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ABSTRACT The parasitic protozoan Leishmania mexi-
cana amazonensis has two developmental stages: a motile flag-
ellated promastigote stage and a sessile intracellular amasti-
gote stage. In our previous work, cells of the promastigote
stage were found to synthesize more tubulin protein than those
of the amastigote stage. Here, tubulin mRNAs in these leish-
manias were analyzed. Based on dot blot hybridization be-
tween total leishmanial RNA and tubulin-specific cDNA
probes derived from chicken brain, amastigotes and promasti-
gotes were found to have approximately equal amounts of a-
and 3-tubulin mRNAs. RNA blotting of leishmanial RNA, us-
ing chicken tubulin cDNA probes, showed that amastigotes
and promastigotes both gave a single mRNA species of 2100
nucleotides for a-tubulin in roughly similar quantities. How-
ever, such analysis for (-tubulin revealed mainly a single
mRNA species of 3600 nucleotides for amastigotes and three
species of 2800, 3600, and 4400 nucleotides for promastigotes,
the smallest mRNA being the most predominant. Thus, regu-
lation of gene expression appears to be different only for P-
tubulin between the two developmental stages of this protozo-
an.

Species of the parasitic protozoa in the genus Leishmania or
Trypanosoma are etiologic agents of a variety of diseases in
humans and animals (1). A characteristic feature of these
protozoa is the presence of abundant and functionally dis-
tinct microtubules. Flagellar microtubules are involved in lo-
comotion, subpellicular microtubules are involved in the
maintenance of cell shape, and nuclear spindle microtubules
are involved in cell division (2). It has been reported that
taxol, a microtubule stabilizing drug, blocks cell division of
Trypanosoma cruzi but has no effect on its cellular motility
(3). This finding not only indicates the functional importance
of microtubules but also suggests their type or structural het-
erogeneity.
The major structural unit of microtubules is the protein

tubulin, which is a dimer composed of a and p subunits (4).
Tubulins of trypanosomatid protozoa have been analyzed at
both the protein and nucleic acid levels. The identities of
tubulin and microtubules have been verified in Leishmania
donovani (5), Leishmania tropica (6), and Leishmania mexi-
cana (7). Anti-tubulin antibodies have been detected in the
sera of dogs with naturally occurring visceral leishmaniasis
(8). With respect to the different types of microtubules,
monoclonal antibodies to bovine brain microtubules and
yeast tubulin can distinguish flagellar and subpellicular mi-
crotubules of Trypanosoma brucei (9) and Trypanosoma
rhodesiense, respectively (10). Using materials derived from

flagellar and subpellicular microtubules and from the cyto-
plasmic tubulin pool of Crithidia fasciculata, Leishmania
tarentolae, and T. brucei, three separate assembly-compe-
tent tubulin fractions have been purified and found by two-
dimensional gel electrophoresis and peptide mapping to dif-
fer in molecular structure (11, 12). Differences in tubulin
proteins suggest the existence of different tubulin genes. In-
deed, most eukaryotes, including the trypanosomatid proto-
zoa, have multiple genes encoding for tubulin (13, 14). The
a- and j-tubulin genes of T. brucei are tandemly duplicated
(15, 16), whereas those of Leishmania enriettii are in sepa-
rate a and f3 clusters (17). Whether the multiple tubulin genes
of trypanosomatid protozoa give rise to different tubulin pro-
teins remains to be investigated.
We have studied leishmanias as a model for eukaryotic

cell differentiation (7, 18-20), because they can be induced
in vitro to change back and forth between a flagellated motile
promastigote stage and an intracellular sessile amastigote
stage. Our previous work on protein biosynthesis during
leishmanial differentiation showed a good correlation be-
tween the biosynthetic activity of tubulin and the length of
microtubules in leishmanial flagella and cytoskeleton during
cell differentiation (7). We further isolated the polyadenylyl-
ated RNAs from both stages of leishmanias and carried out
in vitro translation using the rabbit reticulocyte cell-free sys-
tem. This led to the unexpected finding that amastigotes and
promastigotes have similar amounts of translatable tubulin
RNA, although the former synthesize much less tubulin pro-
tein than the latter in vivo (18). Thus, our previous finding
indicated post-transcriptional control for tubulin biosynthe-
sis during leishmanial differentiation.

In this paper, we report our results based on a direct anal-
ysis of tubulin mRNAs from amastigotes and promastigotes
of L. mexicana. Evidence presented indicates that the two
leishmanial stages have, indeed, similar amounts of a- and (3-
tubulin mRNA, but they may have different species of the
latter.

MATERIALS AND METHODS
Parasites. L. mexicana amazonensis amastigotes and pro-

mastigotes were grown in vitro and harvested as described
(7, 21). For some experiments, the Josefa strain of L. mexi-
cana amazonensis (UISS 150492, LV81, WR364R) was also
used. Josefa strain amastigotes were maintained in vivo as
skin lesions on the tail base or foot pad of BALB/c mice.
Lesions were excised and homogenized in Hanks' balanced
salt solution. After a low-speed centrifugation to remove de-
bris, amastigotes were pelleted, washed, and counted. Via-
bility of amastigotes was determined by the erythrosin B dye
exclusion test (22). For each batch of RNA extraction, at
least 2.5 x 109 amastigotes were used. Josefa strain amasti-
gotes were also maintained in vitro in J774.1n- macrophages
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(21). Infected cells were collected from each 150-cm2 tissue
culture flask, pelleted, and suspended in 1 ml of hypotonic
solution (42.5 mM KCl/S mM MgCl2) for 4 min (23). This
was followed by several rapid needle passages and suspen-
sion in 35 ml of phosphate-buffered saline with 2 mM EDTA.
Amastigotes were pelleted, washed, counted, and their via-
bility was determined as described. Josefa strain promasti-
gotes were grown in Schneider's Drosophila medium supple-
mented with 15% heat-inactivated fetal bovine serum (24).
For RNA extraction, 1010 logarithmic phase promastigotes
were used.

Purification of Leishmanial RNA. Total leishmanial cellu-
lar RNA was isolated by two different methods. In Method 1
(18, 25), cell pellets were dissolved in 5 ml of lysis buffer (0.1
M Tris-HCl, pH 9/0.1 mM EDTA/1% NaDodSO4/0.4 M
NaCl/100 ,ug of heparin per ml) and extracted once with an
equal volume of saturated phenol containing 0.1% 8-hy-
droxyquinoline. This was mixed with a Vortex for 1 min and
centrifuged at 20,000 x g for 10 min at 40C. The aqueous
phase was collected and the phenol phase was reextracted
with 4 ml of lysis buffer. The combined aqueous phase was
extracted once with phenol and once with chloroform/iso-
amyl alcohol, 24:1 (vol/vol). The RNA was precipitated by
the addition of 2.5 vol of ethanol at -20'C overnight. Con-
taminating DNA was removed by spooling with a glass rod
or by LiCl solubilization, and RNA was collected by centrif-
ugation at 20,000 x g for 30 min at 20C. Finally, the leishma-
nial RNA was dissolved in 0.5 ml of 10 mM Hepes (pH 7.5)
and stored at -70°C. In Method 2 (26), 8 ml of buffer A (0.1
M sodium acetate, pH 6/0.001 M EDTA/2% NaDodSO4/10
mg of bentonite per ml) was mixed with 5 ml of phenol (90%o
phenol/10% m-cresol/1% 8-hydroxyquinoline) at 4°C for the
extraction of leishmanial RNA. The remainder of the proce-
dure was as described for Method 1. From total cellular
RNA prepared by Methods 1 or 2, polyadenylylated RNA
was isolated using an oligo(dT)-cellulose column as de-
scribed (18, 26, 27). Quantitation of RNA was determined
spectrophotometrically at 260 nm or, for small amounts, by
ethidium bromide dye binding with known standards (28).

In Vitro Labeling of Plasmid DNA. Whole plasmids con-
taining tubulin inserts were labeled by nick-translation using
[a-32P]dCTP, and the nick-translated plasmid DNA (about
108 cpm/,ug) was separated from unincorporated dCTP by
Sephadex G-50 column chromatography (29, 30). The plas-
mids used were as follows: a-253 and 1-37 corresponding to
a- and ,B tubulin cDNAs of Chlamydomonas (ref. 31; courte-
sy of Carolyn Silflow, University of Minnesota), and pT1
and pT2 corresponding to chicken brain a- and ,B-tubulin
cDNAs (ref. 32; courtesy of Don Cleveland, Johns Hopkins
University).

Analysis of Leishmanial RNA by Dot Blot and RNA Blot
Hybridization. Relative tubulin mRNA levels of amastigotes
and promastigotes were compared by dot hybridization (33),
with the exception that the total RNA (3 pg) was used in-
stead of a cytoplasmic fraction. For RNA blot hybridization,
total RNA (up to 10 ,g) or poly(A)+ RNA (1 ,ug) samples
were electrophoresed on horizontal 1.5% agarose gels con-
taining 6% formaldehyde (34). After electrophoresis, the gels
were soaked in 0.5 M ammonium acetate containing 1 Mg of
ethidium bromide per ml for 15 min, and they were then
treated with 50 mM NaOH for 15 min. The RNA samples
were transferred from the agarose gels to nitrocellulose fil-
ters (35). RNA blot hybridization was carried out according
to Wallach et al. (36), except that both the 6-hr prehybridi-
zation [in a solution containing 50% formamide/2x Den-
hardt's solution/50 mM Tris HCl, pH 7.5/0.1% sodium py-
rophosphate/0.1% NaDodSO4/10% dextran sulfate/0.9 M
NaCl/100 ug of calf thymus DNA per ml (lx Denhardt's
solution = 0.02% bovine serum albumin/0.02% Ficoll/
0.02% polyvinylpyrrolidone)] and the 16-hr hybridization

(with nick-translated DNA probe added at 10 ng/ml) were
done at 420C. Blot washings and autoradiography were car-
ried out according to Thomas (35), and the blots were stained
afterward with methylene blue to check the amount and size
of transferred rRNA (30).

RESULTS
Analysis of Tubulin mRNAs in Leishmanial Promastigotes.

Total cellular RNA and poly(A)+ RNA were extracted
(Method 2) and electrophoresed under denaturing conditions
on agarose gels. The RNA was transferred to nitrocellulose
and hybridized with nick-translated Chlamydomonas tubulin
cDNA probes (Fig. 1). These heterologous probes hybrid-
ized well with leishmanial RNA under stringent conditions.
With the a-253 probe, one band was detected in promasti-
gote poly(A)+ RNA (lane 4). With the /&37 probe, three
bands were seen (lane 6). Based on rRNA as size markers,
the estimated sizes are 2100 nucleotides for leishmanial a-
tubulin, and 2800, 3600, and 4400 nucleotides for leishmanial
/3-tubulin. The smallest species (2800 nucleotides) is the pre-
dominant /3-tubulin mRNA in promastigotes. However, in
addition to the single a-tubulin band and the three &ftubulin
bands, other faint, discrete bands of smaller size were al-
ways detectable in the samples using total RNA (lanes 3 and
5) but not in those using poly(A)+ RNA. These discrete
bands of smaller size were also detected in poly(A)- sam-
ples, which contained little, if any, of the predominant tubu-
lin RNA bands (data not shown). As they were hybridizable
to tubulin cDNA probes, these bands may indicate specific
degradation of the tubulin message in leishmanias. However,
the exact nature of these additional bands is unclear.
Comparison of the Relative Amounts of Tubulin RNA in

Amastigotes and Promastigotes. Initially, we found that it was
relatively difficult to isolate enough amastigotes and to ex-
tract undegraded RNA from these cells. A rapid amastigote
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FIG. 1. RNA blot hybridization of L. mexicana promastigote
RNA. Lanes: 1 and 2, hamster poly(A)- and leishmanial total RNA,
methylene blue-stained bands of rRNA as size markers; 3 and 4,
total and poly(A)+ leishmanial RNA hybridized to Chlamydomonas
a-tubulin probe; 5 and 6, total and poly(A)+ RNA hybridized to
Chlamydomonas 3-tubulin probe. [The a-tubulin band of the total
RNA lane does not migrate exactly as that of the poly(A)+ RNA
lane because of the presence of rRNA in the tubulin banding region.]
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FIG. 2. Dot blot hybridization of total RNA from L. mexicana
promastigotes and amastigotes. Top two rows, equal amount (3 pg)
of amastigote (A) and promastigote (P) RNA in serial 1:2 dilutions,
hybridized to chicken brain j3tubulin probe (the fourth promastigote
dot was not filtered properly); bottom two rows, promastigote and
amastigote RNA hybridized to chicken brain a-tubulin probe.

isolation method was subsequently used, and total RNA was

obtained from leishmanial amastigotes derived from mouse

foot pad lesions (Method 1). Equal amounts of total RNA
from amastigotes and promastigotes, in serial dilutions, were

loaded onto nitrocellulose for dot hybridization, and the
RNA was hybridized to the chicken brain tubulin cDNA
probes pT1 and pT2 (Fig. 2). As with the Chlamydomonas
probes, the chicken probes also hybridized to leishmanial
RNA under stringent conditions. As determined by densito-
metric scanning, the corresponding dots of amastigote and
promastigote RNAs showed similar levels of hybridization
with both probes, with an average amastigote/promastigote
ratio of 1:1.35 for a-tubulin and 1:0.91 forB-tubulin. Thus,

1 2

the quantity of tubulin RNAs is quite comparable between
the two developmental stages.
Comparison of Tubulin RNA Species Between Amastigotes

and Promastigotes. Equal amounts of total RNA from amas-
tigotes and promastigotes were electrophoresed under dena-
turing conditions, transferred to nitrocellulose, and hybrid-
ized with the pTl probe. (The amount of RNA transferred
was consistent, as determined by ethidium bromide staining
of the three leishmanial rRNA bands.) Both amastigote and
promastigote total RNA contain a single band of comparable
intensity that was hybridizable to pT1 (chicken a-tubulin
probe; Fig. 3). This result confirms that both amastigotes
and promastigotes of L. mexicana have similar amounts of
a-tubulin RNAs (per unit of total cellular RNA) and that they
are the same size (2100 nucleotides; see Fig. 1).
Equal amounts of total RNA from amastigotes and pro-

mastigotes were also hybridized to pT2 (chicken f3tubulin
probe) under stringent conditions (Fig. 4). Whereas the total
RNA of promastigotes gave three bands (2800, 3600, and
4400 nucleotides), with the 2800-nucleotide RNA species
predominant (compare to Fig. 1), the total RNA of amasti-
gotes gave a different pattern. The predominant band for ,f
tubulin RNA of amastigotes was the 3600-nucleotide species
(corresponding to the middle band in promastigote RNA spe-
cies), although there may be a faint lower band at 2800 nucle-
otides. Moreover, the relative intensity of the single j-tubu-
lin band of amastigotes appears to equal the combined band-
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FIG. 3. RNA blot hybridization of leishmanial RNA. Equal
amounts of total RNA from amastigotes (lane 1) and promastigotes
(2) were hybridized to chicken brain a-tubulin probe. Lanes 3 and 4
are the corresponding methylene blue-stained bands for rRNA of the
same nitrocellulose filter.

FIG. 4. RNA blot hybridization of leishmanial RNA. Equal
amounts (6.5 ,g) of total RNA from promastigotes (lane 1) and
amastigotes (lane 2) were hybridized to chicken brain 3-tubulin
probe. Lanes 3 and 4 are the corresponding methylene blue-stained
bands for rRNA of the same nitrocellulose filter.
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FIG. 5. RNA blot hybridization of leishmanial RNA. Total RNA
from promastigotes (lane 1) and amastigotes (lane 2) of the Josefa
strain, and from promastigotes (lane 3) and amastigotes (lane 4) of L.
mexicana amazonensis were hybridized to chicken brain 3-tubulin
probe. Amastigotes of lane 2 were derived from animal skin lesions,
and those of lane 4 were from infected macrophages in culture.

ing intensities of the three &3-tubulin bands of promastigotes.
The same results were obtained in the hybridization experi-
ment of total RNAs with the chicken 3-tubulin probe, irre-
spective of the sources of amastigotes from mouse lesions or

cultured macrophages (Fig. 5). Thus, the ,3tubulin RNA
species of L. mexicana are different between amastigotes
and promastigotes.

DISCUSSION

In the present study, we have examined the a- and f3-tubulin
mRNAs in the two developmental stages of L. mexicana
amazonensis. As assayed by dot blot hybridization, both
amastigotes and promastigotes were found to have similar
amounts of tubulin RNA. This result confirms our previous
finding on the production of the same amount of tubulin pro-
tein by in vitro translation with the polyadenylylated RNAs
froth the two leishmanial stages (18). Since the amastigotes
synthesize much less tubulin protein than the promastigotes
in vivo (7), there must be post-transcriptional regulation of
tubulin biosynthesis during leishmanial differentiation. The
tubulin mRNA may be localized within ribonucleoproteins,
masked and unavailable for translation in amastigotes, but
becomes readily available for translation during the early
phase of amastigote-to-promastigote differentiation (7). In
the insect trypanosome Crithidia, =45% of translatable poly-
adenylylated RNA has been found to be localized in a non-
polysomal compartment (37).
By RNA blot hybridization, we have found in the present

study that both amastigotes and promastigotes possess a
2100-nucleotide a-tubulin mRNA in roughly equal amounts.

However, for /3-tubulin mRNA, amastigotes have mainly a
single species of 3600 nucleotides, while promastigotes have
three-namely, a 2800-, a 3600-, and a 4400-nucleotide spe-
cies (with the smallest being the most predominant). The
quantity of the single species of amastigote /3-tubulin mRNA
appears to be equal to the sum of the three promastigote tu-
bulin mRNAs. Since we have previously shown that the two
leishmanial stages have similar amounts of translatable tubu-
lin mRNAs by in vitro translation (18), these mRNA species
are most likely translatable. Similar high molecular weight
tubulin mRNAs have been noted before. There are three
high molecular weight f3-tubulin mRNAs (between 3500 and
4000 nucleotides) in the chicken. These mRNAs have also
been found to be translatable, and they are differentially ex-
pressed in a variety of chicken cell lines and tissues (38).
The estimated sizes for L. mexicana tubulin mRNAs are in

accord with published data on tubulin genes of the guinea pig
leishmania L. enriettii (17). L. enriettii has a-tubulin genes of
2000 nucleotides and (-tubulin genes of 4000 nucleotides
(-15 copies each in two separate tandem repeats). Our re-
sults with L. mexicana RNA are also similar to those of pre-
vious investigators, who showed that tubulin genes of L. en-
riettii are hybridizable to probes for P-tubulin derived from
Chlamydomonas and for a-tubulin derived from Drosophila
(17, 39). Three tubulin RNA bands, similar to those seen by
us in L. mexicana promastigotes, were reported for L. en-
riettii promastigotes (40). Molecular species of L. enriettii
amastigote tubulin RNAs have not been reported. In con-
trast to our finding of equal amounts of tubulin mRNAs in
both amastigotes and promastigotes of L. mexicana, L. en-
riettii was found to have 5- to 10-fold more tubulin mRNA in
the promastigotes than in the amastigotes (41). This discrep-
ancy can be explained by species differences between hu-
man and guinea pig leishmanias or by a difference in experi-
mental procedures. The amastigotes of L. mexicana used in
our work were derived from animal lesions and from cul-
tured macrophages, while those of L. enriettii used by others
were obtained by temperature-induced transformation of
promastigotes (40, 42).
The multitubulin hypothesis proposes that different micro-

tubular structures are assembled from different tubulins, and
that tubulin heterogeneity has functional significance (43).
Conceivably, the three ,&tubulin mRNAs detected in the
promastigotes of L. mexicana may reflect a heightened level
of differential expression for tubulins needed in their varied
metabolic activities involving flagellar, mitotic, and cyto-
skeletal microtubules. However, while there are ample cases
for 3-tubulins encoded by different genes (such as the two
human ,3tubulins with different carboxyl-terminal residues;
see ref. 14), there are also cases for a single ,B-tubulin with
multiple functions (such as the genetic evidence for a Dro-
sophila testis-specific ,-tubulin that is involved in meiosis,
nuclear shaping, and axoneme assembly; see ref. 44). Thus,
whether tubulin heterogeneity is a reflection of strict func-
tional specialization must await careful analysis in each indi-
vidual system.
Our work suggests that there are different regulatory

mechanisms for a- and 13-tubulin biosynthesis during leish-
manial differentiation. This is demonstrated in our previous
study of tubulin biosynthesis in vivo-i.e., a more rapid
change in the synthesis for f3-tubulin than for a-tubulin dur-
ing leishmanial transformation (7). Additional evidence is
our finding of the same a-tubulin mRNA for both amasti-
gotes and promastigotes and different species of,B-tubulin
mRNA for amastigotes and promastigotes in the present
study. Whereas the a-tubulin may be under strict post-tran-
scriptional control, the f-tubulin regulation may be a com-
plex phenomenon. For 3-tubulin, the relationship between
the single amastigote mRNA and the three promastigote
mRNAs is unclear, although the amastigote mRNA may cor-
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respond to one of the three based on size similarity. The oc-
currence of three Oromastigote /3-tubulin mRNAs suggests
either differential processing of a common mRNA precursor
synthesized from a single gene, or different levels of expres-
sion of tubulin mRNAs from several genes. Since both amas-
tigote and promastigote mRNAs direct the in vitro synthesis
of a similar amount of tubulin protein (18), it is more likely
that the three mRNAs are different species rather than the
products of a common precursor. Whether the three ftubu-
lin mRNAs of promastigotes are derived from the same or
different genes can be determined by cDNA cloning and nu-
cleotide sequencing of the /3-tubulin mRNAs.
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