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Chromatin remodeling is central to the regulation of transcription elongation. We demonstrate that the
conserved Saccharomyces cerevisiae histone chaperone Napl associates with chromatin. We show that Napl
regulates transcription of PHOS5, and the increase in transcript level and the higher phosphatase activity
plateau observed for Anapl cells suggest that the net function of Napl is to facilitate nucleosome reassembly
during transcription elongation. To further our understanding of histone chaperones in transcription elon-
gation, we identified factors that regulate the function of Napl in this process. One factor investigated is an
essential mRNA export and TREX complex component, Yral. Napl interacts directly with Yral and genetically
with other TREX complex components and the mRNA export factor Mex67. Additionally, we show that the
recruitment of Napl to the coding region of actively transcribed genes is Yral dependent and that its
recruitment to promoters is TREX complex independent. These observations suggest that Napl functions
provide a new connection between transcription elongation, chromatin assembly, and messenger RNP complex

biogenesis.

Chromatin consists of DNA wrapped around the histone
octamer to form regularly spaced nucleosomes. Chromatin
assembly and disassembly play regulatory roles in many cellu-
lar processes and are central to transcription, replication, and
DNA repair. The transcription of mRNA is a coordinated
dynamic process, balancing promoter activation, chromatin re-
modeling, initiation, elongation, processing, termination, and
export (4, 27, 45). Transcription is generally thought to corre-
late with a reduction in histone density on the DNA template
allowing for the passage of RNA polymerase II (RNAP II),
and it has been shown that histones can be selectively removed
and replaced by chromatin remodeling factors and histone
chaperones (27, 45). Reassembly of the octamers prevents
initiation of transcription from cryptic sites within the open
reading frame (ORF) (27). Critically for these processes, his-
tone chaperones must target histones to the correct chromatin
domains or to other chromatin assembly complexes. Histone
chaperones play important roles in chromatin metabolism, al-
though in most cases, their exact functions in transcription,
nuclear import, replication, or DNA repair have yet to be
elucidated.

The yeast nucleosome assembly protein Napl is an evolu-
tionarily conserved histone chaperone. Napl is a particularly
enigmatic member of this family, initially characterized by its
ability to form nucleosomes using core histones on a plasmid
template (18). Since then, numerous studies have revealed the
role of Nap1 in both histone import and bud development, the
structure of the Napl dimer, the in vitro activity of Nap1 in
chromatin assembly, and interactions with ATP-dependent
chromatin remodeling complexes (40, 57). Genetic interac-
tions identified so far have indicated an important role for
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Napl during bud development and the G,/M transition (40,
57). We set out to understand how chromatin assembly and
disassembly regulates transcription and how this important
histone chaperone functions in the nucleus. Previous work in
our lab demonstrated that Napl facilitates the preferential
association between the histones H2A and H2B with the nu-
clear import karyopherin Kap114 (36). Napl is also a nuclear
shuttling protein, a function important for transcription of Ty
elements (36). Additionally, Kap114 regulates the Napl de-
position of histones in a Ran-GTP-sensitive fashion (35). This
suggests coordination between karyopherin-mediated nuclear
transport and the histone chaperone activity of Napl. During
transcription elongation, complexes like RSC and FACT and
the histone chaperone Asfl coordinate nucleosome rearrange-
ment (7, 43, 47). Both RSC and FACT complexes appear to
interact with Nap1 (9, 25). Moreover, it has been demonstrated
that the RSC complex and Napl facilitate the disassembly of
nucleosomes in vitro (30). However, in vivo evidence of Napl
recruitment to chromatin has remained elusive.

Many of the factors involved in pre-mRNA elongation, splic-
ing, and mRNA export are cotranscriptionally recruited to the
pre-mRNA (4). From the first steps of initiation, the pre-
mRNA exists as a messenger ribonucleoprotein complex
(mRNP), bound by numerous proteins. Loading of elongation
factors onto the pre-mRNP is important for RNAP II proces-
sivity. Several proteomic screens involving large-scale affinity
purification schemes revealed numerous interacting partners
for Napl (14, 25). As expected, Kap114, H2A, H2B, and sev-
eral factors found at the yeast bud neck were identified. A
common factor found in these screens is Yral, a conserved
essential component of the TREX mRNA transcription and
export complex (14, 20, 25, 51). The TREX complex is com-
posed of Yral, Sub2, and the THO subcomplex (Mftl, Hprl,
Thp2, and Tho2) and links pre-mRNA formation during tran-
scription elongation with mRNA export via interactions with
the export factor Mex67 (15, 50, 51, 55, 56). The TREX com-
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plex associates with RNAP II within ORFs and is enriched at
the 3’ end of the ORF (1, 22, 51, 56). While Napl may be
targeted to a variety of chromatin regions through its interac-
tions with histones, its interaction with Yral points to a new
regulatory mechanism.

In this study, we provide unique physical and genetic evi-
dence that support a role for Napl-mediated nucleosome re-
arrangement during transcription elongation. We demonstrate
that Nap1 associates with chromatin; moreover, its localization
to ORFs of actively transcribed genes is Yral dependent. The
functional interaction between Napl and the TREX complex
represents a new connection between chromatin remodeling
and mRNP biogenesis.

MATERIALS AND METHODS

Plasmids and yeast strains. The Yral shuffle plasmid pYral was made by
insertion of YRAI (with intron) into pRS416ADH. The pYral-FLAG plasmids
were made by insertion of YRA! (with intron) into pRS415ADH and YRA! into
pGEX-4T1 (Amersham) with a 3’ oligonucleotide encoding one FLAG
epitope 5’ of the stop codon. The FLAG-green fluorescent protein (GFP)
expression plasmid was made by insertion of the GFP ORF into pFLAG-2
(Sigma). A glutathione S-transferase (GST)-Yral expression plasmid was
made by insertion of YRAI into pGEX-4T1. pYral-GFP, was made using
pGFP2-C-FUS (36). Hemagglutinin (HA)-Nap1 was expressed from pRS313
containing the NAP1 ORF with one HA epitope 3’ of the start codon flanked
by the NAPI promoter and terminator sequences. NAPI overexpression was
achieved using pRS425GPD. The yral-1 and mex67-5 plasmids were previ-
ously described (48, 50).

Yeast strains used in this study were derived from DF5 (11) or BY4741 (Open
Biosystems). The Yral shuffle strain was generated by integration of ClonNAT
into the YRAI ORF of cells transformed with pYral. Cells expressing Yral-
FLAG or yral-1 were made by shuffling the respective plasmid on selection
media and 5-fluoroorotic acid. The MEX67 ORF was disrupted in cells exog-
enously expressing mex67-5 with KanMX. The NAPI ORF was disrupted in
Yral-FLAG-, yral-1-, and mex67-5-expressing cells with URA3, KanMX, and
ClonNAT, respectively. Anapl double mutants were made by mating BY4741
deletion strains (Amft] and Athp2) with the Anapl::cloNAT strain (derived from
strain Y2454 from C. Boone; MATo ura3A0 leu2A0 his3A1 lys2A0 MFA1pr-HIS3
canlA0) and performing tetrad dissections. The NAPI-TAP strain was obtained
commercially (Open Biosystems). NAPI-3HA was integrated into the NAPI
OREF of the yral-I strain using pFA6a-3HA-KanMX6 (29). The FLAG-H2B
strain YZS276 was previously described (52). NAPI was deleted in the FLAG-
H2B strain by using KanMX.

Immunoprecipitations. Napl-TAP was isolated from a NAPI-TAP strain
grown to an optical density at 600 nm (ODg) of 1.5 in yeast extract-peptone-
dextrose medium (YPD). Cells were washed, spheroplasted, and then lysed by
sonication in 5 ml of 8% polyvinylpyrrolidone-0.025% Triton X-100-5 mM
dithiothreitol-protease inhibitors. Whole-cell lysate was incubated with rabbit
immunoglobulin G (IgG)-Sepharose. Bound proteins were eluted with MgCl,
and precipitated (37). Proteins were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and identified by Western blotting
using rabbit IgG (ICN) or anti-Yral antibody (56). Nap1-3HA was similarly
isolated from a yral-1 NAPI-3HA strain using anti-HA antibody (clone 12CAS;
University of Virginia Hybridoma Center) coupled to protein A agarose (Pierce).
Yral-FLAG was isolated from Yral-FLAG-expressing cells grown to an ODgq
of 1.5 in YPD. Whole-cell extract was made as described above. Lysate was
cleared and incubated with anti-FLAG agarose (Sigma). Proteins were resolved
by SDS-PAGE and identified by Western blotting using anti-Nap1 (Santa Cruz)
or anti-FLAG (Sigma) antibodies. Lysate was also similarly made from Yral-
FLAG cells fixed with 1% formaldehyde. The resin was washed with 50 mM- and
100 mM MgCl,-containing buffer (37), and complexes were eluted with a buffer
containing 1 M MgCl,. Proteins were precipitated and heated to reverse cross-
links. Proteins were resolved by SDS-PAGE and identified by Western blotting
using anti-Napl and anti-FLAG antibodies.

Purification of recombinant proteins and in vitro binding assays. Recombi-
nant proteins were expressed and isolated as previously described (36). GST-
Yral-FLAG and GST-Yral were purified with glutathione Sepharose (Amer-
sham). The GST tag was cleaved from GST-Yral-FLAG with thrombin (Sigma).
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In vitro binding assays were performed as previously described using anti-FLAG
agarose (Sigma) (36).

In vitro plasmid supercoiling assays. Plasmid supercoiling assays using recom-
binant Napl, GST, and GST-Yral were performed as previously described (35).

ChIP assays and real-time PCR. Chromatin immunoprecipitation (ChIP) as-
says were performed as previously described with the following changes (5).
Briefly, formaldehyde-fixed cells were broken with 0.5-mm glass beads in 150
mM NaCl lysis buffer. Sheared chromatin was cleared of nonspecific binding
activity with IgG-Sepharose. Immunoprecipitations were carried out with anti-
FLAG monoclonal antibody (Sigma) coupled to protein G-agarose (Pierce),
anti-RNAP II antibody (8WG16; Covance) coupled to protein A-agarose, or
anti-HA antibody coupled to protein A agarose. Antibody-coupled agarose was
blocked with 150 mM NaCl lysis buffer-10% bovine serum albumin. Background
control ChIP was carried out with blocked agarose incubated without antibody.
Prior to elution, immune complexes were washed with 150 mM NacCl lysis buffer,
wash buffer, and Tris-EDTA. Oligonucleotide sets were designed to amplify
ADHI (146 to 372 and 935 to 1271), PHOS (863 to 960), or the GAL! upstream
activation sequence (UAS) (—482 to —330) (positions are relative to the trans-
lational start site) or were previously described (1, 23, 24). Real-time PCR was
performed using Sybr green (Invitrogen) and Taq polymerase (Roche) or Sensi-
Mix Plus Sybr and fluorescein (Quantace) with a MiniOpticon real-time PCR
system (Bio-Rad). All experiments were performed in duplicate. Real-time
PCRs with all primer pairs were performed in triplicate for each sample.

Reverse transcription real-time PCR. To measure PHOS transcript levels,
early log-phase cultures were induced in phosphate-free medium, and total RNA
was obtained after 0, 4, and 8 h with hot acidic phenol and chloroform extraction.
cDNA was generated with SuperScript III First-Strand Synthesis SuperMix (In-
vitrogen). Real-time PCR was performed with oligonucleotide pairs for PHOS
(863 t0 960) and ACT1 (699 to 851) and Sybr green at conditions near 100% PCR
efficiency for both oligonucleotide sets. The 27 24T method was used to deter-
mine relative expression, with ACT1 signal serving as the reference (28).

Fluorescence in situ hybridization. Cells were incubated for 2 h at the indi-
cated temperatures (see Fig. 2). mRNA fluorescence in situ hybridization with a
Cy3-labeled poly(dT)s, probe was carried out as previously described (16). Nu-
clei were visualized with the DNA stain Hoechst 33342.

Microscopy. Microscopy of GFP-expressing cells was performed using a Nikon
Microphot-SA microscope (Melville, NY), and images were captured using
OpenLab software (Improvision, Lexington, MA) with a X100 objective as pre-
viously described (35). Cells were photographed using identical exposure set-
tings, and all image manipulation was performed identically using Adobe Pho-
toshop. The cell wall chitin of cells fixed with 1% formaldehyde was stained with
1 mg/ml calcofluor white (Sigma).

Acid phosphatase activity assays. Cells were incubated in complete synthetic
medium (CSM) plus 2% dextrose to an ODyg, of 0.4. Cells were pelleted and
induced in CSM-phosphate plus 2% dextrose and 1 g/liter KCI for the times
indicated. Acid phosphatase assays were performed as previously described and
were measured in Miller units (38). Statistically significant differences were
determined using a two-tailed paired ¢ test (P < 0.05).

RESULTS

mRNA export factor Yral interacts directly with Napl. We
wanted to test whether the TREX complex component Yral
regulates the function of Nap1. Large-scale affinity purification
experiments suggested that Yral interacts with Napl, and we
verified this interaction (14, 20, 25). We isolated Nap1-TAP or
Yral-FLAG from whole-cell extracts. Western blotting indi-
cated that Yral and Napl specifically coimmunoprecipitated
with the tagged proteins, compared to control experiments
using untagged strains (Fig. 1A and B). To further confirm this
interaction, we also made whole-cell extracts from Yral-
FLAG-expressing cells after formaldehyde fixation. Yral-
FLAG-containing complexes were immunoisolated, and after
reversal of cross-links, we confirmed the presence of Napl by
Western blotting (Fig. 1C). We also determined that the in-
teraction was direct by performing an in vitro binding assay
with recombinant Napl and Yral-FLAG (Fig. 1D). Having
established a physical interaction between Yral and Napl, we
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FIG. 1. Napl interacts directly with Yral. (A) Whole-cell lysates from a Napl-TAP (right panel) and an untagged strain (left panel) were
incubated with IgG Sepharose. Interacting proteins were eluted with the indicated MgCl, concentrations. Yral and Napl-TAP were detected by
Western blotting (WB). (B) Whole-cell lysates from a Yral-FLAG-tagged (right panel) and an untagged strain (left panel) were incubated with
anti-FLAG resin. Bound proteins were analyzed by Western blotting with the indicated antibodies. (C) Yral-FLAG was immunoisolated from
whole-cell extract made from formaldehyde-fixed cells. Coprecipitating Nap1 was detected by Western blotting. (D) Immobilized FLAG-GFP or
Yral-FLAG (250 nM) was incubated with Nap1 (250 nM). Complexes were analyzed by SDS-PAGE and Western blotting with FLAG and Napl1
antibodies. (E) Strains of the indicated genotype were equalized, spotted at 10-fold serial dilutions, and grown on YPD plates at 30°C for 2 days.
(F) Strains of the indicated genotype were stained with calcofluor white (Cal White) and visualized by fluorescence and differential interference
contrast microscopy. (G) The frequency of long and hyperelongated buds relative to normal buds in asynchronous populations of cells was
determined. The length of long buds was approximately greater than the width, but not did not exceed the mother cell diameter. The length of
hyperelongated buds was approximately greater than both the bud width and mother cell diameter. A minimum of 175 cells were characterized.

also tested whether there is a functional relationship by exam-
ining the growth of a double mutant strain. YRA! is essential,
and a strain with a temperature-sensitive allele, yral-1, and a
concomitant deletion of NAPI was generated. Strains express-
ingyral-1 have a moderate growth defect at 23°C and complete
growth impairment at 37°C (50). Interestingly, we observed
that yral-1Anapl cells grew slower at a semipermissive tem-
perature than yral-1 cells (Fig. 1E). We also compared bud
morphology of yral-1Anapl cells to those of a Anapl strain. A
proportion of Anapl cells display a bud morphology defect
where the daughter bud develops with impaired isotropic
growth, resulting in elongated buds (21). We observed this
phenotype for approximately 13% of cells in this background
(Fig. 1F and G). Surprisingly, an asynchronous population of
yral-1Anap]l cells grown at room temperature produced buds
that were more aberrant than those observed for Anapl cells
(Fig. 1F). The buds of the double mutants were longer than

those of Anapl cells, and calcofluor white staining of cell wall
chitin revealed that the double mutants had a cytokinetic de-
fect. Typically, the daughter bud failed to undergo cytokinesis
and initiated a third generation bud, distal from the mother
bud neck (Fig. 1F). This observation is similar to that for cells
with deletions of the DNA replication checkpoint factors (10).
The hyperelongated morphology was observed for approxi-
mately 26% of yral-1Anapl cells, compared with a frequency
of <1% for Anapl cells, yral-1 cells, or an isogenic wild-type
strain (Fig. 1G). These data indicate that Yral and Nap1 share
overlapping functions within the cell, and we hypothesized that
yral-1Anapl cells may have defects in the transcription of
factors necessary for bud development and cytokinesis.

Napl1 does not mediate the nuclear import of Yral and is not
essential for Yral-mediated mRNA export. If Napl and Yral
share a common function, then Napl could play a role in
transcription, mRNA export, or the nuclear import of Yral.
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FIG. 2. Napl is not essential for Yral nuclear import and Yral-mediated mRNA export. (A) pYral-GFP, or pH2A,_,,-GFP, was expressed
in wild-type or Anapl cells cotransformed with pRS425GPD or pRS425GPD-NAPI and visualized by fluorescence microscopy. The coincident
Hoechst images are shown. (B) Wild-type or Anapl cells were transformed with pRS425GPD or pRS425GPD-NAPI. mRNA localization was
determined by poly(A) FISH using cells fixed at 30°C. The coincident Hoechst images are shown. (C) mRNA was localized by poly(A) FISH as
described above, using strains of the indicated genotypes, after incubation at the indicated temperatures.

Yral nuclear import is mediated primarily by the karyopherins
Kap121 and Kap123 (55). We tested the effect of deletion and
overexpression of NAPI on the subcellular localization of
Yral. Yral-GFP, was expressed in Anap! strains or in cells
transformed with a NAPI overexpression plasmid, and we ob-
served that alteration of Napl levels did not result in decreased
nuclear localization of Yral-GFP, (Fig. 2A). As a control, we
showed that overexpression of NAPI leads to the cytoplasmic
mislocalization of a histone H2A-nuclear localization signal re-
porter (Fig. 2A). Therefore, the physical and genetic interaction
of Napl and Yral appears unrelated to the nuclear import of
Yral, and we next asked if Nap1 functioned with Yral in mRNA
export.

Cells expressing the yral-1 allele at a nonpermissive temper-
ature display a defect in mRNA export (50). We performed
fluorescence in situ hybridization (FISH) to poly(A) mRNA to
examine Napl’s role in mRNA export. We tested whether
NAPI overexpression or deletion leads to the accumulation of
poly(A) RNA in the nucleus, and we found that neither con-
dition affected the export of mRNA (Fig. 2B). As expected,
poly(A) mRNA accumulated in the nucleus of yral-1 cells
shifted to a nonpermissive temperature (Fig. 2C). We next
addressed whether Anapl exacerbates the yral-I-dependent
mRNA export defect at a semipermissive temperature (30°C).
Intriguingly, Anapl did not appear to exacerbate the export
phenotype, despite the growth defect observed (Fig. 2C). This
suggests that Nap] is not affecting the global nuclear export of

transcripts regardless of expression level, although Napl nu-
clear functions are physically tied to Yral.

NAPI genetically interacts with MEX67 and the THO com-
plex. Since we postulated a role for Nap1 during transcription,
we tested if Napl interacts with the essential mRNA export
factor Mex67. Mex67 interacts with TREX complex compo-
nents and is recruited to transcribing genes (15). While pro-
teomic screens have not revealed a physical association be-
tween Napl and Mex67, we asked if NAPI interacted
genetically with MEX67, given the functional and physical
overlap between Mex67 and Yral. We used strains expressing
the mex67-5 allele, which confers temperature sensitivity and
an mRNA export defect at 37°C (48). We examined the growth
and morphology of mex67-5 and mex67-5Anapl cells. Strik-
ingly, we detected a strong growth defect in mex67-5Anapl
cells at 30°C, which was not evident in mex67-5 cells (Fig. 3A).
Moreover, a proportion of mex67-5Anapl1 cells grown at 25°C
also displayed the hyperelongated long bud phenotype seen
before in yral-1Anapl cells (Fig. 3B). This morphology was
observed for approximately 12% of mex67-5Anapl cells, com-
pared to a frequency of <1% for mex67-5 cells, Anap1 cells, or
an isogenic wild-type strain (Fig. 3C and 1F). This demon-
strated that there is a genetic interaction between NAPI and
MEX67 and that Napl functionally interacts with another
mRNA export component. These results support the hypoth-
esis that mRNP biogenesis and chromatin remodeling are
linked.
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FIG. 3. NAPI functionally interacts with MEX67 and the THO
complex. (A) Strains of the indicated genotype were equalized, spotted
at 10-fold serial dilutions, and grown on YPD at 30°C for 2 days.
(B) The indicated cell types were stained with calcofluor white (Cal
White) and visualized by differential interference contrast (DIC) and
fluorescence microscopy. (C) The frequency of long and hyperelon-
gated buds relative to normal buds in asynchronous populations of the
indicated cells was determined as described in the legend to Fig. 1. A
minimum of 225 or 160 cells were characterized for the upper or lower
tables, respectively.

We surmised that Nap1 might also interact with other com-
ponents of the TREX complex, such as the THO complex.
While there is no evidence of a physical Napl-THO complex
interaction, we anticipated a genetic interaction if Napl is
linked to transcription elongation and export. A microscopic
examination revealed that the AmftlAnapl and Athp2Anapl
double deletions also display a cytokinetic defect (data not
shown). The morphology observed is similar to that observed
with yral-1Anapl cells and was seen in approximately 5% of
both AmftlAnapl and Athp2Anapl strains (Fig. 3C). The de-
fect was not observed in a parallel comparison of the isogenic
wild-type or the single deletions strains (Fig. 3C). This dem-
onstrates a genetic interaction between NAPI and MFTI and
THP?2. Cells lacking THO complex components have defects in
growth and mRNA export at 37°C (8, 51). AmftlAnapl and
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FIG. 4. napl mutants are sensitive to transcriptional stress and
DNA damage. Strains of the indicated genotype were equalized and
spotted at 10-fold serial dilutions and grown (A) on plates lacking
uracil (—Ura) with or without 100 pg/ml 6-azauracil (6-AU) and in-
cubated for 3 days at 30°C, (B) as described for panel A except the
plates were incubated for 4 days at 25°C, and (C) on CSM plates with
or without 1 wM 4-nitroquinoline 1-oxide (4-NQO) for 4 days at 25°C.

Athp2Anapl cells did not appear to have a growth defect at
37°C relative to the single deletion cells (data not shown), and
as with yral-1Anapl cells, we found that the loss of NAPI did
not markedly exacerbate the THO complex-dependent mRNA
export defect at 37°C (data not shown). Collectively, this indi-
cates that NAPI and the TREX complex share a genetic in-
teraction, suggesting overlapping functions.

NAPI deletions are sensitive to transcriptional stress and
DNA damage. Napl therefore appeared to function with
TREX complex components and with the associated protein
Mex67. Having ruled out potential roles in the nuclear import
of Yral or a general role in mRNA export, we decided to test
whether Napl functioned in transcription. Cells with defects in
transcription components are often sensitive to 6-azauracil (6-
AU), which affects the RNAP II elongation rate and proces-
sivity (32). Thus, we determined whether our double mutant
strains were more sensitive to 6-AU than the relevant single
mutants. Serial dilutions of yral-1Anapl cells, mex67-5Anapl
cells, the single mutants, and the isogenic wild-type strain were
spotted onto plates containing 6-AU and incubated at 25°C or
30°C. Surprisingly, at 30°C, Anapl cells were sensitive to 6-AU,
indicating that Napl has an important function during tran-
scription elongation (Fig. 4A). This is the first genetic link
between Napl and a nuclear function, such as transcription,
that has been demonstrated in vivo. Moreover, the sensitivity
to 6-AU was exacerbated in mex67-5Anapl cells even after 3
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days of growth at 30°C (Fig. 4A). yral-1Anapl cells were also
more sensitive to 6-AU at 25°C than either yral-1 or Anapl
cells alone (Fig. 4B). This result indicates that Napl histone
chaperone activity and TREX complex functions are indeed
connected.

Deficiencies in transcription elongation can result in initia-
tion from cryptic start sites and increased susceptibility to
genomic instability (12, 33, 54). Cells lacking the histone chap-
erone Asfl have increased sensitivity to cisplatin-induced
DNA damage (42). Additionally, Mex67-TREX complex mu-
tations negatively affect the survival of Arad7 cells after UV
irradiation, indicating their importance in nucleotide excision
repair (12). The UV-mimetic 4-nitroquinoline-1-oxide (4-NQO)
increases the frequency of transcription-associated recombina-
tion (13). We tested whether yral-1Anapl and mex67-5Anapl
cells were more susceptible to DNA damage by 4-NQO. Serial
dilutions of the mutants and the isogenic wild-type strain were
spotted on plates containing 4-NQO and incubated at 25°C
(Fig. 4C). Interestingly, Anapl cells were mildly sensitive to
4-NQO, indicating that Napl facilitates DNA damage repair
mechanisms. As with 6-AU, both yral-1Anapl and mex67-
S5Anapl strains were more sensitive to 4-NQO than the single
mutants. This result indicates that the expression of mutant
alleles of mRNA export factors in conjunction with Anapl
makes cells more susceptible to DNA damage. This suggests
that Napl is functionally linked to transcript elongation and
export.

Yral recruits Napl to active sites of transcription in vivo.
Based on the previous data, we asked whether Napl is physi-
cally associated with actively transcribed genes. A direct asso-
ciation of Nap1l with chromatin in Saccharomyces cerevisiae has
not been demonstrated in vivo, and we tested this using ChIP.
Since we found that Napl and TREX complex functions
overlapped, we tested genes to which Yral is known to be
recruited. In S. cerevisiae, TREX complex components are
associated with actively transcribed ORFs with occupancy in-
creasing from the 5’ to the 3’ end, and not in intergenic regions
(1, 22, 51, 56). Using primers to the constitutively active gene
PMA1I, we confirmed that Yral is associated with this ORF and
not the promoter region (Fig. SA). We found that Napl dis-
plays a similar chromatin association pattern at PMAI. This
result indicates that Napl is associated with chromatin in S.
cerevisiae, and it also suggests that Yral and Napl are re-
cruited to the same regions.

Due to the physical interactions of Napl with histones and
chromatin remodeling complexes, we tested its association
with transcribed and nontranscribed regions by ChIP and real-
time PCR with the yral-1 strain. Growing this strain at the
permissive and nonpermissive temperatures allowed us to test
if Nap1 recruitment to chromatin was dependent on Yral. We
confirmed that Napl interacted with yral-1 by coimmunopre-
cipitation of yral-1 with Napl-3HA (Fig. 5B). We tested if
Napl occupies coding regions of the constitutively active genes
ACTI and ADHI, as Yral is associated with these reading
frames (1, 22). We also examined Nap1 occupancy at the ACT1
intron, ADHI promoter, and two nontranscribed regions,
ARS504 and TELO6R (Fig. 5C). The ChIP assays were per-
formed with yral-1 cells that had been incubated for 2 h at
25°C or 39°C prior to fixation. We determined occupancy by
calculating the log, differences (n-fold) in threshold cycles be-
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tween the Napl IP and a background control IP. These values
were then normalized to the amount of input DNA for each
region tested. Using this method, we were able to determine if
Napl occupancy changes in transcribed and nontranscribed
regions in a Yral-dependent manner, anticipating only
changes in ORFs. We observed Napl occupancy above back-
ground levels at all regions tested (Fig. 5D). Importantly, this
result indicates that Napl occupies a variety of chromatin
regions. We also observed that while Nap1 was highly enriched
at the 3" end of the ACTI and ADHI OREFs, this occupancy was
reduced when the cells were incubated at 39°C (Fig. 5D).
Assays performed with wild-type cells revealed no substantial
differences in occupancy at 25°C or 39°C (Fig. 5E). This sug-
gested that Yral is necessary for the recruitment of Napl to the
ORF of ACTI and ADH]. Conversely, we found that Anapl had
no affect on Yral recruitment to an ORF (data not shown).

We next tested if loss of functional Yral affects RNAP II
association with reading frames of actively transcribed genes.
We performed RNAP II ChIP assays from yral-1 cells grown
at 25°C or 39°C prior to fixation and determined occupancy by
real-time PCR. At the elevated temperature, we observed that
RNAP II was still recruited to the ADHI promoter and is still
associated with the 5’ end of ACTI (Fig. 5F). However, we
found decreased RNAP II association with the 3" ends of the
ACTI and ADHI OREFs at the high temperature. This result
correlates with the observation that cells with deletions of
THO complex components have defects in RNAP II proces-
sivity (32). Our data suggest that Yral may be mediating
RNAP II processivity in a manner similar to that of other
TREX complex components and also by directly recruiting the
histone chaperone Napl. We also cannot rule out the possi-
bility that RNAP II may be responsible for recruitment of Yral
and Napl to coding regions.

Napl1 histone chaperone activity influences transcription of
an active gene. Napl recruitment by Yral to an actively tran-
scribed region indicates that it may function in chromatin dis-
assembly, reassembly, or both. In an in vitro transcription sys-
tem, Napl modulates histone mobilization from a DNA
template (26). Before determining a role for Napl during
transcription in vivo, we first verified that Yral is not inhibitory
to Napl histone chaperone activity by using a plasmid super-
coiling assay. We performed the assay with equal molar ratios
of Napl and either GST or GST-Yral. We observed that Napl
retains histone deposition function in the presence of Yral
(Fig. 6A). To determine if Napl functions are a requisite for
efficient transcription in vivo, we examined the role of Napl in
the transcription of the repressed acid phosphatase PhoS. We
first verified that the nuclear import of the transcription factor
Pho4, which binds to the PHOS5 UAS, was not inhibited in a
Anap] strain (data not shown). We next determined if Yral or
Nap1 was associated with PHOS before or after the induction
of transcription by phosphate starvation by ChIP assay. Yral
was recruited to the PHOS5 ORF and not to intergenic regions
after phosphate starvation (Fig. 6C). Interestingly, the occu-
pancy of Napl at the promoter region and within the coding
region increased substantially following induction of transcrip-
tion (Fig. 6D). In contrast, there was no substantial increase at
a telomeric region (Fig. 6D). This indicates that Yral may
recruit Napl to the PHOS coding region during transcription,
as we observed at a constitutively active gene. In addition, we
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FIG. 5. Napl recruitment to sites of active transcription is Yral dependent. (A) Chromatin was isolated from a Ayral Anapl strain expressing
plasmids encoding Yral-FLAG and HA-Napl. Yral and Napl occupancy at the PMAI promoter and ORF was determined by ChIP assay with
conventional PCR using oligonucleotide pairs to the indicated regions of PMAI. The assay was also performed without antibody as a negative
control. (B) yral-1 was coimmunoprecipitated from whole-cell extracts with Nap1-3HA and detected by Western blotting. (C) Nap1 recruitment to the
ACTI and ADHI ORFs and intergenic regions was tested by ChIP assay using the indicated oligonucleotide pairs. (D) Napl ChIP assays quantified by
real-time PCR were performed with a Ayral Anapl strain expressing yral-1 and HA-Napl. Cells were grown for 2 h at 25°C or 39°C prior to fixation as
indicated. Occupancy is expressed as the log, difference (n-fold) between specific and background IP signals normalized to input, displayed as the mean
and average standard deviation from two independent experiments. Oligo, oligonucleotide. (E) Nap1 ChIP assays quantified by real-time PCR were
performed exactly as for panel D with a YRAI Anap] strain expressing HA-Napl. (F) RNAP II (Pol II) ChIP assays quantified by real-time PCR as for
panel D were performed from a Ayral strain expressing yral-1 exogenously. Means and standard deviations are indicated.

observed an increase in Napl occupancy at the promoter re-
gion, which is consistent with recent evidence that the Saccha-
romyces pombe homologs of Nap1 and Chdl1p remodel nucleo-
somes at promoters (53). Napl also promotes the deposition of

the histone variant H2A.Z in vitro, which is known to be
deposited at the repressed PHOS5 promoter (39, 44). There-
fore, the recruitment of Napl to the promoter after induction
is likely independent of Yral.
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We confirmed that recruitment of Nap1 to promoter regions
is dependent on transcription and independent of Yral by
examining Napl recruitment to the GALI UAS. We per-
formed RNAP II, Napl, and Yral ChIP assays with real-time
PCR from cells grown to log phase in raffinose or galactose.
We determined the change (n-fold) in occupancy at the GALI
UAS following galactose induction. As previously reported,
RNAP II recruitment to the GALI promoter increases upon
induction (33), whereas Yral is not recruited (Fig. 6E). We
observed that Napl is recruited to the GALI promoter, and
recruitment occurs independently of Yral (Fig. 6E). This fur-
ther supports the idea that Napl has chromatin-related func-
tions that are independent of the TREX complex.

Recruitment of Napl to the promoter and coding region of
PHOS indicates that it may function in both the transcription
initiation and the elongation phases. We tested this by mea-
suring PHOS transcript levels in Anap! cells. We isolated RNA
from log-phase Anapl and isogenic wild-type cells after 0, 4,
and 8 h of phosphate starvation. The amount of PHOS tran-
script was determined and normalized to that of ACTI by
real-time PCR. After 8 h of induction, we saw a small but
reproducible increase in the amount of PHOS transcript pro-
duced by Anapl cells relative to wild-type cells (Fig. 6F). This
indicates that Napl may be functioning during transcription
elongation and is not a requisite for regulating initiation. If
Anapl resulted in hyperinitiation, we would have expected
higher transcript levels prior to induction, and if Anapl led to
hypoinitiation, we would have expected lower levels after in-
duction. These findings are also consistent with previous work
that indicates that Anapl does not result in hyper- or nonini-
tiation of PHOS transcription (17). As Anapl leads to an in-
crease in the PHOS transcript, we propose that Napl has an
overall negative affect on elongation and is functioning in the
reconstitution of template chromatin.

To further investigate whether Nap1l was functioning during
the elongation phase of transcription, we also measured the
acid phosphatase activity from Anapl, Agcen5, and wild-type
cells. Gen5 promotes transcription initiation of PHOS and acid
phosphatase expression in Agen5 cells is delayed (6). As ex-
pected, we observed that the activity curve for Agen5 cells was
significantly shifted to the right after induction, suggesting a
delay in initiation compared to wild-type cells (Fig. 6G). In
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contrast, the phosphatase activity in Anapl cells was signifi-
cantly greater than that for the isogenic wild type by eight
hours (Fig. 6G). However, the curve was not shifted to the left
or right, suggesting that Napl is not a requisite for initiation.
Only the plateau level of the curve changed with Anap! cells
and not the derivative, which supports the previous results and
is consistent with the model that Nap1 functions during tran-
scription elongation. Taken together, these results indicate
that Napl appears to have an overall negative affect on PHOS5
transcription, raising the possibility that the major role of Nap1
is in the reassembly of nucleosomes.

To investigate whether Napl is important for chromatin
reassembly during the transcription of an ORF, we performed
H2B ChIP assays. Cells expressing FLAG-H2B were grown in
CSM to early log phase and then starved of phosphate for 4 h
to induce PHOS expression. The cells were returned to phos-
phate-containing medium (CSM) for 5 or 10 min, whereupon
PHO)5 should be repressed. Chromatin was isolated from ali-
quots of cells fixed prior to phosphate starvation, after starva-
tion, and 5 or 10 min after phosphate readdition. We deter-
mined H2B occupancy at the PHOS5 promoter, PHOS reading
frame, and TELO6R by real-time PCR. The log, changes (n-
fold) in H2B occupancy over background were normalized to
input DNA signal and to PCRs using the TELO6R primer pair.
As expected, there was no substantial difference between wild-
type and Anapl cells in H2B mobilization at the PHO5 pro-
moter (Fig. 6H). However, after 10 min of phosphate readdi-
tion, there was a difference in H2B occupancy in the PHOS
OREF. H2B levels were still reduced in the Anapl strain, while
H2B occupancy in wild-type cells returned to near prestarva-
tion levels (Fig. 61). This result further supports the hypothesis
that Napl is important for nucleosome rearrangement during
transcription elongation and likely plays an important role in
efficient chromatin reassembly.

DISCUSSION

Transcription is regulated both by the recruitment of RNAP
II to promoters and by the recruitment of factors that regulate
transcription elongation (45). Many of these factors alter chro-
matin structure, allowing RNAP II to move through the chro-
matin barrier; others recruit proteins necessary to complete

FIG. 6. The histone chaperone Nap1 regulates PHOS transcription by mediating nucleosome mobilization. (A) Nap1 histone chaperone activity
in the presence of Yral was tested by a plasmid supercoiling assay using recombinant Nap1 (500 nM) and GST or GST-Yral (500 nM). Topo I,
topoisomerase I; C.E., chicken erythrocyte. (B) Yral and Napl occupancy at the PHOS5 promoter, ORF, and a telomeric region was determined
by ChIP assay with real-time PCR using the indicated primer pairs. Chromatin was prepared from a AyralAnap]! strain expressing Yral-FLAG and
HA-Napl exogenously. Cells were grown in CSM-histidine at 30°C to an ODg,, of ~0.8 and were transferred to synthetic medium lacking
phosphate for 4 h prior to fixation. Yral (C) or Napl (D) occupancy was determined as before. +phosphate, CSM-histidine with phosphate;
—phosphate, CSM-histidine lacking phosphate; Oligo, oligonucleotide. (E) RNAP II (Pol II), Yral, and Nap1 recruitment to the GALI UAS was
tested by ChIP assays using real-time PCR performed with the cells used for panels C and D. Cells were grown to log phase in 2% raffinose or
2% raffinose followed by 2 h in 2% galactose. Data are expressed as changes (n-fold) in occupancy following galactose induction. Means and
standard deviations from two independent experiments are shown. (F) RNA was isolated from wild-type and Anap! cells, and the expression of
PHOS transcript relative to ACT1 transcript was determined by reverse transcription real-time PCR. (G) Acid phosphatase activities of wild-type
(BY4741), Anapl, and Agcn5 cells were measured following phosphate deprivation. Statistically significant differences (P < 0.05) relative to
wild-type activity are indicated by an asterisk. H2B occupancy at the PHOS5 promoter (H) and within the ORF (I) was determined by ChIP assay
with real-time PCR. Chromatin was isolated from FLAG-H2B and FLAG-H2BAnap1 cells prior to and during phosphate starvation (CSM, no
phosphate) and 5 and 10 min after phosphate reintroduction (5’ CSM, 10" CSM). Occupancy is expressed as the log, difference (n-fold) between
specific IP signal (UAS or ORF) and background normalized to input and TELO6R and displayed as the average and standard deviation from two
independent experiments.
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FIG. 7. Model of Napl function during transcription. The TREX
complex component Yral directly recruits Napl to a site of active
transcription. (A) Napl facilitates the reincorporation of H2A/H2B
dimers and octamer reassembly on the open template following RNAP
II (Pol II) progression. (B) Napl may also function in H2A/H2B
disassembly preceding RNAP II. (C) Napl also mediates histone mo-
bilization at other regions, such as the promoter in Yral-independent
mechanisms.

mRNP biogenesis (27, 45). Here, we show that Nap1 associates
with chromatin and is necessary for normal transcription of an
activated gene. We propose that Nap1 plays an important role
as a histone chaperone during transcription elongation, and
our evidence suggests that Napl functions in chromatin reas-
sembly after the passage of the polymerase. Napl has genetic
and physical interactions with components of the RNA TREX
complex as well as with the export factor Mex67. Our results
suggest a model whereby the TREX complex helps target
Napl to elongating genes, where it acts as a chromatin assem-
bly factor. Napl therefore represents a new connection be-
tween the chromatin remodeling and mRNP biogenesis ma-
chineries (Fig. 7).

We showed that combined loss of NAPI and deficiencies in
TREX complex components, or MEX67, led to exacerbated
growth and bud morphology defects. The genetic interaction
with TREX complex components and Mex67 suggested that
Napl may share an important role in transcription or mRNP
maturation. Napl interacts directly with Yral, but so far we
have no evidence that there is a direct physical interaction with
the other components. There is no evidence that Napl is di-
rectly contributing to mRNA export, as deletion or overexpres-
sion of NAPI did not result in changes in global mRNA export.
While Napl1 is a nuclear shuttling protein, it is predominantly
in the cytoplasm at steady state (36). A proportion of Napl is
found at the incipient bud site and bud neck, and loss of Napl
leads to a long bud phenotype in a proportion of cells, sug-
gesting a delay in the activation of the mitotic cyclin Clb2. We
considered the possibilities as to why loss of Nap1 and different
TREX complex components would lead to a dramatic exacer-
bation of the elongated bud phenotype, as well as growth
defects. We cannot exclude the possibility that in the Anapl
strain, specific loss of Nap1 from the bud neck is responsible
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for the bud morphology defect, and this phenotype is exacer-
bated in the double mutants by the reduction of transcripts that
are also important for G,/M progression. However, we favor
the model in which Napl nuclear functions also regulate bud
morphology. For example, Yral and Mex67 are physically as-
sociated with transcripts involved in cell wall development and
other metabolic processes, and the concomitant absence of
Napl and these proteins may affect the transcription of impor-
tant G,/M regulators (16). It has also been shown that Rad53,
Tell, and Mec1, components of the DNA damage repair path-
way, are requisites for proper bud formation (10). Interest-
ingly, deletion of these components results in hyperelongated
buds that resemble those of the yral-IAnapl strain, giving
further evidence that these buds are the product of defects in
chromatin-templated processes.

A hallmark of genes involved in transcription elongation is
the sensitivity of corresponding mutants to 6-AU and DNA
damage (12, 32, 42). Consequently, we show that not only are
Anapl cells are sensitive to 6-AU but also this effect is com-
pounded for both yral-1Anapl and mex67-5Anapl cells. This
indicates that the Nap1 histone chaperone activity and TREX
complex/Mex67 mRNP functions are linked, providing further
evidence that intersecting nuclear functions are responsible for
the phenotypes observed. Additionally, it has been shown that
yral-1 and mex67-5 cells are more susceptible to genomic in-
stability (19). The observation that yral-1Anapl and mex67-
S5Anapl cells are more sensitive to DNA damage by 4-NQO
than either single mutant also supports our hypothesis. The
double mutants likely have defects in nucleosome positioning,
histone mobilization, and transcription elongation. The net
effect of the defects likely results in abrogated DNA damage
repair and genomic instability.

Many nuclear functions have been proposed for Napl, and
different chromatin assembly and disassembly activities have
been observed in vitro (40, 57). Remarkably, there has been no
evidence in S. cerevisiae of Nap1 association with chromatin in
vivo. Here, we demonstrate that S. cerevisiae Napl is associated
with chromatin. Importantly, we determined that Napl was
associated with some of the same ORFs as Yral, in addition to
associating with nontranscribed regions and promoters. Fur-
thermore, using a yral-1 mutant strain grown at the restrictive
temperature, we showed that Napl recruitment to these re-
gions appeared to be dependent on Yral. Previous studies
have indicated that the yral-1 mutant has five amino acid
substitutions, with F223S being critical for the temperature-
sensitive phenotype. This mutant is slightly overexpressed at
23°C, indicative of an inability to autoregulate expression (41,
50). Additionally, this mutation lies within a region important
for binding Mex67 and the TREX complex component Sub2
(49, 55). We showed that at the permissive temperature, this
mutant was still able to interact with Napl. At 30°C, yral-I
mutant cells are also more prone to transcription-associated
recombination defects (19). The precise mechanism whereby
this mutation leads to lethality at 37°C is not known. It is
possible that the protein is less stable, or that the protein no
longer interacts with chromatin, or that the protein is unable to
interact with a subset of binding partners, particularly Sub2
and Mex67. The concomitant loss of Napl from the same
regions of chromatin at 37°C is likely due to the loss of Yral
function via one of the above mechanisms. We determined that
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that RNAP II association with the ORF also decreased in a
Yral-dependent fashion. This is not surprising, as cells lacking
the TREX complex component Hprl demonstrate a loss of
association of RNAP II with the 3’ end of ORFs, and it was
proposed that the absence of Hprl impairs RNAP II proces-
sivity (32). We cannot rule out the possibility that RNAP II
also coordinates Napl recruitment to ORFs. In this model,
Napl could be recruited to both promoters and ORFs by the
RNAP II-dependent disruption of chromatin, where it would
be involved in replacing nucleosomes displaced by transcrip-
tion. However, in this model, the observed role of Yral in
Napl recruitment is unclear, unless it is an indirect effect of
transcription not proceeding into the downstream regions of
the gene. However, because of the direct physical interaction
reported here, as well as the genetic interactions with YRAI
and other TREX complex components, we favor the model in
which Yral is recruiting Nap1 to specific ORFs.

Napl has diverse functions in the cell; however, its precise
role in nucleosome assembly in vivo is largely uncharacterized.
One function that may be dependent on Napl-mediated nu-
cleosome rearrangement is chromatin remodeling at an acti-
vated promoter. Our data demonstrate that PHOS and GAL1
are examples of genes where Napl is recruited to the promoter
regions upon transcription activation. Moreover, Nap1 recruit-
ment to the promoter is occurring independently of Yral. This
suggests that in vivo, Napl also has chromatin functions that
are distinct from Yral and are regulated by other mechanisms.
The function of Napl at the promoter is likely also tied to
nucleosome mobilization. The eviction and incorporation of
histones at the PHOS5 promoter occurs in frans and can be
mediated by the histone chaperones Asfl, Hirl, and Spt6 as
well as by the SWI/SNF chromatin remodeling complex (2, 3,
24, 46). Our data show that Napl is required for normal tran-
scription of PHOS, although measurements of mRNA levels,
phosphatase activity assays, and H2B ChIP suggested that
Napl is not a requisite for PHOS transcription initiation. How-
ever, recruitment of Napl to promoter regions suggests that
Napl is involved in chromatin remodeling of the promoter.
Interestingly the S. pombe homologs of Napl and the ATP-
dependent remodeling factor Chdl have also recently been
shown to be associated with both coding and nontranscribed
regions. They are believed to cooperate to displace histones
from promoters in vivo (53). One role for S. cerevisiae Napl at
the PHOS promoter could be in the mobilization of the H2A
variant H2A.Z. This histone is poised at the repressed PHOS
promoter and then removed during activation (44). Napl and
Chzl1 are redundant histone chaperones for H2A.Z; therefore,
the loss of NAPI alone may not alter PHOS5 transcription
initiation (31, 34). The identification of Napl at chromatin
regions independently of Yral raises the question of how Nap1
is targeted to the correct chromatin domain. We speculate that
this may involve the SWR1 or other protein complexes, or
possibly Napl itself, via recognition of different modifications
within the histone N-terminal tails.

The occupancy with Yral at the PHO5 ORF, the modest
changes in PHOS transcript level and phosphatase activity ob-
served for Anapl cells, and the delay in H2B redeposition
during transcription repression suggest that Nap1l may also be
important for chromatin remodeling during transcription elon-
gation. Our data are consistent with the model whereby the net

Napl IN TRANSCRIPTION ELONGATION 2123

function of Napl is to facilitate nucleosome reassembly. This
function is in contrast to the role of Napl with Chdl in S.
pombe, where it was shown to function in chromatin disassem-
bly, suggesting that at specific chromatin domains, Napl may
act both in assembly and disassembly (53). Asflp has been
shown to mediate both the eviction and the deposition of H3
during elongation, and both Spt6 and the FACT complex have
chromatin reassembly activity (45, 47). We propose that Napl
serves that same purpose for H2A/H2B dimers and that chro-
matin reassembly is important during elongation to prevent
transcription initiation within the coding region. Napl inter-
acts with histones directly but must be targeted to the correct
chromatin domains. We propose a model whereby during elon-
gation, Yral recruits Napl to the actively transcribed region
where Napl-mediated H2A/H2B mobilization occurs (Fig. 7).
Napl may be either a histone acceptor and donor or an active
participant in the disassembly and reconstitution phases during
RNAP II progression. Given the redundancy of histone chap-
erones, Napl may facilitate disassembly reactions during elon-
gation in concert with other factors. A likely mechanism for
Napl histone chaperone activity during elongation would
therefore also involve interactions with other factors, like
Chd1, the RSC complex, or the FACT complex.

In summary, we present evidence that suggests that Napl
functions in transcription elongation and that recruitment of
Napl to some chromatin domains is dependent on the TREX
complex. Furthermore, at an activated gene, Nap1 appears to
be important for chromatin reassembly. Generally, factors in-
volved in pre-mRNA processing are recruited by the RNAP II
C-terminal domain, and the Yral-Napl interaction would
demonstrate a unique mechanism of recruitment of a histone
chaperone to an actively transcribed gene (4). Thus, Napl
represents a new connection between chromatin assembly and
mRNP biogenesis.
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