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Overexpression of S4D Mutant of Leishmania donovani ADF/Cofilin
Impairs Flagellum Assembly by Affecting Actin Dynamics
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Division of Molecular and Structural Biology® and Electron Microscopy Unit,” CSIR-Central Drug Research Institute, Lucknow, India

Leishmania, like other eukaryotes, contains large amounts of actin and a number of actin-related and actin binding proteins.
Our earlier studies have shown that deletion of the gene corresponding to Leishmania actin-depolymerizing protein (ADF/cofi-
lin) adversely affects flagellum assembly, intracellular trafficking, and cell division. To further analyze this, we have now created
ADF/cofilin site-specific point mutants and then examined (i) the actin-depolymerizing, G-actin binding, and actin-bound nu-
cleotide exchange activities of the mutant proteins and (ii) the effect of overexpression of these proteins in wild-type cells. Here
we show that S4D mutant protein failed to depolymerize F-actin but weakly bound G-actin and inhibited the exchange of G-ac-

tin-bound nucleotide. We further observed that overexpression of this protein impaired flagellum assembly and consequently
cell motility by severely impairing the assembly of the paraflagellar rod, without significantly affecting vesicular trafficking or
cell growth. Taken together, these results indicate that dynamic actin is essentially required in assembly of the eukaryotic

flagellum.

Reorganization of actin cytoskeleton is central to several funda-
mental processes in eukaryotes, including cell division, cell
shape regulation and, transmission of extracellular stimuli toward
the cell interior. Such diverse functions of actin cytoskeleton have
been attributed to the dynamic character of actin, which requires
high turnover of actin monomers in its filamentous meshwork by
a treadmilling process (11). This process is greatly facilitated by
the actin-depolymerizing protein (ADF)/cofilin family of actin
binding proteins (40). These proteins generally have three distinct
biochemical activities, viz., F-actin depolymerization, actin fila-
ment severing, and nucleotide exchange (12). By virtue of these
activities, ADF/cofilins play a key role in regulating the actin dy-
namics and associated functions in eukaryotes (7). Functions of
the actin cytoskeleton have been considered important not only in
higher eukaryotes but also in several parasites that cause life-
threatening human diseases, such as Plasmodium (5, 49), Acan-
thamoeba (10, 23), Trypanosoma (13, 21), Leishmania (30, 47),
and others.

Leishmania spp. constitute a group of medically important
protozoan parasites that are responsible for a vast array of devas-
tating human diseases, including kala-azar (visceral leishmania-
sis). These organisms exist in two morphobiological forms, amas-
tigotes (inside the human host) and promastigotes (in the insect
vector), which undergo extensive cytoskeletal rearrangement dur-
ing their transformation from one form to the other (25). The
promastigote form possesses a single highly motile protruding
flagellum, which drives the cell to move forward, whereas the ru-
dimentary flagellum in amastigotes has been considered impor-
tant to establish host-parasite interactions (22). Further, a direct
involvement of the promastigote flagellum has been demon-
strated in sandfly infection (16). Apart from being important for
parasite biology, the Leishmania flagellum has also been consid-
ered a good model system to study the biology of flagella and cilia
in connection with ciliopathies in humans (4, 22).

The Leishmania flagellum is comprised of two main structural
components, the axoneme and the paraflagellar rod (PFR).
Whereas the axoneme powers beating in most eukaryotic flagella
(44), the PFR has been implicated in flagellar motility and wave-
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form generation (42). All eukaryotic flagella are microtubule-
based dynamic structures, which utilize the microtubule-based
motor proteins, kinesins and dyneins, for trafficking proteins
from the base to the tip and vice versa in a process called intrafla-
gellar transport (IFT) during their assembly and disassembly (re-
cently reviewed in reference 28). Although there are several stud-
ies which have shown the presence of actin and actin binding
proteins in the flagellar compartment (19, 31, 32, 34, 47, 52, 55,
57), their role in the assembly and functions of the flagellum has
not yet been fully explored.

Our previous studies have shown that besides containing actin
(LAACT), Leishmania donovani parasites also contain a homolog
of ADF/cofilin (LdCof), not only in their cell bodies but also in the
flagella (47, 52). It has further been shown that knockout of the
LdCof gene in Leishmania promastigotes results in short, stumpy,
and nonmotile cells with shorter and paralyzed flagella (52). Ad-
ditionally, it has been reported that in LdCof null mutants, most of
the actin was present in the form of bundles, suggesting a possible
role of LdCof-mediated actin dynamics in assembly of the flagel-
lum. To further investigate this, we have now created LdCof mu-
tants in which the serine-4 residue was replaced with aspartate
(S4D) or alanine (S4A) and have analyzed the effects of their over-
expression in wild-type cells. In addition, we expressed these mu-
tant proteins in bacteria and, after their purification and charac-
terization, analyzed their biochemical properties in terms of actin
binding, actin depolymerization, and exchange of actin-bound
nucleotides. Our results revealed that overexpression of the S4D
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mutant of LdCofimpairs the assembly of the Leishmania flagellum
by altering the actin dynamics in wild-type cells.

MATERIALS AND METHODS

Cell culture and transfections. Leishmania donovani cells were main-
tained in high-glucose Dulbecco modified Eagle medium (DMEM) sup-
plemented with 10% heat-inactivated fetal bovine serum and 40 pg/ml
gentamicin at 25°C. Leishmania promastigotes were transfected by elec-
troporation (52) and plated on DMEM agar plates containing 20 pg/ml
tunicamycin (a nucleoside antibiotic required for selection of cells trans-
fected with p6.5MCS plasmid for constitutive expression of recombinant
proteins in Leishmania). Independent colonies were picked and cultured
in liquid medium (DMEM with appropriate additives). L. tarentolae
T7/TR cells (Jena Biosciences, Germany) were maintained in brain heart
infusion broth containing hemin (0.0005%, wt/vol), penicillin-strepto-
mycin (5 units penicillin/100 ml and 5 pg streptomycin/100 ml), and two
other antibiotics, nourseothricin (NTC) and hygromycin, at 100 pg/ml.

DNA constructs and proteins. Forward primers were designed to re-
place serine-4 (S4) with aspartate (D) or alanine (A) in the LdCof gene
(52), whereas reverse primers contained a hexahistidine tag in frame. The
PCR-amplified products were subcloned in pET21d (Novagen) and
p6.5MCS (kind gifts from K. P. Chang, Rosalind Franklin University of
Medicine and Science) expression vectors for expression in bacteria and
Leishmania, respectively, and were designated as S4D and S4A genes.
These clones were sequenced by the dideoxy chain termination method to
confirm the mutations that were introduced in the LdCof gene.

LdCof and the mutant proteins, S4D and S4A, were expressed in
BL21(DE3) Rosetta strain (Novagen) and purified to homogeneity, as
described earlier (52). Purified proteins were subjected to N-terminal se-
quencing to reconfirm the replacement of S4 by D or A. Purified proteins
were analyzed by circular dichroism and fluorimetry to ensure the gross
structural identity (results not shown).

Rabbit skeletal muscle actin was purified from rabbit muscle acetone
powder as described previously (41) and stored in lyophilized form at
—80°C after addition of sucrose (2 mg/mg protein). G-actin was subjected
to size exclusion chromatography each time after a new frozen vial was
thawed, and only the peak fractions of monomeric actin were used in the
experiments. To prepare ADP.actin monomers, ATP.actin was first po-
lymerized and then dialyzed thoroughly against G-actin buffer (5 mM
Tris-Cl, 0.2 mM CaCl,, 0.5 mM dithiothreitol [DTT], and 0.2 mM NaNj,
pH 8.0) containing 0.5 mM ADP and 80 uM MgCl,. To replace ADP by
NS-etheno-ATP (e-ATP) (Molecular Probes) on actin monomers, the ac-
tin polymer pellets were resuspended in G-actin buffer containing 0.5 mM
€-ATP and the nucleotide exchange was allowed to take place for 24 h at
4°C in the dark. Excess e-ATP was removed by exchanging the medium
with G-actin buffer containing 30 wM e-ATP by repeatedly passing
through a 30-kDa-cutoff Centricon filter (Millipore). To prepare
€-ADP.G-actin, e-ATP.G-actin was polymerized, and the pellets obtained
after ultracentrifugation were dialyzed in G-actin buffer containing 30
M e-ATP and 80 M MgCl,. All G-actin preparations were ultracentri-
fuged to remove any insoluble material prior to experimentation. e-ATP/
e-ADP labeled actin preparations were stored on ice in the dark and used
within 24 h.

Leishmania donovani actin (LdACT) was expressed and purified using
a Leishmania tarentolae-based inducible expression system (Jena Biosci-
ences, Germany). The L. donovani actin gene (47) was cloned in pLexsy-I
ble vector (Jena Biosciences, Germany) at Ncol and Kpnl restriction sites
to have a hexahistidine tag (His,) at its C terminus. The LAACT clone thus
obtained was transfected by electroporation in L. tarentolae strain T7/TR
(Jena Biosciences) and selected with 100 wg/ml bleomycin along with
NTC and hygromycin according to the instructions of the manufacturer.
Clones were selected by plating transfected cells on brain heart infusion
(BHI) agar plates and subcultured in BHI broth containing appropriate
additives. One of the expressing clones was used throughout for expres-
sion and purification of LdACT. For expression, 200 ml BHI broth was
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first inoculated with 20 ml of a 48-h-grown culture and then allowed to
grow further for 48 h with mild shaking (60 rpm) at 26°C. Protein expres-
sion was induced by addition of 10 wg/ml tetracycline. Cells were har-
vested after 24 h of induction by centrifugation and washed once with
chilled phosphate-buffered saline, pH 7.4 (PBS), containing 0.5% (wt/
vol) glucose. The cells were lysed in lysis buffer (PBS containing 0.2 mM
MgCl,, 0.5 mM ATP, 1%[vol/vol] Triton X-100, and protease inhibitors)
on ice for 30 min. The lysate was briefly sonicated to reduce viscosity and
centrifuged at 20,000 X g for 20 min at 4°C, and the cleared lysate was
passed through an Ni-nitrilotriacetic acid (Ni-NTA) fast-flow matrix
(Qiagen). The matrix was washed with 50 column volumes of lysis buffer
containing 20 mM imidazole, and LAACT was eluted in lysis buffer con-
taining 200 mM imidazole. The eluted LAACT was dialyzed in G-actin
buffer for 48 h with one buffer replacement at an interval of 24 h. Dialyzed
proteins were concentrated using Centricon (Millipore) and ultracentri-
fuged at 100,000 X g for 40 min to remove any insoluble material.

F-actin binding and depolymerization. F-actin sedimentation assay
of rabbit muscle actin (actin) and Leishmania donovani actin (LdACT)
was carried out as described previously (52) in the presence or absence of
LdCof, $4D, or S4A protein. The supernatants and the pellets were ad-
justed to the same volume and analyzed by 12% SDS-PAGE. After staining
with Coomassie brilliant blue R-250, gels were scanned and band densities
were quantified using ImageMaster software (Amersham Pharmacia).

Actin pulldown assay. Actin monomer binding with LdCof, S4D, or
S4A protein was assessed by actin pulldown assay as described previously
(52). Briefly, ADP.G-actin (5 wM) was incubated separately with various
concentrations of LdCof, S4D, and S4A proteins for 1 h at room temper-
ature. The reaction mixture was mixed with Ni-NTA superflow beads
(Qiagen) and centrifuged briefly to sediment the bead-bound proteins.
After thorough washing of the beads with G-actin buffer containing 0.5
mM ADP, bead-bound proteins were eluted using 100 mM EDTA in
G-actin buffer. The eluates were analyzed by 12% SDS-PAGE to assess the
binding of LdCof and its mutants with ADP.G-actin.

Binding of LdCof, S4D, and S4A proteins with LdAACT was assessed by
using lysates of an LdCof null mutant (LdCof™ /7Y (52). The cells were
lysed by sonication in G-actin buffer containing 0.5 mM ADP and pro-
tease inhibitor cocktail (Sigma), and clear supernatants were collected
after centrifugation at 100,000 X gfor 1 h at 4°C. The lysate was pretreated
with Ni-NTA beads and then incubated with various concentrations of
LdCof, S4D, and S4A proteins for 1 h on ice. Supernatants and bead-
bound proteins were separated as described above, and LAACT contents
in different fractions were analyzed by Western blotting using anti-
LdACT antibodies. Band intensities of Coomassie blue-stained gels or
Western blots were quantified using ImageMaster software (Amersham
Pharmacia).

Nucleotide exchange assay. Exchange of actin-bound nucleotide un-
der steady-state polymeric conditions was performed as described previ-
ously (12) with slight modification. Briefly, e-ATP.G-actin was polymer-
ized for 2 h by addition of KCI (50 mM), MgCl, (2 mM), and €-ATP (30
mM). The F-actin (20 uM) thus obtained was incubated separately with
20 pM each of LdCof, S4D, or S4A protein for 20 min at room tempera-
ture, and the nucleotide exchange was assessed by monitoring the rate of
fluorescence decrease (A, = 350 nm; A, = 410 nm) at 25°C immediately
after addition of ATP (1 mM). Similarly, nucleotide exchange on G-actin
was measured by incubating e-ADP.G-actin (20 uM) with an equimolar
amount of LdCof, S4D, or S4A protein for 20 min in G-actin buffer. The
decrease in fluorescence was monitored after addition of a chase amount
of ATP, as described above. In control reactions, the decrease in fluores-
cence was monitored in the absence of LdCof, S4D, or S4A protein after
addition of 1 mM ATP.

Transmission electron microscopy. For transmission electron mi-
croscopy, cells were washed once with chilled phosphate-buffered saline
(PBS) and fixed in 4% paraformaldehyde (freshly prepared) containing
1% glutaraldehyde in PBS for 1 h at room temperature. After repeated
washings with PBS, the cells were postfixed with 1% OsO, in PBS at room
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temperature for 2 h and encapsulated in 2% low-melting-point agarose
(Sigma). Samples were stained en bloc with 1% aqueous uranyl acetate,
dehydrated in an ascending series of ethanol mixtures, embedded in
Epon-Araldite plastic mixture, and polymerized at 60°C for 24 h. Ultra-
thin sections (50 to 70 nm) were picked up onto 200-mesh copper grids
and were doubly stained with uranyl acetate and lead citrate. Sections were
analyzed under a FEI Tecnai-12 Twi transmission electron microscope
equipped with a SIS Mega View II charge-coupled-device (CCD) camera
at 80 kV (FEI Co.).

Antibodies, Western blotting, and immunofluorescence. Monospe-
cific polyclonal antibodies to LdCof and LdACT were generated as de-
scribed earlier (47, 52). Anti-a/B-tubulin antibodies were procured from
Sigma. Anti-His rabbit polyclonal antibodies were obtained from Santa
Cruz Biotechnology. Anti-PFR monoclonal antibody (MAb) 2E10 was a
kind gift from Diane McMahon Pratt (Yale University). Lysates of L. don-
ovani expressing LdCof, S4D, or S4A protein as well as wild-type cells were
prepared by resuspending and boiling the cell pellets for 5 min in 1 X SDS
sample buffer. Samples were resolved by SDS-PAGE (12% resolving gel)
and electroblotted onto nitrocellulose membrane (Pall). LdCof, S4D, or
S4A protein and actin were detected using anti-LdCof and anti-LdACT
antibodies, respectively. Blots were developed by using chemilumines-
cence substrate (Millipore), and signals were collected on X-ray films (GE
Healthcare).

Immunofluorescence microscopy was performed as described previ-
ously (52). Briefly, cultured Leishmania cells were washed two times with
chilled PBS containing 0.5% (wt/vol) glucose and settled on poly-L-lysine
coated glass coverslips for 5 min. Adhered cells were fixed with 4% freshly
prepared paraformaldehyde solution in PBS for 30 min at room temper-
ature and then permeabilized using 1% (vol/vol) Triton X-100 in PBS
containing 0.05% (wt/vol) glycine. Coverslips were then treated with
blocking solution (0.5% fish gelatin [Sigma] in PBS) to block nonspecific
interactions with antibodies in subsequent incubations. LAACT, PFR, and
o/B-tubulin were probed with their respective antibodies diluted in
blocking solution. Overexpression of LdCof, S4D, or S4A protein was
probed with anti-His rabbit polyclonal antibody. All the antibody incu-
bations, including those with secondary fluorophore-tagged antibodies,
were carried out at 4°C in the dark with rocking for 4 h. Coverslips were
mounted on fluorescent mounting medium (Merck) and stored at 4°C in
the dark until analysis. Images were captured on a Zeiss LSM510 Meta
confocal microscope using a 63x 1.4-numerical-aperture (NA) (oil) Plan
Apochromat lens. Images were processed and merged for presentation
using Adobe Photoshop version 7.0.

RESULTS

Replacement of serine-4 by aspartate results in inhibition of ex-
change of actin-bound nucleotide by LdCof. Leishmania para-
sites express a homolog of ADF/cofilin, LdCof, which has high
F-actin-depolymerizing activity but only weak F-actin-severing
activity (52). Importantly, LdCof shows nucleotide exchange in
steady-state F-actin solutions, suggesting its involvement in main-
taining a high actin monomer pool by treadmilling. Since phos-
phorylation of serine-3/4 has been shown to inactivate ADF/cofi-
lins (3, 6) and this residue is conserved in LdCof also, we created
LdCof mutants by replacing serine-4 with an aspartate residue
(S4D), which imitates phosphorylated serine, and with an alanine
residue (S4A), which cannot be phosphorylated, and then ana-
lyzed the effects of these mutations on the actin dynamics. These
mutants were expressed in bacteria, purified to homogeneity, and
characterized by sequencing the first 10 N-terminal amino acid
residues. The actin-depolymerizing activity of the mutants was
assessed by sedimentation assay (41). Consistent with our previ-
ous observation (52), LdCof depolymerized both the rabbit mus-
cle actin and LdACT effectively, whereas under identical condi-
tions, the S4D mutant completely failed to depolymerize any of
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FIG 1 Depolymerization of rabbit muscle actin (actin) and Leishmania don-
ovani actin (LAACT) by LdCof, S4D, and S4A proteins. (A) Depolymerization
of rabbit muscle actin (5 pM) by LdCof, S4D, and S4A proteins at various
concentrations. Coomassie blue-stained SDS-PAGE of supernatant (S) and
pellet (P) fractions is shown. LdCof protein (a), unlike S4D protein (b), depo-
lymerized F-actin, whereas S4A protein (c) showed limited F-actin depolymer-
ization. Mr, molecular mass markers. (B) Quantitative analysis of F-actin de-
polymerization by LdCof, S4D, and S4A proteins at various concentrations in
supernatants (a) and pellets (b). Values are expressed as percentages of total
actin and are means from three independent experiments * standard devia-
tions. (C) Panel a, depolymerization of LdAACT (5 uM) by LdCof, S4D, and
S4A proteins, each at 40 uM. Coomassie blue-stained SDS-PAGE of superna-
tant (S) and pellet (P) fractions is shown. LdCof, unlike S4D protein, depo-
lymerized F-actin, whereas S4A protein showed limited F-actin depolymeriza-
tion. Panel b, quantitative analysis of LAACT depolymerization by LdCof, S4D,
and S4A proteins. Values are expressed as percentages of total actin and are
means from three independent experiments = standard deviations. Open bar,
monomeric LdAACT; solid bar, polymeric LdAACT; Cont., control; Mr, molec-
ular weight markers.

these two actins. Interestingly, S4A protein showed only limited
actin depolymerization activity (~50%) (Fig. 1). Since the bind-
ing affinity of LdCof for ADP.actin was high compared to that for
ATP.actin (52), we assessed the binding affinities of S4D and S4A
proteins with the ADP.actin monomers. The binding of both S4D
and S4A proteins with the rabbit muscle ADP.actin was very weak
at all concentrations compared to that of LdCof; however, it was
significant with LAACT (Fig. 2). To further characterize the inter-
actions of S4D and S4A proteins with actin, we also ascertained the
ability of LdCof and its mutants to accelerate nucleotide exchange
on rabbit muscle actin. Since the mutant proteins have shown
differential actin depolymerization and monomer binding activi-
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FIG 2 (A) Binding of actin monomers (5 M) at various concentrations of
LdCof (a), S4D (b), and S4A (c) proteins. Coomassie blue-stained SDS-PAGE
of ADP.actin bound to Ni-NTA beads is shown. (B). Binding of LdCof (a), S4D
(b), and S4A (c¢) with LAACT monomers in lysates of LdCof null mutants (1.6
mg protein/ml) at various concentrations. Western blot analysis of bead-
bound LdACT using anti-LdACT antibodies is shown.

ties (Fig. 1 and 2), nucleotide exchange activity in both the steady-
state F-actin and monomeric ADP.actin solutions was measured.
In the steady-state F-actin solution, S4D protein completely failed
to show any nucleotide exchange, whereas S4A protein exhib-
ited only marginal activity. As nucleotide exchange cannot take
place in the polymeric state of actin (40), these results are con-
sistent with the actin depolymerization capacities of the mu-
tants (Fig. 3A). Unlike in the steady state, in the monomeric
ADP.actin solutions, S4D protein inhibited spontaneous nu-
cleotide exchange, whereas S4A protein accelerated the ex-
change, though to a limited extent, compared to LdCof (Fig.
3B). Together, these results indicated that the N terminus of
the LdCof, specifically serine-4, plays a crucial role in regulat-
ing the actin dynamics in Leishmania cells.

Overexpression of S4D protein results in generation of a
short flagellar phenotype by altering the actin dynamics in wild-
type Leishmania promastigotes. LdCof has been implicated in
regulation of multiple cellular events in Leishmania, such as fla-
gellum elongation, paraflagellar rod (PFR) assembly (52), flagellar
pocket duplication, intracellular vesicular trafficking, and the cell
cycle (51). In principle, LdCof possesses two major biochemical
activities akin to those of ADF/cofilin proteins (40), viz., F-actin
depolymerization and nucleotide exchange activities. However, it
was not clear how these biochemical activities of LdCof could
affect the diverse cellular processes in Leishmania cells. Since S4D
mutant protein failed to depolymerize F-actin but weakly bound
monomeric ADP.LAACT and inhibited the nucleotide exchange
on actin monomers, we overexpressed this protein to analyze the
functional consequences of inhibition of the exchange of actin-
bound nucleotide in wild-type Leishmania promastigotes. All
three proteins, viz., LdCof, S4D, and S4A, were overexpressed
=20-fold as judged by SDS-PAGE analysis followed by Western
blotting using anti-LdCof antibodies (Fig. 4A). Atleast 8 indepen-
dent clones of S4D protein overexpressing Leishmania promasti-
gotes were analyzed for protein expression and morphological
aberrations (see Fig. S1 in the supplemental material), and one of
these clones was analyzed in detail. Although the overexpression
of LdCof or S4A protein in the wild-type cells led to significant
(P < 0.0001) shortening of the length of their flagella (wild type,
13.12 = 1.40 pwm; LdCof overexpressing, 9.97 * 2.03 pm; S4A
protein overexpressing, 8.35 £ 1.51 wm [n = 100]), it did not
significantly affect their cell body length and motility (wild-type
motility, ~96%; LdCof overexpressing, ~ 90%j; S4A overexpress-
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FIG 3 (A) Nucleotide exchange under steady-state polymeric conditions of
actin (20 pM) with 20 uM each of LdCof, S4D, and S4A proteins. The nucle-
otide exchange was assessed by monitoring the rate of fluorescence decrease
(Nex = 350 nm; \,,, = 410 nm) at 25°C immediately after the addition of ATP
(1 mM). (B) Nucleotide exchange on G-actin (20 pM) with 20 wM each of
LdCof, S4D, and S4A proteins. The nucleotide exchange was assessed by mon-
itoring the rate of fluorescence decrease (A, = 350 nm; A,,, = 410 nm) at 25°C
immediately after the addition of ATP (1 mM). Blue, control; black, LdCof;
green, S4D; red, S4A.

0 500

ing, ~90%) (Fig. 5). However, the cells that overexpressed S4D
protein were largely stumpy (94.9% = 3%) and immotile and
possessed considerably short flagella (2.96 * 0.74 wm; n = 100)
(Fig. 5). In order to assess whether these phenotypic effects were
due to some differences in the intracellular distributions of the
overexpressed proteins, the cells were labeled with anti-Hisg anti-
bodies and then analyzed by immunofluorescence microscopy
(Fig. 4B). The S4D and S4A proteins, similarly to the native pro-
tein, were distributed throughout the cell body, including the nu-
cleus and flagellum, in the overexpressing cells.

As S$4D protein-overexpressing cells were morphologically
similar to the LdCof gene knockout mutants, in which PFR was
absent (52), we analyzed the presence of the PFR in the S4D pro-
tein-overexpressing cells by both immunofluorescence micros-
copy and immunoblotting using MAb 2E10 (a kind gift of Diane
McMabhon Pratt, Yale University), which is known to selectively
react with the two major Leishmania PFR proteins, viz., PFR1 and
PFR2 (29). Whereas the flagella of the wild-type, LdCof-overex-
pressing, and S4A protein-overexpressing cells were intensely
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FIG 4 (A) SDS-PAGE analysis showing overexpression of LdCof, S4D, and
S4A proteins in Leishmania donovani cells. Panel a, Coomassie blue-stained
12% SDS-PAGE of total cell lysates showing equal loading of samples. Panel b,
Western blot of panel a using polyclonal rabbit anti-LdCof antibodies, which
detected a specific protein band of about 17 kDa in total cell lysates, and
polyclonal rabbit anti-Leishmania actin antibodies for detection of actin as a
loading control. Panel ¢, Western blot of panel a using polyclonal rabbit anti-
His antibodies for detection of overexpressed proteins and polyclonal rabbit
anti-Leishmania actin antibodies for detection of actin as a loading control.
Mr, molecular mass markers. (B) Intracellular distribution of overexpressed
LdCof, S4D, and S4A proteins in L. donovani promastigotes analyzed by im-
munofluorescence microscopy, using rabbit anti-His antibodies. The S4D and
S4A proteins, similarly to the native protein, are distributed throughout the
cell body, including the nucleus and flagellum, in the overexpressing cells.
Wild-type cells were used as control. Bar, 5 um.

stained by MAb 2E10, the cells that overexpressed S4D protein
remained completely unstained (Fig. 6A), suggesting a loss of PER
proteins in these cells. This was strongly supported by our failure
to detect these proteins in the whole-cell lysates of the S4D pro-
tein-overexpressing cells by immunoblotting (Fig. 6B). The ob-
served complete absence of PFR proteins in the whole-cell lysates
could primarily be due to their rapid degradation in the cyto-
plasm, which has also been suggested by earlier investigators (2,
36). To further confirm the loss of the PFR assembly in $S4D pro-
tein-overexpressing cells, we analyzed about 20 transverse and
longitudinal sections each of the LdCof, S4D-, and S4A protein-
overexpressing cells along with the wild-type cells by transmission
electron microscopy (Fig. 7A). Unlike the LdCof and S4A protein-
overexpressing cells, which showed the PFR structure continu-
ously running along the axoneme, almost all (>90%) of the cells
that overexpressed S4D protein were devoid of such a structure.
Besides, similarly to the ADF/cofilin and myosin XXI gene knock-
out mutants (33, 52), S4D protein-overexpressing cells also did
not show any residual PFR structure or the fibers that link the
axoneme to the PFR, which are seen prominently in the PFR gene
knockout mutants (36) under the transmission electron micro-
scope.

Since, based on the results of our in vitro studies (Fig. 1 to 3),
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FIG 5 (A) Analysis of flagellar length versus body length of wild-type cells
(blue) and LdCof (red), S4D (pink), and S4A (green) protein-overexpressing
cells. A total of 100 cells were analyzed in each case. (B) Analysis of percentages
of motile and nonmotile cells among wild-type cells and LdCof, S4D, and S4A
protein-overexpressing cells. A total of 100 cells in each case were counted.
Values are expressed as percentages of the total number of cells and are means
from three independent experiments = standard deviations.

S4A

overexpression of S4D protein is expected to reduce the actin dy-
namics in cells, we analyzed the frequency of occurrence of the
filament-like structures in the wild-type and S4D protein-overex-
pressing cells along with the LdCof heterozygous (LdCof */~) and
homozygous (LdCof ~/7) mutants. For this, first the cells were
labeled with anti-Leishmania coronin antibodies, as described by
us earlier (39), and then the number of cells that contained actin
filament-like structures of 2 um or greater in length were counted.
A total of five fields, with each field containing at least 30 cells,
were examined in each case (Fig. 7B). Based on this analysis, sig-
nificantly more S4D protein-overexpressing (23.96% = 6.41%),
LdCof "'~ (31.28% =* 9.30%), and LdCof '~ (91.30% = 3.79%)
cells than wild-type cells (16.39% = 2.38%) showed filament-like
structures.

Intracellular actin distribution and vesicular trafficking in
S$4D protein-overexpressing cells. In Leishmania cells, actin is
diffusely distributed throughout the cell body, including the fla-
gellum, kinetoplast, and nucleus, and sometimes shows filament
bundles and patches (30, 47). However, upon complete ablation
of LdCof in these cells, most of actin accumulates in the form of
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FIG 6 (A) Analysis of PFR assembly in LdCof, S4D, and S4A protein-overex-
pressing cells. Cells were processed for immunofluorescence analysis as de-
scribed in Materials and Methods. PFR1 and PFR2 proteins were stained with
MAD 2E10. The immunofluorescence images showed that S4D protein-over-
expressing cells were largely negative for PFR staining, whereas both the LdCof
and S4A protein-overexpressing cells were positively stained. Bar, 5 um. (B)
Western blot analysis of the major PFR protein (PFR1 and PFR2) expression in
S4D-overexpressing cells. Panel a, Coomassie blue-stained polyvinylidene di-
fluoride membrane; panel b, Western blot of panel a using MAb 2E10 anti-
body. Anti-Leishmania actin antibodies were used to stain actin as the internal
loading control.

bundles, and no actin is seen in the residual flagellum by immu-
nofluorescence (51, 52). As the S4D protein overexpression phe-
notypes closely resembled those of the LdCof gene deletion mu-
tants, we also analyzed the distribution of actin in these cells.
Along with actin, the cells were also labeled for tubulin to assess
the length of the flagellum axoneme. Immunofluorescence mi-
croscopy revealed that the actin distributions in S4D and S4A
protein-overexpressing cells were almost the same as that in the
wild-type cells (Fig. 8A). However, similarly to the case for the
LdCof null mutants (52), a flagellar sleeve (membrane extension
without axoneme) (17) was clearly visible beyond the length of the
axoneme (stained with antitubulin antibodies) in the flagella of
$4D protein-overexpressing cells. This was further confirmed by
transmission electron microscopy, where a sleeve-like structure
was clearly seen in at least 20% of the longitudinal sections of the
flagellum (Fig. 8B).

Actin dynamics are also involved in intracellular vesicular traf-
ficking and cell division in Leishmania cells (33, 51). Therefore,
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FIG 7 (A) Transmission electron micrographs of thin sections of flagella from
chemically fixed whole cells, showing the absence of PFR in S4D protein-overex-
pressing cells. Longitudinal sections (LS) of the flagella show the axoneme (AX)
and PFR confined between the axoneme and the flagellar membrane in wild-type
and LdCof, $4D, and S4A protein-overexpressing cells. Bar, 200 nm. Cross sec-
tions (CS) of the flagellum show the presence of PFR in wild-type and LdCof and
S4A protein-overexpressing cells and the complete absence of this structure in the
CS of the S4D protein-overexpressing promastigotes. Bar, 200 nm. (B) Quantifi-
cation of numbers of cells containing filament-like structures after labeling with
anti-coronin antibodies (39) to assess the effects of S4D protein overexpression on
the frequency of the occurrence of actin filament-like structures. Values shown are
means from five fields, with each field containing 30 cells. P values: wild type versus
S4D-overexpressing cells, <0.05; wild type versus LdCof™/~, <0.01; LdCof ™/~
versus S4D-overexpressing cells, > 0.10. P values were calculated using Student’s t
test.

S4D protein-overexpressing cells were assessed for trafficking of
endocytic vesicles using FM4-64 dye, which is known to be inter-
nalized by the endocytic activity and to traffic down toward the
posterior pole with time (37, 48). Interestingly, vesicular traffick-
ing remained unaffected in S4D protein-overexpressing cells (see
Fig. S2 in the supplemental material), suggesting selective distur-
bances in the flagellar actin dynamics. As LdCof "'~ heterozygous
mutants (52) were depleted of only about 50% of the total LdCof,
we also analyzed the intracellular trafficking of FM4-64 dye in
these cells. Interestingly, these mutants, like S4D protein-overex-
pressing cells, also did not show any inhibition of the vesicular
trafficking compared to that in the wild-type cells (see Fig. S2 in
the supplemental material). Further, no significant differences
were observed between the growth patterns of the LdCof and S4D
protein-overexpressing cells (or the LdCof */~ mutants) (see Fig.
S3 in the supplemental material). Taken together, these results
indicated that S4D protein overexpression selectively affects the
flagellum assembly in Leishmania cells.
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FIG 8 (A) Analysis of actin distribution and length of flagellar axoneme in
LdCof, S4D, and S4A protein-overexpressing cells. In wild-type and overex-
pressing cells, actin and tubulin were stained with polyclonal rabbit anti-Leish-
mania actin antibodies and polyclonal mouse anti-o,3-tubulin antibodies,
respectively. Actin distributions in S4D and S4A protein-overexpressing cells
were similar to that in wild-type cells. A flagellar sleeve (membrane extension
without axoneme [16]) was clearly visible beyond the length of the axoneme
(stained with antitubulin antibodies and marked by an arrow) in the flagella of
$4D protein-overexpressing cells. Bar, 5 pm. (B) Ultrastructure of flagellar
sleeve (arrows) in S4D-overexpressing Leishmania cells by transmission elec-
tron microscopy. Elongated (a) and bulbous (b) membrane extensions beyond
the axoneme extremity are seen. Bar, 200 nm.

DISCUSSION

The present study shows that the replacement of serine-4 by an
aspartate residue in LdCof completely abolishes the actin-depo-
lymerizing activity of this protein. It further shows that the S4D
mutant weakly binds G-actin and inhibits the spontaneous ex-
change of actin-bound nucleotide. This suggests that overexpres-
sion of this protein in the wild-type cells might subtly affect the
actin dynamics by competing with the native LdCof, which in turn
may adversely affect the Leishmania cellular activities that are
highly dependent on the optimal dynamics of actin. Since overex-
pression of S4D protein selectively affected the flagellar assembly
and consequently the motility without affecting the other gross
cellular activities, our results demonstrate that dynamic actin is
essentially required in the assembly of the Leishmania flagellum.
Regulation of the flagellar length has long been a puzzle, and it
has been addressed mostly by the current knowledge of the intra-
flagellar transport (IFT) system, which operates through the mi-
crotubule-based motor proteins (28). As the flagellar compart-
ment does not contain any protein translation machinery, such as
ribosomes, all the flagellar proteins are synthesized in the cyto-
plasm, assembled into protein complexes, and then transported
selectively to the flagellar compartment (20, 43). In transport both
“across” and “within” the flagellar compartment, only the micro-
tubule-based transport systems have been implicated (14, 28). In-
terestingly, the actin cytoskeleton, which plays a key role in the
intracellular trafficking, has not received its due attention despite

758 ec.asm.org

the evidenced presence of actin and actin-binding proteins in this
organelle (31, 32, 38, 47, 52, 58).

Actin has an inherent tendency to form filaments, which act as
tracks for motor proteins such as myosins, forming acto-myosin
motors for short-distance cargo movements in collaboration with
the microtubule-based motors that are responsible for long-dis-
tance movements (24, 45, 46). As actin and myosin (myosin XXI)
are freely available in both the cytoplasmic and flagellar compart-
ments (32, 47) in Leishmania, they may be expected to form an
acto-myosin transport system, which may play an important role
in transport of the flagellar protein complexes from the cytoplasm
to the flagellar base and/or across and within the flagellar com-
partment. Since the intracellular trafficking is not significantly
influenced by the overexpression of S4D protein, we infer that
perhaps the transport of these complexes across and/or within the
flagellar compartments is affected in the S4D protein-overex-
pressing cells.

To achieve the optimal activity of the acto-myosin motors,
actin filaments need to be in a highly dynamic state (15, 50, 60).
Apparently, a ready pool of polymerizable actin is the key to the
maintenance of the high actin dynamics. As the protein transport
across the flagellar compartment has been reported to be highly
selective (8,27, 39), this may limit the transport of actin across the
cytoplasm-flagellum interface. Our results show that S4D protein
is very well diffusible across this interface. We therefore envisage
that with a limiting amount of actin, inhibitory activity of S4D
protein on actin-bound nucleotide exchange may cause a signifi-
cant reduction in the polymerizable pool of actin monomers. Un-
der such a condition, if the actin monomers do not diffuse freely
from the cytoplasm to the flagellar compartment to compensate
the polymerizable actin pool, alterations in the dynamics of the
actin filaments would be an obvious consequence. Fitting in the
hypothesis of an actin-based transport system in the flagellar com-
partment (33), reduced actin dynamics should affect the acto-
myosin motor function, which in turn may hamper the assembly
of the flagellar components. This partly explains why both the
heterozygous ADF/cofilin gene knockout mutant and S4D pro-
tein-overexpressing Leishmania cells show short flagellar pheno-
types without showing any significant effect on the intracellular
vesicular trafficking, which has been reported to be significantly
reduced in ADF/cofilin null and myosin XXI-depleted Leishmania
cells (33, 52).

It is intriguing to note that the S4D protein-overexpressing
cells, myosin XXI heterozygous gene knockout mutants (33), and
ADF/cofilin gene deletion mutants (52) all possess small flagella
without any PFR structure and the axoneme attachment fibers. In
these cells the axoneme structure near the flagellar tip region also
is missing, suggesting a role of the actin dynamics not only in the
assembly of the PFR and the axoneme attachment fibers but also
in the axoneme assembly. Defects in the axoneme assembly have
also been observed in L. mexicana mitogen-activated protein
(MAP) kinase (LmxMKK) gene deletion mutants (56). Further,
LmxDH?2.2 null cells have been reported to have nonemerging
flagella with defective axoneme organization and no PFR (2).
However, deletion of LmxMK3 (another MAP kinase) results in a
short flagellar phenotype, with significant defects only in the PFR
assembly (18). As the PFR assembles only on the flagellar region
outside the flagellar pocket region, it may be argued that a mini-
mum length of the axoneme is required for PFR assembly. There
are two supports to this hypothesis: (i) the null mutant of SMP-1
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(a flagellar membrane protein) shows a flagellar length averaging
around 7 pm with fully assembled PFR (53), and (ii) about 17% of
the total population of one of the two null mutants of LmxMPK3
(mutant A2), having an average flagellar length of about 6.7 pm,
show normal PFR architecture (18). However, this argument can
be downplayed through two separate studies, one on the same
SMP-1 protein where cells treated with myriosin and ketocona-
zole bore a very short axoneme (54) and the other on null mutants
of the outer dynein arm-docking complex (LdDC2), having mean
flagellar lengths of 3.7 pm and 2.9 pm (26). In both these in-
stances the PFR is fully assembled. Clearly, more studies are re-
quired to dissect the mechanisms that correlate the axoneme as-
sembly with the PFR assembly.

One distinct feature of the S4D-overexpressing cells is that these
cells are stumpy with small flagella, morphologically similar to ADF/
cofilin gene knockout mutants (52), myosin XXI heterozygous gene
deletion mutants (33), and many other flagellar mutants (2, 16, 18,
26, 53, 56), including a recently reported dysflagellar strain of L. bra-
ziliensis (59). Based on these studies, we envisage that like in Trypano-
soma brucei (1, 35), a correlation may exist between the flagellar
length and the cell body length. However, this appears to be unten-
able, because unlike the Trypanosoma flagellum, which is physically
attached to the cell body through the flagellar attachment zone, the
Leishmania flagellum is largely free, and there is no clear evidence to
relate the flagellar length to the cell body length. Moreover, the flagel-
lar length has been shown to vary in different growth stages of Leish-
mania promastigotes in culture, with 3-fold differences between the
flagellar lengths of early-log-phase and stationary-phase parasites
(33). In addition, overexpression of the microtubule-depolymerizing
kinesin in Leishmania leads to the short flagellar phenotype with no
significant effect on the cell body length (9). Interestingly, all the fla-
gellar mutants that have short flagella with a stumpy shape are non-
motile, whereas others, such as early-log-phase cells or kinesin-over-
expressing cells, are fully motile. Since the motile cells retain their
spindle shape despite having shorter flagella and the nonmotile cells
are invariably short and stumpy, we hypothesize that cell motility is
the key factor that maintains the cell shape.

Our results show that dynamic actin is essentially required
in flagellum assembly, especially in the assembly of the PFR and
the axoneme attachment fibers. It further indicates that dy-
namic actin may also play a role in axoneme assembly. Based on
these and our earlier observations (33, 52), we infer that the
actin-based myosin motor function is essentially required in
the PFR assembly and also in the assembly of the axoneme
fibers. In addition, we suggest that this motor function might
also be required in the axoneme assembly. Finally, it is pro-
posed that an intimate cross talk between the IFT and the actin-
based myosin motor activities is perhaps required in the assem-
bly of the eukaryotic flagellum.
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