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Pneumocystis jirovecii is a fungus which causes severe opportunistic infections in immunocompromised
humans. The brl1 gene of P. carinii infecting rats was identified and characterized by using bioinformatics in
conjunction with functional complementation in Saccharomyces cerevisiae and Schizosaccharomyces pombe. The
ectopic expression of this gene rescues null alleles of essential nuclear membrane proteins of the Brr6/Brl1
family in both yeasts.

Pneumocystis spp. are extracellular opportunistic fungi that
have been detected in the lungs of almost every mammalian
species tested. Pneumocystis jirovecii, the species infecting hu-
man beings, causes severe, often lethal, pneumonia in immu-
nocompromised individuals (for reviews, see references 7, 18,
and 19). Because of the emergence of drug resistance in P.
jirovecii, the development of new drugs is important. However,
the absence of a long-term in vitro culture system for Pneu-
mocystis organisms has impeded progress in drug design. The
Pneumocystis Genome Project (http://pgp.cchmc.org) (12, 15)
has completed the sequencing of a nonredundant set of 1,042
expressed sequence tags (ESTs) from RNA isolated from a
single rat infected with Pneumocystis carinii (3). About 34% of
the genes with the highest homology to P. carinii ESTs are
found in Schizosaccharomyces pombe, the closest relative to P.
carinii among fungi with sequenced genomes (6), while approx-
imately 15% are found in the more distantly related Saccha-
romyces cerevisiae (3). Our strategy has been to use bioinfor-
matics in conjunction with functional complementation in S.
cerevisiae or S. pombe to assess the function of identified P.
carinii genes (5). Two criteria were used to select expressed
genes for analysis: (i) an essential requirement for the yeast
homolog and (ii) the absence of significant homology to ver-
tebrate genes. In this paper, we report the cloning and char-
acterization of the P. carinii ortholog of the S. cerevisiae BRL1
and BRR6 genes and of S. pombe brl1. These genes encode

integral nuclear envelope proteins that are essential and im-
plicated in RNA export from the nucleus.

The P. carinii brl1 cDNA was isolated from the cDNA library
in a Stratagene Uni-ZAP XR vector constructed by G. Smulian
(University of Cincinnati). PCRs were performed using high-
fidelity expand polymerase according to the manufacturer’s
instructions (Roche Diagnostics). For the primers used, see the
supplemental material. The genomic copy of P. carinii brl1 was
amplified from DNA extracted from the lungs of an infected
rat (provided by A. E. Wakefield, University of Oxford).

For complementation assays in S. cerevisiae, genes were
cloned into the centromeric expression vectors p416GPD (glyc-
eraldehyde-3-phosphate dehydrogenase gene promoter) and
p416TEF (translation elongation factor 1�) (9). The recombi-
nant plasmids were introduced, using the polyethylene glycol
4000/lithium acetate technique (2), into the diploid strains
Y20999, heterozygous for the brl1 null allele (Mata/� his3�1/
his3�1 leu2�0/leu2�0 lys2�0/LYS2 MET15/met15�0 ura3�0/
ura3�0 YHR036w�::kanMX4/YHR036w), and Y24614, heterozy-
gous for the brr6 null allele (Mata/� his3�1/his3�1 leu2�0/leu2�0
lys2�0/LYS2 MET15/met15�0 ura3�0/ura3�0 YGL247w�::
kanMX4/YGL247w) (Euroscarf, Germany). Diploid transfor-
mants were sporulated by incubation at 30°C on potassium ace-
tate medium (2% [wt/vol] potassium acetate, 0.077% Q-Biogene
dropout premix, 0.22% Difco yeast extract, 0.05% glucose, 2%
Gibco agar). Tetrads were dissected on YEPD complete medium
(1% [wt/vol] Difco yeast extract, 2% Difco peptone, 2% glucose)
using a Zeiss Axioskop 40 microscope. Replica plating to YEPD
containing 200 �g/ml Geneticin 418 (Brunschwig, Basel, Switzer-
land) was performed to assess the inheritance of the null allele.

The brr6 brl1 double mutant was constructed by integrative
disruption (13) of BRL1 in the haploid brr6 mutant comple-
mented with P. carinii brl1. A 616-bp internal fragment of S.
cerevisiae BRL1 comprising nucleotides 542 to 1,158 of the BRL1
open reading frame (ORF) was cloned into the integrative plas-
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mid pRS405 (14), and the recombinant plasmid was linearized by
using NdeI and integrated at position 872 of BRL1.

For complementation assays in S. pombe, genes were cloned
into the expression vector pREP41 (regulatable nmt1 pro-
moter) (1). The diploid strain heterozygous for the null allele of
brl1/SPAC8F11.06 (h�/h� ade6-M210/ade6-M216 ura4-D18/ura4-
D18 leu1-32/leu1-32 SPAC8F11.06/SPAC8F11.06�::kanMX4)
(Bioneer Corporation, Korea) was cotransformed with the re-
combinant plasmid and a sporulation-inducing plasmid,
pON177 (16), using the lithium acetate method (8), and plated
on EMM2 (8) containing appropriate supplements. Spores ob-
tained at 29°C on EMM2 were purified (8) and plated on
EMM2 medium with and without thiamine (2 �g/ml) to regu-
late expression from the nmt1 promoter. Replica plating to
complete YE medium (8) containing 100 �g/ml geneticin 418
and 10 �g/ml phloxin B assessed whether survivors also inher-

ited the null allele. To assess whether S. pombe brl1 is essential,
tetrads from the diploid heterozygous for the br1l null allele
were dissected using a Singer MSM micromanipulator, and
spores were germinated at 25°C on YE.

For staining, S. pombe cells were harvested by centrifugation,
fixed with 70% (vol/vol) ethanol, resuspended in phosphate-buff-
ered saline, and stained with 4�,6�-diamidino-2-phenylindole
(DAPI) (1 �g/ml) and calcofluor (10 �g/ml). Images of the S.
pombe colonies on the plates were taken using a Nikon Coolpix
990 camera attached to the eyepiece of a Leitz Laborlux2 micro-
scope equipped with a 25� Neofluor lens and 10� eyepieces. The
pictures were processed with Adobe Photoshop.

Isolation of the full-length coding region of P. carinii brl1
gene. One P. carinii EST that we identified (5) had highly
significant homology with S. cerevisiae BRL1 and BRR6 and S.
pombe brl1. The EST was extended by PCR from the cDNA

FIG. 1. P. carinii Brl1p (PcBrl1p) shares homology with S. cerevisiae Brl1p (ScBrl1p) and Brr6p (ScBrr6p) and with S. pombe Brl1p (SpBrl1p)
(respective National Center for Research Resources Yeast Resource Center accession numbers: NP_011901, NP_011267, and SPAC8F11.06). The
multiple alignment was done by using T-Coffee software and represented by using Boxshade software. Identical residues are indicated by dark areas
and asterisks at the bottom of the sequence, conserved residues by gray areas and single points. The dashes within contiguous sequences are
introduced by the alignment software. The black bars indicate the two putative transmembrane domains comprised within the Brl1/Brr6 homology
domain (gray bar).
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library. The full-length P. carinii brl1 cDNA and the corre-
sponding locus amplified from P. carinii genomic DNA were
sequenced. The overall sequence identity of P. carinii Brl1p to
S. cerevisiae Brl1p and Brr6p and to the S. pombe Brl1p is 23,
19, and 28%, respectively (Fig. 1).

P. carinii brl1 functionally complements the S. cerevisiae brl1,
brr6, and brr6 brl1 null mutants. The P. carinii brl1 cDNA was
cloned into the centromeric expression vector p416 under the
control of the strong GPD or weaker TEF promoter and in-
troduced into a diploid S. cerevisiae heterozygous for the brl1
or brr6 null allele. Sporulation of diploids expressing either P.
carinii brl1 or S. cerevisiae BRL1 as a control gave rise to four
viable haploid colonies from each tetrad dissected (n � 16 for
each promoter), while only two viable kanamycin-sensitive col-
onies resulted from the sporulation of tetrads transformed with
the empty p416GPD or p416TEF vector (Fig. 2A). The pres-
ence of the kanamycin resistance cassette and the absence of
the S. cerevisiae wild-type BRL1 or BRR6 allele were confirmed
by PCR analysis (Fig. 2B). The P. carinii gene was also able to
complement a double brl1 brr6 mutant, indicating that it can
provide the function of both genes. Green fluorescent protein
tagging of P. carinii brl1 confirmed its localization in the nu-
clear membrane in S. cerevisiae (not shown).

P. carinii brl1 functionally complements the S. pombe brl1
null mutant. Blast searches in the S. pombe genome revealed
only a single ORF (SPAC8F11.06) with significant homology to
the Brr6/Brl1 gene family (Fig. 1). The diploid heterozygous

for the null allele of this ORF was induced to sporulate, and
the tetrads were dissected. Only two of four spores formed
colonies in each of 17 tetrads. Examination of the plates re-
vealed that the two other spores from each tetrad germinated
and arrested as single, elongated cells (Fig. 3A). This pheno-
type is characteristic of a cell cycle mutant (10).

P. carinii brl1 was cloned into the expression vector pREP41
under the control of the regulatable nmt1 promoter and intro-
duced into a diploid S. pombe heterozygous for the brl1 null
allele. Spores were prepared, and replica plating on relevant
media established that viable haploid colonies carrying the brl1
null allele were recovered from diploids expressing either P.
carinii brl1 or S. pombe brl1 as a control, but not with the empty
pREP41 vector. PCR analysis confirmed the absence of the S.
pombe brl1 wild-type allele in these colonies (Fig. 3B). Exam-
ination of the edges of rescued colonies revealed elongated

FIG. 2. P. carinii Brl1p rescues inviability of the S. cerevisiae brl1
null mutant. (A) The diploid S. cerevisiae strain heterozygous for the
brl1 null allele was transformed with the indicated plasmids and sporu-
lated, and the four spores of each tetrad were separated on rich
medium (shown vertically in the picture). Two dissected tetrads for
each plasmid are shown. (B) The presence of the brl1 null allele (brl1�)
and the absence of the wild-type BRL1 gene in the haploid strain
complemented with P. carinii brl1 were confirmed by PCR using locus-
specific primers that are able to amplify both wild-type and brl1�
alleles and ORF-specific primers amplifying only the wild-type allele.
Lane 1, heterozygous diploid; lane 2, wild-type strain; lane 3, haploid
mutant complemented by P. carinii brl1. The unrelated S. cerevisiae
TAF4 genomic locus was amplified as the positive DNA control. The
sizes of the PCR products of the BRL1 locus, brl1�, BRL1 ORF, and
TAF4 were, respectively, 2,008 bp, 2,092 bp, 1,416 bp, and 2,067 bp.

FIG. 3. P. carinii Brl1p rescues the cell cycle arrest phenotype of
the S. pombe brl1 null mutant. (A) The S. pombe diploid brl1 null
mutant was sporulated, the four spores of each tetrad were separated
on rich medium, and the phenotypes of the haploid cells arising from
the dissected tetrads were examined. Two spores from each tetrad gave
rise to wild-type, kanamycin-sensitive colonies, and two spores from
each tetrad gave rise to a single elongated cell. (B) The presence of the
brl1 null allele (brl1�) in the haploid strain complemented with P.
carinii brl1 was confirmed by PCR using locus-specific primers that are
able to amplify both wild-type and brl1� alleles. Lane 1, wild-type
strain; lane 2, heterozygous diploid; lane 3, null mutant complemented
by S. pombe brl1; and lane 4, null mutant complemented by P. carinii
brl1. As predicted, the observed sizes of the amplified fragments from
the S. pombe brl1 and brl1� alleles were 1,220 bp and 1,731 bp, re-
spectively. (C) The diploid S. pombe brl1 null mutant was transformed
with the indicated plasmids and sporulated, and the phenotypes of the
haploid cells arising from the dissected tetrads were examined. The
arrows indicate cells in which the mitotically unstable plasmid has
probably been lost. ON and OFF indicate medium without and with
thiamine, respectively, which shuts off the nmt1 promoter and, there-
fore, P. carinii or S. pombe brl1 expression. Scale bars, 10 �m.
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cells (Fig. 3C, arrows), likely due to loss of the plasmid. To
confirm that inactivation of Brl1p in exponentially growing
cells gives rise to the same phenotype, we repressed the ex-
pression of the P. carinii brl1 gene in the haploid brl1 null
mutant by replica plating to medium containing thiamine to
inactivate the nmt1 promoter. The cells stopped dividing and
became highly elongated (Fig. 3C). DAPI staining of fixed cells
revealed that the elongated cells had a single nucleus, which is
consistent with a cell cycle arrest (Fig. 4). Some cells also
showed condensed chromosomes and septa. These latter cells
may result from entry into mitosis with insufficient Brl1p,
which may indicate a role for Brl1p during mitosis.

We have demonstrated that the sole identifiable S. pombe
member of the Brr6/Brl1 gene family is essential. The null
mutant dies in the first cell cycle after germination as a single,
elongated, mononucleate cell. This does not merely reflect a
requirement for brl1 during spore germination, as inactivation
of the protein during exponential growth gives rise to the same
phenotype. The finding is somewhat unexpected, given the
apparent involvement of S. cerevisiae Brl1p and Brr6p in
mRNA transport (4, 11). However, it is consistent with the
suggestion of a role for these proteins in nuclear membrane
formation (11). Since the S. pombe gene complements both the
S. cerevisiae brl1 and brr6 mutants (11), it is likely that they
perform similar functions in the cell. It is noteworthy that the
published thermosensitive brl1 mutants of S. cerevisiae (11)
arrest with a large-budded phenotype, characteristic of cells
arrested before nuclear division. This may indicate a conserved
function for Brl1p in regulating entry into mitosis. It is possible
that a subset of mRNAs affected by BRL1 may be important

for cell cycle progression in S. pombe. Alternatively, the S.
pombe brl1 protein may have additional functions unrelated to
mRNA transport that are also important for cell cycle progres-
sion and which have not been observed in studies of the S.
cerevisiae mutants. In this context, it is relevant that a recent
screen for extragenic suppressors of mutants in the S. pombe
cut12 protein, which is a spindle-pole-body protein that partic-
ipates in determining the timing of mitotic entry, identified
components of the translation and transcription machinery
(17).

Inspection of the phylogenetic relationships within the fun-
gal and protozoan kingdoms (6) suggests that BRL1 and BRR6
are paralogs that arose from a genome duplication event spe-
cific to the Saccharomycotina subphylum of the Ascomycota.
Two Brl1/Brr6 family members have been identified within the
genomes of S. cerevisiae, Candida glabrata, Ashbya gossypii,
Kluyveromyces lactis, Debaryomyces hansenii and Yarrowia lipo-
litica, while among the Brl1/Brr6 family members so far iden-
tified in diverse fungal and protozoan species lying outside of
the Saccharomycotina, no more than a single ortholog has
been detected in any one species. Thus, the conserved function
of the Brr6/Brl1 family is likely to have been originally con-
veyed by a single-copy gene. Both the S. pombe and S. cerevi-
siae Brr6/Brl1 family null mutants are rescued by the sole
identifiable P. carinii Brr6/Brl1 family gene, indicating that P.
carinii Brl1p fulfils the essential roles of these proteins in both
S. pombe and S. cerevisiae. However, the roles of S. cerevisiae
BRR6 and BRL1 may have diverged (4, 11), and dissection of
the family’s conserved function may be easier to study in a
species that harbors only a single ortholog. Since the conserved
Brr6/Brl1 family genes are essential in both species where their
function has been examined, it is tempting to speculate that the
ortholog will also be essential in P. carinii. Unfortunately, the
inability to genetically manipulate P. carinii in vitro precludes
a direct test of this question at present.

The P. carinii brl1 gene is present in the P. carinii EST
library, which indicates that it is expressed during infection of
rat lung tissue. It appears to be conserved in all organisms
presumed to have a closed mitosis (in which the nuclear mem-
brane does not break down), and lacks any strong homology to
any vertebrate proteins. Finally, searches in the databases
identify clear orthologs in other fungal and protozoan patho-
gens (not shown). These features suggest that the Brl1/Brr6
protein family may provide a useful target for the development
of new drugs to combat Pneumocystis infections, as well as a
wide range of other organisms. The inhibition of the ability of
heterologous brl1 to rescue the distinctive phenotype of the S.
pombe mutant could be used to screen libraries of potential
inhibitors.

Nucleotide sequence accession numbers. The GenBank ac-
cession numbers of P. carinii brl1 cDNA and genomic DNA
sequences are EF547361 and EF547362, respectively.
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FIG. 4. Inactivation of S. pombe brl1 causes a delay in mitotic entry
and progression. Haploid S. pombe brl1� cells covered by pREP41.Pcbrl1
cells were grown to early exponential phase in supplemented minimal
medium, thiamine was added to half the culture, and the cells were
grown at 25°C for 16 h. Cells were harvested by centrifugation, fixed
with ethanol, and stained with DAPI and Calcofluor. (A) Induced
control. (B) Cells from cultures to which thiamine had been added.
Note that these latter cells are elongated compared to the induced
control, which resembles the wild type. 1, cell with a single nucleus
arrested in interphase; 2, cell with condensed chromosomes; 3, cell
with a septum. Scale bar, 10 �m.
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