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ABSTRACT NAD*-dependent formate dehydrogenase (FDH, EC 1.2.1.2) widely occurs in nature. FDH consists
of two identical subunits and contains neither prosthetic groups nor metal ions. This type of FDH was found in
different microorganisms (including pathogenic ones), such as bacteria, yeasts, fungi, and plants. As opposed to
microbiological FDHs functioning in cytoplasm, plant FDHs localize in mitochondria. Formate dehydrogenase
activity was first discovered as early as in 1921 in plant; however, until the past decade FDHs from plants had
been considerably less studied than the enzymes from microorganisms. This review summarizes the recent
results on studying the physiological role, properties, structure, and protein engineering of plant formate dehy-
drogenases.

KEYWORDS plant formate dehydrogenase; physiological role; properties; structure; expression; Escherichia coli;
protein engineering.

ABBREVIATIONS FDH — formate dehydrogenase; PseFDH, ChoFDH — formate dehydrogenases from bacteria
Pseudomonas sp. 101 and yeast Candida boidinii, respectively; SoyFDH, AthFDH — plant formate dehydrogenases

from soybean Glycine max and Arabidopsis thaliana, respectively.

INTRODUCTION

NAD'-dependent formate dehydrogenases (FDHs)
[EC 1.2.1.2] belong to the family of enzymes catalyzing
the oxidation of the formate ion to carbon dioxide, cou-
pled with NAD* reduction to NADH:

HCOO  + NAD*~ CO,t + NADH.

It is possible to distinguish two major FDH groups
based on the differences in structure of these enzymes.
The first group is comprised of formate dehydrogenas-
es from anaerobic microorganisms and archae. FDHs
in this group are heterooligomers with a complex qua-
ternary structure and a high molecular weight. They
are generally characterized by the presence of various
prosthetic groups (iron—sulphur clusters, molybdenum
and tungsten ions) in the active site and high sensitivity
to oxygen[1, 2].

The second group is comprised of NAD"-dependent
formate dehydrogenases consisting of two identical
subunits, both having two active sites and containing
neither metal ions nor prosthetic groups in the protein
globule. FDHs of this group belong to the superfamily
of D-specific dehydrogenases of 2-oxyacids [3]. The re-
action of formate oxidation catalyzed by a FDH from
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this group is the simplest example of dehydrogenation
of carbonyl compounds, since there is neither the stage
of proton transfer in the catalytic mechanism nor other
stages of acid—base catalysis. The reaction rate is gener-
ally limited by the rate of hydride ion transfer from the
substrate to the C4 atom of the nicotinamide ring [4].
Thus, FDH can be used as a model enzyme for studying
the mechanism of hydride ion transfer in the active site
of dehydrogenases that belong to this superfamily.

The active and systematic study of FDHs began in
the early 1970s and was primarily devoted to enzymes
from microorganisms. The physiological role of micro-
bial FDHs is different. Thus, in methanol-utilizing bac-
teria and yeast, this enzyme participates in the supply
of energy to a cell, whereas in pathogenic bacteria and
fungi FDH is a stress protein. The properties and pro-
tein engineering of FDH were thoroughly discussed in
[5, 6].

NAD*-dependent formate dehydrogenases from
plants also belong to the second FDH group. Recent
studies have revealed that FDH also belongs to stress
proteins in plants, similar to those found in pathogen-
ic microorganisms. FDH synthesis strongly increases
under the following conditions: drought, with abrupt
changes in temperature, irradiation with hard ultravio-
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let light, through the action of chemical agents [7—9],
hypoxia [10], and action of pathogenic microorganisms
[11]. The significance of the physiological role of this en-
zyme gives rise to the necessity of studying plant FDHs.
Till now, there are no publications in which the data
on plant FDHs are systematized. The major features of
plant formate dehydrogenases, as well as their kinetic
properties and stability, are summarized in this review,
a detailed description of the physiological role of FDH
is also presented.

DISCOVERY HISTORY, LOCALIZATION,

AND PHYSIOLOGICAL ROLE OF PLANT FDHS

Plant FDH was first found in beans (Phaseolus vulgaris)
in 1921 [12].

The first attempt to provide a detailed description
of FDH and to assess the role of this enzyme in plant
metabolism was made by Davison in 1951 [13], by the
example of formate dehydrogenases from pea and
bean seeds. The role of FDH was believed to consist
in the production of NADH, which was subsequently
consumed for the formation of ethanol, succinate, and
glutamate in coupled reactions. Thus, the role of FDH as
a “supplier” of NADH molecules to fit the various needs
of a cell was first defined. An assumption concerning
the mechanisms of the emergence of formate in a plant
cell was made in the same study. According to the first
hypothesis, formate could be formed along with etha-
nol and acetic acid as a result of anaerobic respiration.
According to an alternative hypothesis, formate could
be formed during the oxidation of glycolic acid; how-
ever, no unambiguous data that would corroborate a
certain metabolic pathway, during which formate is
formed, have been obtained thus far.

The first experiments for determining the localiza-
tion of FDHs in plant cells were carried out in 1956. It
was revealed that formate dehydrogenase activity was
primarily present in mitochondria [14]. However, due
to the fact that the samples under study were contami-
nated with other organelles, it couldn’t be unequivocal-
ly proven that FDH is localized in mitochondria. In 1960,
it was demonstrated that FDH was localized not only in
seeds, but also in other plant parts. Formate dehydro-
genase activity was revealed in cabbage and spinach
leaves, roots of garden radish and turnip, cauliflower
buds, and pumpkin fruits [15]. It was demonstrated us-
ing spinach leaves that there were at least two path-
ways for formate oxidation in a plant cell: by FDH in
mitochondria and by peroxidase in peroxisomes [16]. It
was ascertained in separate experiments that formate
was oxidized by FDH in mitochondria at pH > 6, while
peroxidase in peroxisomes plays the major role in for-
mate oxidation at lower pH values. Later, it was shown
that FDH in mitochondria was a component of a pro-

tein complex with a molecular weight of approximately
200 kDa rather than being an individual molecule [17].
These complexes can potentially be formed by glycine
decarboxylase and fumarase; their concentration in-
creasing synchronically with rising FDH activity [9].

It was shown in systematic studies that formate
dehydrogenase activity was strongly dependent both
upon a plant and upon a particular plant organ con-
taining the enzyme [18]. The dependence of enzymatic
activity on the rate of oxygen consumption by a plant
was also revealed. Thus, in plants with high oxygen
consumption (spinach, tobacco, etc.), formate dehydro-
genase activity was higher than that in a plant with
low oxygen consumption (the Leguminosae, lettuce,
etc.) [18]. In this study, the hypothesis was postulated
that in oxidation of NADH obtained via the formate
dehydrogenase reaction, the accumulated energy was
consumed for ATP formation via the electron trans-
port chain, thus satisfying the energy demand of the
cell [18]. Unfortunately, high variation of FDH activity
in different plants prevents the unambiguous answer-
ing of the question concerning the role of this enzyme
in the metabolism. The relationship between formate
metabolism and plant response to stress was first noted
in 1978 [19], the increased formation of labelled carbon
dioxide from formate was observed in barley, which
was grown under overwatering conditions.

In 1992, research into the physiological role of for-
mate dehydrogenase from plants was raised to a new
level [20]. It was revealed that the mitochondria of
non-photosynthesizing tissues of potato contained
an unknown peptide with a molecular weight of ap-
proximately 40 kDa, which composed up to 9% of all
mitochondrial proteins. cDNA of this polypeptide was
cloned in 1993; the analysis of the amino acid sequence
encoded by this cDNA demonstrated 55% homology
with FDH from Pseudomonas sp. 101 [21]. Compari-
son of the N-terminal sequences of natural FDH and
polypeptide translated from cDNA revealed that the
theoretical protein contained an additional signal pep-
tide consisting of 23 amino acid residues, which provid-
ed the transport of pro-enzyme from cytoplasm inside
mitochondria. Polypeptides of the same molecular mass
were found in pea, tomato, and onion; the FDH con-
tent in the mitochondria of non-photosynthetic tissues
(tubers and roots) was approximately eightfold higher
than that in leaves [20]. Moreover, FDH concentration
sharply increased in plants which were grown in the
dark (pea stems, chicory leaves, carrot roots, sweet po-
tato tubers, etc.) [20].

Actually, numerous data have been published sup-
porting the fact that FDH is synthesized at a high con-
centration under conditions that are unfavourable to
plant growth, e.g.: drought, low temperature, hard
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ultraviolet radiation, exposure chemical agents, defi-
ciency of both light and iron, and low oxygen concen-
tration. However, the response rate strongly depended
on the type of interaction. Thus, the fastest response of
potato plants, which manifests itself by mRNA synthe-
sis, was observed upon direct damage to plant tissue
(=20 min), whereas the average response time for other
types of impacts was equal to 8 h [7]. Under conditions
of iron deficiency, the amount of formate dehydro-
genase mMRNA in barley roots began to increase after
1 day, attaining the maximum value after 14 days [8,
22], whereas the synthesis of formate dehydrogenase in
leaves did not change. Under anaerobic stress, the con-
centration of FDH mRNA in barley roots increased as
early as after 12 h, attaining the maximum value by the
48th hour. In maritime pine, the biosynthesis of FDH is
enhanced during a drought [23]. An increase in the lev-
el of FDH mRNA was also observed in Lotus japonicus
plants cultivated under conditions of hypoxia [10].

The gene expression in moss Physcomitrella patens
responding to stress was studied in [24]. Moss plants
were treated with abscisic acid (hormone inducing the
transfer of plants to the rest period and being capable
of decelerating stem growth, which is accumulated in
seeds and buds in Autumn) followed by cooling to +4°C.
It was found that abscisic acid induced an increase in
resistance of moss to low temperatures; it also altered
the set of expressed genes. FDH is one of the enzymes
whose gene is expressed under the action of abscisic
acid. It turned out that the level of FDH gene expres-
sion increased during several hours following treatment
with abscisic acid and when the plants were stored in
cold temperature for 24 h. In the absence of abscisic
acid, the response to the impact of low temperatures
occurs much more slowly. Treatment with sodium chlo-
ride at high concentrations (0.125 and 0.25 M) and man-
nitol (0.25 and 0.5 M) enhanced both the resistance of
the moss to low temperatures and the expression of a
number of genes, including the FDH gene. It was thus
demonstrated that formate dehydrogenase was a stress
protein both in higher plants and in mosses; the level of
its biosynthesis could be regulated by hormones. Other
plant hormones, such as auxin and cytokinin, also have
an effect on FDH activity in higher plants [25].

The synthesis of FDH was also studied in Arabidop-
sis thaliana, being exposed to various factors. It was the
first plant for which the complete nucleotide sequence
of the genome was determined; therefore, in many
cases A. thaliana is used as a model plant. The plants
were sprayed with various Cl-compounds (methanol,
formaldehyde, and formate) followed by the Northern
blot analysis using FDH ¢cDNA as a probe. The most in-
tensive expression of the FDH gene was observed for
treatment with formaldehyde or methanol. A lower
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level of expression was observed in the samples sprayed
with formate and deionized water. An increase in the
expression of the FDH gene was not recorded, neither
in plants with their leaves pruned nor in the control
sample. These data enabled one to reasonably conclude
that the synthesis of FDH was induced to a larger ex-
tent not by the formate substrate, but by its reduced
form (formaldehyde) [26]. It was also demonstrated [27]
that one-carbon compounds (methanol, formaldehyde,
and formate) induced the synthesis of FDH in plant
leaves. Methanol has a direct effect on the synthesis of
FDH transcripts, while its oxidized modifications (for-
maldehyde, formate) can act as signalling molecules.
An analysis of the N-terminal region of the enzyme al-
lowed one to assume that FDH can also be transported
to chloroplasts. The dual localization of FDH, both in
mitochondria and chloroplasts, was shown in transgenic
A. thaliana and tobacco plants containing the AthFDH
gene [28].

The origin of formate in cells of the plants exposed to
stress remains unknown. The hypothesis has been put
forward suggesting that formate may be synthesized
during photorespiration, in the methanol metabolism,
or from glyoxylate formed from different products of
the Krebs cycle [7]. The formation of formate by the
serine pathway as it takes place in bacteria [1] has been
discussed, since the introduction of serine resulted in
the increase in FDH concentration in potato plants. In
further experiments [29], the transgenic potato with
suppressed synthesis of FDH was obtained. It was re-
vealed that formate that does not undergo further
oxidation to carbon dioxide was accumulated in the tis-
sues of transgenic plants. It was also shown that pro-
line and its precursor glutamate were formed at a high
concentration in transgenic potato under conditions of
drought.

The metabolism of formate and its physiological role
have been well studied [30]. In photosynthesizing potato
tissues, formate is the major precursor of all other car-
bon-containing compounds; it is basically synthesized
via ferredoxin-dependent fixation of carbon dioxide. In
other tissues, formate is a side product of photorespira-
tion and some enzymatic processes; its formation seems
to result from the direct reduction of carbon dioxide in
chloroplasts. In potato plants, the metabolism of for-
mate is associated with the synthesis of serine.

A close relationship between the biosynthesis of for-
mate and serine also exists in A. thaliana [31]. Three
lines of transgenic plants with enhanced expression of
FDH were obtained. Formate concentration in trans-
genic plants was almost identical to that in wild-type
A. thaliana. Following the introduction of labelled for-
mate, the intensity of formation of radioactively la-
belled carbon dioxide in transgenic plants was much
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higher, whereas serine accumulation remained at the
same level. Transgenic A. thaliana plants with an en-
hanced level of FDH gene expression were also ob-
tained in [32].

Phosphorylation is the most important method of
metabolism regulation. 14 proteins of potato mitochon-
dria, which can be presented in the phosphorylated
form, have been discovered [33]; among them FDH can
also be found. The amino acid residues of mitochondrial
FDH of potato, which undergo phosphorylation (Thr76
and Thr333) have been identified [34]. An analysis of the
FDH structure demonstrated that these two threonine
residues were located on the surface of a protein globule
and could be easily accessible for kinases catalyzing the
phosphorylation process. A high phosphorylation level
is observed in the El-a subunit of pyruvate dehydro-
genase (PDH). The phosphorylation of both FDH and
pyruvate dehydrogenase is regulated by the variation of
concentrations of NAD™, formate, and pyruvate, which
attests to the similarity in the mechanisms of regula-
tion of the function of these enzymes. The level of phos-
phorylation of the enzyme is considerably reduced with
increasing concentrations of NAD®, formate, and pyru-
vate. It is assumed that pyruvate can be converted into
formate in the reaction catalyzed by pyruvate formate
lyase (PFL) followed by the oxidation of formate with
the participation of FDH.

Formate ion takes part in a great number of meta-
bolic processes with complicated regulation, as can
clearly be seen from the data provided. The most com-
plete scheme of participation of formate in plant me-
tabolism can be found in [11].

Recent studies have attested to the fact that FDH
content in plant mitochondria increases in response
not only to physical and chemical factors, but also as
a result of a “biological attack”. The activation of bio-
synthesis of FDH was observed following infection of
the English oak with the pathogenic fungus, Piloderma
croceum [35]; wheat, with fungus Blumeria graminis
f. sp. tritict [36]; and the common bean, with fungus
Colletotrichum lindemuthianum [11]. The common bean
genome contains three FDH genes; their expression is
regulated by the type of exposure factor. It is assumed
that synthesis of FDH in wheat is induced by methanol
as a result of the impact of pectin methylesterase on
pectin. In plants of the common tobacco Nicotiana at-
tenuate damaged by Manduca sexta caterpillars, fatty
acid conjugates initiating the synthesis of a number of
proteins, including FDH, are released [37].

Summarizing this section, let us note that formate
dehydrogenase is a universal enzyme involved in the
cell stress response caused by both exogenic (negative
ambient impact) and endogenic (deficiency of essential
microelements, exposure to pathogens) processes. This

fact attests to the key role of FDH in metabolism proc-
esses of higher plants. The production of mutant forms
of FDH characterized by an enhanced catalytic activity
and the insertion of their genes into the plant genome
instead of wild-type enzyme genes represents a funda-
mentally new approach to the design of plants with an
enhanced resistance to stress.

THE FEATURES OF THE PRIMARY

STRUCTURE OF PLANT FDH

Due to the active development of mega-sequencing
methods, a new genome structure of various organisms,
including plants, is published almost every day. Search-
ing in GenBank (GB), EMBL, and KEGG (http://www.
genome.jp/) databases enabled us to find nucleotide
sequences of genes (complete or as cDNA) of plant FDH
from over 70 sources. Moreover, study [11] presents a
number of sequences that are not present in the da-
tabases. Table 1 lists the names of the plants and the
contracted notations of FDHs. FDHs that are character-
istic of various microorganisms, such as enzymes from
methylotrophic bacteria Pseudomonas sp. 101 (the most
well studied FDH to this moment), Moraxella sp. C2,
pathogenic bacteria Burkholderia stabilis and Borde-
tella bronchiseptica RB50 (Alcaligenes bronchisepticus),
uncultured marine alpha proteobacteria and nitrogen-
fixing bacteria Sinorhizobium meliloti, yeasts Saccha-
romyces cerevisiae and Candida boidinii, were used for
comparison.

The presence of a signal peptide, which is responsi-
ble for FDH transport from the cytoplasm to mitochon-
dria, at the N-terminus of the synthesized proenzyme
is the distinctive feature of plant FDHs [21]. Bacterial
and yeast FDHs contain no signal peptides. The genes of
FDHs from a number of pathogenic fungi also contain
the nucleotide sequence encoding the signal peptide.
However, depending on the condition of a host cell, the
RNA synthesized from the FDH gene undergoes alter-
native splicing, resulting in the formation of different
mRNAs encoding proteins both with and without the
signal peptide [49].

Figure 1 shows the signal sequences of formate de-
hydrogenases from various sources. The potential spe-
cific sequences providing the transport of an enzyme to
mitochondria are underlined. The residue, after which
the cleavage of the signal peptide occurs, is shown in
green italics. In the majority of formate dehydroge-
nases, it is the arginine residue. Serine residue (FDH
from sorghum SbiFDHI, castor bean tree RcoFDH1),
lysine (grape VviFDH1), proline (FDHs from soybean
SoyFDH1 and SoyFDH?2, isoforms 1 and 2) can also be
found in this position. The signal sequence of FDH is
enriched in amino acid residues containing hydroxyl
or positively charged groups and is capable of form-
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Table 1. The sources and contracted notations of formate dehydrogenases considered in the present study

Common Snapdragon AmaFDHI KEGG: EST 2545

Arabidopsis thaliana AthFDH EMBL AF208029

Brassica napus

Cryptomeria japonica CjaFDH1 KEGG: EST 5066
CreFDH3 KEGG: EST 11052
Coffea canephora Coffea canephora CcaFDH1 KEGG: EST 1007

BnaFDH1
BnaFDH2

[11]
KEGG: EST 21261

Rapeseed

SoyFDH1 GB AK244764,[38]
SoyFDH2 GB Bt094321
Glycine max Soybean SoyFDH3 GB AK243932, [38]
SoyFDH4 GB BT095613
SoyFDH5 KEGG: EST 19520

_ Lomsjepomicus | - | LjaPDHI | GBFMS865900,[10] |

Pinus pinaster Maritime pine PpiFDH1 KEGG: EST 174
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Populus nigra Lombardy poplar PniFDH2 KEGG: EST 7989
Populus trichocarpa Western balsam poplar PtrFDH1 | PtrFDH1 GB XM002320465, [45]
English oak QroFDHI1 GB AJ577266.2, [35]

RcoFDH1 GB XM_002517292
StuFDHI GB 721493, [21]

Mycosphaerella graminicola Fungus Mycosphaerella graminicola | MgrFDH GB AW180713 180985

AjcFDHI1
Ajellomyces capsulatus Darling’s disease fungus AszDH3 [49]

SceFDH EMBL 275296
Methylotrophic bacterium
Pseudomonas sp. 101 Pseudomonas sp. 101 PseFDH [50]
. o Bacterium
Burkholderia stabilis Burkholderia stabilis BstFDH [51]

Uncultured gnaring alpha proteo- | Uncultured marin_e alpha proteobac- BbrFDH EMBL BX640441
acterium terium
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Bali FDHL- - == === === - =mmmmm - MAMARAAARQL VDRAL VGSRAAHTSAG- SKKI VGVF
PedFDH- - - < = == == m e o e e e MAMARAAARQL VDRAL GSRAAHTSAG- SKKI VGVF
Far FDHL- - - = <<= == === mecmmmeomems MARAAARHL VDRAL GSRAAHTSAG SKKI VGVF
HVUFDHL- - < = == === s o e e e e o e MAAMARAAARQL VDRAVGSRAAHT SAG- SKKI VGVF
Ta@FDHL- < == < s = e o e e e MAAMCRAAARQL VDRAVGSRAAHT SAG- SKKI VGVF
Sbi FDHL- - === === s e e mmmmee e os MAMARAAARQL VDRAL GSSAAHTSAG SKKI VGVF
SOf FDHL- = === == === o e o e mmm e o s MAMARAAARKL VDRAL GSRAAHTSAG- SKKI VGVF
311210 R MAMARAAARQL VDRAL GSRAAHTSTG SKKI VGVF
PVi FDHL- -« = <= == ce o e e oo MAMARAAARQL VDRAL GARAAHT SAG- SKKI VGVF
(071 o x (1S MAMARAAAGHL L GRAL GSRAAHTSAG- SKKI VGVF
Sbi FDH2- = === == === o= - MAVRRAAQQAARFAMGPHVPHT APAARSL HASAG SKKI VGVF
Lj aFDHL- - - = -« ------ MAMVKRAASSAVRSLL TAPTPNPSSS| FSRNLHASGG- KKKI VGVF
M r FDHL- - -~ -------- MAVKRAASTL| TASSKI SSLSSPSS| | TRDOLHASGG- KKKI VGVF
PVUFDHL- - - = =« = == c e e o mm o e MAVKRAAASSAFRSLL SSTFSRNLH - - - - - KKI VGVF
VUNFDHL- = - = === mmmmm e e MANVRRAAGSSAI RSLFSSTFSRNLAVSGE- KKKI VGVF
SOYFDH3- = === === s = e mm e o MAMVKRAASSSVRSL L SSSSTFTRNL HASGE- KKKI VGVF
SOYFDHA- = -« < == o m e e o MAMVKRAASSAL RSLI ASSSTFTRNLHASGE- KKKI VGVF
S0y FDHL- - MSNFTLKMSDPTLAQQHLVKVHT TTHETWWTTHNHNGTPSL NASGE- KKKI VGVF
Soy FDH2- - MLNFTLKVSDPTLAQPHLVKVHTT- LETWWTTHNHNHRPSI NASGE- KKKI VGVF
SOYFDHS- = -« < = <m e mm e e MAVKRAVQSL L ASSSTL TRNLHASGE- KKKI VGVF
TOF FDHL- <= == === === - MAI AMKRAAAAAATRAI SSANSGSI FTRHLHASSG- KKKI VGVF
LSAFDHL- - = = == === == == mm o e e oo MAI AVKSDSGSI LTRHLHASSG- KKKI VGVF
HanFDHL- - - = =« = == - - - MAVSMAMKRSAAAATRAL SSATSSS| LTRDLHSSSG- KKKI VGVF
AMBFDHL- = - = = << == oo m - - MAVKRAAVTAVRAL TSSAPSSVL TRGLHASPG- SKKI VGVF
TPUFDHL- == == === === - = - MAMVKRAVASTVGAI TSSGNPASSVL ARYLHASPG SKKI VGVF
LeSFDHL- -« == -=ccmmemn- MANVRRVASTAARAI ASPSSLVFTRELOASPG- PKKI VGVF
StUFDHL- = === === e e e e o MAVBRVASTAARAI TSPSSLVFTRELOASPG- PKKI VGVF
Nt @FDHL- - == === ---- MAVRRVASTAARAFASSSPSPSSLVFTRELQASPG- SKKI VGVF
Wi FDHL- <= === c e e e mm MAMVKRVAESAVRAFAL GSTSGAL TKHLHASAG- SKKI VGVF
MeSFDHL- -« = <= === === = - MKRAATSAI RAFPSSFGI SGSSALGRHLHASAG- SKKI VGVF
G aFDHL- === - == mmmmema- MKQVANSAI KAl ANSGSSSLLTRQLHASPG- SKKI VGVF
Gar FDHL- - == === -scmmmemn - MKQVANSAI KAl ANSGSSSLLTROLHASPG- SKKI VGVF
Gi FDHL- - == === e mmm e me - MKQVANSAI KAl ANSGSSSLLTROLHASPG- SKKI VGVF
TCaFDHL- == === === -m = e o - MKQVASSAI KALANSGSSSVL TROLHASPG- SKKI VGVF
CCaFDHL- = === === - == MAMKRVAASAL RAFTSSGNSTSSLL TRRLHASPG- SKKI VGVF
I baFDH = - <= === == <o MAVRRVAASGL RAFASYGNPS- - LL TROLHASPG SKKI VGVF
APUFDHL- = = = === === = - - MATRKAVVL GAQSL L RSSSTSSPS] RNLHASSE- SKKI VGVF
APUFDH2- = = = = == o e e e o MKKAAL STVQSVL SSSSFSTRLVRHSHTSPG- SKKI VGVF
YEFDHL- - - <<= === == MAM_LRAAKQAI QTLGSRI PSSSTFSRHLHASPG- SKKI VGVF
ZOf FDHL- == == === == o= - - MAM_ RAAKHANVRAL GSRAPDASPFARNLHASTG- SKKI VGVF
Q OFDHL - - === ms o e e MAGAATSAI KSVLTRHLHASPG- SKKI VGVF
RCOFDHIL- - - = <= = - - MKSYSKRI ALW.QRI EDGASDVTEEL GVSI NSASAG- SKKI VGVF
BnaFDH2- - - = == == === - = - MAVRRVTRAAI RASCVSSSSSGYFARKENASSGDSKKI VGVF
BOl FDHL- - - ==« = == cmmeomemn MAVRRVI RASCVSSSSTGYL ARKEHASSGDSKKI VGVF
Csi FDHL- - -=--=-=---- MAMVKRVASSAI NAFASSGYL RSSSRFSRHY- ASSG- RKKI VGVF
MIOFDH- = - = = == === == - - MASKGVI ASAVRALASSGSSASSTTFTRHLEASGG- SKKI VGVF
PPEFDHL- - <= == == e o= - MKGVI ASAVRTLASSGSSASSTTFTRHLHASAG- SKKI VGVF
CpaFDHL- - - === =-=---- MKRAATSAI KAFASSQTSFSGLSTNFARNLHASPG- SKKI VGVF
CreFDH3- === === === -- MKRVASSAI NAFASSGYL RSSSRFSRHY- ASSG- SKKI VGVF
BnaFDHL- - - = === ===~ MAMRRI TGAI RASCVSSSSSGYFAROEHASSGDSKKI VGVF
AtRFDH <= - e c e e e me MANVRQAAKATI RACSSSSSSGYFARROENASSGDSKKI VGVF
Rr @FDHL- - < = == === = s o e e o MAMQAAI RACVSSNSSGFL SRHLHASSGDSKKI VGVF
Ppi FDHL- -~ - ------ MASRRAVI SAFRAASRRPI CSPVSS| ASSVRELHAPAG- SNKI VGVF
Pt aFDH2- - <= === == == - - - MASRRSVI SAFRAASRRPI CSPVSSVRELHAPAG SNKI VGVF
Pt aFDH3- - - === -« -- MASKRAVI SAFRAASRRPI CSPVSS| ASSVRELHAPAG- SNKI VGVF
Pt aFDHL- - - = - - - - - - MASRRSVI SAFRAASRRPI CSPVS- - - - SVRELHAPAG- SNKI VGVF
Psi FDH- - - == -« ---- MASKRAVI STFRAASRKPI FSSVSPLASSVRELHAPAG- SNKI VGVF
Pgl FDHL---------- MASKRAVI STFRAASRRPI CSSVSPLASSVRKLHAPAG- SNKI VGVF
G aFDHL- = -« ------ MASKRAVKS- - - AAQ- - - - - - AFSPL- SSI RALHAPAG- PNKI VGVF
PtrFDHL----------- MAMKRAATSAI RAFSSSSPASSVSSGSSTRLLHASAE- SKKI VGVF
Pt MFDHL- - - = === - = - - MAMKRAATSAI RAFSSSSPSSSL SSGSSTRLLHASAE- SKKI VGVF
PNi FDH2- - - = === == - - MAVKRAATSAI RAFSSASPASSVSSGSSTRLLHASAE- SKKI VGVF
MEr FDH- = - <= <o o e e mm o e MKRATASAI RAMVASSTNSSTI LSRNLHASSD- SKKI VGVF
AOT FDHL- = = == == === mmm e oo MTFARS| TRAAL KASPL SRASRTFSSSSSAQSKYVL ML
Myr FDH - MVFARSSL RMARPASSL L SQRATASFTQRGANL ARAGGVRTL TSTSSRQGKVL LV
PraFDHL- - - - - - MVFSRSI PRALQRPATSLLAI PARQWRAPVFSGVRTL TASAPRQGKVL MV
Aj CFDH3- - - - -- - MGRGL PRSSSAPFPGYNTQSYGPLPRLPSLTRVI TLTASPKLQGKVL LVL
e B e MGKVLLVL
Y 5 MAKVL CVL

Fig. 1. Signal sequences of plant formate dehydrogenases. Here and in
Figs. 2,3, abbreviations of enzymes are those from Table 1. Plant en-
zymes are highlighted in green; fungi enzymes are highlighted in ma-
genta; FDHs from bacteria are highlighted in blue. Specific sequences
that are responsible for the transport of the enzyme to mitohondria are
underlined. The residue, after which the signal peptide is eliminated, are

highlighted in green italics.
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ing an amphiphilic a-helix. The signal
sequence is highly conserved. Thus, the
deletion of only two N-terminal amino
acids blocks the transport of the enzyme
to the mitochondria [53]. It was ascer-
tained that the N-terminal MAM motif
enabled swift transport of the enzyme
to mitochondria to be performed. Fig-
ure 1 shows the N-terminal sequences
of 63 plant FDHs; 35 enzymes of those
have the MAM motif at position 1-3.
A number of plant FDHs have similar
motifs at their N-terminal fragments:
MAAM (in two plant FDHs) and MAS
(in eight plant FDHs). The N-terminal
amino acid sequences of isoenzymes 1
and 2 of soybean FDHs are significantly
different from those of other plant for-
mate dehydrogenases, both in terms of
their composition (it starts with MSN
an MLN) and size, which attests to the
possible specific function of these FDH
isoforms. The N-terminal sequences of
FDHs from fungi Aspergillus oryzae,
As. flavus, Penicillium marneffei, My-
cosphaerella graminicola, and Ajel-
lomyces capsulatus are also shown in
Fig. 1 (the names are highlighted in
pink). Two enzyme isoforms from Aj.
capsulatus (AjcFDH1 and AjcFDH3)
are also given, which result from the al-
ternative splicing of mRNA [49]. Some
sequences also contain an arginine resi-
due, at which the cleavage of the signal
peptide may occur (the residue is high-
lighted in pink italics). A similar mecha-
nism of the FDH transport to different
cell organelles seems to exist in fungi.
The Lys and Val residues that are to-
tally conserved in all formate dehydro-
genases are shown in red in Fig. 1. The
N-terminal sequence of formate dehy-
drogenase from Pseudomonas sp. 101
that is highly homologous to the N-
terminal region AjcFDH3 without the
signal peptide is shown for comparative
purposes. As can be seen in Fig. 1, sig-
nal peptide sequences in enzymes from
the plants belonging to one family (the
family Solanaceae: tomatoes, potato;
the family Gramineae: rice, barley, rye,
etc.) have a high degree of homology.
In most plants, FDH is located in the
mitochondria; however, the thorough
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SoyFDH2
SoyFDH1
PtmFDH1
PtrFDH1
PniFDH2
MtrFDH1
PtaFDH3
PtaFDH2
PtaFDH1
PpiFDH1
PsiFDH
PglFDH1
CjaFDH1
VviFDH1
MesFDH1
PpeFDH1
MdoFDH
CsiFDH1
CreFDH3
TcaFDH1
GraFDH1
GhiFDH1
GarFDH1
CpaFDH1
IbaFDH
CcaFDH1
TpuFDH1
AmaFDH1
YfiFDH1
ZofFDH1
SbiFDH?2
NtaFDH1
StuFDH1
LesFDH1
McrFDH
SoyFDH3
SoyFDHA4
VunFDH1
PvuFDH1
LjaFDH1
TofFDH1
LsaFDH1
HanFDH1

QroFDH1
ApuFDH?2
ApuFDH1
SoyFDH5
PpaFDH
RraFDH1
BolFDH1
BnaFDH?2
BnaFDH'1
AthFDH
RcoFDH1
OsaFDH_Ja
OsaFDH_In
OsaFDH1
TaeFDH1
HvuFDH1
SofFDH1
FarFDH1
PviFDH1
SbiFDH1
ZmaFDH

PedFDH
BdiFDH1

Fig. 2. Phylogenetic tree of N-terminal sequences for plant formate dehydrogenases.
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In plants, formate dehydrogenase

study of the signal peptide of the
enzyme from A. thaliana has shown
nal fragment of this enzyme strongly
differs from the signal sequences of
tain conditions AthFDH localizing in
chloroplasts is capable of catalyzing
the reverse reaction, i.e., the conver-
sion of carbon dioxide into formate
[27]. It was shown by using another
algorithm to compare the signal pep-
mato plants, were capable of being
transported both to mitochondria
signal sequences carried out using
the Predotar, TargetP, and Mitoprot
software [11] confirmed the fact that
is often represented by several iso-

The differences in sequences of
signal peptides are more strongly

FDH is basically localized in mito-

chondria.
whose synthesis is determined by

the condition of a plant. The differ-
ences in the isoenzyme composition
of FDHs in healthy and affected
palms Pericopsis mooniana are used
to select trees when selective cutting
is performed [54]. Polymorphism is
also typical for FDH from the almond
tree Prunus dulcis [55] or P. amy-
reason for the formation of different
FDH isoforms [34]. Depending on the
of numerous forms of the enzyme
with pI varying from 6.75 to 7.19 was
tained that the additional isoforms
of potato FDH emerged as a result
of post-translational deamidation of

that the enzyme can also be trans-
ported to chloroplasts. The N-termi-
FDHs from potato, barley, and rice.
There is a hypothesis that under cer-
tides of FDHs that all the enzymes,
with the exception of FDH from to-
and chloroplasts [28]. An analysis of
forms, also known as isoenzymes,
gdalus [56]. Based on the data of the
analysis of isoforms of FDHs and sev-
eral other dehydrogenases, a method
for identifying plant genotype was
proposed. As previously mentioned
above, phosphorylation may be the
modification degree, the formation
observed. Moreover, it was ascer-
Asn329 and GIn330 residues [34].

46 | ACTANATURAE| VOL.3 Ne4 (11) 2011



REVIEWS

oov * FX O XEX ¥ ¥ xx €G¢C

x
><v_v_u_v_<<mm§.r<7muv_w>w1<mu._.w<._<0 Ea0))\ _._ -A3ad _n_w_mm“_nnum._ _m_w_6<<>m8<._.1_._.._.0w _In_.=>mvz ...... >n_>_._.K,>n_In_v_n_<nOn_u_<,>8<>O<._ - wamJ_<m<><Dm8._vmuw_<._Z> _><muw_xn_._v_1_._ln_n_z WHI13dH1dONT  HA49sd

= SHANYYIISOH LYADYSASHYOVOY T -OSA 11 -AFF IdDFMOT T 3L LOVVAIVOYS 1SSOS IHAIAOH - - - - - HAASINIHIAIY DI MADVAOY T - -OOST IVIVAYAEND MDY INATAVORAYD VAN INTLIdHTdWN | HAHaus

- HIFANVWYIISOS LYSOISASHYO LOV WO OMA |L -AT LIOAFOVAH0T T [FIAOVYAIVOYS ISLIOSIHAIAOH - - - - - NAALANHANGY O IMAVADS T - -OOSTTIVHY IVAEND MDY INA IAVOMYAYD INFAA4 INILIdHTEON | HAZaun
- - ~dHAIYWAISOV L LD LAVHYOWOY 1D -OAA 17 -AF L VDA MO T 13 LOWVYAIVOYA 1SSOS IHAIADH - - - - - HAASHNIHAL IV O MADVAOY T - -OOSY TWOAVYAHAD MOHYIN [TAVORNEY WWYAS THILOAH TdOHT  Ha- 1ag
................. 1 THASOVOLOV LD OAA 17 -AINY IdDAMOO T IFTLOVWAIVOVS IS1OS HAUADN - - - - = ~HdAVMNIHAYAYAOdANNIDDADY T - HOS LAVEAVAHAA THVEYIN ITAVORMNEY INWWA4THILSHATd DT HA- isg
<n_|_vm_>v_<<m_m_§._.§/mvv_w>w140\6<.8 OOA 17 -A3AY 1IdDFFADTT IFILOWVAHLIOVS ISIOS IHAINON - - - - - HAA LANGHANAY O MATDVADY T - -DST TVEA IVAHAD THOHYINATAVORMA THTLIAN IWHILIdHTEONT  HAH JaA

- ~LVYASONOA | 13 -OdHATIMNSIASN T INMASDVAIMOVA ISLOS IHALIAYNOAHA -HNAA LANGHANYONANCDDAOY T - YOSHAVIVATIVAD IVOUY INATAVOAYAHS I THINA DESAMHTEON | HA499S
-~ IAATONTT | A -OHAGHOLA4ST T INMLIDIVAYLOVA TLIDOSAHA IAYNDYOA MNIAQMIHINYOdAMACDDAOH T - -OOSTTVYYATIVAD IVOUYINAMYOMMANS TTINN I IOMIOVHTIWNA  HAH00
- - ~LVAGOWH A [TA3HAAAYOSHIAST T IV IDVYALADVA ISSOSAHAANYNDDD AMdDOVAY TdHAN AV AMACDDADE THOHOSH IVAVATINAA IVOHY INAMSOMYAMY | IAMNA OHIMFHTEON | THAH9 I
- - ~LVAGOMH A 1TA3HIATRIOSHIASA T W LIOVYAUVOVA IS IOIAHAANYNODIMLSASY L AdHAVAAID I AMACDDADY T - -OD AN TVYYATINAA IVOUY INAMSOMMANS [ TIMNA OHIMFHTION | HA- 1A

- - SY DO A IANDd =T -TONMHAST NAMADVYAY DA [1L19S HAIANO - - - - - NAANAIMIHIAIY OINMDSADD | - -OOSSOVAANYOLAN IVOHYNNA [TADMYANY AFNAADLIELTIIN | THA Id

- = SY DO A IAHDAd=AA -TDHHANA AN IDVYAY VA [119S HAIAVH - - - - - NAASHINIHINIY IO IIMATDSADD | - HOSYSYAVAYOVAN IVOHYNNA ITADMMANS INFIMNIADIMAS TAAN | HAS ISd

- = -SY DO A IANDS=A -TOMHAYT WAMIDVYAY 0O [119S HAIAVH - - - - - NAASHNIHIAIYOVIMWISADD | - HOSYSYAVAYOVAN IWOHYNNA [TADMM IS IEMNAADHIMAS AN | ZHA® Id

- - -SY DO A IANOSA=AA -TOMHANA WAMIDVYAY OVA [119S HAIAVH - - - - - NAASHINIHINIYAOIIMATDSADD | - VOSYSYAVAYOVAN IVOHYNNA ITADMMANS INFIMNIADL IMAS TAAN | THAS 1dd

- = ~dV T30 A IANTLd=A -TOMHAET AN IDVYAE OVA [ LIDSIHAIAND - - - - - NAAAIMIHINIYAOIAAIDSADD | = HOSTAVAAMYOHTA IVDHYNNA ITADMN THO ITINNIADIIMFLTAAN | HAHY Y

- - =SV 0OAM A IANTVAEA -TOMHAEA NAHADVYAS OVA [L1DS HAIAND - - - - - NANAIMIHINIYAOINWIDSADD | - COSNOVAAMYOLAN IVDHYNNA RIADMYANY IHFMNIADE IMF L TdINA THA4edD

- - -SV DAY A IANDVAEA -TOMAASA NANADWWAL VA [ 1L1DS HIAWH - - - - - NAANAMIHINIYIOINWIDSADY | - HOSSSYAMVOLAN IVDHYNNA ITADMMONY I4FNA4 I IMFLTdIN | THA49dd

- - -SYIEAM A IANOVAHT -SOMASA NAN IOWWAS VA | 1L1DS HAIAVH - - - - - NAAAMIHINIYAOINWIDSADY | - HOSSOVAMYO LA IVDHYNNA 1TADMMOMNY IIFNAA I IMFLTdINA - HAHOPA

- = ~dVTEOAY A IANDVHA -TOMHIANT AN IOVYAY OV [L1DS HAIAVO - - - - - NAAIMIHIAIYOIANESADD | = HOSFAVIMYOHAN IVOHYNNA [TADMYAYD WINNAADHIMFLTIINA THAS 108

-~ ~dV TN A IANOVHA -TOMHIANT AN IDVYAY TOVA [L1DS HAIAWD - - - - - NANAIMIHIAIY O IANISADD | - HOSFAVIAMVOHAN IVOHYNNA ITADMYAYD WINNIADHIMFLTIINA 2HAFeug

- - SYDEI A IAND Td=3 -TOMHIANT NAMADVYAY TOVA [L19S HAIAVO - - - - - NANAIMIHAINSYOIAMDSADD | - HOSSOVAVAYOLAN IVOHYNNA ITADMN THY [HAMND OHIEL TN | THAH09d

- - “SYTEOM A IANDS=T -TOMHIAYT AN IDVYAY TOVA [1L19S HAIAVH - - - - - NAANAIMIHIAIY OIS ADVA - HOSSOVAVAYD [N IVOHYNNA [TADMMOMY [HANMA4 OHIMALTIIN | THAH0 O

- - -SY DO A IANDV=AT -OOMHASA AN IDVYAY O [1L1DS HAIAVH - - - - - NANAIMIHINIVADINNAIDSADY | - HOSSOVAVAYO LA IVOHYNNA 1TADMM THO IMIMN Y IMILTdIN | THAS 407

- = SV T A IANOV=AA -TONHANT NAMADYYAE OVA [1L19S HAIAWD - - - - - NAANAIMIHIAIY OIS AV | = HOSSOVAVAYOLAN IVOHYNNA [TADMM TV IMEMNIADYIIELTHAN | THA4Ndy

- = SV T A IAHOAHAA -TOMHANA WAMADVYAY VA [119S HAIAWD - - - - - NANAIMAHIAIYOINWIDSADD | - -OOSSIOAMOLAN IVOHYNNA [TADM TV RAAMAAADI DL TAAN | THA4© 0

- = ~dV T A IANOVHT -TOMHANA WANADVYAE TOVA [119S HAIAWD - - - - - NAARINAHIIIV OIS AV | - HOSSOVAVAYOLAN IVOHYNNA [TADMM TV AAMAADLIDIELTAN | THAHBoL

- = ~dV TV A IANDIdHA -TOMHAYT WAMAOVYAY TOVA [1L19S HAIAWD - - - - - NANAIMIHINIYIOIANAIDSADY | - HOSSOVAVAYO LA IVDHYNNA ITADMYANY IHAMAIANDE IMFLTAAN | THAS 11D

- - -SYTOIN A IAHOVAEA -TOMEASA NANADWWAL VA [L1DS HAIAWD - - - - - NAAAMIHINIYADIANAIDSADY | - HOSSOVAVAYOLAA IVDHYNNA 1TADMN TV IATIMNIADMIMFLTAAN | THAL [AA

- - -dV1300Y A IANTVA=A -TOMASA NAH IOVWAS VA [1L1DS HAIAWD - - - - - NAANAMIHINIY IO IANIDSADY | - HOSNOVAAMVOLAA IVDHYNNA ITADMN TV IAFNAINONIMFLTAIN | THAAN IS

- - -dVT1300Y A IANTVA=A -TOMASA NAN IOWWAS VA [L1DS HAIAND - - - - - NAAADM THINDYAOIANAIDSADY | - HOSNOVAAMVOLAA IVDHYNNA ITADMN THY IAFNAINONIMFLTAIN | THA4 ST

- = SV TN A IAHOA A -TOMHIANT WAMAOVYAY TOVA [L1D- HAIAWD - - - - - NAAIMIHIAIY OIS AV | - HOSSOVAAMOLAN IVOHYNNA ITADMM THY IMANAIADMIMFLIIIN | THA4ndL

- - SSYTIOA A AN A -TOMHIANT NAMADIVAY TOVA [L1DS HAIAVO - - - - - NAAIMIHIAIYOIAMAYSADY | - HOSSOVAAMOLAN IVOHYNLA ITAONMTHY HIANAIADMIMFL TN | THOFauy

- - -SY 0O A IANDIHA -TOMHHIA NANADVYAY TOVA [L1DS HAIAWH - - - - - NAANAIMIHIAIY OIS ADVA - HOSSOVAY IMOLAY IVOHYNNA [TADMMOMY [-INMAS OHIOFLTdIN | gHAF A0S

- - SV 0O A IANDI=HA -TOMAHAT NAMADVYAY TOVA [1L1DS HAIAVH - - - - - NAANAIMIHIAIY OIS ADVA - HOSSOVAY IMOLAY IVOHYNNA [TADMMOMY INMAS OHIOFLTdIN | EHA4 A0S

- == SV O A IANDT=A -TOMAHIT NAMADVYAY OV [ 1L1DS HAIAVH - - - - - NANAIMIHIANIY IO IIMATDSADY | - HOSSOVAVAYO LA IVOHYNNA 1TADMM TV IINMASB-IMALTdIN | THaH®e [

.................. OO - = = OV INDI A IANDA AT -OOMHAYT NAMADVYAE O [1L1DS HAIAWN - = = = = NAAAIMIHINIVOIHWEDDADV | = HOLYOVAVAYOLAN IVOHYNNA | IADMYAAY IFNAADE IDIELTIANT 2HAS 19S

.................. OAD - - = -SYTOIN A IANDADHA -IONHAEA NAMADYVYAS TOVA 1L19S HAIAVH - - - - = NANAIMAIONIYIOdANIDDADVA - -OOSSOVAVAVOLAN IVOEVNNA | IADMMANMY IIIANIADE NI L IdIN | THO4B SO

.................. OAD - = = SV O A IANDAD AT -TOMHAEN NAHADAYAE TOVA [119S HAIAWH - - = = = NAAAMIHIIIY OOV | - HOSSOVAVAYOVAN IVOHYNNAA IADMYAMY AFINAADL IDIELTAIN | HA48uz

................... MAD - - = -SYTIOIN A IANAVAAA -TIOMHAEA NAMADVYAE TOVA [1L1DS IHAIAWH - - - - = NAAAMAHIIIY OOV | - HOSSOVAVAYOLAN IVOHYNNA | IADMMANY IMEMNIADL DL THIN | THA48el

................... MAD - = = -8V 12O -A IANTAD=T -TOMHAHA NAMADWWAS TOVA |119S HAUAVH - - = = = NANAMAHIAYOdADOADY | - HOSSOVAVAYOLAN IWOHYNNA | IAOMMANMY INEMNAADHIDELTIIN | THAANAH

................... MAO - - = -8V TZOIN -A IANIVA=A -TOMHAEA NAMADWYAE TOVA |119S HAIAVH - - = = = NANAIMIHINAY DAY | - HOSSOVAVAYOVAN EOHYNNAA INDMMANY _v_mv_zu\,ombmbnﬁz | THad led
414 x x % xxxx xx x x x x x xx  x  x 80T

LANTONDANAIILYHWL T - = == === - - - - NTDIEAST RHIALAHT HAGAY R TAY D ROWALOAHAYETIAVHSAOQY INEDYRIMIHSA TANNA IS T INNAAHEVAS ISNOA LASVALANR - -0 IVSD TOAHASD LTV DIV | Ha=osd

LANTONDANTVY IOHAIA - = === === - - - D TINVAIAd THHIALAH T HAQHdN I TAVLD ROVOALD IAADT IGASHYAIAYANVOONAMOAS IANEY IS T IWNAAHISAS ISNOALAIVAL DY - 0 IO TAAHASD BVL IV TEIVYYIA | HOJaus

IANIOAVANSIASAHAL T == === === - - - NTINIASId THHIAIAHA HAGIHI T VA D ROVWALOAHADT TIASEOAVAY INVOOAN | IIAONHATHA TS T IWAA IHIVASHSNOFLAIAAG IIN - -QAVYO TAAHASD DV.L IMAN INMWAY | HAF8un

S INTOVOY WWWAdHAYY - - === === - -~ D TI LYW THHOALAH T -DAQHdN R TAVSD REVOAMONINDT TIASHVADQY INVOOA TADDASH TANSA Y TAMANAAHISAS ISNSALAIVALEH - OO TAAHASD BVL IV TEdYIY | HA- 1ag

NA IAAYYY ISYAVHALT === -~~~ -- -~ DT WA TIHRDLAHT H B R TAY D RDYOALDAHADIATASHSAIAY INOODDY IVHSA TANSA Y TLINAAHIVAS ISNSDIAIVAL HY - -UVYVA TAAHASD BYL IV VY | HAd 1sg

LIANTOYONNATILVHWL T - - = == == - - - - NTDFAVId THHAALAH T HAAHdY T TAS D REYWALDAHADIATASHYAIQAY INVOONSWAHS IANSA B TAMNAAHIVASNSNOALAIVAL INN - -0 IO TAAHASD YLV I IYIY | HAH 10N

LANASOVANAT THIAOA IADHONA THSYAN TIN VAV TIOAGAA TIHINANAVA T TAIAD ROVOALS | INATTAAINAVADY IANION IVOOHDONANY 1TAT ILVNAHIVASAANSD IATIAL MY - -SNVWA TAAHASDADYIAD T INAVAY | HA-499S

LA IAVOVATIT INGAREY - - === - - - - - - DNFIYIN VOATAA TTDIAINAD TR TALAD ROVD 1Y IO IAAVANY IMYAIMAHN | DFHYAAINIA TA WINAAHIVASAANSDIAT TAS PHOION 1A 1A IHASOADVAM I INIVYIAT  HA400

IANGOOY NI TLAARID - - === === - - - 9 [NV TATAA TTIHOAAAN R TATD ROADAIDOANHT IAAINIVAYYAQNAEDANDTHY IAINIATAT 1A TAHIYASAANID LATIVA L EONIDINYYA TAAHASOADY LAY T HIWMIY T THAH9 Iy

IANAOOY NI TLAARID - - === === - - - 9 DAY VOAGHA TTIHOAIN R TATD ROAVAIOANDT TAAINIVAYYANNAOWY DFHYIAINIA TA WINANHTYASANSDLATIVA L EONIDINYYN TAAHASD BVIAY DNV HA- 1A

ANIOYMSTISATATIDNY - - - -------- 9 1OM3 TAAAN THAHA TIN ONAI RO TT DD REOVOAIDA DD TIAVIAY IWVANNTON IADHADD TANIAT 1T RN TAAIVASAANSDIAIGVAL BV - WX 10 IHASD BVLTTOINIVEM | THAU 1d

ANVNOOMd NAAINLITLY - - - - === - - -~ O LANFTIAD ISTHAHA T -ONAdN TN 1T OO 119 IO TAASHAS IWVAMAONA DMADIAINIAT 1T N TFAIVASAMNSD IAISALADY - WWYINTA IHASD BV LTTTHINAYYNM | HAH 1sd

ATADONd WIAINLITLY - - - ------ -~ DIIHFTED ISTHAHA T -ONIIM N TTID OO 119 IOFTTASHAS IWVAMADTA DIHADIAINIAT 1T A TIAIVASANSY LAIVALADY - WYYUN 1A IHOSO BYLTT IO | gHAde Id

NN NIADILITLY === ===~ DIIEFTED ISTHAHA T -ONIIM TN TTID OO 119 IDDFTIASHAS IWVAMADTA DIHADIAINIAT 17 - TIAIVASAMNSDIAIVALADY - WYYUN 1A IHASD BYLTT IO | THAS 1dd

A INIOM WANTAIAIAY - - - ------ -~ D1 TFIAD THAHATIN 004N RO TTTE ROVOALD | DOTTIAVIAY DYANNTIONANINADIAINIA T 17T I TIAIVASANSDIAIVAL BV - WO 10 IHASD BYLTTIIINIYIN | HAHY IV

A INIOMd NMATIAIINY - - - -~ ---- -~ O ST THIANNALIAHA TIN ONFIH RO TTRD ROVOALIOA DT TIASHOV IWYANNTIONANDADIAINIA T I TASANATIAIVASANSDIAIVAL BV - WYX 10 IHASD BYLTTOINIYIY | THadedd

A INOIOMd AVATAFINY - - - ------ -~ 9 OFTEdA HAIAHATTH DN RO 1T ROVOAIOA DI TIAVEHY BYAMIONA O LADIAINIAT 1T RN THAIVASAMNSDIAIVAL BV - WYX 10 IHASOADYLTTOINIVIY | THA48dd

A INIOHd AVATAAIDNY - - - ------ -~ DIHOFNIAA PIALAHATIA DHAN TLTTTRE ROVOAIDA DI TAAVEHY BYANNTDIA ROADIAINDAINT DA TAAIVASOANSDIAIVAL BV - Vdvw) 1 IHASD BYLTTTIINIVIN | HA40A

AN WIATSIAMNY - - === ---- -~ D IDIFINTEAD THAHA TIN 0D4dM RO TTTE ROVOAIDA DT TIAVIAY BYANNTIONANONADIAINIA T 1T RN TAAIVASANSDIAIVAL BV - WO 10 IHASO BYLTTOINIWI | THAH [0g

AN\ WAATSIAMNY - - === ---- -~ D IDIFNTEAD THAHA TIN 004N RO TT DO ROVOAIDA DI TIAVIAY BYANNTIONAMONADIAANIA T 1T RN TAAIVASANSDIAIVAL BV - YO 1a IHASO BYLTTOINIWI | ZHa4eud

M IO AVATAFAMNY - - - === - - - -~ O 1ONT T3dAAN RAAHATIN -ONAdI RO TTRED REOVOAIDADDITAAVIAY BYANNDS INDHADD TANIAT 1T RN TAAIVASANSDIAIVAL BV - -3vvvd 1 IHASO BVLTTOINIW | THA409d

A1 IO AVATIAIIANY - - ------- -~ 9 ONI T3 THAHA TIN -ONAdI RO TT DO REOVOAIDADDITAAVIHS IWVANNTDS MOHADD TANEAT 1T RN TAAIVASAANSDIAIVAL BV - WWvd 1 IHASO BYLTTOINIWIL | THA40 O

A NI IAMAIATIDNY - - ------- - - 9 [IEFTAdIAN THIAHATIN DN RO TT DO ROVOAIDA DD TIAVIAY IVVANNTON IADHADD TANIAT 1T RN TAAIVASAINSDIAGVAL BV - WX 10 IHASD BVLTTOINIW | THAH 107

A1 IO AVATIAFAN - ---------- -9 10STTASANIALAHA TIN DN RO TTRED ROVOAIDADDITIAVIHY IVVANNAD L IADMADIAINIAT 17T RIN TAAIVASANSDIAIGVAL BV - WWvvd 10 IHASD BVLTTOINIWD | THa4ndy

A1 IAOMd WA TAFFANY -~ -~~~ O 1ONT T3dAAY IAHATIN -ONFdM RO TTRD ROVOALOA DI TTAVIAY BYANAADS INDHHOIAINIAT ITASA TIAIVASAMNSDIAIVAL BV - -AVYYY TAAHASD BYLTTOINIYYIY | THOFe0

A1 IO AVATIAIIINY - - - -~ D 1OMITIAA IAHAHATIN DN RO TTRD ROVD 1IOADDTTIAVIAY BYANNDL INDHHOD TINIAT 17 RN TIAIVASAANSDLAIVAL BV - -FVYYY TAAHASD BYLTTOINIYIY | THAFeaL

A1 IO AVATIAIIINY - - - - === - - - D 1OMITFAA IALAHATIN -ONIIM RO TTTE ROVD 1IOADDITIAVIAY BYANNDL INDHADIAINIAT 17 A TIAIVASANSDIAIVAL BV - -FVYYY TAAHASD BYLTTOINIYIY | THAS 11

A | IOOMd WAQAQIFNY -~ ------- -~ O ONI THAAN IAHATIN -ONFdM RO TTRD ROVOAIDA DI TIAVIAY BYANNTDS IADHHOD TINIAT 1T I TIAIVASAANSDIAIVAL BV - WYX 10 IHASD BYLTTOINIYIN | THAH 1M

M IOOXMSTAMATIATIDNY - - - ------ -~ O IONI TISAAM THAHA TIN -ONAdM RO TTRD REOVOAIDA DI TIAVEHY IWYANNTON IADHHDD TANEAT 1T RN TAAIVASAINSDIAIVAL BV - WYYYY TAAHASD BYLTTOINIYIY | THA4N IS

M IOOXMSAMATATIDNY - - ------- -~ O ONI TISAAM THAHA TIN -ONAdI RO TTRD REOVOAIDA DI TAAVEHY IWYANNION IADHHDA TANEAT 1T RN TAAIVASAINSDIAGVAL BV - WYY TAAHASD BYLTTOINIYIY | THA4s8]

A1 IO AVATIAFIDNY - - ------- -~ O [ANT TN THAHA TIN -ONAdY RO TTRD ROVOAIDA DI TIAVEHY IVYANVNAON IADHHDA TANEAT 1T RN TAAIVASAANSDIAGVAL BV - -AvvvO1a IHASO BYLTTOINIWIM | THA4ndL

A | IO AVAADOLY - ---------- 9 ST TAIAAN THAHA TIN -ONAdH RO TTRD ROVOAIDA DO TIASHAY IVYAGNTON INDHHDA TANIAT 1T RN TAAIVASAANSDIDAVO L BV - -AvYYY 1 IHISO BYLTTOINIWIN | THAH8uy

A INOOMd AVATAFIDNY - - - ------ -~ O DA TAA I THAIATIN ONADIN RO 1T ROVOAIOA DO TIAVEHY DYANNTIONAYOHADD TANIA T 1T RN TAAIVASAANSDIAIVAL BV - WYY TAAHASD BYLTTTE DOV | ZHA4A0S

A INOOMd AVAIQF3DNY - - - ------ -~ O [BETAdA I THAIATIN DN RO TT DO ROVOAIOA DO TIAVIHY DYANNTONAYOHADD TANIA T 1T RN TAAIVASAANSDIAIVAL BV - WYY TAAHASD BYLTTTE DOV | eHa44A0s

A NI AVAIAF3DNY - - --------- O [IETEIIAN THIAHATIN ONADI RO TT DO ROVOALD | DO TAAVIHY BYANNTDL MOHADD TANIAT 1T RN TAAIVASAINSDIAGVAL BV - WWYUN 1 IHASD BVLTTTEINIWD | THA4e [

ANIOMd AVATAYIOY - - - -~ ----- O 1AVITVAA I THAHA T -ONAdEd T 1T ROVOAIDA DI TAAVIHYADVAGNTDS IVOHHDC TANEA TA TAIN TOAIVASAINSD IAIVAL BV - “WWvd TAAHASD BYLTTI3INAVEY | 2Had 1aS

A INOOMd VA TIAIIANY - - - - ===~ -~ O [3FT3dA M THAHATIN DN RO TTRD ROVOALOA DOTTIAVIAY DYANNTIOHANDADG TING 1T 17T RN TIAIVASAINSDIAIVAL BV - Wvd 10 IHASD BYLTTTEINIYYIY | THAJesO

A INOOMd VA TIAIIINY - - - -~~~ - -~ O [FFTEA O THAHATIN DN RO 1T ROVOALOA DOITIAVIHY BYANNIOOAODADE TINE 1T 1T - TTEAIVASAINSDIAIVAL BV - WWivd 10 IHASO BYLTTTEINIWNY | Hadauz

A INIOMd AVATIAIIINY - - - - - -~~~ -- O [IEFTEIN O THAHATIN DN RO 11D ROVOALOA DI TIAVIHY BYANNTIONANDADD TANE 1T 1T RN TIAIVASAINSDIAIVAL BV - WWvd 1 IHASD BYLTTTEINIYYIY | THA48el

NI AVATAIINY - - - ------ -~ O [IETEIN O THAHATIN ONAdH D TTRIDADVOALOA DOITIAVEHY DYANNTIONANDADD TANE 1T 1T RN TIAIVASAINSDIAIVAL BY - WWivd 1 IHASD BYLTTTEdDIVIN | THA4NAH

N INIDADWVATATIINY - - - - == === - - O [IHFTFIN O THAHATIN -ONAdH O TTRD ROVOALOA DOFTIAVIHY DYAGNIFDONMOOADE TANEAT 1T R-INTIAIVASAINSDINAIVAL BV - WWiVd1d IHASO BYLTTTIINIYYIM | THAS e

VOL.3 Ne4 (11) 2011 | ACTA NATURAE |47



REVIEWS

pronounced when compared with those in plant FDHs;
the homology level between which is ~80%. It is most
clearly demonstrated in the case of isoenzymes of soy-
bean FDH. Homology of the sequences of isoenzymes is
98%, whereas for the signal sequences, it is lower than
40%. Figure 2 shows a phylogenetic tree of the signal
peptides of plant FDHs. As can be seen, two isoenzymes
of FDH from soybean Glycine max, SoyFDHI1 and
SoyFDH2, form an individual group. The N-terminal
fragment of these enzymes is much longer than that
in FDHs from other plants (Fig. 1) and strongly differs
in terms of its amino acid composition. Next, there is a
large branch of the family Gramineae, which includes
the enzymes of rice (OsaFDH), wheat (TaeFDH), bar-
ley (HvuFDH), sugarcane, moso bamboo, etc. A large
group is represented by the enzymes of plants belong-
ing to the family Brassicaceae (Cruciferae), namely,
wild radish (RraFDH), cabbage (BolFDH), rapeseed
(BnaFDH), and A. thaliana (AthFDH). The other groups
are formed of proteins from Asteroideae, Leguminosae,
Solanaceae, Malvaceae, Pinaceae, and Salicaceae. As
previously mentioned, five isoenzymes of soybean FDH
do not form a separate group. Since the signal peptide
is basically responsible for the transport of the enzyme
inside the cell, an assumption can be made that differ-
ent isoenzymes of soybean FDH are transported into
different organelles.

Figure 3 shows the alignment of some complete se-
quences of plant FDHs that are known at the present
time; the sequences of a number of similar enzymes
from microorganisms are provided for the purposes
of comparison. The absolutely conserved regions are
highlighted in red; the residues repeating only in plant
FDHs are highlighted in green. A significant differ-
ence of bacterial enzymes from the plant ones is an N-
terminal rigid loop. This region embraces a consider-
able part of the enzyme subunit. Its interaction with
other amino acid residues is likely to be accounted for
by a higher thermal stability of bacterial enzymes as
compared with the plant ones. In addition, in FDHs of
microbial origin, the C-terminal region is longer than
that in plant enzymes. Meanwhile, the differentiation
of FDH into two groups on the basis of its homology is
clearly observed in the remaining part of the amino
acid sequence. The first group contains bacterial and
plant enzyme, whereas the second group consists of the
enzymes from yeasts and fungi.

Plant enzymes are highly homologous (approximate-
ly 80%); the similarity between the bacterial and plant
FDHs is ~50%.

OBTAINMENT OF PLANT FORMATE DEHYDROGENASES

In plants, FDHs are localized in mitochondria; they
therefore constitute a small part of all soluble proteins
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within a cell, and the isolation of an enzyme directly
from plants is a labour-intensive and time-consuming
procedure. Plant FDHs are mostly not very stable,
which results in an appreciably significant inactiva-
tion of the enzyme during the extraction. Therefore,
the specific activity of the resulting FDH specimens
is much lower than one may expect (Table 2). The pu-
rified plant FDH was first obtained in 1951 from pea
and French bean [13]. In 1983, FDH was extracted from
soybean G.max in appreciably large amounts; this ena-
bled the determination of the amino acid composition of
plant formate dehydrogenase [57].

Since 1993 several cDNA of plant FDH have been
cloned: in 1993 — from potato [21], in 1998 — from bar-
ley [8], in 2000 — from rice [41] and A. thaliana [26, 27].
Transgenic A. thaliana and tobacco plants expressing
AthFDH were developed [28]; however, the yield of the
enzyme was not very high. The expression of full size
cDNA of potato FDH in Escherichia coli cells yielded
insoluble inclusion bodies [21].

The active and soluble recombinant formate dehy-
drogenase from plants was first obtained in E. coli cells,
[41]; however, the protein content was very low, ap-
proximately 0.01% of all soluble proteins within the cell.
In our laboratory, we obtained E. coli strains, which are
superproducers of active FDHs from A. thaliana (Ath-
FDH) and soybean G. max (isoenzyme SoyFDH2) with
an enzyme content attaining 40% of all soluble proteins
in the cell [58] (the gene of soybean FDH was kindly
provided by Professor N. Labrou from the Agricultur-
al University of Athens (Greece); the FDH gene from
A. thaliana, by Professor J. Markwell from the Univer-
sity of Nebraska (Lincoln, USA)). There is no system of
transport to mitochondria in E. coli cells; therefore, in
order to obtain the “natural enzyme”, we deleted the
sequences encoding the signal peptide from the cDNA
[58]. After the optimization of the cultivation condi-
tions, the yield of recombinant FDH from A. thaliana
and soybean G. max reached 500—600 mg/1 of the me-
dium [6]. A procedure was developed which enabled
the obtaining of several hundred milligrams of ho-
mogenous FDH specimen via a single chromatographic
stage per extraction run. Thus, all necessary conditions
for the performance of systematic studies of FDHs
from A. thaliana and soybean G. max were provided,
including genetic engineering experiments and X-ray
diffraction determination of the structure. The experi-
ments were successfully carried out for the expression
of FDH from L. japonicas in E. coli cells [10].

KINETIC PROPERTIES OF PLANT

FORMATE DEHYDROGENASE

Table 2 summarizes the kinetic properties of natural
and recombinant plant FDHs. The characteristics of the
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Table 2. Kinetic parameters of formate dehydrogenases from different sources

Arabidopsis thaliana,
native, after affinity NA* NA 65 10 NA NA [27]
chromatography

z?. thaliana, reqombinant 13 0.87 78 11 NA NA [59]
rom transgenic tobacco

_, A. thaliona, from 1.9 1.27 34 14 NA NA [60]
mitochondria from leaves

2[61]

Pea (seeds)
Pisum sativum NA NA 22 1.67; 6.25 [62]

NA NA [61, 62]

Soybean, G. max, native NA NA 5.7 0.6 NA NA [67]

1.2 (NADY)

-6
0.005 (NADPY) 29.5 6.1 29.5 3.7 x 10 [10]

Lotus japonicus NA

Potato

Solanum tuberosum Na NA 19 0.54 NA NA [29]

C. metillica, wild-type 2.1 14 55 NA NA <4 x10° [66]

1.66 (NAD")

Burkholderia stabilis NA 475 (NADP")

1430 55.5 0.16 25.0 [51]

Pseudomonas sp. 101 10.0 7.3 60 7 > 200 4.2 x10* [6]

* NA — Data not available.
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most thoroughly studied bacterial and yeast enzymes
are provided for comparative purposes. Several major
conclusions can be drawn from the data in Table 2:

1. It is clearly visible that in case of FDH from A. thal-
iana the multistage extraction of the natural enzyme
is accompanied by a considerable loss in activity. The
specific activity of the specimens, even those obtained
from transgenic plants, is several times lower than the
activity of recombinant AthFDH expressed in E. coli
cells. It is noteworthy that AthFDH belongs to stable
FDHs. In terms of thermal stability, it is even superior
to FDH from Moraxella sp. C2 and yeast C. boidinii (Ta-
ble 3). It is obvious that the degree of inactivation of less
stable, FDHs (in particular, in the case of SoyFDH) be-
ing extracted from natural sources will be higher. This
fact should be taken into consideration when analysing
formate dehydrogenase activity in plants.

2. The specific activity of recombinant AthFDH and
SoyFDH is comparable with that of formate dehydro-
genases from microorganisms; although it is inferior to
FDHs from methylotrophic bacteria and baker’s yeast.
As previously mentioned, a partial inactivation of en-
zymes may occur during the extraction; therefore, cal-
culation of the catalytic constant based on the values
of specific activity and molecular weight may give un-
derestimated k_, values. This fact is of particular sig-
nificance for SoyFDH, the thermal stability of which is
much lower than that of other FDHs (see the thermal
stability section below). Therefore, we developed a pro-
cedure for determining the concentration of active sites
of recombinant SoyFDH based on the quenching of the
intrinsic fluorescence of the enzyme as it is titrated
with azide ion in the presence of coenzyme NAD* [64].
The azide ion is a strong competitive inhibitor of Soy-
FDH (K, = 3.6 X 10" M). Therefore, a linear dependence
of quenching of FDH fluorescence on the azide concen-
tration is observed under the conditions ensuring the
equimolar binding of enzyme and inhibitor. The k_,
value determined from these experiments actually co-
incided with that calculated using the specific activity
and molecular weight. The obtained data attest to the
fact that despite the low thermal stability, SoyFDH ex-
tracted using the designed procedure is not inactivated.
Today, this procedure is being actively used for deter-
mining the k_ values of the mutant forms of SoyFDH.

3. Plant FDHs are characterized by significantly
lower values of the Michaelis constants with respect to
both formate and coenzyme NAD™" in comparison with
the bacterial and yeast enzymes. It is very important
for the practical application of FDH. Today, recom-
binant FDHs from Pseudomonas sp. 101 and C. boidi-
nii, whose chemical and thermal stability have been
enhanced by protein engineering methods, are used for
the regeneration of the reduced coenzyme (NADH or
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NADPH) in the synthesis of chiral compounds using
dehydrogenases [6].

4. Almost all FDH that have been studied are highly
specific to the coenzyme NAD*. Their catalytic activ-
ity in the reaction with NAD"is higher than that in the
reaction with NADP* by a factor of 2500 (PseFDH) to
3 X 10° The exception is the recently described FDH
from pathogenic bacteria Burkholderia stabilis, which
is twenty-six-fold more efficient in the reaction with
NADP" in comparison with NAD™" [51]. It should be
noted that the mutant PseFDH, whose coenzyme spe-
cificity changed from NAD* to NADP*, was obtained
as early as in 1993 [6, 68]; this enzyme has been suc-
cessfully used for NADPH regeneration [69, 70]. Having
the lowest K_value with respect to NADP*among all
NAD*-specific wild-type FDHs, SoyFDH has a huge
potential for obtaining the NADP*-specific enzyme [58]
(Table 2).

THERMAL STABILITY OF PLANT

FORMATE DEHYDROGENASES

Prior to obtaining recombinant AthFDH and SoyFDH
in E. coli cells, no systematic studies on the thermal sta-
bility of plant FDHs were performed. According to [59],
the values of K| with respect to formate and NAD" de-
crease after the incubation of transgenic AthFDH for
5 min at 60°C; however, the specific activity value de-
creased by 13 times. We performed systematic studies
of the thermal stability of recombinant AthFDH and
SoyFDH using two approaches: determining the kinet-
ics of thermal inactivation and the differential scanning
calorimetry [71, 72]. It was revealed that the thermal
inactivation of plant FDHs occurred via a monomolecu-
lar mechanism, similar to the FDHs from bacteria and
yeasts. Time dependences of decrease in the activity
of AthFDH and SoyFDH are described by the kinet-
ics of the first-order reaction, the observed constant of
inactivation rate was independent of enzyme concen-
tration. The thermal stabilities of AthFDH and Soy-
FDH strongly differ. AthFDH lost 50% of its activity
after 20 min at 59.5°C, whereas SoyFDH lost 50% of its
activity at 52.8°C. The difference by almost 7°C corre-
sponds to a difference in the inactivation rate constants
of more than 1000 times. AthFDH is actually inferior in
terms of its thermal stability only to FDH from Pseu-
domonas sp. 101 (63.0°C, the most stable FDH among
the known ones) [6] and Staphylococcus aureus (62.0°C)
and is superior to all known microbial formate dehy-
drogenases. In contrast, SoyFDH is inferior in terms
of stability to all known FDHs, with the exception of
the enzyme from baker’s yeast that is characterized by
another inactivation mechanism. The temperature de-
pendences of the rate constants of inactivation of Ath-
FDH and SoyFDH are described by the transition state
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Table 3. Parameters of thermal inactivation of formate dehydrogenases from different sources

Kinetics of thermal inactivation* Differential scanning calorimetry* [72]
FDH source

AH"kJ/mol AS*, J/(mol'K) C,, kJ/mol I eC e “C

Pseudomonas sp. 101 540 [6] 1320 [6] 2060 67.6 5.4

Moraxella sp. C2 NA** NA** 1830 63.4 4.9

Candida boidinii 480 ([77] 1250 [77] 1730 64.4 53

Saccharomyces cerevisiae 420 [67] NA 820 46.4 3.2

Arabidopsis thaliana 490 [6] 1200 [6] 1330 64.9 5.9

Glycine max 370[76] 860 [76] 820 57.1 7.5

* All measurements were carried out in the 0.1 M phosphate buffer, pH 7.0

** Data not available

theory. The calculated values of activation enthalpy
AH"* and activation entropy AS*are listed in Table 3. It
can be noticed that thermal stability of formate dehy-
drogenases correlates well with the AH* and AS*values.
The highest values are typical of the most stable Pse-
FDH, whereas the lowest ones refer to SoyFDH.

The results of experiments studying the thermal sta-
bility of plant FDHs using differential scanning calorim-
etry are in close agreement with the data of inactivation
kinetics. In Table 3 the values of the temperature and
heat of the phase transition are shown. All investigated
FDHs are characterized by their high cooperativity of
the denaturation process. PseFDH is characterized by
the highest melting point, whereas this value is lower
by a factor of 2.5 for SoyFDH. The melting point of Ath-
FDH is higher than that of CboFDH and MorFDH.

Experiments on enhancing the thermal stability of
recombinant SoyFDH using genetic engineering tech-
niques are currently being performed.

CHEMICAL STABILITY OF PLANT

FORMATE DEHYDROGENASES

FDH has been actively used in the process of synthe-
sizing optically active compounds catalyzed by dehy-
drogenases. In these processes, the operational stability
(the operating time of an enzyme) plays the greatest
role. Under conditions of biocatalytic process, the inac-
tivation of FDH is associated with either oxidation with
oxygen or chemical modification of sulfhydryl groups
of the enzyme. The operational stability of PseFDH and
CboFDH was enhanced by site-directed mutagenesis
of two Cys residues [6, 65]. As previously mentioned,

the synthesis of FDHs in plants increased under vari-
ous stress factors. The concentration of active forms
of oxygen (superoxide radicals, hydrogen peroxide,
etc.) is likely to increase in a cell under the same condi-
tions. It should be expected that in order to ensure high
activity under stress, plant FDHs should be far more
resistant to the action of these agents than formate de-
hydrogenases functioning under non-stress conditions.
In order to verify this hypothesis, the kinetics of inac-
tivation of recombinant AthFDH, SoyFDH, PseFDH,
FDH from wild-type S. aureus (SauFDH) and three
mutant PseFDH, where one or two Cys residues were
replaced, under the action of hydrogen peroxide was
studied. FDH from S. aureus is a stress protein as well,
since the biosynthesis of this enzyme increases by 20
times when staphylococci pass from planktonic growth
to biofilm formation [73]. It was revealed that the in-
activation rate of AthFDH and SoyFDH under the ac-
tion of H,O, is virtually equal and is 18 times lower than
that in wild-type PseFDH. Under the same conditions,
the stability of SauFDH was sixfold higher than that in
plant enzymes [74]. PseFDH with the stability identical
to that of SoyFDH was successfully obtained only af-
ter double Cys145Ser/Cys255/Ala replacement. It was
thus demonstrated that plant and bacterial FDHs syn-
thesized under stress impact indeed possess a higher
chemical stability than formate dehydrogenases, whose
synthesis is induced by other factors. Moreover, study-
ing the thermal inactivation of formate dehydrogenase
in the presence of hydrogen peroxide can be used to
comparatively assess the in vivo chemical stability of
FDHs.
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Fig. 4. The structures of apo-(A) and holo-(B) forms of FDH from A. thaliana. Figures were obtained using PDB structures
3JTM and 3N7U, respectively. In the structure of the holo-form, the molecules of NAD* and azide ion are highlighted in

magenta and red, respectively.

STRUCTURAL STUDIES OF PLANT

FORMATE DEHYDROGENASES

FDH has not been well studied from a structural per-
spective. Until recently, only the FDH structures from
three sources, namely, bacteria Pseudomonas sp. 101
and Moraxella sp. C2 (unbound enzyme, and the en-
zyme—NAD*—azide ternary complex) and C. boidinii
yeast (structures of two mutant forms of an apoen-
zyme) were deposited into the protein data bank (PDB).
In case of formate dehydrohenases, free enzyme is in its
«open» conformation. When the FDH-NAD"—azide ter-
nary complex is formed (its structure being considered
similar to that of the enzyme in the transition state), a
considerable compacting of the protein globule occurs,
and FDH is transformed into the «closed» state. The de-
velopment of a highly efficient system of expression of
AthFDH and SoyFDH in E. coli cells enabled the tran-
sition to their crystallization and identification of their
structure., Nowadays AthFDH structures both in open
and closed conformations (SNAQ and 3N7U, with reso-
lution of 1.7 and 2.0 A, respectively) have been identi-
fied. Enzyme crystals were produced in space [75] in or-
der to obtain AthFDH structure in open conformation
with higher resolution (3JTM, 1.3 A), Fig. 4 shows the
structures of apo- and holoFDHs (the open and closed
conformations, respectively). A more detailed analysis
of these structures will be provided in individual arti-
cles. The crystals of the SoyFDH—NAD"—azide ternary
complex of FDH from soybean G. max have been ob-
tained both on the Earth and in space. The structures
of these complexes were identified with resolution of
1.9 A; the deposition of these structures into the PDB
data bank is in progress.
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CONCLUSIONS

Both our own and the published data attest to the fact
that plant FDHs are extremely significant, in particular
when responding to stress factors. Biosynthesis regu-
lation and the physiological role of FDHs are diverse
and complex; they have not been completely elucidated
thus far. The systematic investigation of the structure
and function of these enzymes is still in its infancy. The
results of these studies are of significant interest to
fundamental science and are of great practical impor-
tance. Production of mutant forms of FDH with a high
activity opens a new approach for the design of plants
with an enhanced resistance to unfavourable factors.
More active mutant enzymes will supply the cell with
the energy required to more efficiently overcome un-
favourable effects of stress with the same expression
level of FDH. Soybean FDH is also considered to be an
exceptionally promising FDH for the design of a highly
efficient biocatalyst for NAD(P)H regeneration in the
synthesis of optically active compounds using dehy-
drogenases. The natural enzyme is notable for its high
operational stability and has one of the lowest values
of the Michaelis constant with respect both to NAD*
and formate among all of the known FDHs. However,
in order to practically implement SoyFDH, its catalytic
activity and thermal stability need to be enhanced. We
are currently performing active research in this direc-
tion. @
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