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Use of Free Energy Relationships To Probe the Individual Steps of Hydroxylation
of p-Hydroxybenzoate Hydroxylase: Studies with a Series of 8-Substituted Flavins
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ABSTRACT. We report Hammett correlations, using 8-substituted flavins, to clarify the mechanism of
hydroxylation byp-hydroxybenzoate hydroxylase (PHBH). The 8-position of the FAD isoalloxazine ring
was chosen for modifications, because in PHBH it has minimal interactions with the protein, and it is
accessible to solvent and away from the site of hydroxylation. Although two intermediates, a flavin-C4a-
hydroperoxide and a flavin-C4a-hydroxide, are known to participate in hydroxylation, the mechanism of
oxygen transfer remains controversial. Mechanisms as diverse as electrophilic aromatic substitution, diradical
formation, and isoalloxazine ring opening have been proposed. In the studies reported here, it was possible
to monitor spectrally each of the individual steps involved in hydroxylation, because the FAD cofactor
acts as a reporter group. Thus, with PHBH, substituted separately with nine derivatives of FAD altered
in the 8-position, quantitative structureeactivity relationships (QSAR) have been applied to probe the
mechanisms of formation of the flavin-C4a-hydroperoxide, the conversion to the flavin-C4a-hydroxide
with concomitant oxygen transfer to the substrate, and the dehydration of the flavin-C4a-hydroxide to
form oxidized FAD. The individual chemical steps in the mechanism of PHBH were not altered when
using any of the modified flavins, and normal products were obtained; however, the rates of individual
steps were affected, and depended on the electronic properties of the 8-substituent. Increased hydroxylation
rates were observed when a more electrophilic flavin-C4a-hydroperoxide (i.e., with an electron-withdrawing
substituent at the 8-position) is bound to PHBH. On the basis of QSAR analysis, we conclude that the
mechanism of the hydroxylation step is best described by electrophilic aromatic substitution.

p-Hydroxybenzoate hydroxylase (PHBHEC 1.14.13.2)
from the soil microbePseudomonas aerugirmss one of
many external flavoprotein monooxygenases involved in the
degradation of aromatic compounds, including numerous
xenobiotics. This enzyme catalyzes the hydroxylation of
p-hydroxybenzoatept OHB) to form 3,4-dihydroxybenzoate
(3,4-DOHB) via a catalytic cycle that consists of reductive
and oxidative phases (Scheme 1).(After NADPH and
p-OHB bind randomly to the enzymek, a hydride
equivalent is transferred from NADPH to FAD in the
reductive half-reactionkf); the rate of reduction of FAD is
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1 Abbreviations: PHBH, p-hydroxybenzoate hydroxylase from
Pseudomonas aeruginggaOHB, p-hydroxybenzoate; 2,4-DOHB, 2,4-
dihydroxybenzoate; 3,4-DOHB, 3,4-dihydroxybenzoate; FAD, flavin
adenine dinucleotide; apoPHBH, the apoenzyme forrp-bf/droxy-
benzoate hydroxylase; FADHOOH, flavin-C4a-hydroperoxide; FAD-
HOH, flavin-C4a-hydroxide; FADHO, flavin-C4a-alkoxide; FMN,
flavin mononucleotide; IPTG, isopropyl-1-thjp-b-galactopyranoside;
NADH, reduced nicotinamide adenine dinucleotide; NADxidized
nicotinamide adenine dinucleotide; NADPH, reduced nicotinamide
adenine dinucleotide phosphate; QSAR, quantitative strucagotvity
relationships; TNB, 5-thio-2-nitrobenzoic acid; DTNB, 5¢bthiobis-
(2-nitrobenzoic acid); PphosphateR, regression value from the curve
fit; F, statisticalF.
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10°-fold greater in the presence of boupeOHB. In the
oxidative half-reaction, this reduced enzyme in complex with
p-OHB reacts with oxygen to form the flavin-C4a-hydro-
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peroxide (FADHOOH) K4), which then oxygenatgsOHB of Maryland; 8-OH-, 8-NH-, and 6-OH-, Dr. S. Ghisla,
(ks). After tautomerization to form the product, 3,4-DOHB University of Konstanz (Germany); 8-N(G}#, Drs. Matsui
(ks) (1), product is released, and the flavin-C4a-hydroxide and Kasai, Osaka City University, Japan; and 8-CN-, Dr. Y.
(FADHOH) intermediate eliminates water to re-form oxi- Murthy (this laboratory). 8-Mercapto-FAD and 8-S&HAD
dized enzymel). The mechanism of oxygen transfer from were prepared by reacting 8-CI-FAD that was bound to
the FADHOOH to the substrate has been proposed to involvePHBH with N&S (27) or NaSCH (29) in 0.1 M sodium
electrophilic aromatic substitutio,(3), diradical formation pyrophosphate buffer (pH 8.5) containing 0.1 mM EDTA;
(4, 5), or isoalloxazine ring cleavageé)( If the reaction the reactions were monitored at 520 or 474 nm, respectively,
involves electrophilic aromatic substitution, the electrophi- for 8-mercapto- or 8-SCHFAD. 8-Demethyl-FAD (8-H-
licity of the FADHOOH intermediate will affect the rate of FAD) was synthesized as reported (vide infra). Conversions
hydroxylation. The electrophilicity of the FADHOOH can  of riboflavin analogues into the corresponding FAD ana-
be varied by incorporating electron-donating or -withdrawing logues were achieved using FAD synthetase and flavokinase
groups on the flavin. isolated fromBrevibacterium ammoniageness previously
Correlations of Hammett parameters with rate and equi_ reported BO) The extinction coefficients used for the various
librium constants have contributed greatly to the understand-free 8-substituted FAD analogues (Mcm™) were as
ing of many organic and bioorganic reactios-10). Such ~ follows: €4g(Cl) = 11 600, €45(H) = 11 300,€450(CN) =
studies of tyrosine hydroxylasd 1), monoamine oxidase 11 400.450(CHs) = 11 300,€474SCHs) = 28 500 €48 NHo)

(12—15), p-amino acid oxidaself), L-lactate oxidasel(7), = 44 000 e4s¢(hydroxy) = 32 200,es05((N(CHs)2) = 32 800,
bacterial luciferase1@, 19), dopaminef-monooxygenase  andés;dmercapto)= 30 000. _
(20), phenol hydroxylase2(1), and cytochrome P-45@2— NADPH, NADH, NAD™, riboflavin, FMN, FAD, glucose-

25) have all been useful in developing an understanding of 6-phosphate dehydrogenase frbeuconostoc mesenteroides
their mechanisms. In the work presented here, the mechanisnindigo-5,8,7-trisulfonic acid,p-OHB, and 2,4-DOHB were
of oxygen transfer in the oxidative half-reaction of PHBH from Sigma; p-OHB and 2,4-DOHB were recrystallized
is analyzed to test whether hydroxylation proceeds via before use. IPTG and ampicillin were from Boehringer A.
electrophilic aromatic substitution. The spectral properties G.; p-toluidine, NaS, NaSCH, Pd/C, barbituric acid, an-
of the flavins permitted determination of substituent effects thraquinone-2-sulfonic acid, benzyl viologen dichloride, and

on each step of the reaction, so that true QSAR can pbe safranine O were from Aldrich. Indigo carmine and brilliant
applied. cresyl blue were obtained from Pharmaceutical Laboratories,

National Aniline Division; 1-hydroxyphenazine was from

TCI America. Procion Red-A agarose was from Amicon,
t and Econo-Pac DG-10 columns and TNB (5-thio-2-nitroben-
zoic acid)-thiol agarose were from Bio-Rad. The concentra-
tions of solutions of the following were estimated spectro-
photometrically usingz4 = 6220 M1 cm™! for NADPH,
€60= 18 000 M1cm1for NAD+, €280=16 300 Mlcm?
for p-OHB (in 1 N NaOH), andksg = 13 600 Mt cm™2 for
2,4-DOHB (n 1 N HCI).
¢ Protocatechuate dioxygenase was purified fRseudomo-
nas cepacieDB01 (31), and xanthine oxidase was isolated
from bovine milk as reported3@). Prepurified dry argon
h and analytical mixtures of oxygen and nitrogen gases were
from Matheson Coleman and Bell. Dry argon was passed
through a column of OxyClear (LabClear) to remove traces
of oxygen.

PHBH Purification and Apoenzyme Preparatid?HBH
was expressed and purified from extracts of JIM105/plE-130
using published procedure83-35); 10 L of cell culture
provides>500 mg of purified enzyme. The concentration
of purified PHBH, which had ami\sy/A4so ratio <9.0, was

Using a variety of 8-substituted flavin analogues free in
solution, Schopfer et al.2g) showed a linear correlation
between the redox potential of the flavin and the Hammet
op value of the 8-substituent. When 8-substituted flavins are
incorporated into PHBH, the electronegativity of the various
substituents influenced the kinetics of the oxidative half-
reaction with 2,4-dihydroxybenzoate (2,4-DOHB) as sub-
strate in the presence of 0.1 M NgNbut did not greatly
affect the spectra of intermediateX6). Here we have probed
the mechanism of oxygen transfer by measuring the rates o
hydroxylation using a number of 8-substituted flavins.
Utilizing the electronic effects of the 8-position of the flavin
on the N1, C4a, and N5 positions, and the correlation wit
redox potential Z6), inductive contributions from the sub-
stituent could be assessed. Chemical analgsijsand X-ray
crystal structures2g) of PHBH indicate that the 8-position
of the flavin is accessible to solvent, is not constrained by
protein contacts, and is away from the site of hydroxylation.
8-Substituted flavins, therefore, were chosen for probing the
electronic contributions of FAD to catalysis in PHBH. The
distinct spectral properties of PHBH in its various redox X ] o 0TS
states enabled us to measure and study the influence ofStimated usingsso = 10 300 M cm™* (34). ApoPHBH
electronic effects of 8-substituents on each step of the Was prepared by first chemically reacting an exposed protein
oxidative half-reaction. The 8-substituent was found to affect thiol with a TNB-thiol agarose column, and then dissociating
not only the rate of hydroxylation but also the formation of the flavin with high concentrations of salt as reported by
the flavin-C4a-hydroperoxide and the elimination of water Muller and van Berkel §6). The following modifications
from the flavin-C4a-hydroxide intermediate. These studies Were implemented to increase the yield of apoenzyme. PHBH

provide strong support for the proposal that the oxygenation In & 70% ammonium sulfate suspension was collected by
step proceeds via electrophilic aromatic substitution.

centrifugation, and the pellet was dissolved in a minimal
volume of 0.1 M Tris-sulfate buffer (pH 8.0) containing 1
EXPERIMENTAL PROCEDURES mM EDTA. To keep the accessible and conserved reactive
thiol group of Cys 116 of the enzym@&Y) in its reduced
Materials. Substituted riboflavin analogues were obtained form during loading on the TNB-thiol agarose column, the
from various sources: 8-Cl-, Dr. J. P. Lamboy, University enzyme preparation was incubated foh at 25°C with 5
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mM dithiothreitol. The dithiothreitol was removed by gel of stoichiometric amounts of FAD to apoPHBH. ApoPHBH
filtration using a DG-10 column equilibrated with coupling can be stored as a 70% ammonium sulfate suspension at 4
buffer [0.1 M KR buffer (pH 7.5) containing 0.5 M KBr  °C for months in 0.1 M KPbuffer (pH 7.0) containing 1
and 1 mMp-OHB]. The resultant PHBH was applied to a mM p-OHB without any loss of reconstitutable activity.
column containing 10 mL of active TNB-thiol agarose that ~ Apoenzyme PropertieShe molar absorptivity at 280 nm
had been equilibrated at 2& with coupling buffer. When  of apoPHBH was determined to be 73 000'Mm™* using
the column was washed with 40 mL of coupling buffer, no both amino acid analysis (carried out at The University of
enzyme activity was detected in the wash fractions. The FAD Michigan Protein Structure Core Facility) and flavin fluo-
released from resin-bound PHBH was eluted using 25 mL rescence to quantify the protein concentration. The fluores-
of 0.1 M phosphate buffer (pH 7.5) containing 3.0 M KBr, cence of free FADAem 525 nm andlex 450 nm) was about
4.0 M urea, and 1 m\p-OHB. The column was then rinsed 5-fold more intense than when bound to the enzyme. This
with 100 mL of coupling buffer to remove excess KBr and made it possible to titrate the enzyme with FAD to determine
urea. ApoPHBH was eluted using 50 mL of coupling buffer the protein concentration. Similar behavior was observed
containing 5 mM dithioerythritol. The TNB-thiol agarose when 8-CI-FAD was used for reconstitution.
resin was regenerated by washing it with 0.1 M; KBffer Synthesis of 8-H-FAD (Schemg PA) Condensation of
(pH 7.5) containing 5 mM DTNB. The column was rinsed p-Toluidine withp-Ribose To Form the Schiff’'s Base Imine
with water and then stored at°€ in a 0.02% sodium azide  (38). pToluidine (10 g; 99.7% pure) ano-ribose (14 g)
solution. were refluxed in 100 mL of MeOH for 3 h. After the solution
The level of enzymatic activity in eluted fractions was was reduced to a minimum volume using a rotary evaporator,
measured in reaction mixtures at 26 that contained 10 it was cooled overnight in a refrigerator. The resultant white
uM FAD, 0.33 mM p-OHB, 0.15 mM NADPH, 0.26 mM crystals were filtered and washed with cold ether and stored
0O,, and 1 mM EDTA in 0.1 M Tris-sulfate buffer (pH 8.0). at —20 °C (97% vyield).
Fractions that contained apoPHBH were pooled and then (B) Reduction of the Schiff's Base by Hydrogenation (39).
concentrated using a Centricon-30 device (Amicon), and The imine (8 g) was dissolved in methanol and reduced at
finally dialyzed for 24 h at £#C against tw 4 L changes of  ice temperature by Pd/C under a hydrogen atmosphere for 3
0.1 M KR buffer (pH 7.0) containing 1 mMp-OHB. h. After removal of the Pd/C, the filtrate was collected and
ApoPHBH was precipitated with 70% saturated ammonium concentrated by rotary evaporation. Crystals were allowed
sulfate. The purified apoenzyme had no detectable activity to form in this concentrate overnight at room temperature,
in assay mixtures lacking FAD, and no absorbance at and crystallization was continued for an additional day at
wavelengths above 310 nm. This procedure enab&g% —20°C. The colorless crystals were filtered and washed with
of the enzyme applied to the column to be recovered as purecold ether (36% yield).
apoenzyme (as judged by the presence of a single band with (C) Diazotization (39). gl oluidine (0.702 g) was dissolved
a relative molecular mass of 42.2 kDa upon SBFRAGE in 10 mL of acetic acid and 2.5 mL of water. HCI (1.2 mL)
analysis). The catalytic activity is fully restored upon addition was added dropwise with cooling, and the solution was
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stirred on ice until it cleared. Then NaN@416 mg) was
added slowly to the solution, with the temperature maintained
below 5°C. After the solution was stirred for 5 min at’C,

1 g of the amine formed from the Schiff's base in the
previous step was added over a period efl® min with
vigorous stirring. One milliliter 4 N NaOH was added
dropwise to the reaction mixture to maintain the pH at/3
The flask was kept in a cold water bath«80 °C) for 2 h,
after which the mixture was diluted with 100 mL of water
and extracted with three 150 mL portions of ether. The ether
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determined to be-180 mV at pH 7.0, identical to that
reported for 8-H-FMN 18).

Reconstitution of PHBH with 8-Substituted FAD Forms.
ApoPHBH was reconstituted by incubating it in 0.1 M Fris
sulfate buffer (pH 8.0) containing 1 mM EDTAfd h at
25 °C with a 1.5-fold molar excess of 8-substituted FAD.
Excess FAD was removed by gel filtration using a DG-10
column equilibrated with 50 mM KPbuffer (pH 6.5)
containing 1 mM EDTA. Although the binding affinity
constants for the 8-substituted flavins were not determined,

phase was collected after filtration and treated in a separationeach binds tightly to PHBH; no flavin dissociates when the

funnel with a saturated NaHG@®olution followed by a water
wash. The ether solution was dried over solid,8@&, and
after concentration, the product was obtained as albealwn
oil. This and subsequent steps were carried out in very low
light intensity.

(D) Condensation of the Diazo Compound with Barbituric
Acid (39).Ten milliliters of 1-butanol plus 2.5 mL of acetic
acid was added to the redbrown oil. Barbituric acid (250

enzyme is passed through a gel-filtration column or an
ultrafiltration unit. The methods for determination of extinc-
tion coefficients of the oxidized 8-substituted FAD enzyme,
enzymatic hydroxylation efficiency, substrate dissociation
constants, and thekKp of the p-hydroxy group in enzyme-
boundp-OHB have been described in detail in refereBde
Determination of Dissociation Constant with the Reduced
EnzymeThe spectral perturbations of the reduced 8-hydroxy-

mg) was then added, and the solution was refluxed for 3 h FAD and 8-NH-FAD bound to PHBH were followed during

at 112°C. After cooling, the solution was concentrated by ttration with p-OHB using a Hi-Tech Scientific SF-61

rotary evaporation, and the solid obtained was dissolved with StoPped-flow spectroph:)tomgter. Titrations were in 50 mM
sonication in 2% dimethyl formamide in water and filtered <Pi buffér (pH 6.5) at #C using 10uM enzyme that had

by gravity. The yellow filtrate was loaded onto a 35 mL been reduced anaerobically with 1 equiv of sodium dithionite.

C-18 SepPak column (Waters, Millipore), which was first Changes in absorbance at 425 nm were used to determine
washed with 2.5 L of water and then eluted with a linear the dissociation constant. Corrected difference spectra were

gradient of acetonitrile in water,-20%. The riboflavin calculated after each addition, and the change in absorbance
fraction, which had green quoresc:ance and a spectrum similarvas used to determine the dissociation constant. Dissociation

to riboflavin (lmax at 360 and 450 nm), eluted at 8% constants were derived for a simple binding isotherm using
acetonitrile. The samples collected were dried using a 2 nonlinear least-squares fitting algorithm in the program

Speedvac (10% overall yield). Positive-ion FAB mass KaleidaGraph, Synergy Software, Reading, PA.

spectrometry data for this synthesized 8-H-riboflavin in water _ R€dox PotentialThe redox potential of the 8-substituted
showed the expected (M+ 1) ion at 363 mu. FAD-reconstituted PHBH (2630 «M), in the presence or

. . | absence of 0:51.0 mM p-OHB, was determined spectro-
Corversion of 8-H-R|bofla|r_1 to S'H'FAD' 8-H-Rf was photometrically at pH 7.0 and 2% by using the xanthine/
converted to the FAD form using partially pure preparations ,onhine oxidase reducing system with benzyl viologen as a
of FAD synthetase and flavokinase isolated frBnevibac- mediator 40). Reference dyes used for each 8-substituted
terium ammoniageneas published 30). The enzymatic  Eap were selected to be within 30 mV of the redox potential

conversion of 8-H-Rf to 8-H-FAD was 90% efficient. The ¢ yat FAD analogue when bound to PHBH. The following
H NMR spectrum of 8-H-FAD (200 MHz) in BD showed ~ eference dyess” value in mV) were used: anthraguinone-
the expected signals) 8.3 (s, 1H, amide H from adenine), o_g,ifonate £225) for 8-N(CH),-FAD, 6-OH-riboflavin
7.88 (s, 1H, amide H from adenine), 7.78 (s, 1H, aromatic (—255) for 8-mercapto-FAD, safranine ©289) for 8-NH-
H), 7.68,7.69,7.72,7.74 (q, 2H, aromatic H), 5.83, 5.84 (d, FAD, brilliant cresyl blue ¢-47) for 8-CN-FAD, indigo
1H, ribose H),_3.854.85 (ribityl side chain H), and 2.44  4isyifonate ¢125) for 8-SCH-FAD, 1-hydroxyphenazine
(s, 3H, aromatic Me). (—172) for FAD and 8-H-FAD, and indigo trisulfonate 81)
HPLC Purification of 8-H-FAD.A Waters HPLC and a  for 8-CI-FAD. The time-dependent reduction of the enzyme
0.46 x 25 cm Vydac C-18 reverse-phase 218TP54 column and dye was monitored by UV/vis absorbance spectra. The
equilibrated with 10% MeOH in water were used to further reduction of the enzyme was monitored at the isosbestic
purify 8-H-FAD. A 10—25% MeOH linear gradient over 15  wavelength of the reference dye, and the reduction of the
min and a flow rate of 0.5 mL mirt were used. 8-H-FAD  dye was monitored at a wavelength where the flavin does
absorbance was detected at both 280 and 450 nm. HPLCnot absorb. The levels of oxidized and reduced enzyme or
resolved the preparation into two peaks with retention times dye were calculated from each spectrum, and the midpoint
of 9.50 (8-H-FAD, 95%) and 12.77 min (contaminant, 4%). potential € at 25°C, pH 7.0) was calculated using the
ApoPHBH reconstituted with this 8-H-FAD, and then method of Minneart41).
denatured with SDS to liberate the bound FAD, showed only  Stopped-Flow Instrumentation. Kinetic Studi€seady-
one peak in HPLC analysis. The contaminant may be a state and rapid reaction studies were carried out with either
degradation product of 8-H-FAD. The absorbance spectruma Kinetic Instruments, Inc., or a Hi-Tech Scientific SF-61
of 8-H-FAD was identical to that of normal FAD with peaks stopped-flow spectrophotometer as described in referdce
at 375 and 450 nm and with ansp = 11.3 mM* cm™? The Hi-Tech SF-61 instrument was also equipped with
determined by fluorescence titration of the flavin with known an M300 diode array detector to record spectra in 1.25 ms.
concentrations of apoPHBH. Using 1-hydroxyphenazine as For anaerobic studies, the instrument was flushed with an
a reference dye, the redox potential for free 8-H-FAD was oxygen-scrubbing solution containing0.1 unit mL™*
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protocatechuate dioxygenas&1) and 200 uM proto-
catechuate (3,4-DOHB) in 0.1 M Kmuffer (pH 7.0) and
allowed to stand overnight. To remove any residual 3,4-
DOHB, the system was thoroughly rinsed with anaerobic
water prior to making measurements. All reactions and

measurements, unless noted otherwise, were carried out at

4 °C in 50 mM KR buffer (pH 6.5).

Steady-state kinetics were measured in a stopped-flow
instrument by monitoring the disappearance of NADPH at
340 nm as described 8, 4. Initial rate measurements were
initiated by mixing either anaerobic or air-saturated buffer
containing 1 uM PHBH against various test solutions
containing 16-320uM p-OHB, 10-320u4M NADPH, and
30—738 uM O; in KP; buffer in the presence of the
correspondindgree-FAD (1 uM).

Transient kinetics studies of the oxidative half-reaction
were initiated by mixing reduced enzyme with a buffered
solution containing @(final concentrations of 0.0620.98
mM) as described33, 34). Anaerobic enzyme~30 uM)

Ortiz-Maldonado et al.
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flavins could not be determined experimentally, but were
calculated as described by Bruicé6(49), with a slight
modification—the 8-substituent was included in the calcula-
tion.2 In this method, the isoalloxazine ring for the lumiflavin
derivative was divided into four small domains (Scheme 3)
so that the C4a-OH represents a substituted alcohol as
described by Fox and Jencks0f. The domains X, Ph-N-

Et, HLNCO, HCONHCO, and €0OH were used to model
the 8-X-FIEt-4a-OH, where X represents the 8-substituent.

ApK, = p0, 1)

in a tonometer (alone or with substrate present) was reduced

by one of three methods, depending on which FAD derivative
was used. PHBH reconstituted with 8-H-, 8-mercapto-,
8-SCH;-, and 8-N(CH)»-FAD in solutions containing xan-
thine (0.18 mM) and benzyl viologen (20M) were reduced

by adding xanthine oxidase-40 nM final) from a sidearm

of the tonometer. Solutions of PHBH substituted with 8-CI-
and 8-CN-FAD containing 0:41.0 mM glucose-6-phosphate
and 5 units of glucose-6-phosphate dehydrogenase from
Leuconostoc mesenteroidegre reduced by adding @M
NAD™ from the sidearm of the tonometer. PHBH reconsti-
tuted with 8-CH-, 8-hydroxy-, and 8-NKRHFAD were
reduced by titrating the enzyme with small aliquots of 6 mM
sodium dithionite in 60 mM KPbuffer (pH 7.0). Rate
constants for the formation and decay of the transient

pKa(calc) = pKa(MeOH) + zApKa (2)

The substituent constants used for the inductive efi@gt (
were the following: o1(Ph-N-Et) = 0.17 (calculated from
51); 0i(H.NCO) = 0.27 62); oi(HCONHCO) = 0.31
(calculated from52); ¢, values for the substituents at the
8-position (0) are listed in Table 2. Thel value used for
MeOH was 15.5%3), and the reactivity constam,, for the
ionization of MeOH was-8.2 (50). Equation 1 was used to
determine the contribution of each small domain to tkg p
for C4a-OH. The calculatedip for the 8-substituted C4a-
flavin-alkoxide was then obtained by substituting in eq 2.

RESULTS

intermediates were calculated from absorbance traces re-

corded at appropriate isosbestic wavelengths and by fluo-
rescence emission traces (515 nm cut off filter) resulting from
excitation at 400 nm. Rate constants were calculated from
exponential fits by a procedure reported previougl®)(
using the programs KISS (Kinetic Instruments) and Program
A which use the Marquardt algorithrd%). Spectra for the
chemical intermediates were obtained from reaction traces
recorded at multiple wavelengths—30 nm apart of the

Properties of PHBH Reconstituted with 8-Substituted
Flavins. The molar extinction coefficients atxof the UV—
vis peaks of PHBH that had been reconstituted with
8-substituted flavins or with native FADLY are all about
1000 Mt cm! less than those for the corresponding free
flavins. The dissociation constants of PHBH fprfOHB
(Table 1) range from 9.52M (native FAD) to 100uM (8-
CN-FAD), indicating that no major changes in binding

reaction of reduced, substrate-saturated enzyme with 0.65properties occur. On binding to native PHBH, thi,mf

mM oxygen. The SpecFit program, which fits data using a

p-OHB is decreased from 9.3 to about 734, which helps

global least-squares method by factor analysis and Marquardtto activate it for hydroxylation. With the substituted flavins

minimization (developed by R. A. Binstead and A. D.
Zuberbuhler, Spectrum Software Associates), was used to
obtain spectra from the data collected.

Simulation of the Oxygen Reaction for 8-CI-FAD-
Reconstituted PHBHRrogram A, which uses a fourth-order
Runge-Kutta numerical integration algorithm%), was used
for simulation analyses. Molar absorption coefficients for
the reduced and oxidized enzyme, as well as for the flavin-
C4a-hydroxide form of the enzyme, were obtained from the
SpecFit analysis of the oxidation reaction as described earlier,
while that for the flavin-C4a-hydroperoxide at 390 nm was
previously determined for the native enzyme (8.9 miM
cmY) (44).

Calculation of the pK of the 8-Substituted Flan-C4a-
hydroperoxideDue to the transient nature of the FADHOH
species, thelg, values of the C4a-OH group on the different

(except for those with negative charges), similar effects are
observed. For example, with 8-CI-FAD, th&pfor bound
p-OHB is lowered to 7.6. This observation of the similar
lowering of the K, of the bound substrate, along with the
data showing similar dissociation constants, indicates that
the substituents on the flavins do not greatly affect the
interaction of the enzyme with substrate.

Crystallographic studies with the native enzyme have
shown that binding of 2,4-DOHB to oxidized PHBH causes

2The method used to estimate thi€,pvalues for the 8-substituted
FADHOH is likely to be more reliable when the substituent X is directly
attached to the carbon that contains the hydroxy group. Since the
substituent X is not directly connected to this carbon, tke yalues
of the 8-substituted FADHOH may be affected less than the values we
have calculated. This would lead to a greater slope;igwould be
more negative.
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Table 1: Thermodynamic Constants for Free and PHBH-Bound 8-Substituted Flavins
E”(bound) (mV}

+p-OHB Ka(p-OHB) (uM)®
8-substituent E° (free) (mV) —p-OHB —NaN; +NaN; % hydrox® Eox Ered
1 CN —50 +37 +60 +13 100 100 -
2 Cl —152 —83 -81 —128 100 30 -
3 H —180 —154 —151 —166 100 81 -
4 SCH —204 —153 —152 —183 100 19 -
5 CH? —207 —163 —165 —189 100 9.5 21
6 N(CHs), —254 —201 —210 —243 95 17 -
7 S —290 —259 —267 —270 100 16 -
8 NH; —330 —292 —298 —305 87 31 89
9 (on —334 —304 —308 —307 99 31 77

a Redox potentials were determined in 50 mM;KRffer (pH 7.0) at 25°C using the method from referend®. Individual measurements for
the given flavin varieds4 mV. ® Hydroxylation stoichiometry was determined by measuring NADPH consumed frgmM50-OHB in 100 mM
Tris—SOy buffer (pH 8.0) at 25C. Individual measurements for the given flavin vare#%. ¢ Dissociation constants fagrOHB were determined
from static titrations in 50 mM KpPbuffer (pH 6.5) at 4°C. Individual measurements for the given flavin varied «M. ¢ Values taken from
referencesl and56.

by NADPH and in the reaction of the reduced form with
oxygen (L), were also observed with all of the 8-substituted
flavins (when the rate constants for the various conversions

Table 2: Substituent Constants
pKa(FADHOH)? pK,(p-X—aniliney

8-substituent o2 o

1 CN 0.66 0.73 4.76 1.74 i i i
s o 023 0.46 s 115 permitted their dete.ctlon, see below).

3 H 0.0 0.0 9.36 4.60 The redox potential of FAD can be modulated not only
4 SCh 0.0 023 7.47 4.35 by substituent groups on the isoalloxazine moiety, especially
5 Ch —0.17 —0.04 9.68 5.08 on the benzene ring58, 59), but also by the protein

6 N(CH). —0.83 0.06 8.86 6.59 . ; ) . "

7 s —121 —012% 10.34 _ environment. If the various substituents in the 8-position do
8 NH -0.66 0.12 8.37 6.20 not produce significantly different solvation, charge, steric,
9 O —0.81 —0.12 10.34 5.29 and conformational effects to the overall binding of the flavin

to the apoprotein, the shifts in redox potentials that occur
on binding each of the substituted flavins should be predict-
able by a simple function. Table 1 presents the reletz&nt
values, and a linear relationship betwdet(free) ande®'-
(bound) is found with a slope of 1.R{E 0.99). For each of
the flavins, the redox potential of the bound FAD is higher
than for the free FAD due to the environment provided by
the protein. The linear relationship betwdet(free) ande°'-
(bound) is consistent with the crystal structure, which shows
Mthat the 8-position is exposed to solvent and has minimal
interaction with the protein.

aValues taken from referenc. ? Calculated using method from
referencet6. ¢ Values taken from referen&3. ¢ Assumed to be similar
to that for—O~ sinceo; values for the protonated forms;SH and
—OH, are 0.26 and 0.29, respectively.

the flavin to swing out from the active site to where it has
more contact with solvent. In contrast, whefOHB binds

to the enzyme, the flavin remains in the site where hydrox-
ylation occurs $4—57). These two positions of the flavin
can be monitored by characteristic changes in the spectru
of the flavin that occur on binding substratégd{57). When
PHBH was reconstituted with FAD analogues that have ) , ) )
similar spectra to those of normal FAD, the binding of Enzyme that had been reconstituted with substituted flavins

p-OHB or 2,4-DOHB generally caused spectral perturbations generally exhibited simple two-electron reduction reactions
that are consistent with those of FAD. Several of the (N0 observable semiquinone) during redox titrations, either
8-substituted flavins [-X= mercapto, hydroxy, SCHNH. in the presence or in the absence of substrate; the binding

and N(CH),] have significantly different spectral properties of substrate had very little ef_fect on the redox potentials
from those of FAD, so that it was difficult to assign the (T@ble 1). However, PHBH with 8-CN-FAD behaved dif-

perturbations to a particular flavin position. However, the ferently; the redox potential increased froh87 mV when

perturbations caused by bindipgOHB were different than N0 _Substrate was present 60 mV in the presence of

those caused by binding 2,4-DOHB. Furthermore, crystal- P-OHB. In the presence of 0.1 M3\, the redox potentials
lographic studies with PHBH reconstituted with 8-N (¢ of the 8-substituted flavoenzymes in complex wiOHB

FAD in the presence gi-OHB have shown this flavin (the &€ decreased in a systematic fashion, and a linear relation-
largest FAD analogue used in this study) to be in the in- Ship is observed betwee (free) andE”(bound) with a

conformation as in native enzyme (D. Gatti and M. Ortiz- Slope of 1.1 R = 0.99) (Table 1). The binding of azide
Maldonado, unpublished results). It seems reasonable tolMParts negative charge to the protein, making reduction of

suggest that the different spectral perturbations caused bythe flavin more difficult.

2,4-DOHB with these analogues were due to the flavin
moving to the out position.

The hydroxylation ofp-OHB by PHBH reconstituted with
any of the 8-substituted flavins was essentially fully coupled;
87—100% of the enzyme-boungtOHB was converted to
the product, 3,4-DOHB (Table 1). In addition, the charac-

Steady-State KineticsWe carried out a steady-state
analysis for the 8-Cl-FAD-substituted PHBH enzyme (as an
example) to ascertain whether any significant mechanistic
changes occurred with the altered flavins. Double reciprocal
plots of the initial velocities for each substrate combination
show intersecting lines when the concentrationp-6HB

teristic intermediates previously reported, both in reduction and NADPH were varied at a constant oxygen concentration
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Scheme 4
pOHB NADPH
NADP* 0, 3,4-DOHB, H,0
E+pOHB
E E
ENADPH E+pOHB*NADPH EH *pOHB EH *pOHB+O,
EH *pOHB*NADP* E*3,4-DOHB*H,0
NADPH pOHB
Table 3: Steady-State Kinetic Constdrfsr Native and 8-CI-FAD by oxygen consumption during enzyme-monitored turnover
PHBH (44). By changing the methyl group of the flavin at the
Ken (M) 8-position to an electron-withdrawing CI group, the steady-
g-substituent ke (-2 T NADPH % state maximum turnover number increases slightly to 11.0
substitue aS) P st (Table 3).
nga 12'9 ig'g 222 lgg General Description of the Oxidag Half-ReactionThe

— - — reactions of oxygen with PHBH containing reduced forms

a Steady-state kinetic constants were determined by initial rate f 8-substituted flavi d in th b f
measurements in the stopped-flow instrument usinpdilenzyme in Or o-subslituted Tavins Were measured In the absence 9
the presence of &M of the corresponding FAD in either anaerobic or ~ Substrate. All of the substituted reduced enzymes convert in
air-saturated solutions mixed against solutions containing a wide rangea single phase to oxidized enzyme with concomitant forma-
of P('jOfHBr I’I\'ADIPt'_"x a”dVQI- 50 me FH ;Uﬁfrt(Pl';'_ 6-t5_') at# Ct W?S tion of H,O,. Plots of the observed rates of oxidation vs
used for all solutions. Values of steady-state kinetic constants were . : ~
the average of at least four measurements that vari€g®@from one Ooxygen concentration are l.lr.]ear’ and the second-order rate
another. constants Kz for the modified enzymes depend on the

substituent at the 8-position of the FAD (Table 4). The

of 738 M. On the other hand, when the concentrations of putative fIavin-C4a-hydroperoxide forme_d without SL_lbstrate
oxygen andp-OHB were varied at a constant NADPH presept 1) decays quickly, so that none is detected in these
concentration, as well as when the concentratiop-6fHB experiments.
was held constant and oxygen and NADPH levels were In the presence op-OHB, the reactions with oxygen
varied, double reciprocal plots of initial rate data yielded proceed about 10-fold faster than without substrate (analo-
parallel lines. Replots of slopes and intercepts in all casesgously to WT). For all of the FAD analogues, except the
were linear. The mechanism of reaction of PHBH reconsti- cyano- and Cl- derivatives, this reaction results in the
tuted with 8-CI-FAD is random bi uni uni uni ping pong as formation of observable C4a-hydroperoxides, consistent with
previously reported for native PHBHI), and the mecha-  previous studies of native PHBH. (44). The kinetics can
nism is represented in Scheme 4. Thus, the order of additionbe described by one phase (for 8-CN-FAD), two phases (for
of substrates and release of products remains unchanged bg-CI-FAD), or three phases (for the remaining flavin
incorporating the 8-substituted flavin, although the magnitude analogues tested) (Figure 1), indicating, respectively, the
of the constants changes slightly (Table 3). observation of no chemical intermediates, the detection of
The turnover number for native PHBH at°€ and pH one intermediate, or the detection of two intermediates. By
6.5 is 6.9 s' as measured either by steady-state kinetics or comparison, native PHBH exhibits three phasts Ex-

Table 4: Rate Constaritfor the Reaction of Oxygen with Reduced Forms of 8-Substituted FAD-PHBH, with and wigh@itB and 0.1 M
Sodium Azide

+p-OHB
—NaNs +NaN;

8-substituent ksa(M~ts7Y) ks (M~ts™) ks (s79) k7 (s79) ke(M~ts™) ks (s71) k7 (s79)
1 CN 5.9x 10 3.4x 10 nd® nc® 3.8x 17 nd nd
2 Cl 2.4x 10° 3.2x 10* >300 45 4.0x 10* 18.5 5.0
3 H 1.3x 10¢ 14x 10 40 7.84 1.5x 10° 6.54 1.53
4 SCH 1.3x 10 14x 1P 151 41 1.0x 1P 13.2 4.2
5 CH° 2.6x 10¢ 2.6x 10° 48 14.5 2.7x 1¢° 6.5 15
6 N(CHs). 1.9x 10 1.2x 1P 34 22 1.2x 10° 4.7 3.6
7 S 8.2x 10° 1.2x 10 14.3 5.65 5.8« 10¢ 4.0 nd
8 NH. 3.4x 104 3.6 x 1P 156 341 2.5¢ 10° 5.6 nd
9 (on 2.0x 10¢ 4.2x 10° 7.6 nd 3.4x 10° 3.9 nd

aValues of rate constants were the average of at least four determinations. Rate constants5#rifedm one another. Definition of the rate
constants: See Scheme 1 for all exclept

k a
oyt O,—>1 2 E
bValues taken from referencdsand33. ¢ Expected to be-3000 s based in Figure 4. However, the estimation of this rate constant is limited by
the formation of the FADHOOH intermediatk, (= 0.33 s at 0.98 mM oxygen, final concentration); thiks,should be>3.3 s1. 9 Value from
simulation experiment$.nd = not detected.
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Ficure 1: Kinetic traces from the oxidative half-reaction of (A)
8-CN-, (B) 8-Cl-, and (C) 8-H-FAD PHBH in the presence of 2 ]
p-OHB. Reduced PHBH (15M) with boundp-OHB (0.5 mM) in 0 1
50 mM KR (pH 6.5) was reacted with 0.62 mM oxygen at@in 300 400 500 600
the same buffer solution using a stopped-flow spectrophotometer Wavelength (nm)
(concentrations after mixing). Absorbane®) (at indicated wave- g
lengths and fluorescenca) with Aex = 400 nm andlex > 510 nm FIGURe 2: Spectra of the chemical species detected during the

are shown. Note that in contrast to most flavins the reduced form oxidative half-reaction with various 8-substituted flavins. (A) 8-CN-,
of the 8-CN-FAD-substituted PHBH is more fluorescent when (B) 8-Cl-, and (C) 8-H-FAD PHBH in the presence pfOHB:
excited at 400 nm than is the oxidized form. The reaction of 8-Cl- (O) reduced 8-X-FAD PHBHFH>-OHB complex, ®) 8-X-flavin-
FAD PHBH (panel B) was simulated at 390, 440, and 470 nm [the C4a-hydroperoxide,[{) 8-X-flavin-C4a-hydroxide, andm) oxi-
390 nm trace is shown: experimental kinetic tracg, (simulated dized 8-X-FADp-OHB complex. Reaction conditions are the same
data (- - -)]. The rate constants used in the simulations (constantsas in Figure 1.

gf&?g?ggﬁgytrg eb\?v ecrc&rls;s?gtxwitgd f/lc_r}esrple(&])ef?er égﬁofsv?tthon of At higher concentrations of substrate, this fraction increased,

oxygen) anck; = 45 s (dehydration of the pseudobase). Values indicating that it was due to nonprOdUCtive blndlnquHB

for ks were varied between 50 and 3000.sThe extinction to the FADHOH intermediate. This phenomenon has also
coefficients used in the simulation reaction were obtained from peen observed with phenol hydroxylag®); With 8-mer-
referencet4 for normal enzyme:ezgo (MMt cm™1) = 5.44 Eeg), ~ _ _ :

8.90 (I}, 8.15 (lll), 6.19 Eu); eqm (MM cm1) = 1.85 Ereg), Cf‘pto ';AD org hgdroxy dFﬁDtaour‘tﬂ to P".'tB.H' a pro”?{.”e”tt
0.50 (1), 0.50 (111), 10.00 Eoy); €470 (mM—l Cm—l) = 0.55 Ered), SIOW p a§e IS- opservea, obut Tor ese,. It IS INsensi !Ve 0}
0.01 (1), 0.01 (Ill), 8.40 E,). To enable better fitting, the slow  changes in either substrate concentration or pH. It is not
extra phase occurring between 0.2 and 10 s, indicating the known what causes this phase with these negatively charged
association op-OHB to intermediate I, was also included in the  gypstituents.

simulation reaction:kas = 1.95 s €390 = 6.24 MM cm™2, €440 . - ) .

~10.28 mM-L et asndem: 8,60 MM-L om-L. Formation (_)f the Flain-C4a hyglroperomde Q,<Scheme_

1). The reactions of the 8-substituted FAD enzymes with
amples of spectra calculated from the absorbance dataoxygen were examined both without substrdig)(and in
recorded at individual wavelengths are shown in Figure 2. the presence of saturating concentrationp-@HB (0.5-1
For most of the FAD analogues, an additional slow phase mM) (k;). The second-order rate constants for these reactions
involving a small fraction €5%) of the enzyme is observed. (Table 4) follow a trend with dependence on the electronic
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FIGURE 3: Free energy relationship of the bimolecular reaction of FIGURE 4: Hydroxylation rate constantie] as a function of the
reduced enzyme wi%]hy oxygen. TrF])e log of the second-order rate PXa Of the 8-substituted flavin-C4a-hydroxide. Thi values of
constants for the oxygen reaction of PHBH reconstituted with the nascent 8-X-flavin-C4a-hydroxide were calculated as described

; e Experimental Procedures. The log of the first-order rate
8-substituted FAD species in the absen® ¢r presencem) of under Exp ; !
p-OHB are plotted vg th&” for the 8-substitute%l FAD bound to  constantsks) for the hydroxylation reaction gi-OHB by 8-sub-

; ; stituted FADHOOH species, in the absen® ¢r presence of 0.1
TT&T&gggﬁcﬁ%ﬂnﬁ ;)hrep]r‘:zsvtmcs:.epdDHB, respectively. See Table M NaN; (m). The arrows denote predicted values of the rate

constants. See Table 1 for identification of the flavins.

characteristics of the 8-substituent, such as the redox
potential, as shown in Figure 3. The same general trendsqg_
are observed both in the presence and in the absence o?ﬁ
p-OHB, although the rate constants without substrate are
about 10-fold smaller (Figure 3). Electron-withdrawing log ks = B,,pK, + C 3)
groups decrease the reactivity with oxygen. For example, e

the 8-CN group decreases the reactivity with oxygen by riq 5 value is an indication of charge development on the
~1000-fold relative to native PHBH, and this step is rate |e4,ing group in the transition state, which is typically taken
limiting in the hydroxylation reaction. As with native 55 3 measure of the degree of bond breaking in the transition

enzyme, azide had very little effect on the rates of the giaie Although the I. values plotted are those calculated
reaction of the reduced 8-substituted enzymes with 0Xygen,q; the free flavins rather that those of the bound flavins,

The linear plot of logks vs the calculated i, for the free
substituted FADHOH species (eq 3) in Figure 4 has a slope
ig) of —0.42 R = 0.90 andF = 21.21).

and plots ofk vs E” are similar to that of Figure 3. any change in thel, values on binding to the enzyme can
Hydroxylation Reaction gcScheme 1Based on previous  be expected to be very nearly the same for each FADHOH
experimental observations with PHBR, (3), the hydrox- analogue as observed in other systerf4).( Note, for

ylation reaction has been suggested to proceed by electroexample, that the redox potentials of this same series of
philic aromatic substitution. Bruice and colleagues have flavins are affected in a constant fashion (Table 1). Thus,
shown that the log values for the rates of electrophilic the 4 value (slope), which reflects the sensitivity of the
oxygenations by hydroperoxides are linearly related to the reaction to the K, of the leaving group, should not be
pKa of the leaving group, which is the alkoxidd§—49). significantly affected.

Included in their studies was N5-ethyl-C4a-hydroperoxide.  Hydroxylation steps involving 8-Cl- and 8-CN-FAD-
Their work prompted us to carry out the experiments HOOH were obscured because formation of the FADHOOH
described below that use a series of substituted flavins in afor these analogues was the slowest step in the oxidative
defined protein environment. Thus, if the reaction proceeds half-reaction (21.4 and 0.33% respectively), even at the
via an electrophilic substitution mechanism, an electron- highest concentration of Qused (0.98 mM). The hydrox-
withdrawing group will lower the K, of the flavin-C4a- ylation rate constants for 8-CI-FAD or for 8-CN-FAD PHBH
hydroxide, making it a better leaving group, which should extrapolated from Figure 4 (arrows) ax€000 and>3000
increase the hydroxylation rate. The transient nature of thes™, respectively. These steps are too fast to measure by
various FADHOH species prevented the direct determination normal stopped-flow methods and, because of the slow
of their pK, values. Therefore, i, values were calculated  reaction with oxygen, prevent the observation of any flavin-
using empirical methods based onvalues of the substit-  C4a-hydroperoxide. Thus, with the 8-CI-FAD analogue, the
uents (0, 46-53) as described under Experimental Proce- first observable intermediate was the C4a-hydroxide, which
dures. The rates of hydroxylation @fOHB effected by dehydrated at 4573. With 8-CN-FAD, no intermediates are
PHBH that had been reconstituted with a series of 8-sub- observed in the reaction with oxygen, because the formation
stituted flavins were obtained from stopped-flow kinetic of the hydroperoxide is slow and, by comparison, both the
traces as previously describeg¥). The data for hydroxyl- hydroxylation and dehydration steps are very fast. Thus, only
ation ks in Table 4) are plotted logarithmically vs the reduced and oxidized forms of 8-CN-FAD PHBH are seen
calculated g, values of the substituted hydroxyflavins (Figure 2A).

(Figure 4). The linear relationship demonstrates the impor- The reaction of oxygen (0.62 mM) with reduced 8-CI-
tance of the leaving group in this reaction. Electron-donating FAD PHBH in the presence gtOHB was studied at several
groups at the 8-position of the flavin increase tlg pf the wavelengths between 300 and 500 nm. The SpecFit program
flavin-C4a-hydroxide, which decreases the rate of hydrox- was used to derive spectra of intermediates, and a spectrum
ylation. typical of a flavin-C4a-hydroxide intermediate was obtained
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Table 5: Rate Constaritfor the Reaction of Oxygen with Reduced Forms of Native and 8-CN-FAD-PHBH Determined in the Presence of
2,4-DOHB

—NaN; +NalNs

8-substituent ke(M~ts™) ks (s71)° ks (1) k7 (s79) ke(M~ts™) ks (s71)¢ ks (579 k7 (s79)
CN 1x 10 ned 0.50 0.151 5.9 10° 10.9 0.22 0.0011
CHg? 5.9x 10° 16.3 0.7 0.124 2.% 100 5.6 0.032 0.0009

aValues of rate constants were the average of at least four determinations. Rate constants5farfeain one anothef Values in the absence
of NaN; are calculated from referendel, whereas those in the presence of Naxe those from PHBH isolated frof. fluorescengl). PHBH
isolated fromP. aeruginosaandP. fluorescendehaves very similarly: The flavin-C4a-hydroperoxide decayed by two divergent pathways when
2,4-DOHB was the substrate (780% formed hydroxylated product and-224% eliminated HO,). ¢ nd = not detected.

(Figure 2B). This was expected, because earlier studies hacdboundp-OHB implies that the mechanism must nevertheless
shown that when using 2,4-DOHB as the substrate, theinvolve these intermediates. Below we describe studies that
spectra of flavin-C4a-transient intermediates for several characterize the spectra of C4a-adducts of the 8-CN-FAD-
different 8-substituted flavins are very similar to those substituted PHBH. These studies show that we could discern
obtained with FAD 26). To estimate minimum rates of such intermediates if they formed in sufficient quantity. Thus,
hydroxylation consistent with these observations, simulations because no intermediates were observed with 8-CN-FAD,
(Figure 1B) of the reaction in Scheme 5 were carried out we can conclude that the rate constants for the decay of
using the RungeKutta algorithm in Program A. Simulations ~ 8-CN-FAD-C4a-hydroperoxide and -hydroxide are consider-
of data observed at wavelengths selected for being sensitiveably greater than the rate constants for their formation.
to observation of intermediates were in excellent agreement T spectral properties of flavin C4a-adducts in 8-CN-
with the experimental traces when the rate constants for thepaAp PHBH could be determined directly from studies of
hydroxylation reaction were-300 s* for 8-CI-FAD. Be- the oxidative half-reaction using 2,4-DOHB as substrate. The
cause with 8-CN-FAD the formation of the C4a-hydroper- 56 constants in Scheme 1 for this reaction were determined
OXIde“IS so slow (0.3378), the simulation was not very from kinetic traces at 361, 390, 430, and 480 nm, as
sensitive to values chosen fbg andk; (Scheme 5). described in reference&3 and 34 both in the absence and
Scheme 5 in Fhe presence of .0.1 M azidg (Table 5). In the absence of
azide, the reaction is characterized by three phases, with only
ky ks ks one phase being oxygen-dependent: the formation of the
EePOHB + O, — 1 — Il — E,,-pOHB hydroperoxide K, = 1.0 x 10* M~ s71). The rate constant
The hydroxylation stepk) for 8-CI-FAD PHBH could for hydroxylation of 2,4-DOHB Ks) was much greater than

be detected in the presence of 0.1 M Nabut even with the following steps, so that it could not be determined.
azide present, could not be observed for 8-CN-FAD PHBH However, in the presence of 0.1 M azide, four phases were
using either absorbance or fluorescence detection. As withObseQ’ed' Lhe formation of ihe fIaV|r11-§4hzj:rly({r1()perodX|de
native enzymel), NaN; decreases the rate constants for the was epeln ent on OxygeR, (= 5.9 X s, an
formation and the decay of intermediate Il for 8-CI-FAD, was 5.8 5" at the highest concentration of oxygen used (0.98
in this case to values of 18.5 and 5.0.sespectively (see  MM)- The largest observed rate constant, 13'6is oxygen-
Table 4), whereas the second-order rate constant for thelndependent, and correlates with the formation of 80% of

reaction with oxygen is hardly affected. PHBH reconstituted .

intermediate I, as well as 20% each of®3 and oxidized
with each of the flavin analogues was studied in the presence€n2YMe: Thugs = 10.9 s* andkeim = 2.7 s This observed
of 0.1 M NaN;, and the results for hydroxylation are also

intermediate spectrum has been shown to be due to the sum

plotted in Figure 4. It can be seen that azide decreases the! the spectra of the flavin-C4a-hydroxide and the dienone
rate of hydroxylation for PHBH that had been reconstituted 10rm of the product26, 63. Figure 5A shows the results of

with FAD analogues, and the smallgg, value (-0.14 vs an experiment using diode array detection; spectra of
—0.42 without azideR = 0.91 andF = 30.34) implies that intermediates |, Il, and Il were determined using the rate

azide makes the hydroxylation less sensitive to te qf constants in Table 5 and the multicomponent analysis
the leaving group. routines in SpecFit. With native PHBH using the same

Spectra of Transient 8-CN-Fin-C4a-Oxygenated Inter- conditions, the rate of hydroxylatioks, is 5.6 s*. Thus_, in
mediatesIntermediates formed in the reactions of reduced the presence of azide and 2,4-DOHB, the hydroxylation rate
8-substituted FAD PHBH with oxygen are shown both here ¢onstant (10.9'8) for the 8-CN-FAD enzyme is only about
and in reference4, 26, and44 to be Cda-adducts, just as twice tha_t for native enzyme. It |s_clear that the spectrum of
with native FAD. We reasoned that our inability to resolve ntermediate Il could be resolvedk§ were not much greater
such intermediates with 8-CN-FAD-substituted PHBH could thanks.
be attributed to two possible conditions: (a) the spectral The subtraction of the spectrum of 8-CN-intermediate Il|
properties of the reduced form of this flavin were too similar from that for species Il reveals a difference spectrum (Figure
to those of Cda-adducts; or (b) the kinetics prevented the 5C) that is consistent with the dienone form of the product,
accumulation of sufficient intermediate. Figure 2 shows that as previously observed with native and several other
the spectrum of the reduced form of 8-CN-FAD is similar 8-substituted flavins26, 62. Moreover, when this experi-
to that of flavin-C4a-adductd ax~374 nm), so that it might ~ ment was repeated at different pH values, the spectra of
indeed obscure any Cd4a-adduct. The fact that PHBH intermediate Il and the calculated difference spectra (Figure
reconstituted with 8-CN-FAD fully hydroxylates the enzyme- 5B,C) are similar to those using native and 8-sulfonyl flavins
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expected to be dependent on th& pf its N5-proton, unless
this step is controlled by a protein conformational change.
Because the K, of the N5-proton in FADHOH is not
measurable, due to the limited stability of the FADHOH
intermediate, we choggesubstituted anilines as models for
how 8-substituents might affect th&pof the flavins. The
dehydration rate constants;( Table 4) have no correlation
with the K, of p-substituted anilines (Table 2). The presence
of azide slows the dehydration step, but, again, there is no
clear correlation with the predictecKp values of the N5-
proton.

DISCUSSION

The mechanisms involved in the oxidative half-reaction
of PHBH, with special attention to the hydroxylation step,
have been probed by replacing the natural flavin with various
8-substituted flavins. The various substituents at the 8-posi-
tion (normally 8-methyl) did not change enzyme conforma-
8- - tion, substrate binding, hydroxylation stoichiometry, or the
6 - - overall mechanism of catalysis. This is likely because the
4r- - 8-position of the FAD is solvent accessible, away from
2
0

€(mM'em)

g (MM em)

— - protein contacts and distant from the binding sit@-@HB,
- 1 | — so that it does not disrupt protein function. Thus, the

A

300 400 " 500 600 8-substituents primarily have electronic effects on the FAD,
Wavelength (nm) while their specific interactions with the protein are minimal.
C The substitutions at the 8-position of the flavin in PHBH
have affected the reactivity of the enzyme in each step of
Rl ! ' ' - the oxidative half-reaction. Depending on the flavin analogue
12 - — used, the chemical steps in catalysis either are faster or are
— - slower than in native PHBH.
- ] The redox potentials of the free substituted flavins are
shifted to more positive values upon binding to PHBH,
implying that the reduced forms of FAD bind tighter to the
enzyme than do the oxidized forms. The reduced forms of
flavins on enzymes are primarily anionic (N1 is ionize®&)(
I L L L ] and would be attracted to electrostatically positive enzyme
300 400 500 600 active sites such as found with PHBHE], resulting from
Wavelength (nm) the presence of a positive dipole located at the enHoélix

FicurRe 5: Spectra of the chemical species detected during the H10, comprising residues 29820, and several positively
oxidative half-reaction of 8-CN-FAD PHBH in the presence of 2,4- charged residues in the vicinity of the active site.

DOHB and sodium azide. (A) Chemical species detected at pH .
6.5and £C: (O) reduced 8-CN-FAD PHBF2,4-DOHB complex, Although the hydroxylation step for PHBH has been well

(®) 8-CN-flavin-C4a-hydroperoxide,4-DOHB complex (inter- studied, its mechanism has generated considerable contro-
mediate ), §) 8-CN-flavin-C4a-hydroxidenonaromatic 2,3,4-  versy and speculation. As expected from previous studies
TOHB product complex (intermediate )M 8-CN-flavin-C4a- (2, 3, 26) and supported by this work, the hydroxylation
hydroxidearomatic 2,3,4-TOHB product complex (intermediate IIl), o5 ction follows an electrophilic aromatic substitution mech-
and @) oxidized 8-CN-FAD2,4-DOHB complex. (B) Spectral . o . o -
properties of intermediate 11 at pH 6.25Y, 6.75 @), 7.29 ), anism. In an electrophilic aromatic substitution mechanism,
and 7.85M). The spectrum of intermediate Ilhj was taken from  the reaction should be driven partly by the reactivity of the
the experiment at pH 6.5. (C) Difference spectra calculated by electrophile, in this case the FADHOOH intermediate. For
subtracting the spectrum of intermediate Il at pH 6.5 from spectra the flavin-C4a-hydroperoxide, the electrophilicity is largely
?;):i,pemes in panel B [pH 6.253), 6.75 @), 7.29 (0), and 7.85  yotarmined by thek, of the leaving group, the flavin-C4a-

' alkoxide (FADHO) intermediate 49). Figure 4 clearly
(26, 62. These spectra show a pH dependence described byillustrates this principle. The contributions of the substituents
a pKa between 7.1 and 7.5, very similar to that for native to the g, values for 8-X-FADHOH are proportional to the
enzyme (7.4). Since theKp values calculated for the p, parameter as shown in eq 1. Another way of looking at
8-substituted FADHOH analogues range from 4.76 to 10.34, the contribution of the substituent in the reaction is the extent
the observed Ig, of intermediate 1l must be due to the of polarization of the oxygenoxygen bond. This inductive
dienone form of the product and not to the 8-X-C4a- polarization is also related to the Hammeit and its
FADHOH species. relationship to the hydroxylation rate is given in eq 4.

Dehydration Reaction ¢k Scheme 1)Following oxygen _
transfer to the substrate, the resulting enzyme-bound FAD- logks = pioy + C ()
HOH intermediate loses water to regenerate oxidized FAD. The inductive characteristic of the substituent is one of
The rate of dehydration for the FADHOH species might be the most important electronic contributions to electrophilicity.

e (MM em)
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A Hammett plot (eq 4) of the data is also linear with a slope
o = 3.4 (data not shown). Such large valuegddre typical

for electrophilic aromatic substitution reactionS).(If a
diradical mechanism were involved, thevalue would be

02

that the rates of mono-oxygen transfer in reactions such as
the sulfoxidation of thioxane, theéN-oxidation of N,N-
dimethylbenzylamine, and the oxidation oftb I, in solution

are related to thelq, of the alkoxide leaving group derived

<1 (9), emphasizing the modest effect substituents have onfrom the electrophilic hydroperoxide, R-OOH.

the stabilization of radicals. Thus, we conclude that the
reaction proceeds by an electrophilic aromatic substitution

The hydroxylation rate constant for each of the reconsti-
tuted enzymes was decreased in the presence of azide. The

rather than via a diradical mechanism. As determined by free binding of azide near the hydroxylation site might be

energy correlations shown in Figure 4, the oxygen on the
FADHO™ leaving group contains a0.42 charged” in

expected to decrease the effective positive charge or elec-
trostatic potential of the active site that normally stabilizes

Scheme 6) in the transition state, indicating a transition statethe transition state of the hydroxylation reaction. In addition,
nearly midway between the reactants and products, whichazide would raise thely, of the substrate phenolic group,

is consistent with the flavin-C4a-hydroperoxide being a
moderately reactive electrophil65). A value of—1 in the
leaving group would represent a product-like transition state.
In solution, highly reactive electrophiles exhibit low activa-
tion energies and low substrate selectivity. In electrophilic
substitution reactions, the characteristics of the aromatic

so that the character of the nucleophile would be different
than in the absence of azide. The protonated substrate would
be a poor nucleophile so that the reaction would have an
early transition state leading to a decrease in slope (Figure
4).

Bruice and colleagues have proposed that the mechanism

substrate (charge density and the energy coefficients of thefor the reaction of oxygen with reduced enzyme-bound flavin

highest occupied molecular orbital, HOMO) determine the
position of electrophilic attackeb). Vervoort et al. 66) and
van der Bolt et al. §7) have calculated that electrophilic
attack at the C3 position of the aromatic substrgi€3HB
and R-pOHB is indeed guided by the distribution of the
m-electrons in the HOMO. Although FADHOOH is a good
electrophile, it can only react efficiently with activated, but
not with deactivated, aromatic rings. The electronegativity
of the ring nitrogens of FAD at positions 1, 5, and 10, and
the electron-deficient carbonyl at position 4, as well as
essential proteinFAD interactions all contribute to the
electrophilicity of the C4a-position.

The findings reported here support an electrophilic aro-
matic substitution mechanism for PHBH in which the transfer
of oxygen from FADHOOH is governed by the ability of

consists of the formation of the superoxiegemiquinone
pair, followed by collapse of the radical pair to form the
C4a-0O bond of FADHOOH 68, 69 (Scheme 7). The
formation of the superoxidesemiquinone pair is believed

to be the rate-limiting step during the bimolecular reaction
with oxygen. Thus, the rate of the reaction with oxygen is
expected to correlate with the one-electron redox potential
of the enzyme-bound flavin (El/Fleq. However, this
potential cannot be determined experimentally with PHBH
because the enzyme does not stabilize the flavin semiquinone.
In PHBH, no intermediates are observed prior to the
formation of FADHOOH because the collapse of the radical
pair is presumably too fast to be detected. Since the one-
electron redox potentials of a series of 8-substituted flavins
have been shown to be linearly correlated with the corre-

the transition state to support a negative charge on the oxygersponding two-electron redox potential8), the oxygen

of the leaving group, the flavin-C4a-alkoxide (FADHD

reaction rates might also be expected to correlate ap-

(Scheme 6). These results agree with the important conceptproximately with the two-electron redox potential of the

developed by Bruice and co-worker6{-49), who showed

FAD. The dependence of the oxygen reactivity on the two-
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electron redox potential of the enzyme-bound flavin is shown Graham R. Moran for providing the plE-130 plasmid; and
in Figure 3. The observed rate constants for the reaction of Drs. George T. Gassner and Christopher M. Harris for
oxygen with PHBH reconstituted with the flavin analogues providing purified PCD and XO, respectively. We are

tested show a dependence on the two-electron redox potentiagrateful to Dr. Yerramilli Murthy for the supply of 8-CN-

only when it is more positive than160 mV. When the redox

FAD and advice during the synthesis of 8-demethylribofla-

potential was lower than-160 mV, the rate constant was vin; Dr. Andrei Raibekas for suggestions during 8-SE€H
almost invariant (Figure 3), suggesting that some other stepFAD synthesis; and Dr. Domenico Gatti for the crystal
such as a conformational change becomes rate limiting. structure of PHBH reconstituted with 8-N(G)zFAD.

Similar observations have been made witlactate oxidase

containing the same series of artificial flavins at the FMN REFERENCES

level (K. Yorita and V. Massey, unpublished results). If the
second step of Scheme 7 were to become rate-limiting with
flavins of low potential, it would be expected that flavin
semiquinone intermediates would be detectable in the reac-
tion; this has not been observed. It can be noted that the
break-point in Figure 3 occurs at approximatel§60 mV,
close to that of the €O, couple in solution at pH 7167

mV) (70).

The final step in the oxidative half-reaction is the elimina-
tion of water from the flavin-C4a-hydroxide and the release
of product. This process might be expected to be dependent
on the K, of the N5-proton of the FADHOH intermediate.
Because the N5Hy, values for FADHOH are not experi-
mentally accessible, we tried a correlation with the palues
of p-substituted anilines. There is no correlation of the rate
of dehydration and thisky, (data in Tables 2 and 4). Thus,
if the mechanism of elimination of water from the FADHOH
intermediate follows a concerted process where the N5-
proton is the donor of the reaction, it cannot be the rate-
determining step. Instead, some other step (e.g., the release
of product) could be rate-determining for some of the flavins.
For example, if release of product precedes the dehydration
step of FADHOH, it is likely that flavin movement is
important in this processbp, 56), just as it is in binding
substrate 42). Further complications that might depend on
flavin movement can arise from binding of substrate to the
FADHOH species after product is released. Binding of
substrate is known to substantially inhibit the dehydration
of FADHOH (33).

This study has helped elucidate the mechanism of hy-
droxylation by flavoprotein monooxygenases that utilize
reactive electrophilic flavin hydroperoxide intermediates.
Information about the transition state structure for mono-
oxygen transfer was obtained. An increased rate of hydrox-
ylation is found when a good electrophilic flavin hydroper-

oxide is present on the enzyme, whereas a decreased rate of?0-

hydroxylation results from a less electrophilic hydroperoxide.
The opposite relationship between the rate of hydroxylation
and the inductive effect of the 8-substituent can be predicted
for a nucleophilic flavin peroxide intermediate (e.g., the
intermediate likely to be present in cyclohexanone monooxy-
genase). The work described here also contributes to our
understanding of the formation of the flavin-C4a-hydroper-
oxide in the reaction with oxygen. The results are consistent
with the dehydration reaction requiring flavin movement and
release of product, in analogy to the binding of substrate
(42).
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