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The mechanism of action of the fungicidal peptide auristatin PHE was investigated in Cryptococcus neofor-
mans. Since auristatin PHE causes budding arrest in C. neoformans (T. Woyke, G. R. Pettit, G. Winkelmann,
and R. K. Pettit, Antimicrob. Agents Chemother. 45:3580-3584, 2001), microtubule integrity and nuclear
localization in auristatin PHE-treated cells were examined. Iterative deconvolution in conjunction with an
optimized C. neoformans microtubule immunolabeling procedure enabled detailed visualization of the micro-
tubule cytoskeleton in auristatin PHE-treated C. neoformans. The effect of auristatin PHE on C. neoformans
microtubule organization was compared with that of the tubulin-binding agent nocodazole. Both drugs pro-
duced complete disruption first of cytoplasmic and then of spindle microtubules in a time- and concentration-
dependent manner. Sub-MICs of auristatin PHE caused complete microtubule disruption within 4.5 h, while
1.5 times the nocodazole MIC was required for the same effect. For both drugs, disruption of microtubules was
accompanied by blockage of nuclear migration and of nuclear and cellular division, resulting in cells arrested
in a uninucleate, large-budded stage. Nocodazole and the linear peptide auristatin PHE are remarkably
different in structure and spectrum of activity, yet on the cellular level, they have similar effects.

The basidiomycetous budding yeast Cryptococcus neofor-
mans was identified as a human pathogen more than 100 years
ago (5). Due to the growing number of immunocompromised
patients worldwide, the number of invasive infections caused
by this encapsulated yeast has been increasing dramatically (6,
15, 29, 42). The most frequent clinical manifestation of cryp-
tococcal infection is meningoencephalitis, which is fatal if left
untreated. Existing therapies, including polyene and azole an-
tifungals (11, 29, 42, 49), are limited by host toxicities (42) and
the emergence of drug-resistant strains (18, 20).

The pentapeptide auristatin PHE (dovaline-valine-dolaiso-
leunine-dolaproine-phenylalanine-methyl-ester) is a synthetic
modification of the natural marine product dolastatin 10 (37,
38), which is currently undergoing phase I and phase II cancer
clinical trials. Auristatin PHE has fungicidal activity against C.
neoformans and fungicidal or fungistatic activity against vari-
ous species of Trichosporon (39, 50). Auristatin PHE caused C.
neoformans cells to arrest in a large-budded stage (50), sug-
gesting that it might interfere with the microtubule dynamics in
a manner similar to that of nocodazole in Saccharomyces cer-
evisiae (17).

To investigate this possibility, we optimized cell wall diges-
tion and microtubule labeling conditions for C. neoformans.
This procedure, in conjunction with iterative deconvolution
microscopy, allowed detailed visualization of the C. neofor-
mans microtubule network. In iterative deconvolution, the fo-
cal Z plane sections are digitally captured and out-of-focus
light in each section is mathematically removed and/or reduced

by examination of neighboring sections (2, 43). This leads to
image contrast and resolution that are far superior to those
achieved with either standard epifluorescence microscopy or
laser scanning confocal microscopy (3, 28). With these tech-
niques, the microtubule networks of control, auristatin PHE-
treated, and nocodazole-treated C. neoformans were com-
pared.

MATERIALS AND METHODS

Yeast strain and growth conditions. C. neoformans 90112 was obtained from
the American Type Culture Collection (Manassas, Va.). The strain was main-
tained on yeast morphology (YM) agar (Difco Laboratories, Detroit, Mich.).
Cultures for microscopy were grown in YM broth (Difco Laboratories) at 35°C
and incubated with rotary shaking at 280 rpm.

Antifungal agents. Auristatin PHE (Mr �760) was synthesized and purified
using standard purification procedures as previously described (37, 38). Aliquots
were stored desiccated in the dark at room temperature. Prior to each experi-
ment, auristatin PHE was reconstituted in dimethyl sulfoxide (DMSO) to a
concentration of 200 �g/0.1 ml. Stock solutions of 100 �g of nocodazole [methyl-
5-(2-thienylcarbonyl)-1-H-benzimidazole-2-yl-carbamate] (Sigma Chemical Co.,
St. Louis, Mo.)/ml were prepared in DMSO and stored as frozen aliquots at
�20°C. Auristatin PHE and nocodazole were diluted in YM broth to the appro-
priate concentrations, while the concentration of DMSO was maintained at
0.8%.

Drug treatments. MICs for C. neoformans 90112 were determined by broth
microdilution according to the NCCLS standard (33). The MIC of auristatin
PHE was 0.5 �g/ml in RPMI 1640 medium and 4 �g/ml in YM broth, and the
nocodazole MIC was 0.03 �g/ml in RPMI medium and 0.06 �g/ml in YM broth.
For immunofluorescent staining of microtubules, early-logarithmic-phase cul-
tures of C. neoformans in YM broth were treated with 0.7 to 15.8 �M auristatin
PHE or 0.03 to 0.6 �M nocodazole for 0.5 to 4.5 h in a rotary shaker at 35°C and
280 rpm. These concentrations represent 0.125 to 3 times the MIC of the
corresponding compound as determined by broth microdilution in YM broth.
For nuclear localization analysis, a 3.5-h exposure to 0.03 to 8 times the MIC (0.2
to 42.1 �M auristatin PHE; 0.006 to 1.6 �M nocodazole) of each compound was
used. For microtubule staining and nuclear localization experiments, DMSO
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controls and drug-treated samples contained 0.8% DMSO. Cells were prepared
for microscopy immediately after each treatment period.

Immunofluorescent staining. Cultures of C. neoformans (�2 � 106 cells/ml)
were fixed according to the method of Pringle et al. (40). Briefly, 8% aqueous
formaldehyde (Electron Microscopy Sciences, Fort Washington, Pa.) was added
directly to the culture to a final concentration of 4%. After 10 min, cells were
postfixed in phosphate-buffered formaldehyde (50 mM potassium phosphate, 0.5
mM MgCl2, 4% formaldehyde) and incubated for an additional 2 h. For immu-
nolabeling of the microtubule cytoskeleton, fixed cells were rinsed twice in
phosphate sorbitol buffer (PSB, comprising 1 M sorbitol and 0.1 M potassium
phosphate [pH 7.0]). This buffer enhanced labeling and preserved microtubules
better than phosphate-buffered saline (PBS, comprising 0.1 M phosphate buffer
and 0.15 M NaCl [pH 6.8]) or piperazine-N,N�-bis(2-ethanesulfonic acid)
(PIPES) buffer. Cell wall digestion was attempted with glusulase and zymolyase
according to the work of Pringle et al. (40) and with Novozym 234 (Calbiochem-
Novabiochem Corp., La Jolla, Calif.) at 0.1 to 2% with digestion times of 1 to 60
min. Various combinations of different detergents, protease inhibitors, and sulf-
hydryl reducing agents were evaluated, and incubation with antibodies was as-
sessed at 4°C, room temperature, and 35°C. Microtubules were most efficiently
stained as follows. The cell wall was partially digested with 1% Novozym in PSB
containing 0.1% bovine serum albumin (BSA), 0.25 �l of �-mercaptoethanol/ml,
50 �g of phenylmethylsulfonyl fluoride/ml, and 5 �g of aprotinin/ml (Sigma) for
45 min. Cells were rinsed first in PSB and then in PBS and were subsequently
treated for 10 min with 0.1% Nonidet P-40 in PBS containing 4 mM MgCl2 and
4 mM EGTA. Cells were rinsed in PBS and incubated with an anti-	-tubulin
monoclonal antibody (immunoglobulin G; Accurate Chemical and Scientific
Corporation, Westbury, N.Y.) diluted 500-fold in PBS–0.1% BSA–0.01% sodium
azide (PBS-BSA) for 12 to 24 h. After a rinse in PBS, cells were incubated for 12
to 24 h in the dark with a goat anti-mouse antibody conjugated to Alexa 488
(A-11017; Molecular Probes, Eugene, Oreg.) diluted 100-fold in PBS-BSA, and
nuclei were stained with 0.1 �g of 4�,6-diamidino-2-phenylindole (DAPI; Sig-
ma)/ml in H2O for 5 min. All labeling steps were performed in Eppendorf tubes
at room temperature. Labeled cells were allowed to settle on acid-washed,
poly-L-lysine (Sigma)-coated coverslips and were mounted on glass slides in 90%
glycerol–10% 0.1 M PBS (pH 8.6)–2% n-propyl gallate (Sigma).

Visualization of bud scars and nuclei. For visualization of bud scars, formal-
dehyde-fixed cells were stained with 10 �g of wheat germ agglutinin conjugated
with tetramethyl rhodamine isocyanate (TRITC; Sigma)/ml for 10 min at room
temperature. To visualize nuclei, cells were washed in PBS and stained with
DAPI as described above. Stained cells were mounted as described above.

Image capture and analysis. Tubulin-labeled cells were examined using an
Eclipse TE300 inverted microscope (Nikon, Garden City, N.Y.) equipped for
differential interference contrast optics and epifluorescent viewing with a 150-W
xenon bulb and appropriate filters. All images were observed with a Plan-
Neofluor 100�/1.4 (oil immersion) objective, captured using a low-light-level
Quantix charge-coupled device camera (Roper Scientific Inc., Tucson, Ariz.),
and processed with Isee software (Inovision Corp., Raleigh, N.C.). Thirty optical
sections were captured at 0.2-�m intervals, and out-of-focus light was removed
by iterative deconvolution. Untreated cells were selected and arranged in a
temporal sequence based on the developmental characteristics of the microtu-
bules. For microtubule imaging in drug-treated C. neoformans over time, image
capturing was performed at drug concentrations equivalent to 1.5 times the MIC
(as determined in YM broth) for both auristatin PHE (7.9 �M) and nocodazole
(0.3 �M). Deconvolved image projections were collapsed into two dimensions.
Images were processed in Photoshop 6.0 (Adobe Systems, Mountain View,
Calif.) and printed using an NP-1600 M Medical Color Printer (Codonics, Inc.,
Middleburg Heights, Ohio). Three independent experiments were performed. At
each given time point and drug concentration, �200 cells were examined. Images
were described as follows: control-like, if 
90% of the stained cells had an intact
microtubule network; disrupted with spindles present, if 
90% of the stained
cells had disrupted microtubules but spindles were present; completely dis-
rupted, if 
90% of the stained cells had completely disrupted cytoplasmic and
spindle microtubules; completely disrupted with accumulation of tubulin frag-
ments in two distinct areas of the cell, if 
90% of the cells fit this description.

To determine the location and number of nuclei in drug-treated versus control
cells, a minimum of 200 budding, wheat germ agglutinin-TRITC- and DAPI-
stained cells were counted and described for each of three independent exper-
iments, and standard errors of the means were calculated. Cells were examined
using an Eclipse TE300 inverted microscope equipped with appropriate filters.
Images were captured at drug concentrations equivalent to 1.5 times the MIC (as
determined in YM broth) for both auristatin PHE (7.9 �M) and nocodazole (0.3
�M). Images were processed and printed as described above.

RESULTS

Optimized microtubule visualization. Many variables in fix-
ation, cell wall digestion, and immunostaining were compared
to optimize microtubule preservation and labeling in C. neo-
formans. Methods described for microtubule staining of other
yeasts (40) served as a starting point. The optimized procedure
included postfix washing in PSB containing 1 M sorbitol; par-
tial cell wall digestion with 1% Novozym 234, �-mercaptoetha-
nol, and protease inhibitors; and plasma membrane extraction
with Nonidet P-40. Furthermore, deconvolution yielded im-
ages superior to those obtained by confocal microscopy or
standard epifluorescence microscopy.

Drug-induced disruption of microtubules. The microtubule
cytoskeleton of C. neoformans exhibited distinct developmen-
tal patterns throughout the vegetative cell cycle. Abundant
interphase cytoplasmic microtubules, mostly localized subcor-
tically, formed a loosely interwoven meshwork surrounding the
nucleus (Fig. 1A). Microtubules extended into the bud, parallel
to its growing axis, as the bud emerged (Fig. 1B). During
mitosis, cytoplasmic microtubules became less abundant, while
spindle and astral microtubules assembled (Fig. 1C and D).
Astral microtubules were abundant and appeared to associate
with the cell cortex (Fig. 1E, F, and G). Upon the completion
of mitosis, cytoplasmic microtubules reappeared as spindle and
astral microtubules depolymerized (Fig. 1H). Cytoplasmic in-
terphase microtubules extended longitudinally as well as tan-
gentially throughout the cytoplasm, surrounding the nucleus
(Fig. 1A, B, and H).

Immunofluorescent tubulin staining of auristatin PHE- and
nocodazole-treated C. neoformans revealed that both com-
pounds caused disruption of microtubules in a concentration-
and time-dependent manner. At 0.5 times the MIC (2.6 �M),
auristatin PHE caused complete microtubule disruption within
4.5 h (Table 1). Nocodazole caused complete disruption be-
tween 2.5 and 3.5 h at 1.5 times the MIC (0.3 �M) (Table 1).
Exposure to 7.9 �M auristatin PHE (1.5 times the MIC) re-

FIG. 1. Microtubule cytoskeleton and nuclear position during the
C. neoformans cell cycle. Immunofluorescent imaging of microtubules
(anti-	-tubulin antibodies) was merged with nuclear staining (DAPI).
Individual cells are arranged in their presumed order during the cell
cycle (from panel A to panel H). Bar, 5 �m.
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sulted in a slow and gradual disappearance of the microtubule
cytoskeleton (Table 1; Fig. 2), with initial disruption of micro-
tubules occurring by 30 min (Table 1; Fig. 2B). Increased
disruption occurred after 1.5 h, and by 2.5 h tubulin-associated
fluorescence was restricted to five to eight bright plaques dis-
tributed throughout the mother cell and bud cytoplasm (Table
1; Fig. 2D). During late stages of treatment with either drug,
tubulin-associated fluorescence was primarily limited to two
bright plaques, one located in the mother cell and one in the
bud (Table 1; Fig. 2E). Nocodazole exposure took slightly
longer to achieve the same degree of microtubule-inhibitory

effects, but once disruption started, the microtubule cytoskel-
eton disappeared within approximately 1 h (Table 1; Fig. 3). In
the presence of either drug, spindle microtubules were more
stable than cytoplasmic microtubules (see, e.g., Fig. 2C).
DMSO alone had no noticeable effect on the C. neoformans
microtubule cytoskeleton (data not shown). Rhodamine-phal-
loidin staining revealed that neither auristatin PHE nor no-
codazole visibly affected the actin cytoskeleton of C. neofor-
mans at drug concentrations up to 3 times the MIC (15.8 �M
auristatin PHE; 0.6 �M nocodazole) (data not shown).

The MIC of auristatin PHE (as determined in RPMI me-
dium) for S. cerevisiae is 
64 �g/ml (50)). At concentrations up
to 263.2 �M (200 �g/ml) and exposure times up to 12 h,
auristatin PHE had no apparent effect on the S. cerevisiae
microtubule network (data not shown).

Drug-induced blockage of nuclear migration and cytoplas-
mic and nuclear division. Since microtubules are essential for
nuclear migration and division in budding yeasts (16, 17), we
examined nuclear localization in drug-treated C. neoformans.
Wheat germ agglutinin-TRITC was used to reveal bud scars on
previously divided C. neoformans mother cells. A 3.5-h expo-
sure to various concentrations (sub-MIC to 8 times the MIC)
of auristatin PHE or nocodazole demonstrated a concentra-
tion-dependent increase in mother cells containing a single
nucleus, while binuclear arrangements with one nucleus in the
mother cell and one nucleus in the daughter cell decreased
(Fig. 4). This inhibition of nuclear migration and division
started to occur at sub-MICs and plateaued at 3 times the MIC
for both drugs; at this concentration, approximately 90% of the
cell population was uninucleate, with the nucleus in the mother
cell (Fig. 4). Within the auristatin PHE-treated cell population,
approximately 3% of the cells had two nuclei in the mother cell
at drug concentrations of 0.5 and 1 times the MIC (Fig. 4A).
Figure 5 shows representative images of control cells (Fig. 5A)
and cells treated with 1.5 times the MIC of auristatin PHE
(Fig. 5B) or nocodazole (Fig. 5C).

FIG. 2 and 3. Immunofluorescent imaging of microtubule disruption in drug-treated C. neoformans cells. Cells were fixed 0 (A), 0.5 (B), 1.5 (C),
2.5 (D), and 3.5 (E) h after treatment with 7.9 �M auristatin PHE (1.5 times the MIC) (Fig. 2) or 0.3 �M nocodazole (1.5 times the MIC) (Fig.
3). After 3.5 h, tubulin remnants accumulated in two discrete regions in the mother cell and the daughter cell (arrows). Bar, 5 �m.

TABLE 1. Degree of microtubule disruption during treatment with
various concentrations of auristatin PHE and nocodazole

Concna
Resultb at the following exposure time (h):

0 0.5 1.5 2.5 3.5 4.5

Auristatin PHE
0.7 (0.1) � � � � � �
2.6 (0.5) � � � ● ● ●●
5.3 (1) � � ● ● ● ●●●
7.9 (1.5) � ● ● ●● ●●● ●●●

10.5 (2) � ● ●● ●● ●●● ●●●
15.8 (3) � ● ●● ●● ●●● ●●●

Nocodazole
0.03 (0.1) � � � � � �
0.1 (0.5) � � � � � �
0.2 (1) � � � � � ●
0.3 (1.5) � � ● ● ●●● ●●●
0.4 (2) � � ● ●● ●●● ●●●
0.6 (3) � ● ●● ●● ●●● ●●●

a Expressed as a micromolar concentration and (in parentheses) as the con-
centration relative to the MIC. For example, 0.7 �M auristatin PHE is equivalent
to 0.1 times the MIC.

b Symbols: �, DMSO control-like; ●, disrupted microtubules, with spindles
present; ●●, completely disrupted cytoplasmic and spindle microtubules; ●●●,
complete disruption and accumulation of tubulin fragments in two distinct areas
of the cell.
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FIG. 4. Nuclear orientations of C. neoformans cells treated with auristatin PHE (A) or nocodazole (B). Cells were fixed 3.5 h after treatment
with DMSO alone for controls or with 0.03 to 8 times the MIC of either drug (0.2 to 42.1 �M auristatin PHE; 0.006 to 1.6 �M nocodazole). Nuclei
were either in the mother cell (M), in the daughter cell (D), in both (M/D), or in the neck (N), or two nuclei were present in the bud (D/D) or
in the mother cell (M/M). Bars, means � standard errors of the means for three independent experiments.
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DISCUSSION

Organization of the microtubule cytoskeleton and drug-in-
duced disruption. In mammalian cells, the sea hare-derived
peptide dolastatin 10 and its synthetic derivative auristatin
PHE inhibit in vitro tubulin polymerization and the binding of
vinblastine and GTP to mammalian tubulin (36, 37). In the
fungus Uromyces appendiculatus, dolastatin 10 disrupts micro-
tubules (41). We recently reported that a 4-h exposure to �2.6
�M auristatin PHE (4 times the MIC, as determined in RPMI
medium) resulted in a C. neoformans population consisting
almost entirely (�97%) of large-budded cells (50). These re-
sults led us to evaluate the effects of auristatin PHE on the
microtubule organization of C. neoformans and to compare
them to those of a compound known to interfere with the
microtubule cytoskeleton in yeast (17, 21). Protocols for visu-
alizing the microtubule network of C. neoformans were opti-
mized by using immunofluorescence methods described for
yeasts (40), and conditions resulting in the most consistent and
thorough microtubule labeling were defined. In addition, we
found that iterative deconvolution microscopy yielded much
greater detail than standard two-dimensional epifluorescence
microscopy or confocal microscopy. To our knowledge, the
microtubule network of C. neoformans had not been described
by use of immunofluorescence until last year (23). In the pre-
vious study (23), formaldehyde-fixed cells were made perme-
able with lysing enzymes from Trichoderma harzianum, and
stained cells were examined by standard epifluorescence mi-
croscopy. These authors also noted distinct arrangements of
the cryptococcal microtubule cytoskeleton during the vegeta-
tive cell cycle and found microtubule topology and dynamics to
be similar to those of the fission yeast Schizosaccharomyces.
Our results suggest that the microtubule topology of C. neo-
formans is unique within the fungi due to the presence not only
of longitudinal microtubule arrangements but also of abundant
tangential microtubule arrangements.

Application of our optimized labeling protocol in conjunc-
tion with deconvolution technology enabled detailed visualiza-
tion of the effects of the anticryptococcal peptide auristatin
PHE and the broad-spectrum benzimidazole nocodazole. No-
codazole binds �-tubulin and interferes with microtubule as-
sembly in both animal and fungal cells in vitro and in vivo (8,

10, 14, 17, 21, 24, 34, 44). Auristatin PHE and nocodazole
caused complete disruption of both spindle and cytoplasmic
microtubules in C. neoformans. In the presence of either drug,
spindle microtubules were more stable than cytoplasmic mi-
crotubules, which disappeared first. Jacobs et al. (17) also
observed this phenomenon in nocodazole-treated S. cerevisiae
via immunofluorescent tubulin staining and electron micros-
copy. The patterns of disruption caused by the two compounds
differed in the concentration required and the rate. At the
MIC, it took 4.5 h for nocodazole to cause a visible antimicro-
tubule effect, whereas C. neoformans exposed to 0.5 times the
auristatin PHE MIC exhibited a completely disrupted micro-
tubule cytoskeleton after 4.5 h. However, once the process
started, nocodazole led to a more rapid microtubule disrup-
tion. To our knowledge, this is the first description of the effect
of nocodazole on cryptococcal microtubules at the immuno-
fluorescence level.

In nocodazole-treated Saccharomyces, disassembled micro-
tubules have been reported to remain at or near the spindle
pole bodies (SPBs) visualized as tubulin plaques, which are
normally located close together (13, 16, 17). The loss of mi-
crotubules in S. cerevisiae does not interfere with SPB dupli-
cation but blocks SPB separation (17). In contrast, tubulin
plaques in budding-arrested C. neoformans treated with au-
ristatin PHE or nocodazole were not located in close proximity
but instead were in the mother cell and daughter cell. Whether
these remain at or near the SPBs in C. neoformans is not
known.

Blockage of nuclear migration and mitosis, and cell cycle
arrest. Intranuclear as well as cytoplasmic microtubules are
crucial for nuclear elongation and division in budding yeasts
(16, 17, 22), fission yeasts (47, 48), Aspergillus spp. (34), and
plants (30). Auristatin PHE and nocodazole caused complete
inhibition of nuclear migration and nuclear and cellular divi-
sion in C. neoformans, which is likely a consequence of the
microtubule disruption caused by the compounds. Models of
nuclear migration in S. cerevisiae suggest that cytoplasmic mi-
crotubules interact with a cell component (asymmetrically dis-
tributed) which through the SPB applies a force to the nucleus
and spindle (4) and that the migration of the nucleus to the
neck is mediated by the capture of microtubule ends at one

FIG. 5. Standard fluorescent imaging of inhibition of nuclear migration and division in drug-treated C. neoformans cells. Chitin staining using
wheat-germ agglutinin conjugated with TRITC revealed chitin rings at the bud neck (arrow) and bud scars (arrowhead) on previously divided
mother cells (asterisk). The TRITC label was merged with DAPI labeling. Cells were fixed 3.5 h after treatment with either DMSO alone (control)
(A), 7.9 �M auristatin PHE (1.5 times the MIC) (B), or 0.3 �M nocodazole (1.5 times the MIC) (C). Bar, 5 �m.
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cortical region at the incipient bud site, followed by microtu-
bule depolymerization (1). Such models for nuclear migration
into the daughter cell do not exist for C. neoformans to date. As
in other basidiomycetous yeasts, mitosis occurs within the
daughter cell in C. neoformans (26, 27, 45), and this has been
described in detail by use of electron microscopy (31, 32).
Quantitation of nuclear locations in auristatin PHE- or no-
codazole-treated C. neoformans revealed a concentration-de-
pendent increase in uninucleate cells, with the nucleus located
in the mother cell, while binucleate arrangements decreased.
Our results suggest that cells that had undergone mitosis at the
point of drug treatment finished the cell cycle in progress. We
presume that in the following drug-exposed cell cycle, cells
proceeded until they reached nuclear migration, where they
arrested, leading to the accumulation of uninucleate, large-
budded cells (with the nucleus located randomly within the
mother cell). A phenomenon seen only in auristatin PHE-
treated cells was a small percentage of binucleate cells with
both nuclei located in the mother cell. Interestingly, this ar-
rangement was seen only at intermediate concentrations of
auristatin PHE. This aberrant arrangement could be the result
of mitosis occurring in the bud with both nuclei translocated
back to the mother, or it could result from mitosis occurring in
the mother cell.

Conclusions about mechanisms of action. Yeast tubulins
diverged from the animal tubulins approximately 1,100 million
years ago and are, in general, more homologous to animal
tubulins than to tubulins from other eukaryotic organisms (9).
In C. neoformans, there are two �-tubulin genes, TUB1 and
TUB2. TUB1 is more conserved and more highly expressed and
encodes a �-tubulin with approximately 81, 82, and 84% ho-
mology to �-tubulins from Aspergillus nidulans, humans, and
Schizophyllum commune, respectively (7). Benzimidazoles such
as nocodazole have been shown to specifically interact with the
�-tubulin subunit of fungal microtubules (12, 19, 25, 35, 46). In
C. neoformans, TUB1 �-tubulin is believed to represent the
primary benzimidazole target (7), and it may also be the target
of auristatin PHE. Auristatin PHE has been shown to inhibit
the in vitro polymerization of mammalian tubulin (37). Our
microscopic observations with C. neoformans suggest that au-
ristatin PHE may have the same effect in this yeast; however,
spectrophotometrical results with purified cryptococcal tubulin
will be required to distinguish inhibition of polymerization
from drug-induced depolymerization. A genetic approach to
identify C. neoformans targets by using auristatin PHE-resis-
tant mutants, as well as other nonlethal mutants, is under way.
While nocodazole and auristatin PHE are remarkably different
in structure and spectrum of activity, they appear, on the ul-
trastructural level at least, to have similar modes of action.
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