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ABSTRACT
Metal ions play an important role in many metabolic processes 
in all living organisms. At low concentrations, heavy metals 
such as Fe2+, Cu2+ and Zn2+ are essential cofactors for many 
enzymes. however, at high concentrations they are toxic. 
Mesorhizobium species belong to the class α-proteobacteria 
and have high tolerance to soil acidity, salinity, temperature 
extremes, and metallicolous conditions. to identify factors 
responsible for this tolerance we have studied the effects of 
metal ions on Mesorhizobium delmotii thymidylate kinase 
(MdtMPK), an essential enzyme in the synthesis of dttP, thus 
being vital for cell growth. We show that Mg2+ and Mn2+ are 
the divalent metal ions required for catalysis and that Mn2+ 
gives the highest catalytic efficiency. MdtMPK activity in the 
presence of Mg2+ was strongly inhibited by the co-presence 
of Zn2+, Ni2+ and Co2+. however, the addition of Cs+ caused 
>2-fold enhanced MdtMPK activity. For tMPK from Bacilus 
anthracis and humans, the effects of Mg2+ and Mn2+ were 
similar, whereas the effects of other divalent metal ions were 
different, and no stimulatory effect of Cs+ was observed. 
together, our results demonstrate that MdtMPK and BatMPK 
function well in the presence of high concentrations of heavy 
metal ions, introducing a potential contribution of these 
enzymes to the heavy metal tolerance of Mesorhizobium del-
motii and Bacillus anthracis

1.  Introduction

Metal ions play vital role in many metabolic processes of all living organ-
isms. At low concentrations, heavy metals such as Fe2+, Cu2+ and Zn2+ 
are essential cofactors for a large number of key enzymes in different 
metabolic pathways. However, at high concentrations these ions are toxic. 
Extensive mining generates mining spoils that are extremely rich in toxic 
heavy metals such as lead, mercury, nickel, copper, chromium, zinc, 
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cadmium, antimony and arsenic. These heavy metals contaminate the 
surrounding soil and water and pose a threat to the ecosystem and the 
health of living organisms. For example, cadmium causes serious diseases 
in humans such as bone or kidney disease and cancer [1]. Covering mining 
waste pile with vegetation and removal of heavy metal contamination from 
industry effluents can thus reduce the release of toxic heavy metals to the 
environment [2]. Certain plants and microorganisms have evolved sophis-
ticated mechanisms to deal with heavy metals, which allows them to grow 
in soil contaminated by heavy metals [3]. For example, Mesorhizobium 
metallidurans (M. metallidurans), a nitrogen-fixing bacteria, grows well in 
the presence of 1.5 mM zinc and 0.05 mM cadmium [4] and Anthyllis 
vulneraria, a leguminous species, can grow in heavy metal-contaminated 
soil. However, mining spoils are poor in nutrients, and therefore nitro-
gen-fixing bacteria, such as M. metallidurans and Mesorhizobium delmottii 
(M. delmotii), play an important role in assisting this type of plant 
growth [5, 6].

Bacillus species are gram-positive bacteria and are commonly found in 
soil and the gastrointestinal tracts of ruminants. Most strains of Bacillus 
are not pathogenic. However, Bacillus anthracis (B. anthracis) can cause 
deadly disease to animals and occasionally to humans. Nonpathogenic 
Bacillus strains, such as Bacillus subtilis (B. subtilis), and Bacillus cereus, 
have been used to de-contaminate industrial waste water and heavy metal 
polluted soil [7, 8]. Therefore, these organisms have great value in agri-
culture and environmental protection.

Thymidylate kinase (TMPK) is a key enzyme for the synthesis of deoxy-
thymidine triphosphate (dTTP), an essential building block of DNA. Mg2+ 
or Mn2+ are the divalent metal ions known to be required for TMPK 
activity [9]. However, very little is known regarding the effects of heavy 
metals on TMPK enzymes. Here, we investigated the effects of heavy metal 
ions on TMPK from M. delmotii, B. anthracis and humans in order to 
clarify if these enzymes can be involved in why Mesorhizobium and Bacillus 
species can grow in metal-contaminated area.

2.  Materials and methods

2.1.  Materials

[3H-methyl]-thymidine ([3H]-dThd) was purchased from Perkin Elmer. 
[3H]-dTMP was synthesized using [3H]-dThd as starting material in a 
reaction catalyzed by thymidine kinase 1 [10]. Cadmium chloride, Cesium 
chloride, Zinc sulfate, Nickel sulfate, Cobalt chloride, Manganese dichloride, 
Magnesium chloride and Iron sulfate were from Sigma Aldrich. Lithium 
chloride was from Fluka.
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2.2.  Expression and purification of recombinant TMPKs

The M. delmotii TMPK (MdTMPK) sequence was retrieved from the 
GenBank (with access number: SJM35146) and the DNA was cloned into 
the pET-14b vector, which was transformed into an E. coli (DE3) pLysS 
strain. The expression of MdTMPK was induced by the addition of 0.1 mM 
IPTG to the culture and incubated overnight at 30 °C. Cells were collected 
by centrifugation at 4800 × g for 20 min at 4 °C. The cell pellets were 
resuspended in buffer (10 mM Tris/HCl, pH 7.5, 200 mM NaCl, 4 mM 
MgCl2, and 0.35 µg/ml DNase) and lysed by using a cell disruptor 
(Constant systems). The lysate was centrifuged at 15,000 × g for 30 min 
at 4 °C, and the supernatant was used to purify the recombinant MdTMPK 
using Ni2+-Sepharose column chromatography as described previously 
[11]. B. anthracis and human TMPK were expressed and purified under 
similar conditions.

2.3.  TMPK activity assay

TMPK activity was determined by using a radiochemical method with 
[3H]-dTMP as substrate [12]. The reaction mixtures, containing 50 mM 
Tris/HCl, pH 7.5, 2 µM [3H]-dTMP, 1 mM ATP, variable concentrations 
of different metal ions, 5 mM DTT (dithiothreitol) and purified TMPK 
protein, were incubated at 37 °C for 30 min. Aliquots of the reaction 
mixtures were spotted onto DEAE filter paper (DEAE filtermat, 
PerkinElmer) and dried. The filters were washed 3 times with 50 mM 
ammonium formate and then sorted into scintillation vials. The product 
was eluted with 0.5 ml solution of 0.1 M HCl and 0.2 M KCl and counted 
after the addition of scintillation liquid (Optiphase Hisafe 3, Perkin 
Elmer). In addition, aliquots of the reaction products were analyzed 
by thin layer chromatography developed in 0.2 M NaH2PO4. Non-
radioactive dTMP and dTDP were used as standards, essentially as 
described [13].

2.4.  Steady-state kinetics

Kinetic parameters for dTMP, ATP, dUMP, Mg2+ and Mn2+ were determined 
by using a coupled spectrophotometric method essentially as described 
[14]. Briefly, the reaction mixture contained 10 mM Tris/HCl pH 7.6, 5 mM 
DTT, 0.5 mM phosphoenolpyruvate, 0.1 mM NADH, 4 units/mL pyruvate 
kinase, 4 units/mL lactate dehydrogenase, various concentrations of sub-
strates (ATP, dTMP, or dUMP) and metal ions (Mg2+ or Mn2+). The 
reaction was initiated by addition of MdTMPK and the decrease of NADH 
concentration was monitored at 340 nm for 2 min using a 
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spectrophotometer at room temperature (21 °C). Kinetic parameters were 
calculated using Michaelis-Menten equation from at least three independent 
experiments and given as mean ± S.D.

The effects of Zn2+, Cd2+ and Cs+ were studied using radiochemical 
method with [3H]-dTMP as fixed substrate, and variable Mg2+ and other 
metal ions (Zn2+, Cd2+ and Cs+) concentrations. All assays were repeated 
at least three times and the results are given as mean ± S.D.

2.5.  Genome analysis

TMPK sequences were extracted from www.ncbi.nlm.nih.gov/. Multiple sequence 
alignments were performed by the method Muscle in MEGA7 [15]. Phylogenetic 
reconstruction was inferred by using the Maximum likelihood method based 
on the Jones-Taylor-Thornton (JTT) matrix-based model [16]. The tree with 
the lightest log likelihood (–3149.8070) is shown. The percentage of trees in 
which the associated taxa clustered together is shown next to the branches. 
Initial tree(s) for the heuristic search were obtained automatically by applying 
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated 
using a JTT model, and then selecting the topology with superior log likeli-
hood value. The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site.

2.6.  Statistical analysis

All data was analyzed by using the GraphPad Prism and Excel 2010. 
Statistical comparisons were performed using two-tailed T-test. All data 
was derived from at least three independent measurements and are pre-
sented as the mean ± S.D.

3.  Results

3.1.  Sequence and phylogenetic analyses of TMPKs

Mesorhizobium is a gram-negative, nitrogen-fixing soil bacterium belonging 
to the family Rhizobiaceae that also includes Rhizobium, Allorhizobium, 
Sinorhizobium. These organisms have high tolerance to soil acidity, salinity, 
temperature extremes, and metallicolous conditions [5, 17]. M. delmotii 
TMPK (MdTMPK) was identified in the M. delmotii genome by sequence 
homology search using human TMPK (HuTMPK) as query sequence, 
although the MdTMPK sequence shows only 21% sequence identity to 
HuTMPK. Using TMPK sequences identified in the genomes of 
Mesorhizobium and Rhizobium species and two representatives of gram-neg-
ative (E. coli and Vibrio Cholerae (V. cholera)), and gram-positive (B. 

http://www.ncbi.nlm.nih.gov/
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anthracis and B. subtilis) bacteria, a phylogenetic tree was built (Figure 
1). As seen in Figure 1, there are distinct clusters of TMPK from gram-neg-
ative bacteria, which are diverged from TMPKs of gram-positive bacteria. 
Alignment of the TMPK sequences showed that the sequence identity 
among Mesorhizobium species is high. For example, between M. delmotii 
and M. metallidurans, the sequence identity is 98%, and among Rhizobium 
species the degree of sequence identity is also high (>90%). However, 
between Mesorhizobium and Rhizobium species the degree of sequence 
identity is much lower (< 60%). In contrast, a comparison of TMPKs from 
Mesorhizobium species to TMPKs from Bacillus species such as B. anthracis 
and to TMPK from E. coli, showed that the degree of sequence identity 
is only ~ 21%. However, important functional motifs, such as the ATP-
binding p-loop, are conserved and the sequence diversity is mainly present 
at the C-terminal sequence.

3.2.  Steady-state kinetic analysis of M. delmotii TMPK (MdTMPK)

TMPK is known to phosphorylate dTMP and dUMP using ATP or 
other nucleoside triphosphates as phosphate donors, and it is known 
that a divalent metal ion is required for catalysis. The kinetic 

Figure 1. Phylogenetic analysis of TMPK sequences. the phylogenetic tree was con-
structed by using the MeGA7 software using the Maximum likelihood method based on the 
Jones-taylor-thornton matrix-based model as described in the Materials and Methods section. 
the numbers at the nodes are bootstrap values. tMPK sequences with accession number are: 
M. Ciceri (WP_166487953.1); M. tianshanense (WP_145716400.1); M. muleiense (sdi51051.1); 
M. delmotii (sJM35146.1); M. metallidurans (WP_008875775.1); M. loti (BAV45273.1); M. 
amorphae (oWK18273.1); M. waimense (WP_120015323.1); Rhizobium deserti (R. deserti) 
(WP_133314036.1); R. leguminosarum (WP_116405974.1); R. alamii (WP_037102407.1); E. coli 
(BAA35905.1); V. cholerae (KFe22709.1); B. subtilis (sPY 13780.1) and B. anthracis (AJG86461.1).
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parameters of MdTMPK were determined with either dTMP, dUMP or 
ATP as substrates, in the presence of excess of the other co-substrates. 
As shown in Table 1, The KM values for dTMP and ATP were in the 
micromolar range while the KM value for dUMP was in millimolar 
scale, which indicated MdTMPK is specific for dTMP, similar to other 
known TMPKs.

3.3.  The effects of divalent and monovalent metal ions on TMPK activity

To assess the metal ion dependence for TMPK activity, we tested the 
effects of Mg2+, Mn2+ and a number of other metal ions on the activity 
of MdTMPK, BaTMPK and HuTMPK. As shown in Figure 2 (left panel), 
only Mg2+ and Mn2+ could act as efficient cofactors for catalysis, with 
other metal ions having minimal or no effect on the activity of either 
of the three enzymes. Furthermore, steady-state kinetics analyses with 
Mg2+ and Mn2+ showed that Mn2+ is better fitted as cofactor for MdTMPK 
(Table 1).

Next, we evaluated whether the co-presence of Fe2+, Zn2+, Li+, Ni2+, 
Co2+, Mn2+, Cd2+ or Cs+ together with Mg2+ (3 mM) influenced the 
enzymatic activity of the respective TMPKs. This analysis revealed that 
the co-presence of Zn2+, Ni2+, Co2+, and Cd2+ (> 0.5 mM) strongly inhib-
ited MdTMPK activity at 3 mM Mg2+. Unexpectedly, the presence of Cs+ 
caused ~ 2-fold increase in MdTMPK activity with 3 mM Mg2+, as com-
pared with the activity in the presence of 3 mM Mg2+ only (Figure 2 
right panel).

We further studied the effects of Zn2+, Cd2+ and Cs+ on MdTMPK with 
varied Mg2+ concentrations. At fixed Mg concentrations and variable Zn2+ 
and Cd2+ concentrations, the Dixon plots showed that Zn2+ and Cd2+ were 
potent noncompetitive inhibitors toward Mg2+ (Figure 3A). The Ki values 
for Zn2+ and Cd2+ were calculated from replots of the slope of Dixon 
plots versus Mg2+ concentration; they were 18.0 µM and 147.1 µM, respec-
tively. In contrast, the presence of Cs+ resulted in enhancement of MdTMPK 
activity, in a concentration dependent manner at ≤ 3 mM Mg2+. At higher 
Mg2+ concentration, no stimulatory effect was observed (Figure 3B).

Table 1. Kinetic parameters of MdtMPK.
substrate KM (mM) kcat (s-1) kcat/KM ((M-1s-1)

dtMP 0.065 ± 0.008 3.9 ± 0.03 5.95 × 104

AtP 0.18 ± 0.04 0.4 ± 0.03 2.09 × 103

duMP 36.3 ± 2.99 0.003 ± 0.004 8.27 × 100

Mg2+ 3.5 ± 0.18 2.2 ± 0.02 6.26 × 102

Mn2+ 2.2 ± 0.9 3.6 ± 0.5 1.64 × 103

All assays were performed with one variable substrate concentrations and fixed other co-substrate concentrations, 
which were in excess. Kinetic parameters were calculated using Michaelis-Menten equation from at least three 
independent experiments and given as mean ± se.
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For BaTMPK, an inhibitory effect of the co-presence of Zn2+ together 
with 3 mM Mg2+ was observed at ≥3 mM of Zn2+. However, the other 
tested metal ions produced no significant inhibition at concentrations up 
to 10 mM (Figure 2 right panel).

For HuTMPK, the co-presence of Zn2+ completely inactivated the enzyme 
at 3 mM Mg2+. Other metal ions, i.e., Li+, Ni2+, Co2+, Cd2+ and Cs+ also 

Figure 2 Effects of metal ions on TMPK activity. left panel: tMPK activity in the presence 
of various metal ions; Right panel: tMPK activity in the presence of different metal ions with 
the co-presence of 3 mM Mg2+. tMPK activity was measured by using [3H]-dtMP as substrate 
and shown as fold changes as compared with that with 3 mM Mg2+ (set to 1.0). All data were 
derived from at least three independent measurements and shown as mean ± s.d.
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strongly inhibited HuTMPK activity at Mg2+ (3 mM) (Figure 2 right panel). 
Thus, HuTMPK is sensitive to the presence of monovalent and divalent 
metal ions other than Mg2+ and Mn2+, whereas MdTMPK and BaTMPK 
are resistance to most metal ions.

4.  Discussion

Many divalent metal ions participate in biological processes through bind-
ing to specific proteins, as exemplified by Mg2+ and Mn2+ in TMPK 
catalysis. However, except for Mg2+ and Mn2+, little is known regarding 
the effects of other mono- and divalent metal ions on TMPK function. 
In this study we investigated the effects of a number of mono- and diva-
lent metal ions on M. delmotii, B. anthracis and human TMPK. Our results 
revealed that the effects of monovalent metal ions (Li+, Cs+) and divalent 
metal ions (Cd2+, Zn2+, Ni2+, Co2+) on TMPK activity differed considerably 
between MdTMPK, BaTMPK and HuTMPK. Intriguingly, Cs+ had in fact 

Figure 3. Effects of Zn2+, Cd2+ and Cs+ on MdTMPK activity. dixon plots of Zn2+ and 
cd2+ (A) and cs+ (B) concentrations versus Mg2+ concentrations. MdtMPK activity was measured 
by using [3H]-dtMP (2 µM) and AtP (1 mM) as substrates at fixed Mg2+ concentration (2, 3, or 
4.5 mM), and variable concentrations of Zn2+, cd2+ and cs+. initial velocity (V) is in nmol/min/
mg. All data were derived from at least three independent measurements and shown as 
mean ± s.d.
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a stimulatory effect on MdTMPK, but not on BaTMPK or HuTMPK. 
These results suggest that these differential effects may be a reason for 
the high tolerance of M. delmotii and B. anthracis to heavy metals.

In human TMPK, Mg2+ is located in the dTMP-binding site (Figure 
5A). Mg2+ has a high affinity for water and prefers oxygen-containing 
ligands/residues because of favorable electrostatic interaction energy [18]. 
As shown in Figure 5B, all six bonds from Mg2+ are formed directly to 
oxygen (PDB code: 1E2F) [19].

Earlier studies have shown that, among divalent metal ions, Zn2+ has 
higher binding affinity than other divalent metal ions such as Mg2+, Mn2+, 
Fe2+, Co2+, Ni2+ or Cu2+, which have a binding affinity order of Mg2+ < 
Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+, according to Irving-Williams series 
[20]. Our kinetic study of the effect of Zn2+ and Cd2+ on MdTMPK showed 
that these two metal ions indeed bind stronger than Mg2+, but at a dif-
ferent site, resulting in noncompetitive inhibition.

The regulatory effects of monovalent metal ions on TMPKs have not 
been studied earlier but studies with ribokinases have shown that mon-
ovalent cations such as K+ and Cs+ have stimulatory effects on E. coli 
ribokinase activity [21]. In contrast, these monovalent metal ions have 
inhibitory effects on E. coli phosphofructokinase-2 [22]. Structural studies 
have revealed that the allosteric effects of the monovalent cations are due 
to their binding to a conserved monovalent cation-binding site at the 
C-terminal part of the proteins. This leads to conformational changes of 
the ATP-Mg2+ binding pocket, resulting in enzyme activation or inhibition 
[21, 23]. Alignment of the C-terminal sequences of MdTMPK, BaTMPK 
and HuTMPK with ribokinases from E. coli and Vibrio cholerae (V. chol-
erae) shows that the residues that bind Cs+ in the E. coli ribokinase [21] 
are conserved in V. cholerae ribokinase and MdTMPK, but are not present 
in BaTMPK or HuTMPK (Figure 4). This suggests that, in MdTMPK, 
Cs+ may bind to the C-terminal of the protein, thereby inducing confor-
mational changes resulting in a stimulatory effect on MdTMPK activity. 
Accordingly, Cs+ had no effect on BaTMPK and HuTMPK activity since 
they lack the corresponding residues that can bind Cs+.

TMPK is an essential enzyme for cell growth, as demonstrated in E. 
coli [24]. In order to survive in heavy metal-contaminated soil, an active 
TMPK is vital. Thus, a TMPK that tolerates heavy metals is a pre-requisite 
for organism growth. The ability of MdTMPK to tolerate heavy metals, 
together with the stimulatory effect of monovalent metal ions (Cs+) on 
MdTMPK activity, suggests that, in a heavy metal-contaminated area, M. 
delmotii can efficiently synthesize dTTP, which ensures adequate dTTP 
supply for DNA replication and cell growth. Similarly, the heavy metal-re-
sistance of B. anthracis TMPK may, at least partly, explain why B. anthracis 
can propagate in heavy metal-contaminated area.
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Since the TMPK sequences from nitrogen-fixing bacteria such as 
Mesorhizobium and Rhizobium species are similar to MdTMPK sequence, 
it is plausible that their TMPKs have similar properties as MdTMPK. 
TMPKs from Bacillus subspecies have also high sequence homology to B. 
anthracis and, therefore, TMPK of other Bacillus species may also be 
resistant to the presence of heavy metals. The results presented here con-
cerning MdTMPK and BaTMPK may thus help to explain, at least in part, 
their ability to adapt to an environment contaminated with heavy metals.

5.  Conclusion

Symbiotic nodule-forming bacteria such as M. delmotii and M. metallar-
idans are of great agricultural and ecological importance. These bacteria 
species promote the growth and uptake of heavy metals in specific plants 
from contaminated soil [25]. The nonpathogenic Bacillus species can absorb 
and accumulate heavy metals from industrial waste effluents and contam-
inated soil [7]. Therefore, these microorganisms may play an important 
role in soil bioremediation. Our findings show that TMPK from M. del-
motii, B. anthracis and humans can use Mg2+ and Mn2+ as cofactors for 

Figure 4. Alignment of C-terminal sequences. MdtMPK (accession number sJM35146.1), 
HutMPK (accession number AAA21719), BatMPK (accession number AJG86461), E coli ribokinase 
(ecRK) (accession number WP_136750898.1), and V. cholerae ribokinase (VcRK) (accession 
number AKB06975). the c-terminal regions that involved in cs+ binding in ecRK sequence are 
marked with *. Residues in ecRK that are directly involved in cs+ binding are in red, and the 
corresponding conserved residues in VcRK and MdtMPK are also in red.

Figure 5. Human TMPK structure. (A) HutMPK (PdB code: 1e2F) in complex with dtMP, 
AtP analog and Mg2+. Mg2+ binding site is located on the surface, adjacent to dtMP. (B) in 
human tMPK Mg2+ forms 6 bonds and is in an octahedral geometry with its binding partner, 
one bond to ser20 of the protein, two bonds to AtP analog and three bonds with water. All 
the bond distances are 2.1 Å.
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catalysis. Intriguingly, MdTMP and BaTMPK were able to tolerate heavy 
metals at relatively high concentrations, with MdTMPK in fact being 
stimulated by Cs+. Altogether, we may propose that the ability of MdTMP 
and BaTMPK to tolerate heavy metals at relatively high concentrations, 
at least partly, may explain why M. delmotii and B. anthracis can grow in 
heavy metal-contaminated soil.
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