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FIG. 2. L. major GFPK?7 is normal in metacyclogenesis and resis-
tance to cytotoxic host activities. (A) Agglutination assay. (Left) A
total of 10® control (co) (black bar) and GFPK7 (7) (open bar) cells
from 5-day stationary cultures were incubated with the lectin ricin
agglutinin, and numbers of nonagglutinating metacyclic parasites were
determined microscopically after differential centrifugation. Two in-
dependent experiments were performed, and data from one represen-
tative triplicate experiment, with standard deviations indicated by the
bars, are shown. (Right) Phase-contrast images of control and GFPK7
metacyclic parasites prepared by ricin agglutination. The bar corre-
sponds to 10 wm. (B) Complement lysis assay. GFPK7 (<) and mock-
transfected control (@) parasites from 5-day stationary cultures were
incubated in the presence of 2% human serum (left) or increasing
serum concentrations ranging from 0% to 10% (right), and cell lysis
was monitored by propidium iodide incorporation and flow cytometry
during a 20-min incubation period. Results represent average values
obtained in one duplicate experiment. (C) Footpad analysis. A total of
5 X 10° metacyclic control (@) and GFPK7 (<) parasites were inoc-
ulated into the left hind footpad of NADPH-oxidase-deficient phox '~
(left) and C57BL/6 control phox ™ (right) mice, and lesion development
was determined by measuring footpad swelling with a Vernier caliper.
The averages and standard deviations for groups of five mice are
shown.

lysis by a fluorescence-activated cell sorter (FACS)-based ap-
proach (36). Both control and GFPK7 transgenic parasites
were resistant to 2% serum (Fig. 2B, left) and showed a similar
susceptibility to increasing concentrations, with complete lysis
occurring at 10% serum levels (Fig. 2B, right). We next tested
if GFPK7 is targeted by host oxidants following lesion devel-
opment in infected C57BL/6 control and phox™ mice. These
mice lack the gp91 phox subunit of NADPH oxidase and, as a
result, are unable to produce reactive oxidant species during
the phagocytic oxidative burst (36). Similar to infections of
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susceptible BALB/c mice (Fig. 1B), GFPK7 transgenic para-
sites were highly attenuated in resistant C57BL/6 mice and
elicited delayed and strongly reduced lesion formation (Fig.
2C, right). GFPK7 showed a similar infection profile in
phox™'~ mice (Fig. 2C, left), and hence, the virulence defect
was not compensated for by the absence of oxidants. Together,
these data demonstrate that GFPK7 virulence attenuation is
independent of metacyclogenesis and cytotoxic complement or
oxidants.

GFPK7 is attenuated in macrophage infection assays. We
tested if GFPK7 virulence attenuation is due to a defect in
amastigote differentiation. Peritoneal exudate macrophages
(PEMs) were infected with purified metacyclic parasites of
the mock control, GFPK7, and the kinase-inactive mutants
GFPK7_TXY and GFPK7_K at a multiplicity of 10 parasites
per host cell. Amastigote development was assessed by immu-
nofluorescence analysis using LPG as a negative marker, which
is not expressed at the intracellular stage (1). Two hours after
infection, promastigote parasites were strongly decorated with
the phosphoglycan-specific antibody WIC79.3 (41) due to the
presence of surface LPG, which was also released into the host
cell cytoplasm (Fig. 3A, top) (36). At 120 h after infection,
control and GFPK?7 parasites were no longer decorated with
WIC79.3, suggesting a downregulation of LPG and normal
amastigote differentiation (Fig. 3A, bottom).

Intracellular proliferation was monitored by nuclear staining
and fluorescence microscopy. The number of intracellular par-
asites of the mock control and the transgenic lines expressing
the kinase-dead mutants showed a fourfold increase over the
infection period from initially 4 parasites per host cell at 2 h
postinfection up to more than 16 parasites per host cell at day
5 (Fig. 3B), indicating robust intracellular proliferation. Al-
though GFPKY7 parasites colonized host cells at normal levels,
with 4 parasites per infected host cell 2 h after infection, which
subsequently differentiated into amastigotes (see above), these
parasites showed a dramatic defect in intracellular growth as
judged by the unchanged parasite burden throughout the in-
fection period. We confirmed the GFPK7 growth defect in vivo
by footpad infection. Female BALB/c mice were infected with
metacyclic GFPK10 control and GFPK?7 as described above,
and parasite burden was determined by limiting-dilution assay
(39). At day 3 postinfection, after the completion of amastigote
differentiation, both virulent GFPK10 and attenuated GFPK7
showed equal amounts of about 10* parasites per infected
footpad (Fig. 3C), while the parasite burden of GFPK7 was
more than 70-fold reduced at day 23 postinfection. These data
confirm that GFPK7 virulence attenuation is not the result of
increased susceptibility to host cytolytic activities but rather
arises from a growth defect at the intracellular stage.

Expression of active GFP-LmaMPK?7 inhibits amastigote
growth in vitro. We further corroborated the amastigote
growth defect utilizing previously established L. donovani
GFP-LmaMPK transgenic parasites (LAGFPK), which showed
GFP-LmaMPK?7 phosphorylation and activity profiles identical
to those of transgenic L. major GFPK7 (22). Unlike L. major,
L. donovani allows for axenic amastigote differentiation (1, 17)
and thus enabled us to study the growth phenotype in the
absence of potential cytolytic host activities. A total of 5 X 10°
promastigotes from a logarithmic culture were inoculated
into fresh medium, and growth was assessed microscopically
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FIG. 3. Analysis of L. major GFPK7 amastigote differentiation and intracellular survival. (A) Immunofluorescence analysis. LPG was revealed
at 2 h and 120 h postinfection in paraformaldehyde-fixed and ethanol (EtOH)-permeabilized cells by indirect immunofluorescence using
monoclonal anti-phosphoglycan antibody WIC79.3 and Texas Red-conjugated anti-mouse IgG. Nuclei were counterstained with Hoechst 33341
dye. The bar corresponds to 20 wm. (B) Macrophage infection assay. PEMs were incubated for 2 h at 34°C with mock-transfected control (@) and
transgenic GFPK7 (<), GFPK7_TXY (V), and GFPK7_K (A) metacyclic parasites at a multiplicity of 10 parasites per host cell, and free parasites
were removed by washing with DMEM without serum. The numbers of intracellular parasites at 2 h and at days 1, 2, and 5 postinfection were
estimated by nuclear staining with Hoechst 33341 dye and fluorescence microscopy. The bars indicate standard deviations for one representative
triplicate experiment out of three independent experiments performed. (C) Limiting-dilution assay. Groups of 5 BALB/c mice were infected by
footpad injection with 5 X 10° metacyclic parasites obtained from GFPK10 and GFPK7 stationary cultures, and parasite burden was determined
at day 3 and day 23 postinfection by limiting dilution. The averages and standard deviations of triplicate determinations are shown.

by cell counting using a hemocytometer. The mock control
and LAGFPK7 showed no difference in promastigote growth
and reached stationary phase 5 days after inoculation (Fig. 4A,
top). A total of 5 X 10° promastigotes from day 1 of stationary
growth were reinoculated in low-pH medium and cultured at
37°C to induce the differentiation of axenic amastigotes. The
control and LAGFPK7 developed amastigotes with the same
efficiency; however, only control amastigotes showed normal
proliferation and reached stationary growth 5 days later at a
density of 6 X 107 cells/ml. In contrast, LAGFPK7 amastigotes
stopped proliferating after only 2 days and reached a maximum
density of 10° cells/ml, more than 50 times lower than the
maximum density of the control (Fig. 4A, top). This growth
defect was the result of increased LmaMPK?7 activity, as both
the GFPK7_TXY and GFPK7_K kinase-dead mutants showed
normal amastigote proliferation (Fig. 4A, middle). The

GFPK7 growth defect was reproduced by transgenic parasites
expressing untagged LmaMPK7 and thus is independent from
GFP expression (Fig. 4A, bottom). The growth arrest of
GFPK7 was reversible, as the respective axenic amastigotes
converted spontaneously into promastigotes at pH 7.4 and at
26°C (Fig. 4B). We routinely observed that GFPK7 converted
into proliferating promastigotes faster than the mock control
or GFPK10, a phenomenon that is documented by the sub-
stantial reduction in the generation time from 20 h in the
control to 12 h in GFPK7 at 24 h after parasite conversion (Fig.
4C). These data suggest that LmaMPK?7 may promote promas-
tigote differentiation and firmly document the amastigote
growth defect in LAGFPK?7 in vitro.

LdGFPK7 shows a MAPK-dependent defect in proliferation
and de novo protein biosynthesis. We used FACS-based ap-
proaches to further investigate the amastigote growth defect.
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FIG. 4. LdGFPK?7 axenic amastigotes show a severe growth defect.
(A) Growth curve of axenic amastigotes. Growth of L. donovani pXG
(@)- and pLEXSY (O)-transfected control and transgenic LAGFPK7
(©), LdGFPK7_TXY (V), LdGFPK7 K (4), and pLEXSY-
LmaMPK?7 (#) promastigotes (pro) and axenic amastigotes (ama) was
assessed microscopically by cell counting. The averages and standard
deviations for triplicate determinations are shown. The data are rep-
resentative of two independent experiments. (B and C) Determination
of generation time. Logarithmically growing L. donovani axenic amas-
tigotes of mock-transfected control (@) and transgenic LAGFPK?7 (<)
and LdGFPK10 ([]) cells were inoculated into promastigote culture
medium at pH 7.4 and at 26°C, and growth was determined micro-
scopically by cell counting (B). The generation time (C) was calculated
based on the number of generations (n) during logarithmic growth
using the formula n = (log, — logg)/log,, with b being the number of
cells at the end of a 24-h time interval and B being the number of cells
at the beginning of the 24-h time interval.

By utilizing a propidium iodide (PI) exclusion assay and flow
cytometry, we identified a transient increase in levels of para-
site death 24 h after the pH and temperature shift in both the
control and LAGFPK?7 (Fig. 5A). As the microscopic evalua-
tion of LAGFPK7 growth did not account for parasite viability,
we utilized an alternative, FACS-based proliferation assay,
which allowed us to eliminate PI-positive dead parasites by cell
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gating (20). In this assay, the parasite cytoplasm is labeled with
the fluorescent ester CFSE and cell growth is measured based
on the fluorescence reduction of the daughter cells, which each
inherit approximately half of the label. Control and LAGFPK7
promastigotes from the logarithmic phase were incubated with
CFSE for 10 min in M199 medium at 26°C, unincorporated
label was removed by centrifugation, and parasites were inoc-
ulated in amastigote medium. CFSE intensities were deter-
mined by flow cytometry 2 h and 72 h after labeling (Fig. 5B).
After 72 h, the CFSE intensity in LdGFPK7 amastigotes
showed a significantly higher fluorescence intensity than con-
trol cells, thus demonstrating a substantial reduction in prolif-
eration. The contribution of GFP to the intense CFSE fluo-
rescence was negligible as determined by analyzing unlabeled
cells (Fig. 5B).

Increased LmaMPK?7 activity may directly interfere with cell
cycle regulation, leading to G,/G,, or G, arrest. We performed
cell cycle analysis to test this possibility. The nuclear DNA
content of control and transgenic LAGFPK7 parasites was
measured at various time points during the promastigote-to-
amastigote conversion. LAGFPK7 promastigotes showed nor-
mal cell cycle distribution, with 23% of cells in S phase, com-
pared to 21% in mock-transfected controls (Fig. 5C). Both
lines underwent synchronous cell cycle arrest in G,/G,, phase
6 h after culture in amastigote medium at a low pH and high
temperature, an important checkpoint of amastigote differen-
tiation previously described by Barak et al. (1). Control and
LdGFPKT cells efficiently reentered the cell cycle thereafter, as
shown by the increase of S-phase cells to 27 to 29%. Despite
the defect in proliferation, no significant difference in cell cycle
distribution was observed for LAGFPK?7 cells, indicating non-
synchronous growth arrest.

These data favor a model in which LAGFPK7 amastigote
growth inhibition may result from a limitation in cellular
metabolism rather than a specific effect on cell cycle regu-
lation. We tested this hypothesis by determining the de novo
protein biosynthesis in L. donovani mock transfectants and
GFPK7 cells by metabolic labeling at various time points
during the promastigote-to-amastigote conversion. Parasite
growth in both lines was inhibited during the first 12 h and
resumed in the control at 24 h after the induction of differ-
entiation (Fig. 6A, left). Significantly, the proliferation rate
correlated with biosynthetic activity, which was strongly re-
duced for the first 12 h but resumed at 24 h and reached
normal levels at 48 h, when axenic amastigote differentiation
is largely completed (Fig. 6A, right). In contrast, LAGFPK7
parasites showed a significant limitation of protein biosyn-
thesis at 24 h, which remained at twofold-lower levels there-
after than the control. Western blot analysis of the abun-
dance of the translation initiation factor eIF2a in total and
phosphoprotein extracts correlated the reduction in de novo
protein synthesis at 24 h in LAGFPK?7 cells with increased
levels of eIF2a phosphorylation and, thus, the inactive form
of this factor (Fig. 6B). Together, these data support a
model where the inhibition of LAGFPK7 amastigote prolif-
eration may be the result of limitations in biosynthetic ac-
tivity, which may then lead to the nonsynchronous cell cycle
arrest characteristic of stationary-phase cells.
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FIG. 5. The L. donovani GFPK7 growth defect is independent from cell death and cell cycle arrest. (A) FACS analysis. Control and LAGFPK7
promastigotes were inoculated into amastigote medium, and the number of propidium iodide-positive dead cells was determined during the
promastigote-to-amastigote conversion at the indicated time points by flow cytometry. The x axis represents cell size (sideward scatter [SSC-H]),
and the y axis shows propidium iodide fluorescence intensity determined by using the FL2-H channel. Representative profiles of one triplicate
experiment are shown. (B) Proliferation assay. FACS analysis was performed on CFSE-stained control and LAGFPK7 amastigotes 2 h and 72 h
after labeling. FACS profiles are representative of three independent experiments. The dotted lines represent unstained cells. The experiment was
gated on PI-negative cells. (C) Cell cycle analysis. The nuclear DNA content of control and LAGFPK7 cells from logarithmic promastigote cultures
(pro) and at various time points after inoculation into amastigote medium was determined by propidium iodide staining and FACS analysis. Cells
with the DNA content 2n/4n were gated on fluorescence FL2 pulse-versus-area measurements to exclude cell doublets from the analysis. The
percentage of cells in different cell cycle phases was calculated by using the Watson pragmatic model of FlowJo (v6.1) software.

DISCUSSION

Leishmania undergoes various adaptive differentiation steps
during the infectious cycle that are coupled to growth control.
At a high density in culture or inside the sand fly midgut,
proliferating procyclic promastigotes differentiate into nondi-
viding, highly virulent metacyclic parasites. These parasites
reenter the cell cycle after differentiation into the intracellular
amastigote form, which proliferates inside host macrophages
and establishes the acute phase of Leishmania infection. The
different developmental transitions are accompanied by
changes in phosphoprotein abundance and the overall phos-
phorylation pattern (11, 23, 24), suggesting a crucial role for
protein kinases and phosphatases in parasite development and
pathogenicity. We previously provided evidence for an envi-
ronmentally induced and amastigote-specific activity of three
Leishmania MAPKSs utilizing transgenic parasites expressing
GFP-LmaMPXK fusion proteins (22). Here, by utilizing GFPK-
LmaMPK?7 transgenic lines expressing functional or inactive
kinase, we established a first link of LmaMPK?7 phosphotrans-
ferase activity to Leishmania growth control and de novo pro-
tein biosynthesis. Our data allow new insight into LmaMPK?7

biology, which escapes classical biochemical and gene-target-
ing approaches due to the low expression levels of this protein
and the generation of a lethal null mutant phenotype (Morales
et al., unpublished).

GFPKY7 transgenic parasites expressing the functional GFP-
LmaMPKY7 fusion protein were strongly compromised in their
ability to elicit cutaneous lesions in mouse footpad experi-
ments (Fig. 1). We showed that this defect was independent
from host cytolytic activities (Fig. 2) or defects in parasite
differentiation (Fig. 3) but linked to a defect in amastigote
proliferation (Fig. 4A and 5B).

The GFPKY7 proliferation defect is reminiscent of the growth
phenotypes of a number of MAPK mutants in other trypano-
somatids. The inactivation of the L. mexicana MAPK LMPK
(now referred to as LmxMPK1 [44]) abrogated amastigote
growth without an effect on differentiation or promastigote
proliferation (43). In Trypanosoma brucei, null mutants of
TbMAPK?2 showed a delay in procyclic differentiation, aberra-
tions in cellular and nuclear morphology, and a defect in cell
proliferation at this stage (25). Likewise, the deletion of
TbMAPKS or the overexpression of a kinase-dead mutant of
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FIG. 6. The L. donovani GFPK7 growth defect is linked to limited
de novo protein biosynthesis. (A) Metabolic labeling. (Left) Control
and LdGFPK7 promastigotes were inoculated into amastigote me-
dium, and the number of parasites was determined microscopically by
cell counting. (Right) De novo protein biosynthesis was assessed at the
time points indicated by metabolic labeling with Pro-Mix containing
L-[**S]methionine and L-[**S]cysteine (GE Healthcare). Protein
amounts were normalized by equal cell numbers. An unpaired ¢ test
was applied to the 24- and 48-h time points. **, P value of 0.0018; *#x*,
P value of 0.0001. (B) Western blotting. Total protein extracts or
purified phosphoproteins obtained from wild-type (WT) or GFPK7 (7)
parasites 12 h and 24 h after the induction of amastigote differentiation
were separated by SDS-PAGE, and the abundance of elF2a was re-
vealed by Western blotting. The levels of a-tubulin expression were
assessed for normalization purposes. Molecular mass standards are
indicated (in kilodaltons).

this protein was associated with premature parasite differenti-
ation into the nonproliferating stumpy bloodstream form (14).
The MAPK-related 7. brucei kinase ThECK1 was previously
linked to growth control utilizing transgenic parasites express-
ing a C-terminal deletion mutant of this protein kinase (16).
These data, together with our own findings, clearly establish an
important link of the trypanosomatid MAPK pathway in par-
asite growth control and virulence.

Our data provide the first evidence for a function of
LmaMPK?7 in the control of Leishmania proliferation, which
may occur through a direct regulatory role in the cell cycle
machinery. Mammalian MAPKSs control cell cycle progression
by activating cyclin D1-cdk4 or cyclin B-CDC2 complexes (4,
46). Studies of fibroblast cultures have shown that MAPKs
exert both positive and negative effects on cellular growth
depending on the level and duration of kinase activity. Trans-
fection experiments using active MKK Raf-1 correlated low
MAPK activity with growth stimulation and high MAPK activ-
ity with cell cycle arrest (33), a phenomenon due to the differ-
ential expression of cell cycle-promoting cyclin D1 and cyclin-
dependent kinase inhibitor p21°P, respectively (26, 45).
Although we cannot rule out a similar scenario for GFPK7
amastigotes, a nonsynchronous inhibition of cell growth is
more consistent with a broader metabolic deficiency rather
than a cell cycle-specific defect. This possibility is further sup-
ported by our observation that GFPK7 amastigotes show a
substantial reduction of de novo protein biosynthesis (Fig. 6A).
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Increased LmaMPK7 phosphotransferase activity correlated
with prolonged elF2a phosphorylation following the promas-
tigote-to-amastigote conversion (Fig. 6B), which may interfere
with translation initiation and subsequently cause the various
downstream effects, including growth inhibition.

There are three possible scenarios for how the overexpres-
sion of active LmaMPK?7 may limit the rate of protein trans-
lation. First, transgenic LmaMPK7 may be recognized in an
inappropriate way by a higher-order MAPK kinase (MKK) and
thus interfere with the phosphorylation of a downstream
MAPK that positively regulates protein translation. However,
we would expect that such a quenching effect should also occur
by the overexpression of the inactive LmaMPK7 mutant in
GFPK7_K, which retains its normal TXY activation loop but is
unable to catalyze substrate phosphorylation (22). The absence
of any virulence or growth defect in these cells thus rules out
this quenching model (Fig. 1C, 3B, and 4A).

Second, it is possible that increased LmaMPK?7 activity leads to
a nonspecific phosphorylation of unphysiological substrates, with
a broad effect on cellular metabolism, including protein transla-
tion. Although we cannot rule out this possibility, the reversibility
of the growth defect of GFPK7 amastigotes (Fig. 4B) and the
absence of any significant effects on the viability of these cells
(Fig. 5A) are rather uncharacteristic for such a pleiotropic and
nonspecific phenotype. Furthermore, the overexpression of re-
lated LmaMPK10 had no effect on parasite virulence (Fig. 1)
despite its coinduction during amastigote differentiation (22).

We favor a third model, in which increased LmaMPK?7 ac-
tivity leads to the overphosphorylation of its endogenous sub-
strates, which may be implicated in the regulation of protein
translation. Protein phosphorylation plays a crucial role in
regulating translation initiation with both stimulatory and in-
hibitory effects on protein synthesis. Translation initiation is
enhanced, for example, by the phosphorylation of the transla-
tion initiation factor eIF4E on Ser209 following the treatment
of cells with growth factors and mitogens through the MAPK-
activated protein kinase Mnk1 (28). In contrast, as part of the
cellular response to environmental stress, inhibition of trans-
lation occurs through the phosphorylation of the a subunit of
elF2 at Ser51 by specific eIF2 kinases (13). Hence, based on
our previously reported findings that LmaMPK7 activity is
enhanced in response to heat and pH shock (22) and the
prolonged phosphorylation of eIF2a in GFPKZ7, it is possible
that increased LmaMPK?7 activity mimics an intracellular stress
response, which may affect the regulatory networks underlying
translation initiation. Our current efforts focus on the identi-
fication of these signaling networks by quantitative phospho-
proteomics and the identification of endogenous phosphopro-
tein substrates that are overphosphorylated in GFPK7. The
elucidation of parasite molecules that underlie the growth phe-
notype of GFPK7 amastigotes in intracellular proliferation will
hence increase our understanding of Leishmania growth con-
trol and translational regulation, with potential applicability to
antimicrobial interventions.
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