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Deoxyhypusine synthase, an NAD�-dependent enzyme, cata-
lyzes the first step in the post-translational synthesis of an unusual
amino acid, hypusine (N�-(4-amino-2-hydroxybutyl)lysine), in the
eukaryotic initiation factor 5A precursor protein. Two putative
deoxyhypusine synthase (DHS) sequences have been identified in
the Leishmania donovani genome, which are present on chromo-
somes 20: DHSL20 (DHS-like gene from chromosome 20) and
DHS34 (DHS from chromosome 34). Although both sequences
exhibit an overall conservation of key residues, DHSL20 protein
lacks a critical lysine residue, and the recombinant protein
showed no DHS activity in vitro. However, DHS34 contains the
critical lysine residue, and the recombinant DHS34 effectively
catalyzed deoxyhypusine synthesis. Furthermore, in vivo label-
ing confirmed that hypusination of eukaryotic initiation factor
5A occurs in intact Leishmania parasites. Interestingly, the
DHS34 is much longer, with 601 amino acids, compared with
the human DHS enzyme (369 amino acids) and contains several
unique insertions. To study the physiological role of DHS34 in
Leishmania, gene deletion mutations were attempted via tar-
geted gene replacement. However, chromosomal null mutants
of DHS34 could only be obtained in the presence of a DHS34-
containing episome. The present data provide evidence that
DHS34 is essential for L. donovani and that structural differ-
ences in the human and leishmanial DHS enzyme may be
exploited for designing selective inhibitors against the parasite.

Leishmania is a protozoan parasite that results in a wide
spectrum of diseases ranging from simple cutaneous lesions to
the usually fatal visceral form. Leishmania donovani is the
major causative agent of the visceral leishmaniasis. Pentavalent
antimonials are the standard first line of treatment for leishman-
iasis, but due to toxicity and increasing resistance of the present
repertoire of drugs (1–3), an urgent need exists for newer drugs
and drug targets.
The polyamine pathway is one such pathway that has been

exploited successfully for antiparasitic chemotherapy (4). The

enzymes ornithine decarboxylase, adenosylmethionine decar-
boxylase, and spermidine synthase (SPDS) have been identified
as important drug targets (4). Spermidine, the final product of
the polyamine biosynthetic pathway in kinetoplastids, acts as a
precursor for trypanothione (a key molecule in defense against
oxidative stress) (5) and hypusine (6). Hypusine (N�-(4-amino-
2-hydroxybutyl)lysine) is an unusual amino acid named after its
two structural components, hydroxyputrescine and lysine (7).
Hypusine synthesis is the result of a post-translational modifi-
cation occurring exclusively in one cellular protein, eukaryotic
initiation factor 5A (eIF5A),3 by the transfer of the 4-aminobu-
tylmoiety from spermidine to its lysine side chain (8). Hypusine
formation occurs mainly in two enzymatic steps (9). The first
step is catalyzed by the enzyme deoxyhypusine synthase (DHS),
which catalyzes the NAD�-dependent transfer of the 4-ami-
nobutyl moiety of spermidine to a specific lysine residue of the
eIF5A precursor protein to form an intermediate, deoxyhy-
pusine (10, 11). This intermediate is subsequently hydroxylated
by the enzyme deoxyhypusine hydroxylase (12), which com-
pletes the synthesis of hypusine and maturation of eIF5A.
Biosynthesis of hypusine represents a novel, unique, and the

most specific post-translational modification known in litera-
ture. Inmammalian cells, inhibitors of spermidine biosynthesis
(13) and hypusine biosynthetic enzymes, DHS and deoxyhy-
pusine hydroxylase, exert antiproliferative effects (14–16),
including in cancer cell lines, and cause arrest of cell cycle pro-
gression (17). DHS has also been suggested as the potential
target for antiretroviral therapy (18). Direct evidence showing
the essential nature of eIF5A and DHS comes from gene in-
activation studies in Saccharomyces cerevisiae. Disruption of the
two eIF5A genes (TIF51A and TIF51B) (19) and the deoxyhy-
pusine synthase gene (20) produces a lethal phenotype.
Deoxyhypusine synthase is found in archaea and all eu-

karyotes. It is a highly conserved protein and exists as a single
gene product of 300–400 amino acids (33–48 kDa) in most
eukaryotes. The native enzymes of human and yeast recombi-
nant proteins exist as a �160-kDa molecule, a tetramer of four
identical subunits of�40 kDa (21, 22). Crystal structures of the
human DHS tetrameric enzyme in complex with a cofactor
NAD and its inhibitor have been reported (23, 24).
In the present study, we, for the first time, report the identi-

fication, molecular cloning, expression, and characterization of
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the enzyme deoxyhypusine synthase from L. donovani. Two
DHS-like genes have been identified in L. donovani, which
show low homology with the human DHS. Both genes have
been cloned and expressed, but only one, DHS34, exhibits
deoxyhypusine synthase activity. Gene replacement studies for
DHS34 indicate that the enzyme deoxyhypusine synthase and
eIF5A modification play an essential role in cell viability of this
pathogenic organism.

EXPERIMENTAL PROCEDURES

Materials—Radiolabeled spermidine trihydrochloride [1,8-
3H]spermidine (16.6 Ci/mmol) and radiolabeled [1,4-14C]pu-
trescine (110 mCi/mmol) were purchased from PerkinElmer
Life Sciences. [�-32P]dCTP (3000 Ci/mmol) was acquired from
Amersham Biosciences. All restriction enzymes and DNA-
modifying enzymes were obtained from MBI Fermentas (Ger-
many). Neomycin, phleomycin, and hygromycin were obtained
fromSigma.N1-guanyl-1,7-diaminoheptanewas synthesized as
described earlier (14). Recombinant human DHS was purified
from Escherichia coli cells as reported earlier (21). The other
materials used in this study were of analytical grade and were
commercially available.
Parasite andCultureConditions—L. donovaniAG83 (MHOM/

IN/1983/AG83) promastigotes were cultured at 22 °C in mod-
ified M199 medium (Sigma) supplemented with 100 units/ml
penicillin (Sigma), 100 �g/ml streptomycin (Sigma), and 10%
heat-inactivated fetal bovine serum (Hyclone). The genetically
manipulated parasites were derived from the wild type LdBob
strain of L. donovani (25) that was originally obtained from Dr.
Stephen Beverley (Washington University, St. Louis, MO).
LdBob promastigotes and axenic amastigotes were routinely
cultivated at 28 °C, pH7.4, and 37 °C, pH5.5, respectively, in the
culture media previously reported (25, 26). All parasite strains
were cycled back and forth between the promastigote and
axenic amastigote forms. Wild type parasites were routinely
cultured in media with no drug supplementations, whereas
the DHS heterozygotes were maintained in either 50 �g/ml
hygromycin (DHS34/HYG::dhs) or 50 �g/ml phleomycin
(DHS34/PHLEO::dhs). TheDHS34/HYG::dhs strain containing
the pX63PAC-DHS episome was grown in 50 �g/ml hygromy-
cin and 20 �M puromycin, and the putative �dhs34[pX63PAC-
DHS34] clones were kept in 50 �g/ml hygromycin, 50 �g/ml
phleomycin, and 20 �M puromycin.
Cloning of Putative DHS Genes from L. donovani—A 1.14-kb

DNA fragment encompassing the whole open reading frame
(ORF) of the L. donovaniDHS-like-geneDHSL20was ampli-
fied from genomic DNA using a sense primer with a flank-
ing BamHI site, 5�-CGCGGATCCATGCTTGCCTCTGTC-
CCAG-3� and an antisense primer with a flanking HindIII site,
5�-CCCAAGCTTGCGGCGCTCTGCGCTAC-3�. A 1.8-kb
DNA fragment encompassing the whole ORF of the L. dono-
vani DHS34 gene was also amplified from genomic DNA using
the sense primer with a flanking BamHI site, 5�-CGGGATCC-
ATGGCGAATATTGCGGAATC-3�, and the antisense primer
with the flanking HindIII site, 5�-CCCAAGCTTGAGTGCCC-
GGAGACGTCTTG-3�. PCR was performed in 50-�l reaction
volumes containing 100 ng of genomic DNA, 25 pmol each of
the gene-specific forward and reverse primers, 200 �M each of

dNTPs, 2 mMMgCl2, and 5 units of Pfu DNA polymerase (MBI
Fermentas). The conditions of the PCR were as follows: 94 °C
for 10min, 30 cycles of 94 °C for 1min, 60 °C for 30 s, and 72 °C
for 1.5 min for DHSL20 and 72 °C for 3 min for DHS34. Final
extension was carried out for 10 min at 72 °C. A single
�1140-bp (DHSL20) and 1806-bp (DHS34) PCR products were
obtained. Each gene was then cloned into the pTZ57R/T (MBI
Fermentas) vector and sequenced.
Sequence and Structural Analysis—Sequence comparison of

DHSL20 andDHS34 with other sequences of the data base was
done using the search algorithmBLAST (available on theNCBI
Web site). Multiple alignment of amino acid sequences was
performedusing the programClustalW (available on theWorld
Wide Web) The bootstrap analysis was done and the phyloge-
netic tree was constructed using the software MEGA version
4.0 (27). DHSL20 and DHS34 protein sequences were searched
against the multiple position-specific substitution matrix data
base (MulPSSM) (28) of Pfam protein domain families (29)
using an RPS-BLAST approach (30). Local alignments of
DHS34 and DHSL20 protein were compared with human DHS
to analyze the conservation of important amino acid residues.
Subsequently, DHS34 was searched against the Protein Data
Bank (31) using the BLAST program (32) for closely related
DHS homologs with known three-dimensional structure. The
DHS34 protein sequence was modeled on the basis of the ter-
tiary structure of the human DHS template (Protein Data Bank
code 1dhs) (23) usingMODELLER version 8.0 (available on the
WorldWideWeb) (33). The generatedmodel was energy-min-
imized using Kollman united atom forced field in SYBYL (Tri-
pos Inc., St. Louis, MO) to relieve short contacts if any. The
overall fit of the sequence to themodeled structurewas checked
using PROSA (34, 35). The stereochemistry of the models was
evaluated using PROCHECK (36, 37).
Construction of DHSL20 and DHS34 Expression Vectors and

Purification of the Proteins—The coding regions of theDHSL20
gene andDHS34 gene were subcloned into the BamHI-HindIII
site of pET30a vector (Novagen). The fidelity of the PCR ampli-
fication of L. donovani DHSL20 and DHS34 was confirmed by
automated DNA sequencing. The recombinant constructs
were transformed into the BL21 (DE3) strain of E. coli. Expres-
sion from the constructsDHSL20-pET30a andDHS34-pET30a
was induced at an A600 of 0.6 with 0.25 mM isopropyl-1-�-D-
galactopyranoside at 16 °C for 12 h. Bacteria were then har-
vested by centrifugation at 5000 � g for 10 min, and the cell
pellet was resuspended in binding buffer (50 mM Tris-Cl, pH
8.0, 10 mM imidazole, 300 mM sodium chloride, 1 mM phenyl-
methylsulfonyl fluoride, and protease inhibitor mixture). The
resulting cell suspension was sonicated six times for 30 s with
1-min intervals. The lysate was centrifuged at 10,000 � g for 30
min at 4 °C. The resulting supernatant, which contained the
protein, was loaded onto pre-equilibrated Ni2�-nitrilotriace-
tic-agarose resin (Qiagen). The mixture was kept on a rocking
platform for 2 h at 4 °C. It was centrifuged at 400 � g for 1 min
at 4 °C. The supernatant was removed, and the resin was
washed three times with wash buffer (50mMTris-Cl, pH 8.0, 20
mM imidazole, 300 mMNaCl, 1 mM phenylmethylsulfonyl fluo-
ride, and protease inhibitor mixture). The protein was eluted
with increasing concentrations of imidazole. Imidazole was
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removed, and the purified protein was found to be �95% pure
as judged by SDS-PAGE. The purified protein was aliquoted
and stored at �80 °C in 50 mM Tris-Cl, pH 8.0, 300 mM NaCl
buffer.
Deoxyhypusine Synthase Assay—Deoxyhypusine synthase

activity was assayed by measuring incorporation of radioactiv-
ity from [1,8-3H]spermidine into L. donovani eIF5A (accession
number ABO34138.1) precursor protein (38, 39). A typical
reaction mixture contained, in a total volume of 50 �l, 0.2 M

glycine-NaOH buffer, pH 9.2, 1 mM dithiothreitol, 1 mM NAD,
200 �g of bovine serum albumin, �5 �M (4 �Ci) [1,8-3H]sper-
midine, 5 �M eIF5A, and the indicated amount of recombinant
DHS. The reactionwas incubated at 37 °C for 60min. The reac-
tion mixture was terminated by the addition of 10% trichloro-
acetic acid containing putrescine, spermidine, and spermine (1
mM each). The samples were then centrifuged at 10,000 � g for
5 min at 4 °C. The precipitate obtained was washed repeatedly
with 10% trichloroacetic acid containing polyamines to remove
the [3H]spermidine bound to the pellet. The [3H]deoxyhy-
pusine formed was measured by dissolving the pellet in 100 �l
of 0.1 N NaOH, and the counts were taken. One unit of enzyme
activity is defined as the amount of enzyme catalyzing the for-
mation of one pmol/h of deoxyhypusine. Deoxyhypusine for-
mation was also confirmed by detection of radiolabeled eIF5A
by fluorography after SDS-PAGE.
In Vivo Labeling of eIF5A—Wild type and spermidine syn-

thase-deficient (�spdsyn) parasites (40) were incubated in
growth medium containing radiolabeled [1,4-14C]putrescine
and 100 �M unlabeled spermidine for 4 days. Subsequently,
parasites were harvested and sonicated, and lysates were frac-
tionated by SDS-PAGE. The gel was stained with Coomassie
Blue and subsequently dried and exposed for autoradiography.
Molecular Constructs for the Replacement of the DHS34

Alleles—To construct drug resistance cassettes for targeted
DHS34 gene replacement, the 5�- and 3�-flanking regions of
DHS34 were amplified by PCR. The 5�-flank was amplified
using genomic DNA as a template and the following prim-
ers: AAGCTTCCAGAGTACACTGGATAGGC (HindIII site
underlined) and GTCGACTCTCTTGTCTCACCGCC (SalI
site underlined). The 423-bp 5�-flanking region was then
cloned into the HindIII/SalI sites of pX63HYG to generate
pX63HYG-5�DHS34. The 3�-flank was amplified using the fol-
lowing primer pair: CCCGGGGGAGTGGGCTGGTGGCG
(SmaI site underlined) and AGATCTCGCGCCGCAACCTC-
GTAAAAG (BglII site underlined). The 584-bp 3�-flanking
region was cloned into the SmaI/BglII site of pX63HYG-
5�DHS34 to generate the pX63HYG�dhs34 gene replacement
construct. The same 5�-flank was cloned into the HindIII/SalI
sites of the pX63PHLEO vector to generate pX63PHLEO-
5�DHS34. Because of the presence of a SmaI site within the
coding region of PHLEO, a different strategy was employed to
insert the DHS34 3�-flanking region into the pX63PHLEO-
5�DHS34. For the generation of the 3�-flanking fragment,
the following primers were used: GGATCCGGAGTGGGC-
TGGTGGCG (BamHI underlined) and AGATCTCGCGCC-
GCAACCTCGTAAAAG (BglII underlined) to generate a
580-bp PCR fragment. The fragment was cloned into
pX63PHLEO-5�DHS34 to generate the gene replacement

construct pX63PHLEO�dhs34. PCRs were performed using
the AdvantageTM PCR kit (BD) at the following conditions:
94 °C for 10 min, 30 cycles of 94 °C for 1 min, 60 °C for 1 min,
72 °C for 1 min, and a final extension at 72 °C for 10 min.
Restriction mapping and limited nucleotide sequence analysis
was used to confirm the correct orientation of the 5� and 3�
DHS34 flanking region within the pX63HYG�dhs34 and
pX63PHLEO�dhs34 vectors.
Cloning of the pX63PAC-DHS34 Episome—To generate the

pX63PAC-DHS34 complementation construct, the following
primers were used to amplify theDHS34 coding region by PCR:
GGATCCATGGCGAATATTGCGGAATCTG (BamHI site
underlined) and AGATCTTCATTCTCCAAGACACGG-
GTGG (BglII site underlined). PCRs were performed using the
high fidelity HFAdvantageTM PCR kit (BD Biosciences) under
the following conditions: 94 °C for 10min, 30 cycles of 94 °C for
1 min, 60 °C for 2 min, 72 °C for 1 min, and a final extension at
72 °C for 10 min. The 1.8-kb BamHI-BglII fragment was sub-
cloned into the BamHI/BglII sites of pX63PAC. The correct
orientation and sequence fidelity of the insert was verified by
nucleotide sequence analysis.
Generation of Genetically Manipulated Parasites—The

pX63HYG�dhs34 and pX63PHLEO�dhs34 plasmids were
digested with HindIII and BglII to liberate the deletion frag-
ments containing the drug resistance cassette and DHS34
flanking regions (designatedHYG�dhs34 and PHLEO�dhs34).
These fragments were gel-purified and transfected into wild
type LdBob parasites according to standard protocols (26, 41).
The HYG�dhs34 and PHLEO�dhs34 gene replacement cas-
setteswere individually transfected intowild type parasites, and
colonies were selected from semisolid agar plates in the pres-
ence of 50 �g/ml hygromycin or 50 �g/ml phleomycin, respec-
tively. The genotype of the putative heterozygous parasites,
DHS34/HYG::dhs34 and DHS34/PHLEO::dhs34, was con-
firmed by Southern blot analysis using the 5�- and 3�-flanking
regions as probes. The growth phenotype of heterozygous par-
asites was established by seeding 2� 105 cells/ml, and parasites
were counted after 4 days on a hemocytometer. The heterozy-
gous parasites, DHS34/HYG::dhs34 and DHS34/PHLEO::dhs34,
were subsequently transfected with the PHLEO�dhs34 and
HYG�dhs34 replacement cassettes, respectively, in an attempt
to generate homozygous gene deletion mutants. Colonies were
selected on semisolid agar plates containing 50 �g/ml hygro-
mycin and 50 �g/ml phleomycin, and parasite genotypes were
established by Southern blotting. The pX63PAC-DHS34 epi-
some was transfected into DHS34/HYG::dhs34 heterozygous
parasites, and parasites containing the plasmid were selected in
20�Mpuromycin.TheseDHS34/HYG::dhs34[pX63PAC-DHS34]
parasites were subsequently transfected with the purified
PHLEO�dhs34 gene replacement construct, and colonies were
selected on semisolid agar plates containing 50 �g/ml hygro-
mycin, 20 �M puromycin, and 50 �g/ml phleomycin to isolate
triple drug-resistant parasites. The genotypes of several clones
were established by Southern blotting.
Molecular Characterization of Genetically Manipulated

Parasites—Genomic DNA from wild type and genetically
manipulated parasites was prepared for Southern blot and PCR
analysis using the DNAeasy kit (Qiagen Inc., Valencia, CA).
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DNA was digested with the appropriate restriction enzymes
and probed with either 5�- or 3�-flanking regions or theDHS34
coding region probe using highly stringent hybridization con-
ditions. Furthermore, a PCR strategy was devised to confirm
the results obtained by Southern blotting. The following prim-
ers were designed to amplify DNA fragments within theDHS34
coding region: the top primer 1 (ATGGCGAATATTGCGGA-
GTCT) and the bottom primers 7 (CAACACCCTCCTGCAC-
AAGAA), 8 (GGCGTAGTAGTGCAGTGTG), and 10 (CAC-
AGCCCTCAGCGCCTGCGC). Another set of primers was
designed to amplify a fragment spanning from the 5�-flanking
region into the coding region, the top primers 2 (cctcagtctgct-

atgctccc) and 4 (agaaagagcgatgtcgt-
tgcctc) to hybridize to the 5�-flank-
ing region, and the bottom primers
5 (cagattccgcaatattcgcCAT) and 6
(caccctcctgcacaagaaagcg) to hybrid-
ize to the DHS34 coding region.
PCRs were performed using the
AdvantageTM PCR kit (BD Bio-
sciences) at the following condi-
tions: 94 °C for 10 min, 30 cycles of
94 °C for 1 min, 58 °C for 1 min,
72 °C for 1min, and a final extension
at 72 °C for 10 min.

RESULTS

Sequence Analysis and Genomic
Organization—Two DHS sequences
have been identified in each of
the Leishmania infantum and
Leishmania major genomes (see
the EMBL-EBI Web site). Two
DHS-like sequences have also been
identified in the Trypanosoma bru-
cei (Tb927.1.870 and Tb10.70.4900)
and Trypanosoma cruzi genomes
(Tc00.1047053511421.60 and Tc00.
1047053504119.29), whereas most
other organisms have only one
DHS gene copy. BLAST analysis of
L. major and L. infantum genomes
revealed that the deoxyhypusine
synthase-encoding genes are pres-
ent on chromosomes 20 (DHSL20)
and 34 (DHS34). Southern blot
analysis of the DHSL20 and DHS34
showed that these were single copy
genes (data not shown). Sequence
analysis, data base search, and align-
ment of the L. donovani DHSL20
and DHS34 amino acid sequences
were performed. TheDHSL20 amino
acid sequence had a single open
reading frame consisting of 1140 bp
(L. donovani DHS, EF512031). The
ORF encoded a putative polypep-
tide of 379 amino acids, with a pre-

dictedmolecularmass of�42 kDa. Amino acid sequence align-
ment of DHSL20 protein with homologous sequences from
other species revealed that it shares 63.4% identity with the
T. cruzi (Tc00.1047053511421.60), 56.1% identity with T. bru-
cei (Tb927.1.870), and 30.7% with S. cerevisiae (P38791) pro-
teins (Fig. 1).
Furthermore, we proceeded with the characterization of

DHS34, which is located on chromosome 34. The sequence
identity between DHSL20 protein and DHS34 is only 21.7%.
A single open reading frame consisting of 1806 bp was iden-
tified (L. donovani DHS, EU864544). The ORF encoded a
putative polypeptide of 601 amino acids, with a predicted

FIGURE 1. Multiple sequence alignment of DHS-like protein (DHSL20) sequences from L. donovani
(ABP65295), T. cruzi (Tc00.1047053511421.60), T. brucei (Tb927.1.870), S. cerevisiae (P38791), and
human (P49366). Conserved residues are shaded in black, showing complete identity, and residues shaded in
gray are similar. NAD� binding regions are enclosed in yellow rectangular boxes. The catalytic lysine residue is
shown on a cyan background. Other residues important for the overall functioning of enzyme are highlighted
on a red background.
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molecular mass of �66 kDa. Amino
acid sequence alignment of DHS34
with homologous sequences from
other species revealed that it is
46.5% identical to T. cruzi (Tc00.
1047053504119.29), 45%withT. bru-
cei (Tb10.70.4900), and 33.3%
with S. cerevisiae (P38791). Inter-
estingly, DHSL20 protein has closer
identity with the T. brucei (56.1%)
and T. cruzi genes (63.4%) com-
paredwithDHS34 (45%withT. bru-
cei and 46.5% with T. cruzi).

Alignment of DHSL20 and DHS34
proteinwith the humanDHS (P49366)
shows conservation of important
residues, which are essential for the
overall functioning of the enzyme
(Figs. 1 and 2). The leishmanial
DHS34 and DHSL20 protein share
32.8% (Fig. 2) and 34.7% (Fig. 1)
sequence identity with the human
DHS sequence, respectively.
Interestingly, although the

DHSL20 protein with 379 amino
acid residues is of similar length as
the human enzyme, the DHS34 is
much longer with 601 amino acids.
Alignment of DHS34 with the
human DHS shows that there is a
big insertion inDHS34 from residue
130 to 354 (Fig. 3). No homologs
were found for this region using
standard homology detectionmeth-
ods like PSI-BLAST. A reverse tran-
scriptase PCR on DHS34 (parasite
RNA as template) confirmed that
the entire gene (with all insertions)
was transcribed (data not shown).
The residues that have been iden-

tified as important for NAD� bind-
ing in the human DHS, Asn106,
Asp238, His288, and Asp313, are con-
served in DHS34 (42). Residues
equivalent to human DHS, His288,
Trp327, Lys329, Asp316, and Glu323,
which participate in spermidine
binding and reaction mechanism,
are also conserved (23, 42–44).
Amino acids corresponding to Lys287
(important for covalent intermedi-
ate formation) (45) and the catalytic
center (Lys329) (43) of the human
DHS and the L. donovani DHS34
(Lys535) show the conservation.
In the case of the DHSL20 pro-

tein, some additional residues cor-
responding to Glu137, Asp243 (im-

FIGURE 2. Multiple sequence alignment of DHS34 protein sequences from L. donovani (ACF75531), T. cruzi
(Tc00.1047053504119.29), T. brucei (Tb10.70.4900), S. cerevisiae (P38791), and human (P49366). Conserved
residues are shaded in black, showing complete identity, and residues shaded in gray are similar. NAD� binding
regions are enclosed in yellow rectangular boxes. The catalytic lysine residue is shown on a cyan background. Other
residues important for the overall functioning of enzyme are highlighted on a red background.
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portant for spermidine binding), and Ser317 (mutation of
which leads to reducedNAD� binding) are also conserved (42).
Most importantly, however, the catalytic lysine (Lys329 in
humans), which is indispensable for the enzymatic reaction and
is present in the active center for catalysis (enzyme-substrate
intermediate formation), is substituted by a non-polar amino
acid, leucine (Leu344 in Leishmania). This leucine residue,
Leu344 (Lys329 in humans), in DHSL20 is highlighted in cyan
(Fig. 1). Such a mutation is likely to render the enzyme inactive
(43, 46).
The computer model that we generated for DHS34 shows

that the probable NAD� binding regions are spatially closer in
the tertiary structure. Alignment of DHS34 with human DHS
shows that there is a big insertion inDHS34 from residues 130–
354 (total 225 residues) (Fig. 3B). The large 225-residue inser-
tion ismarked in Fig. 3A. Fig. 3B shows the homologous regions
between DHS34 of L. donovani and the human DHS. Region
36–129 (94 residues) of L. donovani DHS34 is homologous to
region 42–125 of the human DHS (84 residues), and region
355–561 (total 207 residues) is homologous to region 193–355
(163 residues) of the human DHS. However, residues 1–36 and
562–601 (40 residues) of DHS34 have no homology to the
human DHS. There are four NAD� binding regions in the
human DHS: 1) SNLIS (residues 105–109), 2) TAG (residues
131–133), 3) TA (residues 308 and 309), and 4) DA (residues
342 and 343). The alignment of the human DHS and DHS34
shows the presence of SGG of DHS34 aligning with TAG of
humanDHS,which is the nucleotide bindingmotif. This region
matches with a very small fragment of human DHS and lies

within a big insertion. The remaining three regions come
together to form theNAD� binding region inDHS34; however,
the NAD� binding regions are interrupted by the large inser-
tion of 225 residues.
Analysis of residues around the catalytic center (Lys329)

(within a 4-Å radius) of the humanDHS and themodeled L. do-
novani DHS34 (Lys535) shows the conservation of all of the
residues except Ile330 of human DHS, which is substituted by
Val536 in the case of Leishmania (Fig. 3C).
A phylogenetic tree has been constructed for both putative

DHS sequences (Fig. 4) using representative DHS sequences.
The tree for DHSL20 sequence indicates a close evolutionary
relationship of L. donovani with trypanosome species among
the kinetoplastid protozoa (Fig. 4A). Another phylogenetic tree
has been constructed (Fig. 4B) using the L. donovani DHS34
sequence and other representative DHS sequences. This tree
also indicates a close evolutionary relationship of L. donovani
and T. cruzi among the kinetoplastid protozoa. In both cases,
the kinetoplastid DHS sequences are conserved among each
other and are distantly related with human DHS.
Overexpression and Purification of the Deoxyhypusine Syn-

thase Enzymes in E. coli—BothDHSL20 andDHS34 genes were
overexpressed in E. coli cells. A protein with an estimated
molecular mass of �48 kDa was induced; the size correlated
well with the amino acid composition of DHSL20 protein (�42
kDa) with a His6 tag (�6 kDa) at the C terminus (Fig. 5A).
Purification of DHSL20 by metal affinity chromatography
yielded�1mg of purified protein/liter of bacterial culture. The
recombinantDHSL20 fromL. donovanidid not show any activ-

FIGURE 3. Structural modeling of DHS34. A, the DHS34 model was generated using MODELLER (version 8.0). The catalytic lysine residue is shown in yellow
sticks. The regions of insertion are depicted by red arrows. The probable NAD� binding region is shown in magenta. B, alignment showing homologous residues
from L. donovani DHS34 (blue) and human DHS (red). C, residues around active site lysine (indicated by asterisks) of both human DHS (shown in red) and
modeled DHS34 (shown in cyan).
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ity under varying pH, eIF5A, and spermidine concentrations
(data not shown). This is to be expected because DHSL20 lacks
the catalytic lysine residue at residue 344 and contains leucine
instead. In an effort to determine whether the lack of the cata-
lytic lysine is solely responsible for the lack of its activity, we
have converted this leucine residue (Leu-344) to lysine by site-
directedmutagenesis. Thismutant enzymeofDHSL20 (L344K)
was still devoid of any DHS activity (data not shown), suggest-
ing that other differences in amino acid sequences also contrib-
ute to its inactivity.
Upon induction of E. coli transformed with theDHS34 expres-

sion vector, a protein that matched the estimated �73 kDa of
DHS34 with a His tag was induced (Fig. 5B). Purification
yielded �3 mg of purified protein per liter of bacterial culture.
The kinetic parameters of the enzyme DHS34 were deter-

mined using [1,8-3H]spermidine and L. donovani eIF5A as the
substrates. The enzyme showed a specific activity of 569
units/mg of protein, which is much lower than the specific

activity of the human recombinant DHS. Low specific activity
ofDHS34 could be due to the fact that one of theNAD�binding
regions in the DHS34 is present in the big long insertion when
compared with human DHS, and how this region positions
itself to carry out this reaction is not clear. The Km value of
DHS34 for spermidine was estimated to be 23.2 �M, which was
much higher than that of human (7.2 �M) (21) and S. cerevisiae
(12.5 �M) (22), whereas the Km value of DHS34 for eIF5A was
1.77 �M, higher than human (0.6 �M) (21) but comparable with
that of S. cerevisiae (1.01 �M) (22). Deoxyhypusine formation
was also confirmed by running the reactionmixture on an SDS-
polyacrylamide gel, and the labeled eIF5A was detected by fluo-
rography. Fig. 5C shows �24-kDa radiolabeled protein in lane
2, confirming the deoxyhypusine formation on L. donovani
eIF5A by DHS34. A similar �24-kDa labeled protein was con-
firmed in the reactionmixture containing humanDHS (Fig. 5C,
lane 4). Fig. 5D shows a comparison of trichloroacetic acid-
precipitable radioactivity obtained in theDHS reactionmixture
with different concentrations of the recombinant human DHS,
DHS34, and DHSL20. Interestingly, N1-guanyl-1,7-diamino-
heptane, a potent and competitive inhibitor of spermidine
binding for humanDHS, had little inhibitory effect on the leish-
manial recombinant DHS34 (data not shown).
Human DHS native enzyme is a homotetramer consisting of

two dimers of 40-kDa subunits. We questioned if Leishmania
DHS34 native enzyme also exists as a tetramer. Gel exclusion
chromatography of DHS34 on a Sephacryl S-300 column
resulted in a peak corresponding to a molecular mass of 137 �
7.6 kDa (supplemental Fig. 1), suggesting that DHS34 exists as a
dimer in its native form.
In Vivo Activity of Deoxyhypusine Synthase—To assess if the

hypusination of eIF5A occurs in intact Leishmania parasites, a
labeling experiment was performed in both wild type and sper-
midine synthase-deficient parasites (�spdsyn) using radiola-
beled putrescine (40). The �spdsyn parasites are not able to
convert putrescine to spermidine, which donates the aminobu-
tyl group for thehypusinationof eIF5A, anddependonexogenous
supply of spermidine for growth. Fig. 5E shows that 18-kDa eIF5A
was radiolabeled upon culture with 14C-labeled putrescine in the
wild type parasite but not in the �spdsynmutant.
Gene Deletion Studies for Deoxyhypusine Synthase 34—We

attempted to delete the DHS34 gene by targeted gene replace-
ment techniques to determine if this enzyme is vital for the
parasite. Heterozygous parasites were generated, in which
oneDHS34 gene was replaced with either the phleomycin drug
resistance gene or the hygromycin drug resistance gene:
PHLEO::dhs34/DHS34 (PHLEO/DHS34) and HYG::dhs34/
DHS34 (HYG/DHS34) (Fig. 6B). Interestingly, the heterozygous
parasites consistently showed a slight growth delay compared
withwild type parasites (Fig. 6C). It is reasonable to assume that
a gene dosage effect resulted in the production of less DHS
protein, and such a conjecture would suggest that DHS34 is
involved in optimal cell proliferation.
Several attempts to replace both DHS34 gene copies to gen-

erate homozygous gene deletion mutants (�dhs34) failed.
Although several clones resistant to both drugs were obtained,
Southern blot analyses demonstrated that theDHS34 gene was

FIGURE 4. A, phylogenetic analysis by Unweighted Pair Group Method with
Arithmetic Mean of DHS-like gene, DHSL20. The phylogram presented was a
consensus of 500 bootstrap replicates constructed using the MEGA program
(version 4.0). The numbers at the node present the percentage of trees with
the same node among all of the bootstraps. The accession numbers of the
gene sequences used are as follows: L. donovani (ABP65295), L. major
(LmjF20.0250), L. infantum (LinJ20.0270), T. brucei (Tb927.1.870), T. cruzi
(Tc00.1047053511421.60), Homo sapiens (P49366), Schizosaccharomyces
pombe (CAA22194), S. cerevisiae (P38791), Candida albicans (XM_716612.1).
B, phylogenetic analysis by Unweighted Pair Group Method with Arithmetic
Mean of the DHS34 gene. The phylogram presented was a consensus of 500
bootstrap replicates constructed using the MEGA program (version 4.0). The
numbers at the node present the percentage of trees with the same node
among all the bootstraps. The accession numbers of the gene sequences
used are as follows: L. donovani (ACF75531), L. major (LmjF34.0330), L. infantum
(LinJ34.0350), T. brucei (Tb10.70.4900), T. cruzi (Tc00.1047053504119.29),
H. sapiens (P49366), S. pombe (NP_595146.1), C. albicans (XP_721705.1),
S. cerevisiae (P38791).
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still present in the genome of these parasite lines (data not
shown), indicating that DHS34may be an essential gene.

To further test this conjecture, a chromosomal DHS34 gene
deletionwas attempted in the presence of a rescuing episome that
contained the leishmanial DHS34 gene (pX63PAC-DHS34).
HYG/DHS34 heterozygous parasites, containing pX63PAC-
DHS34,were then transfectedwith thePHLEO�dhs34 gene dele-
tion constructs. Southern blot and PCR analysis was performed
to investigate the genotype of these triple drug-resistant para-
sites. Genomic DNA derived from wild type,HYG/DHS34 het-
erozygotes, HYG/DHS34 heterozygotes transfected with
pX63PAC-DHS34, and several triple drug-resistant clones was
probed with the DHS34 coding region probe (Fig. 7A). DNA

from wild type and heterozygous
parasites showed a �11 kb band
hybridizing with DHS34, corre-
sponding to the chromosomal
DHS34 gene. This �11-kb DHS34
fragment was replacedwith a higher
molecular weight band, suggesting
that some clones had indeed lost the
chromosomal DHS34 gene (clones
2, 4, and 7). The hybridizing inten-
sity of this band was similar to that
of wild type DNA, suggesting that
the DHS34 gene was present as a
single copy, either on a single epi-
some or integrated into the genome.
Since the size of pX63PAC-DHS34
was predicted to be �8 kb and con-
tained a single BamHI restriction
site, the �12 kb band hybridizing to
DHS34 was indicative of a random
integration into the chromosome.
Other clones (3, 8, 11) showed an
intense band at �8 kb, suggesting
the presence of several copies of the
pX63PAC-DHS34 episome in these
parasites, in addition to the �11-kb
chromosomal DHS34 fragment. A
control cell line, the heterozygous
HYG/DHS34 parasites transfected
with pX63PAC-DHS34, exhibited
the �11-kb DHS34 chromosomal
fragment and a �9 kb and an
intense �8 kb episomal band hy-
bridizing to the DHS34 coding
region probe. To further bolster
the premise that a chromosomal
DHS34 knock-out had occurred in
complemented clones 2, 4, and 7, a
PCR strategy was applied (Fig. 7B).
Primer pairs designed to the
DHS34 coding region (primers 1
and 7, 1 and 8, and 1 and 10) gener-
ated fragments when genomic tem-
plate DNA was used derived from
DHS34/HYG heterozygous para-

sites and clones 2 and 4, as expected. Additional primer pairs
were designed to generate fragments only if the DHS34 gene
was present in its chromosomal context because the upstream
primers (primers 2 and 4) were complementary to a region
upstream of the gene, and the downstream primers were com-
plementary to the coding region (primers 5 and 6). The primer
combinations 2 and 5, 2 and 6, and 4 and 5 generated fragments
only fromDNA derived from the heterozygous cell line but not
from clones 2 and 4. The PCR analysis demonstrated that
DHS34 in the chromosomal location could only be found in the
heterozygous cell line. Thus, although heterozygous parasites
could be created for both the HYG�dhs34 and PHLEO�dhs34
gene deletion constructs, a chromosomal knock-out of DHS34

FIGURE 5. Characterization of DHSL20 and DHS34 proteins. A, purification of DHSL20 protein on Ni2�-
nitrilotriacetic acid affinity resin. Lane 1, molecular weight protein marker (MBI Fermentas); lane 2, flow-
through; lanes 3 and 4, eluted fractions showing purified protein with buffer containing 300 mM imidazole.
B, purification of DHS34 protein on Ni2�-NTA affinity resin. Lane 1, molecular weight marker; lane 2, flow-
through; lanes 3 and 4, eluted fractions showing purified DHS34 protein with buffer containing 300 mM imid-
azole from the affinity column. C, identification of 3H-labeled deoxyhypusine-containing eIF5A product from
DHS reaction mixture by SDS-PAGE and fluorography. Lane 1, DHS34 minus eIF5A; lane 2, DHS34 plus eIF5A;
lane 3, human recombinant DHS minus eIF5A; lane 4, human recombinant DHS plus eIF5A. D, comparison of
trichloroacetic acid-precipitable counts obtained in the DHS enzyme assay using different concentrations of
recombinant enzymes, human DHS (hDHS), DHS34, or DHSL20. A DHS enzyme assay was performed as
reported under “Experimental Procedures.” Results are mean � S.D. of triplicate samples. E, in vivo metabolic
labeling of 18-kDa protein in the wild type cells (WT) but not in the (�spdsyn) mutant after culture with [1,
4-14C]putrescine. The gel was stained with Coomassie Blue (b) and subsequently dried and exposed to auto-
radiography (a).
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was only achieved when the gene was provided on a comple-
menting plasmid. Taken together, these data provide strong
evidence that DHS34 is indeed an essential gene.

DISCUSSION

In the present study, we, for the first time, report the identi-
fication, cloning, and characterization of DHS from L. dono-
vani. Two DHS-like genes have been identified in L. donovani,

but only one, DHS34, exhibits
deoxyhypusine synthase activity.
The ORF of this leishmanial DHS
encodes a putative polypeptide of
601 amino acids and contains long
intervening sequences compared
with the human DHS, which is only
369 amino acids long (Fig. 2). DHS is
an essential enzyme in mammalian
and yeast cells and also appears to be
vital for the parasite. Attempts to
delete the DHS34 gene from the
parasite genome failed, and chro-
mosomal null mutants of DHS34
could only be obtained in the pres-
ence of an episome that contained
the DHS34 gene (Figs. 6 and 7).
Thus, the L. donovani DHS34 ap-
pears to be an essential protein,
whose structure is expected be sig-
nificantly different from its human
counterpart.
Leishmania has two distantly

related putative DHS genes. One,
DHS34, is a true DHS because its
recombinant protein showed DHS
activity (Fig. 5), whereas the other,
DHSL20 protein, does not function
as such butmay carry out a different
unknown function. The phyloge-
netic tree analysis showed a close
evolutionary relationship of both
DHSL20 and DHS34 protein with
trypanosome species among kineto-
plastid protozoa. It also illustrates
their common evolutionary origin
and that they are distantly related
to the higher eukaryotic DHS
sequences. In most eukaryotes, a
single DHS gene has been found.
Only kinetoplastid genomes con-
tain two DHS-like genes, and the
DHS34 sequence with its extensive
insertions appears to be unique to
these organisms. The question that
needs to be addressed is why would
an organism have two of the DHS-
like genes when only one of them
shows DHS activity? It is possible
that theDHSL20 protein performs a

different, as of yet unknown function. The sequence identity
betweenDHSL20 andDHS34 is only 21.7%.These twodistantly
related copies might have originated by a gene duplication
event followed possibly by functional divergence of one of the
copies. Alternatively, it is also plausible that one of the genes is
a DHS cognate gene like that of cyanobacteria, myxobacteria,
etc. and has been laterally transferred from the archaea (47). In
certain plants, it has been proposed that homospermidine syn-

FIGURE 6. A, restriction map of the DHS34 locus and the predicted rearrangements occurring during HYG and
PHLEO replacement of DHS34 in the chromosomal locus. B, Southern blot analysis of wild type (WT) and
heterozygous parasites. Genomic DNA from wild type parasites, two PHLEO/DHS34 (1 and 2), and two HYG/
DHS34 (1 and 2) heterozygous cell lines were digested with PstI and probed with a PCR fragment correspond-
ing to the 5�-flanking sequence. Molecular weight markers are indicated to the left of the blot. C, proliferation
of heterozygous parasites. Wild type parasites, two HYG/DHS34 (1 and 2), and two PHLEO/DHS34 (1 and 2)
heterozygous cell lines were incubated at 2 � 105 parasites/ml and counted after 4 days on a hemocytometer.
The experiment was set up in duplicates and repeated several times with similar outcomes.
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thase evolved from DHS by gene duplication (48). However,
amino acid sequence alignment of DHSL20 andDHS34 protein
showed only 35.5 and 22.6% identity, respectively, with the
homospermidine synthase from Senecio vernalis. Because of
the recent discovery that the kinetoplastid AdoMetDC requires
an inactive AdoMetDC-like protein for dimerization and acti-
vation (49), we tested the possibility of DHSL20 having a regu-
latory role in the activity of DHS34. DHS enzyme assays were
performed in the presence of bothDHSL20 andDHS34 at vary-
ing ratios; however, no significant increase in DHS34 enzyme
activity was observed (data not shown).
DHS34 shares only 34.7% sequence identity with the human

DHS. DHS34 exists as a dimer in its native form in contrast to
human DHS, which is a tetramer. The residues that have been
found to be important for NAD� binding in the human DHS

are conserved in both DHSL20 and
DHS34 proteins. Furthermore, the
residues that take part in spermi-
dine binding and reaction mecha-
nism are also conserved in the leish-
manial proteins. However, a critical
lysine residue (Lys329), which is the
site of the enzyme-intermediate for-
mation in human DHS (43), is
replaced by a non-polar amino acid
leucine (Leu344) in the case of the
DHSL20 protein. It has been shown
earlier in the human DHS that a
Lys329 3 Arg or Ala substitution
abolishes the covalent enzyme-sub-
strate intermediate formation and
DHS activity (45). Site-directed
mutagenesis of leucine residue to
lysine (L344K) of DHSL20 showed
no activity, thereby suggesting that
other differences in amino acid
sequences also contribute to its
inactivity.
The DHS34 sequence codes for

601 amino acids and is much longer
than the human DHS (369 amino
acids) and DHSL20 (379 amino
acids). The deoxyhypusine synthase
domain is interrupted by a long
intervening sequence that spans
from amino acid 130 to 354, which
does not show any significant
homology with any other sequence.
It is unknown whether this inter-
vening sequence of DHS34 adds a
special function unique to the para-
site DHS. The computer-generated
model of DHS34 shows the conser-
vation of residues around the cata-
lytic center. The amino acid se-
quence alignment of DHS34 with
human DHS shows that one of the
NAD� binding regions is present in

the 225-amino acid-long insertion of DHS34 that might inter-
rupt the NAD� binding regions as they come together spatially
to form the perfect NAD� binding site.
Disruption of eIF5A genes (19, 50) and DHS genes (20, 51)

in S. cerevisiae leads to a lethal phenotype, demonstrating
the importance of deoxyhypusine modification in eukaryotic
cell survival. Deoxyhypusine hydroxylase is an essential gene
in the fruit fly and C. elegans but not in yeast, suggesting an
evolutionary progression of the requirement of hypusine
modification in eukaryotes. In Leishmania, chromosomal
null mutants of DHS34 could only be obtained in the pres-
ence of a rescuing episome that contained the DHS34 gene,
suggesting that DHS34 is essential for L. donovani and that
the hypusination pathway also plays a vital role in L. dono-
vani survival and proliferation.

FIGURE 7. A, Southern blot of genetically manipulated parasites. Genomic DNA was extracted from the follow-
ing cell lines: wild type parasites (WT), heterozygous parasites (HYG/DHS34), heterozygous parasites trans-
fected with pX63PAC-DHS34 (HYG/DHS34[DHS34]), and six clonal cell lines (clones 1, 3, 4, 7, 8, and 11) derived
from the HYG/DHS34[DHS34] strain transfected with the PHLEO�dhs34 gene replacement construct. B, the top
panel shows a map of the DHS34 genomic locus and the locations of the primers used for PCR analysis. Genomic
DNA from HYG/DHS34 heterozygous parasites (first panel) and from clones 2 and 4 was used as a template for
PCR analysis. Primers 2 and 4 were designed to match the upstream region of the DHS34 gene, with primer 4
corresponding to a region (5�F) that was present in the gene deletion construct used for the chromosomal
DHS34 replacements. Primer 1 was designed as a forward primer corresponding to the early coding region.
Primers 5–10 were reverse primers corresponding to various regions of the DHS34 coding region. Molecular
size markers (in kb) are indicated on the left.

L. donovani Deoxyhypusine Synthase

462 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 1 • JANUARY 1, 2010



Despite conservation of some of the active site amino acid
residues between the human and leishmanial DHS (Fig. 3), a
potent inhibitor of human DHS, N1-guanyl-1,7-diaminohep-
tane, had little inhibitory effect on either L. donovani prolifer-
ation or recombinant DHS34. This finding suggests a topolog-
ical difference in the spermidine binding sites between the
human and the leishmanial enzymes and opens the possibility
that the differences between the two enzymes could be
exploited for drug development for visceral leishmaniasis.
Inhibitors of hypusine biosynthetic enzymes like spermidine
analogs (for DHS) and metal ion chelators (for deoxyhypusine
hydroxylase) have been shown to exert antiproliferative effects
(9, 15), making the pathway a potential target. Further studies
are required to elucidate the leishmanial enzyme structure, its
interaction with its substrates, and its reaction mechanism.
This will pave the way to conclusively establish the hypusine
pathway as a chemotherapeutic target for the treatment of
leishmaniasis and perhaps even African sleeping sickness and
Chagas disease.
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