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ABSTRACT:. Cytochromebs reductase (asr), a member of the ferredoxin:NADPreductase family of
flavoprotein transhydrogenases, catalyzes the NADH-dependent reduction of cytoddaraftithin this

family, a conserved “GxGxxP” sequence motif has been implicated in binding reduced pyridine nucleotides.
However, Glycine 179, a conserved residue iosrcprimary structures, precedes this six-residue
“180GxGxxP%" motif that has been identified as binding the adenosine moiety of NADH. To investigate
the role of G179 in NADH complex formation and NAD(P)H specificity, a series of bgt eariants

were generated, corresponding to G179A, G179P, G179T, and G179V, recombinantly expressed in
Escherichia coliand purified to homogeneity. Each mutant protein was found to incorporate FAD in a
1:1 cofactor/protein stoichiometry and exhibited absorption and CD spectra that were identical to those
of wild-type dosr, indicating both correct protein folding and similar flavin environments, while oxidation
reduction potentials for the FAD/FADHouple 6 = 2) were also comparable to the wild-type protein

(E°" = —272 mV). All four mutants showed decreased NADH:ferricyanide reductase activitieskyyith
decreasing in the order W¥ G179A > G179P> G179T > G179V, with the G179V variant retaining

only 1.5% of the wild-type activity. The affinity for NADH also decreased in the order #WG179A >
G179P> G179T> G179V, with theK,,NAPH for G179V 180-fold greater than that of the wild type. Both
KHNAD andKNAP™ values confirmed that the G179 mutants had both compromised NADH- and"NAD
binding affinities. Determination of the NADH/NADPH specificity constant for the various mutants
indicated that G179 also participated in pyridine nucleotide selectivity, with the G179V variant preferring
NADPH approximately 8000 times more than wild-tygerc These results demonstrated that, while G179
was not critical for either flavin incorporation or maintenance of the appropriate flavin environment in
chsr, G179 was required for both effective NADH/NADPH selectivity and to maintain the correct orientation
and position of the conserved cysteine in the proline-rich “CGpppM” motif that is critical for optimum
NADH binding and efficient hydride transfer.

Cytochromebs reductase (mr,' EC 1.6.2.2) catalyzes the  from the nicotinamide moiety of NADH to the oxidized FAD
single-electron reduction of ferricytochronbe to ferrocy- prosthetic group oflzr (1). In mammalian species, microso-
tochromebs using the reduced pyridine nucleotide coenzyme, mal and cytosoliclgsr isozymes provide reducing equivalents
NADH, as the physiological electron donor. The rate-limiting for a variety of physiologically important metabolic processes
step in catalysis has been identified as a hydride ion transferthat include methemoglobin reductior, (3), fatty acid
step involving the donation of one proton and two electrons elongation and desaturatiof) { cholesterol biosynthesis)
and the cytochrome P450-mediated hydroxylations of steroid
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tase; NADH:BR, NADH:cytochroméss reductase; WNAD, 1,4,5,6-

tetrahydro-NAD; IPTG, isopropyb-b-thioglucopyranoside; PAGE, amphibiansXenopus lagis (1_5)]’ birds [Gallu_s gallus(16)],
polyacrylamide gel electrophoresis; PMSF, phenylmethylsulfony! fluo- @and mammalsRattus noregicus(17)]. Multiple sequence
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(GenBank accession number P20070). retaining approximately 25% sequence identity.
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Species Sequence Accession # 23
; 1 52

H. sapiens Y*SVGMIAGGTGITPMLOVIRAI™®  wp_oo03es <

B. taurus ' SVGMIAGGTGITPMLQVIRAI'™  po7514 1

§. scrofa H*SVGMIAGGTGITPMLQVIRAI™®  1NDH

R. norvegicus 1P SVGMIAGGTGITPMLOVIRAV'™  p20070

M. musculus VP KLGMIAGGTGITPMLOLIRAI™  wp_os40s3

G. gallus Y HLGMIAGGTGITPMLQLIRHI™'  xp_416445

D. rerio M SLGLIAGGTGITPMLOLIRDI™®  aaHassan

1. furcatus 'PHLGMIAGGTGITPMLQIIRGI'™  craos7as

X. laevis Y*HLGMIAGGTGITPMLOLIRAI™®  Broaszes

D. melanogaster  ***RVNMIAGGTGITPMLQLAREV®®™ mM_168479

A. gambiae #*QUGLIAGGTGITPMLOLIREV®®®  xM 309347

C. elegans Y HLSMIAGGTGITPMLOVIARI®™ np_so4s3s

§. japonicium YTRVNMICGGSGITPMFQLLSYI™  aapossso

A. thaliana 1°AFGMLAGGSGITPMFQVARAI'®  Ts2470

C. maxima YHIGMIAGGTGITPMLOVIDAI®®  aakesise

Z. mays Y AFGMLAGGSGITPMFQVARAI'®  AAD17694

O. sativa YPQIGMIAGGTGITPMLOVVRAI™?  aKo71324

M. acuminata **DIGMIAGGTGITPMLQVIKAI®™  ARRE87TS1

S. pombe HPHFGMIAGGTGITPMLOIIRAV™®  np_ss7asz

N. erassa Y HFGMVAGGTGITPMLOQVIRAI®®®  xp_322302

M. alpina Y *AIGMIAGGTGLTPMLOIIRAI™®  aB020034

L. major Y AYARIAGGTGITPILQIIHAI®®  caBsz3an

G. zeae HMPKIGLIAGGTGITPMFQVIRAV™®  Bacesoss

D. disciodeum ~ ***SIGMLAGGTGITPMLOVIKAI'® EAL64774

P. falciparum #*"HIVMIAGGTGMTPFFRLINHL'" capsz79s

S. cerevisiae M HLGMIAGGTGIAPMYQIMKAI®®®  cansssos

S. cerevisiaeOM

g I TLLGAGTGINPLYQLAHHT *®*

P3a060

T
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Ficure 1: Multiple sequence alignment obg primary structures. (A) Various eukaryotibsc amino acid sequences deposited in GenBank

were retrieved and aligned using the CLUSTAL X algorithd)( and the alignment was optimized for maximum sequence conservation.

Only the portions of the sequences surrounding the conserved pyridine nucleotide-binding “GxGxxP” motif are shown for clarity. Beginning
and ending residue numbers within the translated GenBank sequences are indicated by superscripts, while the conserved glycine residue
corresponding to G179 iR. nowegicuschsr is shown in bold and underlined. The consensus sequence is also shown below with identical
residues indicated by “*” and similar residues indicated by S’.cereisciae OM corresponds to the sequence of the outer mitochondrial

form of S. cereisciaechsr (24). (B) Graphical representation (sequence logo) of the amino acid residues present at positiot381n6

the primary sequences of 50st sequences deposited in GenBank. The logo consists of stacks of symbols (one stack for each position in
the sequence), with the overall height of the stack indicating the sequence conservation at that position and the height of the symbols within
the stack indicating the relative frequency of each amino acid at that pofp(C) Schematic diagram of a portion of tRe nowegicus

chsr X-ray crystal structure (PDB code 1I1B0) showing the arrangements of the amino acids that comprise the conserved “GxGxxP" motif
and residue G179 that precedes the motif. Amino acid residues are shown in “ball-and-stick” representation using the CPK color scheme,
while the appropriate portion of the peptide backbone is displayed as a ribbon diagram. The location of the complexésihain in

“stick” representation using the CPK color scheme.

Structural studies of a soluble form of recombinantktc  identified to date, with the exception of the outer mitochon-
have shown the enzyme to be composed of an amino-drial membrane form o8. cereisiae cbsr (24).

terminal FAD-binding lobe that comprises residues-+33 Within the X-ray structure of the ratbgr diaphorase
G143 and a Carboxyl—terminal NADH-blndlng lobe that domain (PDB code 1|7P), G179 has been shown to be
comprises residues V17F300, linked by a short three-  |ocated at the terminus of the stran@N which is part of
stranded antiparall@-sheet “hinge” region (residues P14 3 six-stranded parallgd-sheet motif, and just prior to the
T170) that is required to correctly orient the FAD- and start of the 16-residue helical segment which comprises
NADH-binding lobes for efficient intramolecular electron  residues G186K195, both of which comprise part of the
transfer 0). pyridine nucleotide-binding lob&(). Residues G179G182
Within the dosr primary structure, four sequence motifs form a compact four residue segment of the sequence that
have been identified that are involved in either flavin binding €&ffectively reverses the direction of the polypeptide backbone
(“RxY TexxSy") and FAD specificity (“Gx»&”) or reduced and initiates the start of the-helical segment. In addition,
pyridine nucleotide binding (“GxGxxP” and “CGxxxxM”)  analysis of the diaphorase domain structure obtained in
(21, 22), together with several residues that have been showncomplex with NAD" (PDB code 11B0) has revealed that,
to regulate NADH/NADPH selectivityQ3). One of these ~ while G179 provides no direct electrostatic or hydrogen-
conserved motifs involved in pyridine nucleotide binding bond contacts with either the nicotinamide or ribose moieties
corresponds to the six amino acid residue motif, “GxGxxP”, of the bound NAD, the two conserved glycine residues in
that comprises residues G18P185 in the carboxyl-terminal  the adjacent “GxGxxP” motif, corresponding to G180 and
lobe of rat &sr (Figure 1). However, structural studies have G182, do participate in hydrophobic contacts with the AMP
identified a number of additional residues that also surround Portion of the pyridine nucleotide substrate (Figure 1C).
this motif in the primary sequence and that are potentially The “GxGxxP” pyridine nucleotide-binding motif is
involved in regulating nucleotide binding, including G179, conserved in all other members of the ferredoxin:NADP
which is obligatorily conserved in alber primary structures  reductase superfamily of flavoprotein transhydrogenases,
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Table 1: Mutagenic Oligonucleotide Primers Used in the Generation of the Different Gi79ariants

variant primer sequence’(5> 3')2 restriction site
G179A B-GTA-GGC-ATG-ATT-GCA-CCT-GGG-ACA-GGC-ATC-ACC-CCA-3 +Puull
G179P 5GTA-GGC-ATG-ATT-GCT-CCA-GGG-ACA-GGC-ATC-ACC-CCA-3 +Bpmnl
G179T B-GTA-GGC-ATG-ATT-GCAACC-GGG-ACA-GGC-ATC-ACC-CCA-3 +Ncil
G179V B-GTA-GGC-ATG-ATT-GCQC-GTG-GGG-ACA-GGC-ATC-ACC-CCA-3 +Dsd
wild type 5-GTA-GGC-ATG-ATT-GCA-GGAGGG-ACA-GGC-ATC-ACC-CCA-3
amino acid N- V G M | A G G T G | T P -C

@ Nucleotides shown in bold encode the mutated residue. Silent mutations, shown in italics, resulted in the elimihati@udition ¢-) of the
indicated restriction site.

including the prototypical member, ferredoxin:NADIPe- the primers affected both the alanine substitution and added
ductase (FNR)Z1). However, the nature of the residue aPuull restriction site. Positively screened constructs were
preceding the motif exhibits some heterogeneity, although then used to transform competdatcoli BL21 (DE3)-RIL
amino acids with primarily hydrophobic side chains appear cells, and the resulting bgr variants were purified to

to comprise the most frequently utilized residues. Further, homogeneity as previously described using NTA-agarose
studies of the determinants of coenzyme specificity in affinity and gel-filtration chromatographie®7). Sodium
AnabaenaPCC7119 FNR have indicated that amino acid dodecyl sulfate-polyacrylamide gel electrophoresis (SBS
residues that are not directly situated in tHepBosphate ~ PAGE) analyses were performed as described by Laemmli
NADP-interacting region, such as T155 (which is equivalent (28), while recombinant soluble rat cytochronte was

to G179 in dsr), may influence NADP/NAD™ selectivity  isolated as described by Beck-von Bodman et28).(

(29). . i SpectroscopyJV/vis spectra for the variouser mutants

To pmb‘? _the rqle Of G179 inber structure and function,  yere optained using a HP (Agilent Technologies, Palo Alto,
we have utilized site-directed mutagenesis as a tool to repIaceCA) 8453 diode-array spectrophotometer. Concentrations of
the conserved glycine residue at position 179 in the lat ¢ native dsr and the G179 variants were estimated usiag
diaphorase domain with the corresponding amino acid _ ;5 6 ol mm-—2 (27). UV and visible circular dichroism
residues (A, P, T, and V) that have been shown to commonly (CD).spectra were obt.ained using a JASCO (Easton, MD)

occur at the equivalent positions within other members of . .
the FNR superfamily to primarily examine the effects of these J710 .spectrop(_)lanmeter in 10 mM phosphate buffer as
described previously2{). Fluorescence spectra were ob-

substitutions on the spectroscopic and thermodynamic ProP~ined using a Shimadzu (Columbia, MD) RF-2501PC

erties of the FAD prosthetic group and interactions with the spectrofiuorophotometer as previously descritsy. (Spec
hysiological reduci bstrate, NADH. Lo ) i
physiological reducing substrate troscopic titrations of either HNAD or NAD™ binding to

EXPERIMENTAL PROCEDURES wild-type dosr and the selected mutants were performed at
23 °C using matched, two-compartment cuvettes with
Materials. NADH, NADPH, NAD*, riboflavin, phenyl- individual chamber path lengths of 0.439 cm as described

methylsulfonyl fluoride (PMSF), and Tris base were pur- by Barber et al.30). Absorbance changes were plotted versus
chased from Sigma Chemical Co. (St. Louis, MO). MOPS the nucleotide concentration, and a simple hyperbolic equa-
was purchased from Calbiochem (San Diego, AL Turbo tion was used to fit the data and to determine the spectral
polymerases and Epicuridbscherichia coliBL21 (DE3)- binding constantsK).

RIL cells were obtained from Stratagene (La Jolla, CA).
Restriction enzymes includirBpm and Dsd were obtained

from New England Biolabs (Beverley, MA), and the pET23
expression vector was obtained from Novagen (Madison
WI). Oligonucleotide primers were obtained from IDT

(Coralville, 1A). Isopropylg-p-thioglucopyranoside (IPTG)

btained f R h Products Intl. (Mt. P t, o ) .
was obtained from Research Products Intl. ( rospec activities were determined at 423 nm in the presence of 200

IL), while Tryptone and yeast extract were obtained from .
EM Science (Gibbstown, NJ). Reagents for plasmid prepara-‘f'vI NADH and 0'5_5.0“ M cytochromebs. Enzyme activi-
ties are expressed in terms g@mol of NADH consumed

tion and agarose gel extraction were purchased from Qiagen, = ¢ i )
Inc. (Valencia, CA). 1,4,5,6-Tetrahydro-NAD {NAD) was min~t (nmol 01; FAD_) - In|t|aljrate _data were analyzed using
synthesized as described by Murataliev et28) (Nucleotide ~ the software “Enzfit” (Elsevier Biosoft, Ferguson, MO) to
sequencing was performed by the Molecular Biology Core Yield individual values for the apparekd. and K.
Facility of the H. Lee Moffitt Cancer Center and Research  Thermostability MeasuremeniBhermal stability profiles
Institute at the University of South Florida. for both the wild-type and mutant proteins were determined
Site-Directed Mutagenesis, Protein Expression, and Pur- by monitoring both the release of the FAD prosthetic group,
ification. Site-directed mutagenesis of the pH4CB5R con- indicated by the increase in intrinsic flavin fluorescence, and
struct was performed as previously describ2d) (ising the the loss of NADH:FR activity as previously describey),
oligonucleotide primers and their complements shown in NADH:FR activities were assayed for all samples im-
Table 1 that effected the required codon change and eithermediately following both dilution and at the conclusion of
deleted or inserted a silent restriction site that facilitated the inactivation profile, and the average of these values were
subsequent mutant screening. Thus, for the G179A variant,plotted relative to the initial enzyme activity at°C.

Initial-Rate Enzyme KineticsAll activity assays were

b performed in triplicate and were routinely determined at 25
°Cin 116 mM MOPS buffery = 0.05), containing 0.1 mM
"EDTA at pH 7.0. NADH:ferricyanide reductase (NADH:
FR) activities were determined at 340 nm as previously
described?7). NADH:cytochromebs reductase (NADH:BR)
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Ficure 2: UV/vis absorption and CD spectra dfst and the various G179 mutants. (A) UV/vis absorption spectra were obtained for
oxidized samples ofter and the various G179 mutants at equivalent flavin concentrationsu(d.FAD) in 10 mM phosphate buffer,
containing 0.1 mM EDTA at pH 7.0. The inset shows an expanded region of the visible spectrum where the flavin prosthetic group makes
a major contribution. Individual spectra correspond to wild-typg ¢—), G179A (- - -), G179P+¢+), G179T (--), and G179V (~-). (B)

UV CD spectra were recorded using enzyme sampledM#AD) in 10 mM phosphate buffer, containing 0.1 mM EDTA at pH 7.0. (C)
Visible CD spectra were recorded using enzyme sampleg66AD) in 10 mM phosphate buffer, containing 0.1 mM EDTA at pH 7.0.

Line styles shown in B and C are the same as those depicted in A.

Potentiometry and Charge-Transfer Complex Determina- BL21(DE3)-RIL and purified to homogeneity by Ni-chelate

tion. Oxidation—reduction midpoint potentials for the flavin
prosthetic group were determined utilizing the dye equilibra-
tion method as described by Mass@t)(and Marohnic et
al. (23) using phenosafranineE{’ = —252 mV) as an
indicator. Standard midpoint potentials°(, n = 2) for the

chromatography and gel-filtration fast protein liquid chro-
matography (FPLC). Evaluation of the expression yields of
the various mutants indicated that all four G179 variants were
expressed at levels comparable to that of the wild-type
domain. All four mutants were purified to apparent homo-

FAD/FADH, redox couple were calculated from the plot of geneity as evident by the presence of single-protein bands
log([oxidized]/[reducedBap Versus the potential, as indicated following SDS-PAGE analysis of the various mutants,
by the dye. Redox potentials are referenced to the standardvhich also indicated molecular masses comparable to that
hydrogen electrode (SHE) and are considered accurate toof the native enzymeM,, approximately 32 kDa).

5 mV. Charge-transfer complex formation was monitored  gpectroscopyThe oxidized forms of all four purified G179

in the near-IR wavelength range of 660000 nm during  yariants were yellow in color, indicating the incorporation
redox titrations performed in the presence of NA@ mM). of a flavin prosthetic group and confirming that G179 did
not provide backbone or side-chain contacts that were
essential for the stable incorporation of the flavin prosthetic

Mutagenesis, Expression, and Protein Purificatiblutant ~ 9roup into any of the losr variants.

constructs encoding the four differertscvariants, G179A, UV/vis absorbance spectra were obtained for oxidized
P, T, and V, which corresponded to the most frequently samples of each mutant and wild-tyg®rcand are compared
encountered amino acid residues occurring at positionsin Figure 2A. The G179A, G179P, G179T, and G179V
corresponding to G179 in the FNR superfamily of pyridine variants each exhibited spectra comparable to that of the
nucleotide-dependent flavoprotein transhydrogenases, werewild-type enzyme with an aromatic absorption maximum
generated through directed mutagenesis of the original four-detected at 270 nm in the UV region of the spectrum and a
histidine tagged lesr construct. Nucleotide sequencing con- peak at 461 nm with a associated pronounced shoulder in
firmed the fidelity of each construct, and each of the mutant the range of 485500 nm in the visible region of the
proteins was subsequently expressed in Ehecoli strain spectrum, attributable to protein-bound flavin. None of the

RESULTS
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Table 2: NAD(P)H:FR and NADH:BR Kinetic Constants Obtained for the Varidus @179 Mutants

nucleotide
specificity
NADH:FR activity NADH:BR activity NADPH:FR activity constant
kcat KmNADH KmFe(CN)5 kca{KmNADH kcat chyt b kcat KmNADPH kcaleNADPH
protein (s (uM) (uM) (s*M™ (s (uM) s (uM) (s*M™ A2
G179A 559+ 18 25+ 2 8+1 2.3+ 0.2x 107 2454+ 17 8+1 484+8 1360+322 3.9+2x 100 1.7x10°3
G179P 424+ 2 595+ 40 71 7.1+ 0.8 x 10 10+1 1+1 1743 23174702 8.4+4x10° 1.2x10?

G179T 33+ 2 662+37 8+1 51+05x10* 18+2 43+2 12+2 507+145 26+1x10* 51x 101
G179v 12+1 1077+ 78 71 1.1+02x 100 17+2 10748 8+1 375+25 22+1x10* 19x 10
wild type 800+ 17 6+1 8+1 144+ 0.3x 10° 400+17 13+1 33+5 924+46 3.6+£2x10* 2.6x10*

2The nucleotide specificity constam, is defined as the ratip(Keaf KV PPH)/(Kead KNAPH)} .

mutant visible spectra was blue-shifted with respect that of proteins, thermal denaturation profiles were generated for
the wild-type protein, as has been previously demonstratedwild-type dosr and each of the mutant proteins by measuring
for mutations of other residues, such as RAB and YI93H both changes in the intrinsic flavin fluorescence emission
(32), suggesting that none of the G179 substitutions had anyintensity ¢.m = 523 nm) and retention of NADH:FR activity
significant influence on the spectroscopic properties of the following incubation of the proteins at temperatures ranging
FAD. Blue shifts in the visible absorbance spectra of from 0 to 100°C. Changes in the intrinsic fluorescence of
flavoproteins have previously been attributed to changes inthe cofactor or the retention of NADH:FR activity following
the hydrophilicity of the flavin environment near the N(5) thermal denaturation was an effective indicator of the stability
locus of the isoalloxazine ring38, 34). Absorbance ratios  of the core structure of the proteifso values (the temper-
(A2s0 nmias1 np) Were within the range 6.% 0.2 for all four ature at which 50% of maximum fluorescence or 50%
mutants and were comparable to that obtained for wild-type retention of NADH:FR activity was detected) increased in
cbsr, indicating a full complement of the FAD prosthetic the order G179A< G179P< G179T < WT < G179V, with
group. all variants exhibitingTso values in the range between 52

To assess the secondary structural content of each of theand 57°C, which suggested that none of the substitutions
mutant enzymes, CD spectra were recorded in the UV had a dramatic effect on the thermal stability of flavin
wavelength range (196300 nm). As shown in Figure 2B, binding. The G179T variant exhibited &s, value of
all of the dosr variants exhibited positive CD from 190 to approximately 54C, in good agreement with the value of
210 nm and negative CD from 210 to 250 nm, with all of 55 °C obtained for wild-type losr. The A and P variants
the spectra retaining both positive and negative intensitiesexhibited slightly loweredTso values at 53 and 52C,
very similar to that of the wild-type domain. The absence respectively, while the V mutation caused an increase in the
of any significant differences between the spectra of the wild- value to 57°C, suggesting a potential small increase in
type and mutant proteins suggested conservation of thestability. These results suggested that substitution of G179
secondary-structure architecture and that none of the G179with alanine, proline, threonine, or valine residues had only
residue substitutions had any deleterious effects on themodest effects on the thermal stability of the differebdrc
folding of the diaphorase domain. variants.

Visible CD spectroscopy was utilized to examine the  Enzyme Aciities. Initial-rate kinetic analyses were per-
environment of the FAD prosthetic group. As shown in formed on all four bsr G179 mutants to evaluate the effects
Figure 2C, all four mutants exhibited visible CD spectra that of the various residue substitutions on NAD(P)H utilization.
were virtually indistinguishable from that of the wild-type Values derived fork.;: and K, for both NADH:FR and
domain and indicated that none of the amino acid substitu- NADPH:FR activities of the various mutants are given in
tions had any significant effect on the conformation of the Table 2, together with the corresponding values obtained for
bound chromophore. Previous spectroscopic analysdsiof ¢ wild-type dst.
mutants containing altered residues that are involved in FAD  With the exception of the G179A variant, which retained
binding, such as S128%), have revealed visible CD to be 70% of the wild-type activity with a corresponding 4-fold
a sensitive indicator of flavin conformation changes. decrease in affinity for NADH, the remaining three variants

The extent of quenching of the intrinsic fluorescence exhibited both substantially decreased NADH:FR activities
because of the FAD prosthetic group ttichas also proven  and NADH affinities, with the G179V variant showing the
to be a sensitive indicator of the retention of the native flavin most dramatic changes. NADH catalytic efficiencies, as
environment. To probe the flavin fluorescence quenching of indicated byk../Kn\PH, were observed to decrease in the
the various G179 mutants, both excitation and emission order WT > G179A > G179P> G179T > G179V, with
fluorescence spectra were recorded prior to and following the G179V variant retaining only 0.01% of the NADH:FR
heat denaturation of the various mutants. Prior to denatur- efficiency of the wild-type protein. In contrast, NADPH:FR
ation, wild-type ®sr and the G179 variants quenched the efficiencies, as indicated by the valueskaffKNAPPH, were
flavin fluorescence to varying degrees ranging from 95% only modestly altered and increased in the order G179P
for the wild-type enzyme to only 60% for the G179V variant, G179V < G179T< WT < G179A, with the G179A mutant
with the G179A, P, and T variants being quenched 89, 81, exhibiting the smallest increase in NADPH:FR efficiency,
and 68%, respectively. corresponding to approximately 8%, when compared to the

Thermal StabilityTo examine the influence of the various  wild-type protein. It should be noted that, while none of the
G179 residue substitutions on the stabilities of the resulting G179 variants displayed the desired properties of rapid
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Ficure 3: Flavin difference spectra obtained following binding of different pyridine nucleotides to wild-tygeoc the various G179

mutants. Difference spectra were obtained for both wild-tyipge and the selected G179 mutants at equivalent flavin concentrations (50

uM FAD) in 20 mM MOPS buffer, containing 0.1 mM EDTA at pH 7.0, following titrations with eitheNIAD (left panels) or NAD

(right panels) as described in the Experimental Procedures. (A and B) wild4gpg€ and D) G179A, (E and F) G179T, G179P, and

G179V gave spectra identical to G179T. The inset panels correspond to plots of the magnitudes of the observed spectral perturbations
(peak-trough measurements at the indicated wavelengths) versus the ligand concentration. The correKpwatlieg are given in Table

3.

turnover of NADPH, together with a high Michaelis constant Table 3: Spectroscopic Binding Constants and
for NADH, the G179V variant exhibited both significantly Oxidatio_n—Reduct_ion Midpoint Potentials for the FAD/FARH
decreased activity with NADH coupled with a substantial CS°UPle in the Various G179 Mutants

decrease in NADH affinity combined with an increased Ks E”

affinity for NADPH. H/,NAD NAD™* —NAD* slope +NADT slope
However, the values for the NAD(P)H specificity constant _Protein M) M) mv) mv) mv) (mv)

(defined as the ratio dfkealKmNAPPH} /{ keaf KiNAPHY) listed G179A 238+ 33 1083+ 260 —272+5 —29 —208+5 —28

in Table 2 and that refle_zct the magnitudes of the individual ggg.’? mg HB: :g;gig :gg :ggjig :gs

keat and K, values obtained for both NADH and NADPH G179V NC? NDa —274+5 —-31 —-262+5 —33

were observed to increase in the order WTG179A < wildtype 85+1 644434 —2724+5 —30 —194+5 —62

G179P < G179T < G179V. As anticipated, the relatively aND indicates that the spectroscopic binding constant for the various
conservative substitution of G179 with alanine had the lowest pyridine nucleotide could not be determined, owing to insufficient
impact on altering the degree of NAD(P)H selectivity, spectral change.
corresponding to only an approximately 7-fold increase in
NADPH selectivity. This can be contrasted with increases or NADH:BR cbsr assays but are valuable tools for examin-
of 304- and 462-fold for the G179P and G179T variants, ing the binding affinity for NADH and NADPH, respectively.
respectively, whereas the greatest increase in NADPH Both Hi-nucleotides are close isosteric analogues and are
selectivity, corresponding to 7692-fold enhancement, was assumed to involve the same contacts at the active site as
observed for the G179V mutant. NADH or NADPH but lack the positive charge on the
Differential Spectroscopyl.o compare the interactions of nicotinamide ring that is present on NADand NADF,
the various G179 variants and wild-typbscwith various respectively. In contrast, for the G179 mutants, spectroscopi-
pyridine nucleotides, differential spectroscopy was utilized cally detectable complexes were only observed for the
to monitor complex formation. Alterations of the flavin G179A variant with HNAD, yielding aKsof 238uM, which
visible absorbance spectrum, shown in Figure 3, were may be compared with the corresponding value of«&b
detected for the wild-type enzyme during titrations witik H  obtained for wild-type bsr.
NAD and NAD" but not with H[NADP or NADP*. These These results suggested that pyridine nucleotides contain-
tetrahydronicotinamide derivatives do not function as hydride ing 2-phosporyl groups were most readily accommodated
donors when substituted for NADH in either the NADH:FR by the G179V variant. The fact that the wild-typésic
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showed no detectable complex formation with any of the
2'-phosphorylated nucleotides suggests a significant role for
G179 in discriminating between NADH and NADPH.

Flavin Oxidation—Reduction Midpoint PotentialsTo
examine whether substitution of G179 influenced NAD(P)H
utilization through modulation of the flavin oxidatien
reduction midpoint potential, potentiometric titrations were
performed using the dye equilibration method for wild-type
chsr and the different G179 variants in the presence of
phenosafranineE” = —252 mV) as an indicator. Flavin
midpoint potentials (B, n = 2) were determined for the
enzymes alone and in complex with NADThe spectra
obtained during representative titrations of G179V in the
absence of NAD are shown in Figure 4A. Qualitative
analysis of the individual spectra obtained from the various
titrations indicated that the majority of the phenosafranine
was reduced prior to FAD reduction for all four G179
variants and wild-typelgr in the absence of any pyridine
nucleotide, suggesting that the flavin midpoint potentials
were more negative than that of phenosafranine, for all of
the dosr variants examined. Analysis of the spectra obtained
for the G179A and G179P variants and wild-tygarcin
the presence of NADrevealed that the majority of the flavin
was reduced prior to the dye, suggesting that complex
formation significantly perturbed the flavin midpoint poten-
tials to values more positive than that for phenosafranine
for these three proteins. In contrast, the presence of NAD
had less effect on the titration behavior of the G179T and
G179V variants, suggesting little perturbation or modulation
of the FAD redox potential.

The flavin redox potentialsn(= 2) for the different G179
variants and wild-type lgr alone or as the enzyme
nucleotide complex were determined from the Nernst semilog
plots shown in parts B and C of Figure 4. The standard
midpoint potentials obtained for the FAD/FADRouple in
both the wild-type enzymeE’ = —272 mV) and the
different G179 variantsg*' = —270 to —274 mV) were
approximately equivalent for all five proteins in the absence
of any pyridine nucleotide, with the values spanning a range
of only 4 mV. In contrast, significant differences in flavin
midpoint potential were observed for the wild-tygarcand
the G179 variants in the presence of NADn the presence
of NAD™, the redox potential of the FAD/FADtouple in
the wild-type enzyme was positively shifted by 78 m&'(
—193 mV), which may be compared to the values-@07
mV for the G179A variant;-225 mV for G179P—254 mV
for G179T, and-263 mV for G179V, respectively, illustrat-
ing that the progressively decreased affinity for NAD
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Ficure 4. Oxidation-reduction midpoint potentials for the FAD
prosthetic group in ler and the G179 variants. Reductive dye
equilibration titrations of the wild type and the different G179

observed in the G179 variants was reflected in progressivelyVvariants of sr (40uM FAD) were performed as described under

smaller perturbations of the flavin redox potential.
The decreased affinity for NADfor the G179 mutants

the Experimental Procedures in 100 mM phosphate buffer, contain-
ing 0.1 mM EDTA at pH 7.0 in the presence of phenosafranine
(15uM, E* = —252 mV) (20). Individual spectra were collected

was also reflected in alterations in the slopes of the Nernstat 2—3 min intervals during the time course of the titrations. (A)

plots when compared to the wild-type domain. Values
obtained for the G179 mutants varied from28 mV
(G179A) to —33 mV (G179V), consistent witm = 2

Representative spectra obtained during a titration of G179V are
shown (only a limited number of spectra are shown for clarity).
(B) Nernst plots obtained for the FAD/FADHouple 6 = 2) are
shown for the titrations of the various G179 mutants and correspond

reduction processes, while in contrast, the wild-type enzyme 1o wild-type dsr (O), G179A (1), G179P 4), G179T ), and

in the presence of NAD exhibited a slope of-62 mV,
indicative of an = 1 reduction process. These results are in
agreement with previous thermodynamic studies of the
porcine enzyme 36) that indicated that NAD binding
resulted in stabilization of the flavin semiquinone intermedi-
ate, reflecting a change fromm= 2 to an = 1 redox

G179V (). (C) Nernst plots obtained for the FAD/FABRHouple

(n = 2) in the presence of NAD (2 mM) are shown for the
titrations of the various G179 mutants and correspond to wild-type
chsr (@), G179A @), G179P 4), G179T (), and G179V #).

process. In contrast, while NADbinding to the G170
variants resulted in limited perturbations of the FAD/FAPH
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redox potential, the absence of any changes in the slope ofin a cleft formed by the ribityl and ribose moieties of NAD
the Nernst plots suggested that nucleotide binding did not G179 is not involved in any direct contacts with the pyridine

result in any appreciable semiquinone formation. nucleotide, suggesting that side-chain substitutions should
not adversely impact substrate utilization. However, G179
DISCUSSION and G180 comprise part of a tight 18€urn within the

polypeptide backbone that is situated at the apex of strand
N1 within the NADH-binding lobe and that precedes helix
Noal, which forms part of the “GxGxxP” motif. Stranddd

also makes extensive contacts with stran@5Nwhich
comprises part of the second conserved pyridine nucleotide-
binding motif corresponding to residues C271d278
("CGxxxM"). This motif contains the active-site cysteine

A multiple alignment of the 50 currently knownbg residue considered to be critical for accurately positioning
primary structures deposited in GenBank revealed that, of i picotinamide moiety prior to efficient hydride transfer

the approximately 275 residues that comprise the flavin- and (40) Analysis of the crystal structure indicates that the close
NADH-binding domains together with the intervening *hinge” 3 cking of side chains in this region effectively precludes
region, G179 represents 1 of only 13 conserved residues,..ommodation of side chains other than that of glycine and
within the dsr sequences, suggesting a potentially important v, 5 jimited extent that of alanine, and that substitution by
role in functionality. Of the 13 residues, 4 (Y93, T94, P95, e bulky groups, such as those of P, T, or V, would
and G124) and 7 (G179, G180, G182, P185, N209, 1215, potentially result in distortion of the backbone configuration
and G274) are distributed throughout the FAD- and NADH- i, the region of this turn that would be accompanied by
binding lobes, respectively, while 2 (G143 and P144) are jispjacement of the side chain of C273 with concomitant
present in the connecting hinge” region. Several of these jocreases in both activity and substrate affinity.
conserved residues are components of the four sequence \yhije the results of our mutational studies could be
motifs that are characteristic of the flavoprotein transhydro- e ately described in terms of potential alterations in the
genase family and have been the subject of previous studies, ysitioning of residues comprising the two conserved pyri-
that have contributed to our understanding of the roles of ;e nucleotide-binding motifs, the observed changes in

individual residues such as Y933), T94 37), and P144 N\ ADH/NADPH discrimination were less obvious. Our prior
(38). ) o _ studies of NADH/NADPH discrimination have been limited
To probe the role of G179 in substrate binding, hydride tg evaluating the contributions of D239 and F223)toward
transfer, and NADH/NADPH discrimination, we have sub- regylating pyridine nucleotide specificity. Analyses of a series
stituted the glycine residue with alternate amino acids that of hoth single and double mutants revealed that, while F251
are primarily found at the equivalent position in other contributed modestly to specificity, construction of a D239T
members of the FNR superfamily. Analysis of 1293 se- yariant resulted in an approximately 40 000-fold increase in
quences that contain the “NAD binding 1” domain, identified the efficiency of NADPH versus NADH utilization. In
within the Pfam database (PF00173p), and that contain  contrast, the results generated by our G179 mutants revealed
the conserved “GxGxxP" nucleotide-binding motif revealed that the greatest increase in NADPH/NADH discrimination,
that only a limited number of different residues were corresponding to an approximately 8000-fold increase, was
observed at the position preceding this motif, which cor- schieved for the G179V variant.
responded to G179 inber. Proteins containing the “NAD Both sequence and structural analyses have indicated that
binding 1” domain exhibited a marked preference for residues geyeral residues participate in NAD(H)/NADP(H) discrimi-
that were either proline, threonine, or alanine, in addition to nation within the ENR superfamily. Changes in NAD(P)(H)
the dominant residue, glycine. specificity have been described for other constituents includ-
The results of our mutagenesis studies revealed thating FNR @1), cytochrome P450 reductast?), and assimi-
substitution of G179 primarily affected the kinetic properties latory nitrate reductase4, 44), with the latter the only
of the enzyme with no significant adverse effects on the example of pyridine nucleotide coenzyme studies that
properties of the FAD chromophore. Absorption and CD examined both NADH- and NADPH-specific isoforms of
spectra and FAD/FADKredox potentials in the absence of the enzyme. For nitrate reductase, mutagenesis of two
NAD for all four G179 variants were comparable to those residues, S920 and R932, in the NADPH-specific isoform,
of wild-type dosr, as would be anticipated for mutations resulted in a 7.3« 10*-fold change in nucleotide specificity,
limited to the NADH-binding lobe. In contrast, the four whereas substitutions of the same residues in the NADH-
amino acid substitutions, A, P, T, and V, were observed to specific isoform resulted in only a 6.2 10*-fold alteration
adversely impact NADH utilization, both in terms of in selectivity. However, these studies of FNR family
decreasingk.arand increasingm, with the magnitude of the  members have primarily focused on residues that specifically
perturbations greatest for the P, T, and V substitutions. The interact with the 2phosphoryl group, while additional amino
changes in NADH affinity were also reflected in the absence acid residues clearly participate in regulating pyridine

The preceding results provide the first documented insights
into the role of G179 in maintaining both the structure and
function of dsr and contribute additional evidence to support
a role for this residue (or its equivalent) in modulating the
pyridine nucleotide selectivity within the flavoprotein tran-
shydrogenase superfamily of enzymes.

of spectral changes observed during th&/AD and NAD" nucleotide selectivity.
titrations and the more modest shifts in the flavin redox  Sequence alignments of FNR family members indicate that
potential in the presence of NAD most of the constituents that favor NADP(H) as a substrate

The crystal structure of theoge—NAD™ complex @0) has primarily contain the sequencéP,GxGxxP”, whereas those
revealed that G179 is situated approximatehys4A distant that utilize NAD(H) retain a glycine prior to the motif.
from the nucleotide opposite the pyrophosphate moiety and Mutational studies of the residue prior to the “GxGxxP”
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motif, corresponding to G179 withinbgr, have previously
been limited to analyses of T155 kinabaenaPCC7119
ferredoxin:NADP reductase 45). In FNR, the hydroxyl

group of T155 has been suggested to function in NADP
NAD* selectivity by participating in a hydrogen-bond
network that is involved in maintaining the correct backbone

architecture of a loop comprising residues 2&@68 (CGL-

RGMEE) within the nucleotide-binding lobe that is required

for correctly orienting the bound NADFor hydride transfer.

Generation of the T155G variant revealed displacement of

this loop together with an increased affinity for NARnd
decreased affinity for NADP. Within cbsr and other NAD-

(H)-utilizing FNR variants, an alternate arrangement of the
hydrogen-bond network is observed, together with a hairpin-
like loop structure, corresponding to residues 2280
(CGPPPMIQ), rich in proline residues. The organization of
this proline-rich region would be disrupted by T, P, or V
substitutions at G179, resulting in NADH binding in an
altered conformation that both decreased NADH activity and
affinity, whereas the catalytic efficiency with NADPH would
potentially remain unchanged. The current work comple-
ments the studies oAnabaenaFNR and illustrates that
mutating the residue preceding the “GxGxxP” motif can alter
pyridine nucleotide specificity in favor of either NAD(H)
or NADP(H) with varying degrees of efficiency.

Finally, it should be noted that our efforts to alter the
NADH/NADPH specificity of dsr have not generated

changes of the magnitude produced for some other dehy-

drogenases, such & cereisiae format dehydrogenase,
where construction of the D196A/Y197R double mutant
resulted in a 2500 000-fold change in NAMNADP*
specificity @5). However, it is clear that, forlker, residues
positioned both at the pyridine nucleotide-binding site, such
as D239 23), and some distance away, including G179, can
each have a profound impact on NAD(P)H selectivity,
suggesting that multiple mutations may be required to
effectively reverse the pyridine nucleotide selectivity of the
enzyme.
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