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Fungal glycosylphosphatidylinositol (GPI)-anchored proteins localize to the plasma membrane (PM), cell
wall (CW), or both. To study signals that regulate PM versus CW targeting in Candida albicans, we (i) fused
the N and/or C termini of the GPI CW protein Hwp1p and the GPI PM protein Ecm331p to green fluorescent
protein (GFP) and (ii) expressed and localized the resulting fusions. Forty-seven amino acids from the C
terminus of Hwp1p were sufficient to target GFP to the CW, and 66 amino acids from the C terminus of
Ecm331p were sufficient to target GFP to the PM. Truncation and mutagenesis studies showed that G390 was
the � cleavage site in Ecm331p. Domain exchange and mutagenesis studies showed that (i) the 5 amino acids
immediately N-terminal to the � sites (the � � 5 to � � 1 amino acids) played key roles in targeting to the
PM or CW; (ii) KK and FE residues at positions � � 1 and � � 2, respectively, targeted to the PM and CW;
and (iii) a loss of I at position � � 5 increased PM retention. Small fluorescent reporters can be used to study
the peptide signals that regulate PM versus CW targeting of GPI proteins and may be useful for identifying
proteins that interact with key targeting signals.

Eukaryotic cells transport glycosylphosphatidylinositol (GPI)-
anchored proteins to the plasma membrane (PM) via the protein
secretion pathway (32). In fungi and other walled eukaryotes,
some GPI-anchored proteins are retained on the PM, whereas
others are released from the PM by cleaving them within the
GPI anchors (10, 26, 28), after which the remnant proteins are
linked to �-1,6-glucans (2, 24, 28) and transported to the cell
wall (CW), where they are covalently cross-linked to �-1,3-
glucan networks(25). The means by which fungal GPI-an-
chored proteins are differentially targeted to the PM or CW
are complex and poorly understood. It is known, however, that
several types of peptide signals on the GPI-anchored proteins
play key roles in cell surface targeting. For example, GPI
attachment signals near the C terminus are required for tar-
geting of GPI-anchored proteins to the PM (37, 39). These
signals consist of a conserved � domain (the � or GPI
attachment site and the � � 1 and � � 2 sites), a spacer
domain consisting of 5 to 12 amino acids, and a hydrophobic
tail consisting of 11 to 15 amino acids at the extreme C
terminus.

Studies of Saccharomyces cerevisiae indicate that fungi utilize
several types of signals to target GPI-anchored proteins to the
cell surface. One type is located immediately N-terminal to the
� sites (the �-minus regions) near the C termini of many
fungal GPI-anchored proteins. For example, the basic dipep-
tides KK and KR located in the � � 1 to � � 5 regions of
several GPI-anchored S. cerevisiae proteins (e.g., Gas1p,
Ecm33p, and Yps1p) appear to function as PM retention sig-

nals (4, 12). In contrast, V, I, or L residues at the � � 4 or � �
5 position and Y, N, or V residues at the � � 2 position appear
to target S. cerevisiae GPI-anchored proteins (e.g., Sed1p and
Fit1p) to the CW (18, 19). Moreover, studies of fungal GPI-
anchored CW proteins (GPI-CWPs) demonstrate that the cen-
tral Ser/Thr-rich repeats in these proteins (i) are necessary for
proper localization of some GPI-CWPs to the outer CW (13)
and (ii) can override KK-type PM retention signals and
thereby target GPI-anchored proteins to the CW (14). Lastly,
some GPI-anchored PM proteins (GPI-PMPs) also target par-
tially to the CW (9), suggesting that they carry uncharacterized
CW-targeting signals (14).

The genome of the pathogenic fungus Candida albicans en-
codes more than 100 predicted GPI-anchored proteins (7, 27),
and biochemical studies have shown that GPI-anchored pro-
teins account for 30% of the organism’s CW (23). In C. albi-
cans, GPI-anchored proteins play key roles in several viru-
lence-associated processes, including adhesion to mammalian
cells (5, 20, 34), switching between yeast and hyphal morphol-
ogies (3, 15), biofilm formation (17), CW biosynthesis (11),
stress tolerance (31, 33), degradation of host tissues (1, 16),
interaction with the host immune system (30), and virulence in
mice (3, 6, 15, 34). The means by which C. albicans transports
GPI-anchored proteins from the PM to the CW and the signals
that regulate this process have not been studied. One reason is
that most of the C. albicans GPI-anchored proteins that have
been studied to date are large and heavily glycosylated CWPs
whose targeting signals would be difficult to analyze using
traditional biochemical methods (22, 35). Also, the apparent
abilities of some targeting signals to override others (14) sub-
stantially complicates the analysis of specific targeting signals.
For these reasons, it is likely that convenient GPI-anchored
reporters that differentially target to the PM or the CW might
be very useful both for studying the peptide signals that regu-
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late PM versus CW targeting and for identifying and charac-
terizing the effector proteins that interact with these signals.

In an earlier study, we fused a C. albicans-adapted green
fluorescent protein (GFP) to short peptides from the N and C
termini of the C. albicans GPI-CWP Hwp1p, an outer CW
adhesin of hyphal-phase C. albicans cells that can form cova-
lent linkages with surface components of mammalian cells (34,
35). We then used the resulting fusion proteins (i) to assess the
abilities of the N- and the C-terminal signal peptides from
Hwp1p to target the GFP reporter to the cell surface, (ii) to
identify the � site in Hwp1p, and (iii) to assess the effects of
specific amino acid substitutions on cell surface targeting (29).
Some advantages of this approach over traditional biochemical
cell fractionation methods are the small sizes of the fluorescent
reporters, the relatively high levels at which they are expressed
in C. albicans, and the fact that targeting of these reporters to
destinations near the cell surface can be assessed by fluores-
cence microscopy. Also, the effects of specific mutations in
C-terminal signal peptides can be assessed without interfer-
ence by interacting or overriding signals located in other parts
of the protein of interest. In this study, we used similar ap-
proaches to show that the C. albicans GPI-anchored protein
Ecm331p targets mostly to the PM, to identify the protein’s �
cleavage site, to identify the domains that target the protein to
the PM, and to analyze peptide signals in Ecm331p or Hwp1p
that differentially target reporters to the PM or the CW.

MATERIALS AND METHODS

Strains and media. C. albicans CAI4 (�ura3::imm434/�ura3::imm434) (from
William Fonzi, Georgetown University) were cultured in YPD (1% yeast extract,
2% peptone, and 2% glucose) or minimal glucose (0.67% yeast nitrogen base

without amino acids, 2% glucose). Germ tubes were obtained by inoculating cells
incubated overnight in minimal glucose at 30°C into Lee’s medium at an optical
density at 600 nm of 0.3 and then by shaking them at 100 rpm at 34°C for 3.5 to
4 h (29).

Plasmid construction. All C. albicans plasmids used in this study were derived
from pHwp1.GFP.Hwp1c, which was called pHwp1.Sig.GFP.GPI in an earlier
study (29). pEcm331.GFP.Hwp1c was constructed by replacing the nucleotides
encoding the 47 N-terminal amino acids from Hwp1p in pHwp1.GFP.Hwp1c
with a PacI- and SpeI-digested PCR product encoding 50 amino acids from the
N terminus of Ecm331p (which was generated from C. albicans genomic DNA
with Pfu polymerase and primers Ecm331.Sig5 and Ecm331.Sig3 [Table 1 lists all
oligonucleotides used in this study]). pHwp1.GFP.Ecm331c and pEcm331.GFP.
Ecm331c were constructed by replacing the nucleotides encoding the 53 C-terminal
amino acids from Hwp1p in pHwp1.GFP.Hwp1c and in pEcm331.GFP.Hwp1c with
a BamHI- and SmaI-digested PCR product encoding the 66 C-terminal amino
acids from Ecm331p (which was generated from C. albicans genomic DNA with
primers Ecm331C66.5 and Ecm331SspC).

A three-Flag tag was fused to the N terminus of GFP by amplifying the GFP
gene in pHwp1.GFP.Hwp1c with primers 3xFlagGFP and GFP3 and by replacing
the GFP gene in pHwp1.GFP.Hwp1c and pHwp1.GFP.Ecm331c with the three-
Flag-tagged GFP, which yielded pHwp1.FlagGFP.Hwp1c and pHwp1.FlagGFP.
Ecm331c.

pHwp1.GFP.Ecm331FL and pHwp1.GFP.Hwp1FL, respectively, were con-
structed by replacing the part of pHwp1.GFP.Hwp1C that encodes the C termi-
nus of Hwp1p with BamHI- and SmaI-digested PCR products encoding all of
Hwp1p except for its 53 N-terminal amino acids or all of Ecm331p except for its
25 N-terminal amino acids.

To truncate the C terminus of Ecm331p, PCR products encoding the C-
terminal 40, 34, 28, and 20 amino acids of Ecm331p were (i) amplified from
pHwp1.FlagGFP.Ecm331c with primers ECM331SspC and either Ecm331
GPI405, Ecm331GPI345, Ecm331GPI285, or Ecm331GPI205 and (ii) inserted
into BamHI- and SmaI-digested pHwp1.FlagGFP.Ecm331 in place of the frag-
ment encoding the 66 C-terminal amino acids from Ecm331p.

To introduce specific amino acid substitutions into the C terminus of
Ecm331p, primers Ecm331C66.5 and either ECM331.�T4 or its derivatives en-
coding G390T, G390R, S392Q, G390D, G390S, and S392G substitutions (Table
1) were used to amplify from pHwp1.FlagGFP.Ecm331 DNA products encoding

TABLE 1. Oligonucleotide primers

Primer
no. Primer name Sequence

1 ECM331C66.5 5� CCTGACGGATCCGTTTGTACTCATCCAGCTAATCCTTC 3�
2 ECM331SspC 5� GTCGGTCCCGGGCTAAATTAATGCCAATAAAACACCCAAGGC 3�
3 ECM331sig5 5� GGCCTGATTAATTAAATGCAAATTAAGTCATTTCTTTTACCAATAGTC 3�
4 ECM331sig3 5� GCCTGAACTAGTATCTAAAGTAGAGCATGCATTTAATTGGGA 3�
5 EcmC20NoQ5 5� GACGGATCCGTATTGGTTGTTCCTGGTATGGTATTG 3�
6 EcmC28NoQ5 5� GACGGATCCTCATCTAAAAAAGGTGCTAGTAATGTATTGG 3�
7 EcmC34NoQ5 5� GACGGATCCAGCTCAAATTCTAGTAGCTCATCTAAAAAAGG 3�
8 EcmC40NoQ5 5� GACGGATCCTCTTCAGATGGTTCATCAAGCTC 3�
9 3xFlagGFP 5� GTCACTAGTGATTATAAAGATCATGATGGTGATTATAAAGATCATGAT

ATTGATTATAAAGATGATGATGATAAAATGTCTAAAGGTGAAGAATTA
TTCACTGG 3�

10 ECM66-25/Hwp122.3 5� TGACCCGGGTTAGATCAAGAATGCAGCAATACCAATAATAGCAGCACC
GAAAGTCAATCTCATGTTGTTACCAGCACCTTTTTTAGATGAGCTACTA
GAATTTGAGCTTGATGA 3�

11 HWP47-23/ECM24.5 5� AGCGGATCCACTACATTAGAATCAGTTCCACTCATGCAACCATCTGCCA
ATTACTCAAGTGTCGCTCCTATTTCTACATTTGAAGGTGCTAGTAATGT
ATTGGTTGTTCCTGGT 3�

12a ECM331.wT4 5� TGACCCGGGCTAAATTAATGCCAATAAAACACCCAAGGCTGTAGTCAA
TACCATACCAGGAACAACCAATACATTACTAGCAGTTTTTTTAGATGAG
CTACTAGAATTTGAGCT 3�

13b ECM.SSSSS3 5� TGACCCGGGCTAAATTAATGCCAATAAAACACCCAAGGCTGTAGTCAA
TACCATACCAGGAACAACCAATACATTACTAGCACCAGATGAAGATGA
GCTACTAGAATTTGAGCT 3�

14b HWP.SSSKK3 5� TGACCCGGGTTAGATCAAGAATGCAGCAATACCAATAATAGCAGCACC
GAAAGTCAATCTCATGTTGTTACCAGCACCTTTTTTAGATGAACTAGGA
GCGACACTTGAGTAATTGGC 3�

a Codon GGT at G390 was changed to AGA at G390R, CAA at S392Q, GAT at G390D, TCA at G390S, and GGT at S392G.
b Oligonucleotides used in the mutagenesis of the �-minus region are the same, except for the sequences encoding 1 to 5 amino acids that were mutagenized.
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the wild-type C-terminal 66 amino acids of Ecm331p or derivatives encoding the
listed mutations. These BamHI- and SmaI-digested fragments were used to
replace the corresponding fragment in pHwp1.FlagGFP.Ecm331c, which yielded
pHwp1.FlagGFP.Ecm331G390T, pHwp1.FlagGFP.Ecm331G390R, pHwp1.FlagGFP.
Ecm331S392Q, pHwp1.FlagGFP.Ecm331G390D, pHwp1.FlagGFP.Ecm331G390S,
and pHwp1.FlagGFP.Ecm331S392G.

To generate a C-terminal sequence that contained the �-minus region of
Hwp1p and the �-plus region of Ecm331, primers HWP47-23/ECM24.5 and
ECM331SspC were used to amplify from Hwp1/FlagGFP/Hwp1c the �-minus
region of Hwp1p. This BamHI-SmaI PCR fragment was used to replace the
BamHI-SmaI fragment in pHwp1.FlagGFP.Hwp1c, which yielded pHwp1.FlagGFP.
Hwp1�-.Ecm331��. Similarly, to generate a C-terminal sequence that con-
tained the �-minus region of Ecm331p and the �-plus region of Hwp1p, primers
ECM331C66.5 and Ecm66-25/Hwp22.3 were used to amplify from Hwp1/
FlagGFP/Ecm331c the �-minus region of Ecm331p. This BamHI-SmaI PCR
fragment was used to replace the BamHI-SmaI fragment in pHwp1.
FlagGFP.Ecm331c, which yielded Hwp1.FlagGFP.Ecm331�-.Hwp1��.

To generate additional mutations in the �-minus region of Ecm331p, the
amino acids in the � � 1 to � � 5 region of Ecm331p were mutagenized by PCR
using primers ECM331C66.5 and Ecm.SSSSS3 or derivatives thereof (Table 1).
Similarly, the amino acids in the � � 1 to � � 5 region of Hwp1p were
mutagenized by PCR using primers Hwp1GPI5 and Hwp1GPI.SSSKK3 or de-
rivatives thereof. Each PCR product was ligated into the BamHI and SmaI sites
in pHwp1.FlagGFP.Hwp1 to replace the DNA encoding the C-terminal 47 amino
acids.

The accuracy of all DNA constructs used in this study was verified by DNA
sequencing.

Expression and detection of fluorescent proteins. Plasmids were introduced
into C. albicans CAI4 by the lithium acetate method, and URA� colonies were
selected on minimal glucose plates. Germ tubes were induced by harvesting yeast
phase cells from overnight cultures in minimal glucose medium, transferring
them to Lee’s medium, and incubating them at 33°C for 4 h (29). The cells were
fixed in 2% paraformaldehyde in 1� phosphate-buffered saline (PBS), and they
were examined for green fluorescence by fluorescence microscopy (Axiophot;
Zeiss, Germany) with 490-nm excitation and 525-nm emission filters (29).

Indirect immunofluorescence staining was as described by Hoyer et al. (21).
Briefly, cells from an overnight culture were incubated in RPMI 1640 (Gibco
BRL) at a density of 5 � 106 cells/ml in a plastic culture chamber. This culture
was incubated at 33°C and 120 rpm for 3 h, followed by a thorough wash with
PBS. The cells were blocked with 200 �l of antibody incubation buffer (1.5%
normal goat serum and 2% bovine serum albumin in PBS) and incubated at
room temperature for 1 hour. Then, 200 �l of anti-Flag primary antibody
(Sigma) was added to each chamber. After 1 hour of incubation, the cells were
washed with PBS. The Alexa Fluor 594-conjugated secondary antibody (Invitro-
gen) was added, and the cells were incubated for 1 h. The cells were washed
thoroughly with PBS and examined under a fluorescence microscope equipped
with a Texas red filter.

Cellular fractionation. The procedures for cellular fractionations were de-
scribed previously (29). Briefly, C. albicans germ tube cells were broken by
vortexing them with glass beads in lysis buffer (50 mM Tris-HCl, pH 7.4, 5 mM
EDTA, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, and proteinase
inhibitors 	). The cell lysate and the CW pellets were obtained by centrifugation
at 10,000 � g for 10 min. The CW pellets were heated twice to 100°C for 10 min
each time in 2% sodium dodecyl sulfate (SDS) and 2 mM �-mercaptoethanol
and washed five times with water. The washed pellets were treated with (i)
laminarinase (Sigma), (ii) �-1,6-glucanase from Trichoderma (Glyko), (iii) Quan-
tazyme ylg (Qbiogene), and/or Westase (Takara) for 4 h or overnight according
to the manufacturer’s instructions. The supernatants obtained by centrifugation
at 12,000 � g for 5 min were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE). Monoclonal antibodies to GFP (Zymed Laboratories, Inc.) or to Flag
tag (Sigma) were used to detect the GFP fusion proteins on Western blots by
enhanced chemiluminescence (Amersham). All fractionation experiments in-
cluded as negative controls C. albicans cells that had been transformed only with
the insertless vector.

Phase separation was conducted as described previously (29). Cell lysates were
extracted with Triton X-114 at a final concentration of 1.4%. The mixture was
incubated on ice for 40 min. The sample was centrifuged at 10,000 � g for 5 min
at 4°C, the supernatant was transferred into a new tube, and the solution was
incubated at 33°C for 3 min. After centrifugation at 10,000 � g for 20 s at room
temperature, the solution was separated into an aqueous phase and a detergent
phase. The detergent phase was extracted twice more with the lysis buffer. The
samples from both phases were separated by SDS-PAGE, transferred to nitro-
cellulose, and probed with monoclonal antibodies to GFP or the Flag epitope.

Lysates from germ tube cells expressing the Hwp1/GFP/Ecm331FL fusion
protein were incubated with phosphatidylinositol-phospholipase C (PI-PLC)
(Sigma) for 4 h under conditions described by Staab et al. (35). The digestion
product was separated into the detergent and aqueous phases with Triton X-114.
The detergent phase was washed twice with PBS containing protease inhibitors.
The fresh detergent was added five times to the aqueous phase to separate the
potential contamination. The resulting detergent and aqueous phases were
loaded on SDS-PAGE and detected by Western blotting with anti-Flag antibody.

Western blotting and quantitation of GFP fusion proteins. Crude lysates, SDS
extracts of the CW, and glucanase digests of CW pellets of the C. albicans
transformants were loaded on SDS-PAGE and transferred to the nitrocellulose
filters. The GFP fusion proteins on the blot were detected with a primary
anti-Flag antibody (Sigma) and a secondary goat anti-mouse immunoglobulin G.
For each Western blot, protein bands on two X-ray films exposed for different
durations were quantitated by photodensitometry. The relative amount of each
protein of interest in the CW (CW%) was calculated using the formula CW% 

(densityCW � volCW)/[(densityCW � volCW) � (densityLYS � volLYS)] � 100,
where “density” is the density reading per �l of sample, “vol” is the sample
volume in �l, “LYS” is the proteins from the crude lysate, and “CW” is the
proteins released from the CW by �-glucanases. For each fusion construct, data
from three Western blots were averaged and analyzed.

RESULTS

The C terminus from Ecm331p targets fluorescent reporters
to the PM. A search of the C. albicans genome database re-
vealed a 1,242-bp intronless open reading frame, the 414-
amino acid deduced product of which (Ecm331p) is homolo-
gous to the S. cerevisiae Sps2 family of the GPI-anchored
proteins (which localize primarily on the PM [4]) and to the C.
albicans GPI-anchored protein Ecm33p. C. albicans Ecm33p
has been demonstrated in the CW by mass spectrometry (8),
but the presence of a KK dipeptide immediately N terminal to
the predicted � site near the protein’s C terminus suggests that
it also targets to the PM. We therefore predicted that Ecm331p
would target primarily to the PM, and we tested this pre-
diction by localizing fusion proteins consisting of (i) the N
terminus from Hwp1p, GFP, and the 47 C-terminal amino
acids from Hwp1p (Hwp1/GFP/Hwp1c) (29); (ii) the N ter-
minus from Hwp1p, GFP, and the 66 C-terminal amino
acids from Ecm331p (Hwp1/GFP/Ecm331c); (iii) the N ter-
minus from Ecm331p, GFP, and the C terminus from
Hwp1p (Ecm331/GFP/Hwp1c); or (iv) the N terminus from
Ecm331p, GFP, and the C terminus from Ecm331p
(Ecm331/GFP/Ecm331c). We found that C. albicans cells
expressing each of these four fusion proteins were fluores-
cent at the cell periphery (Fig. 1A), as would be expected for
GPI-anchored proteins that target to the PM or the CW.

To determine if the marker proteins targeted to the PM or
the CW, we digested CW from the transformants of interest
with �-glucanase, and we probed the supernatants with mono-
clonal antibodies to GFP. CW from the transformants express-
ing the Hwp1/GFP/Hwp1c and the Ecm331/GFP/Hwp1c fu-
sions contained abundant amounts of immunoreactive GFP,
whereas CW from the transformants expressing the Ecm331/
GFP/Ecm331c and the Hwp1/GFP/Ecm331c fusions did not
(Fig. 1B). To determine if the C terminus from Ecm331p
targeted fluorescent reporters to the membrane fractions in-
stead of the CW, we inserted a three-Flag epitope tag imme-
diately N terminal to the GFP moiety in the Hwp1/GFP/
Ecm331c and Hwp1/GFP/Hwp1c fusion proteins, and we
probed Western blots of fractionated C. albicans transformants
with monoclonal anti-Flag antibodies. When lysates of the C.
albicans transformants of interest were extracted with Triton
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X-114, the membrane-rich detergent phase contained abun-
dant amounts of the Hwp1/FlagGFP/Ecm331c fusion protein
and much smaller amounts of the Hwp1/FlagGFP/Hwp1c fu-
sion protein (Fig. 1C).

PM versus CW targeting of reporters containing full-length
forms of Ecm331p and Hwp1p. The results summarized above
established that 66 C-terminal amino acids from Ecm331p
targeted fluorescent reporters mostly to the PM and that 47
C-terminal amino acids from Hwp1p targeted the same re-
porter mostly to the CW, but it was not known if the PM versus
CW targeting by these short C-terminal peptides accurately
reflected the behavior of the corresponding full-length pro-
teins. Therefore, we fused the N terminus from Hwp1p, a
three-Flag tag, and GFP to (i) all of Ecm331p except for its 25
N-terminal amino acids and (ii) all of Hwp1p except for its 53
N-terminal amino acids. Both of the resulting fusion proteins
(Hwp1/FlagGFP/Ecm331FL and Hwp1/FlagGFP/Hwp1FL) tar-
geted to the cell periphery (Fig. 2A), but only the Hwp1/
FlagGFP/Hwp1FL fusion protein was recognized on the sur-
faces of intact C. albicans cells by antibodies to the Flag
epitope (Fig. 2B). Moreover, digestion of purified CW with
�-glucanase released only a small amount of the Hwp1/
FlagGFP/Ecm331FL reporter compared to a much larger
amount of the Hwp1/FlagGFP/Hwp1FL reporter (Fig. 2C).
Lastly, to determine if the Hwp1/FlagGFP/Ecm331FL reporter
was attached to membranes via GPI anchors, we extracted
PI-PLC-treated and untreated cell lysates with Triton X-114
and probed Western blots of the aqueous and detergent phases
with anti-Flag antibodies. There were abundant amounts of the

reporter in the membrane-rich detergent fraction of the non-
PI-PLC-treated lysates, but the reporter was not detectable in
the detergent fraction of the PI-PLC-treated lysates (Fig. 2D).

Identification of the � site of Ecm331p. In S. cerevisiae, the
amino acids immediately N terminal to the � cleavage site (the
�-minus region) play a key role in targeting GPI-anchored
proteins to the PM or CW. To determine if the �-minus re-
gions of C. albicans GPI-anchored proteins would have similar
effects, it was first necessary to know the � sites in the proteins
of interest. In an earlier study, we showed that G613 was the �
site in Hwp1p and that the rules for predicting � sites in
GPI-anchored proteins from S. cerevisiae and other eukaryotes
generally apply in C. albicans (29). The � rules indicated that
there were 11 potential � sites within 40 amino acids of the C
terminus of Ecm331p (38), so we sought to narrow the possi-
bilities by fusing 40, 34, 28, or 20 amino acids from the C
terminus of Ecm331p to a reporter consisting of 53 amino acids
from the N terminus of Hwp1p, a three-Flag epitope, and GFP
(Fig. 3A). When the resulting fusions were expressed in C.
albicans using the TEF2-regulated plasmid pYM6, we found
that 40, 34, or 28 C-terminal amino acids from Ecm331p were
sufficient to target GFP to the cell periphery, whereas 20 C-
terminal amino acids were not (Fig. 3B).

Since the only predicted � site between 20 and 28 amino
acids of the C terminus of Ecm331p was G390, these results
suggested that G390 was the � amino acid in Ecm331p. How-
ever, the GPI Fungal Prediction Server (http://mendel.imp.ac
.at/gpi/cgi-bin/gpi_pred_fungi.cgi) predicted that the � site in
Ecm331p was either S384 or S385, and the targeting behavior

FIG. 1. Targeting of GFP reporters by the C terminus of Hwp1p or Ecm331p. (A) C. albicans CAI4 cells expressing the Hwp1/GFP/Hwp1c,
Hwp1/GFP/Ecm331c, Ecm331/GFP/Hwp1c, or Ecm331/GFP/Ecm331c fusion protein were fluorescent at or near the cell surface. (B) Western
blots of laminarinase-digested CW probed with antibodies to GFP showed that the Hwp1/GFP/Hwp1c and Ecm331/GFP/Hwp1c fusions targeted
mostly to the CW, whereas the Hwp1/GFP/Ecm331c and the Ecm331/GFP/Ecm331c fusions did not. (C) Triton X-114 extraction of the whole-cell
lysates into aqueous (lanes A) and detergent (lanes D) fractions showed that both fusion proteins were present in the membrane-rich detergent
phases. The arrows in B and C indicate the expected monomeric and dimeric forms of the proteins of interest, and molecular sizes in kDa are shown
at the left. Hwp1c and Ecm331c represent Hwp1/FlagGFP/Hwp1c and Hwp1/FlagGFP/Ecm331c, respectively.
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we observed might also occur if G390 could serve as an alter-
native � site after the true � amino acid (either S384 or S385)
had been deleted. Therefore, we directly tested the hypothesis
that G390 is the � site in Ecm331p by using site-directed
mutagenesis (i) to change G390 in the C terminus of Ecm331p
into the permitted � amino acid D or S or the nonpermitted �
amino acid T or R and (ii) to change the predicted � � 2
amino acid S392 into the permitted � � 2 amino acid G or the
nonpermitted � � 2 amino acid Q. When the resulting report-
ers were expressed in C. albicans, those carrying the permitted
substitutions G390D, G390S, and S392G all targeted to the cell
periphery, whereas those carrying the nonpermitted substitu-
tions G390T, G390R, and S392Q all accumulated within en-
doplasmic reticulum-like structures in the cytoplasm (Fig. 3C).
Lastly, since fluorescent reporters containing only short C-
terminal peptides from Ecm331p might behave differently

from the corresponding full-length proteins, we also tested the
effects on targeting of introducing the same amino acid sub-
stitutions into the full-length Hwp1/FlagGFP/Ecm331FL re-
porter. In all cases, full-length and truncated reporters bearing
the same amino acid substitutions localized to the same cellu-
lar destinations (data not shown). Since the above-mentioned
studies established that G390 was both necessary and sufficient
to target fluorescent reporters containing either 66 amino acids
from the C terminus of Ecm331p or all of Ecm331p except for
its extreme N terminus to the cell periphery, it was clear that
G390 was the � amino acid in Ecm331p.

Analysis of the �-plus and �-minus regions of Ecm331p
and Hwp1p. Since the � amino acid in Hwp1p was previously
known to be G613 (29), it was now possible to examine the
roles in PM versus CW targeting of specific regions within the
C termini of Ecm331p and Hwp1p. First, the Hwp1/FlagGFP

FIG. 2. Targeting of GFP reporters by full-length forms of Ecm331p and Hwp1p. C. albicans cells expressing the Hwp1/FlagGFP reporter fused
to all of Ecm331p or Hwp1p except for the N-terminal signal peptides (Hwp1/FlagGFP/Ecm331FL or Hwp1/FlagGFP/Hwp1FL, respectively) were
fluorescent at the cell surface (A), but only the Hwp1/FlagGFP/Hwp1FL reporter was recognized on the surfaces of intact C. albicans cells by
antibodies to the Flag epitope (B). (C) The cells expressing each of these proteins were fractionated into lysate (LYS), noncovalently linked CW
(SDS), and glucanase-released CW fractions. When Western blots of fractionated cells were probed with antibodies to the Flag epitope, abundant
amounts of the Hwp1/FlagGFP/Hwp1FL fusion targeted to the CW, whereas the Hwp1/FlagGFP/Ecm331FL fusion did not. (D) The Hwp1/FlagGFP/
Ecm331FL reporter was present in the detergent fraction of Triton X-114 extracts of non-PI-PLC-treated whole-cell lysates, but not in PI-PLC-
treated lysates. The arrows indicate the major bands of the GFP fusion proteins, and molecular sizes in kDa are shown at the left.

1910 MAO ET AL. EUKARYOT. CELL



reporter was fused to chimeric C termini consisting of (i) the
�-minus region (25 amino acids N terminal to the � site) from
Hwp1p, the � amino acid G, and the �-plus region (23 amino
acids C terminal to the � site) from Ecm331p or (ii) the
�-minus region (42 amino acids) from Ecm331p, the � amino
acid G, and the �-plus region (21 amino acids) from Hwp1p. C.
albicans transformants expressing both chimeric fusions were
fluorescent at the cell periphery (Fig. 4A). When Western blots
of whole-cell lysates and of CW digested with �-glucanases
were probed with anti-Flag antibodies, the 47 C-terminal
amino acids from Hwp1p and the chimeric C terminus consist-
ing of the �-minus region from Hwp1p and the �-plus region
from Ecm331p targeted most of the GFP-Flag reporter mole-
cule to the CW. In contrast, the reporters containing the 66
C-terminal amino acids from Ecm331p or the chimeric C ter-
minus consisting of the �-minus domain from Ecm331p and
the �-plus region from Hwp1p targeted mostly to the whole-
cell lysate and not significantly to the CW (Fig. 4B).

Effects of selected amino acid substitutions on PM versus
CW targeting. Since the domain exchange experiments indi-
cated that the �-minus regions of Hwp1p and Ecm331p played

key roles in PM versus CW targeting, we next examined the
effects of a series of amino acid substitutions in these pro-
teins’ �-minus regions. We focused on the 5 amino acids
immediately N-terminal to the � site (positions � � 1 to � �
5) because residues in these positions are important in tar-
geting S. cerevisiae GPI-anchored proteins to the PM or CW
(12, 19, 36). C. albicans transformants expressing each of the
�-minus mutations listed in Table 2 were brightly fluores-
cent at the cell periphery (data not shown), but amino acid
substitutions at positions � � 1 to � � 5 in both proteins’
C-terminal signal peptides had substantial effects on PM
versus CW targeting. For example, when SSSKK from po-
sitions � � 1 to � � 5 in Ecm331p were replaced with
ISTFE (� � 1 to � � 5 from Hwp1p), SSSFE (� � 3 to � �
5 from Ecm331p and � � 1 and � � 2 from Hwp1p), ISSYS
(� � 1 to � � 5 from a consensus S. cerevisiae CW targeting
signal) (36), or VSVEA (predicted � � 1 to � � 5 from the
C. albicans GPI-CWP Rbt5p), CW targeting increased from
7% to 22 to 39% (Table 2). Conversely, when ISTFE from
positions � � 1 to � � 5 of Hwp1p were replaced with
SSSKK from Ecm331p or with SSSSS or SSSLL, CW tar-

FIG. 3. Identification of the � site in Ecm331p. Sixty-six, 40, 34, or 28 amino acids (aa) from the C terminus of Ecm331p (A) (potential � sites
are underlined) targeted fluorescent reporters to the cell periphery, but 20 C-terminal amino acids did not (B). (C) That G390 and S392 were the
� and � � 2 sites, respectively, in Ecm331p was verified by showing that amino acid substitutions permitted by the � rules (G390D, G390S, and
S392D) did not interfere with cell surface targeting, whereas substitutions not permitted by the � rules (G390T, G390R, and S392Q) caused
accumulation of fluorescent reporters in intracellular endoplasmic reticulum-like structures.
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geting decreased from 86% to 3%, 13%, or 23%, respec-
tively (Table 2).

We also examined the effects on PM versus CW targeting of
specific amino acids in the � � 1 to � � 5 regions of Ecm331p
and Hwp1p. For example, basic dipeptides, such as KK, in the
� � 1 and � � 2 positions of GPI-anchored proteins appear to
function as PM retention signals in S. cerevisiae (4, 11), and the
� � 1 and � � 2 amino acids in Ecm331p are also KK.
Therefore, we examined whether basic amino acids in positions
� � 1 and � � 2 were necessary and/or sufficient to retain
GPI-anchored proteins on the PM of C. albicans. We found
that replacing the KK at positions � � 1 and � � 2 of Ecm331p
with the neutral dipeptides SS or LL did not significantly de-
crease membrane targeting (Table 2). However, when the FE
dipeptide at positions � � 1 and � � 2 of Hwp1p were
replaced with KK or SS, membrane targeting increased from
14% to 81% or 77%, respectively. Lastly, since I or L residues
at position � � 4 or � � 5 have been reported to target S.
cerevisiae GPI-anchored proteins to the CW (18, 19), we re-
placed the I at position � � 5 in Hwp1p with S and found that
this substitution decreased CW targeting from 86% to 39%
(Table 2).

DISCUSSION

To understand the signals that regulate targeting of GPI-
anchored proteins in C. albicans, we compared the abilities of
peptides derived from Ecm331p and Hwp1p to target fluores-
cent reporters to the PM or the CW. To identify a model
GPI-PMP, we searched the C. albicans genome for open read-
ing frames whose deduced protein products were homologous
to known GPI-PMPs from other organisms. We predicted from
its deduced peptide sequence that Ecm331p was a GPI-PMP,
and several lines of evidence supported this prediction. First,

FIG. 4. Effects of �-plus and �-minus region domain exchanges.
(A) The C termini from Hwp1p, Ecm331p, a chimeric C terminus
consisting of the �-minus region from Hwp1p and the �-plus region
of Ecm331p (Hwp1��/Ecm331��), and a chimeric C terminus
consisting of the �-minus region from Ecm331p and the �-plus
region from Hwp1p (Ecm331��/ Hwp1��) all targeted the Hwp1/
FlagGFP reporter to the cell periphery. (B) The C terminus from
Hwp1p and the chimeric molecule consisting of the �-minus region
from Hwp1p and the �-plus region of Ecm331p targeted the re-
porter mostly to the CW, and the C terminus from Ecm331p and the
chimeric molecule consisting of the �-minus region from Ecm331p
and the �-plus region from Hwp1p targeted the reporter mostly to
the cell lysate (LYS). The expected molecular masses of monomeric
Hwp1/FlagGFP/Hwp1 were 36 kDa in cell lysates and 31 kDa in the
CW, and the expected molecular masses of monomeric Hwp1/
FlagGFP/Ecm331 were 38 kDa in cell lysates and 33 kDa in the CW.

TABLE 2. Effects of amino acid substitutions on PM versus CW targetinga

Mutagenesis Sequence
Relative distribution (%)

LYS CW SD

Ecm331p VCTHPANPSSSSKSGSSTQTGKSDSKSSDGSSSSNSSSSSKKGASNVLVVPGMVLTTALGVLLALI 93 7 �7.9
--------------------------------------GAGNNMRLTFGAAIIGIAAFLI 95 5 �4.0
----------------------------------ISTFE------------------------ 77 23 �0.1
----------------------------------SSSSS------------------------ 96 4 �1.5
----------------------------------SSSFE------------------------ 61 39 �2.1
----------------------------------SSSLL------------------------ 89 11 �1.4
----------------------------------ISSSS------------------------ 90 10 �2.5
----------------------------------ISSYS------------------------ 78 22 �0.1
----------------------------------VSVEA------------------------ 77 23 �2.3

Hwp1p TTLESVPLMQPSANYSSVAPISTFEGAGNNMRLTFGAAIIGIAAFLI 14 86 �7.2
-----------------------GASNVLVVPGMVLTTALGVLLALI 33 67 �1.7
-------------------SSSKK---------------------- 97 3 �0.1
-------------------SSSSS---------------------- 87 13 �3.1
-------------------SSSLL---------------------- 77 23 �2.3
-------------------ISTKK---------------------- 81 19 �1.6
-------------------STSS---------------------- 77 23 �1.6
-------------------SSTFE---------------------- 61 39 �4.2
-------------------ISSYS--------------------- 34 66 �0.5
-------------------VSVEA---------------------- 59 41 �11.7

a The effects on PM versus CW targeting of a series of domain exchanges and amino acid substitutions in the C termini of Ecm331p and Hwp1p are shown (the �
sites are underlined; dashes indicate amino acids identical to those above; LYS, lysate; SD, standard deviation; Relative distributions were determined in at least three
experiments).
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we found that either 66 amino acids from its C terminus or all
of Ecm331p except for its 25 N-terminal amino acids targeted
a fluorescent reporter to the peripheries of C. albicans cells.
Second, antibodies that recognized a full-length GPI-CWP re-
porter (Hwp1/FlagGFP/Hwp1FL) on the surfaces of intact C.
albicans cells did not recognize the Hwp1/FlagGFP/Ecm331FL

reporter. Third, analyses of subcellular fractions demonstrated
much larger amounts of both the full-length and truncated
Ecm331p reporters in whole-cell lysates than in �-glucanase
digests of purified CW. Lastly, the Hwp1/FlagGFP/Ecm331FL

and the Hwp1/FlagGFP/Ecm331c reporters could both be ex-
tracted from whole-cell lysates by Triton X-114, and treatment
of whole-cell lysates with an enzyme that cleaves within GPI
anchors (PI-PLC) eliminated the Hwp1/FlagGFP/Ecm331FL re-
porter from the membrane-rich Triton X-114 fraction.

We concluded from these results that (i) either the C-ter-
minal signal peptide from Emc331p or all of Ecm331p except
for its extreme N terminus targeted GFP fusions mostly to the
PM and (ii) either the C-terminal signal peptide of Hwp1p or
all of Hwp1p except for its extreme N terminus targeted GFP
mostly to the CW. It should be noted that the differential PM
versus CW targeting we observed was incomplete. That small
amounts of reporters with C termini from Hwp1p were present
in the membrane fractions was not surprising, because GPI-
CWPs are attached to the PM prior to their removal and
transport to the CW. However, small amounts of the Hwp1/
GFP/Ecm331c and the Hwp1/GFP/Ecm331FL reporters were
also found in CW fractions. We do not believe that this result
was caused by contamination of CW fractions with membrane
proteins because our results were consistent with the earlier
observations that small amounts of S. cerevisiae GPI-PMPs are
also present in the CW (9, 12, 40). Taken together, these
earlier studies and the results of the present study support
the view that all GPI-PMPs also target to the CW, at least to
some extent (9). Nevertheless, since we found that fluorescent
reporters with short C-terminal signal peptides from Ecm331p
targeted mostly to the PM and that fluorescent reporters with
short C-terminal signal peptides from Hwp1p targeted mostly
to the CW, we concluded that reporters of this type can be
used to study the PM versus CW targeting signals in C. albicans
GPI-anchored proteins.

By constructing and analyzing a series of deletion, domain
exchange, and amino acid substitution mutants, we found that
(i) the � site in Ecm331p was G390, (ii) the PM versus CW
targeting signals were in the �-minus regions of Ecm331p and
Hwp1p, and (iii) the � � 1 to � � 5 amino acids in both
proteins of interest played key roles in PM versus CW target-
ing. Since earlier studies showed that the � rules from S.
cerevisiae and other eukaryotes generally applied in C. albicans
Hwp1p (29) and since the amino acids immediately N terminal
to the � sites play key roles in targeting of other fungal GPI-
anchored proteins to the PM or CW (12, 19, 36), most of these
results were expected. However, some properties of the PM
versus CW targeting signals in Ecm331p and Hwp1p were new
or unexpected.

First, the observation that G390 was both necessary and
sufficient to target fluorescent reporters containing either 66
amino acids from the C terminus of Ecm331p or all of
Ecm331p except for its extreme N terminus to the cell periph-
ery showed that � sites predicted by commonly used algo-

rithms are not necessarily correct. For example, the GPI Fun-
gal Prediction Server (http://mendel.imp.ac.at/gpi/cgi-bin/gpi
_pred_fungi.cgi) predicted incorrectly that the � amino acid in
Ecm331 was either S384 or S385. Thus, when the � rules
suggest multiple possibilities or when identification of the �
site is critical, the deletion and mutagenesis strategy used in
this study and an earlier study of Hwp1p (29) can be used to
test the hypothesis that a specific amino acid is the � site in a
fungal GPI-anchored protein.

A second unexpected finding was the observation that re-
placing only 2 to 5 amino acids in the C terminus of Hwp1p
with the corresponding amino acids from Ecm331p had such
marked effects on PM versus CW targeting. For example, re-
placing the ISTFE pentapeptide from positions � � 5 to � �
1 from Hwp1p with the corresponding SSSKK pentapeptide
from Ecm331p reduced CW targeting from 86% to 3%. Sim-
ilarly, replacing only the FE dipeptide from positions � � 2
and � � 1 of Hwp1p with the corresponding KK dipeptide
from Ecm331p reduced CW targeting from 86% to 19%.
These results support earlier proposals that basic amino acids
at positions � � 2 and � � 1 function as PM retention signals
in S. cerevisiae (4, 12), but we also found that SSSSS at posi-
tions � � 5 to � � 1 and SS at positions � � 2 and � � 1 were
almost as effective at retaining the reporters on the PM as
SSSKK and KK. Thus, basic amino acids at positions � � 2 and
� � 1 were sufficient, but not necessary, to retain GPI-an-
chored proteins on the PM of C. albicans.

Replacing the amino acids between positions � � 5 and � �
1 in the C terminus of Ecm331p with the corresponding amino
acids from Hwp1p also increased CW targeting, but the mag-
nitude of this effect was less than was observed with substitu-
tions in the opposite direction. For example, when the SSSKK
pentapeptide or the KK dipeptide from Ecm331p were re-
placed with ISTFE or FE from Hwp1p, CW targeting in-
creased from 7% to 23% and 39%, respectively. These results
were similar to those observed by Terashima et al. (36), who
showed that replacing the � � 1 to � � 5 residues in the S.
cerevisiae GPI-PMP Ecm33p with the corresponding amino
acids from S. cerevisiae GPI-CWPs increased CW targeting
from 10% to 40%. We concluded that the 5 amino acids at
positions � � 1 to � � 5, the 2 amino acids at positions � �
1 and � � 2, and also the single amino acid at position � � 5
all play key roles in regulating whether a C. albicans GPI-
anchored protein is retained in the PM or is transported to and
incorporated into the CW. However, since the effects of insert-
ing several identical � � 1 to � � 5 pentapeptides into the C
termini of Hwp1p or Ecm331p varied considerably in magni-
tude (Table 2), it is also clear that portions of the C-terminal
signal domains other than positions � � 1 to � � 5 also
contribute significantly to targeting of GPI-anchored-proteins
to the PM or CW.

Another new observation was that introducing the dipeptide
FE from positions � � 2 and � � 1 of Hwp1p into the C
terminus of Ecm331p substantially increased CW targeting
(from 7% to 39%). Since the FE dipeptide is not present in the
analogous position in any S. cerevisiae GPI-CWP, we searched
the C-terminal signaling domains of all known or predicted C.
albicans GPI-anchored proteins (7, 27) for similar sequences.
Sixteen predicted C. albicans GPI-anchored proteins had an F
at position � � 2 (or � � 3) and an acidic amino acid E at
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position � � 1 (or � � 2) (e.g., Hwp1p, Rbt1p, and Cht2p),
and another four proteins had an F at position � � 2 (or � �
3) and an acidic amino acid D at position � � 1 (or � � 2)
(e.g., Als3p and Als4p). Since 12 of these 20 proteins are
known GPI-CWPs, it is likely that the dipeptide FE or FD in
positions � � 2 and � � 1 functions as a previously unrecog-
nized CW targeting signal in C. albicans.

The results from mutagenesis and cellular localization from
the present study and those of Hamada et al. (18, 19) in S.
cerevisiae suggest (i) that I, V, or L residues at positions � � 3
to � � 8 or FE, FD, Y, or N residues at positions � � 1 to � �
3 are CW targeting signals and (ii) that K or R residues at
positions � � 1 to � � 7 or KK or SS dipeptides at positions
� � 1 and � � 2 are PM retention signals. When we examined
the 45 C-terminal deduced amino acids of all 104 predicted C.
albicans GPI-anchored proteins (7, 27), we found CW target-
ing signals in 64 proteins, PM targeting signals in 22 proteins,
CW and PM targeting signals in 9 proteins, and neither type of
signal in 9 proteins. To assess the accuracy of predictions based
on the putative signals listed above, we examined the C termini
of 27 C. albicans GPI-anchored proteins that have been local-
ized experimentally. Table 3 shows that 25 of these deduced
GPI-anchored proteins have been demonstrated in the CW,
one (Dfg5p) has been demonstrated in both the PM and the
CW, and one (Ecm331p from the present study) targeted
mostly to the PM but also to the CW. Nineteen of these 27
proteins had CW targeting signals, and all of these have been
demonstrated in the CW. Moreover, Ecm331p was correctly

predicted to target mostly to the PM, and Dfg5p was correctly
predicted to target to both the CW and the PM. In contrast,
the predicted GPI-PMPs Ecm33p, Pga4p, Phr1p, and Rbr1p
have all been demonstrated in the CW; whether and to what
extent these proteins also target to the PM has not been ex-
amined experimentally. The above analyses provide some sup-
port for the CW versus PM targeting signals we have proposed,
but firm conclusions about the roles these specific signals play
in targeting will require more direct experimental evidence.

In summary, we have shown that short C-terminal peptides
from the GPI-anchored proteins Hwp1p and Ecm331p effi-
ciently target fluorescent reporters to the CW or PM of C.
albicans and that the 5 amino acids immediately N-terminal to
the � cleavage sites in these two proteins play key roles in PM
versus CW targeting. Although we found that regulation of PM
versus CW targeting was similar in C. albicans and S. cerevisiae,
we observed several new or unexpected results. One of these
was that replacing as few as 2 amino acids in the �-minus
region of Hwp1p abolished CW targeting almost completely.
Since very little is known about the processes by which some
fungal GPI-anchored proteins are removed from the PM and
then transported to and incorporated into the CW, the avail-
ability of small fluorescent reporters that target almost com-
pletely to either the PM or the CW while differing by as few as
2 amino acids may facilitate future efforts to identify interact-
ing proteins that directly mediate key steps in PM versus CW
targeting.

TABLE 3. C-terminal 45 amino acids of 27 C. albicans GPI-anchored proteins

Protein ORF19a

position C-terminal 45 amino acidsb
Localizationc

Expt Predict

Als1 13163 TLSQQVTSSSPSTNTFIASTYDGSGSIIQHSTWLYGLITLLSLFI CW CW
Als3 1816 QTTLSQQMTSSLVSLHMLTTFDGSGSVIQHSTWLCGLITLLSLFI CW CW
Als4 4555 PTTLSQQTTSSLISTPLASTFDGSGSIVQHSGWLYVLLTAISIFF CW CW
Als5 5736 TTLIQQVATSSYNQPLITTYAGSSSATKHPSWLLKFISVALFFFL CW CW
Als6 7414 TTLIQQVATSSYNQPLITTYAGSSSATKHPSWLLKFISVALFFFL CW CW
Als7 7400 VSTTVTEQYDTSTYTPASLLVSDNSGSVSKYSLWMMAFYMLFGLF CW CW
Als9 5742 QTTLSQSLISSSTKTVIASTYDGSGSVIKLHSWFYGLVTIFFLFI CW CW
Hwp1 1321 LESVPLMQPSANYSSVAPISTFEGAGNNMRLTFGAAIIGIAAFLI CW CW
Rbt1 1327 ESVPAIQPSANSSYTIASVSSFEGAGNNMRLTYGAAIIGLAAFLI CW CW
Eap1 1401 VTTSTIASSSETSVPPAQVSTFEGSGSALKKPYYGLAVAALVYFM CW CW
Cht2 3895 YPTSVASNGTNTTVPVFTFEGGAAVANSLNSVWFPVPFLLAAFAF CW CW
Rhd3 5305 SGVAQAASSSAGPAQASVSNFEGAAGQNKLSYGVGMAAVVAGLVM CW CW
Ywp1 3618 TISQTTVAKASGSGKAAISTFEGAAAASAGASVLALALIPLAYFI CW CW
Hwp2 3380 VESISVAVSSAAQSSIAAISSYEGTGNNMKLSFGVVIAGVAAFAI CW CW
Hyr1 4975 SMPSNTTDSSSSVPTIDTNENGSSIVTGGKSILFGLIVSMVVLFM CW CW
Rbt5 5636 AEESSVAQSSSSAADVASVSVEAANAGNMPAVAIGGVIAAVAALF CW CW
Csa1 7114 KETGVSQATVAANTHSVAIANMANTKFASTMSLLVASFVFVGLFI CW CW
Ssr1 7030 SKTSTTAAASSSESTTATGVLTQSEGSAAKVGLGALVGLVGAVLL CW CW
Crh11 2706 TGDAAPSSSASEKPSVSTTENNGAVSVAKTTSLFGFVALIGFLFV CW CW
Ecm331 4255 KSDSKSSDGSSSSNSSSSSKKGASNVLVVPGMVLTTALGVLLALI PM PM
Ecm33 3010 SETGSDSSSSASGSSSSSKKGGAASNNGKLASVVAAFAAVGVALF CW PM
Pga4 4035 PSQTSQVSSSSATSANSTSSKKNDAAVEGAGFLSVIALAAGIALL CW PM
Phr1 3829 SSSSSTSSGSSSSSGVKATQQMSMVKLVSIITIVTAFVGGMSVVF CW PM
Rbr1 535 SAAKSGASSATGGSSAAKSGSSSGAGFAPVAGAGSLAAIAGLLLL CW PM
Dfg5 2075 SAGTNSEDNANKNELTITGKDKAGAGVLTAIVLAVILGGAIWMIF CW�PM CW�PM
Rbr2 532 ASAEKSSGSSASASSTAGGSSSKGGVSELVAPVGAVVGALAVALM CW ND
Sod4 2062 SSSSKNSTNGSSGSSTSASQGSGAGRAEISGFLAAGIAGVVAALI CW ND

a ORF, open reading frame.
b Each protein’s known or most likely � site is underlined and in boldface. CW and PM targeting signals are in boldface italics.
c Cell surface localization as determined experimentally by others or in the present study (Expt) or as predicted (Predict) from CW or PM targeting signals identified

in this study or in S. cerevisiae (18, 19). ND indicates that localization could not be predicted.
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