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ABSTRACT: An active site residue in phenol hydroxylase (PHHY), Pro364, was mutated to serine to
investigate its role in enzymatic catalysis. In the presence of phenol, the reaction between the reduced
flavin of P364S and oxygen is very fast, but only 13% of the flavin is utilized to hydroxylate the substrate,
compared to nearly 100% for the wild-type enzyme. The oxidative half-reaction of PHHY mnsingsol

as a substrate is similarly affected by the mutation. Pro364 was suggested to be important in stabilizing
the transition state of the oxygen transfer step by forming a hydrogen bond between its carbonyl oxygen
and the C4a-hydroperoxyflavin [Ridder, L., Mullholland, A. J., Rietjens, I. M. C. M., and Vervoort, J.
(2000)J. Am. Chem. Soc. 128728-8738]. The P364S mutation may weaken this interaction by increasing
the flexibility of the peptide chain; hence, the transition state would be destabilized to result in a decreased
level of hydroxylation of phenol. However, when the oxidative half-reaction was studied using resorcinol
as a substrate, the P364S mutant form was not significantly different from the wild-type enzyme. The
rate constants for all the reaction steps as well as the hydroxylation efficiency (coupling between NADPH
oxidation and resorcinol consumption) are comparable to those of the wild-type enzyme. It is suggested
that the function of Pro364 in catalysis, stabilization of the transition state, is not as important in the
reaction with resorcinol, possibly because the position of hydroxylation is different with resorcinol than
with phenol andm-cresol.

Phenol hydroxylase (PHHYEC 1.14.13.7) is a flavo-  a cyclohexadienone, the nonaromatic oxygenated product.
protein monooxygenase from the aerobic topsoil yeast The reaction cycle is completed by rearomatization of the
Trichosporon cutaneur(i, 2). It catalyzes a reaction that product and dehydration of intermediate 11l (C4a-hydroxy-
incorporates an atom from molecular oxygen into the ortho flavin).

position of phenol or its simple derivative8«6). In the The structure of PHHY with phenol bound)(eveals that
proposed mechanism of PHHY (Scheme 1), oxygen reactspro364 could be important in enzymatic catalysis (Figure
with enzyme-bound FAD, which has been reduced by 1A). According to quantum and molecular mechanical
NADPH, to form C4a-hydroperoxyflavin (intermediate I). computations §), the carbonyl oxygen of Pro364 forms a
The flavin intermediate then undergoes nucleophilic attack hydrogen bond with the hydroperoxide of intermediate |
by the phenolic substrate. As a result, the distal hydroxyl (Scheme 2, top). The partial negative charge on the oxygen
group of the hydroperoxyflavin is transferred to the substrate gtom of the residue is suggested to stabilize the hydroxyl
to form intermediate I, a complex of C4a-hydroxyflavin and group of intermediate | that is attacked by substrate in the
transition state. This interaction is suggested to lower the
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1 Abbreviations: PHHY, phenol hydroxylase frof. cutaneum
PHBH, p-hydroxybenzoate hydroxylase frdAseudomonas aerugingsa . .
CDO, catechol 2,3-dioxygenase; SOD, superoxide dismutase; FAD, MutagenesisThe plasmid (pRJ6C) that encodes the gene
flavin adenine dinucleotide; IPTG, isopropyl 1-thfee-galactopyrano- of phenol hydroxylasephyA (9) was provided by J. Reiser

side; B, phosphate; FIHOOH, enzyme-bound flavin hydroperoxide; ; ; ;
FIHOH. enzyme-bound flavin hydroxide: WT, wild-type enzyme: TCA. (National Institutes of Health, Bethesda, MD). In the plasmid,

trichloroacetic acid; CT, charge transfer; 2,4-D, 2,4-dihydroxybenzoate; phyAis ligated to theESCh?ri_Chia coliexpression vector
KIE, kinetic isotope effect. pKK223-3 pelB. The plasmid includes ti&c promoter for

10.1021/bi020446n CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/26/2002



13628 Biochemistry, Vol. 41, No. 46, 2002 Xu et al.

Scheme 1: Reaction Cycle and Intermediates of Phenol droxylase were monitored with a Kinetic Instruments stopped-
Hydroxylase §, 6) flow spectrophotometer. The same reactions were monitored
R R o with a Hi-Tech SF-61 stopped-flow instrument to detect
IN N_O lN| NgO fluorescent intermediate4 ). Excitation light was selected
NI‘(NH "—’)i;ﬂl,f”” with a monochromator; fluorescent emission of light with
NADPH _ O et O wavelengths longer than 500 or 530 nm was selected with
_</:/\\\x "'0'@ x yellow filters. The Hi-Tech instrument is also equipped with
/ cT1 cT2 a diode array detector for recording absorption spectra of
E N naor~—"Y\ R q the reaction mixture. Unless specifically mentioned, all
I:[ ‘F )@Nl ¢© stopped-flow experiments were conducted &€4n 50 mM
NADP:' N ONH KP; buffer (pH 7.6). The stopped-flow system was made

HO—O / anaerobic by incubating it overnight with an anaerobic
\ HO = solution of 3,4-dihydroxybenzoate (protocatechuate) and
b protocatechuate 3,4-dioxygenade)( All buffer and sub-
ADPH  Reductive Half Reaction strate solutions were made anaerobic by bubbling for 15 min
Ehenol S with purified argon before being used. For the oxidative half-
‘ Oxidative Half Reaction r 2

reaction, solutions with various oxygen concentrations were
obtained by bubbling with a standardized/|, gas mixture

N N0 ("2°= A NGO from Matheson. The enzyme solution was made anaerobic
)::E J:KNH I )::E :LKNH in a glass tonometer by alternate steps of evacuating and
N N : . e
O _H,0 o) purging with argon. In the study of the oxidative half-

H
Product E N_O H reaction, the enzyme was reduced by adding from a sidearm,

)::[ EE’H / H@Q after the tonometer had been made anaerobic, an NADPH

N | X regenerating system containing glucose 6-phosphate, NADP

and glucose-6-phosphate dehydrogenase tfrenconostoc

HO-C<— Q,=Q mesenteroideSigma). The amounts of NADRand glucose-
i 6-phosphate dehydrogenase were adjusted so that the com-
X: non camoxy, group plete reduction takes more than 15 min, so as not to interfere

with the oxidative reaction being studied. Analyses were

controlling the expression of phenol hydroxylase, as well as conducted by fitting data to exponential equations using the
the sequence encodifglactamase, which enables selection Marquardt algorithm 13) incorporated into Program A
of transformants by their resistance to ampicillin-related (developed by C. J. Chiu, R. Chang, J. Diverno, and D. P.
antibiotics. The QuickChange site-directed mutagenesis kit Ballou at the University of Michigan). Simulations were
from Stratagene was used to construct the mutant. A pair ofcarried out by using numerical integrations of the differ-
primers containing the desired mutation was used in the PCRential equations for the reaction sequences using a fourth-
procedure. The sequence of the sense strand is GCTTGCorder Runge-Kutta algorithm (13), also coded in Program
CACACCCATTCGICCAAGGCCGGCCAGGGCATG (the  A.
underlined codon with the italicized substitution encodes the  (4R)-[4-°H]NADPH (NADPD) was prepared as previously
mutation from proline to serine). After the PCR was finished, described14). 2,4,5,6-fH]4Resorcinol was synthesized and
Dpnl, a restriction enzyme that is specific for methylated characterized by methods previously reportég, (L6).
and hemimethylated DNA, was introduced to specifically = Measurement of the Hydroxylation Efficien@e catechol
degrade the original template plasmid for the wild-type 2,3-dioxygenase (CDO) reaction was used to quantify the
phenol hydroxylase. Then the synthesized mutant plasmidproduct formed by the P364S mutant enzyme using phenol
was transformed int&. coli XL-1 Blue supercompetent cells  as the substrately, 16). In a stopped-flow apparatus, the
so that the staggered nicks could be ligated. reduced enzyme with phenol bound was mixed with aerobic

Enzyme Purification Both the wild-type and mutant buffer containing CDO, superoxide dismutase (SOD), and
phenol hydroxylases were expressed and purified as recomphenol. SOD is introduced into the system to eliminate
binant enzymes10). The plasmid was transformed into superoxide ion formed in the reaction that might also oxidize
BL21(DE3) E. coli cells from Novagen. The cells were catechol, the product of phenol hydroxylation. The product
allowed to grow in LB medium in the presence of carbeni- of the catechol 2,3-dioxygenase (2-hydroxymuconic semi-
cillin (50 ug/mL) at 25°C. When the Olgy of the medium aldehyde) has an intense absorption peak at 375L@ §).
reached 0.6, the expression of the desired protein was induced\s a control experiment, the reaction was carried out in the
by adding IPTG to a final concentration of aM. The cells absence of CDO. The additional absorbance increase at 400
were collected by centrifugation and broken by ultrasonica- nm caused by the reaction catalyzed by catechol 2,3-
tion. The enzyme was purified by the two-step chromatog- dioxygenase, where the product has an extinction coefficient
raphy procedure described previousl¥0), which uses of 21 200 Mt cm™%, was used to measure the amount of
phenyl Sepharose (from Pharmacia Biotech), and DEAE- catechol formed in the systenll). The coupling be-
Sepharose ion exchange (from Sigma). The purified protein tween the hydroxylation of phenol and the reoxidation of
was manifest as a single band in SBRAGE with an enzyme was calculated from the concentration of catechol
apparent molecular mass of 76 kDa. formed compared with that of the reduced enzyme initially

Stopped-Flow Studies of the Half-Reactiofibe UV— in the reaction system. The hydroxylation efficiency of
visible absorption changes in the reaction of phenol hy- PHHY with m-cresol as the substrate was quantified by the
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Ficure 1: Active site of phenol hydroxylase. (A) Structure of PHHY with phenol boufdThe modeled intermediate C4a-hydroperoxyflavin

is shown in the figure as well as phenol and several residues, including Pro364 (mutated to serine in this work). Ortho carbon atoms of
phenol are numbered C2 and C6 as explained in the text. (B) Simulated structure of enzyme with resorcinol bound. Resorcinol (light blue)
is shown in two potential conformations with respect to the rest of the enzyme. Hydrogen bonds that are thought to be important for
substrate binding are shown as dashed lines.

Scheme 2: Revised Hypothetical Function of Pro364 in the Table 1: Comparison of the Reductive Half-Reaction with NADPH

Hydroxylation Step of PHHY between Wild-Type and P364S Mutant PHHY

Intermediate | phenol resorcinol m-cresol no substrate
o O e
L /pmw wild type 52 22 1.8 0.065
o & L P364S mutant 164 25 5.2 2.4
L/ H«\o/ N KanappH) (M)

O c2 wild type 65 140 60 570
(HaC) phenol and m-cresol P364S mutant 60 170 50 430
2 The keeq Values that are shown were obtained in the presence of
FAD Cda saturating concentrations of phenolic substrates and represent the

limiting rate constants extrapolated to an infinite concentration of

QO H
P /pmse“ NADPH. TheKq values correspond to the concentrations of NADPH
/‘? 0 ¢ equivalent to that which would give half the maximal extrapolated rate
H™ | o/ \NH constants.
ce -~
EJ\ A HC/ Lys365 o
resorcinol & o / T (CHa)NHs* NADPH oxidized was calculated by the absorbance decrease
H ¢ at 340 nm éz40= 6220 Mt cm™?) in the reaction. The ratio
/
N @ NH \ (total resorcinol/NADPH consumed) was taken to be the
\‘j‘/‘\rgzss hydroxylation efficiency.

NH

| RESULTS

same method. The extinction coefficient at 375 nm (42 800 Reductie Half-Reaction of the Pro364Ser Mutahike
M~ cm?) of the final product of the CDO reaction on Wwild-type PHHY @), the mutant form binds its substrate
m-cresol was used. (phenol) tightly, with a dissociation constakigj of ~1 uM.
The dioxygenase method is not applicable for the resor- However, the binding of FAD to P364S is weaké (~ 2
cinol reaction because of the poor stability of the product of M) than to the wild-type enzymeg ~ 10 nM).
the dioxygenase reaction. Therefore, the hydroxylation The P364S mutant form of phenol hydroxylase with
efficiency was measured as resorcinol consumption versusphenol bound at the active site is reduced by NADPH faster
NADPH oxidation in the steady-state reaction. A limited than is the wild-type enzyme, with a maximum reduction
amount of resorcinol was mixed to react (room temperature, rate of 164 s' compared to a rate of 52 sfor the wild-
air-saturated solution) with excess NADPH, catalytic amounts type phenol hydroxylasé () (Table 1). The higher reactivity
of the P364S mutant form or wild-type PHHY, CDO, and cannot be explained by differences in redox potentiak‘as
SOD. Catechol dioxygenase was included in the reaction of this mutant form in the presence of phenei220 mV,
system to consume the hydroxylated product [1,2,4-tri- results not shown) is almost identical to that of the wild-
hydroxybenzene (THB)] so that THB could not stimulate type enzyme {222 mV) in the presence of phendl9).
the oxidation of NADPH. [Over the time course of the assay Likewise, the apparent dissociation constant for NADPH is
(~15 min), the unstable product of the CDO reaction not significantly affected by the mutation (M for the
decomposes to compound(s) with negligible absorbance atmutant form compared to 6&6M for the wild-type phenol
340 nm.] Thus, the oxidation of NADPH very nearly stops hydroxylase). The rapid hydride transfer with the mutant
when resorcinol is fully hydroxylated. The amount of form depletes the first charge-transfer complex, CT 1
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PHHY. The mutant enzyme in the presence of 1 mM phenol was
FicUrRE 2: Reductive half-reaction of P364S PHHY by NADPD mixed with buffer containing the same concentration of phenol as
in the presence of phenol. The enzyme £38) solution was mixed well as 0.1 mM FAD and 1 mM NADPH in a stopped-flow
with NADPD (both contained 1 mM phenol) in a stopped-flow spectrophotometer under anaerobic conditions. The reaction was
spectrophotometer under anaerobic conditions. The absorbancdollowed by the absorbance change at 450 nm as FAD is reduced.
changes in the reaction at 440 nm (- - -, left axis) and 600+ ( The final enzyme concentrations were-2)(and 4uM (- - -). The
right axis) were followed. The reaction traces at three final FAD reductase activity was also measured in an anaerobic cuvette
concentrations of NADPD (56M, 100uM, and 1 mM) are shown experiment @). The enzyme (final concentration of 18M)
for each wavelength. In the inset, the rate constants for reduction solution contained 5@¢M FAD and 1 mM phenol. The reaction
of FAD (@) and those for the formation of CT DJ are plotted vs was started by adding a small volume of NADPH (final concentra-
the concentration of NADPD. tion of 0.2 mM) from the sidearm of the cuvette and followed by
the absorbance change at 450 nm. For each trace, the logarithm of
Table 2: Kinetic Isotope Effect (KIE) (NADPH vs NADPD) in the flavin absorbance minus that of the final reduced flavin (both at
Reductive Half-Reaction of Wild-Type and P364S Mutant PHHY 450 nm) is plotted vs the reaction time. All reactions were carried

out at 25°C.
wild type P364S mutant
phenol resorcinol phenol resorcinol of the FAD in WT (KIE of 9.6, Table 2), coupled with the
KIE 9.6 33 71 22 presumably unchanged dissociation rate constant280

, — s ! from NADP*, CT 2 cannot be observed with NADPD
aKIE values are calculated as the ratio of the limiting rate constant

of reduction by NADPH to that of reduction by NADPD. as t_he rEdL_‘Ctant' .
Either with m-cresol bound or in the absence of any
(NADPH-oxidized enzyme, Scheme 1), nearly as quickly as phenolic substrate, the P364S mutant form is also reduced
it is formed so that only the second charge-transfer complex, faster than the wild-type enzyme (Table 1). In contrast, the
CT 2, that between the reduced enzyme and NADPB reduction of P364S with resorcinol bound (25)sis very
observed. This charge-transfer complex, which is character-similar to that for the wild-type enzyme (22%. For all the
ized by a low absorbance in the 40800 nm region, and a  reactions with NADPH, the appareKy values for NADPH
broad band between 700 and 800 nm, is similar to that are similar to those of the wild-type enzyme.

observed with PHBH 20) and decomposes at 63!sas To test whether the similarity of the mutant and WT rates
NADP* dissociates from the reduced enzyme (the analogouswith resorcinol bound was due to some step occurring before
complex for the wild-type enzyme decays -a230 s?). hydride transfer, we determined the isotope effect with the

Consistent with this faster reductive reaction and slower P364S mutant enzyme. A saturating rate constant for
dissociation of NADP from the mutant enzyme, the charge- reduction with NADPD of 11.6 & was found, yielding a
transfer complex of the reduced enzyme and NARET 2 kinetic isotope effect of only 2.2 (Table 2). This KIE, which
in Scheme 1) is more intense with the mutant form than that is much smaller than that for the reductive reaction in the
with wild-type PHHY. presence of phenol (7.1), suggests that another step masks
The P364S mutant enzyme is reduced by saturatingthe true KIE. KIE values for flavoprotein hydroxylases
concentrations of NADPD at a rate of 23'sand a kinetic usually equal 810 (14). In the presence of resorcinol, the
isotope effect of 7.1 was calculated (Figure 2 and Table 2). wild-type enzyme is reduced by NADPD with maximum rate
In the reaction, a charge-transfer complex characterized byof 2.6 s, which gives a KIE of 8.3 (Table 2), suggesting
a relatively small absorbance decrease in the-8ID nm that in the wild-type enzyme no other step contributes
range, and an absorption maximum at 600 nm, consistentsignificantly to the overall rate of reduction.
with CT 1 in Scheme 1, was observed. The rate of formation Flazin Reductase Actity of P364S Mutant PHHYThe
of this complex is dependent on the concentration of NADPD mutant enzyme has considerable flavin reductase activity.
(apparent dissociation constant of @®) with a limiting At 25 °C and pH 7.6, free FAD is reduced by NADPH in a
value of 180 5. This complex (CT 1) of the oxidized flavin  second-order reaction (i.e., it is directly dependent on the
and reduced pyridine nucleotide accumulates during the FAD concentration). The P364S mutant enzyme (in the
reaction because of the slower reduction of enzyme-boundpresence of saturating concentrations of NADPH and phenol)
FAD by NADPD than by NADPH. This charge-transfer has an NADPH-FAD reductase activity of 5.& 10° M~!
complex is also formed in the wild-type enzyme with a s! (Figure 3). By comparison, the values for wild-type
similar rate constant (140 upon reaction with NADPD PHHY (350 Mt s1) and the Arg281Met mutant enzyme
(data not shown). However, because of the slower reduction(380 M~! s™1) are both more than 1 order of magnitude
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Table 3: Oxidative Half-Reaction of Wild-Type PHHY and the 0.2 g 4.0
P364S Mutant Form
phenol resorcinol m-cresol
OH H OH [0)] M
b5 &, Q 2 o g
OH CHy © (@]
L WT 1.6 x10° 1.2x10° 9.7 x 10* o] @
ko M 5™) 4 4 4 S @
P364S  9.4x10 7.5% 10 6.6 10 o 3
coupling of hydroxylation WT 100 58 85 8 CDD
and NADPH oxidation (%) _ P364S 13 55 12 < 120 o
(4]
0.2 ——rrrr——r
005 L1l [T Lol Lol L |»|||4|10
0.001 0.01 0.1 1 10 100
0.15} i Time (s)
o Ficure 5: Oxidative half-reaction of P364S PHHY using phenol
< as the substrate and in the presence of sodium azide. The same
L2 0.1p i reduced enzyme solution as in Figure 4 was mixed with buffer that
S included 1 mM phenol, 1.95 mM Hand 0.4 M NaN. The reaction
o was followed by absorption changes (left axis) at 48D &nd 440
< 0.05 nm (O). The reaction was also studied by following the fluorescence
UL ] change (right axis). In this case, the final enzyme concentration
was 9uM, the excitation wavelength was 380 nm, and emission
was detected at wavelengths ®5600 nm @).
o Lol Lol Lol Lo gl L1
0.001  0.01 0.1 1 10 100 . . . L
Time (s) in the presence of sodium azide, which is known to slow

_ o ) ) steps in the hydroxylation reactio, (6). On the basis of
Ficure 4: Oxidative half-reaction of P364S PHHY with phenol absorbance and fluorescence, four steps could be distin-

as the substrate. The reduced mutant enzymeu(@2 in the : . o
presence of 1 mM phenol was mixed in a stopped-flow spectro- guished (Figure 5). The first is dependent on the concentra-

photometer with buffer solution containing the same concentration tion of O, and is characterized by an absorbance increase
of phenol and 1.95 mM oxygen. The reaction was followed by around 400 nm with a rate constant of 6:210* M~ s71.
absorption changes at 40@)(and 440 nm ©). Very little absorbance change occurs at 440 nm in this phase,
» . indicating that less direct formation of oxidized flavin occurs
smaller. Under the same conditions, P364S also mediateshan in the absence of azide. This phase can be attributed to
efficiently the reduction of either riboflavin or FMN by  ha formation of intermediate | (C4a-hydroperoxyflavin),
NAPP'IL with rate constants of 2.8 10* and 1.1x 10 because the observed rate constant is directly proportional
M~ s, respectively. to oxygen concentration. The second phase, which occurs
Oxidative Half-Reaction of P364S Mutant PHHY Using at 3.6 s, is associated with a significant absorbance increase
Phenol as a Substrat&he initial reaction between enzyme- at 440 nm (86-85% of the total change in the reaction).
bound reduced FAD and oxygen (Figure 4) is fast (2.4  This increase is due to the formation of oxidized flavin,
10*M~ts™), only marginally slower than that with the wild-  because it is the only species that has significant absorbance
type enzyme (1.6« 10° M~*s™%) (Table 3) (L1). The reaction  at this wavelength. In the same step, the absorbance at 400
is similar to that of the wild-type enzyme with the appearance nm decreases as intermediate | is converted to oxidized
of a transient intermediate absorbing at 400 nm due to theenzyme without hydroxylation of the phenolic substrate
formation of intermediate | (C4a-hydroperoxyflavit) ). (dashed arrow in Scheme 1). The third phase of the reaction
When the maximal amount of intermediate | is formed at (k; = 0.24 s?) is detected as an increase in fluorescence.
25 ms, the absorbance increase at 440 nm48% of the  The strongest fluorescence signal is acquired when the
total increase in the oxidative half-reaction. Since the excitation beam has a wavelength of 380 nm, the wavelength
oxidized enzyme is the only species that has significant for the absorption peak of intermediate 11l (C4a-hydroxy-
absorbance at 440 nm, it is estimated that approximately 60%flavin). The final step is characterized by a decrease in
of the reduced P364S mutant form of the enzyme reacts withfluorescence at 0.06 sand a small increase in absorbance
oxygen to form intermediate |. This value, therefore, is the gt 440 nm (16-15% of the total change in the reaction).
maximal fraction of enzyme capable of hydroxylating phenol Thus, only a small amount (3015%) of intermediate 1|
bound at the active site. However, the coupling between accumulates at any time in the reaction (Scheme 1). It is
product formation (measured by the catechol 2,3-dioxygenaseclear from these results that intermediate Il is highly
reaction) and reoxidation of the enzyme-bound flavinis only fluorescent. Because intermediate Ill is a direct product of
13% at 4°C and 8% at 25C (the numbers for wild-type  the hydroxylation reaction, these results are consistent with
enzyme are 100 and 91%, respectively). Therefore, most ofindependent product measurements using the catechol 2,3-
the intermediate | formed in the reaction is not utilized by djoxygenase reaction that show onil1% of the enzyme-
the mutant enzyme to hydroxylate phenol, but probably nound phenol is hydroxylated in this reaction. Thus, most
decomposes nonproductively to hydrogen peroxide and theof the reduced P364S mutant enzyme forms intermediate |
oxidized enzyme with a rate constant of 38.s in the oxidative half-reaction with phenol bound at the active
To better enable detection of intermediate Il (C4a- site, but only a small fraction of the intermediate is utilized
hydroxyflavin), the oxidative half-reaction was also studied to hydroxylate the substrate.
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0.2 T T 100 hydroperoxyflavin to resorcinol to form intermediate Il (C4a-
hydroxyflavin and the dienone form of the product). The
last step with a rate constant of 0.76 & characterized by
large absorbance decreases at short wavelengths and an
increase at 440 nm between 0.4 and 3 s. In this step, the
product dissociates from the enzyme and rearomati@es (
(Scheme 3). Very little intermediate 111 (C4a-hydroxyflavin)
is observed because it quickly dehydrates to form the
oxidized enzyme. Stopped-flow experiments using a diode
array detector show that in this final step the absorption peak
shifts from 340 nm, which is typical for intermediate II, to
0 coanl il il 0l 375 nm, that of the oxidized enzyme (results not shown).
0.001 0.01 0.1 ! 10 Because the absorbance at 440 nm increased in all four
Time (s) steps of the reaction, it was difficult to judge simply from
FiGURe 6: Oxidative half-reaction of P364S PHHY with resorcinol  the reaction traces how much resorcinol is hydroxylated by
as the substrate. In a stopped-flow apparatus, the reduced mutanihe P364S mutant enzyme. Therefore, the coupling between

enzyme (32uM) in the presence of 2 mM resorcinol was mixed . s
withya bu(ffgrt sglution c%ntaining 2 mM resorcinol and 1.95 mM substrate hydroxylation and enzyme oxidation was measured

O,. The reaction was followed by absorbance changes (left axis) PY @ Qiﬁerent method (see Materials and 'MethOdS.)- A
at 340 @) and 440 nm ©). The reaction was also studied by catalytic amount of the mutant enzyme was included in an
following the fluorescence change (right axis) (final enzyme aerobic reaction mixture containing excess NADPH and a
concentration of %M, excitation wavelength of 380 nm, and  |imjted amount of resorcinol. The oxidation of NADPH was
emission wavelength of 530 nm) @). . .

monitored directly by the absorbance decrease at 340 nm.

Scheme 3: Oxidative Half-Reaction of the Wild-Type and  Under these experimental conditions, the oxidative consump-

~
(5]

0.1 e 50

Absorbance
aouaosalon|4

0.05

Pro364Ser Mutant PHHY Using Resorcinol (S) as the tion of NADPH in the absence of the phenolic substrate is
Substrate much slower than in the presence of resorcinol because
P P ks reduction of the flavin is at least 10-fold slower (Table 1).
EFlygqS + 0> EFIHOQ" () —> EFIHOOH (1S == EFIHOH (I)P* Therefore, the reaction rate is dramatically slower at the point
s+Hozd . S* “2°2‘f§ Ho K| >P—P when resorcinol is depleted. The coupling between substrate
j e EFlox <> EfiHoH ) (resorcinol) hydroxylation and NADPH oxidation (enzyme
fap > (Fasy) reduction) could be calculated from the amount of resorcinol
"%;)‘e‘ initially present to that of NADPH consumed. The value is
EFIHOH (IS 55% for the P364S mutant form and 58% for wild-type
MY ks ks () Ka(s™) ks () PHH_Y (Table 3), and the latter compares closely.to f[he
PHHYWT 12 10° 46 5 0.54 NM previously documented value (62%) found by quantification
PHHY-P364S 7.5 x 10% 60 7.4 076 NM of the product through HPLC5]. The experiments show
m:m’:;s) 8.6x 10* 465 41 16 0.001 that the oxidative half-reaction of PHHY using resorcinol
PHHY-P364S 4 10* 47 42 07 0.16 as a substrate is essentially unaffected by the mutation, which
(with NaNg) . is remarkably different from the reaction with phenol as the
kq is the sum of k¢, and kqp
substrate.

Oxidative Half-Reaction with Resorcinol as a Substrate The reaction was also studied in the presence of 0.2 M
The oxidative half-reaction of the wild-type enzyme with NaNs;. As with the wild-type enzyme, the reaction with
resorcinol (1,3-dihydroxybenzene) permits clear observation P364S has five steps (Figure 7A and Scheme6y) The
of intermediate Il (complex of C4a-hydroxyflavin and the first two steps (the initial 70 ms) are similar to the reaction
immediate nonaromatic product of hydroxylation) (Scheme in the absence of azide, and are considered to be the
1) (5, 6, 15). Therefore, to test whether intermediate Il can formation and protonation of the flavin C4a-peroxide anion,
be resolved with P3648S, resorcinol was used in the study ofwith rate constants of 4 10* M~ s and 47 s. Similar
the oxidative half-reaction. Indeed, the reaction proceeds into the reaction without azide, there are increases of both the
a manner very similar to that of the wild-type enzyme, with absorbance in the short wavelength range and the fluores-
four apparent steps (Figure 6 and Scheme 3). The first andcence in these steps. The third step (between 70 ms and 0.2
second phases (the first 40 ms) are evidenced by ans) is the oxygen transfer reaction (the substrate hydroxyl-
absorbance increase at short wavelengths{380 nm) and ation), which is discerned as a small fluorescence decrease
an intense fluorescence increase (excitation at 380 nm) withat 4.2 s'. The fourth observed step is the decrease in
rate constants of 7.5 10* M~*s ' and 60 s'. On the basis = absorbance at 340 nm between 0.2 and 2 s, suggested to be
of the results with the wild-type enzym@)( the initial phases  due to the dissociation and conversion of the product from
are suggested to be the formation of intermediate | (C4a- the dienone form to the aromatic form. Its rate constant of
peroxide anion) and its protonation to C4a-hydroperoxide 0.7 st is very close to that for the reaction without sodium
(Scheme 3). The third step (40 ms to 0.2lg)= 7.4 s1) is azide (Scheme 3). In this step, the fluorescence does not
distinguished by a decrease in fluorescence while the decrease significantly in contrast to the reaction in the
absorbance remains high in the short wavelength range.absence of azide. The difference appears to be due to the
Intermediate | with resorcinol present is known to have C4a-hydroxyflavin (a major fluorescent species and the result
intense fluorescenc®,(11). Thus, the results are consistent of oxygen transfer) being stabilized by the binding of azide
with the third step being oxygen transfer from the C4a- ion and the substrate, resorcinb} 6, 21). Previously, it was
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Ficure 8: Oxidative half-reaction of wild-type PHHY with
m-cresol as the substrate. The prereduced wild-type enzyme (40
uM) in the presence of 2 mNin-cresol was mixed with a buffer
solution containing the same concentrationnetresol and 1.23
3 mM oxygen in a stopped-flow apparatus. The absorbance changes
S (left axis) at 390 @) and 440 nm @) in the reaction are shown.
] The reaction was also studied by following the fluorescence change
Q (a) in the reaction (final enzyme concentration of Bl). The
g excitation wavelength was 370 nm, and emission at wavelengths
of >500 nm was recorded.
0L il il el ([*H]- vs [?H]resorcinol) is thus calculated to be 7, similar
0001 0.01 °;|‘_, ! 10 100 to that for the wild-type enzyme (6.68) The fluorescence
ime (s) traces and the absorbance changes at 440 nm, which both

FiGURe 7: Oxidative half-reaction of P364S PHHY with resorcinol - monitor the chemical status of the enzyme-bound flavin in
as the substrate and in the presence of sodium azide. (A) Theyhe reaction using deuterated substrate, are the same as those

reduced P364S mutant enzyme (4d) in the presence of 2 mM ; . . .
resorcinol was mixed with buffer containing 1.23 mM oxygen, 0.4 YS!N9 fH]resorcinol, like the results previously reported for

M NaNs, and 2 mM resorcinol in a stopped-flow spectrophotometer. Wild-type PHHY ). This KIE is expected for the tautomer-
The reaction was followed by absorption changes (left axis) at 340 ization of the dienone (Scheme 1).
(») and 440 nm®). The reaction was also monitored by recording In summary, the oxidative half-reaction of the P364S

the fluorescence changg) (right axis, final enzyme concentration ) ; : .
of 9 uM) with excitation at 380 nm and emission a530 nm mutant with resorcinol as the substrate is basically the same

detected. (B) The reaction conditions were the same as for panelas that of the wild-type enzyme, even though the reaction
A, except that both fully deuterated and protonated resorcinol were ysing phenol as the substrate is dramatically influenced by
used as substrates. The absorbance changes at 44@ rfor ( the mutation.

[*H]resorcinol and® for the ?H substrate) and 340 nma(and A o ) )
for [*H]- and PH]resorcinol, respectively) are shown. Oxidative Half-Reaction of Wild-Type and P364S Mutant

PHHY Using m-Cresol (3-Methylphenol) as a Substrate
shown that after the product dissociates, intermediate Il canthe oxidative half-reaction of wild-type PHHY witin-cresol,
rebind substrate (resorcinol) to form a quite stable abortive four phases of the reaction were observed (Figure 8). The
complex @) (Scheme 3). In the last phase, resorcinol first phase is characterized by absorbance increases at 380
dissociates from its abortive complex with intermediate 11l 400 nm with observed rate constants directly dependent on
with a rate constant of 0.16°%5 and the uncomplexed oxygen concentration. These data yield a rate constant of
intermediate 11l (C4a-hydroxyflavin) dehydrates quickly to 9.7 x 10* M~! s7! for the formation of the flavin C4a-
form the oxidized flavin, as shown by the absorbance peroxide. With an oxygen concentration of 0.615 mM, the
increase at 440 nm and the decrease in fluorescence. It idirst phase is completed at 40 ms. The newly formed species
clear that rate constants for four of the five steps are is protonated to form the flavin hydroperoxide in the next
comparable to their counterparts for the reaction of the wild- 60 ms with a rate constant of 15's evidenced by an
type enzyme &, 11) (Scheme 3). The exception is the last absorbance decrease at the same wavelengths. Both of the
step, the dissociation of resorcinol from its abortive complex phases are also manifested by increases in fluorescence,
with intermediate 111, which is much slower in the presence similar to the reaction with resorcinol as the substrate. The
of azide with the wild-type enzyme than with the mutant third step is characterized by an absorbance increase around
enzyme. 440 nm at 5.1 st and finishes at-1 s. The rate constant for

To probe further the step(s) involved in product formation, this phase is suggested to be associated withresol
2,4,5,6-fH]resorcinol was used in the study of the oxidative hydroxylation and is very close to that with phenol as the
half-reaction with azide, as had been done with the wild- substrate (5.373) (11). For kinetic reasons, the formation
type enzyme@, 15, 16) (Figure 7B). Only the fourth step in  of intermediates Il and 11l could not be clearly discerned by
the reaction, the rearomatization of the product (seen as theabsorbance changes. Instead, mostly oxidized enzyme is
decrease in absorbance at 340 nm), was affected. The phasfrmed in this step, evidenced by the absorbance increase at
of decreasing absorbance at 340 nm was measured with &40 nm. The last step of the reaction (1.0)sassociated
rate constant of 0.1°$ (compared with a value of 0.7°5 with a fluorescence decrease and a further small increase in
for normal resorcinol). The kinetic deuterium isotope effect absorbance at 440 nm, is proposed to be due to the
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FAD swings to the out position to become reduced and then
swings back in to react with oxygen and oxygenate the
substrate 14, 24, 25). It is likely that the in and out
conformations found with PHHY have functions similar to
those with PHBH. According to the crystal structure of wild-
type PHHY with phenol boundrj, several residues adjacent

i to Pro364 (Gly369, Met370, and Asn371) form multiple
hydrogen bonds with the N(£)O(2) atoms of the in flavin
through their peptide oxygen and nitrogen atoms. The
mutation from proline to serine would reduce the rigidity of
the neighboring peptide segment to allow the isoalloxazine
ring to move more freely between the in and out positions.
Moreover, the hydrogen bonds to the flavin may be weaker
FIGURED: Measurement of the hydroxylation efficiencies for P364S in P364S due to the less rigid peptide being less constrained.
mutant and wild-type PHHY usingrcresol as the substrate. The  Thus, the flavin in conformation may be less stable, resulting
reaction conditions were the same as in Figure 8. The absorbancen g |arger population of out FAD. Also, due to the greater

changes at 375 nm in the oxidative half-reaction wititcresol as o : . .
the substrate were followed for the wild-type enzyme (lower solid flexibility of the pe_pt|de, the_ FAD in P364S might assume
line without symbols) and for the P364S mutant form (dashed line). @ out conformation that is more favorable for hydride

To calibrate the product formed in the reaction, the reduced enzymetransfer from NADPH. All of these effects could lead to an
was also mixed with the oxygen-containing buffer that included increased rate of reduction of enzyme-bound FAD by
catalytic amounts of catechol 2,3-dioxygenase (Materials and NADPH
Methods). The absorbance changes at 375 nm are shown in the ' . .
figure for the wild-type ®) and mutant forms of the enzymey, The suggestion that the conformation of the enzyme-bound
flavin is affected by the mutation is also supported by other
) . experimental results. The higher flexibility of the neighboring
dissociation of the substrate from a small amount of peptide segment is also a likely cause of the mutant PHHY
intermediate 1l (C4a-hydroxyflavin), and is qualitatively haying such low affinity for FAD Kq ~ 2 uM). Thus, at the
similar to the reactions using phenol and resorcinol as concentrations of enzyme used in our stopped-flow experi-
substratesq). . ments, the enzyme solution always contains a small but
The coupling betweem-cresol hydroxylation and FAD  sjgnificant amount of free FAD in equilibrium with the bound
reoxidation was measured by the catechol 2,3-dioxygenaserap. The free FAD is reduced by NADPH as manifested
reaction (Materials and Methods) to be 85% for the wild- py the slow decrease in absorbance at 440 nm in Figure 2
type enzyme, but only 12% for the P364S mutant enzyme gye to the flavin reductase activity of the P364S mutant
(Table 3 and Figure 9). The oxidative half-reaction for the anzyme. The high flavin reductase activity of P364S PHHY
mutant form also had four phases (results not shown). The rigyre 3) also is consistent with the notion that compared
first two steps resembled their counterparts in the wild-type \yith the wild-type enzyme the mutant form has better
r?f‘Ct'OW with rate constants of 6:6 10' M™* s and 20 accessibility to flavin free in the solution as well as to
s, respectively. However, the third step (2.3)sappears  NADPH because it has a larger population of the flavin out
to be the sum of two reactions. One of them is due to the conformation. Because FMN and riboflavin as substrates are
oxygen transfer from the flavin hydroperoxide (intermediate gt |east as good as FAD, it seems clear that the flavin

1) to m-cresol, while the other is due to the intermediate reqyctase activity is due to a viable FAD-containing PHHY
directly returning to the oxidized state by releasing hydrogen yeqycing free FAD.

peroxide. Judging by the substrate hydroxylation efficiency,  The mutation causing a change of Pro364 to Ser dramati-
most of the enzyme passes through the latter branch of thec,)ly influences the oxidative half-reaction using phenol or
reaction. The last phase is probably t_he “trapped” |.ntermed|- m-cresol as the substrate. The hydroxylation of phenol by
ate lll-substrate complex decomposing at 0.4 #sinthe  p3gagig only 13% coupled, compared to 100% for the wild-
case of phenol, intermediate | (C4a-hydroperoxyflavin) is type enzyme (Table 3). Interestingly, with this mutant form
formed in the oxidative half-reaction of the P364S mutant ¢ ihe enzyme, at least 60% of the reduced enzyme forms
enzyme_withm—cresol bound_at rates comparable to those intermediate | (C4a-hydroperoxyflavin), but oniy¥/s of the
of the wild-type PHHY reaction, but only a small fraction jntermediate form leads to hydroxylation of phenol. In the
of it is utilized for hydroxylation. presence of Napl an even larger percentage of C4a-
hydroperoxyflavin is formed, but still, very little product
results. It can be seen in Figure 5 that much of the flavin is
The P364S mutant form is reduced faster by NADPH than oxidized before the fluorescence due to intermediate Il is
the wild-type phenol hydroxylase, with either phenol or observed. Thus, very little intermediate 11l (C4a-hydroxy-
m-cresol bound, as well as in the absence of substrate (Tabldlavin, the product of the oxygen transfer reaction) ac-
1). It has been shown crystallographically that in the presencecumulates. With the wild-type enzyme, intermediate Il is
of phenol wild-type PHHY forms an asymmetrical dimer fully formed in the presence of phenol and azide, and is stable
with one FAD “out” near the surface and one FAD buried for hours 6, 21). On the basis of the crystal structure and
in the “in” position near phenol, where the hydroxylation computational studies of the wild-type enzyn& 8), the

0.8

0.6

Absorbance 375 nm

0 T R AT T ST
0.001 0.01 10

DISCUSSION

occurs 7). Extensive studies of PHBH, which shares many
similarities with PHHY, have shown that flavin movement
is critical to catalysisZ2—24). The isoalloxazine moiety of

carbonyl oxygen of Pro364 may form a hydrogen bond to
the distal oxygen of the flavin hydroperoxide (Scheme 2,
top). This interaction could stabilize the partial positive
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charge developed on the hydroxyl group in the transition activated than phenol. It may not need as much enzymatic
state of the oxygen transfer step. Because of the increasedssistance as phenol in the nucleophilic attack on intermediate
mobility of the carbonyl group of Ser364 compared to that | to acquire the hydroxyl group.
of Pro364, the hydrogen bond to the hydroperoxide might We hypothesize that the oxidative half-reaction of PHHY
be weaker and hence provide less stabilization of the with resorcinol is essentially the same in the mutant form as
transition state in the mutant form of the enzyme. This could in wild-type enzyme because in contrast to the hydroxylation
account for the poorer coupling of hydroxylation of phenol of phenol, Pro364 would not be involved in the transition
and m-cresol in Pro364Ser. The residue homologous to state. Thus, the putative hydrogen bond(s) formed by the
Pro364 inp-hydroxybenzoate hydroxylase (PHBH) is Pro293 C3 hydroxyl group of resorcinol and the active site residues
(7). The P293S mutant form of PHBH also has poorer stiffens the structure of PHHY so that the neighboring peptide
coupling to hydroxylation than wild-type PHBH (5@0% is less flexible than that of the enzyme with phenol bound.
vs 100% for the wild type)d6). Thus, these proline residues This causes the movement from the in position to the out
may play similar roles in the two aromatic hydroxylas8s (  position to be slower with resorcinol bound than with phenol
27, 28). bound (Table 1). For P364S, the movement of flavin could
A surprising result was that in contrast to the case with be partially rate-limiting in the reductive half-reaction. This
phenol, when resorcinol is bound, the Pro364Ser enzymecould account for the very small kinetic isotope effect (2.2)
behaves in a manner very similar to that of the wild-type measured for the reduction of the P364S enzyme with
enzyme (Figures-68). On the basis of the transient spectra resorcinol bound (Table 2). For the wild-type enzyme, the
obtained during the oxidative half-reaction when catechol hydride transfer reaction is suggested to be slower than that
2,3-dioxygenase was included (data not shown), the hy- of P364S because the out FAD in wild-type PHHY is not as
droxylated product is 1,2,4-trinydroxybenzene, the same favorably positioned to interact with pyridine nucleotide as
product as in the reaction catalyzed by the wild-type enzyme in the mutant enzyme. Hence, the hydride transfer is the rate-
(2). Kinetic parameters for the oxidative half-reactions of limiting step for the reductive half-reaction of the wild-type
Pro364Ser with resorcinol are also comparable to those ofenzyme with resorcinol bound, and a larger KIE (8.3,
the wild-type enzyme, with or without sodium azide present NADPH vs NADPD) is observed (Table 2).
(Scheme 3 and Table 3%) In addition, the coupling with The third substraten-cresol, is suggested to be hydroxyl-
resorcinol as the substrate (55%) is very similar to that with ated at the C2 position because hydrogen bonds similar to
the wild-type enzyme (58%). In contrast, when phenol is those with resorcinol are not possible with the nonpolar
used as the substrate, a coupling of only 13% is obtained,methyl substituentm-Cresol may therefore bind to PHHY
compared with 100% for the wild-type enzyme. During the with its methyl group pointing away from Pro364. The C2
reactions with either phenol or resorcinol bound to the atom could acquire the hydroxyl group from the flavin
enzyme, approximately 60% of the reduced Pro364Ser formsintermediate through nucleophilic attack on the flavin hy-
the C4a-hydroperoxyflavin intermediate; hence, it can be droperoxide, with assistance from Pro364, similar to the
concluded that oxygen is more effectively transferred to hydroxylation of phenol. The product of the hydroxylation
resorcinol than to phenol with this mutant form. of m-cresol, 4-methylcatecholl), is consistent with this
The distances between the C4a atom of FAD and the two mechanism. The hypothesis could also help to explain why
ortho carbon atoms of phenol are nearly the same (5.4 andthe hydroxylation efficiency of resorcinol by wild-type
5.5 A) (7). However, in Figure 1A, C2is 3.6 A and C6 5.8 PHHY (58%) is lower than that of phenol (100%)rorcresol
A from the carbonyl oxygen atom of Pro364. Thus, Pro364 (85%) (Table 3), even though resorcinol is a more nucleo-
could direct the hydroperoxide to attack C2 (Scheme 2, top). philic substrate due to the electron-donating hydroxyl group
In principle, resorcinol could bind in the active site in either at the meta position. The lower hydroxylation efficiency of
of two orientations, one similar to that shown withcresol P364S may simply be because it is more difficult to transfer
in Scheme 2 (top) and the other withiitshydroxyl hydrogen the hydroxyl group to the C6 atom without the stabilization
bonded to Pro364 as shown in Scheme 2 (bottom). Although effect on the transition state brought about by Pro364, which
in the top conformation a hydrogen bond could form with exists in the wild-type enzyme.
GIn112, the other orientation is more likely because it can
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