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ABSTRACT. Proline 293 ofp-hydroxybenzoate hydroxylase froRseudomonas aeruginogain a highly
conserved region of the flavoprotein aromatic hydroxylases. It is thought to impart rigidity to the backbone,
as it partially cradles the FAD in these hydroxylases. Thus, this residue has been substituted with serine
by site-directed mutagenesis to investigate the importance of flexibility of the peptide segment in catalysis.
Differential scanning calorimetry demonstrated that the mutation has decreased the stability of the folded
mutant protein compared to the wild-type PHBH. The increased flexibility in the protein backbone enhanced
the accessibility of the flavin hydroperoxide intermediate to the solvent, causing an increase in the
elimination of HO, from this labile intermediate and, consequently, a decrease in the efficiency of substrate
hydroxylation. Additionally, the increased accessibility of this mutant form of the enzyme makes it more
susceptible than the wild-type enzyme to being trapped in the hydroxyflavin intermediate form in the
presence of high levels @gkhydroxybenzoate. The mutation also lowers tig pf the phenolic oxygen

of boundp-hydroxybenzoate, and eliminates the pH dependence of the rate constant for flavin reduction
by NADPH. These experimental observations lead to a model that explains how the wild-type protein
can sense the charge of the 4-substituent of the aromatic ligand and link this charge to a flavin
conformational change that is required for reaction with NADPH: (i) The peptide oxygen of Pro 293 is
repelled by the negative charge of the phenolic oxygem-bfydroxybenzoate. (i) This repulsion is
transmitted through the peptide backbone, causing the movement of Asn 300. (iii) The change in the
position of Asn 300 triggers the movement of the flavin from the largely buried “in” conformation to the
exposed, reactive “out” conformation.

p-Hydroxybenzoate (pOHB)s generated by the degrada- lation reaction dehydratek,j to regenerate the oxidized
tion of lignin and serves as a carbon source for a variety of flavoenzyme (Scheme 1). The steady-state kinetic mechanism
bacteria and fungi. The first step in pOHB catabolism is the is ping—pong @), with a reductive half-reaction generating
hydroxylation reaction catalyzed lprhydroxybenzoate hy-  the reduced flavin and an oxidative half-reaction generating
droxylase (PHBH; E.C. 1.14.13.2). The enzymes from and utilizing the flavin hydroperoxide. Each of the half-
Pseudomonas aeruginosand Pseudomonas fluorescens reactions may be studied directly and independently of the
which differ by only two surface residues, have been studied other by stopped-flow methods, allowing the detailed dis-
most thoroughly ). PHBH catalyzes the reaction of pPOHB, section of catalytic events.
Oz, and NADPH to give protocatechuic acid (PCA), water,  The reductive half-reaction serves as a key control point
and NADP" according to the mechanism shown in Scheme j, he catalytic cycle. Although not involved chemically,
1. The hydroxylating intermediate is an enzyme-bound flavin \yhen substrate is present the rate of flavin reduction by
hydroperoxide, which is generated by the reduction of the NyappH (k) is stimulated by a factor of- 1P over that of
oxidized flavin by NADPH ki) and the subsequent reaction q free enzyme2). This serves to prevent the wasteful
with O (ko). The flavin hydroxide formed in the hydroxy-  gyiqation of NADPH in the absence of pOHB. The dis-

crimination between potential aromatic substrates occurs in
T Supported by grants from NIH (GM20877 to D.P.B.) and by the the flavin reduction reaction3]. Good substrates such as

Australian Research Council (A09906323 to B.E.). B.A.P. is also AN ;
supported by NIH Grant GM11106 to Vincent Massey. pOHB are ionized by the enzyme to form a negative charge

*To whom correspondence should be addressed. Phone: (734) 764.0N the 4-substituent, and this leads to the rapid reduction of
9582; fax: (734) 763-4581; e-mail: dballou@umich.edu the flavin by NADPH. By contrast, aromatic molecules that
f University of Michigan. cannot be ionized stimulate flavin reduction by a much

§ University of New England. .
"'Present Address: Indiana University School of Medicine, Indiana smaller factor(leO—1000-foId). The control of reduction

University Purdue University Indianapolis, Indianapolis, IN 46202 by the ionization state of the aromatic ligand is linked to a
"Present Address: Department of Biochemistry and Biophysics, conformational change in the flavin. Most crystal structures

University of Pennsylvania, Philadelphia, PA 19104 i i in i ;
I Abbreviations: PHBH p-hydroxybenzoate hydroxylase: pOHB, show the isoalloxazine of the flavin in a largely buried

p-hydroxybenzoate; PCA, protocatechuic acid; 2,4-diOHB, 2,4-dihy- POSition near pOHB, termed the 'n Conform_atiqn _(Figure
droxybenzoate; DSC, differential scanning calorimetry. 1). However, in some structures the isoalloxazine is in a more

10.1021/bi012073g CCC: $22.00 © 2002 American Chemical Society
Published on Web 06/08/2002




Pro293Ser PHBH Biochemistry, Vol. 41, No. 26, 2008439

</
{FAD "out /
S //':3'.‘\' :
ll'\,‘: I)/Q‘:;C y Asn 300
)

Pro 293 \
PO"B“ Tyr 385 ?‘

Tyr 201 Hls'.-'Z

Ficure 1: Flavin conformation in PHBH. The in and out conformations of the FAD of PHBH are compared using the structures of the
wild-type—pOHB complex (1pbe) and the Tyr222PheOHB complex (1dor). Additionally, the residues of the proton-transfer network

(Tyr 201, Tyr 385, and His 72) are shown, as are two residues, Pro 293 and Asn 300, that appear to be important in controlling the
interconversion of the two conformations.

Scheme 1: Catalytic Cycle of PHBH
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solvent-exposed conformation, termed the “out” conforma- flavin hydroperoxide is sequestered from solvent; thus,
tion (4, 5). Evidence has accumulated that the reduction of solvent-catalyzed elimination of hydrogen peroxide is pre-
the flavin occurs in the out conformation, and this conforma- vented. Although the elimination of hydrogen peroxide (

tion is not attained rapidly unless a negative charge is presentin Scheme 1) is not significant when wild-type PHBH uses
on the 4-substituent3( 6—8). This negative charge on the pOHB as substrate, this side-reaction can become significant
phenolate of pOHB is generated because the enzyme lowersvhen other substrates are used, or when the protein has been
the K, of the group by~2 units ©). Rapid deprotonation  altered by mutagenesis.

of the substrate is ensured by an internal proton-transfer The phenolic oxygen of pOHB is within hydrogen bonding
network, extending from pOHB to Tyr 201, Tyr 385, two  djstance to the peptide carbonyl oxygen of Pro 283).(
internal water molecules, and His 72, a surface residl2 This Pro is conserved among all known PHBHs, and
A from pOHB (10). throughout the family of flavin-utilizing aromatic hydroxy-
Besides regulating the reductive half-reaction, the pheno-lases 12, 13). In PHBH, Pro 293 is the second proline in a
late of pOHB accelerates the catalytic cycle because of its pair (Pro 292-Pro 293) that is likely to confer a degree of
higher reactivity with the flavin hydroperoxid®)( When local rigidity to the protein backbone in a region that
the proton-transfer network is disrupted by mutagenesis, neighbors not only the aromatic substrate, but also the
hydroxylation is significantly slower or abolished altogether. isoalloxazine of FAD. Crystallographic studies have sug-
The importance of the proton transfer network in the gested that the protein backbone in this region can respond
hydroxylation reaction was demonstrated by the Tyr201Pheto the ionization state of pOHB, and molecular dynamics
mutant, whose flavin hydroperoxide hydroxylated pOHB calculations indicate that the phenolic hydrogen of pOHB
with only ~5% successd), the remainder decaying to form  fluctuates between the carbonyl oxygen of Pro 293 and the
oxidized flavin and HO,. The proton-transfer network allows  phenolic oxygen of Tyr 201 as hydrogen bonding partners
the phenolate of pOHB to be generated even though the(14). The Pro293Ser mutant was constructed to explore the
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importance of backbone rigidity at residue 293 and to probe 80 T T T T T T 1]
its effects on the protonation state of pOHB. We find that
increasing the protein flexibility alters properties of the
enzyme in both the reductive and oxidative half-reactions.
These results suggest that this residue plays an important
role in controlling the conformation of the flavin that is
central to coordinating the complexities of catalysis.

MATERIALS AND METHODS

The Pro293Ser mutant &f aeruginos®AO1 PHBH was
constructed using theobagene using published procedures 20 40 60 80
(15). Enzymes were expressed Escherichia coli(9) and t(C)
purified as describedL(). All reagents were obtained from  FIGURE 2: Thermal denaturation of PHBH. DSC traces of the
commercial sources. Differential scanning calorimetry (DSC) irreversible melting of the wild type and Pro293Ser enzymes are

- . . - shown. The enzyme concentration (20@) was the same in both

was _perform_ed with a C_:SC nano-differential scanning experiments. DSC experiments were conducted in 50 mM KPi, 0.5
calorimeter Il instrument. Wild-type PHBH and the Pro293Ser mm EDTA, pH 6.5, using a scan rate of°C/min.
mutant were dialyzed against 50 mM KPi, 0.5 mM EDTA,
pH 6.5 buffer, and the dialysate was used as the referenceraple 1: Selected Properties of the Pro293Ser Mutant Form
solution. Spectrophotometric titrations and product stoichi- Compared to the Wild-Type Enzyme
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ometry measurements were performed using a temperature- WTa Pro293Ser
contro!led ShimdaZL_J UV-2$01PC instrument. Reduction pKa of bound pOHB 74 6.7
potentials were obtained using the method of Mas4déy. ( Kq (POHB) (uM)© 9.5 70
Enzyme solutions were made anaerobic by repeatedly Ka (2,4-di0HBz m)© 22 160
evacuating the atmosphere over the solution, replacing it with K¢ (PCA) M) 230 110

. . Enz, free enzyme (mVA) —163 —181
oxygen-free argon, and equilibrating? 18). Substrate Emz, €nzymet pOHB (mVY —165 183
solutions in 10-mL syringes for stopped-flow experiments  esso free Bx (MM~ cm™1)e 10.3 10.3

were made anaerobic by bubbling for 10 min with water- = avajues for the wild-type enzyme were taken from € The
saturated oxygen-free argon. Stopped-flow spectrophoto-values for the phenolic  of pOHB were determined from the
metric studies were conducted on either an apparatus fromphenolate absorbance at 290 and 300 nm in spectral titrations across a
Kinetic Instruments, or an SF-61 instrument from Hi-Tech range of pH values: Dissociation constants were determined &C4

L in 50 mM KPi, pH 6.5, from the changes in flavin absorbance in
Scientific, Ltd. Absorbance data were collected from both titrations of enzyme with concentrated ligand solutichRedox

inStrUmentS using a tungstehalogen lamp and a photo-  potentials were determined at 2& in 0.1 M KPi, pH 7.0, using
multiplier detector. Fluorescence stopped-flow data were 1-hydroxyphenazine as a reference dy€he extinction coefficient of
collected on a Hi-Tech SF-61 instrument equipped with a enzyme-bound FAD was determined by comparing the absorbance of
xenon lamp and a 515 nm emission cutoff filter. Diode array enzyme that had been denatured with SDS with the absorbance of the
d I d Hi-Tech SE-61 DX 2 . sample prior to the addition of SDS. The measurements were conducted
a_ta were co e(_:te on a Hi-Tec - - _mstrument at 25°C in 50 mM sodium phosphate, pH 7.0.

using a 1.5 ms integration time. Stopped-flow instruments
were made anaerobic using the protocatechuate/protocat

echuate dioxygenase systefid).

Table 2: A Comparison of Rate and Dissociation Constants
Determined at pH 6.5, 4C?

RESULTS WTP Pro293Ser
Thermal DenaturationThe Pro to Ser substitution was Ka(NADPH) M) %%0 igo

expected to increase the flexibility of the protein backbone ko (f,lflsﬂ) 26x 10F 1.2 % 10

in a region of low flexibility. Evidence was sought that this ks (573) 48 6.5

was actually the effect. Replacing rigid proline residues by Egg &4'-\/'56 fls\l'sM'c

more flexible amino acids has been shown to increase the
flexibility of the backbones of proteins, thereby preferentially ~ * The reactions in Scheme 1 define the rate constdialues for
stabilizing the unfolded state of the protei20[. We the wild-type enzyme are from re8sand26. ¢ N. M., not measurable.
compared the stability of wild-type PHBH with that of the
Pro293Ser enzyme by differential scanning calorimetry Ligand Binding and Spectral Propertieshe Pro293Ser
(DSC). Thermal denaturation was irreversible for both mutant was titrated at pH 6.55°€, with pOHB, 2,4-diOHB,
enzymes, preventing a quantitative thermodynamic analysisor PCA. Ligand binding was monitored by changes in the
(Figure 2). However, scanning at the same ratéGAimin) absorbance spectrum of the enzyme-bound FAD, enabling
allowed a qualitative comparison of stability. Denaturation dissociation constants to be determined (Table 1). Both
was a two-step process. First, a transition with a peak in the pOHB and 2,4-diOHB are substrates of PHBH, and binding
heat capacity at 61.5C was present in both the wild-type of each of these compounds was about 1 order of magnitude
and the mutant enzymes. A significantly larger transition weaker Ky = 70 and 16Q«M, respectively) to the Pro293Ser
occurred afterward at 715 in the wild-type enzyme and  mutant than it was to the wild-type enzyme. The weaker
69.7 °C in the Pro293Ser mutant. We tentatively attribute binding of pOHB and 2,4-diOHB can be rationalized by
the first transition to the dissociation of the PHBH dimer, considering the changes to the free enzyme and its complexes
and the second transition to the unfolding of the tertiary caused by the mutation. In the absence of substrate, the active
structure of the enzyme. site is accessible to water, allowing Ser 293 (but not Pro
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Ficure 3: Difference spectra caused by the binding of benzoate
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FiGure 4: lonization of pOHB bound to Pro293Ser. The maximum
absorbance changes due to the formation of the phenolate upon
binding to the enzyme were obtained from spectral titrations at
different pH values, enabling ap value of 6.7 to be determined

as described in Results.

in the rate of substrate binding. An attempt was made to
investigate the kinetics of pOHB binding to the Pro293Ser
enzyme. Various concentrations of pOHB from &8l to

50 mM were mixed with ligand-free enzyme at pH 6.5, 4
°C, in a stopped-flow spectrophotometer. The absorbance
changes caused by ligand binding were complete in the dead-
time of the instrument~{2 ms) and were therefore too rapid

ligands. Panel A shows the spectral perturbations caused by thefor kinetic analysis. This is also true of the wild-type enzyme

binding of pOHB to the Pro293Ser mutant (M) in 50 mM
KPi, 0.5 mM EDTA, pH 6.5, at £C. Panel B shows the difference
spectra for the wild-type enzyme caused by the binding of pOHB
and 2,4-diOHB.

293 in wild type) to form hydrogen bonds to the solvent.
Ligand binding to PHBH drives solvent molecules from the
active site, leaving the hydroxyl of Ser 293 in van der Waals
contact with the hydrophobic edge of the aromatic ring of
the ligand. Thus, compared with wild type, Pro293Ser, upon
forming complexes with pOHB or 2,4-diOHB, has a greater
net loss of favorable interactions for the side-chain of Ser
293 with solvent, resulting in a larg& for Pro293Ser than
for wild type for these two ligands.

In contrast, the binding of PCA (the hydroxylation product
of pOHB) was tighter to the mutant enzyme than to the wild-

type enzyme by about a factor of 2. This change may be

explained by considering the likely effects of the mutation
on the structure of the PCA complex. The distance from the
pB-carbon of Pro 293 to the 3-OH of PCA in the wild-type-
PCA complex (1phh; reRl) is 3.69 A. The Pro293Ser
mutation extends the protein side-chain atfhearbon with

a hydroxyl group, which can form a new hydrogen bond
with the 3-hydroxyl of PCA. This new hydrogen bond very
likely accounts for the slightly tighter binding of PCA to
the mutant form of PHBH.

(23), so we cannot distinguish whether binding is faster or
slower than for wild type; it is clear that it is fast. Thus, the
rate of pOHB binding might be unaltered or slower than wild
type, yet still faster than the limit of detection, or it is possible
that the increased protein flexibility has increased the rate
of pOHB binding.

pOHB Actvation. Wild-type PHBH activates pOHB for
reaction with the electrophilic flavin hydroperoxide by
deprotonating the phenolic oxygen of the substrate. The
enzyme facilitates this by lowering th&pof the phenolic
oxygen of bound pOHB to 7.4 (when bound to the oxidized
enzyme), almost two units lower than its value in solution
(9). The K, of pOHB in the Pro293SerpOHB complex
was measured by titrating10 uM samples of the enzyme
with pOHB at pH values from 5.4 to 9.5 at Z%. The
ionization of the phenolic oxygen of pOHB causes a
significant increase in ultraviolet absorbance in the 290
300 nm rangeAezg~ 15 mM~1 cm™2), allowing the amount
of phenolate present on the saturated complex to be measured
at each pH ). A pK, value of 6.7 for pOHB bound to
Pro293Ser was obtained at 300 nm (Figure 4). Thus, the
mutation of Pro to Ser enhances the stability of the phenolate
relative to the phenol by 0.7 units compared to the wild-
type enzyme, equivalent to 1 kcal mal

Catalytic PropertiesThe behavior of the mutant enzyme
in steady-state turnover was investigated. As with other

The difference spectra produced by the binding of aromatic mutant forms, the flavin hydroperoxide intermediate parti-

ligands to PHBH have been correlated with the conformation
of FAD observed in crystal structure$, 6, 22). The binding

of pOHB to the Pro293Ser mutant produced a difference
spectrum with characteristics of both the in and out confor-

tions between a productive hydroxylation pathway and the
elimination of HO, (Scheme 1). The extent of hydroxylation,

measured as the ratio of PCA produced to NADPH con-
sumed, provides the value of the ratio of the rate constants

mations (Figure 3). Thus, the Pro293Ser mutation appearsfor these two competing reactions. Hydroxylation was

to alter the equilibrium position of the isoalloxazine in favor

measured by monitoring the changeAiy, in assays of the

of the out conformation, suggesting that although residue enzyme using an excess of NADPH and @er pOHB.

293 does not interact directly with the flavin, it influences
the flavin conformation.

It was anticipated that the increased flexibility of PHBH

Protocatechuate dioxygenase was included to consume the
PCA product and prevent PCA-instigated NADPH consump-
tion. Thus, the only aromatic compound capable of stimulat-

caused by changing Pro293 to Ser would result in an increaseéng NADPH oxidation over the course of an assay was
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Ficure 5: Variation of hydroxylation efficiency with pH. Hy-
droxylation efficiency, defined as 108 (pOHB hydroxylated)/ 0.12 -
(NADPH consumed), was determined by measuring the amount A450 L
of NADPH consumed in steady-state assays &M the presence 0.08 L
of limiting amounts of pOHB. Protocatechuate dioxygenase was '
included to prevent PCA-stimulated NADPH consumption by -
PHBH. Values obtained for the wild-type enzyme are shown by 0.04 L
triangles, while values obtained for the Pro293Ser mutant are shown
by circles.

pOHB, and when that was completely consumed, NADPH
consumption slowed dramatically, allowing the concentration
of NADPH required to consume the limiting concentration
of pOHB to be measured. At pH 6.5,°€, a value of 50%
coupling was obtained. At 28C, this value increased a -
somewhat to 60%. The dependence on pH of the coupling
of reduction to hydroxylation was determined from pH 6.0
to pH 9.5 for both the wild type and Pro293Ser mutant. The A340 - -
wild type enzyme hydroxylates 100% effectively at pH 6.0
and about 95% effectively from pH 6.5 to 8.0. Above pH
8.0, the coupling decreases slightly, approaching 80% at pH - -
9.5. For the Pro293Ser mutant, a bell-shaped dependence o . . .
was obtained (Figure 5), with a maximum value of 65% 0 5 10 15 20

coupling being obtained at pH 7.0. These data imply that t(s)

there is one group on the enzyme that must be deprotonate g re 6: Substrate inhibition in Pro293Ser. Steady-state turnover
for optimal hydroxylation and another that must be proto- reactions were monitored in a stopped-flow spectrophotometer at
nated. The most likely candidate for the group that must be pH 6.5, 4°C. (A) Initial velocities were obtained as a function of

0.6 T T T

04 L 4

02 b

deprotonated for optimal hydroxylation is the phenolic
oxygen of pOHB. When protonated, pOHB should be
relatively unreactive toward the flavin hydroperoxide. How-
ever, because theKp of this group is 6.7 (see above), the

pOHB concentration from the second linear region of curves in
experiments such as that in panel C. Marked substrate inhibition is
evident. (B) The state of the enzyme-bound FAD (i4) was
monitored by its absorbance at 450 nm. As the pOHB concentration
was increased, a larger proportion of the enzyme was trapped in

reactive phenolate state is accessible near neutral pH. Théhe hydroxyflavin form and turnover was inhibited. Note the

group that becomes deprotonated at high pH and causedogarithmic time scale. Concentrations of pOHB were 31, 62, 125,
S . L 250, and 500«M. (C) When NADPH consumption was monitored
elimination of HO, to compete with hydroxylation is not by the absorbance at 340 nm, an initial approach to steady state

as readily assigned. N5 of the flavin hydroperoxide must be yjas superseded by a new, slower steady state. Concentrations were
deprotonated before or during the elimination 0fCA 1 uM Pro293Ser, 10&tM NADPH, and 500uM pOHB.

Therefore, either the direct deprotonation of N5 or of a basic
group that is necessary for preventing the elimination@H  6A). The maximum turnover number measured was 14 s
may be involved in the decreased coupling. Increased proteinbut this clearly does not represdat. Substrate inhibition
flexibility could facilitate access to solvent. It is worth noting is a frequent phenomenon among the flavin aromatic
that qualitatively similar pH dependencies of hydroxylation hydroxylases 46, 27) and is attributable to the binding of
stoichiometry have been observed with other PHBH mutants, the aromatic substrate to a fraction of the hydroxyflavin form
including Tyr222Phe, Tyr222Ala, and Arg220Ly24( 25). of the enzyme, stabilizing the C4a-intermediate. Thus, in each
The saturating turnover number of the mutant enzyme catalytic cycle a portion of active enzyme is siphoned off to
could not be determined because of inhibition by pOHB. the inhibited form. The inhibitory concentration of pOHB
Steady-state velocities were measured in a stopped-flowis much lower for the Pro293Ser mutant than for the wild-
instrument by monitoring the disappearance of the absor-type enzymeZ8), indicating that the mutation has somehow

bance of NADPH using kM Pro293Ser at £C, pH 6.5.
When 500uM NADPH and either 256:M or 740 uM O,
were used, the initial velocity reached a maximum auRb

either enhanced the rate of exchange of pOHB onto the
hydroxyflavin intermediate form of the enzyme or that, once
bound, the dead-end complex is much more stable than in

pOHB and declined at higher pOHB concentrations (Figure the case of the wild type enzyme. However, it should be
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noted that the wild type enzyme can be extremely sensitive
to substrate inhibition, as with 2-fluon@-hydroxybenzoate
(29). Therefore, not only the properties of enzyme, but also
those of the substrate or product can facilitate substrate
inhibition.

The state of the enzyme during turnover was monitored
by recording the absorbance of the flavin when /A9
enzyme was mixed with various amounts of substrates in a
stopped-flow spectrophotometer (Figure 6B). The initial
turnover of the enzyme led to a steady-state distribution of
enzyme species that had an absorbance at 450 nm of about
half that of fully oxidized enzyme. However, as the hy-
droxyflavin form of the enzyme (which does not absorb at
450 m) was apoed by pOH, anew steady tal distbu- LSV T, K pomete oy Lo o s e
tion of enzyme was established, cha_racFen;ed by a furtherEound to the Pro293Ser mutgnt was determined’at ih anaerobic
decrease in absorbance at 450 nm, indicating that more Ofsiopped-flow experiments from the limiting value of the observed
the hydroxyflavin intermediate was trapped. When NADPH rate constant for flavin reduction as the NADPH concentration was
consumption was monitored at 340 nm, an initial steady- increased to high values. No systematic variation with pH of the

state evolved into a slower steady state, as predicted by thig@te constant for reduction of the mutant was observed (filled
model (Figure 6C) circles). For comparison, the rate constants for the reduction of the

) . wild-type enzyme are also shown (open circles; data fronByef
Redox PotentialsThe redox potential of the enzyme-  The apparent dissociation constants for NADPH, obtained from the
bound flavin was determined by slowly reducing the enzyme half-saturating value of the NADPH concentration, are shown by

with xanthine and xanthine oxidase in the presence of the triangles.
redox indicator dye 1-hydroxyphenazirg = —172 mV)
(15). Values were determined in 0.1 M KPi, pH 7.0, at 25 centration, allowing the rate constant for hydride transfer and
°C in the absence of ligands and in the presence of 5 mM the appareniq for NADPH to be determined (Table 231).
pOHB. Linear Nernst plots with unit slopes were obtained, Experiments were performed at several pH values ranging
giving redox potentia|s of181 mV for the free mutant and from 6.0 to 9.0. The rate constant for hydl’lde transfer had
—183 mV for the pOHB complex. These values are about NO systematic variation with pH, but was in the range of 16
20 mV more negative than the corresponding values for the = 4 S (meanz standard deviation) (Figure 7). This is in
wild-type enzyme. The potential of free FAD is significantly ~contrast to the wild-type enzyme, whose reduction rate con-
lower, at—207 mV. Therefore, although both mutant and Stantincreases from 35%at pH 6.0 to 77 s' at pH 9, with
wild type forms of apo-PHBH bind reduced FAD more & PKa of about 6.2 §). Thus, the Pro293Ser mutation has
tightly than oxidized FAD, the substitution of Pro293 by Ser affected the rate of reduction by less than a factor of 6, but
decreases the preference for reduced flavin. The structurehas largely removed the pH dependence. Kijef NADPH
of the reduced wild-type enzymgOHB complex shows that ~ for the mutant enzyme varied slightly from pH 6.5 to 9.0,
the isoalloxazine is in the in conformation and makes the With values ranging from 14@M to 10 uM, respectively.
same interactions with the protein observed in the oxidized At pH 6.0, a significant increase in th& value to 44QuM
enzyme-substrate complex3(). Electrostatic calculations ~Was observed. This could be due to the protonation of the
have demonstrated that the pyrimidine-edge of the isoallox- 2'-Phosphate of NADPH, which has &pof 6.5 32).
azine is in a region of positive electrostatic potentid); ( Oxidative Half-Reaction.The oxidative half-reaction of
this positive potential is likely to be a factor in stabilizing Pro293Ser was studied in stopped-flow experiments at pH
the anionic reduced flavin. The difference spectra obtained 6.5, 4°C, by mixing the dithionite-reduced enzyme (120
for ligand binding to the Pro293Ser enzyme indicate that a M) in complex with pOHB with buffer to give final
substantial fraction of the oxidized flavin is in the out concentrations of ©to be 0.06+0.61 mM (after mixing).
conformation; however, the rapid rate of reaction of the Single wavelength absorbance traces were collected from 300
reduced enzyme with {see below) suggests that the flavin to 500 nm, while a diode-array spectrometer was used to
is in the in conformation after it is reduced. By contrast, in record spectra from 325 to 650 nm within 1.5 ms. Fluores-
the wild-type enzyme the flavin is in both before and after cence data were collected by exciting at either 400 nm, where
reduction. If the reduced flavin of the Pro293Ser enzyme both hydroxyflavin and oxidized flavin can be detected, or
occupies the in position, as is the case with wild type, then at 480 nm, where only oxidized flavin is excited.
reduction of Pro293Ser will be less favorable than wild type  Two intermediates are observed in the oxidative half-
by the amount of energy required to move the oxidized flavin reaction of the wild-type enzyme when pOHB is the substrate
from out to in. This is reflected in the 20 mV decrease in (23). The first of these is the flavin C4a-hydroperoxide,
the redox potential, which is equivalent to 0.9 kcal mol  formed in the reaction of the reduced enzyme with The
Reductie Half-Reaction.The reduction of the enzyme- second intermediate is the flavin C4a-hydroxide, which is
bound FAD was studied at 4C by mixing anaerobic  formed upon substrate hydroxylation. With the Pro293Ser
solutions of the Pro293SepOHB complex with anaerobic  mutant, three reaction phases were observed by absorbance
solutions of NADPH in a stopped-flow spectrophotometer (Figure 8). The observed rate constant of the first phase was
and observing the absorbance decrease at 450 nm. Théinearly dependent on oxygen concentration, giving a second-
observed rate constants, obtained from fits to single expo-order rate constant for the reaction of the reduced enzyme
nential functions, varied hyperbolically with NADPH con- pOHB complex with Qof 1.2 x 10° M~* s7! (Table 2), a
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Ficure 8: Oxidative half-reaction of Pro293Ser. The oxidative half-
reaction was studied at°€ in 50 mM KPi, 1 mM EDTA, pH 6.5,
in a stopped-flow spectrophotometer/fluorimeter by mixing the
reduced enzymepOHB complex (12¢/M) and 2 mM pOHB with
buffer solutions containing various concentrations of oxygen and
2 mM pOHB. (A) Representative reaction traces are shown,
illustrating the occurrence of intermediates. The trace obtained by
fluorescence, markedfs, was obtained by exciting at 400 nm and
using a 500 nm emission cutoff filter. The inset shows the variation
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major increase in fluorescence (at 13)scoming after a
lag, followed by a smaller increase with a rate constant of
0.07 s. Traces obtained by exciting at 400 nm, where both
the hydroxyflavin and oxidized flavin fluoresce, also showed
a lag followed by a substantial increase at 13. sThis
fluorescence is due to the formation of the C4a flavin
hydroxide. The fluorescence then decreased slightly with an
apparent rate constant of 15'¢occurring from~0.1 to~0.4

s), though this value must be considered approximate owing
to the small amplitude of the phase and its poor resolution
from the previous phase. This phase is attributable to
dehydration of some of the C4a flavin hydroxide to form
oxidized flavin. A substantial fluorescence decrease followed
with a rate constant of 0.07% corresponding to the slowest
phase observed when exciting at 480 nm. This can be
attributed to the remainder of the C4a-flavin hydroxide
converting to oxidized flavin as discussed below.

The absorbance spectra of the species involved were
obtained by analyzing diode-array data with a three-step
irreversible model in Specfit (Figure 8). The calculated
spectrum of the starting species matches the spectrum of the
reduced enzyme, while the final calculated spectrum is that
of the oxidized enzyme. The calculated spectrum of the first
intermediate has an absorbance maximum near 380 nm, char-
acteristic of a flavin C4a-oxygen adduct, with no contribution
from oxidized enzyme, which would have been evident in
the 456-480 nm range. Our data suggest that the C4a-adduct
observed in the oxidative half-reaction is the flavin hydro-
peroxide rather than the flavin hydroxide. This conclusion
follows from the finding that the pOHB hydroxylation is

of the first observed rate constant with oxygen concentration. (B) ~50% coupled. If the first observed intermediate were the

Spectra of intermediates were obtained in a stopped-flow instrument

equipped with a diode-array detector. The spectra shown are thos
calculated (see text) for the starting reduced enzyme, the flavin
hydroperoxide (thin line), the mixture after hydroxylation (consist-
ing of ~90% oxidized enzyme and10% enzyme in the flavin
hydroxide form), and the final oxidized enzyme. The C4a-
hydroxyflavin (dotted line) was calculated by assuming that the
mixture was 90% oxidized and 10% flavin hydroxide.

value that is typical for most PHBH forms that have been
studied. [In the absence of pOHB, a value similar to that of
wild type (9.9x 10® M~! s™%) was obtained for the mutant.]
This was followed by a reaction with an apparent rate
constant of 13.1°¢ (occurring from~0.02-0.1 s) to form

a mixture of about 90% oxidized enzyme and about 10%
enzyme with bound C4a-hydroxyflavin. Finally, a slow
reaction at 0.07°8 (occurring from~10—80 s) led to fully
oxidized flavin.

The consumption of the flavin hydroperoxide occurs
through two competing reactions, yielding 50% hydrogen
peroxide and oxidized flavin in the nonproductive pathway,
and 50% PCA and C4a-hydroxyflavin in the hydroxylation
pathway (seeCatalytic Propertiesabove). Thus, the rate
constant for pOHB hydroxylation is 6.5% half the value

flavin hydroxide (formed after a very rapid hydroxylation),

%hen about 50% oxidized enzyme should also have been

present, but none was observed. Therefore, we conclude that
the first intermediate observed was the flavin hydroperoxide,
that this species decomposes with an observed rate constant
of 13 s, and that significant quantities of the flavin
hydroxide were not observed by absorbance because of its
relatively rapid decomposition to the oxidized flavin.

The spectrum calculated for the second intermediate is only
slightly different from that of fully oxidized enzyme and
represents a mixture of species. The likely explanation is
that while most of the flavin C4a-hydroxide has eliminated
water to form oxidized flavin, some has been kinetically
stabilized by exchanging pOHB for PCA at the active site,
even at the low pOHB concentrations used in this experiment.
The hydroxyflavin intermediate is generally a very fluores-
cent species (excitation at 400 nm), and the slow decomposi-
tion of the small amount of trapped hydroxyflavin accounts
for the large final fluorescence decrease as it decomposes
to oxidized enzyme. These observations are also consistent
with the strong inhibition of the enzyme shown by the steady-
state kinetics reported in Results. It can be notedkhat

of the observed rate constant of the second phase. Substratg¢.4 s (Figure 6), whereas the decay of the pOHB-trapped

hydroxylation in the wild-type enzyme has a rate constant

C4a hydroxyflavin (0.07 &) is much less than this.

of 50 s't under these conditions (Table 2), so the Pro293Ser Therefore, this trapped species cannot be on the normal
mutation has caused an 8-fold decrease in the rate constangatalytic pathway.

of this reaction, equivalent to an increase of 1.1 kcalthol
in the activation energy of the reaction.

DISCUSSION

Fluorescence traces obtained by exciting at 480 nm (data Our results demonstrate that proline 293 of PHBH has

not shown), where only oxidized flavin fluoresces, closely

important functions in both the reductive and oxidative half-

mimicked absorbance traces obtained at 480 nm, with thereactions, and that the mutation to serine increases the
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flexibility of the active site causing effects throughout the Scheme 2: Linkage of pOHB lonization to Flavin
catalytic cycle. The mutant enzyme allows greater access ofMovement

solvent to the flavin hydroperoxide, causing loss okl ~
and a decrease in the yield of the hydroxylation product. It Q e 300 0
more readily exchanges pOHB for PCA prior to eliminating HN pn 0

H.O from the hydroxyflavin than does wild type, causing
the hydroxyflavin to be trapped in a dead-end complex ,
manifested as severe substrate inhibition. In the wild type, > N »\
ionization of pOHB is triggered by the binding of NADPH. .., Ho@—co; :>pm 203 _OOCO_Z
The added flexibility of the protein backbone of the mutant
enzyme uncouples the movement of the flavin from the
ionization of pOHB 8), so that reduction is slightly slower.  protein structure35), and altering of the dynamic behavior
Reductie HaltReaction Previously, it has been demon- of the enzyme, evidenced by markedly slower rates of
strated that flavin reduction occurs when the flavin adopts both pOHB binding and flavin reductiori@).
the out conformation3, 6, 8, 33). The ability to rapidly adopt Two results support the model described above for
the out conformation requires the generation of a negative translating the negative charge of the phenolate into flavin
charge on the 4-substituent of the aromatic ligand. This movement from in to out. First, the phenoli&pof pOHB
linkage of aromatic ligand charge and flavin position bound to the Pro293Ser mutant is 0.7 unitd (kcal mol?)
constitute a novel mechanism for substrate recognition, lower than in the wild-type enzyme. This stabilization of
enabling PHBH to prevent the wasteful consumption of the phenolate by the mutant enzyme over the wild-type
NADPH in the presence of an inappropriate aromatic enzyme could result from increased flexibility of the peptide
substrate such ag-aminobenzoate, a vital metabolite. backbone, which allows the charge-dipole stress to be more
Curiously, this discrimination occurs by inhibiting a step in easily relieved. Second, unlike the wild-type enzyme, the
which the aromatic ligand is not involved chemicall§).( rate constant for the reduction of Pro293Ser was independent
Central to this substrate recognition system is the internal of pH. Thus, the increased flexibility in the peptide backbone
hydrogen bond network, extending consecutively from the uncouples flavin movement from the ionization state of the
phenolic oxygen of pOHB to Tyr 201, Tyr 385, two internal  phenolic oxygen of pOHB.
water molecules, and terminating at His 72 some 12 A away Oxidative HalfReaction The reduced flavin of PHBH is
(Figure 1). It was shown that the binding of NADPH to the converted to oxidized flavin in a series of steps initiated by
wild-type enzyme at low pH triggers the deprotonation of the reaction of the enzyme with molecular oxygen (Scheme
pOHB (34). Upon generating the phenolate of pOHB, the 1). The Pro293Ser mutation did not significantly alter the
flavin adopts the out conformation, and a hydride is initial reaction of Q with the reduced enzyme, though the
transferred from NADPH to FAD. Two critical events in  behavior of the mutant enzyme in subsequent steps is
this model have remained unexplained: the mechanism forsignificantly different from the behavior of the wild-type
NADPH-stimulated pOHB deprotonation, and the means by enzyme. The mutation decreased the rate of oxygen transfer
which the generation of the phenolate of pOHB causes flavin from the flavin hydroperoxide to pOHB and increased the
movement from the in to the out conformation. The data rate of hydrogen peroxide elimination. Although the Pro293Ser
presented in this paper assist in resolving the latter issue. enzyme lowered thelk of pOHB bound to the oxidized
The following model can explain how PHBH can sense enzyme more than did wild type, its hydroxylation reaction
the ionization state of pOHB and control the flavin confor- was not as fast. This suggests that the mutation has decreased
mation. Both the phenolic oxygen of Tyr 201 (the first protein the reactivity of the hydroperoxide. QM/MM calculations
residue in the hydrogen bond network) and the peptide suggest that in the hydroxylation transition state a hydrogen
carbonyl oxygen of Pro 293 are within hydrogen bonding bond forms between the distal OH of the flavin hydroper-
distance of the phenolic oxygen of pOHB. When pOHB is oxide and the carbonyl oxygen of Pro 2956) to provide
in the phenolic form, either protein residue may act as the 1.7 kcal mot? of transition state stabilization. Although no
acceptor in a hydrogen bond from pOHB4J. However, mutation can remove this backbone carbonyl, replacing the
when in its phenolate form, pOHB will be the hydrogen bond rigid proline by the more flexible serine could alter the
acceptor from Tyr 201 and will repulse the negative dipole position of the peptide carbonyl to impose an energy cost
of the Pro 293 carbonyl oxygen to generate torque on the for reorienting it to form the hydrogen bond in the transition
peptide backbone. The rigid platform of the diproline state. Our data show that the mutation has destabilized the
segment, Pro292Pro293, would promote the movement of hydroxylation transition state by 1.1 kcal mélrelative to
the residues further along the polypeptide, Thr 294, Gly 295, wild type, implying that the mutant enzyme has lo€0%
and Ala 296. This may trigger the flavin conformational of the theoretical stabilization that this interaction could
change (Scheme 2). The only protein side-chain that interactsprovide.
with the isoalloxazine moiety of FAD is that of Asn 300, The mutation has also increased the rate of hydrogen
which forms a hydrogen bond to the oxygen of the carbonyl peroxide elimination from the flavin hydroperoxide compared
at the 2-position. Therefore, the dipole-charge repulsion at to the wild-type enzyme. The wild-type enzyme prevents this
residue 293 could be transmitted by the protein backbone towasteful side-reaction by restricting the access of solvent.
residue 300, whose movement would trigger the flavin Apparently, the flavin hydroperoxide is not as protected in
conformational change. Consistent with this role for Asn300, the Pro293Ser mutant form. The DSC data indicates that
the crystal structure of the Asn300Asp enzyme shows that Pro293Ser has increased the mobility of the peptide back-
the mutation causes small but widespread changes in thebone, which would allow solvent to penetrate the active site.

0d- Proggy~ N 08-
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Alternatively, if the mobility of the peptide backbone in the 6.

region of residues 293300 is linked to flavin movement,
as we hypothesized above, then the elimination of hydrogen
peroxide from the flavin hydroperoxide may come from g
flavin that has adopted the out conformation. For either

explanation, it appears that the rigidity conferred by a proline 9.

in position 293 is an important factor in preventing hydrogen
peroxide elimination.

Function of Consered Prolines in Hydroxylase®roline
293 is conserved in PHBH from all species, and in all known
flavin-utilizing aromatic hydroxylaseslp, 13), suggesting
its role is important in all these enzymes. Phenol hydroxylase
is the only other aromatic hydroxylase whose structure has
been determined3{). The FAD in phenol hydroxylase can
adopt in and out conformations, and Pro 364 in this enzyme
corresponds structurally to Pro 293 in PHBH. Met 370 and
Asn 371, which are a few residues further along in the
sequence of phenol hydroxylase, form hydrogen bonds
through the peptide nitrogens with the carbonyl oxygen of
the 2-position of the isoalloxazine. In PHBH, similar
interactions occur via the side-chain of Asn 300. Phenol
hydroxylase may also couple movements of its active site
proline to movements of its flavin via the intervening peptide
backbone to control its catalytic cycle. While phenol
stimulates the rate of flavin reduction by NADPH in phenol
hydroxylase, there is no evidence that the ionization state of
phenol bound to phenol hydroxylase has a large effect on
the kinetics of reduction. Also, the crystal structure of phenol

hydroxylase shows that the distance between the phenolic 22.

oxygen of bound substrate and the carbonyl oxygen of Pro
364 is 4.86 A. Therefore, a sensing role for Pro 364

analogous to the role played by Pro 293 appears unlikely. 24

Despite these important differences, Pro 364 does appear to
play important roles in controlling both the reductive and
oxidative half-reactions of phenol hydroxylase, as evidenced
by effects on the kinetic behavior of the Pro364Ser mutant,
and a large decrease in the efficiency of hydroxylation in
this mutant enzyme (Dong Xu, personal communication).
Therefore, we hypothesize that this conserved proline in
aromatic hydroxylases performs roles common to this family
of enzymes: the regulation of flavin movement, the stabi-
lization of the flavin hydroperoxide through a hydrogen bond
(36, 38), and the prevention of solvent access to the flavin
hydroperoxide. The recruitment of Pro 293 as a sensor of
the ionization state of the aromatic ligand is likely to be a
function that among the flavoprotein hydroxylases is unique
to PHBH. However, it seems probable that as the chemistry
and regulation of other flavoprotein hydroxylases are elu-
cidated to a similar level of detail, new modes for coupling
the conserved function of regulating active site dynamics to
the particular chemical and physiological requirements of
each hydroxylase will be discovered.
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