figure 7). At this concentration 0f,0
the reaction with @-FMNH~ completely forms g-C(4a)-
hydroperoxy-FMN by 10 ms31), so that its formation
provides a good measure of the amount of FMNHat has
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FIGURE 7: _Determination of the rate of transfer of FMNHIr_om FIGURE 8: Reaction of cyt with reduced Gin the presence and
Ci to G in the absence of HPA. Reactant concentrations are gpsence of HPA. All concentrations given are after mixing, and
indicated as after mixing. Reduced (16 uM) was mixed with G the experiments were carried out anaerobically using a stopped-

(25uM) anaerobically in the first mix of a double-mixing stopped- {5y spectrophotometer. The inset shows spectra of oxidized cyt
flow experiment. The reaction mixture was aged for 0.1, 0.5, 1, 2, (---) and reduced cyt (—). The reduction of cyt was monitored

4, 8, 16, 30, and 60 s, before mixing with 0.5 mM oxygen. The 5t 550 nm. Solid line (upper trace), FMNH8 M) was mixed
formation of the G—C(4a)-hydroperoxy-FMN intermediate was yith oxidized cytc (25 uM). Dashed line (lower trace), reduced

indicated by the rapid increase of absorbance at 380 nm thatc, (8 uM) was mixed with oxidized cyt (25xM). Line with filled
occurred by 3 ms. The largest such rapid change occurred after thegircles (upper trace), reduced (8 M) was mixed with oxidized
longest aging time. At short age times, very little increase at 380 cyt ¢ (25 uM) in the presence of 2 mM HPA.

nm occurs in the first 3 ms. The dotted line is a trace from an

experiment in which reduced;@vas mixed with @in the absence .
of C,. The inset shows differences in absorbance between each tracdy the increase of absorbance at 550 nm because of the
and the control experiment without @t a reaction time of 0.01s  appearance of the band of reduced cyt (inset of Figure
plotted against the age time. Plotting the absorbance change versug). Although the reaction (solid line) exhibits complex
the aging time yielded a Ralf time,f) for the formation of the _ kinetics, the reduction of cytby FMNH- was complete by

— - complex of 1.97 s, correlating with an observed rate . :
constant for FMNH transfer in the absence of HPA to be 0.35 20 ms. About 50% c.)f the change occurred In'the dead time
iy of the stopped-flow instrument, and the remainder occurred

with an observed rate constant of approximately 56Qthe
been transferred at any aging time after mixing. Figure 7 second electron transfer). As expected, the change of
shows that with longer aging times there were larger absorbance up to 20 ms is equivalent to the reduction of 2
absorbance increases by 10 ms, demonstrating that, wherinolecules of cyt/molecule of FMNH present. The slower
C:—FMNH~ was incubated with Cfor increasing periods ~ phases are probably due to the presence of a small excess
of time' more FMNH was transferred from pto C2. of dithionite |n|t|a”y in the FMNH" solution and pOSSiny
resulting in a greater formation of,€C(4a)-hydroperoxy-  to some photochemistry. In the following experiments, it was
FMN in the rapid phase. A control experiment without C assumed that cyt would not react rapidly with FMNH
present showed that no,€C(4a)-hydroperoxy-FMN was  bound to G (this was found to be true, see below), so that
formed and the flavin simply reoxidized and then rebound the kinetics of the reduction of cyt by reduced ¢in the
to C, [dotted line of Figure 730)]. A plot of the absorbance ~ absence and presence of HPA would indicate the rates of
increases at 380 nm that had occurred at the reaction timedissociation of FMNH from the G active site. Subsequently,
of 10 ms versus the aging time (inset of Figure 7) representsthe same reduction of cgtwas investigated in the presence
the kinetics of transfer of FMNH from C, to G, in the of Ce. If a specific interaction between reduced &d G
absence of HPA. A half time of 1.97 s was observed, occurs during transfer, the kinetics of ayteduction by ¢
corresponding to a rate constant of 0.3%,she same as  would be significantly affected by the presence ef C
obtained in the single mix experiment above. In the presence When cytc was mixed with reduced Qunder the same
of HPA, the transfer is too fast80 s) to resolve by our  conditions as in the control experiment (above), cytas
double-mixing technique. reduced with an observed rate constant of onl}.35 st

Use of Cyt ¢ To Measure the Release of FMNtdm C,. (dashed line in Figure 8), the same rate constant as observed
Results presented in previous sections have shown thaffor the FMNH™ transfer in the absence of HPA (Figures 6
FMNH~ bound to G can be efficiently transferred to,@nd and 7). This suggests that, in the absence _of HPA, th_e_ release
react at the Eactive site; there was no indication that ¢~ of FMNH™ from C, occurs at 0.35°$ and is rate-limiting
and G need to interact to facilitate this transfer (Figures in the transfer of FMNH from C, to C,. This result also
2—7). Moreover, the dissociation of FMNHrom C;, which implies that the ¢bound FMNH" does not react rapidly
allows for its binding to G, was clearly shown to be  With cytc; the rate of the reaction is likely to be much less
facilitated by HPA binding to €(Figure 6). In the following ~ than 0.35 s*.

experiments, we used the reduction of cyty C;(—FMNH™ When the same experiment was carried out again but in
as a second approach to examine whether FMisHeleased  the presence of 2 mM HPA, a very rapid phase of reduction
from C, at the same rate as the transfer of FMNtd C, of cyt ¢ occurred in the dead time, typical of that of free

described in the previous section. It is known that the flavin (about 40% of the total change), implying tha#0%
reduction of cytc by free FMNH- is very fast and occurs in  of the FMNH~ was not bound to Qwhen HPA was present.
one-electron steps8{, 42—44). Reduction of cytt by free This step was followed by further reduction of @avith an
FMNH~ was carried out as a control experiment as described observed rate constant 6f80 s (the filled-circle line in

in Figure 8. Reduction of cy¢ by FMNH™ can be monitored ~ Figure 8 up to 40 ms). Thus, the bound flavin reacted with
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Ficure 9: Reduction of cyt by reduced ¢in the presence of £ . Time (.S) ) )

All concentrations given are after mixing, and solutions contained FIGURE 10: Reaction of FMNH with O, with and without

2 mM HPA. Experiments were carried out using a stopped-flow superoxide dismutase. A solution of FMNH20 xM) was mixed
spectrophotometer. The reduction of eytvas monitored at 550  With aerobic buffer (13@&M) at 4 °C. Reactant concentrations are
nm. Reduced €(8 uM) was mixed with air-saturated buffers as after mixing. Traces with filled squares or circles do not have
containing oxidized cyt (25 uM) and various concentrations of ~ superoxide dismutase, while traces with open circles and squares
C, (16, 40, 100, and 246M, upper to lower solid line traces). A have superoxide dismutase. The upper traces a ) and the
control experiment in which the same concentration of reduged C lower traces are00.1 s, full scale.

and HPA was mixed with cyt without G under the same

conditions is shown as the dotted line. when FMNH" reacts with Q at 10.5% saturation (half of

the concentration of aerobic solutions 130 uM after
cyt ¢ at ~80 s'%, which is similar to the rate of transfer of  mixing), very little FMNH" is oxidized in the first 0.1 s.
FMNH™ from C, to C; as discussed above. Note that, in the Only 3 and 6% of the FMNH was oxidized by 0.1 s with
presence of HPA, a larger portion of FMNHhvas free than  and without superoxide dismutase present, respectively. This
when HPA was absent, which is consistent with HPA experiment demonstrates that, in the presence of HPA,
decreasing the affinity between @d FMNH" as indicated FMNH™ can dissociate from Cwith a rate of 80 s and
in the gel-filtration experiments (Figure 2). Thus, we rapidly bind to G with a rate of=>10" M~* s1 before its
conclude that the release of FMNHrom C; is the process  reaction with Q can occur.
that governs the rate of flavin transfer from © C, and
HPA stimulates this rate by200-fold; diffusion and binding ~ DISCUSSION

to G, are very fast. Two main findings come from the work described here.
In the next experiment, we examined whether specific First, it is demonstrated that the/C, system can function
interactions between,@nd G are required for the dissocia-  efficiently with no added flavin; the flavin on (s isolated
tion of FMNH™ from C.,. If the efficient transfer of FMNH is sufficient for nearly full activity of the system. Second, it
from C, to G in the presence of HPA requires specific has been demonstrated that the reduced flavin (FM\#dn
interactions between the two proteing,Wbuld be expected  pe readily transferred from ;Go C, via simple diffusion
to exclude or alter the kinetics of cgtreduction by reduced  without requiring any proteinprotein interactions. More-
C1. A solution containing reduced:@nd 2 mM HPA was  over, the kinetic measurements reported here show quanti-
mixed with an air-saturated solution of cgtand various  tatively why simple diffusion can function successfully in
concentrations of & and the reduction of cyt by the catalysis.
FMNH™ from C, was monitored at 550 nm (Figure 9).  Results from steady-state kinetics experiments (Table 1)
Because free FMNH binds very rapidly to & there was  have shown that, wheniGind G are in the micromolar
no need in this experiment to carry out the reaction range, exogenous flavin added has very little influence on
anaerobically. The reaction traces in Figure 9 show that thethe rate of product formation. The thermodynamics of
rate constants observed§0 s™) for the reduction of cyt binding for reduced and oxidized FMN to each of the
by FMNH™ from C, (reactions up to~40 ms) were  components are appropriate for fostering the passing of FMN
independent of the concentration of &d the same as that in g ping-pong fashion between the components of HPAH
previously determined for the dissociation of FMNIftom during catalysis. €binds tightly to oxidized FMN with a
C: in the absence of C(Figure 8). This is because the K, of 0.006uM in the absence of HPA and k& of 0.038
reduction of cytcis limited by the dissociation process, and ;M in its presence 30). The gel-filtration experiments
C; has no influence on the dissociation of FMNHom C;. (Figure 2) showed that virtually all of the FMN eluted with
However, the amplitude of the absorbance change decreased,, which is consistent with the abowiés. In contrast,
with increasing concentrations of,Cindicating that G FMNH- binds to G significantly less tightly than does FMN;
competed with cyt for FMNH™ that had been released from 3 considerable fraction eluted separately fropw@en HPA
C, at~80 s™. It should be emphasized that, even with the was not present, and about 50% eluted separately from C
concentration of @much greater than that of cgt(up to in its presence. Thi, for the G—FMNH~ complex is 1.2
~10-fold or 245uM), the same rate of reduction of cgt uM, while that for the G—FMN complex is~250uM (31).
was still observed (the lowest line, Figure 9), indicating that These results demonstrate that in the presence of both
there is no specific protein interaction betweera@d G to proteins FMN binds more tightly to Gand FMNH- binds
facilitate this FMNH" transfer process. more tightly to G, as required for efficient catalysis.
Oxidation of Free FMNH with and without Superoxide After completion of the hydroxylation reaction on,Ghe
DismutaseThe traces shown in Figure 10 demonstrate that, resulting oxidized FMN dissociates from, @nd rebinds to
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C;. Our stopped-flow results (discussed below) and the final
spectrum showing characteristics of thel@und flavin after
completion of the single-turnover reaction off @nd G
(Figures 4B and 5B) demonstrate that FMN in its appropriate
oxidation states can be readily transferred betweear@

C,; added free flavin is not needed in this system for efficient
hydroxylation to occur (Figures-3). Given theKy values

of the functional complexes,,€FMNH~ and G—FMN (1

and 0.03&M, respectively), efficient passage of the flavin

Sucharitakul et al.

upon the presence of HPA (Figure 6). In the absence of HPA,
the reaction of a mixture of £and 13uM O, with reduced

C, to form the C(4a)-hydroperoxy-FMN intermediate on C
occurred with an observed rate 60.35 s. The double-
mixing experiment shown in Figure 7 confirmed that, in the
absence of HPA, FMNHwas transferred from o G; in

a first-order reaction, with the same rate constant of only
0.35 st

In the presence of HPA, the reaction of reducadanih

between the components is feasible if the concentration of 3 mixture of G and oxygen formed C(4a)-hydroperoxy-FMN

C, is higher than uM and the concentrationGs higher

and reached a maximum rate-080 s ™. This rate was only

than 0.05uM. Previously, Louis et al. have estimated the partially dependent upon the ,Gzoncentration and was
concentrations of the oxygenase and reductase componentg)|iowed by hydroxylation reactions very similar to those

of HPAH in E. coli cells to be ~122 and ~15 uM,
respectively 28). Thus, if G and G are present in quantities
as low as one-tenth of those of tlte coli system, itsKq
values for FMN(H) would permit each component to

observed with @alone. At 13Q«M O, the observed rate of
formation of the C(4a)-hydroperoxy-FMN was 55 swhich

is just what would be expected for a consecutive reaction in
which dissociation of FMNH from C; at ~80 s* was

efficiently sequester the oxidized or reduced FMN released fo|iowed by a reaction of oxygen withGn complex with

from the other and extra FMN added would not significantly
improve the efficiency of the system.

It should be noted that, in our earlier report on steady-
state kinetic studies of Cand G, the rate of product
formation was influenced by the concentration of free flavin
(3). In retrospect, it is likely that this was due to the low
concentrations of Cand G (1—10 nM) used in the assays,
causing the enzymes to exist mostly in the free form; adding
extra flavin enhanced the formation of the-GMNH"~
complex and therefore increased the rate of hydroxylation

(3). It can be noted that most steady-state studies previously.

reported for two-component flavin-dependent hydroxylase

systems used very small concentrations of enzymes, which,

as noted above, are not likely to mimic those found in the
bacteria.

In mixtures of reduced Cplus G, FMNH™ is primarily
bound to G, especially when HPA is present. This was
shown by several experiments. First, when reducedr
C, are added together at equilibrium, the spectrum of the
FMNH™ changes to that of the flavin bound te @~igure
3). Second, reactions in which,@ mixed with solutions
containing reduced {plus G (in the absence or presence
of HPA,; Figures 4 and 5) are very nearly the same as
corresponding reactions in which, @ mixed with solutions
containing G prebound to FMNH or when solutions of €
and Q react with FMNH" (31). Table 2 compares kinetic
and thermodynamic constants for the reactions pfnM@h
C,in the presence and absence of reduced\Cparameters
for the reaction of oxygen with reduced @lus G are very
similar to those for @-FMNH™ alone, consistent with the
FMNH™ being primarily on G. The overall conclusion is
that, in mixtures of reduced ;Gand G, FMNH™ initially
bound to G will be transferred to the £active site.

The binding of free FMNH to C, must be faster than the
autoxidation of FMNH if simple diffusion is to be effective
in transferring FMNH from C; to C;; this would avoid
wasteful auto-oxidation of the flavin during the transfer.
Additionally, the regulation of the reduction and release of
FMNH™ from C; by HPA would also prevent the reductase

FMNH™ at ~185 s*. The rates of reactions of;@vith O,

in the presence of HPA but in the absence gfn@re ~80

s 1 because, although FMNHis released from Cat ~80

s™1, in contrast to the reactions involving, Qreactions of

O, with FMNH~ are not very fast (see below). Under
conditions that assays are usually carried out using very small
concentrations of reductase, this slow oxidation of reduced
flavin is sufficient to keep up with catalysis.

In this work, we have obtained several lines of evidence
that rule out the necessity ofifC, complexes being involved
in transferring reduced flavin from ;Cto C,. No such
complex can be isolated by gel filtration under oxidized or
reduced conditions in either the presence or absence of HPA.
The results from studies using cytshow that the rates of
transfer of flavin are independent of any transient complexes
between ¢to C,. Cyt c was reduced by the complex of C
with FMNH™ in the absence of HPA at an observed rate of
0.35 s, the same rate as its transfer tg. @ the presence
of HPA, the rate was~80 s (Figure 8), also in close
agreement with the rates of transfer tg Einally, we found
that G can compete with cyt for FMNH™ as it is released
from C;; the observed rate for the reduction of cyteven
in the presence of £was still~80 s*. This is not the sum
of the two reactions with FMNH because the rate constant
for the release of FMNH from C; (80 s) is the rate-
determining step of this process (Figure 9).

The recently determined X-ray structure of @nd its
complexes with FMNH and HPA offer an explanation of
how G, can bind FMNH' so rapidly @5). The isoalloxazine
of FMNH™ binds to G at the dimeric interface, and the
overall structures of apg@nd G—FMNH™ are very similar,
implying that the G structure can efficiently bind FMNH
without requiring any major structural changes or physical
interactions with G.

It is not surprising that diffusion is a suitable mechanism
for the transfer of FMNH to the oxygenases of these two-
component flavin-dependent hydroxylases. The reaction of
free FMNH™ with O, is autocatalytic, and although the

from becoming a good oxidase. Our previous results have overall reaction is relatively fast, ~ 0.5 s, depending upon

shown that FMNH binds to G very rapidly (we estimate
these reactions to be500 s* when G is 25 uM) (31).
When reduced Cwas reacted with a mixture of,@nd Q

the G concentration, temperature, etc.), the initial rate of
oxidation is quite slow. The equations below illustrate the
important reactions involved in the autocatalytic oxidation

(no pre-equilibration), the reactions were highly dependent of FMNH™ (46—48).
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- _slow . o— FMNH™ with a K4 of 0.39uM and to FMN with aKq in the
FMNH + O, FMNH"+ O, (@) range of 19-26 uM, while the reductase binds FMN more
n . ._ fast tightly than FMNH™ (20). In styrene monooxygenase from
H" FMNH" + O," — FMNHOOH (b)  Pseudomonasp. VLB120, FAD binds to the oxygenase with
fast a Ky of 21 uM and to the reductase with l&; of 2.3 uM
FMNHOOH— FMN + H,0O, (9) (112). These binding parameters are appropriate for the flavin
transferring between the reductase and oxygenase proteins
EMNH® + Ozm FMN + O, (d) during catalysis, suggesting that the flavin in these other

enzymes could also be transferred via rapid diffusion. In
+ _ very fast . styrene monooxygenase froRseudomonasp., the oxyge-
H"+FMNH +FMN 2FMNH () nase (SMOA) binds to reduced FAD 137-fold more tightly
T - o fast? . than to oxidized FAD Kq for binding reduced FAD is 0.5
2H" +FMNH +0O,” —FMNH" + H,0, (f) uM (12)]; however, the simulation of steady-state kinetics
results suggested a model where both flavin diffusion and

FMNH"+ O, YRS EMN + H,0, (9) complex formation are involvedl®). However, in contrast
to our study here, in these other systems, kinetics showing
20, + oHt _very fast 0, + H,0, (h) how the oxygenase can bind reduced flavin very rapidly and

thus avoid autoxidation have not yet been reported.

Direct channeling or complex formation has been proposed
to be the mode of flavin transfer in several systems. Evidence
for channeling has been presented by Tu et al. for bacterial
luciferase and its reductase systeris, (49). Data from
fluorescence anisotropy measurements of eosin-labeled re-
ductase in the presence of luciferase have provided evidence
for complexes32), and fluorescence energy transfer between
" luciferase and yellow fluorescent protein (YFP) was observed
in the coupled reaction of luciferase and the reductase fused
with YFP (33). In alkane sulfonate monooxygenase, a model
'involving complex formation has been favored on the basis
of altered steady-state kinetics of the reductase component
when the oxygenase was includes) and, recently, by
detection of a complex by affinity chromatography and cross-
linking experiments ¥5).

Our findings indicate the important role of HPA in
regulating the rapid transfer of FMNtbetween components
in the HPAH system. Without HPA, the reduction of-C
bound FMN by NADH is 14.7 s (30) and the “off” rate of
FMNH™ from C; is 0.35 s? (Figures 6-8), rendering the
overall production of free FMNHto be rather slow (Figure
e_LlA). In the presence of HPA (Figure 11B), the observed

Bruice and colleagues have estimated reaction a to be
~250 Mt st at 25°C, which would give a rate of 0.025
s tat 100uM O,. On the other hand, reaction d is very fast.
Furthermore, as oxidized FMN is produced, it reacts with
FMNH~ to form more FMNH that can react very fast
(reaction e), leading to the observed autocatalysis. Addition-
ally, superoxide, which is produced from reactions a and d
also reacts with various reduced forms of flavin (e.g.,
reactions f and g) to enhance the autocatalydig 48).
Superoxide dismutase, which is present in most organisms
slows the reaction-2-fold by eliminating reactions d and e
while enhancing reaction h, as seen in Figure 10. Figure 10
demonstrates that any reasonably rapid binding process will
permit the FMNH to diffuse and bind to the partner
oxygenase before it reacts with,.-or example, a binding
rate constant of M1 s™* and a concentration of oxygenase
of 10°> M would give a rate of 10¢, which would trap
most of the reduced flavin before significant autoxidation
occurred. With G, the binding rate constant 510" M1
s ™1, giving an observed rate 100 s. As mentioned above,
the cellular concentrations of these oxygenase systems ar

I|kely dto be a_t least 1Qt|\¢ be(t:)auste ttrr:eybare: g]duced to rate constant for the reduction of FMN is 300 $30), while
provide a major source of carbon to the bacteB8)( the observed “off” rate constant is80 s (Figures 6 and
Most evidence obtained on the mechanism of transfer of g Thus, it would appear that HPA, a substrate for the
reduced flavin between reductases and oxygenases in othepxygenase component, allosterically influences the reactivity
two-component systems is inconclusive. Reported kinetic of the reductase and controls the overall rate of production
parameters do not firmly establish if rapid diffusion or of EMNH-. In the absence of HPA, the hydroxylation system
complex formation is the sole means for transfer of reduced thereby avoids wasteful production of FMNHb minimize
flavin to the oxygenase in each system. A flavin-diffusion the generation of b0, and consumption of the cellular
transfer model has been favored torcoli HPAH because  reductant, NADH.
the oxygenase component binds to reduced FAD wiky a When the overall kinetic constants are considered, the rate-
of 70 nM, whereas it binds to oxidized FAD withkg of 6 limiting step in the reaction of Cand G is identified to be
uM (28). T.he E. col! HPAH_was even able to catalyze the the step in which the C(4a)-hydroxy-FMN intermediate
hydroxylation reaction, while both components were sepa- gehydrates to return back to the oxidized species (Figure 1).
rated by a dialysis membrand){ and it was also shown  The rate of this step is 1.8'5in the presence of 100M
that the flavin reductases of other systems are able to replacg{pa, similar to the value ke (~2 s71) obtained from the
the E. colireductase and efficiently generate reduced FAD steady-state assays (see the Results). The rate of this step is
for its oxygenase28). These rule out the necessity of specific eyen less when the concentration of HPA is increased,
interactions. However, the results presented here quantitaqyecayse the enzyme becomes trapped as the dead-end C(4a)-
tively shoyv how this is pos§ible and that diffusion is not hydroxy-FMN/HPA complex 31). It is interesting that the
only possible but also effective. transfer of FMNH from C; to C, (74 s'; Figure 6) is not
In the system involving biosynthesis of actinorhodin in remotely rate-limiting in this reaction, although this step
Streptomyces coelicolpan oxygenase component binds to requires intermolecular flavin transfer. During steady-state
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Ficure 11: Flavin-diffusion transfer model. (A) In the absence of
HPA, the reduction of the £bound FMN by NADH occurs at the
rate of 14.7 s'. The reduced FMN is then slowly released from
C1(0.35 s, and it diffuses to the £active site. (B) In the presence
of HPA, C, undergoes a conformational change that results in a
large increase of the reduction rate (308)sand a more rapid 16
dissociation rate of FMNH from C; (80 s'1) .

conditions in the presence of HPA, the flavin is trapped 17.

mostly on G as the C(4a)-hydroxy-FMN/HPA complex.

In conclusion, our study has clearly illustrated that the
unstable cofactor, FMNH in the catalytic reactions of a
two-component enzyme system, can be transferred between
proteins efficiently, with no protein complexes being neces-
sary. With HPAH fromA. baumanij HPA regulates the
reduction and release of FMNHfrom the reductase,
enabling the transfer of FMNHby rapid diffusion to the
oxygenase.
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