from the coagulation bath (see the figure).

Our efforts to use the carbon nanotube
fibers as artificial muscles provided another
surprise (14). All fibers made by the Vigolo
et al. (2) process swell in diameter by up to
~200% when immersed in water or an
aqueous electrolyte, resulting in markedly
decreased modulus and strength. Interbun-
dle stress transfer within the fiber is appar-
ently facilitated by residual poly(vinyl alco-
hol) from the spinning bath. Immersion in
an aqueous solution transforms the
poly(vinyl alcohol) into a gel with little
binding capability, causing the fibers to
partially expand. The fiber swelling re-
mains above 50% even if the precursor rib-
bon-shaped nanotube mesh is washed in
water for several days, apparently because
the poly(vinyl alcohol) is strongly bound to
the nanotubes. Fortunately, the swelling and
degradation in aqueous liquids can be
avoided by simply annealing the as-spun
fibers at temperatures as low as 400°C for
1 hour while maintaining a vacuum (/4).
Thereafter, the carbon nanotube fibers
provided actuator performance exceeding
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that reported for carbon nanotube sheets (7).

The brilliant work of Vigolo et al. (2) pro-
vides the first spinning process that can be
modified to provide fibers comprising mostly
single-wall carbon nanotubes. I am confident
that by building upon their discoveries, it will
be possible to devise an economically viable
process for spinning strong nanotube fibers.
However, at the current price of purified sin-
gle-wall carbon nanotubes (~$1000/g), sin-
gle-wall carbon nanotube fibers are only at-
tractive for devices requiring little material.
The HiPco nanotubes, which will become
commercially available in small quantities
this fall, may eventually remove this cost bar-
rier. These tubes perform particularly well in
the Vigolo et al. process (2), require no pu-
rification, and are believed to be scalable to
economic volume production at a much low-
er price than present methods.

Once economic production of inexpen-
sive high-quality single-wall nanotubes can
be realized, large devices and strong com-
posites may become commercially viable.
Until then, the universe of nanotube applica-
tions will be largely restricted to the smaller

(but no less interesting) world of nanoscale
devices and nanothickness coatings.
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Turning Up the Heat on
Histoplasma capsulatum

Bruce S. Klein

our planet, yet remarkably few of
them cause disease in humans. This
happy coexistence may be set to change,
however, as opportunistic fungal species
(such as Candida albicans and Aspergillus
fumigatus) and pathogenic fungi (such as
Histoplasma capsulatum) take advantage
of patients who are immunosuppressed ei-
ther because of treatment with toxic can-
cer drugs or because of a primary infec-
tion with, for example, human immunode-
ficiency virus. The AIDS epidemic itself
has changed the epidemiology of fungal
diseases (/) with a dramatic increase in
the number of opportunistic fungal infec-
tions—for example, the incidence of cryp-
tococcal meningitis caused by the fungus
Cryptococcus neoformans has increased
1000-fold in New York City alone.
Dimorphic fungi—the silent majority
of pathogenic fungal species—exist as ei-
ther a free-living mycelial (mold) form in
soil or as a parasitic yeast form that inhab-
its cells such as macrophages within a

a t least 70,000 fungal species inhabit
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mammalian host. The mold forms are
saprophytes that absorb nutrients from
dead organic matter in the soil and pro-
duce infectious spores. When inhaled by
mammals, these spores are induced to un-
dergo a morphogenetic transformation into
the yeast form by the warmer temperature
of the mammalian respiratory tract. Al-
though this morphogenetic switch is essen-
tial for the dimorphic fungus to become
parasitic, relatively little is known about
the identity and regulation of the virulence
genes that direct this transition (2, 3). With
a cunning combination of molecular genet-
ics techniques, Sebghati et al. (4) identify
a crucial virulence gene encoding a calci-
um binding protein (CBP1) in the systemic
dimorphic fungus H. capsulatum. As they
report on page 1368 of this issue, disrup-
tion of the CBPI gene resulted in de-
creased survival of H. capsulatum yeast in
cultured macrophages (the host cells that
they normally parasitize) and in a mouse
model of respiratory infection.
Histoplasmosis, the respiratory disease
caused by H. capsulatum, is found world-
wide and is endemic in the Ohio and Mis-
sissippi River Valley of the United States
where most people are infected by age 20.

17 NOVEMBER 2000

The majority of infections are mild, but
the illness progresses further in up to 10%
of infected individuals producing life-
threatening symptoms, such as inflamma-
tion of the membranes covering the heart
(pericarditis) and fibrosis of major blood
vessels. The seriousness of histoplasmosis
grabbed public attention when noted
songwriter and performer Bob Dylan was
hospitalized with H. capsulatum—induced
pericarditis several years ago. This sys-
temic dimorphic fungus establishes a la-
tent (silent) infection that can be reactivat-
ed (as happens in up to 40% of AIDS pa-
tients), necessitating long-term treatment.
In addition to its clinical importance,
several other features make H. capsulatum
an appealing target for basic investigation.
The fact that the yeast form is haploid (it has
a single set of chromosomes) permits reces-
sive traits to be readily unearthed because
only one copy (not two) of a target gene
needs to be inactivated to see an effect. The
life-style of H. capsulatum yeast parasites
inside macrophages offers clues to secrets
about the life-styles of other intracellular
parasites. Upon infecting a mammalian host,
H. capsulatum spores become transformed
into yeast and are phagocytosed (engulfed)
by macrophages and other cells of the retic-
uloendothelial system (see the figure). The
yeast forms reside within the macrophage
cytoplasm in phagosomes (phagocytic vesi-
cles surrounded by host cell membranes) or
in phagolysosomes (organelles formed by
the fusion of phagosomes with lysosomes).
Infection of macrophages by H. capsulatum
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yeast activates the release of powerful cy-
tokines by antigen-specific T lymphocytes
(5). In response to these cytokines, host
macrophages are able to block the multipli-
cation of yeast parasites by sequestering iron
{which the parasites need to survive), by ac-
tivating oxygen-dependent pathways of para-
site destruction, and by promoting fusion of
phagosomes with lysosomes containing pro-
teolytic enzymes (6). But Histo-
plasma yeast are not to be so eas-
ily defeated—they possess their
own defenses that enable them to
persist (often in a latent state) for
long periods of time within
macrophage phagosomes. Their
defense machinery interferes
with the fusion of phagosomes
and lysosomes, and blocks acidi-
fication of phagolysosomes, a
step that may be necessary for activation of
lysosomal enzymes. Furthermore, the yeast
parasites release copious amounts of CBPI
into the calcium-poor environment of
macrophage phagosomes—this protein
mops up free calcium ions, delivering them
to the yeast, which are then able to survive
under calcium-limiting conditions.

Identification of virulence genes in sys-
temic dimorphic fungi is possible with clas-
sical genetics approaches in which genes
are exchanged through mating of mutants.
However, there are drawbacks including the
health hazard of handling molds and, most
important, the fact that the sexual stages of
dimorphic fungi are lost during laboratory
culture. Hence, investigators have turned to
molecular genetics (7)—through the recom-
binant techniques of genetic transformation
and gene replacement, a target gene can be
inactivated by replacing it with an engi-
neered DNA plasmid containing a selection
marker. Unfortunately, a principal obstacle
to the success of this strategy is that the
plasmid DNA either randomly integrates in-
to the fungal genome (thereby inactivating
genes other than the target gene) or is treat-
ed as foreign DNA by the fungus, which
adds tandem repeat DNA sequences (telom-
eres) to the plasmid so that it cannot inte-
grate into the genome at all. Generation of
telomeric linear plasmids in the laboratory
can be an advantage if one wants to con-
struct extrachromosomal (episomal) vectors
or to overexpress genes (8), but it continues
to confound attempts to inactivate target
genes in dimorphic fungi. Despite these
problems, there have been a few successes
(9) such as the disruption of the URAS gene
in H. capsulatum yeast, although the fre-
quency of mutants obtained in that study
was very low (1 in 1000) (/0).

Enter Sebghati and co-workers, who
combine two low-efficiency processes (ge-
netic transformation and gene replacement)
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to inactivate the CBP! gene of H. capsula-
tum with high efficiency. Their strategy adds
a clever twist to the approach previously ap-
plied to Cryptococcus neoformans to disrupt
a capsule-synthesis gene in which mutants
were first positively selected for growth in
medium without adenine and then were neg-
atively selected by killing off wild-type cells
with the toxic pyrimidine analog, 5-fluoro-
orotic acid (//). Sebghati et al.
engineered a telomere linear
plasmid that contained two se-
lection marker genes—one
gene (which disrupts CBPI if
it integrates properly with the
fungal DNA) encoded a pro-
tein conferring resistance to the
antibiotic hygromycin B; the
other gene, URAS, enabled

Insidious invaders. The parasitic yeast forms of
the fungal pathogen H. capsulatum inside the
phagosomes of cultured host macrophages.
(Bottom) Green fluorescence indicates yeast
cells that are expressing the gene encoding
CBP1, which captures calcium ions for the yeast,
allowing them to live in the calcium-poor condi-
tions of phagosomes. (Top) Red fluorescence in-
dicates the location of secreted CBP1 protein
within the phagosomes of infected macrophages.
[Reprinted from ( 73) with permission]

yeast to grow without uracil. Initially,
growth in the absence of uracil enabled the
selection of mutant yeast that contained the
plasmid in an extrachromosomal location;
these mutants were protected from illegiti-
mate recombination of the plasmid with the
fungal genome by the telomeres on the end
of the plasmid. Subsequently, yeast were
grown in medium containing hygromycin B
to select for mutants with a correctly inte-
grated plasmid; to ensure that the telomeric
ends of the plasmid had been removed in
these mutants and that the plasmid did not
integrate illegitimately with retained URAS
sequences, they were grown in medium con-
taining 5-fluoro-orotic acid, which killed off
any yeast that still had the URAS gene. With
this strategy, the investigators determined
that the frequency of yeast mutants with an
inactivated CBPI gene was 33%, demon-
strating that gene disruption by homologous

recombination is efficient in H. capsulatum.
Hopefully, this approach will enable disrup-
tion of other Histoplasma virulence genes
and of target genes in other dimorphic fun-
gi. And on the way, we will learn how much
flanking DNA and sequence homology with
the target gene are needed for even greater
gene targeting efficiency.

With their yeast mutant in hand, Seb-
ghati et al. then demonstrated that CBP1
scavenges calcium ions in the macrophage
phagosomes and makes them available to
the H. capsulatum yeast parasites, promot-
ing their survival. The mold form of Histo-
plasma in soil does not make CBPI1 and
therefore cannot survive in a low-calcium
environment. These findings complement
carlier work with Salmonella, which
showed that a protein for sensing and bind-
ing calcium ions was necessary for the
survival of this pathogenic bacterium with-
in host cell phagolysosomes (/2). Sebghati
and co-workers postulate that by scaveng-
ing calcium ions CBP1 impairs the acidifi-
cation of phagolysosomes, thus inhibiting
lysosomal enzymes that require a low pH
for activity. If this hypothesis is correct,
then CBP1 would connect two key cellular
events—the regulation of pH and calcium
ion concentration—making it clear why
CBP1 is so crucial to intracellular survival
of Histoplasma yeast.

Genetic tools are now available to force
H. capsulatum to yield its secrets and to
bring the virulence genes of this patho-
genic fungus into clearer focus. With ar-
rays of random clones of H. capsulatum
genomic DNA now ready for analysis,
new virulence genes will soon be identi-
fied. This endeavor should be aided by the
sequencing of the H. capsulatum genome.
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