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for Reduction in Catalysis bp-Hydroxybenzoate Hydroxylase

Mariliz Ortiz-Maldonado, Barrie Entsch, and David P. Ballou*
Department of Biological Chemistry, Urrsity of Michigan, Ann Arbor, Michigan 48109-0606
Receied May 6, 2003; Rased Manuscript Receed July 18, 2003

ABSTRACT. p-Hydroxybenzoate hydroxylase is a flavoprotein monooxygenase that catalyzes a reaction in
two parts: reduction of the enzyme cofactor FAD by NADPH in response to bingimglroxybenzoate

to the enzyme and reaction of reduced FAD with oxygen to form a hydroperoxide, which then oxygenates
p-hydroxybenzoate. Three different reactions, each with specific requirements, are achieved by moving
the position of the isoalloxazine ring in the protein structure. In this paper, we examine the operation of
protein conformational changes and the significance of charge-transfer absorption bands associated with
the reduction of FAD by NADPH when the substrate analogue, 5-hydroxypicolinate, is bound to the
enzyme. It was discovered that the enzyme with picolinate bound was reduced at a rate similar to that
with p-hydroxybenzoate bound at high pH. However, there was a large effect of pH upon the rate of
reduction in the presence of picolinate with ld,of 7.4, identical to the I§, of picolinate bound to the
enzyme. The intensity of charge-transfer bands observed between FAD and NADPH during the reduction
process correlated with the rate of flavin reduction. We conclude that high rates of reduction of the enzyme
require (a) the isoalloxazine of the flavin be held by the protein in a solvent-exposed position and (b) the
movement of a loop of protein so that the pyridine ring of NADPH can move into position to form a
complex with the isoalloxazine that is competent for hydride transfer and that is indicated by a strong
charge-transfer interaction.

p-Hydroxybenzoate hydroxylase (PHBHyom Pseudo- the flavin in the out position NADPH reduces the flavin.
monas aeruginosaand Pseudomonas fluorescen&C The substrate pOHB increases the rate of reduction by more
1.14.13.2) has been used extensively as a model for thethan 10-fold. Then, after it is reduced, the isoalloxazine
reactions catalyzed by flavoprotein monooxygenases, par-swings back to the in conformation of the active site, where
ticularly for enzymes that oxygenate aromatic compounds the reduced flavin reacts with oxygen to initiate the second
(1, 2). The catalytic scheme for the reaction catalyzed by half of the catalysis: oxygenation of the substrate. This
PHBH shown in Figure 1 is typical of this group of enzymes. effectively gives PHBH two active sites to carry out two
In the reaction, an atom of oxygen is inserted into the diverse reactions. Our understanding of the complexity of
aromatic ring of the substrate, and this is an important step the function of this protein has been enhanced by a structure
in one of the metabolic pathways for the degradation of of NADPH bound to the mutant form of the enzyme,
aromatic compounds by microorganisms. PHBH and prob- Arg220GIn @). PHBH exhibits a motif for binding NADPH
ably many other enzymes of this type utilize a novel thathas not been previously recognized. NADPH binds with
mechanism to link two rather different catalytic processes, its adenine ring next to the isoalloxazine ring of FAD and
the reduction of the flavin, followed by its reaction with the rest of the molecule in an extended conformation with
oxygen to bring about hydroxylation of the substrate. The the nicotinamide ring remote from the isoalloxazine ring.
flavin is mobile in the enzyme. Rotation of the ribityl chain  The structure shows that reduction can only happen with the
causes the isoalloxazine ring to move from an “in” position flavin out and with a rotation of the nicotinamide ring portion
to an “out” position some 78 A apart in the plane of the  of bound NADPH to bring it withi 4 A of theisoalloxazine
isoalloxazine ring (reB and references cited therein). Before ring. Structural modeling suggests that a loop of protein from
NADPH can reduce the flavin (by coming in contact with residue 263 to residue 271 has to move to allow rotation of
it), the isoalloxazine of the FAD must move to the out the nicotinamide 4). This model suggests that effective
position (see Figure 2), and this movement requipes  reduction involves two protein changes: movement of the
hydroxybenzoate (pOHB) to be bound to the enzyme. With flavin out and movement of the loop to allow the nicotin-

amide of NADPH to swing into place for transfer of its
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active sites [as reviewed in 1974 by Massey and Gh§la (
When a CT interaction occurs, a new (usually broad)
absorption band is observed at wavelengths longer than the
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Ficure 1: Catalytic cycle of PHBH. In the figure, E represents the enzyme, S represents pOHB, and P represents 3,4-dihydroxybenzoate,
the oxygenated product.
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Ficure 2: Stereoview of the active site of wild-type PHBH as the complex with pOHB (black shading, the “in” conformation), compared
to the structure of the active site as the complex with 2,4-DOHB (gray shading, the “out” conformagpry¢te that 2,4-DOHB is not
shown. The dashed lines indicate the key residues in the proton network from the substrate phenol to the surface of the protein.

absorption bands of the participants in the interactign ( hydride transfer, a second CT occurs between FARHd

An important type of CT interaction occurs in the formation NADP. Under optimum conditions for PHBH, the rate of
of complexes between pyridine nucleotides and flavoproteins flavin reduction by NADPH in the enzyme in complex with
(6, 7). With some flavoproteins, these charge-transfer pOHB at 25°C is =250 s (unpublished observation) and
interactions have been shown to be part of the catalytic is thus similar to that recorded for maximum rates of
reaction pathway § 9) when the flavin is reduced by reduction (345 s!) in an intramolecular model system that
pyridine nucleotide. Blankenhori®)stated, “It is not clear  optimizes the orientation between free flavin and pyridine
whether the CT interaction in the complexes is merely nucleotide 6). We have identified experimental conditions
“accidental” and unrelated to the mechanism of hydrogen in the study of PHBH that help to clarify the role of CT
transfer or whether the CT interaction is functionally interactions in reduction of this enzyme by employing the
significant for transfer of oxidationreduction equivalents.”  substrate analogue, 5-hydroxypicolinate (PICO; see Figure
Quantum chemical calculations of redox reactions between3). This compound was found to stimulate high rates of
flavin and pyridine nucleotide1Q) have shown that the NADPH consumption by PHBH without the formation of
process of hydride transfer between the molecules occursan oxygenated product of PICQL3); thus, the second
when there is orbital overlap between the N-5 of the flavin product was HO,, and the reaction was uncoupled from
and the C-4 of the pyridine ring at a distance 2.7 A. normal hydroxylation. We have found that the rate of
Recent studies with DNA1(Q) have established the impor- reduction of the flavin in the presence of PICO is very
tance of CT interactions in the transfer of electrons through dependent upon pH in the range 6f®.5, where the protein
the double helix of DNA in electrochemical processes. CT is stable. This observation has provided us with the op-
interactions in PHBH are observed between the flavin and portunity to examine the relationship between CT formation
pyridine nucleotide substrate during flavin reductidr2)( and the rate of reduction, which we know depends on the
First, CT occurs between NADPH and FAD, and then, after correct conformational state of PHBI3)(
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This paper reports an analysis of the reduction of PHBH \
when PICO replaces the natural substrate, pPOHB. The results 250 300 350 400
provide new insights into the roles of the conformational Wavelength (nm)
changes in PHBH for optimum flavin reduction and of CT Ficure 4: Absorption spectra of PICO with pH and in mixtures
interactions in catalysis. A preliminary report on this work Of water and dioxane. (A) Absorption spectra of PICO at pH 2.2

: ; ; i~ (@ is the zwitterion), at pH 6.6 is the tripolar anion), and at pH
was presented to the International Flavin Symposium in 11.3 O is the dianion). (B) Spectra of 72V PICO were recorded

Konstanz {4). in the percent dioxane shown on the figure. Each solution contained
50 mM phosphate as the K salt, initially at pH 6.6. Some turbidity
MATERIALS AND METHODS developed with increasing dioxane. It is clear that the absorption

. . . band of PICO at 320 i d by di .
All common reagents used in this work were analytical ando a nm IS Suppressed by dioxane

reagent grade. NADPH used was at least 98% pure (from 415 matic ring nitrogen. PICO has a potentially complex array
either Roche Biochemicals or Sigma). The substrate ana-uf jonic forms in aqueous solution (Figure 3), and depending
Iogue', PICO, was syntheS|zed' according to the method upon pH, four species of PICO are observed in water. In
described by Duesel and Scudij. Other substrates for  rigyre 4A, the spectra of three dominant species at pH 2.2,
PHBH were from commercial sources and were recrystallized g g and 11.3 are shown. The fourth species, observed at very
before use. _ low pH is not shown; it has a spectrum similar to the pH
_The construction of plasmids and the methods for expres- 5 gpecies. In water, the species labeled “anion” in Figure
S|on'of PHBH in Escherichia colihave been described g3 g 5 negligibly small fraction of the PICO present. This
previously (6-18). The enzyme and mutant forms were a5 demonstrated by taking a solution of PICO buffered at
purified as described in refs7 and 19. The mutant forms 14 6 5 and adjusting the solvent composition with dioxane
of PHBH (His72Asn and Arg220Lys) have been described (3 gprotic solvent that lowers the dielectric constant of the
before @, 20). . _ solution @3, 24)]. The principal effect of dioxane was the

All experlr?ental measurements Wlth PHBH were carried suppression of the peak between 300 and 350 nm (see Figure
out at 3-4 °C to make the reactions slow enough for 4g) | 6w and high pH also suppressed the peak between
quantitative analysis. The methods used were similar to thosezng and 350 nm (Figure 4A). Thus, we conclude that the
described by Moran et a2{). Of particular importance were 355 nm peak is primarily due to the tripolar species and that
thg buffers us_eq fo_r ;ettmg pH values with PHBH.because the spectrum in water at pH 6.6 (Figure 4A) is dominated
this enzyme is inhibited by some monovalent anions. For py the tripolar species. We do not know the exact ratio of
the DH range of 6.:27.5, potassium phosphate solutions WET€ tripolar to anion species in water. In this work, experimental
used; for the pH range of 7-:8.8, Tris-sulfate was used;  measurements were made with PHBH in the pH range of
for the pH range 8.89.5, glycine adjusted with NaOH or g o9 5, the pH range in which the enzyme is stable. Thus,
KOH was used. No differential buffer effect was found on o enzyme was exposed to PICO in solution that is mostly
enzyme processes when these buffers were used. a mixture of tripolar and dianion species (Figure 3).

Rapid reaction kinetic traces were analyzed and simulated p|co Complex with PHBHThe interaction of PICO with
with the software called Program A, an MS-DOS based seriesiho resting (oxidized) enzyme was studied by following the
of programs developed in our laboratory by Rong Chang, change in the flavin spectrum as PICO was bound by PHBH
Chung-Jin Chiu, Joel Dinverno, and David Ballou, University naxt to the flavin. From pH 6.0 to pH 9.5, the result was
of Michigan. Analysis of reaction traces is based upon the 5\yays the same, as illustrated in Figure 5. When PICO was
Marquardt algorithm for fitting data to sums of exponentials 5und in the active site of PHBH, there was a large increase
(22). in the extinction of the FAD at 450 nm (0f2000 M
RESULTS cm1). The difference spectrum for PICO bound compared

to free enzyme between 350 and 500 nm (due to FAD only;
5-Hydroxypicolinate PICO is a structural analogue of see Figure 5B) was consistent with that found when FAD in

pOHB, the natural substrate of PHBH (Figure 3). The the active site takes up the out conformation (Figure 2 and
important difference from pOHB is the presence of the ref25). Thisis in contrast to the enzyme with pOHB bound,
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Ficure 5: Perturbations of absorption spectra of PHBH upon Wavelength (nm)

binding PICO. (A) Spectra of PHBH without substra®) (and . . . -
PHBH saturated with PICG) in 100 mM Tris—sulfate (pH 8.65). FIGURE 6: Analysis of the spectral changes resulting from binding
(B) Difference spectra for the changes in (A) upon addition of 10, ©f PICO to PHBH over a range of pH. (A) Example of information

; collected in a double sector cuvette: spectrum C wagB.®HBH
ﬁ]%lue(j()é gncdor?tzr%miopr:?rgmNSItgéhgél?ﬁ Ss,s)gcrgﬁ.m (A) and (B) in 50 mM phosphate as the K salt, pH 7.0, in sector 1 with the

same buffer in sector 2; spectrum D (dashed line) was PHBH in

sector 1 with 25 M PICO (both in the same buffer) in sector 2;
where the FAD takes up the in conformation (Figure 2 and and spectrum E (solid line) was obtained after the PHBH and PICO
ref 25) when the phenol is protonated. In the crystal structure sectors were mixed. (B) Plots of difference spectra between D and

. . E in panel A at pH 6.02, 6.50, 7.06, 7.47, 8.0, and 8.64. These
of PHBH with the flavin out £9), the substrate analogue, difference spectra were corrected for the fraction of unbound PICO

2,4-dihydroxybenzoate (2,4-DOHB), was bound instead of at each pH, based upon th& values determined at each pH.
pOHB. The structure shows that the 2-hydroxyl of the Inset: Plot of difference spectral changes against pH. The data were
substrate provides a new H-bond to the N-3 position of the fitted with a function for a pH-dependent process withk, jof
isoalloxazine ring that probably helps to stabilize the out /-4 (solid lin€).

conformation. When PICO replaces pOHB in the enzyme, gcheme 1
the ring nitrogen could provide an alternative basis for a new

- . T T

H-bond to stabilize the out conformation. If a water molecule CT 580 nm CT 800 nm
were positioned to H-bond to the ring N of PICO, it then PICO-EFAD-NADPH ks PICO-EFADH--NADF*
could bridge to the N-3 of the isoalloxazine ring in the out Ky

conformation. This is a proposal without any direct crystal- ky ‘ ko ke “ ks
lographic information. PICO-EFAD + NADPH PICO-EFADH™ + NADP*

The dissociation constant values obtained for PICO
binding to PHBH (between 50 and 10/ depending on extinction of PICO in solution. There was a clear trend of
pH) were 5-10-fold higher than those for pOHB bound to the absorbance differences with pH (Figure 6B, inset, where
the enzyme under similar conditions. This observation AA at 311 nm is plotted). The differences could be fitted to
suggested to us that the enzyme might prefer not to bind toa pK, for PICO in the active site of PHBH of 7.4, compared
the dominant tripolar species in solution (Figure 3). The to the value in free solution of 8.45 (Figure 3).
natural substrate (pOHB) is known to bind to the enzyme as Reduction by NADPH of the FAD in the PICO Complex
either the monoanion or dianio@®), analogous to the anion  with PHBH. To study the reduction phase of the catalytic
and dianion species of PICO (see Figure 3). TKg @f the cycle of PHBH (Figure 1), experiments were conducted
phenol of pOHB is shifted to lower pH (from 9.3 to 7.4) under anaerobic conditions in a stopped-flow spectropho-
when bound in the enzyme active site5). To determine tometer at 3-4 °C. This temperature was necessary to slow
the ionic state of PICO in the active site, a series of titrations the reactions sufficiently to resolve intermediates. Solutions
were carried out at about M PHBH, and the spectral  of PHBH in complex with PICO were mixed with solutions
changes to PICO were followed as it bound to the active of NADPH to initiate the reduction of the enzyme flavin by
site over a range of pH values. Very careful measurementsNADPH (PICO replaces pOHB in Figure 1), followed by
were carried out in a Yankeloff double-sectored spectropho- the release of NADP formed. In these experiments PHBH
tometer cell (Figure 6A). First, the spectrum of the enzyme is saturated with PICO (based on the measu{gdalues
in sector 1 with buffer in sector 2 was recorded. Second, determined separately). Thus, the reaction measured was the
the spectrum of the enzyme in sector 1 with the desired reduction reaction shown in Scheme 1. To analyze this
amount of PICO in sector 2 was recorded. Thus, we know reaction, absorbance changes were followed in the range of
the exact concentration of PICO to be mixed with enzyme 420-825 nm. In this range of wavelengths, absorbance is
in each experiment. Third, both sectors were mixed and thedue only to contributions from FAD (426620 nm) and any
spectrum was recorded. The spectral differences obtainedCT bands formed between flavin and pyridine nucleotide
upon a fraction of PICO binding to PHBH had to be (520-825 nm). This was established first by Howell et al.
corrected for the calculated fraction of PICO unbound at eachin 1972 (2) for the reaction with the natural substrate,
pH (Figure 6B). This was necessary because of the magnitudgpOHB. In the reactions with PICO, small absorbance changes
of the K4 values for PICO with the enzyme and the high extend even beyond 825 nm but could not be followed due
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FIGURE 7: Reaction traces obtained by absorbance for the reduction t(s)

of the complex between PHBH and PICO with NADPH. The )

reaction solution after being mixed in the stopped-flow spectro- FIGURE 8: lllustration of the dependence of the observed rates of
photometer contained 34M PHBH, 4 mM PICO, 4.8 mM reduction of the complex between PHBH and PICO upon the
NADPH, and 50 mM glycine (adjusted with KOH) at pH 9.4 and ~concentration of NADPH. The figure shows the change in absorb-

3 °C. Absorbance changes are shown for 446 nm (solid line), 550 ance at 446 nm in reactions containing the following concentrations
nm (dotted |ine), and 800 nm (dashed |ine)_ of NADPH: 0.5, 1.0, 2.5, and 5.0 mM. The rate of decrease in

absorbance increases with increasing concentration of NADPH (note

to limitati f the inst tati Absorb h the log time scale). The experimental conditions were similar to
0 imitations ot the Instrumentation. Absorbance Changes ,ose “given in the legend to Figure 7, except that the enzyme

measured showed that CT interactions were occurring duringconcentration was 24M and the temperature %. Inset: Plot of

the reduction reactions. Examples of absorbance changes arthe reciprocal of the observed rate constant against the reciprocal
shown in Figure 7 for reactions at pH 9.4 and 3@ At of NADPH concentration. From this plot, the rate of reduction of
446 nm, the reaction is dominated by a large decrease inth.fheﬁi%”;zwasoc%cu";’\‘zed as 54ad theKq for the complex
absorbance due to the reduction of FAD. However, absorb-" as L4 mi.

ance changes at 446 nm require three exponentials to fit the 60
changes; in addition to the reduction, there is a fast, initial

process causing a small lag that varies in rate with NADPH <, 40
concentration (first step in Scheme 4250 st at 5 mM 8
NADPH) and a slower final small decrease in absorbance &2

that corresponds to the final change measured at 800 nm

(last step in Scheme 1). At 550 nm, the small absorbance 0
change is due principally to CT interaction between oxidized

FAD and NADPH, since there is an increase in absorbance ) . b he d d f th ¢
hat is partly complete within the dead time of the instrument FIGURE 9: Comparison between the dependence of the rate o
thatis partly plete ad i reduction of the complex of PHBH and PICO and of the calculated
(1.5 ms for the experiment shown in Figure 7), followed by extinction of the CT band at 800 nm upon pH. The rate constants
a biphasic decrease in absorbance that is dominated by d®) were obtained from extrapolations to infinite NADPH concen-

Change at the same rate as reductlon mon”:ored at 446 nmtratlon as illustrated in F|gure 8. The intrinsic extinction values at
: each pH Q) were calculated as described in Results. Each extinction
By contrast, at 800 nm (Figure 7), the absorbance Changerepresents the average of the complexes in the protonated and the

must be due to principally the CT interaction between ynprotonated forms. The solid lines represent fits to a single process
FADH™ and NADP. Thus, there is an increase in absorbancewith a p, of 7.4. The limiting values for rates were 6.9 and 54

that corresponds in rate to the reduction of FAD at 446 nm s™* and for extinctions, 0.49 and 1.4 m¥cm™.
(ks,ops Of 48 &= 2 s71), which is followed by a decrease in
absorbance that is slightly slower than that of reducti@gnf discussed in the paragraph above and shown in Scheme 1.
of 40 + 5 s1), corresponding to dissociation of NADP. By abstracting out the reduction process, the analysis of
These small absorbance changes were analyzed more acScheme 1 was simplified to a two-step process. A double
curately by taking multiple shots and averaging the results. reciprocal plot of the observed rate of FAD reduction versus
Enzyme concentrations were high enough to ensure that theNADPH concentration gave a straight line in all experiments
long-wavelength changes could be measured. In summary,(see Figure 8 inset). On the basis of the kinetic analysis
the results at all wavelengths examined were fitted by the described by Strickland et al2§), the intercept on the
same three measured rate constants (corresponding to théeciprocal rate axis is the reciprocal of the reduction rate
three steps in Scheme 1). constant k3). The slope divided by the intercept in these
The difference between the standard redox potentials atreciprocal plots provides a measurekof(or the ratio ofk;
pH 7 for NADPH and ligand-bound PHBH is approximately to ki in Scheme 1). The final pH of each reaction was
160 mV. When this difference is combined with reaction measured on the mixed solutions from the stopped-flow
conditions where the ratio of NADPH to NADP is high, then experiments. The calculated rate constants for reduction at
the hydride transfer (the middle step in Scheme 1) is €ach pH are plotted against pH (Figure 9). The reduction
effectively irreversible. The ratio dfs to k, in Scheme 1 rate constant at pH 9.4 (54§ was only slightly less than
must be at least 2.5 10°, and in practical termsk; is 0. that for PHBH reduction with pOHB bound under the same
The absolute rates of reduction of FAD in the reactions at conditions (74 s?) (3). At pH 6.0, the rate of reduction was
each pH ks) were calculated from measurements of the nearly 8-fold slower, unlike with pPOHB bound, which is only
observed rates of reduction over a range of NADPH 2-fold slower than at pH 9.4. This significant pH dependence
concentrations. An example of results at pH 9.4 is shown in Was fitted to a theoretical curve for a singlé,of 7.4 (Figure
Figure 8. The observed rate of reduction was obtained from 9); the fit was excellent.
the large decrease in absorbance at 446 nm after three CT Band Changes with phVe also measured the intensity
exponential processes were fitted to the reaction traces, a®f observed CT bands at different pH values to see if these
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Table 1: Parameters Used in the Simulation of Reaction Traces at €SSentially 0 as described above. The value kowas
800 nm To Obtain CT Band Extinctiohs assumed to be 0, because the reactions simulated were carried
out with at least 2 mM NADPH and 0 mM NADP. At the

arameter H6.5 H75 H9.4 .
NA;PH ) 582 55 !?0 highest the value dfs onsWould be less than 1% of the rate
PICO-EFAD (mM) 0.0285 0.0255 0.0245 of ks. Thus, the rate of dlsappearance of the absorbance at
ki (M~1s7?) 5% 10 5% 10 5% 10 800 nm was the value ¢&. Reaction traces were compared
k2 (s7%) 12 19 24 at concentrations of NADPH that were nearly saturating the
ks (s™) 12 33 50 enzyme to maximize the absorbance signal at 800 nm. The
ks (s7%) 40 40 40

values ofk; , ks, and ks were obtained by experimental
@At 800 nm, there is no extinction for components other than measurement as described before, and the valuk foas
PICOEFAD-NADPH and PICOEFADH™-NADP". The values forthe = a0y jated from the measuréq for NADPH and the value
oxidized CT complex were small compared to the reduced CT complex, e
as shown by the-0 absorbance at the start of the trace at 800 nm ©Of Ki. At 800 nm, the only contribution to absorbance was
(Figure 7). Values for rate constarks and ks were set at zero as due to the CT interaction (as described above) between
explained in the Result8.As shown in Scheme 1. FADH~ and NADP'. The concentrations of starting com-
ponents were known; thus, the extinction of the CT band
intensities correlated with rates of reduction. The CT formed at 800 nm (due to the species PHEADH -NADP*
interaction between FAD and NADPH could not be analyzed in Scheme 1) was obtained by simulation of the experimental
accurately, because of small absorbance changes and higkraces at this wavelength. The values obtained are plotted
rates. The complex between PHBH and NADPH was formed on Figure 9. The extinction of the CT band showed the same
reversibly at rates of hundreds per second (at’8.%s can qualitative dependence on pH as the rate of reduction.
be seen in Figure 7, 550 nm trace; the observed rate of the
first phase is in the range of 25@50 s1), and the CT band  DISCUSSION
had a very low absorbance and could not be distinguished
spectrally from the subsequent CT interaction between It has been shown in studies with the natural substrate,
FADH™ and NADP at any wavelength examined. However, pOHB, that PHBH prevents NADPH from coming into
the complex between FADHand NADP was formed at the  effective contact with FAD until certain conditions are met
rate of flavin reduction, had a measurable absorbance, and3). First, the aromatic substrate to be modified must be in
was the dominant species absorbing at 800 nm. Thus, traceshe substrate-binding site. In addition, the protein must also
at 800 nm (as in Figure 7) provided a reasonable signal to facilitate a deprotonation of the buried phenolic group of
analyze the changes in CT interactions at different pH values.the substrate. This occurs by means of the proton network
The most important CT interaction for directing the proper consisting of substrate, Tyr201, Tyr385, water, and His72
orientation for reduction is the one between FAD and (see Figure 2). Only when the phenolate form of the substrate
NADPH, but this CT complex is too difficult to quantify. is formed in the active site can the NADPH come into contact
However, it is reasonable to assume that the CT interactionwith the enzyme FAD to bring about rapid reducti®Z8).
between FADH and NADP is also a reporter on reduction This is because the phenolate form of pOHB induces the
because it is the immediate product of the hydride transfer conformational changes required to swing the isoalloxazine
from the first CT complex. It is also an essential intermediate of FAD to the out position (Figure 2), where it comes into
in catalysis by PHBHZ9) and is partially formed when a  the critical reaction distance for reduction by NADPH. A
high concentration of NADP is added to reduced enzyme in rate acceleration of 2dold for reduction of the flavin by
complex with pOHB (unpublished results). Thus, the com- NADPH occurs when PHBH binds pOHERY). When the
plex is on the pathway for the reversal of reduction. The FAD is reduced, the isoalloxazine swings back to the in
analysis was simplified when it was found that the dissocia- position for reaction with oxygen.
tion of NADP from the enzyme occurred with the same rate  This paper describes what happens when PICO replaces
constant at all pH values studied (40%s This was shown pOHB in the active site of PHBH. First, when PICO binds
by the measurement of a constant exponential of 40rs to PHBH, the FAD (unlike with pOHB present) assumes
the formation and decay of the absorbance at 800 nm. Thusthe out conformation at all pH values studied, based upon
the rate of formation of the CT interaction between FADH the spectral changes observed (Figure 5 for pH 8.6 and ref
and NADP (equivalent to reduction) varied with pH (Figure 25). Similar behavior is found for the WT enzyme with 2,4-
9), but the CT decomposed at the same rate (40 Because DOHB bound @5) and for the mutant enzyme, Arg220Lys,
these two rates are very similar in value, the observed on binding pOHB 20). PICO also has its phenolic group in
absorbance maxima at 800 nm never approach full formationthe correct position to interact with the proton network that
of the potential CT interaction. Thus, it was only possible has been shown to promote deprotonation of the phenolic
to obtain the extinction of the CT interaction by simulating group of pOHB in the active site (see Figure 2 and &fs
the full reaction in Scheme 1 at each pH. and 28). Because the out conformation is essential for
Three pH values that spanned the observéd, m reduction of flavin by NADPH (above), it would be
reduction of the complex between PHBH and PICO (Figure reasonable to predict that pH would have no effect upon
9) were chosen for simulation. At each pH, absorbance tracesreduction when PICO is bound to the enzyme. However, if
at 800 nm were recorded under identical conditions and reduction also requires that the phenolate stimulates more
averaged. The model described by Scheme 1 was simulategbrotein changes than moving the flavin out, then there should
numerically with Program A, which uses the Rungéutta be a pH effect on reduction in the presence of PICO, and it
algorithm for integrating differential equation®2 27); the should be sensitive to theKp of His72 (6.2) at the solvent
parameters used are shown in Table 1. The valukfaras end of the proton networl3}. However, neither prediction
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Ficure 10: Reduction of the mutant of PHBH, His72Asn, in
complexes with either PICO or pOHB. Reduction was followed
by absorbance (at the wavelengths marked on the figure) in the
stopped-flow spectrophotometer under anaerobic conditions. Final
solutions contained His72Asn (2(M) with pOHB (0.5 mM) or
His72Asn (17uM) with PICO (2.0 mM), NADPH (2.5 mM), and
Tris—sulfate buffer (50 mM in Tris), pH 8.6 at 4C. The solid
line is for reduction of the complex with pOHB, as published
previously B). Note two distinct reduction phases occur: one with
a rate of~75 s and the other~3 s1. The dashed line is for
reduction in the complex with PICO. This reduction occurs with a
single rate of 41 ..

is correct. Instead, reduction of PHBH in complex with PICO
has a pH dependence that directly reflects thg @f PICO
(7.4) in the active site (Figures 6 and 9). Because the
measured I§, is similar to a residue such as His72, we could
not rule out His72 ionization on the basis of the experimental

Ortiz-Maldonado et al.

Ficure 11: lllustration of the complex formed between PHBH and
NADPH. The top picture shows a surface rendering of one subunit

results. The PHBH mutant, His72Asn, disrupts the proton of the mutant Arg220GIn of PHBHA] from the perspective where

network and has been used to demonstrate the function o
this network in PHBH (see Figure 2). With pOHB, two
distinct forms of His72Asn are observed: one with pOHB

1FAD is visible (green), but the isoalloxazine is buried in the protein

on the right end of the FAD structure. NADPH (orange) is bound
approximately perpendicular to the flavin, with the adenine ring
buried near thei side of the isoalloxazine ring and the nicotinamide

as the monoanion and one with pOHB as the dianion. Thesering on the surface far removed from the isoalloxazine (pointing

distinct forms of the mutant do not interconvert rapidBy (
28), and therefore reduction of the flavin occurs in two
distinct phases (Figure 10). We have found that the His72Asn
mutant form with PICO does not exhibit two phases of
reduction as it does with pOHB; with PICO, it behaves like
WT as illustrated in Figure 10, indicating that the proton
network has much less importance to reduction. Our inter-
pretation of these observations is that, when PICO binds to
PHBH, the flavin of the oxidized enzyme is in the out
conformation, and there is probably a solvent connection to
the substrate-binding sit@%, 28) that can facilitate proton
exchange. Thus, the proton network of the protein (Figure
2) is not required to mobilize the phenolic proton of PICO
in this conformation. The positive electrical field of the active
site 1) probably promotes dissociation of the phenolic
proton, thus lowering the observe®&pfor PICO (Figure
6B, inset).

An important conclusion from the studies with PICO
concerning control of reduction in PHBH is that the out
conformation is necessary, but not sufficient, for maximum
rates of FAD reduction. In addition to triggering movement
of the flavin out, formation of the phenolate anion of the

down). This structure is consistent with the fact that PHBH always
binds NADPH but strictly controls hydride transfer from NADPH
to FAD in response to pOHB. The bottom picture is a model of
the conformation required when hydride transfer occurs after being
triggered by the binding of pOHB or PICO and deprotonation of
the substrate phenol in the active site. The protein strand from
residue 263 to residue 271 was moved, and NADPH was rotated
so that the nicotinamide can reduce the isoalloxazine in the out
conformation. The structure went through energy minimizations
before creation of the picture. Thus, the surface of the protein shows
many subtle changes to accommodate the movements.

(3, 31). In that earlier work, it was suggested that repulsion
by the phenolate of the carbonyl of Pro293 causes changes
in the active site loop between residues 292 and 300 that
favor the out conformation when NADPH binds. With PICO,
this change must occur upon substrate binding, before
NADPH interacts with the enzyme. Then, with NADPH
bound, the phenolate (through the repulsion of the carbonyl
of Pro293) triggers another change that stimulates reduction.
Presumably, with the natural substrate (pOHB) bound,
formation of the phenolate initiates both movement of the
isoalloxazine out and the second change that influences
NADPH.

substrate is also necessary for achieving the correct orienta- The recent solution of the structure of PHBH (as the

tion of NADPH to FAD. There must be a signal transmitted

mutant Arg220GIn) with NADPH bound provides a ready

through the protein structure to affect some aspect of structural explanation for the observations about reduction
NADPH binding. This might be achieved through repulsion discussed above. This structure showed that NADPH was
(by the substrate phenolate anion) of the carbonyl of Pro293,bound to the surface of the protein in an extended conforma-
which is within H-bonding distance from the substrate phenol tion, with the adenine ring of NADPH located near thie
(ref 30 and Figure 2). This proposal for reduction in the side of the isoalloxazine ring and the nicotinamide ring far
presence of PICO differs from the earlier proposal that the removed from the isoalloxazine (Figure 11, top). Reduction
formation of the phenolate of pOHB is responsible for the could only happen with the flavin moved out and with the
formation of the out conformation when reduction occurs nicotinamide ring of NADPH rotated from the position
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observed in the structure to lie with8 A of theisoalloxazine FADH™ are clearly observed beyond 550 nm. The observed
ring. Structural modeling suggested that a loop of protein CT band extinctions (Figure 9) must be indicative of the
from residue 263 to residue 271 should move to allow fraction of enzyme molecules that form the correct interaction
complete nicotinamide rotation to meet the isoalloxazine ring between NADPH and FAD for reduction to occur at high
(ref 4 and Figure 11, bottom). The results presented in this rate under a particular set of conditions. Thus, we conclude
paper show that two processes are required to achieve closeéhat CT interactions are not incidental to a high rate of
contact between FAD and NADPH: the isoalloxazine ring reduction of PHBH in the normal catalytic cycle. Rather,
must move to the out conformation, and another change musthe interactions of FAD and NADPH that lead to CT
be induced by substrate ionization. It is possible that the interactions are also indicative of the correct proximity and
second change is the rotation of residues-2B81 so that  orientation of the isoalloxazine and nicotinamide rings for
the nicotinamide ring can swing completely to meet the flavin achieving a high rate of reduction.

ring.

If the proposal above is correct, then the mechanism of
reduction of PHBH with PICO bound should also occur with
the substrate analogue, 2,4-DOHB, which also forces the ble fi tein hvd I >-methvl-3-hvd
protein into the out conformation. We have observed the comparable Tlavoprotein nydroxylase, -metnyl-a-nycroxy-

: pyridine-5-carboxylic acid oxygenase (under conditions
same type of dependence of reduction rate constant on pH

. similar to those used to study PHBH in this paper), is reduced
unrelated to the proton network) with 2,4-DOHB bound to
Ehe enzyme [K ofp7.8 with a rate)of 248 at high pH and at 32 s'(24), only ~2-fold slower than PHBH. However,
35-4°C (unpablished results) and a rate of 0:8 at low there was no evidence in transient kinetic studies of formation

pH (21)]. Further support for our interpretation of the PICO of any CT complexes. It should be not_ed that the binding of
results has come from studies of the mutant, Arg220Rgk ( both NADH and substrate occurred in several steps, sug-

The Arg220Lys enzyme adopts the out conformation when gesting conformational rearrangements in control of reduction
it binds pOHB and shifts thelu of the substrate phenol (24). A more complex example is anthranilate hydroxylase,

bound in the active site to 5.8 (rather than 7.4 for pOHB in yvhere reduction of one conformational for.m of the enzyme
WT). With this mutant, the rate constant for reduction of IS Very fast (280 s') under the same conditions as used in
the enzyme in the presence of pOHB or PICO is independentthis paper §4), yet there was no evidence found for CT
of pH between pH 6.5 and 9.5 (unpublished results). The complexes in reduction of this enzyme. Thus, there are
independence of this rate on pH must result from the €xamples of enzymes that show CT complexes on the
substrate phenol being in the anionic form over the entire catalytic pathway for flavin reduction as well as exceptions
pH range under study so that the movement of the loop from t0 this observation. Both possibilities appear to be consistent
residue 263 to residue 271 readily occurs. with the theoretical analysis of flavoprotein reduction by
CT interactions in the reduction phase of PHBH catalysis Pyridine nucleotides1(0). Hydride transfer between flavin
were reported many years ag]ﬂI for reduction Of WT in and pyridine iS primal’ily dependent upon the correct Ol’ienta-
the presence of pOHB CT absorption bands with an tion and approach of the N-5 of the flavin and the C-4 of
apparently lower extinction were also observed when WT the pyridine ring of the nucleotide. In this orientation, C, H,
enzyme was reduced in the complex with 2,4-DOHB at pH and N are almost collinear, and the pyridine ring can partly
8.0 32). No connection was made between the possible overlay the isoalloxazine ring, which would yield CT
extinctions of the CT bands and the different rates of interactions in the development of this orientation for
reduction. There was no knowledge at that time about the reduction (as seen with PHBH) and in the transition state
structure of PHBH. With our current knowledge about the for hydride transfer X0). However, CT interactions might
mechanism of control of reduction through conformational not be observed if the pyridine ring is held in a rotated
changes in the protein, it is clear that rates of reduction of position where it does not overlap the isoalloxazine ring,
PHBH by NADPH (which can vary by a factor of 36old) but the collinearity of C, H, and N is maintained for efficient
reflect the changes in conformational states and the resultanhydride transfer. This may be the case with 2-methyl-3-
proximity of the FAD and NADPH rather than changes in hydroxypyridine-5-carboxylic acid oxygenase. It has also
the intrinsic reactivity of NADPH with FAD. This idea has been found in model systen35] that CT interactions during
been reinforced in recent work with different 8-substituted hydride transfer depend on the specific orientation of the
flavins in PHBH @3), where the rates of flavin reduction pyridine ring to the isoalloxazine ring. Thus, although CT
by NADPH were inversely correlated with the size and interactions are an indication of close contact between flavin
hydrophobicity of the substituent at the 8-position of the and pyridine nucleotide and may indicate if the orientation
flavin (i.e., impediments to movement rather than response for efficient hydride transfer has been achieved, CT interac-

to redox potential). We have now shown that the rates of tions are not absolutely necessary for efficient hydride
reduction of wild-type enzyme (Figure 9) correlate well with  transfer.

the intensity of CT interactions. In qualitative terms, the same

relationship has been observed for reduction of PHBH with ACKNOWLEDGMENT

2,4-DOHB bound. At pH 6.5, PHBH is reduced at only 0.8

s 1(21) and no CT interactions could be detected. However, The authors thank the late Vincent Massey for input into
at pH 8.8, where the enzyme is reduced at 23 (sbout the analysis of the significance of the experiments reported,
one-third of the optimal rate for reduction of PHBH with Bruce Palfey for valuable discussions about the manuscript,
pOHB bound under these conditions), CT bands for both and Domenico Gatti for stimulating discussions and provid-
NADPH in complex with FAD and NADP in complex with  ing the illustrations for Figure 11.

The clear correlation between CT interactions and optimal
reduction in PHBH does not apply to some enzymes from
the family of flavoprotein hydroxylases. For example, the
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