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Cryptococcus neoformans is a pathogenic fungus, dis-
tinguished by an elaborate polysaccharide capsule that
is essential for its virulence. As part of an effort to un-
derstand the biosynthesis of this important structure,
we initiated purification of an �-1,3-mannosyltrans-
ferase with appropriate specificity for a role in building
the main capsule polysaccharide, glucuronoxyloman-
nan. A pool of proteins that was 5,000-fold enriched in
this activity included several polypeptides, which acted
potentially as the catalytic protein. These were analyzed
using sequence information and double-stranded RNA
interference. Interference that targeted a sequence cor-
responding to part of a 46 kDa protein in the enriched
fraction abolished the activity of interest and reduced
the capsule on the affected cells. This gene was cloned
and expressed in active form in Saccharomyces cerevi-
siae to confirm function, and was termed CMT1, for
cryptococcal mannosyltransferase 1. CMT1 has no con-
firmed homologs in GenBankTM other than CAP59, a
cryptococcal gene encoding a protein of unknown func-
tion that is required for capsule synthesis and virulence.
The Cmt1p protein also co-purifies with a homolog of
CAP64, a gene whose product has similarly been impli-
cated in capsule synthesis and virulence. A strain dis-
rupted in CMT1 was generated in C. neoformans; this
had no effect on virulence in an animal model of
cryptococcosis.

Cryptococcus neoformans is a fungal pathogen responsible
for serious disease and lethal meningitis, primarily in the set-
ting of compromised immunity (1). Its major virulence factor is
an extensive polysaccharide capsule (2) that has been impli-
cated in evasion of host immune defenses (3, 4). The capsule
has two major components, termed glucuronoxylomannan
(GXM,1 �90% of the capsule mass) and galactoxylomannan
(GalXM, �7% of the capsule mass). The former, with an esti-
mated molecular mass of over a million daltons, consists of a
linear mannan in �-1,3-linkage. The mannose residues are
decorated with glucuronic acid (linked �-1,2) and xylose (linked
�-1,2 and �-1,4) in a mannose/glucuronic acid/xylose ratio of

3:1:1–4. The amount of xylose present, as well as the extent of
6-O-acetylation of the mannose backbone, varies with the se-
rotype of the organism (5). The galactoxylomannan, with an
estimated mass of �100,000 daltons, is a more complex struc-
ture, with an �-1,3-galactose backbone bearing side chains
consisting of 3–6 residues of mannose and xylose (6). The
capsule is regulated, with its size dependent on growth condi-
tions in vitro and tissue site in vivo.

Because of the critical importance of the capsule to the
pathogenesis of cryptococcosis, there has been substantial ef-
fort to understand how it is synthesized and assembled on the
cell surface. One approach has been to screen mutagenized
cells for those that either do not express capsule at all (7, 8) or
produce altered capsule as indicated by reduced binding of
monoclonal antibodies (9–12). Molecular studies of these mu-
tants have identified an array of genes whose products are
clearly required for normal capsule synthesis (9, 10, 13–16), but
whose specific functions are not known. Biochemical ap-
proaches have conversely detected enzyme activities that must
be involved in building capsule, but the corresponding protein
sequences are not known (17–19). In only a few cases have
molecular and biochemical techniques been used together to
identify enzymes required for capsule synthesis and character-
ize their role in virulence (10, 20, 21).

Many of the enzymes involved in capsule synthesis are sugar
transferases that generate the unique structures of GXM and
GalXM (17, 18, 22). We are specifically interested in the man-
nosyltransferase, which generates the �-1,3-linked backbone of
the more abundant capsule polymer, GXM. This activity is
presumably required at the start of GXM synthesis; without it
this critical polymer should not be made. Although the genome
sequence of C. neoformans has recently been obtained (23), it is
difficult to identify such an enzyme by homology to genes in
other organisms (24). For example, sequence analysis may
suggest a mannosyltransferase, but it would be impossible to
predict what linkage the putative protein might generate and
what substrate it would prefer. Further, fungi typically encode
numerous mannosyltransferases, as they generate abundant
mannose linkages during formation of GPI anchors, glycopro-
teins, and glycolipids (25–29).

To identify the �-1,3-mannosyltransferase, which generates
the GXM backbone, we began with a biochemical approach. In
previous studies we identified both �-1,2 and �-1,3 mannosyl-
transferase activities in crude preparations of cryptococcal
membranes, monitoring activity by transfer of radioactive
mannose from a tritiated GDP-mannose donor to a mannose-
�-1,3-mannose acceptor (22). Our goal in the current work was
to purify the �-1,3 mannosyltransferase in sufficient quantities
to obtain sequence information, and to examine the effect of
altering this activity on capsule formation and cryptococcal
virulence. This should enable a better understanding of the
fascinating biochemistry involved in capsule synthesis, and
inform efforts to identify anti-fungal compounds.
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EXPERIMENTAL PROCEDURES

Materials—Generous gifts of non-commercial reagents included
GXM-derived mannan from R. Cherniak, GDP-hexanolamine resin
from G. Hart (Johns Hopkins University School of Medicine) and mono-
clonal anti-capsule antibodies 2H1 (30) and 3C2 (31) from A. Casadevall
(Albert Einstein School of Medicine) and T. Kozel (University of Nevada
at Reno), respectively. �-1,3-D-Mannobiose was from V-Labs, Inc.
(Covington, LA), medium components were from BD Pharmingen or
Bio101 (Carlsbad, CA), and other materials, including anti-His anti-
body, were from Sigma Chemical Co. Polyclonal rabbit antiserum
against bacterially expressed Cmt1p (see below) was generated at
Covance Laboratories, (Denver, PA).

Strains and Cell Growth—Wild type C. neoformans strains H99
(serotype A) and the acapsular mutant strain Cap67 (8) were from A.
Casadevall (Albert Einstein College of Medicine); C. neoformans JEC43
(serotype D MAT� ura) was provided by J. Heitman (Duke University
Medical College); Saccharomyces cerevisiae strain TDY172 (RSY620;
MATa ade2–1 trp1–1 leu2–3,112 ura3–1 his3–11,15 pep4::TRP1) was
from R. Schekman (University of California at Berkeley); and Tremella
mesenterica Fries was from the American Type Culture Collection. Cell
growth was as indicated in YPD (1% Bacto Yeast Extract, 2% Bacto
Peptone, 2% dextrose), YM (0.3% Bacto Yeast Extract, 0.3% Bacto Malt
Extract, 0.5% Bacto Peptone, 1.3% dextrose), minimal medium lacking
uracil or minimal medium containing 1 g/liter of 5-fluoro-orotic acid
(32). For small scale cultures growth was at 30 °C (or room temperature
for T. mesenterica) with continuous shaking (200 rpm), and was moni-
tored by turbidity at 600 nm. For large scale preparations a 50-ml
overnight culture of C. neoformans strain Cap67 in YPD was used to
inoculate a 1.5 liters of overnight culture in YPD. This was then used to
inoculate a 30-liter fermenter containing YPD medium, in which cells
were grown at 30 °C to an OD600 of �40. Cells (� 2 kg wet weight) were
harvested by centrifugation (15 min, 4 °C, 2000 � g), washed once in
cold distilled water, and resuspended in 0.3 volumes cold distilled
water. The cell suspension was frozen by pouring a thin stream into
liquid nitrogen with constant stirring, and stored at �70 °C until use.

Mannosyltransferase Assays—Activity was assayed by monitoring
the conversion of anthranilic acid derivatized �-1,3-mannobiose to the
corresponding mannotriose. The derivatized mannobiose was prepared
as in Ref. 33, and purified on a RP-18 column (HAISIL HL C18, 5 �m,
4.6 � 250 mm) by sequential runs in (a) 10% acetonitrile/90% 0.25%
1-butylamine, 0.5% phosphoric acid, 1% tetrahydrofuran in water and
(b) 8% acetonitrile/92% water, with fluorescence detection at �ex � 360
nm and �em � 425 nm. The standard assay mixture (25 �l) included 5
�l of protein sample, �1 mM derivatized mannobiose, 0.2 mg/ml GDP-
mannose, 10 mM CoCl2 (or other cation as indicated), and 50 mM Tris,
pH 8. The reaction was incubated for 1 h at 30 °C, terminated by the
addition of 4 volumes of 0.1% acetic acid in acetonitrile, and subjected
to centrifugation to remove any particulate material. 100 �l of the
supernatant fraction was analyzed on a TosoHaas TSK-Gel Amide 80
column (4.6 � 250 mm, 5 �m) using solvents A (0.2% triethylamine,
0.2% acetic acid in water) and B (0.1% acetic acid in acetonitrile) in
Program 1 (10 min 20% A, 80% B followed by a 15-min linear gradient
to 70% A, 30% B and holding at that composition), Program 2 (5 min
20% A, 80% B followed by a 20-min linear gradient to 60% A, 40% B and
holding at that composition), or Program 3 (isocratic at 19% A, 81% B).
Fluorescent product oligosaccharides were detected at �ex � 230 nm,
�em � 425 nm. Standards for mannosyl transfer reactions were derived
from authentic �-1,3-mannan of C. neoformans, a generous gift of R.
Cherniak. This material was subjected to repeated partial hydrolysis (1
h; 95 °C; 0.1 M HCl) and then derivatized and purified as above.

Mannosyltransferase Purification—All steps were carried out on ice
or at 4 °C, unless indicated otherwise.

Buffers—All buffers were prepared at room temperature, then fil-
tered and chilled before use. Buffer A, 50 mM Tris, pH 8.0, 50 mM NaCl,
0.1 mM EDTA, 1% Triton X-100. Buffer B, 50 mM Tris, pH 8, 100 mM

NaCl, 0.1 mM EDTA, 0.2% Triton X-100. Buffer C was prepared as
buffer B but with 400 mM NaCl. Buffer D, 50 mM Hepes, pH 8, 0.2%
Triton X-100. Buffer E, as buffer D but with 500 mM NaCl. Buffer F, 50
mM Tris, pH 8, 100 mM NaCl, 0.1 mM Triton X-100. Buffer G, 50 mM

Tris, pH 8, 500 mM NaCl, 0.1 mM Triton X-100. Buffer H1, 50 mM Tris,
pH 8, 12.5 mM K-PO4, pH 6.8, 0.1% Triton X-100. Buffer H5, as Buffer
H1 but with 200 mM K-PO4. Buffer I, 20 mM Tris, pH 7.5, 500 mM NaCl,
0.1% Triton X-100, 1 mM CaCl2, and 1 mM MnCl2. Buffer J, 20 mM Tris,
pH 7.5, 100 mM NaCl, 200 mM �-methyl-mannoside, 0.1% Triton X-100.
Buffer K, 20 mM Tris, pH 7.5, 100 mM NaCl, 500 mM �-methyl-manno-
side, 0.1% Triton X-100.

Membrane Preparation—300 g of frozen cells (Cap67, see Ref. 22 for

details of strain choice) were lysed by processing with liquid nitrogen in
a Waring blender. The resulting powder was suspended in a final
volume of 900 ml in 50 mM Tris, pH 8, 0.5 mM phenylmethylsulfonyl
fluoride, 1 mM EDTA. After a clearing spin to remove cell debris, the
supernatant fraction was subjected to centrifugation (100,000 � g, 1 h).
The resulting pellet was resuspended in �350 ml of the same buffer,
and again subjected to centrifugation (125,000 � g, 1 h). This pellet,
along with loose material that sedimented just above it, was resus-
pended in 20 ml of the same buffer and either frozen at �70 °C for
future use or rotated end-over-end overnight for complete resuspension
before detergent solubilization. For smaller scale membrane prepara-
tion, lysis was with glass beads, either in a Bead Beater (Biospec
Products, Bartlesville, OK) or by vortex mixing as in Ref. 22.

Solubilization—20% Triton X-100, 50 mM Tris, pH 8 was added to the
large-scale membrane preparation to yield a final detergent concentra-
tion of 2%. The resulting suspension was rotated end-over-end for 1 h,
subjected to centrifugation (125,000 � g, 15 min), and the supernatant
fraction (SolZ) recovered.

Q Sepharose Chromatography—The SolZ fraction was applied to a Q
Sepharose Fast Flow column (10 � 300 mm, flow rate 0.8 ml/min), and
the column washed with buffers A and B. Activity was eluted with a
120-ml linear gradient from buffer B to buffer C.

Source 15Q Chromatography—The most active fractions from Q
Sepharose chromatography were pooled, diluted with an equal volume
of distilled water, and applied at 2 ml/min to a 16 � 200 mm HPLC
column that had been packed with Source 15Q resin (Amersham Bio-
sciences), equilibrated with buffer D, and kept on ice. The column was
washed with 90% buffer D, 10% buffer E, and the activity was eluted
with an 80 ml linear gradient from the same mixture to 50% buffer D,
50% buffer E.

Hydroxyapatite Chromatography—The most active fractions from
Source15Q chromatography were pooled, and directly applied to a 2.5
ml (d � 7 mm) Hydroxyapatite Ultrogel column. The column was
washed with buffers F, G, and H1 and activity was eluted with a 20-ml
linear gradient from buffer H1 to buffer H5.

Concanavalin A Chromatography—The most active hydroxyapatite
fractions were pooled and incubated with 1 ml of concanavalin A-
agarose (Amersham Biosciences) that had been prewashed with 2 M

�-methyl mannoside and water, and pre-equilibrated with buffer I.
After 1 h of rotation the resin was poured into a column and washed
(gravity flow) with buffer I followed by 25 mM Tris, pH 7.5, 0.1% Triton
X-100. Activity was eluted with 20 ml of buffer K.

Second Source 15Q Chromatography—The eluates of the concanava-
lin A column were pooled, diluted with an equal volume of distilled
water, and applied at 1 ml/min to a 1-ml column packed with Source
15Q resin pre-equilibrated with buffer D and kept on ice. After loading,
the column was washed with 50% water, 40% buffer D/10% buffer E,
and the activity was eluted with a 10-ml linear gradient from that
mixture to 50% water, 50% buffer E. The fraction with highest specific
activity was used for protein sequencing and characterization.

Protein Sequencing—Edman degradation was performed by Midwest
Scientific (St. Louis, MO), and mass spectrometry was performed by
Oxford Glycosciences or by the Keck Facility at Yale University.

RNA Interference Studies, Cloning—Based on the peptide sequences
obtained from each band of interest (single and double asterisk in Fig.
2), and sequence analysis as described in the text, we obtained putative
coding sequences for the corresponding proteins. To direct interference
we chose regions of the sequence that were not predicted to contain
introns, and therefore should correspond to mRNA of the genes. Con-
structs were based on plasmid pCAP59/ADE2i (34), which was modified
to eliminate the NdeI site downstream of the promoter and the BglII
site upstream of the terminator. To target CMT1, the first 282 bp of the
predicted coding sequence were PCR-amplified from JEC43 cDNA, us-
ing primers 5�-GGAATTCCATATGTTCCGAAATACCC-3� and 5�-CGC-
CTAGGTCTAAACGCTTCTGATGTCG-3� to incorporate NdeI and
AvrII sites at the 5�- and 3�-ends of the product (product A). Product A
was digested with those enzymes and ligated into the similarly re-
stricted plasmid pCAP59/ADE2i, replacing the CAP59 sequences with
those from CMT1 to yield product B, which was then amplified in
Escherichia coli. Product A was additionally amplified using primers
designed to incorporate BglII and XhoI sites at the 5�- and 3�-ends,
respectively, to form product C. Product C was digested with BglII and
XhoI and ligated to similarly restricted product B. The resulting plas-
mid, pCMT1/ADE2i, contained inverted repeats of CMT1 separated by
a portion of GFP as a spacer, and flanked by inverted repeats of a
portion of ADE2 as well as the actin promoter and gal7 terminator. To
target the CAP64 homolog a parallel strategy was used to generate
pCAP64H/ADE2i, except using primers 5�-GGAATTCCATATGTTTC-
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CTGGCCAACGGCAAG-3� and 5�-CCGCCTAGGCGTCCAATGTTGTA-
AGGC-3� to amplify the first 335 bp of the putative coding region.
Details of all cloning manipulations are available from the authors.

Transformation and Analysis—Transformation into JEC43 cells was
as described (34). Transformants that turned pink, indicative of func-
tioning RNAi targeting ADE2, were chosen for further analysis. Several
individual transformants were restreaked on both medium lacking
uracil to maintain the interference plasmid and on medium containing
uracil and 5-fluoro-orotic acid (5-FOA) to select against plasmid main-
tenance. These pairs of strains, the latter of which reverted to white
colony type, were then used for membrane preparations and activity
assays. Control strains included transformants with pCAP59/ADE2i,
which targets both the CAP59 and ADE2 genes, and strains containing
pADE2i, which targets ADE2 alone (34).

Obtaining Gene Sequence for CMT1—Based on alignment of peptide
sequences (Table II) to predicted protein sequence from C. neoformans
(see text), gene specific primers were designed to obtain the entire
CMT1 coding sequence by RT-PCR. Briefly, total RNA was isolated
from C. neoformans serotype D strain Cap67, reverse-transcribed using
an oligo(dT) primer, and used as a template for rapid amplification of
cDNA ends (RACE) analysis using Clontech Marathon reagents as
directed by the manufacturer. Gene specific primers for 5�- and 3�-
RACE reactions were as-1 (5�-GTGCAGTCGCTGGAAGGTCCTTCC-3�)
and s-1 (5�-GGACCTCTTCTTGGAAAGGGCGCT-3�), respectively.
RACE reaction products were sequenced and assembled into a contig-
uous region, with initiation and stop codons bounding an ORF. The full
length ORF (1401 bp) was then amplified using primers MT48-s3 (5�-
GGAATTCCATATGTTCCGAAATACCC-3�) and MT48-as3 (5�-CTAGC-
TAGCTCATTCTAACCAGGGC-3�) to incorporate restriction sites for
further cloning. Additional cloning details are available from the au-
thors, and the coding sequence has been submitted to GenBankTM

(accession no. AY380340).
Expression in S. cerevisiae—A His-tagged, truncated version of

Cmt1p was generated by PCR amplification of the coding sequence from
nucleotide 220 through to the protein C terminus, incorporating a 6-His
coding sequence at the N terminus as well as EcoRI and HindIII
restriction sites at the 5�- and 3�-ends, respectively. Primers used for
amplification were 5�-CCGGAATTCATGCATCATCATCATCATCACA-
GCAGCGGCCTGGTGCCGCGCGGCAGCGTGATACATACCAAGGAC-
CTC-3� and 5�-CCCAAGCTTTCATTCTAACCAGGGCTGTAC-3�. The
product was digested with EcoRI and HindIII and cloned into a 2 �
expression vector between the promoter and transcriptional terminator
of phosphoglycerate kinase (plasmid pPGK, Ref. 35, from K. Blumer,
Washington University Medical School). The resulting plasmid or the
starting vector alone were transformed into TDY172 by electroporation
using standard methods, and cells containing the URA3 marked plas-
mid were selected on medium lacking uracil for further analysis.

Gene Disruption and Deletion—CMT1 was disrupted following the
basic protocol described in (36), using a disruption cassette consisting of
nucleotides �305 to 657 of CMT1, the cryptococcal serotype D URA5
gene in reverse orientation, and nucleotides 817 through �346 of
CMT1. For deletion the cassette consisted of nucleotides �1042 to �1 of
CMT1, the same marker, and nucleotides �1 to �1018 of CMT1. Each
cassette was constructed by PCR (primer sequences available from the
authors), purified, and biolistically transformed (37, 38) into JEC43
cells, which were then plated onto medium lacking uracil and incubated
at 30 °C for 3–5 days to allow colony growth. Colonies were screened as
described in the text to identify those in which endogenous CMT1 was
successfully replaced.

Electron Microscopy—For ultrastructural analysis, yeast cells were
fixed in 2% glutaraldehyde (Polysciences Inc., Warrington, PA) in 100
mM phosphate buffer, pH 7.2 for 2 h at 4 °C. Cells were washed in
phosphate buffer and postfixed in 1% osmium tetroxide (Polysciences
Inc.) for 1 h at 4 °C. Samples were then rinsed in buffer, followed by
dehydration in a graded series of ethanol and propylene oxide prior to
embedding in Eponate 12 resin (Ted Pella Inc., Redding, CA). Samples
were sectioned with a Leica Ultracut UCT ultramicrotome (Leica Mi-
crosystems Inc., Bannockburn, IL). 70–90 nm sections were immuno-
labeled with mouse monoclonal antibody 2H1 (30) followed by 18 nm
colloidal gold-conjugated goat anti-mouse IgG. Sections were stained
with uranyl acetate and lead citrate and viewed with on a JEOL
1200EX transmission electron microscope (JEOL USA Inc., Peabody,
MA). All labeling experiments were processed in parallel with controls
omitting the primary antibody. These controls were consistently nega-
tive at the concentration of gold-conjugated secondary antibodies used
in these studies.

Mouse Studies—Groups of 8 4–6-week-old female C57Bl/6 mice (Na-
tional Cancer Institute) were anesthetized and 2 � 104 PBS-washed

cells in a volume of 50 �l PBS were inoculated intranasally (39, 40). At
3 h and 7 days after inoculation animals were sacrificed, and the lungs,
livers, spleens, and brains were removed, homogenized in PBS, and
plated as serial dilutions on appropriate media for assessment of colony
forming units (CFUs). Initial inocula were also plated to confirm CFUs.

RESULTS

To purify the cryptococcal �-1,3 mannosyltransferase we
needed a rapid assay. A thin layer chromatography (TLC)
based assay that was used initially (22) is time consuming and
difficult to scale up. To address these problems we modified the
dimannoside assay substrate with anthranilic acid (33, 41) to
generate a fluorescent compound, and used HPLC to analyze
reaction products. We similarly derivatized a ladder of man-
nose polymers generated from cryptococcal GXM to use as
standards (Fig. 1, diamonds). When the modified substrate was
incubated at 30 °C in the presence of cryptococcal membranes
and nonradioactive GDP-mannose, a peak of fluorescent mate-
rial was detected that comigrated with the trimer standard of
the mannose ladder (Fig. 1, black trace). This peak was not
present if either GDP-mannose (Fig. 1, gray trace) or crypto-
coccal membranes were omitted, or if incubation was per-
formed on ice (not shown).

To confirm that the activities detected in crude membranes
by the HPLC assay corresponded to those previously charac-
terized by TLC (22) we examined the cation dependence of
product formation. In the presence of Mn2�, cryptococcal mem-
branes modify mannose-�-1,3-mannose to two products, with
the majority containing mannose added in �-1,2 linkage, and
the remainder modified with mannose in �-1,3 linkage. In
contrast, in the presence of Co2� the latter product, which
corresponds to a subunit of the GXM structure, predominates
(22). The relative amounts of �-1,2 and �-1,3 products formed
in the presence of each cation were similar using either the
HPLC or the TLC assay. Product identities were further con-
firmed by comigration with standards and mannosidase diges-
tion (not shown).

We were curious about the prevalence of this activity, so we
next examined product formation in several other fungal or-
ganisms. Membrane preparations of the ascomycetous fungi
S. cerevisiae and C. albicans showed robust transfer of mannose
in �-1,2-linkage to the substrate in standard assays, but only
trace amounts of the �-1,3-linked product. However, membrane
preparations of Tremella mesenterica, a non-pathogenic basid-
iomycetous fungus with a capsule similar to that of C. neofor-
mans (43), generated a fully �-1,3-linked product. Properties of
the mannosyltransferase activity in this organism were similar
to that observed in cryptococcal membranes (data not shown).

We used fluorescent substrate and HPLC detection to purify
the �-1,3-mannosyltransferase activity from a detergent ex-

FIG. 1. Mannosyltransferase assay. Fluorescent dimannoside sub-
strate was incubated with cryptococcal membranes in the presence
(black trace) or absence (gray trace) of GDP-mannose, and analyzed by
Program 1. Diamonds indicate the elution positions of fluorescently
labeled linear �-1,3-mannose polymers, from trimer (far left) to nono-
mer (far right).
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tract of C. neoformans membranes. Although affinity resins
such as GDP-hexanolamine Sepharose resolved this activity
from the �-1,2-mannosyltransferase, yield was such that these
were not ultimately useful for purification. Instead, conven-
tional chromatography steps were employed to enrich the de-
sired activity 5–10,000 fold over its presence in washed cryp-
tococcal membranes (Table I). The final material had a pH
optimum of 8 and was most active at 30 °C, with a linear
increase in product formation until �90 min. Similar to the
crude material, purified enzyme was active in the presence of
Mn2�, Co2�, and Mg2� in order of decreasing activity, with the
Mg2� value 80% of the value with Mn2�. There was no activity
in the presence of 0.1 mM EDTA without cation addition.

Prominent polypeptides in the most highly enriched fraction,
obtained from Source 15Q chromatography of ConA eluted
material (Fig. 2), were subjected to protein sequence analysis,
both by direct N-terminal Edman sequencing and by tandem
mass spectrometry analysis of internal peptides. The resulting
peptide sequences were compared with predicted protein se-
quences of the entire cryptococcal genome, obtained by analysis
of the TIGR C. neoformans genome data base (www.tigr.org/
tdb/e2k1/cna1/index.shtml) using Twinscan software (www.cse.
wustl.edu/�brent/Bio/MB-Lab-Software.htm (44)). Although
gene prediction in C. neoformans is confounded by the multiple
small introns typically present, internal exons are predicted
with 78% sensitivity by this system. Mass spectrometry infor-
mation on the size of tryptic fragments derived from each
protein band was used to further support identifications (not
shown).

The peptide sequence from the major band visible in the final
Source 15Q fractions (Fig. 2) corresponded to a predicted pro-
tein with close homology to ubiquitin ligase, both by direct
sequence (Table II, Band B) and by additional mass matches
(not shown). This protein was considered unlikely to be the
transferase under study and was not pursued further. Peptide
sequences of two additional bands, present in roughly equal
amounts in the most enriched fraction (Fig. 2, single and double
asterisk), were of greater interest. These sequences (Table II,
Bands A and C) corresponded to predicted proteins with strong
homology to products of cryptococcal CAP genes. CAP genes
were initially identified as defective in cryptococci lacking cap-
sules after mutagenesis. Gene disruption studies of four of
these have confirmed that they are required for capsule syn-
thesis and for cryptococcal virulence, but the nature of the
proteins they encode has not been elucidated (13–16).

We were excited by the homology of the two candidate pro-
teins to CAP gene products, but needed to determine which one
was responsible for the observed mannosyl transfer activity. As
an initial screen we used double-stranded RNA interference
(RNAi), which our lab has recently developed as a tool for
specific gene silencing in Cryptococcus (34). This procedure is
quite rapid, and does not require knowledge of the entire se-
quence of the gene or of the gene structure.

To test the candidate proteins, we cloned duplicate �300-bp
segments of either the CAP64 homolog or the CAP59 homolog
such that upon transcription the RNA would form a hairpin

structure, with the stem composed of double-stranded RNA
corresponding to that segment (see “Experimental Procedures”
and Refs. 34 and 45 for details and diagrams). This double-
stranded RNA serves to initiate specific destruction of the
corresponding mRNA (recently reviewed in Ref. 46). We ex-
pressed each construct (or the vector alone) in a C. neoformans
strain that is wild type for capsule formation. Targeting of each
gene resulted in �90% reduction in the corresponding mRNA,
while vector alone or the other construct caused no change
(RNA blot not shown).

We next compared membrane preparations of cells carrying
the various RNA interference constructs for transferase activ-
ity. Cells expressing the empty vector demonstrated wild type
activity, as expected (Fig. 3A, gray trace). The same pattern
(Fig. 3A, black trace) was seen in cells in which RNA interfer-
ence targeted the CAP64 homolog (Fig. 2, asterisk and Table II,
Band A). In contrast, cells expressing the construct designed to
interfere with the CAP59 homolog (Fig. 2, double asterisk and
Table II, Band C) showed no activity in our standard assay
(Fig. 3B, black trace). Selection against maintenance of the
URA5 marked interference plasmid, by growth in the presence
of 5-FOA, restored the activity to normal (Fig. 3B, gray trace).
These results suggested that the CAP59 homolog, rather than
the CAP64 homolog, encodes the �-1,3-mannosyltransferase.

We next assessed the capsule phenotype of cells in which the
�-1,3-mannosyltransferase activity was reduced by interfer-
ence. Indirect immunofluorescence experiments using anticap-
sular monoclonal antibodies suggested reduced labeling of cap-
sule (not shown). For higher resolution analysis we examined
the capsule by thin-section electron microscopy after immuno-
labeling with gold-conjugated monoclonal antibodies to capsule
(Fig. 4). Wild type cells transformed with a control plasmid
targeting an auxotrophic marker demonstrate fibrillar capsule
structures heavily labeled with gold particles (panel A). In

TABLE I
A representative �-1,3-mannosyltransferase purification

Fraction Specific activity Fold purification Yield

pmol/min/mg

P-100 3 1 100
TX-100 extract 3 1 57
Q-Sepharose 5 2 9
Source Q 100 20 10
Hydroxyapatite 800 270 5
Con A/Source Q 14,300 4800 2

FIG. 2. Enriched mannosyltransferase fractions. A silver-
stained SDS-PAGE gel of the ConA pool and second Source 15Q step
fractions (see Table I) is shown. Values under the Source Q fraction
lanes indicate relative activity in those samples. * and ** indicate
polypeptides discussed in the text. Protein MW standards are in kDa.

TABLE II
Peptide sequence matches derived from the enriched

mannosyltransferase preparation
A and C correspond to the bands labeled * and ** in Fig. 2, respectively.

Band Method Peptide sequence Protein

A MS-MS KHYLISDTPGSR Cap64p
A MS-MS KLTTTVGNIEIHYLR Cap64p
B MS-MS RNNPSLLSGSFSLLIR ubiquitin ligase
C MS-MS RNTALAPLWQGEGDQK Cap59p
C EDMAN VIHTKDLFLERALNATSEAF Cap59p
C MS-MS LEPFQV Cap59p
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contrast, cells expressing an interference plasmid targeting
CAP59 demonstrate neither capsule structures nor labeling
with anti-capsular antibody (panel B), as expected because this
gene is required for capsule synthesis (13). Cells in which RNA
interference targeted expression of the putative mannosyl-
transferase were also deficient in capsule structures and anti-
body labeling (panel C). Over 50% of these cells had no visible
capsule, although occasionally small amounts were detected by
antibody labeling. The remainder had detectable capsule, but
this had lower density and shorter fibers than wild type. In
contrast, over 95% of wild type cells had completely normal
capsule. Upon loss of the interference plasmid all of the cells
regained a completely normal appearance, with uniformly well-
labeled fibrillar capsules (panel D), and wild type enzyme ac-
tivity (Fig. 3B, gray trace).

To obtain the cDNA sequence encoding the �-1,3-mannosyl-
tranferase, now termed Cmt1p for cryptococcal mannosyltrans-

ferase, we used available cryptococcal sequence to design prim-
ers, and performed RACE (see “Experimental Procedures”).
The predicted 53-kDa translation product of CMT1 (Fig. 5) is
homologous to the predicted product of C. neoformans CAP59
(GenBankTM A56055), with 35% of residues identical and 54%
positive over the most homologous 276 amino acids (beginning
with residue 123 of Cmt1p, corresponding to residue 89 of
Cap59p). The sequence is consistent with the typical type II
transmembrane structure of membrane associated sugar
transferases, with a potential N-glycosylation site on the pre-
dicted luminal domain. Interestingly, the N-terminal protein
sequencing indicated that the protein that was purified from
C. neoformans was truncated, missing the N-terminal soluble
domain, membrane-spanning sequence, and 22 additional
amino acids (Fig. 5).

To confirm that CMT1 encoded the activity of interest we
expressed the truncated form of the protein (beginning at the
underlined peptide VIHT in Fig. 5), modified with a N-terminal
His6 tag, in S. cerevisiae. Immunoblotting with anti-His anti-
body confirmed expression of the protein (Fig. 6, inset).
S. cerevisiae containing only the expression vector showed a
large peak representing �-1,2-mannosyl transfer, but only
small amounts of the �-1,3 product (Fig. 6, gray trace). The
latter is presumably made by a different enzyme that can
modify this substrate, as S. cerevisiae has no homolog of
Cmt1p. The same cells expressing CMT1 exhibited a dramatic
increase in the �-1,3 product, while the �-1,2 product was not
changed (Fig. 6, black trace). Although this N-terminal trunca-
tion was active, the activity was lost when 14 amino acids were
deleted from the C terminus (not shown).

Cells in which we had down-regulated CMT1 expression by
RNA interference showed no mannosyltransferase activity and
greatly reduced capsule associated with cells. We wished to
confirm these observations in a strain where the gene had been
disrupted, and to test whether there would be any alteration in
virulence of such cells. To do this we generated a strain of
C. neoformans in which the CMT1 gene was disrupted with an
auxotrophic marker (Fig. 7), and additional strains in which
this disruption was complemented with an exogenous copy of
CMT1. The disrupted strain displayed no �-1,3-mannosyl-
transferase activity (Fig. 8), although activity was restored in
the complemented strains (not shown). We next compared the
ability of parental, disrupted, and complemented disruption
strains, which all grew at equivalent rates in vitro, to infect
C57Bl/6 mice. Using an inhalational model of cryptococcosis we
found no defect in virulence of the disrupted strain (not shown).
There was also no alteration in the capsule of this strain, as
assessed by electron microscopy (see “Discussion”). To rule out
the possibility that this result was due to a truncated protein
with residual activity, we constructed an additional strain in

FIG. 3. Double-stranded RNA interference analysis of candi-
date mannosyltransferases. Membrane preparations from C. neofor-
mans cells were analyzed by the standard assay using Program 2. Panel
A, cells with the RNAi vector alone (gray trace) or cells with RNAi
targeting the CAP64 homolog (black trace). Panel B, cells with RNAi
targeting the CAP59 homolog (black trace) or the same strain after
growth on 5-FOA to select against plasmid maintenance (gray trace).

FIG. 4. Immunogold labeling of C. neoformans capsule. Cells
transformed with the plasmids indicated were fixed, sectioned, and
exposed to monoclonal antibody 2H1 as under “Experimental Proce-
dures.” Panel A, pADE2i; panel B, pCAP59/ADE2i; panel C, pCMT1/
ADE2i; panel D, cells as in C, grown in 5-FOA. Scale bar, 0.2 �m.

FIG. 5. Predicted sequence of Cmt1p. The putative membrane-
spanning region is in bold type, and regions corresponding to sequenced
peptides (see Table II) are underlined. A potential site of N-glycosyla-
tion is double-underlined, as is the sequence DPD. N-terminal protein
sequencing of material purified from C. neoformans yielded the peptide
sequence beginning with VIHT.
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which the entire CMT1 coding region was deleted. Like the
disruption, these cells lacked �-1,3-mannosyltransferase activ-
ity but bore normal capsule (electron microscopy not shown).

DISCUSSION

We have purified an �-1,3-mannosyltransferase from C. neo-
formans, and have cloned the corresponding gene, CMT1. Ex-
pression of the protein in a heterologous system demonstrates
that this gene indeed encodes the structural gene for this
enzyme, and the activity is appropriate for a role in capsule
synthesis. The only homology Cmt1p has to known proteins
predicted by the non-redundant NCBI data base, notably in-
cluding the model yeast S. cerevisiae, is to the predicted prod-
uct of C. neoformans CAP59 (GenBankTM accession number
L26508). Cap59p is a protein of unknown function, which is
required for capsule synthesis. The demonstration that Cmt1p
is a mannosyltransferase suggests that perhaps Cap59p also
acts in glycan synthesis. Searches of the limited genomic data
available for other fungi suggest that additional homologs of
CAP59 exist in several species, including the non-pathogenic
Neurospora crassa, the plant pathogen Magnaportha grisea,
and the mammalian pathogen Histoplasma capsulatum. These
species do not produce capsule, so it will be interesting to
examine whether these genes are expressed, and the functions
of the enzymes they encode.

Cmt1p has the type II membrane protein structure expected
of a transferase that functions in formation of an extracellular
glycoconjugate. Consistent with observations on other trans-
ferases, the cytosolic and transmembrane domains are not
required for activity of Cmt1p, but may function in protein
localization. The protein as purified was truncated at the N
terminus, but it remains to be determined at what point in
protein maturation or purification this occurs. Deletion of 14
amino acids from the C terminus abolished activity. Cmt1p also
has sequence motifs associated with enzymes that bind nucle-
otide derivatives (Rossman fold) or are involved in glycosyl
transfer (DXD motif, Ref. 47), although the latter is not present
in a canonical context.

In all steps of Cmt1p purification, it co-purified with a second
polypeptide of similar abundance, which also bears strong ho-
mology to a member of the CAP gene family. RNA interference

targeting the gene encoding the second protein did not alter
mannosyltransferase activity or overall capsule morphology.
However, the co-purification of two CAP protein homologs sug-
gests that these polypeptides might normally be associated.
There is certainly precedent for multienzyme complexes acting

FIG. 6. Expression of Cmt1p in S. cerevisiae. Membrane prepa-
rations from S. cerevisiae cells containing vector alone (gray trace) or
expressing Cmt1p as described under “Experimental Procedures”
(black trace) were analyzed in the standard assay, and the products
analyzed using Program 3. Elution positions of the two trimer products
generated in crude membranes from the �-1,3-dimannose assay sub-
strate are indicated above. Inset, an anti-His antibody immunoblot of
equal amounts of total protein from S. cerevisiae without (�) or with (�)
Cmt1p expression.

FIG. 7. Generation of a CMT1 disruption. Panel A, diagram of the
disruption strategy, in which 0.2 kb (black box) of the CMT1 coding
sequence (white) was replaced with the 1.8-kb URA5 gene (gray). Panel
B, DNA blot. Total genomic DNA from parental (1) or disruption (2)
strains was cut with BamH1 (B) and XhoI (X) and probed with the
CMT1 coding sequence. Fragment sizes are indicated in kb. Panel C,
PCR of the parental (1), disruption (2), or corrected (3) strains with
primers I and II (see panel A). Additional PCR reactions using a forward
primer 0.4-kb upstream of CMT1 and a reverse primer within URA5
yielded a product in the disruption and corrected strains, but not in the
parent (not shown).

FIG. 8. Cells disrupted in CMT1 lack �-1,3-mannosyltrans-
ferase activity. Membrane preparations of the C. neoformans parental
strain (gray trace) or the same strain disrupted in CMT1 (black trace)
were tested in the standard assay, and the products analyzed using
Program 2. Although this program does not fully resolve the �-1,2-
linked trimer (shoulder in gray trace) from the product in �-1,3-linkage,
it is clear that the latter is no longer made in the disrupted strain.
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in fungal glycan synthesis (48–50). Fully dissecting the indi-
vidual roles of these proteins, and any additional binding part-
ners, will require isolation of the putative complex from C. neo-
formans and examination of each component.

Gene disruption, gene deletion, and RNA interference tar-
geting CMT1 all yielded cells devoid of activity by our standard
assay, consistent with the Cmt1p function as demonstrated by
heterologous expression. However, we were surprised to find a
difference in capsule phenotype between cells in which CMT1
was targeted by RNA interference and those in which the gene
was disrupted or deleted. As RNA interference acts post-tran-
scriptionally, and lowers the pool of specific mRNA without
totally eliminating it, we had expected that disruption or dele-
tion of CMT1 might enhance the altered capsule phenotype. In
contrast, these mutants bore apparently normal capsule, de-
spite lacking Cmt1p enzyme activity.

RNA interference clearly targeted the mannosyltransferase
of interest, as shown by the lack of Cmt1p activity. However, it
is likely that it also reduced production of another message,
resulting in the observed capsule phenotype. Several recent
studies have addressed the issue of such off-target interference
(51, 52). It appears that, although the interference process
itself is mediated by small interfering RNAs (siRNA) of about
20 nucleotides in length, off-target interference may be medi-
ated by shorter regions of homology. In one report, as few as 11
contiguous nucleotides appear sufficient to direct silencing of
unintended targets (51). Comparison of our interference seg-
ment to the cryptococcal data base yields 17 sequences that are
predicted to encode proteins and contain 12 or more contiguous
nucleotides of identity. It is possible that silencing of one or
more of these genes is responsible for the observed capsule
phenotype; this will be addressed in future studies.

Deletion of CMT1 yields cells that have no activity in our
standard assay, yet still make capsule. What, then, is the role
of this protein? One consideration is the propensity of fungi to
have multiple enzymes of overlapping specificity involved in
glycan synthesis (42, 53). Given the complexity and importance
of the capsule, it is likely that there are redundant proteins
that can generate the GXM backbone, perhaps normally acting
under different growth conditions or upon different substrates,
but able to compensate for the loss of Cmt1p. Differences in
substrate specificity might be such that only Cmt1p can act on
an anthranilic acid-derivatized mannose dimer substrate un-
der the conditions of our standard assay. This could result in
normal capsule synthesis despite a reduction in measurable
activity. Alternatively, it may be that the main function of
Cmt1p is not directly related to GXM synthesis. Additional
studies of this protein, its homologs, and its binding partners
should help to answer these questions.
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