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ABSTRACT: The spectral and redox properties are described for the wild-type and Y384F mutant forms of
the flavoprotein component (PchF) of flavocytochronpegresol methylhydroxylase (PCMH), and
cytochrome-free PchF that harbor FAD analogues. The analogues are iso-FAD (8-demethyl-6-methyl-
FAD), 6-amino-FAD (6-NH-FAD), 6-bromo-FAD (6-Br-FAD), 8-nor-8-chloro-FAD (8-CI-FAD), and
5-deaza-5-carba-FAD (5-deaza-FAD). All of the analogues bound noncovalently and stoichiometrically
to cytochrome-free apo-PchF, and the resulting holoproteins had high affinity for the cytochrome subunit,
PchC. Noncovalently bound FAD, 6-Br-FAD, or 6-BHRAD can be induced to bind covalently by exposing

holo-PchF to PchC. The rate of this process and

the redox potential of the noncovalently bound flavin

may be correlated. In addition, the redox potential of each FAD analogue was higher when it was covalently

bound than when noncovalently bound to PchF.

Furthermore, the potential of a covalently bound or

noncovalently bound FAD analogue increased on association of the corresponding holo-PchF with PchC,
and the activity increased as the flavin's redox potential increased. It was discovered also that
4-hydroxybenzaldehyde, the finplcresol oxidation product, is an efficient competitive inhibitor for
substrate oxidation by PchF since it binds tightly to this protein when the flavin is oxidized, although it
binds more loosely to the enzyme with reduced flavin. Finally, the energies of the charge-transfer bands
for the interaction of bound flavin analogues with 4-Br-phenol (a substrate mimic) increased as the potential
decreases, although a simple global correlation was not seen. This is the case because the energy is also
a function of the redox properties of the bound mimic. The implications of these findings to covalent

flavinylation and catalysis are discussed.

p-Cresol methylhydroxylase (PCMH)s an a,(3, flavo-
cytochrome fromPseudomonas putidd?CMH oxidizes
p-cresol (4-methylphenol) to 4-hydroxybenzyl alcohol, which
is oxidized further by the enzyme to 4-hydroxybenzaldehyde.
A c-type cytochrome subunif(or PchC; 10 kDa) associates

T This work was supported by the Department of Veterans Affairs
and NIH Grant GM-61651.

* To whom correspondence should be addressed at the Department{

with eacha flavoprotein subunit (PchF) of an intimately
associatedx, homodimer ). FAD is attached covalently
to the 58 kDa PchF subunit through a bond between the 8
carbon of the flavin’s isoalloxazine ring and phenolic oxygen
of Tyr384 (Figure 1) ). Our Escherichia coliexpression
system provides PchC-free PchF containing FAD non-
covalently bound (PcHFFAD}N®)? (3). Only after PchF-
FAD}NC is exposed to PchC does the flavin attach co-

of Veterans Affairs Medical Center. Tel: 415-387-1431. Fax: 415- valently to yield natural PCMH4) (Figure 1). This system

650-6959. E-mail: wsm@itsa.ucsf.edu.

1 Abbreviations: 6-NH-FAD, 6-amino-FAD; 6-NH-Rbf, 6-amino-
riboflavin; 6-Br-FAD, 6-bromo-FAD; 4-Br-phenol, 4-bromophenol;
6-Br-Rbf, 6-bromoriboflavin; 8-CI-FAD, 8-nor-8-chloro-FAD; 8-CI-
Rbf, 8-nor-8-chlororiboflavin; 5-deaza-FAD, 5-deaza-5-carba-FAD;

5-deaza-Rbf, 5-deaza-5-carbariboflavin; CT, charge transfer; DCIP, 2,6-

dichlorophenolindophenolE?, electron affinity; Ect, energy corre-
sponding to the wavelength for the maximum absorbance of the CT
complex between protein-bound flavin and 4-bromopheril;7,

is uniqgue among covalent flavoproteins since it is the only
one for which covalent flavinylation can be studied directly
in vitro (3, 4). Since isoelectric focusing (IEF) of PCMH
separates easily PchF with covalently bound FAD (PchF-
{FAD}®) from PchC b), it has been possible to study the
properties of PCMH, PcHFFAD}NC, and PchFFAD} €.

Our prior work allows us to formulate a mechanism for

midpoint potentials (relative to the standard hydrogen electrode, SHE) covalent flavinylation: First, FAD binds rapidly to apo-PchF

measured at pH 7.0 and 2€; iso-FAD, 8-demethyl-6-methyl-FAD;

IP, ionization potential; iso-Rbf, isoriboflavin or 8-demethyl-6-methyl-
riboflavin; PchC, thec-type cytochrome subunit of PCMH; PchF, the
flavoprotein subunit of PCMH{ X}, where X is either FAD, 6-Br-
FAD, or 6-NH-FAD covalently bound to various forms of PchF or
PCMH, e.g., Pchf6-Br-FAD} S, { X} N¢, where X is either FAD, 6-Nkt
FAD, 6-Br-FAD, 8-CI-FAD, 5-deaza-FAD, or isoFAD noncovalently
bound to various forms of PchF or PCMH, e.g., PCA8-CI-FAD} NS,
PCMH, p-cresol methylhydroxylase; PES, phenazine ethosulfate; Rbf,
riboflavin.

to give PchFFAD}NC. This results in an increase in the
2-electron midpoint potentiaEy, 7, SHE} from —219 mV

for free FAD to —16 mV for PchRFAD}NC. Next, PchC

2The NC and C superscripts designate FAD noncovalently bound
and covalently bound to PchF, respectively.

3 All potentials reported in this paper are relative to the standard
hydrogen electrode (SHE).
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Ficure 1. Mechanism of covalent flavinylation of PchF,B,, B3, and B are hypothetical bases required for the flavinylation process.
From the crystal structure of PCMH Bias been identified as Arg474)( Because of its proximity, Bcould be Glu380. Due to lack of
proximity, it is not possible to definitively identify Bor B,. It is possible that the phenolate form of Tyr384 acts asadd B may be

Asp440, which is hydrogen bonded to a water molecule (2.49 A) that is also hydrogen bonded to the phenolate group of Tyr384 (3.09 A).
R represents the ribityl diphosphoadenosine moiety, and X can be K, dMHBr. Structure B is the putative iminoquinone methide-like
intermediate that is believed to be the electrophilic species that is attacked by the tyrosinate nucleophile-aather8of the isoalloxazine

ring. The covalent flavinylation process results in 2-electron-reducety®syl-O-FAD (structure C). The electrons are shuttled rapidly,

one at a time to PchC. The reduced heme is oxidized subsequently by an external electron acceptor.

and PchEC form a weak complex to produce PCMH- mental, etc.) factors contribute to the potential change from
{FAD}NC, Ensuing conformational changes lead to the 462 to+ 87 mV when Pchf binds to PchC.
covalent tethering of FAD to yield mature PCNIFAD} €. For PchF[Y384R]FAD}N® and PCMH[Y384F FAD}NC,
The fully reduced FAD formed in this process shuttles its Phe has replaced Tyr384, the residue that is covalently linked
electrons sequentially and rapidly from the enzyme, via the to FAD in normal PCMH. Hence, FAD cannot bind
heme of PchC, to yield oxidized PCMIHAD} € (Figure 1). covalently to the mutant proteins. Thg (FAD) values for
For FAD, En, 7 rises from—16 mV for PchB¢ to +-87 mV PchF[Y384H FAD}NC and PCMH[Y384H FAD}N\C are+-2
in PCMH{FAD}C. For the heme, the 1-electron potential and +47 mV, respectively ). Assuming that a similar
rises from+157 mV for free PchC tot+234 mV in the change occurs for the PchFAD}NC to PCMH FAD}NC
flavocytochrome ). transition,En, A(FAD) is estimated to be abott30 mV for
PchR FAD} € has arEy, AFAD) = +62 mV (6). The large the latter protein. Thus, it is predicted that covalent binding
78 mV increase irEy, AFAD) for PchFe relative to that for of FAD in PCMH{FAD}NC results in an increase in
PchPC indicates that structural alterations in the former En#FAD) of about 57 mV (87 m\/~ 30 mV). The change
significantly stabilize reduced, bound FAD relative to its in EnAFAD) for Pch§ FAD}NC from —16 to +57 mV on
oxidized form. While a great deal of the chang&ijn{FAD) binding to PchC increases the electrophilicity of the flavin’s
is due to the covalent tethering, other (structural, environ- isoalloxazine ring for PCMKEFAD} NC. We proffer that this
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FiGure 2: Structures and values of the 2-electron redox potertjgl, for the fIavms used in the current study. The potentials are from
the following references: Rbf, FAD, 8-CI-Rbf, and 8-CI-FMRB);(iso-FMN and 5-deaza-FMNBJ; 5-deaza-Rbf&, 10); 6-NH,-Rbf and
6-Br-Rbf (8, 11); iso-FAD, 8-CI-FAD, 6-NH-FAD, and 6-Br-FAD (this study).

increases also the acidity of itsx8nethyl hydrogens to
facilitate formation of a flavin iminoquinone methide-type
species, a putative intermediate for covalent flavinylation
(structure B, Figure 1)4).
The 1-electron heme potential for PCMH[Y384FAD} N¢

is +187 mV, 50 mV lower §) than the potential for
PCMH{FAD} €. This implies that covalent tethering of FAD
in PCMH{ FAD}N® produces conformational and/or electro-

These interesting features of PchF make it well suited for
studies of the relationships between structure and redox
properties and catalysis. For example, we can compare the
chemical, physical, redox, etc. characteristics of three forms
of PchF, i.e., PcChfFAD}NC, PchRFAD}¢, and PCMH-
{FAD}C. We can also easily produce apo-PchF and recon-
stitute it with FAD analogues that bind noncovalenty,
some of which can be induced to bind covalently. Interest-

static changes in PchC that stabilize the reduced hemeingly, for PchF harboring 6-amino-FAD (6-NHFAD)

relative to its oxidized form. In addition, the affinity of
PchF[Y384F] FAD}NC for PchC Kp = 7.4uM) is 3 orders
of magnitude less than that of P{{H#AD} € for PchC Kp
= 7.4 nM) (7). Thus, covalent flavinylation results in

(Figure 2), because the covalent flavinylation process is
extremely slow (vide infra), we can study the properties of
four forms of this flavoprotein: PcHB-NH,-FAD}NC,
PchR 6-NH,-FAD} ¢, PCMH{ 6-NH,-FAD}N¢, and PCMH-

favorable potential changes for both FAD and heme and {6-NH,-FAD}C. Further, site-specifically altered forms of

favorable subunit interactions in PCMH. The information

PchF can be used. Thus, we are able to extend easily the

presented in the preceding paragraphs is summarized inrepertoire of proteins for investigation.

Figure S1 (Supporting Information).

The flavins employed in the current work have structural

It was discovered also that the covalent FAD bond in free alterations at sites that dramatically alter the physical,
PchF or PCMH is very stable; on reduction, the covalent chemical, binding, and/or redox properties of the isoallox-

bond remains intact. In sharp contrast, free in solution,

reduced &-O-tyrosylriboflavin very rapidly expels tyrosine
to yield oxidized riboflavin (Rbf) 2).

azine ring (Figure 2) 12). After each Rbf analogue was
converted to the corresponding FAD foridf3, the spectral
properties of each of these were studied. Further, the spectral
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changes of flavin-reconstituted forms of PchF and PCMH
were recorded during titrations with (nonreducing) substrate
analogues and reductive titrations with dithionite or sub-
strates. For each protein, the 2-electron midpoint redox
potential En, 7, of the flavin was determined alst4). Herein,

Biochemistry, Vol. 43, No. 32, 2004.0535

FMN and ATP (3). Further proof was obtained by treating
a portion of the sample with nucleotide pyrophosphatase,
which converted FAD to FMN and AMP. The disappearance
of FAD and appearance of FMN were followed by HPLC
(vide supra). Final proof was obtained by demonstrating that

we present the results and conclusions derived from ourall FAD analogues bound quickly and avidly to apo-PchF.

investigations.

EXPERIMENTAL PROCEDURES

Materials.6-Amino-Rbf (6-NH-Rbf) was synthesized as
described elsewheré&1). p-Cresol, 4-hydroxybenzyl alcohol,
4-hydroxybenzaldehyde, and 4-Br-phenol were purified as
before @). Other chemicals used in the studies and their
sources are as follows: 8-nor-8-chloro-Rbf (8-CI-Rbf),
6-bromo-Rbf (6-Br-Rbf), and 5-deaza-5-carba-Rbf (5-deaza-

Neither FMN nor Rbf binds to this proteid); Although all

of the Rbf analogues tested were substrates for FAD
synthethase, the conversion rates varied:00% of 5-deaza-
Rbf and 6-NH-Rbf were converted to the FAD forms after
1 hour, whereas-50% of iso-Rbf and 8-CI-Rbf angt10%

of 6-Br-Rbf were converted to the FAD counterparts after
several days.

Kinetic AssaysKinetic experiments, titrations, and redox
potential measurements were typically done in 25 mM

Rbf), gifts from Peter Hemmerich (deceased) and Sandro KH.PO/KOH buffer, pH 7.0 at 25C. Steady-state kinetic

Ghisla (University of Konstanz, Germany); disodium 2,6-
dichlorophenolindophenol (DCIP), General Biochemicals,
Inc.; sodium dithionite, Kodak Chemical Co.; iso-Rbf (8-
demethyl-6-methyl-Rbf), Merck; glucose oxidase, Miles
Laboratories; toluylene blue, ICN Pharmaceuticals, Inc.;
thionin, Janssen Chimica; anthroquinone-2,6-disulfonate di-
sodium salt and 5;%,7-indigotetrasulfonate tetrapotassium
salt, Aldrich Chemical Co.; gallocyanine, 5jadigodisul-
fonate disodium salt (Indigo Carmine), methylene blue, Nile
Blue, 5,3,7-indigotrisulfonate tripotassium salt, pheno-

spectrophotometric assays were carried out by ysiagesol

as the reducing substrate and phenazine ethosulfate (PES)
as the reoxidizing substratedq). The reduced PES that
formed was monitored at 600 nm due to its reduction of 2,6-
dichlorophenolindophenol.

Covalent flavinylation reactions were carried out by
mixing various forms of PcHE with PchC as reported
elsewhere 4). The reactions were monitored by following
the heme reduction spectrophotometrically (Figure 1). To
avoid interference with flavin and subsequent heme reduction

Co.; ammonium acetate, International Biotechnologies, Inc.;
other reagents, Sigma Chemical Co. or Aldrich Chemical
Co.

Purification of PchF and PchF[Y384F[The growth of
transformedE. coli strains and the protein purification are
described in detail elsewherg, (L5). The pure proteins were
devoid of typec cytochromes and bound FAD. Centricon-
30 centrifuge concentrators (Amicon, Inc.) were used for
buffer exchanges.

Isoelectric Focusing (IEF).PCMH containing either
covalently bound FAD, 6-NKHFAD, or 6-Br-FAD was
processed by IEF, which separated the Pcfdfms from
PchC and apo-Pchb). Pharmalyte 4-6.5 ampholytes were
used for the IEF, which was done in a thin layer of
prehydrated Sephadex G-200 Superfine (Amersham Phar
macia Biotech).

FAD AnaloguesFAD derivatives were obtained from the
corresponding Rbf analoguesZ00 M) by room temper-
ature incubation in 25 mM potassium phosphate buffer, pH
7.6, with 200 nM pureCorynebacterium ammoniagerneaD
synthetase,-35 mM ATP, and 10 mM MgGl(13, 16). After

reactions were done in the dark to prevent flavin-dependent
photoreduction of the prosthetic groups.

Spectroscopy and TitrationdJV—visible spectra were
obtained with a Hewlett-Packard 8453A diode array spec-
trophotometer. Sets of spectra for each titration were analyzed
by SPECFIT (factor analysis software from Spectrum
Software Associates, Chapel Hill, NC). Anaerobic dithionite-
and substrate-reductive titrations arigh; measurement
experiments were carried out under Ar in anaerobic quartz
cuvettes 18). Because op-cresol’s volatility, its solutions
were made anaerobic by the presence of glucose, glucose
oxidases, and catalas&7]. Other solutions were rendered
anaerobic with several vacuumi@ee Ar-flushing cycles.
Unless noted otherwisg;, 7 values were determined by using
‘the xanthine/xanthine oxidase method of Massey, which
required the presence of methyl viologen and a reference
dye with an appropriate redox potentialj. The dithionite
titrations provided the extinction coefficients for the flavins
bound to the various proteins. The concentrations of di-
thionite solutions were determined by titrating anaerobic
solutions of FAD 450 = 11.7 mM* cmY).

a reaction had reached an acceptable level as determined by

HPLC analysis, each FAD analogue was purified using a
150 x 4.6 mm Spherex gm octadecyl-silica gel column

RESULTS

(Phenomenex, Inc.) that was preequilibrated with aqueous Spectral Properties of Variant Forms of PchF and PCMH.
10 mM ammonium acetate. The sample was eluted with a Because of the large number of proteins studied, we have

20 min gradient from 100% 10 mM ammonium acetate to
50% acetonitrile, at room temperature,wé 1 mL/min flow

rate. Each FAD analogue, and its FMN and Rbf counterparts,

eluted at approximatehl4, ~4.8, and~6 min, respectively.
Each collected fraction was lyophilized.

The authenticity of each FAD analogue was confirmed

omitted figures and the details for some of the spectral
titrations and potential measurements. Within this report, we
have included representative or interesting figures for a few
of the cases. Some figures can be found in the Supporting
Information. TheE, 7 values and the data for the 4-Br-phenol
CT complexes are presented in Table 1. The data for some

by a reverse reaction catalyzed by FAD synthetase; in theof the derivatives discussed herein can be found elsewhere

presence of MgGland pyrophosphate, FAD is converted to

(3, 6, 15).
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Table 1: Redox Potentials for Various Forms of PCMH and PchF and Data for 4-Br-phenol Binding to These Proteins

KDb /‘Lmaxb
protein Keat(S™3) Em7(mV) [slope} reference dyekn 7(mV) (uM) (nm)
PchR FAD}Nce 0.75 —15.6 [0.93],—13.3 [1.00] gallocyanine, 21 58 620
PchH FAD}¢¢ 0.080 59.5[1.07], 60 [0.95] thionin, 60 18 655
60 [1.11], 65.5[0.98] toluidine blue O, 34
66 [1.06] toluylene blue, 115
PCMH{FAD} ¢ 121 NDe 833
FAD¢ 871[0.99], 81 [1.09] toluylene blue, 115
heme 249 [1.97] DCIP, 218
PchC 157 [1.98] toluylene blue, 115 NA NA
157 [2.05] DCIP, 218
PchF[Y384F FAD}N\c¢ 0.22 2[0.94], 1.2[0.92] gallocyanine, 21 6 630
3 juglone, 3
PCMH[Y384Ff FAD}Nce 3.8 ND 698
FAD¢ 49[1.06], 46 [1.05] toluidine blue O, 34
45.5[1.07] thionin, 60
heme 186 [2.02] DCIP, 218
PchHiso-FAD}NC 0.0080 —104 [1.00] 5,5,7-indigotrisulfonate;-81 6+ 1.5 603
—110[1.06] Nile Blue,~116
PCMH{iso-FAD}N¢ 0.55 ND 647
iso-FAD! 33[0.99] toluidine blue O, 34
30 [1.00] gallocyanine, 21
heme 206 [1.99] DCIP, 218
PchR 5-deaza-FADN® 0.0030 ND ND 536
PCMH({5-deaza-FADNCh 0.42 ND 621
5-deaza-FAD 18[1.04] gallocyanine, 21
15[1.07] methylene blue, 11
PchF[Y384F]5-deaza-FADN® 0.00096  —300 [1.07] safranine 0;289 ND 524
PCMH[Y384F] 5-deaza-FADNC  0.44 ND ND 593
PchR 6-NH,-FAD}N¢ 0.10 —276[0.94] phenosafranine;252 ND 546
PchR 6-NH,-FAD} ¢ 0.013 —252[1.07] phenosafranine;252 21+ 10 583
PCMH{ 6-NH,-FAD}Nch 0.085 ND 615
6-NH,-FADY —187[1.16] anthraquinone-2,6-disulfonate] 84
PCMH{ 6-NH-FAD}¢h 0.21 ND 627
6-NH,-FADY —174[1.16] anthraquinone-2,6-disulfonate] 84
PchH 6-Br-FAD}NC NDi —128[1.03],—136 [0.93] 5,5indigodisulfonate;-125 ND ND
PchR 6-Br-FAD} ¢ 0.070 —48[1.01],—59 [1.04] 5,5,7,7-indigotetrasulfonate;- 46 ND 641
PCMH({6-Br-FAD} " 1.3 ND 665
6-Br-FAD* 60 [1.08] gallocyanine, 21
65 [1.07] thionin, 60
PchH 8-CI-FAD}NC 0.19 16 [1.02] toluidine blue O, 34 ND 649
PCMH(8-CI-FAD}Nch 18.3 ND 781
8-CI-FAD¢ 90 [1.03] thionin, 60
PchF[Y384F] 8-CI-FAD}N¢ 0.22 59 [1.04] thionin, 60 ND 653
63 [1.03] toluidine blue O, 34
PCMH[Y384F] 8-CI-FAD} Nch 3.80 ND 798
8-CI-FAD? 104 [1.02] toluylene blue, 115

a Slopes for theRT/27 x In(dyey/dyaeq) VS RTI27 x In(Pox/Pred) plots, where P represents the protein &d, and. 7 are the gas constant, the
temperature, and Faraday’s constant, respectively. Sloped afidicate that these are the 2-electron potentials for the flavin. A slope2as
expected for the 1-electron reduction of the hefigor some of the proteins, the values & andAmax Of the flavin’s CT peaks were determined
from 4-Br-phenol spectrophotometric titrations. For the remaining proteindthealues were determined from spectra after addition of a saturating
concentration of 4-Br-phendl.Data from refss and15. ¢ Because of its high potential, the heme groups of the various PCMH forms were completely
reduced when the potential of the flavins was measurbldbt determined’ Not applicableg The potential was determined by factor analysis, not
graphically; thus a slope is not availab®).(" The heme potential was not determinelot determined. See textRate of oxidation was very low.

All of the forms of PCMH and PchF studied haetresol

indicate the formation and subsequent disappearance of an

oxidation activity. However, a detailed analysis and discus- iso-FAD radical as more dithionite was addeti7,(21).

sion of the catalytic efficiency are presented elsewh&@e (

Corresponding spectral changes were not seen for protein-

PchKiso-FADNC. Figure 3 shows the spectral changes free iso-FAD during its dithionite titration (Figure 3A),

for the dithionite titrations of free iso-FAD and Pdfifo-

indicating that a stable flavin radical did not form.

FAD}NC. Free iso-FAD has absorbance maxima at 456 nm  The 4-hydroxybenzyl alcohol reduction of Pdligo-

(e = 7.70 mMt cm™1) and 386 nm (10.9 mM cm™),
which are similar to those reported earligf). When bound
to PchF, the maxima shifted to 444 nm£€ 7.20 mM*
cm 1) and 388 nmd{ = 12.8 mM* cm ), respectively. For
the PchFFiso-FAD}NC titration, the first addition of dithionite

FAD}NC progressed very slowly, particularly in the latter
stage of the titration. Initially, as the flavin absorbance
bleached, an absorbance peak appeared at 343 nm. This was
due to a complex between the remaining oxidized PchF(iso-
FAD)NC and 4-hydroxybenzaldehyde, the product of alcohol

caused a slight decrease in absorbance at 382 nm, whicloxidation by the enzyme. A flavin radical was not detected
was followed by a slight increase (Figure 3B). On further during the titration.
additions, the 382 nm absorbance decreased progressively. The results of the factor analysis of spectral data for the
These changes and the sharp absorbance peak at 382 nmerobic titration of Pchfiso-FAD}NC with 4-hydroxybenz-
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Ficure 3. Anaerobic dithionite titrations of iso-FAD and Pdh§o-FAD}NC. Frame A displays the spectra recorded during the dithionite
titration of 24uM iso-FAD in 25 mM KH,PO,/KOH, pH 7.0 at 25°C. The dashed line, which depicts the spectrum for the fully oxidized

form of PchRiso-FAD}NC, is included for comparison. The cumulative concentrations of added dithionite were 0, 3.53, 7.05, 10.6, 14.1,
17.6, 21.1, 24.6, and 280M. The arrows indicated the changes that occurred as progressively more dithionite was added. Frame B
displays the spectra recorded during the dithionite titration ofi@1PchKiso-FAD}NC in 25 mM KH,PO,/KOH, pH 7.0 at 25°C. The

dashed line represents the spectrum of the fully oxidized enzyme. The cumulative concentrations of added dithionite were 0, 3.53, 7.05,
10.6, 14.1, 17.6, 21.1, and 24.6/1. The arrows indicated the changes that occurred as progressively more dithionite was added. Note that
the absorbance at 382 nm decreases slightly initially and then increases slightly. The relatively sharp peak is believed to be due to the
presence of a flavin radical, which appeared in the initial phase of the titration and then disappeared as more reductant was added.

aldehyde are presented in Figure S2A (Supporting Informa- to the complete, 1-electron reduction of the heme. The next
tion). The increase in absorbance at wavelengtG60 nm two electron equivalents resulted in the full, 2-electron
and decreases from 370 to 500 nm indicated the formationreduction of iso-FAD. The stepwise reduction indicates that
of an iso-FAD-aldehyde charge-transfer (CT) compl&. ( reduced flavin to oxidized heme electron transfer is not
A Kp = 0.20 + 0.05uM for the complex confirmed the  prohibited by the absence of a covalent bond between the
very tight binding of the aldehyde to oxidized P{ligo- flavin and protein {). Sincep-cresol donates 2 electrons to
FAD}NC (vide supra). The very large absorbance at 343 nm the bound iso-FAD and 1 electron must be transferred rapidly
(Figure S2A) indicates that the aldehyde is bound as anfrom PchFiso-FAD}NC to the heme of PchC bound to this
anionic quinone methide-type specie?);(compare this PchF subunit, then either the second electron stays with iso-
absorbance to that of enzyme-free aldehyde (Figure S2A).FAD (i.e., a flavin radical would accumulate) or, somehow
It was established previously that tig,; for the 4- (as is the case), this electron is transferred efficiently from
hydroxybenzyl alcohol/4-hydroxybenzaldehyde couple is the flavin radical to a second oxidized heme group. The
considerably more negative than that for theresol/4- Emiso-FAD) = +30-33 mV for PCMHiso-FAD}N¢
hydroxybenzyl alcohol couple). Accordingly, while reduc-  (Figure S3, Supporting Information) (Table 1). Hence,
tion by the alcohol was slowp-cresol did not reduce  EmiSo-FAD) rises by~130 mV when Pchfiso-FAD}N®
PchHiso-FAD}NC to an appreciable extent. Figure S2B binds to PchC. The potential of the heme of PchC increases
(Supporting Information) shows the results of a rapid aerobic, also when this interaction occurs (Table 1).
nonreductive titration of PcHiiso-FAD}N© by p-cresol. The PchH 5-deaza-FADNC. 5-Deaza-FAD bound stoichio-
formation of a CT transition band is evident from the increase metrically to apo-PchF, as determined by fluorescence
in absorbance from 500 to 800 nm. An analysis of the quenching. The absorbance maximum at 400 nm for free
absorbance changes for the titration providetha= 3.2+ 5-deaza-FAD shifted to 394 nm. Since the anaerobic reduc-
1.4 uM. tion of PchR 5-deaza-FADNC with dithionite was so slow,
Figure S2C (Supporting Information) shows the alteration it was not possible to estimate the extinction coefficient for
to the PchFiso-FAD}NC spectrum resulting from the CT  this enzyme; it was assumed to be equal to that of free
interaction with 4-Br-phenol. The position of the maximum 5-deaza-Rbf (12.6 mM cm™) (10). An excess of dithionite
of the CT band was estimated to be 620 nm, and the complexwas needed to fully reduce the flavin. On admission of air,
has aKp = 6 + 1.5 uM. the reduced flavin did not reoxidize, even after a prolonged
PCMH{iso-FAD}NC. Since iso-FAD lacks an 8-methyl incubation. The complete Lbxidation of reduced FAD or
group on its isoalloxazine ring (Figure 2), it is unable to other FAD analogues bound to PchF occurred within a few
bind covalently when PcHiso-FAD} NC is mixed with PchC minutes after being exposed to air. These observations imply
(4). The addition of a equimolar amount of PchC to PchF- that the reduction of @by the reduced flavins bound to PchF
{iso-FAD}NC raised theEn, (iso-FAD) (Table 1) enough so  involves 1-electron step2®). Since the formation of the

that p-cresol reduction of the resulting PCMI8o-FAD}NC 5-deaza-FAD radical is thermodynamically unstable, then it
proceeded at a convenient rate. However, the steady-statés expected that the reduction of, @y reduced 5-deaza-
turnover rates were significantly lower for PCNiido- FAD would be extremely slow. For free 5-deaza-Rbf=
FAD}NC and PchFiso-FAD}NC when compared to PCMH-  —650 mV, whereas the 2-electrdiy, 7 is —311 mV.

{FAD} ¢ and PchEFAD}NC or PchR FAD}®. We could not identify any agents that reoxidized reduced

As with PCMH, for the anaerobip-cresol titration of PchR 5-deaza-FADNC, except for PES, which allowed
PCMH{iso-FAD} NS, the first electron equivalent contributed measurements of its catalytic activity in steady-state kinetic



10538 Biochemistry, Vol. 43, No. 32, 2004 Efimov and Mclintire

assays. Thus, an equilibrium redox titration with reference
dyes was impossible. This disallowed the measurement of
the En, 7 value for the bound 5-deaza-FAD.

PchH 5-deaza-FADN® was not reduced bp-cresol. An
aerobic titration withp-cresol revealed the formation of a
CT complex Kp = 2.95 + 1.40 uM). For the anaerobic
4-hydroxybenzyl alcohol titration of Pckib-deaza-FADNC,
the reduction of the bound flavin occurred slowly. The
titration proceeded with the intermediate formation of a
complex between the bound oxidized 5-deaza-FAD and the
anionic quinone methide form of the alcohol’'s oxidation
product, 4-hydroxybenzaldehyde (see Figure 8); a large
absorbance peak appeared at 342 nm due to the complex, 300 400 500 600 700 800
which disappeared subsequently as the remaining oxidized Wavelength (nm)
flavin was very slowly reduced by the alcohol.

A factor analysis of the spectra recorded during a 4-
hydroxybenzaldehyde titration of Pcf-deaza-FADNC
indicated the formation of a tight complex, wiky = 0.53
+ 0.3 uM. The spectrum of the complex, with a weak CT
band at 456-500 nm, also displayed the large absorbance
peak at 343 nm similar to that seen for the aldehyde
complexes for Pchfiso-FAD}, PchR FAD} €, PchF[Y384F]-
{FAD}NC, and other forms of PchR3(15). This indicated
that the aldehyde is bound as an anionic quinone methide-
type species3).

PchF[Y384F] 5-deaza-FADNC. The PchF[Y384F] mutant
(6) also bound 5-deaza-FAD tightly. The binding produced 0 T -

a shift from 400 nm for the free flavin to 393 nm in thg 300 40\7Vave5?gngtrio?nm)7oo 800
protein, and the spectrum of the latter has some resolutlonFIGURE 4 Anaerobic dithionite titrations of 6-NHFAD and

in its vibrational modes in its Iong-yvavelength (393 _nm) PchR 6-NH,-FAD}NC, Frame A shows the dithionite titration of
absorbance peak. When the protein was titrated with 4- 11 3,,M 6-NH,-FAD in 25 mM KH,PO/KOH, pH 7.0 at 25°C.
hydroxybenzyl alcohol, initially, a 342 nm peak appeared, The cumulative concentrations of added dithionite were 0, 1.02,

which was a result of the product, 4-hydroxybenzaldehyde, 2.04, 3.06, 4.08, 5.09, 6.10, 7.11, 8.11, 9.12, 10.1, 11.1, and 12.1

indi idi - - NC (vi uM. The arrows indicated the changes that occurred as progressively
binding to -OXIdlzed P-ChF[Y384|F5 deaza-FAR™ (vide more dithionite was added. Frame B shows the dithionite titration
supra). This peak shifted to 332 nm when the aldehyde 13 uM PchR 6-NH,-FAD}NC in 25 mM KH,PO/KOH, pH 7.0

dissociated as flavin reduction progressed. at 25°C. The cumulative concentrations of added dithionite were

TheEmJ(S_deaza_FAD): —300 mV for this protein_ On|y 2.19, 4.38, 6.56, 8.73, 10.9, 13.0, 15.2, and 1MB The arrows

the flavin that became reduced in the initial stages of the indicated the changes that occurred as progressively more dithionite
o . ilibri ith the dve: the | i was added. The thick dashed line represents the spectrum recorded
titration was in equilibrium with the dye; the In(protei immediately after the second (4.881) addition of dithionite. The

proteineg vs In(dye,/dyged plot for this part of the  small sharp peak at-380 nm for the dashed line spectrum is

experiment provided a slope ofl. For computational believed to arise from the presence of a small amount of a flavin

purposes the Complete reduct|on of ﬂavoprote|n was ach|evedrad|cal This Spectl’a| feature disappeared within 15 min. This feature

R o i was seen also for the spectra obtained after the other additions of

by adding dithionite. The value d&n is similar to that dithionite. However, all of the other (end point) spectra were

of free 5-deaza-FMN+278 mV) @). It was not possible  gptained about 15 min after the addition of dithionite.

to determineEn; for the flavin for PCMH[Y384H5-

deazaFADQ"C. a further 0.5 molar equiv op-cresol. Hence, this titration
PCMH{ 5-deazaFADNC. Although 5-deaza-FAD has a proceeded in the same manner as that for PCRAD}C

methyl group at the 8-position of the flavin ring, covalent (23).

flavinylation did not occur, as judged by heme reduction,  TheE, {5-deaza-FAD) value for PCM§5b-deaza-FADNC

when RchIES-deaza-FAE})NC was mixed anaerobically in the  is provided in Table 1. During the potential measurement

dark with PchC. experiment, the reduction of the flavin was slow, so excess
A dithionite titration of PCMH 5-deaza-FADNC showed sodium dithionite was added near the end in order to achieve

a fast 1-electron reduction of the heme group followed by full reduction and an accurate end point.

an extremely slow reduction of the bound flavin. PCMH- PchR 6-NH,-FAD}NC, The properties of 6-NHRbf are

Absorbance

Absorbance

{5-deaza-FADN® was also titrated anaerobically wiih described elsewheré1). Its spectrum shows a narrow band
cresol. Full reduction of the cytochrome subsystemNg in the 390-430 nm region and a broad pH-sensitive band
was achieved when the total concentration of adulecesol centered at 560 nm. Figure 4A shows the solution spectrum

reached 1.5:M, as expected for a stoichiometric process; of 6-NHx-FAD. A dithionite titration of the free flavin
this substrate supplies 4 electron equivalents when it is provided eszs = 16.1 mM* cm™ (Figure 4A), which is
oxidized completely to the final product, 4-hydroxybenz- somewhat lower than theys~ 19 mM~t cm™? for 6-NHx-
aldehyde. Complete reduction of the bound flavin required Rbf. The lower absorbance and red shift are characteristic
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for a Rbf to FAD transition. The broad peak for 6-MH
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of PchR 6-NH,-FAD}NC and PchC. This indicates that the

FAD centered at 566 nm corresponds to the broad peak forbound 6-NH-FAD is a poor electrophile, which is cor-
6-NH,-Rbf that has a maximum at 560 nm. The absence of roborated by its low redox potential. The very slow covalent
a peak between 300 and 400 nm indicates that the aminoflavinylation process allowed us to study PCHEINH,-

group of 6-NH-FAD is unprotonated and that it exists as
the iminoquinonoid form (see structure B, Figure 7), which
exists between pH 0.9 and pH 10BlJ.

6-NH,-FAD bound tightly and stoichiometrically to apo-
PchF. The spectrum of Pch&NH,-FAD}NC (Figure 4B)

FAD}NC,

Both p-cresol and 4-hydroxybenzyl alcohol reduced the
heme in PCMH6-NH,-FAD}NC, These titrations proceeded
in the same manner as those for normal PCNB).(When
the heme is fully reduced, (6-NH,-FAD) = —187 mV.

showed that the 560 nm band has shifted to 602 nm, relative PCMH{6-NH-FAD}C. Ey, (6-NH,-FAD) = —174 mV for
to that for the free flavin, and a new, narrow peak appeared PCMH{6-NH,-FAD} ¢, 13 mV more positive than thEy, 7

at 327 nm. The basic spectral features indicate that 6-NH
FAD is bound to PchF with the isoalloxazine ring in the
neutral iminoquinonoid form.

The dithionite titration of Pchf6-NH,-FAD}NC revealed

the formation of an unstable (presumably anionic) radical,

value for PCMH 6-NH,-FAD}NC. PCMH{6-NH,-FAD}C
had about twice the activity of PCM$-NH,-FAD}NC. The
Amax Of the 4-Br-phenol CT band was shifted to 627 nm, as
compared to 615 nm for PCMI8-NH,-FAD} N,

PchR 6-Br-FAD}NC and PchR 6-Br-FAD} ©. After heme

detectable by perturbations in the 385 nm region of the reduction ceased for a mixture of Pdl@Br-FAD}N¢ and
spectrum (Figure 4B). This feature disappeared within 15 PchC, the resulting flavocytochrome was subjected to IEF,

min due to disproportionation of the radical. From the
titration data,es3; = 22.6 MMt cmt was determined.
PchH 6-NH,-FAD}NC was not reduced by-cresol or

which yielded pure PcHB-Br-FAD}C. The apparent first-
order rate constant for flavinylation was 0.0028,swvhich
is about/;¢th the value of that for PcCHFFAD} (k = 0.025

4-hydroxybenzyl alcohol at reasonable rates, and a CTs1). We believe that this is the first example of an enzyme

complex betweep-cresol and Pchf-NH,-FAD}NC was not
detected. The value &, ; for free 6-NH-FAD was found
to be—298 mV, which is similar to that for 6-NHRbf (Eqn 7
—293 mV) (11). For PchE6-NH,-FAD}INC, E, 7= —276
mV (Table 1). This very low redox potential explains why
the enzyme was not reduced easily by substrates.

PchK 6-NH,-FAD} €. Because of its low potential, it was
assumed that, like Pchb-deaza-FADNC, the flavin would
not bind covalently to PcHB-NH,-FAD}NC when exposed

to PchC. However, after 2 days at room temperature, a small

amount of PCMH6-NH,-FAD} ¢ formed. Enough PcHe-
NH,-FAD} € was isolated by IEF for us to determikg A6-
NH,-FAD) (Table 1). Treatment of a solution of this protein
with 5% (w/v) trichloroacetic acid, followed by centrifuga-
tion, gave a green pellet with no free flavin in solution. This
indicated that 6-NR#FAD was covalently bound stably to
the protein 24).

Like that for PchF6-NH,-FAD}NC (Figure 4B), the
spectrum for Pchf6-NH,-FAD}C displayed a narrow,
intense band at+420 nm € = 20000 Mt cm™!) and a less
intense, broad peak centered~a600 nm ¢ = 2200 M
cm™1) (Figure S4, Supporting Information). When P¢BF
NH>-FAD}C was titrated with dithionite, a very slow
reduction of the flavin occurred after each addition of the

reconstituted with a 6-Br-flavin.

Free 6-Br-FAD hadma= 401 nm ¢ = 11.7 mMtcm™?)
andAmax = 449 nm ¢ = 9.2 mMt cm™?) (Figure 5A). For
published data for 6-Br-Rbfl(l), Amax= 397 nm ¢ = 12.5
MM~ cm™) andAmax = 445 nm € = 9.7 mMtcmY). For
PchR 6-Br-FAD}NC (Figure 5B), these two peaks merge to
give a maximum at 408 nm and a shoulder around 450 nm.
For PchE6-Br-FAD}C, the shoulder acquires some fine
structure attributed to vibrational mode transitions.

The dithionite titrations of 6-Br-FAD, PcH{B-Br-FAD}NC,
and PchF6-Br-FAD}C are presented in Figures 5. The
titration of PchR6-Br-FAD}C indicated the intermediate
formation of a flavin radical, which has spectral properties
reminiscent of an anionic radical {ax ~ 385 nm).

The Em7 = —165 mV for free 6-Br-FAD is lower than
the —149 mV found for 6-Br-Rbf by dithionite reduction in
the presence of dyesl). The determination of the 2-electron
potential for PchF6-Br-FAD}¢ was complicated by the
intermediate formation of the stable flavin radical. In this
case, direct reduction of the dye indigotetrasulfonate by
dithiothreitol (DTT) was used2g), without the presence of
xanthine, xanthine oxidase, and methyl viologen. The
reduced dye transfers 2 electrons to proteins without the
generation of radical2g). With this procedure, we found

reductant. The titration proceeded with the intermediate thatEy, 7= —48 mV for PchR6-Br-FAD} €. Using the same

formation of a (presumably anionic) radical (Figure S4). The

dye, in conjunction with the xanthine/xanthine oxidase

stable end point spectra for each addition of the reductantmethod, after correction for the presence of the radical, a

indicated that the radical was thermodynamically staBje (
The maximum amount of radical formed was 47% of the
total bound flavin. From the equation ([&]/[FI] )max= 0.47
= KY3(2 + K¥?) (25), the radical formation constait =
3.15.AE = 29 mV is determined from the relationshiy
= E — E = (RT9) In(K), whereE; is the 1-electron
potential for the reduction of oxidize bound 6-MAAD and
E, is the 1-electron potential for the radical reduction step
(6, 25). Since E; + Ey)/2 = Eny = —252 mV, thenk; =
Em7+ AE/2=—252+ 14.5= —-238 mV, andE, = En 7 —
AE/2 = —252 — 14.5= —267 mV.

PCMH{ 6-NH,-FAD}NC, It was found that the flavin very
slowly became covalently bound in an equimolar mixture

value of =59 mV was determined. However, a straight line
for the plot of In(proteig/proteineg) vs In(dye,/dyeed), with
slope~1, was obtained in a restricted interval; hence, we
believe that the data obtained using DTT as the reductant
are more reliable.

A factor analysis of dithionite titration data for Pdtg~
Br-FAD}C indicated that the maximal concentration of
radical was 86%, which corresponds to the difference of
+129 mV between the first and the second 1-electron redox
potentials,E; — E, (vide supra). Thereforel; = —48 +
129/2= +17 mV, andE, = —48 — 129/2= —-113 mV.

PCMH{6-Br-FAD} €. Since a limited amount of PckB-
Br-FAD} € was obtained, a small quantity of PCNI6+Br-



10540 Biochemistry, Vol. 43, No. 32, 2004

0.2

0.16

o I
3] o
c 0.12 c
] «
Qo Qo
[ e
2 2
a 0.08 a
< <
0.04

Efimov and Mclntire

0.2

o
-
3]

o
a

0.05

400

500
Wavelength (nm)

0
300 600

0.2

o
-
3]

Absorbance
o

0.05

0

300 400 500 600

Wavelength (nm)

700 800

C

300 400 500

600 700 800

Wavelength (nm)

Ficure 5: Anaerobic dithionite titrations of 6-Br-FAD, Pch&-Br-FAD}NC, and PchE6-Br-FAD} €. Frame A shows the dithionite titration
of 16.3uM 6-Br-FAD in 25 mM KH,POJ/KOH, pH 7.0 at 25°C. The cumulative concentrations of added dithionite were 0, 2.70, 5.40,
8.08, 10.8, 13.4, and 16/M. Frame B shows the dithionite titration of 12.M PchK 6-Br-FAD}NC in 25 mM KH,PO,/KOH, pH 7.0 at

25 °C. The cumulative concentrations of added dithionite were 0,

1.33, 3.99, 6.63, 9.27, 11.9, aniM1Brame C shows the dithionite

titration of 12uM PchR 6-NH,-FAD}INC in 25 mM KH,POy/KOH, pH 7.0 at 25°C. The cumulative concentrations of added dithionite

were 0, 3.14, 6.28, 9.40, 12.5, and 1%8l. The dashed line is th

indicated the changes that occurred as progressively more dithionite was added. The double-headed arrow in frame C indicates that the
absorbance in the 38890 nm region first increases and then decreases, which suggests the formation and then disappearance of a flavin

radical as the titration proceeds.

FAD} ¢ was produced by mixing the flavoprotein with PchC.

e spectrum of the fully oxidized protein. In all frames, the arrows

indicated the participation of three spectral species. By

This provided enough material for steady-state kinetic assays,analogy with substrate titrations for other forms of PchF (vide

a spectrum of the 4-Br-pheneprotein complex, and the
measurement of the redox potential (Table 1).

PchH 8-CI-FAD}NC. The spectrum of free 8-CI-FADR:{ss
=11.6 mMtcm™') was identical to that reported by others
(27). The redox potential of free 8-CI-FAD wasl152 mV
(reference dye, indigo disulfonate), in agreement with the
published value 28). The Ey, A8-CI-FAD) for PchK 8-Cl-
FAD}NC was found to bet16 mV.

The spectrum of PcHB-CI-FAD}N® hadAmax = 435 nm
(¢ = 14 mM* cm™Y). Since 8-CI-FAD lacks an 8-methyl
group, it cannot bind covalently to PchF in the normal
fashion. In addition, covalent flavinylation did not occur by
elimination of CI by the phenolate oxygen of Tyr384 or

other protein-bound nucleophiles. Figure 6 shows the dithion-

ite titration of PchF8-CI-FAD}NC. The increase of the

absorption at 385 nm indicated the formation of the (presum-

ably anionic) flavin radical, which reaches almost 100% after

supra and Figure S2B(15), it was concluded that these
species are the oxidized protein spectrum, a hybrid spectrum
due to the absorbances of the reduced protein and the
oxidized proteir-aldehyde complex, and the combined
spectra of fully reduced protein and unbound aldehyde.
PCMH{ 8-CI-FAD}NC. Because a limited amount of 8-Cl-
FAD was obtained, only a small amount of P§¢BFCI-
FAD}NC could be produced. From this, enough PC{\8H
CI-FAD}INC was prepared to do steady-state kinetic studies,
obtain the spectrum of the 4-Br-pherdtchR 8-CI-FAD}NC
spectrum, and measure the redox potential (Table 1).
PchF[Y384F]8-CI-FAD}NC. As reported earlier ),
PchF[Y384F] FAD}NC has redox properties that are different
from those of PchfFAD}NC or Pchf FAD}C. TheEn7 =
+2 mV for PchF[Y384FFAD}NC is higher tharEp 7= —15
mV for Pch®C, Therefore, we expected also to see a change
in the redox properties of PchF[Y38\8-CI-FAD}NC

addition of 1 electron equivalent, as determined by a factor relative to PchF[Y384FFAD}NC. The E,, 7 value for the

analysis of the spectral data.

The 4-hydroxybenzyl alcohol titration of Pch#Cl-
FAD}NC proceeded in the same manner as that for P8hF
CI-FAD}NC (vide infra). A factor analysis of the spectral data

flavin bound to PchF[Y384H 8-CI-FAD} N was about-60
mV (Table 1). This is about 45 mV more positive than the
potential of Pchf8-CI-FAD}NC, and 60 mV higher than the
potential of PchF[Y384RJFAD}NC, but is about the same
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FIGURE 6: Anaerobic dithionite titration of PcHB-CI-FAD}NC, This protein, 13.%M, was titrated in 25 mM KHPO,/KOH, pH 7.0 at 25

°C. In both frames, the arrows indicated the changes that occurred as progressively more dithionite was added. Frame A shows the first part
of the titration where a large increase in absorbance at 385 nm occurred. This indicated the formation of a substantial amount of the flavin
radical. The dashed line is the spectrum for the maximum amount of radical that was generated. The cumulative concentrations of added
dithionite were 0, 1.57, 3.12, 4.66, and 64/8l. Frame B shows the second phase of the titration. The dashed line is the same spectrum

as that shown in frame A. The cumulative concentrations of added dithionite were 6.19, 7.71, 9.22, 10.7, 12.2, 13.7 ;avid 15.2

as the potential of covalently bound FAD in PéhF

The spectral properties of PchF[Y3848]CI-FAD}NC and
the course of an anaerobic titration with dithionite were very
similar to that for Pchf8-CI-FAD}NC (vide supra; Figure

Precipitation of Pchf6-Br-FAD} € or PchR 6-NH,-FAD} €
with trichloroacetic acid and centrifugation yielded yellow-
and green-colored denatured protein pellets, respectively, but
free flavin in solution was not detected in either case. This

6). The (apparently anionic) radical was observed after proves conclusively that the flavins are bound covalently
addition of first 0.5 electron equivalent. Interestingly, stable (24). Although peptide or mass spectral analyses were not
radicals were not generated during dithionite titrations of done, by analogy with other forms of PchF and FAD, we

PchR FAD}NC and PchF[Y384R]JFAD}NC.
The results of the reductive titration of PchF[Y 3848
CI-FAD}NC with 4-hydroxybenzyl alcohol are displayed in

are confident that 6-Br-FAD and 6-NHFAD are attached
covalently via their &-methylene to the phenolic oxygen
of Tyr384 @, 15). For all of the forms of PchF with

Figure S5 (Supporting Information). A factor analysis covalently bound FAD forms, the covalent bonds remained
indicated that three spectral components were involved in intact after the flavin was reduced. This contrasts with
the transformation from the oxidized to the reduced protein; protein-free 8-O-tyrosylriboflavin, which undergoes reduc-
the three components were the oxidized protein spectrum,tive cleavage to produce oxidized riboflavin and free tyrosine
the hybrid spectrum of the reduced protein plus oxidized (2).
protein—-4-hydroxybenzaldehyde complex, and the composite  The rate ofp-cresol oxidation by each PchR}€ form
spectrum of the fully reduced enzyme and the free aldehyde.(X is FAD or modified FAD) was much faster than for the
The intermediate hybrid spectrum showed a weak CT band corresponding PcHIX}NC form (Table 1). It was found also
absorbing from 500 to 800 nm, with & at about 580  that the oxidation rate for PCMH-NH,} € was faster than
nm. This spectrum displayed also a large peak With = PCMH{ 6-NH,}NC (Table 1). In addition, the rate constant
435 nm, which, by analogy with the 4-hydroxybenzyl alcohol for PCMH{ X} € substrate oxidation was higher than for the
titration of other forms of PchF (vide supra and Figure S2) corresponding PcHX}€ form (Table 1). These results
(3, 15), is presumed to be due to the quinone methide-like indicate that the changes induced on association of PchF and
tautomer of the bound aldehyde. PchC have a profound effect on catalysis. Furthermore, the
PCMH[Y384F] 8-CI-FAD}\. The midpoint potential of k., values are seen to increase as the 2-electron potential
flavin in PCMH[Y384F] 8-CI-FAD}N® was+104 mV. This  increases (Table 1). However, the correlation is not straight-
value is 17 mV more positive than thEn; value for  forward because the catalytic efficiency depends also on the
unmodified FAD bound to normal PCMH. redox properties op-cresol bound to each altered form of
PchF and PCMH 15). The analysis, interpretation, and
discussion of this phenomenon are presented in detail
Covalent Flavinylation. It was discovered that covalent €lsewhereX9). Interestingly, the lack of a covalent bond in
flavinylation occurred for Pchffs-Br-FAD}NC and PchfE6- some forms of PCMH did not prevent efficient electron
NH,-FAD}NC on their exposure to PchC. This process transfer from the reduced flavin to the oxidized heme of
produced a reduced covalently bound flavin, which was PchC.
oxidized subsequently via electron transfers to an external While 5-deaza-FAD has an 8-methyl group, it did not bind
acceptor with the heme of PchC as the conduit (Figure 1). covalently when Pchfs-deaza-FADN® was mixed with
Ours are the first example of in vitro covalent tethering of PchC. This suggests that the low electrophilicity of 5-deaza-
modified forms of FAD to a flavoprotein, although human FAD (as reflected by its loviEr, 7) raises the K, of the proton
monoamine oxidases A and B with covalently bound on the 8-methyl group, thus thwarting the formation of the
modified FAD were produced by a Rbf-deficient yeast requisite iminoguinone methide-like intermediate (Figure 1).
expression systen?9). However, the 2-electroik, 7 for the flavin of PCMH 5-

DISCUSSION
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FiIGURE 7: Proposed mechanism for the covalent flavinylation of PchF in PEBANH,} NC. See the legend to Figure 1 for the definitions
of By, By, By, and R. B is a base that removes a proton from the 6-amino group. Step 3 produces reducegd=B8dD|Hvhich is oxidized
by the normal route via two 1-electron transfers to PchC (see Figure 1).

deaza-FADNC is +16 mV, which is, astoundingly, about
300 mV more positive than the unassociated flavit811
mV for 5-deaza-Rbf ane-278 mV for 5-deaza-FMN). If a
high potential alone were the determining factor, we would
expect that the flavin would become covalently bound for
PCMH{ 5-deaza-FADNC. We are at a loss to explain the
large shift in thek, 7 value of bound 5-deaza-FAD.

In contrast, thé,, 7 of the free form of 6-NH-FAD (—298
mV) increased slightly to-278 mV when it bound non-
covalently to apo-PchF and increased further by 91 mV to
—187 mV when Pchf6-NH,-FAD}NC complexed with
PchC. However, covalent flavinylation of PCMB-NH,-
FAD}NC did occur, albeit very slowly. Perhaps the flavin
ring system can tautomerize to an electrophpiémino-
quinone methide-like intermediate, which would be attacked
at its 8-carbon by the phenolate oxygen of Tyr384 (Figure
7). A p-iminoquinone methide-type intermediate for bound
5-deaza-FAD could not form by this route.

Perhaps the potential of the flavin in the cytochrome-free
form of Pch®C determines if and how fast covalent
flavinylation occurs. For PcHFFAD}NC and PchiF6-Br-
FAD}NC, with high E, FAD) values of+87 and+63 mV,
respectively, the covalent flavinylation rate is quite high.
However, for Pchf6-NH,-FAD}NC (E,,; = —275 mV) and
PchH 5-deaza-FADNC (E, 7 = —300 mV), the rate is very

covalent flavinylation take place to give the mature, stable,
tightly associated flavocytochrome complex. We speculate
further that the initial weak interaction has little or a similar
effect on the redox potentials (electrophilicity) of the flavins.
Clearly, there remain aspects of this reaction to be explored.

PchF4-Hydroxybenzaldehyde Compléxvas found that
the redox potential of FAD bound to PchF was altered when
4-hydroxybenzaldehyde was bound. This explains the ap-
parent biphasic changes observed during-@esol or a
4-hydroxybenzyl alcohol titration of various forms of holo-
PchF, where the aldehyde is the final oxidation product (vide
supra) 8, 15). For the PchfFAD} ¢—aldehyde compleXp
= 053 uM (3), and En7 = +1 mV (reference dye,
gallocyanine), which is 61 mV more negative than the
potential for aldehyde-free PcfFAD} € (6). Thus,Kp™d =
Kp® exp(61 x 2/25.6) = 120 uM. As a result, during
substrate titrations, the aldehyde that formed detaches from
the reduced protein and then rebinds to the available oxidized
form. For the 4-hydroxybenzyl alcohol titration of P¢hF
this was manifested spectrally by the intermediate appearance
of a high-absorbing peak at 342 nm that is due to a quinone
methide-like form of the bound aldehyde (Figure 8).(
There appeared simultaneously a CT band in the 600 nm
region. These features are superimposed on the spectrum of
the fully reduced aldehyde-free protein. Since each addi-

slow and apparently zero, respectively. We envision that tion of the alcohol produces an equivalent amount of

Pch™C and PchC form a weak complex and then (con-

PchR FAD}x—aldehyde and PcHIFAD}C.q after the

certed?) conformational changes of both subunits and addition of half an equivalent of the alcohol, these two forms
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Ficure 8: Proposed structure of 4-hydroxybenzaldehyde when
bound to the reduced forms of PChF or PCMH. This structure of AEmJ (mV)

the anionic quinone methide-type form of the aldehyde bound to Ficure 9: Plot of the AEcr for the 4-Br-phenol CT band vs

PchF or PCMH was deduced as described in a prior re@rt (
This species has a very intense, relatively narrow absorbance pealz_heéﬁz’&;?gitnh)e_'zp‘gjt(’gléﬁg? Z?]%h Afc&rn: Oi Péh 'j(/;gtl\éliﬁfcj
- m, - m,

at 342 nm. Also shown is the fully reduced anionic form of FAD, EmAPCMH). Ecr = hver = hdlcr, whereh = Planck’s constant

l.e., FADH". —4.1227x 101 eV-s andc = the speed of light= 2.9979 x

) ) 10'7 nm/s. The open circles are for the PchF forms and the solid
are present at equimolar concentrations. For the factor circles for the PCMH forms. The line represents the linear regression
analysis of the titration data, the [PdHAD} ¢,x—aldehyde fit to the data represented by the open circles; slepe1.14 +
+ PchR FAD} .. —hybrid spectrum was treated as if it were 0-14, intercept= 359+ 27 mV, andR, = 0.918.
due to a unique component; the analysis indicated the
participation of three spectral species: that for oxidized 1he crystal structure of the PCMtp-cresol complexT)

protein, that for fully reduced protein plus free aldehyde, shows clearly az—z CT interaction between the substrate
and that for the hybrid. and the pyrazinoid/pyrimidinoid portions of the isoalloxazine

. . system of FAD. The interaction is similar to those seen for
We titrated the PchfFAD}Cx—aldehyde complex with m
. RO . ) odel systems30—34) and the structures of CT complexes
sodium dithionite. After addition of 1 electron equivalent, y ) P

the maximum amount of the FAD radical formed; apparently between Old Yellow enzyme (OYE) and 4-hydroxybenz-
’ ' aldehyde 86), medium-chai I-CoA dehyd d
the aldehyde does not bind to the 1-electron-reduced proteina ehyde §6), medium-chain acyl-CoA dehydrogenase an

. '3-thiaoctanoyl-CoA 36, 37), 12-oxophytodienoate reductase
because as the radical forms, the 342 nm peak and the Cland %135 12-oxophytodienoatedg), dihydroorotate dehy-
band decreased proportionally with the increase of an drogenase and orotate9), p-amino acid oxidase and
absorbance around 320 nm for free aldehyde. At the end Of4-amin0bezoate40), and sarcosine oxidase and pyrrole-2-
the titration, we saw the same spectrum that was Observedcarboxylate 41). Although we do not have the crystal
at the completion of the 4-hydroxybenzyl alcohol titration. ¢ cture of the PCMH4-Br-phenol complex, because of
A negative shift of redox potential was seen also for the the structural similarity of the 4-Br-phenol apecresol, we
aldehyde complex with normal PCMH; for complexed and assume that the stereochemistry of the bound phenolate forms
uncomplexed PCMHE, 7 = +25 and+87 mV, respectively;  is the same for bothij.
hence,Kp™ = Kp™ exp(62 x 2/25.6) = 127Kp>. This For other flavoproteins (e.g., Old Yellow enzymdy),
situation is advantageous, because it ensures for efficientihere exists a linear relationship between the enegy,
enzyme operation; the product dissociates rapidly and for the bound substrate analogue, and the flavin's redox
completely from the active site of the FAD-reduced species potential. A plot constructed from thEcr (mV) and En 7
to facilitate rapid turnover. The weaker binding of the (mv) for data for the PchF and PCMH forms is displayed
aldehyde to the reduced forms of PchF or PCMH may be in Figure 9. Clearly, a simple (linear) correlation does not
due to unfavorable electrostatic interactions between a boundexist.
anionic quinone methide-type tautomer of the aldehysje ( According to valence bond theor¢d—45), Ecr = hver
and the anionic fully reduced flavin (FADH (Figure 8). =P — EA — W, wherel® is the ionization potential of the
Such an interaction would not be present in the oxidized donor, E* is the electron affinity of the acceptor, and the
enzyme-aldehyde complex because the flavin ring is ok term,w, includes “no bond” interaction as well as the
uncharged. Coulombic attraction energy of the complex. Usually the
Charge-Transfer Interactiondlt is interesting that the  value of W is small, andE” andIP values are derived from
oxidation product 4-hydroxybenzaldehyde, the substrate polarographic data4@). As with OYE, it is assumed that
mimic 4-Br-phenol, and, in some casps;resol interactvia ~ E* ~ E;, the 1-electron potential for the formation of the
CT complexes with the bound flavins of various forms of flavin semiquinone, or the 2-electron potential,; (9, 42).
PCMH and PchF (work reported herein and referei8;&s We assume also that the redox potentialgfaresol or 4-Br-
and15). 4-Br-phenol was chosen for this study because the phenol provides a good estimate forlitsvalue @6). Hence,
size of the bromo group is similar to that of a methyl group, Ecris a function of botHE* andIP, but only the former can
although the electronic properties of 4-Br-phenol are quite be measured in the form ofn,-; However, the linear
different from those op-cresol. regression fit to the points for just the PchF forms gives a
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slope of approximately 1 (1.14 0.11) (Figure 9), which  tion comes fromAE, AFAD) = +27 mV: exp[0.3x {27
indicates that th& values for these proteins are nearly equal mV — (=378 mV)}/25.6 mV]~ 115-fold difference. More
(AIP =~ 0). details concerning this issue can be found elsewh&dg (
Such a correlation does not seem to exist for the PCMH  From our studies, it is not clear if@cresol CT complex
forms (the solid circles in Figure 9). However, the values of is an obligatory intermediate in the catalytic reaction. We
Em 7 for the bound flavins were measured when the heme is only see CT complexes betwegrcresol and PchF forms
reduced because the potential of the latter is always muchthat have very low activity, e.g., PChAFAD}NC (3), PchF-
more positive than the former. In contraBit values are {iso-FAD}NC, and PchF(5-deaza-FARC. In fact, it is the
for the interactions of 4-Br-phenol with oxidized flavins when low activities that allowed us to analyze the spectral
the heme is also oxidized. Since there is a change in theproperties in static nonreductive substrate titrations (vide
charge of the heme iron from Feto F&€* when the heme  supra) 8). In contrast, a CT complex was not detected during
becomes reduced, the electrostatic field impinging on the stopped-flow reactions gf-cresol orp-cresole,a,a-ds with
flavin could be different for PCMH with oxidized and PCMH (17), although, if such a complex did form, but did
reduced PchC. Since we presume that the radical and fullynot accumulate to an appreciable extent, it would be difficult
reduced forms of the bound flavins are anionic (FARnd to detect because it has a small extinction coefficient. In
FADH™), we predict that th&, 7 value for the bound flavins  addition, there would be interference from the absorbance
would be higher when the heme is oxidized than when it is of the heme in the spectral region where we might expect
reduced. As a result, it is not possible to draw a global the complex to absorb. Further work (e.g., stopped-flow
conclusion regarding the dependenceé=gf on the flavin’s studies), possibly with other substrates, is necessary to
redox properties. For the purpose of further discussion (vide establish if a CT complex between bound flavin and substrate
infra), we will assume that the,, Aflavin) values are similar ~ is an obligatory catalytic intermediate.
when the heme is oxidized or reduced. If a CT complex is an intermediate in the PCMH reaction,
For PCMH, the value ofn 7 for the covalently bound  what purpose does it serve? Some insight may be gleaned
FAD is shifted by+30 mV with respect to unassociated from the studies of acyl-CoA dehydrogenases. It has been
PchHFAD}C. Since the flavin is the acceptor in a CT proposed that the (CT) interaction of FAD and substrate for
complex with 4-Br-phenol, assuming th&tfor this phenol the mammalian medium-chain acyl-CoA dehydrogenase
is constant, one would predict a decreas&gf(i.e., a red- benefits catalysis; on abstraction of the substratgisoton,
shifted absorbance maximum for CT band) upon associationthe negative charge (ground-state CT) delocalizes into the
of PchC and PchFAD} €. We found that thélmax for the isoalloxazine ring of FAD. This would be manifested in a
CT peak shifted from 655 nm for PchFAD}€ to 833 nm lowering of the K, of the a. proton and a stabilization of
for PCMH{FAD}C. The resulting small change in the the transition state for dehydrogenati®v,(47—49). It was
amplitude of the CT band suggests that PchC interactssuggested that this and other interactions of the substrate with
electrostatically only with PcHFFAD} €. Hence, the overlap  the enzyme lower thela to a value that allows the proton
of the orbitals of the aromatic portions of FAD and 4-Br- to be removed by a carboxylate group (Glu376) of this
phenol, which defines the shape and the amplitude of theenzyme 87, 47).
band, is similar. The locations of the maxima are different  In a similar fashion, a ground-state “CT” interaction in
becauseE” andIP are affected by the electrostatics of the PCMH could lower the K, of p-cresol so that it is efficiently
system. converted to the phenolate form after binding, which could
The shift from 655 to 833 nm corresponds to change in facilitate catalysis%0). When bound to PCMH, the hydroxyl
Ecr from 1.895 to 1.490 eV, i.e., a decrease~ef05 mV group of p-cresol is within hydrogen-bonding distance of
(=AEcy). Since the contribution of the changeAik, {FAD)- the phenolate oxygens of Tyr95 and Tyr478.(Hence,
(~AE?) to AEct is 27 mV, the remaining~380 mV must either of these amino acyl groups could provide the base for
be due to a decrease i® for 4-Br-phenol. However, removal ofp-cresol’'s phenolic proton. For this scenario, in
Em#FAD) may change when 4-Br-phenol binds, as occurs the Michealis complex, the hydroxyl group of a tyrosyl
when 4-hydroxybenzaldehyde binds. We found t&at = residue would be unprotonated, and ik ghould be equal
+22 mV for the PchEFAD}¢—4-Br-phenol complex, and  to or greater than that of phenolate proton mtresol
it was +48 mV for the PCMH FAD} “—4-Br-phenol com- complexed to FAD so that rapid substrate deprotonation
plex. The corresponding values without this phenol bound would ensue. Work is in progress to elucidate this aspect of
are+60 and+87 mV, respectively. Therefore, the presence catalysis.
of 4-Br-phenol decreases both potentials by approximately In summary, the work with 4-hydroxybenzaldehyde con-
the same value of 27 mV, and therefofd? is still ~380 firms our earlier conclusion that it and probalphzresol bind
mV. as the phenolate forms3)( We also discovered that this
Since p-cresol and 4-Br-phenol are assumed to interact aldhyde binds more avidly to oxidized forms of PchF and
with FAD of PCMH in a similar manner, we believe that PCMH, and this has implications for efficient catalysis.
AP _creso ™ AlP4_gr—pnenol(15). The rate constank, can be Herein, we present also the first examples of modified flavins
expressed as exp{E* — IP)/kT] (o« = 0.3, the symmetry  becoming covalently bound in vitro and that this process may
factor or transfer coefficient, arids the Boltzmann constant)  depend on the redox potential of the noncovalently bound
(ref 15 and references cited therein). Hence, the rate flavin analogue. Interestingly, even the very low potential
enhancement for PCMH relative to P§HAD} ¢ would be and weakly electrophilic 6-NHFAD became covalently
about a factor 86~ exp[0.3 x 378 mV/25.6 mV]. Thekeat bound to Pchf6-NH,-FAD}NC when this protein was
values for PCMH and PcHIFAD}C are 121 and 1 S, exposed to PchC. This implies that the basic mechanism for
respectively, or a 120-fold change. The remaining contribu- this process is intact and it is quite robust. In addition, it
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was discovered that the efficiency gfcresol oxidation 10
increased as the value Bf, 7 of the bound flavin increased,
whether the potential increase was due to covalent fla-
vinylation and/or association of PchC with various PchF 11
forms. Furthermore, it was found that the energy of the 4-Br-
phenot-flavin CT band,Ecr, increased as thEy, 7 of the

bound flavin decreased. While there seemed to be a fairly 12
good linear correlation between these parameters for the PchF
forms (P for bound 4-Br-phenol is invariant), a global
correlation was not apparent. We conclude fgtcorrelates

with the redox properties of both the bound flavi) and
bound substrate mimic, 4-Br-phend?). In addition, we only
haveE, 7 values for PCMH when the heme is reduced, not
when it is oxidized, which are required for this analysis. The
correlations between redox properties, catalytic efficiency,
and CT interaction and their connection are dealt with in
great detail elsewherd @).

In closing, our work has shed more light on several aspects
of the mechanisms of covalent flavinylation and substrate
oxidation and has provided guidance for future research in
these areas.

17.

SUPPORTING INFORMATION AVAILABLE

A scheme displaying the redox properties and reactions
of PchF, PchC, and PCMH, spectral data for the titrations
of several forms of PchF, and the plot used to determine
EmAiso-FAD) for PCMHiso-FAD}NC. This material is
available free of charge via the Internet at http://pubs.acs.org.
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