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ABSTRACT In this work we describe an unusual enzyme from Leishmania major (Arabinokinase/Pyrophosphorylase) that catalyzes the synthesis of GDP-D-
arabinopyranose (GDP-D-Arap) via a D-arabinose-1-phosphate intermediate in the presence of AtP and GtP. Our data indicate GDP-D-Arap transport in vivo 
by the LPG2 multispecific nucleotide sugar transporter into the Leishmania Golgi apparatus, in which it can be used by glycosyltransferases as a donor substrate 
for glycosylation.
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Abbreviations: D-Arap – D-arabinopyranose; L-Fuc – L-fucose; K

m
 – the Michaelis-Menten constant; V

max
 – the maximum reaction velocity.

INTRODuCTION
It is known that both bacteria (Bacteriodes) and plants (Ara-
bidopsis) can synthesize GDP-L-Fuc from L-fucose (L-Fuc) 
via intermediate L-fucose-1-phosphate using a bifunctional 
enzyme L-fucokinase/GDP-L-fucose pyrophosphorylase [3, 
4]. Since D-Arap and L-Fuc are structurally similar, it makes 
sense to assume that biosynthesis of GDP-D-Arap in Leish-
mania can occur through a mechanism similar to that of GDP-
L-Fuc biosynthesis in other species. to check this hypothesis, 
the L.major genome was evaluated for open reading frames 
homologous to fucokinase and GDP-L-fucose pyrophospho-
rylase gene sequences. As a result, two near-identical genes 
(lmjF16.0440 and lmjF16.0480) were found as possessing high 
homology with the Bacteriodes fragilis fkp and Arabidopsis 
thaliana at1g01220 genes, both encoding L-fucokinase/GDP-
L-fucose pyrophosphorylase [3, 4].

the open reading frames lmjF16.0440 and lmjF16.0480 
correspond to putative polypeptides composed of 1,187 ami-
noacid residues with a calculated molecular mass of 126.5 
kDa. the only difference (three aminoacid residues) be-
tween these two proteins is the segment 196–199, name-
ly PheGlnAsnHis in LmjF16.0480 and LeuGlnAsptyr in 
LmjF16.0440. the n-terminal sequences of these proteins 
contain a highly conserved segment Val100–Lys117 that 
closely resembles the conserved pyrophosphorylase motif 
Lys(X)

2
GlyXthrXMet(X)

4
Lys [5]. the c-termini also con-

tain a conserved segment Gly950–Ile958 homologous to the 
GlyXGly(X)

2
Gly(Ser)

2
Gly motif forming the AtP-binding 

pocket of many kinases [6]. the presence of these conserved 
sequences has allowed to attribute kinase and pyrophospho-
rylase activities to the proteins’ c- and n-ends, respectively.

RESuLTS
the lmjF16.0440 and lmjF16.0480 genes were cloned in the 
pet16b plasmid vector for further examination of the activi-
ties of the putative enzymes. the recombinant LmjF16.0440 
and LmjF16.0480 were expressed in E.coli BL21 (De3)-rIPL 
cells and tested for enzyme activity (data are shown on Fig. 1). 
LmjF16.0480 catalyzed the formation of D-Arap-phosphate 
and GDP-D-Arap, whereas LmjF16.0440 only synthesized D-
Arap-phosphate. reaction products were not observed when 
the reaction mixture contained only nonspecific proteins 
extracted from the E.coli cells transformed with an empty 
pet16b vector. this information allows to conclude that the 
product of the lmjF16.0480 gene really acts as a bifunctional 
arabinokinase/pyrophosphorylase; that is, it exhibits both D-
arabinokinase and GDP-D-Arap-pyrophosphorylase activity, 
whereas the recombinant LmjF16.0440 protein only exhibits 
D-arabinokinase activity.

the necessity for the presence of AtP for kinase activity 
and GtP for pyrophosphorylase activity in the proteins stud-

Table 1. Kinetic Parameters for Recombinant LmjF16.0440 and 
LmjF16.0480 Proteins

enzyme Substrate K
m

  
(mM)

V
max

  
(μM/L/min)

LmjF16.0440 D-Arabinose
D-Arabinose-1-phosphate

1.23
-

0.35
-

LmjF16.0480 D-Arabinose
D-Arabinose-1-phosphate

2.90
67.0

0.50
160.0
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ied was confirmed when carrying out the enzymatic reactions 
in the presence of only one triphosphate. Formation of the re-
action product was not observed in the absence of both AtP 
and GtP. When only AtP was present, the reaction was not 
completed and led to the formation of arabinose-phosphate 
only. When only GtP was present in the reaction mixture, 
a small amount of GDP-D-Arap was produced, apparently 
due to the enzyme’s capability to utilize GtP instead of AtP. 
However, in this case the reaction proceeded slowly with a 
low yield of the reaction products as compared with the reac-

tion in the presence of both AtP and GtP. thus, the entire 
reaction requires both triphosphates in the reaction mixture: 
AtP – for kinase activity and GtP – for pyrophosphorylase 
activity of the bifunctional enzymes under study.

the kinetic parameters, namely, the Michaelis constant 
(K

m
) and maximum reaction velocity (V

max
), were determined 

for recombinant LmjF16.0440 and LmjF16.0480. these param-
eters are shown in table 1 for each reaction catalyzed by each 
of the enzymes. Both enzymes demonstrate similar features 
as kinases. However, an extremely high K

m
 = 67 mM was de-

termined for pyrophosphorylation catalyzed by LmjF16.0480. 
Such low affinity to arabinose-phophate could suggest the 
association of both catalytic centers of the enzyme, so that the 
D-Arap-1-phosphate from the kinase center moves straight 
to the pyrophosphorylase one. So, a considerable amount of 
exogenous arabinose-phosphate is necessary for its appear-
ance in the pyrophosphatase active center, which is reflected 
in the high K

m
 value.

the human genome contains genes that are partially ho-
mologous to the bifunctional enzyme from Leishmania. In 
particular, the locus nP 659496 encodes a protein composed 
of 1,185 aminoacid residues with 44% homology with the ki-
nase c-end, whereas its n-end has no significant resemblance 
with pyrophosphorylase domains. the gene was cloned, and 
its recombinant product was tested for GDP-D-Arap syn-
thesizing capability. this test has shown no activity. the ab-
sence of pyrophosphorylase activity for the human protein 
is not surprising considering the low homology of the human 
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B. LmjF16.0440

C. LmjF16.0480

[3H]-D-Arap-1-phosphate
R

f
 = 0.26

[3H]-D-Arap-1-phosphate
R

f
 = 0.26

[3H]-D-Arap
R

f
 = 0.56

GDP-[3H]Arap
R

f
 = 0.16

Fig. 1. Chromatographic analysis of enzymatic reaction products. 
Cultures of E. coli BL21(DE3) were transformed with pET16b- 
LmjF16.0440(His)

6
 and pET16b- LmjF16.0480(His)

6 
plasmids and induced 

with IPTG. Following lysis of the induced cells, the proteins were solubi-
lized with 0.1% Tween 20 and immobilized to a column of TALON resin 
via N-terminal His-tag. Enzymatic activities of the TALON-bound recom-
binant LmjF16.0440 and LmjF16.0480 then were tested in vitro. Reaction 
mixtures contained 5 mM ATP, 5 mM GTP, 5 mM MgSO

4 
and 0.15 µCi 

of [3H]D-Arap as substrate. Assay tubes were incubated overnight at 
37oC, and the reaction products were analysed by TLC on glass-backed 
Silica Gel 60 TLC sheets (1-butanol/acidic acid/water, 2:1:1). [3H]
D-Arap-containing products were located using a Bio Scan System 200 
radiochromatogram scanner. Control assay containing only nonspecific 
proteins from E. coli cells failed to produce any product (А). Reaction 
containing the LmjF16.0440 protein produced only D-Arap-phosphate 
(B), whereas the LmjF16.0480 protein produced [3H]arabinose 1-phos-
phate and GDP-D-[3H]Arap (C)
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lipids

Fig. 2. Identification of the protein responsible for GDP-D-Ara transport 
into the Goldgi. Cultures of L. major wild-type and knock-out mutants 
lpg2-/- (L.mаjor lpg2-/-) were metabolically labeled with [3H]D-Arap, 
their surface glycoconjugates (lipophosphoglycan and glycosylphos-
phatidylinositol lipids) were extracted as described [8], and the radioac-
tivity in all fractions was measured by scintillation counting. [3H]D-Arap 
incorporation of the cell surface phosphoglycans was abolished in the 
L. major lpg2-/- knock-out mutant, lacking the multispecific nucleotide 
sugar transporter LPG2
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protein n-end with the pyrophosphorylase domains. the 
D-arabinose-activating capability was also lacking, despite 
the close resemblance between the kinase С-end and both 
LmjF16.0440 and LmjF16.0480.

CONCLuSION
In most cases, activated carbohydrates are synthesized in cy-
toplasm and subsequently transported into the Golgi lumen, 
in which they are utilized by corresponding glycosyltrans-
ferases as substrate donors in glycosylation reactions. earlier, 
the LPG2 protein found in the Leishmania Golgi apparatus 
membrane was classified as a multispecific transporter that 
can transport not only GDP-Man, but also GDP-D-Arap and 
GDP-L-Fuc [7]. to make sure that LPG2 is the only trans-
porter responsible for GDP-D-Arap transport into the Golgi 
apparatus, we grew the cells of wild-type L. mаjor and its 
lpg2 knockout mutant (L. mаjor lpg2-/-) in the presence of 
[3H]-arabinose and determined [3H]Ara incorporated into the 
cell surface glycoconjugates (fig. 2). One can see from the pre-
sented data that the lpg2 knockout cells do not incorporate 
[3H]-arabinose. the absence of arabinose in lipophosphogly-
can of L. major lpg2-/- is easy to explain, because the loss 
of LPG2 leads to cancellation of GDP-Man transport into 
the Golgi apparatus with the corresponding termination of 
the synthesis of the carbohydrate moiety of the molecule [9]. 

thus, even in the presence of GDP-Arap transported into the 
Golgi lumen by another protein, arabinosyltransferases had 
no acceptor site for arabinose transfer to lipophosphoglycan. 
there is no telling this about glycosylinositolphospholipids. 
Glycosylation of these molecules occurs through another 
biosynthetic pathway with dolichol-phosphate mannose as 
a donor [10], so the absence of arabinose residues in glyco-
sylinositolphospholipid molecules of L. major lpg2-/- can be 
explained by cancellation of GDP-Arap transport into the 
Golgi apparatus in the cells devoid of lpg2 gene.

thus, our data very likely suggest GDP-D-Arap transport 
from cytoplasm (in which it is synthesized) into the Golgi lu-
men by the multi-functional transporter protein LPG2. We 
have also classified the L. major lmjF16.0480 gene product 
as a bifunctional arabinokinase/pyrophosphorylase that can 
synthesize GDP-D-Arap from D-Arap via the intermedi-
ate D-arabino-1-phosphate in the presence of both AtP and 
GtP.  
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