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ABSTRACT: p-Hydroxybenzoate hydroxylase (PHBH) is a homodimeric flavoprotein monooxygenase that
catalyzes the hydroxylation gFhydroxybenzoate to form 3,4-dihydroxybenzoate. Controlled catalysis is
achieved by movement of the flavin and protein between three conformaitigesit, andopen[Entsch,

B., et al. (2005Arch. Biochem. Biophys. 43397—311]. Theopenconformation is important for substrate
binding and product release, threconformation for reaction with oxygen and hydroxylation, anddabe
conformation for the reduction of FAD by NADPH. Tlepenconformation is similar to the structure of
Arg220GIn-PHBH in which the backbone peptide loop of residues#8 located on thsi side of the

flavin, is rotated. In this paper, we examine the structure and properties of the Ala45Gly-PHBH mutant
enzyme. The crystal structure of the Ala45Gly enzyme is an asymmetric dimer, with one monomer similar
(but not identical) to wild-type PHBH, while the other monomer has His72 flipped into solvent and replaced
with Glu73 as one of several changes in the structure. The two structures correlate with evidence from
kinetic studies for two forms of Ala45Gly-PHBH. One form of the enzyme dominates turnover and
hydroxylates, while the other contributes little to turnover and fails to hydroxylate. Ala45Gly-PHBH favors
thein conformation over alternative conformations. The effect of this mutation on the structure and function
of PHBH illustrates the importance of th& side loop in the conformational state of PHBH and,
consequently, the function of the enzyme. This work demonstrates some general principles of how enzymes
use conformational movements to allow both access and egress of substrates and product, while restricting
access to the solvent at a critical stage in catalysis.

p-Hydroxybenzoate hydroxylase (PHBH)s a single- site is composed of residues from one monomer only. In
component flavoprotein monooxygenase that catalyzes thePHBH, the isoalloxazine of the FAD moves between two
incorporation of an atom of dioxygen inpshydroxybenzoate  different positions to carry out two different reactions at sites
(pOHB) to form 3,4-dihydroxybenzoate (3,4DOHB). The that are near each other on a single polypeptide. At least
catalytic mechanism of PHBH (Figure 1) is the model for a three distinct conformational states play important roles in
large family of flavoprotein hydroxylased,(2), and the substrate binding and product release, reaction and interaction
function of the protein in this mechanism is supported by with NADPH, and the reactions with molecular oxygen.

an extensive large collection of crystal structures of the wild-  The crystal structure of the Arg220GIn mutant enzyme
type (WT) and mutant forms of this enzyme. Analysis of (3) in the presence and absence of pOHB has been
the relationships between structure and function in PHBH determined to 2.0 A resolution. In the crystal, this variant
has illuminated the role of conformational movements that adopts a unique conformation, called thygenstructure, in

are important in catalysis in this family of enzymé}.(The  which the substrate-binding domain of the protein has moved
enzyme is a homodimer with a monomer molecular mass of away from the other two domains to allow substrate access
45 kDa. There is one FAD per monomer, and each active tg the active site. Thispenstructure models a conformation
involved in the initial binding of substrat&)that would be
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Ficure 1: Catalytic cycle of PHBH. Three oxygen reaction
intermediate states are labeled as intermediati#s andlll . The
steps that requires th@penandout conformations of the enzyme
are boxed and labeled, while the other steps take place imthe
conformation.

enzyme, the flavin must move to theit position @, 8, 9),
where its exposure to solvent permits NADPH to approach
and interact with N5 of the flavin for effective hydride
transfer (0). The shift to theout conformation is triggered
by deprotonation of the substrate phenolic oxyg@&h (
facilitated by a H-bond network consisting of Tyr201,
Tyr385, two waters, and His7241, 12). When the phenolic
oxygen of pOHB is deprotonated, the resulting negative

Cole et al.

oxide (intermediatd, Figure 1) can only occur when the
flavin is isolated from attack by waterl%). Molecular
oxygen enters the active site, reacts with reduced flavin, and
obtains a proton to form the flavinC4a-hydroperoxide
intermediate. pOHB is activated for a nucleophilic displace-
ment of the distal oxygen of the flavifC4a-hydroperoxide
intermediate by deprotonation of the phenolic oxygen. The
hydroxylation reaction results in a nonaromatic dienone
intermediate (Figure 1, intermediaié) along with the
flavin—C4a-hydroxide intermediate. Intermedidteapidly
re-aromatizes to form the final product, 3,4DOHB, which is
released along with water from the flavil€4a-hydroxide
intermediate when the enzyme shifts to tpenconforma-
tion.

Ala45 in PHBH is located on thsi side of the isoallox-
azine of FAD, and its methyl group is in van der Waals
contact with the C4a position (Figure 2). Ala45 is in the
center of a loop containing Arg42, Arg44, Ala4s, Gly46,
Leu48, and Glu49, which are all highly conserved in PHBH
across species. The peptide backbone of the neighboring
Arg44 is strained when in tha conformation 16, 17). This
strain may be part of the driving force for movement of the
side chain of Arg44 to allow flavin to swingut Arg44 is
also involved in binding the 'Z2ohosphate of NADPH3J).

In the crystal structure of Arg220GIn-PHBHB)( the si
side loop from residue 43 to 49 is rotated almost °180
compared to that of the WT to form thepen structure
(Figure 2). The unfavorable backbone conformation of Arg44
is completely relieved [analysis of the published structure
by Wang et al. §)]. The highly conserved Arg44 and Ala45
residues are conspicuously placed right in the center of the
“machinery” for this conformational change in the enzyme.
In this report, we have investigated the role of Ala45 and
the flavinsi side loop of PHBH using site-directed mutagen-
esis to change Ala45 to glycine, to create a flexible Gly-
Gly backbone with Gly46. Significant structural changes
occurred. In the crystal, one monomer had only minor
differences compared to the WT structure, but the other
monomer showed a large disturbance to the loop of residues
60—75, including a rotation of His72 into the solvent. The
two different monomers observed in the crystal structure
correlate well with the two distinctly different forms of
Ala45Gly observed in solution. One form of the enzyme is
a competent hydroxylase, but the second form is very slow
in catalysis and is not an effective hydroxylase. The mutant
enzyme also exhibited several other properties that have
further elucidated our understanding of protein function. For
example, then conformation is more stable than in WT and
is favored over theopen and out conformations, thus
demonstrating an important role of tiséside loop in the
balance between conformational states.

charge on the phenolic oxygen exerts a charge-to-dipole forceMATERIALS AND METHODS

upon the backbone carbonyl of Pro293), causing a slight
rotation of this rigid loop (Pro292, Pro293, and Thr294) to
favor theout conformation where the FAD is reduced.
Upon formation of reduced flavin, the anionic isoallox-
azine moves back to them conformation because of the
positive electrostatic field of the active sit€3{ 14). In the
in conformation, the flavin is isolated from solvent and
oriented appropriately toward the substrate for hydroxylation
to occur. Reaction with oxygen to form a stable hydroper-

All common reagents used in this work were analytical
reagent grade. NADPH was at least 98% pure (purchased
from Sigma). Other substrates for PHBH were from com-
mercial sources and were recrystallized before us®-[4-
°HJNADPH (NADPD) was prepared as previously described
(6).

The construction of plasmids and the methods for expres-
sion of PHBH in Escherichia colihave been described
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Ficure 2: Stereodiagram of an overlay of the active site of WT-PHBH in complex with pOHBiIffticenformation; Schreuder et a#)(

PDB entry 1PBE] and the structure of the substrate-free Arg220GIn mutant enzynwpftheonformation; Wang et al.3}; PDB entry

1KOL]. The protein residues of WT-PHBH are shown with cyan carbons, while the FAD is colored yellow. For the Arg220GIn structure,
the protein residues are represented as brown bonds with the FAD shown as blue bonds. Significant H-bonds are shown as black dotted
lines. The view shows that in the WT-PHBH structure, the side chains of Arg44 and Ala45 in the loopsisitteeare closely associated

with the flavin. The side chain of Arg44 H-bonds to theC3H of the ribityl chain of FAD, while the methyl side chain of Ala45 is in van

der Waals contact with the isoalloxazine ring. This view also shows the network of residues that bind to the carboxylate of pOHB and form
H-bonds with the backbone carbonyl of Arg44 in the WT structure. In this structure, the peptide backbone of Arg44 is in a strained
conformation. In the Arg220GIn mutant form of PHBH, the view shows the rotation of the peptide loop containing residues Arg44 and
Ala45 compared to the WT structure; this rotation relieves the strained peptide backbone conformation of Arg44. This view of PHBH
without the substrate also shows the large movement of the side chain of Arg214 compared to when the substrate is present in the active
site, and the consequent elimination of a number of H-bonds to the carboxyl of the substrate and Arg44 present in the structure of WT-
PHBH in complex with pOHB.

preyiously v, 1_8’ 19)‘ Mutagenesis Wa_s ca_rried using the Table 1: Crystallographic Data and Refinement Statistics for
QuikChange site-directed mutagenesis kit developed by ala45Gly-PHBH

Stratagene. The oligonucleotide primer pair sequence used

space group P212,2

to introduce the Ala45Gly mutation in the mutagenesis resolution (A) 31.62.0
reaction was GGCCGCATCCGCGGCGGCGTGCTGG in no. of measurements 779526
the coding strand and its complement; underlined is the no. of unique reflections 59975
changed nucleotide. The WT and Ala45Gly forms of PHBH [fedundancy) 13.0

. o . d completeness (%) 99.7
were isolated and purified as described in réfand 20. ot 5.65
Residual substrate from the purification procedure remained Rimergé (%0) 8.0
bound to the Ala45Gly enzyme after purification. Removal F?crysctb g%) 22.1
of pOHB, where necessary, was achieved by turnover Riec (%) 26.8

- . no. of solvent molecules 542
reactions of the enzyme with=a50-fold excess of NADPH B (A2) 36.9
in air-saturated buffer for 1 h at room temperature, followed rmsd for bond lengths (A) 0.006
by removal of products from the enzyme by use of a gel rmsd for bond angles (deg) 1.3
filtration column. rmsd for dihedrals (deg) 22.9

Quantification of 3,4DOHB for hydroxylation coupling gﬁggﬁ;?gﬁfr((%g) 09'2789

measurements was achieved by separation of the reaction—; I e — _
components on a Synergi polar-RP HPLC column (Phenom- meaﬁigin;nggilf@ z|,:Enb(Sh)_[D/,§;zc|',“z(|r2:t’) éﬂhsf:i 'V(Jg's 'Eaﬂj;ttgd
enex) using an isocratic mobile phase of 20% methanol andon 10% of the data omitted from refinemefiMean B values were
1% acetic acid at a flow rate of 1 mL/min, monitoring the calculated from the refined models.
absorbance at 250 nm, and correlating the area to know
standards of 3,4DOHB. fluorescence mode. Rapid reaction kinetic traces were
All experimental measurements with PHBH were carried analyzed and simulated with Program A, an MS-DOS-based
out at 4 °C, except where noted, to slow reactions and series of programs developed in our laboratory at the
facilitate quantitative analysis. For pH values of 6.5 and 7.0, University of Michigan, and KISS (Kinetic Instruments
50 mM potassium phosphate buffer was used, and for pH Stopped-flow System). Analysis is based upon the Marquardt
values of 8.5-9.0, 50 mM Tris-SQ buffer was used. The  algorithm for fitting data to sums of exponentially.
measurements of ligand dissociation constanks, alues Crystallization, X-ray Data Collection, and Structure
of pOHB bound to the enzyme, extinction coefficients, and RefinementCrystals of Ala45Gly-PHBH in complex with
redox potentials of the enzyme were carried out as describedpOHB were obtained by vapor diffusion. Hanging drops
by Entsch et al.18) and Moran et al.13). All kinetic data containing 4 mg/mL enzyme in 100 mM Tris-$(pH 8.5)
were collected with a Hi-Tech Scientific model SF-61 containing 4Q:M FAD, 300uM EDTA, 200uM glutathione,
stopped-flow spectrophotometer in either absorbance or30 mM N&aSO;, and 50uM pOHB were equilibrated for 2
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Ficure 3: Stereoview of the active site of the WT-like monomer of Ala45Gly-PHBH around the site of the mutation. The structure of the
wild-type enzyme in the region encompassing residuesdZ4is superimposed on the mutant. The backbone and side chains of the wild-
type and Ala45Gly mutant enzyme are shown with yellow and ivory bonds, respectively; nitrogen is colored blue, and oxygen is colored
red. The side chain of the wild-type Ala45 is replaced with a water molecule (WAT1). A second water molecule (WAT2) fills a nearby
cavity delimited by the backbone of residues 101 and 102, and the side chains of Asn102, Leu48, and Leu299. FAD is shown with green
bonds, itsre face pointing toward the viewer. Hydrogen bonds are shown as dotted light blue lines. Coordinates for the wild-type enzyme
are from PDB entry 1IUW.

weeks against a reservoir solution containing 35% saturatedthe C10a-C4a bond of the flavin (Figure 3). A second new
ammonium sulfate (at 37C). Rectangular yellow crystals  water molecule (Wat2) further buried in the protein-i8.6
were obtained with dimensions up to 0.5 mm0.2 mm. A from Watl. The close association of Wat1 with the bond
The crystals were exchanged into a holding solution of 50 between C4a and C10a is unusual; it is too close for a low-
mM Tris-SQ; (pH 8.5) containing 2«M FAD, 150 uM energy van der Waals interaction, but is consistent with
EDTA, 100uM glutathione, 15 mM Ng50s, 250uM pOHB, H-bonding between the water and the conjugateglectron
15% glycerol (v/v), and 50% saturated ammonium sulfate system of the flavin, in a manner similar to aromatic H-bonds
(at 37°C), and the temperature was incrementally equili- (23, 24). This increase in the polarity of the environment
brated to room temperature over the course of 4 h. around the flavin appears to affect the physical properties
The diffraction data were collected from a single crystal of the flavin bound to this mutant enzyme, and results in
at 100 K with an R-axis IV image plate detector at the Cu changes to the redox potential and spectral properties as
Ko wavelength. The protein crystallized as an asymmetric described below.
dimer in space group2:2;2 and diffracted to 2.0 A with The structure of the His72-flipped monomer of Ala45Gly-
the following unit cell dimensions:a = 69.860 A,b = PHBH is very similar to the WT-like monomer around the
85.897 A, anct = 146.074 A. The unit cell dimensions and  |oop of residues 4249; with both, there is a similar rotation
space group are different from those of WT-PHBH. Con- of the Gly45 backbone, and two waters replace the missing
sequently, the molecular replacement procedure was eM-methyl side chain (not shown). However, the His72-flipped
ployed to determine the structure of the mutant enzyme. All strycture has extensive perturbations extending from residue
steps were carried out using the CNS version 1.0 suite of g to ~75 (Figure 4). These structural perturbations occur
crystallographic program2g). Model refinement was car- in a region of the protein that is 20 A from the mutated
ried out with CNS version 1.0 using the cross-validated resjdue, whereas there are only minor structural perturbations
maximum likelihood function as the target function. Solvent ¢gse to the mutation. The side chain of Glu73 occupies the
molecules were added during the final stages of refinementyosition of the side chain of His72 in the WT structure, while
after the protein model had stabilized. The crystallographic {he sjde chain of His72 is flipped out into solvent by almost
data and refinement statistics are given in Table 1. 180° compared to its position in the WT enzyme. This shuffle
of residues displaces the backbone from residue 72 to residue
76 (Figure 4). Furthermore, to accommodate the exchange

Structure of Ala45Gly-PHBHTwo monomers of Ala4sGly-  ©f HiS72 with Glu73, a smalb-helix (helix H4, residues
PHBH with pOHB bound are present in the asymmetric unit 8368 in the WT enzyme) is unwound and becomes partially

of the crystal. The two monomers can be described as wT-disordered (in Figure 4A, notice the chain break in the
like and His72-flipped. The structure of the WT-like mutant). The movement of His72 into the solvent also

monomer is similar to that of WT-PHBH with pOHB bound  diSTupts the H-bond network involving Tyr201, Tyr385, and
(4, 12), and the perturbations within this structure are only WO water molecules that is important in deprotonating the
in the region around the mutation. Replacement of Ala45 phenoh'c oxygen of the substrate in the active site during
with Gly results in a small displacement of the backbone of catalysis (Figure 4B; see also reédsand 12).

Arg44, Gly45, and Gly46 away from the isoalloxazine The dimer interface between the two different forms of
(Figure 3). The methyl side chain of Ala45 in WT-PHBH is  Ala45Gly-PHBH has one significant difference from WT-
replaced with a water molecule (Watl) that is within PHBH. The guanidinium of Arg179 of the WT-like monomer
H-bonding distance (2.6 A) of GIn102, and within 2.8 A of of Ala45Gly-PHBH is within charge-pairing distance of

RESULTS
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Ficure 4: (A) Structure of the H72-flipped monomer of the Ala45Gly mutant of PHBH around His72. ©heh@ins of the wild-type and

mutant enzymes are shown in yellow and salmon bonds, respectively. Wild-type and mutant side chains are shown with cyan and ivory
bonds, respectively. (B) Close-up view of the His72/Glu73 swap region. Rotation of HisZZ8 in the mutant enzyme disrupts the
network of hydrogen bonds involving two water molecules (WAT1 and WAT?2), Tyr385, Tyr201, and substrate pOHB. Colors are the same
as in panel A. Coordinates for the wild-type enzyme are from PDB entry 1IUW. WAT1 appears only under conditions that stabilize the
H-bond network, like those present when the alternate subgt@teinobenzoate is bound. Therefore, coordinates for WAT1 are from the
structure of the wild-type enzyme in complex wipkaminobenzoate (PDB entry 11UT).

Moreover, the spectrum of the mutant enzyme is not
dependent upon pH, unlike the spectrum of the WT enzyme.
The binding of Ala45Gly-PHBH with substrates and sub-
strate analogues showed significant differences from the
binding of the WT enzyme. The ligands, pOHR4(= 0.7

+ 0.07uM) and 3,4DOHB K4 = 14 + 1 uM), both bound
with higher affinity to the Ala45Gly enzyme than to the WT
enzyme (Table 2). It has been found that specific changes
in the spectrum of the flavin upon binding substrates in the

WT-Like

. - 6 active site are associated with specific conformational states
- "- of the enzymeZ, 17). The spectral perturbations of FAD in
) s Ala45Gly-PHBH upon binding pOHB and 3,4DOHB (prod-
- 8 !

7 uct) at pH 6.5 are both similar to the characteristic pOHB
=V "_- f‘ difference binding spectrum for the WT enzyme (Figure 6),

‘B‘/ f/‘ N\ suggesting that the flavin is in tha&n conformation at

Ficure 5: Dimer interface of Ala45Gly-PHBH. Residues Argl179 equilibrium with these ligands. The WT enzyme does not

(red bonds) and Asp357 (cyan carbons) from both monomers of fo_rm exclusively thein conformation when in a co_r_np!ex
the dimer of Ala45Gly-PHBH are shown along with both FAD ~ With the product, 3,4DOHB, but forms an equilibrium
molecules (yellow bonds) and the backbone of the WT-like between conformational states. Thus, product dissociates

monomer (gray ribbon) and the His72-flipped monomer (green from the WT enzyme at a rate suitable for catalysis, but more

ribbons). Residue Argl79 of the WT-like monomer is within 3 _
hydrogen bonding distance (black dotted lines) of Asp357 of the slowly from Ala45Gly-PHBH. At pH 6.5, AladSGly-PHBH

His72-flipped monomer (not observed in WT-PHBH). Arg179 of Pinds 2,4ADOHB with &g of 2200+ 200xM, indicating a
the His72-flipped monomer is not close to Asp357, but points out much lower affinity than for the WT enzyme (Table 2).
into a solvent cavity between the monomers (as observed in WT- Spectral perturbations of Ala45Gly-PHBH upon binding of

PHBH). 2,ADOHB were similar to those of the WT enzyme with
2,4DOHB, a higher-extinction, less resolved spectrum char-
Asp357 in the His72-flipped monomer (Figure 5). Arg179 acteristic of theout conformation of flavin (refsl and 17
in WT-PHBH, and in the His72-flipped monomer, does not and Figure 6). Theut conformation of the WT enzyme is
interact with Asp357 of the other monomer, but instead Stabilized by new interactions developed with 2,4DOHB
points out into a solvent cavity between the monomeric bound (7). It appears that the same interactions in the
subunits. Ala45Gly enzyme are not enough to counter the extra
Some Properties of Ala45Gly-PHBHIhe absorption  stability of thein conformation.
spectrum of the mutant enzyme was different from that of  In the catalytic cycle of PHBH, formation of the phenolate
the WT enzyme, with a shift of the visible peak from 450 form of pOHB in the active site is one of the prerequisites
nm (extinction coefficient of 10.3 mM cm™?) to 444 nm for both hydroxylation and hydride transfer from NADPH
(extinction coefficient of 9.8 mM! cm™) (Table 2). (6, 25). Deprotonation of the phenol of pOHB is facilitated
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Table 2: Selected Properties of Ala45Gly-PHBH Compared to Those of WT-PHBH

WT Ala45Gly-PHBH
% coupling with pOHB at pH 6.5 andC 100+ 1 67 +2
% coupling with pOHB at pH 8.5 or 8.7 and*€ 86'+ latpH 8.7 90+ 5,55+ 5atpH 8.5
Kg (uM) with pOHB at pH 6.5 and 4C 9.5+ 0.5 0.7+ 0.05
Kg («M) with 2,4DOHB at pH 6.5 and 4C 22+15 2200+ 200
Kg (M) with 3,4DOHB at pH 6.5 and 4C 230+ 15 14+ 05
pKa of the 4-OH of pOHB bound to the enzyme ‘A40.1 >9.0
Keat(s™Y) at pH 6.5 and 4C 5.7+0.2 0.06=+ 0.01
Keat (s71) at pH 8.5 or 8.6 and 4C 7.5 +£0.2atpH 8.6 1.1 0.2atpH 8.5
E°', free enzyme (mV) —-163+15 —186+ 1.5
E°, enzyme with pOHB (mV) —165+ 1.5 —193+ 1.5
Eox Visible peak (no ligand) €s50=10.3 mMicm? €144=9.8mM1cm?

a All experimental results were determined as described in Materials and Methods. WT data were obtained I®umless otherwise noted.
b Hydroxylation coupling was assessed by steady-state turnover of the mutant enzyme with excess NADPH and air-saturated buffer, correlating
consumption of NADPH with production of 3,4DOHB (measured after separation from other reaction components using reverse phase HPLC).
¢ Hydroxylation coupling was assessed by a single turnover of the dithionite-reduced Ala45Gly-PHBH enzyme with excess pOHB and oxygen,
correlating the concentration of 3,4DOHB (measured by separation from other reaction components using reverse phase HPLC) produced to the
concentration of enzyme reactedvalue from ref14.

NADPH is used to reduce the enzyme during turnover or
the complex of the reduced enzyme with pOHB is reacted
with oxygen (a single half-reaction). This ratio is 1 between
pH 6 and 7 for WT, and declines slightly at higher pH (Table
2). With Ala45Gly-PHBH, the fraction of product formed

is complex and depends on whether single-turnover or
steady-state reactions are carried out. At pH 6.5, the enzyme
turns over so slowly (largely because of the slow reductive
half-reaction; see below) that the fraction of enzyme forming

-1

AemMTcm

3 L . : : ; product cannot be measured accurately during turnover.
300 350 400 450 500 550 600 When measured in an oxidative half-reaction, the ratio is
Wavelength (nm) 0.67 (Table 2). At pH 8.5, where turnover can be assessed,

FiGURE 6: Absorption difference spectra of FAD obtained from the fraction measured during turnover (0.9, similar to that
titrations of Ala45Gly-PHBH with ligands at pH 6.5 and@. The of WT) is quite different from that measured in an oxidative

difference spectra represent nearly saturating concentrations ofhglf-reaction (0.55). A model that explains this discrepancy

pOHB (thick solid line), 2,4DOHB (thin solid line), and 3,4DOHB . : . P 3 .
(dashed line)Ae = extinction of the bound enzyme extinction in results is presented in Oxidative Half-Reaction.

of the free enzyme. Reductie Half-ReactionThe reduction of PHBHIK;—k,

in Figure 1) can be followed in a stopped-flow spectropho-
tometer by mixing the anaerobic oxidized Ala45Gly enzyme
complexed with pOHB with anaerobic solutions of NADPH
and substrate. When the reaction was carried out at pH 6.5
and 4°C (conditions widely used to study PHBH) and the
reaction was monitored at 450 nm, a slow biphasic reduction
process was observed (Figure 7A). Both phases exhibited a
dependence on NADPH concentration. The dependence upon
NADPH concentration was used to determine the value of
ks in Figure 1 as described previoustiQj. The fasterkz; =
0.076+ 0.007 s?, Kgnappn = 900 £ 90 uM) of the two

by a H-bond network that connects the 4-hydroxyl of pOHB
to solvent (2, 26, 27). In solution, the K, of the pOHB
4-hydroxyl is 9.3, whereas when it is bound to the WT
enzyme, it is 7.4 18). The extinction coefficient of the
phenolate form of pOHB is 17 300 M cm™! at 280 nm,
and phenolate absorbance can be used to estimateKthe p
on the enzymel®). At pH 9.5 (the highest pH at which the
enzyme is stable), pOHB bound to Ala45Gly-PHBH is only
partly deprotonated. By assuming the same extinction
coefficient for the dianion of pOHB on the mutant enzyme

as for the free substrate, we could fit a sigmoidal curve to ! X
the pH-dependent spectral changes to giveka gf ~9.3 processes was dominant, accounting for 80% of the total

(certainly>9.0), a value similar to that of the free substrate. cnange: Enzyme in the secondlphase was_reduced even more
Therefore, the H-bond network in Ala45Gly-PHBH is unable slowly (ks = 0.003+ 0.0005 s*, Kgnappn = 1800+ 200

to lower the K, of the phenol of pOHB below that of free uM). For _compgrison, under the same conditions, WT-PHBH
solution. reduces in a single phase with a rate constant of 30 s

Redox potential determinations of Ala45Gly-PHBH were ~ Reductive half-reactions of Ala45Gly-PHBH were re-
carried out with both the free enzyme and the enzyme in peated at several pH values; the reactions at pH 8.5 and 4
complex with pOHB. The potentials of Ala45Gly-PHBH are °C are shown in Figure 8A. At pH 8.5, the reaction was
lower than those of WT-PHBH for substrate-free (by 23 mV) different from that at pH 6.5 and from that of the WT
and pOHB-bound enzymes (by 28 mV) as shown in Table enzyme. Absorbance traces at pH 8.5 showed an increase in
2. This decrease in redox potential may be due to the extrathe reaction rate and an increase in the complexity of the
water molecules near the flavin that are observed in the reaction to three phases (Figure 8A). Analysis of the
crystal structure described above (Figure 3). dependence of the fastest phase on NADPH concentration

With WT-PHBH, the fraction of product formed from gave a rate constant for reduction of Z®.3 s (KgnappH
pOHB per reduced FAD oxidized is the same whether = 1000+ 100uM, 64% of the total amplitude); the second
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Ficure 7: Reduction of Ala45Gly-PHBH in complex with pOHB t(s)

at pH 6.5. (A) Stopped-flow reaction traces of the reduction process ) . .
monitored at 450 nm, pH 6.5, and’@ under anaerobic conditions  'GURE 8: Reduction of Ala45Gly-PHBH complexed with pOHB

with 214M enzyme in complex with pOHB (50@M) and NADPH at pH 8.5. (A) Stopped-flow reaction traces of the reduction process

concentrations of 275, 460, 790, 2585, and 488D The reduction carried out anaerobically with 24M enzyme in complex with 500

oAt : : M pOHB at 450 nm and 4C, with NADPH concentrations of
kinetics were analyzed as described by Ortiz-Maldonado et@L (  “¥ P ! -
The traces were biphasic and could be fitted by two parallel 100, 200, 400, 800, and 16Q@M (all concentrations are after

exponentials with a residual 6f0.002 AU. (B) NADPD kinetic mixing). The reaction traces were analyzed as described by Ortiz-

isotope effect on reduction of Ala45Gly-PHBH at pH 6.5 and 25 Maldonado et al. 10), and could be fitted with three parallel

o . ; ials, leaving a residual 6f0.002 AU. Two phases
C. Alad5Gly-PHBH (final concentration of 28M) was complexed ~ €Xponentials, . .
with pOHB (500u4M) and reacted with various concentrations of €Xhibited a dependence on NADPH concentration, and the third

NADPD (final concentration of 5.4 mM shown as the solid line) WaS independent of NADPH concentration. (B) Double mixing
or NADPH (final concentration of 5.1 mM shown as the dashed stopped-flow reaction traces at 450 nm obtained by initially mixing

; ; ot ; he enzyme at pH 6.0 (final concentration of 4# in 5 mM
line). The reaction kinetics were analyzed as described above. Twol .
phases of reduction by NADPD were observed, though they are Phosphate buffer and 5@0M pOHB) with buffer at pH 9.5 (CHES

much closer in rate than with NADPH. The faster of the two final concentration of 50 mM) to give a final pH of 8.8. The enzyme
reduction reactions had a kinetic isotope effect o0, and the Z?Tél%]swigoa?ni‘d ftsp:n%i (f)osr :;Z(s:sr:pg[snhgo&?ll;] ;r? dnt]hsetr? r%]?x% d
slower phase had a kinetic isotope effect of 2.9).5. with a solution of NADPH to give a final concentration of 1 mM.

. N The change in amplitude of the second phase with time is a measure
phase gave a rate constant for reduction of G:28.02 s of the rate of approach to equilibrium between the different

(no dependence on NADPH concentration, 12% of the total structural forms of the enzyme.
amplitude), and finally, the slowest phase gave a rate constant
of 0.08 4 0.008 s (Kgnappr = 37004 300 uM, 24% of enzyme was aged at the higher pH for various periods
the total amplitude). Compared to the results at pH 6.5, thereranging from 10 ms to 100 s before being mixed with
was a higher proportion of the slowest form and a lower NADPH in the second stage (final concentration of 1 mM)
proportion of the fastest form. The intermediate phase showsin the same final buffer (pH 8.8). As with single mixing
no observable NADPH dependence, and represents a portiorexperiments at pH 8.5, three distinct phases could be
of enzyme that has to undergo a rate-determining confor- observed at all age times investigated (Figure 8B). The fastest
mational change before reduction can occur. This confor- phase had a constant observed rate of#4®5 s'1, but the
mational change is possibly conversion to the faster-reducingfraction in this phase decreased from 66 to 51% of the total
form, similar to the interconversion observed in pH-jump change as the enzyme aged at the higher pH. This change
experiments described below. For comparison, at pH 8.5 theoccurred at a rate of & 0.2 s, as determined from analysis
WT enzyme is reduced in a single phase with a rate constantat various delay times. The second phase had a constant rate
of 80 s* Thus, the fastest phase in the reduction of of 0.35+ 0.04 s, but the fraction occurring in this phase
Ala45Gly enzyme is only~10% of the WT rate. increased from 11 to 25% (also with an equilibration rate
To demonstrate the proposed interconversion between theconstant of 1+ 0.3 s%). The last phase (0.02 0.002 s*
fast and S|ow|y reducing forms Of the enzymE, a pH_jump, and 24% of the total Change) remained constant with an
double-mixing stopped-flow experiment was performed. Increasing age time.
Anaerobic Ala45Gly-PHBH complexed with pOHB at pH Deuterium Isotope Effects in Reductidknaerobic oxi-
6.0 (10 mM potassium phosphate buffer) was mixed initially dized Ala45Gly-PHBH in complex with pOHB at pH 6.5
with an equal volume of CHES buffer (100 mM, pH 9.5) to and 25°C was reduced with different concentrations of
give a final pH of 8.8 (50 mM CHES and 5 mM potassium NADPD, and the results were compared to results of similar
phosphate) in the stopped-flow spectrophotometer. The experiments with NADPH (Figure 7B). The higher temper-
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Ficure 9: Oxygen half-reaction of Ala45Gly-PHBH in complex with pOHB. (A) Traces of absorbanarid fluorescence with excitation

at 390 nm ¢ — —) from the reaction of reduced enzyme (28! in 50 mM potassium phosphate buffer at pH 6.5 antC4 with 80 uM

pOHB and 0.63 mM oxygen. Reaction traces could be fitted to five parallel exponentials with varying amplitudes across all wavelengths
for both absorbance and fluorescence. The five phases can be clearly seen in the trace of fluorescence intensity. (B) AbSaabdnce (
fluorescence with excitation at 390 nm (~ —) traces from the reaction of the reduced enzymeu(8Q) in complex with pOHB (50Q:M)

at pH 8.5 (50 mM Tris-Sg) and 4°C with 0.63 mM oxygen. (C) Model used to simulate the kinetic traces that are plotted over the data

in panels A and B. The rate constants used for pH 6.5 (A) are listed above those for pH 8.5 (B), which are in bold. The slowest phases
observed at pH 6.5, which are significantly slower tlka have not been modeled.

ature (25°C) compared to other studies with this enzyme enzyme becomes fully reduced. During most of the reaction,
was used because of the very slow reduction at pH 6.5 (seethere was no dependence upon substrate concentration or
Figure 7A). If the rate-determining step in reduction is O, concentration until @ had almost been completely
hydride transfer, the reduction rate constant should exhibit depleted, demonstrating a very lo, for O, (<5 uM);

a large isotope effect as the deuterium is transferred fromtherefore, the rate of turnover could be measured from the
NADPD to flavin. Alternatively, if a slow conformational  following equation:

change or other event is rate-determining for reduction of

flavin (with fast hydride transfer), the deuterium isotope [0,)iotal

effect should be small. The faster-reducing form of the TN =
Ala45Gly enzyme exhibits a full primary deuterium isotope

effect of 10+ 1 with NADPD (Kgnappo = 4 £ 0.4 mM ) ) _
and Keed nanep = 0.04 4+ 0.005 S, Ky nappn = 4.2 + 0.4 From this relationship, a turnover rate of 0.£60.01 s* at

MM and kegnaopn = 0.4 £ 0.02 s2), while the slower- pH 6.5 was obtained (Table 2). This is consistent with the
reducing form exhibits an isotope effect of 2850.5. Thus, ~ 80% of the enzyme that is reduced in the faster phase (0.076
a conformational change is not a rate-determining step for S ) being the primary determinant for the rate of catalysis.
reduction of the faster-reducing form of Ala45Gly-PHBH, The experiment was repeated at pH 8.5 antCAwith 4
while a conformational change may be rate-limiting for MM NADPH, 1 mM pOHB, and 260, 400, and 75M
reduction of the slower-reducing form of Ala45Gly-PHBH. oxygen; a similar lovKn, for O, was observed, and a turnover
Turnaver Rates of Ala45Gly-PHBH he overall catalytic ~ rate of 1.1+ 0.2 s* was determined. At pH 8.5, reduction
reaction of the mutant enzyme was studied in the steady statedf FAD is not the rate-determining step for the fast-reducing
by the enzyme-monitored turnover meth@s); where the form of the enzyme. However, turnover is more than 5-fold
redox state of the FAD cofactor is monitored during the faster than the second phase in the reductive half-reaction
reaction. With limiting levels of oxygen (260, 440, and 750 and 50-fold faster than the slowest phase in reduction at pH
uM) at pH 6.5 and £C, and saturating levels of pOHB (10 8.5; thus, only the fast-reducing fornkds = 7.0 s%) is
mM) and NADPH (10 mM), the majority of FAD~85%) participating significantly in turnover at this pH, though it
is present in the oxidized form during turnover at the steady is not the rate-determining step in catalysis. It is shown in
state. This high fraction of the oxidized enzyme occurs Figure 9C that formation of oxidized flavin at pH 8.5 is a
because the reduction of FAD is the slowest step in turnover. combination of reactions that correspond to the turnover
When the limiting concentration of oxygen is depleted, the number.

[Enz](time taken to consume, P



Global Changes ip-Hydroxybenzoate Hydroxylase Biochemistry, Vol. 44, No. 22, 200588055

Oxidative Half-Reaction.The oxidative half-reaction of  0.004 s?, respectively, in Figure 9A) correspond to a small
Ala45Gly-PHBH {s—kyo in Figure 1) was studied in detail.  amount of the observed absorbance change (5%) and are not
The anaerobic Ala45Gly enzyme reduced with dithionite and dependent on pOHB or oxygen concentrations. These very
in complex with pOHB, at pH 6.5 and*€C, was mixed with slow phases are not involved in the measured turnover rate
buffer containing known concentrations of dissolved oxygen of the enzyme, which occurs at 0.06's
in a stopped-flow spectrophotometer. Absorbance changes The oxidative half-reaction was also studied at pH 8.5 and
were observed at wavelengths from 340 to 600 nm, and 4 °C (Figure 9B). At this higher pH, the rate constant for
fluorescence changes were observed with excitation at bothformation (1.4x 10° M~! s71) and the spectral properties
390 and 450 nm with emission beyond 510 nm. The reaction of the flavinr—C4a-hydroperoxide intermediate are similar
was complex, but could be fitted with a consistent set of to those observed at pH 6.5 and with the WT enzyme.
five rate constants over all wavelengths. The fluorescence However, decay of the hydroperoxide to the oxidized enzyme
traces with excitation at 390 nm (Figure 9A) clearly show occurs in a biphasic reaction between 20 md 2ars (Figure
the five phases. The first phase (see the increase in9B), unlike that observed at pH 6.5. Approximately 50% of
absorbance at 390 nm in the first 30 ms) was linearly the return to the oxidized enzyme (s&go) occurs at a rate
dependent on oxygen concentration with a second-order rateof 13 + 2 s™%, and can be attributed to enzyme that fails to
constant of 1.2x 1®° M~ s™1, This phaseks in Figure 1) hydroxylate substrate, since there is no corresponding
is observed as a large increase in absorbance and a slightiuorescence signal from excitation at 390 nm. A large
increase in fluorescence from that of the reduced enzyme atincrease in fluorescence with excitation at 390 nm between
wavelengths from 340 to 420 nm, and is indicative of the 30 and 200 ms occurs in a first-order process with a rate
formation of a flavin-C4a-hydroperoxide intermediate with  constant of 4+ 0.5 s*. A spectrally silent step preceding
a spectrum similar to that of the WT flavirC4a-hydro- this phase with a rate constant fl5—-20 s is required
peroxide. This hydroperoxide reacted in a first-order process (Figure 9C) to accurately simulate the fluorescence increases.
with a rate constant of 1.& 0.1 s'%, illustrated by the large  There is no corresponding phase required in the absorbance
increase in fluorescence with excitation at 390 nm. This traces, probably because the flavi@4a-hydroxide and the
increase in fluorescence is accompanied by an increase irflavin—C4a-hydroperoxide intermediates (Figure 1) have
absorbance at 470 nm (between 0.8l &ns inFigure 9A) very similar absorbance spectra. The highly fluorescent
due to the simultaneous formation of a large proportion of flavin—C4a-hydroxide intermediate decays at a rate of 2.6
oxidized enzyme. The increase in fluorescence is character-+ 0.2 s%, observed as a decrease in fluorescence between
istic of formation of a flavin-C4a-hydroxide intermediate 200 ms and 2 s (Figure 9B), and this change corresponds to
and indicates hydroxylation of pOHBL®). Thus, in this the second phase-@0% of the increase in absorbance) at
reaction, both C4a-hydroxyflavin and oxidized enzyme 470 nm. This phase is attributed to the loss of water and
species are formed simultaneously from the C4a-hydroper-product from the enzyme to re-form the oxidized enzyme,
oxyflavin intermediate. In identical half-reactions in which with simultaneous formation of the pOHB-trapped flavin
the reaction products were analyzed by HPLC, it was found C4a-hydroxide intermediate. After most of the enzyme is
that 57% of the reduced enzyme catalyzed hydroxylation to oxidized, a final slow phase is observed as another small
form 3,4DOHB. On the basis of these results, the rate increase in absorbance at 470 nm between 2 and 20 s with
constant for hydroxylationk§ in Figure 1) was calculated an observed rate of 02 0.02 s%; this accounts for-10%
from the overall rate of breakdown of the flavin hydroper- of the total enzyme in the reaction. This final phase is slower
oxide to be 0.7 st (60-fold slower than that of WT-PHBH  than the measured turnover at pH 8.5 of .4, and is most
under the same conditions) and the rate constant forlikely the fraction of the enzyme that is trapped as the flavin
breakdown of the C4a-hydroperoxyflavin te® and FAD C4a-hydroxide intermediate by the excess pOHB present,
(kio in Figure 1) was calculated to be 0.6's slowly releasing water to form the oxidized enzyme. A

The transient increase in the fluorescence signal observedscheme summarizing this complex reaction is shown in
with excitation at 390 nm (Figure 9A) that is due to the flavin Figure 9C. The amount of product formed at pH 8.5 in the
hydroxide was concurrent with an increase in absorbance atoxidative half-reaction was measured by HPLC, and it was
470 nm (Figure 9A), which indicates a simultaneous rapid found that 0.55 mol of 3,4ADOHB was formed for each mole
formation of oxidized FAD following hydroxylation. The of enzyme oxidized. Interestingly, in steady-state turnover
increase in fluorescence is the result of a small fraction of a at pH 8.5 and 4°C, coupling of NADPH consumption
highly fluorescent flavin-C4a-hydroxide formed in the (monitored spectrally at 340 nm) to production of 3,4ADOHB
hydroxylation reaction being trapped by pOHB after release (measured using HPLC) shows 9B 5% hydroxylation
of 3,4ADOHB but before elimination of # to re-form (Table 2). As has been demonstrated from comparison of
oxidized flavin. A similar trapping event has been shown to turnover studies with studies of reduction of the enzyme by
occur in the Pro293Ser mutant form of PHBH1). This NADPH (above), only the fast-reducing form$0% of the
trapping of the 4a-hydroxyflavin occurs because the complex total) of the enzyme participates significantly in turnover,
with pOHB loses water more slowly than the product and this form is quite efficient in the hydroxylation reaction.
complex. This conclusion is confirmed by the dependence The rate-limiting step in turnover at pH 8.5 for this mutant
of the rate of decrease of fluorescence (between 3 and 30 £nzyme is the re-formation of oxidized enzyme after hy-
in Figure 9A) being inversely proportional to the concentra- droxylation (see Figure 9C).
tion of pOHB in the reaction mixture (e.g., 0.07*swith
5004M pOHB and 0.18 st with 80 xM pOHB). The small ~ DISCUSSION
changes seen with 390 nm fluorescence excitation at long The dramatic and complex changes caused by the removal
times (a small increase and decrease with rates of 0.014 anaf a single methyl group demonstrate the highly interactive
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structure of PHBH. These extensive changes from such ahydroxylation is 25-fold slower than that for WT. Hydroxy-

minimal substitution highlight the need for thorough study
of variants in guiding the interpretation of mutagenesis

lation by the Ala45Gly enzyme at pH 8.5 is7-fold faster
than at pH 6.5. Thus, the faster form of the enzyme responds

experiments. We shall focus upon the relationship betweento the K, of the H-bond network in the WT-like structure.
the crystal structure and the properties of this remarkable However, as described in the Results, thg pf the phenol
mutant enzyme and what these observations can tell us aboubf pOHB bound to the Ala45Gly enzyme-0.0, Table 2)

the function of PHBH.

Two Structures of Ala45Gly-PHBHhe results from the
kinetics of reduction at pH 6.5 and°€ (Figure 7A) showed
two distinct forms of Ala45Gly-PHBH, with the faster-
reducing form constituting most of the enzyme. When the
pH is increased to 8.5, reduction is much faster, with the
fast and slow forms present in a ratio of 2.5:1, and a third

has shifted to a higher pH than with WT (pH 7.4). During
hydroxylation, pOHB is deprotonated to the activated
phenolate form in the transition state by the action of the
H-bond network connected to His72 on the surface of the
protein @5). With the Ala45Gly enzyme at pH 8.5, this
activation is only partial because th&jvalues for pOHB
bound to either form of the enzyme ar®.0 (Table 2). The

phase was detected that was not dependent on NADPHhigh pK, in the His72-flipped form of Ala45Gly-PHBH

concentration (Figure 8A). At pH 6.5, the fast-reducing form

occurs because the H-bond network that facilitates depro-

reduces 25-fold faster than the slow-reducing form, but this tonation of pOHB is disrupted by removal of His72 from
is nevertheless the slowest step in overall catalysis, and thughe proton transfer chain (Figure 4 B). The WT-like form of

is the rate-limiting step in turnover (Table 2). The slower-
reducing forms contribute very little to turnover at pH 6.5
or 8.5. Therefore, only the faster-reducing form of the
Ala45Gly enzyme is a competent hydroxylase at pH 8.5.
There is clear evidence from kinetics that two forms of the
enzyme exist in solution and they interconvert slowly, as

Ala45Gly-PHBH has a complete H-bond network, but the
side chains of residues His72 and GIn213 have moved
sufficiently close together (2.65 A, not shown) for there to
be a strong H-bond interaction between the two. Such a
strong H-bond would affect theK of His72, and as the
terminal residue of the H-bond network, it would also affect

measured in pH-jump experiments (Figure 8B). Thus, it was both the K, of the H-bond network itself and theKp of

gratifying to discover that the asymmetric unit of PHBH
crystals that formed at pH 8.5 contained a dimer of the

enzyme in which each monomer had a different conforma-

tion. The presence of an asymmetric dimer in the X-ray
structure of Ala45Gly-PHBH hints that some form of half-
sites catalysis occurs in the WT enzyme, similar to that
shown in the case of thymidylate syntha®6)( Thymidylate

the phenolic oxygen of bound pOHB.

Conformational States in Ala45Gly-PHBHhe in con-
formation of Ala45Gly-PHBH is more stable than tbat
or openconformation when compared to WT. When pOHB
is bound to WT, it stabilizes PHBH in thie conformation
at pH =<7.0, with a characteristically low extinction coef-
ficient and more resolved flavin spectrudv). The Ala45Gly

synthase is a homodimeric enzyme with confirmed half-sites enzyme binds pOHB more tightly than does WT (Table 1)

reactivity, and under certain conditions, it forms crystals
containing an asymmetric dimer that is important for enzyme

and exhibits a characteristin flavin spectrum (Figure 6).
Nevertheless, binding and release of pOHB probably require

function. However, there has been no kinetic evidence to movement to thepenconformation to allow diffusion of

suggest a half-sites model for any step in catalysis by WT-

PHBH. The catalytically and structurally related enzyme,

pOHB into or away from the active sit8)( Binding of the
product to Ala45Gly-PHBH, like pOHB binding, is signifi-

phenol hydroxylase, also crystallizes as an asymmetric cantly tighter than to WT (Table 2). Unlike WBZ2), spectral

homodimer structure3Q, 31), with the FAD in one monomer
in while the FAD in the other i®ut However, there is no
mechanistic evidence for half-sites reactivity for this enzyme.
Another possible explanation for the crystallization of an
asymmetric dimer that does not involve cooperativity
between monomers is a selective crystallization of the

perturbations upon binding of 3,4DOHB to Ala45Gly-PHBH
are very similar to those shown for binding of pOHB (Figure
6). Thus, bound with either pOHB or product 3,4DOHB,
thein conformation of Ala45Gly-PHBH is considerably more
favorable than the other conformations. Becauseoihen
conformation is required for exchange of substrate and

predominant species out of solution. For instance, there couldproduct, exchange is slow (L. J. Cole, unpublished results).
be a pool of dimers in solution where the monomer structures By contrast, theopenconformation in oxidized WT-PHBH

are in slow equilibrium between two forms, A or B, with

is more easily attained, resulting in fast exchange of ligands

each monomeric structure being independent of the structure(33).

of the other monomer on the dimer. Thus, when two different
structural forms are equally likely to form, there will be a
random collection of dimers with an-AA (25%), B—B
(25%), or A—B (50%) structure. The AB dimeric form
would be the most likely to initiate nucleation of a crystal

because of its higher concentration, similar to using crystal-

The slow rate of reduction in catalysis by both forms of
the Ala45Gly enzyme is also caused by the relative instability
of the out conformation that is required for effective
interaction with NADPH. The observation of a full deuterium
kinetic isotope effect upon reduction of the competent form
of the enzyme (Figure 7B) shows that the observed rate is

lization as a purification technique, and also once the crystal indeed due to the chemical hydride transfer, rather than to a

form has been started with the dimers locked in theBA
form, the remaining homodimers in solution will equilibrate
to form more A-B dimers that would again be preferentially
added to the growing crystal over the two homodimeric
forms, thus enriching the AB form.

The faster-reducing form of Ala45Gly-PHBH at pH 8.5

slow rate of conformational change froin to out The
explanation for the kinetic isotope effect is that the equilib-
rium strongly favors thé conformation so that at any given
time only a small fraction of enzyme is in tloit conforma-
tion where the isoalloxazine is reduced. As the pH is
increased, the WT-like mutant enzyme responds to the

is a competent hydroxylase, but the rate constant for H-bond network and the rate constant for reduction increases
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100-fold between pH 6.5 and 8.5 (Figures 7A and 8A). Also
consistent with this equilibrium argument is the fact that the
Ala45Gly-PHBH binds 2,4DOHB less tightly than does the
WT enzyme. When the WT enzyme binds 2,4DOHB, the
isoalloxazine moves to theut conformation 9, 17). The
weaker binding of 2,4DOHB to the variant is due to the
conformation being less favorable than in WT (Table 2).

The slower-reducing form of the Ala45Gly enzyme (that
also fails to hydroxylate) shows only a small primary isotope
effect (~2), indicating that this structural form may change
betweerin andout conformations slowly, so that this process
contributes to the very slow observed rate constant for
reduction of this form and masks the kinetic isotope effect.
This observation is consistent with the report of slow rates
of change between thie andout conformations in forms of
PHBH with a disrupted H-bond network2%). Thus, a
combination of the stability of thén conformation and a
disrupted H-bond network may explain the very slow
reduction of the His72-flipped form of the enzyme.

Preferential stabilization of thén conformation with
Ala45Gly-PHBH is consistent with the hypothesis put
forward in the introductory section that the protein loop of
PHBH on thesi side of the flavin is vitally important for
protein conformational change. Within the loop, Arg44 and
Ala45 are probably the most important residues. With the
structure of Ala45Gly-PHBH presented here and several
other existing crystal structures of PHBH, a pattern of
noncovalent interactions that affect conformational states of
PHBH is emerging. An H-bond network among the carbonyl
of Arg44, a crystal water, and the side chain of Arg220 found
in the WT structure with pOHB boundi conformation 4)
(Figure 2)] is consistently disturbed when a mutation or
substrate analogue favors another conformation. In the
Arg220GIn form of PHBH, which stabilizes thepen
conformation 8), the backbone of Arg44 and Ala45 is rotated
(Figure 2), to relieve an unfavorable backbone conformation
of Arg44 (16). In the structure of the Arg220GIn enzyme
with NADPH bound, the guanidinium group in the side chain
of Arg44 charge-pairs to the'-phosphate of NADPH3J),
showing that NADPH binding has a direct influence on this
system. When pOHB is not bound to PHBH in tbpen
structure, Arg214 is moved away from the active sié¢ (
and no longer H-bonds to the carbonyl of Arg44 (Figure 2).
This move results in less H-bonding to stabilize the strained
Arg44 backbone. Thus, we propose that disruption of the
Arg220 to Arg44 H-bond network favors rotation of the loop
that contains Arg44 and Ala45 to relieve the unfavorable
backbone conformation of Arg44, and this results in promo-
tion of theopenconformation. When pOHB binds to PHBH
and Arg214 rotates in and binds the carboxylate of the
substrate, Arg214 helps restrain the backbone carbonyl of
Arg44, and the Arg44 and Ala45 backbone is held in the
strained conformation. The more flexible double glycine
structure consisting of Gly45 and Gly46 in Ala45Gly-PHBH
has weakened the strains of tire conformation so that
rotation of thesi side loop to form th@penconformation is
less favored.

His72 in Ala45Gly-PHBHThe changes around His72 in
the His72-flipped monomer occur approximately 14 A from
the position of the methyl group change in the structure
(Figure 4) and demonstrate the highly interactive nature of

the structure of PHBH. Because it is the residue at the solvent

Biochemistry, Vol. 44, No. 22, 2008057

interface of the H-bond network that removes the phenolic
proton of pOHB, His72 is vitally important to the function

of PHBH (6, 25, 27). Structural changes similar to those near
His72 in Ala45Gly-PHBH (that cause large effects upon
catalysis as demonstrated in the results of this paper) might
also occur in the WT enzyme during catalysis. For example,
it has been observed in structures of the WT enzyme over a
range of pH values, that His72 undergoes a rotation of its
imidazole ring by 90 as the pH is shifted from 5.0 to 7.4
(12). Conformational changes to His72 might be important
in disabling the H-bond network in the absence of pOHB,
thus preventing flavin reduction when NADPH binds (as
observed experimentally) by not favoring tbet conforma-
tion. Protein rearrangements associated with the binding of
pOHB would then re-establish the H-bond network, making
flavin reduction possible.

Dimer Interface of Ala45Gly-PHBHI here is no evidence
for any type of intermonomer cooperativity having a role in
the function of PHBH in WT or mutant enzymes, though
conversely very little has been done to study the function of
homodimers in PHBH or other flavin monooxygenases.
Ala45Gly-PHBH crystallizes as an asymmetric dimer. More
importantly, the dimer shows asymmetry in the dimer
interface itself, suggestive of a communication pathway
between active sites. In the Ala45Gly-PHBH structure,
Argl79 from the WT-like monomer is charge-paired to
Asp357 from the His72-flipped monomer (Figure 5). How-
ever, like the WT-PHBH symmetrical structure, Arg179 from
the His72-flipped monomer is not associated with Asp357
from the WT-like monomer. Argl79 is also a highly
conserved residue (though Asp357 is not highly conserved)
across PHBH sequences from many species, hinting at a
more important role than simply a charged surface residue.
Work to elucidate the role of the homodimer in the function
of PHBH could be illuminating with respect to the function
of this enzyme.
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