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A superfamily of proteins called cysteine transmembrane is
widely distributed across eukaryotes. These small proteins are
characterized by the presence of a conserved motif at the
C-terminal region, rich in cysteines, that has been annotated as
a transmembrane domain. Orthologs of these proteins have
been involved in resistance to pathogens and metal detoxifi-
cation. The yeast members of the family are YBR016W,
YDL012C, YDR034W-B, and YDR210W. Here, we begin the
characterization of these proteins at the molecular level and
show that Ybr016w, Ydr034w-b, and Ydr210w are palmitoy-
lated proteins. Protein S-acylation or palmitoylation, is a
posttranslational modification that consists of the addition of
long-chain fatty acids to cysteine residues. We provide evi-
dence that Ybr016w, Ydr210w, and Ydr034w-b are localized to
the plasma membrane and exhibit varying degrees of polarity
toward the daughter cell, which is dependent on endocytosis
and recycling. We suggest the names CPP1, CPP2, and CPP3
(C terminally palmitoylated protein) for YBR016W, YDR210W,
and YDR034W-B, respectively. We show that palmitoylation is
responsible for the binding of these proteins to the membrane
indicating that the cysteine transmembrane on these proteins
is not a transmembrane domain. We propose renaming the
C-terminal cysteine-rich domain as cysteine-rich palmitoylated
domain. Loss of the palmitoyltransferase Erf2 leads to partial
degradation of Ybr016w (Cpp1), whereas in the absence of the
palmitoyltransferase Akr1, members of this family are
completely degraded. For Cpp1, we show that this degradation
occurs via the proteasome in an Rsp5-dependent manner, but
is not exclusively due to a lack of Cpp1 palmitoylation.

A superfamily of proteins called cysteine-rich trans-
membrane (CYSTM) proteins was identified using a bioin-
formatics approach (1). Members of this family were found to
be widely distributed across eukaryotes (1). These proteins are
in general small, ranging from 60 to 150 amino acids. The
family was named CYSTM domain because they share a region
at their C termini that was predicted to be an α-helical
transmembrane region, containing 5 to 6 cysteine residues,
which are highly conserved within the family. The N-terminal
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region is rich in proline, glycine, and glutamic acid and it is
predicted to contain a β-strand region followed by a variable
linker (1). In the yeast Saccharomyces cerevisiae, the family
comprises the genes YBR016W, its paralog YDL012C,
YDR034W-B, and YDR210W, with no defined function (1).
The manganese-chelating protein (Mnc1) (YBR056W-A) has
also been proposed to be a member of the CYSTM family (2).
Mnc1 is a paralog of YDR034W-B, but does not have a
CYSTM region as defined by Venancio et al (1), since it is not
predicted to fold into a single α-helix (our unpublished ob-
servations). A role in manganese metabolism has also been
proposed for Ydr034w-based both on a growth phenotype and
its enhanced expression in the presence of this metal (3).

High-throughput studies indicate that the yeast members of
this family are localized to the plasma membrane (PM) (4, 5).
CYSTM-containing orthologs (1) include the Schizosacchar-
omyces pombe stress and chemical response protein Uvi15 (6),
Digitaria ciliaris, and Oryza sativa CDT1, which confers
resistance to heavy metals such as cadmium and copper (7)
and the Arabidopsis representative of the family PCC1, which
is induced upon pathogen exposure and its overexpression
conferred resistance to oomycetes (8).

More recently, 13 CYSTM genes were identified in Arabi-
dopsis thaliana (9). The expression of these genes was
analyzed in different plant tissues and also in response to
diverse stressors, leading to the postulate that they might have
diverse roles in abiotic stress. Dimerization of some of these
proteins was also suggested, based on two-hybrid experiments.
Finally, they were shown to localize to the PM but also the
cytosol and nucleus (9). A role in resistance to heat stress and
to a lesser extent to UV radiation has been uncovered for two
members of this family, also in Arabidopsis (10).

Expression of the human CYSTM1 gene is an early marker
for Huntington’s disease (11).

The genes YDL012C and YDR210W clustered in bioinfor-
matics analyses based on the phenotypes of their corre-
sponding deletion mutants, in the presence of a great variety of
chemical compounds, suggesting they might be involved in
resistance to stresses (1).

However, there is no data regarding the function of these
proteins at the molecular level.

S-acylation, commonly known as palmitoylation, is the
addition of long-chain fatty acid molecules to cysteine residues
of a protein via a thioester bond. This modification is catalyzed
by a family of palmitoyltransferases (PATs) characterized by
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CYSTM domains bind to membranes through palmitoylation
the presence of a DHHC-CRD domain (12). Yeast has seven
members of this family on its genome, and there are 23
members of this family in humans (12). Both transmembrane
and peripheral membrane proteins can be modified by pal-
mitoylation. The modification of otherwise soluble proteins
results in their recruitment to membranes, often in combina-
tion with other signals such as prenylation, N-myristoylation,
or a polybasic domain. Proteins can be anchored to mem-
branes also by multiple palmitoylations, as is the case for the
SNARE SNAP25 (reviewed in (13)). There are no consensus
aminoacid sequences that dictate protein palmitoylation, and
although the specificity of PATs in general, is incompletely
understood, yeast PATs appear to have a preference for certain
substrates. For instance, Erf2/Erf4 seem to modify hetero-
lipidated proteins, Akr1 modifies hydrophilic proteins that
bind to membranes through their palmitate moieties, Pfa4
modifies multispanning membrane proteins like amino acid
permeases, while Swf1 recognizes single-spanning membrane
proteins with cysteines close to the cytosolic border of their
transmembrane domains (TMDs) (14, 15).

In this work, we have begun the characterization of three
members of the yeast CYSTM family. We show that they are
localized to the PM and polarized to the daughter cell, in a
manner dependent on their endocytosis and recycling.

We provide abundant evidence that Ybr016w, Ydr210w, and
Ydr034w-b are not transmembrane proteins, but are anchored
to the membrane through S-acylation instead, and therefore
suggest that the CYSTM is renamed to CYSPD (cysteine-rich
palmitoylated domain [CYSPD]).

In light of these results, we suggest the names CPP1, CPP2,
and CPP3 (cysteine-rich palmitoylated protein) for the genes
YBR016W, YDR210W, and YDR034W-B, respectively.
Results

CYTSM proteins are polarized and palmitoylated

Based on the sequence of CYSTM domains, we suspected
they might be modified by palmitoylation (Fig. 1A). There are
several examples in the literature of cysteine-rich domains that
are palmitoylated (reviewed in (16). Moreover, Ybr016w
(CPP1) was identified as palmitoylated in the yeast palmitoyl-
proteome (14).

To detect CYSTM proteins, we generated GFP fusions to
the N termini of Ybr016w (Cpp1), Ydr210w (Cpp2), and
Ydr034w-b (Cpp3) and expressed them from a centromeric
plasmid, under the control of the constitutive TPI1 promoter.
The resulting chimaeras were observed under the microscope.
All three fusions are localized to the PM in a WT strain
(Fig. 1B upper panels). GFP-Cpp1 showed a polarized distri-
bution to the growing bud. Some proteins achieve a polarized
distribution through cycles of endocytosis and polarized
secretion. This was shown for the SNARE protein Snc1 (17).
When Snc1 endocytosis was blocked, polarized distribution
was lost, and the protein was homogeneously distributed in the
PM. When recycling to the PM was blocked, the protein is
trapped inside the cell (17). GFP-Cpp1 was expressed in sla1Δ
mutant in which endocytosis is greatly reduced (18), and we
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can observe that the protein is no longer polarized (Fig. 1B
middle panel). Ric1 is required for efficient fusion of
endosome-derived vesicles with the Golgi, leading to impaired
recycling of proteins from the endocytic compartments to the
PM when it is absent (19). When we expressed GFP-Cpp1 in a
ric1Δ strain, the protein is now found in internal structures
(Fig. 1B bottom panel), indicating that GFP-Cpp1 is dynami-
cally polarized through endocytosis and polarized secretion.
An endocytosis signal on the N-terminal domain of Ybr016w
was previously suggested (17).

GFP-Cpp2 and GFP-Cpp3 are also polarized on the PM but
to a lesser extent. This polarity is lost in a sla1Δ strain and
internal staining was observed for both proteins in a ric1Δ
strain, although a substantial amount of the proteins remains
at the PM (Fig. 1B, bottom panels), consistently with the
partial polarization observed for these proteins in a WT strain.

To establish if the yeast CYSTM proteins are palmitoylated,
we carried out acyl-biotin exchange (ABE) assays (14). Briefly,
free thiols from cysteine residues in the protein samples are
blocked by neutral N-ethylmaleimide and then treated with
hydroxylamine (HA) to release thioester-bound palmitates.
The free thiols are now reacted with a biotinylating agent,
proteins are affinity-purified with streptavidin beads and the
samples are analyzed for the presence of the GFP fusion
proteins. Tris is used instead of HA as a control. Figure 1C
shows that GFP-Cpp1, GFP-Cpp2, and GFP-Cpp3 are specif-
ically pulled down in the HA-treated samples, indicating that
they are palmitoylated.

Direct evidence for CYSTM proteins palmitoylation was
obtained by metabolic labeling the cells with azido-palmitate,
which can be later biotinylated using a click-chemistry
approach. Palmitoylated proteins are then pulled down and
identified by Western blot (20, 21). Figure 1D shows that GFP-
Cpp1 and GFP-Cpp2 are present in the samples labeled with
azido-palmitate (azido-palm) (top panel). The palmitoylated
protein Vac8 (22) was detected, as a positive control (middle
panel), while the non-palmitoylated Tom40 was used as a
negative control. Since GFP-Cpp3 is expressed at lower levels
than Cpp1 and Cpp2, we were unable to detect it using this
technique.
Cpp1, Cpp2, and Cpp3 are bound to membranes via
palmitoylation

If CYSTM domains are transmembrane domains as postu-
lated, some of their cysteines would be close to the cytosolic
border of the TMD (Cys 110 and Cys 114 for Cpp1, see
Fig. 1A) and therefore candidates for palmitoylation (23–25).
In yeast, cysteines on the cytosolic border of the TMDs are
almost exclusively modified by Swf1 (14, 25). However, we and
others have been unsuccessful in finding CYSTM proteins as
substrates of Swf1. Moreover, a direct interaction between the
PAT Akr1 and Cpp3 has been demonstrated in a protein-
fragment complementation analysis (26). Additionally, trans-
membrane prediction algorithms do not consistently indicate
that the CYSTMs are TMDs. Running Cpp1 on the Top-
oloGYeast website (27), which provides the predictions from
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Figure 1. GFP-Cpp1, GFP-Cpp2, and GFP-Cpp3 are localized to the plasma membrane and they are palmitoylated. A, protein sequence alignment
and secondary structure prediction for the yeast CYSPD family members. Conserved cysteines are highlighted in green. B, fluorescence images of yeast cells
expressing GFP-tagged Cpp1, Cpp2, and Ccp3. The fusions localize to the plasma membrane (PM). GFP-Cpp1 is polarized to the new buds, and GFP-Cpp2
and GFP-Ccp3 are also polarized, to a lesser extent (upper panels). The polarized distribution of GFP-CCp1 is dependent on endocytic cycling since it is lost in
a sla1Δ strain (middle panels). GFP-Cpp1 is lost from the PM in the recycling mutant ric1Δ and it is found in intracellular dots. GFP-Cpp2 and GFP-Cpp3 are
also found inside the cell in a ric1Δ, but a substantial amount of fluorescence remains at the PM (lower panels). The scale bar represents 2 μm. C, acyl-biotin
exchange assay on GFP-tagged Cpp1, Cpp2, and Cpp3 shows that these proteins are palmitoylated. In the hydroxylamine (HA)-treated samples, palmitates
are exchanged for biotin, the proteins are pulled down using streptavidin beads and detected on a Western blot using anti-GFP antibodies. Negative
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nine different transmembrane prediction software, results in
just four of them suggesting the presence of a TMD. Finally,
transmembrane proteins of the secretory pathway, when
overexpressed, usually show some staining of the vacuole, and
this was never the case for the GFP-CYSTM protein chimeras
evaluated in this study. For the reasons stated above, we sus-
pected that perhaps, these proteins are not transmembrane but
are anchored to the membrane by palmitates instead. To
address this issue, WT cells expressing GFP-Cpp1, GFP-Cpp2,
and GFP-Cpp3 were lysed, the lysate was centrifuged at
1,00,000g, and the membrane fraction was treated with neutral
HA, which cleaves thioester-bound palmitates. The presence
of GFP-Cpp1-3 in the treated membranes and the resulting
supernatants were analyzed by Western blot. Figure 2, A and B
show that significant amounts of the chimeric Cpp proteins are
released from the membranes and can be observed in the
soluble fraction upon HA treatment. The tail-anchored
transmembrane protein Tlg1 is included as a bona fide
transmembrane protein control, and it is unaffected by the HA
treatment. Other treatments that are used to release peripheral
proteins from the membranes, such as high salt concentration
and sodium carbonate, fail to release GFP-Cpp1 from this
fraction (not shown).

As a positive control, we used GFP-Yck2, a casein kinase I
homolog, that binds to membranes exclusively by palmitoy-
lation (28). Figure 2A (bottom panel). However, Yck2 is
aggregated in vitro and does not enter the gels when cells are
broken by vigorous shaking with glass beads, which is how we
prepared all samples. This has been carefully documented (29).
On the other hand, Cpp1 and Cpp2 are quickly degraded when
we try to digest the cell wall with zymolyase to prepare a
protein lysate (not shown). This does not allow us to analyze
both proteins in the same cells. Nevertheless, when we lyse
cells–expressing GFP-Yck2 by cell wall digestion and treat
membranes with HA, we can verify that the treatment is
effective (Fig. 2A, bottom panel). Please note that the multiple
bands observed for Yck2 correspond to non palmitoylated,
phosphorylated, or hyperphosphorylated species (30). The
highest MW band corresponds to the palmitoylated species
and it is released from the pellet by HA. We have also included
as a control, a non-palmitoylable GFP-Cpp1 5xΔCys lacking all
cysteines. This construct behaves similarly to a GFP-Cpp1
treated with HA, that is, only a small fraction of the protein
is present in the 1,00,000g supernatant, confirming that Cpp
proteins either bind to membranes by other means or are
aggregated and thus partition to the pellet fraction. Second, we
placed GFP-Cpp1 under the control of the GAL1 promoter
and induced the expression of the protein in the presence of
20 μM of the palmitoylation inhibitor 2-bromopalmitate
(2-BP). In these conditions, the protein is observed in the
cytoplasm, consistent with the behavior of a lipid-anchored
protein (Fig. 2C). The PM SNARE Sso1, a transmembrane
protein, was included as a negative control and its localization
controls are treated with Tris buffer instead of hydroxylamine. D, detection
expressing GFP-Cpp1 or GFP-Cpp2 were grown in the presence (+) or absence
by biotin alkyne. Palmitoylated proteins were pulled down with streptavidin
panel), the palmitoylated protein Vac8 (middle panel), or the nonpalmitoylated p
cysteine-rich palmitoylated domain.

4 J. Biol. Chem. (2024) 300(2) 105609
is not affected by 2-BP treatment in these conditions. As a
positive control we looked at the localization of the palmi-
toylated protein GFP-Yck2, which changes from a PM distri-
bution to a cytoplasmic distribution in the presence of 2-BP
(Fig. 2C, middle panels). Finally, we sought additional evi-
dence of the nature of the CYSTM domain by analyzing its
insertion in the membrane. If the CYSTM domain is indeed a
TMD, proteins bearing this domain would be tail-anchored
membrane proteins, since the putative TMD is located at
their C termini. Many tail-anchored proteins are inserted into
the membrane with the aid of the GET complex (31). Mutant
strains lacking either Get1 or Get2 show abnormal localization
of tail-anchored proteins (31). Additionally, the EMC complex
is involved in the insertion of low-hydrophobicity tail-
anchored proteins (32, 33). Figure 3 shows that while the tail-
anchored proteins Sso1 and Snc1 are mislocalized in get1Δ
mutants, GFP-Cpp1 is unaffected. Snc1 and Sso1 are only
mildly affected by the deletion of either EMC6 or EMC3,
which are essential for the activity of the EMC complex. Again,
GFP-Cpp1 is unaffected by the lack of either gene.

Taken together, these findings indicate the Cpp1, Cpp2, and
Cpp3 and likely other CYSTM proteins are bound to mem-
branes via palmitoylation and that the CYSTM domain is not
necessarily transmembrane.

We, therefore, propose that this domain should be renamed
to CYSPD.
CYSPD proteins are degraded in an Rsp5-dependent manner
in the absence of the PATs Akr1 and Erf2

Next, we investigated whether the lack of palmitoylation has
consequences in the expression or localization of the CYSPD
proteins. We expressed GFP-Cpp1 in strains that each lack one
of the members of the PAT family in yeast. The localization of
GFP-Cpp1 was similar in a WT, swf1Δ, pfa3Δ, pfa4Δ, pfa5Δ,
and akr2Δ strains (Fig. 4A). In the erf2Δ strain, overall fluo-
rescence appears to be lower. However, in an akr1Δ strain, the
fluorescence signal is completely absent (Fig. 4A), suggesting
that GFP-Cpp1 is being degraded. There are multiple exam-
ples in the literature that highlight the link between palmi-
toylation and protein stability (25, 34–36). Lower levels of
GFP-Cpp1 in akr1Δ and erf2Δ strains were confirmed by
quantification of the fluorescence levels in these strains. The
level of GFP-Cpp1 in an erf2Δ strain was reduced by half, and
in an akr1Δ strain, the signal reduction is much more signif-
icant (Fig. 4B). GFP-Cpp2 and GFP-Cpp3 are not detectable
both by fluorescence microscopy and Western blot in an
akr1Δ strain (Fig. S1). The lack of Erf2 also affects the levels of
these proteins but to different extents (Fig. S1).

Since GFP is resistant to vacuolar proteolysis in yeast and no
fluorescence is observed in the vacuole, the degradation of
these proteins appears to be proteasomal. Indeed, Figure 4, C
and D show that degradation of GFP-Cpp1 is prevented when
of palmitoylation by metabolic labeling and click chemistry. Yeast cells
of azido palmitate (azido-palm), lysed, and the azido palmitate was modified
beads and analyzed by Western blot using antibodies against GFP (upper
rotein Tom40 (lower panel). CPP, cysteine-rich palmitoylated protein; CYSPD,
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Figure 2. GFP-Cpp1, GFP-Cpp2, and GFP-Cpp3 are bound to membranes by palmitoylation. A, GFP-Cpp1-3 are released from membranes upon
hydroxylamine treatment. Membrane fractions of yeast cells expressing GFP-Cpp1-3 were treated with 1 M hydroxylamine, which cleaves the thioester
bonds between fatty acids and cysteine residues, or Tris as a control, and the presence of GFP-Cpp1 in the supernatant (S) or the membrane pellet (P) was
assessed by Western blot. The endogenous transmembrane protein Tlg1 was detected in the same blots as a negative control. As positive control cells
expressing GFP-Yck2 were treated as indicated above and analyzed by Western blot (bottom left panel). A control experiment using the non-palmitoylable
version of GFP-Cpp1 (5xΔcys) was also included in the analysis (bottom right panel). B, the signals from bands as in A were quantified and the graph shows a
scatter plot displaying the average pellet/supernatant (P/S) ratio ± SD for each protein from three independent experiments. C, fluorescence microscopy
images of GFP-Cpp1 induced for 2 h by the addition of galactose, in the presence or absence of 20 μM of the palmitoylation inhibitor 2-bromopalmitate (2-
BP) (right panels). As a negative control, Gal-driven GFP-Sso1, a transmembrane protein was included (left panels). Cells expressing the palmitoylated protein
GFP-Yck2 were assessed as a positive control for the experiment. The scale bar represents 2 μm. CPP, cysteine-rich palmitoylated protein.
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Figure 3. GFP-Cpp1 insertion in the membrane is independent of the GET and EMC complexes. Fluorescence microscopy images showing the
membrane localization of GFP-Cpp1 in WT and mutant strains lacking either GET1, GET2, EMC3, or EMC6 (lower panels). As controls, the tail-anchored
transmembrane proteins GFP-Sso1 (upper panels) and GFP-Snc1 (middle panels) were included. The scale bar represents 2 μm. CPP, cysteine-rich palmi-
toylated protein.

CYSTM domains bind to membranes through palmitoylation
the proteasome inhibitor MG132 is added, however, the pro-
tein no longer localizes to the PM membrane, but to intra-
cellular dots. These experiments were carried out in an erg6Δ
genetic background, which makes the PM of these cells more
permeable to drugs such as MG132 (37). These results are also
consistent with the non-transmembrane nature of the CYSPD,
since transmembrane proteins of the PM are mostly degraded
in the vacuole.

Many proteins at the yeast PM are ubiquitinated by the
ubiquitin ligase Rsp5, which controls multiple processes in
the cell (38, 39). Ydl012c was found to interact with Rsp5 in a
high-throughput experiment (40) and indeed, it contains a
PPXY motif. These motifs are known to interact with the
WW domains of ubiquitin ligases such as Rsp5 (41, 42). Since
Rsp5 is an essential gene, we used a hypomorphic allele (43)
(rsp5hm) to assess its role in the degradation of GFP-Cpp1
that takes place in an akr1Δ strain. We generated an akr1Δ
rsp5hm double mutant, expressed GFP-Cpp1 and observed it
under the fluorescence microscope. Figure 5A shows that the
protein now becomes detectable, confirming the role of Rsp5
in its degradation. The rescue of GFP-Cpp1 levels in the
akr1Δ rsp5hm was also assessed by Western blot (Fig. 5, C
and D). Interestingly, GFP-Cpp1 remains localized to the PM
(Fig. 5A, lower panel), indicating that it is either still palmi-
toylated by other PATs or it is anchored to the membrane by
some other means. We analyzed the palmitoylation status of
6 J. Biol. Chem. (2024) 300(2) 105609
this protein in the akr1Δ rsp5hm mutant by ABE. Figure 5B
shows that GFP-Cpp1 is palmitoylated in this double mutant,
suggesting that the protein can be palmitoylated by other
PAT/s when degradation is prevented. The degradation of
GFP-Cpp1 in the erf2Δ strain is also rescued by the rsp5hm
mutation (Fig. S2).
Mutational analyses of Cpp1 CYSPD domain

To study the palmitoylation of Cpp1 in more detail, we
generated single-point mutations of the five cysteines within
the CYSPD; it should be noted that no other cysteines are
present in the rest of the protein. Mutants were expressed in a
wild-type strain and analyzed by confocal microscopy. Fig. S3
shows that the expression levels of the single-cysteine mutants
are similar to that of the wild type, and their PM localization is
largely unaffected.

We next generated three additional mutant versions of
GFP-Cpp1. One in which the two most N-terminal cysteines
are mutated to Alanine (C110, 114A). Another version in which
the three most C-terminal are replaced (C119, C121, 122A) and
finally, a version in which all 5 cysteines of the domain are
mutated, which we named 5xΔCys (see Fig. 6A for a scheme).
When visualized under the microscope, all three mutants show
one or two fluorescent dots in the cells, suggesting protein
aggregation. Mutants (C110, 114A) and C119, C121, 122A show
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some remaining fluorescence on the PM (Fig. 6C bottom
panels) while the 5xΔCys mutant has no remaining fluores-
cence on the membrane. When the palmitoylation of these
mutants was tested using an ABE assay, it was observed that, as
expected, the 5xΔCys mutant is not palmitoylated, however,
both (C110, 114A) and (C119, C121, 122A) are, suggesting that
cysteines in both halves of the domain can be palmitoylated
(Fig. 6D). Importantly, if the CYSPD was indeed a TMD,
cysteines 119, 121 and 122 would be expected to be buried
deep into the membrane and could not be palmitoylated. This
J. Biol. Chem. (2024) 300(2) 105609 7
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CYSTM domains bind to membranes through palmitoylation
is due to the cytosolic localization of the catalytic domains of
PATs (44).
Palmitoylation dependent and palmitoylation independent
degradation of GFP-Cpp1

Interestingly, none of the cysteine mutants of GFP-Cpp1
described above fully recapitulates the complete degradation
triggered by the loss of Akr1, nor the partial degradation,
while still maintaining membrane localization, that is
observed in erf2Δ. It is possible that the absence of palmi-
toylation due to the lack of a PAT, which leaves free cysteine
residues in the substrate, is not strictly equivalent to having
no palmitoylation caused by point mutations in the cysteines
(25). Alternatively, the lack of Akr1 and Erf2 could have an
indirect effect on the half-life of these proteins. To assess this
point, we generated constructs in which we either truncated
the CYSPD domain of Cpp1, (Cpp1-ΔCYSPD) or replaced it
with the TMD of Sso1 (Cpp1-Sso1) and we expressed them in
wild type and akr1Δ strains along with Cpp1-5xΔCys.
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Figure 7A indicates that when GFP-Cpp1 Cpp1-5xΔCys and
Cpp1-ΔCYSPD are expressed in an akr1Δ strain, they are
completely degraded, suggesting that loss of Akr1 can affect
GFP-Cpp1 stability independently of its palmitoylation. On
the other hand, Cpp1-Sso1 seems to be protected from
degradation in an akr1Δ strain.

A similar experiment was carried out in an erf2Δ mutant. In
this case, the loss of the PAT resulted in diminished levels of
GFP-Cpp1 as expected (Fig. 7B), but the degradation of mu-
tants lacking the palmitoylation region (CYSPD) is no longer
enhanced by the lack of Erf2. Cpp1-Sso1 is also expressed at
higher levels in the WT strain and a decrease in the level of
Cpp1-Sso1 TMD is observed in the mutant, suggesting that
perhaps the stability of the construct is affected by the lack of
Erf2, indirectly.

Overall, these results suggest that the loss of stability GFP-
Cpp1 in an erf2Δ is likely due to diminished palmitoylation,
while the loss of stability observed in akr1Δ mutants is mostly
due to an indirect effect. However, palmitoylation of CYSPD
domains by Akr1 cannot be discarded.
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Discussion
In this work we have begun the characterization of a family

of small proteins for which very little is known at the mo-
lecular and cell biological level. We showed that three of the
four members of the CYSTM family of proteins are palmi-
toylated and that the domain is unlikely to be trans-
membrane, hence we suggest that the domain be renamed to
CYSPD. Since some of the cysteines present in this domain
are conserved, likely, homologs from other species will also be
palmitoylated. Moreover, we have preliminary data indicating
the Mnc1, the Cpp3 paralog, although not strictly a CYSTM
protein, is also palmitoylated although it might bind to
membranes differently. This highlights the need for a reas-
sessment of the CYSTM/CYSPD family definition even
further. More research is required to advance in this
direction.

GFP tagging and microscopy have confirmed high-
throughput data indicating that Cpp1, Cpp2 and Cpp3 are
localized to the PM in a polarized manner. We show that this
polarization depends on endocytosis and recycling. However,
they are polarized to different extents, suggesting different
efficiencies of their endocytosis signals or different rates of
diffusion. It might be interesting to investigate this matter
further. Perhaps, these different diffusion rates might be due to
different palmitoylation patterns, that is, either more cysteines
being palmitoylated or having different occupancies.
Reports both in yeast (3) and in plants (9) suggested local-
izations other than the PM for some members of the CYSPD
family. However, in both cases, proteins were tagged with GFP
at the C terminus. Since the CYSPD is responsible for mem-
brane binding, tagging in this region may interfere with the
protein’s localization. However, the CYSTM family is large and
localizations other than the PM cannot be excluded.

We also present several lines of evidence to suggest that the
CYSTM-containing proteins in yeast are not transmembrane
as previously suggested (1) but instead are bound to mem-
branes via S-acylation. The most direct strategy to demon-
strate binding to the membranes via palmitoylation is to cleave
the thioester bond by incubation with neutral HA. We showed
that upon treatment of membrane fractions with this reagent,
a significant amount of GFP-Cpp1-3 is released into the sol-
uble fraction. The release is not complete, and this might be
due to non-palmitoylated proteins being aggregated in vitro.
This is consistent with the behavior of GFP-Cpp1 5xΔCys,
which is also partially present in the soluble fraction; however,
we cannot exclude other factors that may be keeping the
proteins attached to membranes such as interacting partners.
The non-transmembrane, palmitoylated protein SNAP25 can
maintain membrane association in the absence of S-acylation
(45). Nevertheless, bona fide transmembrane proteins such as
Tlg1 are not released from the membranes by treatment with
HA.
J. Biol. Chem. (2024) 300(2) 105609 9
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CYSTM domains bind to membranes through palmitoylation
The second line of evidence is provided by the treatments
with the palmitoylation inhibitor 2-BP. At low concentrations
of this drug, we can see that GFP-Cpp1 is greatly affected,
exhibiting some puncta and some soluble distribution, as is the
positive control GFP-Yck2, while the negative control protein
GFP-Sso1 is not. A higher concentration of 2-BP grossly af-
fects the GFP-Sso1 control (not shown). This is to be expected
since 2-BP is a very toxic inhibitor, known to affect multiple
processes in the cell including membrane traffic (reviewed in
(13)).

Additional, indirect evidence for the non-transmembrane
nature of these proteins stems from the fact that they are
degraded via the proteasome since degradation is stopped by
10 J. Biol. Chem. (2024) 300(2) 105609
the addition of MG132, while most transmembrane proteins of
the late secretory pathway are degraded in the vacuole.

If these proteins were tail-anchored transmembrane pro-
teins, they should be inserted in the ER membrane by the GET
complex (31) or the EMC complex (32, 33). Deletion of GET2
shows a striking effect on the localization of the tail-anchored
proteins Sso1 and Snc1, while GFP-Cpp1 distribution remains
completely unaffected, in these conditions or the absence of a
functional EMC complex.

Finally, a compelling argument for the non-transmembrane
nature of these proteins is the fact that when cysteines 110 and
114 are absent from the GFP-Cpp1 construct, the protein re-
mains palmitoylated. The TMD model for Cpp1 CYSPD (1)
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indicates that the remaining cysteines (119, 121, and 122)
would be buried deep into the membrane and hence not
available for palmitoylation (46, 47). Cysteine 119, the closest
to the cytoplasmic border available for palmitoylation in the
C110 114A double mutant is predicted to be in position 12 from
the cytosolic border (see Fig. 1A). We have also analyzed a
triple mutant C110 114 119A and the protein remains palmi-
toylated (not shown). This would be very unlikely if the
CYSPD was indeed a transmembrane domain.

We next assessed the effect of the absence of individual
yeast PATs on GFP-CYSPD proteins. We found a striking
effect of deleting AKR1. The lack of this PAT led to the
complete degradation of all CYSPD proteins analyzed. The
deletion of ERF2 led to a partial degradation of Cpp1 and
Cpp3. Degradation was far more pronounced for Cpp2.

Interestingly, when palmitoylation of Cpp1 is abolished by
mutation of the cysteines, the protein forms aggregates inside
the cell but it can be detected both by microscopy and
Western blot. One possibility to explain this is that losing
palmitoylation of a particular cysteine by deletion of Akr1
generates an incompletely palmitoylated species, which is
more unstable than a mutant lacking all palmitates due to
cysteine mutations. However, this does not appear to be the
case, since single-cysteine mutants and a combination of
double and triple mutants expressed in a WT strain, never
recapitulate the complete degradation observed in akr1Δ. This
led us to hypothesize that the loss of Akr1 might have an effect
that is independent of the presence of a CYSPD domain and
hence its palmitoylation status. We demonstrated this effect
using constructs that either lacked the CYSPD domain or that
had all the cysteines mutated to alanine and comparing the
protein levels in WT and akr1Δ strains. The effect of the lack
of Akr1 on the stability of CYSPD proteins is intriguing. Akr1
has multiple substrates (14) and the loss of this protein leads to
diminished growth and morphological phenotypes (30). The
metabolic state generated by the loss of this protein may be
sensed by the cytoplasmic domains of CYSPD proteins, trig-
gering their degradation. This might in the future lead to clues
on the molecular function of CYSPD proteins. The effect could
be due to either loss of function of a palmitoylated Akr1
substrate or gain of function of the nonpalmitoylated (or
abnormally) palmitoylated substrate (or both), so a simple
deletion analysis of Akr1 substrates might not be able to
identify which Akr1 substrate is responsible. One way to single
out Akr1 substrates involved in Cpps degradation is to use
versions of these substrates whose palmitoylation is indepen-
dent of Akr1, so they can remain “active” in its absence. One
interesting candidate is Yck2, a casein kinase I homolog,
involved in morphogenesis, proper septin assembly, endocytic
trafficking, and glucose sensing (48, 49). We expressed Cpp1 in
the strain NDY1953. This strain has a palmitoylation-
independent allele of Yck2 (30) in which Yck2 can bind to
membranes since it bears the C-terminal domain of Ras2,
which is prenylated, and later palmitoylated by Erf2. In this
strain, Cpp proteins are still completely degraded, suggesting
that processes downstream Yck2 are not involved in Cpp1
degradation (not shown). Another interesting candidate is the
Sphingoid long-chain base kinase Lcb4, responsible for the
synthesis of long-chain base phosphates. The localization of
this protein is dependent on Akr1 (50). Long-chain base
phosphates in yeast are signaling molecules involved in mul-
tiple cellular processes, including resistance to heat-stress and
Ca2+ mobilization (51, 52).

The degradation of Cpp proteins mediated by the loss of
Erf2 is, on the other hand, likely related to incomplete pal-
mitoylation of the CYSPD.

We have shown that the ubiquitin ligase Rsp5 has a role in
the degradation of CYSPD proteins, which may lead to sig-
nificant insights into the molecular function of these proteins.

Our mutational analysis indicates that no single cysteine is
crucial for stability, suggesting that more than one cysteine is
palmitoylated in the steady state. The double and triple mu-
tants analyzed in Figure 6C indicate that at least two cysteines
are modified. We carried out acyl-PEG exchange experiments
to try to resolve this issue. In this technique, palmitates are
exchanged by five kDa PEG molecules, leading to shifts in the
molecular weight, for each palmitoylated cysteine. We found
shifts that corresponded to either two palmitoylated cysteines
and a more minoritarian shift, indicating four palmitoylated
cysteines (not shown). However, we are not confident that
cysteines that are next to each other in a sequence can be
efficiently detected by this technique due to steric hindrance. A
definitive model for the steady-state palmitoylation of CYSPD
proteins will require specialized mass spectrometry studies and
a detailed mutagenic analysis of the domain.

The molecular mode of action of these proteins remains
mysterious; it has been hypothesized that the cysteines present
in the domain would chelate metals (1, 2). However, some or
most of these cysteines are likely palmitoylated and therefore
unavailable for the chelation of metals. The mechanisms by
which these proteins may contribute to resistance to stress
caused by metals remain to be uncovered. A deeper under-
standing of these proteins’ topology is a first and necessary
step toward understanding their function.
Experimental procedures

Plasmids and strains

BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) strain and
its derivatives, sla1Δ, ric1Δ, erg6Δ, get2Δ, get3Δ, emc6Δ, emc3Δ,
swf1Δ, pfa3Δ, pfa4Δ, pfa5Δ, erf2Δ, akr1Δ, and akr2Δ are from
the EUROSCARF consortium. The rsp5 hypomorph rsp5hm
(EN44) strain was a gift from Dr Hugh Pelham (MRC Lab. of
Molecular Biology). The rsp5hm/akr1Δ strain was generated by
crossing the single mutant strains and selection of recombinant
haploid double-mutant progeny. The akr1Δ erg6Δ was
described in (53). erf2Δ rsp5hm was derived from rsp5hm
transformed with an ERF2 deletion cassette. The cassette was
amplified from a PCRscript plasmid containing S. pombe HIS5
with oligos oErf2 KO3 and oErf2 KO5. The deletion was veri-
fied by PCR using oligos oErf2 02 and oErf2 06. See Table S1 for
a list of the oligonucleotides used throughout this work.

Expression of the N-terminal GFP-tagged CYSPD proteins
was carried out from pRS416-based plasmids containing the
J. Biol. Chem. (2024) 300(2) 105609 11
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TPI1 promoter and Pep12 terminator. To generate GFP-Cpp1
cysteine mutants, we first introduced a HindIII site upstream
of the CYSPD (PJV480). To generate the GFP-Cpp(C110A),
the region coding for the C-terminal domain of Cpp1 fol-
lowed by the PEP12 terminator was amplified using oligos
oYbr016w 03 and oYbr016w 06. This fragment was digested
HindIII/XbaI and cloned in PJV850 in the same sites. The
mutant Cpp1(C110A) generated was digested EcoRI/BamHI
and the fragment was cloned into PJV3 plasmid in the same
sites (PRS416-based vector used to express N-terminal GFP
tagged proteins under TPI promoter control). To generate the
GFP-Cpp1(C114A) the region coding for its CYSPD followed
by the PEP12 terminator was amplified using oligos oYbr016w
04 and oPep12TR. This fragment was digested HindIII/XbaI
and was cloned in PJV850 in the same sites. The mutant ORF
was digested EcoRI/BamHI and the fragment was cloned into
PJV3 in the same sites. To generate GFP-Cpp1(C121A) the
ORF was amplified using oligos oYbr016w 01 and oYbr016w
08. This fragment was digested EcoRI/BamHI and was cloned
into PJV3 in the same sites. To generate the GFP-
Cpp1(C122A) the ORF was amplified using oligos oYbr016w
01 and oYbr016w 09. This fragment was digested EcoRI/
BamHI and was cloned into PJV3 in the same sites. To
generate the GFP-Cpp1(C110,114A) the region coding for its
CYSPD domain followed by the PEP12 terminator was
amplified using oligos oYbr016w 05 and oYbr016w 06. This
fragment was digested HindIII/XbaI and was cloned in PJV850
in the same sites. The double mutant generated was digested
EcoRI/BamHI and the fragment was cloned into PJV3 in the
same sites. To generate the GFP-Cpp1(C119, 121, 122A) the
Cpp1 ORF was amplified using oligos oYbr016w 05 and
oYbr016w 10. This fragment was digested with EcoRI/BamHI
and was cloned into PJV3 in the same sites. To generate the
GFP-Ybr016wΔCYSPD the ORF of Cpp1 was amplified using
oligos oYbr016w 01 and oYbr016w 11. This fragment was
digested EcoRI/BamHI and was cloned into PJV3 in the same
sites. To generate GFP-Cpp1(Sso1) the ORF was amplified
using oligos oYbr016w 01 and oYbr016w 12. This fragment
was digested EcoRI/HindIII and was cloned in PJV481
(described in (54). The chimera Cpp1(Sso1) was digested
EcoRI/BamHI and cloned into PJV3.

Bioinformatics

The protein sequences of Cpp1, Ydl012c, Cpp2, and Cpp3
were downloaded and Clustal Omega (55) was used to perform
the alignment. The alignment was manually curated and
refined using Jalview (56). For secondary structure prediction
of each protein, PSIPRED 4.0 (57) was used.

Yeast fluorescence microscopy

Cells expressing GFP fusions were grown overnight, diluted
to 0.1 OD ml, and grown for 3 to 4 h. Cells were imaged live
with an Olympus FV1200 confocal microscope equipped with
PLAPON60 × oil SC21.4 numerical aperture objective. All
microscopy images were processed with the software FIJI from
NIH (58) (https://fiji.sc/).
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Proteasome inhibition with MG132

GFP-Cpp1 was expressed under the control of the GAL1
promoter. Cells were grown overnight in lactate as the sole
carbon source, diluted and induced for 3 h in a medium
containing galactose 2%. Before visualization, the cells were
washed with a medium containing glucose to repress the
expression of GFP-Cpp1. MG132 was added to a final con-
centration of 10 μM for 1 h and cells were observed live under
the microscope.

SDS-page and Western blot

Total protein extracts were prepared as follows: To media
containing 10 OD of yeast cells at OD = 1 trichloro acetic acid
was added to a final concentration of 10% v/v. The mixture
was incubated for 10 min on ice, then centrifuged for 2 min at
10,000g, and the supernatant was removed. The pellet was
resuspended in 300 μl of 10% V/V trichloro acetic acid and
200 μl of 0.5 mm diameter glass beads were added. Cells were
mechanically lysed by vigorous shaking three times for 3 min
at 4 �C using Disruptor Genie (Scientific Industries) incubating
for 2 min on ice, between each shaking. The samples were
centrifuged for 1 min at 300g to remove glass beads and cell
debris. Proteins were precipitated by centrifugation for 1 min
at 16,000g. The supernatant was discarded, and the pellet was
resuspended in 45 μl of SDS sample buffer with 20% 2-β
mercaptoethanol and 5 μl of 1 M Tris base to neutralize excess
acidity. The samples were heated for 5 min at 95 �C submitted
to SDS-PAGE.

Antibodies: mouse monoclonal anti-GFP was from ROCHE
Life Sciences, (11814460001500). Polyclonal anti-Vac8 anti-
bodies were kindly supplied by Dr Christian Ungermann anti-
Tlg1 antibodies were a gift from Dr Hugh Pelham. The blots
were probed using secondary antibodies IRDye 680 or IRDye
800 (Li-Cor bioscience UK, 51-926-32210; 1:20,000) and then
scanned using an Odyssey Infrared scanner (Li-Cor bioscience).
The intensity of the bands was quantified using ImageJ software
(https://imagej.net/ij/).

Acyl-biotin exchange

The ABE method was carried out as described in (53).

Metabolic labeling and click chemistry

Cells were grown in YPAD media to logarithmic phase
25 μM palmitic acid-azide (15-azidopentadecanoic acid)
(Thermo Fisher Scientific; labeled) for 2 h in the dark. Control
samples were incubated with dimethyl sulfoxide instead (un-
labeled). Ten A600 units of cells were harvested for each con-
dition and resuspended with 300 μl buffer (50 mM Tris pH =
8, 1% SDS, 1 mM PMSF, protease inhibitor cocktail containing
0.1 mg/ml leupeptin, 0.5 mg/ml pepstatin A, 0.1 mM Pefa-
bloc). One hundred microliters of acid-washed beads were
added and cells were mechanically lysed twice in a FastPrep
device (6 m/s for 40 s; MP Biomedicals), with a 5-min incu-
bation on ice in between. The cell lysate was centrifuged at
20,000g for 20 min and 4 �C. Fifty microliters of lysate were
used to perform click-chemistry labeling using the Click-iT

https://fiji.sc/
https://imagej.net/ij/
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Protein Reaction Buffer Kit (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions, with 40 μM biotin
alkyne (PEG4 carboxamide-propargyl biotin) (Thermo Fischer
Scientific) as the detection reagent. After chloroform-
methanol precipitation of the proteins, the pellet was resus-
pended in 100 μl of resuspension buffer (4% SDS, 50 mM
Tris–HCl pH 7.4, 5 mM EDTA), and 5 μl were removed as the
input sample. One milliliter of dilution buffer (50 mM Tris–
HCl pH 7.4, 5 mM EDTA, 150 mM NaCl, 0.2% Triton X-
100) was added to the sample, and it was combined with 30 μl
of slurry of prewashed high-capacity streptavidin beads
(Thermo Fisher Scientific). The sample and beads were incu-
bated for 1 h at room temperature with end-over-end rotation.
The beads were washed three times with dilution buffer. The
proteins were eluted by the addition of 40 μl of sample buffer
(250 mM Tris–HCl pH:8, 8% SDS, 40% glycerol, 0,04% BPB)
with β-mercaptoethanol and heating at 95 �C for 10 min. The
samples were analyzed by SDS-PAGE and Western blot.

Subcellular fractionation and HA treatment

Thirty A units of cells at A = 1 were lysed by glass bead
disruption in lysis buffer (50 mM Tris buffer pH 7.4, 5 mM
EDTA, 150 mM NaCl, and 10 mm N-ethylmaleimide). The
lysate was centrifuged for 4 min at 300g and then the super-
natant was centrifuged for 20 min at 17,000g to collect the
membrane fraction. This pellet was resuspended in 300 μl of
lysis buffer with a tuberculin syringe. Half of the sample was
treated with 1M HA pH7 and the remaining half with 1M
neutral Tris buffer as control. The samples were incubated
with rotation for 3 h at room temperature and then centri-
fuged for 30 min at 17,000g. The supernatants were transferred
to a new tube and proteins were precipitated with chloroform:
methanol, air-dried, and resuspended in sample buffer (4%
SDS, 50 mm Tris–HCl pH 7.4, 5 mm EDTA). The pellets were
resuspended in 300 μl of lysis buffer, Triton X-100 was added
to 1.7% final concentration, and the samples were incubated
with rotation for 30 min at 4 �C. After a brief centrifugation
the supernatant was collected as a membrane fraction. Pro-
teins were precipitated with chloroform: methanol and resus-
pended in sample buffer.

Statistical analysis

Results are presented as scatter plots, reporting means ± SD.
Statistical analyses were performed using ANOVA with
GraphPad Prism 5.00 software (https://www.graphpad.com/
features). Significance (*) was attributed to the 95% level of
confidence (p < 0.05)

Data availability

Most data are contained within the manuscript. Experi-
ments labeled as “not shown” or “preliminary,” are available
upon request. Contact javier.valdez@unc.edu.ar.
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