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β-1,3-glucan is a major cell wall component of Pneumocystis cysts. We have characterized endo-β-1,3-glucanase
(Eng) from 3 species of Pneumocystis. The gene eng is a single-copy gene that encodes a protein containing 786
amino acids in P. carinii and P. murina, and 788 amino acids in P. jirovecii, including a signal peptide for the
former 2 but not the latter. Recombinant Eng expressed in Escherichia coli was able to solubilize the major sur-
face glycoprotein of Pneumocystis, thus potentially facilitating switching of the expressed major surface glyco-
protein (Msg) variant. Confocal immunofluorescence analysis of P. murina–infected mouse lung sections
localized Eng exclusively to the cyst form of Pneumocystis. No Eng was detected after mice were treated with
caspofungin, a β-1,3-glucan synthase inhibitor that is known to reduce the number of cysts. Thus, Eng is a
cyst-specific protein that may play a role in Msg variant expression in Pneumocystis.
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Pneumocystis is an opportunistic pathogen that causes
pneumonia in human immunodeficiency virus-infected
and other immunocompromised patients [1, 2]. This
organism is known to be genetically diverse; each host
species is infected by at least 1 genetically distinct strain
that represent Pneumocystis species, with P. jirovecii in-
fecting humans, P. carinii and P. wakefieldiae infecting
rats, and P. murina infecting mice [3–6]. Two major
stages have been identified morphologically in the life
cycle of Pneumocystis: cysts and trophic forms. The
cyst has a cell wall that has an electron-lucent layer con-
sisting primarily of β-1,3 glucan, which in fungi is im-
portant in maintaining cell-wall integrity. The trophic
form has no detectable β-1,3 glucan [7].

Enzymes that synthesize and degrade glucans play a
critical role in fungal life cycles, as exemplified by the
efficacy of echinocandins, which are inhibitors of β-1,3

glucan synthase, in the treatment of infections caused by
Candida and other fungal species. Endo-β-1,3-glucanase
is an enzyme (EC 3.2.1.39) involved in the degradation
of β-1,3 glucan and belongs to glycoside hydrolase family
81 [8]. Two forms of endo-β-1,3-glucanase, Eng1 and
Eng2, have been characterized from yeast. Eng1 is an ex-
tracellular protein that contains a signal peptide, while
Eng2 is an intracellular protein with no signal peptide
[8, 9]. Endo-β-1,3-glucanases have been shown to be
important for cell separation in yeast [8–11].

Cloning and expression of a P. carinii endo-β-1,
3-glucanase was recently reported [12]; based on the ab-
sence of a predicted signal peptide, it was categorized as
a homologue of Eng2. In prior studies, we and others
have shown that the major surface glycoprotein (Msg)
of Pneumocystis can be solubilized by treating organ-
isms with endo-β-1,3-glucanase [13, 14]. Because Msg
confers on Pneumocystis the potential for antigenic var-
iation [15], we were interested in determining if this re-
cently identified Eng homologue would be able to
release Msg, which could potentially provide a mecha-
nism to facilitate switching Msg variants in a given or-
ganism. We thus undertook to further characterize this
protein from multiple Pneumocystis species, and to ex-
amine its functionality.
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MATERIALS AND METHODS

Pneumocystis DNA and RNA Preparation
Pneumocystis carinii or P. murina organisms were isolated from
the lungs of immunosuppressed rats or mice by Ficoll-Hypaque
density gradient centrifugation as previously reported [16]. Of
note, our colony appears to be exclusively P. carinii; we have
never identified P. wakefieldiae genes in rat Pneumocystis isolates.
For P. jirovecii, genomic DNA or RNAwas isolated from autopsy
lung samples. Genomic DNA was isolated using QIAamp DNA
mini kit (Qiagen, Valencia, California), and total RNA was
extracted using RNeasy mini kit (Qiagen). Human and animal
experimentation guidelines of the National Institutes of Health
were followed in the conduct of these studies.

Polymerase Chain Reaction Amplification of eng
Polymerase chain reaction (PCR) was performed using HotStar
Taq (Qiagen) or AccuPrime Pfx (Invitrogen, Carlsbad, Califor-
nia). Partial P. carinii and P. jirovecii eng DNA sequences were
obtained from published data [12, 17]. Partial genomic se-
quence (approximately 2 kb) of P. murina eng was obtained
by the amplification of genomic DNA using 2 sets of primers
(GK42pc and GK53pc; GK52pc and GK51pc) designed from
the conserved region of the P. carinii eng DNA sequence.

Complete eng genomic DNA and complementary DNA
(cDNA) sequences were obtained by inverse PCR or RNA ligase
mediated rapid amplification of cDNA ends (RLM-RACE) [18].
RNA isolated from partially purified P. carinii or P. murina or-
ganisms and P. jirovecii–infected lung samples was subjected to
RLM-RACE using the First Choice RLM-RACE kit (Ambion
Inc, Austin, Texas) according to the manufacturer’s protocol.
Reverse transcription PCR and 3′-RACE amplifications were
performed as described previously [19]. Additional methods
are provided in the Supplementary Materials.

Sequencing
PCR products were purified using the PCR purification kit
(Edge Biosystem, Gaithersburg, Maryland) or QIAquick Gel
Extraction Kit (Qiagen), and were sequenced directly or after
subcloning using ABI 3100 Genetic Analyzer (Applied Biosys-
tems, Foster City, California) or commercially (MacrogenUSA,
Rockville, Maryland).

Southern and Northern Blot Analysis
For Southern blot analysis, P. carinii genomic DNAwas digested
with Xba1 or EcoR1 restriction enzymes, separated on 1% aga-
rose gel, transferred to a Nytranmembrane, and hybridized with
oligonucleotide probes (GK28pc, GK29pc, or GK19pc) labeled
using DIG Oligonucleotide Tailing Kit (Roche Diagnostics Cor-
poration, Indianapolis, Indiana). Before rehybridization, the
blot was stripped at 37°C using a solution containing 0.2M
NaOH and 0.1% sodium dodecyl sulfate (SDS).

For northern blot analysis, total RNA extracted from partially
purified P. carinii organisms was subjected to agarose gel elec-
trophoresis in the presence of formaldehyde, transferred to a
Nytran membrane, and hybridized with GK29pc or GK19pc
as described for Southern blot analysis. Before reprobing, the
blot was stripped at 80°C using a buffer containing 0.05M
Tris-HCl pH 7.5, 50% deionized formamide, and 5% SDS.

Protein Expression and Refolding
Pneumocystis carinii Eng recombinant protein was expressed in
Escherichia coli. An approximately 1100 bp region from the 3′-
end of P. carinii eng cDNA (spanning 1387 bp–2535 bp, Gen-
Bank #KM056671), which included the entire catalytic domain
based on sequence homology to Saccharomyces cerevisiae Eng,
was amplified and cloned into pET32 (EMD Biosciences, San
Diego, California). Recombinant protein was induced with
1 mM isopropyl-β-D-thiogalactopyranoside for 3 hours at 37°C
and refolded as described previously [20]. Vector with no insert
was processed in a similar manner.

Digestion of Pneumocystis Cell Wall With Eng Protein
Ficoll-purified P. carinii organisms were incubated overnight at
50°C with the refolded Eng or control (no insert) in a buffer
containing 0.05 M sodium acetate, pH 5.0. The supernatant ob-
tained after centrifugation was subjected to Western blot anal-
ysis using monoclonal antibody RA-E7, which recognizes
P. carinii Msg (a kind gift of Drs Walzer and Linke) [21].

Peptide Antibodies
Amixture of 2 synthetic peptides, KKWLLYVFPKEKSE (corre-
sponds to 277–290 amino acids of P. murina Eng) and PYS-
PSAKKPSYSKEAL (corresponds to 421–436 amino acids of
P. murina Eng) were used to commercially raise antibodies in
rabbits (PickCell Laboratories BV, Amsterdam, Netherlands).
The antibody preparations were affinity purified using recombi-
nant Eng protein.

SDS–Polyacrylamide Gel Electrophoresis and Western Blot
Analyses
Protein extracts obtained from partially purified P. carinii organ-
isms or recombinant Eng protein preparations were subjected to
SDS–polyacrylamide gel electrophoresis (PAGE) (Invitrogen)
and electroblotting. Blots were probed with anti-Eng antibody
or, for Msg detection, monoclonal antibody RA-E7 [21] followed
by horseradish peroxidase-conjugated secondary antibodies.

Animal Treatment Studies
CD40L-KO mice (B6;129S2-Tnfsf5tm1Imx/J), which are highly
susceptible to Pneumocystis infection [22], were obtained from
The Jackson Laboratory (Bar Harbor, Maine) and subsequently
bred at the National Institutes of Health. Ten CD40L-KO mice
were randomly divided into 3 groups. Group 1 (n = 4) received
caspofungin (3 mg/kg intraperitoneally) once daily for 8 days,

720 • JID 2015:211 (1 March) • Kutty et al

http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiu517/-/DC1


Figure 1. A, Alignment of 5′-region of P. carinii eng (PC rat1) sequence with the published sequence (PC rat2) [12]. The translation start site, ATG, is
shown in bold and underlined. Conserved sequences are denoted by the asterisks and the intron is highlighted in gray. The transcription start site is indicated
by the arrow. B, Southern blot analysis of P. carinii genomic DNA. Genomic DNA extracted from partially purified P. carinii organisms was digested with Xba1
(lane 1) or EcoR1 (lane 2). The blot was hybridized successively with 3 different digoxigenin-labeled oligonucleotides, with stripping of the blot between
hybridizations. No hybridization signal was observed with oligonucleotide GK28pc designed from PC rat2 (panel a). Oligonucleotide GK29pc designed from
PC rat1 hybridized to a single band with both Xba1 and EcoR1 digests (panel b). Also, oligonucleotide GK19pc designed from the 3′-end common to ratpc1
and ratpc2, hybridized to a single band with both Xba1 and EcoR1 digests (panel c). An internal restriction site accounts for the size differences in the bands
that hybridized with the 5′-end and the 3′-end oligonucleotides in the Xba1 digests. C, Northern blot analysis of total RNA from P. carinii. (Panel a)
Hybridization with oligonulceotide GK29pc resulted in a band of approximately 2.6 kb (indicated by the arrow). (Panel b) The blot in panel a was hybridized,
after stripping, with oligonucleotide GK19pc, giving an RNA band of the same size as in panel a.
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Figure 2. Alignment of deduced amino acid sequences of Pneumocystis Eng with Eng1 and Eng2 from S. cerevisiae and S. pombe. Identical amino acid residues are boxed. The putative catalytic active sites
are denoted by asterisks [8]. Alignment was performed using Clustal W.

722
•

JID
2015:211

(1
M
arch)

•
K
utty

et
al



together with trimethoprim-sulfamethoxazole (48 mg/kg tri-
methoprim and 240 mg/kg sulfamethoxazole orally) for the last
3 days; group 2 (n = 3) received trimethoprim-sulfamethoxazole
at the same dose for 3 days; group 3 (n = 3) received no drug.
After sacrifice, the lungs were removed and sections were placed
in phosphate buffered saline for quantitation of Pneumocystis
burden, RNAlater for gene expression studies, and Histochoice
preservative for immunofluorescence studies.

Immunofluorescence and Confocal Microscopic Analysis
Immunofluorescent labeling of P. murina-infected lung tissue
sections was performed by Histoserv, Inc (Germantown, Mary-
land). Lungs were colabeled with affinity-purified rabbit anti-
Eng antibody, mouse anti-Pneumocystis antibody 4D7 [23], and
mouse β-1,3-glucan monoclonal antibody (Biosupplies Australia
Pty Ltd, Bundoora, VIC, Australia). Alexa Fluor 594–labeled don-
key antirabbit immunoglobin G (IgG) (Invitrogen) was used for
Eng detection, biotin conjugated antimouse IgG and Alexa Fluor
488-conjugated streptavidin (Invitrogen) were used for the label-
ing of β-1,3-glucan, and Alexa Fluor 555–labeled donkey anti-
mouse IgG (Invitrogen) was used to detect Pneumocystis
organisms. Nuclei were labeled with DAPI fluorescent stain and
slides mounted in Vectashield (Vector Labs, Burlingame, Califor-
nia). Images were captured on a TCS SP5White Light Laser Con-
focal System (Leica Microsystems, Buffalo Grove, Illinois) and

deconvolved using Huygens Essential, version 4.5.1p2 (Scientific
Volume Imaging, Hilversum, the Netherlands); further postpro-
cessing, including colocalization analysis, was done in Imaris
7.6.3 (Bitplane, Zurich, Switzerland) and final figure compilation
in Indesign CS6 (Adobe, San Jose, California).

Real-Time PCR
cDNA was reverse transcribed from total RNA extracted from
lung samples using High Capacity RNA to cDNA kit (Applied
Biosystems); eng expression was quantitated by real-time PCR
using primers GK31pm and GK33pm with iTaq Universal
SYBR Green Supermix (Biorad, Hercules, California) and
ViiA 7 Real-Time PCR system (Applied Biosystems) according
to the manufacturer’s instructions. Change in eng expression
was calculated by the relative quantification (ΔΔCT) method,
standardized to P. murina 18S ribosomal RNA (rRNA) levels.

RESULTS

Cloning of the eng Gene From Pneumocystis
Given our long-standing interest in the Msg family of surface
proteins, we were interested in determining whether the previ-
ously reported eng2 gene [12] encodes a functional enzyme that
can release Msg from intact organisms. We thus undertook to
express recombinant protein and examine its function. Initially,

Figure 3. Western blot analysis of P. carinii Eng. A, Protein extracts prepared from partially purified P. carinii organisms probed with anti-Eng antibody.
Immunoreactivity to an approximately 105 kDa band (indicated by arrow) was detected. B, Recombinant P. carinii Eng expressed in E. coli as a His-tag fusion
protein was analyzed by SDS-PAGE and Western blotting. (Panel a) Recombinant protein was analyzed by SDS-PAGE gel stained with Coomassie Blue.
Extracts from bacterial cells expressing recombinant protein showed a band of the expected size (approximately 60 kDa) indicated by the arrow (lane 2). This
band was not seen with bacterial cells transformed with vector alone (lane 1). (Panel b) Western blot analysis of the bacterial cells expressing Eng protein,
showing an immunoreactive band of the expected size when probed with anti-Eng antibody (lane 1) and anti-His tag antibody (lane 2). (Panel c) Western blot
analysis of purified, refolded recombinant protein. An approximately 60 kDa band was detected with anti-His tag antibody (lane 2), but no immunoreactivity
was observed in the vector-alone control (lane 1). C, The refolded recombinant Eng protein was tested for its ability to release PneumocystisMsg. P. carinii
organisms were incubated with the refolded protein or negative control sample. The supernatant obtained after centrifugation was analyzed for the pres-
ence of Msg by Western blot using a monoclonal antibody against P. cariniiMsg. Strong immunoreactivity for Msg (approximately 115 kDa, shown by arrow)
was seen in supernatant digested with recombinant Eng protein (lane 1). Only a weak signal was detected in supernatant incubated with protein preparation
from the vector alone control (lane 2) or with buffer alone (data not shown). Abbreviations: Msg, major surface glycoprotein; SDS-PAGE, sodium dodecyl
sulfate–polyacrylamide gel electrophoresis.
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Figure 4. Immunohistochemical and real-time PCR analysis of P. murina Eng. A, Confocal immunofluorescence microscopic analysis of triple immuno-
fluorescence labeling of P. murina–infected mouse lung tissue sections using anti-Eng, antiglucan and anti-Pneumocystis (4D7) antibodies. (Panel a) Im-
munofluorescence labeling of P. murina–infected lung tissue sections from a mouse with no drug treatment. (Panel b) Immunofluorescence labeling of P.
murina–infected lung tissue sections from a mouse treated with trimethoprim-sulfamethoxazole only. (Panel c) Immunofluorescence labeling of P. murina–
infected lung tissue sections from a mouse treated with both caspofungin and trimethoprim-sulfamethoxazole. (1.) Labeling of Pneumocystis using 4D7
antibody; magenta color indicates immunoreactivity. (2.) Anti-Eng fluorescence colocalizes with anti-Pneumocystis (4D7) labeling; colocalization is seen in
white (mathematically generated colocalization output); note that not all organisms are colabeled with the anti-Eng antibody. (3.) Labeling of cysts with
antiglucan antibody; red color indicates immunoreactivity. (4.) Anti-Eng fluorescence colocalizes with antiglucan labeling; colocalization is seen in yellow
(mathematically generated colocalization output); note that all anti-Eng labeling colocalizes with antiglucan labeling. In panel c, the absence of cysts due to
caspofungin treatment is associated with an absence of anti-Eng reactivity. Bar in 1a is 10 microns. A more detailed figure showing the individual labeling
and other merged images is provided in Supplementary Figure 2. B, Real-time PCR analysis of eng mRNA expression in P. murina. RNA extracted from lung
tissues collected from P. murina–infected mouse lungs was reverse transcribed and eng expression was analyzed by real-time PCR using P. murina 18S
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we tried to amplify the complete P. carinii eng cDNA using
primers GK1pc and GK2pc designed from the published eng2
sequence (GenBank #EU814521), without success. We subse-
quently were able to amplify approximately 2100 bp from the
3′-end of the gene using primers GK24pc and GK10pc, but
had no success in amplifying approximately 600 bp of the
5′-end of the gene. We were ultimately able to successfully am-
plify the 5′-end of the gene by inverse PCR, and to identify the
transcription start site by 5′-RACE using cDNA. As shown in
Figure 1A, the eng sequence that we obtained (PC rat1) differed
substantially from the published sequence (PC rat2) for the first
627 bp, but beyond that point was a 100% match.

To verify this new sequence, Southern and northern blot ana-
lyses were performed. In Southern blot analysis with P. carinii
genomic DNA digested with restriction enzymes Xba1 or EcoR1
(Figure 1B), no hybridization signal was detected with oligo
GK28pc designed from the 5′-end of the published eng se-
quence (PC rat2; Figure 1B, panel a), while a single bandwas seen
for both Xba1 (lane 1) and EcoR1 (lane 2) with GK29pc, designed
from the 5′-end of the new eng sequence (PC rat1; Figure 1B,
panel b). Hybridization was also observed when the same blot
was reprobed with GK19pc, which is designed from the 3′-end
and is identical in both sequences (Figure 1B, panel c). Southern
blot analysis also demonstrated that P. carinii eng is a single copy
gene. In northern blotting analysis with RNA extracted from
partially purified P. carinii organisms, both probes GK29pc
and GK19pc detected a band of approximately 2.6 kb, consistent
with the size expected from the cDNA sequence (Figure 1C).

We next determined the P. murina eng sequence and con-
firmed the P. jirovecii eng sequence. A partial eng sequence
for P. murina was obtained by amplifying genomic DNA
using primers designed from the regions of P. carinii eng gene
that were conserved when aligned with yeast eng sequences. The
complete eng sequence was assembled from sequences obtained
by inverse PCR, 5′-RACE and 3′-RACE techniques. A partial
eng sequence for P. jirovecii was obtained from the published
P. jirovecii genome data [17]; 5′-RACE was performed to deter-
mine the 5′-untranslated region.

The accuracy of eng genomic and cDNA sequences for 3
Pneumocystis species was confirmed by sequencing the entire
coding region of eng amplified from genomic DNA and
cDNA from each species. The alignment of eng genomic and
cDNA sequences from all 3 species is shown in the Supplemen-
tary Figure 1. Comparison of genomic and cDNA sequences
identified 5 introns for P. carinii and P. murina, and 4 introns
for P. jirovecii. Introns are in identical locations in all 3 species,

with the exception that the first intron present in P. carinii and
P. murina was absent in P. jirovecii. The GenBank accession
numbers for the P. carinii, P. murina, and P. jirovecii eng
genomic and cDNA sequences are KM056670-75. We could
identify only 1 eng gene encoding a protein belonging to the gly-
coside hydrolase family 81 in each Pneumocystis species. Be-
cause it is not clear if Pneumocystis Eng is more closely
related to Eng1 or Eng2 in yeast (see below), we have designated
the Pneumocystis endo-β-1,3-glucanase genes described in this
paper simply as eng.

Deduced Amino Acid Sequences of Pneumocystis Eng
The cDNA sequences of P. carinii and P. murina eng each en-
code a protein of 786 amino acids, while P. jirovecii eng cDNA
encodes a protein of 788 amino acids. Figure 2 shows the align-
ment of the deduced amino acid sequences of Eng from all 3
Pneumocystis species together with those of 2 yeast, Saccharo-
myces cerevisiae and Schizosaccharomyces pombe. P. carinii
Eng showed 76% identity to that of P. murina and both showed
58%–60% identity to that of P. jirovecii. The predicted catalytic
sites are highly conserved in all 3 species as well as in yeast [8].
Pneumocystis Eng showed 38%–40% and 27%–29% identity to
S. pombe Eng2 and Eng1, respectively, and 34% and 23% iden-
tity to S. cerevisiae Eng2 and Eng1, respectively.

Both P. carinii and P. murina Eng contains a signal peptide
predicted by SignalP 3.0, similar to yeast Eng1 [9], despite the
greater sequence similarity to yeast Eng2 [11]. In contrast, no
signal peptide was predicted in P. jirovecii Eng.

Characterization of Pneumocystis Eng Expression and Enzyme
Activity
To examine Eng expression, we utilized a polyclonal antibody
generated against a mixture of 2 synthetic peptides designed
from a conserved region of the P. murina Eng protein. Western
blot analysis of P. carinii extracts showed that this antibody recog-
nized an approximately 105 kDa protein band (Figure 3A), which
is slightly larger than the predicted size of approximately 90 kDa.

To examine Eng function, a fragment of the P. carinii eng
cDNA (spanning 1387–2535 bp) that encodes amino acid resi-
dues 404–786, which includes the putative catalytic active sites,
was expressed as a His tag fusion protein in E. coli. SDS-PAGE
analysis of the bacterial extract (Figure 3B, panel a) expressing
recombinant protein showed a prominent band of approxi-
mately 60 kDa protein, consistent with the expected size; this
band was not seen in the control cell lysate with vector alone.
By Western blot analysis (Figure 3B, panel b), the expressed

Figure 4 continued. rRNA as the endogenous control. X-axis indicates groups based on drug treatment. Y-axis shows the fold change in P. murina eng
mRNA expression compared to control. The animals treated with a combination of caspofungin and trimethoprim-sulfamethoxazole decreased the eng
mRNA expression to approximately 50%. Treatment with trimethoprim-sulfamethoxazole alone did not result in any change of eng mRNA expression com-
pared to the control. Similar results were seen when using caspofungin alone in a separate experiment (data not shown). Abbreviations: mRNA, messenger
RNA, PCR, polymerase chain reaction.
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protein showed immunoreactivity to the polyclonal anti-Eng
antibody, as well as a His-tag antibody.

Most of the recombinant protein was insoluble. To obtain
functional protein, recombinant protein was solubilized with
8M urea and then refolded, as previously described [20]. Con-
trol vector with no insert was processed in a similar manner.
Western blot analysis of refolded protein (Figure 3B, panel c)
showed an immunoreactive band of approximately 60 kDa
when probed with anti-His tag antibody, while no band was de-
tected for the no-insert control.

The refolded Eng protein was analyzed for its ability to digest
Pneumocystis cell wall and release Msg as has been shown in
previous studies with commercial β-1,3-glucanase [13, 14].
Pneumocystis carinii organisms were incubated with the refold-
ed Eng protein or negative control, and release of Msg was an-
alyzed by Western blot using a monoclonal antibody [21].
Strong immunoreactivity with Msg (approximately 115 kDa)
was detected in the supernatant obtained after digestion with
refolded recombinant Eng protein (Figure 3C), indicating
that, like other endo-β-1,3-glucanases, the refolded Eng protein
has the ability to release Msg. Minimal activity was detected with
the protein preparation from bacteria transformed with the con-
trol vector (Figure 3C).

Immunohistochemical Analysis of Eng
To localize the expression of Eng in P. murina organisms, infect-
ed mouse lung sections were labeled with affinity-purified anti-
Eng antibody together with an anti-Pneumocystis monoclonal
antibody (4D7), which reacts with all stages of the organism, as
well as an anti-β-1,3 glucan antibody, which reacts only with the
cyst form, and then examined by confocal microscopy. Based on
colocalization of the Eng labeling exclusively with β-1,3 glucan,
Eng expression is limited to Pneumocystis cysts (Figure 4A, top
panel, and Supplementary Figure 2). Preincubation of the anti-
Eng antibody with the peptides used for immunization resulted
in decrease or loss of immunoreactivity (data not shown).

Because caspofungin treatment dramatically reduces the
number of cysts in P. murina–infected mice [24] and the expres-
sion of Eng appears to be localized to cysts, we determined
whether the expression of Eng decreases with caspofungin treat-
ment. We utilized lung samples from a study in which P. murina–
infected animals were untreated or treated with caspofungin for
8 days plus trimethoprim-sulfamethoxazole for the last 3 days or
trimethoprim-sulfamethoxazole alone for 3 days. Compared to
the no-treatment control (Figure 4A, top panel), trimethoprim-
sulfamethoxazole treatment alone for 3 days had no impact on the
number of cysts or on Eng expression (Figure 4A, middle panel).
In contrast, caspofungin plus trimethoprim-sulfamethoxazole
treatment markedly reduced the number of cysts, and no Eng
labeling was observed (Figure 4A, bottom panel). In a separate
experiment, treatment with caspofungin alone also resulted in
loss of Eng labeling (data not shown). These observations

further support that Eng expression is limited to the cyst
form of Pneumocystis.

We also examined whether eng messenger RNA (mRNA)
expression in P. murina is decreased during caspofungin treatment
of infected mice. Real-time PCR analysis demonstrated an ap-
proximately 50% decrease in eng mRNA expression in animals
treated with a combination of caspofungin and trimethoprim-
sulfamethoxazole, while treatment with trimethoprim-
sulfamethoxazole alone did not result in any change of eng
mRNA expression compared to the no-treatment control (Fig-
ure 4B). Treatment with caspofungin alone for 21 days resulted
in an approximately 50% decrease in eng mRNA expression
(data not shown).

DISCUSSION

We have characterized the endo-β-1,3-glucanase from 3 Pneu-
mocystis species (P. carinii, P. murina, and P. jirovecii) and have
shown that by immunofluorescence it is localized to cysts. The
gene is transcribed as an approximately 2.6 kb mRNA that en-
codes a protein containing 786 amino acids in P. carinii and
P. murina, and 788 amino acids in P. jirovecii. This protein
shows homology to yeast Eng1 and Eng2 proteins and belongs
to glycoside hydrolase family 81.

The cDNA sequence of P. carinii eng that we have identified
differs at the 5′-end from the previously reported eng2 gene
[12], which we were unable to clone or detect by Southern
blot, while the P. carinii eng sequence reported here was sup-
ported by Southern and northern blot analyses. The reason
for the differences between these 2 sequences is not clear, but
potentially may be related to differences in the rat Pneumocystis
strain or species (P. carinii vs P. wakefieldiae) used in our study
and the previous study.

Eng1 and Eng2 are the 2 forms of endo-β-1,3-glucanase be-
longing to glycoside hydrolase family 81 (GH 81) that have
been characterized from yeast [8, 9, 11]. Alignment of deduced
amino acid sequences of Eng from Pneumocystis with Eng1 and
Eng2 from yeast showed that a region of approximately 650 amino
acids containing the catalytic sites characteristic of the GH 81
family is conserved in Pneumocystis [8]. In yeast, Eng1 is an extra-
cellular protein with a signal peptide, while Eng2 is an intracellu-
lar protein with no signal peptide [9]. Of note, while the Eng
proteins from all 3 Pneumocystis species showed greater identity
with yeast Eng2 (34%–40%) than yeast Eng1 (23%–29%), P. cari-
nii and P. murina Eng sequences contain signal peptides, similar
to yeast Eng1. Interestingly, P. jirovecii Eng, like the previously re-
ported P. carinii Eng [12], does not have a predicted signal pep-
tide. Given that each Pneumocystis species has a single eng gene
per genome, and that its relationship to the yeast eng genes is am-
biguous, we have designated the endo-β-1,3-glucanase encoded by
this gene as Eng, rather than Eng1 or Eng2.
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Msg is the predominant cell surface protein expressed in
Pneumocystis [15, 25, 26], and is encoded by a multicopy
gene family that confers on Pneumocystis the potential for an-
tigenic variation. We were interested in characterizing Pneu-
mocystis Eng because Msg has been reported to be released
from Pneumocystis by enzyme preparations containing β-
1,3-glucanase from various sources [13, 14]. Consistent with
these reports, the recombinant Eng prepared in the present
study was also able to release Msg from Pneumocystis as dem-
onstrated by Western blotting. Thus, one possible role for Eng
in Pneumocystis is to facilitate release of Msg, which may
allow a rapid change in the Msg isoform expressed by the
organism.

Endo-β-1,3-glucanase is involved in cell separation in yeast
[9, 11]. In S. cerevisiae, Eng1 and Eng2 deletion mutants showed
defects in cell separation, resulting in the clumping of cells. It
has been shown that the cell separation defect in S. cerevisiae
Eng2 mutants can be rectified by complementing with Pneumo-
cystis endo-β-1,3-glucanase [12].

Immunofluorescence analysis of P. murina–infected mouse
lung tissue sections showed that Eng is exclusively expressed
in the cyst form of Pneumocystis. This finding differs from
the observation of Villegas et al [12] who demonstrated re-
activity of P. carinii Eng with the trophic form by electron mi-
croscopy; this again may be related to differences in the
Pneumocystis species studied or the methodologies utilized.
Moreover, caspofungin treatment of P. murina–infected mice
eliminated the reactivity of anti-Eng antibody, while greatly re-
ducing the number of cyst forms, further supporting the expres-
sion of Eng exclusively in cysts. The mechanisms leading to this
loss of reactivity are unclear, but may simply be related to cyst
death, or alternatively may result from regulatory mechanisms
associated with decreased synthesis of glucans in the presence of
caspofungin.

Characterization of Eng from different Pneumocystis species
further highlights the diversity in this family of organisms. Fur-
ther studies of glucan metabolism as well as other metabolic
pathways should provide insights into the unique biology of dif-
ferent members of this atypical fungal opportunist.
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