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ABSTRACT. Each flavoprotein subunit (PchF) pfcresol methylhydroxylase (PCMH) has flavin adenine
dinucleotide (FAD) covalently tethered to Tyr384. The PCMH structure suggests that Arg474 in PchF is
required for self-catalytic covalent flavinylation and for substrate oxidation. The replacement of Arg474
with Lys was carried out to probe the subtleties of the role of Arg474 in these processes. In nearly all of
the aspects examined, the mutant protein showed compromised properties relative to the wild-type protein,
including the tenacity of noncovalent FAD binding to the apo-protein, the rate of covalent flavinylation,
the affinity of the covalent flavoprotein for PchC (the cytochrome subunitikthfor substrate oxidation,

and the affinity for substrate analogues in the formation of FAD-charge-transfer complexes (CT complexes).
Nevertheless, because the mutant retains these attributes, the comparison allows for an examination of
the role of this residue in the various properties of the enzyme. A correlation is proposed to exist between
vm, the frequency for the absorbance maximum of the CT complex with a substrate analogkig, dred
steady-state rate constant for oxidatiorpedresol by various forms of PCMH and PchF; bothandkga

can be expressed as functions of the ionization potential of the dttar(d the electron affinity of the
acceptor E*). This correlation is a better predictor of the rate constant for substrate oxidation than is the
magnitude of the redox potentidt;, 7, of the bound FAD, which was determined for the various mutant
enzyme species and compared with those of the wild type.

The A form of p-cresol methylhydroxylase (PCMHEC oxidized subsequently by this enzyme to produce 4-hydroxy-
1.17.99.1) fromPseudomonas putid&CIMB 9869 (1) benzaldehyde 3). PCMH has an,(3, structure consisting
oxidizes p-cresol to 4-hydroxybenzyl alcohol, which is of a tightly associated homodimer of 59.5-kDa flavoprotein
subunits ¢, or Pchk) and a monomeric 9.2-kDa-type
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! Abbreviations: 6-HDNO, 6-hydroxp-nictotine oxidase; BTP, unique self-catalytic reaction for covalent flavinylatiod (
BisTrisPropane, 1,3-bis[tris(hydroxymethyl)methylamino]propaie;  10). Whereas covalent attachment of the FAD enhances

covalently bound FAD; CT and CTC, charge transfer and charge- ; ;
transfer complex, respectively; DCIP, 2,6-dichlorophenol indophenol; _eIeCtron tran_Sfer (ET) from the flavin to the.henfe.@.)’ I
ET, electron transfer; IEF, isoelectric focusing; KIE, kinetic isotope IS NOt essential for catalysis, because P€hBpidly oxidized

effect; OYE, old yellow enzyme; PCMHp-cresol methylhydroxylase;  4-hydroxybenzyl alcohol and could oxidipecresol, albeit

NC noncovalently bound FAD; PES, phenazine ethosulfate; Reh(e at a slower rate1
cytochrome subunit of PCMH; PchF, wild-type flavoprotein subunit 10 ) )
of PCMH; PchE and PchiC, wild-type flavoprotein subunit of PCMH The X-ray crystallographic structures of native PCMH

with covalently bound and noncovalently bound FAD, respectively; (PDB 1DII, Figure 2) and the PCMig-cresol complex (PDB

PchF[Y384F], PchF[Y384FF, and PCMH[Y384FC¢, apo and holo . . : . .
forms of the Y384F variant of PchF, and PCMH with the Y384F variant 1DIQ, Figure 1) |mpI|cate a number of amino acyl residues

of PchF; PchF[R474K], the R474K variant of apo-PchF; PchF[R474K] ~ Within PchF that may play important roles in the covalent
and PchF[R474KY, PchF[R474K] that contains covalently bound and  attachment of the FAD and in catalyzing substrate oxidation

noncovalently bound FAD, respectively; PCMH[R474KPCMH with ; intri .
the R474K variant of PcHE SDS, sodium dodecyl sulfate, PAGE, (6). One of these, Arg474, is part of the intricate hydrogen

polyacrylamide gel electrophoresis; TMADH, trimethylamine dehy- bc_mding system (Figure 2). The guanidian‘N funCtion'_
drogenase. alities of Arg474 are hydrogen bonded directly to an active-

10.1021/bi035772x CCC: $27.50 © 2004 American Chemical Society
Published on Web 04/27/2004



R474K Flavoprotein Mutant of PCMH Biochemistry, Vol. 43, No. 20, 20046139

Ficure 1: Stereoviews of the flavin/substrate binding site of PCMH. FAD is colored orange, and Tyr384 is colored black. Tyr384 is
covalently attached, via an ether linkage, to tleec&rbon of the isoalloxazine ring of the flavin. Note that the methyl group (pointing to

the left, top) ofp-cresol(ate) (green) is positioned over the N5 position of the isoalloxazine ring of FAD. The methyl group is pointing
toward the viewer in the bottom frame. Note also the orientation and distance bgivweesol and the isoalloxazine rings of the putative

CTC. (Top) The aromatic OH groups of Tyr95 and Tyr473, colored cyan at the upper-middle part of the figure, hydrogen bond with the
phenolate oxygen gf-cresol. Tyrl72 (cyan), Arg368 (dark blue), Glu380, and Glu427 (both red), at the left in the figure, interact with a
water molecule (small magenta sphere) that hydroxylates the quinone methide intermediate of pxidésed to produce 4-hydroxybenzyl
alcohol. Arg474 is colored dark blue (upper-middle of the figure). Several hydrophobic and aromatic groups that interact with the benzene
ring of p-cresol(ate) to position it appropriately in the active site are displayed also, as are a number of residues that are involved in the
hydrogen-bonding network between groups of the isoalloxazine ring and ribityl side chain of the flavin and Arg474 (see Figure 2). The
bottom displays the same structural elements rotated @y about thez axis.

site water molecule, th€2 oxygen of the isoalloxazine ring, attack on this intermediate by the phenolate oxygen of
and the 3 oxygen of the ribityl side chain of FAD. Other  Tyr384 (Step 2 in Figure 3).

amino acyl groups are also hydrogen bonded to these Ag g result of our past efforts, we have established that
oxygens, the4oxygen of the ribityl group, and the guanidino - the covalent flavin linkage is multipurpose. First, it is part
N—H functionalities of Arg474. of the ET pathway from reduced FAD to the oxidized heme
The positive charge on the side chain of Arg474 is of PchC. Second, it stabilizes the association of PchC and
considered to be essential for the covalent attachment of FADPchF in the o8 heterodimeric unit of wild-type PCMH3¢.:
to PchF @—11) by stabilizing the negative charge on the o). Last, it significantly increases the potential of the bound
C2 oxygen of the anionic flavin iminoquinone methide-type FAD, which facilitates substrate oxidatiorld). During
intermediate (structurél in Figure 3), following the base catalysis, PCMH oxidation of the substrate presumably
removal of a proton from thesBmethyl carbon of the flavin.  results in the formation of an anionic two-electron-reduced
The phenolate oxygen of Tyr384 then attacks the electro- flavin (Figure 3A), in which case the negative charge on
philic 8a. methide carbon of the flavin to form two-electron- the C2 oxygen of the fully reduced FAD is stabilized also
reduced FAD to yield covalently flavinylated Pch#11). by the positively charged guanidino group of Arg4B4%3).

Our earlier studiesl@) led us to conclude that the binding In this paper, the roles of Arg474 in PCMH are examined
of PchC to PchE® increases the potential of the FAD by studying the properties of a site-specific mutant form of
substantially, which likely results in an electrophilic activa- PchF in which this Arg has been replaced by Lys (PchF-
tion of the 8 carbon of the isoalloxazine ring to increase [R474K]). Recombinant PchF[R474K] produced by our
the acidity of the hydrogens attached to this carbon. This Escherichia coliexpression system, which does not produce
would lead to a more facile formation of the iminoquinone PchC, contains noncovalently bound FAD, i.e., PchF-
methide (Step 1 in Figure 3), a prerequisite to nucleophilic [R474K]\C that, when exposed to PchC, becomes covalently
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Ficure 2: Stereoimage of the hydrogen-bonding network in the vicinity of Arg474 of PchF. Arg474, extending into the foreground, is
labeled. Hydrogen bonds (thin dashed lines) and their distances in angstroms are displayed. Carbon, hydrogen, nitrogen, and oxygen atoms
are white, gray, dark gray, and black, respectively. The small sphere at the bottom/middle of the image represents a water molecule.

linked to PchF[R474K]® to give PCMH[R474K§. The The replacement of Arg474 in PchF with Lys or Ala was
resulting flavocytochrome catalyzed the oxidation of phenolic carried out by oligonucleotide-directed mutagenesf by
substrates, albeit at a reduced rate when compared to PCMHusing the Transformer Site-Directed Mutagenesis kit (Clon-
As described herein, PchF[R474K]PchF[R474K]C, and tech). The template was pUC19 containing a 62Abp/ 18/
PCMH[R474KF displayed some interesting changes in redox BamH | DNA fragment from the 3end of thepchF coding
characteristics and other properties when compared to theirsequence, derived from plasmid pKSlI-PclB)(and cloned

wild-type counterparts. into the same sites in pUC19. The mutagenesis was carried
out by using Trans OligiNde I/Nco |
EXPERIMENTAL PROCEDURES (5-pGAG.TGC.ACC.ATG.GGC.GGT.GTG.AAA T:Bas

Materials: ChemicalsFAD, bovine liver catalase, tolu- the selection primer (provided with the Transformer kit) and
idine blue, gallocyanine, Nile blue, indigo trisulfonate, either oR474K or oR474A
xanthine, xanthine oxidase (grade Il from buttermilk), (5-pGGC.TAT.GCG.GTG.TAT.AAG.GTG.AAC.ACG.
pepsin, phenazine ethosulfate (PES), and 1,3-bis[tris(hy-CGT.TTC.CAG.GAT.CGC.G-3or
droxymethyl)methylamino]propane (BisTrisPropane or BTP;  5-pGGC.TAT.GCG.GTG.TAT.GCG.GTG.AAC.ACG.
Ultra grade) were from Sigma Chemical Co. Sodium CGT.TTC.CAG.GAT.CGC.G-3 re_spectively) as the mu-
dithionite was purchased from Fluka Chemical Corp., and tagenic primer. The underlined bases differed from those of
2,6-dichlorophenol indophenol (DCIP) was purchased from the target template. The mutagenesis protocol is described
General Biochemical. 4-Bromophenol, 4-hydroxybenzyl e|sewhere5). Two silent mutations within the codons for
alcohol, 4-hydroxybenzaldehyde (purified as described ear-Thr477 and Arg478 were used to introduce a unique
lier, ref 10), p-cresol (Gold Label grade), and 1-methylguani- restriction site (A/CGCGT) foMlu | as an aid to identify
dine hydrochloride were purchased from Aldrich Chemical mutants. TheAspri8BanH | inserts of selected mutants
Co. Glucose oxidase was obtained from Miles Biomedical were Sequenced in their entirety at the University of
Research Products. California, San Francisco Biomolecular Resource Center. The

Methods: Site-Directed Mutagenesis of Pcl8ynthetic Aspr18BanH | inserts of successful mutants were used to
oligonucleotides were purchased from Operon Technologies,replace the nativé\spr18BanH | fragment in pET-PchF

Inc. Recombinant proteins were producedEincoli BL21- (10). After the transfer, the identities of the mutants, pET-
(DE3) (Novagen, Inc.), and the first transformation step PchF[R474K] and pET-PchF[R474A], were reconfirmed by
during the site-directed mutagenesis protocol utilizedol sequencing across the mutated sites with T7 reverse primer.

BMH71-18 mutS (Clontech Laboratories). All other molec- E. coli BL21(DES3) transformed with pET-PchF[R474K] or
ular biology experiments utilizeH. coli DH50F'1Q (Gibco- PET-PchF[R474A] was used for the production of the
BRL, Life Technologies, Inc) as the host. recombinant mutant PchF proteins.
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Ficure 3: (A) Proposed mechanism for the covalent flavinylation
of Tyr384 in PchF. The flavinylation process occurs only following
the binding of PchC to Pch¥ (1, 9, 12). By, B;, By, and B are
bases of PcHIE in close proximity to the FAD. The basexB
(possibly Asp440; re6) removes the phenolic proton from Tyr384
(Speciesl, with the positions of the isoalloxazine ring of flavin
numbered), while base;Bagain, possibly Asp440; ré) removes

a proton from the & carbon of the isoalloxazine ring of FAD (Step
1). This results in the formation of the requisite iminoquinone
methide intermediate (Specilly. An increase in the two-electron
Em(i.e., the electrophilicity) of the flavin would make ao @roton
more acidic, thus facilitating the covalent flavinylation process. The
anionic fully reduced form of the flavin is displayed also. (B)
Structure of the anionic semiquinone (red) flavin radical. In both
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Protein Structure Core Laboratory at SUNY Downstate
Medical School, Brooklyn, NY. FAD-containing peptides
were converted to the FMN form, and the major FMN-
containing peptide was isolated following the published
procedures4). The peptide was analyzed by electrospray
ionization MS/MS. Tryptic fragments of apo PchF[R474K]
were analyzed by LC-MS/MS and MALDI-TOF mass
spectrometry.

Preparation of PchF[R474K] and PCMH[R474K¥.
PchF[R474K$ was prepared by incubating 16800 nmol
of apo-PchF[R474K] with a 5-fold molar excess of PchC
and a 20-fold molar excess of FAD in a 25 mM BTP-HCI
buffer at pH 7.5, in 1620 mL, for 1 h at 30°C. The covalent
flavinylation of PchF[R474K] was followed by monitoring
the increase in absorbance at 552 nm because of the reduction
of the heme in PchCY( 10). PchF[R474K} was separated
from PchC and a trace of nonflavinylated PchF[R474K] by
IEF as described previously,(9, 17). PCMH[R474KF was
produced by incubating @M PchF[R474K} with 5 uM
PchC in a 50 mM KHPO/KOH buffer at pH 7.3, for 30
min at 25°C.

Characterization of PchF[R474KR¥, PchF[R474KF, and
PCMH[R474KF. UV—uvisible spectra were recorded with a
Hewlett-Packard 8453 diode-array spectrophotometer, while
single-wavelength kinetic traces were obtained with a Kon-
tron Uvikon 943 split-beam spectrophotometer. The con-
centrations of the apo-PchF[R474K] solutions were deter-
mined by usingezgo = 81.4 mM* cm™t (19). Solutions of
PchF[R474K§ were quantified by usingsso = 11.8 mM™!
cm1, which was estimated from a solution of PchF[R472K]
in a 25 mM BTP-HCI buffer at pH 7.5, before and after
denaturation with 2% SDS. Thess, for FAD of the
denatured protein was equal to that for free FAD in a 2%
SDS solution €44, = 11.3 mMt cm™?).

The affinity of apo-PchF[R474K] for FAD was measured
by monitoring flavin-fluorescence quenching during the

A and B, R represents the ribityl-diphospho-adenosine moiety of titration of a 54M FAD solution with increasing amounts

FAD.

Heterologous Production and Purification of PchF-
[R474K], PchF[R474A], and Pch(E. colistrain BL21(DE?3)
containing plasmid pET-PchF[R474K] was grown aerobi-
cally in a 12-L fermentor. Cell harvesting, the production

of PchF[R474K] from 0 to 1Q:M. The fluorescence was
monitored with a Hitachi F-4010 Fluorescence spectropho-
tometer (excitation wavelength 446 nm, excitation band-
pass= 3 nm, emission wavelength 520 nm, and emission
band-pass= 10 nm).

The affinity of PchF[R474KS for PchC was determined

of periplasmic extracts with polymyxin B treatment, the fom the tryptophan-fluorescence quenching of PchF-

addition of FAD to the extracts, and ion-exchange and [R474K]° by PchC (excitation wavelengte= 280 nm
hydroxyapatite chromatographies were performed as de-gyitation band-pass 3 nm, emission wavelength 334

scribed previously X0). Purified PchF[R474K] was deter-
mined to be~98% pure (SDSPAGE) and to be free of
FAD. Purified apo-PchF[R474K] was dialyzedrfé h at 4

nm, and emission band-pass 3 nm). The titration was
carried out by successive additions of PchF[R474K}20

uM) to a 1uM solution of PchC. Both titrations were carried

°C against a 25 mM BTP -HCI buffer at pH 7.5 and stored ;t'in a 25 mM BTP-HCI buffer at pH 7.5 and 2€.

at —70 °C. Apo-PchF[R474A] was purified and stored in
the same manner. Pch®as prepared as described previ-
ously 10).

In small-scale experiments for determining the relative
rates of covalent binding of FAD to apo-PchF and to apo-
PchF[R474K], PchC was isolated from purifi€d putida
produced PCMH by isoelectric focusing (IEF) 9, 16, 17).

Anaerobic reductive titrations of PchF [R474Khnd
PCMH[R474KF were performed as beforé@, 20) in a 25
mM KH,PQ/KOH buffer at pH 7.25p-Cresol §max= 276
nm) and 4-hydroxybenzyl alcohol{.x= 274 nm) solutions
were quantified by using(Amay = 1710 M cm™2,

p-Cresol and 4-hydroxybenzyl alcohol solutions were
prepared in a buffer containing 10 mM glucose, 0.8 units of

For other experiments, the source of PchC was the recom-glucose oxidase, and 342 units of catalase to scavenge

binant form isolated fronPseudomonas aerugino®A01-
LAC (18).

Mass Spectral Analyseblass spectral analyses of peptic
fragments from PchF[R474KR]were carried out by the

residual Q and partially deaerated with 7 vacuuming/flushing
cycles with argon in an anaerobic vessel.

The two-electron redox midpoint potentials,{;, NHE)
of the FAD bound in PchF[R474K]and of the FAD and
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the heme bound in PCMH[R474K]were determined by  PchF (theKp value was too low to measure by the
using the method of Massep1). The electrons resulting  fluorescence-quenching method). In comparison to apo-PchF,
from the oxidation of xanthine by xanthine oxidase were apo-PchF[R474K] bound FAD covalently in the presence
transferred via the mediator, methyl viologen, to and between of PchC at a reduced rate at 28 as monitored by the
the redox protein of an unknown potential and a dye of reduction of the PchC at 552 nrf, (10). In the presence of
known potential. Solutions of PchF[R474Kpr PCMH- 15 uM FAD and 15 uM PchC, the FAD first bound
[R474K]¢ (5—10 uM in a 50 mM KH,PO/KOH buffer at noncovalently and then covalently to apo-PchF[R474K] (7
pH 7.0) contained 20@M xanthine, 2«M methyl viologen, uM) with an observed rate constant of 0.03 riiiin a 50
and sufficient dye for a maximal absorbance of-€012. mM KH,PO/KOH buffer at pH 7.0. This rate constant is
These solutions were made anaerobic by 20 cycles of0.62 &+ 0.06 min! for the formation of wild-type PCMH
vacuuming/flushing with argon in an anaerobic cuvette. from apo-PchF, FAD, and PchC.

Under anaerobiosis, xanthine oxidase-flug) was added Under similar conditions, efforts to bind FAD covalently
via the sidearm of the cuvette and mixed with the solution to apo-PchF[R474A] in the presence of PchC were unsuc-
to initiate the reaction. The values of logPeq (P = cessful, although the addition of 0.1 M 1-methylguanidinium
protein) were plotted against the values of log(R¥RYyereq) provided a slow rate of product formation. It was thought
to obtain the difference in redox potentials between the boundthat this compound would diffuse into the void left by the
redox prosthetic groups and the dy&l) missing guanidino group of Arg474, now occupied partially

To determine the values for the two one-electron redox by the methyl group of Ala. Once properly positioned, the
midpoint potentials E; and E;, NHE) for PchF (12) and protein-bound 1-methylguanidinium might catalyze the co-
PchF[R474K}, these proteins were reduced with xanthine valent flavinylation of Tyr384. The extremely slow reduction
(300uM) and xanthine oxidase (50 nM), in the presence of of PchC was not observed when 1-methylguanidinium, FAD,
methyl viologen (2Q«M) but in the absence of a reference or PchF[R474A] were excluded from the reaction mixture.
dye, in a 50 mM KHPQO,/KOH buffer at pH 7.0 and 25C. However, it was estimated that it would take weeks for a
Under these conditions, the complete two-electron reduction complete covalent flavinylation of all of the PchF[R474A]
of PchF[R474K} and PchF (12) proceeded with the  to occur under these conditions.
intermediate formation of the anionic flavin semiquinone  The UV-visible spectrum of PchF[R474KRhad anAsd
radical. The procedure for determining the one-electron Ay, ratio (9.0:1) that was similar to that for Pchi®.1:1),
potential values from the resulting spectral data can be foundindicating a stoichiometric incorporation of FAD into PchF-
in ref 12 and is described in more detail in the Supporting [R474K]°. However, the absorbance maxima for the attached
Information. flavin were shifted to longer wavelengths for PchF[R474K]

The typical application of the xanthine/xanthine oxidase (369 and 447 nm) when compared with those of wild-type
method for determining thE, 7 (NHE) for PchF[R474K}C PchF® (363 and 442 nm) (spectral data not shown).
is complicated by the fact that FAD binds relatively weakly =~ Mass spectral analysis of PchF[R474Kjrovided aM,

(Kp ~ 2 uM). Additionally, there are no significant changes of 58 563 & 6 mass unit, in exact agreement with the
in the spectrum of FAD upon binding, so factor analysis predicted mass. An electrospray-ionization MS/MS analysis
could not be applied. A modified xanthine/xanthine oxidase of the major peptic FMN-containing peptide, derived from
method that was used for determining tBg - value is PchF[R474K$, provided parent-ion masses of 1091 (M
presented in the Supporting Information. Indigo trisulfonate H) and 546 (M+ 2H). The masses of various fragments
(Em7 = —81 mV) and Nile blue En7 = —119 mV) were indicated that the peptide had the composition YNWR, with
used as reference dyes. The concentrations of both FAD andFMN attached to Y. This sequence is unique in PchF-
the protein were 2LM in a BTP-HCI buffer (25mM) at pH [R474K]°. MALDI-TOF mass spectral analysis of a tryptic
7.0 (T =25°C). digestion of PchF[R474K]yielded a mass expected for a

The factor analyses of UWvisible spectral titrations were ~ flavopeptide from PchF[R474K] with the composition
accomplished using SPECFIT (Spectrum Software Associ- AQLMSGVPNLQEFGLYNWR, where Y is Tyr384, the site
ates, Chapel Hill, NC). of FAD attachment. These results established unambiguously

Steady-State and Stopped-Flow Kinetic Stud&tsady- that FAD is covalently linked to Tyr384, as it is for wild-
state kinetic assays, which monitored the reduction of 2,6- type Pchie. Mass spectral analysis confirmed also that
dichlorophenol indophenol (DCIP) by the enzyme-reduced Arg474 was replaced by Lys; the sequence of a tryptic
electron-accepting substrate, phenazine ethosulfate (PES)peptide was found to be EGYAVYK474.
were carried out at 28C as described previousiy,(22). Binding of PchF[R474K} to PchC.A Kp value for the

Stopped-ﬂow studies were carried out in a 25 mM KH interaction of PChF[R474|€|WIth PchC was determined to
POJ/KOH buffer at pH 7.2 and 25C using an OLIS RSM-  be 130+ 60 nM, which is greater than that determined for
16 rapid-scanning instrument (On-Line Instruments Systems, the binding of PchC to PclfFunder similar conditionsKp
Inc., Bogart, GA). The substrate reduction of PchC in the = 7.4= 0.4 nM) (18) but considerably smaller than the value
flavocytochrome was monitored. Data were analyzed by determined for the PchF[Y384¥}PchC complexKo = 7.4
using the OLIS GLOBAL analysis (3D), kinetic analysis & 0.7 #M), where FAD is bound noncovalentijlZ).

(2D), and spectral reconstruction software. Titrations of PchF[R474K] and PchF[R474Kf. The
RESULTS redox and spectral properties of PchF[R47%#Kand PchF-

[R474K]° were studied by conducting anaerobic titrations

Binding of FAD to PchF[R474K] and PchF[R474A4po- with dithionite, p-cresol, and 4-ethylphenol, and aerobic
PchF[R474K] bound FAD noncovalentK§ ~ 2 uM at titrations with 4-hydroxybenzaldehyde and 4-bromophenol.
pH 7.5 and 25°C) more weakly than did wild-type apo- More complete descriptions of most of these titrations can
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that three independent components (factors) were involved
in the transition from fully oxidized to fully reduced FAD.
A factor analysis of the data (Figure 4B) shows that, after
the addition of 0.5 electron equiv, 87% (inset of Figure 4B)
of the total protein is represented by a species that has an
o 4 5 12 10 20l intermediate spectrum withyax = 330 nm. This converted
[Alcohol] (uM) to the final spectrum withmax = 320 nm on the addition of
the second 0.5 electron equiv with a concomitant shift of
01 the isosbestic point from 360 to 338 nm. These transitions
are not unique to PchF[R474K]because they were also
seen during the titrations of either Péhér PchF[Y384F|¢
with 4-hydroxybenzyl alcohol10, 12). An interpretation of
these findings is offered in the Discussion.

Aerobic titrations with 4-hydroxybenzaldehyde yieldésl
values of 7 (estimated) and 3#40.3uM for PchF[R474K}¢
and PchF[R474K] (Figure 2S in the Supporting Informa-
tion), respectively. This value for Pchiwas 0.81uM (10).

In all cases, the aldehyde was bound in its anionic quinonoid
form (10) as a CTC with FAD.

Similar aerobic titrations of PchF[R474¥] and PchF-
[R474K]C with 4-bromophenol, a substrate mimic that, like
4-hydroxybenzaldehyde, cannot reduce the enzyme, yielded
CT complexes withKp values of 51 and 16t 4 uM,
respectively, the latter value being identical to that deter-
mined for the Pch#4-bromophenol complex.Q). For PchF-
[R474KINC, the Amax &~ 550 nm is red-shifted considerably

FicurReE 4: Spectra for the anaerobic titration of PchF[R472¥]th from the dcr (629 nm) found for the PchF[R474Rp-
IGURE 4. H
4-hydroxybenzyl alcohol. A 1.5-mL solution of 16M PchF- bromophenol complex. This corresponds to a change of 300

[R474K]Cin a 25 mM KHPOy/KOH buffer at pH 7.25 was titrated mV, which reflects a shift in the redox potential of the
with a solution of 4-hydroxybenzyl alcohol, at 26. (A) Recorded acceptor, FAD 30 mV — (—106 mV)= 136 mV] and a
spectra are shown for 0, 2.0, 4.0, 7.0, 8.0, 9.9, 11.9, 13.9, 15.8, contribution from a change for the donor, 4-bromophenol
17.8, and 19.%M alcohol. The arrows indicate the changes that (300 mV — 136 mV = 164 mV) (vide infra and Table 1).

occurred as more alcohol was added. The inset shows a plot of th . . :
absorbance at 447 nm versus the alcohol concentration. (B) This(,eThus’ both shifts contribute to the increased energy of the

frame displays the spectra derived from the factor analysis of the CT band for PchF[R474KF relative to that for PchF-
spectral data shown in A. In the main and inset frames, the bold [R474K]C.

|fi”e t'ﬁ th?ttt feCOfg.e(ti fofr UmreatgthChfh[R474ﬂ, tlhe d?Shefd””ne Titrations of PCMH[R474K$. The CTC between 4-bro-
or the ntermediaté torm, and the thin Sold fine for 1uly — meophenol and the covalently bound FAD of PCMH[R472K]
512y-de¢I:Ctr0n) reduced PchF[R474K] and free 4-hydroxybenzalde- was studied. PchF[R474Rjwas saturated with a 20-fold
excess of dbromophenol and then titrated with PchC. Factor
be found in the Supporting Information for this paper. Here, analysis revealed three independent spectra, the PchF[R47-
we present the salient features of the experiments. 4K]°-4-bromophenol complex, free PchC, and the PCMH-
The stoichiometric dithionite titration of PchF[R474¥K] [R474K]C-4-bromophenol complex. After the contribution
proceeded without the intermediate formation of a flavin from PchC in the last spectrum was subtracted, the spectrum
radical, whereas an anionic “red” flavin radical did appear of a CTC was obtained (Figure 5). The new CT-peak is red-
during the stoichiometric dithionite titration of PchF- shifted compared to the CT-peak for PchF[R47%K}
[R474K]¢ (Figure 1S in the Supporting Information). When bromophenol; however, the extinction coefficient for the
titrated withp-cresol, PchF[R474KF was not reduced, but  peaks for the two CT complexes are about the same. This
a charge-transfer complex (CTC) formed between the indicates that PchC does not change the overlap ofithe
substrate and bound FAD. When PchF[R474¥s titrated orbitals for 4-bromophenol and FAD, but rather it changes
anaerobically withp-cresol, apparent end-point spectra were the difference between the ionization potenti&?) (of
reached within 15 min after the addition of each aliquot of 4-bromophenol and/or the electron affini&?{ of the flavin,
the titrant. However, the addition of 1 equiv pfcresol which defines the wavelength of maximum absorbaheg;
resulted in an approximately 50% reduction of the flavin. = I® — EA, whereh is Planck’s constant and. is the
The anaerobic spectrophotometric titration of PchF[R4- frequency of the maximum absorbance of the CT p&&k (
74K]° with 4-hydroxybenzyl alcohol resulted in a rapid, stoi- PCMH[R474KF, derived by mixing equimolar amounts
chiometric and complete reduction of the flavin (Figure 4) of PchF[R474K} and PchC, was titrated anaerobically with
with concomitant formation of 1 equiv of 4-hydroxybenzal- p-cresol. The addition of approximately 0.25 equiv of the
dehyde, as monitored by the absorbance increase at 323 nnsubstrate resulted in PCMH[R474K}ontaining fully re-
This titration proceeded in a manner similar to that observed duced heme and fully oxidized FAD (data not shown).
for the anaerobic titration of PcRRvith this substratel(0). Because PchC cannot be reduced directlyphyresol, the
In the course of the titration, two isosbestic points were flavin in the active site of PCMH[R474K]was reduced
revealed (the 348360-nm region) (Figure 4). This indicates transiently by the substrate, and the two electrons in fully
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Table 1: Redox and Spectral Properties for Various Proteins

proteirt Keat (S7)P Em.7 (MV)© Act (nm) Ect (MV) AEct(mV)d oe
PCMH 121 92.5 833 1490 0 NA
E,9 136
E, 49
PchFh 24,44 62 680 1825 335 0.29,0.25
EJ 129
E, -5
PCMH[R474KF 2.4 8%, 74, 78" 693 1791 301 0.33
E; 132, 1247
E, 16, 32m
PchF[R474K} 0.26 30 629 1973 483 0.32
E; 128
E, —68
Pchpeh 0.08 -16 620 2002 512 0.36
E; 26
E, —55
PchF[R474K]¢ 0.01 —106 546 2273 783 0.32
PCMH{hemg" NA 234 NA NA NA NA
PCMH[R474K]{hemg NA 228 NA NA NA NA
PchF[R474Kf-aldehyde NA 9 NA NA NA NA

2The proteins are listed in order of decreaskag values.” The k.o values were determined under identical conditions, ughogesol as the
substrate® The redox potentials are for FAD bound to the protein except where nbfefer = Ecr prowein — Ectpomn The energy values were
calculated from thécr values;Ectr = hdicr, whereh (Planck’s constanty 4.1227x 105 eV s andc (the speed of lighty= 2.9979x 107 nm/s.
o = —25 mV x In(Keatproteikea,rem)/AEcT. T Not applicabled E; andE; are the values for the two one-electron potentials of the bound flavin.
" The values for the redox potentials are from ref 12ee ref 3] See ref 7% Determined by using the xanthine/xanthine oxidase procedure.
' Determined from the@-cresol titration of this protein™ Determined from the dithionite titration of this proteiiThe redox potential was measure
for the FAD bound to the PchF[R474%}-hydroxybenzaldehyde complex.

reduced FAD were transferred rapidly intra- and intermo-  Because 4-hydroxybenzaldehyde is bound tightly, the
lecularly to PchC. The further addition of about 0.5 equiv redox potential for the flavin in the complex PchF[R474K]
of the substrate resulted in the full reduction of the FAD in aldehyde may be determined and was found to be 9 mV
PCMH[R474KF. (using gallocyanine), 21 mV lower than that for bound FAD
PCMH[R474KF was titrated also using dithionite as the Wwhen the aldehyde is absent.
reductant, and the titration proceeded in a similar manner Because of the weak binding of FAD to PchF[R474K]
(data not shown). For comparison, we have also repeated gKp®™ ~ 2 uM) and the lack of detectable absorbance
dithionite titration of wild-type PCMH §, 22), under the differences for bound and free FAD, the measurement
same conditions. Again, the heme reduction was nearly method and data analysis for determining Eag; value for
complete prior to the appearance of the FAD radical, which, PchF[R474K¢ required modification, as mentioned in the
as with PCMH[R474K3, each step required 1-electron equiv/ Experimental Procedures. A complete description of the
mol of enzyme. analysis is provided in the Supporting Information. It was
Measurement of the Redox Potentials for PchF[R474K] determined that the two-electrds, ;7 for PchF[R474K]C
and PchF[R474KYC. The two-electron midpoint potentials was—101 or—106 mV when Nile blue or indigo trisulfonate,
(Em7 NHE) for the flavins in PchF[R474K]and PchF- respectively, was used as the reference redox dye. For
[R474KNC were determined by using the xanthine/xanthine comparison, the two-electrdfy, ; for PChP® is —16 mV.
oxidase system (or a modification thereof) and different Measurement of the Redox Potentials for PCMH[R44K]
reference redox dye®1). The two-electrorky, 7 value for For the FAD of PCMH[R474K], the two-electrori,,, 7 value
FAD in PchF[R474K§ was found to be 30 or 31 mV when was found to be 82 or 81 mV when using toluylene blue or
using either gallocyanine or toluidine blue, respectively, as thionin, respectively, as the reference dye. These values are
the redox dye. These values are lower than the value of 62.5similar to that determined for PCMH (92.5 mV). T, 7
mV determined for PcHF(12). value for the heme in PCMH[R474K]}vas found to be 228
The factor analysis of the spectra obtained from the mV using DCIP as the reference dye, a value similar to that
reduction of Pchf and PchF[R474K] by the xanthine/  of 234 mV for the heme in PCMHLQ). Hence, the reduced
xanthine oxidase/methyl viologen electron-generating systemcatalytic activity of PCMH[R474K} appears to be due to
provided values of 0.871@) and 0.94 for the expression factors other than different redox potentials of the prosthetic
[flavin radical}na/[flavin] ota, for PchF and PchF[R4741, groups for the two forms of PCMH.
respectively. Using these data and an established procedure For the reductive titrations of PCMH and PCMH[R474K]
(12, 24), the difference between the redox potentials for the we invoked the same procedure that was used previously

first and second 1-electron process&gk = E; — E,, were (12) to determine the 1-electroBy,; values of the FAD
calculated. TheAE values are 133 and 176 mV for P¢hF  bound to PCMH[Y384F°. For this method, th&, 7 values
and PchF[R474K], respectively. Becausee{ + E,)/2 = of the heme were used as reference points for the determina-
Em7 thenE; = En7 + AE/2 andE; = En7 — AE/2. For tions, and it was assumed that there was a rapid electron
PchF, En 7= 62.5 mV, and thereforg; = 129 mV andg, equilibration among the various redox species. The values

= —5mV (12), and for PchF[R474K]}, En 7= 30 mV, and of Ej, E,, and the 2-electron potenti&l, ; (=[E1 + E}/2)
thereforeE; = 128 mV andE, = —68 mV. measured by this procedure are listed in Table 1.
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Ficure 5: Spectra for the CT complexes of 4-bromophenol with
PchF[R474Kf and PCMH[R474K§. (A) Spectra of the PchF-
[R474K]C-4-bromophenol complex (thick solid line) and the free
flavoprotein (thin line). (B) Spectra of PCMH[R474K] (thin solid
line), the PCMH[R474K}4-bromophenol complex (dashed line),
and the difference spectrum (thick solid line). The latter reveals a
red-shift of thedmax of CTC compared to that displayed in A.

1000

Steady-State and Stopped-Flow Kinetic Studiteady-
state kinetic assays for PchF[R474K]vere carried out with
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concentration and equal to 2.41 and 0.32 for p-cresol
andp-cresole,o,a-ds, respectively, which yield an intrinsic
primary deuterium kinetic isotope effect (KIE) of 7.5, the
same within the experimental error to those found for PCMH
and PCMH[Y384FJ¢ (12, 25). The steady-state kinetic
primary deuterium KIE J(keafKu)] was found to be 6.4 for
PCMH[R474KF, which is similar to that determined for
PCMH. The similarities of these values suggest that each
enzyme variant oxidizes the substrate via identical mecha-
nisms. The stopped-flow rate constants were determined by
analyzing the spectral changes for heme reduction. The
findings that these constants provide the expected value for
the intrinsic primary deuterium KIE indicate that the two-
electron substrate reduction of FAD must be significantly
slower than the electron transfer from fully reduced FAD to
heme.

DISCUSSION

Correlation between the Values ofkRedox Potentials,
and Spectral Properties of CT Complexes with 4-Bromophe-
nol. On completion of the steady-state kinetic studies with
PchF[R474K§, PchF[R474K)C, and PCMH[R474K], we
compiled all of the data for these enzymes along with the
same data for their corresponding wild-type forms (Table
1). It was immediately apparent that tlke, values for
p-cresol oxidation decreased in a uniform fashion for the
various forms of the PchC-free and PchC-complexed PchF
species as the wavelengths of maximal absorbahgepr
the 4-bromphenol CT bands decreased (Table 1).Hhe
(2-electron potential) values decreased also, but the correla-
tion was less impressive; for example, because both PCMH
and PCMH[R474K] have nearly identic&l, 7 values, one
might predict that they would have simil&g, values, but
that is not the case.

The frequency of the maximal absorbance for a CT band,
vm (=¢/Am, wherec is the speed of light), can be defined by
hvm, = IP — E* (23), whereh is Planck’s constantP is the
ionization potential of the donor (4-bromophenolate), and
EA is the electron affinity of the acceptor (protein-bond

p-cresol as the reducing substrate and PES as the electrolFAD). On the other hand, the rate of electron transfer from

accepting substrate. Because of the slow reaction, a highprotein-boundp-cresolate to FAD may be expressed as exp-
concentration of the protein was required. For each assay,[a(EA — IP)/RT], where 0< o < 1 is the symmetry factor

the concentration of apo-PchF[R474K] was 328 and that
of [FAD] was 52 uM; on the basis of &p ~ 2 uM, the
concentration of PchF[R474K} was estimated to be 3.2
#M. From these studies, g, = 0.0051 s* was determined
for PchF[R474KY€, which is considerably slower that that
found for PchF[R474K] or PchF® (vide infra).

The steady-state kinetic parameters for PCMH[R4F4K]
were determined also using-cresol and PES as the
substrates. Th&y value forp-cresol was determined to be
25 uM, which is similar to that observed for PCMH§,
22). The value ok, however, was found to be 2% which
is about 40 times lower than that determined for PCMB, (
22). The value ofk. for PchF[R474K} was 0.26 st,
whereas this value was 4'Sor Pchf®. TheKy p-cresovalues
are 27uM for PchF[R474K} and 25u4M for PchF.

The reactions op-cresol andp-cresole,a,o-ds (4-[?Hs]-
methylphenol) with PCMH[R474K]were followed also by
stopped-flow spectroscopy?). The rate constants for the

or transfer coefficientZ6) andIP is the ionization (redox)
potential forp-cresol. Hence, the driving force of the redox
reaction is represented b — 1°). Formally,a. = d(AG*)/
d(AG®) = d[In(k))/d[In(K)], whereAG* is the change in the
free energies between the reactants and the transition state
(=AE, the activation energy) aniG® is the change in the
free energies between the reactants and prod@és2().

This parameter is equivalent to the coefficient in the
Brgnsted equation that relates a reaction rate condtatat,

the equilibrium constant, i.ek = AK® (26). It is believed

to be a measure of the extent of the reaction from the reactant
state to the transition state & O for the reactant state, =

1 for the product state, and = 0.5 for a symmetrical
transition state).

Although the electronic properties pfcresol and 4-bro-
mophenol are very different, they have similar structures
because the methyl and bromo groups occupy approximately
equal volumes. Presumably, with the samelectron ring

isotopically sensitive step are independent of the substratesystems and orientation of the rings, both bind to PchF and
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PCMH in a similar fashion as the phenolate forms (see Figure ~ exp(—~AE/2kT) = exp@[E”* — IP)/KkT), whereAE = IP —
1). For our purpose, it is assumed that the protein environ- EA, anda. = 5.
ment effects similar changes in the electronic properties of This approach may be also applied to the various forms
the FAD4-bromophenolate and FAP-cresolate complexes  of PchF[R474K] and to wild-type PchR.2), by using the
by going from one form of PchF or PCMH to another. In data for intact wild-type PCMH as the reference. The results
other wordsA(I° — EA)4—promopheno~ A(I° — EA)p—cresor This of this analysis are compiled in Table 1. The existence of
assumption is corroborated by the work of Abramovitz and the predicted correlation between thgax for the 4-bro-
Massey 28) with old yellow enzyme (OYE) reconstituted mophenol CT complexes arldy for six different protein
with different FMN analogues. When ther values for a species is evident from the inspection of the data (Table 1).
series of phenols bound to either the 7-bromo-FMN or The average value ai from the table is 0.31.
5-deaza-FMN forms of OYE were plotted against the Other Aspects of CatalysisThe ability of p-cresol to
values for this series of phenols complexed with the native reduce different forms of PchF correlates roughly with the
enzyme, the two linear plots were approximately parallel Ep,;of the bound FAD. For examplg;cresol forms a CTC
(28). Therefore A(I° — E*)phenor-a & A(IP — E*)phenor-s for with Pch®C (E,,; = —16 mV) but does not reduce it.
OYE. However, it reduces PchF[Y384¥] (En7 = 2 mV) very
Becauséwy, = IP — EA, differences inIP — E*) for the slowly, if at all, and, apparently, without CTC formation.
4-bromophenol complexes of various forms of PchF and This substrate reduces partially PcChF[R474KE,7 = 30
PCMH result in shifts of the maximum wavelengih, (i.e., mV) but reduces rapidly and completely PENE, ; = 62
vm), Of the CT bands. However, because= exp[o(EA — mV). For the latter two cases, absorbances attributable to
IP) F/RT] = expla(E* — IP)/KT], changes inlP — E*) lead the CT complexes were not observed during stopped-flow
to a reaction-rate change for thecresol complexes (see kinetic studies. This implies that thge-cresoiFAD CTC

Table 1); for the equatiort; is the Faraday constarR is formation and the ability of this substrate to reduce flavin
the gas constant, arids the Boltzmann constant. Invoking are mutually exclusive. Consequently, CTC formation is not
the assumption tha”A(I® — E*)a—bromophenal = A(IP — a prerequisite for catalysis but rather reflects the inability of

EA)p—cresar it is concluded that there is a linear relationship p-cresol to react 29). From these observations, it is
betweernvy, and Ink). This analysis indicates that a study of concluded that the redox potential of enzyme-bopsadesol
the spectral properties of the 4-bromophenol CT complexesis similar in value to the potential of FAD in PchF[Y384F]
with various forms of PchF and PCMH would allow us to i.e., 2 mV. For this flavoprotein, even if a CT band forms,
construct a scale from which the reaction ratep-afesol it would be shifted to a far-red wavelength and would not
oxidation may be computed. It is important to note that be easily observable.
correlations with eithet® or EA separately are misleading, PchF[R474K}$ and PchF[R474KY°, like PchF and
because both values are affected by the protein environmentfch¢, bind substrate analogues such as 4-hydroxybenzal-
and by the interaction of the substrate with the flavin cofactor. dehyde and 4-bromophenol, as their anionic phenolate forms
This approach is applied here to the oxidatiorpafresol (10). As with PchF and PchE€ (10), these analogues formed
by PchF[R474K} and PCMH[R474K]. From the kinetic ~CT complexes with the FAD bound to the two variants of
studies,kecmrrazaxfKechrrazak) = 2.4 $10.256 st = 9.4, PchF[R474K]. However, the latter affinities for 4-hydroxy-
while the Amax of the 4-bromophenol CT peak shifts from benzaldehyde are less than those of FchRd PchRC,
629 to 693 nm when PchC binds to PchF[R474Kjhich perhaps because of a change in the shape of the hydrophobic
translates into a potential change of 182 mV. It is assumed portion of the substrate-binding cavity of the flavoprotein
that A(I® — E*)a-bromopheno= —182 mV = A(I° — E*) for (see Figure 1). The aliphatic portion of Arg474 is an
the interactions op-cresol with PchF[R474K]and PCMH- important component of this region of the substrate-binding
[R474K]C. Using the existing data, we can estimate the values pocket of PCMH 6); it “pushes” the aromatic rings of Tyr95
of AI° and AE”. AE” is assumed to be equal toE,, 7 for and Tyr473 into position to hydrogen bond with the phenolic
FAD (23) in PchF[R474KY} before and after this protein  oxygen ofp-cresol (Figure 1).
binds to PchC. HenceAE* ~ 82 mV — 30 mV = 52 mV The redox potential of PchF[R474Kjvas decreased by
for the two-electron process; this calculation assumes that21 mV when 4-hydroxybenzaldehyde was bound. The
the value ofEn, 7 for FAD in the flavocytochrome when the  equation exp[2< 21 mV/25 mV] indicates that the dissocia-
heme is oxidized is the same as that measured when the hem#don constant is 5.4 times larger for the reduced
was reduced (Table 1). The ionization (redox) potential of PchF[R474K}-aldehyde complex than for this complex in
the substrate is decreased By = —182 mV+ 52 mV = the oxidized form. Because tiig = 3.4uM for the oxidized
—130 mV for PchF[R474K] relative to the flavocytochrome.  complex, then &p = 18.4uM may be calculated for the
This indicates thap-cresol is a poorer reductant for PchF- reduced complex. This conclusion facilitates the interpreta-
[R474K]C than it is for PCMH[R474K}. We conclude that  tion of the spectral data for the anaerobic reductive titration
the difference in the redox potentials for both the substrate of PchF[R474K§ by 4-hydroxybenzyl alcohol (Figure 4).
and the cofactor contributes significantly to catalysis. Upon flavin reduction, the alcohol is converted to the
From the equatiolecmnrazakfKechrrazaf = exploA(EA aldehyde. We speculate that, after it dissociates from reduced
— IP)/kT], we find thato. = (25 mV/182 mV)In(9.4)= 0.31. PchF[R474KY, the aldehyde rebinds preferentially to oxi-
This value, which is somewhat less than 0.5 for a sym- dized PchF[R474K] This prevents alcohol binding and
metrical transition state, implies an “early” or “reagent-like” subsequent FAD reduction. This process continues until
transition state. Note that the Marcus equatiok:is= exp[— approximately half of the PchF[R474Kis oxidized and has
(A + AE)Y4AKT] = exp(—=A/4kT — AE/2kT — AE/47KT). If aldehyde bound, while the other half is reduced and relatively
we assume that the reorganization eneigy; AE, thenker aldehyde-free. Reduction of the remaining oxidized flavopro-
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tein by further additions of the alcohol is slow because it Arg222 replaced) 1), which has FMN attached to a
cannot bind until the tightly bound aldehyde dissociates. The cysteinyl residue via th€6 carbon of the isoalloxazine ring
final spectrum for the alcohol titration results from the (6-Scysteinyl-FMN). The mechanism for linkage to the 6
combined absorbances of equimolar amounts of fully reducedposition of flavin is essentially the same as that faréarbon
PchF[R474K} and mostly enzyme-free 4-hydroxybenzal- tethering (1). The level of covalent flavin binding to
dehyde. This effect is more pronounced with PechEcause  heterologously expressed wild-type TMADH was low. Only
its redox potential decreases by 60 mV upon complexing 65% was recovered as apo-enzyme, which could not bind
with the aldehyde (unpublished findings). FMN either noncovalenty or covalently. The pure TMADH-
The keot Value forp-cresol oxidation by PCMH[R474K] [R222K] mutant only had 1.5% of FMN bound, and the
is 50-fold lower than that for PCMH. One might speculate remainder was apo-protein, which again, could not bind
that the lowered activity is a result of the altered two-electron FMN. Hence, the results were not as definitive for TMADH
midpoint potential for the FAD in PchF[R474K]which is as are those in the present paper. Here, purified recombinant
about 40 mV lower than that for the FAD in PchF  PchF, PchF[R474K], and PchF[Y384F] each contained a high
However, for PCMH, the two-electrdsy, 7 for the FAD (92.5 level of noncovalently bound FAD after purification. The
mV) is similar to that for PCMH[R474K] (82 mV), which  FAD may be removed easily and reinserted quantitatively
indicates that the oxidizing power of FAD in both forms of into the proteins under very mild conditior® (L0). Further,
PCMH is comparable. In fact, stopped-flow kinetic studies, on addition of PchC to either Pch¥ (9, 10) or
with p-cresol or p-cresole,o,0-ds, indicated that heme  PchF[R474K]€, the FAD becomes covalently bound quani-
reduction was slower for PCMH[R474Kthan for PCMH. tatively.
However, this is not due to a lower rate of electron transfer ~ As predicted, apo-PchF[R474K] was covalently flavinyl-
from reduced FAD to oxidized heme because the rate ated when exposed to FAD and PchC but at a reduced rate
constants for this process provided the apparent intrinsicwhen compared to apo-PchF. This may be due to a
primary deuterium KIE of 7 for both forms of PCMH. Only  suboptimal orientation of thes8methide (the electrophilic
when ET from reduced FAD to heme is considerably faster center) and/or the Tyr384 phenolate nucleophile (Figure 3)
than the prior reduction of FAD by the substrate will the in the former protein that might result from perturbations of
apparent rate constants for heme reduction provide thethe complicated hydrogen-bonding network at the FAD
expected intrinsic primary deuterium KIE, as observed. binding site in the vicinity of Arg474 (Figure 2). On the
Covalent Flavinylation. The PchF[R474K] mutant was  other hand, the slower reaction may be attributable to a lower
produced originally for the express purpose of testing the two-electronEn, 7 for PchF[R474KIC (electrophilicity) com-
notion that Arg474 is essential for covalent FAD binding pared to that for PcHf* (12).
for Pch™C when it is exposed to PchC. It is believed that a  In conclusion, the studies of PchF[R474K] PchF-
positive charge near th€2 oxygen of the flavin ring is [R474K]¢, and PCMH[R474KY indicate that these mutant
essential for its covalent attachment in various flavoenzymes proteins retain all of the basic properties of their correspond-
whether it is tethered (Figure 3A) at the 8 methyl or the 6 ing wild-type forms. It is particularly important to note that
position of the isoalloxazine ringLQ). This positive charge  the FAD in PchF[R474K]® becomes covalently attached
is provided either by the side group of a lysyl or arginyl when this protein associates with its heteromeric partner,
residue and/or the positive end of a helical dipole. This PchC. This supports the proposition that there must be a
localized electrostatic field stabilizes the anionic semiquinone positively charged environment near 82 oxygen of the
(“red”) flavin radical (Figure 3B) that is observed for all flavins isoalloxazine ring for covalent flavinylation to occur
covalent flavoproteins30) and is believed to be important (see Figure 3). On the other hand, the differences between
also for catalysis by stabilizing the anionic form of the fully PchF[R474K}¢, PchF[R474K}, and PCMH[R474K} and
reduced flavin (Figure 3A). their wild-type counterparts, in particular their catalytic
For PCMH, Arg474 provides the requisite positive charge; efficiencies and CT interactions, have provided insights
one of its guanidino-NH groups is hydrogen-bonded to the concerning the fundamental principals underlying efficient
C2 oxygen of the flavin (1.94 A), which is 2.58 A from the  catalysis by PCMH, as well as for other (flavo)proteins. For
3' oxygen of the ribityl side chain of FAD, while another example, it was discovered that PCMH not only optimizes
guanidino-NH also hydrogen bonds to thisa&ygen (2.04  the redox properties of covalently bound FAD to facilitate
A) (Figure 2). Hence, for PchF[R474K], it seemed reasonable p-cresol oxidation, but also the redox properties of this
to speculate that the replacement lysyl residue would alsosubstrate are optimized to make it a better reductant. Further
position its positively chargee-ammonium group in close  work along these lines is in progress, and this effort should
proximity to theC2 oxygen to mimic the guanidino group Yield further insights into the mechanism of oxidation of this
of Arg474 in PchF. The necessity of an electropositive flavocytochrome.
environment is supported by our work with apo-PchF-
[R474A]. It does not form a covalent bond to FAD in the SUPPORTING INFQRN_'ATlON A_VAILABLE _ _
presence of PchC, nor does it bind FAD in a noncovalent Spectral characterlzatlo_n data_, figures, mat_hemancal deri-
manner with appreciable affinity. It is concluded that the Vvation, and_an_expan_ded discussion of the p_erlpheral findings.
positive charge is also required for noncovalent FAD binding, This material is available free of charge via the Internet at
to aid in maintaining the structural integrity of the FAD http://pubs.acs.org.
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