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during Catalysis
Mariliz Ortiz-Maldonado, Barrie Entsch, and David P. Ballou*

Department of Biological Chemistry, Urrsity of Michigan, Ann Arbor, Michigan 48109-0606
Receied September 1, 2004

ABSTRACT. para-Hydroxybenzoate hydroxylase is a flavoprotein monooxygenase that catalyses a reaction
in two parts: reduction of the flavin adenine dinucleotide (FAD) in the enzyme by reduced nicotinamide
adenine dinucleotide phosphate (NADPH) in response to bingHmgdroxybenzoate to the enzyme and
oxidation of reduced FAD with oxygen to form a hydroperoxide, which then oxygepditgdroxybenzoate.

These different reactions are coordinated through conformational rearrangements of the protein and
isoalloxazine ring during catalysis. Earlier research showed that reduction of FAD occurs when the
isoalloxazine of the FAD moves to the surface of the protein to allow hydride transfer from NADPH.
This move is coordinated with protein rearrangements that are triggered by deprotonation of buried
p-hydroxybenzoate through a H-bond network that leads to the surface of the protein. In this paper, we
examine the involvement of this same H-bond network in the oxygen reaetibasnitial formation of

a flavin-C4a-hydroperoxide from the reaction between oxygen and reduced flavin, the electrophilic attack
of the hydroperoxide upon the substrate to form product, and the elimination of water from the flavin-
C4a-hydroxide to form oxidized enzyme in association with product release. These reactions were measured
through absorbance and fluorescence changes in the FAD during the reactions. Results were collected
over a range of pH for the reactions of wild-type enzyme and a series of mutant enzymes with the natural
substrate and substrate analogues. We discovered that the rate of formation of the flavin hydroperoxide
is not influenced by pH change, which indicates that the proton required for this reaction does not come
from the H-bond network. The rate of the hydroxylation reaction increases with pH in a manner consistent
with a pKy of 7.1. We conclude that the H-bond network abstracts the phenolic proton from
p-hydroxybenzoate in the transition state of oxygen transfer. The rate of formation of oxidized enzyme
increases with pH in a manner consistent withkg pf 7.1, indicating the involvement of the H-bond
network. We conclude that product deprotonation enhances the rate of a specific conformational change
required for both product release and the elimination of water from C4a-OH-FAD.

para-Hydroxybenzoate hydroxylase (PHBH)om Pseudo- The isoalloxazine of flavin adenine dinucleotide (FAD) is
monas aeruginosand P. fluorescengEC 1.14.13.2) has  mobile in PHBH and can move some-8 A from an “in”
been used extensively as a model for the reactions catalyzegosition to an “out” position (reB and references therein).
by flavoprotein monooxygenases, particularly for enzymes Before NADPH can reduce the flavin, the isoalloxazine of
that insert an atom of oxygen into the aromatic ring of a the FAD must move to the out position, where the N5 of
substrate I, 2). The catalytic scheme for the reaction the ring is exposed to solvent on the side, and this
catalyzed by PHBH shown in Figure 1 is typical of this group movement requireg-hydroxybenzoate (pOHB) to be bound
of enzymes. The reaction is an important transformation in to the enzyme. Thero-R hydride from NADPH is then
some of the major metabolic pathways for the degradation transferred to the exposed N-5 of the isoalloxazine. Without
of aromatic compounds by microorganisms. PHBH and pOHB bound, reduction of the FAD in the enzyme by
probably other enzymes of this type utilize a novel mecha- NADPH is 1C-fold slower because the protein does not
nism to link two rather different catalytic processes, the adopt the conformation necessary for hydride transfer. This
reduction of the flavin by reduced nicotinamide adenine conformational change is stimulated by formation of the
dinucleotide phosphate (NAD(P)H), followed by its reaction phenolate of the buried pOHB by removal of a proton
with oxygen to bring about hydroxylation of the substrate. through a H-bond network (Figure 2) connecting the phenolic
proton to His72 at the surface of the enzyrBe4). After it

' Financial support was received from the U. S. Public Health Service is reduced, the isoalloxazine moves back to the in conforma-
(Grant GM 64711 to D.P.B.) and the Australian Research Council tion, where the reduced flavin reacts with oxygen in an
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! Abbreviations: PHBH, p-hydroxybenzoate hydroxylase; WT-  gives PHBH two active sites to carry out two diverse

PHBH, p-hydroxybenzoate hydroxylase derived frdPseudomonas ; ; ;
aeruginosa Arg220GIn-PHBH (and similar abbreviations), mutant reactions-one with flavin exposed to solvent and the other

forms of p-hydroxybenzoate hydroxylase; pOHBhgdroxybenzoate; With ﬂz_;\vin sequestered from solvent. This conformational
2,4-DOHB, 2,4-dihydroxybenzoate; pAB, 4-aminobenzoate. flexibility of PHBH enables the enzyme to catalyze two
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Ficure 1: Catalytic cycle of PHBH. In the figure, E represents the enzyme, S represents pOHB, and P represents 3,4-dihydroxybenzoate,
the oxygenated product. Note tHat-ks represent the rate constants for the chemical reactions in the catalytic cycle.
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different reactions while exhibiting a ping-pong kinetic Pfg%

mechanism. - H vags H 72
Our understanding of the complexity of the function of o(}_@o,\“ e H,c'x.H

this protein has been enhanced by a structure of the mutant ~o” ~o” \N\+\

enzyme Arg220GIn-PHBH with NADPH boun8); PHBH Y201 H L

exhibits a motif for binding NADPH that has not been

previously recognized in other flavoproteins. The structure pK, = 7.11&H+

shows that the adenine of NADPH binds over gheide of

the isoalloxazine ring with the nicotinamide ring extended P293

many angstroms away from the flavin. For reduction to occur o 385

in the enzyme, the isoalloxazine has to move out and the _0@0 4 'g Hr2

nicotinamide ring of bound NADPH must rotate to form a o} “H \O,H"' TH M A\

hooked conformation with the nicotinamide ring within 4 A | H ' NH

of the re side of the isoalloxazine5]. Arg220GIn-PHBH 201

formed high-quality crystals without ligands. As a result, the

first high-resolution structure of PHBH without a bound #w

ligand 6) was solved. This structure reveals an open orF2%

conformation of the enzyme that has not previously been _ Y385 H H72

observed. This open conformation has a clear solvent path O%Qo‘\ o X

into the interior of the protein where the oxygen reactions °© Aot H\Q H H\N N

occur and thereby provides a structural rationale for a V201 H =

pathway of binding and release of substrate and product fromgspe 2: The H-bond network linking the substrate (POHB) to
the enclosed active site. Thus, there are two potentially the surface of PHBH. The arrangement of Tyr201, Tyr385, and
important protein movements to consider in the catalytic His72 with structural waters to form a connection of H-bonds that
function of PHBH. First, the isoalloxazine ring is mobile, ¢an exchange protons with solvent was described in detail i ref

. il The figure illustrates a modification of the scheme presented in ref
and this mobility is known to be fundamental to the two 4 and shows that thelf of His72 can control the ability of the

halves of Cataly_sis, reduction and_oxygenation @ednd network to protonate or deprotonate pOHB in the active site. The
references therein). Second, there is the movement betweemodel presented is consistent with the data for pH dependence in

“open” and “closed” conformations that is important for this paper. It has been shown that this,ps also essential for
substrate and product exchange and even for NADPH control of high rates of reductiork{ in Figure 1 and ref3].
binding 6, 6). PHBH thus provides an outstanding demon-
stration of the role of conformational states in protein from reduced FAD and oxygen. The rate of this reaction in
function. PHBH has been changed by replacement of FAD with
As can be seen in Figure 1, the oxygen reactions of PHBH modified forms of FAD that have varying reactivity with
(and other enzymes of this family) are complex. Under oxygen ). The second reaction is a first-order procdss (
appropriate experimental conditions, three unique consecutiveFigure 1) where the terminal oxygen of the hydroperoxide
transient chemical species are observed upon reaction ofis transferred to the substrate in an electophilic substitution
PHBH with oxygen 7). The first reactionk,, Figure 1) is reaction that forms the flavin-C4a-oxide anion and the
the second-order formation of a flavin-C4a-hydroperoxide nonaromatic produc8j. The third reactionl, in Figure 1)
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is a first-order reaction where the product rearranges to anenzyme and mutants that modify the hydroxylation process.
aromatic structure, probably by transfer of the proton from A preliminary report on this research was presented at the
the tetrahedral carbon in the product to the flavin to form Fourteenth International Symposium on Flavoproteins in
the flavin-C4a-hydroxide. The last chemical reacti&if Cambridge 15).

Figure 1) is a first-order reaction where water is lost from

the flavin-C4a-hydroxide to reform the oxidized enzyme. MATERIALS AND METHODS

This process is commonly indistinguishable kinetically from ) . ]

the dissociation of product and binding of substrate to the ~All common reagents used in this work were analytical
oxidized enzyme. However, this final combination of events féagent grade. Substrates for PHBH were from commercial
can be observed to occur in more than one phase undegources and were recrystallized before use.

certain conditions. The most spectacular example is the The construction of plasmids and the methods for expres-
trapping of flavin-C4a-hydroxide in phenol hydroxylase by sion of PHBH in Escherichia colihave been described
rebinding of substrate before loss of water from the flavin previously (6—18). The WT, Glu49GIn, Lys297Met,
(9). In this case, the enzyme containing the flavin hydroxide Tyr201Phe, Tyr385Phe, and His72Asn forms of PHBH were
can be isolated by column chromatography. By contrast, in isolated and purified as described in earlier watk, (19).

the cases of the mutant enzyme Glu49GIn-PHI gnd All experimental measurements with PHBH were carried
WT-PHBH containing 8-SH-FAD 10), the flavin-C4a- oyt at 3.5-4 °C to slow reactions to facilitate quantitative
hydrOX|qe loses water faster than the enzyme releases prOdUC&nalysis. Methods used to carry out oxygen half-reactions
and rebinds substrate. were similar to those described in previous publications from
Extensive experimental work has shown how the H-bond this |aboratory 7, 17, 20). Of particular importance were
network of PHBH controls the reduction of the enzyme flavin tne puffers used for setting pH values with PHBH. For the
by NADPH (3—5, 11). Up to the present, there is no clear ph range of 6.6-7.5, 50 mM potassium phosphate with 0.5
evidence for a similar role of a H-bond network in other ) EDTA was used; for the range of 78.7, 50 mM Tris-
flavoprotein hydroxylases. It has been suggested that thisgyifate was used; for the range 985, 50 mM glycine
finely tuned mechanism in PHBH for control of reduction  agjysted with NaOH was used. These buffer ions were found
may have evolved to provide a mechanism of discrimination 4 have no significant differential effects upon the oxygen
between pOHB (the natural substrate) and attack upon aneactions studied. All kinetic data were collected with a Hi-
essential cellular componem;aminobenzoate [pAB]J). Tech Scientific model SF-61 stopped-flow spectrophotometer
It would be interesting to know whether the same H-bond (controlled by KISS software from Kinetic Instruments) in
network has evolved to play some function in the oxygen either absorbance or fluorescence modes. Rapid reaction
half of the catalytic cycle of PHBH. From the earliest days inetic traces were analyzed and simulated with the software
of research into PHBH, it was discovered that pH had a large program A, an MS-DOS based series of programs developed
effect upon the magnitude of some of the rate constants injy oyr |aboratory by Rong Chang, Chung-Yen Chiu, Joel
the oxygen half-reactior?]. This observation was confirmed  pinyerno, and David Ballou, University of Michigan.
in more quantitative terms by a later study of PHBH in the  Apalysis is based upon the Marquardt algorithm for fitting
hydroxylation of the substrate analogue 2,4-dihydroxyben- gata to sums of exponentiala).
zoate [2,4-DOHB] {2). That study showed pH dependence
of the ratesks, ks, andks (Figure 1) with the indication of RESULTS
ionization processes withKg values of approximately 7.4.
From a combination of more recent work, knowledge of the ~ Oxygen Half-Reaction of WT-PHBH 0 study this pro-
H-bond network 4), and the availability of many structures cess, WT enzyme was mixed with 0.5 mM pOHB [ap-
of PHBH, it is clear that some of the postulates in 1&f proximately 2%, (7)] and then was reduced by dithionite
need to be revised. Only one other flavoprotein hydroxylase under anaerobic conditions. The reduced enzyme must be
(phenol hydroxylase) has been studied to determine thein complex with pOHB before reaction with oxygen because
effects of pH upon the oxygen half-reactiat), and both the reduced enzyme does not exchange pOHB at a significant
similarities and differences between phenol hydroxylase andrate compared to the rate of catalysi§.(The reduced
PHBH were found. However, in phenol hydroxylase, there enzyme was then reacted with a range of oxygen concentra-
is no indication of a H-bond network connecting the substrate tions in the stopped-flow spectrophotometer/fluorimeter. This
phenolic group to the surface of the proteitd), Phenol process was repeated at several pH values over a range of
hydroxylase is from a eukaryotic organism (a yeast), and 6—9. Previous research has shown that this reaction simpli-
PHBH is from a eubacterium. There is very little sequence fies to three phases because> ks (Figure 1) when pOHB
similarity between these proteins, but there is a remarkably is the substrate bound)( Thus, the nonaromatic product is
similar 3D folding pattern over much of the proteins. not observed. The first reactiorky( formation of the
However, although the active sites are quite different, both hydroperoxide) was observed by the increase in absorbance
enzymes achieve the same basic catalytic function. at approximately 385 nm (an appropriate isosbestic point)
In this paper, we report new results about the effect of and the last reactiorkd) by absorbance changes at 470 nm
pH upon the oxygen half-reaction of PHBH that clearly show (where absorbance increases are due to formation of oxidized
that the H-bond network in the protein works to enhance FAD). To measure the hydroxylation reactida)( fluores-
both the hydroxylation reaction and the process that com- cence was used, because the flavin hydroxide in PHBH is
pletes the catalytic cycleéd in Figure 1). The results come considerably more fluorescent than other species in the
particularly from a careful analysis of the oxygen reactions reaction 20). The large fluorescence signal from the flavin
with the natural substrate bound in the active sites of WT hydroxide provided accurate and specific data that could not
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0.20 excellent correlation with a single<p of approximately 7.1.

Each reaction increases in rate by roughly an order of
magnitude in response to the change of an ionizable group.
Although the fluorescence measured at pH 8.6 (Figure 3A)
is very small, it does (when the signal is amplified) increase
in a single phase with a rate equalkg the first reaction
with oxygen. At pH 8.6, the enzyme forms product normally,
just as at lower pH. Based upon the measured rate constants
at pH 8.6 (from absorbance traces), there should have been
—— T 40—45% of the fluorescent intermediate formed during the
0.001 : reaction, but no fluorescence is observed from this species.
It can be concluded that the fluorescence of the flavin
hydroxide is quenched coincident with the change in pro-
tonation state. Either the flavin or a chemical species near
the flavin must change its protonation state to cause this
guenching. The most likely candidate is the dianion of the
aromatic product.

Without pOHB, the reaction of the enzyme with oxygen
simplifies to a single phasethe initial second-order reaction
between reduced flavin and oxygen [f/éandk; in Figure
1]. This phase is an order of magnitude slower than it is
| | | } | with pOHB but is also independent of pH. Because the rate
constant for the release of.8, (ks in Figure 1) is much
larger than that for formation of the flavin hydroperoxide
under the conditions of study, no flavin hydroperoxide is
observed.

Another series of oxygen reactions with WT enzyme was
carried out with pAB as the substrate over a similar range
of pH. This compound is a close analogue of pOHB. Even
though pAB is a better nucleophile than protonated pOHB,
0 ! ! ! ! ! the enzyme seems to have evolved to avoid hydroxylation

60 65 70 75 80 85 90 of pAB (3). Discrimination occurs in the reductive half-
PH reaction, where pAB does not promote reduction of FAD
Ficure 3: The effect of pH upon the values kf andks for the by NADPH. The hydrogens of the aromatic amino group of
oxygen reactions of WT-PHBH in complex with pOHB. In panel - ,AB cannot dissociate to form an anion like the hydrogen

A, reduced enzyme (1@M) in complex with pOHB (0.5 mM - . !
was reacted witz Oxyéepn (%).63 mMI;) af@ in apvariety(of buffez of the phenolic group of pOHB. Thus, pAB fails to stimulate

solutions (see Materials and Methods), and the reaction wasthe out conformation for reduction and it provides a

followed by fluorescence excitation at 390 and 480 nm with contrasting substrate for the oxygen half-reaction, where
emi_ssipn beyond 510 nm. The traces for selec@ed reactions with oxygen reactions cannot be influenced by deprotonation of
excitation at 390 nm and at pH values on the figure are plotted. pAB. However, when the oxygen half-reaction is carried out

With 390 nm excitation, the reaction traces are almost exclusively . o
due to flavin-C4a-hydroxide. The data from excitation at 480 nm With PAB bound to PHBH, itis hydroxylated by the enzyme

and separate absorbance data were used to help obtain all the rate/). The fraction of pAB that is hydroxylated decreases with
constants at all pH values. Panel B shows a plot of observed rateincreasing pH Z2). Because pAB cannot form a dianion,
ggtn;astggit:tsfo“'thgq?nkess(isrﬁhgi%liggr;%a%%i:]:stew't hSeOLig r?:\f%?:; athis pH effect is likely due to increased ionization of the N5

; DU . of the isoalloxazine causing loss 0f®; as shown bykg in
single ionization process with &g of 7.1. Figure 1. This “accidental” hydroxylation of pAB has been

very helpful to our understanding of PHBH.
be obtained with the same precision from absorbance The initial reaction between the pAB complex with
changes. reduced PHBH and oxygen was, like that with pOHB,
The rate of formation of the flavin-C4a-hydroperoxidtg) ( independent of pH, and the valuelef(Figure 1) was 3.3

was independent of pH and agreed with the published valuel®® M~ s~'—the same as the published value at pH 6.5 and
of 3x 1M tstat4°C and pH 6.57). The effect of pH almost the same as that with pOHB preséht [n Figure 4,
upon the other oxygen reactions is illustrated by the the initial reaction can be seen in the fast increase of
fluorescence traces in Figure 3A. Comparison of the tracesabsorbance at 390 nm (between 1 and 15 ms) with no change
at pH 6.0 and 6.5 shows that the hydroxylation process in absorbance at 480 nm. The hydroxylation reaction rate
(fluorescence increase) and the decomposition of the transientks in Figure 1) was different from that with pOHB; it was
species (fluorescence decrease) both increase in rate as plihdependent of pH with a first-order rate constant of 5 s
rises. These changes continue up to pH 8.6 but are not seeiNote that this value is similar to the rate constant for
immediately in the traces because the amplitude of fluores- hydroxylation of pOHB at pH 6.0 (where pOHB is proto-
cence declines as pH rises (see below). The relationshipnated) but is 25-fold smaller than the rate constant with
between pH and the observed rate constants is plotted inpOHB at pH 8.6 (Figure 3B). In contrast to the reaction with
Figure 3B. The data points (in both reactions) show an pOHB bound, the nonaromatic product of hydroxylation of
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AT TR is trapped as the flavin hydroxide in complex with pAB (as

4 observed in the reaction of the pOHB complex at higher
4 pOHB concentrations). When the oxygen reaction with pAB

| is followed by fluorescence (Figure 4B), a small transient
peak in fluorescence (at 0.1 s) due to the flavin hydroxide
(formed upon hydroxylation) is observed at pH 6.0. However,
this fluorescence is quenched at higher pH as can be seen in
the traces in Figure 4 (see 0.01 to 1 s). Analysis of the traces
in Figure 4B up ¢ 1 s showed that the fluorescence increase
occurred with a fixed rate constant equal to the rate of
hydroxylation, while the loss of fluorescence occurred with
a larger rate constant and did not correspond to any
observable absorbance change in the reaction. Thus, the
amount of the fluorescent species transiently formed was
always small, and by pH 7.5, no fluorescence due to the
flavin hydroxide can be detected, even though approximately
70% of the enzyme hydroxylates the substrate (based upon
the observation that about 30% of oxidized enzyme formed
in the hydroxylation step at 480 nm, followed by about 70%
of oxidized formed after hydroxylation was complete [Figure
4A)). A similar pH-dependent quenching of fluorescence

A shows reaction of reduced PHBH (1) in complex with pAB occurs ir_1 the_reactions_ with pOHB_as the substrate (Figure
(0.5 mM) and oxygen (0.63 mM) at%C in potassium phosphate ~ 3A) but is shifted to higher pH. With pOHB as substrate,
buffer at pH 7.5. Wavelengths of absorbance traces are shown onfluorescence quenching with increasing pH is coincident with

the figure. At 390 nm, note the fast increase in absorbance in the hydroxylation (described above), but with pAB, the quench-

Absorbance

0.014

0.010

0.006

Relative Fluorescence

0.002 el el el el el
0.001 0.01 100 1000
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Ficure 4: The effect of pH upon the kinetics of the oxygen
reactions of WT-PHBH with the “abnormal” substrate pAB. Panel

first 10 ms k in Figure 1), followed by a larger increase in

absorbance umptl s s in Figure 1), which illustrates the large
absorbance contribution from the primary nonaromatic product. At

ing is observed as a separate process following hydroxylation.
Oxygen Half-Reaction of Tyr201Phe-PHBRemoval of

480 nm, note that the absorbance increase from 1 to 100 sthe phenolic group of Tyr201 in PHBH removes the primary

(formation of oxidized FADks) corresponds with the decrease in
absorbance at 390 nm (rearrangement of enamine product to th
aromatic structurek,). The increase in absorbance at 480 nm

between 10 ms and 1s corresponds to enzyme that fails to

hydroxylate at this pHks in Figure 1). Panel B shows reactions
such as those in panel A but with k&1 enzyme and over a range
of pH (shown on the figure) using fluorescence detection with
excitation at 390 nm, which measures almost exclusively flavin-

H-bond in the network from pOHB to the surface of the

€nzyme (Figure 2). This single change prevents hydroxyla-

tion of pOHB. Instead, kD, is formed from decomposition

of the flavin hydroperoxide [re17 andks in Figure 1]. We
predicted that this mutant enzyme should be capable of
hydroxylation of pAB, since this compound works with WT
enzyme (above) and cannot respond to the H-bond network.

C4a-hydroxide. Note that the hydroxylation reactiég between
10 ms and 1 s) forming flavin-C4a-hydroxide occurs in two phases It was found that pAB was hydroxylated by Tyr201Phe-

by fluorescence. Fluorescence increases at the rate of hydroxylationPHBH with a rate constant of 2.6 sat both pH 6.5 and
as determined by absorbance but is quenched in the following 8.0—only a factor of 2 different from WT enzyme. This result
process, which has a larger rate constant than hydroxylation and isjs very different from the reaction of pOHB bound to the
pH dependent; therefore, fluorescence is completely quenched aSTyrZOlPhe mutant enzyma?), where the rate of hydroxy-

pH rises. Then, the fluorescence reappears (at lower pH values) at 7.~~~
the same rate that oxidized enzyme is formed and finally decreasedation is 10-fold smaller than that for WT enzyme under

after most of the enzyme is oxidized. This high fluorescence when the same conditions. After hydroxylation of pAB by the
the enzyme is largely oxidized is typical of a small portion of the mutant enzyme, the reaction diverged significantly from WT

enzyme trapped in a highly fluorescent form as the flavin-C4a- enzyme. Rearomatization of the produci (vas at least an
hydroxide with substrate boun@)( order of magnitude faster than that in WT enzyme. Associ-
ated with hydroxylation and rearomatization of pAB in the
pAB does not rearrange fast to the aromatic product, mutant enzyme, there was a large fluorescence increase due
3-hydroxy-4-aminobenzoate. This can be seen by the highto the formation of the flavin hydroxide, in contrast to the
absorbance at 390 nm afté s of reaction (Figure 4) result with WT enzyme (Figure 4B). This fluorescence
considerably greater than the absorbance due to the flavinformed and then decayed in a manner very similar to WT
hydroxide or hydroperoxide alone. Hydroxylation occurs with enzyme in reactions with pOHB but with very different rate
the absorbance increase from 10 m4 ts that is partly due  constants.
to the nonaromatic intermediate. The subsequent rearoma- Oxygen Half-Reaction of Lys297Met-PHBFhis mutation
tization to form the product is very slow and independent of decreases the positive charge in the active site of PHBH but
pH; the observed value &f was 0.06 st. With pAB, thek, does not interfere with the H-bond networR(f. The less
reaction forms mostly oxidized FAD and a small amount of positive electrostatic field at the flavin causes a 25-fold
flavin hydroxide (absorbance changes between 1 and 100 -decrease in the rate of hydroxylation compared to WT
in Figure 4A). The most likely explanation for this observa- enzyme, but the same mechanism of hydroxylation is
tion is that the nonaromatic product dissociates from the retained. The effect of pH on this mutant enzyme was studied
enzyme, followed by rapid rearomatization in free solution. (in a manner similar to WT enzyme above) to test the
This dissociation of product enables a major fraction of the potential interaction between the H-bond network and the
flavin to eliminate water by exposure to solvent, but some electrostatic field in the mechanism of hydroxylation.
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020 ————mr dependence. This process is faster than hydroxylation, but
A 6.0 slower than the initial reaction with oxygen (the increase in
absorbance up to 20 ms at 400 nm in Figure 5B) and has no
equivalent in absorbance. This extra phase betvkeemd
ks for Lys297Met-PHBH decreases in rate as pH rises
(compare fluorescence traces at pH 7.5 and 8.6 in Figure
5A) and can only be due to the flavin-C4a-peroxide/
hydroperoxide. A fluorescence signal from this species is
usually extremely small in PHBH compared to the signal
from flavin-C4a-hydroxide. Above pH 7, hydroxylation by
Lys297Met enzymekg) occurs in the range from 10 to 300
ms as shown by some fluorescence increase in Figure 5A
and by the lags in absorbance at 400 and 480 nm in Figure
5B. Observed rate constants for hydroxylation (obtained from
the fluorescence traces) are plotted against pH in Figure 5C.
As for WT enzyme, the data fit a single ionization event but
with a pK, of approximately 6.9 and with a similar factor in
S the change in rates with thiKg It should also be noted

0.1 ! 10 that the fluorescence of the flavin-C4a-hydroxide transient
intermediate species decreased with increasing pH similarly
6 . . to that with WT enzyme. Over the entire range of pH studied,
Lys297Met-PHBH hydroxylated almost as effectively as WT,
so the weaker fluorescence was not due to formation of less
transient species in the reaction at higher pH.

The last reactionk§) in the oxygen half-reaction by
Lys297Met enzyme is the increase in absorbance at 480 nm
(characteristic of oxidized flavin), the decrease in absorbance
at 400 nm (Figure 5B), and the decrease in fluorescence

0 ‘ ‘ , ‘ , signal seen in Figure 5A, all at the same rate at one pH. As

60 65 70 75 80 85 90 can be seen from the fluorescence data, this process is also

pH pH-dependent with al, of about 6.9. The magnitude of

FiGURe5: The effect of pH upon the rate constants for the reactions this rate change with pH is smaller than other examples in
of oxygen with Lys297Met-PHBH in complex with pOHB. In panel  the results presented here. At pH 6<@js only 1.%s; this
A, reqctions were carried out under the same conditions as thosepredicts the maximum fluorescence observed due to the C4a-
gescrlbed in the legend for Figure 3A; pH values are shown on the hydroxyflavin (Figure 5A) is about 4845% of the fluores-
igure. Panel B shows sample reactions carried out at pH 8.0 and . . . .
0.63 mM oxygen and monitored by absorbance at wavelengths CENCe from formation of 100% of the intermediate species.
marked upon the figure. Note the fast increase in absorbance atAt pH 7.5, ks is 3ks but the fluorescence signal at the
400 nm up to about 20 m&L(in Figure 1) followed by a lag and ~ maximum is about a third that at pH 6.0 (Figure 5A), when
subsequent decrease in absorbance coincident with the increase ighe ratio of rates predicts about 56% of the intermediate at

absorbance at 480 nris(). In panel C, the dependence upon pH : : :
of the rate constarit; that was obtained from exponential fits to the maximum. These observations illustrate clearly the

fluorescence traces such as those in panel A. Solid dots are datluenching of the fluorescence of flavin-C4a-hydroxide with
points. A theoretical curve for a single ionization process with a increasing pH.

pKa of 6.9 is fit to the data. Oxygen Half-Reaction of Glu49GIn-PHBHN PHBH,
Glu49 and Lys297 form a buried charge pair. In contrast to
The first reaction with oxygenk§ in Figure 1) occurred  Lys297Met-PHBH, the Glu49GIn mutation enhances the
at the same rate as for WT enzyme (based upon absorbancgositive charge in the active site of the enzyme by removing
changes in the formation of flavin-C4a-peroxide, see Figure a negative charge near the flavi) (vithout disturbing the
5B) and was also independent of pH. The valuesiand H-bond network. Studies with Glu49GIn-PHBH strengthen
ks (Figure 1) were obtained from fluorescence data that are the case for the function of positive electrostatic potential
shown in Figure 5A. The absorption spectra of the two about the flavin by showing an increase in the rate of
transient oxygenated flavin species in the mutant enzyme hydroxylation over WT enzymegf. The effect of pH upon
(unlike WT enzyme) are almost identical, and thus the value this reaction was studied as discussed above for WT enzyme.
of ks (conversion of the hydroperoxide to the hydroxide upon  The rate of the reaction between reduced Glu49GIn
hydroxylation) could not be measured by absorbance.enzyme and oxygen was very similar to WT enzymex(2
However, as with WT enzyme, the C-4a-hydroxide has 10° compared to 3x 10®° M~1 s1) and was independent of
substantially more fluorescence than other species in thepH. Samples of the fluorescence changes with pH were
reaction 0). The fluorescence traces are qualitatively similar published previously §). With this mutant, the rate of
to those for WT enzyme below pH 7, blg andks are at hydroxylation ks in Figure 1) cannot be separated from the
least 10-fold smaller. However, unlike WT enzyme above initial reaction with oxygenk;), except to a small degree at
pH 7, the fluorescence traces (like those shown in Figure pH 6.0. No pH dependence could be measuredk§pias
5A) exhibit three phases. The extra phase is an increase inexplained previouslyg). The enhanced positive electrostatic
fluorescence in the first 100 ms that shows some oxygenfield boosts the rate of hydroxylation above that of WT
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pH Ficure 7: The effect of pH upon the rate constants for the oxygen

reactions of Tyr385Phe-PHBH in complex with pOHB. A series
of reactions were carried out as described in the legend to Figure
3 over a range of pH values using absorbance and fluorescence
Metection. With this mutant enzyme, only two phases are observed
€he fast, oxygen-dependent formation of the flavin hydroperoxide
and the oxygen-independent return to oxidized enzyme. The latter
process was measured by absorbance (actually a measky@aof
Figure 1 with ky and ks being much faster thaks) and was
dependent upon pH as shown in the figure. The filled dots are
experimental values. A theoretical curve for a single ionization event
with a pK, of 8.6 is plotted on the figure.

Ficure 6: The effect of pH upon the rate constants for the oxygen
reactions of Glu49GIn-PHBH in complex with pOHB. Reactions
were carried out under the same conditions as those described i
the legend for Figure 3A. Examples of absorbance and fluorescenc
traces for this mutant enzyme have been publist@dvhere it
was shown that becausg (hydroxylation) is greater thak, in
experimentsks could not be determined accurately. The measured
values forks from the data are plotted against p®)( A theoretical
curve (solid line) for a single ionization process with kK, f 6.8
shows good agreement with the data.

enzyme. The rate of decomposition of the flavin hydroxide enzyme, there is no detectable fluorescence signal at any
intermediate Ks in Figure 1) changed with pH as shown in  pH from flavin-C4a-hydroxide in the reaction by Tyr385Phe
Figure 6 and could be described by a single ionization eventenzyme. Hydroxylation occurs coincidently with the forma-
with a pK, of approximately 6.8. This result was similar to  tion of oxidized enzyme. Thus, the rate of decomposition of
that obtained with WT enzyme (see Figure 3B). The oxygen the flavin-C4a-hydroxide must be much faster than the rate
reactions of Glu49GIn-PHBH are complicated by the unusual of its formation (bothks and ks > ks). Disruption of the
observation with this enzyme that the rate of release of H-bond network in the enzyme has changed tKg @f the
product is slower than the rate of return of the flavin to the hydroxylation reaction and its rate at lower pH but has not
oxidized state §). The release of product was directly inhibited stepss andks in Figure 1.
measured as a small absorbance change in the oxidized Above pH 7.5 in the oxygen half-reaction of Tyr385Phe-
enzyme spectrum, and the interpretation was confirmed by PHBH, a process slower than the rate of hydroxylation was
measuring directly the dissociation of 3,4-dihydroxybenzoate detected, particularly by fluorescence. At pH 8.5 and above,
from the oxidized enzyme. this slow reaction clearly occurred after formation of oxidized
Oxygen Half-Reaction of Tyr385Phe-PHBFhe residue  flavin. Separate experiments were carried out to examine this
Tyr385 is in the middle of the H-bond network connecting phenomenon. It was found that the slow reaction (at a rate
the substrate phenolic group to His72 at the surface of theof 1.8 s'*) was not related to product release but was due to
enzyme [ref4 and Figure 2], and its substitution by slow formation of a portion of the out conformation of the
phenylalanine disrupts the function of the H-bond network oxidized enzyme in complex with pOHB after pOHB had
in the control of the reductive half-reaction [r@fandk; in replaced the product in the active site at the end of the oxygen
Figure 1]. In the oxygen half-reaction, the rate of hydroxy- half-reaction. Thus, the slow reaction is not really part of
lation is 25-fold slower than that for the WT enzyme at pH the oxygen half-reaction but was the response of the enzyme
6.5 (17), and in contrast to WT enzyme, there was some with a damaged H-bond network after substrate binding, a
formation of HO; in the reaction (approximately 20% of part of the reductive half-reactio)(
the amount of reduced enzyme). To test further the effects Oxygen Half-Reaction of His72Asn-PHBHMhe residue
of this mutation, the oxygen reactions of the mutant enzyme, His72 is the solvent interface for the H-bond network to the
Tyr385Phe-PHBH, have been studied over a range of pH. substrate phenol (Figure 2). Mutation of this residue to
Formation of the flavin hydroperoxideky in Figure 1) asparagine results in a stable enzyme that has provided many
occurred at the same rate as that for WT enzyme, and thevaluable insights into the role of the H-bond network in the
rate constant for this process was independent of pH. reduction half-reaction of this enzym23). Because His72
However, the behavior of this mutant enzyme diverged from is part of the H-bond network, the mutant enzyme might be
that of WT in the hydroxylation reaction. Although not as expected to have a similar behavior to Tyr385Phe-PHBH in
effective as WT enzyme, the mutant enzyme does form athe oxygen reactions. This is partly true; the difference
substantial fraction of product from reduced enzyme, from between the two mutant enzymes resides in the hydroxylation
0.8 to 0.65 as pH goes from 6.5 to 9.5. The relationship reaction ks, Figure 1).
between pH and rate of hydroxylation is shown in Figure 7. When reduced His72Asn-PHBH with pOHB bound is
Note that the rate constant approaches values similar to thoseeacted with oxygen, the first stekpy) occurs at a rate similar
for WT enzyme at high pH but only starts to increase to WT and, as illustrated in Figure 8A, is independent of
significantly above pH 7.5. At low pH, the rate of hydroxy- pH (like all of the examples above). As in the case of
lation is only about 1.5 $—between 1% and 2% of WT  Tyr385Phe-PHBH, no fluorescence due to the flavin-C4a-
rate. The fit of a single ionization event to the data shows a hydroxide was observed, even though there was substantial
process with a g, of about 8.6 (Figure 7), unlike WT  product formation (90% at pH 6.5, declining to 68% at pH
enzyme, where thelq is 7.1 (Figure 3B). Unlike WT 9.5). This result implies that the magnitudeskafand ks
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0.12 AT T enzyme, product is released and pOHB binds to the enzyme.
- - After pOHB binds, the enzyme slowly forms the out
£ 010 conformation because of the disrupted H-bond network.
S However, with the His72Asn mutant enzyme, much more
S o008 of the out conformation is formed at high pH than in the
2 case of the Tyr385Phe mutar®)( leading to the larger
< 006 observed absorbance and fluorescence changes.
It is in the hydroxylation reactiork¢ of Figure 1) that the
His72Asn enzyme differs from the Tyr385Phe enzyme and
from WT enzyme. After formation of the flavin hydroper-
£ 012 oxide in the first 16-15 ms (in Figure 8, see the rapid
S increase in absorbance at 400 nm compared to no change at
< o008 480 nm), there is a marked biphasic change in absorbance
8 at both 400 and 480 nm (see particularly the pH 6.5 trace)
< oo coincident with the hydroxylation process. These biphasic
changes are occurring with rate constants of 50 and 2.9 s
at pH 6.5. The faster process occurs at a rate similar to the
g rate of hydroxylation of WT enzyme at this pH, but the
§ 04 slower process is similar to the hydroxylation rate of
8 o3 Tyr385Phe enzyme at this pH. As pH increases, both phases
s increase in rate and merge at the highest pH values (see
'S 02 Figure 8B). At high pH, His72Asn and Tyr385Phe enzymes
-% (with disrupted H-bond networks) hydroxylate as fast and
° 01 as efficiently as WT enzyme in the oxygen half-reactions.
0 L e At pH values below 7.5, in contrast to WT enzyme, the
0.001 0.01 0.1 1 10 hydroxylation reaction for each mutant is potentially rate-

t(s) determining in catalysis based upon the values of the rate
Ficure 8: The effect of pH upon absorbance and fluorescence constants for the steps in the oxygen half-reactions. In
changes during the oxygen reactions of His72Asn-PHBH in separate experiments, the absorption of the His72Asn mutant

complex with pOHB. Reactions were carried out as described in . ~ :
the legend to Figure 3. Panels A and B are absorbance traces afnzyme was measured at 450 nm during steady-state catalysis

the pH values marked on the figure. Panel C is fluorescence tracesOVer @ range of pH from 6.5 to 9.5. In steady state, the
(excitation at 450 nm) at the pH values on the figure. The raw data enzyme is mostly in the oxidized form. Thus, catalytic

is shown to illustrate two remarkable features of this mutant enzyme. turnover was dominated by slow reductida 6f Figure 1)
First, the hydroxylation reaction (the return to oxidized enzyme is \uith a smaller contribution from slow hydroxylatioks(of

the measure oks in Figure 1) is biphasic, particularly at lower . . )
pH; this can be seen in the absorbance traces [400 and 480 nm ir’:Igure 1). Thus, the overall effect of disruption of the H-bond

panels A and B] at pH 6.5 between 10 ms and 1 s. The faster phase'€twork is to make the core reactions of catalysis (flavin
has the same rate constant as WT enzyme at the same pH, and theeduction and pOHB hydroxylation) rate-determining, unlike

slower phase is similar to the rate of hydroxylation by the \WT enzyme. In the case of the His72Asn mutant enzyme,

Tyr385Phe mutant enzyme (Figure 7). A fluorescence signal ; ; 0
(excitation at 390 nm) is not observed from the flavin-C4a- gf-l rs;tlaugl;turnover is only about 8% of WT enzyme at all

hydroxide (not shown) becaukgandks > ks. The second feature

of these reactions is the relatively slow reaction of the mutant
enzyme after return to oxidized enzyme at higher pH values. This DISCUSSION

process is particularly noticeable in the fluorescence trace at pH

8.6 (panel C). Oxidized enzyme is formed by 0.15 s (see 480 nm The data presented in this paper, combined with some

absorbance change) and is followed by a fluorescence decreasgyblished work in past years, provide new insights into the
between 0.15 and 3 s. role of proton exchanges in the reactions of oxygen with
reduced PHBH. We now realize that some of the results in

must be substantially greater than thatlaf(as for the earlier studies were sometimes interpreted incorrectly, but
Tyr385Phe mutant above). Again, as seen with the Tyr385PheCan now be integrated into a more satisfying and coherent
mutant, the formation of oxidized enzyme at high pH is explanation of the oxygen reactions.

followed by a slow change in absorbance and fluorescence In the oxygen half-reaction of PHBH, the first step is the
but with larger amplitude than seen with the Tyr385Phe formation of the flavin-C4a-hydroperoxide in a second-order
mutant. This is clearly illustrated in Figure 8. At pH 8.6, reaction k; in Figure 1) between the reduced flavin anion
the absorbance trace at 480 nm shows that the flavin is fully and oxygen. This process probably involves three chemical
oxidized by 0.1 s, but at 400 nm, a small, slower absorbanceevents-the rate-determining exchange of an electron between
change occurs between 0.1 and 1 s. This final phase (with areduced flavin and oxygen to form a flavin semiquinone and
rate constant of 2.7°9) is also observed in the fluorescence superoxide caged pair, followed by the much faster second
trace (Figure 8C) with excitation at 450 nm; the fluorescence electron exchange and protonation of the peroxide formed
of the oxidized enzyme decreases between 0.1 and 1 s. Thig8, 24, 25). The rate constant for the primary electron
phenomenon was studied in separate experiments. It wasexchange reaction declines significantly when the FAD in
found to be due to the same process as that seen with thehe enzyme is replaced by different 8-substituted FADs where
Tyr385Phe mutant (above): with the formation of oxidized the redox potential of the flavin is substantially more positive
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Ficure 9: Proposed model of the transition state in the hydroxylation readtipim Figure 1). This model is similar to that proposed in
an earlier publication32).

(8). There is no pH dependence in the rate of hydroperoxide droxylation in the forms of the enzyme with an intact H-bond
formation over the range of pH studied in this work. Thus, network increased by approximately an order of magnitude
the K, for reduced FAD in PHBH must be less than 5 in  from pH 6 to 9: a single deprotonation with Epbetween
the strongly positive electrostatic field of the active site. In 6.8 and 7.4 fitted the results. In the case of Tyr385Phe-PHBH
addition, the proton that forms the hydroperoxide is unlikely (disrupted network), this apparenKypis shifted to much
to come from the H-bond network since the valuekgfs higher pH, while in the case of His72Asn-PHBH (disrupted
not changed (or the reaction is not split into more than one network), hydroxylation splits into two separate reactions
phase) by disruption of the H-bond network. The source of (see Figure 8). The results show that the H-bond network is
the proton for formation of the hydroperoxide could be specifically responsible for about 100-fold acceleration in
directly from solvent on thee side of the flavin 26). A the rate of hydroxylation. This can be seen by comparing
flavin protonation step kinetically separated from the initial the rate of hydroxylation at pH 6 by Tyr385Phe-PHBH (1.2
electron exchange has been observed for phenol hydroxylases™?, Figure 7) to the rate by WT-PHBH at pH 8.5 (120s
with resorcinol as substrat@7). We can now report that a  Figure 3B). Since the oxygen reaction with pOHB begins
similar protonation step can probably be observed in with the phenol protonate@9) and it has not been possible
Lys297Met-PHBH. The partly oxygen-dependent phase in to observe deprotonation of the substrate before hydroxyla-
fluorescence betweeky and ks (described in Results and tion in PHBH or in a similar enzyme, melilotate hydroxylase
shown in Figure 5A) appropriately declines in rate as pH (ref 30 and unpublished data), it is reasonable to propose
rises, independently of the effects of the H-bond network that the proton is removed in forming the transition state of
on the remainder of the reaction. It should be noted that thethe oxygen transfer (Figure 9). A proton can be removed
mutation of Lys297 occurs in the protein strand on tee  from pOHB by the expulsion of a proton to solvent from
side of the flavin near the ribityl side chain. We currently His72 at the protein surface [ref and Figure 2]. The
have no structure of this form of the enzyme, but it is possible measured I, (7.1) is a function of the surface His72. A
that the mutation has partly restricted solvent access to thesimilar function for the proton network has been described
flavin where oxygen must bind against the flavin to react as for control of flavin reduction in the catalytic cycl8,(23).
predicted from the structure of PHBH with flavin i2§). In reduction, expulsion of a proton at the solvent interface
This structural water is connected to bulk water out past the deprotonates pOHB, and the resulting phenolate triggers
ribityl side shain on thee side of the flavin. The structure  conformational changes in the protein that favor the structure
of phenol hydroxylaseld) also shows water bound where required for reduction of the FAD by NADPH.
oxygen would be expected to interact, and a channel to Why should mutant enzymes with disrupted H-bond
solvent in the structure similar to that in PHBH. Thus, it is networks hydroxylate and partly respond to pH? It has been
difficult to understand why these two enzymes have a shown that protons can be exchanged from the active site of
difference in the rate of peroxide protonation in the initial His72Asn-PHBH without the normal operation of the H-bond
reaction with oxygen. PHBH can hydroxylate at high rates network but at much slower rates of-3 s* (23). When
(see WT enzyme in Figure 3B) and this implies that reduced enzyme is prepared for reaction with oxygen, some
protonation of the peroxide in WT enzyme is also very fast portion of the H-bond network at equilibrium may be
even above pH 8, because it must precede hydroxylation.oriented to accept the substrate proton and the remainder in
Although the initial reaction with oxygen to form the flavin  the reverse configuration where the substrate proton is
hydroperoxide showed no response to pH, the hydroxylation isolated by H-bonding to Pro293 (Figure 2). This proposal
processks in Figure 1) responded to pH in all the forms of can explain the biphasic hydroxylation by His72Asn-PHBH
the enzyme that were studied, provided that the substrate(Figure 8). The enzyme molecules with the substrate proton
was a phenetpOHB in this paper and 2,4-DOHB in an oriented to the H-bond network could perform like WT
earlier study 12). With pAB as substrate (no readily enzyme and hydroxylate rapidly, while those in the opposite
removable substrate proton), the hydroxylation rate was orientation (the substrate proton oriented toward the carbonyl
independent of pH, with or without an intact H-bond of Pro293) would have to rearrange the H-bond network
network. These results show that at least part of the slowly before hydroxylation could occur. The Tyr385Phe
hydroxylation reaction involves the ionization of the substrate mutant enzyme retains the structure of the WT enzyme,
phenol. Moreover, the mutant enzymes with partial disruption except for the H-bond to residue 38%l}. Proton exchange
of the H-bond network were clearly different from those with  with the active site should be slow as illustrated by the slow
an intact network. With phenolic substrates, rates of hy- reductive half-reactions of this mutant enzyn3§. Results
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suggest that a fraction of substrate bound in reduced A

Tyr385Phe-PHBH must be in the phenolate form upon sz Ya01

reaction with oxygen. This fraction (approximately 20%) ° o

immediately eliminates D, by triggering movement of the Ho® ® o“H

flavin to the out conformation, a process demonstrated in HO, f HO_ I

the control of reduction 3). The bulk of the enzyme H H

molecules (with substrate protonated) are capable of hy- 0 0O

droxylation but less efficiently than WT enzyme, except at o ogo P

high pH (Figure 7). There must be some alternative mech- Yoz R, (2

anism (different from WT enzyme) for a proton loss from

the active site, particularly at high pH. Protein breathing has Low pH High pH

been proposed to substitute for a disrupted H-bond network

in PHBH (23). B
Only in the case of the Tyr201Phe mutant of PHBH is

the substrate phenol in the active site of the reduced enzyme “H_ H

completely isolated from any H-bond partners as has been i

shown by the structure of the muta®1j. Tyrosine 201 is

the residue that directly H-bonds to the substrate phenol. In

this mutant enzyme, the rate of hydroxylation is>-@ld

slower than in WT enzymel{). This factor is probably a 000

true reflection of the effect of deprotonation of the substrate Q" PRou

on the hydroxylation reaction. Even in mutant enzymes Vaze

without a fully functional H-bond network, protons or solvent Ficure 10: Models for dienone or enimine (nonaromatic) products

. . ormed in the active site of PHBH upon reactions with 2,4-DOHB
can access the active site but at a much slower rate tha nd pAB. In panel A, the structures shown for the dienone form of

with an intact H-bond network (mentioned above for 3 3 4 trihydroxybenzoate account for the experimental observation
His72Asn-PHBH) to allow a slightly functional enzyme. It that the structure of the product must change with p8 through
should be noted that phenol hydroxylase, which hydroxylates the mediation of the H-bond network. In panel B, this model
phenol an order of magnitude more slowly than the analogousaccounts for experimental observations with pAB as substrate. A

. . . proton is rapidly removed through the H-bond network upon
reaction in PHBH, shows no significant pH effect on 46, iation, the spectrum of the enimine does not change with

hydroxylation (3) and has no H-bond network to the pH, and the rate of rearomatization of product does not change
phenolic group of the substrat&4) that could connect the  with pH.

substrate to the pH of the solvent.

Deprotonation of the substrate phenol is not the only After pOHB is hydroxylated in PHBH, the nonaromatic
mechanism to stimulate the hydroxylation reaction. We have product immediately rearranges to the aromatic product with
established that stabilization of the flavin alkoxide leaving a rate constant much larger than that of oxygen transfer,
group in hydroxylation stimulates the rate of reactiéng). presumably by donating the proton at position 3 of the
This is achieved in WT-PHBH by the presence of a positive product to the flavin as shown in Figure 1, without any need
electrostatic field around the flavin when in the position for for exchanges with the environment. The H-bond network
hydroxylation. Deprotonation of the substrate phenol is a might assist in this reaction by donating a proton to the
separate but synergistic effect upon the reaction as showncarbonyl oxygen of the nonaromatic product. However, this
by the results in Figure 5C compared to Figure 3B and rearrangement is not so effective when 2,4-DOHB and pAB
discussed in detail in a separate publicati®®)( The are substrates. These substrates form relatively stable non-
mutation Lys297Met (Figure 5C), by reducing the electro- aromatic products within the enzymie (n Figure 1 is small
static field of the active site 20), slows the rate of compared tcs) and have characteristic absorption spectra
hydroxylation 25-fold but still responds to the removal of in the range between 350 and 450 nm. In the case of 2,4-
the phenolic proton in the transition state. A contrasting DOHB, the value foiks decreases with increasing pHKp
stimulation of hydroxylation has been shown to occur by about 7.4), and the absorption spectrum of the product
increasing the positive fieldd]. It is impossible to say what ~ changes with the sameKp as the pH effect on the rate
is the total effect of the electrostatic environment of the flavin constant{2). These results suggest that the H-bond network
on hydroxylation in PHBH, but it is likely to be at least a is involved in trapping the nonaromatic structure in a
100-fold stimulus, based upon the earlier work on Lys297Met stabilized form. Based upon the structure of WT-PHBH with
and Glu49GIn-PHBH. Putting the electrostatic effect together 2,4-DOHB bound 85), one likely structural model of the
with proton removal in the reaction can lead to a rate pH effect is shown in Figure 10A. When pAB is hydroxy-
enhancement on the order of®3fold. When this factor is lated, there is a rapid subsequent pH-dependent quenching
multiplied by the typical entropy effects of the enzyme and of fluorescence (Figure 4) that coincides with the formation
possible enhancement of hydroperoxide reactivity by protein of the stable intermediate containing the nonaromatic product.
interactions with O4 of the isoalloxazineg3), the rate These results suggest that the proton generated by hydroxy-
enhancement becomes enormous. Thus, it is not surprisinglation at position 4 of the substrate is removed from the
in retrospect, that the efficient and fast hydroxylation of an nonaromatic product by the H-bond network forming a
aromatic compound by a flavin hydroperoxide, as carried structure that exhibits a constant spectrum at each pH studied
out by an enzyme like PHBH has not been effectively (Figure 10B). It is not clear why the nonaromatic structure
modeled chemically34). formed from pAB on the enzyme is so much more stable
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than that formed from pOHB. The enzyme is trapped at this C4a-hydroxide form of the enzyme. The structure of oxidized
stage in the reaction with the flavin as a C4a-adduct and WT-PHBH with product bound shows a subtle difference
can only return to oxidized enzyme by release of the from the complex with pOHB boun®8). The plane of the
nonaromatic product (described in Results) with a rate of ring of the product is rotated so that the 3-hydroxyl can form
0.06 s*. By contrast, the nonaromatic product formed from a strong H-bond with the backbone carbonyl of Pro293. This
pAB in the Tyr201Phe mutant enzyme rearranges to the interaction probably prevents the product, which should be
aromatic product at a higher rate (0.6"son the enzyme  more reactive than the substrate, from exposing its 5-carbon
because, due to the disrupted H-bond network, the protonto attack in subsequent cycles of catalysis and inhibits
generated in hydroxylation remains in the active site and formation of the out conformation for enzyme reduction in
stimulates the formation of the aromatic product. the presence of product. Pro293 is known to be fundamental
The final process in the oxygen half-reaction is dten to the conformational response of the protein to signals from
Figure 1. This process consists of the essential chemical steghe substrate pOHBL(). Rotation of the product in the active
of water loss from the flavin and the dissociation of product. site shifts the position of Arg214, disrupting the H-bond
For the enzyme to be an effective catalyst, these processedetween this residue and the strained backbone carbonyl of
need to be fast. It was found early in the study of this enzyme Arg44 (33). Perhaps this change permits rotation of the
that catalysis was inhibited by excess substrate, and this wagpeptide backbone around Arg44 to an unstrained configu-
due to a dead-end complex between substrate and the flavirration, a process essential to the formation of the open
hydroxide form of the enzyme36). Thus, in theks step of conformation and release of produ&).(The preferential
enzyme function, product release (under some conditions)formation of the open conformation may be enhanced by
occurs slightly faster than the loss of water from the flavin. deprotonation of the 4-hydroxy! of the product by the H-bond
Recently, it was found that the reverse could also be true. network, rather than the effect of phenolate formation with
The mutant enzyme Glu49GIn-PHBH eliminates water from the substrate, pOHB, to stimulate the out conformat®n (
the flavin faster than it releases produ). Upon the basis  This hypothesis can explain the results with the enzyme at
of the results with Glu49GIn-PHBHb] and the structure of  all pH values studied. In the mutant enzymes with a disrupted
Arg220GIn-PHBH B), it was concluded that there must be H-bond network, the hydroxylation and rearomatization
at least three interactive conformations of the enzyme: the processes should finish with the product in the dianionic state
in form (hydroxylation arrangement), the out form (reduction that cannot be protonated rapidly from solvent. This would
arrangement), and the open form (product/substrate ex-explain why these mutants eliminate water from flavin
change) 6). rapidly at all pH values so that hydroxylation is rate-
The results presented in Figures 3B and 6 show that thedetermining in the oxygen half-reactions around pH 7.
ks step responds to pH. For WT enzyme and pOHB, the The results and discussion presented in this paper dem-
response is similar to that of hydroxylation: the rate increasesonstrate that PHBH makes extensive use of the H-bond
with increasing pH and exhibits &g of approximately 7.1. network to optimize the oxygen reactions in catalysis. The
The magnitude of the pH effect is about 10-fold in the rate illustration of the network in Figure 2 provides a simple
constant. This effect of pH holds for all forms of the enzyme model to explain the observations. At pH values below 6,
with a functional H-bond network and pOHB as the substrate. His72 is mostly protonated, and as shown by the model, the
A similar result was found previously with 2,4-DOHB as phenol of pOHB is protonated and isolated in the active site.
substrate 12); there was a large increase in the magnitude Thus, below pH 6, deprotonation of pOHB is an infrequent
of ks with increasing pH. It should be noted thgtcannot event and the rate of hydroxylation is slow. In addition, the
be measured in the reactions catalyzed by Tyr385Phe- andsubsequent release of product is slow. As pH is raised, His72
His72Asn-PHBH becaude, andks are considerably larger  deprotonates and allows the phenolic proton of pOHB to
thanks. The results again support a function for the H-bond reorient to the H-bond network. Then, with neutral His72,
network. To eliminate water from the C4a-OH-flavin, it must reversal of the orientation of the network of H-bonds results
be exposed to solvent. This can occur by the protein adoptingin either protonation of pOHB with uptake of a proton from
the out or open conformations, but to eliminate the product solvent or deprotonation of pOHB with liberation of a proton
from the active site, the protein must adopt the open to solvent as shown in Figure 2. The coordinated removal
conformation §). of the phenolic proton from pOHB in association with
The observed dependence of thestep on pH suggests oxygen transfer enables fast and complete hydroxylation
that the dianion of the product must be formed in the active around pH 78 without loss of HO, from the unstable flavin
site to trigger rapid conformational change or to shift the hydroperoxide. Hydroxylation is followed by conformational
equilibrium between conformations away from the flavin in rearrangement by PHBH stimulated by deprotonation of the
the structure required for the hydroxylation reaction and 4-OH of the aromatic product that is linked to the H-bond
stabilization of the flavin-C4a adducts. The H-bond network, network, while the 3-OH of the product forms a H-bond to
displaying a K, of 7.1, can achieve deprotonation of the Pro293. This rearrangement forms the open conformation,
4-OH of the aromatic product to form the dianion. If the and the rate of this change governs the last phase in catalysis,
protein responded in the same way as with substrate pOHBIn which product and water dissociate rapidly from the open
(3), then it should shift the conformational equilibrium to active site. The model in Figure 2 is probably one of several
the out form. However, at pH values near 7, it has been variations possible for the operation of the H-bond net-
shown that the product dissociates slightly faster than waterwork in conducting protons to and from pOHB in the active
is lost from the flavin (above). This evidence implies a site.
preference for formation of the open conformation (rather  Perhaps the H-bond network is an extra refinement in the
than the out conformation) with product bound to the flavin- catalytic function of PHBH compared to other flavoprotein
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hydroxylases. Only extensive research with other enzymes

will

answer this question.
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