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ABSTRACT 

 

The soil is a reservoir of various contaminants with heavy metals and has a 

strong cation exchange property. Among these heavy metals, molybdenum is an 

essential element that is required in small quantities for optimal plant growth 

and development. This useful heavy metal performs several biochemical and 

physiological tasks in plants and is also considered as an important component 

of various cellular enzymes and is actively involved in redox reactions. 

Mononuclear molybdenum-containing enzymes, as a rule, have a certain 

conserved metal center, coordinated by one or two pyranopterins. The 

pyranopterin fragment plays a key role in the properties of the metal site in the 

group of mononuclear enzymes of molybdenum with various functions: 

coordination; stabilization and modulation of the redox transitions of the center, 

acting as a redox buffer; and for redox regulation/compliance in a variety of 

catalytic reactions. The coordination sphere of the metal is equipped with 

oxygen and/or sulfur, selenium atoms in various forms. Tungsten is an 

antagonist of molybdenum and inhibits molybdoenzymes. In the current review 

we elaborately reviewed various studies regarding heavy metals - molybdenum 

and tungsten, their uptake mechanism, essential transporters, and also discuss 

about the destructive properties of heavy metals in response to their 

concentration.  
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INTRODUCTION 

  

Molybdenum (Mo) is an important trace element that occurs in nature in 

various chemical compounds and has a redox function, as evidenced by its extended 

oxidation state spectrum, ranging from II to VI among various forms and States of 

Mo oxidation. Although the content of Mo in the cell is low, its absorption requires 

an adequate and effective mechanism that ensures its constant supply. While bacteria 

mediate the uptake of molybdate using an ATP-bound cassette transporter [1], plants 

use two different transporters called Mot1 and Mot2 [2]. Animals lack Mot1, but 

Mot2 was first identified as the first vector in animal cells in 2011 [3]. 

The availability of Mo for plant growth strongly depends on the pH of the soil, 

the concentration of adsorbing oxides, the degree of water drainage, and the presence 

of organic compounds. Mo becomes more soluble and available to plants in alkaline 

soils, mainly in the form of anions such as МоО4
2-

. On the contrary, the availability 
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of Mo decreases in acidic soils (pH <5.5), as the adsorption of anions in soil oxides 

increases [4]. When plants grow under conditions of Mo deficiency, number of 

different morphological changes occurs that inhibit plant growth. Most of these 

changes are associated with reduced activity of molybdenum enzymes. 

The first experiments in the need for Mo growth by plants were demonstrated on 

tomatoes grown on a hydroponic system without Mo [5]. Plants grown under these 

conditions have developed characteristic phenotypes, such as leaf spotting, changes in 

leaf blade morphology. 

The first recorded case of Mo deficiency in agriculture occurred on mixed 

pastures in the highlands of South Australia. Later, Walker noticed that plants grown 

on serpentine soils with Mo deficiency can be quickly saved by applying exogenous 

sodium molybdate directly to the soil or by infiltrating the leaves with this solution 

[6]. 

DISCUSSION 
 

Mo itself is not biologically active, but is an integral part of an organic pterine 

complex called the molybdenum cofactor (MoCo). To create a biologically active 

cofactor of molybdenum, a Mo complex with a pterin compound must be formed. 

Thus, MoCo consists of a tricyclic pterin that coordinates Mo through a dithiol group 

in the third pyranocircle. 

All Mo-dependent enzymes contain a pterin-type cofactor, with the exception 

of bacterial nitrogenase, in which a unique iron-molybdenum cofactor gives catalytic 

activity. MoCo occurs in two forms in eukaryotic cells, that differ in relation to Mo. 

In the first form, Mo is covalently bound to a conservative cysteine residue in The 

MoCo connective domain. In the second form, the third terminal sulfur ligand is 

bound to Mo, but in this variant, MoCo remains non-covalently bound to the 

corresponding protein (Figure 1) [7]. 

 

 
 

 
A - the first form of Mo Co; B - the second form of MoCo. 

Fig. 1. Structures of two eukaryotic MoCo types 

 

In addition to Mo, the pterine cofactor is an integral part of the active site in 

both molybdenum and tungsten-containing enzymes. In eukaryotes, molybdopterin or 

pyranopterin has a structure with a terminal phosphate group on the pterin side chain, 

but in prokaryotes, the cofactor occurs in the form of CDP, GDP, ADP, and IDP 

(Figure 2). The conformation of pyranopterin correlates with protein folds that define 



the three main mononuclear families of molybdenum and tungsten enzymes, and that 

micro-regulation of the binding site controls the oxidation state of pyranopterin [8]. 

 

 
A - the proposed structure of the pterine cofactor [9].; B- the structure of the cofactor first 

discovered in the aldehyde oxidoreductase of P. Furiosus  [10]; C - the structure of the pterine cofactor 

- guanosine - dinucleotide present in the reductase of R. sphaeroides DMSO[11]. 

Fig.2. The structure of the pterine cofactor. 

 

Integration of Mo in MoCo in two variants allows placing Mo in the active 

center of the protein, thereby controlling its redox properties and aligning the pterin 

ring system for electron transfer into Mo or out of it [12]. 

The pathway of the Moco biosynthesis reaction, as well as the biosynthesis 

enzymes, are highly conserved and can be found in almost all prokaryotes and 

eukaryotes. These enzymes are designated in plants by the abbreviation for cofactor 

nitrate reductase and xanthine dehydrogenase (Cnx1-3 and 5-7). As shown in figure 

3, Cnx2 and Cnx3 catalyze the first stage by converting 5′-GTP to cyclic pyranopterin 

monophosphate inside mitochondria [13]. The resulting cPMP is exported to the 

cytosol by the ATM3 transporter [14] for introducing the dithiolene group by 

transferring two sulfur atoms forming molybdopterin (MPT). This second step of the 

reaction is catalyzed by MPT synthase, a heterotetramer with two large Cnx6 subunits 

and two small Cnx7 subunits. After sulfur transfer, the Cnx7 subunits must be re-

sulfated using the MPT synthase Cnx5 sulfurase [15]. The Cnx1 mo insert catalyzes 

the last two stages of biosynthesis. Cnx1 consists of a larger N-terminal domain of 

Cnx1E and a smaller C-terminal domain of Cnx1G. MPT is bound by the Cnx1G 

domain and is activated by adenylation, thereby forming MPT-AMP in the third step 

[16]. This intermediate is transferred to the Cnx1E domain, which releases AMP and 

inserts Mo derived from molybdate [17]. This required molybdate is imported by 

certain molybdate carriers [18]. 



 
Fig.3. MoCo enzyme pathway with a four-step reaction catalyzed by Cnx2 and Cnx3 inside 

the mitochondria, as well as Cnx6, Cnx7, Cnx5 and Cnx1 in the cytosol. After biosynthesis, Moco is 

distributed both in families of Mo-enzymes and in MoCo-binding proteins 

 

After the MoCo is synthesized, it is included in the composition of the 

different Mo-enzymes to fulfill their biological functions. About fifty Mo-dependent 

enzymes have been described, which play an important role in the nitrogen, carbon, 

and sulfur cycles in the biosphere [19]. Most of these enzymes are found exclusively 

in prokaryotes. One of the enzymes nitrate reductase (NR) is found only in plants and 

fungi, playing a key role in nitrogen assimilation, catalyzing the reduction of nitrate 

to nitrite. In addition to MoCo, NR has the integration of cytochrome b5 and FAD 

cofactor for the catalytic activity of the enzyme. So, electrons are transferred from 

NAD(P)H to FAD, and through the heme to the MoCo domain, where the active site 

is located, where the nitrate is reduced. 

Plant molybdenum enzymes can be grouped into those involved in the 

assimilation and reduction of nitrogen - nitrate reductase (NR), nitrogenase; in purine 

catabolism - xanthine oxidase, xanthine dehydrogenase (XO, XDH); in the synthesis 

of abscisic (ABC) and indole-3-acetic acids (IUC) - aldehyde oxidase (AO), as well 

as in the metabolism of sulfur - sulfitoxidase (SO). In addition, Mo-enzymes can be 

classified based on their interactions with MoCo: NR and SO contain a dioxo-Mo 

cofactor, and AO and XDH have a monooxo-Mo cofactor [20]. 

Xanthine oxidase and xanthine dehydrogenase are two different forms of the 

same enzyme. They catalyze the conversion of xanthine to uric acid in the catabolism 

of purine bases. Two enzymes differ in the chemical nature of the oxidizing substrate: 

О2 for XО, NAD
+ 

for XDH [21]. CDG has been mainly studied in animals for 80 

years [22]. In mammals, XDH can be converted to XO by post-translational 

modifications, thereby forming superoxide and hydrogen peroxide, which can be used 

as pathogenic inhibitors in infected cells [23]. In plant cells, however, XDH is not 

converted into any form and produces only superoxide [24]. XDH has a physiological 

function in the metabolism of ROS, the transmission of signals of which is 

manifested in the stress associated with drought, the relationship of plants and 

pathogens, hypersensitivity [25] and aging [26]. Arabidopsis has two highly 

homologous XDH genes (XDH1 and XDH2). XDH1 has a controversial role in ROS 

metabolism in A. thaliana: it produces hydrogen peroxide in leaf epidermal cells as a 

weapon against microorganisms, whereas it produces uric acid in leaf mesophyll 



cells, which recycles H2O2 in chloroplasts. Based on these data, it is likely that the 

different availability of the substrate in epidermal cells (NAD/O2) and mesophyll 

cells (xanthin/NAD+) determines the opposite abilities of XDH1 in ROS metabolism. 

Since the XDH nucleotide sequence is highly conserved, it can be assumed that this 

phenomenon is present in other plants as well. 

According to some data , AO has a high sequence identity with XDH [27], 

indicating that AO is the result of an ancient recurrent duplication of the XDH gene. 

We compared the AO and XDH sequences in A. thaliana and obtained only 48% 

identity (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.4. Alignment of AO and XDH sequences in A.thaliana (NCBI BLAST) 

 

It was found that the most notable characteristics that distinguish AO from 

XDH enzymes relate to substrate binding to the Mo center and binding of the 

physiological electron acceptor [28]. AO enzymes are strict oxidases that cannot bind 

NAD and use exclusively molecular oxygen as an electron acceptor. When 

transferring the electrons obtained from the substrate to molecular oxygen, the plant 

AO generates hydrogen peroxide. 

MoCo-dependent AO enzyme involved in the synthesis of phytohormones  

 

 

 

 



 

ABA and IAA. It is the last to catalyze the conversion of indole-3-

acetaldehyde to IAA, as well as the oxidation of abscisic aldehyde to ABA. Mutations 

in the AO apoprotein or in enzymes involved in the synthesis of MoCo and its 

activation disrupt the synthesis of ABA [29]. Low levels of ABA lead to excessive 

transpiration due to loss of control of stomatal functions, changes in the protective 

properties of plants [19]. It has been shown that ABA-deficient mutants (flacca, 

ABA3) that have weak phenotypes are destroyed at The MoCo activation stage [30]. 

There is evidence that levels of the AAO3 protein in A. thaliana are regulated 

by ubiquitin-dependent degradation via the 26S proteasome to prevent premature 

aging by accumulating ABA [31]. This suggests that ABA-synthesizing AO proteins 

also play a critical role during the onset of aging, which requires strict control of AO 

and ABA levels. The physiological role of animal AO is still unknown, although it 

can participate in the oxidation of a wide range of endogenous substrates, such as 

neurotransmitter vitamins. Different concentrations of molybdenum can affect the 

activity of AO in leaves and roots in barley, thus differentially affecting the growth 

and development of the plant [32]. 

Replacing molybdenum with tungsten in MoCo-enzymes usually leads to a 

loss or decrease in the activity of one or another enzyme [33]. In experiments with the 

synthesis of ABA, it was shown that tungsten was used as an inhibitor of ABA 

formation in cell-free systems at concentrations of 0.1 mM [34] and Galium seedlings 

(0.5 mM [35]. But there is evidence that at a concentration of 0.1 mM, tungsten in 

daffodils is ineffective [36]. 

Tungsten as an inhibitor of the activity of Mo-hydroxylases. In some pro - 

and eukaryotes, tungsten (W) easily replaces Mo in Mo-enzymes; in this case, 

inactive tungsten analogues of Mo enzymes are formed. Thus, the formation of such 

analogues in NR was shown in plants [37] fungi [38], algae [39]. The substitution 

was found in animal cells for sulfitoxidase and xanthine oxidase [40]. 

Inactivation of Mo-enzymes by tungsten is reversible; for instance, when 

transferring bacterial W-cells to a medium containing molybdenum, NR is converted 

to the active form of Mo, and inactive tungsten nitrate reductase isolated from 

Escherichia coli W-cells can restore the activity of NR defective in the cofactor of 

molybdenum fungus in neurospora crassa thread mutant 1 in the presence of 1 mM 

sodium molybdate [41]. In all the above-mentioned studies, tungsten could only be 

incorporated into Mo-enzymes during in vivo. Only in the case of animal 

sulfitoxidase it was possible to replace tungsten with molybdenum in vitro and thus  

W-containing the enzyme [42]. 

More than 35% of plant nitrate reductase (NR) is in the form of a holoenzyme 

containing the metal-reducing cofactor molybdenum, which preserves the ability to 

coordinate metals. Namely this part of NR containing molybdenum can be 

"stabilized", that is, protected from proteolysis and other processes that inactivate 

enzymes, by tungsten. Studies of spinach and cauliflower have shown that NR 

remains inactive after the inclusion of tungsten, where tungsten can be replaced by 

molybdenum when trace amounts of the latter appear in the medium [43]. In this way, 

the tungsten-stabilized enzyme is activated. 

The effect of stabilizing tungsten can be significant: for instance, the growth 

of cauliflower on a medium containing equimolar concentrations of tungsten and 

molybdenum (0.005 mcg/l) caused an increase in NR activity by 20%, and the growth 

of the plant was greatly accelerated. Hypersynthesis of the NR apoprotein of tobacco 

is another possible cause of an increase in the NR activity of plants growing on an 

environment with equimolar concentrations of tungsten and molybdenum [44]. 



A significant difference between W-enzymes and their Mo analogues is that 

the former is expressed constitutively in most of the studied microorganisms, whereas 

Mo analogues are induced only in the presence of molybdenum [45]. In addition, the 

presence of the same labile complex - a molybdenum cofactor that can function with 

both molybdenum, tungsten, and so on - in various organisms from the earliest 

hyperthermophilic archaea to humans indicates the importance of Mo and W-

containing enzymes in the evolutionary process. It is assumed that before the 

appearance of molecular oxygen formed during photosynthesis, molybdenum and 

tungsten were present on Earth as sulfides (WS2 and MoS2), rather than oxyanions 

(MoO4 and WO4). Since tungsten sulfide is better soluble in water than molybdenum 

sulfide, it is assumed that in the pre-oxygen era, tungsten might have been more 

accessible to organisms than molybdenum. This assumption is consistent with the fact 

that "true W enzymes" are found in strict anaerobic microorganisms, although there is 

an exception - FDH in methylotrophic bacteria [46]. 

Since W possesses certain chemical properties with an indispensable plant 

microelement molybdenum, it is proposed to inhibit the enzymatic activity of 

molybdenum by replacing the Mo ion associated with the cofactor. Recent studies 

show that W, like other heavy metals, also has a toxic effect on its own. Studies on 

the effect of W on soybean growth and metabolism (Glycine max) showed a picture 

of tungsten stress when high tungsten concentrations inhibited nitrate reductase 

activity, thereby lowering the level of nitrogen in plants. This is not surprising, since 

it was shown that due to competition with molybdenum as an enzymatic co-factor, 

tungsten leads to a decrease in NR activity, but does not inhibit its synthesis [47]. 

Harper and Nicholas found that while nitrate reductase activity of N was fed by 

soybean plants (6 mM KNO 3) continuously decreased with increasing tungsten 

levels to 8.6% at 0.4 mM compared to control plants, a decrease in acetylene showed 

3-fold increase between control and 0.4 mm. The authors suggested that the observed 

patterns, along with an increase in nodule biomass, were the result of inhibition of the 

NO-33 W metabolism, leading to an increase in the C:N ratio [48]. Such 

compensation for NR activity due to increased nodulation and increased N 2 fixation 

activity of soybean was also observed in one of the studies on the bioavailability, 

speciation, and phytotoxicity of tungsten in soil. 

In contrast to nitrate reductase, the effect of tungsten on bacterial nitrogen 

fixation (BNF) via nitrogenase, apparently, is not explained simply by inhibition of 

the catalytic function of the enzyme by replacing Mo with W, since N 2 fixation 

activity (mg N is fixed, g -1 dwt nodule) from a smaller number of nodules formed at 

high W was not completely inhibited by tungsten (~ 55% activity remained at 0.5 

mM W). Accordingly, in some studies, indices of active nitrogenase were found even 

in the presence of tungsten, and that the inhibitory effect of tungsten on nitrogenase is 

more pronounced in conditions of Mo deficiency [49]. 

As has already been shown that N 2 fixation, the activity of N 2 fixing 

bacteria decreases or is suppressed in the presence of tungsten [49], although some 

exchange experiments show that bacterial Mo-nitrogenase can be functional when 

Mo is replaced by W [50]. The symbiotic bacteria B. japonicum Harper and Nicholas 

[47] even showed an increase in acetylene reduction in soybeans grown by 0.4 mM 

W. As for endogenous plant molybdosimes, previous work suggests that replacing 

molybdenum in Mo-MRI with tungsten causes inhibition the catalytic function of the 

enzyme. According to Xiong et al. [46] this substitution probably not only affects 

nitrate reduction and nitrite oxide levels, but, like other heavy metals, leads to 

oxidative stress by increasing ROS production by inhibiting ABA biosynthesis, 

purine metabolism, and sulfur metabolism; however, a comprehensive assessment of 



W-metabolic changes has not yet been performed. Most likely, the toxicity of W 

depends on the body and the dose used. 

For development and ability to resist pathogens, plants need nutrients. The 

increased demand for micronutrients can be explained by their importance for 

metabolic processes specific for molybdenum, since there is a suggested relationship 

between the metabolism of molybdenum, copper and iron. Copper, as well as iron, is 

involved in the MoCo biosynthesis, since some molybdenum enzymes require iron 

prosthetic groups, and copper is necessary for the formation of MoCo intermediates. 

In order for the plant to continue nitrogen metabolism, the production of NR 

apoenzymes is required and, therefore, enhanced assimilation of Fe, Cu and Mo. 

Therefore, the absence of active NR in combination with increased assimilation of Fe, 

Cu, and Mo indicates impaired NR function, and not NR biosynthesis itself [47]. A 

similar increase in tungsten, caused by the growth of shoots of Mo, roots, and 

nodules, was also observed when soybeans were grown on calcareous soils sown with 

growing concentrations of metallic W. This is consistent with Strigul et al. [49], who 

discovered that the presence of tungsten promotes hyperaccumulation of 

molybdenum and vice versa. Possible changes in the level of nutrients and changes in 

the catalytic activity of molybdioenzymes caused by W can be caused by (1) 

competition for absorption through the same carriers as other anions (phosphate, 

sulfate, molybdate), (2) inhibition of absorption due to reduced growth roots, (3) 

decreased nutrient availability due to tungsten polymerization (especially P and S) in 

the soil solution and / or in the acidic parts of the cell, such as vacuole. 

 

CONCLUSION 

  

It is known that transporters such as Mot 1.3 introduce molybdate into cells 

infected with rhizobia, as well as into uninfected cells within the nodule. This raises 

the question of why uninfected cells need molybdenum. Possible explanations might 

be that they are prepared in the event of infection, that they buffer or store 

molybdenum for later use, or that this molybdenum is required for the synthesis of 

active Moco-dependent enzymes in these cells. Many questions about MoCo remain 

unanswered: what factors influence the inclusion of tungsten instead of molybdenum 

in some enzymes? The answer may reflect bioavailability considerations, but there 

are also chemical differences between Mo and W, such as the relative complexity of 

tungsten reduction to the W (IV) state and the increased bond strength of the W (VI) 

complexes, which may be of importance.  

The use of tungsten as an inhibitor of the activity of Mo-hydroxylases will 

allow us to find evidence of the involvement (or not) of enzymes in resistance to 

phytopathogens, such as viruses, bacteria and fungi. 
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ТҮЙІН 

 

Топырақ әр түрлі ауыр металдармен ластанады және үлкен 

катиондық алмасушы сипатқа ие. Осы ауыр металдардың ішінде 



молибден өсімдіктердің оптимальды өсуі мен даумына аз мөлшерде 

қажетті маңызды элемент болып табылады. Бұл пайдалы ауыр металл 

өсімдіктерде біршама биохимиялық және физиологиялық міндеттерді 

атқарады және де тотығу-тотықсыздану реакцияларына белсенді 

қатысып, жасушалық ферменттердің құрамдас бөлігі ретінде 

қарастырылады. Мононуклеарлы молибденқұрамды ферменттер, әдетте, 

бір немесе екі пираноптеринмен үйлестірілетін белгілі бір консервативті 

металдық орталыққа ие болады. Пираноптерин фрагменті үйлестіру; 

тотықтырғыш буфері ретінде қызмет ететін орталықтың тотықтырғыш-

тотықсыздандырғыш өтулерін тұрақтандыру және модуляциялау; және әр 

түрлі каталитикалық реакциялардағы тотығу-тотықсызданудың 

реттелуі/сәйкес келуі сияқты әр түрлі қызмет атқаратын бірядролы 

молибденқұрамды ферменттер қасиетінде маңызды рөл атқарады. 

Металдың координациялық сферасы әр түрлі формадағы оттек 

және/немесе күкірт, селеннің атомдарымен қамтамасыздандырылған. 

Вольфрам молибденнің антогонисті болып табылады және 

молибдоферменттерді ингибирлейді. Біз осы әдеби шолуда молибден және 

вольфрам ауыр металдарына, олардың сіңірілу механизмі, негізгі 

тасымалдаушыларына қатысты әр түрлі зерттеулерді, сонымен қатар 

концентрацияға байланысты ауыр металдардың кері қасиеттерін егжей - 

тегжейлі талқыладық.  

Негізгі сөздер: молибден, молибдофермент, молибденді кофактор, 

вольфрам, ксантиндегидрогеназа, альдегидоксидаза. 

 

 

ВЛИЯНИЕ МОЛИБДЕНА НА АКТИВНОСТЬ 

МОЛИБДОФЕРМЕНТОВ 

 

Иқсат Н.Н., Жангазин С.Б., Мадиров А.А., Омаров Р.Т. 

 

Кафедра биотехнологии и микробиологии, Евразийский национальный 

университет имени Л. Н. Гумилева 

ул. Қажымұқана, 13, Нур-Султан, 010000, Казахстан 

nurguliksat@gmail.com 

 

АБСТРАКТ 

 

Почва является резервуаром различных загрязнителей, содержащих  

тяжелые металламы, и обладает сильной катионообменной способностью. 

Молибден является важным элементом, который требуется в небольших 

количествах для оптимального роста и развития растений. Этот металл 

выполняет несколько биохимических и физиологических задач в 

растениях, а также рассматривается как важный компонент различных 

клеточных ферментов и активно участвует в окислительно-

восстановительных реакциях. Мононуклеарные молибденсодержащие 

ферменты, как правило, имеют определенный консервативный 

металлический центр, координируемый одним или двумя 

пираноптеринами. Фрагмент пираноптерина играет ключевую роль в 

свойствах металлического сайта в группе одноядерных ферментов 

молибдена с различными функциями: координация; стабилизация и 

модуляция окислительно-восстановительных переходов центра, 

выступающего в качестве окислительно-восстановительного буфера;  для 



окислительно-восстановительного регулирования/соответствия в 

различных каталитических реакциях. Координационная сфера металла 

снабжена атомами кислорода и/или серы, селена в различных формах. 

Вольфрам является антагонистом молибдена и ингибирует 

молибдоферменты.  

В текущем обзоре мы подробно рассмотрели различные исследования, 

касающиеся молибдена и вольфрама, механизма их поглощения, основных 

переносчиков, а также обсудили разрушительные свойства тяжелых 

металлов в ответ на их концентрацию. 

Ключевые слова: молибден, молибдофермент, молибденовый 

кофактор, вольфрам, ксантиндегидрогеназа, альдегидоксидаза.  

 


