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The mevalonate pathway is an essential part of isoprenoid biosynthesis leading to

production of a diverse class of >30,000 biomolecules including cholesterol, heme,

and all steroid hormones. In trypanosomatids, the mevalonate pathway also generates

dolichols, which play an essential role in construction of glycosylphosphatidylinositol

(GPI) molecules that anchor variable surface proteins (VSGs) to the plasma membrane.

Isoprenoid biosynthesis involves one of the most highly regulated enzymes in nature,

3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), which catalyzes the conversion

of HMG-CoA to mevalonic acid. The enzyme mevalonate kinase (MVK) subsequently

converts mevalonic acid to 5-phosphomevalonic acid. Trypanosoma evansi is a flagellate

protozoan parasite that causes the disease “Surra” in domesticated large mammals,

with great economic impact. T. evansi has only a trypomastigote bloodstream form

and requires constant modification of the variant surface glycoprotein (VSG) coat for

protection against the host immune system. We identified MVK of T. evansi (termed

TeMVK) and performed a preliminary characterization at molecular, biochemical, and

cellular levels. TeMVK from parasite extract displayed molecular weight ∼36 kDa,

colocalizedwith aldolase (a glycosomal marker enzyme) in glycosomes, and is structurally

similar to Leishmania major MVK. Interestingly, the active form of TeMVK is the tetrameric

oligomer form, in contrast to other MVKs in which the dimeric form is active. Despite

lacking organized mitochondria, T. evansi synthesizes both HMGCR transcripts and

protein. Both MVK and HMGCR are expressed in T. evansi during the course of infection

in animals, and therefore are potential targets for therapeutic drug design.

Keywords: Trypanosoma evansi, mevalonate kinase, Surra, 3-hydroxy-3-methylglutaryl-CoA reductase, enzyme

activity

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2018.00223
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2018.00223&domain=pdf&date_stamp=2018-07-10
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:dianabahia@hotmail.com
mailto:luiz.miletti@udesc.br
https://doi.org/10.3389/fcimb.2018.00223
https://www.frontiersin.org/articles/10.3389/fcimb.2018.00223/full
http://loop.frontiersin.org/people/577140/overview
http://loop.frontiersin.org/people/74035/overview
http://loop.frontiersin.org/people/340180/overview
http://loop.frontiersin.org/people/578618/overview
http://loop.frontiersin.org/people/551650/overview
http://loop.frontiersin.org/people/74023/overview
Lena
Realce



Duarte et al. TeMVK Is Active in Tetrameric Form

INTRODUCTION

Trypanosoma evansi (Kinetoplastida: Trypanosomatidae) is a
widely distributed hemoflagellate protozoan parasite that causes
the disease “Surra” in domesticated large mammals (e.g., horses,
cattle, camels, water buffalo) and has major epidemiologic
and economic impacts (Desquesnes et al., 2013a). T. evansi
infection is included in the list of notifiable diseases by the
World Organization for Animal Health (OIE; originally called
Office International des Epizooties). Transmission of T. evansi is
exclusively mechanical, predominantly by biting hematophagous
flies (Silva et al., 2002). The species has spread far beyond its
primary territory (sub-Saharan Africa) and now affects livestock
in Northern Africa, Asia, Central America, and South America.
Surra is potentially fatal, particularly when left untreated in
camels, horses, and dogs (Desquesnes et al., 2013b).

T. evansi is phylogenetically closely related to T. brucei
(Carnes et al., 2015), but displays many differences on
the subcellular level. All strains of T. evansi are either
dyskinetoplastic (i.e., having kDNA without maxicircles or
minicircles) (Schnaufer et al., 2002; Lai et al., 2008) or
akinetoplastic (completely lacking kDNA) (Birhanu et al., 2016).
The absence of functional mitochondria is presumably the reason
why T. evansi is permanently locked in the bloodstream stage and
relies on the glycolytic pathway as primary source of ATP (Timms
et al., 2002). Glycolysis has been proposed to be the primary and
possibly sole source of ATP in all bloodstream forms of African
trypanosomes (Bringaud et al., 2006).

Trypanocidal drugs (e.g., diminazene aceturate) are clinically
available, but development of drug resistance is often observed
(Uilenberg, 1998; Tuntasuvan et al., 2003). Elucidation of
essential metabolic pathways is crucial for identification of novel
targets and development of specific therapies against diseases
caused by African trypanosomes. Noteworthy, no effective
protocol to maintain T. evansi isolates in axenic culture is
available, which limits the execution and reproducibility of
in vitro studies. Although many attempts have been made to
cultivate different T. evansi isolates in vitro (Hirumi et al., 1997;
Kumar et al., 2015; Birhanu et al., 2016), the parasite viability
declines within few days and substantial molecular changes are
introduced (e.g., complete loss of the kinetoplast). Alternatively,
parasite propagation is achieved via experimentally infected
animals (Hirumi et al., 1997).

Isoprenoid biosynthesis, an essential pathway in most
eukaryotes, leads to production of cholesterol in mammals
and ergosterol in fungi and parasites. The first step in the
isoprenoid pathway is synthesis of 3-hydroxy-3-methylglutaryl-
CoA (HMG)-CoA from acetyl-CoA, with acetoacetyl-CoA
as intermediate. 3-hydroxy-3-methylglutaryl-CoA reductase
(HMG-CoA reductase; HMGCR), one of the most highly
regulated enzymes in nature, catalyzes the conversion of
HMG-CoA to mevalonic acid. The subsequent essential
enzyme of the isoprenoid pathway, mevalonate kinase (MVK),
catalyzes phosphorylation of mevalonic acid to form mevalonate
5-phosphate (Coppens and Courtoy, 1996).

Subcellular localization, structural properties, and enzymatic
activities of MVK have been described in the trypanosomes

T. brucei, Leishmania major, and T. cruzi. Mevalonate
phosphorylation is localized almost exclusively in glycosomes
in T. brucei and L. major (Carrero-Lérida et al., 2009), whereas
TcMVK is localized only partially in glycosomes in T. cruzi
(Ferreira et al., 2016). Sgraja et al. (2007) previously reported the
reactivity of MVK from L. major. In their study, no enzymatic
activity was detected in vitro using monomeric forms of
recombinant proteins from these species. Using a sensitive
method, we recently demonstrated higher enzymatic activity of
dimeric T. cruzi MVK, comparable to reported values in other
species (Ferreira et al., 2016).

The cell surface of African trypanosomes is densely coated
with ∼107 variant surface glycoprotein (VSG) molecules.
These trypanosomes avoid host innate immune responses
by undergoing antigenic variation through expression of
structurally different forms of glycosylphosphatidylinositol
(GPI)-anchored VSGs in a sequential manner. Although
VSGs vary, the GPI core structure attached to the protein
is constant. Biosynthesis of the core structure depends on
dolichol production for synthesis of dolichol-dependent
mannosyltransferase, provided by the mevalonate pathway
(Smith and Bütikofer, 2010). The mevalonate pathway may be
potentially explored as target candidate for drug design.

The mevalonate pathway in T. evansi has not been studied
previously. We identified and characterized MVK from T. evansi
(termed TeMVK) using recombinant proteins, and predicted its
structure using homology modeling. The subcellular localization
of TeMVK was elucidated. In contrast to MVK from T. cruzi,
TeMVK was highly active in its tetrameric form. Expression of
TeMVK and HMGCR proteins was detected in parasites isolated
directly from experimentally infected animals. These findings
demonstrate the presence of mevalonate pathway enzymes
in vivo in T. evansi during the course of infection.

MATERIALS AND METHODS

Parasite Cultures and Strains
T. brucei strain 29–19 and T. evansi TeH (isolated from a horse in
2009 in the state of Rio Grande do Sul, southern Brazil) (Duarte
et al., 2014) were used in this study.T. brucei procyclic forms were
grown in SDM-79 medium supplemented with 10% fetal bovine
serum at 25◦C. Bloodstream forms of T. brucei were maintained
at 37◦C at 5% CO2 in HMI-9 medium supplemented with 10%
fetal bovine serum and 10% Serum Plus (SAFC Biosciences).
T. evansi bloodstream forms were obtained by experimental
infection of non-immunosuppressed Wistar rats inoculated
intraperitoneally with 106 trypomastigotes. Parasitemia was
estimated daily by microscopic examination of blood smears.
When the parasitemia reached a peak of 1 × 106 parasites/ml
in the blood between 4 and 7 days post-infection, the animals
were anesthetizedwith Zoletil (Fort Dodge) and blood containing
the parasites was collected by cardiac puncture. After a Percoll
(Sigma) gradient (Grab and Bwayo, 1982), the pre-cleared
samples were purified on DEAE-cellulose column to the isolation
of the parasites from blood cells (Lanham, 1968). The study was
approved by the Animal Welfare Commitment—UDESC.
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Amplification, Cloning, and Sequencing
Total DNA from T. evansi (1 × 108 cells) was extracted
using the phenol-chloroform method. The putative MVK
gene containing 990 bp was amplified using the primers 5′-
GCGCGTCGACATGCACGTGGCTGTTAAGGAC-3′ and 5′-
GGCCAGATCTATAGCTTACTTCCGCCGGGCTG-3′ in a PCR
reaction containing 100 ng of the genomic DNA, 10 pmoles
of each primer pair, 1U Pfu DNA polymerase with supplied
enzyme buffer (Fermentas), 0.2mM dNTPs and 25mM MgSO4.
Amplification was performed using a hot-start step of 5min
at 94◦C, followed by 35 cycles of 30 s denaturation at 94◦C,
30 s annealing at 67◦C, 1min extension at 72◦C, followed by
a final extension of 10min at 72◦C. The amplified fragment
containing the TeMVK sequence was cloned in pGEM-T
easy vector (Promega) and sequenced using dideoxynucleotide
chain termination method with BigDye Terminator cycle
sequencing chemistry on anABI PRISM 3100 sequencer (Applied
Biosystems). For recombinant protein expression, TeMVK
sequence was cloned into the plasmid pQTEV (Addgene) with
a N-terminal 6xHis-tag.

For T. evansi HMGCR, total RNA from T. evansi, T. brucei
procyclic, and bloodstream forms (1 × 108 cells) was extracted
using TRIzol and treated with DNAse I (Invitrogen). First-
strand cDNA was synthesized using ThermoScript rtPCR
System according to themanufacturer’s instructions (Invitrogen).
DNAse I efficiency was assessed by conventional PCR of RNA
samples used to synthesize cDNA using specific primers for
tubulin gene. The HMGCR gene containing 128 bp was amplified
using the primers 5′-CAAAGTGCGGAGGTGAAGA-3′ and 5′-
CCAGCCATACCAAGAGGAAT-3′. Amplified gene fragments
from T. evansi and T. brucei procyclic and bloodstream forms
were cloned in pGEM-T easy vector system (Promega) and
sequenced as described above for confirmation of specificity.

Sequence Alignment and Modeling
Multiple protein sequence alignment of TeMVK with MVKs
from trypanosomatids T. brucei MVK, TbMVK (Q581L1,
UniProt) T. cruzi MVK, TcMVK (Q4DJT8) and L. major MVK,
LmMVK (Q4Q6K7) was generated using Geneious 9.1.5. The
primary sequence of TeMVK was used for secondary structure
analysis and homology modeling. TeMVK secondary structure
was estimated ab initio using Jpred4 (Jared 4) prediction tool.
The homology model of TeMVK was built based on two
crystal structures of LmMVK (2HFU and 2HFS). TeMVK was
modeled using the software Jackal 1.5 and submitted to a
molecular dynamic in silico using the extension NAMD 2.1 in
the software VMD 1.9.3. The molecular dynamic was done by
first adding hydrogens to the protein structure and subsequently
adding water molecules and sodium and chloride atoms for
charge neutralization. The model was stabilized by a step of
protein-energy minimization followed by total system energy
minimization. The dynamic was performed during ∼40 ns at
298K. Model stability was assessed by the root-mean-square
deviation (RMSD) of atomic positions values with standard
deviation (SD) in angstroms (Å) for the backbone and carbon-
α chain. The stereochemical quality of the backbone was verified

using RAMPAGE tool (Lovell et al., 2003). Images were generated
using Yasara v16.7.22.

Protein Expression and Purification
The N-terminal 6xHis-tagged TeMVK was recombinantly
expressed in E. coli BL21 (DE3). Cells were grown in
autoinduction medium ZYM5052 at 20◦C, 150 RPM during 45 h
(Studier, 2005). For total cell lysate, cells were re-suspended in
buffer containing 150mM Tris-HCl pH 7.8, 300mM NaCl, 5%
glycerol and 0.1 mg/mL of lysozyme, followed by incubation
in ice bath shaking for 40min. Next, cells were disrupted by
sonication during 15min in cycles 30 s on/30 s off on ice. After
addition of 1µL of Benzonase (Sigma) and incubation 1 h at 4◦C,
the lysate was clarified by centrifugation for 10min at 20,100 ×

g at 4◦C. Five millimolars β-mercaptoethanol was added to the
clarified lysate.

Protein expression with the expected molecular weight was
verified by denaturing polyacrylamide gel electrophoresis (SDS-
PAGE) stained with Coomassie Brillant Blue. Protein purification
was done in two steps. First, total cell lysate was applied to a
column containing 1mL of Ni-NTA Superflow resin (Qiagen)
coupled to a high-pressure chromatography system (AKTA) for
affinity chromatography. Protein was eluted from the nickel
column with∼200mM of imidazole using an increasing gradient
of buffer containing 150mM Tris pH 7.8, 300mM NaCl, 5%
glycerol, and 500mM imidazole. The second purification step
performed was a size exclusion chromatography through a
column Superdex 200 16/600 using buffer 30mM glycine pH 9.0
and 150mMNaCl. Gel filtration standard (Bio-rad) calibration of
the columns indicates an approximated estimation of molecular
weight. Fractions containing TeMVK were used for subsequent
analysis or directly frozen at−80◦C.

Activity Assay
Mevalonate kinase activity was measured as previously described
(Ferreira et al., 2016). Briefly, recombinant TeMVK was tested
to specific activity using monomeric, dimeric and tetrameric
oligomers obtained from size exclusion chromatography in
a reaction buffer containing 100mM glycine, 25mM KCl
pH 9.0, 4U of lactic dehydrogenase, 4U of pyruvate kinase,
1mM phosphoenolpyruvate, 5mM ATP, 5mM MgCl2, 4mM
mevalonate, and 160µM β-NADH. The assays were done
in triplicates in 96 well plates, and fluorescence at 340 ηm
monitored using a Spectramax-340PLUS. Two concentrations
of TeMVK (48 ηM and 156µM) were used to verify NADH
oxidation within 10min at 37◦C. Blank assay was performed
in the absence of ATP. Independent protein production and
purification were done for each assay. Results are reported
as mean ± standard deviation (SD) and data analyzed using
GraphPad Prism.

Cell Lysis and Western Blotting
Protein extracts from isolated parasites were obtained using urea-
thiourea lysis buffer (7.7M urea, 2.2M thiourea, 4.4% CHAPS).
Approximately 30 µg of total protein extracts from procyclic
and bloodstream forms of T. brucei and T. evansi were resolved
in a 10% SDS-PAGE, transferred to nitrocellulose membrane
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and blocked with 5% of non-fat dry milk (Cell Signaling)
diluted in TBS 0.1% Tween-20 (TBST). For MVK detection,
the membrane was incubated 12 h at 4◦C with a polyclonal
antibody specific to T. cruzi mevalonate kinase raised in mouse
(Ferreira et al., 2016). Next, the membrane was washed with
TBST and incubated with anti-mouse peroxidase for 1 h at

room temperature. Signal detection was subsequently done by
incubation with chemiluminescence reagent (GE Healthcare,
cat. no: RPN2232) and detection using x-ray films. Western
blot quantification was performed with ImageJ. An anti-human
HMGCR antibody (Santa Cruz) was used for protein detection
using similar protocol as described above.

FIGURE 1 | TeMVK is highly similar to MVKs from other trypanosomes. (A) Sequence alignment of MVKs from four related species. TeMVK gene was cloned and

sequenced, and the protein sequence aligned to TbMVK (Q581L1, UniProt), TcMVK (Q4DJT8), and LmMVK (Q4Q6K7). Identical and similar residues are shown in

black and gray, respectively. (B) Ab initio secondary structure prediction using Jpred4. TeMVK was aligned with LmMVK. Three conserved motifs 1, 2, and 3 (orange,

red, and magenta bars) and residues known to bind mevalonate (asterisks) in LmMVK are indicated. Cylinders, α-helices; Arrows, β-sheet strands.
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Immunofluorescence Assay
Double staining immunofluorescence assays were performed
using anti-T. cruzi mevalonate kinase, TcMVK (Ferreira et al.,
2016) raised in mouse diluted 1:100 and the glycosomal
marker anti-L. major aldolase raised in rabbit diluted 1:400.
First, parasites were fixed with PBS 0.5% paraformaldehyde
solution. After three washes, parasites were incubated with
blocking/permeabilization solution (0.2% gelatin, 0.1% NaN3,
and 0.1% saponin diluted in PBS) followed by 4 h primary
antibodies incubation (4 h for each primary antibody). Secondary
antibodies used were conjugated anti-rabbit Alexa-568 and anti-
mouse Alexa-488 (Life Technologies) diluted 1:300. Nuclear
and kinetoplast staining was performed using 4′, 6-diamidino-
2-phenylindole (DAPI). Images were acquired using confocal
microscope Leica SP5, and IMARIS software (Bitplane) was used
to perform reconstruction and colocalization analysis.

RESULTS

TeMVK Is Structurally Similar to MVK From
Other Trypanosomatids
TeMVK is composed of 329 amino acids and has molecular
weight 35.54 kDa. It has high sequence identity with T. brucei
MVK (TbMVK; 98.8%), T. cruzi MVK (TcMVK; 63.6%) and
L. major MVK (LmMVK; 60.2%) (Figure 1A). LmMVK is the
only trypanosomatid MVK whose structure has been resolved by
X-ray crystallography (Sgraja et al., 2007). An unbiased secondary
structure prediction for TeMVK suggested an arrangement very
similar to that of LmMVK (Figure 1B), with the N-terminal
domain (residues 1–179) organized as seven β-sheet strands and
four α-helices, and the C-terminal domain (residues 180–329)
organized as five β-sheet strands and five α-helices. The primary
sequence of TeMVK showed conservation of three motifs
(referred as 1, 2, and 3) known to stabilize the conformation

of the catalytic pocket, and all residues required for substrate
interaction in LmMVK (Figure 1B).

We next took advantage of the LmMVK structural data
to predict the TeMVK structure using homology molecular
modeling. Superimposition of TeMVK and LmMVK structures
revealed a similar arrangement (Figure 2A) characteristic of
GHMP kinases consisting of two domains (Timson, 2007).
The TeMVK displayed a catalytic pocket disposed between the
N- and C-terminal domains and formed by the three highly
conserved motifs (Figure 2B), with structural conservation of
all residues shown to interact with the substrate in LmMVK
(Figure 2C). The molecular dynamic simulation demonstrated
stable protein conformation, with RMSD 0.909 Å SD ± 0.052
Å for the backbone and 1.109 ± 0.065 Å for the carbon-α
chain (Figure 2D). The homology model showed satisfactory
stereochemical quality in a Ramachandran plot and limited
protein flexibility (Supplementary Figures 1,2), respectively.
The high conservation of motifs that form the catalytic cleft and
residues interacting directly with the substrate suggests that (R)-
mevalonate binds to TeMVK in a conformation similar to that of
LmMVK.

TeMVK Is Active in Tetrameric Oligomer
Form
Gel filtration chromatography from recombinant TeMVK
expressed in autoinduction media revealed three peaks
corresponding to distinct oligomeric states (Figure 3A) in
comparison to recombinant protein expressed in LB media,
which shows only a monomeric peak (Supplementary Figure 3).
Size estimation calculation for the peaks corresponds to
monomer, dimer and tetramer complexes of TeMVK.

Specific activity of the three different oligomeric states of
purified TeMVK was evaluated using a fluorescence-based assay
to measure NADH oxidation rate. Consumption rates were 1.35
× 10−7 (±0.3 × 10−7) moles NADH/min/mg for the monomer

FIGURE 2 | TeMVK homology model is structurally similar to L. major MVK. (A) Homology molecular modeling of TeMVK using the crystal structures of LmMVK (2HFU

and 2HFS, PDB). TeMVK (blue) and LmMVK (gray) are superimposed and mevalonate molecule (yellow) indicated within the catalytic cleft. (B) Cartoon representation

shows three motifs (orange, red and magenta) that assemble the deep catalytic cavity in TeMVK. (C) Structural arrangement of TeMVK residues known to interact with

mevalonate in LmMVK. (D) Average RMSD for carbon-α (in angstroms) throughout the molecular dynamic simulation.
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FIGURE 3 | Distinct oligomeric states of recombinantly expressed TeMVK.

(A) Gel filtration chromatogram (monitored at λ = 280 nm) of TeMVK

expressed in autoinduction medium ZYM5052 and purified using a

Superdex200 16/600 column in buffer containing 30mM glycine, pH 9.0, and

150mM NaCl. The three peaks correspond to distinct oligomers: tetramer,

dimer, and monomer. (B) Fold increase of NADH oxidation using recombinantly

expressed TeMVK. Bars indicate the mean ± SD from three independent

experiments with three technical replicates (***P < 0.001, unpaired t-test).

and 0.86 × 10−7 (±0.1 × 10−7) moles NADH/min/mg for the
dimer. The consumption rate of the tetrameric oligomer was 1.1
× 10−5 (±2 × 10−7) moles NADH/min/mg, ∼100-fold higher
than the monomer and dimer (Figure 3B). Comparative specific
activity values (BRENDA database) for MVKs from various
organisms are shown in Table 1.

TeMVK Is Expressed in Vivo and
Colocalized With Glycosomes
T. brucei cells have glycosomes, peroxisome-related organelles
that contain enzymes required for glycolysis (Opperdoes and
Borst, 1977). MVK has been reported to colocalize with aldolase
(a glycosomalmarker enzyme) in both procyclic and bloodstream
forms of T. brucei (Carrero-Lérida et al., 2009) and T. cruzi
(Ferreira et al., 2016). The expression of MVK has never been
reported in T. evansi. We aimed to verify whether T. evansi
expresses TeMVK protein in vivo and identify its subcellular
localization. Using a specific anti-TcMVK antibody (Ferreira
et al., 2016), we demonstrated for the first time the presence of

TABLE 1 | Enzymatic activity of specific MVKs.

Organism Specific activity

(µmol/min/mg)

Additional information

Leishmania major inactive His-tagged purifed protein,

monomer (Sgraja et al., 2007)

Saccharomyces cerevisiae 0.77 –

Trypanosoma evansi 11.0 His-tagged purified protein,

tetramer, pH 9.0

Staphylococcus aureus 12.4 Purified enzyme, pH 7.5, 30◦C

Enterococcus faecalis 24.0 Purified enzyme, pH 10, 37◦C

Rattus norvegicus 32.7 His-tagged purified protein, pH

7.5, 25◦C

Homo sapiens 37.0 pH 7.0, 30◦C

Trypanosoma cruzi 72.8 His-tagged purified protein,

dimer, pH 9.0 (Ferreira et al.,

2016)

Methanocaldococcus jannaschii 387.0 –

Specific activity values of recombinant MVKs previously described for various organisms.
MVK activity from other organisms is generally observed with dimeric conformation (Fu
et al., 2002). In contrast, TeMVK is active in its tetrameric conformation (bold, this study).
Unless otherwise cited, this information was retrieved from BRENDA database (http://
www.brenda-enzymes.info/).

MVK in T. evansi cell extract from parasites isolated directly
from murine blood (Figure 4A). TeMVK was colocalized with
glycosomes, as revealed by immunofluorescence labeling ofMVK
and aldolase (Figure 4B).

T. evansi Expresses HMGCR Protein
We sought for other components of mevalonate pathway and
identified the presence of HMGCR, an enzyme essential for
synthesis of TeMVK substrate. HMGCR has been shown to
localize to mitochondria in L. major and T. cruzi (Peña-
Diaz et al., 2004). HMGCR transcripts were produced in both
procyclic and bloodstream forms of T. brucei and T. evansi
(Figure 5A). In addition, HMGCR was detected at the protein
level in both species (Figure 5B). T. brucei bloodstream form
and T. evansi showed comparable expression levels of HMGCR
in the western blot. However, we were unable to verify the
subcellular localization of HMGCR in T.evansi using commercial
antibodies.

DISCUSSION

The isoprenoid biosynthesis pathway in the protozoan parasite
T. evansi has not been examined previously. We confirmed the
presence of the gatekeeper enzymes involved in this pathway
in T. evansi, with focus on MVK. The T. evansi MVK (termed
TeMVK) showed high sequence and structural similarity to
MVK from other trypanosomes, notably T. brucei and L. major.
TeMVK colocalized with glycosomes and was active in vitro only
in its tetrameric oligomer form.

The presence of the three motifs assembling a catalytic site
and residues known to coordinate substrate binding indicates a
conservedmechanism for catalysis byMVKs in trypanosomatids.
Sgraja et al. (2007) observed no activity for the monomeric form
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FIGURE 4 | T. evansi expresses MVK (TeMVK) in vivo, and protein is localized in glycosomes. (A) Thirty micrograms of protein extracts of T. brucei procyclic form

(TbPro), T. brucei bloodstream form (TbBlood), and T. evansi (Te) were subjected to SDS-PAGE and western blotting. Anti-TcMVK antibody raised in mice reveals

expression in T. evansi and T. brucei of MVKs with similar molecular weight (∼36 kDa). Anti-tubulin was used as loading control. Numbers refer to the densitometric

ratio between TeMVK/tubulin. (B) Immunofluorescence using antibodies against aldolase (glycosomal marker; red) and MVK (green) reveals colocalization of the two

enzymes in both T.brucei bloodstream form and T.evansi. Nuclei and kinetoplast were stained using DAPI. Images were obtained by confocal microscopy, and

reconstructed using Imaris software program (Bitplane). Colocalized pixels are shown in white color. DIC, differential interference contrast. Scale bar: 3µm.

of recombinant TbMVK, which has 98.8% identity sequence
identity with TeMVK. By contrast, TcMVK is active only in its
dimeric form (Ferreira et al., 2016) as already demonstrated for
mevalonate kinases from other species (Fu et al., 2002). Our
findings suggest that the tetrameric (rather than monomeric or
dimeric) form of MVKs from T. evansi and T. brucei displays
catalytic activity in vitro. The methodology described here for
expression and purification of active tetrameric oligomer form of

TeMVK may be applicable to the expression of oligomeric states
of recombinant proteins in other parasite species. Whether the
tetrameric oligomer is the predominant active form of TeMVK
in vivo remains to be determined. The presence of MVK in
glycosomes from other trypanosomatids has been previously
reported (Carrero-Lérida et al., 2009; Ferreira et al., 2016),
supporting our finding that TeMVK is almost exclusively located
in glycosomes.
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FIGURE 5 | T. evansi expresses HMGCR at RNA and protein levels.

(A) Presence of HMGCR mRNA in T. evansi, T. brucei procyclic form, and

T. brucei bloodstream form, revealed by RT-PCR. HMGCR gene fragment

contained 128 bp. Amplified fragments were sequenced and analyzed using

DNASTAR Lasergene EditSeq for sequence confirmation. (B) Thirty

micrograms of protein extracts of T. brucei procyclic form (TbPro), T. brucei
bloodstream form (TbBlood) and T. evansi (Te) were subjected to SDS-PAGE

and blotted using anti-human HMGCR. Anti-tubulin was used as loading

control. Numbers refer to the densitometric ratio between HMGCR/tubulin.

The initial step in the mevalonate pathway is synthesis of
mevalonate, catalyzed by HMGCR with HMG-CoA as substrate.
HMGCR is a gatekeeper enzyme and is subject to several
regulatory mechanisms (Sharpe and Brown, 2013). Its substrate
conversion is a rate-limiting step in synthesis of cholesterol
(ergosterol) and other isoprenoids, and occurs upstream of
MVK activity. HMGCR is localized within mitochondria in both
L. major and T. cruzi (Peña-Diaz et al., 2004), and almost
exclusively in mitochondria of T. brucei procyclic form (Heise
and Opperdoes, 2000). Although T. evansi lacks organized
mitochondria (reviewed in Dean et al., 2013), it expresses
HMGCR at mRNA and protein levels, as demonstrated in the
present study. T. brucei procyclic form displays fully functional
mitochondria and thus HMGCRmay play a more important role
at this stage.

The present findings demonstrate for the first time the
presence of proteins required for isoprenoid biosynthesis in
T. evansi isolated from infected animals. The involvement of
mevalonate pathway in the synthesis of GPI required to tether

VSGs on plasma membrane from African trypanosomatids
(Smith and Bütikofer, 2010) provides new potential candidates
for rational targeting. Additionally, compounds known to target
this pathway (e.g., simvastatin and lovastatin; Urbina et al.,
1993; Coppens et al., 1995) have shown anti-trypanosome
activity and provide a hint that its inhibition could also show
an effect against T. evansi. Whether MVKs are essential for
survival of African trypanosomes locked in trypomastigote form
remains to be investigated. T. evansi appears to be very similar
to T. brucei bloodstream form; how these two species cause
quite distinct diseases is another intriguing question for future
study.
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