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ABSTRACT: Structural and kinetic studies have revealed two flavin conformatiompshiypdroxybenzoate
hydroxylase (PHBH), the in-position and the out-position. Conversion between these two conformations
is believed to be essential during catalysis. Although substrate hydroxylation occurs while the flavin in
PHBH is in the in-conformation, the position of the flavin during reduction by NADPH is uncertain. To
investigate the catalytic importance of the out-conformation of the flavin and to clarify the mechanism of
flavin reduction in PHBH, we report quantitative structdareactivity relationships (QSAR) using PHBH
substituted separately with nine derivatives of FAD modified in the 8-position and four dihydronicotinamide
analogues as reducing agents. The 8-position of the FAD isoalloxazine ring was chosen for modification
because in PHBH it has minimal interactions with the protein and is accessible to solvent. The chemical
sequence of events during catalysis by PHBH was not altered when using any of the modified flavins,
and normal products were obtained. Although the rate of reduction of PHBH reconstituted with flavin
derivatives is expected to be dependent on the redox potential of the flavin, no strict correlation was
observed. Instead, the rate of reduction correlated witlrthebstituent constant, which is based on size
and hydrophobicity of the 8-substituent on the FAD. Substituents that sterically hinder attainment of the
out-conformation decreased the rate of flavin reduction much more than expected on the basis of the
redox potential of the flavin. The results of this QSAR analysis are consistent with the hypothesis that the
flavin in PHBH must move to the out-conformation for proper formation of the charge-transfer complex
between NADPH and FAD that is necessary for rapid flavin reduction.

Enzymes encounter a variety of conformational changes steps during catalysis. For example, the rate-limiting step in
in solution and during catalysis; however, determining how both phosphoglycerate kinasgé @) and in hexokinase3j
protein dynamics contributes to catalysis is difficult. X-ray is the dissociation of product, and this step is believed to be
crystallography has been useful in helping to determine the limited by a conformational change from the closed to the
roles of active-site residues in catalysis. In addition, it has open conformation.
shown in some cases that ligand binding induces significant The flavoprotein p-hydroxybenzoate hydroxylase
changes in protein conformation. For example, active sites (PHBH}? EC 1.14.13.2) is one of the bacterial enzymes
of enzymes often have an open conformation that providesdirectly involved in soil bioremediation. PHBH catalyzes the
access to ligands. Upon ligand binding, some proteins adoptNADPH- and oxygen-dependent hydroxylation pfhy-

a closed conformation to sequester the ligand from solvent droxybenzoateptOHB) (Scheme 1), an important step in
and to align important amino acid residues for efficient the degradation of many aromatic compounds. Wild-type and
catalytic turnover. Such closed conformations can also site-directed mutant forms of PHBH from the bacterial strain
prevent reactive intermediates from being discharged during Pseudomonasave been extensively studied by transient-
catalysis. In ligand-free enzyme, movement between openstate kinetics 4—13) and protein crystallographyd( 14—

and closed conformations presumably can also occur, butl6). The X-ray structures of wild-type and mutant forms of
the equilibrium usually lies toward the open structure.
Motions between conformations may constitute important ! Abbreviations: PHBH, p-hydroxybenzoate hydroxylase from
steps during catalysis, and these motions can be as large a§_’=;]e%d0m%nas aetfuggaﬁ%%ﬁ% péhz/d(;%xydbenzgate: Z#tl-D('g:g, %4-_

. . . p ihydroxybenzoate; 3,4- , 3,4-dihydroxybenzoate; , flavin
domain mo_vements oras .Sma” as fluctuations of side (.:hz.il.ns'adenine dinucleotide; ApoPHBH, the apoenzyme fornp-biydroxy-
Conformational changes in some cases are the rate-limitingpenzoate hydroxylase; FADH reduced flavin adenine dinucleotide;
NADH, reduced nicotinamide adenine dinucleotide; NADPH, reduced
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be in the in-conformation for the hydroxylation reaction to
occur. The in-conformation of the flavin sequesters the
reactive flavin-C4a-hydroperoxide intermediate from solvent
to prevent the unwanted elimination o,®. The crystal
structure of phenol hydroxylase, a flavoprotein monooxy-
genase from the same family as PHBH, also presents two
flavin conformations in the active site (open and clos&a).(

It has been suggested that these conformations are similarly
involved during catalysis by phenol hydroxylase and perhaps
in several members of this family of enzymes.

Unfortunately, no crystal structure of PHBH with NADPH
bound has yet been determined, so that the position of the
flavin in PHBH during the reduction step is unknown. Studies
with enzymes in which the native FAD has been replaced
by 8-hydroxy-5-deaza-FAD have shown that in all members
of the flavoprotein hydroxylase family studied, pyridine
nucleotide interaction is with thee-face of the flavin 21).
Moreover, it has been shown that the pro-R hydrogen of the
nicotinamide ring of NADPH is stereospecifically transferred
(22) to there-face of the isoalloxazine ring of the flavigl).

A primary deuterium isotope effect of 10 is observed during
reduction of the flavin by NADPDXS8, 22). Thus, the facial
disposition of the flavin and the nicotinamide rings during
hydride transfer is well-defined. No direct evidence about
the position of the flavin during reaction with NADPH is

available. However, kinetic, crystallographic, and modeling
PHBH in the presence of different ligands have contributed Studies of WT and two mutant forms of PHBH clearly show
significantly to the identification of active-site residues that pyridine nucleotide binding consistent with the known
participating in catalysis. Moreover, these studies have _stereospecmc _h_ydrlde transfer is possible only with the flavin
indicated that the flavin prosthetic group can occupy two N the out-position 23).
positions on the enzyme (Figure 1), depending on which  To further investigate the role(s) for these dynamic motions
ligand is bound or which active-site residue is chandetl (  in PHBH during the reductive half reaction, we studied the
15). Motions between these two flavin conformations are effects of nine 8-substituted flavins (the 8-position is
essential during catalysis. There is strong evidence that theaccessible to solvent in either conformation) and of four
out-conformatior-where the isoalloxazine ring of the flavin  dihydronicotinamide analogues on the hydride-transfer reac-
swings out about 45along the dihedral angle defined by tion. The importance of active-site dynamics during catalysis
C1, C2, and C3of the FAD and is exposed to solvetis is demonstrated by this kinetic analysis of enzymes modified
essential for substrate-binding dynamitd)(and for reduc- by cofactor substitution. Our studies provide further evidence
tion of the FAD by NADPH (7, 18). The crystal structure  that flavin movement is required in the reduction of FAD
of PHBH (14, 15, 19) suggests strongly that the flavin must by NADPH.

Ficure 1: Flavin conformations in PHBH. The 8-position of the flavin is accessible to solvent when the conformation of the FAD is in
(left) or out (right). The flavin is shaded in gray, with N5 in dark gray. Biside of the flavin is to the right of the viewer and tresside,

where hydride transfer from NADPH occurs, is on the left and partly obscured. The nicotinamide presumably binds in the pocket on the
flavin re-face. Such a pocket is not available with the flavin in the in-position.
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EXPERIMENTAL PROCEDURES Table 1: Data Set and Crystallographic Refinement Statistics of
PHBH Reconstituted With 8-N(CH-FAD Complexed withp-OHB

Materials Substituted riboflavin analogues were obtained

from various sources or synthesized as previously described __Parameter value parameter value
(24. The conversion of riboflavin analogues into the —aaxis Eﬁg T o (r(1figh r%’ oz (0.241)
; ; ; axis . st (free . .
corresponding FAD analogu_e was ach|ev§d using FAD ;.xis A 86066  sohvent content %) 565
synthetase and flavokinase isolated fr@revibacterium resolution (A) 40-2.2  solvents 244
ammoniageness reported in re5. The extinction coef- uniQUF treflecti%r)}S) 2928984 FFQJ\'\AASS %Oor_dt_eél"f@\) 0.25
P H . ) compieteness (7o . eviauons
fICI(E[ItS u_sled for the various free 8-substituted FAD analogues fedundancy 39 bond length (A) 0.007
(M~ cm™) wereeass (Cl) = 10 600,450 (H) = 11 300,€450 WolO 6.27 angles (deg) 1.339
(CN) = 11 400,€450 (CH3) = 11 300,€474 (SCHs) = 28 500, [I]/albD(High Res} 1.83 dihedrals (deg) 22.736
eas2 (NH,) = 44 000 €456 (hydroxy) = 32 200,es05 [N(CHz)s] Reym 013  impropers (deg) 0.869
= 32 800, andksz, (Mercapto)= 30 000. m(;)wnggh;%iﬁ;ﬁioa sh«a}é:h )%..:2062.21_3 Ar _Rsymf= (N OIh) —l
: . _ where mean intensity of symmetry equivalent
The highest purity NADPH, NADH, NMNH, NMECI™, o cion g CR =S (6)][Fond)] — KIFead ) I1/S ()| Foud ). ¢ RMS

and NaS,0, were used as purchased from Sigma, while coorinate error and RMS deviations from ideality for bonds and angles
p-OHB and 2,4-DOHB were recrystallized before use. All were calculated with CNS30).

other chemicals were described elsewhe&t4).(The con-
centrations of the following solutions were as estimated gfwvare. The structure of the natife aeruginosanzyme

spectrophotometrically usingsso = 6220 Mll Cm:11 for (10) was used as the starting model for the refinement of
NADfH- NADH, and J\'MNP*EZGS = 3940 M cm foi the structure of the enzyme reconstituted with 8-NgzH
N'V'_"i , €360 = 7060 M™* cm* for NMeH, €25, = 9000 Ml FAD. The refinement was performed with CNSOf and
cm for 2,4-DOHB (n 1 N HCI) andezg, = 16 300 M° included all reflections between 40 and 2.2 A withaut
cm* for p-OHB (in 1 N NaOH). . cutoff and with calculation of a bulk solvent mask. Cross-
PHBH Purification and Apoenzyme PreparatidPHBH validated Maximum Likelihood31) was used as the target
was expressed and purified from extract€oicoli IM105/  function. Model coordinates were adjusted to the new unit
PIE-130 using published procedurez6). ApoPHBH was  ce|l by rigid body minimization of the three domains of the
prepared as reported by Mer et al (27), but with the  enzyme, the 8-N(CH-FAD, and the substrate. Positional
modifications reported in re24, implemented to increase  parameters were then optimized by torsional dynamics using
the yield of apoenzyme. The purified apoenzyme had no the slow-cool protocol in the range 100800 K. Solvents
detectable activity in assay mixtures lacking FAD and no ere added using the CNS automated procedure that takes
absorbance at wavelengths greater than 310 nm. The molafnto account both crystallographic and chemical criteria and
absorptivity at 280 nm of apoPHBH used was 73000'M  checked interactively using the graphic visualization and
cmt (24). modeling program XtalView 32). Positional and thermal
PHBH with 8-Substituted FAD FormépoPHBH in 0.1 parameters were refined iteratively after each round of
M Tris-sulfate buffer (pH 8.0) containing 1 mM EDTAwas  solvent addition. The X-ray diffraction data and refinement
reconstituted by incubating it fdl h at 25°C with a 1.5~ statistics are summarized in Table 1.
2-fold molar excess of 8-substituted-FAD as reported in ref  Synthesis of N-Methyl-dihydronicotinamideeduced\-
24. Each 8-substituted FAD binds tightly to PHBH as methyl nicotinamide was synthesized using the procedure
evidenced by the lack of flavin dissociation from the enzyme reported in ref33 for the synthesis oN-propyl-dihydroni-
during gel-filtration or ultrafiltration. The methods for cotinamideN-Methyl nicotinamide chloride (NMeCI™) (0.2
determining extinction coefficients for the various types of g) was dissolved in 6 mL of HPLC-grade water in a 25 mL
oxidized 8-substituted-FAD PHBH, as well as the enzymatic round-bottomed flask and made alkaline by the addition of
hydroxylation and the dissociation constantsgedHB and 0.85 g of anhydrous N&0Os. The pale yellow solution was
2,4-DOHB, have been described in det&ib and reported placed on an ice bath, and 0.85 g of 8#, was added in
in ref 24. The redox potentials of PHBH reconstituted with  small portions over 1 min while an argon flow over the
the 8-substituted flavins, in the presence or absence ofsurface of the solution was applied. Once all the$¥@,
p-OHB, were determined as described in 8§ and are  was added, the flask was capped with a septum and an argon
reported in ref24. flow was passed through; the dark orange solution was stirred
Crystallization, Data Collection, and Structure Refinement under argon fo2 h toremove S@, the solution turned to a
of PHBH Reconstituted with 8-N(GH-FAD. Orthorhombic bright yellow color and a white precipitate was observed.

crystals (space grougc222) of P. aeruginosaPHBH Once the reaction was completéttmethyl-dihydronico-

reconstituted with 8-N(Ck).-FAD were grown at pH 7.4  tinamide (NMeH) was extracted three times with 25 mL of
in the presence of 2 mig-OHB and 0.040 mM 8-N(ChJ.- chloroform and dried using a rotary evaporator under
FAD by free interface diffusion in sealed melting point vacuum. The oily yellow product was stored under argon at
capillaries as described by van der Laan et28).(For data —20°C until used. Crystallization of the product using ether

collection, a single crystal was flash-frozen at 100 K in a or methanol was not successful because the compound
cryo-protectant solution consisting of 0.1 M potassium decomposes rapidly at room temperature. NMeH is reason-
phosphate (pH 7.4), 60% saturated ammonium sulfate, 15%ably stable in 0.1 M Tris-sulfate buffer (pH 8.0), whereas
glycerol, 0.020 mM 8-N(Ch),-FAD, 0.1 mM glutathione, its decomposition is evident in KPi buffer, pH 6.5. NMeH
and 1 mMp-OHB. Diffraction data were collected at 100 K was obtained in 65% overall yield based on extinction
with a dual multiwire area detector (ADS, San Diego, CA). changes. Mass spectrometry (in water) aHdNMR (500
Data reduction and scaling were performed with ADS MHz, in D,O) data for the NMeH product showed the
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Scheme 2 increase the redox potentials of both treeand the enzyme-
D RS e LI E R e ~ bound flavins (Table 2 and ref4). Other flavin analogues
] containing electron-donating groups at the 8-position such
fﬁ/‘LNH2 as —SCH;, —N(CHs),, —mercapto,—NH,, and -hydroxy
N have UV-vis absorbance properties that are different from
NMNH < toj those of native FAD (Figure 2). Most of these substituents
> decrease the redox potential of bétke and enzyme-bound

NADH, X = H ;
NADPH, X = PO flavin (Table 2 and reR4).

N < S Structural Properties of PHBH Reconstituted with 8-N-
~0-p=0 «NfN (CHs),-FAD. The overall structure of PHBH reconstituted
o N with 8-N(CHs)-FAD is very similar to that of the native
w enzyme. The flavin occupies the in-position with its 8-di-
OH OX methyl-amino moiety protruding toward the solvent (Figure
--------------- / 3). The planar 8-N(CHj, group is tilted by approximately
35° with respect to the plane of the isoalloxazine ring. A
Hs He O sulfate ion is bound near the 8-N(@klgroup, stabilized by
> a salt bridge to the guanidinium moiety of Arg44. Two other
sulfate ions were identified in this structure. One is located
) in an anion hole formed by the side chains of Arg63, Arg64,
and Arg67. The other is stabilized by salt bridges to the
NMeH guanidinium groups of Arg327 and Arg334. The positions
) of the three sulfate ions identified in the structure of
expected signals (data not shown). Product decomDOSiti0n8-N(Cl—tg)z-FAD-substituted PHBH are occupied by solvent
in aqueous solution at low pH can be detected by the increasenglecules in the structure of native PHBH. Only very small
in absorbance at 29800 nm and the decrease at 360 nm. gjfferences with respect to the structures of the native enzyme
NMeH us_ed in these experiments was freshly prepared in g¢ pH 5.0, 7.4, and 9.410) are observed in the vicinity of
10 mM T”S'SQ- o ) ) the substrat@-OHB and of several amino acid side chains
Transient State KineticsThe instruments used during  that participate in the architecture of the active site. These
transient-state kinetics experiments were described id4ef  gre summarized in Table 3.
The stopped-flovy apparatus was made anaerot?lc by using ynder conditions in which the substrate is deprotonated
the protocatechuic acid (PCA)/p_rotocatechwc acid dl_oxyge- (for example at pH 9.4), there is a repulsive interaction
nase (PCD) system as described in @f Reduction  pepween the negatively charged O4 of the substrate and the
reactions and measurements were carried out’& 41 50 carponyl of Pro293, and the distance between these atoms
mM KP; buffer (pH 6.5) or 100 mM Tris-sulfate buffer (bH  jncreases %0). The particularly short distance (2.74 A)
8.0). Enzyme (3QuM) (in the presence of 0:51.0 mM between the substrate O4 and the carbonyl oxygen of Pro293
p-OHB) in a glass tonometer was made anaerobic by repeatecypserved in the structure of 8-N(GJFAD-substituted
cycles of evacuation and equilibration with purified argon. pyH suggests that the substrgi©HB is protonated in
The reduction of oxidized enzyme under anaerobic conditions this form of the enzyme. This observation is consistent with
was initiated by mixing enzyme with buffered solutions the piochemical data (data not shownk.pvalue was

containing various concentrations of NADPH, NADH, {etermined according to ré¥6), indicating that the IS, of
NMNH, or NMeH (Scheme 2). Rate constants were calcu- the supstrate i 8.5 in the 8-N(CH),-FAD enzyme.

lated from exponential fits of absorbance traces recorded at g pstrate BindingFlavins substituted at the 8-position

appropriate wavelengths, using the programs KISS andyere selected for this study because the 8-position of the
Program A, which use the Marquardt algorithB4X. The  fjayin is solvent accessibl@6) and distant from the binding
concentration of the nicotinamide analogues used in thesegjie ofp-OHB (9, 13—-16) (Figure 1): therefore, modification
expariments varied 'dep'ending on the dissociation constanty; the 8-position of the FAD is not expected to significantly
obtained from the kinetics of reduction. affect substrate binding. The flavin in PHBH can be found
RESULTS either puried in the active site (in-conformation) or more
accessible to solvent (out-conformation) (Figure 1), depend-
Spectral Properties of PHBH Reconstituted with 8-Sub- ing on the type of ligand bound to the enzyme or single
stituted FAD AnaloguesSubstitution at the 8-position of the  amino acid replacement in the active site. Ligand binding to
FAD by groups with varied electronic properties alter the oxidized PHBH has been shown to drive the equilibrium of
UV —vis absorbance spectrum of the flavin. Spectra for the flavin movement to either the in-conformatiop-QHB) or
PHBH-bound flavin analogues used in this study, both in the out-conformation (2,4-DOHB14). The conformation
oxidized and reduced states, are shown in Figure 2. Theof the flavin can be detected either by distinctive changes in
8-position of the flavin is insulated from the redox center of the absorbance spectrum upon substrate binding or by the
the molecule (N1, C10a, C4a, and N5) by five atoms; determination of the protein crystal structure. Spectral
therefore, the effects conferred to the flavin by 8-substituents perturbations for the titration gi-OHB and 2,4-DOHB to
are mainly inductive. Flavin analogues substituted at the some of the modified enzymes are shown in Figure 4.
8-position with basal-(H) or electron-withdrawing groups When PHBH is reconstituted with 8-CI-FAD, 8-H-FAD,
such as—Cl or —CN have spectra that are similar to those and 8-CN-FAD, flavin analogues that in the oxidized form
of normal FAD (Figure 2, left column). These substituents are spectrally similar to FAD, the enzyme spectrum is
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Ficure 2: Spectra of the enzyme-bound flavin analogues. Spectra were recorded in 50 niMff€P (pH 6.5) at 25°C. Oxidized ()

form of the enzyme-bound flavins. The reducéy) Gtate of the enzyme was achieved by titration with dithionite, by using the glucose-
6-phosphate/glucose-6-phosphate dehydrogenase generating system or by using the xanthine/xanthine oxidase method a2#eported in (

perturbed upop-OHB binding similarly to that for enzyme  evidence shows th@OHB binding to PHBH reconstituted
containing FAD. This type of perturbation corresponds to with 8-N(CHs),-FAD, the largest substituent used in this
the movement of the flavin toward the in-conformation study, maintains the flavin buried in the active site (in-
(Figure 4, panels A and B). Binding of 2,4-DOHB to PHBH conformation). Although this enzyme variant in complex with
reconstituted with these three flavin analogues causes spectra?,4-DOHB did not give good crystals for the determination
perturbations consistent with the flavin moving away from of the molecular structure, binding of 2,4-DOHB shows
the active site as observed previously in native PHRH),( spectral perturbations that are clearly different than those
see below. observed fop-OHB binding to this enzyme (Figure 4D).
Assignment of the flavin position in PHBH-containing Binding of eithemp-OHB or 2,4-DOHB to enzyme substituted
flavins with unusual UV-vis absorbance properties (Figure with flavin analogues with unusual UWis absorbance
2) by spectral changes alone is not clear. Crystallographic properties gave distinct spectral perturbations, suggesting
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Table 2: Thermodynamic and Kinetic Constants of PHBH Reconstituted with 8-Substituted Flavins

Ka (uM) ko (s
pH 6.5 pH 8.0 pH 6.5 pH 8.0

8-substituent E°’ (mV)b p—OHBb 2,4ADOHPB NADPHd NADPH¢ NMeHd NADPH NADPH NMeH
1 CN +60 100 44 408 247 520 27.8 85.7 44
2 Cl —81 30 43 400 220 540 80 312 35.4
3 H —151 81 42 640 410 810 53 192 17.6
4 SCH —152 19 76 399 300 2500 1.3 20.8 3.24
5 CHs —-165 9.5 22 210 68 810 52 94 13.3
6 N(CH)2 —210 17 >500 5500 3600 1030 0.0014 0.023 0.25
7 S —267 16 <280 1500 nd nd 0.026 nd nd
8 NH, —298 31 nd 62 18 1140 0.044 0.067 0.021
9 (on —308 31 nd 1170 nd nd 0.048 nd nd

@ Reduction rate constants were determined in solutions containing p-OHB either in 50 mM KPi buffer (pH 6.5) or 100 mM Tris-sulfate buffer
(pH 8.0) at 4°C, unless otherwise noted. Values of rate constants were the average of at least four determinations. Rate constabg yeosiad
one another® Values taken from re24. ¢ Dissociation constants for 2,4DOHB were determined from titrations in 50 mivbkiffer (pH 6.5) at
4 °C. Individual measurements for the given flavin varied uM. ¢ Dissociation constants for nicotinamide analogs were calculated from the
kinetics of reduction of enzyme complexed wigfOHB determined in 50 mM Kfbuffer (pH 6.5) and 100 mM Tris-sulfate buffer (pH 8.0) at 4
°C, unless otherwise noted. Individual measurements for the given flavin vaig@il. The mechanism of reduction of enzyme by the nicotinamide
analogs is represented in Schemé Yalue taken from re6. 500 uM did not saturate the enzym&Value determined at 25C. " Dissociation
constant was determined kinetically from titrations in/8@ KP; buffer (pH 6.5) at 4£°C using a stopped-flow spectrophotometer. Values of rate
constants were the average of at least four determinations. Rate constantsx\&#beftom one anothet.nd = not determined.

Ficure 3: Stereoview of the active s
of the enzyme is contoured atr hbove the mean. The substituted flavin is shown frometside. A sulfate ion, stabilized by a salt bridge
to Arg 44, is located in proximity of the C8 dimethyl-amino substituent of the flavin. The subsp&®iB), Tyr222, and two water
molecules (WAT) are clearly visible. This figure was prepared using the program Xtal\a8w (

different flavin positions in the active site. Previously, it has FAD analogues was mixed anaerobically with NADPH in
been shown that PHBH reconstituted with 8-substituted the presence of a saturating concentratiop-@fHB (0.5
flavins all bind p-OHB normally K4 = 10—100 M) and 1.0 mM) at pH 6.5 or 8.0 (see Experimental Procedures).
are nearly fully coupled to form 87100% of normal The mechanism of flavin reduction was the same for all of
product, 3,4-DOHB 24). Thus, the flavin analogues used the 8-substituted flavins in PHBH (as described below)? but
can move into the in-position where hydroxylation takes the rate constants of steps during the reductive half reaction
place. PHBH substituted with 8-CN-, 8-Cl-, 8-H-, 8-S&€H  varied depending on the flavin analogue bound to PHBH.
and 8-mercapto-FAD all bind the substrate analogue 2,4- The reaction of NADPH with the flavin-substituted
DOHB normally Kq = 22—280 uM), whereas binding of = enzymes initially forms a ternary complex between the
2,4-DOHB to enzyme reconstituted with the largest flavin enzymes and NADPH. This step of the reductive half reaction
analogue, 8-N(Ch)-FAD, is impaired Kq > 500 uM) in most cases occurs very fast {0° M~* s71) with half-
(Table 2). lives shorter than the dead time of the stopped-flow instru-
Reductie Half-Reaction of PHBH Variants by NADPH. ment. Upon forming the complex, the initial absorbance at
The oxidized form of PHBH reconstituted with 8-substituted- Amax for the enzyme-bound flavins decreases slightly, and
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Table 3: Distances (A) between Selected Atoms in the Structures of

A
Native PHBH at pH 5.0, 7.4, and 9.4, and 8-N(§#+FAD 1.5
Substituted PHBH at pH 7.4
1.
8-N(CH)-FAD — 0
native PHBH substituted PHBH ‘€ 05
o Al
pH 50 7.4 94 7.4 s
sub O1*-Arg214 NH1 2.68 283 283 2.89 £ 0
sub O2*-Arg214 NH2 279 281 284 2.93 3
sub O1*Tyr222 OH 258 262 261 2.52 -0.5 —
sub O2*-Ser212 OG 277 270 2.67 2.65
sub O4-Pro293 OH 2.85 283 3.26 2.74 1.0 | | |
sub 04-Tyr201 OH 261 2.80 2.69 2.71 300 400 500 600
Tyr201 OH-Tyr3850H 2.79 2.85 2.68 2.67

Wavelength (nm)

aDistances are from refO.

B
the change in absorbance is dependent on the concentration 8-
of NADPH. It is also more pronounced in reactions at high
pH. This step represents the formation of a charge-transfer ' 2r
complex between NADPH and oxidized flavibg]. Enzyme ,
reconstituted with 8-SCHFAD is the only example that !
shows a small increase in absorbance at its—Wi A

0 o

absorbance maximum (483 nm) at pH 8.0 (Figure 5) before \A\/J
10 ms. The formation of the NADPIXxidized flavin charge- p | | | | |
transfer complexf2.7 X 1(f M~1s 1 can alsq be detected 300 400 500 600
at 550 nm by an increase in absorbance (Figure 5). Wavelength (nm)

After the formation of the initial charge-transfer complex,
hydride transfer occurs from NADPH to the flavin. For most

Ae (MM 'em Y

15

C
of the flavin analogues, traces ata.x (in the UV—vis '
absorbance spectrum) for the substituted oxidized enzymes 1.0
(pH 6.5 or 8.0) exhibit one major exponential decay, = o5 L
indicating the transfer of the hydride from NADPH to the E '
flavin (Figure 6). The observed rate constant of flavin s 0
reduction is hyperbolically dependent on NADPH concentra- E 05 L
tion (Figures 5 and 6), consistent with reversible formation 4
of the charge-transfer complex prior to hydride transfer. The -1.0 —
kinetics of reduction for all the substituted flavins is P5- 15 | l |
fold faster at pH 8.0 than at pH 6.5 (Table 2). “300 400 500 600

PHBH reconstituted with 8-Cl-, 8-H-, and 8-GifAD Wavelength (nm)
(native flavin), analogues with relatively high redox poten- ‘
tials, shows three phases (in traces monitored at-G30 2

D
nm) during the reduction reaction due to the formation and
decay of a charge-transfer complex between reduced enzyme e
and oxidized pyridine nucleotide (8-X-FADHNADP™), =~ 0
which follows the initial formation of the NADPHFAD
charge-transfer complex (see above) (Figure 6A). This s -
reduced enzyme-NADP charge-transfer complex decays 2
with a rate constant that is independent of the concentration 3

| | | |

Ae (MM cm')

of NADPH. Values for this decaykf) for enzyme forms

containing flavins with—CI, —H, and—CHjs are 54.0, 40.5, -4
and 25.0 5! (pH 6.5) and 26.8, 17.6, and 18.0'§pH 8.0). 300 400 500 600
The intensity of the reduced flaviNADP™* charge-transfer Wavelength (nm)

absorbance band is dependent on the particular flavin usedFicure 4: Absorption spectral perturbation of several 8-substituted
8-CH; &~ 8-H < 8-Cl. Although on the basis of its high redox PHBH upon ligand binding. Difference spectra are shown for
potential, 8-CN-FAD PHBH was expected to form a strong substituted PHBH with the maximum concentratiorpeg®HB (A)

charge-transfer complex between reduced flavin and oxidized,a:r,&olljz’;'r;:j3 ?D';%R(éségjéﬁ%%ﬂ;ﬁ %igz)ggigﬁ(?dng;g{g 4’)\1 i

pyridine nucleotide, no indication of charge-transfer absor- were determined by titrating ligand to enzyme30 x«M) in 50
bance is observed during the reduction reaction (Figure 6B). mM KP; and 1 mM EDTA, pH 6.5, at £C and are reported in
The redox potential of 8-CN-FAD PHBH in the presence of Table 2. Absorbance spectra were recorded, corrected for dilution,
p-OHB (+60 mV) is much higher than those of 8-CI-FAD gngctgﬁn?'ﬁiﬁ”;ﬁ’ sslﬁ’gggsa; ic\’/ztzmeegtgy subtracting the free enzyme
(—81 mV) and of native flavin{163 mV). The inability to P P '

form good charge-transfer correlates with the reduction of predicted from its redox potential (Table 2). The reduced
8-CN-FAD PHBH by NADPH being much slower than flavin charge-transfer complex (FADHNADPT') is not
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Ficure 5: Kinetic traces from the reductive half reaction of
8-SCH;-FAD PHBH in the presence of p-OHB. Anaerobic PHBH
(15 uM) with boundp-OHB (0.5 mM) in 0.1 M Tris-sulfate (pH

8.0) was reacted with 2 mM NADPH at L in the same buffer
solution using a stopped-flow spectrophotometer. Absorbance traces
at indicated wavelengths are shown.
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FiIGure 7: Free-energy relationship of the rate constants for
| NADPH reducing PHBH reconstituted with 8-substituted flavins.
L el g The log of the pseudo-first-order rate constakssfor the hydride-
0.001 0.01 0.1 1 10 transfer step are plotted vs (A) i’ for the 8-substituted FAD
t(s) bound to PHBH in the presenceOHB, and (B) thec substituent
constant for the 8-substituenk [values are not available for
B 8-hydroxy (O7) and 8-mercapto (9 substituents]. The reactions
0.14 L 1 B 3 3 A B WA 1 0.020 were carried out in KPi (pH 6.5) atC. The rates for 8-N(Ch)2-
30 FAD enzyme were too slow to allow determination &Cl Values
0.12 = ool 0.015 were determined at 28C (Table 2) and decreased by a factor of 6
O 0.10L 2 70 a7 > to allow for comparison with the other enzyme forms. This factor
' 5 10F > was obtained by comparison of rate constants at pH 8.0 for the
S 0.08L 0 .. 1 1oo10 8 two temperatures. See Table 4 for identification of the flavins.
@ 0 1 2 3 3
I 3 : . .
< 006 (NADPH] (mM) = a slow third phase with very small absorbance change; this
0.04 0.005 might be attributed to the association of reduced enzyme with
' NADPH, but this was not investigated.
002 ool ol vl ol 0 The rate constant for reductioky( Scheme 1) of PHBH
0 0.01 01 1 10 variants by NADPH is expected to correlate with the two-
te) electron redox potential of the enzyme-bound flavin in the

FiGURE 6: Kinetic traces from the reductive half reaction of (A)  presence op-OHB (37). However, a plot of redox potential

8-Cl- and (B) 8-CN-FAD PHBH in the presence of p-OHB. ; ;
Anaerobic enzyme (1&M) with bound p-OHB (0.5 mM) in 50 as a function of the lodt, (eq 1) shows poor correlation,

mM KP; (pH 6.5) was reacted with 2.5 mM NADPH at€ in the _

same buffer solution using a stopped-flow spectrophotometer. logk, = px+b (1)

Absorbance traces at indicated wavelengths are shown. o ]
even when 8-N(Ck)-FAD, which is the largest flavin

observed when PHBH is reconstituted with low potential studied, is omitted from the analysis (Figure 7A) [lkg=
flavins (i.e., 8-SCH, 8-NH,-, 8-N(CHg).-, 8-hydroxy-, and 0.01°*" (mV) + 1.824;R = 0.656,F = 5.3, with all data;
8-mercapto-FAD), presumably because the rate constants fotog k, = 0.01E&*" (mV) + 2.016;R = 0.787,F = 9.8,
reduction by NADPH are smaller than the rate constants for omitting the data for 8-N(CkJ.-FAD]. In the case of
dissociation of NADP from the reduced enzyme (Table 2). 8-N(CHs),-FAD PHBH [data point §) in Figure 7A], the
Most of the dissociation constants for the binding of NADPH rate constant of reduction is much smaller (we measured
are similar to that for enzyme reconstituted with native flavin, 0.0014 s* at 25°C; using a factor of 6, we calculate a value
either at pH 6.5 or 8.0 (Table 2). PHBH reconstituted with of 0.000 23 s? at 4 °C) than would be predicted from the
8-N(CHs),-, 8-hydroxy-, and 8-mercapto-FAD are the only redox potential alone. This unexpected behavior of 8-Nj&H
examples that have appreciably larger dissociation constantd=AD may be due to steric effects of the substituent retarding
for the binding of NADPH (Table 2). The reduction reactions the movement of the flavin into the appropriate conformation
of each of the enzymes, detected at the-tiNs absorbance  for reduction to take place. The poor correlation between
maxima for the oxidized form of the flavin analogue, show the redox potential and the rate constant of reduction
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Table 4: Substituent Constafts Table 5: Dissociation and Reduction Rate Constants of PHBH
8-substituent o MR - . Reconstituted With Several 8-Substituted Flavins by NADH
B p
1 CN 0.66 0.63 ™ 0.23 8-substituent Kg (uM) ko (s7Y)
2 Cl 0.23 0.60 071 —-0.01 CN 1450 2.02
3 H 0.0 0.10 0.00 0.00 Cl 3300 2.19
4 SCH 0.0 1.38 0.61 0.40 CHs 5400 0.53
5 CHs -0.17 0.56 0.56 0.11 NH, 10100 0.0075
? EL(CFb)z :ggi ﬁ;s nOé.le nggo aDissociation constant for NADH and reduction rate constants were
8 NH —0'66 0.54 —1.23 0.66 calculated from the kinetics of reduction of enzyme complexed with
9 o 2 —0.81 né —3-87 né p-OHB determined in 50 mM KPbuffer (pH 6.5) at 4°C. Values of
' : rate constants were the average of at least four determinations. Rate

a Substituent constants are from B85 ® na= values not available. constants varied5 «M from one another.

indicates that factors other than chemical reactivity are observed rate constants for the exponential decay are
involved during the reduction step (e.g., the lack of formation dependent on the pyridine nucleotide concentration and are
of a charge-transfer complex or adequate FAD conforma- about 16-fold (pH 6.5) to 95-fold (pH 8.0) smaller than that
tional changes during the reduction process). for NADPH (see Table 2 fok, by NMeH, see below fok;

If the flavin needs to move to the out-conformation for by NMNH, and see Table 5 fdr, by NADH).
reduction to take place, any factor such as a large 8-sub- Rate constants for reduction by NADH of PHBH recon-
stituent that impedes this movement could diminish the rate stituted with different 8-substituted flavins and in complex
of reduction. Alternatively, a large 8-substituent could with p-OHB at pH 6.5 also show poor correlation with the
sterically prevent the nicotinamide ring from approaching two-electron redox potential of PHBH variants (lég =
the flavin properly for hydride transfer. Thus, large substit- 0.007&* + 0.381;R=0.877,F = 6.7) (Table 5). Using the
uents could account for the rate of reduction not correlating substituent constant to correlate the rate of reduction of
with the redox potential of the enzyme-bound flavin. The the different PHBH flavin forms by NADH gave a signifi-
charge-transfer substituent constaf)f etermined by Foster  cantly better relationship (log, = —3.633¢ + 0.462;R =
et al. using NMR techniques8), depends on the size and 0.916,F = 11), analogous to behavior observed for reduction
hydrophobicity of the proton donor and acceptor in charge- by NADPH. Binding of NADH to the modified enzymes
transfer complexes. Substitution into eq 1 with the substituent was 4-160-fold weaker than binding of NADPH (see Tables
constantx for x results in a linear relationship: log = 2 and 5).
—5.87% + 2.194;R = 0.977,F = 104 at pH 6.5 (Figure Because of its poor reactivity and poor binding to the
7B). A similar correlation was obtained for the reaction enzyme, reduction of PHBH by NMNH was carried out only
performed at pH 8.0 (log, = —5.378& + 2.674,R= 0.971, at pH 6.5 with enzyme containing native FAD. NMNH
F = 83, see Tables 2 and 4). Since the charge-transferinteracts very weakly with the enzymi{~ 53 mM); the
constants «) for the substituents used in this study are dissociation constant for NMNH binding to native PHBH is
strongly dependent on their size (MR) and hydrophobicity ~250-fold weaker than binding of NADPH and14-fold

(m) (k = —0.36%r + 0.601MR — 0.080;R = 0.975,F = weaker than binding of NADH or NMeH. The rate constant
29), it follows that a good correlation of log with these for reduction of native PHBH by NMNH is 0.48°% similar
parameters can also be obtained (lkg= 1.988t — to the rate constant for reduction of this enzyme by NADH

3.460MR+ 2.529;R = 0.936,F = 11). A multiregression (ko = 0.53 s,

analysis including the redox potential does not improve the  Reduction of the enzymes with NMeH was carried out in
fit [log ko = 0.00F°" (mV) + 1.7397 — 3.342MR+ 2.918,; 0.1 M Tris-SQ buffer (pH 8.0) because in KBuffer (pH
R = 0.936,F = 4.8], emphasizing the minor importance of ~§.5) this nicotinamide analogue decomposes rapidly. Traces
the redox potential to the rate constant for reduction of the recorded at the U¥vis absorbance maxima for the oxidized
flavin. enzymes exhibit a decrease in the initial absorbance that
Reduction of the Different Enzyme Forms by Dihydroni- occurs within the dead-time of the stopped-flow instrument.
cotinamide Analogue#\nother approach for understanding This decrease of the initial absorbance corresponds to the
the possible importance of flavin position and rate of formation of the oxidized flavilNMeH charge-transfer
reduction of the enzyme-bound flavin was to measure the complex. By contrast, enzyme reconstituted with 8-3CH
rate constants for reduction of the PHBH-substituted flavins FAD shows a small increase in absorbance at 483 A (
by pyridine nucleotide analogues with different sizes of the of the UV—vis spectrum for oxidized enzyme) before 10
pyridinium side chain (Scheme 2, e.g., NADH, NMNH, and ms k ~ 5 x 10®° M~! s7%), similar to that previously
NMeH). This could test whether smaller reduced pyridines observed during reduction of this enzyme form by NADPH,
would be less impeded by the bulkier 8-substituents of the but with less change in absorbance. Following this initial
flavins. To probe the importance of the R group of the fast step, an exponential decay is observed. Enzyme recon-
nicotinamide analogues in the reduction reaction, PHBH stituted with flavins having-Cl, —H, and—CHjs substituents
variants reconstituted with 8-substituted flavins and com- at the 8-position show a small increase followed by a
plexed withp-OHB were reduced with 1 mM to 15 mM  decrease in absorbance at 550 nm, indicating the formation
NADH or NMeH, or 1 mM to 50 mM NMNH. Traces and decay of the initial charge-transfer complex between
recorded at UV-vis absorbance maxima for reduction of oxidized flavin and NMeH (data not shown). The observed
the oxidized enzyme forms showed a monophasic decay forrate constant for the reduction of the enzyme-bound flavin
the reduction reaction with NADH, NMNH, and NMeH. The by NMeH is hyperbolically dependent on NMeH concentra-
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tion, permitting the calculation df4-values. PHBH recon-

stituted with 8-substituted flavins formed complexes with

NMeH with values of dissociation constants similar to that

of native enzyme (Table 2). The reduction rate constant for

NMeH correlated better than with NADPH with the redox

potential of the enzyme-bound flavins (ldg = 0.00E*' ~
(mV) + 1.861;R = 0.829,F = 11) but not as well with the
substituent constart(log k, = —3.044¢ + 1.536;R = 0.849,

F = 13) (Figure 8). However, the combination of the two
constants gives a high correlation (leg= 0.00&" (mV)

— 2.035¢ + 2.043;R = 0.958,F = 22) (Figure 8C). After
reduction of the flavin analogues, no charge-transfer between
reduced flavin (FADH) and oxidized nicotinamide (NM¢

was observed; presumably the decay for the reduced flavin
charge-transfer complex was too fast to allow accumulation
of the intermediate.

DISCUSSION

The results presented here are consistent with the hypoth-
esis of Palfey et al1@) that the flavin in PHBH should move
to the out-conformation for proper reduction by NADPH
(Figure 1). We have shown on the basis of spectral
perturbations (Figure 4) that PHBH reconstituted with any
of several different flavin analogues is able to acquire either
flavin conformation (in or out) depending upon which ligand
binds. Furthermore, binding @~OHB to enzyme that has K
been reconstituted with any of the flavin analogues does not c
affect the redox potential of the enzyme-bound flavin, except
with the case of 8-CN-FAD. The redox potential of PHBH
reconstituted with 8-CN-FAD increased 23 mV upon binding
substrate (reR4 and Table 2). The affinity of 8-CN-FAD
PHBH for p-OHB can therefore be expected to be at least
10-fold higher for its reduced form than for the oxidized
enzyme.

Although the rate constant for reduction of PHBH
reconstituted with 8-substituted flavins by NADPH (at pH

log k,

2

logk

6.5 or pH 8.0) was expected to correlate with the 2-electron -4 ' ' ' '
redox potential of the enzyme-bound flavin according to eq 4 -3 2 0 1
1, poor correlation was observed. However, the rate constants 0.006 E° —2.035 k

correlated well with the substituent constanvhich is based FIGURE 8: Free-energy relationship of the rate constants for NMeH
on size and hydrophobicity of the 8-substituent on the flavin. reducing PHBH reconstituted with 8-substituted flavins. The log

. it . of the pseudo-first-order rate constarkg for the hydride-transfer
Substitution of the methyl group at the 8-position of the flavin step is plotted vs (A) th& for the 8-substituted FAD bound to

by larger groups, €.g=N(CHs),, decreases the rate of flavin - pHBH in the presence qi-OHB, (B) the substituent constant
reduction much more than would be expected on the basisfor the 8-substituent, and (C) a combination-@nd redox potential.

of the redox potential of the enzyme-bound flavins. This The reactions were carried out in Tris-sulfate (pH 8.0) &€4See
behavior might be accounted if the larger 8-substituents (1) Table 2 for identification of the flavins.

impeded the movement of the flavin to the out-conformation, ) )

(2) prevented the nicotinamide from gaining access to the 1he angle and distance between hydride donor and
active site to reduce the flavin located in the in-conformation, cceptor have been shown to be critical for the hydride-
or (3) prevented the optimal interaction for hydride transfer transfer reactions catalyzed by isocitrate dehydrogere (

in the transition state. In contrast to nicotinamide nucleotides, @nd dihydrofolate reductas41), as well as in semiempirical
the rate of reduction of PHBH reconstituted with 8-substi- duantum chemical calculations and ab initio calculations for
tuted flavins by NMeH does depend significantly on the hydride transfer41, 42). The optimal distance for hydride
redox potential of the flavin, implying that movement of the  transfer between C4 of the nicotinamide and N5 of the flavin
flavin to the out-position is not such a critical factor with  for glutathione reductase has been calculated to be 2.67 A
this small dihydronicotinamide as it is with the bulky (42). The modeled distance (energy minimized) for PHBH
NADPH. Moreover, because reduction by the smaller nico- With the FAD in the out-position is 3.9 A2@). Thus, some
tinamides is slower, the impeded movement of the flavin movement s likely to be required to form the charge-transfer
due to the 8-substituents may not be as rate determining.complex prior to hydride transfer. Marcus theoAg) can
Alternatively, the smaller nicotinamides may not require the explain how both the alteration in the redox potential of the
flavin to completely move to the out-position for reduction FAD analogues and the disturbed orientation of reactants
to occur. prior to hydride-transfer can influence the rate of reduction
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of enzyme-bound flavin. Marcus theory postulates that the  This study has demonstrated that the redox potentials of
activation energy of a reaction is expressed by two or more the reactive chemical species are not the only factors driving
components, an intrinsic thermodynamic barrier (dependentthe redox chemistry. Multiple properties of the enzyme, such
on the redox potential of the reactants, FAD and NADPH, as proper conformation of the prosthetic group, its redox
in the hydride-transfer complex) and the work component potential, electrostatics in the cavity of the active site, nature
implicated in bringing the reactants and products together of active-site residues, and the size and/or hydrophobicity
in the proper orientation, as has been proposed for PHBH of the substituents used (either in the flavin or the nicoti-

(12). Results presented here are consistent with the worknamide) are all important for catalysis.

component being important because the rate constant for the

reduction reaction of PHBH reconstituted with different ACKNOWLEDGMENT
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triggered by more than one factor. For example, the anionic

2'-phosphoryl group present in NADPH Kp ~7.0) may REFERENCES

contribute to this conformational change, since hydride-
transfer to PHBH reconstituted with native flavin from
NADH, NMNH, or NMeH is much slower than that by
NADPH. The average rate constant of reduction is 0% s
at pH 6.5 for NADH and NMNH and 1173 at pH 8.0 for
NMeH compared to 5273 and 94 s at pH 6.5 and 8.0 for
NADPH. Binding of these nicotinamide analogues to PHBH
with native flavin is>12-fold weaker compared to binding
of NADPH. Reduction of PHBH at pH 8.0 is faster than

reduction measured at pH 6.5, possibly because there is an

increased fraction of the anionic form of the substrate,
p-OHB, which is known to be important during the oxidation

reaction and recently associated with enhancement of the

reduction step 18). Alternatively, it could be due to an
increased fraction of the anionic-ghosphoryl group in
NADPH that is essential for enzyme recognition and for
triggering the flavin movement. Removal of thépghos-
phoryl group of NADPH leads to a loss of 1.4 kcal mbl
of ground-state binding energy in PHBH containing FAD

(eq 2).

NADP

- _ d
AAG = —RTInl" o5y

d

(2)

The rate-limiting step in catalysis for native enzyme in
the presence gb-OHB at pH 6.5 might be determined by
both the conformational change (movement of the FAD to
the out-position) required for ligand to be exchang&d) (
and the dehydration of the flavin-C4a-hydroxide to form
oxidized flavin (steps indicated by andk; in Scheme 1).
Modification at the 8-position of the FAD can affect which
of the steps are rate limiting in PHBH catalysi4). For
example, the rate of turnovek.) by PHBH reconstituted
with 8-CI-FAD, calculated from the individual rate constants

under saturating conditions of substrate and cofactor (pH 6.5,

4 °C), suggests that., is determined both by the off rate of
NADP* and the release of the hydroxylated prodikgtaind

k; of Scheme 1). The mechanism of Scheme 1 using the

individual rate constants predicts a value gy = koksksks/
(ksksks + koksky + koksks). The constantgs, ks, ks, andks;
are 80, 54, 300, and 45% From these values, a value for
keat Of 18 st is predicted. However, the experimentally
determinedk.,;: for PHBH reconstituted with 8-CI-FAD with
p-OHB as a substrate is 11% This suggests that there is a
spectrally silent step of about 30'shat could be related to
flavin movement during the reaction.
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