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PHR1 and PHR2 encode putative glycosylphosphatidylinositol-anchored cell surface proteins of the oppor-
tunistic fungal pathogen Candida albicans. These proteins are functionally related, and their expression is
modulated in relation to the pH of the ambient environment in vitro and in vivo. Deletion of either gene results
in a pH-conditional defect in cell morphology and virulence. Multiple sequence alignments demonstrated a
distant relationship between the Phr proteins and b-galactosidases. Based on this alignment, site-directed
mutagenesis of the putative active-site residues of Phr1p and Phr2p was conducted and two conserved
glutamate residues were shown to be essential for activity. By taking advantage of the pH-conditional expres-
sion of the genes, a temporal analysis of cell wall changes was performed following a shift of the mutants from
permissive to nonpermissive pH. The mutations did not grossly affect the amount of polysaccharides in the wall
but did alter their distribution. The most immediate alteration to occur was a fivefold increase in the rate of
cross-linking between b-1,6-glycosylated mannoproteins and chitin. This increase was followed shortly there-
after by a decline in b-1,3-glucan-associated b-1,6-glucans and, within several generations, a fivefold increase
in the chitin content of the walls. The increased accumulation of chitin-linked glucans was not due to a block
in subsequent processing as determined by pulse-chase analysis. Rather, the results suggest that the glucans
are diverted to chitin linkage due to the inability of the mutants to establish cross-links between b-1,6- and
b-1,3-glucans. Based on these and previously published results, it is suggested that the Phr proteins process
b-1,3-glucans and make available acceptor sites for the attachment of b-1,6-glucans.

PHR1 and PHR2 encode morphological functions of the
opportunistic fungal pathogen Candida albicans (27, 41). Their
expression varies in relation to the pH of the growth environ-
ment, both in vitro and in vivo (7, 27, 41). In vitro expression
of PHR1 is detected only when the ambient pH is above 5.5
and increases at more alkaline pHs (41). PHR2 exhibits the
inverse pattern, with maximal expression below pH 5 (27). A
similar expression pattern during infection is suggested by the
virulence pattern of the analogous mutants. Mutants lacking
PHR1 are grossly attenuated in an animal model of hematog-
enous, disseminated candidiasis but retain virulence in a vag-
inal infection model (7). These models correspond to alkaline
and acidic environments, respectively. Conversely, phr2D mu-
tants are compromised in their ability to cause vaginal infec-
tions but not systemic infections (7). The unique counterbal-
anced expression pattern of these genes and their in vivo
significance have prompted functional studies of the encoded
proteins, Phr1p and Phr2p.

The proteins encoded by PHR1 and PHR2 are structurally
and functionally related (27). Phr1p and Phr2p belong to a
family of related fungal proteins typified by the GAS1 protein
of Saccharomyces cerevisiae (30, 45). GAS1 was initially iden-
tified as encoding the predominant glycosylphosphatidylinosi-
tol-linked cell surface glycoprotein (30, 45). The functional
relatedness of Gas1p and Phr1p was established by genetic
complementation, and Phr1p is glycosylphosphatidylinositol
anchored when it is expressed in yeast (46). The S. cerevisiae
genome contains four additional GAS genes (36), and related

proteins have been reported for Aspergillus fumigatus (26),
Candida maltosa (29), and Schizosaccharomyces pombe (51).
The identity between these proteins varies from 32 to 80%.

Aberrant cell morphology is a characteristic phenotype of
mutants lacking these genes (27, 29, 34, 41). The cells become
enlarged and rounded and have multiple buds (27, 29, 34, 41).
The PHR1 and PHR2 mutants are distinctive in that the mor-
phological defects are pH conditional. PHR1 mutants are mor-
phologically abnormal at alkaline pH but normal at acidic pH
(41). PHR2 mutants exhibit the inverse relationship between
pH and morphology (27). Despite their altered morphology,
the mutants remain osmotically stable and maintain normal
secretion and cytoskeletal organization (27, 41). Growth is also
compromised at the restrictive pH; PHR1 mutants exhibit a
greatly reduced growth rate, while PHR2 mutants cease growth
(28, 41).

Associated with the abnormal morphology are changes in
the polysaccharides of the cell wall. Chitin levels increase 5- to
10-fold in both S. cerevisiae gas1D and C. albicans phr1D mu-
tants (22, 31, 32, 36). Glucan content is reduced due to a
substantial reduction in b-1,6-glucans and a modest reduction
in b-1,3-glucans (29, 31, 32, 36). Altered cross-linking of glu-
cans into the cell wall is suggested by an increase in the ratio of
alkali-soluble to alkali-insoluble glucan (31, 32). However, this
increase is observed in gas1D and phr1D mutants but not in the
analogous epd1D mutant of C. maltosa (29). The release of
b-1,3-glucans into the culture medium by GAS1 mutants also
suggests altered glucan cross-linking (36). Mannoproteins are
affected in both amount and localization. Mannan content
increases 40%, and the synthesis of a particular mannoprotein,
Cwp1p, is increased (22, 37). Approximately 40% of the b-1,6-
glucosylated mannoproteins become cross-linked to chitin in
the gas1D mutant, versus only 4% in normal cells, and these
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proteins are also released into the culture medium (22, 37).
These phenotypes are not all specific to mutation of this family
of genes. The increased content of chitin and its increased
cross-linkage to b-1,6-glucosylated mannoproteins are also ex-
hibited by FKS1 mutants, which lack b-1,3-glucan synthase, or
KNR4 mutants, which are also affected in b-1,3-glucan synthe-
sis (18, 19, 22, 36). Changes in glucan solubility also occur in
hkr1D cells (50). This has led to the hypothesis that these
alterations reflect compensatory changes in cell wall synthesis
that are induced to maintain cell wall integrity (19, 31, 36).
Thus, none of these phenotypes can be specifically attributed
to the loss of Phr1p or its orthologs, and the functional rela-
tionship between these proteins and cell wall biosynthesis is
unclear.

In this study the structural relationship between Phr1p and
family 2 glycosidases (14, 15) was demonstrated, suggesting
that Phr1p acts directly upon polysaccharides of the cell wall.
By taking advantage of the pH-conditional defects of PHR1
and PHR2 mutants, a temporal analysis of cell wall alterations
was performed. Sequential changes in cell wall composition
were observed, and these indicated that the decline in b-1,6-
glucan content and the increase in chitin content were second-
ary effects of the mutations. However, the mutations resulted
in an immediate four- to fivefold increase in the rate of chitin
cross-linking to b-1,6-glucan. Since these glucans are normally
cross-linked to b-1,3-glucans and the level of b-1,3-glucans is
not substantially altered, the results suggest that Phr1p and
Phr2p are critical to the cross-linking of b-1,6- and b-1,3-
glucans.

MATERIALS AND METHODS

Strains and growth conditions. The C. albicans strains used in this study were
CAF3 (9); CAS8, a phr1D mutant derived from CAF3 (41); CFM2, a phr2D
mutant (27); and CFM3, a Phr21 derivative of CFM2 (27). The strains were
routinely cultured on YPD agar (44) at 30°C. The medium was adjusted with HCl
to pH 4.5 to provide permissive growth conditions for the phr1D mutant or with
NaOH to pH 7.0 for the phr2D mutant. For cell wall analyses, the strains were
cultured in Medium 199 containing Earle’s salts and glutamine but lacking
sodium bicarbonate (Gibco BRL) and containing 150 mM HEPES. The pH of
the medium did not vary more than 0.2 pH unit over the course of the experi-
ments. Since CFM3 and CAS8 are Urd2 (9, 41), medium for these strains was
supplemented with uridine (25 mg/ml).

Site-specific mutagenesis and mutant strain construction. The glutamate
codons encoding residues E169 and E270 of Phr1p were changed to glutamine
codons by site-specific mutagenesis. The mutated alleles were generated by
inverse-PCR amplification with oligonucleotide primers that incorporated the
desired base change. The Q169 allele was produced with the primers RP169
(59-TTACCAGCAAAAAATCCCAAAAC-39) and LP169Q (59-CCAAGTAAC
TAATAATCGTTCA-39). RP169 was the inverse complement of nucleotides 481
to 503 of the PHR1 open reading frame. LP169Q was complementary to nucle-
otides 504 to 525 and incorporated a G-to-C transversion (underlined) at nucle-
otide 505. The Q270 allele was generated with the primers RP270Q (59-TTGG
GAGAAGAAGGCTGGGAT-39) and LP270 (59-TATGGTTGTAATGCTAA
CCGTCC-39). RPQ270 was the inverse complement of nucleotides 790 to 810
and incorporated a G-to-C transversion (underlined) at nucleotide position 808.
LP270 was complementary to nucleotides 811 to 833 and incorporated a silent
A-to-T transversion (underlined) at position 816. As a control, a wild-type allele
was generated in the same manner with the primers RPE270 (59-TTCGGAGA
AGAAGGCTGGGAT-39) and LP270. RPE270 was identical to the wild-type
sequence between positions 790 and 810. The silent mutation in RPE270 allowed
the PCR-generated allele to be distinguished from the wild-type allele used as
the template in the PCR. Plasmid pSMS-54 was used as the template DNA. This
plasmid consists of a 2.1-kb EcoRI fragment encoding Phr1p and the 1.3-kb
ScaI-XbaI fragment of the C. albicans URA3 gene in pUC18 (41).

The PCR mixture consisted of 1 mg of template DNA, 20 pmol of each primer,
50 nmol of each deoxynucleoside triphosphate, and 2.5 U of TaKaRa LA Taq
(Panvera) in 50 ml of 13 LA Taq buffer. The mixture was preincubated 1 min a
94°C and then cycled 10 times with the following incubations: 30 s at 94°C, 30 s
at 50°C, and 7.5 min at 68°C, concluding with a 10-min incubation at 72°C.
Following amplification, DNA was precipitated from the reaction mixtures and
digested with DpnI to fragment the template DNA. The desired product was
purified by agarose gel electrophoresis, circularized by treatment with polynu-
cleotide kinase and T4 ligase, and transformed into Escherichia coli XL1-Blue

(Strategene). The presence of the desired base changes was verified by nucleo-
tide sequence determination.

To test the effect of the mutations on Phr1p function, the plasmids were
integrated into the phr1 locus of strain CAS8 (41). Targeted integration was
directed by digestion of the plasmid DNA at the unique SacII site within PHR1.
This site lies 59 of the region deleted from the genomic allele so that recombi-
nation results in the newly integrated allele being expressed from the native
promoter sequences. Transformed cells were selected as Urd1, and the location
and structure of the integrated DNA were determined by Southern blot analysis.
Transformation and selection were performed as previously described (27). The
transformed strains were examined for pH-dependent morphological defects as
described in reference 41.

Quantitation of cell wall carbohydrates. Strain CAF3 or CAS8 was cultured in
YPD medium to stationary phase at 25°C. These cells were inoculated into
Medium 199–150 mM HEPES (pH 8.0) at a density of 2.5 3 106 cells/ml and
incubated at 25°C for either one culture doubling or six culture doublings.
Growth was monitored by measuring the optical density of the culture at 600 nm.
For dry weight determinations, quadruplicate cell samples were collected on
preweighed nitrocellulose filters (pore size, 0.45 mm) and dried in vacuo prior to
being weighed. For carbohydrate analysis cell samples were collected in triplicate
or quadruplicate from each culture by centrifugation. The pelleted cells were
washed with ice-cold, sterile distilled water and stored at 270°C until use. The
cell samples were analyzed directly or after breakage with glass beads to prepare
a cell wall fraction. Both methods yielded similar results.

The samples were fractionated as described by Boone et al. (3). They were
extracted three times in 0.5 ml of 0.75 M NaOH for 60 min at 75°C. The
combined alkali extracts were neutralized with glacial acetic acid and were
designated the alkali-soluble fractions. The alkali-insoluble material was washed
once with 100 mM Tris (pH 7.5) and once with 10 mM Tris (pH 7.5) and
suspended in 1 ml of 10 mM Tris (pH 7.5)–0.01% sodium azide containing 1 mg
of the b-1,3-glucanase preparation Zymolyase 100T (ICN Pharmaceuticals). The
suspension was incubated 16 h at 37°C with gentle mixing. Insoluble material was
removed by centrifugation, and the supernatant solution was designated the
Zymolyase-soluble fraction. Control experiments demonstrated that increasing
the amount of Zymolyase, extending the incubation period, or treating the
insoluble material for a second time failed to release additional carbohydrate.
The material remaining after Zymolyase treatment was washed once with sterile
distilled water and designated the Zymolyase-insoluble fraction. The hexose
contents of these fractions were determined in triplicate by the phenol-sulfuric
acid method of Dubois et al. (8), with glucose as a standard. The chitin content
was determined as described by Bulawa et al. (4). The resulting values were
expressed as micrograms of hexose or hexosamine per milligram (dry weight) of
cells. Final values are the averages of results from at least three independent
cultures.

Pulse-labeling of glucans. The control strain, CAF3, and the Phr12 strain,
CAS8, were cultured overnight to stationary phase at 25°C in YPD adjusted to
pH 4.5. This pH is permissive for growth of CAS8. The overnight culture was
used to inoculate 10 ml of Medium 199–150 mM HEPES, adjusted to the
nonpermissive pH of 8.0 and preequilibrated to 25°C. The final cell density was
107 cells/ml. Two-milliliter portions of this culture were removed 60, 120, and 240
min postinoculation and mixed with 2 mCi of D-[U-14C]glucose (250 to 360
mCi/mmol; New England Nuclear). The samples were incubated 60 min in the
presence of label before being harvested by centrifugation. The labeled cells
were washed four times with ice-cold sterile distilled water, mixed with one
aliquot of 3H-labeled carrier cells, pelleted by centrifugation, and stored at
270°C until use.

To prepare 3H-labeled carrier cells, a stationary-phase YPD culture of strain
CAF3 was used to inoculate 10 ml of Medium 199–150 mM HEPES, pH 8.0, to
a final cell density of 107 cells/ml. After 2 h of incubation, 100 mCi of D-[3-
3H]glucose was added and incubation was continued for an additional 60 min.
The labeled cells were collected by centrifugation and washed three times with
ice-cold sterile distilled water. These cells were mixed with unlabeled washed
cells from 50 ml of the stationary-phase YPD inoculum and dispensed into 25
equal aliquots.

Strains CFM2 and CFM3 were pulse-labeled in a similar manner except that
the YPD medium was adjusted to pH 7.0 and Medium 199 was adjusted to pH
4.5. The cells were labeled with [14C]glucose at a single time point, 240 min
postinoculation into Medium 199. [3H]glucose-labeled carrier cells were pre-
pared from the control strain CFM3.

Pulse-chase analysis of glucans. In the pulse-chase experiments, CAF3 and
CAS8 were pulse-labeled as described in the preceding section. Labeling was
initiated 4 h postinoculation into Medium 199 and terminated after 60 min. Half
of the culture was collected and retained as the prechase sample. The remainder
was collected by filtration on a 0.2-mm-pore-size filter and washed with Medium
199–2% glucose–150 mM HEPES adjusted to the permissive pH, 4.5. The
washed cells were inoculated into Medium 199–2% glucose–150 mM HEPES,
pH 4.5, at the original cell density and incubated 4 h prior to being harvested.
The pre- and postchase samples were mixed with [3H]glucose-labeled carrier
cells prepared as described in the previous section.

Pulse-chase experiments with the control strain CFM3 and the phr2D mutant
CFM2 were conducted similarly with several exceptions. The medium was ad-
justed to pH 7.0 for permissive growth conditions and pH 4.5 for restrictive
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conditions. The cells were incubated for only 60 min at the restrictive pH prior
to being pulse-labeled, and the chase period was 2 h in duration.

Fractionation and analysis of labeled cells. Alkali-soluble glucans were pre-
pared by the method of Hartland et al. (13). The Zymolyase-soluble fraction was
prepared as described by Boone et al. (3) except that the alkali-insoluble mate-
rial, which contained approximately 1 mg of hexose, was digested with 0.1 mg of
Zymolyase 100T. Control experiments demonstrated that digestion was complete
under these conditions. After removal of insoluble material by centrifugation,
the solubilized material was fractionated by molecular sieve chromatography on
a 1.5- by 100-cm column packed with Bio-Gel A 5m (Bio-Rad Laboratories)
equilibrated with 0.01% sodium azide. The column was eluted at a flow rate of
0.3 ml/min, and 2-ml fractions were collected. The column was calibrated with
linear dextrans.

The monosaccharide compositions of select fractions were determined by
high-performance anion-exchange chromatography (HPAEC). The samples
were hydrolyzed in 2 M trifluoroacetic acid (TFA) for 2 h at 100°C (11, 13),
desalted, and applied to a Dionex CarboPac PA1 column. Isocratic elution with
16 mM NaOH at a flow rate of 1 ml/min was used to separate the sugars.
Monosaccharide peaks were detected by pulsed amperometric detection (11),
and 14C-labeled sugars were detected by time-resolved liquid scintillation count-
ing.

To quantitate the label incorporated into Zymolyase-insoluble glucans, the
material remaining after Zymolyase digestion was washed with distilled water
and hydrolyzed in TFA (11, 13). The monosaccharides were fractionated by
either thin-layer chromatography (TLC) (13) or HPAEC. For TLC separations,
spots were visualized by phosphorimaging and identified by comparison with
labeled standards. The spots were excised, eluted with H2O, and quantitated by
liquid scintillation counting in a Beckman LS3801 scintillation counter with
ScintiSafe 30% cocktail (Fischer Scientific). Internal standards were used to
correct for crossover and counting efficiency. The 14C counts were corrected for
differences in total incorporation of the cultures to account for differences in cell
numbers and growth rate. These corrected values were expressed as either the
ratio of 14C to 3H or 14C counts normalized for 3H recovery.

Analysis of Zymolyase-insoluble glucan. The insoluble material remaining
after Zymolyase treatment was further fractionated by digestion with chitinase
(23). The pelleted material was washed twice with 50 mM Tris, pH 7.5, and twice
with 50 mM potassium phosphate, pH 6.3. The washed material was suspended
in 0.1 ml of 50 mM potassium phosphate (pH 6.3)–0.01% sodium azide contain-
ing 0.025 U of Serratia marcescens chitinase. Chitinase was either obtained
commercially (Sigma) or purified from E. coli expressing the Serratia marcescens
chiA gene. The recombinant enzyme was purified as described by Vorgias et al.
(49) from E. coli A5178 (43), which was kindly supplied by A. Oppenheim. The
digests were incubated at 30°C for 16 h with gentle mixing. Increasing the amount
of enzyme or the duration of incubation or repeating the treatment did not
increase the yield of released material. The chitinase-solubilized material was
fractionated by molecular sieve chromatography on a 1.5- by 100-cm column
packed with Bio-Gel P-2 (Bio-Rad Laboratories). The column was equilibrated
with 0.1 M acetic acid and eluted at a flow rate of 0.17 ml/min. Two-milliliter
fractions were collected. Alternatively, the samples were fractionated on a 1.5- by
10-cm Toyopearl HW-55S column (TosoHaas). The column was equilibrated
with 0.1 M acetic acid and eluted at a flow rate of 0.3 ml/min, and 1-ml fractions
were collected. The eluted fractions were analyzed for hexose content by the
phenol-sulfuric acid assay (8) or for 3H and 14C contents by liquid scintillation
counting. The monosaccharide composition of selected fractions was determined
by HPAEC following TFA hydrolysis. Smith degradation of chitinase-solubilized
material was conducted as described in reference 13).

RESULTS

Relationship between Phr1p and glycosidases. A basic
BLAST search of available databases readily identified a num-
ber of Phr1p-related sequences, but no highly significant align-
ments with proteins of known function were produced (1). It
was noted, however, that b-galactosidases from one or more
species appeared in seven of the nine search reports when
various Phr1p homologs were individually compared with the
nonredundant sequences in the GenBank database. The E
values ranged from 0.003 to 8.8 with the BLOSUM matrix.
This result was surprising given that some of the Phr1p ho-
mologs have as little as 33% identity in pairwise comparisons,
and this level of identity suggested that there may be some
distant relationship between Phr1p and b-galactosidases. To
test this possibility, the sequences of Phr1p, Phr2p, and 7 other
homologs were compared with the sequences of 12 b-galacto-
sidases of microbial origin. Several highly significant (P 5 0)
blocks of conserved sequence were identified by the Gibbs

sampling strategy (25) as implemented in the program
MACAW (42). A subset of these alignments is shown in Fig. 1.
The blocks ranged in size from 8 to 34 residues and encom-
passed the region between amino acids Asn41 and Tyr304 of
Phr1p. Global alignment of this region (17) demonstrated that
approximately 13% of the residues were conserved in 14 of the
21 compared sequences. Only 4% of the residues were con-
served in all 21 sequences, but these included the Phr1p se-
quences GNE169 and E270Y. Notably, E169 and E270 were
aligned with E461 and E537 of E. coli b-galactosidase. E461
and E537 are active-site residues serving as the proton donor
and nucleophile, respectively (10). If the alignment was bio-
logically meaningful, then mutation of E169 or E270 was pre-
dicted to inactivate Phr1p.

Mutagenesis studies of E. coli lacZ have demonstrated that
a glutamine substitution at position E461 or E537 inactivates
the protein (2, 5, 6). The analogous missense mutations were
introduced into PHR1 at codon 169 or 270, and the mutated
genes were tested for their ability to complement the morpho-
logical defects of a phr1D mutant. As shown in Fig. 2, neither
the E169Q nor the E270Q mutant allele was able to comple-
ment the phr1D mutation. Introduction of a silent mutation
into PHR1 yielded a functional protein (Fig. 2). Thus, as pre-
dicted from the alignment with b-galactosidases, E169 and
E270 are essential for Phr1p activity, which suggests that Phr1p
has a distant relationship with these glycosidases. The essential
nature of these residues further implies that one or more of the
changes in cell wall polysaccharides in phr1D mutants may be
directly related to the loss of Phr1p activity.

Temporal changes in gross wall structure. Previous studies
demonstrated multiple changes in the polysaccharide compo-
sition and organization of the cell walls of PHR1, GAS1, and
EPD1 mutants (29, 31, 35, 36). It is unknown which of these
differences, if any, are directly related to the mutation. Inter-
pretation of the data is further complicated by the suggestion
that some of the observed changes reflect compensatory mech-
anisms induced to maintain the structural integrity of the wall
(19, 31, 36). Since the primary effects of the mutation must
occur prior to secondary alterations, temporal analysis can
potentially distinguish between these. A temporal analysis of
cell wall changes in the phr1D mutant was feasible because of
its pH-conditional phenotype (41). The cells can be shifted
from permissive to restrictive growth conditions, and progres-
sive changes in the cell wall can be measured.

As a first step, the gross composition of cell wall fractions
was measured following a shift from permissive to restrictive
growth conditions. The phr1D mutant strain CAS8 and the
parental control strain CAF3 were grown to stationary phase at
the permissive pH of 4.5 and incubated an additional period of
approximately 8 h. This was done to allow for the presumptive
turnover and loss of functionally related Phr2p activity, which
was expressed during growth at acidic pH. Thus, there would
be no phenotypic lag upon inoculation into fresh medium of
restrictive pH. Table 1 shows the results obtained with cells
harvested one generation and six generations after inoculation
into pH 8.0 medium. After one culture doubling there was no
detectable difference between the mutant and parent in the
total hexose contents of the alkali-extractable or Zymolyase-
solubilized wall fractions. The chitin contents also appeared
comparable. There was, however, a notable increase of about
2.5-fold in the amount of Zymolyase-insoluble wall material in
the mutant.

After six generations, additional changes were detected in
the mutant, including a slight decline in the hexose content of
the Zymolyase-solubilized fraction, a fivefold increase in chitin
content, and a further increase in the Zymolyase-insoluble
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fraction. These delayed results are similar to those previously
reported for PHR1, GAS1, and EPD1 mutants. None of these
changes were detected when the mutant was grown at pH 4.5
or when a functional copy of PHR1 was introduced (data not
shown). Unlike with GAS1 mutants, there was no detectable
increase in secretion of polysaccharides into the medium after
one generation at the restrictive pH (data not shown) (35, 36).
As previously reported for the phr1D mutant (32), the total
amount of hexoses in the cell wall did not change, suggesting
that the mutation has little effect on polysaccharide synthesis
per se.

Temporal changes in newly synthesized polysaccharides.
The foregoing results demonstrated that there were time-
dependent changes occurring in the cell wall. The delayed
appearance of some suggested that they were secondary to a
defect(s) associated with the loss of Phr1p. Furthermore, the
observation that alterations could be detected after a single
generation under restrictive growth conditions suggested that
the absence of Phr1p had an immediate effect(s) on cell wall
biosynthesis. A limitation of these experiments was that after
one generation of growth under restrictive conditions, the cell
population consisted of 50% phenotypically mutant cells and
50% phenotypically normal cells, the latter being derived from
the initial inoculum. The large fraction of phenotypically nor-
mal cells created a high background value against which
changes in the mutant cells were measured. This high back-
ground obscured subtle changes in newly synthesized polysac-
charides. To overcome this limitation, a pulse-labeling scheme
was used with the assumption that only newly synthesized wall
material would be labeled. Strains CAF3 and CAS8 were
grown under nonrestrictive conditions as in the previous ex-
periment. Following inoculation into fresh growth medium at

the restrictive pH, the cells were pulse-labeled for 60 min with
[14C]glucose. The pulse period was initiated 60, 120, or 240 min
postinoculation. The earliest pulse period, 60 min, was chosen
based on the observation that budding initiated between 45
and 60 min. The optical density at 600 nm of the culture
doubled by approximately 240 min. To control for recovery,
the 14C-labeled cells were mixed with a fixed amount of
[3H]glucose-labeled CAF3 cells prior to being fractionated.

Consistent with the hexose measurements, incorporation of
label into alkali-soluble glucans (13) occurred at similar rates
in both the mutant and control cells during all three pulse
periods (data not shown). However, differences in the levels of
Zymolyase-soluble fraction were evident within one genera-
tion. Figure 3 shows the elution profile of this fraction when it
was separated by molecular sieve chromatography. Three
peaks were evident, one of which eluted in the void volume as
an intermediate peak of approximately 47 kDa and another of
which eluted as a peak of low-molecular-weight material at the
end of the column. The last peak contained the products re-
sulting from Zymolyase digestion of b-1,3-glucans. The control
strain yielded identical profiles for all three labeling periods.
The mutant exhibited only one reproducible change, a progres-
sive decline in the 47-kDa peak. Synthesis of this material by
the mutant was comparable to that of the wild type during the
initial pulse period but declined by approximately 50% be-
tween 120 and 180 min postinoculation. Little or no incor-
poration occurred between 240 and 300 min. Composition
determination by high-performance liquid chromatography
demonstrated that .95% of the label in this material was
present as glucose. This material was resistant to additional
treatment with Zymolyase (results not shown) and apparently
represented b-1,6-glucans as defined by Boone et al. (3). Smith

FIG. 1. Alignment of Phr1p homologs and b-galactosidase sequences. The sequences of Phr1p, Phr2p, and seven related proteins were compared with b-galac-
tosidases from 12 different microorganisms. Only four of the sequences are shown for simplicity. Boxed residues were present in at least 14 of the sequences. Asterisks
indicate amino acids that were present in all 21 sequences. The dashes indicate gaps introduced to optimize the alignment. The underlined regions indicate conserved
blocks identified by MACAW analysis. Each of the blocks had a P value of 0 and a search space (N) of 1.3460. S. xylosus, Staphylococcus xylosus.

VOL. 181, 1999 ROLE OF Phr1p AND Phr2p IN CELL WALL ASSEMBLY 7073



degradation destroyed 74 to 78% of this glucan and reduced
the remainder to low-molecular-weight products, a result con-
sistent with a predominance of b-1,6-linked residues (data not
shown).

The arrested synthesis of this b-1,6-glucan was also evident
in unlabeled material. The Zymolyase-soluble fraction from
phr1D or control cells cultured six generations at pH 8 was
chromatographed in an identical manner, and the hexose con-
tent of each fraction was determined. The elution profile of the
control sample was essentially identical to that of the radiola-
beled sample, and the 47-kDa peak was absent from the mu-
tant sample (data not shown). Identical results were obtained
with three additional independent PHR1 null mutants. The loss
of this glucan would account for the decline in the total hexose
content of the Zymolyase-soluble fraction.

To determine if the reduced production of this presumptive
b-1,6-glucan was specific to the loss of Phr1p, a phr2D mutant
was examined. Previous studies had demonstrated that Phr1p
and Phr2p are functionally related except that PHR2 functions
during growth under acidic conditions and PHR1 acts during
growth under alkaline conditions (27). Therefore, the phr2D
mutant should exhibit a similar loss of b-1,6-glucan when it is
cultured at pH 4. A phr2D mutant, strain CFM2, was incubated
4 h at the restrictive pH and then pulse-labeled for 1 h. As
shown in Fig. 3, incorporation into the Zymolyase-solubilized
b-1,6-glucan was barely detectable and dramatically reduced
relative to that of the control strain. Thus, mutation of either
homolog compromises the production of this b-1,6-glucan
fraction.

A second notable difference detected in the total hexose
determinations was an increase in the Zymolyase-insoluble
fraction of the phr1 mutant. This fraction increased about
2.5-fold within one generation and approximately 5-fold within
six generations. Incorporation experiments substantiated the
increased synthesis of this glucan fraction. Mutant and control
strains were pulse-labeled at the restrictive pH as in the pre-
ceding experiments. The wall material remaining after alkali
extraction and Zymolyase digestion was hydrolyzed with TFA
and fractionated by either TLC or high-performance liquid
chromatography. The only labeled monosaccharide detected
was glucose. In the control strain CAF3, the amounts of label
incorporated were similar at each of the three time points
examined (Table 2). Incorporation by the phr1D mutant was
also constant at each time point but was elevated four- to
fivefold above that by the control. The phr2D mutant behaved
similarly (Table 2). Since the increased synthesis of this glucan
fraction was evident within 60 min postinoculation, at the onset
of budding and new wall synthesis, it appeared to be a proxi-
mate consequence of the absence of Phr1p or Phr2p. It pre-
ceded the decline in Zymolyase-solubilized b-1,6-glucan and
the increase in chitin content.

Pulse-chase analysis of Zymolyase-insoluble glucan. Block-
ing an intermediate step in a biochemical pathway typically
leads to an accumulation of the precursor pools and a decline
in product. The increased synthesis of Zymolyase-insoluble
glucan and the subsequent decline in Zymolyase-released b-1,6
glucan suggested a possible precursor-product relationship. A
pulse-chase experiment was performed to explore this possi-

FIG. 2. Effect of site-specific mutagenesis on the function of PHR1. Mutant
alleles of PHR1 were created by site-specific mutagenesis to introduce a silent
mutation, an E169Q missense mutation, or an E270Q missense mutation. These
mutants were tested for their ability to restore morphological development to a
phr1D strain. The strains were induced to form hyphae in Medium 199 as
previously described (27, 41).

TABLE 1. Hexose contents of cell wall fractions following growth at pH 8.0

Strain (genotype) No. of
generations

Cell wall fraction Total hexose
(avg 6 SD)Alkali extracteda Soluble Zymolyasea Insoluble Zymolyasea Chitinb

CAF3 (PHR1/PHR1) 1 169 6 9 145 6 51 5.8 6 1.0 6.8 6 1.1 337 6 92
CAS8 (phr1D/phr1D) 1 172 6 19 130 6 25 15.3 6 1.8 8.1 6 1.4 344 6 59
CAF3 (PHR1/PHR1) 6 176 6 17 122 6 5 5.4 6 0.9 4.7 6 0.7 303 6 11
CAS8 (phr1D/phr1D) 6 157 6 1 100 6 8 28 6 8 25.1 6 3.4 285 6 17

a Values are reported as average milligrams of hexose per milligram (dry weight) of cells 6 standard deviations of results from at least three experiments.
b Values are reported as average milligrams of N-acetylglucosamine per milligram (dry weight) of cells 6 standard deviations.
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bility. Cells were incubated with radiolabeled glucose at the
nonpermissive pH for 60 min to label the Zymolyase-insoluble
glucan and then were shifted to a medium of permissive pH,
containing an excess of unlabeled glucose. The amount of label
in the glucan was quantitated before and after the shift to
permissive growth conditions. A decline in the amount of label
following the chase period would indicate that this glucan is an
intermediate in cell wall assembly and that Phr1p is required
for its processing. The results are tabulated in Table 3. Both
the phr1D and phr2D mutants exhibited the expected increased
incorporation into this fraction during the prechase labeling
period. However, no diminution in label was evident in either
the mutants or the control strains following the chase period.
As an additional control, the Zymolyase-solubilized glucan

from these samples was fractionated by molecular sieve chro-
matography to verify that there was no shift of label into the
b-1,6-glucan fraction. The pre- and postchase fractionation
profiles were indistinguishable (Fig. 4), further supporting the
lack of a direct precursor-product relationship. These indistin-
guishable fractionation profiles suggest that the Zymolyase-
insoluble glucan is an end product rather than an intermediate
in cell wall assembly and that its accumulation does not reflect
a Phr1p-dependent block in its processing.

Characterization of Zymolyase-insoluble glucan. One of the
phenotypes associated with a gas1D mutation in S. cerevisiae is
a large increase in the amount of b-1,6-glucosylated manno-
proteins cross-linked to chitin (22, 36). Assuming that the
phr1D and phr2D mutants behaved similarly would account for
the increase in Zymolyase-insoluble glucan. To ascertain if this
glucan was associated with chitin, the Zymolyase-insoluble ma-
terial from the mutants was digested with chitinase and sepa-
rated into soluble and insoluble fractions. The chitinase-solu-

FIG. 3. Elution profile of [14C]glucose-labeled Zymolyase-soluble material fractionated by molecular sieve chromatography. (A) A Phr11 control strain or a Phr12

null mutant was cultured at the restrictive pH for 60, 120, or 240 min and pulse-labeled for 60 min with [14C]glucose. The Zymolyase-solubilized wall material was
prepared and fractionated on a 1.5- by 100-cm column of Bio-Gel A 5m. Since identical profiles were obtained for all three time points of the control strain, only one
is shown. (B) Zymolyase-soluble material was prepared from a Phr21 control strain or a Phr22 mutant cultured 240 min at the restrictive pH and then labeled for 60
min. The material was chromatographed as described for panel A.

TABLE 2. Incorporation of [14C]glucose into alkali- and
Zymolyase-insoluble glucans

Strain Phenotype
Time

postinoculation
(min)a

Avg amt of glucose
incorporated

(14C/3H) 6 SD

Relative
incorporationb

CAF3 Phr11 60 1.76 6 0.98 1
120 1.51 6 0.48 0.86
240 1.58 6 0.72 0.90

CAS8 Phr12 60 7.77 6 3.45 4.42
120 6.63 6 3.39 3.77
240 9.42 6 3.77 5.35

CFM3 Phr21 60 1.34 6 0.10 1
240 1.80 6 0.50 1.34

CFM2 Phr22 60 4.59 6 0.39 3.42
240 6.02 6 0.68 4.49

a Cultures were incubated for the indicated times prior to addition of [14C]glu-
cose.

b Values were calculated relative to the value determined for the 60-min
control sample.

TABLE 3. Pulse-chase analysis of alkali- and
Zymolyase-insoluble glucans

Strain Phenotype

Glucose incorporated
(14C/3H)

Relative
incorporationc

Prechasea Postchaseb Prechase Postchase

CAF3 Phr11 1.95 1.97 1 1.02
CAS8 Phr12 7.29 7.18 3.75 3.69
CFM3 Phr21 0.76 0.98 1 1.29
CFM2 Phr22 3.97 4.90 5.23 6.45

a CAF3 and CAS8 were cultured 4 h at the restrictive pH prior to being
labeled. CFM3 and CFM2 were cultured 1 h.

b CAF3 and CAS8 were cultured 4 h at the permissive pH. CFM3 and CFM2
were cultured 2 h.

c Values were calculated relative to the value determined for the control.
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ble material from the phr1D mutant had a relative 14C/3H ratio
of 6.4 6 1.7 (average 6 standard deviation) compared to that
of the CAF3 control sample. In contrast, the relative ratio of
the chitinase-insoluble material was 1.5 6 0.4. Similarly, the
relative ratios from the phr2D mutant were 4.6 6 1.1 and 1.4 6
0.4 for the soluble and insoluble fractions, respectively. Thus,
nearly all of the insoluble glucan that accumulates in the mu-
tants was released by chitinase. Fractionation of the chitinase-
solubilized glucan by molecular sieve chromatography demon-
strated one major peak with a molecular mass 25.2 kDa (Fig.
5). Approximately 80% of this material was destroyed by Smith
degradation (data not shown), suggesting that it contained
mostly 1,6-linkages. Because the Zymolyase-insoluble glucan is
normally a minor component of the cell wall (23, 24) (Table 1),
it was not possible to obtain sufficient wild-type material for a
comparable analysis.

The foregoing results are consistent with those of the GAS1
mutant except for the absence of mannose. Compositional
analysis of the 25.2-kDa chitinase-soluble material detected
glucose alone, as was found in the previous analysis of the
radiolabeled Zymolyase-insoluble fraction. This difference may
reflect procedural differences, since alkali was used to extract
mannoproteins prior to Zymolyase digestion. Al alkali extrac-
tion step was not used in the S. cerevisiae studies (22, 36). This
possibility was tested by preparing the Zymolyase-insoluble,
chitinase-soluble fraction from the phr2D mutant without prior
alkali extraction. The elution profile of the resulting material
was substantially different from that with prior alkali extraction
and exhibited a number of peaks ranging in size from .250
kDa to approximately 25 kDa (Fig. 5). Compositional analysis
of various column fractions demonstrated the presence of glu-
cose and mannose in ratios varying from 28:1 for the highest-
molecular-mass material to 2:1 for the 25-kDa peak. Similar
results were obtained with the phr1D mutant. This suggests that
the phr1D and phr2D mutations, like the gas1D mutation, result
in an increase in the abundance of chitin-linked glucosylated
mannoproteins.

DISCUSSION

In this report, the pH-conditional phenotype of the PHR1
and PHR2 mutants was used to distinguish cell wall changes
that occur immediately following the loss of Phr1p or Phr2p.
Previous studies examined mutants with a constitutive pheno-
type or gave no consideration to the duration of cultivation
under restrictive conditions (22, 29, 31, 32, 36). The earliest

FIG. 4. Pulse-chase analysis of Zymolyase-soluble fraction. The Zymolyase-soluble fraction was prepared from control cells (A) or Phr12 cells (B) and chromato-
graphed on a 1.5- by 100-cm column of Bio-Gel A 5m. The cells were pulse-labeled after 4 h at the restrictive pH, and label was chased for 4 h at the permissive pH.

FIG. 5. Effect of alkali extraction on chitinase-solubilized material. A cell
wall fraction was prepared from the phr2D mutant cultured 4 h at the restrictive
pH. Half of the material was extracted with alkali prior to sequential digestion
with Zymolyase and chitinase. The other half was not extracted prior to diges-
tion. The chitinase-solubilized material was fractionated on a column of HW-
55S, and the hexose in each fraction was measured as described in reference 8.
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detectable events are, presumably, more directly related to the
absence of these proteins. The results demonstrated an imme-
diate increase in the rate of cross-linking of glucans to chitin.
This rate increase was followed by a subsequent decline in
Zymolyase-releasable, and therefore b-1,3-glucan-linked,
b-1,6-glucan and, at a much later time, an increase in chitin
content. These changes, but not their temporal order, were
noted in previous studies (22, 29, 31, 32, 36). In contrast to
previous reports, there was little, if any, change in the content
of alkali-insoluble b-1,3-glucan or alkali-soluble glucan. Thus,
the ratio of these was unaltered. Release of b-1,3-glucans into
the culture medium was not detected in preliminary experi-
ments (unpublished results). The absence of the latter changes
during the early stages of growth at the nonpermissive pH
suggests that they represent delayed, indirect consequences of
the lack of Phr1p or Phr2p.

The earliest detectable event in the mutants was an in-
creased rate of glucan to chitin cross-linking. This glucan con-
tains predominantly b-1,6-linkages, based on its susceptibility
to periodate, and is associated with alkali-labile mannans.
These features suggest that it corresponds to b-1,6-glucosy-
lated mannoproteins previously demonstrated for C. albicans
(20, 21, 40). These proteins are normally linked to b-1,3-glu-
cans of the wall (20, 21, 40). Thus, in phr1D and phr2D mutants,
as in the S. cerevisiae gas1D mutant, it appears that b-1,6-
glucosylated mannoproteins become cross-linked to chitin and
fail to establish their usual linkage to b-1,3-glucan.

There are two possible interpretations of the accumulation
of chitin-linked glucans in the mutants. Either the b-1,6-glu-
cosylated mannoproteins are blocked from cross-linking to
b-1,3-glucans and diverted to an attachment to chitin or cross-
linkage to chitin is a normal intermediate step in their process-
ing and further processing is barred in the absence of Phr1p or
Phr2p. The results of the pulse-chase experiments argue
against the latter possibility. An incubation period of up to 4 h
at the permissive pH failed to chase label from the chitin-
linked glucan. This failure does not rule out the existence of
spatiotemporal constraints that prevent processing of the glu-
can at a later time. However, it should be noted that the
chitin-linked glucan was not released upon incubation of the
Zymolyase-insoluble fractions of the mutants with partially
purified Phr1p (unpublished results). Thus, there is no evi-
dence to support the idea that the chitin-linked glucan is a
processing intermediate. In the absence of such evidence, it
appears that b-1,6-glucosylated mannoproteins are diverted
from their normal incorporation path and cross-linked to
chitin.

Because the mannoproteins are diverted from their typical
linkage to b-1,3-glucan does not imply that cross-linkage to
chitin is an abnormal event. In wild-type S. cerevisiae cells 1 to
2% of the wall mannoproteins are attached directly to chitin
via their b-1,6-glucan moiety (22). This is not a unique subset
of wall proteins since Cwp1p is present in both the b-1,3-
glucanase-extractable and -nonextractable, chitin-linked frac-
tions (22, 47). Furthermore, in the PHR1 and PHR2 mutants
the increased rate of cross-linking between b-1,6-glucan and
chitin was evident immediately upon resumption of cell wall
synthesis at the restrictive pH and the rate was constant over
the subsequent four hours. These results imply that the cross-
linking enzyme(s) is normally present and not induced in re-
sponse to specific defects in the mutants. Thus, the increased
rate of chitin cross-linking seen in the mutants is likely a result
of increased substrate availability due to the block in cross-
linkage to b-1,3-glucan. From this perspective, the cross-link-
ing of b-1,6-glucosylated mannoproteins to chitin may be seen

as a scavenger mechanism to prevent release of those proteins
that fail to become properly associated with the b-1,3-glucans.

Other notable outcomes of the temporal analysis of the PHR
mutants were revisions in the presumed sequence of events
and in the relationship between the increased cross-linkage of
glucan to chitin and the increase in the chitin content of the
cell wall. Previous studies reported a 5- to 13-fold increase in
the chitin contents of gas1D and phr1D mutants (22, 31, 32). A
fivefold increase was documented in the present analysis. How-
ever, this increase was detected only after five to six genera-
tions under restrictive growth conditions; no increase was de-
tected after one generation. Whereas previous studies had
presumed that the increased accumulation of chitin-linked
b-1,6-glucosylated mannoproteins was a consequence of the
increased amount of chitin (22, 31), precisely the opposite
appears to be true. Increased cross-linking to chitin precedes
and possibly induces chitin synthesis. The latter suggestion
comes from the observation that the chitin binding dyes Cal-
cofluor White and Congo red also stimulate chitin synthesis
(38, 39). These dyes bind nascent chitin and prevent cocrystal-
ization into microfibrils (16, 38, 48). In a similar manner, the
increased cross-linkage of b-1,6-glucosylated mannoproteins to
chitin may interfere with microfibril formation and induce
chitin synthesis.

Given that the most immediate consequence of the absence
of Phr1p or Phr2p is the diversion of b-1,6-glucosylated man-
noproteins from a linkage with b-1,3-glucan to a linkage with
chitin, what is Phr1p’s or Phr2p’s role in these processes?
Multiple sequence alignments combined with site-specific mu-
tagenesis suggested that Phr1p is related to family 2 glycosi-
dases. Thus, Phr1p and Phr2p are likely to act directly on cell
wall polysaccharides. The mutant phenotype would be consis-
tent with their ability either to directly cross-link b-1,6- and
b-1,3-glucans or to remodel the glucans in a manner that pro-
motes cross-linkage. Although family 2 glycosidases consists of
b-galactosidases and b-glucuronidases, this does not imply that
Phr1p and Phr2p act upon either of these substrates. The
classification of glycosidases is based upon structure, not sub-
strate specificity (14, 15). Also, significant similarities to family
1 b-glucosidases could also be identified (unpublished results),
and limited sequence similarity with plant endoglucanases has
been reported (33).

An important clue is provided by parallel studies of the
GEL1 gene of A. fumigatus, which encodes an ortholog of
Phr1p. This gene was identified as encoding a novel enzyme
that exhibits endo-b-1,3-glucanase, as well as b-1,3-glucanosyl-
transferase, activity (26). The transferase activity is unique in
that it transfers a b-1,3-glucan to the nonreducing end of a
second b-1,3-glucan, creating a new b-1,3 linkage between the
chains (12). The enzyme did not utilize b-1,6-glucans as sub-
strates (12). Phr1p and Phr2p were shown to have similar
catalytic activities (26). Since Phr1p and Phr2p do not have
activity toward b-1,6-glucan, it is unlikely that they directly
cross-link b-1,6- and b-1,3-glucans.

The foregoing implies that Phr1p and Phr2p act specifically
upon the b-1,3-glucans of the cell wall and that their activity is
required for the subsequent attachment of b-1,6-glucosylated
mannoproteins. Normally, the reducing terminus of the b-1,6-
glucan is linked to the nonreducing terminus of the b-1,3-
glucan (24). If the role of Phr1p and Phr2p is to generate
nonreducing termini in the b-1,3-glucans for the attachment of
b-1,6-glucans, this would account for the diversion of b-1,6-
glucosylated mannoproteins to a linkage with chitin in the
mutants. This hypothesis is made more attractive by the ob-
servation that mutations in functionally diverse and unrelated
genes such as FSK1 and KNR4 exhibit similar increases in
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chitin-linked glucans (19, 22, 36). These mutations reduce
b-1,3-glucan synthesis (19, 22, 36), which would also reduce the
availability of b-1,6-glucan acceptor sites. In the phr1D and
phr2D mutants the amounts of b-1,3-glucans are not altered,
suggesting that the role of Phr1p and Phr2p is to create or
make available nonreducing termini for the attachment of
b-1,6-glucans.
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