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Abstract: Thirty-three variants of the flavoprotein component of p-cresol methylhydroxylase that contain
noncovalently or covalently bound flavin adenine dinucleotide (FAD) analogues were studied. A very good
correlation was found between the efficiency of p-cresol oxidation by these proteins and Ecr, the energy
for the maximum wavelength for the charge-transfer band of the complex between the bound flavin and
4-bromophenol, a substrate mimic. The correlation covers a range of k. values that spans over 5 orders
of magnitude and values of Ecr that span 900 mV, and the analysis of the data provided a value of the
transfer coefficient, a, of 0.31. This study demonstrates clearly that the redox properties of both the bound
substrate and the flavin cofactor must be taken into account to explain the relative catalytic efficiencies of
the variant flavoproteins.

Introduction replacements that can be made often narrow the range of sub-
strates to those with closely similar structures/properties; in other

of reactants hat allow thon t be ansformed a a reasenanlgCrCS: here may be asinifcant colineary ofthe physcochern-
ical propertieg. Furthermore, the substrate is only one compo-

rate? _Th|s qut_astlon IS pe”"?e”t to all areas of chemistry. Fc_)r nent of the reaction. The other component, the enzyme, can
?éggpa:f\tczr?gésgjé;hgmgtu(?;tf:;nsilasl?erai\t?((:jslIrisiﬁes(,jtr%ts::p;r:g]%ave its properties alte.red by removing a prosthej(ic group (e.q.,
ideally, over a wide range in properties. Using each analo ue'a metal ion or organic coenzyme) and replacing !t with a

ideally, ge In prop : 9 9UE, 5gener, although this may not be easy or even possible. Alter-

tcr;i:j??g::gr;sei[zgﬁ;nwggn:g oé?ue”r ret?]geeizt\?eirt]id aetr;\:'::(;r:rtlsgﬁnatively, if the structural gene(s) for an enzyme and a convenient
ged. Hopetully, 9 gene-expression system are available, a specific amino acyl

e e, 1o of an enyme can be substed by anther,ahough

to the pprocess under studs %ollecgveﬁ)y such endeavors arethe range is limited by the 20 naturally _occurring _amino acids.

known as quantitative struct.ure activity r,elationship (QSAR) Method_s have beeq developed_ for incorporating unnatgral
amino acid into proteins. These included the total chemical

studies? . ) . synthesis of the protein, semisynthetic methods, the use of
In addition to solution reactions, there are many examples chemically modified tRNA molecules for in vitro translation,
of QSAR studies for enzyme-catalyzed processes that use,. y several genetic manipulations, to significantly alter a

modified substrates. However, due to the enzyme’s nature (€.9.,microorganism’s biosynthetic machinery so that it can incor-
its steric or electrostatic properties), the types of substituent porate an unnatural amino acyl group into a particular enZ/me.

— Regrettably, these approaches require a great expenditure of time
(1) Abbreviations: PchF[Y384F] and PchF[R474K], the mutant forms of the . . .
flavoprotein where Tyr384 is replaced by Phe, and Arg474 is replaced by and resources to produce even a single protein variant. Hence,
Lys, respectively¢, PchF with covalently bound flavin; 8-CI-FAD, 8-nor- these methodologies are beyond the capabilities of most

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; laboratories for collecting a large family of altered enzymes for

CTC, charge-transfer comple®?, electron affinity; Ect, energy corre- -
sponding to the wavelength for the maximum absorbance of the CTC a QSAR type_St.Udy' . .
between protein-bound flavin and 4-bromophe#g]; midpoint potentials Moreover, it is assumed typically that the properties of

(NHE) measured at pH 7.0 and 26; FAD, flavin adenine dinucleotide; - ifi i
FMN, flavin mononucleotide; iso-FAD, 8-nor-6-methyl-FALP, ionization enzyme-bound modified substrates or cofactors, or amino acyl

potential; iso-Rbf, isoribs?éféavin or 8-nor-6-methylriboflavin; MSOX, mon-  Side groups, can be predicted from their solution properties. If
omeric sarcosine oxidas¥;, PchF with noncovalently bound flavin; PCA, i i
pyrrole-2-carboxylate: PchC and PchF, the c-type cytochrome and the thls_ were true, one could use the values for numerous_vanables
flavoprotein subunit, respectively, ptcresol methylhydroxylase; PCMH, derived for solution QSAR analyses. However, the environment
p-cresol methylhydroxylase; PES, phenazine ethosulfate; Rbf, riboflavin; : :

TS, transition state. of an enzyme can perturb the electronic properties of the
Hansch, C.; Leo, AExploring QSAR. Fundamentals and Applications in
Chemistry and BiologyAmerican Chemical Society: Washington, DC, (3) Chin, J. W.; Cropp, T. A.; Anderson, J. C.; Mukherji, M.; Zhang, Z,;
1995. Schultz, P. GScience2003 301, 964-967.
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NH, lllibityl-diphosphoadenosine
o N AN N N. N. (0]
L U T
N
0. // (0 N’ N/ Z NH
o o N
OH Ribityl-diphospho- o
HO' adenine moiety iso-FAD (-190 mV)
OH OH iso-FMN (-198 mV)
8o 9 Ribityl-diphosphoadenosine
8 Y- N N O
z
7 6 P NH
N

X = OH: FAD -(219 mV); riboflavin (-199 mV, -208 mV) Yis either Clor NH; ()
X = H: 2'-deoxy-FAD (-220 mV) 8-CI-FAD (-150 mV); 8-Cl-riboflavin (-144 mV);
8-CI-FMN (-150 mV)
8-NH,-FAD (-330 mV); 8-NH,-FMN (-310 mV)
lllibityl-diphosphoadenosine

N /NYO Tibityl-diphosphoadenosine
N N. o}
= NH =z
N
= NH
z (o] T

Z is either Br, NH, or OH

6-Br-FAD, -165 mV; 6-Br-riboflavin (-144 mV) H o
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Figure 1. Structures and solution redox potentials,() for the flavins used in the current study. The diphosphoadenine moiety is not present for the
riboflavin derivatives, whereas the FMN forms are missing the phosphoadeninyl portion of the structure displayed in the upper left. The petatials a
the following references: Rbf, FAD, 8-CI-Rbf, 8-CI-FMN2'-deoxy-Rbf7 iso-FAD, 6-NH-FAD, 6-Br-FAD, 6-HO-FAD? 8-CI-FAD, 8-NH,-FAD,® 8-NH,-
FMN,10 iso-FMN, 5-deaza-FMN! 5-deza-Rbf;'2 6-NH,-Rbf, and 6-Br-Rbf:13

substrate or cofactor, or alter the amino acyl side group in waysto 4-hydroxybenzyl alcohol, which is oxidized also by the
that may be difficult or impossible to predict or quantify, for enzyme to 4-hydroxybenzaldehyde. Eacfiavoprotein subunit
example, unexpected ionic states, one or more fixed conforma-(PchF) of a tightly associated, dimer binds to ac-type
tions, unusual hydrogen bonds, unusual polarizations, impinging cytochrome subunit& or PchC; 9.2 kDa}. For each PchF
electrostatic fields, charged-transfer interactions, etc. subunit (58.7 kDa), FAD is linked covalently via an ether bond
For QSAR studies involving enzymes, multiparametric equa- between the &-carbon of the flavin’s isoalloxazine ring and
tions are required usually to give statistically significant corre- phenolic oxygen of Tyr384 (Figure ).
lations. While a multiparametric (linear) correlation may have  Our Escherichia coliexpression systeth is capable of
predictive value for designing inhibitors or drugs, often a corre- manufacturing high levels of PchF or site-specifically altered
lation can be complex, confounding, or difficult to grasp in forms thereof. While all of the purified PchF variants are devoid
simple conceptual or theoretical terms. of FAD, each can be reconstituted easily with FAD or one of
Herein, we describe an enzyme system for which we can its analogues. When wild-type PchF with noncovalently bound
measure readily the catalytic power of various altered forms. FAD (PchR FAD}NC)15 is exposed to PchC, the co-enzyme
We have discovered that there is a strong correlation between
catalysis and a single, easily measured property of each enzyme(4) Cunane, L.; Chen, z| V\./.;| Shamala, N.; Mathews, F. S.; Cronin, C. N.;
variant. This population includes normal and site-specifically () mg’,m’lﬁv\\,’vsg Nllzcahlilr?dsZoOnO’Q5.9%?5;—015%; D. J: Singer, T. P.
altered forms of the protein in isolation or in association with Biochemistry1981, 29, 3068-3075. ) )

t bunit. The variants harbor either normal or modified (6) Stankovich, M. T. IrChemistry and Biochemistry of RlaenzymeaMdiller,
apartner su . _ F., Ed.; CRC Press: Boca Raton, FL, 1991; Vol. |, Chapter 18, pp-401
forms of a cofactor. However, we need not be concerned with 425. _

Rk . (7) Murthy, Y. V. S. N.; Massey, VJ. Biol. Chem1995 270, 28586-28594.
the nature of the alteration, as long as we can quantify a (g) The current study.

i i i i i (9) Stewart, R. C.; Massey, \J. Biol. Chem.1985 260, 13639-13647.
partlculqr spectra_l feature of each pmtem (Vlde. mfra)' Thls (10) Ortiz-Maldonado, M.; Ballou, D. P.; Massey, Biochemistry1999 38,
feature is a function of the fundamental electronic properties 8124-8137.
of both the bound substrate and the cofactor. (11) Abramovitz, A. S.; Massey, \. Biol. Chem1976 251, 5327-5336.

X (12) Hersh, L. B.; Walsh, CMethods Enzymoll98Q 66, 277—287.
The enzyme of note ip-cresol methylhydroxylase (PCMH,  (13) Ghisla, S.; Kenney, W. C.; Knappe, W. R.; Mcntire, W. S.; Singer, T. P.

; Biochemistry198Q 19, 2537-2544.
EC_ 117.99.1), a ﬂavocytocmo_me froRseudomonas putida (14) Engst, S.; Kuusk, V.; Efimov, I.; Cronin, C.; Mcintire, W. Biochemistry
This a6, dehydrogenase oxidizgscresol (4-methylphenol) 1999 38, 16620-16628.
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becomes bound covalently to form natural PCI#tAs reported or impossible for the reasons stated earlier. Furthermore, to make
herein, this process occurs also for apo-PchF reconstituted withany correlation more credible, a large number of unique species
some FAD analogues. When PCNIF € (F is FAD or an FAD with very differ activities and electronic properties are required.
analogue) is subjected to isoelectric focusing, PchC and PchFThe various forms of PchF and PCMH meet the requisite
with covalently bound flavin (PcHFF} ©) separate easily. As criteria. While previous studies on other enzymes offer guid-
a result, for our previod416.18and current investigations, it has ance?® the scope of our findings and the analysis of the data
been possible to obtain easily many forms of PG, are unprecedented in the biochemical field. Furthermore, unlike
PCMH{F}NC, PchRF}NC, and PchEF} € with very different nearly all other studies, ours is unusual because we appreciate
spectral, catalytic, and redox properties. that not only are the electronic properties of the redox cofactor

To derive a statistically significant global correlation between MmpPortant, but those of the substrate must also be considered.
catalysis and other fundamental properties, such as the redox FOr the current treatise, we have used the varied proteins to
properties of the flavin and substrate, as presented herein, a larg&XPand on our earlier thermodynamic studie¥:!® This .
ensemble is required. The proteins used for our investigation '€S€arch represents our attempt to gain a better understanding
have special features that make them ideal for this purpose. All ©f the physicochemical basis for redox-enzyme catalysis. We
wild-type and mutant forms of PCMHF}C, PCMH{F}NC, e_ndeavor to analyze anq interpret our fmdm_gs with the same
PchRF}NC, and PchEFIC are very stable. Due to the high 90" expected for solution reactions. To this end, we have

absorptivity, it is very easy to monitor the UWisible properties invoked equations derived from valence bond thédttyansi-

i0on- 7
of these proteins. The spectra are very sensitive to the redoxtion-state theory? and Marcus theory?

state of the system, the presence of bound ligands, and theexperimental Section
protonation state, the tautomeric state, and substitution of the

fIavm s |soalloxa2|ng rlng .SyStem.' Fllnally, .aII of thg .protelns 2'-deoxy-Rbf, 8-nor-amino-RBF (8-Ni-Rbf), and 5-deaza-5-carba-Rbf
retain some catalytic activity, which is easily quantified. (5-deaza-Rbf) were gifts from Professors Peter Hemmerich (deceased)
The structures of the flavins employed in the studies are and Sandro Ghisla (University of Konstanz, Germany). 6-Amino-Rbf
shown in Figure 1. The alterations of the isoalloxazine ring are (6-NH>-Rbf) and 6-hydroxy-Rbf (6-HO-Rbf) were synthesized as
at the sites that dramatically alter the physical, chemical, redox, described elsewhefé?® p-Cresol, 4-hydroxybenzyl alcohol, 4-hy-
spectral and binding properties of the flagthAs described droxybenzaldehyde, and 4-Br-phenol were purified as reported érlier.
elsewheré! each Rbf derivative was converted to the corre- The chemicals used and the commercials sources are as follows: sodium
sponding FAD form. The spectral properties and redox potentials dithionite, Kodak Chemical Co.; iso-Rbf (8-nor-6-methyl-Rbf), Merck;

of the free flavins were measured. In addition. the spectral disodium 2,6-dichlorophenol indophenol, General Biochemicals, Inc.;
VIns w ured. ition, P glucose oxidase, Miles Laboratories; thionin, Janssen Chimica,; toluylene

changes of flavin-reco_nstituted wild-type and genetically altered o |cN Pharmaceuticals, Inc.. ammonium acetate, International
form of the flavoproteins and flavocytochromes were recorded gjotechnologies, Inc.; other reagents, Sigma Chemical Co. or Aldrich

for the reductive titrations with sodium dithionite, titrations with  Chemical Co.

the substrateq-cresol and 4-hydroxybenzyl alcohol, titrations Protein Purification. The growth of transformeé&- coli strains and
with the (nonreducing) product, 4-hydroxybenzylaldehyde, and the protein purification protocol are presented elsewke¥ePchF,
interactions with the substrate mimic;bfomophenol (4-Br-

Materials. 8-Nor-8-chloro-Rbf (8-CI-Rbf), 6-bromo-Rbf (6-Br-Rbf),

(24) (a) Rosokha, S. V.; Kochi, J. K. Am. Chem. SoQ001, 123 8985~

phenol)41%21For each protein, the catalytic activity fprcresol
oxidation was measured by steady-state kinetic as@assgl
the midpoint redox potentiak, 7 (NHE), of the bound flavin
was determined®19-21.23As reported in this paper, the analysis

of the results leads to the discovery of a strong correlation (o5

betweerk:. for p-cresol oxidation and the frequencies (iEsr,

the energy) of maximum absorbance for the charge-transfer (CT)
bands for complexes between the proteins and 4-Br-phenol, a

substrate mimic that cannot be oxidized by the enzyme.

There are a number of studies demonstrating similar correla-

tions for organic chemical reactiofHowever, comparable

8999. (b) Rosokho, S. V.; Kochi, J. K. Org. Chem2002 67, 1727~
1737. (c) Ganesan, V.; Rosokha, S. V.; Kochi, J.JKAm. Chem. Soc.
2003 125 2559-2571. (d) Rosokho, S. V.; Kochi, J. KNew J. Chem
2002 26, 851-860. (e) Gwaltney, S. R.; Rosokho, S. V.; Head-Gordon,
M.; Kochi, J. K.J. Am. Chem. So2003 125 3273-3283. (f) Lambert,
C.; Ndl, G. J. Chem. Soc., Perkins Tranz2002 2039-2043.

(a) Distefano, M. D.; Au, K. G.; Walsh, C. Biochemistry1989 28, 1168~
1183. (b) Ortiz-Maldonado, M.; Gatti, D.; Ballou, D. P.; Massey, V.
Biochemistry1999 38, 16636-16647. (c) Chaiyen, P.; Sucharitakul, J.;
Svasti, J.; Entsch, B.; Massey, V.; Ballou, D. Biochemistry2004 43,
3933-3943. (d) Zhao, G.; Song, H.; Chen, Z.-w.; Mathews, F. S.; Jorns,
M. S. Biochemistry2002 41, 9751-9764. (e) Buckman, J.; Miller, S. M.
Biochemistry200Q 39, 10532-10541. (f) Entsch, B.; Ortiz-Maldonado,
M.; Ballou, D. P. InFlavins and Flaoproteins Ghisla, S., Kroneck, P.,
Macheroux, P., Sund, H., Eds.; Rudolf Weber, Agency for Scientific
Publications: Berlin, 1999; pp 391394.

(26) (a) Foster, ROrganic Charge-Transfer Complexefcademic Press:

studies with enzymes are scarce because they are more onerous ~ London and New York, 1969; Chapters 2 and 3, pp-28. (b) Mulliken,

(15) The NC and C superscripts used throughout this paper designate FAD or
its analogue (F) that is non-covalently bound and covalently bound to PchF,

respectively.

(16) Kim, J.; Fuller, J. H.; Kuusk, V.; Cunane, L.; Chen, Z.-W.; Mathews, F.
S.; Mclintire, W. S.J. Biol. Chem.1995 270, 31202-31209.

(17) Koerber, S. C.; Mclntire, W. S.; Bohmont, C.; Singer, TBRachemistry
1985 24, 5276-5280.

(18) Efimov, I.; Cronin, C. N.; Mclintire, W. SBiochemistry2001, 40, 2155—
2166

(19) Efimov, I.; Cronin, C. N.; Bergmann, D. J.; Kuusk, V.; Mcintire, W. S.
Biochemistry2004 43, 6138-6148.

(20) Ghisla, S.; Massey, \Biochem. J1986 239, 1-12.

(21) Efimov, I.; Mcintire, W. S.Biochemistry2004 43, 10532-10546.

(22) Mcintire, W. S.; Hopper, D. J.; Singer, T. Biochemistryl987, 26, 4107~
4117.

(23) Massey, V. InFlavins and Flaoproteins Curti, B., Ronchi, S., Zanetti,
G., Eds.; Walter de Gruyter: Berlin and New York, 1991; pp-58.
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R. S.J. Phys. Chem1952 56, 801-822. (c) Gutmann, F.; Johnson, C.;
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Marcel Dekker: New York, 1997; Chapter 1, pp-12. (d) Murrell, J. N;
Kettle, S. F. A.; Tedder, J. MValence Theory2nd ed.; John Wiley &
Sons: New York, 1965; Chapter 18, pp 35863.

(27) (a) Leffler, J. E.; Grunwald, ERates and Equilibria of Organic Reactigns
Wiley & Sons: New York, 1963; p 157. (b) Connors, K. &hemical
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York, 1990; pp 226-229.
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PchF[Y384F], and PchF[R434K] prepared by this procedure were  2'-Deoxy-FAD bound very tightly to PchF as did FABThe

completely devoid ot-type cytochromes and were FAD-free. absorbance maximum shifted from 447 nm for fréel@oxy-
PCMH containing either covalently bound FAD, 6-Br-FAD, 6-NH  FAD to 443 nm for the bound form and underwent a slight

FAD, 6-HO-FAD, or 2-deoxy-FAD was processed by isoelectric jncrease in absorbance (data not shown). These changes are

. H 7,21 I i
focusing to completely separate the PERF® subunit from PchC? characteristic of other FAD analogues that we have studied.

Centricon-30 concentrators (Amicon, Inc) were used to remove the . NG
ampholytes from holo-flavoprotein solutions and for buffer exchanges. As with PchRFAD}™, 2-deoxy-FAD that was bound

Steady-State Kinetic AssaysAll kinetic experiments, titrations, and ~ noncovalently to PchF formed a covalent bond when the protein
redox potential measurements were done in 25 mNVLROU/KOH was exposed to PchC to yield PCNIBi-deoxy-FADC. This
buffer, pH 7.0 at 25°C. Steady-state kinetic assays were carried out process occurred with an apparent first-order rate constant of
by usingp-cresol as the reducing substrate and phenazine ethosulfate0.01 s1, which is a factor of 2.5 less than the constant for
(PES) as the reoxidizing substrétdhe reduced PES that formed was  normal PchEFAD}NC. The values of the steady-state kinetic
monitored spectrophotometrically at 600 nm by its subsequent reduction constantsk,; and Kp—cresoiare 8 st and 4.3uM, respectively.
of _2,6-dichlorophenolindophenol. Kinetic traces were recorded with & The value for thé’(kca{Kp—creso), the intrinsic primary deuterium
Uvikon 933 double-beam spectrophotometer. kinetic isotope effect, was 8.8 whercresol andb-cresolet,o,0-

Sprtroscopy and Titrations UV —visible Sp.eCtra were obtained ds were the substrates. This value is similar to that determined
at 25°C by using a Hewlett-Packard 8453A diode-array spectropho- ~
for normal PCMH?

tometer. The family of spectra collected for each titration was analyzed )
by the SPECFIT program (Factor Analysis software from Spectrum  PChR 2'-deoxy-FAD © was obtained from PCM{2'-deoxy-

Software Associates, Chapel Hill, NC). FAD}C by isoelectric focusing? A UV —visible spectrum of
Dithionite titrations, substrate reductive titrations, and redox potential PchF 2'-deoxy-FAD} ¢ showed some resolution of the vibra-
measurements were carried out in deoxygenated buffer under antional transitions of the 443-nm peak, a feature not seen for

atmosphere of argon in anaerobic quartz cuvéft&cept for those PchR 2'-deoxy-FADNC. The 379-nm peak of the noncovalently
of p-cresol, all solutions were made anaerobic by using several vacuum/pqund flavin shifted to 356 nm for PchE-deoxy-FAD}C.
Ox-free argon flushing cycles. Because of the volatiliypedresol, its  theqe features are similar to those observed for the proteins
solutions, under argon in a sealed vessel, were rendered anaerobic b . 23
the presence of glucose, glucose oxidases, and cafélase. ¥1arbor|ng E’madu“ered FNAC\D' The redox potentiahg, NHE)

for PchH 2'-deoxy-FADNC was found to be-46 mV (NHE,

Redox potentials were determined by using the xanthine/xanthine N
oxidase method described elsewh&&This procedure requires the ~ '€ference dye, indigo tetrasulfonate), and for R@deoxy-

presence of methyl viologen and a reference dye with an appropriate FAD}C it was +28 mV (reference dye, gallocyanine). In the
redox potential. course of the PcHR'-deoxy-FAD} € dithionite titration,~90%

The concentrations of anaerobic dithionite solutions were determined of the anionic flavin radical formed initially, as approximately
by titrating anaerobic solutions of FAD of known concentrations. one-electron equivalent of the reductant was added. The
Dithionite titrations of the enzyme solutions provided the extinction apparent]y stable radical disappeared as more reductant was
coefficients for the flavins bound to the various proteins. Because the g3qded to convert it to the fully reduced form of the flavin (data
redox potential of the heme is so high, when the midpoint potentials ot shown). This behavior was observed for all high-potential
of the flavin in the various flavocytochromes were determined, the heme flavins bound to PchF.

was completely reduced. ) c '
Graphical data were analyzed by nonlinear or linear regression Thekervalues for PCMH2'-deoxy-FADY™, PchR 2'-deoxy-

methods by using either a program described e#tiethe commercial ~ FAD}©, and Pch2-deoxy-FADN® are 8.0, 0.55, and 0.027
program NLREG, version 6.1, advanced (Phillip Sherrod, 6430 S 1, respectively. As expected, both P¢BFdeoxy-FADNC and
Annandale Cove, Brentwood, TN; http://www.nlreg.com/index.htm). PchF 2'-deoxy-FAD} € formed a charge-transfer complex (CTC)
with 4-Br-phenol (data not shown). The positions of absorbance
maximum of the CT peaks are 590 nm for P{RFdeoxy-
PchF and PCMH Reconstituted with 6-HO-FAD, 2- FAD} NC and 650 nm for Pch{a’-deoxy-FAq C
Deoxy-FAD, or 8-NH,-FAD. A more thorough description of The spectra of 8-NHFAD and Pch8-NH,-FAD}NC are
the synthesis, and spectral, redox, and kinetic properties, of yrqyided in Figure 2A, and the dithionite titration of the latter
6-HO-Rbf, and PchF and PCMH reconstituted with 6-HO-FAD ig gisplayed in Figure 2B. During the titration, after each addition
will be presented in a forthcoming paper. We found that 6-HO- 4 githionite, an immediate formation of the anionic radical was
FAD covalently bound very slowly to PcB-HO-FADIN®  gpsaryed that disappeared slowly over a 20-min time period as
when this protein was exposed to PchC. Hence, like the situationj; gisproportionated to produce fully oxidized and fully reduced
for PchR 6-NH,-FAD} ! it was possible to gather data for four  fj5yin. The addition of an excess of 4-Br-phenol to the oxidized
forms of this protein: Pchf6-HO-FAD}NC, PchR 6-HO- enzyme resulted in a small increase in absorbance in the 540
FAD}C, PCMH{6-HO-FAD}"C, and PCMH 6-HO-FAD} €. 800 nm region, as expected for a CTC. The peak at 484 nm of
Anaerobic titrations with dithionitey-cresol, and 4-hydroxy- uncomplexed PcHB-NH,-FAD}NC shifted to 470 nm with a
benzyl alcohol were carried out, and midpoint redox potentials gjight increase in absorbance for the complex (data not shown).
at pH 7.0 and 23C (En) were determined .for mpst of the Charge-Transfer Complexes between 4-Br-Phenol and
forms of holo-PchF and PCMH that were investigated. The Various Forms of PCMH and PchF. The crystal structure of

spectral and redox properties for many of the FAD derivatives the PCMHp-cresol complex showsza—zx CT-type interaction
in the free and protein-bound forms are described else-
wherel418.19.21Because this information for'-2leoxy-FAD or (31) Mcintire, W. S.: Everhart, E. T.. Craig, J. C.. Kuusk, ¥.Am. Chem.

8-NH,-FAD has not been published previously, its presentation Soc.1999 121, 5865-5880.
(32) Kim, J.; Fuller, J. H.; Cecchini, G.; Mclntire, W. S. Bacteriol. 1994

Results and Discussion

follows. 176, 6349-6361.
(33) All reported redox potential&m 7, are in units of millivolts, relative to the
(30) Edmondson, D. E.; Singer, T. P. Biol. Chem.1973 248 8144-8149. normal hydrogen electrode (NHE).
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Figure 2. Spectra of 8-NBFAD and PchF8-NH,-FAD}NC (A), and the anaerobic dithionite titration of the latter (B). (A) The spectra were recorded for
these substances in 50 mMHPO/KOH buffer, pH 7.0, at 25°C. The solid line is the spectrum for Pd8-NH,-FAD}NC, and the dashed line is the
spectrum for 8-NBFAD. (B) This frame shows the spectral changes recorded 20 min after adding 0, 1.17, 2.34, 3.50, 4.66, 5.86, 6.97, 8.30, 9.29, 10.44,
and 11.58&M dithionite (cumulative concentrations) to 1M PchR 8-NHx-FAD}NC in 50 mM K;HPOW/KOH buffer, pH 7.0, at 25C. The dashed-line
spectrum was recorded immediately after the LM dithionite addition. The peak at 400 nm indicates the formation of the anionic flavin radical, which
disappears after 20 min.

between the substrate and the pyrazinoid and pyrimidinoid cis the speed of ligh\V, the work term, which is usually small
portions of the flavin’s isoalloxazine ring systefrito shed more in value2%2is a function of the “no bond” interaction as well as
light on this aspect, 4-Br-phenol was selected as a substratethe Coulombic attraction energy of the CTC. It was assumed
mimic. Because it lacks an alkyl moiety para to the hydroxyl thatE” can be equated with the redox potential for the formation
group, this phenol cannot be oxidized by PCNiH he size of of the flavin semiquinonek;, or the two-electron midpoint
the bromo group is approximately the same as a methyl group, redox potential E, 7.11:2421t was assumed also that the redox
although the electronic properties of 4-Br-phenol are quite potential for bound 4-bromphenol provided a good estimate for
different from those of-cresol. Using U\-visible spectros- its I® value3®
copy, in previous work-18.19.21and for the experiments reported The maximal wavelengths for 4-Br-phenol CT bands and the
herein, it has been shown that 4-Br-phenol forms CTCs with En7values for these have been determined for 33 forms of PchF
normal and site-specifically altered forms of PchF and PCMH and PCMH in the current and published studies (Table
reconstituted with FAD and derivatives thereof. Although the 1).14181921Tgple 1 lists also the steady-stdtg values for the
positions of the maxima shift, the shape of the CT band remains oxidation of p-cresol, when PES was used as the reoxidizing
relatively unchanged from one protein to another; the widths substrate
are similar, and the extinction coefficients of the absorption A case can be made thki./Ky is a better measure of the
maxima are about 2 mM cm™L, catalytic efficiency of an enzyme because it is generally a
Because only the three-dimensional structure of the PCMH/ simpler function of intrinsic rate constants tharkigs. However,
p-cresol complex is availablejt was assumed that the stere- the p-cresolKy values for different forms of PchF and PCMH
ochemistries of binding of the-cresol and 4-Br-phenol are  vary from about 5 to 25(M, whereas thek, values vary by
essentially the same; each should hydrogen bond via itsover 5 orders of magnitude from 0.00096 to 120 mirHence,
phenolate oxygen to the phenolic hydroxyl groups of Tyr95 and usingkca/Ky values will not impact significantly the results and
Tyrd73, and both would have stacking interactions of their conclusions derived from our investigations.
m-systems with that of flavin's isoalloxazine ring. Furthermore, The Correlation betweenEct for 4-Br-Phenol CTCs and
in the active site, on the side distal to the isoalloxazine ring, Catalytic Activity. Inspection of Table 1 reveals interesting
the benzene rings @f-cresol and 4-Br-phenol should be boxed trends for the energies of the CT interactions of 4-Br-phenol
in tightly by the hydrophobic portions of Trp284, Trp394, with the variant forms of PchF and PCMH and their rates of
lle429, and Val438. Hence, it is not surprising that both phenols p-cresol oxidation. For example, there seems to be a correlation
show similar binding constants for the studied proteins, that is, betweenEct and En, 7 for the bound FAD. However, a plot of

5—25 uM. AEct versusAEy 7 shows curvature and a fair amount of scatter
According to valence bond theof§the transition energicr (Figure 3A). AEcT and AEn 7 values were determined using
for the absorbance maximum of a CT band is defined by the the Ect andE, 7 values for PCMHFAD} € as the references.)
equation: BecauseEct is a function ofIP and EA (both defining one-
electron processes), perhaps udtadthe one-electron potential)
Ecr=hve;=1°—E*—W 1) values, instead of two-electron potentidts, -, would improve
the correlation (vide infra).
For this equationlP is the ionization potential of the dond# Another factor that likely contributes to the trend seen in
is the electron affinity of the acceptor, angh = c/Amax, Where Figure 3A results from usinden 7 values for flavins in the
(34) (a) Mcintire, W. S.; Hopper, D. J.; Singer, T. Biochem. J1985 228 (35) Massey, V.; Meah, Y. M.; Xu, D.; Brown, B. J. liflavins and
325-335. (b) Mclntire, W. S.; Bohmont, C. IRlavins and Flaoproteins Flavoproteins Ghisla, S., Kroneck, P., Macheroux, P., Sund, H., Eds.;
Edmondson, D. E., McCormick, D. B., Eds.; Walter de Gruyter: Berlin Rudolf Weber, Agency for Scientific Publications: Berlin, 1999; pp 645
and New York, 1987; pp 677686. 653.
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Table 1
Act Keat Enz AE,;~ AEA Ecr AEcr =25.7 % In(Keat x/ Keatpnn) AI® = AEcr = AEn;

protein? (nm) (s™) (mV) (mV) (mV) (mV) (mV) (mV)
PCMH{FAD}¢ 833 121 +87 0 1490 0 0 0
PCMH[Y384F] 8-CI-FAD}NC 798 27.4 +103 16 1556 65 38.17 82
PCMH{2'-deoxy-FADC 841 20.0 +87 0 1476 —14 46.26 —14
PCMH{ 8-CI-FAD}N¢ 781 18.3 +90 3 1589 99 48.54 102
PCMH[Y384Ff FAD}NC 698 3.8 +48 —39 1796 306 88.12 267
PCMH[R474K]} FAD} ¢ 693 2.4 +82 -5 1791 301 100.7 296
PCMH{ 6-Br-FAD} ¢ 665 1.3 +63 —24 1867 376 116.5 353
PchR FAD} ¢ 655 0.75 +62 —-25 1895 405 130.6 380
PchF[Y384F] 8-CI-FAD}NC 653 0.73 +58 —-29 1901 411 1314 382
PchH 2'-deoxy-FADC 650 0.55 +28 —59 1910 420 138.6 361
PCMH{iso-FAD} N¢ 647 0.55 +31 —56 1919 429 138.6 373
PCMH[Y384F) 5-deaza-FADNC 593 0.44 +19 —68 2093 603 144.3 535
PCMH{5-deaza-FADNC 621 0.42 +19 —68 1999 509 145.6 441
PchF[R474K{FAD}¢ 629 0.26 +30 —-57 1973 483 158.3 426
PchF[Y384F] FAD}NC 630 0.22 +2 —85 1970 480 162.7 395
PCMH{6-NH2-FAD} € 626 0.21 —174 —261 1983 493 164.0 232
PchH 8-CI-FAD}NC 649 0.19 +15 =72 1912 422 165.7 350
PCMH{6-HO-FAD} ¢ 653 0.15 ND ND 1901 411 172.7 ND
PchR 6-NH,-FAD} € 583 0.10 —252 —339 2129 639 182.5 300
PCMH{ 6-NHy-FAD}NC 617 0.085 —187 —274 2012 522 186.6 248
PchH FAD}NC 620 0.080 —16 —103 2002 512 188.1 409
PchR 6-Br-FAD} © 641 0.070 —48 —135 1937 446 191.6 312
PCMH{ 6-HO-FAD}NC 607 0.054 —87 —174 2045 555 198.3 468
PchH 2'-deoxy-FADQNC 590 0.027 —46 —133 2104 614 216.0 481
PCMH{ 8-NH,-FAD} N¢ 620 0.025 —244 —331 2002 512 218.0 181
PchR 6-NH,-FAD}NC 546 0.013 —275 —362 2273 783 234.0 421
PchR 6-HO-FAD} © 540 0.0098 —130 —217 2299 809 242.1 592
PchHiso-FAD}NC 603 0.0080 —102 —189 2059 568 247.3 379
PchR 8-NH,-FAD}NC 569 0.0061 —283 —370 2182 691 254.3 321
PchF[R474K]FAD}NC 546 0.0051 —106 —193 2273 783 259.0 590
PchH 5-deaza-FADNC 536 0.0030 —300 —387 2316 826 272.5 439
PchH 6-HO-FAD}NC 531 0.0024 —208 —295 2338 848 278.3 553
PchF[Y384F] 5-deaza-FADNC 524 0.00096  —300 —387 2369 879 302.2 492
PchH 6-Br-FAD}NC ND ND —128 —215 ND ND ND ND

aFor theitalicized proteins, the data are from the present study. The data for the other proteins are from other publisheld S, ; = En, A(protein)
— EmAPCMH). AEct = Ecr(protein) — Ect(PCMH). X represents the various proteins. ND indicates not determined.
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Figure 3. (A) Plot of AEct versusAEnm 7. AEct = Ect(protein) — Ect(PCMH), andAEn 7 = Em Aprotein) — Em APCMH). TheO symbols are the data for
the various forms of PchF, and tl@eandO symbols are the data for the different forms of PCMH. Theymbols represent the data points for PCMH-
{6-NHx-FAD} €, PCMH{6-NH,-FAD}NC, PCMH{8-NH,-FAD}NC, and PCMH 6-HO-FAD}NC. The straight line is the linear regression fit to the points
represented by the open squares; stepel.12+ 0.16, intercept= 398 + 38 mV, andR? = 0.726. (B) Plot 0f—25 x In(Keat proteifKcat,pcm) VErSUSAER 7.
TheO symbols are the data for the various forms of PchF, andtsgmbols are the data for the different forms of PCMH. As in frame AQrgymbols
represent the data points for PCNIB#NH,-FAD} ¢, PCMH{ 6-NH,-FAD}NC, PCMH{ 8-NH,-FAD}NC, and PCMH 6-HO-FAD}NC. The straight line is the
linear regression fit to the points represented byhgymbols; slope= —o. = —0.328+ 0.056, intercept= 138 + 13 mV, andR? = 0.658.

flavocytochromes that were measured when the heme was fullyis oxidized because the latter’s potential is always much greater
reduced, whereas tlie 1 values are derived from the interaction than that of the former. For the present study, it was assumed
of 4-Br-phenol with the flavins in PCMH forms harboring that the values foEn 7 for bound flavin are not that different
oxidized heme. Thus, they, 7 values for the bound flavins when  when the heme is oxidized or reduced. However, the charge of
the heme is oxidized may differ from those listed in Table 1. It the heme’s iron changes fromt3o 2+ on its reduction. Hence,

is impossible to measure the flaviiy, 7 values when the heme  the different electrostatic fields emanating from the proximal
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Figure 4. (A) Plot of —25.7 x In(Keat proteitKcat,pcmy) VersusAEct. TheO symbols are the data points for PCNR+deoxy-FAD €, PchRiso-FAD}NC, and
PCMH[Y384F] 5-deaza-FADNC, The solid line results from linear-regression analyses of all of the points (stape= 0.306+ 0.018, intercept= 20.7
+ 9.8 mV,R2 = 0.894). The long-dashed line is the linear-regression fit using the points represented@bgytimbols only; slope= oo = 0.3134 0.016,
intercept= 13.84 8.7 mV, andR? = 0.932. The short-dashed line is the linear-regression fit when the line is forced through the origirs: sloped.340
+ 0.017, intercept 0 mV, andR? = 0.924. (B) Cumulative frequency plot of the25.7 x In(Keat,proteifkeat,pcmd) residuals for the solid-line fit to the data
in frame A. After the residuals are ordered from the most negative value to the most positive, each is assigned jegendirhe3, ..N, whereN is the total
number of points (33, in this case). For each ranked point, the cumulative frequency is calculated from the gqudfigfNE® The plot is constructed by
plotting the residuals versus the cumulative frequency. The line is the linear regression fit@ftiat, which excludes the outlier®j.

heme? which impinges on the flavin, may alter one- and two-
electronEy, 7 values of FAD (i.e., anionic FAD and FADH",
respectively, are formed) in PcHFchG.q relative to those for
PchFPchGyx. We suspect that thEn, 7 value for FAD or its

AEn 7 for the data for the PchC-free forms of PchF, then the

slope of the line for these proteins provides an estimate of

(vide infra and eq 2) and is equal to 0.330.06 (R? = 0.648).
Interestingly, the plots displayed in Figure 3A and B show

analogues would be somewhat larger than those provided insimilar trends. This suggested that there might be a better

Table 1 for the PCMH in the Fe(lll) state.

correlation betweenln(k.o) andAEct. Significantly, correlating

When we consider only the data for the PchC-free PchF forms kea: and Ect eliminates the need for truey, AFAD) (or Ej)

(O in Figure 3A), there is a rough linear correlation for the plot
of AEct [= A(IP — E*) = AIP — AEA] versusAEy, 7. The slope

of the line for a linear regression fit of these points, 142
0.16 R2 = 0.726), is close to a value of 1, which should be the
case whem\IP ~ 0 andAE” ~ AEn 7. They-intercept for the
line is+399+ 38 mV, the same as the 380 mV value calculated
earlier for the difference between the 4-Br-PheRolalues for
PchF and PCMH!® Some of the difference may be attributed
to a suspected high&, AFAD) value for PCMH with oxidized

values for the PCMH variants when the heme is oxidized, or,
for that matter, for any of the PchF or PCMH forms. Figure 4A
displays the plot ofAIn(kca) versusAEct for 33 forms of
PCMH/PchF. Even though there are three somewhat aberrant
points (those for PcHfso-FAD}NC, PCMH{ 2'-deoxy-FAD; €,
and PchF[Y384HR]5-deaza-FADNC), a linear correlation is
apparent.

When the subunits associate, the total effect on catalysis is a
result of changes irEp, 7 for both the flavin AEA) and the

heme (vide supra). However, realistically, this cannot come close substrate A1P). With the k4 value for PCMH FAD} € as the

to accounting for the entire 388100 mV difference.

By presuming thatEct = A(I® — EA)a—gr—phenal~ A(IP —
EA)p—cresol (Vide infra), and becaus&En 7 (FAE?) for FAD is
assumed to be constant, thah} g oo~ 15 qesor THUS, fOr
p-cresol oxidization, we conclude thaﬁ_creso, for PchF is
greater than E,Creso, for PCMH by as much as 380 mV. In
other words, it is much more difficult to remove an electron
from the highest occupied molecular orbital (HOMO)aefresol
when it is bound to free PclRhan when it is bound to PckF
in PCMH. If one assumes the typical value for the electron-
transfer symmetry factoo, = 0.5 (see eq 2), then the transition-
state free energy for the reaction is decreased by-x0.380
mV = 190 mV (8.8 kcal/mol), which is reasonable for an
efficient catalyst.

Because theE, Aflavin) values for the various forms of
PCMH with oxidized heme are unknown, it might be expected

reference, théc, value for any other form of PCMH or PchF
can be calculated from the following equati®f:

kcat,ProteiAkcat,PCMHz exp ((1 X [AEA - AID] 7/RT) =
exp(—a x AE.+7IRT) (2)

As before,AEct is obtained from the shift of the absorbance
maxima for CTCs with 4-Br-phenol, and.: pcmuis the catalytic
constant for normal PCMH. It was assumed also tid —
AlIP)p cresol & (AEA — AIP)4 gr—phenat as is the case for the
binding of different phenols to OYE. By taking the natural
logarithm of both sides of eq 2, and using/RT = 25.7
mV (7 is Faradays constarRR is the gas constant, arfds the
temperature= 25 °C), then plotting—25.7 x In(Kcat,proteif
Keat,pcvy (MV) againstAEct (mV) should produce a straight
line with a slopeg. This is the plot shown in Figure 4A. When

also that the change in the oxidative power, as reflected in thethree aberrant pointsQ( in Figure 4A) are ignored, the

keat Values forp-cresol oxidation, would not be correlated well
with the midpoint potentials. The plot in Figure 3B shows this
to be the case. Because we assume Mt~ 0 andAEA ~

738 J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005
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weighting= 1; when the line is forced through the origir?
= 0.924 ando. = 0.3404 0.017). It is important to point out
that the linear correlation holds for/&Ect range of 900 mV,
and over 5 orders of magnitudekgy. In addition, the linearity
supports the proposition that the,: values truly reflect the
intrinsic catalytic power of each protein.

We believe that the scatter of the points in Figure 4A is due,
in part, to the inherent errors in they values, which are
typically 5—10%. Also contributing to the inaccuracy &fa
values are the errors in estimating the extinction coefficients
for the various proteins from anaerobic standardized-dithionite
titrations, which result in errors in the protein concentrations.

o= d(AG*)/d(AG") = d[In(k))/d[In(K)] 3
whereAG is the change in the free energy between a reactant
and its transition state (TS) (the activation energy), AG is
the change in free energy between reactants and its products.
The parametent is equivalent also to the exponent in the
Bronsted equatiork = AKe4*272Originally, a was thought to
provide a measure of the extent of the reactiens+ 0, 1, and
0.5 for the reactant state, the product state, and a symmetrical
TS, respectively. However, it has been found that values of
do not necessarily related to transition-state struci#ré.

The Brgnstedt can be recast in terms of Marcus theory with

As any biochemist appreciates, there is always some variability the following equation:

in properties of a particular enzyme from one isolation to
another. While we did not detect any problem using different
batches of enzyme, this could be a contributing factor. The
scatter may diminished also by using the values of the specificity
constantkea/Kw, rather than those @4 (vide supra), although
we believe that this will not impact the correlation significantly.
Finally, estimating thénaxfor CT peaks was done by eye, and
by taking the first and second derivatives of the spectra.

However, due to the low absorbance of these peaks and

interference from the heme absorbance for the PCMH forms,
determining these values accurately was difficult; occasionally,

the absorbance of PchF-free PchC was subtracted from the

absorbance of a PCMH form to get a better estirdatéd/e
estimate the error to be about-%0 nm. Attempts to use a

spectral curve fitting program to get better values failed. Because
of the low absorbance, small shifts of the baseline, and the noise,

the charge-transfer bands typically were best fit by two or more
peaks.

The residuals for the-25.7 x In[Keat proteifKcatpcm VeErsus
Ecr fit (the solid line in Figure 4A) were analyzed by
constructing a cumulative frequency pfétf the errors for the
data point are random and distributed normally, then this plot
should define a straight line that intercepts residaad mV
when the cumulative frequency is 0.5. The cumulative frequency
plot (Figure 4B) does show the correct behavior, when the
outliers are ignored; outliers are those points that deviate from
the straight line. This plot is characteristic for real data with
normally distributed random errof8,and it provides an easy
way to identify outliers. We believe that this analysis provides
compelling evidence that the linear correlation displayed in
Figure 4A is valid and highlights the need for a large population
of protein species. For all similar biochemical studies reported
in the literature, far fewer points were used. If there is scatter,
with one or two aberrant points (outliers) in a smaller population,
the result could deviate significantly from the correct one.

The straight line in Figure 4A, with slope = 0.31, that

o =",+ AG°/(21) 4)
where 4 is the reorganizational energy of the syst&hThe
parametent varies from 0 to 1 over the range AfG° as|AG®|
— . If the reorganizational energy is large or A&° — 0,
thena = 0.5.

With Marcus theory as a basis, Kreevoy and co-workers
derived the following expressioii?

oa=y=x(r—1)2 (5)

For this equationy = %, + AG°/(21), wherey is equal to
d(AGH/d(AG®) at constant.?8> Note that the parametgrhas
the meaning ascribed originally to (see eq 4), the traditional
Leffler—Hammond parameter. Equation 5 reduces to eq 4 when
7 = 1. For eq 5, the plus sign is invoked when the acceptor is
varied with a constant donor, and the minus sign is used for
the converse situation. Because of this change in sign, the value
of a will only be the same for these two cases whesr 1.

The “tightness factors, varies in value from 0 to 2; a value
of 0 indicates the in-flight hydrogen is completely detached from
the donor and acceptor, and a value of 2 indicated full bonding
to both the donor and the acceptor, that is, a hypervalent
hydrogen. If the bond order is conservedyould equal 128
This parameter provides a measure of the “displacement of the
critical configuration toward structures that do not resemble
either reactant or product, which is required to describe charge
distribution and reactive bond lengths”. The “critical configu-
ration” is the “most probable one for crossing the hardest-to-
attain-dividing surface separating products and reactapits.”

Clearly, for us to extract any useful information from the
value of a, we must first have measures &G° and A.
Hypothetically, if the reorganizational energy were large, then
y = 2. Becauser = 0.31, thenr = 0.62. (Using these values

nearly intersects the origin, seems to lend credence to our©fx andz, oo would be equal to 0.69 for the situation where the

analysis and underlying assumptions. However, we remain
cautious concerning the true valueafif (AEA — AIP)pcresol
= C x (AEA — AIP)4 g phenot WhereC is a constant. While
this would not alter the linear correlation seen in Figure 4A,
the true value ofx for p-cresol oxidation would be somewhat
different.

The parameteir, known as the symmetry factor or the
transfer coefficient’2is defined as

(36) Daniel, C.; Wood, F. Sritting Equations to Data: Computer Analysis of
Multifactor Data, 2nd ed.; John Wiley & Sons: New York, 1980; Chapter
3, pp 19-49.

donor is varied with constant acceptor.) Wjth= 0.5, the critical
configuration is halfway between those of the reactant and
product. However, this value for would indicate a rather
narrow spatial separation between the hydride donor (methyl
group ofp-cresol) and acceptoNg-position of the flavin), and
the transferred hydrogen takes on a partial negative charge
during transfer. The charge on the in-flight hydrogéns v —

1,28¢ would be —0.38, if our initial assumption about the
magnitude oft were correct. In the case wheeG®| ~ 4, y =

0 (assumingAG® has a negative value), then= 0.41, ando
—0.59.
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A study complementary to the one presented here involves thousand calories per mole, and that the donor/acceptor interac-
measuring the rate of substrate oxidation as a function of variedtion, per se, contributes to a minor extent to the overall stability
donor (i.e., substrate) and constant acceptor (a particular FAD of the complex.” Therefore, * it is not hard to imagine that such
analog). If eq 4 were applicable,should be the same whether an increased stability could have a very important function in
the acceptor is varied and the donor is constant or vice versa.the regulation or direction of a catalytic reaction.” For example,
If eq 5 were applicable, the values@fderived from these two  for lactate mono-oxygenase, the reactivity ofdth the reduced
sets of experiments would be differéff ¢ Using the approach  flavin/pyruvate CTC is 200-times faster than that with uncom-
we have developed for PCMH, we would need good mimics plexed reduced flavi#’

for each varied substrate to obtain reliable estimateEcaf According to Mulliken26ab38the wave functions for the
For example, we could use the substrates and correspondingground (G) and excited (Ex) (adiabatic) states for CT (donor/
mimic with the basic structures: acceptor) complexes are definedds = ay(D,A) + by(DTA")
" " andWg, = b*y(D,A) — a*(D*A"). v(D,A) andy(DTA™) are
the diabatic wave functions, amdk a*, b ~ b*, anda>> b for
a weak complex. Thus, a 4-Br-phenol/FAD CTC becomes
apparent only when light is absorbed to bring it from the G
X X state (GS) to the Ex state (ExS), which is accompanied by a
H, Br transfer of electron density from the donor to the acceptor to
ortho -subetituted  ortho -subatituted give the dative state, DA~. However, for highly active forms
p -cresol A-bromophenol of PCMH or PchF, their interaction with-cresol results in a

GS adiabatic electron transfer (ET) to yield oxidized substrate
For these compounds, X could be any number of substituents;and reduced FAD. Therefore, catalysis (GS-ET) and CTC
prior studies have demonstrated that PCMH is a fairly promis- formation (ExS-electron [density] transfer) may be mutually
cuous enzyme in that it can oxidize a wide range of substituted exclusive, and g-cresol/FAD CTC never forms.
4-alkylphenols’-34 If the two complementary studies provide Rather than saying that CT interactions, per se, are or are
dissimilar values ofx (i.e., study 1 where the hydrogen donor not important to coupled hydrogen/electron-transfer reactions,
is constant and the acceptor varies, and study 2 where the donoperhaps it is more accurate to say instead that it is the energies
varies but the acceptor is constant), we can use both forms ofof the LUMO of the acceptor (flavin) and the HOMO of the
eq 5280 donor (substrate) that are important. In the case of a nonoxizable
substrate mimic, the LUMO and HOMO energies in the
o, =y +(t—1)2 enzyme-mimic complex give rise to CT bands, whereas for
the substrate, these energies dictate the ease by which coupled
hydrogen-electron (e.g., hydride) transfers occur in the enzyme
substrate complex. Therefore, a formal CTC need not form when
substrate binds.
For some of our poor enzyme catalyst used in the present

o,=x—(t—1)2

Because we now have two equations and two unknowns, we
can solve for the values afandy:

T=0,—0,+1 study (e.g., PcHK®),14 a substrate-CT absorbance band was seen.
This suggests that a complex forms, which displays CT
¥ = (o + a,)2 properties, and also undergoes GS electron transfer. This type
of mechanism was proposed for a nonenzymic electrophilic
Is the Formation of a CTC Essential for Catalysis?The aromatic substitution reactiéf Alternatively, the CTC converts

potential importance of CT interaction in flavoprotein catalysis slowly to an intermediate that can undergo coupled hydrogen/
has been recognized for quite some time as exemplified by aelectron transfer from the substrate to flavin.

seminal review on this topic presented by Massey and Ghisla Relevant Studies with Other EnzymesaA linear correlation
three decades agdThe review exposes several flavoenzymes was found between the redox potentials of FAD bound and the
where a CTC was observed. However, in most of the cases, thenatural log of the rate constants, that is,kn(for NADPH
complexes were seen when an enzyme reacted with substrat@xidation by oxidized FAD, or for @reduction by reduced FAD
analogues, or when an enzyme converted a substrate analogudor different forms of mercuric ion reductad&if it is assumed

in a nonredox reaction, into a species that formed a CTC with thatIP (for NADPH) is constant for the first reaction, af

the flavin. In some cases, the CTC was between reduce flavin (for O,) is constant for the second reaction, then, according to
(donor) and oxidized substrate (acceptor). Furthermore, thereeq 2, there should be a linear correlation. Thus, for NADPH
are numerous examples where substrate analogues (i.e., inhibiexidation,AlP ~ 0 andE”A ~ En AFAD), but for O, reduction,
tors) bind to a flavoenzyme and perturb the flavin’s spectrum, AEA ~ 0 andI® ~ Ey, {FAD). Because of the small number of
but do not produce the board, long-wavelength absorbancepoints and scatter in a plot ofP5.7 mV x In(k/ko)] versus
characteristic of a CTC. As these authors pointed out, “...the AEm 7(eq 2), it is not possible to get a good estimate:dfom
frequent occurrence of CT absorption bands might be merely these data.

an accompanying phenomenon that is dictated by the chemical A study of the reduction op-hydroxybenzoate hydroxylase
characteristics of the two partners in the complex.” However, reconstituted with several 8-substituted 8-nor-FAD analogues
these authors point out also “that the energy involved in such by reducedN-methylnicotinamide provide better d&&.From
molecular complex interactions is of the order of only a few a plot of [-25.7 mV x In(k/ko)] versusAEy, 7, we estimate that

(37) Massy, V.; Ghisla, SN.Y. Acad. Scil974 227, 446—465. (38) Mulliken, R. S.J. Am. Chem. S0d.952 74, 811-824.
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o = 0.53 R2 = 0.829). However, a better correlatioR%(= acyl residues of the proteins that are required for catalysis; for
0.958) was obtained with the equation25.7 mV x In(k/k,) example, Glu380, which has a side-chain carboxylate oxygen
= A x AEm7+ B x k, wherek represents constants for the 3.25 A from the C-6 carbon of the flavin, is hydrogen bonded
8-substituents of 8-nor-FAD that are based on the size andto a water molecule that is thought to hydroxylate phguinone
hydrophobicity of the proton donor and acceptor in CPCs.  methide intermediate that forms when the substrate is oxidized.

For this correlative fitA = 0.36 & a?) andB = —117 mV. In However, as long ag-cresol and 4-Br-phenol bind to any
this case, it appears thatP for the substrate is constant when  particular protein with similar stereochemistries, any changes
bound to each enzyme species. on going from one protein to another should influena&f —

The rate constant for NADH reduction of 2-methyl-3- AIP)p_cresor and AEA — AIP)4_pr—phenol in @ similar manner.
hydroxypyridine-5-carboxylic acid (MHPC) oxidase increases Hence, a linear relationship betweeEcr and Inkeat proteif
as the Em7 values of bound FAD analogues incred¥e. k. pcwi) would be maintained. It is possible that minor
However, the Irk) versusEm 7 (= E*) plot was smoothly curved,  yariations in the stereochemistry for binding of 4-Br-phenol

not linear, which suggests that the ionization potentiéd} ¢f relative to that fop-cresol could lead to a slight inequality for
the substrate also vary when bound to the different forms of (ApA — AIP),_cresorand (AEA — AlP),_g,_phenoifor a particular
the enzyme. protein, and this contributes to the scatter of points seen in

Like PCMH, bacterial monomeric sarcosine oxidase (MSOX) Figure 4A.
is a flavoprotein containing covalently bound FAD (i.ex-8
cysteinyl-FAD). For the normal and the H269N mutant forms
of MSOX, the redox potentials for the first electron transfer,
E,, that is, for flavin radical formation, are essentially the same
at 79.5 and 76 mV, respectivel§? However, the reductive half-
reaction withL-proline had “limiting rates” Kim) = 7.4 and
0.198 mimrl, respectively, although th&p values for ES
complexes of both proteins were very similar. Titrations with
the substrate analogue and competitive inhibitor, pyrrole-2-
carboxylate (PCA), showed the formation of CTCs with the
maximum of absorbance at 608 nm for wild-type MSOX and

For enzyme kinetics, a parameter such cascannot be
determined experimentally as a function of an applied potential
as can be done for electrode-based electrochemical stiidies.
Furthermore, attempts to correlate catalytic efficiency and the
potentials of the enzyme-bound redox catalyst (e.g., a coenzyme
such as flavin) often failed, because the polarization of the
substrate was not taken into account. In fact, it is usually
impossible to do so. By measuring instead the change in the
energies of the CTCs between PchF/PCMH and a nonreacting
substrate analogue (vide supra), one can effectively introduce
566 nm for the H269A mutant. This translates into a value of SUch a potential scale. Hence, this allows us to invoke existing
—152 mV for A(E* — IP)pca Using eq 2 and assuming = th.eories and approaches. The observed constanayovkr a
0.5, a value of-181 mV is obtained foA(E* — 1), _poiine If wide ra_nge oEcr _values_ indicates that the constru_cted enzyme
it is assumed that the values Bf are the same whether PCA  “Potential” scale is equivalent to the electrochemical potential
or L-proline are bound or not to the wild-type and mutant Scale.
protein, thenAE; ~ AEA ~ 0. Therefore AlPpca &~ 150 mV Stated in a different manner, as long as a CTC forms and it
and AIP, _proiine & 180 mV. It should be noted that, unlike the can be detected by the appearance of a CT band, there is no
p-cresol/4-Br-phenol pait,-proline and PCA are not isosteric. need to measure the one- or two-electron redox potentials for a
In fact, because the ring efproline is completely saturated, it bound cofactor or substrate. This is of particular importance
would not be possible to form the same type of CTC as does for enzyme systems where determining these potentials is
PCA2> Thus, it would not be expected necessarily théEA cumbersome or impossible. However, in our case, measuring
— 1P)pca~ A(EA — 1), _proline While the authors of the MSOX  the En, 7 values for the bound flavins was straightforward. By
study recognize a relationship between the catalytic rates andassuming that these values provide accurate estimates of the
the energy of CTCs, they did not provide a theoretical EA values, the values dP for each form of enzyme can be
foundation for the phenomengpf! estimated from th&cr values by using eq 1. Inspection of the
AIP values (Table 1) reasserts an important outcome of our
work, which is the need to take into account the contribution

It is somewhat surprising that there is such a good linear of the electronic properties of the bound substrate (HOMO
correlation betweenIn[k.a and AEcr over such a wide range.  gnergies/ionization potentialsiredox potentials) in addition to
It might be expected that the binding of the various FAD forms  ose of the cofactor (LUMO energies/electron affinities/redox
would differ for Pchi®¢, PchF, and PCMH, and, therefore,  hotentials) to adequately predict catalytic efficiency. Apparently,
the stereochemistry of bound 4-Br-phenol gncresol relative both theEA of the flavin and thdP of the substrate are tuned

to the flavin ring might be somewhat different for each protein. \;han pound to PCMH so as to make this oxidoreductase a more
In addition, the position and orientation of catalytic groups and g¢ficient catalyst.

the isoalloxazine ring in the active site may be different for the

various types of PchF. This would lead to changes in the rate  Acknowledgment. This research was supported by the
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