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Hydroxylase Is Necessary for Ligand Exchange and Catalysis: Studies with
8-Mercapto- and 8-Hydroxy-Flavifis
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ABSTRACT: The FAD ofp-hydroxybenzoate hydroxylase (PHBH) is known to exist in two conformations.
The FAD must be in the in-position for hydroxylation pfhydroxybenzoatepOHB), whereas the out-
position is essential for reduction of the flavin by NADPH. In these investigations, we have used 8-mercapto-
FAD and 8-hydroxy-FAD to probe the movement of the flavin in catalysis. Under the conditions employed,
8-mercapto-FAD (K. = 3.8) and 8-hydroxy-FAD (Ka = 4.8) are mainly anionic. The spectral
characteristics of the anionic forms of these flavins are very sensitive to their environment, making them
sensitive probes for detecting movement of the flavin during catalysis. With these flavin analogues, the
enzyme hydroxylatesOHB efficiently, but at a rate much slower than that of enzyme with FAD. Reaction

of oxygen with reduced forms of these modified enzymes in the absence of substrate appears to proceed
through the formation of the flavin-C4a-hydroperoxide intermediate, as with normal enzyme, but the
decay of this intermediate is so fast compared to its formation that very little accumulates during the
reaction. However, after elimination of,8, from the flavin-C4a-hydroperoxide, a perturbed oxidized
enzyme spectrum is observed,{E, and this converts slowly to the spectrum of the resting oxidized
form of the enzyme (§). In the presence gpOHB, PHBH reconstituted with 8-mercapto-FAD also
shows the additional oxidized intermediatgJfafter the usual oxygenated C4a-intermediates have formed
and decayed in the course of the hydroxylation reaction. Thiste Eox step is postulated to be due to
flavin movement. Furthermore, binding p®HB to resting By« follows a three-step equilibrium mechanism

that is also consistent with flavin movement being the rate-limiting step. The rate for the slowest step
during pOHB binding is similar to that observed for the conversion gf*Eo E.x during the oxygen
reaction in the absence or presence of substrate. Steady-state kinetic analysis of PHBH substituted with
8-mercapto-FAD demonstrated that the appakents also similar to the rate of & conversion to k.
Presumably, the protein environment surrounding the flavinji d@iffers slightly from that of the final
resting form of the enzyme (R.

Detailed structural data on active sites of enzymes can bewith iodoacetamide or with iodoacetic acid, which is
obtained from both X-ray crystallographic and NMR studies. accompanied by large spectral changes, has been used to
However, neither of these techniques permits the convenientprobe the accessibility of solvent to the dimethylbenzene
study of dynamic events involved in catalysis. In this work, portion of the flavin in several enzyme$)(When the rate
we present spectroscopic data that directly probe dynamicof this reaction with the enzyme is much slower than with
events important in catalysis and that complement the the free flavin, the conclusion is that the flavin is not
previously obtained structural data. accessible to solvent. The rates of these changes can then

Reconstitution of apoflavoproteins with flavin analogues pe compared with the rates obtained with these flafies
carrying substitutions with relevant novel characteristics (€.9., jn solution. Using this technique, the 8-position of the flavin
hydrogen-bonding capabilities) can often be used to study;, gch proteins as melilotate hydroxylaseamino acid
the environment of the flavin that affects its reactivity; these oxidase, old yellow enzyme, flavodoxin, apéhydroxyben-

fla;/m ?nalogue%'llctan ?Iso i)rpvgje n:jfofrlme}:fn 4ab|c:)ut the zoate hydroxylase, among others, was found to be accessible
solvent accessibility of protein-bound fiaviri£4). For to solvent, while position 8 of the flavin in-lactate

example, the reaction, of theSH group of 8-mercapto-flavin monooxygenase, glucose oxidase, putrescine oxidase, and
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nance structures [Scheme 1, (B and D)]. Both anionic species ©
are in thermodynamic equilibrium, and influenced by the E-FADHOH<P (i) R E-FADyegS
solvent environment. Because sulfur is less likely than ks X;CENI':(YO Ky
oxygen to participate in conjugation.insystems, the thiolate \ N i /\o
form (B) is more favorable in solutior8). Each of the four o’ ’
species can be differentiated by their absorption spectra, SO@OH
which exhibit characteristic wavelengths of maximum ab- o
sorbance (see Scheme 1 fapa). Specific H-bonding E-FADHOOH-S (1)

interactions or charges at the binding site of the enzyme could

preferentially stabilize one form. Thus, the 8-mercapto-flavin hydroxylation ofp-hydroxybenzoatepOHB), an important
can serve as a sensitive indicator of the flavin binding site step in the degradation of many aromatic compounds. The
environment. Flavoproteins that share similar catalytic func- overall mechanism is diagrammed in Scheme 2. Crystal-
tions have been found to also have similar spectral propertieslographic studies have indicated that the flavin prosthetic

of bound 8-mercapto-flavin3j. group moves between two positions on the enzyme (Figure
8-Hydroxy-flavin can exist in analogous resonance and 1). depending on the ligand that is bound or which active-
tautomeric structures as does 8-mercapto-flavin. Tgqr site residue is change8,(8). Movement between these two

8-hydroxy-flavin is 4.8. The unusually lowka of the flavin conformations is essential for catalysis. Evidence is

phenolic 8-OH group, as compared with 2,4-dinitrophenol @ccumulating that the out-conformatiewhere the iso-
(pKa = 7.1), is the result of the electron deficiency of the alloxazine ring system of the flavin has swung out about
adjacent isoalloxazine ring9). 8-Hydroxy-flavin has a  31° along the dihedral angle defined by ‘CC2, and C3
wavelength maximum at 472 nma € 41 000 Mt cm™Y). of the FAD, and is exposed to solveris essential for
The higher extinction coefficients of the 8-mercapto-flavin Substrate binding dynamic§)(as well as for reduction of
and 8-hydroxy-flavin relative to native flavin, and the the FAD by NADPH (0, 11). On the other hand, crystal
dependence on the state of ionization of the 8-mercapto andstructures of PHBHY, 8, 12) strongly suggest that the flavin
8-hydroxy groups, indicate that the electronic distribution must be in the in-conformation for the subsequent hydroxy-
in the chromophore is strongly altered. These specific lation reaction to occur. The in-conformation of the flavin
properties of 8-mercapto-flavin and 8-hydroxy-flavin, which Sequesters the reactive flavin-C4a-hydroperoxide intermediate
are very sensitive to the environment of the flavin, can be from solvent, thus preventing the nonproductive elimination
useful for the study of flavin dynamics in the active sites of Of Hz0.. The crystal structure of phenol hydroxylase, a
flavoproteins. flavoprotein monooxygenase from the same family as PHBH,
The flavoproteirp-hydroxybenzoate hydroxylase (PHBH, @IS0 presents two analogous conformations, termed open and
EC 1.14.13.2) catalyzes the NADPH- and oxygen-dependentclosed, of the flavin in the active sité). It was suggested
that these conformational extremes are similarly involved
! Abbreviations: PHBH. p-hydroxybenzoate hydroxylase from during catalysis by phenol hydroxylase. Indeed, such obligate

Pseudomonas aeruginggaOHB, p-hydroxybenzoate; 2,4dOHB, 2,4- flavin moveme_nts may be common to catalysis in several
dihydroxybenzoate; 3,4dOHB, 3,4-dihydroxybenzoate; FAD, flavin members of this family of enzymes.
adenine dinucleotide; apoPHBR:hydroxybenzoate hydroxylase that In addition to reduction of the flavin and binding of the

has been depleted of FAD; FADHOOH, flavin-C4a-hydroperoxide; ; ;
FADHOH, flavin-C4a-hydroxide; NADPH, reduced nicotinamide substrate to the enzyme, it was also postulated that flavin

adenine dinucleotide phosphate; fhosphate; &, oxidized enzyme; ~ Movement was involved in release of the product and
Eox*, intermediate oxidized enzym&®', redox potential at pH 7.0. dehydration of the flavin-C4a-hydroxide. To probe this
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were estimated spectrophotometrically uséag = 16 300
M~ cmt for pOHB (in 1 N NaOH),es8 = 13 600 M
cmfor 2,4dOHB (h 1 N HCI), andesgo = 3890 Mt cm™?t
for 3,4dOHB (at pH 7.0).

PHBH Purification and Apoenzyme PreparatiddHBH
was expressed and purified from extracts€ofcoli IM105/
plE-130 using published proceduress). ApoPHBH was
prepared as reported by Wer and van Berkel17), but with
the modifications reported irLp) that were implemented to
increase the yield of apoenzyme. The purified apoenzyme

Y385 had no detectable activity in assay mixtures lacking FAD
and no observable absorbance at wavelengths greater than
310 nm. The molar absorptivity at 280 nm of apoPHBH used
was 73 000 M! cm™ (15).
PHBH with 8-Substituted FAD FormépoPHBH in 0.1
M Tris—sulfate buffer (pH 8.0) containing 1 mM EDTA was
reconstituted by incubating it fal h at 25°C with a 1.5~
H72 2-fold molar excess of 8-substituted-FAD as reported B).(
S212 Each 8-substituted FAD binds tightly to PHBH, as shown
Ficure 1: Flavin conformations in PHBH. The active site of PHBH by the lack of flavin dissociation from the enzyme during

contains a positive dipole from the-helix comprising residues  gelfiltration chromatography or ultrafiltration. The methods

296—320, three residues (Tyr201, Tyr385, and H72) that are part - L . :
of the proton network that participates in the ionizatiop@HB, for determining extinction coefficients for the various types

and three residues in hydrogen bonding distance to the carboxylatedf Oxidized 8-substituted-FAD PHBH, as well as the
group of the substrate (Ser212, Arg214, and Tyr222). The 8-position enzymatic hydroxylation and the dissociation constants for

ngtBe' fla\_/m is accessitt)le_l_tr? s_ol\_/;nt \;vrt}?n ftlhe_co_nforhmatiorl_l_cr)]f the pOHB, have been described in detallsf and the results
IS elther In or out. €sI-side O e Tlavin IS shown. e H P H
structure of PHBH in the presence pOHB is shown in black, reported in £5). The redox _potelntlals of PHBH reconstituted
whereas the structure of PHBH in the presence of 2,4dOHB is with the S'SUbSt'IUte.d flavins, in th_e presence or absence of
shown in gray. pOHB, were determined as described in refererd@ and
are reported inX5).
possibility, we characterized the reaction of oxygen with ~ Transient State KineticsThe instruments used during
PHBH substituted with reduced forms of 8-mercapto-FAD transient state kinetic experiments were described by Ortiz-
and 8-hydroxy-FAD (the 8-position is accessible to solvent Maldonado et al.15). The stopped-flow apparatus was made
in either conformation). After the flavin is oxidized, a slow anaerobic by using the protocatechuic acid (PCA)/protocat-
spectral change occurs when PHBH is substituted with echuic acid dioxygenase (PCD) system as describetdn (
8-mercapto-FAD or with 8-hydroxy-FAD either in the Allreactions and measurements, unless noted otherwise, were
presence or in the absence of substrate. We postulate thagarried out at #C in 50 mM KR buffer (pH 6.5).
this corresponds to the flavin moving from an in-conforma-  Transient kinetic studies of the oxidative half-reaction were
tion to the out-conformation. Similar spectral changes are initiated by mixing reduced enzyme with a buffered solution
observed uporpOHB binding to resting PHBH that is  containing Q (final concentrations of 0.0620.98 mM) as
substituted with 8-mercapto-FAD. Our studies provide described 16, 20). Anaerobic enzyme~30 uM) in a
evidence that flavin movement is indeed essential for tonometer (alone or with substrate present) was reduced by
catalysis and is required for ligand binding and exchange. one of two methods, depending on which FAD derivative
was used. PHBH reconstituted with 8-mercapto-FAD in
EXPERIMENTAL PROCEDURES anaerobic solutions containing xanthine (0.18 mM) and
) _ _ _ benzyl viologen (2QuM) was reduced by adding xanthine
Materials. 8-Cl-Riboflavin was obtained from Dr. J. P.  gxidase €40 nM final) from a sidearm of the tonometer.
Lamboy, University of Maryland, and 8-OH-riboflavin was  pHBH reconstituted with 8-hydroxy-FAD was reduced by
from Dr. S. Ghisla, University of Konstanz (Germany). titrating the enzyme with small aliquots of 6 mM sodium
Conversion of riboflavin analogues into the corresponding dithionite in 60 mM KR buffer (pH 7.0). Rate constants for
FAD qnalog_ues was achle\_/eCI using FAD syr_wthetase andthe formation and decay of the transient intermediates were
flavokinase isolated frorBrevibacterium ammoniagenes  calculated from absorbance traces at various wavelengths
reported in {4). 8-Mercapto-FAD was prepared by reacting (16) and from fluorescence emission traces (515 nm cutoff
8-CI-FAD that was bound to PHBH with N8 (1) in 0.1 M filter) resulting from excitation at 400 nm. Rate constants
sodium pyrophosphate buffer (pH 8.5) containing 0.1 mM \yere calculated from exponential fits of traces recorded at
EDTA; the extent of the reaction was monitored at 534 nm. appropriate wavelengths using either the KISS software or
The extinction coefficients used for the various free 8-sub- Program A, each of which uses the Marquardt algorita). (
stituted FAD analogues (M cm™?) were: e4¢(Cl) = 10 600, Effect of pH on 8-Hydroxy-FAD Bound to PHBMlea-
ear{hydroxy) = 41 000, anckss{mercapto)= 30 000. surement of the apparenKpvalue of the 8-hydroxy-FAD
pOHB, 2,4dOHB, and 3,4dOHB obtained from Sigma that was bound to PHBH was performed by recording the
were recrystallized from water before use.,8and benzyl spectra with a Hi-Tech M300 diode array detector (using a
viologen dichloride were from Aldrich. Other chemicals were xenon lamp) in 1.25 ms intervals out to several seconds or
obtained as described elsewhekB)(Solution concentrations ~ within the firg 3 s after mixing with a Hi-Tech SF-61

Helix 296-320

R214
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spectrophotometer equipped with a tungsten lamp. Enzyme A 35 , , , ,

in 10 mM KR buffer (pH 6.5) was rapidly mixed with an 30

equal volume of 100 mM buffer at the desired pH. Citrate/ ~ 25

phosphate buffer was used for solutions with pH values of £ 20

2.65 and 3.25, sodium acetate/acetic acid was used for pH S 15

values of 3.60, 4.01, 4.50, 5.00, and 5.49, and Kiffer % 10

was used for pH values of 6.03, 6.55, and 7.07. The spectra 5

obtained either at 10 ms or withi3 s after mixing were 0 | | |

similar and used for these analyses because the enzyme is 300 400 500 600 700 800

unstable below pH 5.0. Spectral changes were completed Wavelength (nm)

by 10 ms. B | —
Binding Kinetics and Dissociation Constants of pOHB, 40 7

2,4dOHB, and 3,4dOHB for PHBH Reconstituted with ~ oL |

8-Mercapto-FADThe dissociation and kinetic rate constants £

for ligand binding to PHBH reconstituted with 8-mercapto- s 20 .

FAD were determined in 50 mM Kmuffer (pH 6.5) at 4 f«

°C using a stopped-flow spectrophotometer. Transient kinetic 10 7]

studies of ligand binding were initiated by mixing the 0 | |

oxidized enzyme (12M) with a buffered solution containing 300 400 500 600

various concentrations of ligand (final concentrations be- Wavelength (nm)

; indinn FIGURE 2: Spectra of the free and enzyme-bound flavin analogues
tween 0.05 and 8.00 mM). Rate constants for ligand binding Spectra of PHBH substituted with (A) 8-mercapto-FAD and (B)

were calculated from absorbance traces recorded at theghydroxy-FAD were recorded in 100 mM NaPi buffer (pH 7.2)

wavelength at which the greatest perturbation of the enzyme-at 25°C. Oxidized form of the enzyme-bound flavi®) and the

bound flavin spectrum occurred upon ligand binding. Plotting freeflavin analogue®). Freeflavin was released from the enzyme

the observed rate constants of each of the binding processe8Y adding 0.1% SDS to the enzyme solution.

as a function of ligand concentration permitted the derivation o ) .

of the binding model. FAD or 8-hydroxy-FAD is similar to that with native
Competition Effect of pOHB on Binding 2,4dOHB to enzyme, and it dogs not affect the rgdox _po_tennal of the

8-Mercapto-FAD PHBH.PHBH substituted with 8-mer- enzyme-bound flavin (Table 1). The dissociation constants

capto-FAD (4uM) was first incubated with 58M pOHB. Or\/lpoglﬁ Z)r PHEEDrangre g:oml9.5tM (_n?jt_ivet_FAE?[%t? 31
Transient kinetic studies of 2,4dOHB binding were initiated (8-hydroxy-FAD) [Table 1, 15)], indicating that no

- : . jor changes in binding properties occur. This is evidence
by mixing the enzyme that was partially bound wit@HB major ¢ . .
with a buffered solution of various concentrations of 2,- that the substituents on the flavin do not greatly affect the

4dOHB (final concentrations of 0.:3.00 mM). Rate interaction of the enzyme with substrate, as previously
constants for 2,4dOHB binding anﬁDHB releasé were reported 15). This is also consistent with the crystal structure

f PHBH, which shows that the substrate is not bound near
calculated from absorbance traces recorded at 525 nm a ) T
previously described. he 8-position of the flavin. Binding opOHB to PHBH

reconstituted with 8-mercapto-FAD causes a further red-shift
RESULTS of the Amax Of the flavin from 546 to 564 nm and is
accompanied by a decrease in the molar extinction coefficient
General Properties of PHBH Reconstituted with 8-Mer- of the visible absorption peak (Figure 3). Upon binding of
capto-FAD and 8-Hydroxy-FADIn aqueous solution at  3,4dOHB (product) to PHBH substituted with 8-mercapto-
neutral pH, because of their lowKp values (8-mercapto-  FAD, the spectrum of the free modified enzyme is perturbed
FAD = 3.8, 8-hydroxy-FAD= 4.8), 8-mercapto-FAD and similarly to that observed upopOHB binding, but the
8-hydroxy-FAD exist predominantly in the ionized form changes in the molar extinction coefficient are only about
(Scheme 1). Each has a significantly higher molar extinction 65% of those withpOHB (data not shown). On the other
coefficient than FAD at thelmax (Figure 2). The molar  hand, binding of 2,4dOHB to PHBH reconstituted with
extinction coefficients aflmax Of the UV—visible peaks of 8-mercapto-FAD perturbs the flavin spectrum differently
PHBH that had been reconstituted with 8-mercapto-FAD and (Figure 3), as observed in studies with PHBH substituted
8-hydroxy-FAD are about 1000 M cm™! less than those  with native FAD 6). Interestingly, binding ofpOHB to
for the corresponding free flavins (Figure 2). Binding of PHBH reconstituted with 8-hydroxy-FAD causes the peak
8-mercapto-FAD to apoPHBH causes a shift of ihg of atAmax (488 nm,e = 40 400 Mt cm™?) to split, giving peaks
the free flavin from 534 to 546 nm (Figure 2A), and binding at 474 nm é = 28 900 M cm™1) and 492 nm{ = 27 700
of 8-hydroxy-FAD to apoPHBH causes a shift of thgax M~t cm™Y) (Figure 3).
from 480 to 488 nm (Figure 2B). On the basis of their  Oxidative Half-ReactionThe reactions of oxygen with
spectral properties, the enzyme-bound 8-mercapto-FAD andpHBH containing the reduced 8-mercapto-FAD or 8-hy-
8-hydroxy-FAD analogues can be considered predominantly droxy-FAD were measured in the absence of substrate. Both
in the thiolate and phenolate forms, like those observed for of these substituted reduced enzymes convert to the final
the free flavin analogues [species B in Scheme 1 for oxidized forms in biphasic reactions. At the end of the first
8-mercapto-flavin §)]. phase, in a reaction first-order with oxygen (&210° M1
We have shown previouslyL§) that binding ofpOHB to s 1 for 8-mercapto-FAD; 2.0 10* M~ s71 for 8-hydroxy-
enzyme that has been reconstituted with either 8-mercapto-FAD), the spectrum indicates that an oxidized form of the
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Table 1: Thermodynamic and Kinetic Constarfar PHBH containing 8-hydroxy-FAD and 0.0587% for enzyme
Reconstituted with 8-Mercapto-FAD and 8-Hydroxy-FAD substituted with 8-mercapto-FAD. The spectra of this ad-

ditional intermediate (E*) for the two flavins are shown in
Figure 4B,C. These data are consistent with the reaction in

8-substituent

property units  CH S o Scheme 3.The simplest explanation of the data is that the
E Lree g m\</ :ig; :%gg :ggi conformation of the first observed oxidized enzyme E
o' bound+ m - B - detected after the oxygen reaction with reduced enzyme, is

pOHB  mV 165 267 308 ; . . -

hydroxylation % 100 100 99 somehow different from the final resting oxidized enzyme;
Kg pPOHB (Eox) uM 9.5 15 31 thus, with the substituted flavins, a slow conformational
Kg pOHB (Ered) uM 21 nd 77@ change occurs to form the final oxidized species. With FAD,
Ka 3,4DOHB (K, H#M 230 410 n this change is presumably rapid or spectrally silent, so that
Kd 2,4DOHB (Ex) uM 22 290 nd ) O

] _ no Ey* intermediate is observed.
reductive half-reaction . .
K4 NADPH UM 210 1500 1170 In the presence 0pOHB, the reaction of oxygen with
ka st 52 0.026 0.048 PHBH substituted with reduced 8-mercapto-FAD or with
ks st 25 nd nt reduced 8-hydroxy-FAD proceeds about 10-fold faster than
oxidative half-reaction when substrate is not present (analogously to WT) (Table
|<4ae M_Il st zd?x 104 g.g x8103 20.00>§ 10 1). For both FAD analogues, this reaction of oxygen with
kea _ _ s n 05 034 substrate-bound enzyme results in the formation of observ-
Ej/droxylatlon reaction pBx 1 12x 16 4.2x 16F able C4a-hydroperoxides, consistent with previous studies
e o P e e of native PHBH 22). In the presence qfOHB, the kinetics
P st 145 5.7 nd of the reaction of oxygen with PHBH substituted with
ke? st led ~0.07  ~0.029 8-hydroxy-FAD can be described by two phases and one

aRate constants are from Scheme Blost of the thermodynamic ~ Observable intermediate (8-hydroxy-FADHOOH)hereas
and kinetic rate constants for PHBH substituted with 8-mercapto-FAD the traces for PHBH reconstituted with 8-mercapto-FAD can
and 8-hydroxy-FAD, unless otherwise noted, were reported in referencesphe described by three phases (Figure 5A) and two observable
15and30. These values are tabulated here for the convenience of theﬂavin-C4a-intermediates within the first 300 ms of the
reader* Values are from referende. ¢ nd = not determined® Kinetic . . e
rate constant for the isomerization of oxidized enzyme from the in- reagtl_on [Scheme 2 andl_@]' Native PHBH similarly
conformation (E¢*) to the out-conformation (§). Values of rate exhibits three phase&§). With 8-mercapto-FAD bound to
constants were the average of at least four determinations. RatePHBH, an additional prominent slow multistep process is
constants varieet 5% from one anothef.The value oks is an estimate observed after 250 ms (Figure 5A). These extra phases occur

based on the complex kinetics observed after 300 ms (Figure 5). The : P
multistep process is due to bindingm®HB after release of 3,4d0HB after the flavin has been oxidized. The trace at 567 nm shows

formed during the hydroxylation reaction. Rate constants after the Primarily the formation of oxidized flavin. The first phase
chemical steps are1.9,~0.14,~0.07, and~0.0067 s™. 9 The value in the reaction with oxygen can be seen at 416 nm as an
of kg is assumed to be small. An accurate estimate of the rate constantincrease in the first 30 ms to presumably form the flavin-
is not possible because there are only small changes in absorbance "C4a-hydroperoxide. The rate of this step is linearly dependent

the wavelengths studied and because of the complex kinetics observe . . .
after 300 ms. Rate constants after the chemical steps-ar@ and don oxygen concentration, and a biphasic decrease at 416 nm

~0.029 s, and a biphasic increase at 567 nm follow this. The spectrum
of this additional B« intermediate was calculated from kinetic
Scheme 3 traces at wavelengths between 390 and 650 nm and is shown
o (W ) o (5 in Figure _SB. The intermediate is presumably oxidized
. o enzyme with bound 3,4dOHB, the product of the hydroxy-
8-0"FADey  20x10° fast 0.034 lation reaction. Its spectrum is quite similar to that Qf*E
8-5™-FADreq 8.2x10° fast 0.058 discussed above, presumably with perturbations from the
2610 fast fast bound product. This intermediate slowly converts to the final
EFADq + 0y == EFADHOOH ——~ EFAD, E-FADq, oxidized form (E) in a multistep process that is independent
Hz0, of oxygen concentration (particularly notable by the increase

in absorbance at 416 nm between 200 ms and 20 s). This
flavin is the product. Any putative flavin-C4a-hydroperoxide slow multistep process is probably due to displacement of
intermediate that forms without substrate pres@g} (nust 3,4dOHB and binding opOHB to the enzyme. In the case
decay so quickly that none is detected in these experiments.of enzyme substituted with 8-hydroxy-FAD, this extra phase
This step is represented by the first phase observed before is not as prominent between 360 and 600 nm because with
s at indicated wavelengths in Figure 4A for 8-mercapto-FAD this flavin the spectrum of the oxidized enzyme,jBwith
PHBH. The second-order rate constarks (n Scheme 3)  pOHB bound is similar to that observed when the oxidized
for the formation of the flavin-C4a-hydroperoxide of the intermediate (§*) is formed after the hydroxylation reaction
modified enzymes are somewhat affected by the nature ofhas occurred and 3,4dOHB is bound (not shown). However,
the substituent at the 8-position of the FAD (Table 1). After notable changes are observed at wavelengths below 400 nm.
the formation of the initial substituted oxidized enzyme The slow phase due to the conversion gfEo E., observed
(Eox*), the final Eox is formed slowly in a process that is  for PHBH substituted with either flavin analogue is insensi-
independent of oxygen concentration (Figure 4B for PHBH
substituted with 8-mercapto-FAD and Figure 4C for PHBH ~, o .
reconstituted with 8-hydroxy-FAD). The rate of the inter- St"g; S%r;r}ﬁtgfggguwh whether,€, is released from the enzyme
conversion step (& to Eo) is 0.034 s! for PHBH 3 Supporting Information for the World Wide Web edition.
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Ficure 3: UV—uvisible spectral perturbations of PHBH reconstituted with 8-mercapto-FAD and 8-hydroxy-FAD upon ligand binding
Absorbance spectra for the substrate-fl@g pOHB-saturated®), and 2,4dOHB-saturated@lj PHBH reconstituted with (A) 8-mercapto-

FAD and (B) 8-hydroxy-FAD. Difference spectra obtained with the maximum concentrations of ligand used are shown for PHBH substituted
with (C) 8-mercapto-FAD and (D) 8-hydroxy-FAD. Dissociation constants were determined by titrating enzygg M) with ligand

in 50 mM KPi and 1 mM EDTA, pH 6.5, at 4C and are reported in Table 1. After absorbance spectra were recorded and corrected for
dilution, the difference spectra were obtained by subtracting the free enzyme spectrum from each successive spectrum.

tive to changes in either substrate concentration or pH (data8-mercapto-FAD) and the spectral characteristics of the
not shown). intermediate E* cannot be attributed to protonation/
Effect of pH on the Spectrum of 8-Hydroxy-FAD Bound deprotonation of the substituent at the 8-position of the flavin.
to PHBH. To test whether this change in absorbance after Binding Kinetics and Dissociation Constants of pOHB,
formation of the initial oxidized enzyme is due to ionization 2,4dOHB, and 3,4dOHB for PHBH Reconstituted with
of the 8-substituent on the FAD, the effect of pH on the 8-Mercapto-FAD.Binding of pOHB, 2,4dOHB, and 3,-
spectrum of 8-hydroxy-FAD bound to PHBH was measured 4dOHB to PHBH containing native oxidized FAD occurs
(Figure 6). The spectrum dfee 8-hydroxy-FAD is pH- very rapidly and cannot be measured by stopped-flow
dependent (8, = 4.8) with extensive differences between methods 24). Although replacement of the flavin in PHBH
the protonatedifax 454 nm,ess4 = 26 900 Mt cm™) and by 8-mercapto-FAD causes a dramatic decrease in the rate
anionic forms fmax 481 Nm,egg; = 41 600 Mt cm™) (9). of ligand binding, the dissociation constants for these
The enzyme-bound flavin at pH 7.07 had.ax at 488 nm substrates and the product are similar for PHBH with either
(€488= 40 400 Mt cm™Y), and the spectrum is pH-dependent, FAD or 8-mercapto-FAD, indicating that no major changes
with an apparentig, of ca. 3.7. This was determined in rapid in binding properties occur. Studies with 8-mercapto-FAD
mixing experiments, so that the spectrum at low pH could enzyme show that the mechanism for ligand binding to the
be recorded witi 3 s after mixing, which is before  modified enzyme follows a complex, three-step process.
denaturation of the protein occurred (Figure 6). The low-  Absorbance traces at 525 and 568 nm monitoring the
pH form has almax at 480 nm é4g0 = 31 700 Mt cm™2). binding of pOHB to PHBH substituted with 8-mercapto-FAD
Thus, the pH-dependent spectral changes offibe and (Figure 7A,B) indicate two observable intermediatesL(E
enzyme-bound 8-hydroxy-FAD are very different. At neutral and E*L in Scheme 4). The first phase seen as a small
pH, the flavin is clearly bound in its anionic form. The increase in absorbance at 568 nm, completed by 100 ms,
changes in the spectrum of the enzyme-bound form at low represents the initial binding @OHB to the enzyme and is
pH are due to protonation of the flavin and/or of protein directly related to the concentration j@®HB. A plot of Kops
groups interacting with the flavin. The active site of PHBH vs [pOHB] can be analyzed for a bimolecular rate constant
is electrostatically positive2@) and would be expected to  of 1.5 x 10° M~* s (k;, Scheme 4) and an off rate of 10.3
stabilize anionic flavin forms, in keeping with the lowered s! (k,, Scheme 4). The second phase2(0 s?), ks in
pK, of ca. 3.7 for the 8-hydroxy-FAD when bound to the Scheme 4 and in Figure 7A (small decrease in absorbance
enzyme. If this K, is due to protonation of the flavin, the at 525 nm, see inset), is independenp@HB concentration,
spectral properties at low pH would indicate that the whereas the third phase at 525 nm and at 568 nm between
protonated form is predominantly the quinonoid tautomer 1 and 200 s (conversion of B* to E**-L, Scheme 4) is
with the proton located at N1 rather than at O8 (analogous hyperbolically dependent on the concentratiop@fB [with
to structure C of Scheme 1). Whatever the explanation of calculated rate constants of 0.040 ¢k; + kg) at infinite
the observed pH effects, it is clear that the observed concentration opOHB and 0.022 st (ks, Scheme 4) as the
absorbance changes during the oxidative half-reaction of concentration ofpOHB approaches zero, Figure 7C]. Al-
PHBH reconstituted with 8-hydroxy-FAD (and probably also though the kinetics can be fit with a two-step binding process,
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Ficure 5: Kinetic traces of the oxidative half-reaction of 8-mer-
c capto-FAD PHBH in the presence pOHB. Reduced enzyme (15
uM) with boundpOHB (1.0 mM) was reacted with oxygen (0.62
o - mM) using a stopped-flow spectrophotometer (all concentrations
i given are after mixing). (A) Absorbance traces@j 416 nm, Q)
8 7 490 nm, and[{) 567 nm are shown. The absorbance trace recorded
5 | at 567 nm was divided by 3.1 to fit on the graph. The concentration
2 of oxygen was 0.62 mM. (B) Spectra for the intermediate and
_ oxidized forms of PHBH reconstituted with 8-mercapto-FAD) (
Reduced 8-mercapto-FAD PHBBtOHB, (O) intermediate oxi-
dized 8-mercapto-FAD determined from kinetic traces at 0.261 s,
300 400 500 600 and @) final oxidized 8-mercapto-FAR-OHB detected at the end
Wavelength (nm) of the reaction trace (256 s). Reaction conditions are the same as
FiGUrRe4: Reaction of oxygen with PHBH substituted with reduced N Figure 3.
forms of 8-mercapto-FAD or 8-hydroxy-FAD in the absence of
pOHB. Reduced enzyme (1/6M) was reacted with oxygen (0.62
mM) using a stopped-flow spectrophotometer (all concentrations
given are after mixing). (A) Absorbance traces@®@j 490 nm and =
(©) 650 nm are shown. (B) Spectra for observed species of PHBH £
reconstituted with 8-mercapto-FAD®) Reduced 8-mercapto-FAD s
PHBH, (O) intermediate oxidized 8-mercapto-FAD calculated from E
kinetic traces at 1 s, andllj final oxidized 8-mercapto-FAD w
detected at the end of the reaction trace (80 s). (C) Spectra for
observed species of PHBH reconstituted with 8-hydroxy-FA®). (

Reduced 8-hydroxy-FAD PHBH()) intermediate oxidized 8-hy- 300 400 500 600
droxy-FAD detected at 5 s, anM) final oxidized 8-hydroxy-FAD Wavelength (nm}
detected at the end of the reaction trace (5 min). FiGURe 6: Effect of pH on the spectra of PHBH reconstituted with

the Kq calculated from the kinetic rate constants does not 8-hydroxy-FAD Enzyme ¢-6.54M) in 10 mM KPi buffer (pH

. ; - 6.5) was rapidly mixed with an equal volume of 100 mM buffer at
agree with the thermodynami€y obtained from binding the desired pH in a stopped-flow spectrophotometer. The data are

titrations. However, the three-step mechanism shown in the average of the observed spectral measurements collected in the
Scheme 4 does fit the data. Rate constants for all of thefirst 3 s after mixing. Indicated are the spectra of bound 8-hydroxy-
individual steps in the binding mechanism were obtained FAD to PHBH at pH 7.07 @) and pH 3.60 ©). The spectra of

from simulations of the data for the different concentrations free 8-nydroxy-FAD at pH 7.20M) and pH 3.25[0) are shown
for comparison. Spectral changes obtained where the ionic strength

of pOHB studied (Table 2?' Bindir_lg of the product, was kept constant at 0.15 M by addition of JS&, were the same
3,4dOHB, to PHBH reconstituted with 8-mercapto-FAD 35 shown here.

follows a similar mechanism to that observed ftdHB

binding to this modified enzyme (Scheme 4). Absorbance The overall binding of 2,4dOHB to PHBH reconstituted
traces at 600 nm due to the binding of 3,4dOHB to PHBH with 8-mercapto-FAD proceeds much faster than the binding
substituted with 8-mercapto-FAD (not shown) indicate three of pOHB. Traces at 567 nm show one phase being completed
phases and two observable intermediates. Analogous tobefore 40 ms (Figure 8). A plot okys Vs 2,4dOHB
studies (above) witlpOHB, the third phase in the binding concentration shows thkg,sreaches a limiting value of 800
kinetics observed at 600 nm is hyperbolically dependent on s (k; + ks, Scheme 4) with an intercept of 35%s(ks,

the concentration of 3,4dOHB [with calculat&d/alues of Scheme 4), and &y app0f 2.0 mM. The initial binding of
0.223 s (ks + kg) at infinite concentration of 3,4dOHB and  2,4dOHB to the modified enzyme is estimated to occur at
0.050 s? (kg) as the concentration of 3,4dOHB approaches =4 x 10° M~!s? (k;, Scheme 4) on the basis of the initial
zero, Table 2]. slope of a plot of the observed rate constants vs 2,4dOHB
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A 028 L _ Table 2: Kinetic Constartdor pOHB, 2,4dOHB, and 3,4dOHB
Binding to PHBH Reconstituted with 8-Mercapto-FAD
€ 0261 ligand (L)
& 024l rate constant pOHBP pOHB® 2,4dOHB  3,4dOHB
3 o
< k(M1s?) 1x10F 1x10P >4 x 10 ~10°
0.22 |- ko (s7Y) 10.3 10.3 1300 nod
‘ | | 1 | ks (s7Y) ~2.0 2.6 (2.4 na? ~2.0
020 1.1 LiLLl IEETI 1 1)L 1110 I EED 1 —1
0001 001 01 1 10 100 ﬁglg Rgz (1).335(7).677 ”nd; ﬂgj
t(s) ks (s7Y) noe 0.014 nd ncd
0.32 kz (s 0.018 (0.03» 760 0.173
B - T 1T T T T LALLILL LI RLLLU G ka(s_l) 0-022 (0.09® 35 0.050
0.31 aRate constants are from Scheme Experimental rate constants.
€ Values of rate constants were the average of at least four determinations.
e 0.30 Rate constants varied5% from one anothef.Rate constants obtained
2 o029 from simulation experiments.nd = not detected® Values in paren-
< theses are from the competition gdHB on the binding of 2,4dOHB
0.28 [POHB] to 8-mercapto-FAD PHBH experiment.
0.27 ool veeend ool sl vy o )
0.001 001 01 1 10 100 0.36
t (s)
0.35
c 004 ’g
5 0.34
0.03 ©
o < 033
= 002 i [2,4dOHB)
~° 0.32 ! L L ! L
0.01 |- - 0 0.02 0.04 0.06
t(s)
0 . ' : 1 FiGURE 8: Kinetic traces from the binding of 2,4dOHB to PHBH
0 05 10 15 20 25 reconstituted with 8-mercapto-FADXidized enzyme (12M) was
[POHB] (mM) rapidly mixed with 0.15-4.00 mM 2,4dOHB using a stopped-flow
Ficure 7: Kinetic traces from the binding gfOHB to PHBH spectrophotometer (concentrations indicated are those after mixing).
reconstituted with 8-mercapto-FADXidized enzyme (12M) was Absorbance at 567 nm can be described with one phase that

rapidly mixed with 0.05-2.00 mM pOHB using a stopped-flow  saturates with increasing levels of 2,4dOHB concentration (not
spectrophotometer (concentrations indicated are those after mixing).shown). Concentrations of 2,4dOHB were 0.15, 0.30, 0.60, 1.20,
Absorbance at (A) 525 nm (the inset shows an expanded linearand 4.00 mM (lower to upper curves).

scale of the firs1 s for the reaction with 2 mM»OHB) and (B)

568 nm can be described with three phases. The first phase in theScheme 5
trace shows a first-order dependencep@HB concentrationk =

-1
1 x 1® M1 s71), and the second phase is independent of the 0'031\5
concentration of substraté & ~2.0 s'1). (C) The magnitude of e 067s! ) 1035
the kops Of the third phase in the kinetic traces has a hyperbolic £+poHs E"pOHB —ore EwpOMB ———o pOMB + E
dependence opOHB concentration. ConcentrationspdHB were N 24087 ) ot st +
0.05, 0.10, 0.20, 0.40, 1.00, and 2.00 mM. Y 2,4dOHB
0.032s"
Scheme 4 1300 5" || 24x105 Ml
by E+2,4d0HB
A
4 A . y
k4 k3 ks 355" || 760s
E+L EeL E*L E**eL
ko Ky ks E**+2,4dOHB
N / _
\kf tional changes that precede the releas@®@HB. To test
8

this hypothesis, PHBH substituted with 8-mercapto-FAD was
concentration. Simulation experiments predicted an off rate first incubated withpOHB (66% saturating concentration),
for 2,4dOHB of 1300 s! (k;, Scheme 4). Fitting to the  and the rate of 2,4dOHB binding was measured. The overall
mechanism shown in Scheme 4 yields the rate constantsobservations can be described by Scheme 5. Traces at 525
shown in Table 2. nm show five phases (Figure 9A). The first phase was
Competition of pOHB on the Binding of 2,4dOHB to completed before 40 ms and showed a hyperbolic depen-
8-Mercapto-FAD PHBHCrystal structures show thpOHB dence on 2,4dOHB concentration with rates that correspond
and 2,4dOHB each bind to the same site in PHEIHE). to those in Figure 8 for the binding of 2,4dOHB free
Therefore, if one ligand is bound to the enzyme, it must be modified enzymel; =4 x 10° M~ s, k, = 1300 s!, k7
expelled before the second ligand can bind. Thus, if the = 760 s, andkg = 35 s'%; see Scheme 4 and Table 2). We
modified enzyme in complex witpOHB were mixed with know the reaction started asps = 0.39; thus, at high
2,4dOHB, the observed rate constant for 2,4dOHB binding concentrations of 2,4dOHB, part of this phase could not be
would be expected to be controlled by any slow conforma- monitored (refer to Figure 8). Moreover, the amplitude of
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— concentrations of 2,4dOHB and 3.07 ss the concentration
3 of 2,4dOHB approaches zero (Figure 9B). When the
< concentration of 2,4dOHB approaches zero, the observed rate
approaches the sum of the forward and reverse rate constants
of the isomerization (3.07°8) as shown in Figure 9B. Thus,
0 0 é “1 é é 10 the reverse rate constant can be calculated to be2.4dss
[2,4dOHB] (mM) shown in Scheme 5 and Table 2 (Scheme 5 is an expansion
of Scheme 4 to accommodate two ligands). This type of
c o010 , | ! . analysis has been described by Fersht and Reg@2é&par{d
0.08 by Halford £6). The dependence of the kinetics of the fourth
_ phase (between ca. 8 and 30 s) on 2,4dOHB concentration
T 0.06 is described by a hyperbola (Figure 9C) with a calculated
A oos maximal rate constant of 0.126%sand an intercept of 0.032
s L. This step can be ascribed to the conversion between the
0.02 7 form of the enzyme in the E¥pOHB to the E*pOHB state
0 | I ] ! (Scheme 5). The fifth phase (0.00515%s of unknown
0 2 4 6 8 10 nature, is independent of 2,4dOHB concentration. However,
[2,4d0HB] (mM)

. . 3 the mechanism in Scheme 5 does not completely account

mGUbREdQI Eﬁgﬂgt‘ints sgawmg tht;—‘_tcgrgpemlgn of 2,4?(3";'5'3'[0 for the observed data. Simulations of the experiments in
€ binding O (0] reconstituted wi -mercapto-rF#£ i H i

Oxidized enzyme (2&M) with 66% boundpOHB (29 M) was f'%‘rj]re:. "’g?cord}”g ZOD%CSSmE S fotLthtet Comfpett'ﬂo'[}@HtBh

rapidly mixed with 2,4dOHB at concentrations from 0.13 to 8.00 0 the binding ot 2, show that thes for the four

mM (after mixing) using a stopped-flow spectrophotometer. (A) Phase should have no dependence on 2,4dOHB concentra-

Absorbance traces at 525 nm can be described with five phasestion. This slight dependence on 2,4dOHB concentration of

(A1, A2, A3, A4, and1s). The end of flow is 3 ms. Inset: Expanded  the fourth phase in the experimental data may be associated

absorbance tracg-@axis is 7.5-fold more sensitive) for the shot at ; PR ; ;
0.25 mM 2,4dOHB concentration. (B) The rate of the third phase with the secondary weak binding site observed in WT

in the binding kinetics decreases with increasing 2,4dOHB con- €NZyme for this ligand +5 mM) because the ligand
centration and saturates to a minimum value of 0.67 &) The concentrations used were very high, in the millimolar range
rate of the fourth phase in the kinetic traces saturates with increasing(see Supporting Information).

levels of 2,4dOHB concentration. Concentrations of 2,4dOHB were

0.13, 0.25, 0.50, 1.00, 2.00, 4.00, and 8.00 mM. DISCUSSION

this phase corresponded t634% of free enzyme binding The two resonance structures of the anionic forms of
2,4dOHB (Figure 3C shows the maximum absorbance 8-mercapto- and 8-hydroxy-flavins have the negative charge
change expected upon 2,4dOHB binding to PHBH recon- localized either on the 8-substituent or at the N(1) of the
stituted with 8-mercapto-FAD), indicating that this phase is flavin (Scheme 6). In solution, the predominant form is the
indeed due to enzyme not in complex wigOHB. The benzenoid structure with the negative charge on the 8-sub-
second phase in the competition experiment is characterizedstituent (Scheme 1, B, with spectrum shown in Figure 2).
by a small absorbance decrease at 525 nm and is independeridpon binding to apoPHBH, th&ax of 8-mercapto-FAD is

of 2,4dOHB concentration; it can be ascribed to the off rate red-shifted to 546 nm, indicating weak stabilization of the
of pOHB (10.3 s?') from the EpOHB complex that exists  paraquinonoid resonance form of the flavin [negative charge
at equilibrium, as shown in the previous section. g on N(1)], probably due to interactions of a positive electro-
for the third phase (between ca. 0.3 and 4 s) decreases, bustatic field from the proteino(-helix dipole) with the negative
the amplitude of this phase at 525 nm increases with charge of the flavin aniorb( 8) near N(1), C(2)O when the
increasing 2,4dOHB concentration. This is characteristic of flavin is in the “in” conformation (Scheme 6). The active

a slow isomerization step being required for exchange of site is known to have a positive electrostatic character,
ligands, so that at low concentrations of 2,4dOHB, only a especially near the N1, C2(O) position of the flavin when it
small fraction isomerizes, whereas at high concentrations ofis in the “in” conformation 23). Similar spectral perturba-
2,4dOHB, all of the enzyme isomerizes from-E®HB to tions are observed in PHBH reconstituted with 8-hydroxy-
E-pOHB as most of the enzyme becomes bound to 2,4dOHB. FAD. These spectral characteristics suggest that once the
Thus, one calculates rate constants of 0.67a$ saturating flavin analogue is bound to PHBH, the enzyme can stabilize
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the paraquinonoid form to some degree, although the Scheme 7
benzenoid form is still favored. Binding ggOHB to the Flavin in Flavin out
oxidized form of the substituted enzymes causes the equi-

librium to be further perturbed; there is more stabilization : E'FAD"*“E N EFADraS R
of the paraquinonoid species, and in the case of PHBH % Lo k@l/NADP
reconstituted with 8-mercapto-FAD, the paraquinonoid form | E-FADHOOHSS () E-FAD,o¢*S*NADP*
is much more stable in the presencepGfHB. lkﬁ kT

In addition to the in- and out-conformations of the flavin ; :
in PHBH (5, 8), it has recently been reported that the flavin E-FADHOH=P" (Il E-FAD,,*S*NADPH
in PHBH can also exist in an alternative middle position i fasl\ke NADPH M\
when the enzyme is crystallized in the absence of ligands i

. . E-FADHOHSP (li1) H E-FAD,y*S

(27). The movement of flavin among these conformations ;
in native enzyme is fast; on mixing with substrate, the change ™" " / o Jv s/
is complete within the dead-time of stopped-flow measure- c.rapHor-r E-FADg, *+P ~——= E-FAD,, + P

ments. However, binding of ligands to PHBH that has been u\'
reconstituted with 8-mercapto-FAD is much slower, presum-
ably because the movement of 8-mercapto-FAD is slower
than that of FAD. The data presented here for PHBH that
has been reconstituted with 8-mercapto-FAD or with 8-hy-
droxy-FAD provide evidence for a conformational change
that is necessary for ligand binding and exchange. Presum-
ably, the flavin must move from the middle (or in) position
to the out-conformation (E) to allow the ligand to gain access
to the active-site channel and bind in the correct orientation.
After the ligand is oriented in the active site, the flavin can site and reacts with oxygetj to form E-FADHOOH:-S.
move to the middle position (E*) and then back in (E**, in This sequesters the flavin-C4a-hydroperoxide intermediate
the case ofpOHB). This hypothesis for flavin movement from solvent and allows hydroxylation to occur without
can account for the three steps in the bindingp@HB as significant nonproductive elimination ofJ,. Hydroxylation
shown in Scheme 4 (B L < E-L < E*-L < E**-L). In results in the nonaromatic product{EADHOH-P*), which
the case of 2,4dOHB, ligand binding is fit satisfactorily by quickly rearomatizes to form the final product{EADHOH-
a two-step process. In all of the cases examined, ligandP). Two alternative pathways are then available for release
binding to these modified forms of the enzyme is followed of product and dehydration of the flavin-C4a-hydroxide. The
by a slow isomerization of the initial complex formed. Thus, hydroxyflavin can lose water to form -H-AD*-P, and
in contrast to native enzyme, the oxidation of the reduced move to the out position to lose product and continue a
modified flavins by oxygen is followed by a slow absorbance second round of catalysisk/{ kg). Alternatively, if the
change, either with or without substrate bound. This change hydroxyflavin moves to the out position {EFADHOH-P),
in absorbance cannot be attributed to a proton transferproduct may dissociate and, when the substrate concentration
involving the 8-substituent of the flavin analogue, because is high, substrate will rebind before dehydration of the flavin-
the spectral changes from the anionic to the protonated state€4a-hydroxide (EFADHOH) occurs. This allows the
of the enzyme-bound 8-mercapto-FAD or 8-hydroxy-FAD flavin-C4a-hydroxide to move back “in” where it is quite
are clearly different from those observed during these stable as the EFADHOH:-S (llI*) complex. In this case,
conversions to the final oxidized forms of the enzyme. loss of water is slow, and it is not known whether it occurs
However, the observed spectral changes could be due to dn the out or the in position. When the flavin is substituted
slow partial interconversion between the two mesomeric with the 8-hydroxy or 8-mercapto groups, the rates of all of
structures of the anionic form of these flavins that is caused the in—out movements are substantially decreased and can
by flavin movement. Moreover, these spectral changes arebe observed by kinetic spectrophotometry.
consistent with the flavin moving to a different position after ~ This study has provided evidence that when the native
the oxidation reaction, either in the absence or in the presenceFAD is replaced by 8-mercapto or 8-hydroxy-FAD, a rate-
of pOHB. Flavin movement may also be relevant for the limiting conformational change in PHBH is necessary for
release of products @@, in the absence of the aromatic exchange of ligands during catalysis. Because all of the other
substrate, or FD and aromatic product when the substrate observed steps of the reaction with the flavin analogues are
is present). analogous to those with FAD, it can be predicted that similar
In Scheme 7 we propose an expanded catalytic cycle for conformational changes are also important for ligand ex-
PHBH that includes conformational movements of the flavin. change when the enzyme has FAD bound to it; however, in
Beginning with E-FAD in the out position (lower right  that case they are too rapid to observe. Indeed, the crystal
of the scheme), substrate can bind and the flavin is in structure shows a suitable channel for substrate to enter the
equilibrium between the in and the out (and the middle) active site only when the flavin is out. Furthermore, this type
positions. When substrate and NADPH are bound, the of conformational change might be a common characteristic
substrate becomes deprotonated, and the flavin is shifted toof the family of flavin-containing aromatic hydroxylases.
the out-position where it is reduced to form—EAD g Limiting-conformational changes in anthranilate hydroxylase
S'NADP* (11). When NADF is released, the anionic (28) as well as in melilotate hydroxylase and in phenol
FAD+S moves back into the electrostatically positive “in” hydroxylase substituted with 1-deaza-FAPO)( have been

E-FADHOH 5 E-FAD,, "<

\ G

E-FADHOHSS (I11%)

Ho0
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reported. It is logical to conclude that conformational changes 10. Palfey, B. A., Ballou, D. P., and Massey, V. (198ipchem-

in these enzymes also involve flavin movement that is
requisite to catalysis. The rates of flavin dynamics for
different members of this family of enzymes may be
somewhat different; in some cases, the rate of flavin

istry 36, 15713-15723.

11. Palfey, B. A., Moran, G. R., Entsch, B., Ballou, D. P., and
Massey, V. (1999Biochemistry 381153-1158.

12. Schreuder, H. A, Hol, W. G., and Drenth, J. (19B@&chem-
istry 29, 3101-3108.

movement may be fast, as in PHBH, whereas in other cases, 13. Enroth, C., Neujahr, H., Schneider, G., and Lindgyvist, Y.

such as in anthranilate hydroxylag8), this movement may

be much slower so that it can be detected without the use o

flavin analogues.
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