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ABSTRACT Copper homeostasis is crucial for various cellular processes. The balance
between nutritional and toxic copper levels is maintained through the regulation of
its uptake, distribution, and detoxification via antagonistic actions of two transcription
factors, Ace1 and Mac1. Ace1 responds to toxic copper levels by transcriptionally regu-
lating detoxification genes CUP1 and CRS5. Cup1 metallothionein confers protection
against toxic copper levels. CUP1 gene regulation is a multifactorial event requiring
Ace1, TATA-binding protein (TBP), chromatin remodeler, acetyltransferase (Spt10), and
histones. However, the role of histone H3 residues has not been fully elucidated. To
investigate the role of the H3 tail in CUP1 transcriptional regulation, we screened the
library of histone mutants in copper stress. We identified mutations in H3 (K23Q,
K27R, K36Q, D5-16, D13-16, D13-28, D25-28, D28-31, and D29-32) that reduce CUP1
expression. We detected reduced Ace1 occupancy across the CUP1 promoter in K23Q,
K36Q, D5-16, D13-28, D25-28, and D28-31 mutations correlating with the reduced
CUP1 transcription. The majority of these mutations affect TBP occupancy at the
CUP1 promoter, augmenting the CUP1 transcription defect. Additionally, some
mutants displayed cytosolic protein aggregation upon copper stress. Altogether,
our data establish previously unidentified residues of the H3 N-terminal tail and
their modifications in CUP1 regulation.
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Copper is an essential micronutrient but also acts as a double-edged sword. Copper
concentration inside the cell needs to be maintained by copper homeostatic

mechanisms. Its uptake and detoxification mechanisms operate inside the cell to con-
trol copper starvation and toxicity. Different mechanisms such as influx, delivery ma-
chinery (i.e., chaperones), efflux, and copper chelation by metallothioneins (MTs) are
coordinated effectively to keep this delicate balance in check (1). Copper metal func-
tions as a cofactor, required by the enzymes involved in different biological processes
such as detoxification of superoxides (SOD1) (2), regulation of iron homeostasis (Fet3)
(3), and mitochondrial respiration (cytochrome c oxidase) (4). The copper uptake sys-
tem involves copper transporter Ctr1, Ctr3, and Cu/Fe reductases which are present on
the cell membrane (5), and the copper detoxification system consists of copper metal-
lothioneins Cup1, Crs5, and the superoxide scavenger enzyme SOD1 (6, 7). The genes
for uptake and detoxification of copper are transcriptionally regulated under copper
starvation and excess conditions to maintain its optimum level inside the cellular mi-
lieu. The transcription of uptake and detoxification genes is mediated by antagonistic
actions of two transcription factors, namely, Mac1 (metal-binding activator) (8) and
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Ace1 (activator of CUP1) (9, 10). Mac1 acts as a nutritional copper sensor; it responds to
low levels of copper and activates the expression of copper uptake genes such as
transporter genes CTR1, CTR3, and FRE1 (11, 12). Regulation of the copper uptake sys-
tem occurs at both transcriptional and posttranscriptional levels via degradation of
Ctr1 (13, 14). Mac1 contains a cysteine-rich motif in the transactivation domain, which
binds to Cu11 ions and performs its function (8). Ace1 acts as a toxic copper sensor,
responding to elevated copper levels, and therefore activates expression of genes
involved in copper detoxification such as CUP1, SOD1, and CRS5. Ace1 contains a cop-
per regulatory domain which binds to copper via formation of tetra-copper thiolate
clusters, which in turn lead to the formation of an active form of Ace1 (15). Activated
Ace1 binds to the CUREs/cis elements (TX3/GCTG) present in the target gene pro-
moters, activating their expression. Cup1 is the major metallothionein present in yeast
cells, encoded by CUP1, whereas Crs5 MT has only a minor role in copper sequestration
(12). Shuttling of copper from one organelle to another is mediated by copper chaper-
ones such as Atx1 (Cu chaperone for Ccc2p present on the trans-Golgi network), Ccs1
(Cu chaperone for enzyme SOD1), and Cox17 (chaperone for mitochondrial enzyme
cytochrome c oxidase [CCO]) (7).

The copper homeostasis in yeast is similar to that in mammalian cells, as the key
factors involved in copper transport (Ctr1 and Ctr2), chaperones involved in copper
delivery (Atx1, Ccs1, and Cox17), and copper-binding proteins (SOD1 and CCO) are
conserved (1). Defects in copper metabolism have been associated with several human
diseases such as Menke’s disease, Wilson’s disease, amyotrophic lateral sclerosis (ALS),
and aceruloplasminemia (1). Therefore, the study of copper homeostasis will provide
more-in-depth insight into the mechanisms underlying several human diseases. Since
yeast cells provide ease in genetic studies, one can take advantage of yeast mutants of
the copper homeostatic pathway and yeast genome sequencing data to understand
the fundamentals of copper homeostasis.

We have utilized Saccharomyces cerevisiae as a model system to understand the reg-
ulation of the CUP1 metallothionein gene. Ace1p drives expression of CUP1, allowing
rapid production of the MT (i.e., within 10 to 20min of copper exposure) to protect
cells from the toxic effects of copper (16). This induction is achieved by rapid nucleoso-
mal repositioning at the CUP1 promoter mediated by the RSC (remodel the structure
of chromatin) chromatin remodeling complex. The fast cycling of Ace1p and RSC at
the CUP1 locus allows bursts of transcription initiation (16, 17). Involvement of histone
H2A and targeted acetylation of histone H3/H4 have been reported at the CUP1 locus.
Furthermore, deletion of acetyltransferase such as Spt10 impairs CUP1 induction
kinetics (18, 19). During the start of CUP1 induction (within 10 to 20min), an increase in
H3 acetylation occurs, which decreases after 30min; conversely, H4 acetylation starts
increasing, which was not prevalent during the start of the induction process (20).
Histone modifications are necessary for both genome-wide transcriptional reprogram-
ming under stress conditions and maintaining steady-state chromatin functions.
Individual histone modifications change during stress-induced transcriptional reprog-
ramming (21, 22). For instance, in the case of diamide stress, a majority of the nucleo-
somes harbor at least one altered modification; a few contain changes in several modi-
fications, and these are enriched at the stress-responsive genes (21). Most of the
changed acetylation (ac) marks in H3 (H3K4ac, K9ac, K14ac, K18ac, K23ac, K27ac, and
K56ac) and a few methylation (me3) marks (H3K4me3, K36me3, and K79me3) well cor-
relate with transcription activation of reprogrammed genes during diamide exposure
(21). Typically, acetylation marks are highly enriched at the 59 end of stress-induced
genes before the increase in RNA abundance, whereas the methylation (especially
H3K36me3) level rises at the gene body following transcription initiation (21).
Acetylation, however, correlates with gene expression (23–25), and the abundance of
acetylated residues (especially H3K23ac) decreases after transcription initiation (24).

Although chromatin remodeler (RSC), acetyltransferase (Spt10), and histone H2A
have been implicated in regulating CUP1 transcription, less is known about how
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histone H3 N-terminal tail residues regulate this mechanism. We have provided evi-
dence that histone H3 tail residues regulate CUP1 transcription by utilizing the library
of yeast histone mutants created by Dai et al. (26). We found that N-terminal point
mutants H3K23Q, H3K36Q, and H3K27R and truncation mutants H3D(13-16), H3D(25-
28), and H3D(28-31) have severe impairment in expressing CUP1. We also observed
more protein aggregation in copper-sensitive mutants. This could be attributed to the
low levels of MT, promoting more protein aggregation. The complementation of CUP1
partially rescued the growth of these mutants during copper stress. In search of the
mechanism behind defective CUP1 induction in these mutants, we performed chroma-
tin immunoprecipitation (ChIP) to analyze the binding of Ace1 and TATA-binding pro-
tein (TBP). ChIP analysis showed that, relative to the wild type, the mutations altering
H3 (H3K23Q, K36Q, D5-16, D13-28, D25-28, and D28-31) reduced Ace1 occupancy at
the CUP1 promoter. In addition, these mutations also affect TBP binding. We observed
an increase in enrichment of the H3K36me3 level upon copper stress at the CUP1 locus.
We further showed that H3 G13-P16 residues are essential for both global and CUP1
gene-specific H3K9 acetylation. Overall, our results have identified histone H3 residues,
and their modifications are required for normal CUP1 transcription.

RESULTS
Modifiable lysine residues of histone H3 (K23, K27, and K36) are involved in

CUP1 induction. We used mutants of histone H3 and H4 in which the lysine residues
were replaced with glutamine, arginine, and alanine that mimic the constitutive acety-
lated, deacetylated, and unmodified state, respectively. Residues other than lysines
were replaced with alanine or glutamic acid. The N-terminal tail mutants of histone H3
and H4 were screened to identify mutants having a defect in copper homeostasis (Fig.
1A and B). Cells with wild-type histone H3 can tolerate up to 2mM CuCl2, whereas ly-
sine substitution mutation at H3R2, glutamic acid substitution at H3Q5, glutamine sub-
stitution at H3 K4, K9, K18, K23, and K36, and H3 Lys27-to-arginine substitution renders
cells sensitive to such a high dose of copper (see Fig. S1A and B and Table S1 in the
supplemental material). Alanine substitution mutations at H3 Q5, P16, R17, K18, K23,
K36, and K(4, 9, 14, 18) residues, which mimic an unmodified state, make cells sensitive
to 2mM CuCl2 (Fig. S1A and B; Table S1). Most of the copper-sensitive mutations clus-
tered in the H3 N-terminal tail residues range from regions 2 to 9 and 16 to 23, while
substitutions in the H4 N-terminal tail which are sensitive to copper were not clustered
together (Fig. 1A and B). Histone H4 wild-type cells showed normal growth up to 2mM
CuCl2 exposure, whereas the point mutants H4S1D, R3A, K5R, K12Q, K16A, K16Q, K20R,
L22A, N25D, and Q27E were found to be sensitive to such a high copper level (see Fig.
S2A and B; Table S2). Among them, H4S1D and H4K5R mutants were found to be more
sensitive, as they failed to grow normally in even 1 mM CuCl2 concentration (Fig. S2A
and B; Table S2). Interestingly, most of the strains that harbored mutations in post-
translationally modifiable residues were found to be copper sensitive, which suggests
that histone modifications play a very critical role in copper tolerance. Perhaps, H3
posttranslational modifications (PTMs) are more crucial than those of H4, because alter-
ations of most of the modifiable residues of H3 render cells sensitive to higher copper
doses than the wild-type cells.

From the screening, we found substitution mutants H3K23Q, H3K27R, and H3K36Q
sensitive to lower copper doses (0.5 to 0.7mM CuCl2) (Fig. 1C and D), while other sub-
stitution mutants showed sensitivity at a much higher copper dose (2mM CuCl2)
(Table S1). The degree of sensitivity also varied with the type of substitution a cell har-
bored at these residue positions. H3K23Q, which mimics a constitutive acetylated state,
is sensitive at 0.7mM CuCl2, whereas H3K23R and H3K23A, mimicking constitutive
deacetylated and unmodified states, respectively, exhibited normal growth during
1mM CuCl2 exposure (Fig. 1C). This suggests that constitutive acetylation at the H3K23
position hampers the transcriptional program crucial for copper tolerance. Similarly,
H3K36R and H3K36A mutants were not sensitive at 1mM copper, but the H3K36Q
mutant exhibited sensitivity at the same dose of copper (Fig. 1C), indicating that
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deacetylation of H3K36ac is essential for copper-responsive transcription. Although the
H3K36ac mark is enriched at gene promoter regions and associated with transcription
initiation (27), its switch to H3K36me3 is also crucial for transcription elongation (21).
Generally, the H3K27 methylation mark is associated with repressed promoters (28,
29). We found that the H3K27R mutant, which is defective in K27 acetylation, is sensi-
tive to a low copper dose, but H3K27Q and H3K27A strains showed normal growth
during exposure of up to 1mM copper (Fig. 1C). The sensitivity of these mutants in
copper was again validated by growth curve analysis (Fig. 1D). Together, these results
suggest that a proper modification state of H3 lysines K23, K27, and K36 is necessary
for the cells to maintain copper homeostasis.

The copper-responsive transcription activator Ace1, under excessive copper condi-
tions, upregulates Cup1 expression to protect cells from its toxic effects (30, 31). CUP1
transcription oscillates upon copper addition: it starts rising and achieves maximum
levels within 20min, and then the level drops subsequently after 20min. This typical
kinetics is required for maintaining a narrow copper window within the cell.
Transcriptional regulation of CUP1 by the histone H2A tail was previously investigated
(20) and showed that H2AS2, K5, K120, and K121 residues are required for its normal

FIG 1 Histone H3 lysine residues are involved in CUP1 induction. (A, B) Schematic representation of histone H3 and H4 N-terminal
tail residues. The amino acid sequences were assigned one-letter codes for respective residues. The substitution mutants found to
be sensitive under copper stress (2mM CuCl2) are shown in boxes. (C) The wild-type and H3 N-terminal point mutant strains were
grown overnight, and 10-fold serial dilutions of cells were spotted onto untreated (SC) and copper-containing plates. Plates were
incubated at 30°C for 72 h and then scanned. (D) Growth curve analysis of histone H3 wild-type and N-terminal point mutants in
liquid culture in the presence and absence of copper (CuCl2, 0.5mM and 1mM) compared with those untreated (UT) as a control.
For better representation, the growth curves of H3 wild-type (H3WT) cells were kept the same in a few panels, since the growth
kinetics was performed simultaneously on the same plate. (E, F, and G) Histone H3 N-terminal point mutants exhibit
downregulation of CUP1 expression. Real-time PCR was performed at the CUP1 locus, and the CUP1 transcript levels were
normalized with those for ACT1. All values are calculated with respect to the CT (cycle threshold) of the wild-type (WT) uninduced
(time zero) samples. Values shown are the means and standard deviations (SDs) from three independent biological repeats (n =
3). Student's t test statistical analyses were performed, and significant differences are indicated as follows: *, P# 0.05; **,
P# 0.005; ***, P# 0.001; ns, nonsignificant.
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induction. As Cup1 is the major copper-detoxifying MT in yeast cells, it is plausible to
hypothesize that the hypersensitive mutants such as H3K23Q, H3K27R, and H3K36Q
are defective in normal CUP1 induction. We investigated the CUP1 expression kinetics
in these mutants. Interestingly, the differential copper sensitivity of H3 N-terminal ly-
sine substitution mutants was reflected in terms of relative CUP1 expression. Mutants
that were sensitive to a lower copper dose (H3K23Q, H3K27R, and H3K36Q) exhibited
a significant reduction in CUP1 induction compared to that in wild-type cells (Fig. 1E,
F, and G). In contrast, the mutants which were sensitive to a higher copper dose
(H3K23R, H3K27Q, and H3K36R) had higher expression of CUP1 than their sensitive
counterparts (Fig. 1E, F, and G). Wild-type cells show maximal CUP1 induction (25- to
30-fold induction) at around 20min of copper exposure, whereas the amplitude
of CUP1 expression was reduced nearly five times in H3K23Q and H3K36Q mutants
(25.4 [62.9]-fold induction in the wild type, 4.9 [62.08]-fold in H3K23Q, and
4.87 [61.6]-fold in H3K36Q cells) at the same time point (Fig. 1E and G). The maxi-
mum CUP1 induction in H3K27R was achieved after 30 min of copper exposure
but was nearly three times less than the level of peak CUP1 expression in wild-
type cells (28.69 [62.055]-fold induction in wild-type cells at 20 min versus
8.758 [60.493]-fold induction in H3K27R cells) (Fig. 1F). These results suggest that
constitutive acetylation at H3K23 and K36 and a constitutive deacetylation modifi-
cation state at the H3K27 position hamper normal CUP1 induction.

Deleting specific regions within the histone H3 tail (5-16, 13-16, 13-28, 25-28,
28-31, and 29-32) confers sensitivity to copper by impairing CUP1 induction. The
neighboring regions of any modifiable residues in the histone H3 tail are also impor-
tant, as they serve as binding sites for histone-modifying enzymes (32). To find regions
in the H3 tail important for higher copper stress, we screened H3 truncation mutants
in CuCl2. We found that the majority of H3 truncation mutants were sensitive to 2mM
CuCl2 (see Fig. S3A, B, and C; Table S1), and truncations such as H3D13-16, D13-28,
D25-28, and D28-31 were intolerant to even low copper doses (Fig. 2A). Truncation of
H3 13-16, 13-28, and 28-31 residues rendered the cells sensitive to 0.75mM CuCl2,
while truncation of H3 25-28 tolerated a 0.85mM copper dose (Fig. 2A). We revalidated
the sensitivity phenotype of these mutants by growth kinetics analysis and found that
H3 13-16 and 13-28 truncation mutants were severely affected, but HD(13-16) and H3D
(13-28) strains showed reduced growth in the presence of 0.5mM CuCl2 (Fig. 2B).
When exposed to a high copper concentration (1mM CuCl2), only wild-type cells
showed normal growth kinetics, whereas truncation mutants were sensitive (Fig. 2B).
To find out whether any regions of the H4 tail are important in copper tolerance, we
screened H4 tail truncation mutants and found that only a few truncations, notably
D1-4, D1-12, D9-12, D9-20, D13-24, and D20-23, were sensitive to a higher copper dose
(2mM) (see Fig. S4A, B, and C; Table S2).

We compared the kinetics of CUP1 induction in wild-type and truncation mutant
cells and found that the CUP1 expression pattern is consistent with the copper sensitiv-
ity phenotype exhibited by these mutants. Truncation of H3D(13-16), D(25-28), and
D(28-31) residues drastically reduced the amplitude of CUP1 induction during copper
exposure (Fig. 2C). The H3D(13-16) mutant showed both delayed and reduced CUP1
expression compared to that in wild-type cells. Furthermore, a mutation within resi-
dues 13 to 16, such as the substitution of Pro16 with Ala, which hampers H3 tail flexi-
bility, also delayed CUP1 induction (Fig. 2D). Substitution of proline to alanine (P16A
and P30A) conferred sensitivity to a higher dose (Fig. 2E). H3D(13-16) cells achieved
maximal CUP1 induction (12.11 [61]-fold) after 30min of copper exposure, whereas
CUP1 expression in wild-type cells typically peaked after 10 to 20min of exposure (Fig.
2C). Most strikingly, the maximum level of CUP1 induction in H3D(25-28) and H3D(28-
31) strains was around three times less than the peak CUP1 expression level in wild-
type cells [29.39 (61.96)-fold induction in wild-type, 8.64 (61.32)-fold in H3D(25-28),
and 8.88 (62.08)-fold in H3D(28-31) cells] (Fig. 2C). Additionally, several other trunca-
tion mutations such as D5-16, D13-28, D29-32, and a long truncation ranging from 4 to
35, which also induced copper sensitivity (Fig. 2F), reduced CUP1 levels (Fig. 2G). These
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results suggest that specific regions of the H3 tail are essential for activation of CUP1
and might serve as docking sites for transcription activators.

Effects of histone mutations on Ace1 occupancy across the CUP1 promoter.
Next, we hypothesized that specific mutations within histone H3 N-terminal tails affect
CUP1 transcription by altering the binding of Ace1 at the CUP1 promoter. To test this
hypothesis, we performed a ChIP assay and determined Ace1 occupancy at the CUP1
promoter in copper-sensitive mutants. The activated Ace1 binds at the upstream acti-
vation sequence (UAS) region (2177 to 2274) of the CUP1 promoter, and its occu-
pancy was measured at two regions, distal (2182 to 2332) and proximal (21 to 2202)
to the transcription start site (TSS). A schematic of the CUP1 locus, along with the
known Ace1 binding sites, UAS, and TATA boxes (present at 287 and 2134 positions),
is shown in Fig. 3A.

Upon copper treatment, Ace1 occupancy increases at both CUP1-P2 and P3 regions
in H3 wild-type cells. We detected an ;15.2� increase in Ace1 enrichment over that
for CUP1-P3 and an ;8.5� increase in P2 regions in wild-type cells when exposed to

FIG 2 Deletion of specific regions in the histone H3 tail (5-16, 13-16, 13-28, 25-28, 28-31, and 29-32) confers sensitivity to copper by impairing CUP1
induction. (A) The wild-type and H3 N-terminal truncation mutant strains were grown overnight, and 10-fold serial dilutions of cells were spotted onto
untreated (SC) and copper-containing plates. Plates were incubated at 30°C and scanned after 72 h. (B) Growth curve analysis of H3 N-terminal truncation
mutants in liquid culture in the presence and absence of copper (CuCl2, 0.5mM and 1mM) compared with the untreated wild type (UT) as a control. For
easier representation, the growth curves of H3WT cells were kept the same in a few panels, since the growth kinetics was performed simultaneously on
the same plate. (C and D) Real-time PCR was performed for the CUP1 locus, and the CUP1 expression levels were normalized with those of the internal
control, ACT1. (E and F) Drop test showing the sensitivity of H3P16A, H3P30A, and H3 truncation mutants in copper. (G) Real-time PCR showing relative
CUP1 expression in H3 truncation mutants compared to that in uninduced H3WT samples. qPCR values were calculated with respect to the CT (cycle
threshold) of the wild-type (WT) uninduced (time zero) samples. Values shown are the means and standard deviations from three independent biological
repeats (n= 3). Student's t test statistical analyses were performed, and significant differences are indicated as follows: *, P# 0.05; **, P# 0.005; ***,
P# 0.001; ns, nonsignificant.
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FIG 3 Effects of histone H3 mutations on Ace1 and TBP occupancy across the CUP1 promoter. (A) Schematic representation of
primers used in ChIP along with Ace1 and TBP binding sites at the CUP1 locus. (B) Graph showing Ace1 occupancy at the CUP1
promoter in H3 N-terminal mutants relative to that in wild-type cells. Ace1 ChIP analysis shows that mutations of H3 (H3K23Q, K36Q,
D5-16, D13-28, D25-28, and D28-31) reduce the Ace1 occupancy at both the CUP1-P2 and P3 regions. Ace1 ChIP was performed for
the CUP1 promoter using primers CUP1-P2 and CUP1-P3 specific for the CUP1 gene locus. Ace1 binds to both the CUP1-P2 and P3
regions upon copper induction, with the highest binding activity at P3. (C) TBP enrichment at the CUP1 promoter upon copper
exposure. TBP pulldown was performed in H3WT and H3 mutant cells. qPCR was performed to determine TBP binding at CUP1-P2
and P3. TBP binding was observed more in copper-induced H3WT cells at the CUP1 P3 region, and overall TBP binding was less in
mutants. Ace1 and TBP enrichment was normalized to the amount of input DNA and is shown as enrichment/input (percent).
Calculations were performed used the formula DCT = CT (ChIP) 2 [CT (input) 2 logE(2) input dilution factor], where CT is cycle threshold,
E is the specific primer efficiency value, and enrichment/input (percent)=22DCT. Values shown are mean enrichment/input (percent) 6
standard errors of the means (SEMs) from three independent biological repeats (n=3). Student's t test statistical analyses were
performed, and significant differences are indicated as follows: *, P# 0.05; **, P# 0.005; ***, P# 0.001; ns, nonsignificant. (D) Western
blot analysis showing global levels of Ace1, TBP, and histone H3 as an internal control for ChIP. The levels of Ace1, TBP, and H3 were
normalized with total protein content seen in Ponceau staining using ImageJ. The numbers below each blot represent the averages 6
SDs from three independent biological repeats (n=3). (E) H3K36me3 enrichment at the CUP1 locus upon copper exposure. ChIP
showing H3K36me3 enrichment in WT cells at CUP1-P2 and P3 during copper stress. H3K36me3 occupancy was normalized with the
total H3 enrichment. Values shown are mean H3K36me3/H3 enrichment/input (percent) 6 SEMs from two independent biological
repeats (n=2). Student's t test statistical analyses were performed, and significant differences are indicated as follows: **, P# 0.005. (F)
Model depicting the histone mutants defective in Ace1 binding at the CUP1 promoter. Mutation of H3K23 and K36 (K23Q, K36Q) and
deletion of H3 tail regions 5-16, 13-28, 25-28, and 28-31 hamper Ace1 binding at the CUP1 promoter. (G) Model summarizing the
effect of histone H3 mutations in TBP recruitment over CUP1 locus. Mutations of H3K23, K27, and K36 (H3K23Q, H3K27R, and H3K36Q)
and deletion of H3 tail regions 5-16, 13-28, 25-28, and 28-31 inhibit TBP binding at the CUP1 promoter.
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0.5mM CuCl2 for 10min (Fig. 3B). However, we observed no alteration in Ace1 enrich-
ment in H3K27R and H3D(13-16) cells upon copper exposure relative to that of wild-
type cells. In contrast, the other mutants (H3K23Q, K36Q, D5-16, D13-28, D25-28, and
D28-31) exhibited reduced Ace1 occupancy in comparison to that of the wild-type cells
(Fig. 3B). Two of the strains, H3K36Q and H3D(13-28), showed diminished Ace1 occu-
pancy at CUP1-P3, whereas H3K23Q, H3D(5-16), H3D(25-28), and H3D(28-31) strains
had reduced occupancy, nearly 30% to 45% of the wild-type level (Fig. 3B, right). A sim-
ilar trend in Ace1 occupancy in mutants was observed at CUP1-P2. The reduction in
Ace1 enrichment in these mutants is in accordance with the reduced CUP1 induction
seen by real-time quantitative PCR (RT-qPCR) (Fig. 1E and G; Fig. 2C and G) except in
H3K27R and H3D(13-16) mutants. The H3K27R and H3D(13-16) mutations did not affect
Ace1 recruitment (Fig. 3B); therefore, it is possible that the reduced CUP1 induction in
these two mutants is due to an impairment in other steps of transcription initiation.
Taken together, these results identified residues in H3 that are required to promote
Ace1 binding to facilitate CUP1 transcription.

Histone H3 tail mutations affect TBP binding at the CUP1 promoter. To further
elucidate the cause of low CUP1 induction in copper-sensitive mutants, we tested the
TBP occupancy at the CUP1 promoter (Fig. 3C). CUP1 induction requires targeted acety-
lation of histone H3/H4, which is dependent upon activator (Ace1) and the TATA box.
Therefore, TBP binding on the TATA box sequence is crucial for transcription induction
(33). TBP enrichment was expected at the CUP1-P3 (21 to 2202) region, as it contains
two TBP binding sites (distal and proximal TATA boxes) and CUP1-P2 contains no bind-
ing site (Fig. 3A). Low levels of TBP binding were also observed in the CUP1-P2 region
in copper-treated cells (Fig. 3C, left), which may be due to PCR amplification of flanking
sonicated fragments of variable length along with the CUP1-P3 region.

Upon copper exposure, the TBP occupancy was increased up to ;22� at the CUP1-
P3 region in H3 wild-type cells, whereas in mutants, TBP binding was substantially less
(20% to 50% of the TBP occupancy level in wild-type cells), except for the H3D(28-31)
mutant (Fig. 3C, right). The levels of TBP1 occupancy in mutants were consistent with
the low transcription of CUP1 seen in these mutants (Fig. 1E to G; Fig. 2C and G).
Among these mutations, the H3K23Q mutation led to a severe reduction in TBP bind-
ing (decreasing the binding to ;20% of the wild-type level), suggesting that acetyla-
tion at the K23 position plays a critical role in TBP recruitment. Contrastingly, TBP
enrichment was moderately affected by H3D(28-31) mutation (Fig. 3C, right). It might
be possible that truncation of H3 28-31 residues affects the recruitment of other chro-
matin-modifying factors such as the RSC remodeling complex at the CUP1 locus,
thereby hampering nucleosome mobilization. Residues within 28-31 might cross talk
with other tail residues such as H3K9, K14, or K36; thus, its truncation may alter overall
chromatin structure. Altogether, these results imply that H3K23, K27, and K36 PTMs
and residues lying between tail truncations such as 5-16, 13-28, and 25-28 play a cru-
cial role in stress-dependent induction of CUP1 by promoting proper TBP recruitment.
The long truncation ranging from 4 to 35 residues, eliminating most of the tail region,
also reduces TBP occupancy. This reaffirms the importance of the H3 tail in TBP
recruitment.

To eliminate the possibility that the decreased Ace1 and TBP occupancy could
result from downregulation of Ace1, TBP, and histone H3 in mutants, we checked the
levels of these factors by Western blot analysis. We observed overall equal protein lev-
els of these epigenetic factors in mutants relative to levels in the wild type, except for
the H3D(4-35) mutant, wherein the H3 level was drastically reduced (Fig. 3D). This
result suggests that expression levels of these factors do not account for the reduced
Ace1 and TBP binding in the copper-sensitive mutants.

H3K36 trimethylation is enriched at the CUP1 locus during copper stress.
Trimethylation at H3K36, catalyzed by Set2 in yeast, usually promotes transcription
elongation by preventing spurious cryptic transcription (34–36). During oxidative
stress, H3K36me3 is highly enriched at Msn2-targeted stress-responsive genes to main-
tain transcriptional elongation and fidelity (21). However, the function of H3K36me3 in
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stress-induced CUP1 transcription remained unknown. As H3K36Q mutation severely
affected Ace1 binding at the CUP1 locus (Fig. 3B), we wanted to know the importance
of H3K36 methylation in CUP1 induction. We observed an increase in H3K36me3
enrichment at both CUP1-P2 (;8�) and P3 (;23�) in wild-type cells under copper
stress, coinciding with CUP1 upregulation (Fig. 3E). This result demonstrates that
H3K36me3 is required for CUP1 expression, and this may account for the defect in CUP1
induction observed in H3K36Q mutant cells. Besides the enrichment of H3K36me3 at the
CUP1 locus, PTMs such as H3K23 and H4K8 acetylation also showed a global change
under copper stress (see Fig. S5A and B), suggesting an alteration in the overall chroma-
tin landscape.

To summarize the findings, we identified H3 N-terminal mutations affecting Ace1
and TBP recruitment at the CUP1 promoter. Based on our results, we propose a model
in which the histone mutations H3K23Q, K36Q, and truncations ranging from residues
5 to 31 (D5-16, D13-28, D25-28, and D28-31) lead to impairment in Ace1 recruitment
over the CUP1 promoter during copper stress (Fig. 3F). A majority of the selected muta-
tions also affected TBP binding (Fig. 3G), suggesting that H3 tail residues and PTMs
associated with them are critical for optimal recruitment of TBP and thus proper induc-
tion of CUP1.

H3 N-terminal 13-16 and P16 residues are required for H3K9 acetylation.
Generally, H3K9 acetylation promotes transcription initiation (37, 38) by facilitating
TFIID recruitment (39). Global H3K9 acetylation is catalyzed primarily by Rtt109 and
Gcn5 in S. cerevisiae (40). The structure of Gcn5 bound to H3 peptide revealed that dur-
ing H3K14 acetylation, the amino acids neighboring the substrate residue (G13-P16)
play a critical function in stabilizing the interactions between Gcn5 and the R group of
K14 (32). Interestingly, we found that G13-P16 residues are also required for the acety-
lation of H3K9. The global H3K9ac and H3K9acS10P levels were severely reduced
(;50%) in H3D(13-16) and H3P16A mutant cells in comparison to that in wild-type
cells (Fig. 4A and B). The proline 16 residue with cis-trans isomerization acts as a hinge
point of the H3 tail, and Pro16Ala substitution renders flexibility, thus affecting local
tail conformation. This result suggests that G13-P16 residues play an essential role not
only in H3K14 acetylation but also in H3K9 acetylation (Fig. 4C).

H3K9 acetylation is associated with stress-induced transcription initiation. The level
of H3K9ac at promoters of Msn2 target genes rises during transcription initiation in a
stress-dependent manner (21). Evidence also suggests that H3K9ac is enriched at the
CUP1 promoter during copper stress, coinciding with CUP1 transcription (20, 41). This
stress-induced acetylation at CUP1 is mediated by Spt10, a member of the SAGA acetyl-
transferase complex (18, 41). As truncation of H3 13-16 and substitution of P16A resi-
dues hampers H3K9 acetylation, we therefore suspect that the 13-16 region might be
involved in stabilizing Spt10 binding. To check whether this truncation affects Spt10-
mediated H3K9 acetylation at CUP1, we analyzed H3K9ac and H3 occupancy kinetics at
its promoter region. Histone H3 occupancy decreased in wild-type cells within 5min of
copper exposure, indicating proper remodeling of the CUP1 promoter. The H3D(13-16)
mutant, however, showed a higher H3 level under normal conditions and a delay in H3
loss at the CUP1 promoter. We observed a significant difference in H3K9ac enrichment
(normalized with total H3 enrichment) between wild-type and H3D(13-16) cells during
copper exposure. In the wild-type cells, the level of H3K9ac (H3K9ac/H3 enrichment)
increased up to 6-fold at CUP1-P2 and 3.5-fold at the P3 region within 5min of copper
exposure, whereas in H3D(13-16) cells, no such increase in H3K9ac enrichment was
observed (Fig. 4D). H3K9 acetylation in the mutant was around 6 to 8 times less than
the wild-type level under untreated conditions. In 5 min, the H3K9ac level was ;32- to
43-fold less in the mutant relative to the wild-type level (Fig. 4E). Although a slight
increase in H3K9ac in H3D(13-16) was seen at 10min, that increase was not observed
at 20min (Fig. 4E). We speculated that the reduced H3K9ac level was likely the cause of
the CUP1 transcription defect. To our surprise, both Ace1 and TBP were highly enriched at
5min of copper exposure, whereas in wild-type cells, Ace1 and TBP achieved maximum
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binding at 10min (Fig. 4F and G). There is a possibility of defective binding of some other
epigenetic factors, but at this point, we are unable to resolve the CUP1 induction defect in
this mutant.

CUP1 complementation in H3 tail mutants partially rescues copper sensitivity.
Since copper-sensitive histone H3 mutants exhibit downregulation of CUP1, we won-
dered if CUP1 overexpression could rescue the copper sensitivity in these mutants. To
check the rescue of copper sensitivity, we cloned CUP1 under the control of the induci-
ble GAL1 promoter. We transformed the copper-sensitive H3 mutants with pGAL1-

FIG 4 H3D(13-16) mutation reduces H3K9 acetylation level and alters Ace1 and TBP kinetics at the
CUP1 locus. (A) Truncation of H3 13-16 and substitution mutation P16A reduce global H3K9
acetylation. Western blot examining global histone modifications H3K9 acetylation and H3K9acS10P
in H3WT and H3D(13-16) and H3P16A mutants with and without copper induction. Histone H3 is
taken as a loading control, and H3K9Q is taken as a negative control. (B) H3K9acS10P and H3K9ac
were quantified using ImageJ, and the values were normalized with total H3 that serves as a loading
control and depicted in the form of a scatterplot. Values represent the means 6 SEMs from three
independent biological repeats (n= 3). Student's t test statistical analyses were performed, and
significant differences are indicated as follows: *, P# 0.05; **, P# 0.005; ***, P# 0.001. (C) Schematic
showing cross talk among histone H3 residues P16 and K9ac. (D) ChIP showing histone H3 occupancy
kinetics in H3WT and H3D(13-16) mutant at the CUP1 locus. Histone H3 enrichment decreases with
time upon copper treatment in H3WT cells, whereas in H3D(13-16) mutants, H3 loss is delayed. (E)
ChIP analysis showing H3K9 acetylation kinetics upon copper exposure at the CUP1 locus. H3K9ac
levels drastically increased in H3WT cells under copper stress, whereas they were significantly
reduced and delayed in H3D(13-16) mutants. H3K9ac enrichment was normalized with the total H3
enrichment. Values shown are mean H3 and H3K9ac/H3 enrichment/input (percent), and error bars
denote SEMs from three independent biological repeats (n= 3). Student's t test statistical analyses
were performed, and significant differences are indicated as follows: *, P# 0.05; **, P# 0.005; ***,
P# 0.001. (F and G) ChIP showing Ace1 and TBP enrichment kinetics at the CUP1-P3 region in H3WT
and H3D(13-16) cells. The Ace1 and TBP enrichment values were normalized with the input DNA.
Values shown are mean enrichment/input (percent) 6 SEMs from three independent biological repeats
(n = 3). Student's t test statistical analyses were performed, and significant differences are indicated as
follows: *, P# 0.05; **, P# 0.005.
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CUP1 or vector only as a control (EV), and CUP1 expression was validated by Western
blot analysis (see Fig. S6A and B). We observed the rescue of CUP1-complemented mu-
tant clones under copper stress, whereas the mutants having empty vector failed to
tolerate this stress (Fig. 5A). Lysine-substituted mutants such as H3K23Q, H3K27R, and
H3K36Q were rescued at CuCl2 0.85mM, and deletion mutants H3D(13-16), H3D(25-
28), and H3D(28-31) showed rescued growth at 0.7mM when complemented with

FIG 5 CUP1 complementation rescues the copper sensitivity phenotype of histone H3 N-terminal
mutants. (A) Tenfold serial dilutions of cells were spotted onto uninduced (SC-Leu plus glucose) and
induced (SC-Leu plus galactose) copper-containing plates. Plates were incubated at 30°C and scanned
after 72 h. (B) Growth curve analysis of pGAL1-CUP1 (indicated as pCUP1)-complemented clones and
empty vector in liquid culture. Clones were grown under a GAL1 induced (SC-Leu plus 2% galactose)
condition with or without copper treatment. Induced clones were treated with different copper doses
[H3K23Q, H3D(13-16), and H3D(25-28) were treated with 0.25mM CuCl2; H3K27R, H3K36Q, and H3D(28-
31) were treated with 0.5mM CuCl2] and plated in 96-well plates for growth kinetics measurement up
to 48 h.
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CUP1 (Fig. 5A). The rescue upon CUP1 complementation observed in the mutant cells
was further validated by performing growth kinetics (Fig. 5B). Galactose-induced CUP1
clones of H3K27R, H3D(13-16), H3D(25-28), and H3D(28-31) displayed significant
growth rescue in copper (Fig. 5B). On the other hand, CUP1-complemented clones of
H3K23Q and H3K36Q exhibited less rescue in copper (Fig. 5B). Furthermore, variable
degrees of rescue were observed in different mutant clones, which were probably due
to their differential sensitivities in copper.

Effect of H3 tail mutations on copper homeostasis genes. Complementation of
CUP1 in N-terminal mutant cells of histone H3 partially rescued the copper sensitivity,
indicating the possibility of a defect in some other genes associated with the copper
homeostatic pathway. To assess the defect in genes of the copper homeostatic path-
way, we checked the expression of genes involved in the export, delivery, or chelation
of copper (Fig. 6). In the case of the gene encoding a copper chaperone, ATX1, the
expression remained unaltered in all strains (Fig. 6). The mRNA level of CCC2 (encoding
a P-type ATPase) was higher in H3D(25-28) and H3D(28-31) mutants than in wild-type
cells upon copper exposure (Fig. 6B). However, in H3D(13-16) cells, the expression lev-
els of CCC2 and CCS1 (Cu chaperone for SOD1) were reduced (Fig. 6B). This reduced
CCS1 is indicative of more oxidative stress in this mutant, since the active form of SOD1
is required during oxidative stress and CCS1 functions in the activation of SOD1 (42).
The CTR1 gene usually undergoes downregulation upon copper stress to prevent
excess uptake of copper; no abnormality in CTR1 repression was seen in the mutants.

Most of the mutants induced CRS5 upon copper stress to the wild-type level, except
H3K23Q and H3D(28-31). The CRS5 induction may be a compensatory strategy of cells
to cope with the downregulation of CUP1, since CRS5 is the minor metallothionein that
is induced upon copper exposure. Both the MTs (CUP1 and CRS5) are under the regula-
tion of Ace1p, but CRS5 contains only a single Ace1p binding site. Yeast strains having
downregulated CUP1 display some degree of copper resistance, which is probably
mediated by CRS5 (2, 43, 44).

Copper causes protein aggregation in histone tail mutants. Several transition
metals such as arsenic (45) and cadmium (46, 47) are known inducers of intracellular
protein aggregation. Aggregation of nascent polypeptides or misfolded proteins inside

FIG 6 Effect of H3 tail mutations on copper homeostasis genes. Expression of copper homeostatic genes
in H3WT and copper-sensitive histone mutants is shown. All gene expressions were normalized with ACT1
expression level. Fold change was calculated using the formula 22DDCT, where DDCT is DCT (test gene) 2
DCT (control gene). Values represent the means 6 SEMs from three independent biological repeats
(n=3). Student's t test statistical analyses were performed, and significant differences are indicated as
follows: *, P# 0.05; **, P# 0.005; ***, P# 0.001.
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the endoplasmic reticulum is one of the major cytotoxic effects of these metals. It has
been reported that copper causes aggregation of ubiquitin protein by affecting its sta-
bility (48). Similar studies have shown the effect of Cu(II) ions on alpha-synuclein aggre-
gation (49). Altogether, these studies have highlighted the potential of copper ions to
promote protein aggregation and fibril formation. To find out the cytotoxic effect of
dysregulated copper sequestration in yeast histone mutants, we looked into the forma-
tion of intracellular protein aggregates in copper-sensitive mutants. We visualized the
copper-induced protein aggregates using the Sis1-green fluorescent protein (GFP) re-
porter plasmid. Sis1 cochaperone proteins associate with unfolded protein aggregates
and either facilitate their disaggregation or transport them for nuclear degradation
(50–52). Normally, Sis1 cochaperones are evenly distributed throughout the nucleus
and cytosol, but they accumulate with protein aggregates. These aggregation sites can
be seen as foci of Sis1-GFP (50). We transformed wild-type and copper-sensitive
mutants with pADH1-SIS1-GFP plasmid and observed protein aggregation upon copper
exposure. Cytosolic foci were formed in all copper-sensitive mutants when exposed to
0.5mM CuCl2 for 1 h, whereas most of the wild-type cells (83.67% 6 11.2%) were
devoid of any cytosolic aggregates (Fig. 7). We observed that a majority (;60% to
80%) of mutant populations [60.3% 6 6.7% of H3K23Q, 58.14% 6 12.1% of H3K27R,
61.4% 6 4.31% of H3D(13-16), 65.6% 6 14.2% of H3D(25-28), and 80.1% 6 6.4% of
H3D(28-31) cells] had at least one aggregation site during copper exposure, while only
16% 6 11.2% of wild-type cells exhibited protein aggregates (Fig. 7B and D). The
H3K36Q mutant, however, showed less protein aggregation than other mutants, as
only 38% 6 12.5% of the copper-exposed cells contained at least one protein aggre-
gate (Fig. 7A and B). Furthermore, the proportion of cells containing 2 to 3 or .3
aggregates was higher for all sensitive mutants (;36% to 60%) than for the wild type
(;11%) (Fig. 7B and D). Together, these results suggest that dysregulation of copper
homeostasis impairs protein folding and quality control, which may be one of the rea-
sons for the sensitivity of these mutants.

FIG 7 Copper induces protein aggregation in H3 tail mutants. (A and C) Visualization of protein aggregation using
Sis1-GFP reporter by fluorescence microscopy. H3WT and copper-sensitive histone mutant cells transformed with Sis1-
GFP plasmid. Transformants were grown until mid-log phase, treated with 0.5mM CuCl2 for 1 h, and subjected to
microscopy. Representative images for H3WT and each mutant are shown. (B and D) Quantification of Sis1-GFP
aggregates. Sis1-GFP distribution was scored in H3WT and mutant cells. Percentage of cells containing aggregates
were categorized into 3 classes, 1 aggregate/cell, 2 to 3 aggregates/cell, or .3 aggregates/cells, by visual inspection
using ImageJ software. Cells were counted, and values represent means 6 SEMs from 3 independent biological
repeats (n= 3). Student's t test statistical analyses were performed, and significant differences are indicated as follows:
*, P# 0.05; **, P# 0.005; ***, P# 0.001.
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DISCUSSION

Normal kinetics of CUP1 induction requires a complex interplay between the tran-
scription factors, histone-modifying enzymes, and chromatin remodeling complex.
Evidence suggests that the involvement of histone H2A residues and acetylation marks
at H3 and H4 are essential for CUP1 induction and autoregulation (18, 20). However,
the role that each residue on the tail regions of histone H3 and H4 plays during CUP1
induction is not known. Our screening helped to gain insight into histone tail-medi-
ated CUP1 regulation. The fact that a majority of sensitive mutations are the substitu-
tion of modifiable residues (Fig. 1A and B) indicates that the PTMs associated with
histone tails play a critical role in activating copper-responsive genes. Substitution
mutations of modifiable lysines in H3 (H3K23Q, H3K27R, and H3K36Q) and truncation
of specific regions of the H3 tail (D5-16, D13-16, D13-28, D25-28, D28-31, and the long
truncation D4-35) significantly reduced the intensity of CUP1 induction (Fig. 1E, F, and
G and Fig. 2C and G). Activation of CUP1 requires Ace1-mediated nucleosome reposi-
tioning at the promoter region, which makes the chromatin accessible for transcription
machinery (53). Our results show that many copper-sensitive mutations reduce Ace1
binding at response elements in the CUP1 promoter under copper stress (Fig. 3B). This
reduction in Ace1 occupancy may be a primary cause for faulty CUP1 induction in
these mutants. However, we cannot ignore other steps in Ace1-mediated transcription
initiation. Unlike for other genes where an increased resident time of transcription fac-
tors improves their induction (54–56), improvement of CUP1 transcription correlates
with a decrease in Ace1 resident time (16, 57). Although Ace1 binds very transiently, its
fast cycling at the promoter leads to transcription bursts of CUP1 (16, 17, 57). Thus, it
will be interesting to investigate whether the cycling of Ace1 is affected in these sensi-
tive histone mutants. Furthermore, the RSC chromatin remodeling complex facilitates
Ace1 cycling by repetitively mobilizing the 21 nucleosome at the CUP1 promoter (17).
The effect of these histone mutations in RSC-mediated nucleosome mobilization needs
to be investigated.

Binding of Ace1 at the CUP1 promoter triggers the formation of a preinitiation com-
plex comprising of TBP, TFIIB, and RNA polymerase II (58). The recruitment of TBP cor-
relates with transcriptional activation (58). We show that a majority of the mutations
decrease TBP occupancy at the TATA boxes present in the CUP1 promoter during cop-
per stress, which is more prominent in H3K23Q, H3D(5-16), and H3D(13-28) mutants
(Fig. 3C). This decrease in TBP occupancy is one of the reasons for low CUP1 induction
in mutants. It has been demonstrated that hyperacetylation of H3 and H4 occurs at the
time of TBP recruitment by Spt10 (18). However, it is debatable whether TBP binding
promotes acetylation or vice versa. We speculate that loss of acetylation marks in these
mutants might be the reason for the reduction of TBP occupancy.

The level of H3K9 acetylation at the CUP1 promoter correlates with CUP1 induction
(20). Consistent with this, we observed an increase in H3K9ac at the CUP1 promoter in
wild-type cells under copper stress. On the contrary, truncation of H3 13-16 residues
hampered H3K9 acetylation at the CUP1 promoter under copper stress. Furthermore, it
affected global H3K9ac, suggesting cross talk between H3 13-16 residues and the
H3K9 acetylation mark. The H3P16A mutation, which hinders the flexibility of the tail,
also had the same effect on global H3K9ac, indicating that cis-trans isomerization of
P16 is essential for acetylation at the H3K9 residue. Further investigation is needed to
gain mechanistic insights into this cross talk. Besides H3K9ac, we found that H3K36 tri-
methylation also increased at the CUP1 promoter during copper stress. Involvement of
H3K36me3 in CUP1 induction was unknown. This result is consistent with the observa-
tion that H3K36me3 is often associated with transcriptionally active genes (21, 59–62).
Probably, H3K36me3 enrichment at the CUP1 promoter is required to prevent aberrant
transcription initiation, as evident from previous studies (36, 63, 64).

Cup1 protein sequesters intracellular copper ions to prevent toxicity. The gene
expression results show that copper-sensitive histone mutants fail to induce CUP1
compared to that of wild-type cells. Therefore, with the rationale that restoration of
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CUP1 transcript levels in these mutants would rescue their growth during copper
stress, we complemented these cells with exogenous CUP1. As expected, CUP1 comple-
mentation rescued these mutants during copper stress, although it was a partial rescue
(Fig. 5). Thus, in the presence of exogenously introduced CUP1, cells acquire the ability
to tolerate copper excess due to increased sequestration and detoxification capacity.
However, the rescue may have been incomplete because excessive Cup1 is detrimental
for normal growth. Alternatively, since histone residues regulate global transcription,
the expression of multiple genes involved in copper homeostasis may be affected in
these mutants.

Excessive copper accumulation has been linked with protein aggregation. Copper
binds to alpha-synuclein and promotes its aggregation in the brain (65–67). To find
out the cytotoxic effect associated with Cup1 deficiency in histone mutants, we visual-
ized the copper-induced protein aggregation (50). The appearance of Sis1-GFP puncta
in mutants upon copper exposure (Fig. 7) suggests that protein aggregation is one of
the manifestations of defective copper homeostasis.

A recent study demonstrated that H3-H4 acts as an enzyme for reducing the non-
biousable Cu21 to biousable Cu11 in vitro. The H113 and C110 residues provide the
interface for cupric ion binding (68). As an alternative perspective, the H3 tail might be
involved in stabilizing the H3-H4 tetramer to perform its reductase function. Alteration
of the tail may disrupt the H3-H4 tetramer and affect this function. It is evident that
Ace1 gets activated by the Cu11 ion. Activated Ace1 is required to activate CUP1 tran-
scription. Therefore, low bioavailability or failure of the cells to reduce Cu21 to the
Cu11 ion will hamper Ace1 activation and reduce CUP1 transcription.

In summary, our study has uncovered the role of a few histone H3 residues in the
regulation of CUP1 gene transcription. CUP1 induction levels were associated with toler-
ance toward copper stress; thus, histone mutants having defective CUP1 gene expression
cannot tolerate copper stress (Fig. 8).

MATERIALS ANDMETHODS
Yeast strains, plasmids, and growth conditions. The strains used in this study are synthetic histone

H3/H4 mutant library strains created by Dai et al. (26) and commercially purchased from Dharmacon
(Lafayette, CO; catalog number [cat. no.] YSC5106); they are listed in Table S3 in the supplemental mate-
rial. The metal sensitivity drop test was conducted in synthetic complete (SC) medium (containing all
amino acids, 0.17% yeast nitrogenous base, 0.5% ammonium sulfate, and 2% glucose; 2% Bacto agar
was added for SC plates). Copper chloride dihydrate (CuCl2·2H2O) was purchased from Sigma (cat. no.
307483).

Ace1-myc tagged yeast strains were generated using pFA-6a-13 myc plasmid with the URA3 marker
gene by integrating 13-myc tag at the 39 end of ACE1 (69). pGAL1-CUP1 was generated by cloning CUP1
gene between BamHI and SalI sites in p425-GAL1-SSE1 (70), removing SSE1, and inserting CUP1. pGAL1-
CUP1 clones were confirmed by colony PCR, sequencing, and Western blotting using an anti-His anti-
body. pAG415-ADH1-SIS1-GFP (50) used for visualizing protein aggregates was gifted from Simon Alberti.

Phenotypic analysis. Drop test analysis was conducted by preparing 10-fold serial dilutions of each
strain, and 3ml of H3WT cells and mutants was spotted onto SC agar plates untreated or containing dif-
ferent doses of CuCl2·2H2O. Growth assessment was performed after 72 h of incubation at 30°C.

Growth sensitivity of the cells was validated in liquid culture using a microplate reader (Biotek
Instruments, Inc., USA), in 96-well plates after a predetermined duration. Cells were grown until the mid-
log phase, set to an optical density (OD) of 0.2, before treating the cells with predetermined copper
doses (0.5mM, 1mM, and 2mM). Graphs were generated by analyzing the data values in MS-Excel.

CUP1 induction experiments and real-time qPCR. CUP1 induction was carried out by growing cells
up to mid-log phase (OD range between 0.8 and 1); then, 0.5mM CuCl2·2H2O was added and cells were
incubated at 30°C. To monitor the CUP1 induction kinetics, cells were harvested at different time points
(0, 10, 20, 30, and 40 min) after copper addition. Total RNA extraction was carried out by the hot-phenol
method (71), and 1mg of RNA was used for cDNA preparation using an iScript cDNA synthesis kit (Bio-
Rad; cat. no. 1708891). Standard protocols were used for real-time PCR (KAPA; cat. no. KK4618).
Expression of CUP1 and other genes was normalized to that of an internal control, ACT1. Primers used
for gene expression analysis are listed in Table S4.

Western analysis. Exponentially growing cells were harvested and washed with trichloroacetic acid
(TCA). Whole-cell protein extraction was carried out by using a standard protocol with slight modifica-
tion (72). Cells were resuspended in 200ml of 20% TCA, and 0.5-mm glass beads were added and vor-
texed for 10min at room temperature (RT). The lysate was collected in another tube by piercing the
tubes from the bottom. Then, the lysate was centrifuged for 10min at 7,000 rpm, and the supernatant
was discarded. The protein pellet was washed using 0.5 M Tris-Cl (pH 7.5). The supernatant was
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removed, and the pellet was dissolved in 0.5 M Tris-Cl and 6� SDS loading dye. Samples were boiled at
100°C for 10min, followed by centrifugation at 13,000 rpm for 10 min. Immunoblotting was performed
by taking equal amounts of whole-cell extract (WCE) resolved on SDS-PAGE gel and blotting onto the
nitrocellulose membrane using a wet-electrotransfer system. Antibodies used in the Western blot analy-
sis were anti-myc (9E-10) and anti-His (gifted from Ram Kumar Mishra), anti-TBP (polyclonal sera gener-
ated in our lab), anti-TBP ChIP grade (gifted from Joseph C. Reese), anti-H3 (Sigma-Aldrich; H0164), anti-
H4 (SAB4500312), anti-H3K9ac (Abcam; ab69830), anti-H3K9acS10P (Sigma-Aldrich; H9161), anti-H4K8ac
(Abcam, 15823), anti-mouse IgG secondary antibody (926-32210), and anti-rabbit IgG secondary anti-
body (A32734). Blots were scanned under an Odyssey infrared imager (LI-COR Biosciences). The intensity
of H3, H3K9ac, and H3K9acS10P bands was quantified by using ImageJ software.

Chromatin immunoprecipitation. Cells were grown in selection medium (Trp2) up to mid-log
phase, induced with 0.5mM CuCl2 (treated), and allowed to grow for 10 min. Cross-linking was per-
formed with 1% formaldehyde for 15min at 25°C, followed by quenching using glycine for 5min. Cells
were harvested, washed, and resuspended in FA lysis buffer (50mM HEPES, 150mM NaCl, 2mM EDTA,
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail, and phenylmethylsul-
phonyl fluoride). Mechanical lysis was performed by using equal amounts of 0.5-mm glass beads and
briefly vortexing for 30 s followed by keeping on ice for 30 s, up to 5 times each. Sonication was carried
out using a Diagenode Bioruptor for 15 cycles of 30 s on/off. Following sonication, lysate clearing was
performed by centrifuging for 30min at maximum speed at 4°C. Of the total sonicated lysate (WCE),
100ml was taken as “input” and the rest was stored at 280°C for other IPs. The average size of sheared
chromatin ranged from 200 to 600bp. Chromatin immunoprecipitation was carried out overnight at 4°C
by incubating chromatin with 30ml bead slurry (Dynabead protein G, cat. no. 10003D; Thermo Fisher
Scientific) conjugated for 2.5 h at 4°C on a rotamer with the following antibodies: anti-myc (9-E-10), anti-
H3K9ac (Abcam; ab69830), anti-histone H3 (Abcam; ab1791), anti-H3K36me3 (ABE435S), and anti-TBP
(gifted from J. C. Reese). Washing of immunoprecipitated chromatin was performed under stringent con-
ditions using the following buffers: low-salt buffer (0.1% Triton X-100, 2mM EDTA, 0.1% SDS, 150mM
NaCl, 20mM HEPES), high-salt buffer (0.1% Triton X-100, 2mM EDTA, 0.1% SDS, 500mM NaCl, 20mM
HEPES), LiCl buffer (0.5 M LiCl, 1% NP-40, 1%, sodium deoxycholate, 100mM Tris-Cl [pH 7.5]), and 1�
Tris-EDTA (TE) buffer (pH 8). One hundred microliters of WCE was taken as input control. A de-cross-link-
ing step was performed at 65°C overnight. DNA isolation was carried out from both IP and input samples
as described previously (73). qPCR was performed using SYBR green mix (KAPA Biosystems; cat. no.
KK4618). Ace1 enrichment was normalized to the amount of input DNA and is represented as enrichment/

FIG 8 Pathways involved in copper homeostasis in S. cerevisiae and the role of N-terminal tail residues of H3 in
regulating CUP1 induction. Copper uptake is facilitated by transporters and ferric reductases (Ctr1, Ctr3, and Fre1/2),
and upon internalization, copper is delivered to its target sites by key copper chaperones (Ccs1, Atx1, and Cox17).
Copper is then utilized in various cellular processes, and enzymes such as SOD1 and CCO1 require copper as a
cofactor. When the concentration of copper increases inside the cells, the copper detoxification pathway mediated by
Cup1 and Crs5 MTs is induced. These MTs chelate copper to prevent toxicity. Cup1 MT is transcriptionally regulated
by activator protein Ace1 under copper excess conditions. We found that the mutations at the N-terminal tail region
of histone H3 hamper Ace1 and TBP binding during CUP1 induction; thus, cells fail to produce a sufficient amount of
Cup1 MT. Excessive amounts of intracellular copper trigger protein aggregation.
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input (%) (17). All the calculations were performed using the formula DCT = CT(ChIP) 2 [CT (input) 2 logE(2)

(input dilution factor)], where CT is cycle threshold; enrichment/input (percent) = 22DCT (17). The ChIP
experiments were conducted at least twice.

Fluorescence microscopy. Wild-type and copper-sensitive mutants were transformed with plasmid
pAG415-ADH1-SIS1-GFP. Transformed cells were grown in SC medium lacking leucine (SC-Leu medium)
until mid-log phase (OD600 of ;0.6) and treated with 0.5mM CuCl2 for 1 h. Cells were harvested and then
washed with 1� phosphate-buffered saline (PBS). Images were captured under �63 magnification using a
Zeiss-Apotome.2 fluorescence microscope (Zeiss, Jena, Germany). The l excitation/l emission for GFP is
488 nm/509nm. Images were processed using ZEN Pro 2012 software. Cells containing Sis1-GFP puncta
were counted (using ImageJ) and categorized into four groups (0, 1, 2 to 3, and.3 aggregates/cell).
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