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ABSTRACT: The flavin-dependent halogenase RebH catalyzes chlorination at the C7 position of tryptophan
as the initial step in the biosynthesis of the chemotherapeutic agent rebeccamycin. The reaction requires
reduced FADH (provided by a partner flavin reductase), chloride ion, and oxygen as cosubstrates. Given
the similarity of its sequence to those of flavoprotein monooxygenases and their common cosubstrate
requirements, the reaction of FARHNd Q in the halogenase active site was presumed to form the
typical FAD(C4a)-OOH intermediate observed in monooxygenase reactions. By using stopped-flow
spectroscopy, formation of a FAD(C4apOH intermediate was detected during the RebH reaction. This
intermediate decayed to yield a FAD(C4&)H intermediate. The order of addition of FARNd G

was critical for accumulation of the FAD(C4a)-OOH intermediate and for subsequent product formation,
indicating that conformational dynamics may be important for protection of labile intermediates formed
during the reaction. Formation of flavin intermediates did not require tryptophan, nor were their rates of
formation affected by the presence of tryptophan, suggesting that tryptophan likely does not react directly
with any flavin intermediates. Furthermore, although final oxidation to FAD occurred with a rate constant
of 0.12 s, quenched-flow kinetic data showed that the rate constant for 7-chlorotryptophan formation
was 0.05 s' at 25°C. The kinetic analysis establishes that substrate chlorination occurs after completion
of flavin redox reactions. These findings are consistent with a mechanism whereby hypochlorite is generated
in the RebH active site from the reaction of FARKhloride ion, and @

The enzyme RebH is a flavin-dependent halogenase that,and reacts with @ chloride ion, and substrate in the
along with its partner flavin reductase RebF, forms 7-chloro- halogenase active site to form the chlorinated prodéct (
tryptophan as the first step in biosynthesis of the chemo- Several two-component flavin-dependent monooxygenases,
therapeutic agent rebeccamycin, as shown in Schende 1 ( which also use a separate reductase and oxygenase, have
2). Members of this class of flavin-dependent halogenasesrecently been described as wellO-12).
are found in numerous gene clusters responsible for the Given their sequence similarity and the common require-
biosynthesis of important natural products, such as the ment for FADH and Q, the initial reaction of a flavin-
antibiotics chloramphenicoBf and vancomycin4) as well dependent halogenase was thought to resemble that of a
as the antifungal agent pyrrolnitrig,(6). In many of these  flavin monooxygenase. Flavin monooxygenases catalyze the
pathways, the halogenase likely acts as a tailoring enzymereaction of FADH and Q to form a FAD(C4a)}OOH
on biosynthetic intermediates that are tethered on carrierintermediate 13). This versatile intermediate, which has been
protein domains of nonribosomal peptide synthetases andcharacterized in several systems by rapid-reaction spectros-
polyketide synthases( 8). copy, can be used for a diverse set of reactions. For example,

In general, this class of flavin-dependent halogenasesin the prototypical flavin hydroxylasg-hydroxybenzoate
catalyzes the chlorination of electron-rich aromatic or het- hydroxylase (PHBH), the FAD(C4aOOH intermediate
eroaromatic rings 9). The reaction carried out by the provides a source of “OH that is used to hydroxylate the
halogenase requires the reduced form of FAdDJoride ion, aromatic substratel§). By contrast, in the BaeyetiVilliger
and molecular oxygen as cosubstrates. FADgenerated  oxidation carried out by cyclohexanone monooxygenase, the
by a separate flavin reductase, is bound by the halogenasd-AD(C4a)-OO intermediate acts as a nucleophile to insert
an O atom into the cyclohexanone rintp( 16). However,
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Scheme 1: Formation of 7-Chlorotryptophan by RebH as the Initial Step of Rebeccamycin Biosynthesis
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a2 RebH requires FADH (provided by a flavin reductase),.Cand Ct as cosubstrates.

Several mechanisms have been proposed for the C7 chloritryptophan had no effect on the spectral characteristics of
nation of tryptophan. One of these suggested the initial for- these intermediates or on their rates of formation, indicating
mation of an arene oxide form of tryptophan from its reaction that tryptophan likely does not react directly with any flavin
with the FAD(C4a)}-OOH intermediate ). Chloride ion intermediates. However, formation of FAD(C4a) intermedi-
would then nucleophilically displace the O atom at C7 of ates was dependent on the correct order of addition of FADH
the arene oxide intermediate to yield substrate chlorination. and Q during the reaction, suggesting that significant protein
Two other mechanisms proposed the reaction of the FAD- dynamics occur during catalysis. These conformational

(C4a)-OO0OH intermediate with chloride ion to form an
oxidized “CI” equivalent, as either free HOCI or the
FAD(C4a)-OCI intermediate Z, 17). These chlorinating

changes are likely important for modulating the solvent
accessibility of the active site and for protection of labile
reaction intermediates. Finally, the formation of 7-chloro-

agents would then react via an electrophilic aromatic tryptophan was found to be rate-limiting in the overall

substitution of substrate tryptophan to yield the 7-chlorot- reaction. The reaction kinetics demonstrate that substrate

ryptophan product. chlorination occurs after the redox reactions of the flavin
Recently, the crystal structure of PrnA, a tryptophan are complete. This timing of flavin redox chemistry and

7-halogenase from the pyrrolnitrin biosynthetic pathway with substrate chlorination is consistent with a mechanism,

a sequence 53% identical and 67% similar to that of RebH, recently suggested by the structure of the PrnA halogenase

was determinedi(7). In the structure, the substrate tryptophan (17), in which hypochlorite is formed as a nascent product

and bound FAD are 10 A apart, precluding the direct reaction of flavin reactions in the halogenase active site.

of tryptophan and any flavin intermediate, such as the FAD-

(C4a)-OO0OH intermediate or the proposed FAD(C48)ClI MATERIALS AND METHODS

intermediate, during the reaction. Instead, the authors sug- Preparation of the RebH ProteirOverexpression and
gested that free hypgchlorite,. formgd from_the reaction of purification of N-Hiss-RebH was previously described)(
the FAD(C4a)-OOH intermediate with Cl, diffuses from  Tg reduce the amount of chloride ion introduced by buffer
its point of formation at the flavin to chlorinate bound gajts the protein was purified by size-exclusion chromatog-
tryptophan 10 A away. From the structures that were raphy in 20 mM sodium phosphate buffer (pH 7.5). Al
obtained, there was no indication of any flavin movement reactions were carried out in this buffer. Care was taken to
that would be necessary to bring it into proximity with the - minimize introduction of chloride ion from glassware, the
tryptophan substrate to allow their direct reaction. pH electrode, and other potential sources of contamination.
However, movement of the flavin cofactor and substrate  Stopped-Flow Analysis of Fin IntermediatesAnaerobic
is critical during the reaction of PHBH and phenol hydroxy- solutions of FAD and/or enzyme containing 2001 pro-
lase. The conformational dynamics of these enzymes havetocatechuate (3,4-dihydroxybenzoate) and 0.5 unit/mL pro-
been extensively characterizetB(-27). During the PHBH  tocatechuate 3,4-dioxygenase to remove trace amounts of
reaction, the flavin is shifted-78 A from a solvent-protected O, were prepared in a glass tonometer and deoxygenated
in position (where oxygenation takes place) to an exposed by repeated cycles of evacuation and purging with argon gas
out position (where NADPH can reduce the cofactd,(  (28). Deoxygenated FAD was then reduced by titration with
21). The FAD binding domain of PrnA is structurally quite  sodium dithionite. Solutions containing 121, 255, 607, and
similar to that of PHBH 17). Thus, a large conformational  1210uM O, were prepared by being bubbled at &5 with
rearrangement of the halogenase during catalysis, althoughio, 21 (air), 50, and 100%@as, respectively. For the 1940
unlikely, cannot be ruled out. To gain insight into the M O, content, the solution was equilibrated at@ with
chlorination reaction, we sought information about the kinetic 100% Q. All stopped-flow data were collected using a Hi-
behavior of the halogenase during catalysis to complementTech Scientific model SF-61DX stopped-flow spectropho-
the evidence that is available from the structure. tometer in either absorbance or fluorescence mode. In single-
In this study, we employed stopped-flow spectroscopy to mix mode, 5QuL of solution from each of two syringes were
characterize transient flavin intermediates in the RebH mixed in a reaction chamber for monitoring. In double-mix
reaction and chemical quenched-flow methods to determinemode, 75:L from each of the first two syringes were mixed
the kinetics of 7-chlorotryptophan formation. Our results and driven into an aging cylinder. In the second mix, this
demonstrate the formation of the proposed FAD(C42pH solution was mixed with an equal volume from a third
intermediate in the halogenase reaction and its decay to formsyringe (9QuL each). Thus, in the observation chamber, each
a FAD(C4a)-OH intermediate. Addition of the substrate of the reactants from the first mix was diluted 4-fold, and



7906 Biochemistry, Vol. 45, No. 25, 2006 Yeh et al.

A —— 45nm - - 390 nm ext, >530 nm em prepared in an MBraun Unilab glovebox kept a2 ppm
—= 3%nm 0,. The protein sample was deoxygenated by size-exclusion
01 ~ s 3 chromatography on a Bio-Rad P-6DG column ip-fize
g 0.08f ! ) buffer [20 mM sodium phosphate (pH 7.5)]. All other
S 006 1,8 chemicals were prepared from dry stock and dissolved in
8 004 | 5 deoxygenated buffer. Sodium dithionite was used to reduce
T 1 8 FAD. Anaerobic solutions were transferred from a sealed
0.02 1 3 bottle using a gastight syringe and mixed with equal volumes
0 b et - 0" of air-saturated solutions. Final reaction solutions (29
0001 001 01 1 10 100 contained 9Q«:M RebH, 20uM FADH,, 25uM L-[““C]Trp
time (s) (53 Ci/mol), 5 mM NaCl, and 128M O, in 20 mM sodium
B < FADH, (free) — — - FAD(C4a)-OH phospha_te buffer (pH 7.5). Re_action mixtures were incubated
—a— FADH, (bound) >530 nm em for 10 min at 25°C and reactions quenched with TCA at a
— Eﬁgggj:;:gg” final concentration of 5%. Precipitated protein was removed
—o— FAD by centrifugation. A 1.0uL aliquot of each sample was
spotted on a silica-C18 TLC plate (Sigma) and developed
10000 - 1° 3 in 10% acetonitrile. Dried TLC plates were exposed for-12
%E‘ 8000 14 % 16 h on BASIII imager plates (Fuji) and analyzed on a
S eooo.\ ]z = Typhoon 9200 phosphoimager (GE Healthcare). The ratio
=3 g of L-Trp (R = 0.59) and 7-chlorotryptophaii(= 0.2) was
w 4000 12 g calculated using ImageQuant version 5.2 to determine the
2000 | . {13 fraction of substrate converted to product.
ol - N 0 Kinetics of Product Formation by Rapid Chemical Quench
300 350 400 450 500 550 600 The kinetics of formation of 7-chlorotryptophan in single-
wavelength (nm) turnover reactions were determined by chemical quench-flow
Ficure 1: Formation of FAD(C4a)-oxygenated intermediates techniques. As in end-point assays described above, anaero-
during the RebH reaction. (A) A solution containing 30 RebH, bic solutions were prepared in an MBraun Unilab glovebox

121uM O, and 10 mM NaCl was mixed with an equal volume of : ;
15#’,(,' FA2DH2 at 25°C. Reactions were monitoredqby absorbance and loaded into one syringe of an Update Instruments System

at 390 (1) and 450 nm &) and by fluorescence with excitation at 1000 chemical/freeze-quench apparatus. Air-saturated solu-
390 nm and detection at530 nm  — —). Fluorescence values tions were loaded in a second syringe of the instrument.
are reported relative to that of FAD at 450 nm (its excitation During the experiment, actuation of the ram drive forced
maximum). (B) Spectra of species formed during the RebH reaction equal volumes from the two syringes to mix in a reaction

were derived from SVD analysis of the diode array data collected - . .
from 300 to 700 nm at £C. Calculated absorbance spectra are hose. Final reaction concentrations were;40 RebH, 2.5

shown for the bound complex of ReBFADH, (a), FAD(C4a)- mM NaCl, 30uM L-[**C]Trp, 154M FADH, and 128:M
OOH (gray line), and FAD(C4&)OH (black line). Also shown is O.. The reaction solution was passed through a reaction hose

the fluorescence excitation spectrum of FAD(C4@H (— — —), of a length appropriate to give the desired reaction time. The

recorded approximately 15 s after mixing with detectiorraB0 50 uL reaction solution was mixed with 38 of 15% TCA

nm emission. Free FADH(x) and FAD () spectra are shown . . . s .

for comparison. in a reaction V|al_ upon ejection. I_Droduct conversion was
assessed by radio-TLC as described above for end-point
assays. The rate constant for 7-chlorotryptophan formation

the reactant from the third syringe was diluted 2-fold. The was determined by plotting the fraction of product formed

final reaction from the second mix was monitored. Kinetic versus time and fitting the equation for single-exponential

traces were analyzed and simulated with Kinetasyst 3 (Hi- growth, & — Ag)(1 — € ) + A, whereA; is the final

Tech) and Program A (developed by R. Chang, C.-Y. Chiu, product yield andA, the background radioactivity, to the

J. Dinverno, and D. Ballou, University of Michigan). data.

Analysis is based upon the Marquardt algorithm for fitting RESULTS

data to sums of exponentials. All rate constants determined

by this analysis had an error of no greater thah0%. Formation of FAD(C4a)-oxygenated Intermediaf€gpi-

Spectra of intermediates were calculated by applying the ratecally, the FAD(C4a)-oxygenated species, FAD(C4@0H

constants determined from experiments with single-wave- and FAD(C4a)-OH, detected in monooxygenase reactions

length detection to singular-value decomposition (SVD) and have absorbance maxima between 370 and 400L3n To

multicomponent analysis of the diode array spectra using test for the formation of such intermediates, RebH and NaCl

Specfit Global Analysis (Spectrum Software Associates). in oxygenated solution were mixed with FARk a stopped-

Modeling of the reaction kinetics for the formation of flow apparatus and monitored by either absorbance or

enzyme-flavin complexes was performed using Berkeley fluorescence detection. Time courses of the reaction at 25

Madonna (developed by R. Macey and G. Oster, University °C are shown in Figure 1A. Several phases were observed

of California, Berkeley, CA). at 390 nm, suggesting formation of FAD(C4a)-oxygenated

End-Point Assay for Single-Turper ReactionsFormation intermediates prior to formation of the final FAD form

of the 7-chlorotryptophan product was assessed under single{observed at 450 nm). The large increase in the absorbance

turnover conditions using different mixing procedures (analo- at 390 nm fron~10 to 100 ms is likely due to formation of

gous to reactions carried out in the stopped-flow instrument). FAD(C4a)-OOH from the reaction of FADHand Q.

The contents of syringe 1, as indicated in Figure 2B, were Conditions governing its formation and the oxygen depen-
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Ficure 2: Order of addition of FADH and Q determines formation of FAD(C4a) intermediates and 7-chlorotryptophan product. (A)
Formation of FAD(C4a)-oxygenated intermediates using different mixing procedures was assessed. WWdmATIH , was mixed with

a solution containing 3@M RebH, 10 mM NaCl, and 25&M O, at 4 °C, a rapid increase in absorbance at 390 nm (- - -) indicated
formation of FAD(C4a) intermediates. However, when oxygenated buffer was added to an anaerobic solution of RebH andheADH
absorbance at 390 nni) increased at the same rate as that at 450 rip ifidicating formation of oxidized FAD with no observable
accumulation of FAD(C4a) intermediates. (B) Formation of 7-chlorotryptophaniffBAC] Trp substrate was assessed for reactions initiated
with O, (left) or FADH; (right). Anaerobic solution 1 was mixed with oxygenated solution 2 as indicated. Concentrations in the final
reaction mix were 9&M RebH, 18uM FADH,, 5 mM NaCl, 128:M O,, and 25uM L-[*C]Trp. Reactions were analyzed by separation

on TLC followed by storage phosphor autoradiography. (C) Double-mix experiments were carried out to determine the kinetics of the
conversion to the inactive complex following anaerobic incubation of RebH with FABIrst, equal volumes of 36M RebH and 2Q«M

FADH; were mixed at 25C under anaerobic conditions and allowed to incubate from 0.42 to 40 s. Following the aging peneas O
added to a final concentration of 60, and the formation of FAD(C4a) intermediates was monitored at 390 nm absorbance. The inset
shows the change in absorbance at 138 ms, the time when maximal FAB{Q®#) is observed, plotted against the age time. A single-
exponential decay was fitted to the data to obtain a rate of 0.12s conversion to the inactive complex.

dence of its rate of formation will be elaborated in later (0.012 s at 4°C). Note all rate constants reported in this
sections. The species formed in the next phase{®.2 s) study have an uncertainty of less th&110%.

corresponds to a highly fluorescent intermediate detected Formation and decay of the FAD(C4&)OH intermediate
using 390 nm excitation and emission ab30 nm. This and the fluorescent FAD(C4aDH species occurred with
intermediate precedes formation of the final oxidized FAD similar kinetics in the absence and presence-fptophan
and is likely to be FAD(C4ayOH, which can be distin-  up to 300u«M. This lack of an effect would suggest that
guished from FAD(C4ayOOH in several enzymatic systems tryptophan does not directly react with any of the flavin
by the high quantum yield of its fluorescence compared with intermediates. As seen in Figure 1A, some FAD formed from
the negligible fluorescence of FAD(C4apOH (29—31). ~0.1 to 2.2 s, concurrent with formation of FAD(C4a)
Both the change in fluorescence and the change in absor-OH. The rate of FAD formation was independent ofabd,
bance at 390 nm indicated formation of FAD(C4&H with therefore, could not be due to oxidation of unbound FADH
an observed rate constant of 1.2 at 25°C (0.12 s' at 4 Rather, FAD formation during this interval indicated un-
°C). Finally, an increase in the absorbance at 450 nm overcoupling of the reaction in which FAD(C4aDOH breaks
the period from~2 to 20 s, corresponding to a decrease in down to FAD and HO,. Interestingly, the amount of
fluorescence intensity, indicated dehydration of FAD(G4a) uncoupling increased with an increase in the chloride
OH to form FAD with a rate constant of 0.12'sat 25°C concentrationThe mechanism of this uncoupling is unclear.
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The reactions were also followed at°€ using a diode A 004
array detector from 300 to 700 nm. The spectra of relevant 0.035 -
reaction species, calculated by applying rates determined g 0037
from experiments using single-wavelength detection to the g 00251
diode array data, are shown in Figure 1B. The initial binding < ooz2r [0
step caused a perturbation of the FADBpectrum with 0.015 Final [0,]
absorbance changes at 370 and 400 nm resulting in a more 0.01 o 128uM
resolved spectrum. Similar absorbance changes were ob- 0.005 S 805 ]
served upon binding of FADHby the two-component 0 g ® bSO
p-hydroxyphenylacetate hydroxylase fro#cinetobacter 0.001 0.01 time (s 01 !
baumanii(J. Sucharitakul, personal communication). Both me (®)
FAD(C4a)-OOH and FAD(C4ayOH had absorbance B 2"35&_1) 9’(5 ;’ 223
maxima around 380 nm. FAD(C4aPpOH was formed with d’z”j,ependence N i i
a rate constant of 4.5 5at an oxygen concentration of 128 0.05
uM; FAD(C4a)-OH was formed with a rate constant of 0.12
s™1, and its dehydration to form oxidized FAD occurred with 0.04
a rate constant of 0.012% The excitation spectrum of FAD- € 003l
(C4a)-OH (=530 nm emission) at 15 s, when this species S age time
reaches its maximum concentration at@, is also shown. g 002 4 ::8-8;35 1
The FAD(C4a)-OH spectra were corrected for 25 and 50% 0.01 > —0.174
oxidized FAD present in the absorption spectra and fluo- :0-428
rescence specta, respectively, from the breakdown of FAD- 0 borms’ ‘ .
(C4a)-OOH. 0.001 001 01 1

time (s)

Order of Addition of FADH and Q.. Formation of FAD- Ficure 3: Dependence of FAD(C4aOOH formation on the @

(C4a)-oxygenated species was observed in the stopped flow,,ncentration, (A) @dependent rates of formation of FAD(C4a)

when reactions were initiated by mixing FARrom one OOH were revealed using a double-mix procedure carried out at
syringe with enzyme and LOfrom a second syringe. 4 °C. Solutions of 3quM RebH and 2QuM FADH, were com-
However, when oxygenated buffer was mixed with an bined in a first mix and incubated for 0.5 s. Solutions contain-

; ; ; ing 121-1940uM O, were added in a second mix. Absorbance
anaerobic solution of RebH and FAR}bnly a slow direct was monitored at 390 nm. (B) Additional,@hdependent phases

oxidation of bound FADHto FAD (k=1.5x 1°M~*s™* were observed during the reaction forming FAD(G48)OH when
at 4 °C) was observed without buildup of FAD(C4a) age times were varied from 0.014 to 20 s &G4 Reactions were
intermediates (Figure 2A). The failure of FAD(C4&)OH carried out as described for panel A with a 194@ O, solution
to accumulate under these conditions correlated with a@dded in the second mix. At the shortest age time of 0.012)s (

: ) . . a majority of FAD(C4a)-OOH formation occurred in phasg
decreased yield of 7-chlorotryptophan, as monitored by radio which was attributed to slow binding of FADHo RebH. As the

TLC usingL-[*“Cltryptophan (Figure 2B). The results suggest age time was increased to 0.489.5),(most of the FAD(C4ay
that, following initial binding, a conformational change of OOH intermediate was formed at a fast-@ependent rate
the RebHFADH, complex under anaerobic conditions designated phase When the age time was increased to 263, (
prevents both generation of the active site FAD(G4apH phasez appears. This additional Andependent rate indicated
. : another step involving a conformational change of the enzyme

and formation of chlorinated product. bound to FADH.

To determine the kinetics of the conversion to this inactive
conformation, a double-mix experiment was carried out in
which anaerobic solutions of FADHand RebH were first-order rate constant of FAD(C4aDOH formation was
combined in a first mix, allowed to incubate for time periods 5.5 st at 4°C (39 s at 25°C) and did not vary with the
between 0.042 and 40 s, and then reacted with an oxygenatedinal O, concentration from 60 to 976M. The O, depen-
solution in a second mix. Formation of FAD(C4&)OH dence of the reaction rate could be masked by a slow reaction
was quantified by the rapid phase of increase in absorbancele.g., binding or a protein conformational change) that
at 390 nm. As shown in Figure 2C, the formation of FAD- precedes a fasterx@ependent chemical reaction leading to
(C4a)-O0OH was maximal with short age times 100 ms formation of FAD(C4a)-OOH.
at 25°C) and decreased with longer anaerobic incubation Double-mix stopped-flow experiments were undertaken to
times of FADH and RebH. By plotting the amount of FAD-  parse the steps of the reaction leading to formation of
(C4a)-OOH formed versus the age time and fitting the FAD(C4a)-OOH. As before, anaerobic mixtures of RebH
equation for a single-exponential decay to the data, we and FADH were first incubated for short age times before
determined the rate constant for conversion to this inactive introduction of Q in a second mix. Experiments carried out
RebHFADH, complex to be 0.1278 at 25°C (Figure 2C, at 4 °C, which gave a better resolution for the fast O
inset). At 4°C, the conversion to the inactive complex was reaction, are shown in Figure 3A. With a 500 ms age time
0.02 s [which gave the highest yield of the FAD(C4a) intermediate],

Dependence of FAD(C4aOOH Formation on @ Con- the rate of formation of FAD(C4a)OOH was dependent
centration.The reaction of RebHFADH, complex and @ on the Q concentration with observed rates of 30.4 (128
to form FAD(C4a)-OOH should be governed by a second- uM), 65 (303uM), 95 (605uM), and 158 st (970 uM)
order rate constant dependent on both FAD&hd Q. (final O, concentrations indicated). At 2& and an age time
However, when solutions of RebH and NaCl in oxygenated of 15 ms, rates of 45 (60M), 94 (128uM), 207 (303uM),
buffer were mixed with anaerobic solutions of FARkhe and 388 s! (605 uM) were observed. Second-order rate
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constants were calculated: 1:510° M~ s™! at 4°C and Solution 1 Solution 2
6.3x 1M tstat25°C. —=— FADH, RebH, Oy, L-[*4C]Trp
By varying the age time during which RebH and FAPH ¢ FADH, RebH Oy, L-[*C]Trp
were incubated anaerobically, we could resolve additional 40 FAD RebH, O,, L-["C]Trp
phases en route to formation of FAD(C4&)OH. At delay
times of <500 ms, a phase with an oxygen-independent rate 35
constant of 7 s' at 4 °C was apparent (Figure 3B). The 30t
amplitude of this slow phase decreased as the age time was
increased up to 500 ms when a majority of the increase at
390 nm could be attributed to the;@ependent phase. To
test whether this phase could be due to slow binding of
FADH,, RebH and FADH were mixed anaerobically at the
same concentrations as in the experiments described above,
and the reactions were monitored at 370 nm (the absorbance 5F
at this wavelength increases slightly upon binding of FADH , ) ) ,
by RebH as seen in Figure 1B). The absorbance increased 0.1 1 10 100 1000
with ak of 5.8 st at 4°C. Thus, the binding rate obtained time (¢)
by this procedure was consistent with the slow ¥ ghase Ficure 4: Rate of formation of 7-chlorotryptophan. Solutions were

observed in double-mix experiments and the 5:5 rate mixed using a quenched-flow apparatus at@s indicated. Final
L . - . reaction mixtures contained 4M RebH, 2.5 mM NaCl, 3uM
observed in single-mix experiments. A€, it appears the L-[“C]Trp, 15 uM FADH,, and 1284M O,. Reactions were

binding of FADH; to form an oxygen-reactive complex is  quenched at 0.05500 s and analyzed by radio-TLC. Only FABH
rate-limiting en route to FAD(C4&)OOH but fast enough initiated reactions gave significant yields of the 7-chlorotryptophan

to prevent nonenzymatic oxidation of FARHy oxygen in product ). The fraction of starting substrate converted to product

solution. At 25°C, the binding rate was considerably faster was plotted vs time, and the data were fitted to a single-exponential
- ) -~ o function to give a rate of 0.05°%.

with a kops Of 100 s, Therefore, the binding step could not

be the slow 39 ¢ rate that limited the formation of FAD-

(C4a)-OO0H at 25°C in single-mix experiments. Scheme 2: Proposed RebH Reaction As Correlated with the
At an age time o500 ms but before conversion to the Timing of Flavin Intermediates and Product Formation

inactive RebHFADH, complex, which occurred with &, Observed at 23C

o
o

k=0.05s"

25| R=0.96

% conversion to product

of 35 s at 4°C, another slow @independent phase with a LT

rate constant of2.3 s* could be detected (Figure 3B). The 1 ., HoCl —‘s—. aw
appearance of this phase suggests yet another conformation )ij[ - \f_. + oH
of the RebHFADH, complex, one that does not react readily Holl 3 ¢
with oxygen but could convert to the oxygen-reactive or) II":E"(T"_, FAD
complex to yield FAD(C4a}yOOH with the observed 9 W on

independent rate. At 4C, this phase cannot be observed

until an age time of more than 500 ms had passed. However, FAD(C4a)-OH  FAD _7-Cl-Trp
at 25°C, almost one-third of the amplitude at 390 nm could 7N

be attributed to this phase (which had a rate of 3%, ®ven FAD(C4a)-OOH

at the shortest delay time of 20 ms. Once this oxygen-

unreactive RebHFADH, complex accumulates, its conver- FADH,+0,—,
sion to the oxygen-reactive form at 35'ds rate-limiting in
the formation of FAD(C4a)OOH at 25°C. 001 04 1 10 100 1000

Rate of 7-Chlorotryptophan Formatioio determine the time (s)
timing of product formation relative to the transitions
between flavin species, chemical quenched-flow experimentsuncoupling observed in stopped-flow experiments, in which
were undertaken to measure the rate of product formation FAD(C4a)-OOH decomposed to FAD and,6..
during a single turnover at both 4 and Z5. Reactions were The steady-statdes value for RebH was previously
initiated by mixing an air-saturated solution containing RebH, reported to be 0.02% (2) and, for different preparations,
NaCl, and.-[*C]Trp and an anaerobic solution of FABH 546 from 0.02 to 0.05 at 25°C. Thus, it appears that
Reactions were quenched at 0:880 s and analyzed by roduct formation is rate-limiting in the overall reaction.
TLC followed by storage phosphor autoradiography. The \oreover, the rate constant for the chlorination step does
fraction of starting substrate converted to product was plotted ;¢ correspond to rate constants for any of the flavin
versus time, and the equation for a single-exponential growth reactions. The flavin reactions were notably faster with

was fit to the data to give rate constants of 068.007 s* complete oxidation to FAD occurring with rates constants
at 25°C (Figure 4) and 0.002: 0.002 s' at 4°C. Controls of 0.12 (25°C) and 0.012 § (4 °C).

using oxidized FAD or @to initiate the reaction yielded

negligible amounts of product. The yield of 7-chlorotryp- piscuUsSION

tophan was only 61% of the initial (limiting) FADH

concentration, indicating that a significant portion of FAPH The observation that substrate chlorination occurs after the
was lost to nonproductive oxidation. The low ratio of product flavin reactions are complete rules out the direct chlorination
to FADH, consumption is at least partly due to the of tryptophan by an oxidized flavin intermediate such as the
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Scheme 3: Model of RebH and FARHBinding and Complex Formatién

3.3x106 M-1s-1 0.1s1
1.9x105 M-1s-1 0.02 51
RebH + FADH, ==== [RebH+FADH,ly == [RebHFADH;ls —= [RebH+FADHlc
35s”
6.3x105 M-1s-1 O, 23s? ND | .0z
1.5x105 M-1s-1 1.5x103 M-1s-1 {

RebHe+FAD(C4a)-OOH FAD + H,0,
a Observed rates are indicated at both 25 ari€4

proposed FAD(C4a)OCI intermediate 4). Likewise, our The reaction kinetics for RebH also indicate that there are
study shows that tryptophan does not participate in reactionssignificant protein dynamics en route to formation of the
leading from FADH to FAD(C4a)-oxygenated species to FAD(C4a)-OOH intermediate. On the basis of our results,
FAD, as the presence of tryptophan has no effect on the ratesa model of the RebHflavin interactions is proposed in
of formation or decay of FAD(C4a) intermediates. This Scheme 3. Three forms of the RetftADH, complex were
evidence also excludes the proposed mechanism involvingdetected with distinct oxygen reactivity and rates of inter-
epoxidation of tryptophan by FAD(C4aDOH and subse-  conversion. The initial binding of FADHby RebH yields
quent reaction with Clto form chlorinated productt. (RebHFADH,)A which reacts readily with oxygen to form
Instead, the mechanism of halogenation likely requires the FAD(C4a)}-OOH intermediate. However, under anaero-
generation of an intermediary chlorinating agent, such as bic conditions, (RebHFADH;)a converts reversibly to a
HOCI, produced from the flavin redox reactions. These second form, (RebHFADH,)s, and later to a third form,
kinetic results are in accordance with findings from a recently (RebHFADHz)c. Upon addition of @, the “B” form likely
determined crystal structure of the related tryptophan 7-ha-does not react readily with Lout primarily undergoes a
logenase PrnA, which placed the flavin and substrate moderately slow conversion back to “A” before reaction with
tryptophan 10 A apart in the enzyme active st@(A rather ~ O.. By contrast, “C” is a dead-end complex, in that FADH
large conformational rearrangement would be required to bound in this complex reacts with,Qo form FAD and
bridge this distance and permit direct interaction of flavin presumably HO, with no significant accumulation of FAD-
and tryptophan during the enzyme reaction. In light of the (C4a) intermediates or chlorinated product. The presence of
results from kinetic analysis of RebH, this possibility appears (RebHFADH;)s was suggested by the second, oxygen-
even less likely. independent phase observed in the double-mix experiments

The proposed reaction scheme for RebH, as it correlates(Figure 3B). Evidence for the dead-end complex, (RebH
with the spectroscopically observed species, is shown in FADHz)c, is clear from the dependence of the reaction on
Scheme 2. In this mechanism, the FAD(C4@)OH inter-  the order of addition of FADkand Q (Figure 2).
mediate (observed as an increase in absorbance at 390 nm Protein dynamics have been shown to be critical in
following mixing of RebH, FADH, and Q) is captured by catalysis by flavin monooxygenaseXs). PHBH, which has
chloride ion on the distal oxygen such that an'Gadjuivalent a FAD binding domain that is structurally similar to that in
is transferred to chloride ion to yield HOCI. With the transfer the PrnA halogenase, adopts three conformations that have
of the OH group, FAD(C4a)OOH is thereby converted to  been detected by X-ray crystallography and kinetic analyses
FAD(C4a)-OH, observed as a second phase at 390 nm of wild-type and variant enzyme4&—23). An out confor-
absorbance and, more clearly, as the appearance of amation allows NADPH to access the exposed flavin and
fluorescent species. Finally, dehydration of FAD(C4@H initiate the PHBH reaction by reducing the isoalloxazine ring.
yields fully oxidized FAD as observed by the increase in An in conformation shields the flavin from solvent, thus
absorbance at 450 nm. Meanwhile, the actual chlorination protecting the reactive FAD(C4aDOH intermediate formed
of tryptophan occurs in a manner independent of the when FADH reacts with Q. Finally, anopenconformation
oxidative reactions of the flavin, and chlorinated product is permits trafficking of substrate and product in and out of
not formed until after the flavin reactions are complete.  the active site. These dynamic properties afford multiple sites

Neither the X-ray structure nor our kinetic analysis has for carrying out separate phases of catalysis, thereby
been able to reveal the exact nature of the proximal optimizing each step in the reaction pathway. Although two-
chlorinating agent that reacts with tryptophan. The reactivity component monooxygenases separate the reduction of the
of HOCI is a major concern for generating such a species in flavin from the oxygenation reactions by using separate
the halogenase active site, as the enzyme must be able tgroteins, it nevertheless appears that protein dynamics are
control the substrate specificity and regiospecificity of important in their catalysis. Recent characterization of the
chlorination. It was proposed from the PrnA structure that two-componentp-hydroxyphenylacetate hydroxylase from
HOCI, once generated, enters a tunnel between the flavinAcinetobacter baumanniand Pseudomonas aeruginosa
cofactor and tryptophariy). There, HOCI might hydrogen  demonstrates long-lived FAD(C4apOH intermediatest{,
bond with the lysine 79 residue to position it for reaction at ~ 80 s) that formed in the absence of substr&#).(In
C7 of tryptophan. However, it is worth noting that amines bacterial luciferase, the half-life of the FMN(C4apOH
are reactive with HOCI to form chloramines, and chloramines intermediate was as long as 90 min at°O (34). It is
in turn are capable of directing a second chlorinati8g, (  reasonable to assume that these enzymes also utilize shielded
33). Thus, in principle, an enzyme chloramine intermediate conformers to prevent access of the solvent to the reactive
formed on lysine 79 may be equally or perhaps better suitedintermediate. Comparison of the substrate and product
to serve as a regiospecific chlorinating agent. complex of the flavin halogenase PrnA, the sequence of
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which is 53% identical and 67% similar to that of RebH, 10
also points to the involvement of structural dynamics during
substrate binding and reactioh7).

Analogous to thein, out, and open conformations of 11.

PHBH, the additional B and C conformations detected in

the kinetic analysis of RebH might represent distinct pretein
flavin complexes that are important for catalysis. Under 4,
aerobic conditions, binding of flavin is followed immediately

by reaction with oxygen to form FAD(C4aOOH. Associ-

ated conformational changes may be involved in shielding
oxygenated FAD(C4a) intermediates from solvent, thereby ;5
preventing their rapid breakdown and providing a site for

generating the chlorinating agent. However, under anaerobic 14.

conditions, the formation of these highly shielded forms

prevents subsequent reaction with © form oxygenated 15.

flavin intermediates. Hence, the availability of id the cell

is critical during biosynthesis of the secondary metabolite. 14
It is noted that the crystals of PrnA with bound FAD and
Trp were obtained under aerobic conditiohg)( If it adopts
multiple conformations as observed in RebH, the solved
PrnA structure may represent the “A” conformation at the
start of the reaction or a product complex at the end of the
reaction. It will be interesting to see how the conformations

adopted during reaction differ from this structure. Investiga- 18-

tion of these dynamics and their role in generating and
controlling reactivity of the critical FAD(C4&)OOH inter- 19
mediate will require identification and study of variants that
stabilize alternative conformations.

20.
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