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Abstract

can also contribute to proper chromatin architecture.

Objective In past work in budding yeast, we identified a nucleosomal region required for proper interactions
between the histone chaperone complex yFACT and transcribed genes. Specific histone mutations within this region
cause a shift in yFACT occupancy towards the 3'end of genes, a defect that we have attributed to impaired yFACT
dissociation from DNA following transcription. In this work we wished to assess the contributions of DNA sequences
at the 3'end of genes in promoting yFACT dissociation upon transcription termination.

Results We generated fourteen different alleles of the constitutively expressed yeast gene PMAT, each lacking a
distinct DNA fragment across its 3'end, and assessed their effects on occupancy of the yFACT component Spt16.
Whereas most of these alleles conferred no defects on Spt16 occupancy, one did cause a modest increase in Spt16
binding at the gene’s 3'end. Interestingly, the same allele also caused minor retention of RNA Polymerase Il (Pol Il)
and altered nucleosome occupancy across the same region of the gene. These results suggest that specific DNA
sequences at the 3'ends of genes can play roles in promoting efficient yFACT and Pol Il dissociation from genes and
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Introduction

Whereas the mechanisms that lead to eukaryotic tran-
scription termination and disengagement of RNA Poly-
merase II (Pol II) from protein-encoding genes are well
understood [1], those that control dissociation of tran-
scription elongation factors from DNA following tran-
scription are not as well defined. In previous work using
the Saccharomyces cerevisiae model system, we showed
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that specific amino acid substitutions within the ISGI
(Influences Sptl6-Gene Interactions) region of the
nucleosome cause a shift in occupancy of the transcrip-
tion elongation factor Sptl6 towards the 3’ end of tran-
scribed genes, a defect we have attributed to impaired
dissociation of Sptl6 following transcription termina-
tion [2]. Notably, the strongest ISGI mutants cause only
minor perturbations in Pol II-gene occupancy, suggest-
ing that disengagement of Spt16 and Pol II can at least
in part be uncoupled from each other [3, 4]. However,
other studies have shown that mutant versions of pro-
teins required for proper Pol II dissociation from the 3’
end of genes also partially impair Spt16 dissociation, thus
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providing evidence that Sptl6 dissociation is partially
dependent on Pol II termination [5].

Sptl6 is a component of the highly conserved histone
chaperone complex FACT (FAcilitates Chromatin Tran-
scription/Transactions), which in yeast also contains
the protein Pob3 [6-9]. Results from several groups are
consistent with a model in which yeast FACT (yFACT)
is first recruited to a gene promoter through interactions
with a partially unwrapped+1 nucleosome and then trav-
els across the gene in a processive manner with assistance
from the chromatin remodeler Chd1l [10, 11] to facili-
tate both reassembly and disassembly of nucleosomes,
with the latter activity being more critically important
for normal cellular functions [12]. The importance of
proper FACT function for organismal health is high-
lighted by recent work showing a correlation between
reduced Sptl6 activity and presentation of neurodevel-
opmental abnormalities in human patients [13]. Similar
neurodevelopmental disorders have also been associated
with expression of mutant versions of the human histone
H3.3 protein — interestingly, one of these mutants (H3.3-
L61R), which was identified in separate studies in two dif-
ferent patients [14, 15], corresponds to the strongest ISGI
mutant we have identified in yeast [16, 17], thus provid-
ing a possible connection between abnormal yFACT dis-
sociation from genes and human disease.

In addition to specific nucleosomal features (e.g., the
ISGI region) and other proteins (e.g., proteins that pro-
mote Pol II dissociation), it is possible that dissociation of
yFACT from genes also requires specific DNA sequences
at the 3’ end of genes. For example, DNA sequences
could serve as binding sites for proteins that are recruited
to termination sequences and subsequently cause yFACT
to disengage from the DNA, they could assemble into
either particularly stable or unstable nucleosomes (either
of which could in turn promote yFACT dissociation),
or they could inherently destabilize yFACT-DNA inter-
actions in ways similar to those recently reported for
T-tracts in promoting destabilization of Pol II at termi-
nator regions [18]. To test for possible roles for DNA
sequences in controlling yFACT dissociation, we used
the constitutively expressed gene PMAI as a model
and generated fourteen distinct deletions within its 3’
region and assessed their effects on Sptl6 occupancy.
We found that one of these deletions caused a modest
increase in Sptl6 binding, as well as minor retention of
Pol II and alterations in nucleosome occupancy, across
the 3’ region of the gene. Overall, these results suggest
that DNA sequences across termination regions can
play roles in promoting dissociation of yFACT and Pol II
from genes as well as in maintaining proper chromatin
environments.
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Results and discussion

To test for possible contributions of DNA sequences
on the dissociation of yFACT from transcribed genes,
we generated fourteen distinct 68 base-pair tandem
internal deletions across the 3’ region of the PMAI
gene and tested their effects on Sptl6é occupancy using
the chromatin immunoprecipitation assay followed by
quantitative PCR (ChIP/qPCR). PMA1 was chosen for
these experiments since it is a highly and constitutively
expressed gene and one that we have utilized extensively
in past studies when assessing the effects of histone
mutants on yFACT-chromatin interactions. The PMAI
internal deletions (diagrammatically shown in Fig. 1A)
were constructed through a homologous recombination
strategy in strains that had the LEUI gene — which is
located directly downstream from PMA1 and encodes an
enzyme required for leucine biosynthesis — either com-
pletely or partially replaced with either the L/RA3 or HIS3
nutritional markers. Transformation of these strains with
PCR products harboring regions homologous to the
locus but with gaps across their lengths corresponding
to the desired deletions (introduced through the design

Table 1 Saccharomyces cerevisiae strains

Strain Genotype
yADP141 MATa ura3A0 his3A200
yADP142 MATa ura340 his3A200 PMAT-
3ID1(deletion + 2758 through + 2825)*
yADP143 MATa ura3A0 his3A200 PMA1-
3'ID2(deletion + 2826 through + 2893)*
yADP144 MATa ura3A0 his3A200 PMA1-
3'ID3(deletion + 2894 through + 2961)*
yADP145 MATa ura340 his3A200 PMAT-
3'ID4(deletion + 2962 through + 3029)*
yADP146 MATa ura3A0 his3A200 PMA1-
3'ID5(deletion + 3030 through + 3097)*
yADP147 MATa ura340 his3A200 PMA1-
3'ID6(deletion + 3098 through + 3165)*
yADP148 MATa ura340 his3A200 PMAT-
3'ID7(deletion + 3166 through + 3233)*
yADP149 MATa ura340 his3A200 PMAT-
3'ID8(deletion + 3234 through + 3301)*
yADP150 MATa ura3A0 his3A200 PMA1-
3'ID9(deletion + 3302 through + 3369)*
yADP151 MATa ura3A0 his3A200 PMA1-
3ID10(deletion + 3370 through + 3437)*
yADP152 MATa ura340 his3/A200 PMAT-
3ID11(deletion + 3438 through + 3505)*
yADP153 MATa ura3A0 his3A200 PMA1-
3'ID12(deletion + 3506 through + 3573)*
yADP154 MATa ura340 his3/A200 PMA1-
3'ID13(deletion + 3574 through + 3641)*
yADP155 MATa ura340 his3/A200 PMAT-

3'ID14(deletion + 3642 through + 3709)*

*Coordinates of the internal deletions (ID#) are relative to the +1 position of
the “A” of the ATG start codon of the PMAT open reading frame, which ends at
nucleotide position+2757
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Fig. 1 (See legend on next page.)

of the forward primers used in the PCR reactions) led to
the generation of each internal deletion in situ, recon-
stitution of the wild-type LEUI gene (which allowed for
selection of the desired recombination events on media
lacking leucine), and loss of the LURA3 or HIS3 markers.
Thus, all the strains assayed in this study (see Table 1) are

isogenic to each other except for the presence of distinct
68 base-pairs deletions across the 3’ region of their PMA1
gene (or absence of a deletion in the case of the wild-type
control strain).

Following the generation and validation of the strains
by Sanger sequencing, we carried out Spt16-ChIP/qPCR
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Fig. 1 Assessment of effects of PMAT 3-internal deletions on Spt16 and Rpb3 occupancy across the 3'region of PMAT.(A) Cartoon representation of the
PMAT-LEUT region, with arrows indicating the direction of transcription of both genes. Internal deletions within the 3'region of the PMAT gene are indi-
cated by the alternating light-blue and purple segments, with their corresponding numbers, 1-14, indicated. The ChIP amplicons represent the regions
amplified in the gPCR experiments following the ChlIP steps that were used to assess Spt16 and Rpb3 binding. Previously identified PMAT cleavage/poly-
adenylation sites (pA sites, [20]) and the major LEUT transcription start site (7SS, [23]) are indicated. The approximate region of transcription termination
at PMAT in wild-type cells is also shown: this is based on our previous Pol Il ChIP data showing robust Pol Il binding at region 3081-3170 and strongly
decreased binding at region 3373-3442 [5] which, combined with the location of the most downstream pA site at position 3277, place the approximate
region of transcription termination across region 3277-3442. (B) Results from ChIP/gPCR experiments assessing occupancy levels of Spt16 across the
PMAT gene in the wild-type strain (WT) and each of the fourteen strains harboring the indicated internal deletions (ID#). For most strains, regions A, B, and
C were assayed, except for the ID10 and ID11 strains, which carry deletions overlapping the B amplicon, for which the B' amplicon was used instead of the
B amplicon. In each case, Spt16 occupancy levels are shown relative to its occupancy at the corresponding A region and are presented as mean+S.EM
from three independent experiments. Statistically significant differences for regions B and C relative to the wild-type strain are indicated by asterisks (Stu-
dent’s t-test, P<0.05). For these experiments, chromatin shearing was carried out to achieve enrichment of fragments in the 200-500 base-pair range. (C)
Results from ChIP/gPCR experiments assessing binding levels of Rpb3 across PMAT using the same strains and presented in the same manner as in (B),
except that, since the data across repeats tended to be more varied, each result shown represents the mean+S.E.M from six independent experiments
instead of three. The strains used in these experiments are yADP141-155. Detailed information on the primers used in these experiments is provided on

Table S1

assays as previously described [19] to assess Spt16 occu-
pancy at three different locations across the PMAI gene.
As shown in Fig. 1B, thirteen of the fourteen internal
deletions did not cause defects in Sptl6 occupancy at
the 3’ end of PMAI. However, one internal deletion —
ID7 — did cause a modest statistically significant increase
in Spt16 occupancy over the 3’ region of the gene with
respect to its occupancy at the 5" region (Fig. 1B), sug-
gesting that DNA sequences can play roles in promoting
yFACT dissociation from genes. Given our previous work
providing evidence that dissociation of Spt16 from tran-
scribed genes is partially dependent on Pol II dissociation
[5], we considered the possibility that the Spt16 dissocia-
tion defect conferred by ID7 could be a result of abnor-
mal retention of Pol II onto the DNA. To test for this,
we assessed occupancy of Rpb3, one of the components
of Pol I, across PMAI in the fourteen internal deletion
strains using ChIP/qPCR. Similar to the Sptl6 results,
only ID7 conferred a statistically significant increase in
Rpb3 occupancy at the 3" end of PMAI (Fig. 1C). ID7
removes base pairs+3166 through +3233 of PMA1 (with
+1 corresponding to the A of the ATG start codon),
which are located just upstream from one of two major
PMAI polyadenylation sites (mapped at +3277 [20])
and likely contain one or both elements normally found
upstream from pA sites (i.e., the Efficiency Element
(EE) and the Positioning Element (PE)) that are known
to facilitate 3’-end formation in yeast [21]) — it is there-
fore possible that ID7 interferes with Pol II termination,
which in turn causes abnormal Sptl6 retention at the
3" end of the gene. We note that the modest increase in
retention of Spt16 over the PMAI 3’ region in the context
of ID7 is not expected to affect expression of PMA1 since
much higher retention levels of Spt16 due to the presence
of the ISGI mutants H3-L61W do not cause significant
changes in PMA 1 expression ([3] and data not shown).
Although ID7 only has a modest effect on Sptl6
and Rpb3 dissociation from PMAI, it is possible that

abnormally increased occupancy levels of one or both of
these factors can cause alterations in chromatin structure
across the 3’ end of PMAI. To test this, we used a micro-
coccal nuclease (MNase)/qPCR strategy [22] to map and
compare nucleosome occupancy across this region in
wild-type and ID7 strains, as well as in a strain harboring
an internal deletion that does not confer defects in Spt16
or Rpb3 binding as an additional control (ID2). In wild-
type cells, our assay detects the presence of four nucleo-
somes across this region, with the two located farther
downstream from the PMAI open reading frame being
the most stable ones (Fig. 2). Whereas in the ID2 strain
the positioning and stability of all four nucleosomes are
indistinguishable from what is seen in the wild-type
strain, moderate changes in the chromatin structure
across the region are detected in the ID7 strain. More
specifically, while ID7 does not affect the two upstream
nucleosomes, it does appear to destabilize the two down-
stream nucleosomes (as suggested by decreased MNase
protection), with the one located more upstream poten-
tially also becoming less well-positioned (as suggested by
the broader MNase-protection peak) (Fig. 2). Since ID7
removes a region located well upstream from the four
nucleosomes detected in our assay, it is unlikely that the
deletion is directly responsible for the changes in chro-
matin structure we observe — rather, the changes in
the MNase-sensitivity patterns of the two downstream
nucleosomes are likely a consequence of the abnormally
higher levels of yFACT and/or Pol II occupancy in the
region due to their impaired dissociation caused by ID7.
Whereas it is unclear why the two upstream nucleosomes
are unaffected by ID7, it is possible that the abnormally
retained yFACT complex is positioned just downstream
from these nucleosomes, which may consequently be
subject to yFACT-mediated reassembly.

Our results suggest that specific DNA sequences at 3’
ends of genes can play roles in promoting yFACT dis-
sociation from genes. At PMAI the region encompassed
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1. (A) Nucleosome occupancy across the 3’

region of PMAT in wild-type, ID2, and ID7 strains was assessed using a previously published protocol [22]. Briefly, logarithmically grown cells were sphe-
roplasted and exposed to micrococcal nuclease (MNase), and MNase-resistant DNA derived from single nucleosomes was isolated and amplified using
gPCR.The regions quantified by qPCR are indicated in the figure and labeled NP (Nucleosome Positioning) amplicons — the ChIP amplicons used in Fig. 1
are also shown here to facilitate a comparison of the locations assayed in the ChIP and the nucleosome positioning experiments. In each case, protection
levels are relative to the protection level measured for a “strong” nucleosome located at the 5'region of the GALT open reading frame. For each of the
three strains assayed, the locations of nucleosomes across the PMAT 3'region shown in the diagrams below the graph are based on the peaks in MNase
protection, with darker shades of gray corresponding to higher peaks, or more stable nucleosomes. In each case, the results are presented as mean +S.EM
from three independent experiments. Since the internal deletions remove 68 base pairs from the PMAT's 3'region, the location of the nucleosome in ID2
and ID7 are shifted closer to the end of the PMAT open reading frame compared to the nucleosomes in wild-type cells, making it difficult to compare
MNase protection profiles across the strains. To facilitate comparison across the three strains, the data shown in (A) are reproduced in (B) but the length
of the 3'PMAT region in the ID2 and ID7 strains is artificially maintained the same as that in wild-type cells by introducing a gap corresponding to 68 base
pairs where the corresponding regions have been removed. Representation of the data in this fashion makes it clear that ID7 causes alterations in the
occupancy levels of the two more downstream nucleosomes, with statistically significant differences relative to the wild-type strain indicated by asterisks
(Student's t-test, P< 0.05). The strains used in these experiments are yADP141, yADP143, and yADP148. Detailed information on the primers used in these

experiments is provided on Table S1

by ID7 appears to play this role, but its mechanism of
action remains to be elucidated. Given the observation
that this region is also needed for full Pol II dissociation
from PMAI and that Spt16 dissociation is at least in part
dependent on Pol II termination [5], it is likely that rather
than playing a direct role in controlling yFACT dissocia-
tion from chromatin, this region is required for Pol II dis-
sociation and that yFACT’s retention at this region is a
consequence of the abnormally higher presence of Pol II
on the DNA. Regardless of the mechanism, it is interest-
ing to see that the modest increase in yFACT and Pol II
occupancy across the 3’ end of PMAI causes significant
alterations in chromatin structure downstream from

where these factors are retained. These changes could be
due to the nucleosome disassembly activity carried out
by the excess yFACT complex at this location, by subtle
run-through transcription by the retained Pol II complex
into the LEUI gene, or the combination of both events.
A more general conclusion that can be drawn from these
studies is that mutations or conditions that cause even
small increases in yFACT and/or Pol II chromatin occu-
pancy can lead to significant changes in the surround-
ing chromatin environments that can potentially lead to
important biological outcomes.
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Limitations

Whereas our studies provide evidence that DNA
sequences at the 3’ end of PMAI can play modest roles in
promoting yFACT and Pol II dissociation from DNA and
can also contribute to normal chromatin structure in the
region, additional studies at other genes would need to be
carried out to determine if these observations apply more
broadly across the genome.

Abbreviations

FACT Facilitates Chromatin Transcription/Transactions
Polll RNA Polymerase Il

Spt16 Suppressor of Ty insertion mutations 16

ChIP Chromatin Immunoprecipitation

MNase  Micrococcal Nuclease

qgPCR quantitative Polymerase Chain Reaction
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