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Engineering of coenzyme specificity of formate dehydrogenase from

Saccharomyces cerevisiae

Alexander E. SERQV, Anna S. POPOVA, Vladimir V. FEDORCHUK and Viadimir 1. TISHKOV"

Department of Chemical Enzymology, Faculty of Chemistry, M.V. Lomonosov Moscow State University, Leninskie Gory, 119992 Moscow, Russian Federation

A eukaryotic formate dehydrogenase (EC 1.2.1.2, FDH) with its
substrate specificity changed from NAD* to NADP* has been
constructed by introducing two single-point mutations,
Asp'® — Ala (D196A) and Tyr'*” —» Arg (Y197R). The muta-
genesis was based on the results of homology modelling of a
NAD*-specific FDH from Saccharomyces cerevisiae (SceFDH)
using the Pseudomonas sp.101 FDH (PseFDH) crystal structure

as a template. The resulting model structure suggested that
Asp™S and Tyr'®" mediate the absolute coenzyme specificity of
SceFDH for NAD".

Key words: cofactor preference, mutagenesis, Pseudomonas
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INTRODUCTION

The molecular basis of coenzyme specificity remains an issue of
fundamental interest in molecular biology. Despite the structural
similarity of NAD" and NADP", dehydrogenases exhibit a
pronounced specificity for either one of these coenzymes,
suggesting strict steric and electrostatic requirements for the
binding of the 2’-phosphate group of NADP* within the active
sites of these enzymes. The directed change in coenzyme
specificity of a selected dehydrogenase is an intellectually chal-
lenging task. The problem is also of considerable commercial
importance, since NAD(P)H is widely used as a coenzyme in the
synthesis and biotransformation of valuable chiral compounds
and needs to be recovered by a cheap and efficient regeneration
system.

Although more than 200 attempts to change the coenzyme
specificity of NAD(P)*-specific enzymes have been published
over the last decade, only a few of them can be considered
successful, despite the introduction of multiple mutations. Signifi-
cantly improved binding of NADP* to NAD*-specific enzymes
has been reported for dihydrolipoamide dehydrogenase [1] and
3-isopropylmalate dehydrogenase [2]. The only example of a
single amino acid replacement resulting in a pronounced change
in substrate specificity, i.e. from NAD* to NADP", is for a
Drosophila alcohol dehydrogenase [3].

NAD*-specific formate dehydrogenase (EC 1.2.1.2, FDH)
catalyses the NAD"-dependent oxidation of formate anion to
carbon dioxide and is an ideal model system for studying the
molecular basis of coenzyme specificity. FDH is of considerable
commercial interest as a catalyst for the regeneration of reduced
coenzymes in the synthesis of biologically active compounds
[4,5], because of the low cost of the substrate and the volatility of
the reaction product that greatly facilitates its removal.

FDH belongs to the superfamily of p-specific 2-hydroxy acid
dehydrogenases [6]. FDH genes are present in diverse organisms,
such as bacteria, yeasts, fungi and plants. FDHs from evo-
lutionarily distant sources show 40-509, amino acid sequence
similarity and, thus, are predicted to be structurally highly
conserved. All known FDHs exhibit a high preference for NAD™*
over NADP*. However, the wild-type bacterial FDHs can oxidize

the formate anion at high concentrations of NADP*. There-
fore the construction of a NADP*-binding site in bacterial
FDH should be feasible. A mutant Pseudomonas sp.101 FDH
(PseFDH) with its substrate specificity changed from NAD™* to
NADP* has been reported [7], but the amino acid substitutions
were not described. This NADP*-specific mutant of PseFDH is
commercially available from Juelich Fine Chemicals (Juelich,
Germany, http://www.juelich-chemicals.de). The same is not
true for the yeast FDH orthologue, which exhibits an absolute
specificity for NAD*. An attempt to make a single-point mutant
of yeast Candida methylica FDH (CmeFDH) lacking an absolute
requirement for NAD* over NADP™ has been reported by Gul-
Karaguler et al. [8], but disappointingly the mutant enzyme still
demonstrated 40 times higher efficiency (k. /K,) with NAD*
than with NADP~ [8].

In the present study, we describe the construction of a yeast
Saccharomyces cerevisiae FDH (SceFDH) mutant with its
coenzyme preference shifted from NAD* to NADP*. The site-
directed mutagenesis of SceFDH was only possible because the
SceFDH gene has been recently cloned and overexpressed in
Escherichia coli as a soluble, catalytically active protein in our
laboratory.

EXPERIMENTAL
Materials

All chemicals used for genetic engineering manipulations were of
Molecular Biology Grade (Sigma). T4 DNA ligase, and EcoRI,
Sphl and BssHII restriction endonucleases were from New
England Biolabs. Pwo DNA polymerase was from Boehringer
Mannheim. Recombinant wild-type NAD"-specific and mutant
NADP*-specific PseFDHs were from Juelich Fine Chemicals.
Oligonucleotides were prepared with an Applied Biosystems
DNA Synthesizer 380B. Amplification reactions were performed
employing a Techne PHC-2 thermal cycler. NAD*, NADP*
(=999, purity; Sigma) and sodium formate (analytical grade;
Reachim, Russia) were used in kinetic experiments. Absence of
NAD(H) in NADP* was confirmed using isocratic HPLC

Abbreviations used: D196A, Asp'® — Ala; D195S, Asp'® — Ser; FDH, formate dehydrogenase; CmeFDH, Candida methylica FDH; PseFDH,

Pseudomonas sp.101 FDH; SceFDH, Saccharomyces cerevisiae FDH; Y197R, Tyr

97 5 Arg.
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chromatography on a Silasorb C18 column with 20 mM phos-
phate buffer (pH 7.0).

Mutant construction

The E. coli TG-1 cell line was used for genetic engineering
manipulations with the pFY4d plasmid. The Asp'%— Ala
(D196A)/Tyr*" —» Arg (Y197R) double replacement in the
SceFDH gene was performed by a two-step PCR. Two synthetic
oligonucleotides were designed to obtain the mutant P-2 (5'-
GTAGTTCCTGGCGCGCGTAGTACAGTAACTTC-3") and
P-3 (5-CTGTACTACGCGCGCCAGGAACTACCTGCGG-
3"). The introduction of the CGCG sequence into the SceFDH
gene provided both the D196A /Y 197R double mutation and the
BssHII restriction site. The P-1 (5-GGTCCATGGCATCGA-
AGGGAAAGGTTTTGCT-3’) and P-4 (5-CAAGAATTCAA-
ACAAGAACAAAAGGAGACC-3) synthetic oligonucleo-
tides, previously designed to clone the SceFDH gene, were also
used to perform mutagenesis reactions. Two gene fragments,
containing the desired mutations, were obtained by PCR with
the P-1/P-2 and P-3/P-4 oligonucleotide pairs (1 min at 94 °C,
1 min at 50 °C and 2 min at 72 °C; in total 15 cycles followed
by Smin at 72 °C). The SceFDH gene with the appropriate
mutations was prepared by amplification (same conditions as
above, but with 35 cycles) from the mixture of two fragments
purified from a 1 9, agarose gel and the P-1 and P-4 primers. The
end product was precipitated from the reaction mixture by 70 9,
ethanol in the presence of 0.7 M ammonium acetate and dissolved
in deionized water. To clone the mutant gene, the PCR fragment
was cut with the EcoRI and Sphl restriction endonucleases,
purified from 19, agarose gel and ligated with a DNA fragment
prepared by digestion of the pFY4d plasmid with the same
enzymes. The initial screening of mutants was performed using
BssHII restriction endonuclease followed by sequencing the
entire gene on an Applied Biosystems Automated DNA Se-
quencer (model 373A) and an ABI PRISM Dye-Labelled
Terminators DNA Sequencing Kit.

The mutant and wild-type SceFDHs were expressed in E. coli
cells and purified as described for the wild-type recombinant
PseFDH [9]. The purity of the recombinant enzymes was 95-98 %,
as judged by SDS/PAGE. The D196A/Y197R mutant was
expressed at a level similar to that of the wild-type SceFDH.

Characterization of the mutant

Steady-state kinetic measurements were performed in 0.1 M
potassium phosphate buffer (pH 7.0) at 340 nm with a Schimadzu
UV 1601PC spectrophotometer equipped with a thermostatic
cell holder at 30 °C. The concentrations of NAD*, NADP" and
sodium formate were in the ranges 0.01-40 mM, 0.5-40 mM
and 0.1-1.0 M respectively. The kinetic parameters V. and K |
for the wild-type and mutant SceFDHs and PseFDHs were
measured by varying the concentration of one substrate at a fixed
concentration of the second substrate as described earlier for
PseFDH [9]. The values of V ., and K, for the wild-type
SceFDHs, and wild-type and mutant NADP*-specific PseFDH
were determined at saturating concentrations of the second
‘fixed’ substrate and, therefore, they are true kinetic parameters.
V... and K for the mutatnt SceFDH are apparent and not true
values because the fixed concentrations of the second substrate
were not saturating (for details see section ‘ Kinetic properties of
double mutant”’).

The thermal stability of the enzyme was studied at 42.5 °C in
0.1 M potassium phosphate buffer (pH 7.0). Aliquots (200 1) of

the enzyme solution (0.2 mg/ml) were added to 1.5 ml Eppendorf
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tubes and incubated in a water bath (42.5+0.1 °C). At intervals,
the tubes were removed from the thermostat and cooled on ice
for 3 min. The residual enzymic activity was then measured
under the standard conditions given above. Kinetic data were
analysed using a SigmaPlot 2000 software package (SPSS Inc.,
San Rafael, CA, U.S.A.).

The dependence of the Michaelis constant for NAD* on the
ionic strength was studied in 0.01 M potassium phosphate buffer
(pH 7.0) at 30 °C. The concentration of ammonium formate was
varied over the range 0.2-2.5 M.

Fluorescent measurements were performed with a PerkinElmer
LS50B luminescence spectrometer using 0.1 M potassium phos-
phate buffer (pH 7.0) at 25 °C. The fluorescence was measured at
345 nm with the excitation at 295 nm.

Three-dimensional structure modelling

The model structure of SceFDH was constructed using an
Automated Protein Modelling Server SWISS-MODEL (http://
www.expasy.ch/swissmod/) with the crystal structure of holo-
PseFDH (PDB2NAD.ENT) as a template. The structures were
analysed using RasMol version 2.7 software.

RESULTS
Coenzyme preference

NAD*-specific FDHs from bacterial and yeast species show
different activities with respect to NADP* as the substrate.
PseFDH is capable of catalysing the reaction with NADP*.
The kinetic curves recorded at 340 nm are linear for at least
10 min and display no initial burst due to product accumulation.
In the presence of 50 yM recombinant wt-PseFDH and 0.3 M
formate, the reaction rate was a linear function of the NADP*
concentration in the 1-40 mM coenzyme concentration range.
The coenzyme preference for NADP* expressed as the ratio
(Kt/ K )™AP (Kt / KW)YAPT was approx. 4.2 x 1074 (Table 1).
This value demonstrates that the wt-PseFDH is 2400 times more
effective with NAD* than with NADP" as a substrate.

The results presented in [8] show that the wild-type recom-
binant yeast CmeFDH is essentially specific for NAD*. The co-
enzyme preference of CmeFDH for NAD* expressed as (k,,,/
K )P (k. / KD APTT was estimated as 2.5 x 10° [8], which is
100 times higher when compared with PseFDH. The recom-
binant wild-type SceFDH also exhibits essentially absolute spe-
cificity for NAD*. In the presence of 25 M SceFDH, 10 mM
NADP* and 0.25 M sodium formate, no NADPH accumulation
was detected for at least 30 min. Under the same conditions,
with NAD" instead of NADP* and an enzyme concentration of
2.5 uM, the reaction rate was 2x 107 M/s. Assuming the
accuracy of the spectrophotometric measurements (approx.
+0.001 absorbance units), the molar absorption coefficient
for NADH/NADPH at 340 nm (6220 M~ - cm ") and K¥*°" for
the wild-type SceFDH (36 ©M), a lower limit for the preference
for NAD* versus NADP* of the baker’s yeast FDH can be
estimated to be 3x10° Thus, the coenzyme preference of
SceFDH for NAD™* exceeds the value reported for CmeFDH
[8] by four orders of magnitude.

Computer modelling and structural analysis

The amino acid sequence alignment for FDHs from different
sources reveals key differences in the N-terminal regions and
coenzyme-binding domains (Figure 1). N-termini of bacterial
enzymes are 29 amino acids longer than those of other FDHs.
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Table 1 Kinetic properties of recombinant wild-type and mutant FDHs from yeasts S. cerevisiae and C. methylica and bacterium Pseudomonas sp.101
kNADP* kNAD*
) kyy with NAD* , Ky With lormate o / o
Formate dehyrogenase KNAD™ (M) s KNADPT (M) NADP* (s7) (mM) Ko Ko
Wild-type SceFDH 3645 6.5+04 ND* ND 55403 <33x107"0
(0.25 M formate)
SceFDH D196A/Y197R 76004 800 0.09540.01 4500 4500 0.1340.01 10004 200 2.3 (0.25 M formate)
(0.25 M formate) (0.25 M formate) (0.25 M formate) (0.25 M formate) (40 mM NADP™)
8400 4900 0.1240.02 7600 4900 0.1640.02 1.5 (0.5 M formate)
(0.5 M formate) (0.5 M formate) (0.5 M formate) (0.5 M formate)
Wild-type CmeFDH [8] 55+4 14401 ND ND NRT <4x107°
(0.2 M formate)
CmeFDH D195S [8] 4700 4300 1.640.1 ND (> 0.4 M) ND NR 2.4x1072 (0.2 M formate)
(0.2 M formate)
Wild-type PseFDH 6045 100406 > 04 M ND 70408 42 %107 (0.3 M formate)
(0.3 M formate)
Mutant NADP*-specific PseFDH 10004150 50404 150 425 254015 9.0430 3.5 (0.3 M formate)

(0.3 M formate)

* ND, not detectable.
T NR, not reported.
1 Estimated from data in Figure 2 [8].

(0.3 M formate)

The structural data [10] and sequence analysis (Figure 1) show
that the coenzyme-binding domain of FDHs has a classical
Rossmann fold. All FDHs and other NAD"-specific oxido-
reductases from the superfamily of D-specific 2-hydroxy acid
dehydrogenases contain a conserved ‘fingerprint’ sequence
G(A)XGXXG and a conserved aspartic acid residue (Asp??!,
Asp' and Asp'® in PseFDH, CmeFDH and SceFDH re-
spectively) (Figure 1). This conserved Asp residue interacts
with the 2’- and 3’-OH groups of adenosine ribose and is a
major determinant of the specificity for NAD*, according to
the X-ray data for PseFDH (PDB2NAD.ENT), p-lactate
(PDB2DLD.ENT), 3-phosphoglycerate (PDBIPSD.ENT) and
D-glycerate (PDBIGDH.ENT) dehydrogenases and model
structures for the yeast FDHs from C. methylica [8] and C.
boidinii [11]. This Asp residue is located 18 residues downstream
from the Gly residue at the end of the ‘fingerprint’ sequence in
yeast FDHs. The bacterial and plant sequences (Figure 1) have
the conserved Asp as the 17th residue downstream from the end
of the ‘fingerprint’. Gul-Karaguler et al. [8] described a mutant
Asp'® — Ser (D195S) CmeFDH reacting with both coenzymes
but still showing a preference for NAD* over NADP* (Table 1)
[8]. The dependence of enzymic activity of this mutant on
NADP* concentration was linear up to 40 mM of the coenzyme.
According to the Michaelis—Menten equation, a linear depen-
dence of velocity on substrate concentration [S] is observed
when [S]< (0.05-0.07)K,. This allows an estimate of the
KXAPPY > 0.4 M for the mutant D195S CmeFDH. Hence, in
addition to the conserved Asp residue, the absolute requirement
for NAD" in yeast FDHs must be under the control of another
residue(s).

To elucidate the molecular determinants of the SceFDH
coenzyme specificity, the structure of the enzyme was modelled
and compared with the structure of the PseFDH holoform. In
addition to the conserved Asp!'®® residue, the structural analysis
(Figure 2) suggests a contribution of Tyr'®? residue to the high
specificity of SceFDH towards NAD™. This tyrosine residue is
present in all yeast and fungal FDHs (Figure 1). According to the
SceFDH model, the Tyr'® side chain is located near the 2’-OH
group of NAD" in the enzyme’s active site (Figure 2). It should
prevent NADP* binding both by creating a hydrophobic en-
vironment unfavourable for the negatively charged 2’-phosphate

and by sterically blocking the cavity, which could otherwise
accommodate this group. The D-specific 2-hydroxy acid dehydro-
genases, which prefer NAD* as a coenzyme, also contain
hydrophobic amino acids with bulky side chains at the +1
position with respect to the conserved Asp residue (Figure 1,
D-lactate dehydrogenases, glycerate dehydrogenase and
3-phosphoglycerate dehydrogenase).

In contrast, an Arg residue at the above-mentioned position
was found in the bacterial FDHs (Arg?*?, Figure 1). The presence
of either an Arg or Lys residue in this position is a common
feature of the coenzyme-binding domains of NADP*-dependent
dehydrogenases [12,13]. In particular, vancomycin-resistant pro-
tein from Enterococcus faecium (EfaVanH), which is a NADP*-
specific dehydrogenase from the same superfamily as FDH [14],
also contains Arg in this position (Figure 1). The positively
charged guanidinium group of this Arg residue directly interacts
with the negatively charged 2’-phosphate of NADP* in gluta-
thione reductase [13]. The side chain of Arg?*? in the active site
of PseFDH is orientated away from the coenzyme (Figure 2). In
apo-PseFDH, it does not interact with other residues, whereas
in holo-PseFDH, Arg?*? forms three hydrogen bonds — one with
Glu?®® from the coenzyme-binding domain and two bonds
with His?*™ and Tyr®! residues from the catalytic domain [10].
These data suggest that the main function of this Arg?*? residue
in the PseFDH is to maintain the optimal conformation of the
active site but not to participate in coenzyme binding. The orien-
tation of the Arg??? side chain in the holo-PseFDH suggests a low
probability of ionic interaction between the 2’-phosphate group
of NADP* and guanidinium group of the Arg®?*? residue (Figure
2). At the same time, this orientation of the Arg??? residue does
not create steric hindrance for the binding of the 2’-phosphate of
NADP* in the enzyme’s active site. Thus a comparison of the
structure of the holo-PseFDH and the model structure of
SceFDH shows that mutation Y197R in SceFDH should result
in enhanced NADP* binding to the yeast FDH active site,
relative to that of the wild-type enzyme.

Kinetic properties of the double mutant

To confirm the role of Tyr'*” residue in the absolute specificity of
SceFDH towards NAD~, the double mutant D196A /Y 197R was

© 2002 Biochemical Society
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PseFDH . +AKVLCVLYDDPVDGYPKTYARDDLPKIDHYPGGQTLPTPKAIDFTPGQLLGSVSGELGLRKYLESNGH
MorFDH AKVVCVLYDDPINGYPTSYARDDLPRIDKYPDGQTLPTPKAIDFTPGALLGSVSGELGLRKYLESQGH
PotFDH . SRVASTAARAITSPSSLVFTRELQASPGPKKIVGVFYKAN------EYAEMN-~---—=-------~~o o~ PNFLGCAENALGIREWLESKGH
BarFDH .. . AAMWRAAARQLVDRAVGSRAAHTSAGSKKIVGVFYQAG- ~PNFVGCVEGALGIRDWLESKGH
SceFDH SKGKVLLVLYEGG- -EKLLGCIENELGIRNFIEEQGY
CmeFDH . i e, KIVLVLYDAG- -EKLYGCTENKLGIANWLKDQGH
HanFDH ... .. it ean e e KVVLVLYDAG~ ~ERLYGCTENALGIRDWLEKQGH
MagFDH LTTQREKVKVLLVLYDGG- -PELLGTTENELGIRKWLEDQGH
NeuFDH ... ... . i VKVLAVLYDGG---~-~~KHGEEV-------=-------—-——-———o PELLGTIQNELGLRKWLEDQGH
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PseFDH TLVVTSDKDG-PDSVFERELVDADVVISQPFWPAYLTPERTAKAKNLKLALTAGIGSDHVDLQSAID- -RNVTVAEVTYCNSISVAEHVVMMILSLVR
MorFDH ELVVTSSKDG-PDSELEKHLHDAEVIISQPFWPAYLTAERTAKAPKLKLALTAGIGSDHVDLQAAID--NNITVAEVTYCNSNSVAERVVMMVLGLVR
PotFDH QYIVTPDKEG-PDCELEKHIPDLHVLISTPFHPAYVTAERIKKAKNLQLLLTAGIGSDHVDLKAAAA--AGLTVAEVTGSNTVSVAEDELMRILILVR
BarFDH HYIVTDDKEG-FNSELEKHIEDMHVLITTPFHPAYVTAEKIKKAKTPELLLTAGIGSDHIDLPAAAA--AGLTVARVTGSNTVSVAEDELMRILILLR
SceFDH ELVTTIDKDPEPTSTVDRELKDAEIVITTPFFPAYISRNRIAEAPNLKLCVTAGVGSDHVDLEAANE-—RKITVTEVTGSNVVSVAEHVMATILVLIR
CmeFDH ELITTSDKEGE-TSELDKHIPDADIIITTPFHPAYITKERLDKAKNLKSVVVAGVGSDHIDLDYINQTGKKISVLEVTGSNVVSVAEHVVMTMLVLVR
HanFDH DVVVTSDKEGQ-NSVLEKNISDADVIISTPFHPAYITKERIDKAKKLKLLVVAGVGSDHIDLDY INQSGREISVLEVTGSNVVSVAEHVVMTMLVLVR
MagFDH TLVTTSDKDGE-NSTFDKELEDAEI IITTPFHPGYLSAERLARAKKLKLAVTAGIGSDHVDLNAANKTNGGITVAEVTGSNVVSVAEHVLMTILVLVR
NeuFDH TLVTTCDKDGE-NSTFDKELEDAEI IITTPFHPGYLTAERLARAKKLKLAVTAGIGSDHVDLNAANKTNGGI TVAEVTGSNVVSVAEHVLMTILVLVR
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PseFDH NYLPSHEWARKGGWNIADCVSHAYDLEAMHVGTVAAGRIGLAVLRRLAPFDV-HLHYTDRHRLPESVEKELN- ~LTWHATREDMYPVC
MorFDH NY IPSHDWARNGGWNIADCVARSYDVEGMHVGTVAAGRIGLRVLRLLAPFDM-HLHY TDRHRLPEAVEKELN- - --LTWHATREDMYGAC
PotFDH NFLPGHHQVINGEWNVAAIAHRAYDLEGKTVGTVGAGRIGRLLLQRLKPFNC-NLLYHDRLKMDSELENQTIG-~ --AKFEEDLDKMLSKC
BarFDH NFLPGYQQVVKGEWNVAGIAHRAYDLEGKTVGTVGAGRY GRLLLORLKPFNC-NLLYHDRLQINPELEKEIG-~-~~~-~~—=~ AKFEEDLDAMLPKC
SceFDH NYNGGHQQAINGEWDIAGVAKNEYDLEDKIISTVGAGRIGYRVLERLVAFNPKKLLYYDYQELPAEAINRLNEASKLFNGRGDIVQRVEKLEDMVAQS
CmeFDH NFVPAHEQIINHDWEVAAIAKDAYDIEGKTIATIGAGRIGYRVLERLLPFNPKELLYYDYQALPKEAEEKVG ARRVENIEELVAQA
HanFDH NFVPAHEQI I SGGWNVAEIAKDSFDIEGKVIATI GAGRIGYRVLERLVAFNPKELLYYDYQSLSKEAEEKVG ARRVHDIKELVAQA
MagFDH NFVPAHEMIQAGEWDVAGAAKNEYDLEGKVVGTVAVGRIGERVLRRLKPFDCKELLYYDYQPLAPEVEKEIG CRRVDNLEEMLAQW
NeuFDH NFVPAHEQIQEGRWDVAEAAKNEFDLEGKVVGTVGVGRIGERVLRRLKPFDCKELLYYDYQPLSAEKEAEIG CRRVADLEEMLAQC
LheDLD 152 GTGHIGQVFMRIMEGFGA-KVIAYDIFKN 179
LbuDHD 154 GVGHIGSGLAEIFSAMGA-KVIAYDVAYN 181
HmeDGD 153 GFGSIGQALAKRAQGFDM-DIDYFDTHRA 180
ECDPGD 157 GYGHIGTQLGILAESLGM-YVYFYDIENK 184
EfvanH 152 GTGQIGKAVIERLRGFGC-KVLAYSRSRS 179
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PseFDH DVVTLNCPLHPETEHMINDETLKLFKRGAYIVNTARGKLCDRDAVARALESGRLAGYAGDVWF PQPAPKDHPWRTMPY - - - - - NGMTPHISGTTLTAQ
MorFDH DVVTLNCPLHPETEHMINDETLKLFKRGAYLVNTARGKLCDRDAIVRALESGRLAGYAGDVWFPQPAPNDHPWRTMPH- - ~ -~ NGMTPHISGTSLSAQ
POt FDH DIVVINTPLTEKTKGMFDKERIAKLKKGVLIVNNARGAIMDTQAVVDACNSGHIAGY SGDVWYPQPAPKDHPWRYMPN- -~ -- QAMTPHISGTTIDAQ
BarFDH DVVVINTPLTEKTRGMFNKEKIAKMKKGVIIVNNARGAIMDTQAVADACSSGHIAGYGGDVWFPQPAPKDHPWRYMPN-———— HAMTPHISGTTIDAQ
SceFDH DVVTINCPLHKDSRGLFNKKLISHMKDGAYLVNTARGAICVAEDVAEAVKSGKLAGYGGDVWDKQPAPKDHPWRTMDNKDHVGNAMTVHISGTSLDAQ
CmeFDH DIVTVNAPLHAGTKGLINKELLSKFKKGAWLVNTARGAICVAEDVAAALESGQLRGYGGDVWF PQPAPKDHPWRDMRNKY GAGNAMTPHY SGTTLDAQ
HanFDH DIVTINCPLHAGSKGLVNAELLKHFKKGAWLVNTARGAICVAEDVAAAVKSGQLRGYGGDVWF PQPAPKDHPWRSMANKYGAGNAMTPHY SGSVIDAQ
MagFDH EVVTINCPLHEKTRGLFNKDLISKMKKGSWLVNTARGAIVVKEDVAEALKTGHLRGYGGDVWF PQPAPKDHPLRYARKNPFGGGNAMVPHMSGTSLDAQ
NeuFDH DVVTINCPLHEKTQGLFNKELISKMKKGSWLVNTARGAIVVKEDVAEALKSGHLRGYGGDVWF PQPAPQDHPLRYAKNPFGGGNAMVPHMSGTSLDAQ
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PseFDH ARYAAGTREILECFFEGR-PIRDEYLIVQGGALAGTGAHSYSKGNATGGSEEAAKFKKAV
MorFDH TRYAAGTREILECYFEGR-PIRDEYLIVQGGGLAGVGAHSYSKGNATGGSEEAAKYEKLDA
PotFDH LRYAAGTKDMLDRYFKGE~DFPAENYIVKDGELAP----QYR
BarFDH LRYAAGVKDMLDRYFKGE-EFPVENYIVKEGELAS----QYK
SceFDH KRYAQGVKNILNSYFSKKFDYRPQDITVQNGSYAT---RAYGQKK
CmeFDH TRYAEGTKNILESFFTGKFDYRPQDITILLNGEYVT---KAYGKHDKK
HanFDH VRYAQGTKNILESFFTQKFDYRPQDIILLNGKYKT---KSYGADK
MagFDH KRYADGTKAILESYLSGKLDYRPQDLIVHAGDYAT---KAYGERAKITKA
NeuFDH KRYAAGTKAITESYLSGKHDYSPEDLIVYGGDYAT~~-KSYGERERAKAAAAAAKSA

Figure 1 Alignment of amino acid sequences of FDHs from different sources

Bacteria: Pseudomonas sp. 101 (PseFDH, SWISS-PROT: FDH_PSESR) and Moraxella sp. C-1 (MorFDH, EMBL accession Y13245); plants: potato (PotFDH, EMBL Z21493) and barley (BarFDH,
EMBL D88272); yeasts: S. cerevisiae (SceFDH, EMBL Z75296), Candida methylica (CmeFDH, EMBL X81129) and Pichia angusta (HanFDH, formerly Hansenula polymorpha, EMBL P33677);
fungi: Neurospora crassa (NeuFDH, EMBL L13964) and Magnaporthe grisea (MagFDH, EMBL AA415108); amino acid sequences of some other p-specific 2-hydroxy acid dehydrogenases in the
regions of coenzyme-binding domains:: p-lactate dehydrogenases from Lactobacillus helveticus (LheDLD, EMBL U07604) and Lactobacillus delbrueckii subsp. bulgaricus (LbuDLD, EMBL X60220),
glycerate dehydrogenase from Hyphomicrobium methylovorum (HmeDGD, SWISS-PROT: DHGY_HYPME), 3-phosphoglycerate dehydrogenase from Escherichia coli (EcDPGD, EMBL L29397) and
vancomycin-resistance protein VanH from Enterococcus faecium (EfVanH, GenBank® M64304) are also shown. Numeration of residues and structural elements corresponds to FDH from
Pseudomonas sp. 101.

constructed. The results of the steady-state kinetic measurements
made for this double mutant are presented in Table 1. The
SceFDH mutant exhibited Michaelis—-Menten kinetics with both
coenzymes and showed a lower K value for NADP* compared

(approx. 0.25 K™™#¢) must be higher than the true values of
the Michaelis constants for the coenzymes.

To obtain the true K, values for NAD* and NADP* either a
saturating concentration of formate has to be used or the

with NAD* at a formate concentration of 0.25M (Table 1).
However, the mutations lowered the enzyme’s efficiency with
formate. Saturation kinetics with respect to formate was not
reached over the range up to 1 M at 20 mM of NADP" (results
not shown). Increasing the coenzyme concentration to 40 mM
gave a hyperbolic dependence of velocity on formate con-
centration (Figure 3) with K = 10004200 mM for formate
(Table 1). This value is 180-fold greater than that for wild-type
SceFDH (Table 1). Therefore, KX*P" and KY¥*P*" values for the

m

double-mutant D196A/Y197R determined at 0.25 M formate
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dependence of the apparent Michaelis constant on the formate
concentration needs to be determined. Unfortunately, neither
approach can be used because increasing the formate con-
centration decreases the efficiency of mutant SceFDH with
NAD* and NADP*. The K¥*"" and K¥*P"" for the SceFDH
D196A/Y197R mutant determined in the presence of 0.5 M
formate (Table 1) were found to be even higher than those
observed at 0.25 M formate, despite the fact that neither con-
centration was saturating. We suggest that ionic strength greatly
influences coenzyme binding. To verify this hypothesis, we
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PseFDH:Asp221

PseFDH:Arg222

Figure 2
3-D model structure (dark grey) (right)
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Figure 3 Dependence of enzymic activity on formate concentration for
the SceFDH D196A/Y197R mutant [40 mM NADP*, 0.1 mM potassium
phosphate buffer (pH 7.0), 30 °C]

examined the dependence of the k., and K¥*"" on the formate
concentration in the saturating range (35-180 K™™) for the
wild-type SceFDH (Figure 4). As seen in Figure 4, the K| value
increases with increasing ionic strength, whereas k_, remains
constant (results not shown). The efficiency of interaction of the
SceFDH double mutant with the two coenzymes was also affected
by ionic strength (Table 1). Electrostatic interactions are ex-
tremely important for NAD* or NADP" binding to the active
sites of dehydrogenases [12]. The formate concentration affects
the binding of these coenzymes, especially that of NADP",

SceFDH:Asp196

5 PseFDH:Asp221

SceFDH:Tyr197

PseFDH:Arg222

Interaction between NAD* and Asp®*' in the active site of PseFDH (left) and superposition of PseFDH crystal structure (light grey) and SceFDH
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Figure 4 Dependence of the value on formate concentration for wild-
type SceFDH (0.01 M potassium phosphate buffer, pH 7.0, 30 °C)

because the 2’-phosphate group forms additional ionic contacts
with the protein.

Fluorescence of enzyme—azide—coenzyme ternary complexes

Additional evidence for the efficient interaction of NADP* with
the mutant SceFDH was obtained by determining the effect of
coenzymes in the presence of azide on the fluorescence of the wt-
SceFDH and mutant SceFDH. Azide anion is a strong inhibitor

© 2002 Biochemical Society
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Relative fluorescence
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Figure 5 Quenching of tryptophan fluorescence (excitation at 295 nm,
emission at 345 nm) of wild-type SceFDH and the D196A/Y196R mutant in
the absence of coenzymes (1,4), in the presence of NAD* (2,5) and in the
presence of NADP* (3,6) (100 M coenzyme, 0.1 M potassium phosphate
buffer, pH 7.0, 25 °C)

of all FDHs [18] competing with formate and showing an
inhibition constant of approx. 0.1 uM for wild-type SceFDH
[15]. The formation of the Pse FDH-NAD*—azide complex results
in the quenching of the protein tryptophan fluorescence [9]. To
estimate the enzyme affinity for cofactors independently of ionic
strength, the mutant and wild-type SceFDHs were titrated with
azide at fixed non-saturating NAD* and NADP* concentrations
(0.1 mM) (Figure 5). Addition of azide to the mixture of wild-
type SceFDH and NAD™ also results in strong quenching of the
protein fluorescence (Figure 5, curve 2). A decrease in enzyme
fluorescence occurs at azide concentrations comparable with the
inhibition constant K*4%. A constant level of fluorescence (10 9%,
of initial intensity) is achieved at inhibitor concentrations of
3-5 uM, which are 30 times higher than the inhibition constant
for azide. These data show that the quenching of protein
fluorescence is a result of the production of a wild-type SceFDH—
NAD*—azide complex. The fluorescence measurements show
that the SceFDH double mutant can also produce a ternary
enzyme—cofactor—inhibitor complex with NAD* and NADP*
(Figure 5, curves 5 and 6), and the extent of fluorescence
quenching is similar to that observed for the wt-SceFDH-
NAD*-azide complex. By analysing curves 3 and 6 in Figure 5
the following two important conclusions can be made. First, the
SceFDH D196A /Y 197R mutant binds NADP* more tightly than
NAD*. Secondly, efficient fluorescence quenching of the SceFDH
double mutant in the presence of NAD* or NADP* requires
azide concentrations 300-500 times higher than inhibitor concen-
trations that are required for the interaction of wild-type SceFDH
with NAD". The decrease in the affinity for azide shown by the
fluorescence experiments is similar to that observed for formate
affinity by the kinetic experiments.

The kinetic experiments showed that NADP* does not inhibit
the wt-SceFDH and, therefore, is not bound in a wild-type
SceFDH-NADP" binary complex. On the other hand, the fluor-
escence of wt-SceFDH in the presence of NADP* decreased on
titration with azide, but never more than 30 9. This may be inter-
preted as the formation of a wild-type SceFDH-NADP*-azide
complex, provided the dissociation constant of NADP* for the
ternary complex is smaller than the corresponding constant for
the binary enzyme—cofactor complex. Azide has different effects
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on wild-type SceFDH and mutant SceFDH in the absence of the
coenzymes (Figure 5, curves 1 and 4)). The wild-type enzyme lost
approx. 209, of the initial fluorescence intensity, whereas the
mutant was barely affected by the same concentration of azide.
Thus, in spite of an apparent ordered kinetic mechanism for
SceFDH [15], the free enzyme is able to bind azide when the in-
hibitor concentration is much higher (> 10* times) than the
inhibition constant. Since the affinity of SceFDH for formate
decreases dramatically with the introduced mutations, the double
mutant is unable to bind an azide ion in the millimolar range
in the absence of the coenzyme.

Thermal stability of double mutant

The double replacement caused a slight destabilization effect.
The mutant and wild-type enzymes lost 50 9, of activity when
incubated at 42.5 °C for 1.5 and 3.5 min, respectively.

DISCUSSION

In the present study, we report the construction of a novel
mutant eukaryotic FDH that exhibits very high specificity for
NADP*. The change of coenzyme specificity was achieved by
protein engineering of the wild-type enzyme with an absolute
requirement for NAD*, in contrast with a NADP*-specific
mutant of a bacterial FDH. The coenzyme preference of SceFDH
for NADP* was enhanced by 2.5 x 10° times compared with a
200-fold increase for PseFDH (Table 1). Our hypothesis that
the Tyr residue adjacent to the conserved Asp residue in the
GXGXXGX, DY motif is responsible for the absolute coenzyme
specificity of SceFDH for NAD* was successfully tested. The
D196A/Y197R double-mutant SceFDH exhibits a coenzyme
preference for NADP*, which is two orders of magnitude higher
than that reported for the CmeFDH D195S single mutant [8].

The strict regulation of coenzyme specificity in yeast FDHs
can be understood in an evolutionary context. Higher organisms
require enzymes with an absolute specificity for only one cofactor.
We are not aware of any kinetic data for plant FDHs with a
requirement for NADP* as a cofactor. The plant enzymes contain
the Arg residue in the + 1 position with respect to the conserved
Asp residue and probably could bind 2’-phosphate in the active
site (Figure 1). If this were the case, the NADP*-dependent
catalysis would need to be prevented, possibly by compart-
mentalization of FDH within the plant cell [16,17].

An unexpected result of the present work was that the D196A/
Y197R double mutation in SceFDH increased the Michaelis
constant for formate. The NADP*-specific mutant of PseFDH
exhibited an affinity for formate similar to that of the wild-type
enzyme (Table 1). This can be explained by the different kinetic
mechanisms for these enzymes. The kinetic mechanisms of
reactions catalysed by bacterial [18] and other FDHs [15,19,20]
are described as random equilibrium and ordered Bi Bi kinetic
mechanisms respectively. SceFDH has an ordered kinetic mech-
anism, which requires the coenzyme to be the first substrate to
bind, with formate being second [15]. The mutations that induce
the SceFDH specificity for NADP* may also produce a non-
optimal conformation of the protein—coenzyme complex, and as
a consequence, may impair formate binding. For the bacterial
enzyme, formate binds either first or second, i.e. it can bind in the
absence of a coenzyme. Thus mutations conferring specificity for
NADP* do not affect the enzyme affinity for formate. Previous
studies also observed an ordered kinetic mechanism for the
C. boidinii [19] and C. methylica FDHs [21]. Unfortunately,
the effect of the D195S mutation in CmeFDH on the Michaelis
constant for formate was not reported [8]. It is quite possible
that an ordered kinetic mechanism is an evolutionary defence that
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protects yeast FDHs from the adverse effects of mutations,
which could result in a change of coenzyme specificity. Never-
theless, our future work will be focused on the construction of
the SceFDH NADP*-specific mutant with an appropriate affinity
for formate.
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