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ABSTRACT The abundance of cell surface glucose transporters must be precisely
regulated to ensure optimal growth under constantly changing environmental con-
ditions. We recently conducted a proteomic analysis of the cellular response to triva-
lent arsenic, a ubiquitous environmental toxin and carcinogen. A surprising finding
was that a subset of glucose transporters was among the most downregulated pro-
teins in the cell upon arsenic exposure. Here we show that this downregulation re-
flects targeted arsenic-dependent degradation of glucose transporters. Degradation
occurs in the vacuole and requires the E2 ubiquitin ligase Ubc4, the E3 ubiquitin li-
gase Rsp5, and K63-linked ubiquitin chains. We used quantitative proteomic ap-
proaches to determine the ubiquitinated proteome after arsenic exposure, which
helped us to identify the ubiquitination sites within these glucose transporters. A
mutant lacking all seven major glucose transporters was highly resistant to arsenic,
and expression of a degradation-resistant transporter restored arsenic sensitivity to
this strain, suggesting that this pathway represents a protective cellular response.
Previous work suggests that glucose transporters are major mediators of arsenic im-
port, providing a potential rationale for this pathway. These results may have impli-
cations for the epidemiologic association between arsenic exposure and diabetes.
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The trivalent metalloid arsenic (arsenite) is a ubiquitous environmental toxin with
broad public health relevance. Exposure has been associated with various cancer

types, including those of skin, lung, bladder, and kidney (1), as well as an increased risk
of diabetes (2–4). Exposure is mainly through contaminated groundwater, which occurs
naturally or as a consequence of human activity. In the past, arsenic was widely used
as a pesticide, an herbicide, and a wood preservative, among many other applications
(5). Thus, arsenic continues to contaminate water supplies, even though its commercial
use in the United States has been greatly curtailed. Indeed, arsenic currently ranks first
on the Superfund Substance Priority List (6).

Arsenic toxicity is likely pleiotropic in nature (7). DNA damage and oxidative damage
through the production of reactive oxygen species are thought to be major contribu-
tors. An emerging aspect of arsenic’s toxicity relates to its ability to induce protein
misfolding, sometimes referred to as proteotoxicity (8, 9). This may be related to
arsenic’s ability to covalently interact with free thiol groups in amino acid side chains,
altering protein structure (10, 11). Remarkably, arsenite is also a highly effective
FDA-approved therapy for acute promyelocytic leukemia, where, in combination with
a second drug (all-trans-retinoic acid), it has helped transform this cancer from one that
was typically fatal to one in which cure rates now exceed 90% (12). This cancer is driven
by a cytogenetic translocation-derived fusion protein, PML-retinoic acid receptor �
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(PML-RAR�). Arsenic covalently binds to free cysteine groups in this fusion protein,
which triggers destruction of the protein by the ubiquitin-proteasome system (13).

The essentially universal nature of arsenic toxicity is emphasized by the fact that
organisms from bacteria to humans have evolved dedicated arsenic detoxification
pathways. These include modulation of arsenic import, stimulation of arsenic efflux,
chemical modification of arsenic (e.g., glutathionylation), and sequestration of arsenic
(1, 5). Arsenic has no known metabolic or nutritional role. Thus, its uptake into cells
appears adventitious (1). In budding yeast (Saccharomyces cerevisiae), two routes of
arsenic import have been described. The first is through the glycerol transporter Fps1
(14). The second is through multiple members of the family of hexose transporters
whose normal function is to promote the uptake of various six-carbon sugars—such as
glucose, galactose, and maltose—which are major substrates for energy production
(15). Of the 18 hexose transporters (Hxt1 to Hxt17, Gal2), Hxt1 to Hxt7 account for most
of the glucose import, and a mutant lacking hxt1 to hxt7 (the hxt1-7Δ mutant) cannot
grow on medium containing glucose as the sole carbon source (16). These transporters
share common structural features, being integral membrane proteins with 12 trans-
membrane domains (17). They show various affinities for glucose, and cells have
developed complex transcriptional and posttranscriptional regulatory pathways to
control the abundance of individual transporters in response to glucose availability (17).
Under glucose-replete conditions, glucose uptake is primarily mediated by low-affinity
transporters. Conversely, under low-glucose conditions, higher-affinity transporters are
induced to mediate import. Arsenic import appears to be an evolutionarily conserved
property of glucose transporters, as the mammalian transporter Glut1 also imports
arsenic (18, 19).

We recently determined the cellular response to trivalent arsenic using a proteomic
approach (9). A surprising and dramatic finding was that a subset of glucose transport-
ers was among the most downregulated proteins in the cell upon arsenic exposure.
Here we sought to understand the molecular basis for this observation. We provide
evidence that arsenic-induced downregulation of glucose transporters represents a
protective cellular response and is mediated by a pathway of ubiquitin-dependent
vacuolar protein degradation, which we have characterized in detail.

RESULTS
Arsenite-induced downregulation of glucose transporters. We recently reported

a proteomic analysis of the cellular response to arsenite (9). Using tandem mass tag
(TMT)-based mass spectrometry, we quantitated the relative change in protein abun-
dance of 4,563 proteins (of approximately 6,000 in this organism) at 0, 1, and 4 h after
arsenite treatment (1 mM) and with biological triplicates. We showed that cells that had
been treated under these conditions for up to 4 h resumed growth with a normal
doubling time within 1 to 2 h of arsenic washout, indicating that the proteomic
changes observed represent a physiologic stress response rather than a reflection of
nonspecific changes in dead or dying cells (9).

This analysis revealed a dramatic and comprehensive remodeling of the proteome,
with approximately 1,000 proteins showing a significant change in protein abundance.
Pathways of protein homeostasis (proteostasis), including the ubiquitin-proteasome
pathway, autophagy, and the ribosome, were particularly affected (9). A surprising
finding from this proteomic data set was that a subset of glucose transporters was
among the most downregulated proteins in the cell (Fig. 1A). The most affected were
the high-affinity transporters Hxt2, Hxt6, and Hxt7. Indeed, at 4 h after treatment, Hxt2
and Hxt6 represented the 2nd and 5th most downregulated proteins, respectively, of
4,563 detected. Hxt1, Hxt3, and Hxt4 also showed some downregulation, but this
appeared to be less dramatic than that seen with Hxt2, Hxt6, and Hxt7. Hxt5 showed
no reduction in protein levels.

We sought to verify the proteomic data by standard immunoblot analysis. We chose
Hxt2 and Hxt7 for further study (Hxt6 and Hxt7 are nearly identical at the amino acid
level). To allow for detection, we inserted a 3� hemagglutinin (HA) tag at the 3= end
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of each gene. These proteins were thus expressed from their endogenous genomic loci
and without alteration of their upstream promoter elements. We cultured cells and
prepared whole-cell extracts before and after arsenite treatment. We analyzed the
extracts by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
followed by immunoblotting with anti-HA antibodies. As shown in Fig. 1B, there was a
dramatic reduction in Hxt2 and Hxt7 protein levels after arsenic treatment. This effect
was specific, as an unrelated protein, Pgk1, showed no change in protein abundance.

Glucose transporter downregulation is an adaptive response. In principle, the
downregulation of glucose transporters could reflect an adverse consequence of
arsenic, a protective response, or an irrelevant epiphenomenon. To test these possibil-
ities, we employed an hxt1-7Δ mutant (16), which is unable to grow with glucose as the
sole carbon source but which grows well if provided another carbon source (e.g.,
maltose) which can be imported by other transporters. In lacking all seven glucose
transporters, it effectively mimics—and, indeed, exaggerates to its extreme—the pro-
cess of glucose transporter downregulation. The hxt1-7Δ mutant was strongly resistant
to arsenic treatment (Fig. 1C), growing robustly even at arsenite concentrations as high
as 5 mM. By comparison, a previous genome-wide screen to identify arsenic-resistant
mutants was carried out at 1 mM (20). This result suggests that glucose transporter
downregulation is an adaptive cellular response to arsenic toxicity.

Glucose transporter downregulation is mediated by vacuolar degradation. The
observed transporter downregulation could reflect either a transcriptional or a post-

FIG 1 Arsenic-induced downregulation of glucose transporters. (A) Relative protein abundance of glucose trans-
porters Hxt1 to Hxt7 determined by proteomic analysis at 0, 1, and 4 h after treatment with sodium arsenite (1 mM).
Error bars represent standard deviations for triplicate cultures. Note that because of the high sequence similarity
between Hxt6 and Hxt7 (only 1 amino acid difference), only one unique peptide could be assigned to Hxt6, while
all other peptides were assigned to Hxt7. Thus, the result for Hxt7 likely reflects results for a combination of
peptides from Hxt6 and Hxt7. (B) Downregulation of Hxt2-HA and Hxt7-HA in response to sodium arsenite, as
determined by SDS-PAGE followed by immunoblot analysis. Proteins were extracted from log-phase yeast cells
before (lanes �) and 3 h after (lanes �) treatment with 1 mM sodium arsenite. (Top) Anti-HA antibody; (bottom)
Pgk1 (loading control). Numbers on the left are molecular masses (in kilodaltons). (C) Strong resistance of the
hxt1-7Δ mutant to arsenite toxicity. Cells were spotted in a 3-fold serial dilution series on plates containing or
lacking sodium arsenite (5 mM) and incubated at 30°C for 2 (no drug) or 5 (arsenite) days. Because the hxt1-7Δ
mutant cannot grow with glucose as the sole carbon source, the medium contained both glucose and maltose (2%
each).
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transcriptional response. To examine transcription, we performed reverse transcription-
PCR (RT-PCR). HXT2 showed a very slight decrease in mRNA abundance after arsenite
treatment, while HXT6 and HXT7 actually showed slightly increased mRNA abundance
(Fig. 2A). Thus, downregulation at the protein level is unlikely to be explained by a
transcriptional effect. We next considered whether protein degradation could account
for the arsenic-dependent loss of Hxt2 and Hxt7. In eukaryotes, there are two major
pathways of protein degradation, which are mediated by the proteasome and the
lysosome, respectively. The proteasome is a 2.5-MDa multisubunit complex that is
found in the nucleus and the cytoplasm and that is associated with membranes (21, 22).
The lysosome, in contrast, is a membrane-bound organelle that houses large quantities
of proteases within its lumen (in yeast, the lysosome is also referred to as the vacuole).
Degradation by both the proteasome and the vacuole is frequently signaled by the
covalent attachment of the small protein ubiquitin to the target protein (23). To block
proteasome-mediated degradation, we employed bortezomib (Velcade), a widely used
small-molecule inhibitor of the proteasome. We pretreated cells with bortezomib and
then treated them with arsenic to induce the downregulation of the Hxt proteins. The
efficacy of proteasome inhibition was confirmed by the strong accumulation of high-
molecular-weight ubiquitin-immunoreactive material as well as a specific proteasome
substrate, Tmc1 (Fig. 2B; compare the first and third lanes) (24). In contrast, Hxt7
downregulation was completely unaffected by proteasome inhibition (Fig. 2B). Similar
results were obtained for Hxt2 (Fig. 2C). These results suggest that arsenic-dependent
downregulation of Hxt2 and Hxt7 is independent of the proteasome.

To determine whether vacuolar degradation might be responsible for glucose
transporter downregulation, we employed the doa4Δ mutant. Doa4 acts at a late stage
of vacuolar degradation (25). As a deubiquitinating enzyme, it removes ubiquitin from
vacuolar substrates, an apparently obligate step for the trafficking and degradation of
many such substrates. Both Hxt2 and Hxt7 were strongly stabilized in this mutant (Fig.
2D and E). These results suggest that vacuolar degradation is likely to account for
arsenic-induced degradation of these glucose transporters. An important caveat to this
interpretation is that, owing to its molecular defect, the doa4Δ mutant is also deficient
in cellular levels of free ubiquitin (26), which could, in principle, indirectly stabilize some
substrates. We therefore examined two other mutants deficient in vacuolar degradation
which are not known to be ubiquitin deficient, vps36Δ and vps25Δ, both of which are
part of the ESCRT-II complex (27). Hxt7 was strongly stabilized in both mutants after
arsenic treatment (Fig. 2F). Both mutants also showed a significant growth defect upon
arsenic treatment (Fig. 2G), consistent with an important physiologic role for these
proteins in the cellular response to arsenic.

Ubiquitin-dependent degradation of glucose transporters. As mentioned above,

vacuolar degradation, particularly of membrane proteins, is frequently signaled by the
process of ubiquitination. The process of ubiquitination occurs by the sequential action
of the E1, E2, and E3 enzymes. In yeast, there is a single E1 enzyme, 11 E2 enzymes, and
�100 E3 enzymes, which allow for a hierarchical organization of these pathways (28).
We sought to determine the E2 enzyme for this process. In previous work, we had
determined the arsenite sensitivities of seven E2 null mutants (mutants lacking rad6
and ubc4, -5, -7, -8, -11, and -13) (24). Only the ubc4Δ mutant showed a strong growth
defect upon arsenic treatment, suggesting an important role for Ubc4 in the response
to arsenic (24). Interestingly, Ubc5, which is highly similar to Ubc4 at the amino acid
level (29), showed no such phenotype. We therefore began by testing Ubc4 and Ubc5.
We observed a striking degradation defect for Hxt7 in the ubc4Δ mutant but not in the
ubc5Δ mutant (Fig. 3A). Consistent with our prior data, the ubc4Δ mutant but not the
ubc5Δ mutant showed strong sensitivity to arsenite (Fig. 3B). Interestingly, Hxt2 was not
stabilized in either the ubc4Δ or the ubc5Δ mutant (data not shown). This could reflect
either the known functional redundancy of Ubc4/5 or a different E2 requirement for
Hxt2 degradation in response to arsenic.
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FIG 2 Vacuolar degradation mediates arsenic-induced glucose transporter downregulation. (A) The mRNA
levels of the indicated hexose transporters before (lanes �) and 1 h after (lanes �) treatment with sodium
arsenite (1 mM) were determined by RT-PCR. Actin (ACT1) served as a loading control. HXT6 and HXT7 differ at
only 3 codons (1 amino acid) and so are amplified together by the same primer set. (B) Arsenic-induced
downregulation of Hxt2-HA persists in the presence of proteasome inhibitors. Cells were pretreated with
dimethyl sulfoxide (DMSO) or bortezomib (Velcade; 30 �M) to inhibit the proteasome and then treated with
sodium arsenite (1 mM) for 1 h. Whole-cell extracts were prepared and analyzed by SDS-PAGE, followed by
immunoblotting with the indicated antibodies. Pgk1 served as a loading control. Ubiquitin and the known
proteasome substrate Tmc1 served to verify the efficiency of proteasome inhibition. This experiment was
carried out in the pdr5Δ mutant background to increase the intracellular levels of bortezomib. Note that arsenic
alone induces strong proteotoxic effects, as indicated by the increase in both high-molecular-weight ubiquiti-
nated material and Tmc1 (compare the first and second lanes), consistent with prior reports (24, 49). Numbers
on the left are molecular masses (in kilodaltons). (C) Arsenic-induced downregulation of Hxt7-HA persists in the
presence of proteasome inhibitors. Cells were pretreated with DMSO or bortezomib (100 �M) to inhibit the
proteasome and then treated with sodium arsenite (1 mM) for 2 h. Whole-cell extracts were prepared and
analyzed by SDS-PAGE, followed by immunoblotting with the indicated antibodies. As in panel B, Pgk1 served
as a loading control and Tmc1 served to verify the efficiency of proteasome inhibition. This experiment was
carried out in the pdr5Δ mutant background to increase the intracellular levels of bortezomib. (D and E)
Stabilization of Hxt2-HA (D) and Hxt7-HA (E) in the doa4Δ mutant. Wild-type and doa4Δ mutant cells were
treated with sodium arsenite (1 mM), and whole-cell extracts were prepared at the indicated time points and
analyzed by SDS-PAGE and immunoblotting. (Top) Anti-HA antibody; (bottom) Pgk1 (loading control). (F)
Stabilization of Hxt7-HA in response to sodium arsenite in the vps36Δ and vps25Δ vacuolar degradation
mutants. The experiment was conducted analogously to the experiments whose results are shown in panels D
and E. (G) Growth of the wild-type, vps36Δ, and vps25Δ strains in the presence or absence of 1.5 mM sodium
arsenite. Cells were spotted in a 3-fold dilution series and incubated at 30°C for 2 days.
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Rsp5 is a highly active E3 enzyme responsible for most ubiquitination of plasma
membrane proteins in yeast. It was therefore a prime E3 candidate, particularly since
Rsp5 and Ubc4 are known to collaborate in the ubiquitination of some substrates (30,
31). Rsp5 is essential for viability, so we employed a well-studied temperature-sensitive
mutant, the rsp5-1 mutant (32). We observed a strong defect in the arsenic-induced
downregulation of Hxt7 in this mutant (Fig. 3C). A strong stabilization of Hxt2 was also
observed, but it was less complete and required a higher restrictive temperature (Fig.
3D). This suggests that Hxt2 may be a more permissive substrate of Rsp5, although the

FIG 3 Arsenic-induced glucose transporter degradation requires Ubc4 and Rsp5. (A) Degradation of
Hxt7-HA in the wild-type, ubc4Δ, and ubc5Δ strains in response to sodium arsenite (1 mM). Whole-cell
extracts were prepared at the indicated time points and analyzed by SDS-PAGE and immunoblotting.
(Top) Anti-HA antibody; (bottom) Pgk1 (loading control). (B) Growth of the wild-type, ubc4Δ, and ubc5Δ
strains in the presence or absence of sodium arsenite (1.5 mM). Cells were spotted in a 3-fold serial
dilution series and incubated at 30°C for 2 to 3 days. (C) Degradation of Hxt7-HA in the wild type and the
temperature-sensitive rsp5-1 mutant in response to sodium arsenite (1 mM). Whole-cell extracts were
prepared at the indicated time points and analyzed by SDS-PAGE and immunoblotting. (Top) Anti-HA
antibody; (bottom) Pgk1 (loading control). The experiment was performed at 30°C. (D) Degradation of
Hxt2-HA in the wild type and the temperature-sensitive rsp5-1 mutant in response to sodium arsenite
(1 mM). Whole-cell extracts were prepared at the indicated time points and analyzed by SDS-PAGE and
immunoblotting. (Top) Anti-HA antibody; (bottom) Pgk1 (loading control). Note that the restrictive
temperature used here (37°C) was higher than that used in the experiment whose results are presented
in panel C. (E) Growth of the wild type and the rsp5-1 mutant expressing either an empty vector or the
RSP5 complementation plasmid, as indicated, in the presence or absence of sodium arsenite (1 mM). Cells
were spotted in a 3-fold serial dilution series and incubated at 30°C for 2 (no drug) or 4 (arsenite) days.

Jochem et al. Molecular and Cellular Biology

May 2019 Volume 39 Issue 10 e00559-18 mcb.asm.org 6

 on M
ay 1, 2019 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

https://mcb.asm.org
http://mcb.asm.org/


possibility that other E3 enzymes contribute to its degradation is difficult to exclude.
The rsp5-1 mutant showed a striking survival defect upon arsenic treatment, again
consistent with a critical role for Rsp5 in the cellular response to this drug (Fig. 3E). This
defect could be complemented by the restoration of Rsp5 expression using a low-
copy-number centromeric vector bearing the endogenous Rsp5 promoter (Fig. 3E).

K63-linked ubiquitin chains are required for arsenic-induced glucose trans-
porter degradation. Ubiquitin may be transferred to target proteins as a monomer

(monoubiquitination). However, because ubiquitin itself harbors seven lysine residues
(K6, K11, K27, K29, K33, K48, K63), ubiquitination may also proceed through a polyu-
biquitin chain. Each chain adopts a structurally distinct conformation and, therefore,
may signal different outcomes depending on how that ubiquitin chain is recognized
within the cell (33). K48-linked chains, for example, frequently serve to promote
degradation at the proteasome, while K63-linked chains have been implicated in a
variety of stress response pathways that comprise both nondegradative and degrada-
tive functions (33, 34).

We sought to determine the ubiquitin chain linkage required for arsenic-induced
glucose transporter downregulation. In yeast, ubiquitin is encoded by four separate
genes (UBI1 to UBI4). We therefore used a strain in which all four ubiquitin genes had
been deleted and the sole source of ubiquitin is plasmid derived (34). Mutation of each
of ubiquitin’s lysines (K6R, K11R, etc.) produces a strain specifically deficient in gener-
ating that ubiquitin chain linkage. The only exception is K48, as the K48R mutation is
not viable. Importantly, expression levels in this strain approximate physiologic ubiq-
uitin levels.

We began by examining the phenotypic sensitivity of each ubiquitin K-to-R mutant
upon arsenic exposure. Four of the chain linkages (K11, K27, K29, K33) appeared to be
completely dispensable for survival on arsenic (Fig. 4A). In contrast, the K63R mutant
showed a pronounced survival defect, while the K6R mutant showed a lesser defect.
The latter effect was of particular interest, given that the K6 linkage remains poorly
understood.

We next looked directly at arsenic-induced transporter degradation, focusing on the
K6 and K63 mutants. Both Hxt2 and Hxt7 were strongly stabilized in the K63R mutant
but not in the K6R mutant (Fig. 4B and C). This is consistent with prior work showing
that Rsp5 can elaborate K63-linked chains in at least some contexts (35, 36), although
in other contexts Rsp5 synthesizes K48-linked chains (37). The basis for the K6R
mutant’s sensitivity to arsenic remains unknown.

Identification of arsenic-dependent ubiquitination sites within Hxt2 and Hxt7.
We sought to identify the arsenic-dependent ubiquitination sites within Hxt2 and Hxt7.
Both proteins are 12-transmembrane-domain proteins. Hxt2 contains 17 lysines within
its cytoplasmic domains, while Hxt7 contains 19 lysines (Fig. 5A and B). This obviously
presents a formidable challenge for site-directed mutagenesis. To address this chal-
lenge, we took a second proteomics approach. Ubiquitin ends with the residues
Arg-Gly-Gly. After trypsin digestion of an extract, proteins that had been previously
modified by ubiquitin remain modified by the GG remnant of the ubiquitin that had
been attached to the substrate’s acceptor lysine residue. These so-called KGG peptides
can be enriched by affinity purification with an anti-GG antibody and then quantitated
by isobaric-labeling mass spectrometry (38, 39). We used this approach to determine
the ubiquitinated proteome at 0, 1, and 4 h after arsenic treatment.

Our results indicate a comprehensive and dynamic program of ubiquitination in
response to arsenic treatment. We quantitated 4,125 unique ubiquitinated peptides,
representing 1,794 unique proteins (see Table S3 in the supplemental material). We also
quantified the total protein abundance in parallel, which allowed us to normalize
ubiquitinated peptide abundance to overall protein levels, providing a more specific
readout of ubiquitination (Fig. 5C). Principal-component analysis revealed a very high
degree of concordance between the three biological replicates as well as separation
between treatment groups (Fig. 5D). This was reflected in the generally high repro-
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ducibility for individual ubiquitinated peptides across replicates, as well as the very
different ubiquitination profiles at 0, 1, and 4 h after treatment (Fig. 5C and D).

Several patterns of ubiquitination were evident in the proteomic data. Some pep-
tides showed a progressive increase in ubiquitination over the time course, while others
showed a progressive decrease in ubiquitination. Many others, in contrast, showed a
burst of ubiquitination at 1 h followed by a return toward the baseline at 4 h (Fig. 5C).
We also detected all 7 ubiquitin linkage types. Many of these, including K48 and K63,
recapitulated this dynamic behavior, spiking at 1 h and then moving back toward the
baseline at 4 h (Fig. 5E). We confirmed this result by standard immunoblotting. There
was a strong increase in high-molecular-weight ubiquitinated material at 1 h after
arsenic treatment, but at 4 h this response had largely normalized (Fig. 5F).

Ubiquitinated peptides corresponding to Hxt2 and Hxt7 were detected. For Hxt2,
three ubiquitinated peptides centered on K37, K257, and K534/536 were identified (Fig.
5G). For Hxt7, a single cytoplasmic ubiquitinated peptide centered on K40 was identi-
fied (Fig. 5H). For both proteins, ubiquitination was dynamic, showing a burst at 1 h
followed by a return to near baseline levels (Fig. 5G and H). This likely reflects that early
ubiquitination events are efficient in promoting degradation, limiting the need for
further ubiquitination later in the time course.

We started with Hxt2 and mutated K37, K257, K534, and K536 to arginine. This
mutant showed a wild-type rate of arsenic-induced degradation (data not shown). We

FIG 4 Arsenic-induced degradation of Hxt2 and Hxt7 requires K63 ubiquitin chain linkages. (A) Growth
of the wild type and the six indicated ubiquitin mutants in the presence or absence of sodium arsenite
(1.5 mM). Cells were spotted in a 3-fold serial dilution series and incubated at 30°C for 2 to 3 days. (B and
C) Degradation of Hxt2-HA or Hxt7-HA in strains unable to generate K6 or K63 ubiquitin chain linkages
in response to trivalent arsenic (1 mM). Whole-cell extracts were prepared at the indicated time points
and analyzed by SDS-PAGE and immunoblotting. (Top) Anti-HA antibody; (bottom) Pgk1 (loading
control).
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FIG 5 Determination of the ubiquitinated proteome after arsenite treatment. (A and B) Schematic illustration of Hxt2 (A) and Hxt7 (B). The approximate positions
of the 17 (Hxt2) and 19 (Hxt7) cytoplasmic lysines, which are potential ubiquitination sites, are indicated. Residues mutated in the Hxt2-9K-to-R and
Hxt7-12K-to-R mutants (see Fig. 6) are shown in red. (C) Heat map representation of the relative change in abundance of ubiquitinated peptides at 0, 1, and

(Continued on next page)
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considered that nearby lysine residues might be capable of supporting ubiquitination.
We further mutated K524 and K527 in the final cytoplasmic segment, but this mutant
continued to display significant degradative rates (Fig. 6A, 6K-to-R mutant). However,
upon mutating K26 and K48 (near K37) and K309 (near K257), we observed a strong
stabilization of Hxt2 in response to arsenic treatment (Fig. 6A, 9K-to-R mutant). Similar
behavior was observed with Hxt7. A K40R mutant showed wild-type rates of degrada-
tion (data not shown). However, further mutation of the N- and C-terminal cytoplasmic
domains, as well as the larger central cytoplasmic loop (12K-to-R mutant), resulted in
strong stabilization of the protein (Fig. 6B).

Given the number of mutations introduced, we sought to determine whether the
stabilized Hxt2 and Hxt7 proteins retained their function as glucose transporters. To do
this, we expressed wild-type Hxt2 and the stabilized Hxt2-9K-to-R mutant in the hxt1-7Δ
mutant background. Since the hxt1-7Δ mutant cannot grow on glucose-containing
media, any growth conferred by these plasmids indicates the restoration of glucose
transport. The Hxt2-9K-to-R mutant grew as well as cells with wild-type Hxt2 (Fig. 6C).
Similarly, the Hxt7-12K-to-R mutant grew as well as or even slightly better than cells
with wild-type Hxt7 (Fig. 6D).

The preceding results suggest that degradation of glucose transporters may protect
cells against arsenic toxicity. To test this hypothesis directly, we expressed the Hxt2
wild-type and Hxt2-9K-to-R plasmids in the hxt1-7Δ mutant, which is resistant to
arsenic. Arsenic resistance was largely preserved upon restoration of wild-type Hxt2
(Fig. 6E). In contrast, introduction of the degradation-resistant 9K-to-R mutant restored
arsenic sensitivity to the hxt1-7Δ mutant (Fig. 6E). Finally, we looked at the normaliza-
tion of high-molecular-weight ubiquitin conjugates after arsenic treatment. The Hxt2-
9K-to-R mutant showed a slower normalization of ubiquitin conjugates than the
Hxt2-wild-type strain (Fig. 6F). These data are consistent with a protective role for
glucose transporter degradation in the cellular response to arsenic.

DISCUSSION
A novel pathway of arsenic-induced degradation of glucose transporters. We

have described a novel pathway by which cells destroy glucose transporters in re-
sponse to arsenite exposure. This ubiquitin-dependent degradation occurs in the
vacuole, requires the function of Ubc4 and Rsp5, and is mediated by K63-linked
ubiquitin chains. The protective nature of this response is indicated in three ways. First,
a mutant lacking all 7 glucose transporters is strongly resistant to arsenic. Second, all
of the mutants deficient in glucose transporter degradation (including the vps25Δ,
vps36Δ, ubc4Δ, rsp5-1, and ubiquitin-K63R mutants) are sensitive to arsenite. Third, and
most importantly, a mutant of Hxt2 compromised for arsenic-induced degradation
restores arsenic sensitivity to the hxt1-7Δ mutant. What is the molecular basis for this
protective effect? Previous work suggests that glucose transporters are major media-
tors of arsenic import (15, 18, 19), providing a potential molecular rationale for this
response. Another possibility, which is not mutually exclusive, concerns the recently
described pathway of plasma membrane quality control. This pathway is also mediated
by Rsp5 and targets misfolded membrane proteins to the vacuole for degradation (40).
This pathway has been studied primarily under conditions of heat shock. Arsenic is a

FIG 5 Legend (Continued)
4 h after arsenic treatment (1 mM). The three columns per time point represent biological triplicates. A total of 4,125 peptides representing 1,794 unique
proteins were quantitated. The results shown here have been normalized to total protein abundance, which was determined in parallel, to provide a more
specific readout of arsenic-induced ubiquitination. (D) Principal-component analysis (PCA) of the proteomic data set shown in panel C. Individual points
represent the three biological triplicates, confirming a high degree of concordance between triplicates as well as very different ubiquitinated proteomes at 0,
1, and 4 h after arsenic treatment. (E) Relative abundance of the seven ubiquitin chain linkage types after arsenite treatment, as determined by proteomic
analysis. Data have been normalized to total ubiquitin abundance. Sodium arsenite treatment was at 1 mM for the indicated times. Error bars reflect standard
deviations for biological triplicates. (F) Dynamic changes in the accumulation of high-molecular-weight ubiquitin-immunoreactive material after sodium arsenite
treatment (1 mM). Whole-cell extracts were prepared at the indicated time points and analyzed by SDS-PAGE and immunoblotting. (Top) Antiubiquitin antibody;
(bottom) Pgk1 (loading control). Numbers on the left are molecular masses (in kilodaltons). (G and H) Relative abundance of all detected cytoplasmic
ubiquitinated peptides from Hxt2 and Hxt7, as determined by the proteomic analysis whose results are presented in panel C. Error bars represent standard
deviations for triplicate cultures.
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potent inducer of proteotoxic stress (9) and therefore might be capable of activating
this pathway.

The other major mediator of arsenic import in yeast is the glycerol channel Fps1 (14).
Fps1 function is also inhibited in response to arsenic. In contrast to the glucose

FIG 6 Identification of ubiquitination sites in Hxt2 and Hxt7 for arsenic-induced protein degradation. (A) Degradation
of the wild type and lysine-to-arginine mutants of Hxt2 in response to sodium arsenite (1 mM). The 6K-to-R mutant
affects lysines 37, 257, 524, 527, 534, and 536. The 9K-to-R mutant additionally affects lysines 26, 48, and 309. Whole-cell
extracts were prepared at the indicated time points and analyzed by SDS-PAGE and immunoblotting. (Top) Anti-HA
antibody; (bottom) Pgk1 (loading control). (B) Degradation of the wild type and the lysine-to-arginine mutants of Hxt7
in response to sodium arsenite (1 mM). The 12K-to-R mutant affects lysines 33, 40, 56, 198, 268, 273, 304, 318, 320, 560,
564, and 570. Whole-cell extracts were prepared at the indicated time points and analyzed by SDS-PAGE and
immunoblotting. (Top) Anti-HA antibody; (bottom) Pgk1 (loading control). (C) Growth of the wild type and the hxt1-7Δ
mutant expressing plasmids harboring an empty vector, wild-type Hxt2, and the Hxt2-9K-to-R mutant on medium
containing glucose as the sole carbon source. Cells were spotted in a 3-fold serial dilution series and incubated at 30°C
for 6 days. (D) Growth of the wild type and the hxt1-7Δ mutant expressing plasmids harboring an empty vector,
wild-type Hxt7, and the Hxt7-12K-to-R mutant on medium containing glucose as the sole carbon source. Cells were
spotted in a 3-fold serial dilution series and incubated at 30°C for 6 days. (E) Growth of the wild type and the hxt1-7Δ
mutant expressing plasmids harboring an empty vector, wild-type Hxt2, and the Hxt2-9K-to-R mutant on medium
containing or lacking sodium arsenite, as indicated. Cells were spotted in a 3-fold serial dilution series and incubated
at 30°C for 3 days (no drug), 9 days (3.5 mM arsenite), or 14 days (5 mM arsenite). Note that this experiment was
performed in rich medium with maltose as the sole carbon source to minimize any beneficial effects related to glucose
uptake by Hxt2 proteins. (F) Dynamic changes in the accumulation of high-molecular-weight ubiquitin-immunoreactive
material in hxt1-7Δ cells expressing either wild-type Hxt2 or the Hxt2-9K-to-R mutant. Sodium arsenite treatment was
at 1 mM for the indicated times. Whole-cell extracts were prepared at the indicated time points and analyzed by
SDS-PAGE and immunoblotting. (Top) Antiubiquitin antibody; (bottom) Pgk1 (loading control). The effect of the
Hxt2-9K-to-R mutant was the most pronounced in the high-molecular-weight range, indicated by a line to the right of
the panel. Numbers on the left are molecular masses (in kilodaltons).
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transporters, our proteomic analysis did not reveal strong degradation of Fps1 (9). This
is consistent with previous work highlighting a distinct mechanism of Fps1 regulation
in response to arsenic. Arsenic exposure leads to phosphorylation of Rgc2, a positive
regulator of Fps1 (41–43). This causes dissociation of Rgc2 from Fps1, resulting in the
loss of Fps1 transport function. Thus, cells have developed diverse and complex
mechanisms to limit arsenic import. Indeed, these responses are only part of a larger
detoxification program involving arsenic efflux, chemical modification, and sequestra-
tion (1, 5). The complexity of this program underscores the evolutionary importance of
the threat posed by environmental arsenic exposure.

The defect in arsenic-induced degradation of Hxt2 and Hxt7 in many of the mutants
described here (including the ubc4Δ, rsp5-1, and vacuolar mutants) is accompanied by
an increase in the steady-state abundance of the glucose transporters. This increase in
steady-state Hxt2 and Hxt7 levels may contribute to the arsenic sensitivity of each of
these mutants. Moreover, this observation implies that these transporters are subject to
some degree of basal turnover even under normal conditions and that there is
significant overlap in the molecular machinery involved in the arsenic-induced and
basal pathways of degradation. Still other pathways of glucose transporter degradation
have been previously described, the best characterized being in response to glucose
availability. Glucose-induced degradation also occurs in the vacuole and requires Ubc4
and Rsp5 (16, 44–47). Thus, although glucose transporter degradation may be signaled
by different inputs, there appear to be key components of the respective degradative
pathways that are shared.

Mechanistic basis for arsenic-induced glucose transporter degradation. Arsen-
ite is a potent inducer of glucose transporter degradation. However, the mechanism by
which arsenic signals degradation remains unknown. An important aspect of arsenic
function is its ability to covalently bind to free thiol groups within amino acid side
chains (10–11). An intriguing possibility, then, is that arsenic directly binds to glucose
transporters, resulting in a chemical or structural change that triggers degradation. In
general, the higher-affinity transporters showed an increased degree of arsenic-induced
degradation (Fig. 1A). If arsenic did bind these proteins directly, its relative affinity for
different transporters might then explain this differential effect. A second possibility is
that a more conventional second messenger signaling pathway mediates degradation.
Arsenic-induced phosphorylation of glucose transporters, for example, could trigger
ubiquitination and subsequent degradation. If so, the question of how arsenic induces
phosphorylation would still require explanation. Finally, it is possible that arsenic
somehow co-opts the well-established glucose-dependent pathway of transporter
degradation. This could explain the affinity-dependent differences in transporter deg-
radation. Multiple glucose sensors exist, including Rgt2 and Snf3, although their known
functions primarily relate to transcriptional regulation (17), which does not seem to be
critical for the arsenic-induced pathway of downregulation. Further work will be
needed to distinguish between these and still other possible mechanisms.

The ubiquitinated proteome in response to arsenite. Our previous proteomic
analysis of the cellular response to arsenite suggested a comprehensive remodeling of
the proteome, with approximately 1,000 proteins showing a significant change in
protein abundance (9). Pathways related to protein synthesis, folding, and degradation
were particularly affected, indicating the relevance of arsenic to protein homeostasis.
Here we have specifically determined the ubiquitinated proteome under similar con-
ditions. The results are remarkable in at least two ways. The first is the sheer scope of
ubiquitin-dependent cellular regulation induced by arsenic. Nearly 1,800 proteins were
ubiquitinated in response to arsenic, representing approximately 30% of all proteins in
yeast. Second, the TMT method’s increased capacity for multiplexing allowed us to
measure ubiquitination at multiple time points, revealing dynamic aspects of ubiquiti-
nation that would not have been apparent with a more traditional treated-versus-
untreated approach. For many substrates, there was a clear burst of ubiquitination at
1 h, followed by normalization at 4 h. The precise relationship between these ubiquitin
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conjugates and arsenic toxicity is not entirely clear, but the dynamic behavior observed
does suggest that, for at least some processes, early ubiquitination events are effective
in achieving certain cellular outcomes. The fact that we simultaneously quantitated
total protein abundance within the same experiment allows for a correlation between
protein ubiquitination and abundance for individual proteins. Although we focused our
efforts on just two of the ubiquitinated proteins, Hxt2 and Hxt7, we expect that this
database (see Table S3 in the supplemental material) will serve as a valuable resource
to the community for future investigation.

Other aspects of the arsenic stress response also show this property of rapid
normalization over time. We previously showed that the proteotoxic stress response
mediated by Rpn4, which is best known for controlling proteasome abundance, is
potently induced by arsenic at 1 h after treatment but then returns toward the baseline
over several hours (9).

Finally, although K6-linked ubiquitination was not required for degradation of Hxt2
or Hxt7, the growth defect of the ubiquitin K6R mutant upon arsenite exposure is
intriguing, given that this linkage type remains poorly understood. Further work to
understand how the K6 linkage contributes in the cellular response to arsenic could
shed light on this important aspect of ubiquitin signaling.

Implications for human disease. In addition to its well-established role as a
carcinogen, a large body of epidemiologic evidence indicates a strong association
between arsenic exposure and the risk for diabetes (3, 4), a conclusion supported by a
comprehensive meta-analysis of the literature by the National Toxicology Program (2).
However, the underlying molecular basis for this association remains unknown. The
stimulation of glucose import into cells represents a critical aspect of insulin signaling.
Failure to properly regulate glucose import results in hyperglycemia, which is a key
feature of diabetes and related disorders, including prediabetic insulin resistance and
the metabolic syndrome. It is unknown whether arsenic similarly induces the degra-
dation of human glucose transporters, but there is evidence that mammalian Glut1 is
capable of importing arsenic, similar to its yeast counterparts (18, 19). If mammalian
glucose transporters are subject to arsenic-induced downregulation/degradation, this
could represent a potentially compelling explanation for the epidemiologic link be-
tween arsenic and diabetes: arsenic exposure, by promoting glucose transporter deg-
radation, could antagonize insulin’s ability to promote glucose import, contributing to
hyperglycemia, insulin resistance, and diabetes.

MATERIALS AND METHODS
Strains and plasmids. The yeast strains and plasmids used in this study are listed in Tables S1 and

S2 in the supplemental material, respectively. Standard techniques were used for strain construction and
plasmid transformation. Cells were cultured at 30°C, except for the experiment whose results are
described in Fig. 3D, which was performed at 37°C. YPD medium consisted of 1% yeast extract, 2% Bacto
peptone, and 2% dextrose. YPDM medium additionally contained 2% maltose. YPM medium was similar
to YPD, but it contained 2% maltose instead of dextrose. Synthetic medium consisted of 0.7% Difco yeast
nitrogen base, 2% dextrose and was supplemented with adenine, uridine, and amino acids. Plasmid
selection was either by omission of uridine from the synthetic medium or by supplementation of the rich
medium with nourseothricin (ClonNAT; 100 �g/ml), as appropriate.

pJH62 is a nourseothricin-selectable centromeric vector that was constructed by replacing the TRP1
marker in ycPlac22 (48) with the NAT-MX6 cassette.

Single site-directed mutagenesis was performed using the QuikChange method (Agilent). Multiple
mutations were introduced simultaneously using the QuikChange multisite method (Agilent). The
mutations were verified by sequencing.

Proteomic analysis. Relative changes in protein abundance upon arsenite exposure (1 mM) were
previously determined using tandem mass tag (TMT)-based mass spectrometry (9). This experiment was
done with biological triplicates and at three time points (0, 1, and 4 h). A total of 4,563 proteins were
quantitated. The methods have been previously described in detail (9). The data shown in Fig. 1A
represent those obtained from a further original analysis of that data set.

Quantitation of the ubiquitinated proteome was performed under similar conditions (i.e., biological
triplicates sampled at 0, 1, and 4 h after arsenite treatment [1 mM]). The methods were largely similar to
those used for the original proteomic analysis, except that di-Gly-containing peptides were first immu-
noprecipitated prior to TMT labeling (38). A total of 4,125 ubiquitinated peptides, representing a total of
1,794 proteins, were quantitated. Total protein abundance was determined in parallel, allowing for direct
comparison between ubiquitinated peptides and total protein abundance. Briefly, yeast cells were lysed
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by bead beating in 8 M urea, 50 mM HEPES, pH 7.3, 50 mM NaCl, and protease inhibitors. A total of 4 mg
of protein was reduced and alkylated prior to digestion with Lys-C (3 h at 37°C) and trypsin (overnight
at 37°C). Peptides were desalted with tC18 SepPak solid-phase extraction cartridges (Waters) and
lyophilized. A di-Gly monoclonal antibody (32 �g/immunoprecipitation mixture [IP]; Cell Signaling
Technology) was coupled to protein A Plus Ultralink resin (40 �l slurry/IP; Thermo Fisher Scientific)
overnight at 4°C prior to its chemical cross-linking reaction. Peptides were resuspended in 1.5 ml of
ice-cold IAP buffer (50 mM MOPS [morpholinepropanesulfonic acid; pH 7.2], 10 mM sodium phosphate,
50 mM NaCl), followed by centrifugation to remove any insoluble material. Supernatants (pH, �7.2) were
incubated with the antibody beads for 2 h at 4°C with gentle end-over-end rotation. Each lysate was
immunoprecipitated twice. The flowthrough of each enrichment (100 �g) was saved for subsequent TMT
labeling and data analysis (9). After centrifugation, beads were washed vigorously with IAP and
phosphate-buffered saline buffers and eluted twice with 0.15% trifluoroacetic acid. Enriched di-Gly
peptides were desalted, lyophilized, and labeled with TMT regents as described previously (38). All
spectra were acquired on an Orbitrap Lumos mass spectrometer (Thermo Fisher Scientific) coupled to an
Easy-nLC 1000 (Thermo Fisher Scientific) ultra-high-pressure liquid chromatography (UHPLC) pump. The
Orbitrap Lumos parameters and data processing for both enriched di-Gly peptides and unbound
peptides (protein levels) have been previously described in detail (9, 38).

RT-PCR. Reverse transcription-PCR (RT-PCR) was performed as previously described (24). HXT2 was
amplified using the primers 5=-GTCTGAATTCGCTACTAGCC-3= and 5=-CCAGACGTCCTAAGGTTAAC-3=.
HXT6 and HXT7 differ at only 3 codons (and at only 1 amino acid) and so were amplified together by use
of the following primers: 5=-GTGTATCATGATCGCCTTTGG-3= and 5=-GAAGGACCTTTGTCTTGCTAC-3=. ACT1
was amplified with the primers 5=-CTGGTATGTTCTAGCGCTTG-3= and 5=-GATACCTTGGTGTCTTGGTC-3=.

Protein degradation assays and immunoblot analysis. Whole-cell lysates were prepared from
logarithmic-phase cultures that had been untreated or chemically treated as indicated above. Cells were
normalized by optical density and collected by centrifugation. Pellets were resuspended in cold 2 M
lithium acetate and incubated on ice for 5 min, followed by a 5-min incubation in cold 0.4 M sodium
hydroxide on ice. After centrifugation, pellets were resuspended in 1� Laemmli buffer and boiled at
100°C for 5 min. Standard SDS-PAGE and immunoblotting were performed. Where indicated, cells were
pretreated with bortezomib at the indicated concentrations for 1 h. These experiments were performed
in the pdr5Δ mutant background to ensure high intracellular bortezomib concentrations.

The following antibodies were used in this study: anti-HA–peroxidase (catalog number 12013819001;
Roche), anti-Pgk1 (catalog number 459250; Novex), anti-Tmc1 (24), and antiubiquitin (catalog number
SC8017; Santa Cruz).

Phenotypic analysis. Overnight yeast cultures were normalized by optical density, spotted in a
3-fold serial dilution series on the plates indicated above, and cultured at 30°C.
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