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The genes transcribed by RNA polymerase III (Pol III) generally have intragenic promoter elements. One of
them, the yeast U6 snRNA (SNR6) gene is activated in vitro by a positioned nucleosome between its intragenic
box A and extragenic, downstream box B separated by ~200 bp. We demonstrate here that the in vivo
chromatin structure of the gene region is characterized by the presence of an array of positioned nucleosomes,
with only one of them in the 5’ end of the gene having a regulatory role. A positioned nucleosome present
between boxes A and B in vivo does not move when the gene is repressed due to nutritional deprivation. In
contrast, the upstream nucleosome which covers the TATA box under repressed conditions is shifted ~50 bp
further upstream by the ATP-dependent chromatin remodeler RSC upon activation. It is marked with the
histone variant H2A.Z and H4K16 acetylation in active state. In the absence of H2A.Z, the chromatin structure
of the gene does not change, suggesting that H2A.Z is not required for establishing the active chromatin
structure. These results show that the chromatin structure directly participates in regulation of a Pol III-
transcribed gene under different states of its activity in vivo.

In the budding yeast, ~300 genes transcribed by RNA poly-
merase III (Pol III) yield the short noncoding RNAs like
tRNA, U6 snRNA, and 5S rRNA, for example (25). The basal
transcription factor of Pol III, TFIIIC, binds to the two intra-
genic promoter elements, boxes A and B, and recruits the
initiation factor TFIIIB 30 bp upstream of the transcription
start site, which recruits Pol III in turn (18, 52). U6 snRNA is
conserved from yeast to mammals and is transcribed by RNA
Pol IIT (9). Unlike other Pol III-transcribed genes, box B in the
U6 snRNA gene (SNR6) of Saccharomyces cerevisiae is found
120 bases downstream of the terminator (10), positioning it
~200 bp away from box A, in contrast to the optimal 50- to
60-bp separation of the two found in most tDNAs. The TATA
box at the —30-bp position can drive the transcription in vitro
on naked DNA templates, but box B and TFIIIC are required
to relieve the chromatin-mediated repression of SNR6 (10, 11,
17), indicating that TFIIIC helps alter the chromatin structure
in favor of TFIIIB binding.

Active participation of chromatin in the transcription by Pol
II is well documented (30). In contrast, little is known about
the role of chromatin in regulation of Pol IlIl-transcribed
genes. This may be partly because of the prevailing notion that
Pol III-transcribed genes are devoid of nucleosomes (37, 66).
Recently, several genome-wide studies have reported associa-
tion of chromatin modifying complexes with Pol III-tran-
scribed genes. The chromatin remodeling complex of yeast,
Isw2, localizes to a large number of tDNAs (20) while RSC is
targeted to virtually all Pol III-transcribed genes (38). Histone
chaperone Asfl also localizes to many Pol III genes including
SNR6 (53). Global nucleosome depletion activates transcrip-
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tion of some unusual Pol III genes that are not transcribed
under normal conditions (23), showing a repressive role of
chromatin on Pol III transcription. All these studies suggest
that various chromatin remodeling and modification machin-
eries may be required even for the Pol III transcription in vivo.

Transcription by Pol III is tightly regulated in response to
growth stage, growth conditions, and stress by a central regu-
lator, Mafl (19, 65). Nutrient deprivation is known to down-
regulate Pol III transcription as well as Pol I transcription.
Nitrogen and carbon starvation especially leads to immediate
downregulation of transcription by Pol III (13, 42). Nutrient
availability is sensed by the TOR (target of rapamycin) path-
way, and the effects of starvation can be mimicked by the drug
rapamycin, which inhibits the TOR pathway (5). However,
there are no studies available on the response of chromatin
structure of Pol III-transcribed genes to repression.

The reported in vivo chromatin structure of SNR6, which is
lost in the absence of TFIIIC binding, has one nucleosome
downstream of the B box, an array of nucleosomes upstream of
the TATA box, and a subnucleosomal size (~100 bp) protec-
tion between boxes A and B (21, 35), leading to the idea that
the DNA between boxes A and B is occupied not by a nucleo-
some but by a non-histone protein like Nhp6 (21, 29, 34). Our
previous in vitro studies have shown that binding of TFIIIC
and TFIIIB to SNR6 leads to the positioning of a nucleosome
between boxes A and B as well as upstream of the TATA box
(56, 57). As these results strongly advocate for the presence of
a nucleosome between boxes A and B in vivo, we used histone
depletion and repression conditions to find the chromatin
structure of the SNR6 gene region in vivo. The results pre-
sented in this study unambiguously show the presence of a
nucleosome between the A and B boxes in vivo and explain the
previously reported subnucleosomal size protection (21) seen
between the A and B boxes in vivo. We identify RSC as the
remodeler, which keeps the TATA box nucleosome free, and
show the presence of the histone variant H2A.Z in the nucleo-
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TABLE 1. Yeast strains used in this study

Yeast strain Genotype Reference or source

UKY403 MATa ade2-101 his3-A200 leu2-3,112 lys2-80 trp1-A901 ura3-52 GAL+ thr tyr 24
arg4-1 Ah4-1 [HIS3+] Ah4-2 [LEU2+)/pUK421(TRP+, GALI-H4-2+)

MHY308 MATa ade2-101 his3-A200 leu2-3,112, lys2-801 trp1-A901 ura3-52 GAL+ thr tyr 24
arg4-1 Ah4-1 [HIS3+] Ah4-2 [LEU2+]/pUK499(URA3+ H4-2+)

FLAG-H2B MATa htal-htb1A::LEU2 hta2-htb2A::TRP1 leu2-Al ura3-52 trpl-A63 39
his3-A200/pFB1251 (HIS3 CEN ARS HTAI FLAG-HTBI)

RSC2-Myc MATa ura3-52 trp1-A63 his3-A200 leu2::PET56 RSC2-9Myc:TRP1 38

MW671-Myc MATao ade2-101 his3A-200 leu2-Al1 lys2-801 trpl-A63 ura3-52 rpcl60::HIS3 41
MAFI-13Myc:KanMX6 pC160-240(TRP1, 3HA-RPC160)

YM1730 MATa his3-A0 leu2-A0 ura3-A0 lys2-A0 hizl::Kan 36

SWRI1-TAP MATa his3-1 leu2-0 met15-0 ura3-0 SWRI-TAP:HIS 16

MW3993 MATao ura3-52 his3-A200 ade2-101 trp1-A63 lys2-801 leu2-Al rsc4-A4::HIS3 58

MW4019 MATo ura3-52 his3-A200 ade2-101 trp1-A63 lys2-801 leu2-Al rsc4-A4::HIS3 58
STHI-13Myc:KanMX6

YBLA467 MATa ura3-1 lys2A::hisG trpl-1 his3-11,15 leu2-3,112 canl-100 Htal-Flag:LoxP/ 31
Hta2-3FLAG:Kan

YBL325 MATa ura3-1 lys2A::hisG trpl-1 his3-11,15 leu2-3,112 canl-100 Hitzl- 31
3xFlagP:LoxP

YBL556 MATa his3-Al leu2-A0 met15-A0 ura3-A0 Hitz1-TAP:HIS 31

YBLS557 MATa his3-Al leu2-A0 met15-A0 ura3-A0 SWRIA::KANMX6 HtzI-TAP:HIS 31

YIW253 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 sas2A::TRP1 54

YJIW458 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 SAS4- 54
13Myc:kanMX6, SAS2-TAP:TRPI

YWIJS069 MATa his3-Al leu2-A0 met15-A0 ura3-A0 HTZI1-TAP:His3MX6 sas2A::kanMX 54

YTT196 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 isw2::LEU2 63

W3031a MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 Laboratory stock

some upstream of the TATA box. Our results suggest that this
variant does not affect gene expression but may be required for
demarcating the chromatin structure of a gene.

MATERIALS AND METHODS

Yeast strains and media. Yeast strains used in this study were gifts from
different sources, as listed in Table 1. Cells were grown in YEP (yeast extract and
peptone) medium containing either 2% glucose or 2% galactose. Cells were
nutritionally deprived by shifting to 0.15X YEP without any carbon source (47,
48) and allowed to grow for 1 h longer, unless otherwise stated.

In vivo chromatin structure analysis. Chromatin structure in vivo was ana-
lyzed by the indirect end-labeling (IEL) method (27), wherein instead of pure
nuclei, the spheroplasts were directly digested with micrococcal nuclease
(MNase). This is a rapid protocol which concludes in ~8 min, thus reducing the
chance for any change in chromatin structure due to prolonged stress. This is
more important here because Pol III transcription responds to cell wall stress,
and the transcription is repressed within a short time (64, 65). Cells were har-
vested and spheroplasted for 1 min (cells grown in galactose) or 40 s (cells grown
in glucose). Spheroplasts were incubated with 15, 30, or 45 U of MNase (GE
Healthcare) at 37°C for 4 min. DNA was extracted, digested with Pst1 and Ndel,
and resolved on a 1.5% agarose gel. Southern blots were probed with a 230-bp
PCR-amplified, 3*P-labeled DNA, located 822 bp downstream of the transcrip-
tion initiation site of SNR6, abutting the Pstl end. A 100-bp ladder run on the
same gel was transferred and probed separately for size-marking purposes.

Antibodies. Antibodies antihemagglutinin (HA), anti-H4K16Ac (Abcam),
anti-Myc (9E10) (Santa Cruz), FLAG-M2 agarose (Sigma), and immunoglobulin
G Sepharose (GE Healthcare) were purchased.

ChIP assays. For a better resolution in chromatin immunoprecipitation
(ChIP) assays, the formaldehyde cross-linked cells were digested with MNase to
get fragments predominantly of mono- or dinucleosomal size (33) with the
following modifications. Cells were fixed in 1% formaldehyde for 15 min in the
case of histones and Pol III and for 30 min for other factors. The chromatin was
digested with 50 U of MNase (GE Healthcare) by incubation for 40 min at 37°C.
Digestion was stopped by the addition of 10 mM EDTA, and the extract after
centrifugation was incubated with antibodies overnight at 4°C. An extract equiv-
alent to 20 optical density units of cells was used for each immunoprecipitation.
For ChIP assay using anti-Myc antibody, chromatin was fragmented by sonica-
tion while TAP-tagged cells were disrupted using glass beads instead of zymoly-
ase (3), and chromatin was digested with MNase. As ChIP assays with different

tags show different relative enrichment values for the same target, probably due
to the difference in the tag and the protocol followed, results of most of the
experiments were confirmed by using different tags for the same protein. As
shown in Fig. 1B (upper panel), three sets of primer pairs were used. The primer
pair Upstream amplifies the region from bp —174 to —96 upstream of the TATA
box, TATA-A box amplifies the region from bp —120 to +10 encompassing the
TATA box and transcription start site (+1), and the primer pair A-B boxes
amplifies the region from bp +61 to +187 between boxes A and B.

Real-time PCR and quantification. ChIP DNA was quantified in 10-pl reac-
tion mixtures by a real-time PCR method based on Sybr green chemistry (3)
using an ABI Prism 7900HT RT-PCR machine. Transcription by Pol III is absent
from the subtelomeric region of chromosome VIR (TEL VIR), which is nucleo-
somal in structure. Either TEL VIR or the nonchromosomal, mitochondrial gene
Cox3 was used as control regions for ChIP. Occupancies were calculated as the
relative enrichment above the control values and normalized against the value
for mock immunoprecipitation.

Expression analysis. Total RNA was isolated according to Schmitt et al. (51).
Primer extension to give cDNAs for U6 (98 bp) and a Pol II-transcribed U4 (116
bp) RNA was done using radioactively labeled primers, and products were
resolved on a 10% polyacrylamide-urea gel (57). Bands were visualized by phos-
phorimaging and quantified using Image Gauge (Fuji) software.

RESULTS

The yeast U6 snRNA gene is nucleosomal in vivo. To resolve
the nature of the reported subnucleosomal size protection
between boxes A and B of SNR6 in vivo, we used the yeast
strain UKY403 in which histone H4 can be depleted when the
cells are shifted from galactose to glucose for growth (24). The
IEL technique (62) was used to study the chromatin structure
of SNR6 under normal and histone depletion conditions (Fig.
1A). Since IEL is a low-resolution technique, the protections
due to TFIIIB or TFIIIC binding to the boxes cannot be seen,
and mappings can give an error of ~20 bp. Nevertheless, com-
pared to the naked DNA (lanes 1 and 2), we could see a
protection of 190- to 200-bp size between boxes A and B (Fig.
1A, dark gray oval, lanes 3 to 4 and 7 to 8), flanked by two
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FIG. 1. Yeast SNR6 is nucleosomal in vivo. (A) IEL analysis of the chromatin structure in strain UKY403 and its isogenic strain MHY308.
The cells grown in YEP-galactose medium to an Ag, of 0.7 were shifted to YEP medium containing glucose and harvested after 3 h. Gray ovals
denote the nucleosomal size protections. The dot denotes the single MNase cut between boxes A and B in the naked DNA. The short bar marks the
exposed region around the TATA box in the chromatin. (B) Nucleosome mapping on SNR6 by the ChIP assay. Chromatin with Flag-tagged histone H2B
was immunoprecipitated after MNase digestion using FLAG-M2 agarose and analyzed by real-time PCR for different regions of SNR6. The upper panel
shows the positions of different amplicons on the gene region. Numbers refer to the transcription initiation site (+1). Occupancies were calculated as
relative enrichment over the TEL VIR region, and the averages from three independent experiments, with error bars, are shown.

hypersensitive sites, one close to the A box (mapped to ap-
proximately bp +28) and one just upstream of the B box
(mapped to approximately bp +224). This protection persists
in the control strain MHY308 (lanes 5 to 6) when shifted to
glucose. But in UKY403, the MNase cut between boxes A and
B on the naked DNA (black dot) reappears in the chromatin
lanes (lanes 9 to 10) under the histone depletion conditions,
showing that the observed protection is nucleosomal. The re-
gion upstream of the A box, constituting the start site and
TATA box, remains exposed to MNase digestion under all
conditions, indicating that the whole stretch is devoid of nu-
cleosomes (short bars). Compared to the naked DNA diges-
tion pattern in lanes 1 and 2, the region upstream of the TATA
box in both of the strains grown in galactose show an array of
positioned nucleosomes from bp —70 (Fig. 1A, array of gray
ovals) upward. This mapping agrees with the previously re-
ported chromatin structure of SNR6, where high-resolution
mapping showed the spread of the nucleosome array starting
from bp —56 upward (35).

The IEL results shown in Fig. 1A indicate a nucleosome-free
region of ~100 bp covering the start site and TATA box
flanked by two positioned nucleosomes, one between boxes A
and B on the 3’ side and one upstream of the TATA box. We
confirmed these results by ChIP assay on the cells expressing
FLAG-tagged histone H2B. As shown in Fig. 1B, the region
between boxes A and B shows a high level of occupancy by
H2B, showing unambiguously that the region between the A
and B boxes is nucleosomal. The H2B occupancy over the
region covering the TATA box and start site was very low while
that over the region upstream of the TATA box was high, in
accordance with the IEL result. Thus, our ChIP assays with
MNase treatment could reproduce the IEL data quite well.

Under normal growth conditions, SNR6 is expressed at high
levels. The chromatin structure of SNR6 participates in activa-
tion of the gene (57) and may change under repressive condi-
tions. Therefore, we analyzed the in vivo chromatin structure
of the gene under repressed conditions.

Repression of Pol III transcription changes the chromatin
structure of the SNR6 gene in vivo. Transcription by Pol III is
severely curtailed under all stress conditions. The common
repressor under all stress conditions, Mafl, localizes to yeast
SNRG in vivo (41, 48) and represses SNRO6 transcription in vitro
(14, 44). We subjected yeast cells to nutritional deprivation by
shifting them to 0.15X YEP medium lacking a carbon source
for various periods of time. As U6 snRNA is highly stable (12,
58), no significant reduction is seen in RNA level even after 4 h
(see Fig. 4E) although repression can be established within 30
min. Therefore, we monitored SNR6 repression by analyzing
the status of the Pol III transcription machinery, expecting a
loss after repression. We checked for the occupancy of
RPC160, the largest subunit of Pol III, which is reported to
decrease under repression on tRNA genes (41). The ChIP
assays on a strain harboring the RPC160 gene with three cop-
ies of an N-terminal HA tag showed that RPC160 occupancy
drops drastically under repression for 40 min over both the
TATA-A box region and the A-B boxes (Fig. 2A).

In contrast to Pol III occupancy, a time course study of H2B
(FLAG tagged) levels over the TATA-A box region under
repression shows a steady increase with time, demonstrating an
approximately 10-fold increase after 40 min of repression (Fig.
2B). Therefore, we analyzed the SNR6 chromatin structure
under repression by the IEL method (Fig. 2C). The upstream
nucleosome (Fig. 2C, gray oval) (bp —70 to —240) is lost, and
the TATA-A box region, which is exposed (short bar) in the
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FIG. 2. Chromatin structure of SNR6 under repression. Nutrient deprivation in 0.15X YEP medium lacking glucose was used to repress Pol
III transcription. Occupancies were calculated as relative enrichment over the TEL VIR region, and the averages from three independent
experiments, with error bars, are shown. (A) ChIP assays showing occupancy of the HA-tagged RPC160 over SNR6 in wild-type cells without
(active) or with repression for 40 min (repressed). (B) Progressive increase in occupancy of the FLAG-H2B over TATA-A box region under
repressed condition. (C) In vivo IEL analysis of chromatin before (lane 1) and after shifting the cells to 0.15X YEP medium for 1 h (lanes 2 to
4). Lane A, control sample under active state without repression. Gray ovals denote the position of a nucleosomal protection region. Arrowheads

with numbers indicate the positions of MNase cut sites.

active growth state (lane 1), shows a nucleosomal size protec-
tion (+28 to —123) (Fig. 2C, dark gray oval, lanes 2 to 4) with
a 5’ hypersensitive boundary under repressed conditions. The
nucleosome between boxes A and B is not lost as TFIIIC
continues to occupy the gene under repression (47), in agree-
ment with our previous observation that positioning of this
nucleosome is TFIIIC dependent (57). No other change in
nucleosomal array in the region further upstream is visible.
This observation suggests that the response of the chromatin
structure to repressive signals consists of altering the position
of only one nucleosome in the upstream region of the gene out
of a long array of positioned nucleosomes.

The nucleosome upstream of the TATA box consists of the
histone variant H2A.Z. In contrast to an increase in H2B levels
over the TATA-A box region (Fig. 2B) after 40 min of repres-
sion, no difference is seen in the H2B levels over the upstream
region while the level goes up between boxes A and B by
1.8-fold (Fig. 3A). Similarly, ChIP assays using a strain carrying
a FLAG tag on both of the H2A genes (Fig. 3B) shows an
increase of approximately twofold over the A-B box region and
~10-fold over the TATA-A box region, comparable to the
increase in H2B levels under repression. Surprisingly, H2A
occupancy for the upstream nucleosome increased threefold
upon repression, unlike H2B (compare Fig. 3A and B). This
observation suggested a different dynamics for the upstream
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region and a possibility that the upstream nucleosome contains
a variant H2A under active conditions, which is replaced by the
canonical H2A under repression. Moreover, there is a signifi-
cant overlap between the upstream and TATA-A box primer
positions (Fig. 1B) as well as two alternative positions of the
upstream nucleosome (Fig. 2C), which may be the reason for
continued histone signals in this region under repression.

A recent global study (2) has shown the presence of H2A.Z,
the only H2A variant in budding yeast, coded by the HTZ1
gene, in the flanking regions of tRNA genes and in a single
nucleosome upstream of SNR6 (http://nucleosomes.sysbio.bx
.psu.edu/yeast-h2az/?chrom=12&feature=366236). To check
for the presence of H2A.Z in the upstream nucleosome by
ChIP assay, yeast strains harboring FLAG-tagged (Fig. 3C),
HA-tagged, or TAP-tagged Htz1 (data not shown) were used.
Though the absolute values were different, all three ChIP as-
says for Htz1 show low signal over the A-B box region and high
enrichment in the upstream nucleosome (Fig. 3C). Our ChIP
assay thus shows the presence of Htzl containing the nucleo-
some on SNR6 at the same position as found in the whole-
genome map (2). Further, ChIP assays for Htz1-FLAG (Fig.
3C) and Htzl-HA (data not shown) in the upstream nucleo-
some revealed a drastic drop of Htz1 occupancy upon repres-
sion. These results show that Htz1 in the upstream nucleosome
is replaced by H2A under repression, as evident from the
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FIG. 3. Enrichment of the upstream nucleosome with the histone variant H2A.Z. Occupancies were calculated as relative enrichment over the
TEL VIR region. Results from ChIP assays showing averages from three independent experiments with error bars are shown. (A) Occupancy of
the FLAG-H2B over upstream, TATA-A box, and A-B box regions under active or repressed state. (B) Occupancy of the FLAG-H2A over
upstream, TATA-A box, and A-B box region in YEP medium with glucose or after 1 h of repression. (C) Occupancy of Htz1-FLAG on the

upstream and A-B box regions of SNR6 after 1 h of repression.
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FIG. 4. Deposition of Htzl in the upstream nucleosome does not affect SNR6 expression. Occupancies were calculated as relative enrichment
over the control region, and the averages from three independent experiments with error bars are shown in each of the panels. (A) Effect of
repression and Sas2 deletion on H4K16 acetylation levels in the upstream nucleosome with respect to the TEL VIR region. (B) Occupancy of
Sas2-TAP over SNR6 relative to the TEL VIR region decreases under repression. For both panels A and B, values are compared with the
occupancy over the A-B box region. (C) Swrl-TAP occupancy over SNR6 relative to the TEL VIR region. (D) Htz1-TAP occupancy in wild-type,
swrlA, and sas2A cells compared to the Cox3 region. (E) Time course analysis of the effect of repression on the U6 RNA level in the absence of
Htzl. Total RNA was isolated from wild-type and Ahtz/A cells and reverse transcribed with radioactively labeled primers specific for U6 snRNA
and Pol II-transcribed U4 snRNA. (F) In vivo IEL analysis of chromatin before (lane 3) and after shifting the AtzIA cells to 0.15X YEP medium
for 1 h (lanes 4 and 5). Control (lanes 1 and 2) shows chromatin of wild-type cells under repression. Gray oval denotes the position of a nucleosomal
protection region, while the bar shows the exposed region around the TATA box under the active state in lane 3. Arrowheads mark the positions

of the MNase cut sites.

decrease in Htzl (Fig. 3C) and increase in H2A (Fig. 3B)
under repression. Deposition of H2A.Z in this nucleosome is
probably not related to the transcription of the solo & element
present in the upstream region of U6, as discussed later.

The upstream nucleosome is acetylated at H4K16 by the
SAS complex. The relationship between Htz1 and histone acet-
ylation is well documented. Acetylation of lysine at the 16th
position (K16) of histone H4 is required for blocking the
spread of heterochromatin near telomeres (28, 60), and
HA4K16 acetylation is required for subtelomeric incorporation
of Htzl (54). Therefore, we measured the H4K16 acetylation
level in the upstream region of SNR6. A ChIP assay with
antibodies specific for acetylated H4K16 shows that, compared
to the A-B boxes, the upstream nucleosome is enriched with
acetylation at H4K16, and, similar to Htz1, this modification
is lost under repressive conditions (Fig. 4A), suggesting that
it may be closely related to association of Htzl with the
upstream nucleosome in the active state of the gene. Acet-
ylation of H4K16 in yeast is carried out by the SAS complex
(55, 61). ChIP assays for H4K16 acetylation in a sas2A strain
did not show any enrichment in the upstream nucleosome,
indicating that the SAS complex is responsible for this acet-
ylation (Fig. 4A).

To confirm that SAS is recruited to SNR6, we performed a
ChIP assay for two subunits of SAS complex using the strains
harboring Sas2-TAP or Sas4-myc. Compared to the region
between the A and B boxes, the results show a clear enrich-
ment of Sas2 (Fig. 4B) as well as Sas4 (data not shown) over

both the TATA-A box and the upstream regions. Similar to
acetylated H4K16, SAS occupancy over both of these regions is
also reduced under repressed conditions (Fig. 4B). Results
suggest that in the active state, the upstream nucleosome is
marked with H4K16 acetylation by the SAS complex.

H2A.Z in the upstream nucleosome is deposited by the
SWR1 complex. The results shown in Fig. 3B and C suggest
that the histone H2A in the upstream nucleosome is replaced
by the variant H2A.Z under the active state. The SWR1 com-
plex in yeast is reported to exchange Htzl with H2A in an
ATP-dependent manner (46). A ChIP assay for the TAP-
tagged Swrl subunit of SWR1 complex shows an enrichment in
the TATA-A box as well as the upstream region of the gene,
probably due to the overlapping region of the two amplicons
(Fig. 1B). Nevertheless, that Swrl occupancy is approximately
twofold higher over the TATA-A box region than over the
upstream nucleosome region (Fig. 4C) suggests that Swrl is
localized close to the TATA box. Thus, it is possible that the
Pol III machinery sitting at the TATA box recruits SWR1. As
expected, the occupancy was low over the A-B box region. No
significant difference in Swrl occupancy upon repression is
seen anywhere (Fig. 4C). However, compared to the wild type,
no Htz1-TAP enrichment in the swrlA background is seen in
the upstream nucleosome (Fig. 4D), confirming that the SWR1
complex is responsible for the Htzl deposition near SNR6.
These results show that active transcription of SNR6 marks the
region upstream of the TATA box with a positioned nucleo-
some containing Htzl in an Swrl-dependent manner.
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FIG. 5. Chromatin structure of SNR6 in RSC4-A4 mutants. (A) The strain MW4019 differs from MW3993 in having the RSC subunit Sth1 as
Myc tagged. IEL analysis shows the shift of an upstream nucleosome with an RSC4 mutation. Yeast cells were grown in YEP medium containing
glucose to an A, of 0.7. Gray ovals denote the nucleosomal size protections, and the bar marks the exposed region in lanes 1 and 2. The dot
denotes a cut by MNase at the bp —70 position, and the asterisk denotes the new cut site spanning the bp —123 to —178 position. (B) Effect of
repression on the occupancy of the Myc-tagged RSC subunits, RSC2 (RSC4 wild type), and Sth1 (RSC4 mutant MW4019).

H2A.Z deposition in the upstream nucleosome does not
require H4K16 acetylation. Acetylation of H4K16 is required
for subtelomeric incorporation of Htzl (54). We asked
whether H4K16 acetylation is a prerequisite for Htz1l deposi-
tion in the upstream nucleosome of SNR6. Since we see the
loss of H4K16 acetylation in the upstream nucleosome in a
sas2A strain (Fig. 4A), we checked for Htz1-TAP occupancy in
the sas2A background. However, since the loss of SWRI1 or
HA4K16 acetylation impairs the Htz1l deposition on the sub-
telomeric region in sixth chromosome (TEL VIR), we used the
mitochondrial Cox3 gene to normalize the Htz1-TAP occu-
pancy in swrlA and sas2A strains. Surprisingly, sas2A cells do
not show a decrease in the enrichment of Htzl1 in the upstream
nucleosome (Fig. 4D). These results with sas2A thus suggest
that H4K16 acetylation is not a prerequisite for Htz1 deposi-
tion in the upstream nucleosome.

H2A.Z deposition is not required for SNR6 expression. Htz1
has a wide variety of roles from transcription regulation to
chromosomal stability (26, 45). To know the significance of the
presence and dynamics of Htzl in SNR6 transcription, we
quantified the U6 transcript levels relative to U4 RNA levels in
both wild-type and AtzIA cells under active as well as repressed
states (Fig. 4E). The results show that though RNA levels do
not change due to repression, the presence of Htzl appears to
be slightly repressive for active transcription by Pol III in the
wild-type cells. A small increase in the U6 transcript levels in
htzIA is maintained even after 2 h of repression, suggesting
that the chromatin structure in the absence of Htzl may be
different.

We compared the in vivo chromatin structure of the hfzIA
cells with that of wild-type cells under active or repressed
conditions by the IEL method (Fig. 4F). Chromatin structure
in both types of cells was indistinguishable under repressed
conditions, showing the presence of a nucleosome covering the
TATA box (Fig. 4F, gray oval, compare lanes 4 and 5 to lanes
1 and 2). The TATA box region remains exposed (short bar,
lane 3) in the absence of H2A.Z under active conditions. Re-
sults shown in Fig. 4E and F suggest that H2A.Z must be
regulating SNR6 expression through an unknown, indirect

mechanism without having a direct effect on the chromatin
organization.

Chromatin remodeling by RSC in the upstream region of
SNRG6. The demonstration that an ATP-dependent remodeling
activity is required in vitro to generate a chromatin structure
(56, 57) similar to the in vivo structure as reported here and
elsewhere (35) prompted us to explore the effect of different
ATP-dependent chromatin remodelers on SNR6 chromatin
structure in vivo. Two chromatin remodelers, RSC and Isw2,
are recruited to Pol II-transcribed genes (38, 20). Unlike
results with tRNA genes (4), we did not find any effect of either
Isw1 or Isw2 on SNR6 chromatin (data not shown). A deletion
of 4 amino acids from the C terminus of the RSC4 subunit
(RSC4-A4) of the RSC complex abolishes RSC interaction
with Pol III, and this mutant is defective in SNR6 transcription
also (58). Therefore, we explored the chromatin structure of
SNRO6 in two RSC4-A4 mutant strains, MW3993 and MW4019,
by the in vivo IEL method. Strikingly, we could find that the
entire region encompassing the TATA box and start site in
both the mutant strains is protected from MNase cleavage
(Fig. 5A). This region, exposed in the wild-type strain, becomes
nucleosomal in the mutants (Fig. 5A, dark gray oval, lanes 3 to
6 versus lanes 1 to 2). Similar to results under repressed con-
ditions (Fig. 2C), mapping of the cut sites measured the pro-
tection as ~150 bp, from position +28 to —123, indicating the
presence of a positioned nucleosome covering the TATA box
and start site. The region upstream of the bp —125 position
encompasses a hypersensitive region of ~57 bp size (Fig. 5A,
asterisk) (from bp —123 to —180). Therefore, the ~60-bp
region further upstream (from bp —180 to —240) is probably
nonnucleosomal. The nucleosome between boxes A and B is
retained, and no other change is seen in the nucleosomal array
further upstream of bp —240. This observation reveals the
possibility that during activation in the wild-type cells, RSC
slides a positioned nucleosome from the TATA box to the
upstream region. We had reported earlier a similar chromatin
remodeling after TFIIIB binding to the TATA box in vitro that
results in positioning of a nucleosome upstream of the TATA
box (56). Similarly, recruitment of Isw2p by TFIIIB is also
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known to affect the chromatin upstream of some tRNA genes
(4). To prove that this remodeling may indeed be due to RSC
action, we confirmed its presence on the gene by the ChIP
method. As previously reported (58), ChIP of myc-tagged
RSC2 in the wild-type or myc-tagged Sthl in the RSC4-A4
strain (MW4019) shows that both wild-type and mutant ver-
sions of RSC are recruited to the gene (Fig. SB). Absence of
RSC interaction with Pol III in the RSC4-A4 mutant suggests
that Pol III is not required for recruitment of RSC but that the
remodeling activity needs the interaction with Pol III. Earlier
studies from our laboratory have shown a two-step chromatin
remodeling mechanism wherein a similar remodeling in the
upstream region required the recruitment of a remodeler by
TFIIIB. Thus, it is possible that RSC is recruited by TFIIIB,
but its contact with Pol III is required for the remodeling of the
chromatin in the upstream gene region.

The ChIP data have shown that H2A and H2B occupancies
over the TATA-A box region increase upon repression (Fig.
3A and B), while the nucleosome positions over the TATA box
in the RSC4-A4 mutant (Fig. 5A) and repressed wild-type cells
(Fig. 2C) are similar. These observations suggest that under
repressive conditions, the RSC-mediated remodeling over
SNR6 may be abolished. A ChIP assay shows that RSC occu-
pancy over SNR6 under repression goes down by twofold in
both wild-type and RSC4-A4 mutant strains (Fig. 5B). This
result confirms that the loss in remodeling activity of RSC
under the repression conditions is responsible for the in-
creased occupancy of histones over the TATA region under
repression. Results also show that loss of RSC from the gene
after TFIIIC binding probably helps repression set in, as
TFIIIB alone is not enough to transcribe SNR6 chromatin (56).

Taken together, results presented in this study have shown
that the chromatin structure of yeast SNR6 in vivo has a posi-
tioned nucleosome between boxes A and B and that another
nucleosome is positioned upstream of its proximal sequence
element (PSE)-like element due to chromatin remodeling in
the TATA box-A box region by RSC. The gene is regulated by
controlling the availability of the TATA box for the active
preinitiation complex formation through mobility of this up-
stream nucleosome under various conditions, which is marked
by the presence of the histone variant H2A.Z and acetylation
at H4K16. These markings and chromatin modifiers are lost
when the gene is repressed whereas the chromatin remodeling
by RSC is independent of the H2A.Z deposition in the up-
stream nucleosome. The results suggest that while the down-
stream nucleosome in the transcribed region may provide the
necessary template structure for the transcription, the up-
stream nucleosome may be regulatory in nature.

DISCUSSION

DNA between the A and B boxes is compacted by a nucleo-
some in vivo. A non-histone protein like Nhp6 and not a
nucleosome was suggested to occupy the DNA between boxes
A and B of SNR6 (21, 29). However, Nhp6 deletion does not
show any change in the MNase digestion pattern between
boxes A and B (34), and recent reports suggest that the major
role for Nhp6 in Pol III transcription may be in stabilization of
the TFIIIB-DNA complex (7). Evidence provided by our stud-
ies for the presence of a nucleosome between the boxes A and
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B of yeast SNR6 in vivo has revealed the possibility that Pol III
transcribes the DNA wound over a nucleosome in SNR6. Ac-
cording to our results, approximately one turn of the nucleo-
somal DNA (5’ half) is constituted by the transcribed region of
the gene. The read-though and transcription of this nucleo-
some by Pol III during active transcription may result in the
disruption of the histone-DNA contacts only in the transcribed
region. This probably generates an altered structure in its 5’
half and makes the nucleosome less static, which may be the
reason for the subnucleosomal size protection toward the 3’
half in high-resolution footprinting studies reported by others
(21). Stabilization of this nucleosome under repressive condi-
tions may be the reason for the observed twofold increase in
H2A and H2B occupancy in the A-B box region upon repres-
sion (Fig. 3). The loss of the H2A-H2B dimer or an altered
nucleosome structure during active transcription can lead to a
more exposed nucleosomal DNA. The possibility of a role for
FACT (facilitates chromatin transcription) or other factors
involved in the exchange of the H2A-H2B dimer during tran-
scription, as in the case of Pol II genes, cannot be excluded at
this stage.

A positioned nucleosome in the upstream region of the U6
snRNA genes. In vertebrates, U6 promoter is completely up-
stream without any B box element. The role of a positioned
nucleosome in the upstream region of human U6 gene tran-
scription is well documented (59, 67). The positioned nucleo-
some on the human U6 brings together two regulatory ele-
ments, PSE and distal sequence element, located upstream at
positions —70 and —220 bp, respectively (67), while in case of
yeast the positioned nucleosome brings boxes A and B to-
gether in the region downstream of the start site (57). Yeast
has a PSE-like element at bp —48 to —59, although it is dis-
pensable for transcription (17). Interestingly, we now find that,
similar to the human U6, a nucleosome is positioned upstream
of the region from bp —60 to —70 in the yeast U6 gene. These
observations indicate that though the promoter structures of
yeast and human U6 are entirely different, they have probably
evolved through similar chromatin regulatory mechanisms.

Nutrient deprivation reduces total transcription activity, in-
cluding that due to Pol II. In yeast, a Tyl long terminal repeat
(YLRC®5) is located at bp —91 to —425 upstream of the
transcription initiation site of the U6 snRNA gene. Solo &
elements lack the internal epsilon (g) region (49), which con-
stitutes the downstream activating sequences necessary for ac-
tive Tyl transcription. The solo & transcription is reduced to
low-level basal transcription if no enhancer elements are
present nearby (6, 32). There are no Pol II enhancer elements
near YLRCS5, ruling out the possibility of its active transcrip-
tion. In the absence of any regulatory regions, no changes in
the basal transcription of YLRC35 are expected under starva-
tion conditions, eliminating the possibility that Htz1 deposition
is related to transcription of the long terminal repeat. Thus,
Htz1 deposition in the upstream nucleosome may be directly
related to U6 transcription.

Expression-related chromatin remodeling of yeast SNR6 in
vivo. Binding of TFIIIC and TFIIIB to SNR6 chromatin in
vitro leads to ATP-dependent chromatin remodeling whereby
one nucleosome is positioned between boxes A and B and one
nucleosome over the TATA box is shifted further upstream
(56). This study shows that a similar mechanism operates in
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FIG. 6. Changes in the chromatin structure of SNR6 under active
or repressed conditions. For clarity, Pol III transcription machinery,
which remains on the gene even under repression, is omitted. The bar
denotes the DNA region exposed under these conditions. The position
of the nucleosome between the A and B boxes (dark gray oval) does
not change while the upstream nucleosome (shown in light gray)
moves. When the gene is activated, RSC, SWR1, and SAS complexes
are recruited to the gene. RSC slides one nucleosome to a position
upstream of the TATA box, and H2A in this nucleosome is exchanged
with H2A.Z by the SWR1 complex. The SAS complex acetylates
H4K16. When the gene is repressed, RSC, SAS, and H2A.Z are lost,
and this nucleosome goes back to cover the TATA box and transcrip-
tion start site.

vivo and identifies RSC as the remodeler, which shifts the
nucleosome from the TATA box region to a position further
upstream, resulting in stabilization of the TFIIIB-DNA com-
plex and transcriptional activation. As depicted in Fig. 6, the
chromatin structure of SNR6 under repressed conditions has
an array of positioned nucleosomes with only a short gap (~80
bp long) in a nucleosome-free region upstream of its nonfunc-
tional PSE-like element (Fig. 6, upper panel, bar). Under the
active state, several chromatin modifying activities are re-
cruited in the upstream region, most probably by the transcrip-
tion preinitiation complex, which result in the upward shift of
the nucleosome covering the TATA box. As the position of
only one nucleosome in the upstream region, out of a long
array of positioned nucleosomes, is changed, it appears that
this nucleosome may be regulatory in nature and may require
unique markings. In concurrence with this requirement, acet-
ylation of histone H4K16 and replacement of histone H2A
with its variant H2A.Z are found only in this nucleosome (Fig.
6, light gray oval). With repression of the gene, these markings,
which are not found on any other nucleosome on the gene, are
lost, and the nucleosome returns to the ground state, making
the TATA box and start site unavailable. However, the nucleo-
some between boxes A and B is not lost under repression as it
is TFIIIC dependent (57), and TFIIIC does not leave the gene
under repression (47). This observation is also in agreement
with an earlier report that the continuous presence of a DNA-
binding protein is required to maintain chromatin structure
(43). Under stress conditions, reduced/altered activity of
TFIIIC or TFIIIB is proposed to be the reason behind the
decline in Pol III transcript levels (13). Our studies show that
the chromatin structure directly participates in the activation
process of this Pol III-transcribed gene.

Role of H2A.Z in expression of Pol III-transcribed genes.
The transcription machinery of Pol III can influence the local
chromatin structure (40). A recent global study has shown the
presence of H2A.Z containing nucleosomes in the flanking
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regions of tRNA genes (2). Our ChIP assay confirms the data
from the whole-genome mapping study that a nucleosome on
SNR6 contains H2A.Z (2). All of these observations suggest
that the presence of H2A.Z may also have relevance to the
transcription of the genes transcribed by RNA Pol I111. H2A.Z
is reported to regulate Pol II transcription (1, 46, 50) as well as
mark the repressed Pol II-transcribed genes for rapid induc-
tion (8, 22). As H2A.Z is also known to prevent ectopic spread-
ing of silent heterochromatin (36), the reported block of het-
erochromatin spread by tRNA genes (15) may also be related
to the presence of an H2A.Z-containing nucleosome in the
flanking regions of these genes (2). The presence of H2A.Z in
the upstream nucleosome of SNR6, in contrast, does not ap-
pear to have a similar function. Our results show that the
presence of H2A.Z is not required for SNR6 expression, but its
presence gives lower RNA levels under the active state. It
appears that the deposition of H2A.Z in the upstream nucleo-
some, which would eventually be the target of remodeling
under repression, is opposite from the effect seen on the Pol
II-transcribed genes and may be to keep the transcript levels
under check in the active state. Unlike Pol II-transcribed
genes, the A-B box nucleosome in the transcribed region does
not have H2A.Z, again suggesting that Pol IIl-transcribed
genes may be following different pathways to regulate chroma-
tin-related issues. Thus, the results in this study have shown for
the first time that there is active participation of chromatin
structure in the regulation of a small gene like SNR6 tran-
scribed by Pol III and that the histone variant H2A.Z anno-
tates the gene in its active state.
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