Biochemistry2004,43, 1569-1579 1569

Increased Positive Electrostatic Potentiapiiydroxybenzoate Hydroxylase
Accelerates Hydroxylation but Slows TurnoVer
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ABSTRACT. Para-hydroxybenzoate hydroxylase is a flavoprotein monooxygenase that catalyzes a reaction
in two parts: reduction of the enzyme cofactor, FAD, by NADPH in response to bipdiyglroxybenzoate

to the enzyme, and oxidation of reduced FAD with oxygen to form a hydroperoxide, which then oxygenates
p-hydroxybenzoate. These different reactions are coordinated through conformational rearrangements of
the isoalloxazine ring within the protein structure. In this paper, we examine the effect of increased positive
electrostatic potential in the active site upon the catalytic process with the enzyme mutation, Glu49GIn.
This mutation removes a negative charge from a conserved buried charge pair. The properties of the
Glu49GIn mutant enzyme are consistent with increased positive potential in the active site, but the mutant
enzyme is difficult to study because it is unstable. There are two important changes in the catalytic function

of the mutant enzyme as compared to the wild-type. First, the rate of hydroxylatmhyafroxybenzoate

by the transiently formed flavin hydroperoxide is an order of magnitude faster than in the wild-type. This
result is consistent with one function proposed for the positive potential in the activeésiebilize the
negative C-4a-flavin alkoxide leaving group upon heterolytic fission of the peroxide bond. However, the
mutant enzyme is a poorer catalyst than the wild-type enzyme because (unlike wild-type) the binding of

p-hydroxybenzoate is a rate-limiting process. Ou

r analysis shows that the mutant enzyme is slow to

interconvert between conformations required to bind and release substrate. We conclude that the new
open structure found in crystals of the Arg220GIn mutant enzyme [Wang, J., Ortiz-Maldonado, M., Entsch,

B., Massey, V., Ballou, D., and Gatti, D. L. (200R)o

c. Natl. Acad. Sci. U.S.A. 9808-613] is integral

to the process of binding and release of substrate from oxidized enzyme during catalysis.

Para-hydroxybenzoate hydroxylase (PHBff)m Pseudo-
monas aeruginosaand Pseudomonas fluorescen&C

must move to the out position (see Figure 2), and this
movement requireg-hydroxybenzoate (pOHB) to be bound

1.14.13.2) has been used extensively as a model for theto the enzyme. Then, after it is reduced, the isoalloxazine

reactions catalyzed by flavoprotein monooxygenases, par-

ticularly for enzymes that insert an atom of oxygen into the
ring of a substratel( 2). The catalytic scheme for the
reaction catalyzed by PHBH shown in Figure 1 is typical of
this group of enzymes. The reaction is an important
transformation in one of the major metabolic pathways for
the degradation of aromatic compounds by microorganisms.
PHBH and probably many other enzymes of this type utilize
a novel mechanism to link two rather different catalytic
processes, the reduction of the flavin by NAD(P)H, followed
by its reaction with oxygen to bring about hydroxylation of
the substrate. The isoalloxazine ring of FAD is mobile in
the enzyme and moves somed A from an in position to
an out position (ref3 and references included). Before
NADPH can reduce the flavin, the isoalloxazine of the FAD
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moves back to the in conformation, where the reduced flavin
reacts with oxygen to initiate the second half of the
catalysis—oxygenation of the substrate. This effectively gives
PHBH two active sites to carry out two diverse reactions.

Our understanding of the complexity of the function of
this protein has been enhanced by a structure of the mutant
enzyme, Arg220GIn-PHBH, with NADPH bound)( PHBH
exhibits a motif for binding NADPH that has not been
previously recognized in other proteins. The structure shows
that reduction can only happen with the isoalloxazine out
and with a rotation of the nicotinamide ring portion of bound
NADPH (from a position distant from the isoalloxazine) to
form a hooked conformation with the nicotinamide ring
within 4 A of theisoalloxazine. Arg220GIn-PHBH formed
high quality crystals without ligands. As a result, the first
structure of PHBH without a bound ligand)(was solved.
This structure reveals an open conformation of the enzyme
that has not been observed before. This open conformation
has a clear solvent path into the interior of the protein where
the oxygen reactions occur and thereby provides a structural
rationale for a pathway of binding and release of substrate
and product from the enclosed active site. Thus, there are
two potentially important protein movements to consider in
the catalytic function of PHBH. First, the isoalloxazine ring
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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 thatto ks represent the rate constants for the chemical reactions in the catalytic cycle (values in Table 1).

FiGURE 2: Stereoview of the active site of wild-type PHBH as the complex with pOHB (the in conformati@n)The isoalloxazine ring

lies over pOHB (light shading/central) in the structure illustrated. To initiate reduction, the isoalloxazine swings to the out position (exposed
to solvent at the surface) that is shown by the lightly shaded isoalloxazine ring behind Arg44. The residues Tyr201, Tyr385, and His72 are
involved in the H-bonding network that connects the surface to the buried phenol of the substrate.

is mobile, and this mobility is known to be fundamental to that the group of positively charged residues around the
the two halves of catalysis, reduction and oxygenation (ref isoalloxazine probably enhanced the formation of the phe-
3 and references therein). Then, there is the movementnolate of the substrate by lowering it&p In addition, it
between open and closed conformations that may bewas also proposed that the positive charge accelerated the
important for substrate and product exchange and even forrate of hydroxylation by stabilizing the negative charge on
NADPH binding @). the flavin leaving group (FADHO) that is formed when the
Electrostatic interactions are important determinants of flavin hydroperoxide transfers oxygen to the substrate (Figure
protein function and structural integrity as described by 1, ks), thus helping to accelerate the process of hydroxylation.
Nakamura ). However, functional roles for specific charge Lys297Met-PHBH had a diminished positive charge at the
distributions within proteins are difficult to establish, apart active site. The current work provides a more definitive test
from the obvious function of charge pairing in ligand binding of the importance of this electrostatic effect on the rate of
and proteir-protein interactions. In previous research, we hydroxylation by PHBH by measuring the properties of an
have shown that the electrostatic field in the active site of increased electrostatic field near the isoalloxazine inside the
PHBH is an important determinant of both conformational enzyme. To do this, we have constructed the mutant enzyme,
flexibility and rates of various chemical steps in catalysis Glu49GIn-PHBH, which has one less negative charge in the
(6). This concept was tested by mutating one of a group of vicinity of the active site so that it might enhance the positive
positively charged residues surrounding the active site electrostatic field. The residue, Glu49, is completely con-
(Lys297, a buried charge, to Met297), thus decreasing theserved throughout all reported sequences of PHBH from a
positive field around the isoalloxazine ring. The mutant wide range of bacteria. It is at the end of the highly conserved
enzyme, Lys297Met-PHBH, hydroxylated pOHB with a rate loop of protein that crosses the si side of the isoalloxazine
constant 26-fold smaller than that of WT. It was concluded ring (residues 4449), and it sits near the isoalloxazine ring
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in the in conformation of the enzyme, where it is a buried upon the Marquardt algorithm for fitting data to sums of
charge and is paired with the side chain of Lys297 (see exponentials 12).
Figure 2). Circumstantial evidence thus suggests that Glu49  Ejectrostatic potential distributions within PHBH were
is as important as Lys297, which has been discussed in detaikg|culated using the program Adaptive PoissBoltzmann
(6). Glu49 is also H-bonded to the amide group of Asn300, Solver (L3). Charges for amino acids were taken from charge
which has also been studied in relation to the function of fjles compiled for the modeling package, AMBER4]. The
PHBH (7). The mutation, Asn300Asp, like Lys297Met, adenosine, pyrophosphate, and ribityl portions of FAD were
decreased the positive electrostatic field next to the iso- taken from chemically similar examples in charge files for
alloxazine and also caused a decrease (40-fold) in the ratqrRNA that have been compiled for AMBER. Charges for
of hydrOXylation. The Change from Glu to GIn preserves the the isoalloxazine of FAD and pOHB were taken from
size and shape of the residue and only changes the chargeprevious ab initio calculation$). The electrostatic calcula-
Thus, the mutation should not have a Significant impact oN tions for WT were performed using the protein dimer as
the ;t_ructure of PHBH, althpugh it could decrease protein defined in the paper by Weijer et alL§). The calculations
stability because of charge imbalance. for Glu49GIn-PHBH used the same structure as WT-PHBH
This paper reports the properties of Glu49GIn-PHBH. We without energy minimizations. The potential was calculated
show that the mutant enzyme does indeed hydroxylate pOHBfor all points in a grid with spacing of 2.23 A within a cube
at a higher rate than WT-PHBH. Although in theory, this of 145 A per side using boundary conditions of zero charge.
mutant could be a better enzyme than WT-PHBH, it has lost The protein dimer was centered within the box. The radius
the ability in the oxidized state to rapidly exchange the of each atom within the cube was defined as its van der
product (3,4-dihydroxybenzoate) for the substrate, pOHB; Waals radius. Solvent was modeled as a continuum with a
therefore, in overall catalysis, it is slower. We conclude that dielectric constant of 80. Solvent accessibility to the protein
the mutant does not rapidly equilibrate between the openwas calculated using a radius of 1.4 A. Solvent was assumed
and the closed conformations. A preliminary report on to contain monovalent ionic charges and an ionic strength
Glu49GIn-PHBH was presented at the 14th International of 0.145 M. Accessibility of ionic species was calculated
Symposium on Flavoproteins in Cambridd®. ( using a radius of 2.0 A.

MATERIALS AND METHODS RESULTS

All common reagents used in this work were analytical  Purification and Properties of Glu49GIn-PHBH as Com-
reagent grade. NADPH used was at least 98% pure (frompared to WT-PHBHThe mutant enzyme was less stable than
either Roche Biochemicals or Sigma). Other substrates forwT enzyme at any given temperature and was difficult to
PHBH were from commercial sources and were recrystallized use. To obtain useful yields of functional Glu49GIn-PHBH
before use. by expression irk. coli, growths were carried out at 2%&.

The construction of plasmids and the methods for expres- With the growth of cells at 37C, most of the mutant protein
sion of PHBH in Escherichia colihave been described expressed was present as insoluble inclusion bodies. Extrac-
previously 7, 9, 10). The WT and Glu49GIn forms of PHBH  tion of WT-PHBH fromE. coli can be carried out at room
were isolated and purified as described in réfand 11. temperature, but the mutant enzyme had to be prepared at

All experimental measurements with PHBH were carried about 5°C to obtain adequate yields. In contrast to the WT
out at 3.5-4 °C to slow reactions to facilitate quantitative ~€nzyme, when isolated, Glu49GIn-PHBH had pOHB bound
analysis. Some methods used were similar to those described© some fraction of the enzyme, consistent with the later
by Moran et al. §). However, the measurement of ligand discovery that this mutant exchanges pOHB slowly. In the
dissociation constantskpvalues of pOHB bound to enzyme, ~Solution conditions commonly used to handle WT-PHBH
and extinction coefficient and redox potentials of the enzyme (such as 23C and pH 6.5), the mutant slowly (over minutes

were carried out as described by Entsch et 8). Of to hours) forms a precipitate. At 4C, the denaturation
particular importance were the buffers used for setting pH Process is much slower, and the protein was used successfully
values with Glu49GIn-PHBH. For the pH range of 62.8, in experiments at this temperature. The mutant enzyme
MOPS adjusted with NaOH was used; for the range of7.8 remained in solution for longer periods at higher pH values.
8.7, Tris-sulfate was used; and for the range-®@, glycine It was discovered that including 5% glycerol helped to

adjusted with NaOH was used. This mutant was inhibited Prevent precipitation of Glu49GIn-PHBH, thus making
by phosphate, the standard buffer used for studying mostexperimental analysis effective, particularly at pH 6.5. These
forms of PHBH, so phosphate was avoided as a buffer in Properties are in contrast to the less positively charged
experiments. Some reactions of reduced enzyme with oxygenLys297Met-PHBH, which was at least as stable as the WT
were carried out in phosphate buffer because it was found€nzyme €). Lys297 is the positive partner to Glu49 in a
that phosphate inhibited the reduction with NADPH and not buried charge pair (see Figure 2).

the second part of catalysis (see Results). All kinetic data A summary of some key properties of the mutant as
were collected with a Hi-Tech Scientific Model SF-61 compared to WT enzyme is shown in Table 1. Below pH 8,
stopped-flow spectrophotometer in either absorbance orthe mutant enzyme is as effective as the WT enzyme in
fluorescence modes. Rapid reaction kinetic traces wereconversion of pOHB to productfor each NADPH oxidized,
analyzed and simulated with the software Program A, an a molecule of 3,4-dihydroxybenzoate is produced. Above pH
MS-DOS based series of programs developed in our labora-8, Glu49GIn-PHBH forms more 3,4-dihydroxybenzoate per
tory by Rong Chang, Chung-Yen Chiu, Joel Dinverno, and molecule of NADPH than WT-PHBH (as shown in Table
David Ballou, University of Michigan. Analysis is based 1, pH 8.6). However, as a catalyst, it functions at onty36
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Table 1: List of Key Experimental Parameters Used in Comparing
the Properties of WT and Glu49GIn Forms of PHBH

property WT-PHBH Glu49GIn-PHBH
extinction coefficient, 450 nm (peak)10.3 10.4
pH 6.5 (mM~tcm™)
Kg, pPOHB (4°C, pH 6.5) tM) 95+0.5 <5
Kg, 2,4-DOHB (4°C, pH 6.5) (M) 22+ 15 32+ 2
Ka, NADPH (4°C, pH 6.5) {tM) 2104+ 10 744 4
pKa for Eox:pOHB complex 7.5t 0.1 >95
Em,7 enzyme (mV) —163+15 —156+1.5
Em,7 enzymet pOHB (mV) —-165+15 —164+1.5
% hydroxylation, pH 6.5, 25C?2 100+ 1° 100+ 1
pH 7.9, 25°C 98+ 1° 98+1
pH 8.7, 25°C 86+ 1° 94+1
Kg, Br~ (active site binding) (mM) 4602 0.50+ 0.025
Kg, E° pOHB + Br- 2.3+0. 0.14+0.01
(active site binding) (mM)
turnover (saturating pOHB,
NADPH, 0.25 mM oxygen)
pH6.5,4°C (s} 6.2+ 0.2 0.2+ 0.0Z
pH 8.6, 4°C (s°Y) 75+0.2¢ 15+0.15
rate constants shown in Figure 1
measured at pH 6.5,C
ki (s 50+ 1.5 1.5+ 0.04
ke(M~1s7l) 2.8x 10° 1.8x 10°
ks (s7) 45+ 15 > 180
Kq >ks >Kks
ks (s71) 14+0.3 11+ 0.3

2 The values for percent hydroxylation were obtained by measuring
either the amount of NADPH consumed in turnover of a known, limiting
amount of pOHB or the amount of 3,4-dihydroxybenzoate formed in
an oxygen half-reactio. These values for WT were determined as
part of this paper. The other values for WT come from previously
published work, reported in red. ¢ These values were obtained by
steady-state analysis of substrate dependéidgs value was obtained
from an experiment to measure turnover by using the technique of
enzyme-monitored turnoveBY).

of WT rate at pH 6.5 but improves to 20% at pH 8.6. The
redox potential of free mutant enzyme156 mV) is slightly
more positive than WT enzyme-(L63 mV), consistent with

a more positively charged environment around the isoallox-
azine ring. This difference in redox potential disappeared
with pOHB bound-both mutant and WT enzymes were the
same within experimental error-L65 mV). An important
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Ficure 3: Phosphate inhibition of Glu49GIn-PHBH. Inhibition was
analyzed by steady-state kinetics. Reaction solutions contained 1.0

40 50

uM enzyme, 50quM pOHB, and varying [NADPH] in 50 mM

MOPS buffer equilibrated with air, pH 6.8 at 4C. (A) Line-
weaver-Burk plots are shown for the dependence of enzyme
activity on NADPH concentration over a number of different
concentrations of phosphate (shown in panel B). The raw rate data
were collected with a stopped-flow spectrophotometer and analyzed
by nonlinear regression (using KaleidaGraph), then transformed into

difference between mutant and WT enzymes (consistent withdouble-reciprocal plots for illustration. (B) Shows the linear

a more positively charged active site) is their behavior with
anions. For example, Glu49GIn-PHBH forms stronger com-
plexes with bromide (Table 1) than does WT-PHBH. Unlike
WT, the mutant enzyme is also inhibited by phosphate, which
has been the buffer of choice in most studies of PHBH.
Phosphate was found to be an inhibitor competitive for
NADPH with an appareri; of 4.3 mM (Figure 3), similar

to theK; for chloride inhibition of WT (6). Anions such as
chloride and bromide bind in the positively charged active
site of WT-PHBH and modify the spectrum of the flavin
(17, 21). No clear, active site binding of phosphate can be
measured with WT-PHBH. Thus, phosphate could only be

relationship (simple competitive inhibition) between appatépt
values for NADPH (from the slopes of the primary plots) and
phosphate concentration. & value for the phosphate of 4.3 mM
was obtained from the slope and intercept.

reported in Table 1<5 uM) because the value is too small
for accurate determination using absorbance spectrophotom-
etry, and it cannot be determined using fluorescence tech-
nigues because the buffer (MOPS) quenches any signal.
When 2,4-DOHB is bound to the mutant enzyme, the
difference spectrum is again the same as that for WT-PHBH,
consistent with the flavin being positioned in the out

used as a buffer ion with Glu-49GIn-PHBH with caution, as conformation 7). These observations suggest that the
is the case with small anions such as chloride with WT- Mutation did not cause significant structural changes to the
PHBH (16). Because of the inhibition by phosphate, this arrangement of residues in the active site. One property is
buffer was replaced by solutions of MOPS to study the apparently inconsistent with a more positively charged active
mutant enzyme. Interactions between Glu49GIn-PHBH and site—the K of the phenol of pOHB bound in the active
substrates are very similar to those of WT (see Table 1). site of the oxidized enzyme has risen from 7.5 (the value in
When pOHB is bound to the mutant enzyme, the difference WT-PHBH) to a value greater than 9.5 in Glu49GIn-PHBH
spectrum is the same as for WT, consistent with the flavin (Table 1). The enzyme rapidly denatures above pH 9.5, and
positioned in the in conformatiorly). An exactKy is not this property prevented the observation of static difference
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0.15 T 0.020 on the pathway to reduction of the flavin. At 750 nm, the
charge-transfer interaction is dominated by the complex
. 450 _o.015 between NADP and FADH(19). At pH 6.5, the reduction
g 0.10 - 2 of flavin is the rate-determining step in the reductive half of
o 0.010 o catalysis, as measured in stopped-flow experiments (see
2 1 g Figure 1). At pH 9.5, the rate-determining step has changed
< 005 3 from reduction of FAD to the release of NADP from the
750 = 0.005 =~ enzyme (7.0 s, as measured by the rate of decay of
absorbance at 750 nfisee Figure 4). This is similar to the
A ETTT] S S T B 0 behavior of WT-PHBH at pH 8.018). However, with WT-
0.001 0.01 0.1 1 PHBH under these conditions, the rate of release of NADP

t(s) from the enzyme is largely rate-determining in overall

FiGURE4: Absorbance changes in Glu49GIn-PHBH upon reduction catalysis (as shown also by the turnover value of 75a$
with NADPH at pH 9.5. A solution of 14M enzyme and 0.5 mM pH 8.6 for WT-PHBH in Table 1).

OHB in an anaerobic solution of 50 mM glycine adjusted to pH
8.5 (with NaOH) at #C was mixed with ang]a)rqaerobicJ solution gf Analysis of the Oxygen Half-Reactiofihe second half
2.0 mM NADPH in the same buffer. Flavin reduction is shown by of catalysis occurs when the reduced enzyme in complex
ihe Small absorbance increase at 750 . dué 10 the formaton ol oy 1 I€4Cts with oxygen after NADP has dissociated

e sma , H H
the charge-transfer band between NADP and FAHO). from the enzyme (see Figure 1). This process was followed

in the stopped-flow spectrophotometer by mixing an anaero-

spectra at high pH to determine &g for dissociation of  bic solution of reduced enzyme in complex with pOHB with
pOHB (9). solutions of buffer containing various concentrations of

Analysis of the Reduci Half-Reaction.The reduction oxygen. The changes were measured using absorbance and
of Glu49GIn-PHBH was studied by mixing the enzyme in a fluorescence spectroscopy. By measuring absorbance, the
complex with pOHB with solutions of NADPH under characteristic transient flavin derivatives with oxygen formed
anaerobic conditions in the stopped-flow spectrophotometer.during the reaction (the C4a-hydroperoxide and the C4a-
The observed rates of reduction were measured by following hydroxide as shown in Figure 1) can be identifi@d)( By
the absorbance at 450 nm for a range of concentrations offluorescence, the rate of formation and decomposition of
NADPH. From this information, the rate constant for flavin-C4a-hydroxide can be followed because this species
reduction of enzyme saturated with NADPHK, {n Figure has been shown to be substantially more fluorescent than
1), and the dissociation constant for NADPH was calculated any other chemical species in the oxygen reactions of PHBH
as described before 8, 19). At pH 6.5 and 4°C, the rate (6).
constant for reduction of enzyme-bound FAD by NADPH At pH 6.5 and 4°C, absorbance changes observed in the
was much slower than for WT-PHBH (1.5%sas compared  reaction over a range of wavelengths from 340 to 520 nm
to 50 s1), and the measurely for NADPH was 3-fold appeared to be very similar to those of WT-PHBH. There
smaller than for WT-PHBH (see Table 1). It has been shown was a fast initial, oxygen-dependent reaction to form the
that charge-transfer absorption bands are an indication offlavin-C4a-hydroperoxide (see Figures 1 and 5A,B) with a
the optimum alignment of NADPH to FAD for reduction in  second-order rate constant similar to that of WT-PHBH (see
this enzyme 19). At pH 6.5, when the reduction was Table 1). After the oxygen-dependent reaction, a large
followed at wavelengths longer than 550 nm, there was no increase in absorbance was observed between 425 and 490
observed change in absorbance with Glu49GIn-PHBH. This nm (and a decrease in absorbance between 385 and 410 nm)
is consistent with no detectable formation of charge-transfer that is due to the formation of oxidized flavin at a rate of 11
interactions during reduction, in contrast to WT-PHBH at s™%, similar to that of WT (see Figure 5B). In the WT
pH 6.5 @0), which reduces at a high rate and expresses reaction, an intermediate phase (occurring between the
absorbance changes beyond 550 nm. However, when the ratsecond-order reaction with oxygen to form the hydroper-
of reduction of the mutant enzyme was measured at pH 9.50xyflavin and the return to oxidized flavin), represented by
in glycine buffer, the rate constant was 32,9nly 2.5-fold a small change in the absorbance traces, was proven to
slower than WT-PHBH under the same conditions (see correlate with hydroxylation [transfer of oxygen to pOHB
Figure 4, 450 nm trace). Rates of reduction between pH 6.5(21, 22)—ks in Figure 1]. This small change in absorbance
and 9.5 were intermediate between 1.5 and32Because ~ was shown to be due to conversion of the flavin-C4a-
the increase in the rate of reduction had not approached ahydroperoxide to the flavin-C4a-hydroxide. This formation
limiting value at pH 9.5, the highest pH that was practical of the flavin-C4a-hydroxide as oxygen is transferred to
to use to study the enzyme, the nature of the pH-dependen{pOHB is also accompanied by a large increase in fluores-
process in reduction of Glu49GIn-PHBH was not clear. cence 6) followed by a corresponding large decrease in
However, the variation in rate constant with pH was fluorescence as oxidized flavin is formed. The fluorescence
consistent with a process involving a single deprotonation, changes provide a unique, convenient, and sensitive marker
and the actual maximum rate constant for reduction could of hydroxylation. We were unable to observe an intermediate
be the same (or greater) than the maximum rate for WT- (hydroxylation) phase in absorbance traces in the reactions
PHBH. When the reduction of Glu49GIn-PHBH at pH 9.5 of Glu49GIn-PHBH. Instead, there was a small phase with
was measured at wavelengths longer than 550 nm, absora rate of~6 s that followed the formation of oxidized flavin
bance was observed to increase and decrease in the timéas can be seen in the 420 nm trace in Figure 5B). When the
frame of reduction (Figure-4750 nm). This observation was same reactions with Glu49GIn-PHBH were followed by
consistent with the formation of charge-transfer interactions fluorescence, it was clear that hydroxylation had occurred
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FiGURE 5: Absorbance and fluorescence changes upon reactingreduced enzyme in complex with 0.5 mM pOHB in 50 mM

reduced Glu49GIn-PHBH in complex with pOHB with oxygen at Phosphate as the K salt, 0.5 mM EDTA, pH 6.5 andGtwas
pH 6.5 and 4°C. The final reaction contained 22M mutant mixed with solutions of the same buffer containing specific

enzyme (absorbance) or 9.8/ (fluorescence), 0.5 mM pOHB,  concentrations of oxygen. Fluorescence emission was detected at
oxygen, 50 mM phosphate as the K salt, 0.5 mM EDTA, pH 6.5. wavelengths>510 nm after excitation at 400 nm. Reaction traces

(A) The relationship between oxygen concentration and rate of shown contained 0.125, 0.32, 0.63, and 0.98 mM oxygen in the
formation (1.8x 10° M~! s%) of the flavin hydroperoxide (Figure ~ reaction. Two reactions dominate fast almost second-order

1, ky) as determined from the reactions observed at 415 nm (not hydroxylation process followed by the oxygen independent de-
shown in Figure). (B) All reactions contained 0.63 mM oxygen. composition of the flavin C4a-hydroxide (see Figure 1). (B)

Absorbance traces at 420 (absorbance expanded by a factor of ZReaction traces recorded at constant oxygen concentration (0.63

for comparison) and 480 nm (full lines) that illustrate four detectable MM) but varying pH. To change pH, separate experiments were
phases in the reaction to form oxidized enzyme. The f|uorescencecarrled out with different buffer solutions as described in Materials

trace (dotted line) was the emission signab&10 nm caused by ~ and Methods. The pH used to collect each trace is shown by the
excitation at 400 nm. Two phases were detected, and thesenumbers beside the trace. The fast increase in fluorescence easily
correspond to two phases in absorbance. observed at pH 6.5 occurs at a constant rate at all pH vatiis

phase decreases in amplitude as the pH rises because the second

verv rapidlv. F itation reaction (decrease in fluorescence at pH 6.5) becomes faster with
ery rapidly. For example, a trace of fluorescence excitation increasing pH. At high pH (8.6), two slower reactions (with small

at 400 nm and with detection of emission beyond 510 nm iS 4mpjitudes in fluorescence) that are not detected énltrs time
shown in Figure 5B. It was a surprise to find that the large frame at pH 6.5 are observed (with rate constants of 7 and 3.5
increase in fluorescence (characteristic of the hydroxylation s ). These reactions correspond to oxidized enzyme in absorbance
reaction) is nearly coincident with the absorbance increaseand have no dependence on oxygen concentration.

due to formation of the flavin hydroperoxide, and this i . )
fluorescence increase also showed strong dependence oRXygen reactions of PHBH are modulated by anions that bind
oxygen concentration (see Figure 6A). Note that the large in the active site Z1). The initial reaction of oxygen with
fluorescence signal decays in the same time frame as thg€duced enzyme is not changed by the presence of anions
formation of oxidized flavin as seen by the large increase at Such as azide, but the rates of hydroxylation and the
480 nm (Figure 5B). These observations can only be possiblesubsequent loss of water to form oxidized flavin are
if the hydroxylation rate in this mutant is at least as fast as substantially slower. In the case of WT-PHBH, 0.1 M azide
the initial oxygen reaction under the conditions studied. It Slows the hydroxylation rate to 7%5(21). Fluorescence was
was not possible to increase oxygen concentration beyondused to follow hydroxylation by the mutant enzyme (similar
approximately 1 mM after mixing because of the limited to Figure 6A). As in the reaction without azide, the
solubility of oxygen in buffer. Thus, we could not push the hydroxylation process was also dependent upon oxygen
second-order reaction with oxygen to higher measured ratesconcentration. By analogy to the reactions without azide, we
to separate out the following hydroxylation reaction. Even concluded that (even in the presence of azide) hydroxylation
if this technical barrier could be overcome, the rate of was occurring at a rate a£180 s*. Thus, the actual rate
hydroxylation would be too great to be measured in a constant is at least 25-fold greater than that of WT-PHBH
stopped-flow spectrophotometer. We estimated that hydroxy-under the same conditions. The small phase in absorbance
lation by the mutant was occurring with a rate constah80 traces (after formation of oxidized flavin) in the reaction by

s ! and is limited by the rate of formation of the flavin- the mutant enzyme (the small down in the trace for 420 nm
C4a-hydroperoxide. Because the WT has a rate of hydroxy-between 0.2 ah1 s inFigure 5B-mentioned above) is due
lation of 45 s at pH 6.5, we concluded that the mutant to the release of the product, 3,4-dihydroxy-benzoate, from
enzyme hydroxylates pOHB at a greater rate than does WT-the enzyme (see also later results). This conclusion is also
PHBH. Additional support for this conclusion came from consistent with the observation of only two measurable
analysis of the same oxygen half-reaction in the presence ofphases in fluorescenedormation and decomposition of the
0.1 M sodium azide. It has been shown that the rates of theC4a-hydroxyflavin (see Figure 5B). We know that the
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fluorescence signal is due to the presence of the hydroxy-
flavin (as explained before), and the data show that rear-
rangement of the aromatic product (shownlkyin Figure
1) has little or no influence upon fluorescence or absorbance
signals. The nonaromatic product formed in reacteiin
Figure 1 should have absorbance in the range of-380
nm (21). Thus, the rearomatization reaction (st@p must
be too fast for the nonaromatic intermediate to accumulate, Y I I B N T
just as was found for WT-PHBH with pOHR2Y). 0 20 40 60 80 100 120
To be sure that the high rate of hydroxylation at pH 6.5 tee)

; ; ; FIGURE 7: Enzyme-monitored turnover reaction for Glu49Gin-
was not some fortuitous maximum in the pH dependence PHBH. The behavior of the enzyme was measured at 450 hm using

for hydroxylation by the mutant enzyme as compared to WT the method described by Gibson et é5). The final reaction

enzyme, we studied the oxygen reaction over a range of pHsolution in the stopped-flow spectrophotometer containeg:NI5
values from 6.0 to 8.6. The results are best illustrated by enzyme, 0.4 mM pOHB, 1.5 mM NADPH, and 260 oxygen in

three fluorescence traces in experiments designed to followg%]ngé\{' modzs’eme?{feaé :Csu E:t:!‘t% itggggnﬁg:% I\q’\/sh'(i‘lgr:hi'lfgtis at
the formatlon a_nd decay of the flavin hydroxide (Figure 68). in the absorbgnce trace), the enzyme is at least 90% ingoxidiged
In the time period of £100 ms, two phases are observed, fqyms.
as discussed above for pH 6.5. The faster phase at each pH
(fluorescence increase) corresponded both to the rate ofments reported here, the rate of the slow phase was dependent
formation of the flavin hydroperoxide and to its transforma- upon pOHB concentration and was due to pOHB trapping
tion into the flavin hydroxide. This rate remained constant some flavin hydroxide after release of product. The small,
with pH, and the two processes could not be differentiated. slow absorbance changes after the formation of oxidized
The next phase (fluorescence decrease) is due to theGlu49GIn-PHBH were kinetically equivalent to small changes
decomposition of the flavin hydroxide, and this increases in in fluorescence that could only be observed clearly at higher
rate with pH, as has been observed before with this enzymepH values (Figure 6B-note the trace at pH 8.6 where the
(23). Thus, as pH increases, the maximum amplitude in the flavin-C4a-hydroxide is kinetically invisible). These slow
fluorescence signal decreases because the maximum amourghases detected by absorbance and fluorescence increased
of flavin hydroxide formed transiently is less. By pH 8.6, in rate as pH increased. At pH 8.6 (Figure 6B), the slowest
the fluorescence signal due to flavin hydroxide was no longer phase observed by fluorescence is 3:5 he origins of
detectable because it decayed so rapidly (see Figure 6B)these slower processes were studied in more detail to try to
However, hydroxylation was occurring as shown by the understand the limits to turnover by this mutant enzyme.
measurement of 94% product formation at this pH (Table Binding and Dissociation of Substrate and Product.
1). It was not possible to measure directly the dependenceGlu49GIn-PHBH was different from WT-PHBH when it
of the rate of hydroxylation on pH because it occurred at bound pOHB to the oxidized enzym¢he normal process
the same rate as the formation of the flavin-C4a-hydroper- to initiate catalysis. WT enzyme binds to pOHB too fast to
oxide (as discussed above for pH 6.5). The small, slower be measured, even at°€ in a stopped-flow spectropho-
phase causing an increase in fluorescence signal that can beometer 21). However, some mutants of PHBH have been
seen at both pH 7.5 and (more prominently) pH 8.6 is studied that exhibit much slower rates of binding between
discussed in the next paragraph. oxidized enzyme and pOHES(7). The interaction between
Unfortunately, this picture of a mutant enzyme that Glu49GIn-PHBH and pOHB was studied at pH 6.5 and in
hydroxylates substrate faster than the WT enzyme is MOPS buffer by following absorbance changes of FAD at
countered by the fact that overall turnover is slow (see above481 (Figure 8A) and 391 nm (data not shown). Unlike WT-
and Table 1). At pH 6.5, it is tempting to suggest that the PHBH, the full change in absorbance with binding was
rate-determining step in turnover is the relatively slow observed. In Figure 8A, four traces illustrate the absorbance
reduction of flavin. However, the reduction rate constant (1.5 changes over a wide range of pOHB concentrations. Two
s 1) is 7.5-fold greater than the measured turnover rate (0.2 phases are observed fast, second-order reaction (dominat-
s1), and reduction is much faster at higher pH values. When ing the observed absorbance change) and a much slower,
the enzyme is directly monitored during steady-state turnover first-order reaction that is independent of pOHB concentra-
at 450-480 nm (where enzyme absorbance is dominated bytion (very small decrease in absorbance in Figure 8A).
oxidized flavin), the enzyme i 90% oxidized in steady-  Analysis of the first phase gave a rate constant of association
state (see Figure 7). Thus, the slow processes in turnoverof 1.3 x 10° M~1 s™1, which was slower than for WT-PHBH
involve oxidized enzyme. Because reduction is not rate (>10°). The second phase occurred with a first-order rate
determining, it is likely that either the process of product constant of~0.3 s, which corresponds with the rate of the
release after the reaction with oxygen or substrate bindinglast small change in absorbance observed after formation of
to initiate catalysis is limiting turnover. In the reactions with oxidized enzyme in the oxygen half-reactions.
oxygen at pH 6.5 between wavelengths of 420 and 500 nm, The rate of dissociation of product from oxidized enzyme
very small absorbance changes were observed with a ratevas followed also at pH 6.5 by absorbance at 501 and 385
of ~0.3 s (see end of 480 nm trace in Figure 5B where nm. At these wavelengths, there are significant differences
absorbance is still increasing after 1 s). The rate of this slow between the spectra of enzyme with pOHB bound as
phase was independent of the concentration of pOHB. In compared to enzyme with 3,4-dihydroxybenzoate bound. By
previous studies of the oxygen reactions of PHBH, a similar starting with the enzyme in complex with 3,4-dihydroxy-
slow phase has been observed. However, unlike the experitbenzoate (the state of the enzyme after the flavin has oxidized
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Absorbance (450 nm)
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A Figure 4). In the oxygen reactions, two processes are
0.25 — observed by fluorescence after the formation of oxidized
£ flavin (as seen by the pH 8.6 trace in Figure 6B and discussed
£ previously) with first-order rate constants of 7 and 3.5 s
goA#FE T If these three processes are on the catalytic pathway at pH
g 8.6, then together they predict\&.ax of 1.75 s*. This is
£ 023 [POHB] . slightly greater than the measured rate (1.5,svhich was
2 not extrapolated to infinite oxygen concentration. We
< | | concluded that the small changes in fluorescence at pH 8.6
02 T T TS in Figure 6B are on the catalytic pathway and probably
t(s) represent the dissociation of 3,4-dihydroxybenzoate from and
B the binding of pOHB to the oxidized enzyme. Thus, the
0.23 primary limiting factor in turnover at pH 8.6 is the same
_ — T T process as at pH 6:8he slow, conformational change
€ o0 required for binding pOHB (Figure 8B), except that this
S process is an order of magnitude faster at pH 8.6 than at pH
g 021 6.5.
&
£ 020 DISCUSSION
Qo
= 049 Lvvvmwd v vl vl i The objective of the research reported in this paper was
0.001 001 01 1 10 100 to test the hypothesi$) that the highly conserved positively
t(s) charged residues (Arg220, Arg214, Arg44, and Lys297) that

FiGURE 8: Kinetics of binding substrates to oxidized Glu49GIn- surround the active site of PHBH are important in enhancing
PHBH. Reactions were carried out by mixing oxidized enzyme with the core hydroxylation reaction in catalysis by providing a
different concentrations of substrate. (A) The final reaction condi- positive electrostatic field about the isoalloxazine. The

tions were 29uM enzyme in 50 mM MOPS, pH 6.5 and L, . . " i
with one of the following concentrations of pOHE.25, 0.5, 1.25, hypothesis was based upon the idea that a positive electro

and 2.5 mM. Reactions were measured at 481 nm. The observedStatic field would stabilize the FADHO(alkoxide) leaving

rates of the fast phase were proportional to the concentration of group during transfer of oxygen from the C4a-hydroperoxide
pOHB, and the slope gave a second-order rate constant of 1.3 (Figure 1) and also promote deprotonation of pOHB to form
10° M1 s7%. The fast phase was followed by a small decrease in the more nucleophilic phenolate. This hypothesis was previ-

absorbance in the time frame of the slow process in panel B. (B) : -
In these reactions, there was 2Bl enzyme complexed with 3,4- ously tested with the mutation Lys297M&)(Lys297 was

dihydroxybenzoate (0.5 mMthe product of catalysis under the the only positive residue (of the group above) that could be
same conditions as above. Two traces are shown where the enzymehanged to alter the electrostatic field without disrupting other
with product was mixed with either 2 or 8 mM pOHB, and the aspects of catalysis. As predicted, this change caused a
reaction was followed at 385 nm. The reaction traces were Nnoisy jecrease in the rate of hydroxylatio),( but it was

because of some turbidity from a little enzyme precipitation. Both . . . .

phases were independen){ of the concentrgtion gf pe%ﬁ faster recogmzed_ that a decrease in the rate of hydroxylatl_on m|.glht
phase had a measured rate constant-6f &1 (note the different also be attributed to factors other than the decrease in positive
time scale as compared to panel A), and the slower small phasecharge. Another test of this hypothesis would be to examine

had a rate constant of 0.28.3 s'™. whether an increase in the positive field in the active site
in the oxidative half-reaction), and mixing with solutions of would increase the rate of transfer of oxygen to pOHB.

pOHB, it was possible to measure the rate of dissociation BY constructing Glu49GIn-PHBH, we have created a form
of product (see Figure 8B). This figure shows that two Of PHBH that has an increased positive charge and indeed
processes were measured in this experiment and they weréloes have enhanced oxygenase activity. We could not
both independent of pOHB concentration. The larger, faster measure the full magnitude of the enhancement because of
phase with a rate of-67 s™* must be product dissociation the limitations discussed in the Results. However, the
because this rate corresponds with the small decrease ifninimum increase in hydroxylation rate is 4-fold but could
absorbance at 420 nm in the oxygen reaction following be as high as 26-fold. Three other notable changes were
formation of oxidized flavin (Figure 580.2-1s) atarate ~ Observed when this mutant enzyme was compared to WT-
of 6 s°L. This process is 30-fold faster than the measured PHBH. First, it is less stable than WT-PHBH. Second, the
rate of turnover (Table 1). The second, slower phase (FigurePKa of POHB bound to the enzyme is greater than for WT-
8B) has a rate of 0.250.3 s'%, equivalent to the slow phase PHBH. Finally, the mutant enzyme is a poor catalyst as
for binding pOHB to the enzyme and just a fraction faster compared to WT enzyme because it binds the substrate
than turnover (Table 1). Thus, a slow process in the binding Slowly in a process that determines the overall rate of
of pOHB is responsible principally for the slow turnover rate catalysis (Figure 8). Thus, it is not surprising that Glu49 is

at pH 6.5. absolutely conserved in alignments of the sequences of
The catalytic turnover rate by Glu49GIn-PHBH increases PHBH from many different bacteria.
with increasing pH to a value of 1.5%at pH 8.6 (Table 1). The electrostatic field of the buried active site of Glu49GIn-

There are three processes in the transient kinetics of thePHBH can be calculated using the program Adaptive
mutant enzyme that can account for this turnover rate at pH Poissor-Boltzmann Solver13) to provide an approximate
8.6. Release of NADP after reduction of the enzyme occurs solution to the PoissenBoltzmann equation for the protein
at a rate of 7 s (the decrease in absorbance at 750 nm in in a continuum that represents the solvent. The results of
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Ficure 9: Calculated estimates of the electrostatic charge environment of the active site of PHBH. Charge distribution was computed
using the program Adaptive PoisseBoltzmann Solver as described in Materials and Methods. (A) The active site of the WT enzyme with

the flavin sitting in the in conformation (same orientation as in Figure 2). The wire-framed surface encloses volumes of positive potential
>30 kT/e. (B) The same view as panel A of the active site of the Glu49GIn enzyme (based on the assumption of no significant rearrangements),
where the wire-framed surface encloses volumes of positive potenB@lkT/e, as in panel A. Note that Asn300 in Figure 2 has been
removed from both panels A and B for visual clarity.

these calculations are shown in Figure 9. At the top (Figure the rate of hydroxylation is increasing with increasing pH
9A) is a diagram of the active site of WT enzyme showing and increased phenolate formation because it is too fast to
the region most positively charged. It shows that there is a measure. With PHBH where FAD has been replaced by 8-ClI-
volume of positive field over the pyrimidine portion of the FAD, a substantial increase in the rate of oxygen transfer to
isoalloxazine ring, with a separate volume around Arg220 pOHB was also observe®%). This rate enhancement is
and Arg214 (holding the carboxyl of the substrate). In Figure probably due to the same overall explanation as for Glu49GIn-
9B is a similar diagram for the mutant enzyme. The field PHBH—an increased stability of the flavin alkoxide leaving
about the active site of the mutant enzyme has strongly group during the process of oxygen transfer. With 8-CI-FAD
positive areas around N1 and C2 of the flavin and around PHBH, the increased stability comes from the electron-
Arg220 and Arg214, just as in WT-PHBH, but is even more Wwithdrawing properties of the chlorine substituent in the
extensive in the area over the N10/N1/4Q of the iso-  isoalloxazine ring 25).

alloxazine ring. This observation is not surprising when the |t is surprising that the I§, of pOHB is not lowered in
mutation removes a negative charge from behind the py- the mutant enzyme as it is in WT-PHBH. It is clear that this
rimidine ring. Our calculations did not reveal the small area mutant enzyme does not display th€,@f about 6.2 in the

of net positive potential around a segment of the proton rate constant for the reduction half of catalysis as is found
network in WT-PHBH that had been calculated in the study with WT-PHBH (3) and which is attributed to His72 at the
of Lys297Met-PHBH 6) using an earlier program [DelPhi  end of the proton network. Rather, there is probably a higher
(24)] for solving the PoissorBoltzmann equations. Rather, pK, that may correspond to thé<pof pOHB bound in the
our current analysis shows a slightly negative potential oxidized enzyme-results show that thisky is >9.5 (Table
around the H-bonds between Tyr201 and Tyr385 in WT- 1). This behavior is similar to WT-PHBH with substrate
PHBH that is not changed by the mutation. It is clear that analogues such as 2,4-dihydroxybenzoa®.(This change

an increased electrostatic field that can enhance the stabilityin the K, of pOHB in the mutant enzyme is not due to a
of the flavin alkoxide leaving group during hydroxylation disruption of the proton network that has been shown to
does correlate with the increased rate of oxygen transfer,regulate aspects of catalysis in PHBB) because reduction
even though the k6, of the substrate is less favorable for occurs at high rates at high pH (Figure 4), and the oxygen
phenolate formation than in WT-PHBH. We cannot say if reaction (at all pH values studied) behaves the same as forms
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of PHBH known to have an intact proton network (unpub- catalysis through the coordinated and rapid movement of the

lished results). The factors that control th¢,f pOHB in isoalloxazine by the protein. When flavin movement in the
the active site of the oxidized enzyme must include not only active site is prevented by covalent attachment of the
the electrostatic environmer@i)(and the proton networl3j isoalloxazine to the proteirl{, 32), catalysis by the enzyme

but also the equilibrium between interconverting enzyme is nearly absent. The evidence for a relationship between
conformations. The open and out conformations (see below)the movement of the flavin and the binding of substrate and
both have some solvent contact with the phenol of bound release of product has been less convincing.
pOHB, but the closed/in conformation does not. Thus, alow  Recently, strong kinetic evidence has been collected for
pKa (5.8) is found in a mutant that favors the out conforma- at least three conformational states of PHBH in the catalytic
tion (26), and conversely, a highka (>9.5) is found in a process 33). These observations were possible through
mutant that favors the closed/in conformation (Ala456ly  studying WT-PHBH with the natural FAD replaced by 8-SH-
unpublished results). FAD. In this form of the enzyme (still a functioning
Our results in this paper strongly reinforce the original hydroxylase), there is a combination of relatively slow
hypothesis §) that the electrostatic field supports catalysis interconversions of conformations associated with readily
by enhancing oxygen transfer as well as by stabilizing the measured spectral changes. In the paper by Ortiz-Maldonado
reduced flavin in the in conformation for the oxygen etal. 83), the conformational states were interpreted in terms
reactions. A relationship between the electrostatic field and of three different positions of the isoalloxazine in the protein.
the K, of pOHB bound in the enzyme involves a more However, since that publication, a new open conformation
complex interplay of factors than had originally been thought. of PHBH has been established from the structure of
Over the past few years, there have been very few experi-Arg220GIn-PHBH [ref4 and introductory paragraphs]. This
mentally documented examples of the role of electrostatic open conformation provides a convincing state of PHBH for
potential in the function of proteins. Charge interactions over pOHB to obtain access to its buried binding site. It is a
considerable distances have been implicated in some verytestament to the crystallographers that an open conformation
high rates of association between proteins and liga@ds (  (involving relative domain movements) was predicted as
A group of negatively charged residues around FMN in an necessary for substrate binding when the first complete
environment of lowered dielectric constant are largely crystal structure of PHBH was published in 198%)( In
responsible for the low redox potential of flavodoxins (ref the open conformation, the flavin is in an environment
28 and references therein). By comparison, after extensivedifferent from either the in or the out formd)( Indeed, it is
analysis, it has been much more difficult to establish the likely that PHBH from some organisms prefers to adopt the
contribution of electrostatics to the function of protein open conformation in the absence of ligands such as pOHB.
disulfide isomerase®0, 30). Kortemme et al.Z9) thought It has been noted that isolates from soRkodococccus
they established that electrostatic interactions were essentiabpecies have a marked blue-shifted visible flavin absorbance
to the low thiol K, essential to protein disulfide isomerase spectrum 84), a feature also seen with Arg220GIn-PHBH
activity. Then, Jacobi et al3() could find no experimental  (4). Thus, the three conformations observed in the 8-SH-
relationship between the low thioKpin the E. colienzyme FAD form of PHBH can now be interpreted as the open,
and charged residues in the immediate environment. It is closed (or in), and out forms of the enzyme. Arg220GIn-
easy to speculate about electrostatic functions in proteinsPHBH is stabilized in the open form, and it is a particularly
from crystal structures, but it is much more difficult to poor catalyst4) largely because it reduces very slowly. The
demonstrate the validity of these claims. implication is that substrate cannot trigger flavin movement
The most unexpected property of Glu49GIn-PHBH is the and thus reduction until the active site is completely closed.
slow binding process in forming a complex with pOHB We propose that Glu49GIn-PHBH is kinetically stabilized
(Figure 8A,B) and a corresponding slow release of pOHB, in both the open and the closed conformations, in roughly
which is shown by the partial retention of pOHB on the equal amounts, so that they interconvert only slowly. This
mutant enzyme after passage through a gel filtration column is analogous to the properties of WT-PHBH with 8-SH-FAD
and a slow phase of 0.3 5 (independent of 2,4-DOHB  (33) as discussed previously. As a consequence, the free
concentration) due to dissociation of pOHB when displaced enzyme, when reduced, should form some transiently
by 2,4-DOHB from the complex with oxidized mutant stabilized flavin hydroperoxide when it reacts with oxygen
enzyme. Slow binding of pOHB is the primary cause of the because some of the enzyme is kinetically trapped in the
low turnover numbers for this mutant enzyme (Table 1). If closed/in conformation. This is exactly what is observed with
the mutant enzyme did not have this property, it would this mutant enzyme (Figure 10). The initial reaction with
behave much like WT-PHBH in turnover, except at pH oxygen results in a mixture of oxidized enzyme and flavin-
values less than 8.0, where the rate of reduction is signifi- C4a-hydroperoxide that subsequently decomposes at a rate
cantly slower than that with WT-PHBH. Once the substrate of 1.3 s'. By comparison, reduced WT-PHBH without
is bound to Glu49GIn-PHBH, the rest of catalysis proceeds substrate only forms oxidized enzym@1), presumably
in a manner very similar to WT. Thus, the conformational because it can rapidly interconvert between open and closed
switch between the in and the out form8) (performs conformations. The WT enzyme can be forced into stabiliz-
normally, except for a different dependence on pH (as ing some flavin-C4a-hydroperoxide (and thus kinetically
discussed previously). The functional significance of the stabilizing the in/closed conformation) by binding anions in
protein conformational switch that moves the flavin within the active site 17, 21). We have also found that reduction
the protein structure has been studied in detail (t&fand of free Glu49GIn-PHBH by NADPH (unlike with pOHB
31and references therein). The reductive and oxidative half- bound) occurs in two distinct phases widely separated in
reactions (Figure 1) are combined to provide efficient rates, and this is consistent with two forms of the enzyme.
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FicurRe 10: Absorbance traces that illustrate the reaction between 10.
reduced Glu49GIn-PHBH and oxygen without pOHB. A solution
of 19 uM reduced enzyme in 50 mM MOPS buffer, pH 6.5 and
4 °C was mixed with solutions of the same buffer containing
different concentrations of oxygen. Two phases are observed in
the reaction (with 0.63 mM oxygen) as shown by the traces at
different wavelengths as marked. The faster phase has a linear
dependence upon oxygen concentration (not shown). From a plot 13.
of the observed rates of the first phase against oxygen concentration,
a second-order rate constant of 43L0* M~1 s was calculated
(4-fold slower than that of the mutant enzyme when pOHB is bound
in the active site). The slower phase had a rate constant of1.3 s
and was independent of oxygen concentration. Analysis of the traces
showed that about 40% of the enzyme formed a transiently stable
flavin-C4a-hydroperoxide in the reaction (characterized by the peak
in absorbance at 400 nm during the reaction).

11.
12.

14.

When pOHB binds to the mutant enzyme, at least two 17-
different phases are observed (Figure 8A). The faster,
concentration-dependent phase can now be interpreted as
binding to the open conformation and the slower phase to 19.
the interconversion between the closed form and the open
form (that part of the enzyme population that was initially
closed) that is required to complete the binding of pOHB.
We were not able to resolve the slow phase into more than
one process because of the instability of the mutant and the 22.
small signal measured in both absorbance and fluorescence.
However, more than one phase would be expected on the 2
basis of the model of WT-PHBH with 8-SH-AD. For 24,
example, it should be possible to observe the rate of the
conformational change from open to closed/in. Once pOHB 25.
is bound in the closed conformation, the mutant enzyme can
act as an excellent catalyst. The rate-determining step in
turnover of Glu49GIn-PHBH seems to be controlled by the 57
rates that the mutant changes conformations between closed
and open. Indeed, we found good agreement between the 28.
turnover rate (Table 1) and the rate of the slow step in
binding pOHB when that slow step was much slower than ,q
any other step in the catalytic cycle (pH 6.5).
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