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ABSTRACT. Microsomal cytochromés reductase (EC 1.6.2.2) catalyzes the reduction of ferricytochrome

bs using NADH as the physiological electron donor. Site-directed mutagenesis has been used to engineer
the soluble rat cytochromies reductase diaphorase domain to utilize NADPH as the preferred electron
donor. Single and double mutations at residues D239 and F251 were made in a recombinant expression
system that corresponded to D239E, S and T, F251R, and Y, D239S/F251R, D239S/F251Y, and D239T/
F251R, respectively. Steady-state turnover measurements indicated that D239S/F251Y was bispecific while
D239T, D239S/F251R, and D239T/F251R were each NADPH-specific. Wild-type (WT) cytochxpme
reductase showed a 3700-fold preference for NADH whereas the mutant with the highest NADPH
efficiency, D239T, showed an 11-fold preference for NADPH, a 39200-fold increase. Wild-type cytochrome
bs reductase only formed a stable charge-transfer complex with NADH while D239T formed complexes
with both NADH and NADPH. The rates of hydride ion transfer, determined by stopped-flow kinetics,
were kNADH—WT =130 S_l, kNADPH—WT =5 S_l, kNADH—D239T =180 S_l, and kNADPH—D239T =73 S—l_ Ks
determinations by differential spectroscopy demonstrated that D239T could bind nonreducing pyridine
nucleotides with a phosphate or a hydroxyl substituent at ‘tlgition, whereas wild-type cytochrome

bs reductase would only bind Aydroxylated molecules. Oxidatierreduction potentialsg®', n = 2) for

the flavin cofactor were WE —268 mV, D239T= —272 mV, WT+NAD* = —190 mV, D239 HNAD*

= —206 mV, WTH+NADP* = —253 mV, and D239FNADP* = —215 mV, which demonstrated the
thermodynamic contribution of NADPbinding to D239T. The crystal structures of D239T and D239T

in complex with NAD" indicated that the loss of the negative electrostatic surface that precluded 2
phosphate binding in the wild-type enzyme was primarily responsible for the observed improvement in
the use of NADPH by the D239T mutant.

Cytochromebs reductase (CB5REC 1.6.2.2), an enzyme  FAD to the heme prosthetic group of each of two molecules
involved in the operation of microsomal and cytosolic of ferricytochromebs. The product, ferrocytochronig, acts
electron transport systems, catalyzes the reduction of cyto-as a key component in several cellular pathways by providing
chromebs using reduced nicotinamide adenine dinucleotide reducing equivalents for processes that include fatty acid
(NADH) as the physiological electron donor. The rate- elongation and desaturatio8){(cholesterol biosynthesid)
limiting step of the reduction reaction has been identified as methemoglobin reduction5), and steroid and xenobiotic
hydride ion transfer from NADH to the enzyme’s flavin transformations@).

adenine dinucleotide (FAD) prosthetic group, @). The Rat CB5R contains a FAD binding domain comprised of
subsequent steps in the reaction sequence proceed rapidlgmino acids L25-L147 and a NADH binding domain,
as electrons are transferred sequentially from the reducedspanning residues V17300, bridged by a short three-
stranded antiparallgi-sheet “hinge” region, comprised of
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dichroism; CPR, cytochrome P450 reductase: FNR, ferredoxin:NADP  Side of thesi-face of the isoalloxazine ring7( 8). The
reductase; FPLC, fast protein liquid chromatography; IPTG, isopropyl NADH binding domain of CB5R can be categorized as a
f-b-thioglucopyranoside; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight;x, ionic strength; NAD(P)H:FR, NAD(P)H:
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“Rossmann” type nucleotide binding fold formed by a five- NADH Specific Source
. . Cytochrome bs Reductase R. norvegicus LWYTVDKA—PDA-WD-YSQGFVNEEM
stranded paralleB-sheet 9). This domain makes contacts Nirte Reducase ) S oleraea 7, VWCVVEKAE- EG-W- KIDIGFISEK
. . Phthalate Di Reduct; P. putida 8 -P---TK--- ree
with there-face of the FAD and contains several conserved siomogionn o % ool %7 {FHARENGD - VHAFADEVK %
residues and signature motifs that form the surfaces that directy,, pecific . .
NADH binding in an appropriate conformation. Those Nitate Reductase B pendila " VICVVKESKRE - -GUEYSVGYIREST -
residues that form the ADP binding site within the pyridine -
i H H H : ic NADP(H) Specifi
nu(?lelotlde blndlng SUrfaCle. a.re Of partICL"ar Intere.St for thlS Nitrate R(cdn)xcmlzsu lc N. crassa z:z VKYTLlSRPfffGAEWEGLRG{KLDKTM Z;
pyridine nucleotide specificity study, whereby binding of = FredosNapp Reduease B et eneermmCRoR R L e
2' hydroxylated molecules is compared to binding Of 2  Cytchrome Paso Reductase R norvegicus ' LNVAFSRE------- QSHKVYVOHLL **?
. . Nitric Oxide Synthase I1I H. sapiens 1072 YLTAFSRE------ PDNPKTYVQDIL %2
phosphorylated molecules. The previously published 2.3 A suie reductase E. coli 1% IDLAWSRD------- OKEKVYVODKL ***

; +
resolution crystal structure of the CBSRIAD™ complex Ficure 1: Multiple sequence alignment of FNR family enzymes

(10) revealed that the pyridine nucleotide bound in an p ouridine nucleotide specificity. Primary sequences of representa-
extended conformation across the surface formed by prolinestive members of the FNR family of flavoprotein transhydrogenases

275 and 276, and within a6 A wide channel bordered on  that exhibited enhanced specificity for either NANADH or

one side by the aromatic ring of phenylalanine 251 and on ’(\‘:i’\DtPI:/(N'?DP_E ng;’taﬁg?ﬁd fO_:hOIOtimunlﬂ SifT;i][afit}lf USingbthe
PO : : - : ustalX algorithm 89) together with examples of family members

the _oppos_lte side by proline 277. Aspartic aCId.239 is of that have been shown to be bispecific. For each sequence, only the

particular interest because of the hydrogen bond its carbonylresjques immediately surrounding the amino acids that have been

oxygen generates with thé Rydroxyl group of the pyridine  proposed to regulate nucleotide specificity are shown. The residue
nucleotide. Several additional residues form hydrogen bondspositions within the primary sequences are indicated by the

with the NAD" phosphate oxygens, including lysine 110 and superscripts while the arrows indicate residues that have been
glutamine 210 ' proposed to be critical in differentiating between hydroxyl and

. . . . phosphoryl character at the position of the coenzyme. All

Primary sequence homologies, including conserved FAD sequences were retrieved from GenBank and correspond to
and NAD(P)(H) binding motifs, together with the classical NP_62023240), P23312 41), Q05182 42), S15992 43), RDB-
two domain structural arrangement are defining features of JNH (44), P39871 45), P08619 46), 1QGOA @7), NP_596918
members of the NAD(P)(H)-dependent flavoprotein trans- (29 P00388 (48), P29474 (49), and P38036) @ccession numbers

. . with respect to the order in which they are listed in the figure.

hydrogenase family named for the prototypical enzyme
ferredoxin:NADP reductase (FNR, EC 1.18.1.2)1). The
FNR family includes the FAD- or FMN-containing domains
of over 20 enzymesl@) including cytochrome P450 reduc-
tase (P450R, EC 1.6.2.4)3), assimilatory nitrate reductase
(NR, EC 1.7.1.1) 14), nitric oxide synthase (NOS, EC
1.14.13.39) 15), and many others. Members of the FNR MATERIALS AND METHODS
family provide a valuable model system in which to examine
factors regulating pyridine dinucleotide specificity, since ~ Materials. Oligonucleotide primers were obtained from
within the family there exist both NADP(H)- and NAD(H)-  Integrated DNA Technologies (Coralville, IAPfu Turbo
specific enzymes together with bispecific variants. Using site- Polymerase as well a&picurian coli BL21(DE3)-RIL
directed mutagenesis, Shiraishi et 46)(showed that serine  cells were obtained from Stratagene (La Jolla, CA). Restric-
920 and arginine 932 dfl. crassaNR were critical to the ~ tion enzymes were purchased from New England Biolabs
enzyme’s ability to discriminate between NADPH and (Beverly, MA). Triton X-100 and Hot Start Micro 50 PCR
NADH, and that substitution of those residues with aspartate tubes were obtained from Molecular-Bio Products Inc. (San
and serine, respectively, allowed for a reversion in specificity. Diego, CA). Tryptone and yeast extract were obtained from
Elmore and Porter focused on the same conserved serind=M Science (Gibbstown, NJ). IPTG was obtained from RPI
residue (S596) in their examination of CPR NADPH (Mt. Prospect, IL). Reagents for bacterial culture, protein
specificity, showing that substitution with an aspartate yielded purification, and chemical assays including NADH, NAD
a NADH-specific enzyme1(7). Medina et al. probed the ~NADPH, NADP*, ADP-ribose, ADP, %'-ADP, riboflavin,
contribution to NAD(PJ selectivity of five residues in ~ FAD, KsFe(CN}), and glucose oxidaseA( nige) were
AnabaenaFNR and found that substitution of the same obtained from Sigma Chemical Co. (St. Louis, MO). Ni-
conserved serine residue (S223) with aspartate yielded arNTA agarose and kits for plasmid preparation and agarose
appreciable increase in NAD(H) specificityg). On the basis ~ gel extraction were purchased from Qiagen Inc. (Valencia,
of those observations of NADP(H)-specific FNR family CA). Nucleotide sequencing was performed by the Molecular
enzymes, the residues believed to confer NAD(P) specificity Biology Core Facility at the H. Lee Moffitt Cancer Center
on several other FNR enzymes have been identified and areand Research Institute.
shown in the multiple sequence alignment shown in Figure  Site-Directed MutagenesisSCB5R mutants were con-
1. In addition, the primary structures of several recently structed using whole vector PCR as described previouly (
identified endogenous mammalian cytochrorhgcyto- whereby the pEHCB5R expression construct was specifically
chromebs reductase fusion proteindq, 20), which have a mutagenized using complimentary oligonucleotide primers
preference for NADPH as the electron donor, contain a serine (30—35 mers) with the following sequences:!-dic tgg tac
(S422) and an arginine (R437) at the positions believed to aca gtggaaaaa gg ccc gat gcc tgg g-3D239E), 3-ctc tgg
regulate coenzyme specificity. To examine whether enhancedtac aca gtgagcaaa gg ccc gat gcc tgg g-3D239S), 5-ctc
specificity for 2 phosphorylated substrates could be achieved tgg tac aca gt@cc aaa gg ccc gat gcc tgg g-3(D239T),
in a NADH-specific member of the FNR family, we have 5'-tat agc caa ggtac git aat gag gag atg atc agg{E251Y),
constructed a series of single and double mutants of theand 5-tat agc caa ggcgc gtt aat gag gag atg atc agg-3

soluble diaphorase domain of rat cytochrobsereductase
substituted at the residues aspartate 239 and phenylalanine
251 and characterized their utilization of both NADH and
NADPH.
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(F251R), where missense mutations are indicated in bold type Stopped-Flow Kinetic AnalysiRapid-reaction studies
and silent mutations are italicized. Silent mutations added a of wild-type and the various mutant forms of CB5R with
Hhal site to the D239 mutant constructs andllad site to NADH and NADPH were performed using a KinTek
the F251 mutant constructs for rapid screening. The fidelity SF2002 stopped-flow spectrophotometer (KinTek Corpora-
of the mutant constructs was verified by nucleotide sequenc-tion, Clarence, PA) thermostated atG. Experiments were
ing in both the forward and reverse directions. Positive performed using the method described for porcine CB5R by

constructs were then used to transform compekentoli Kimura et al. 27) that involved turnover in the presence of
BL21(DE3)-RIL cells. both NAD(P)H and ferricyanide. Under these experimental
Cell Culture and Protein PurificatiorE. coli BL21(DE3)- conditions, the initial reaction corresponded to a turnover

RIL cells harboring the pkCB5R or mutant constructs were  phase that was followed by a reduction phase when all the
grown aerobically in TB media supplemented with riboflavin ferricyanide had been depleted. Equal volumes of enzyme
(100 uM) overnight at 37°C. Recombinant protein expres- (50uM FAD) in 116 mM MOPS buffer, containing 0.1 mM
sion and purification were carried out as described previously EDTA, pH 7.0, in the presence of 5@MM ferricyanide and
(7). Wild-type and mutant CB5R concentrations were varying concentrations of either NADH or NADPH (6-@
estimated spectrophotometrically usiAgs; = 10.6 cmt mM) in 116 mM MOPS buffer, containing 0.1 mM EDTA,
mM~%, SDS-polyacrylamide gel electrophoresis was per- pH 7.0, were rapidly mixed and the absorbance of the mixture
formed as described by LaemmZZ). monitored at 460 and 800 nm wavelengths, respectively.
SpectroscopyAll spectroscopic measurements utilized Prior to mixing, all samples were made anaerobic, as
oxidized enzymes in 10 mM potassium phosphate buffer, described in the section Charge-Transfer Complex Formation
containing 0.1 mM EDTA, pH 7.0. UV/visible spectra were with the modification that glucose (10 mM) and glucose
obtained using a Hewlett-Packard (Agilent Technologies, oxidase (5 units/mL) were added to the solution prior to
Palo Alto, CA) 8453 diode-array spectrophotometer. UV and introduction into the stopped-flow spectrophotometer. Before
visible CD spectra were obtained using a JASCO (Easton, use, the syringes and the flow system of the stopped-flow
MD) J710 spectropolarimeter, as described previouzd. ( instrument were made anaerobic by overnight treatment with
All spectra were corrected for the appropriate buffer con- a dilute dithionite solution followed by extensive washing
tributions and are expressed in terms of molar ellipticities with anaerobic buffer.
(M~ cm1). MALDI-TOF mass spectrometric analyses were  Following the NADH:ferricyanide reduction turnover
performed as previously described).( phase, the rate constantk) (for both the NADH:flavin
Enzyme Aciities. NAD(P)H:FR activities were deter- reduction phase (460 nm) and the charge-transfer complex
mined at 25°C under conditions of constant ionic strength formation phase (800 nm) were analyzed by fitting a single-
and pH as previously describeg) (n 116 mM MOPS buffer, exponential curve to each absorbance transient using the
containing 0.1 mM EDTA, pH 7.0 = 0.05). Initial rate KinTek SF2002 Software (Version 8.1.0).
data were analyzed using the software “ENZFIT” (Elsevier = Oxidation—Reduction Potential Measuremen&andard
Biosoft, Ferguson, MO) to yield appardat; andK, values. oxidation—reduction midpoint potentials for the flavin
Specificity ratios were calculated a&.{APPH/K,NAPPH)/ prosthetic groupE®’, n = 2) in wild-type CB5R and selected
(KeatAPH/K NAPHY where values greater than unity indicate mutants were determined by the dye equilibration method
NADPH-specific enzymes and values less than unity repre- as described by Masse28) using phenosafranine as the
sent NADH-specific enzymes. redox indicator E*' = —252 mV). Briefly, visible absorbance
Charge-Transfer Complex FormatioReductive titrations  spectra of anaerobic mixtures of dye (iBl) and enzyme
were performed under anaerobic conditions as described by(40 xM) in 100 mM phosphate buffer, pH 7.0, and in the
Foust £3). Enzyme samples (52M FAD) in 116 mM presence or absence of NAD{P)2 mM) were monitored
MOPS buffer, containing 0.1 mM EDTA, pH 7.0, and NAD- during the course of reduction using xanthine (Z00) and
(P)H solutions (100 mM) were prepared by repeated evacu-xanthine oxidase (50 nM). Methyl viologen (@V) and
ation and flushing with @free argon. Enzyme samples were benzyl viologen (M) were included to facilitate equilibra-
titrated with NADH or NADPH and monitored for increased tion of the system. Flavin reduction was monitored at
absorbance in the wavelength range from 600 to 900 nm.410 nm whereas phenosafranine reduction was monitored
Titrations were determined to be saturating when the at 530 nm over the course of én®& h redox titration.
absorbance at 800 nm ceased to increase and no furtheFlavin midpoint potentials were calculated from the plot
bleaching of the flavin spectra occurred following NAD- of log([oxidized]/[reducedPap Vversus potential, as indi-
(P)H addition. cated by the dye, and are given relative to the standard
Differential Spectroscopyspectral binding constants, hydrogen electrode. Midpoint potentials are considered
for various NAD(P)J analogues were determined by dif- accurate tat5 mV.
ferential spectroscopic titrations for each of the variants as Crystallography Crystals of CB5R were generated by the
previously described by Sancho and Gomez-Moredpgnd sitting drop method as described by Bewley et &) using
Barber et al. 25). Tetrahydronicotinamide adenine dinucleo- a reservoir of 22% monomethylpoly(ethylene glycol) 2000
tides HINAD and HUNADP were synthesized according to in 50 mM sodium acetate at pH 4.8 as precipitant. Data
the protocol described by Murataliev et aR6f. NAD, collection was carried out as described previousg),(using
NADP*, 5-ADP, 25-ADP, HNAD, and HiNADP con- standard techniques. Data were collected on beamline X12B
centrations were estimated spectrophotometrically. Absor-at the National Synchrotron Light Source, Brookhaven
bance changes were plotted versus nucleotide concentrationNational Laboratory, Upton, NY, using a Quantum 4 CCD.
and a simple hyperbolic equation was used to fit the data A complete data set was collected from a single crystal for
and to determine the spectral binding constants. D239T. The mutant crystallized in space grd®fa2,2; with
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Table 1. X-ray Diffraction Statistics for the D239T Variant of
Cytochromebs Reductase and in Complex with NAD

D239T D239H-NAD™
Data Collection Statistics
unit cell dimensions a=68.09A, a=6843A,
b=68.87A, b=70.00A,
c=7864A c=79.81A
resolution range (A) 30:02.2 30.0-2.2
no. of reflections 18987 19477
Rierge(%0) 5.8 (18.2) 8.0 (19.3)
completeness (%) 98.8 (94.5) 97.9 (83.6)
redundancy 4.1 (3.6) 3.2(2.8)
I/ol 17.3 (4.9) 9.6 (3.2)
Data Refinement Statistics
resolution range (A) 30:02.2 30.0-2.2
R-factor (%) 20.82 21.90
Reree (%) 24.87 24.90
no. of reflections in thé&Reset 1154 1104
no. of protein atoms 2182 2182
no. of FAD atoms 53 53
no. of NAD' atoms 0 44
no. of water molecules 154 162
rmsd bond length (A) 0.012 0.013
rmsd bond angle (deg) 1.8 1.9

unit cell dimensions = 68.09 A,b = 68.87 A,c = 78.64

A, and g = 104.7. D239T contained one molecule in the
asymmetric unit and had an estimated solvent content of
55%. The data collection statistics are shown in Table 1.
The structure was solved by molecular replacement in Amore
using the protein coordinates of rat CB5R (PBB1I7P)
(10). All subsequent refinement steps used the program CNS
and the models were subject to rigid body refinement. A
cycle of simulated annealing and individual isotropic tem-
perature refinement was performed prior to map calculation.
The model was fitted to the map, and the FAD molecule

was built into the density. Subsequent refinement, punctuated

by rounds of model building, was performed until the model
could not be improved as judged by a reductioRig. The
refinement statistics are summarized in Table 1. D239T in
complex with NAD" was crystallized under similar condi-
tions to those for the mutant alone, with the exception that
NAD* was added to the drop to a final concentration of 40
mM prior to crystallization. A complete data set was
collected from a single crystal for D239T. The mutant
crystallized in spacegroup2;2,2; with unit cell dimensions
a=68.43 Ab=70.00 A,c =79.81 A, ands = 104.7.
D239T contained one molecule in the asymmetric unit and
had an estimated solvent content of 60%. The structure of
the complex was solved and refined as described for the
D239T alone. Statistical analysis of each process is sum-
marized in Table 1. Coordinates for D239T alone and in
complex with NAD" will be deposited in the Protein Data
Bank.

RESULTS

Eight variants of the flavin domain of rat cytochrorbe
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Ficure 2: SDS-polyacrylamide gel electrophoresis of wild-type
and the various mutant forms of cytochroimereductase. Wild-
type CB5R and the various NADPH specificity mutantg(Peach
protein) were isolated as described in the Materials and Methods
section and analyzed on a 15% polyacrylamide gel. Lane W, wild-
type CB5R; lane A, D239E; lane B, D239S; lane C, D239T; lane
D, F251Y; lane E, F251R; lane F, D239S/F251R; lane G, D239S/
F251Y; lane H, D239T/F251R. Molecular weight markers (S) are
indicated on the left.

nantly expressed in BL21(DE3)-RIL cells. All eight mutants
were subsequently purified to homogeneity as judged by the
apparent single protein bands following SDISAGE analysis
as shown in Figure 2. All eight CB5R variants were of
similar molecular mass to that of the native enzyme. MALDI-
TOF analysis revealed the presence of a characteristic peak
in the low mass region of the spectrum withméz of 792,
indicative of the presence of FAD as the sole prosthetic
group.

UV/visible absorbance spectra were obtained for the wild-
type CB5R and each of the single and double mutants. The
absorption ratiosAz76 nnfAue1 nm for the mutants varied from

'5.5 to 5.9 and were consistent with that of wild-type CB5R

(5.5), indicating stoichiometric flavin incorporation. Repre-
sentative spectra of several of the mutants are shown in
Figure 3A and indicate the characteristic absorption maxima
at 276, 386, and 461 nm, together with the pronounced
shoulder at 485 nm, that are typical of purified CB5R. UV
CD spectra were obtained to confirm that neither the single
nor double mutations introduced any significant changes in
the secondary structural properties of each of the mutants
when compared to wild-type CB5R. Representative spectra
of several of the mutants, shown in Figure 3B, were nearly
identical to those of wild-type CB5R with a positive CD
maximum in the range 195200 nm and a negative CD
maximum in the range 21220 nm, suggesting that none
of the substitutions had any deleterious effect on protein
folding. In addition, visible CD was used to probe the flavin
environment in each of the mutants. Representative spectra,
shown in Figure 3C, were very similar to those of wild-type
CB5R with positive CD maxima at 310 and 390 nm,
respectively, and negative CD maxima at 460 and 485 nm,
indicative that the FAD of each mutant was in a similar
environment to that of the wild-type CB5R.

Initial-rate kinetic analyses were performed on all eight
single and double CB5R mutants to evaluate the effects of
the various residue substitutions on NAD(P)H utilization.
Values derived fork.y and Ky, for both NADH:FR and

reductase, corresponding to the five single mutants D239E,NADPH:FR activities of the various mutants are given in
D239S, D239T, F251R, and F251Y and the three double Table 2 together with the corresponding values for wild-
mutants D239S/F251R, D239S/F251Y, and D239T/F251R, type CB5R. NADH catalytic efficiencies, as indicated by
were created using a histidine-tagged CB5R expressionk./Kn"APH, were observed to decrease in the order wild-
system through site-directed mutagenesis. The fidelity of thetype > F251Y > D239S/F251Y> D239E > F251R >
mutant constructs was verified by dideoxy-sequencing in both D239S > D239T > D239T/F251R> D239S/F251R with
directions, and the corresponding proteins were recombi-the D239S/F251R variant retaining only 1.1% of the NADH:
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Table 2. NAD(P)H:FR Kinetic Constants Obtained for the Wild-Type and Various Mutant Forms of CytocbhsdReeluctase

nucleotide
NADH:FR NADPH:FR AAG): specificity?
enzyme Keat(s™1) Km (uM) KealKm (s TM 1) Keat(s™1) Km (uM) KealKm(sTM™1)  kdmof?  NADPH/NADH

wild-type 800+21 6.0+1 1.4+ 0.3x 108 33+5 924+ 46  3.6+0.8x 10¢ 20.4 2.8x 104

D239E 517+ 23 6.2+1 8.6+1.8x 100 52+1 94+ 11 5.8+ 1.8x 10 18.3 7.5x 104

D239S 433t 26 17+ 2 2.6+ 05x 100 217+14 268+16 8.2+1.0x 10° 8.5 3.4x 1072
D239T 333+18 119+14 2.87+05x 10 267+14 9.1+1 3.0+ 0.2x 107 -59 1.0x 10t

F251R 500t 22 1242 4.3+ 0.9x 10 50+ 6 138+ 13 3.7+ 0.8x 10P 11.8 9.4x 1073

F251Y 367+ 17 3.1+1 1.3+ 0.5x 108 50+ 8 617+26 8.1+ 1.6x 10¢ 18.1 6.6x 104
D239S/F251R 25623 224+ 20 1.13+0.2x 10f 200+ 12 22+ 3 9.3+ 1.8x 10° -5.2 8.1x 10°

D239S/F251Y 46&21  53+1 9.2+2.1x 100 417421 25+ 3 1.7+ 0.3x 107 43 1.7x 101
D239T/F251R  71& 27 512+ 42 1.4+ 0.2x 10° 5504+ 23 44+ 5 1.3+ 0.2 x 107 -5.4 8.9x 10°

2 A(AG) = —RT In[(Keal KmNAPPH)/(Kead KmVAPH)], where T = 298 K andR = 8.314 kJ mol! K~1. A(AG) is an indication of the difference in

binding energy between NADH and NADPRNucleotide specificity is ¢

alculated akf/Km(NADPH))/(Keaf Km(NADH)).
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Ficure 3: UV/visible absorbance and CD spectra of the wild-type
and various mutant forms of cytochronbe reductase. Panel A:
UV/visible spectra were recorded for oxidized samples of wild-
type and mutant forms of CB5R (BV FAD) in 10 mM phosphate
buffer, containing 0.1 mM EDTA, pH 7.0. Individual absorbance
spectra correspond to wild-type-], D239T (- --), and D239T/
F251R ¢ - -). Panel B: CD spectra in the far UV (19@50 nm)
and near UV (256300 nm) wavelength range were determined
for the wild-type, D239T, and D239T/F251R forms of CB5R (7
uM FAD) in 10 mM phosphate buffer, containing 0.1 mM EDTA,
pH 7.0 The line shapes are the same as those in panel A. Panel C
CD spectra in the visible (366600 nm) wavelength range were
determined for wild-type, D239T, and D239T/F251R CB5R (60
uM FAD) in 10 mM phosphate buffer, containing 0.1 mM EDTA,
pH 7.0. The line shapes are the same as those in panel A.

500 550 600

FR efficiency of the wild-type protein. In contrast, NADPH:
FR efficiencies, as indicated by the valueskgfKNAPPH,
increased in the order wild-type D239E > F251Y >
F251R > D239S > D239S/F251R> D239T/F251R>
D239S/F251Y> D239T with the D239T mutant exhibiting
an 823-fold increase in NADPH:FR efficiency when com-
pared to the wild-type protein.

The values for the NAD(P)H specificity constant (defined
as the ratio of keaf KiVAPPH} { Keaf KiVAPHY) listed in Table
2 reflect the magnitudes of the individugl: andK, values
obtained for both NADH and NADPH and were observed
to increase in the order wild-type D239E < F251Y <
F251R < D239S < D239S+F251Y < D239S+F251R <

D239T+F251R < D239T. As anticipated, conservative
substitutions of D239 with glutamate and F251 with tyrosine,
respectively, had the least impact on improving CB5R
function with NADPH, corresponding to only an approximate
2-fold increase in NADPH:FR activity. In contrast, the
D239S/F251Y double mutant showed a 460-fold increase
in NADPH catalytic efficiency while retaining 70% of the
wild-type NADH catalytic efficiency, indicating the D239S/
F251Y represented the most bispecific variant. Each of the
remaining double mutants, corresponding to D239S/F251R
and D239T/F251R, exhibited improved NADPH efficiency
coupled with compromised NADH efficiency. The D239T/
F251R variant displayed the desired properties of rapid
turnover of NADPH together with a high Michaelis constant
for NADH. However, the mutant lacked a low Michaelis
constant for NADPH that would be desirable in an efficient
NADPH-utilizing form of CB5R. Comparison of the initial-
rate kinetic parameters of the CB5R variants constructed in
this study revealed that the single mutant, D239T, represented
the most efficient NADPH-utilizing variant, exhibiting a
39200-fold preference for NADPH over NADH. Therefore,
all additional studies were limited to comparing the properties
of D239T and wild-type CB5R.

To further examine the interactions of the wild-type and
D239T variants of CB5R with both NADH and NADPH,
we monitored the production of the characteristic charge-
transfer complex formed between the reduced enzyme and
NAD(P)*. Spectroscopic data obtained during reductive
titrations of wild-type CB5R with either NADH or NADPH
are shown in parts A and B, respectively, of Figure 4 while
the results of identical experiments performed with the
D239T variant are shown in parts C and D of Figure 4. The
observed increase in absorbance in the near-IR region of the
spectrum (706900 nm), concomitant with the associated
bleaching of the flavin absorbance in the visible region (400
500 nm), has been attributed to the formation of a stable
FADH:NAD™ charge-transfer comple29). The titration
results illustrated that the wild-type enzyme readily formed
a stable charge-transfer complex with NADH but was able
to form a charge-transfer complex with NADPH to only a
limited extent, even at NADPH concentrationsl mM. In
contrast, the D239T variant was observed to readily form
productive complexes with both NADH and NADPH,
indicating a reduction in specificity compared to the case of
the wild-type enzyme.

Pre-steady-state kinetic analyses were utilized to compare
the rates of hydride ion transfer for both the wild-type and
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Ficure 4: Charge-transfer complex formation for the wild-type and D239T variants of cytochibpgnegluctase with NAD(P)H. Enzyme

samples (5&M FAD) in 116 mM MOPS buffer, containing 0.1 mM EDTA, pH 7.0, were prepared in a sealed cuvette and made anaerobic
as described in the Materials and Methods section. Visible/near-IR absorbance spectra were recorded during the enzyme titrations following
additions of either NADH or NADPH, respectively. Oxidized spectrg, (intermediate spectra { -), and fully reduced spectra (- - -) are

shown. The insets focus on the near-IR region of the spectrum. Panel A: Wildrtyy&DH. Panel B: Wild-type+ NADPH. Panel C:

D239T + NADH. Panel D: D239T+ NADPH. Only selected spectra obtained during the titrations are shown for clarity.

D239T variants of CB5R with either NADH or NADPH. To compare the interactions of the wild-type and D239T
Flavin reduction was monitored by the decrease in absor-variants of CB5R with NAD, NADP*, and a variety of
bance at 460 nm while charge-transfer complex formation pyridine nucleotide analogues, differential spectroscopy was
was monitored by the increase in absorbance at 800 nm.utilized to monitor complex formation. Perturbations of the
Kinetic transients obtained for the reaction of wild-type flavin visible absorbance spectrum, shown in Figure 6, were
CB5R with either 4 mM NADH or 4 mM NADPH are shown  detected for the wild-type enzyme during titrations with
in parts A and B, respectively, of Figure 5 while the results NAD*, 5-ADP, and HNAD but not with NADPf, 2'5'-
of identical experiments performed with the D239T variant ADP, and HNADP. In contrast, spectroscopically detectable
are shown in parts C and D of Figure 5. A concentration of complexes were observed for the D239T variant and all of
4 mM NAD(P)H was used to approximate saturation, though the pyridine nucleotide analogues examined. Values derived
statistical analysis for determination of actgh and K4 for the respective spectral binding constaHts for the wild-
values could not be performed due to low signal-to-noise type and D239T variants of CB5R are listed in the legend
ratios at substrate concentrations below 0.6 mM. The initial of Figure 6. As anticipated, wild-type CB5R was observed
phases of the stopped-flow traces indicated the flavin cofactorto bind NAD" with a significantly greater affinity than that
to be predominantly in the oxidized state during turnover in for NADP" whereas the reverse behavior was observed for
the presence of excess NAD{Pand limiting ferricyanide D239T, which bound NADP with a greater affinity than
concentrations, respectively. However, following consump- that for NAD".
tion of the ferricyanide, the kinetic transients reflected = Comparison of the results obtained for binding GRADP
reduction and the associated bleaching of the flavin absor-and 25'-ADP to both the wild-type enzyme and the D239T
bance at 460 nm together with the formation of the FADH  variant revealed an alternate pattern of affinities. D239T
NADT* charge-transfer complex at long wavelengths. exhibited a greater affinity for'BADP when compared to
Rate constants derived for the various transients are listedwild-type CB5R whereas complex formation wittb2ADP
in the legend of Figure 5. Reduction of the wild-type enzyme was only detectable for D239T, although with a reduced
with either NADH or NADPH and the associated formation affinity than that with 5ADP. These results suggest that
of the respective charge-transfer complexes were bothwhile analogues with 'Zophosphoryl groups are readily
observed to be monophasic processes. However, rate conaccommodated by D239T, additional contacts made with
stants obtained for flavin reduction and charge-transfer other active site residues may be more critical to achieving
complex formation with NADH were determined to be 20- the correct orientation of analogue binding. Sin¢éABP
fold greater than those with NADPH, reflecting the physi- and 25'-ADP are smaller molecules and binding requires
ological specificity of the wild-type enzyme for the-2  fewer contacts at the active site, the presence of the phosphate
hydroxylated coenzyme. For the D239T variant, both NADH at the 2 position is more detrimental than it is in the larger
and NADPH reduction were determined to be more rapid analogues. To test this hypothesis, we examined the binding
than those for the wild-type enzyme. NADH reduction was of HyNAD and H{NADP (26) to both the wild-type enzyme
increased approximately 1.4-fold while NADPH reduction and the D239T variant. These tetrahydronicotinamide deriva-
increased 15-fold. Comparable changes in the rates of chargetives do not function as hydride donors when substituted for
transfer complex formation were also observed. NADH in either the NADH:FR or NADH:BR CB5R assays
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Ficure 5: Stopped-flow kinetic transients of flavin reduction using
NAD(P)H of wild-type and D239T cytochromés reductase.
Enzyme samples (5tM FAD) in 116 mM MOPS buffer,
containing 0.1 mM EDTA and 50@M ferricyanide, pH 7.0, and

Marohnic et al.

binding of HINAD and HU,NADP to D239T with those
obtained for the binding of' BADP and 25'-ADP confirmed

that a 2 phosphate was more easily accommodated at the
active site when a greater number of contacts was made with
the pyridine nucleotide. The observation that wild-type CB5R
was unable to bind any of thé ghosphorylated analogues
suggests an important role for D239 in differentiating
between NADH and NADPH.

To examine whether substitution of D239 influenced
NADPH utilization through modulation of the flavin mid-
point potential, redox titrations were performed using the
dye equilibration method for wild-type CB5R and the D239T
variant in the presence of phenosafraniB® & —252 mV).
Flavin midpoint potentialsE®’, n = 2) were determined for
the enzymes alone and in complex with NABnd NADP,
respectively. Representative spectra obtained during the
course of the titrations are shown in Figure 7A for wild-
type CB5R and in Figure 7B for the D239T variant.
Qualitative analysis of the individual spectra indicated that
the majority of the phenosafranine was reduced prior to FAD
reduction for both enzymes in the absence of any pyridine
nucleotide, suggesting the flavin midpoint potentials were
more negative than that of phenosafranine, for either enzyme
alone. In contrast, analysis of the spectra for each enzyme
in the presence of NADrevealed that the majority of the
flavin was reduced prior to the dye, suggesting that both
complexes had more positive flavin midpoint potentials than
phenosafranine. In the presence of NADFhe flavin of
wild-type CB5R and the phenosafranine were reduced
simultaneously, indicating approximately equivalent midpoint
potentials. However, the flavin of D239T in the presence of
NADP* was reduced prior to the dye, indicating a more

solutions of NAD(P)H (4 mM) were made anaerobic as described positive midpoint potential. In the long wavelength range

under the Materials and Methods section and rapidly mixed in the

stopped-flow apparatus at’C. Panels A and B: Wild-type CB5R
reduced with NADH and NADPH, respectively. Panels C and D:
D239T reduced with NADH and NADPH, respectively. In each

from 600 to 1000 nm, charge-transfer species were again
detectable for both enzymes in complex with NACfor
D239T in complex with NADP, and to a lesser extent for

panel, the upper transient monitors flavin reduction at 460 nm, while the wild-type CB5R-NADP* complex.

the lower transient corresponds to the formation of the charge-
transfer complex, detected at 800 nm. Individual data points are

shown ©) while the solid line corresponds to the single-exponential

The flavin redox potentialsn(= 2) for each enzyme and
enzyme-nucleotide complex were determined from Nernst

fit of the data. The rate constants for hydride ion transfer were S€milog plots as shown in Figure 7C. The standard midpoint

KWT-NADH — 130+ 12 s andkWT-NADPH = 5 + 1 51 for wild-

potentials obtained for the FAD/FADHtouple in both the

type CB5R while the corresponding values for the D239T variant wild-type enzymeE* = —268 mV) and the D239T variant

werekP239T-NADH = 180 + 17 571 andkP?39T-NADPH = 73 4 5 571,

The rate constants for charge-transfer complex formation were

KWT-NADH — 150 + 20 s andkWT-NADPH = 7 £ 1 571 for wild-

(E*" = —272 mV) were approximately equivalent for both
proteins in the absence of any pyridine nucleotide, with the

type CB5R while the corresponding values for the D239T variant values differing by only 4 mV. In contrast, significant

werekP239T-NADH = 210 + 28 571 andkP?39T-NADPH = 70 + 3 571,

but are valuable tools for examining the binding affinity for
NADH and NADPH, respectively. Both Fhucleotides are

differences in flavin midpoint potential were observed for
the wild-type CB5R and the D239T variant in the presence
of either NAD" or NADP*. In the presence of NAD the
redox potential of the FAD/FADEKcouple in the wild-type

close isosteric analogues and are assumed to involve the samenzyme was positively shifted by 78 mZY{ = —190 mV)

contacts at the active site as NADH or NADPH, but they
lack the positive charge on the nicotinamide ring that is
present on NAD and NADP. The binding of HNAD
produced a completely different perturbation of the wild-
type CB5R visible spectrum than NADindicating that the
charge on the nicotinamide ring influenced nucleotide
binding in CB5R. HNAD bound with higher affinity to wild-

whereas, in the presence of NADR substantially smaller
positive perturbation of only 15 mV was observesf' (=
—253 mV). However, for the D239T variant of CB5R,
comparable positive shifts, of the order of-600 mV, were
observed in the presence of either NAGr NADP*, yielding
potentials of—206 mV for the FAD/FADH couple in the
D239T-NAD* complex and—215 mV in the D239F

type CB5R than any other analogue examined and, asNADP*' complex, respectively.

anticipated, bound with lower affinity to the D239T variant.

To examine the changes in the structure of the D239T

H4NADP produced a similar perturbation in the spectrum variant at the atomic level, crystallographic studies were
of D239T and bound with an affinity comparable to that of performed to define the specific structural alterations re-
H4,NAD. Comparison of theKs values obtained for the  sponsible for the observed switch of pyridine nucleotide
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Ficure 6: Difference spectra and spectral binding constant determinations for wild-type and D239T cytobhrechectase with various

pyridine nucleotide analogues. Enzyme samplesi{80FAD) in 20 mM MOPS buffer, containing 0.1 mM EDTA, pH 7.0, were titrated

with the indicated pyridine nucleotides as described under the Materials and Methods section. The difference spectra obtained during the
titrations of wild-type (left panels) and D239T (right panels) with NAD(®Rpanel A), 25'-ADP (panel B), and ENAD(P) (panel C) are

shown. Where a difference spectrum was detected, the inset panel corresponds to a plot of the spectral perturbations (peak to trough
measurements at the indicated wavelengths) versus pyridine nucleotide conceritratisines obtained for the wild-type enzyme were

KNADT = 7604 30 uM, KSAPP = 100 £ 20 uM, and KHNAD = 45 + 10 uM, while values for NADP, 25'-ADP, and HNADP were

not determinedKs values obtained for the D239T variant wetgAP* > 5000uM, KNAPP* = 16004 250 uM, KEAPP = 55 4 10 uM,

KZFAPP = 600 + 150 uM, KHNAD = 115 4+ 20 uM, and KHNADP = 170 4+ 50 uM.
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FiGure 7: Oxidation—reduction midpoint potential determinations for the flavin cofactor in wild-type cytochrepteductase and the
D239T variant. Reductive dye equilibration titrations of wild-type CB5R (panel A) and the D239T (panel B) varigeM(#@D each
enzyme) were performed as described under the Materials and Methods section in the absence and presence of eithed AR

(2 mM), respectively, in 100 mM phosphate buffer, containing 0.1 mM EDTA, pH 7.0, in the presence of phenosafrapive E25=

—252 mV) @8). Individual spectra were collected at-2 min intervals during the time course of the titrations, and selected spectra are
shown in panels A and B. The corresponding Nernst plots are shown in panel C and correspond to wild-type CB3®R &fore {268

mV), D239T alone @, E*' = —272 mV), wild-type CB5R-NAD™* (M, E*' = —190 mV), D239HNAD™ (O, E> = —206 mV), wild-type
CB5R+NADP* (A, E = —253 mV), and D239FNADP* (4, E* = —215 mV), respectively.

specificity. The structures of the oxidized D239T mutant in (rms deviation 0.52 A). While no changes in thelickbone
both the absence and presence of NARere determined  at the mutated position were observed, the major change
each to a resolution of 2.2 A. The structure of D239T is between the wild-type structure and that of the D239T variant
shown in Figure 8 and exhibits the same fold as that of the in this region was a decrease in the lengths of the two parallel
wild-type protein (PDB= 117P) (L0), as shown by the low  f-strands that comprise residues V2211 and F232
root-mean-square deviations (rms deviation 0.58 A) of the K240. This is a consequence of the fact that strand 2 is
C. backbone, indicating little difference in the position of strongly stabilized by the adjacent strand 3 of fheheet.

the main-chain carbon atoms and indicating identical second-The structural changes in the D239T variant can be explained
ary and tertiary structural features (Figure 8A) in the mutant. by the alterations in the H-bonding network in this region
The FAD cofactor also aligned well in each of the structures of the structure following the mutation.
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FIGURE 8: Structure of the D239T cytochronhe reductase variant at 2.2 A resolution, and in complex with NAD2.2 A resolution. The

structure of D239T was determined as described under the Materials and Methods section. Panel A: The structures of wild-type CB5R
(cyan ribbon), reported previousl{@), and D239T (green ribbon) are superimposed to show identical global folding of the two enzymes.
Panel B: The structures of wild-type CB5R in complex with NABhown as CPK sticks), also reported previoudl§){and D239T in

complex with NAD" (CPK sticks with carbons colored green) are superimposed. Residues that form contacts with the ADP portion of the
NAD* molecule are labeled. “*” denotes the altered position of the side chain atoms of glutamine 210 in the D239T structure. Panel C:
The same structures, displayed using the same configuration as that in panel B, have the electrostatic surface of the wild-typ®RAD

binding site represented as a mesh with positively charged regions colored in blue and negatively charged regions colored in red, respectively.
The arrow indicates the surface created by the side chain atoms of D239. Panel D: The electrostatic surface of the wild-type protein has
been replaced with that of the D239T mutant. The arrow indicates the loss of the negatively charged surface attributable to D239 when
substituted with the polar uncharged threonine residue.

Comparison of the structures of the D239T mutant alone the D239TNAD* complex was observed in an altered
and in complex with NAD revealed no significant alter-  conformation that resulted from a rotation around the ribose
ations in the fold (rms deviation 0.35 A for all, In the nicotinamide linkage. In this conformation, the nicotinamide
structure of the D239FNAD* complex, the ADP moiety  ring was closer to the flavin isoalloxazine ring, although the
of the pyridine nucleotide was clearly resolved and, with C4 was still over 10 A away from the N5 atom of the
the exception of the’20H group, made the same contacts isoalloxazine ring, a distance incompatible for efficient
previously identified in the wild-type CB5RNAD* complex hydride transfer.

(Figure 8B). The primary structural difference involved the

positions of the side chain atoms of residues Q210 and D239.PISCUSSION

In wild-type CBS5R, the side chain of residue D239 was  This study represents the first examination of the roles of
solvent exposed and formed the negatively charged surfacespecific amino acid side chains in regulating the coenzyme
for 2'-OH binding. In the D239T mutant, the side chain of specificity of cytochromebs reductase. We have applied
residue T239 was directed away from the NADeaving rational protein engineering principles to alter the pyridine
only the side chain Qexposed at the binding surface, which nucleotide specificity of CB5R from the physiological
superimposed onto the position of the @ the wild-type preference for the electron donor, NADH, to the preference
structure. This placed the T239,@tom 4.6 A from the  for the 2-phosphorylated form, NADPH. Our mutagenic
NAD* 2'-OH in the structure of the mutant, whereas the strategy was based on previous studies of NAD(P)H binding
side chain oxygen atoms of D239 were within hydrogen determinants in the FNR family of flavoproteins6—18)
bonding distance of the’'2DH and 3-OH oxygen atoms of  and on the previously published structure for rat CB%B).(

the FAD in the wild-type CB5R structure. In addition, the Eight variants of CB5R were produced, including five
side chain atoms of Q210 were displaced away from the single and three double mutants, all of which were purified
pyridine binding cleft in the D239FNAD* complex to homogeneity and determined to contain stoichiometric
structure. However, in contrast to the case of the wild-type levels of FAD. Of the eight mutants created, three were
NAD™ complex, the position of the nicotinamide moiety in determined to be NADPH-specific, one was NAD(P)H
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bispecific, and the remaining four were NADH-specific, on affinity for the NAD" of the reduced form compared to the
the basis of measurements of their respective NADH:FR andoxidized form of the enzyme. A similar shift in flavin
NADPH:FR activities. Wild-type CB5R had a 3700-fold potential has previously been reported for the porcine CB5R
preference for NADH over NADPH whereas the D239T following titrations with NADH @0) or dithionite in the
variant, which corresponded to the most NADPH-specific presence of NAD (31). As anticipated, complex formation
variant of those engineered, had an approximate 11-fold of wild-type CB5R with NADP resulted in a positive shift
preference for NADPH versus NADH. This change repre- in the flavin redox potential, although of substantially smaller
sented a 39200-fold increase in NADPH specificity. To attain magnitude, due to the lower affinity of the enzyme for the
the same level of specificity observed for NADH by wild- nonphysiological form of the substrate. However, for the
type CB5R, a (1.3x 10°)-fold increase in the preference D239T variant, significant positive shifts in the flavin redox
for NADPH would have been required. Thus, the results potential were observed in the presence of either NAaD
suggest that, despite the observed 11-fold preference forNADP™, confirming the bispecific identity of the mutant and
NADPH over NADH exhibited by the D239T variant, this  suggesting that coenzyme binding is important in modulating
mutant should more accurately be classified as bispecific. the thermodynamic properties of the flavin prosthetic group

To understand how substitution of a single residue of CB5R during turnover3l).
facilitated the switch of coenzyme specificity, the D239T  The crystal structures of D239T and the D239VAD*
mutant was analyzed kinetically, thermodynamically, and complex clearly illustrated that replacement of aspartate 239
structurally. Anaerobic titrations of both wild-type and with threonine abolished the negative electrostatic character
D239T CB5R variants with either NADH or NADPH of the coenzyme binding surface near thga@sition of the
confirmed that the wild-type enzyme did not utilize NADPH ADP moiety. This change occurred in concert with two other
efficiently. In contrast, D239T formed stable charge-transfer transitions: the displacement of the side chain atoms of lysine
complexes with both coenzymes, providing further evidence 240 away from the coenzyme binding site and the movement
of its bispecific identity. Similar conclusions were evident of the side chain atoms of glutamine 210. The overall effect
following the stopped-flow analyses of each of the enzymes. was to abolish both the steric hindrance and charge repulsion
The rate of hydride ion transfer was rapid for wild-type that precluded2phosphate binding in the wild-type enzyme.
CB5R with NADH and slow with NADPH whereas the Superposition of NADPH from the crystal structure of
D239T variant showed a small preference for NADH ferredoxin:NADP reductase 32) indicated that the '2
compared to NADPH, a trend that is in agreement with the phosphate group was able to be accommodated in the D239T
steady-state data only if product release and inhibition are structure without any steric clashes. Further, the position of
considered in the catalytic mechanism. To address thethe side chain nitrogen atom of Q210 would be within
possibility of the roles of product release in the kinetic hydrogen-bonding distance of one of the phosphate oxygen
mechanism, spectroscopic binding constants) (were atoms, suggesting that the D239T not only obliterates steric
determined for various' hydroxylated and'2phosphorylated  and charge incompatibilities but also begins to shape a
nucleotides. These studies confirmed that wild-type CB5R binding site for the 2phosphate group.

did not bind nucleotides with a phosphate group at the 2  On the basis of these results, aspartate 239 represents a
position. However, the D239T mutant had a relatively high key determinant of coenzyme specificity in CB5R, in good
affinity for NADP* compared to NAD, suggesting that, agreement with the results of pyridine nucleotide specificity
under the conditions used in the stopped-flow studies which studies of the corresponding residue in other members of
involved production of significant levels of the oxidized the FNR family. Replacement of aspartate 239 with threonine
nucleotides, NADP inhibition or NADP'" product release  significantly enhanced the NADPH specificity of CB5R.
may have complicated the analysis of the NADPH reaction However, attempts to further enhance the specificity of CB5R
with the enzyme. Differential spectroscopy also revealed thattoward NADPH will potentially require the creation of a
the tetrahydropyridine nucleotides were better mimics of positive charge on the surface of the newly creatéd 2
NADH compared to NAD due to the absence of the positive phosphate binding cleft, not at position 251 but more likely
charge on the nicotinamide ring. at position 210.

The values obtained for the FAD/FADHedox couple in The capacity to rapidly generate a diverse array of
both wild-type CB5R and the D239T variant indicated that recombinant proteins has made it possible to engineer redox
substitution of a threonine residue for the aspartic acid side enzymes with altered substrate specificities. As the use of
chain at position 239 had no significant effect on the redox enzymes in combination with the chemical catalysts
thermodynamic properties of the flavin prosthetic group. For that are currently used in the industrial and pharmaceutical
the wild-type CB5R, the flavin midpoint potentiaE{ = synthesis of compounds increases, the ability to engineer their
—268 mV) was in very good agreement with the value of function will become invaluable3@). For pyridine nucleo-
—258 mV previously reported by lyanadi@) for the porcine tide-utilizing enzymes, considerable effort has been applied
enzyme, which was determined by dithionite titration in the to altering coenzyme specificity with mixed results. Attempts
presence of indigodisulfonate and safranine T as mediators.to alter either the NAD/NADH or NADP*/NADPH speci-

In contrast to the results obtained for the potentiometric ficity of a variety of reductases/dehydrogenases have been
titrations of the wild-type and D239T forms of CB5R alone, previously reported from both prokaryotic and eukaryotic
significant differences in flavin redox potential were detected sources, as shown in Table 3. The results of these alteration
between the two proteins in the presence of either NAD studies, which have been equally divided between both
NADP*. For the wild-type CB5R, complex formation with  NAD*/NADH- and NADP"/NADPH-utilizing enzymes,
NAD™" was observed to result in a significant positive shift have varied from a from a high of a (2:5 10°)-fold change
of the FAD/FADH; redox couple, which reflected the greater in NADP* utilization by S. cereisiaeformate dehydrogenase



Cytochromebs Reductase Specificity

Biochemistry, Vol. 42, No. 38, 20031181

Table 3. Summary of the Results of Various Enzyme NAD(P)(H) Specificity Engineering Studies

enzyme source specificity mutation(s) improvenientef
cytochromebs reductase R. noregicus NADH — NADPH D239T 39200
nitrate reductase S. oleracea NADH — NADPH E864S+-F876R 6150 38
malate dehydrogenase T. flavus NADH — NADPH E41-K47 loop 132 51
lactate dehydrogenase B. stearothermophilus NADH — NADPH  151K+D52S 55 52
glyceraldehyde-3-phosphate dehydrogena&e stearothermophilus NAD™ — NADP*  D32A+L187A+P188S NA 53
alcohol dehydrogenase D. melanogaster NAD*— NADP*  D38Q 510 54
p-lactate dehydrogenase L. delbrueckii NAD* — NADP"  D175A 43 35
dihydrolipoamide dehydrogenase E. coli NAD* — NADP* 7 mutation3 NA 36
isopropylmalate dehydrogenase T. thermophilus NAD*— NADP* 9 mutationst+ insertior? 84100 55
leucine dehydrogenase T. intermedius NAD* — NADP"  D203A+I204R+D210R NA 34
formate dehydrogenase S. cereisiae NAD* — NADP*  D196A+ Y197R 2500000 56
ferredoxin:NADP reductase A.sp. PCC 7119 NADP* — NAD"  S223D 8133 18
HMG-CoA reductase P. mesalonii NADPH— NADH D146A+L148R 83300 57
nitrate reductase N. crassa NADPH— NADH S920D+R932S 73000 16
cytochrome P450 reductase R. noregicus NADPH— NADH S596D 64290 17
glutathione reductase E. coli NADPH— NADH 7 mutation§ 17700 58
ketol acid reductoisomerase E. coli NADPH— NADH R68D+K69L+K75V+R76D 58100 59
p-hydroxybenzoate hydroxylase P. fluorescens NADPH— NADH 5 mutationg 50500 60
isocitrate dehydrogenase T. thermophilus NADP"— NAD* 5 mutation$ 120 61
isocitrate dehydrogenase E. coli NADP™— NAD"™ 7 mutation$ 1390000 62

aFold improvement was calculated a&{{(Km(NADPH))/(Kcaf Km(NADH))] mutan{[(Keal Ki(NADPH))/ (Keaf Kii(NADH))] wiid—type for NADH — NADPH
and [Keal Km(NADH))/(Keal Ki(NADPH)) mutan{[(Keal Km(NADH))/(Keal Ki(NADPH)) Jwiid—type for NADPH — NADH. NA = not determined in reference.
b G185A/G189A/E203V/M204R/F205K/D206H/P210RS226R/D278K/1279Y/P324T/P325Y/G328E/G329R/S330L/A285V/ADGAKL insert be-
tween L330 and A331¢ A179G/A183G/V197E/R198M/K199F/H200D/R204PR33S/Q34R/P35R/D36A/Y37EK283D/Y2841/N287G/V2881/
I1290A. 9 C2011/K344D/Y3451/V351A/Y391K/R395S/C332Y.

(34) to a low of a 43-fold change in NADPutilization by example is thee-face stacking aromatic side chain of residue
L. delbrueckiip-lactate dehydrogenas&5). However, it W676 of human CPR, a residue which has no structural
should be noted that studies of other pyridine nucleotide- equivalent in CB5R or NR due to differences in the
utilizing enzymes, such a8. coli dihydrolipoamide dehy-  alignment of the individual NADH binding and FAD binding
drogenasedp), may have been more efficient but were not domains. Dbr et al. @7) have reported an improvement in
quantifiable due to the absence of any detectable activity of CPR NADH specificity of ~1000-fold when W676 was
the native enzyme with the nonphysiological form of the replaced by alanine. More recently, an endogenous fusion
coenzyme. The results suggest that, in general, more effectivgorotein variant of rat CB5R has been report@@)(that is
alterations in pyridine nucleotide specificity have been comprised of both the heme domain of cytochrobgeand
achieved when engineering a change in the NA®H to the flavin domain of cytochroméoss reductase and that
NAD *(H) specificity of the various enzymes, indicating that exhibits a marked preference for NADPH as the reducing
mutagenesis of specific amino acid side chain residues tosubstrate. Directed mutagenesis of selected residues, such
decrease the affinity for a somewhat larger substrate moleculeas S422 and R437, within this enzyme may provide a further
via steric hindrance or for one possessing an additional, example of the efficiency of altering NAD(P)H specificity
negatively charged moiety by charge stabilization has beenamong flavoprotein transhydrogenases.
more efficient.
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