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Abstract—Comparison of amino acid sequences of NAD+-dependent formate dehydrogenases (FDH, EC 1.2.1.2) from different sources and analysis of structures of holo-forms of FDH from bacterium Pseudomonas sp. 101 (PseFDH) and soya
Glycine max (SoyFDH) as well as of structure of apo-form of FDH from yeast Candida boidinii (CboFDH) revealed the presence on the surface of protein globule of hydrophobic Phe residue in structurally equivalent position (SEP). The residue is
placed in the coenzyme-binding domain and protects bound NAD+ from solvent. The effects of amino acid changes of the
SEP on catalytic properties and thermal stability of PseFDH, SoyFDH, and CboFDH were compared. The strongest effect
was observed for SoyFDH. All eight amino acid replacements resulted in increase in thermal stability, and in seven cases,
increase in catalytic constant was achieved. Thermal stability of SoyFDH after mutations Phe290Asp and Phe290Glu
increased 66- and 55-fold, respectively. KM values of the enzyme for substrate and coenzyme in different cases slightly
increased or decreased. In case of one CboFDH, the mutein catalytic constant increased and thermal stability did not
changed. In case of the second CboFDH mutant, results were the opposite. In one PseFDH mutant, amino acid change did
not influence the catalytic constant, but in three others, the parameter was reduced. Two PseFDH mutants had higher and
two mutants lower thermal stability in comparison with initial enzyme. Analysis of results of SEP mutagenesis in FDHs from
bacterium, yeast, and plant shows that protein structure plays a key role for effect of the same amino acid changes in equivalent position in protein globule of formate dehydrogenases from different sources.
DOI: 10.1134/S0006297915130052
Key words: formate dehydrogenase, rational design, thermal stability, catalytic properties

NAD+-dependent formate dehydrogenase (FDH,
EC 1.2.1.2) catalyzes the reaction of oxidation of a formate ion to carbon dioxide coupled with reduction of
NAD+ to NADH. Formate dehydrogenase is a model
enzyme for study of the catalytic mechanism of hydrideion transfer from the substrate to the C4-atom of the
nicotine amide moiety of NAD+ in the active site. FDH is
also used in practice for cofactor regeneration. The main
advantages of FDH as a biocatalyst for coenzyme regeneration compared to other enzymes are irreversibility of
the catalyzed reaction, wide pH-optimum of activity,
Abbreviations: FDH, formate dehydrogenase; PseFDH,
CboFDH, and SoyFDH, recombinant formate dehydrogenases from bacterium Pseudomonas sp. 101, yeast Candida boidinii,
and soy Glycine max; SEP, structurally equivalent Phe residue.
* To whom correspondence should be addressed.

high specificity to both substrates, low price of formate,
and the simplicity of the removal of the second reaction
product CO2 (bicarbonate). Genes encoding FDH have
been found in bacteria, yeasts, fungi, and plants [1-3].
Our laboratory engages in systematic studies of the
structure and catalytic mechanism of FDHs from different sources. Formate dehydrogenase from the bacterium
Pseudomonas sp. 101 (PseFDH) is the most thoroughly
studied enzyme. In the PDB database, there are several
structures for apo- (2NAC and 2GO1, resolutions 1.8 and
2.1 Å, respectively) as well as for holo- (2NAD, ternary
complex with NAD+ and azide ion, resolution 2.05 Å)
and for complex of FDH with formate (2GUG, resolution 2.28 Å). Structural data for PseFDH have been used
for choosing amino acid residues for experiments using
site-directed mutagenesis aimed to improving the catalytic properties and increasing the thermal and operational
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stability of the enzyme [2, 4-7]. It was shown that a combination of several single-point mutations into multiple
mutants resulted in additive effects [5]. For example, the
combination of seven amino acid substitutions in
PseFDH produced the mutant PseFDH T7, which had
50-fold lower inactivation rate constant compared to the
wild-type enzyme [2]. Three amino acid replacements
responsible for increase in operational and thermal stability were combined in the mutant form PseFDH GAV [2,
8]. As a result, the affinity to NAD+ increased more than
2-fold, thermal stability 2.5-fold, and operational stability more than 1000-fold compared to wt-PseFDH [2, 8].
Mutant PseFDH GAV was successfully used for NADH
regeneration in chiral syntheses [2, 9, 10]. Introduction of
the additional substitution Cys145Ser into PseFDH GAV
led to the new mutant PseFDH SM4 with improved
parameters compared to PseFDH GAV: the Michaelis
constant for formate decreased 1.9-fold, operational stability increased 2-fold [4], and thermal stability increased
1.6-fold. The increase in thermal stability allowed us to
improve the purification of mutant PseFDHs significantly by introducing a heat-treatment step at 60°C for 2030 min. As a result, the content of the target protein
increased from 50% in cell-free extract to 80-90% without any loss of activity [2, 11].
NAD+-dependent formate dehydrogenase is a highly
conserved enzyme. The homology between amino acid
sequences of evolutionarily distant FDHs from bacteria
and plants is more than 50% [2, 3]. The level of structure
homology is even higher. The majority of amino acid
residues localized in coenzyme-binding and catalytic
domains of formate dehydrogenase have equivalent configuration. The Phe290 residue was revealed previously by
structure analysis of the ternary complex of SoyFDH with
the coenzyme NAD+ and the strong competitive inhibitor
azide ion. This residue is localized on the surface of the
protein globule in the coenzyme-binding domain, and it
shields the active site-bound coenzyme from the solvent.
Site-directed mutagenesis of this residue has been used to
obtain eight mutant enzymes [12, 13]. The majority of the
mutants have higher catalytic parameters and are more
thermally stable compared to the wild-type enzyme [12,
13]. Analysis of 2NAD structure (ternary complex of
PseFDH with NAD+ and azide ion) and apo-form of
mutant FDH from yeast Candida boidinii (CboFDH,
structures 2FSS and 2J6I) showed that Phe290 in
SoyFDH corresponds to Phe311 in PseFDH and Phe285
in CboFDH. In the case of CboFDH, two mutants with
replacements to Ser and Tyr were found after directed evolution experiments [14]. In the case of PseFDH, four
mutants were obtained, but PseFDH SM4 was used as
template instead of the wild-type enzyme. In this work, we
compared results of the site-directed mutagenesis of the
structurally equivalent Phe residue in formate dehydrogenase from three different sources – bacteria, yeasts, and
plants. Special focus was made on the bacterial enzyme.
BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015
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ANALYSIS OF POSITION OF STRUCTURALLY
EQUIVALENT Phe RESIDUE IN FORMATE
DEHYDROGENASES
Now more than 100 amino acid sequences of
NAD(P)+-dependent formate dehydrogenases from bacteria, yeasts, and plants can be found in databases. Figure
1 presents the fragment of alignment of amino acid
sequences of FDHs from different sources in the region of

Fig. 1. Fragment of multiple alignment of amino acid sequences in
the region of 311 Phe residue. Bacterial FDHs are marked in blue:
PseFDH – from Pseudomonas sp. 101, MorFDH – from Moraxella
sp., ParFDH – from Paracoccus sp. 12-A, HypFDH – from
Hyphomicrobium strain JT-17, SmeFDH – from Sinorhizobium
meliloti, SauFDH – from Staphylococcus aureus. Plant FDHs are
marked in green: SoyFDH2 – from soybean Glycine max,
LesFDH1 – from tomato Lycopersicon esculentum, StuFDH1 –
from potato Solanum tuberosum, CcaFDH1 – from coffee Coffea
canephora, RcoFDH1 – from castor-oil plant Ricinus communis,
BnaFDH2 – from raps Brassica napus, BolFDH1 – from cabbage
Brassica oleracea, MdoFDH – from apple Malus domestica,
AthFDH – from Arabidopsis thaliana, PtaFDH2 – from pine Pinus
taeda. FDHs from yeasts are marked in rose: SceFDH – from bakery yeasts Saccharomyces cerevisiae, DhaFDH – from
Debaryomyces hansenii, CmeFDH – from Candida methylica,
CboFDH – from Candida boidinii, YliFDH – from Yarrowia lipolytica. FDHs from microfungi are marked in orange: NefFDH –
from Neosartorya fischeri, AjcFDH1 – from Ajellomyces capsulatus,
GzeFDH – from Gibberella zeae, CneFDH – from Cryptococcus
neoformans.
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Phe311 (numeration according to that in PseFDH
sequence). Analysis of the multiple alignment of all
reported FDH sequences showed that the frequency of
occurrence of the Phe residue in this position depends on
the type of the source. The highest conservatism is in
bacterial enzymes. The Phe residue is located in this
position in more than 80% of cases, and in other cases, a
Tyr residue is found. Other amino acid residues have not
been found in all studied amino acid sequences of bacterial FDHs. In the case of plant enzymes, in the position
structurally equivalent to Phe290 in SoyFDH and
Phe311 in PseFDH residues, Phe and Tyr have practically the same frequency – totally 70%. Other residues in
this position are Asn, Asp, Ser, and His (arranged in
decreasing frequency). For evolutionarily similar FDHs
from yeasts and fungi, Phe residue can be found in more
than 60% of cases. The second in frequency of occurrence is Asp (including FDH from baker’s yeast) rather
than a Tyr residue.
The Phe290 position in the structure of the ternary
complex (SoyFDH–NAD+–azide) was analyzed in [12,
13]. Molecular modeling of the mutant enzymes showed
that in case of replacement of the Phe residue with Ala,
the changes in structure are minimal, and no additional
H-bonds occur. In the case of replacements to seven
other residues – Asp, Asn, Glu, Gln, Tyr, Ser, and Thr,
from two to four new additional H-bonds can appear.
Moreover, in all mutants new H-bond(s) can appear
between a mutated residue and Gln292 (Gln312 in
PseFDH), which is in close contact with catalytically
important His309 (His332 in PseFDH). It was shown for
PseFDH and FDH from Moraxella sp. C1 that His332 is
involved in formate ion binding [15, 16].

a

The structure of the dimer holo-form of PseFDH
and the position of Phe311 in it are represented in Fig. 2.
This residue is located on the surface in the coenzymebinding domain of the active site. Its most probable function is shielding of NAD+ from the solvent, as it is in the
plant SoyFDH. From the thermodynamic point of view,
the location of a hydrophobic residue on the surface of
the protein is not favorable for stability. Consequently, it
is rather strange that Phe is located in this position in
wild-type enzymes.
As mentioned earlier, in such positions of bacterial
enzymes, Tyr can also be found. In formate dehydrogenases from other sources, after Phe and Tyr residues Asp,
Asn, and Ser are most frequently occur. These residues
were introduced in mutant PseFDH SM4. Computer
modeling and structure alignment before and after mutation were made for all the mutant forms. The results of the
computer modeling of mutant PseFDH with replacements of Phe311 to Ser, Asp, Asn, and Tyr are represented in Fig. 3, a-d. Positions of the amino acid residues
before and after the mutation are shown in red and blue,
respectively. The modeling showed that introduction of
such mutations might cause formation of additional Hbonds (Table 1). In the case of wt-PseFDH, Phe311 is
involved in only one H-bond – between the carbonyl
oxygen of the main chain and the nitrogen of the guanidine group of Arg290. This bond is also present in the case
of replacement Phe311 by Ser or Tyr and disappears in
mutant PseFDH Phe311Asn. In the case of replacement
to Asp, there are two additional H-bonds between residue
311 and Arg290 (Fig. 3a and Table 1). All four mutations
lead to formation of an H-bond between the residue in
position 311 and Gln313. Generally, we can observe one

b

Fig. 2. a) Structure of the ternary complex [PseFDH–NAD+–N3–] with residue Phe311 shown in red (PDB structure 2NAD). Enzyme
domains are shown in blue and green, NAD+ is given in orange, and azide-ion is given in violet. b) Detailed picture of the position of Phe311
in relation to the location of NAD+ and azide ion.
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Fig. 3. Molecular modeling of structure of mutant PseFDH SM4 with replacements of the Phe311 residue to Asn (a), Asp (b), Ser (c), and Tyr (d).

more (replacement to Asn) and two more (replacements
to Ser, Asp, and Tyr) additional H-bonds compared to the
structure of the initial bacterial enzyme. However, in
comparison to the replacements of the structurally equivalent Phe290 residue in SoyFDH [13], the number of
newly formed bonds in mutant PseFDH SM4 due to
Phe311 substitution is less. For this reason, we expect that
quantitative change in the properties of the bacterial
mutant enzymes can be less than in the case of similar
substitutions in SoyFDH.
In the case of FDH from the yeast C. boidinii in the
PDB database of 3D structures of enzymes, there are only
structures for apo-forms of two mutant enzyme (2FSS
and 2J6I). Consequently, it is not possible to compare
positions of the Phe residue in the holo-forms. However,
the location of Phe285 in the apo-form of CboFDH
(structure 2J6I; Fig. 4) suggests that the position of this
residue is equivalent to Phe311 in the apo-form of
PseFDH (not shown in the figure). Therefore, we suggest
that the position of Phe285 while forming ternary complex of CboFDH with substrates corresponds to positions
of Phe290 and Phe311 in holo-forms of SoyFDH and
PseFDH, respectively.
BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015

INFLUENCE OF AMINO ACID CHANGES
IN THE STRUCTURALLY EQUIVALENT Phe
RESIDUE ON CATALYTIC PROPERTIES
The influence of the replacement of Phe290 on the
properties of SoyFDH was studied in works [12, 13], and
data of mutagenesis of structurally equivalent Phe285 in
Table 1. Formation of H-bonds with the residue in position 311 of PseFDH
Residues forming H-bonds
Enzyme
Arg290 Lys286 Gln313 Cys288 Tyr102
PseFDH wild type

v

−

−

−

−

PseFDH Phe311Ser

v

v

v

−

−

PseFDH Phe311Asn

−

−

v

−

v

PseFDH Phe311Asp

vv

−

v

−

−

PseFDH Phe311Tyr

v

−

v

v

−
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Fig. 4. Position of structurally equivalent Phe285 residue in apoform of formate dehydrogenase from the yeast C. boidinii (structure 2J6I).

CboFDH are presented in [14]. The results of replacement of Phe311 in PseFDH are shown in the present
work. Kinetic parameters of mutant PseFDH SM4,
CboFDH, and SoyFDH with replacements of structurally equivalent Phe residues are presented in Table 2. Note
that the substitutions of Phe290 in SoyFDH showed the
maximum effect. In practically all cases (except for the
replacement Phe290Asn), the value of catalytic constant
increased. Moreover, the value of kcat increased up to
1.76-fold. In the case of CboFDH, the catalytic constant
increased 1.65-fold with the replacement Phe285Ser, but
in the case of the Phe285Thr substitution, this parameter
remained constant [14]. In bacterial PseFDH SM4, three
replacements led to decrease in catalytic constant, and
only PseFDH SM4 Phe311Tyr had practically the same
kcat value as the initial enzyme.
For the Michaelis constants of bacterial PseFDH,
replacement of the Phe311 residue by Ser, Asn, and Asp led
to notable increase in KM for NAD+ and formate. For the
replacement of Phe311 by a tyrosine residue, KM for formate did not change within the limits of experimental error,
+
and KMNAD increased slightly. For the Phe285 replacement
in CboFDH [14], increase in catalytic constant was accompanied by a large increase in KM for the coenzyme and formate. Mutant SoyFDHs with substitutions in position 290
showed increase as well as decrease in Michaelis constants
for both NAD+ and formate. However, such changes were
not as large as for the bacterial and yeast enzymes.

respectively [12, 13]. Unfortunately, there are practically
no data about the influence of substitutions in position 285
in CboFDH. In fact, only comparison of residual activity
after 30 min incubation at one temperature was made [14].
However, monomolecular mechanism of CboFDH thermal inactivation [17] allowed us to calculate inactivation
rate constants and stabilization effect. This method for stability comparison for mutant CboFDH is described in
more details in work [2]. As mentioned above, the
Phe285Ser substitution resulted in increase in catalytic
constant but did not stabilize the enzyme. However, the
Phe285Tyr substitution did not affect the catalytic constant, but it increased stability 3.3-fold [2, 14].
The thermal stability of mutant PseFDHs was studied
in the temperature range 62-72°C. In this interval, the
inactivation of PseFDH and the mutant PseFDH GAV is
irreversible and proceeds through a monomolecular
mechanism [2]. Figure 5 shows the dependence of residual activity on time for the initial enzyme PseFDH SM4
and its mutant forms at 64°C in semi-logarithmic coordinates. The data for widely practically used PseFDH GAV
are also presented. As follows from Fig. 5, the timedependences of residual activity for all mutant PseFDHs
are exponential and linear in coordinates ln(A/A0) – t.
The first order inactivation rate constants kin were calculated from the slopes of the dependences. It was shown
additionally that change in enzyme concentration over a
broad range (0.1-2.5 mg/ml) did not influence inactivation rate constant. Therefore, the inactivation of PseFDH
SM4 and its mutants at high temperatures is considered a
monomolecular process. Consequently, introducing such
amino acid substitution does not influence the mechanism
of enzyme inactivation according to these data.
Table 2 shows that introducing Ser or Asn residues
into position 311 destabilized the enzyme about 2-fold.

THERMAL STABILITY STUDIED
THROUGH INACTIVATION KINETICS
Thermal stability of mutant SoyFDHs with replacements of Phe290 have been studied over a wide temperature range [12, 13]. All mutations provided positive stabilization, and for the mutations Phe290Asp and Phe290Glu
the stabilization effects were 55- and 61-fold at 54°C,

Fig. 5. Dependence of residual activity on time for mutant
PseFDHs in coordinates ln(A/A0) – t (64°C, 0.1 M sodium-phosphate buffer, pH 7.0).
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Table 2. Kinetic parameters and relative thermal stability of initial and mutant formate dehydrogenases with substitutions of the structurally equivalent Phe residue (0.1 M sodium-phosphate buffer, 0.01 M EDTA, pH 7.0)
Enzyme

kcat, s−1

+

KMNAD , µM

−

KMHCOO , mM

Relative thermal stability*

FDH from bacterium Pseudomonas sp. 101 (this work)

wt-PseFDH [1,2]

7.3

60

7.7

0.27

PseFDH GAV [2]

7.3

35

6.0

0.66

PseFDH SM4

7.3

41

3.2

1.00**

PseFDH SM4 Phe311Tyr

7.3

55

3.7

1.59

PseFDH SM4 Phe311Asn

5.5

168

19.2

0.49

PseFDH SM4 Phe311Ser

5.4

170

22.7

0.52

PseFDH SM4 Phe311Asp

4.0

230

29.8

2.42

FDH from soy Glycine max [12, 13]
wt-SoyFDH

2.9

13.3

1.5

1.00***

SoyFDH Phe290Ser

4.1

9.1

4.1

4.8

SoyFDH Phe290Asn

2.8

14.0

4.5

12.3

SoyFDH Phe290Asp

5.1

12.8

5.0

61

SoyFDH Phe290Ala

3.8

8.6

1.1

1.3

SoyFDH Phe290Tyr

3.5

10.9

0.9

1.4

SoyFDH Phe290Gln

3.5

11.7

1.2

5.1

SoyFDH Phe290Glu

4.7

13.7

2.9

SoyFDH Phe290Thr

4.0

14.3

1.3

55
5.0

FDH from yeast Candida boidinii [14]

wt-CboFDH

4.2

45

5.9

6.69

CboFDH Cys23Ser

3.7

44

6

1.00****

CboFDH Cys23Ser/Phe285Ser

6.1

73

14

1.00

CboFDH Cys23Ser/Phe285Tyr

3.7

n.d.

n.d.

3.33

* Relative thermal stability is the ratio of inactivation rate constants for initial enzyme and its mutant (kinini/kinmut).Values that are higher and lower
than 1 mean stabilization and destabilization of the enzyme, respectively. The initial enzyme form that was used for thermal stability calculation is given in bold font.
** Measured at 64°C.
*** Measured at 54°C.
**** For the first three enzymes measured at 50°C. There are no kinetic data (n.d.) for the mutant CboFDH Cys23Ser/Phe285Tyr. Stabilization
effect was evaluated based on indirect results. More details are given in [2].
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However, substitution of Phe311 with Tyr or Asp
increased thermal stability 1.6- and 2.4-fold, respectively.
Therefore, two mutant forms of PseFDH with improved
thermal stability were obtained.
The true monomolecular mechanism of thermal inactivation of PseFDH SM4 and its mutant forms over the
whole temperature range allowed the use of transition state
theory for the analysis of the process. The equation of transition state theory for the dependence of inactivation rate
constant on temperature can be presented in linear form:

,

where

(1)

lent Phe residue were also studied by differential scanning
calorimetry (DSC). Results for SoyFDH are discussed in
details in [12, 13]. Melting curves for the initial enzyme, the
mutant with replacement Phe311Tyr, and for some other
formate dehydrogenases are presented in Fig. 6. Numerical
values of melting temperature are presented in Table 3. The
data are in good agreement with data of the thermal inactivation kinetics. For replacements Phe311Asn and
Phe311Ser, the thermal stability decreased, and for mutations Phe311Tyr and Phe311Asp, it increased compared to
the initial PseFDH SM4. According to both methods, the
proteins can be arranged by thermal stability in the same
order: PseFDH SM4 F311N < PseFDH SM4 F311S <
PseFDH GAV < PseFDH SM4 < PseFDH SM4 F311Y <
PseFDH SM4 F311D.

, k B and h are the Boltzmann

and Plank constants, respectively, R is the universal gas
constant, and ∆H≠ and ∆S≠ are activation parameters.
Figure 6 shows the dependences of inactivation rate
constant on temperature for mutant PseFDHs in coordinates ln(kin/T) – 1/T. From this picture, we see that the
dependences are linear, so the equation of transition state
theory can be applied to them. The activation parameters – enthalpy and entropy – can be calculated from the
slope and the intercept, respectively (Table 3). Similar
parameters for other formate dehydrogenases are also
provided in the table.

STUDY OF THERMAL STABILITY
BY DIFFERENTIAL SCANNING CALORIMETRY
Thermal stabilities of mutant forms of SoyFDH and
PseFDH SM4 with substitution of the structurally equiva-

Fig. 6. Dependence of inactivation rate constant on temperature
for mutant forms of PseFDH in coordinates ln(kin/T) – 1/T, K–1
(0.1 M sodium-phosphate buffer, pH 7.0).

ANALYSIS OF INFLUENCE OF AMINO ACID
REPLACEMENTS OF THE STRUCTURALLY
EQUIVALENT PHENYLALANINE
ON PROPERTIES OF FORMATE
DEHYDROGENASE
The data show that structurally equivalent Phe plays
a very important role in stability and catalysis of formate
dehydrogenases from the bacterium Pseudomonas sp. 101
(Phe311), soybean G. max (Phe290), and methylotrophic
yeast C. boidinii (Phe285). However, the results for
mutants of PseFDH SM4, SoyFDH [12, 13], and
CboFDH [14] with replacements of residues Phe311,
Phe290, and Phe285 differ greatly in direction (increase
or decrease) and are strictly characteristic for each
enzyme.
Catalytic constant. The increase in the catalytic constant caused by mutagenesis depends on the initial specific activity of the enzyme, as shown in Table 2. In the case
of bacterial PseFDH SM4, which has higher activity
compared to enzymes from yeasts and plants, there were
no replacements that increased kcat (Table 2). Amino acid
substitutions Phe290Asn in SoyFDH and Phe285Tyr in
CboFDH Cys23Ser do not influence the value of kcat, but
for mutant SoyFDHs with replacements Phe290Ser,
Phe290Asp, Phe290Ala, Phe290Tyr, Phe290Gln,
Phe290Glu, and Phe290Thr, kcat increases from 20 to
76% [12, 13], and for mutant CboFDH Cys23Ser/
Phe285Ser, kcat increases by 65% compared to the initial
enzyme CboFDH Cys23Ser. However, if we compare this
result with wt-CboFDH, the effect will be less, 42%, and
it is rather similar to SoyFDH – the Phe290Ser mutation
increased kcat by 43%. In addition, it should be noted that
specific activity of the best mutant of SoyFDH,
Phe290Asp, is less than the same value for the mutant
CboFDH Cys23Ser/Phe285Ser.
Michaelis constants. The replacement Phe311Tyr in
NAD+
PseFDH SM4 has practically no influence on KM
and
HCOO–
KM
(Table 1). Unfortunately, there are no data in the
BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015
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Table 3. Inactivation parameters for mutant and wild-type FDHs from different sources*
Inactivation kinetic

Differential scanning calorimetry

Enzyme
∆H ≠, kJ/mol ∆S≠, J/mol/K phase transition temperature, Tm, °C

cooperativity factor, T1/2, °C

wt-PseFDH [1,2]

570 ± 20

1390 ± 70

67.6

5.4

PseFDH GAV [2]

590 ± 20

1420 ± 50

68.8

5.08

PseFDH SM4

580 ± 10

1400 ± 50

69.0

5.17

PseFDH SM4 F311S

580 ± 30

1280 ± 80

67.8

4.52

PseFDH SM4 F311N

530 ± 20

1250 ± 50

68.3

4.57

PseFDH SM4 F311Y

600 ± 40

1450 ± 80

69.7

4.70

PseFDH SM4 F311D

600 ± 20

1450 ± 60

70.3

3.92

wt-MorFDH [2, 18]

n.d.***

n.d.

63.4

6.4

wt-SoyFDH [12, 13]

370

830

57.0

7.1

SoyFDH F290A [13]

370

820

57.1

9.0

SoyFDH F290Y [13]

320

660

57.6

9.7

SoyFDH F290T [13]

470

1100

59.2

7.7

SoyFDH F290S [12]

440

1020

59.9

6.4

SoyFDH F290Q [13]

340

720

61.2

9.0

SoyFDH F290N [12]

450

1050

61.3

6.6

SoyFDH F290D [12]

520

1240

64.8

5.0

SoyFDH F290E [13]

480

1180

63.6

8.7

wt-AthFDH [2]

490

1200

64.9

5.9

wt-CboFDH [17]

500

1360

64.4

5.3

* 0.1 M sodium-phosphate buffer, pH 7.0.
** wt-PseFDH, wt-MorFDH, wt-SoyFDH, wt-AthFDH, and wt-CboFDH – recombinant wild type formate dehydrogenases from bacteria
Pseudomonas sp. 101 and Moraxella sp. C-1, plants soya Glycine max and A. thaliana, and yeast C. boidinii, respectively.
*** n.d., no data.

literature for mutant CboFDH Cys23Ser/Phe285Tyr.
Replacement Phe285Ser in the yeast enzyme and
replacements of Phe311 to Ser, Asn, and Asp in PseFDH
SM4 increased Michaelis constants for both substrates
BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015

several-fold. This effect is rather high in bacterial
enzymes. Different data were obtained for SoyFDH
(Table 2). The value of KMHCOO– increased from 2- to 3.3fold (for four of eight replacements – Phe290Asp,
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Phe290Ser, Phe290Asn, and Phe290Glu) and decreased
1.4-fold (for replacement Phe290Tyr). For NAD+, the
value of KM becomes better (Phe290Ser and Phe290Ala)
or remains constant within the experimental error
(Phe290Glu, Phe290Asn, Phe290Gln, Phe290Glu,
Phe290Thr, and Phe290Asp).
Structural aspects of kinetic parameters change.
Different effects on kinetic parameters of bacterial and
plant formate dehydrogenases are in good agreement with
results of structure modeling of mutant enzymes. As mentioned earlier, a new H-bond is formed between the
introduced residue and Gln313 (Table 1). The latter
residue is not involved in catalysis, but it is in tight contact with residue His332, which takes part in formate ion
binding in the enzyme active site [15, 16]. Formation of
the new H-bond with Gln313 leads to change in its conformation (Fig. 3, a-d). Such change primarily should
influence formate binding in the active site, and then
change in catalytic properties. At the same time, the
results of structure modeling of mutant SoyFDHs based
on the crystal structure of the ternary complex
[SoyFDH–NAD+–N–3 ] [12, 13] showed that the location
of Gln292 (equivalent of Gln313 in PseFDH) remains
practically constant. All substitutions in position 290
except for Phe290Ala lead to formation of from two to
four new H-bonds, and one of them is always with
HCOO–
Gln292. Consequently, increase in KM
in the plant
enzyme is not related to conformation change in the formate-binding domain of the active site. This effect relates
to change in microdielectric permittivity in the active site
by means of the replacement of hydrophobic Phe by more
polar residues. The same should be valid for bacterial and
yeast formate dehydrogenases. For PseFDH SM4 and

⋅

Fig. 7. DSC melting curves for wild-type formate dehydrogenases
from plants soya (wt-SoyFDH) and A. thaliana (wt-AthFDH),
yeast C. boidinii (wt-CboFDH), bacteria Moraxella sp. C1 (wtMorFDH) and Pseudomonas sp. 101 (wt-PseFDH), and mutants
PseFDH SM4 and PseFDH SM4 F311Y (0.1 M sodium phosphate buffer, pH 7.0). Heating rate, 1°C/min.

–

SoyFDH, the greatest increase in KMHCOO occurs on substitution to negatively charged Asp. The substitution to
the least polar of the studied residues, Tyr, has the small–
est effect on KMHCOO . The residues with intermediate
polarity (Ser and Ala) produce intermediate effects on the
KM values.
Apparently, increase in catalytic constant in the case
of plant and yeast formate dehydrogenase and the lack of
such effect for the bacterial enzyme relates to the difference of catalytic and kinetics mechanisms of the
enzymes. PseFDH has a random quasi-equilibrium
kinetic mechanism [19, 20]. The data of pre-steady-state
kinetics and experiments for determination of primarily
deuterium kinetic isotope effect (HVmax/DVmax 3.0 and
H
(Vmax/KM)/D(Vmax/KM) 2.5) at different pH values show
that hydride-ion transfer in the ternary complex is the
rate-limiting step of the PseFDH kinetic mechanism
[20]. However, ordered substrate binding is typical for
yeast and plant enzymes [21, 22]. The primary deuterium
kinetic isotope effects for the reaction maximum velocity
H
Vmax/DVmax are 2.13 and 2.10 for yeast FDH from C. boidinii [22] and C. methylica [23], respectively, and definitely lower than for PseFDH (3.0) [20]. For FDH from C.
boidinii, the ratio H(Vmax/KM)/D(Vmax/KM) 2.27 corresponds to the ratio HVmax/DVmax within experimental error
[22], but for PseFDH such value is reliably lower (2.50)
[20]. This means that the effective catalytic constant may
depends on the step of formate binding (or on the rate of
CO2 dissociation). A somewhat different way of formate
ion binding in the active site of bacterial and yeast formate dehydrogenases leads to the fact that PseFDH cannot catalyze the oxidation of the nearest structural analog – thioformate. On the contrary, the enzyme from the
yeast Hansenula polymorpha catalyzes this reaction [2,
24]. Probably slight decrease in formate ion binding and
the product of its oxidation, carbon dioxide, in the active
site of mutants with replacement of hydrophobic Phe to
polar Ser and Asp residues is connected with increase in
their dissociation rate from the active site, and, as a result,
the maximum rate of the reaction increases. Nevertheless, bacterial formate dehydrogenases are considered
more efficient as biocatalysts than their analogs from
yeasts and plants because even under the best of circumstances (replacement Phe285Ser in CboFDH), the value
of the catalytic constant 6.1 s–1 [17] is still less than kcat for
the bacterial wild-type enzyme (7.3 s–1) [2].
The data on thermal stability of formate dehydrogenases from different sources follow the rule “the highest
effect is observed for the least perfect enzyme”. SoyFDH
is one of the less stable enzymes among studied formate
dehydrogenases (Fig. 6). Only the enzyme from baker’s
yeasts is less stable than SoyFDH [18, 25]. Therefore, it is
not surprise that the highest stabilization effect, 61-fold,
was observed for the mutant form SoyFDH Phe290Asp
(Table 2). This single-point mutation resulted in thermal
stability level comparable with that of FDH from other
BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015
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plant, A. thaliana, which is inferior only to that of
PseFDH (Fig. 7). For the same replacement in PseFDH
SM4, the effect is much lower – only 2.4-fold. However,
if we compare this mutein with wt-PseFDH, the stabilization effect is 9-fold. Taking into account that PseFDH
is the most stable among the studied formate dehydrogenases, this result seems to be very successful.
The data indicate that replacements of Phe311 in
PseFDH and Phe290 in SoyFDH result in different temperature dependences of the inactivation rate constant.
For PseFDH SM4, the dependences of inactivation rate
constant in coordinates ln(kin/T) – T–1 have the same
slope. This means that the activation enthalpy remains
constant for the initial PseFDH SM4 and the mutants
(Table 3). Consequently, change in thermal stability
depends only on change in activation entropy. These
results are in contrast to data obtained for SoyFDH
(Table 3) [12, 13]. For SoyFDH mutants with substitutions in position 290, the values of activation enthalpy
and activation entropy for thermal denaturation may be
lower (replacements Phe290Tyr and Phe290Gln) or higher compared to those for the wild-type enzyme.
Activation parameters for mutant PseFDH Phe290Ala
with no additional hydrogen bonds are similar to those for
wild-type SoyFDH. Nevertheless, all of the mutants are
more stable than the initial enzyme, and this is not influenced by the activation parameters. However, some
mutant forms of SoyFDH have better catalytic parameters than the initial enzyme. Differences in activation
enthalpy of wt-SoyFDH and its mutants with substitutions in position 290 change the stabilization effect. When
∆H≠ increases, the stabilization effect becomes greater
while the temperature decreases. For the values of ∆H≠
less than that of the wild-type enzyme, the difference in
stability disappears, and at temperatures less than 45°C,
mutant forms SoyFDH Phe290Tyr and SoyFDH
Phe290Gln are less stable than the initial enzyme. Only
for the mutant SoyFDH Phe290Ala, which has the same
value of ∆H≠ as the native enzyme, the stabilization effect
does not depend on temperature.
The same substitution differently influences the stability of formate dehydrogenases. The replacement
Phe285Ser in FDH from the yeast C. boidinii makes the
catalytic constant better, but the Michaelis constants for
both substrates become worse, while the thermal stability
remains constant. In the case of bacterial FDH, thermal
stability decreases nearly two-fold as a result of the same
substitution. Replacement Phe285Tyr in CboFDH does
not influence the catalytic constant, but it increases the
stability 3.3-fold (Table 2). The same mutation in
PseFDH leads to less increase in stability (only 1.5-fold).
For the enzyme from soybean, the catalytic constant and
KM for the coenzyme become better and thermal stability
increases 4.8-fold. It should be noted that the replacement Phe/Asp increases stability of both bacterial
PseFDH and plant SoyFDH. However, this mutation
BIOCHEMISTRY (Moscow) Vol. 80 No. 13 2015
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causes the opposite effect on values of catalytic constant
and KM for formate.
Analysis of results of mutagenesis of the structurally
equivalent Phe residue in formate dehydrogenases from
three sources types – bacteria, yeasts, and plants –
shows that this residue plays a very important role in
catalysis and stability. All eight amino acid replacements
in SoyFDH resulted in mutants with improved thermal
stability. Moreover, in two cases the stabilization effect
was extremely high compared to common stabilization
values caused by single-point mutations. Combination
with two other positive mutations [26] led to preparation
of triple mutants and the best mutant thermal stability
very close that for wild-type PseFDH [27]. The catalytic
constant increased for seven mutants of SoyFDH with
replacements in position 290. Mutants of SoyFDH with
substitutions Phe290Asp and Phe290Glu show very high
catalytic efficiency and are considered the most perspective for biotechnology. For the yeast enzyme, only
replacement Phe285Tyr that led to increased stability is
interesting for practical application. Substitution
Phe285Ser increased the catalytic constant 1.65-fold,
but at the same time, the KM for the coenzyme increased
twice. As a result, catalytic efficiency did not change, but
in practice in the process of coenzyme regeneration, the
concentration of NAD+ should be increased 2-fold. For
PseFDH, two mutant forms of the enzyme with higher
thermal stability compared with initial mutant PseFDH
SM4 were obtained by single point mutation. Thus, the
enzyme with replacement Phe311Tyr does not have significantly changed catalytic properties. Comparison of
the influence of Phe residue replacement on properties
of formate dehydrogenases from bacteria, yeasts, and
plants proves that the structure of the enzyme plays a
crucial role for the same replacements in structurally
equivalent positions in different formate dehydrogenases.
This work was supported by the Russian Foundation
for Basic Research (project No. 14-04-01625).
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