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In Saccharomyces cerevisiae, the evolutionarily conserved nucleocytoplasmic shuttling protein Napl is a
cofactor for the import of histones H2A and H2B, a chromatin assembly factor and a mitotic factor involved
in regulation of bud formation. To understand the mechanism by which Napl function is regulated, Nap1-
interacting factors were isolated and identified by mass spectrometry. We identified several kinases among
these proteins, including casein kinase 2 (CK2), and a new bud neck-associated protein, Nbal. Consistent with
our identification of the Napl-interacting kinases, we showed that Nap1 is phosphorylated in vivo at 11 sites
and that Nap1 is phosphorylated by CK2 at three substrate serines. Phosphorylation of these serines was not
necessary for normal bud formation, but mutation of these serines to either alanine or aspartic acid resulted
in cell cycle changes, including a prolonged S phase, suggesting that reversible phosphorylation by CK2 is
important for cell cycle regulation. Napl can shuttle between the nucleus and cytoplasm, and we also showed
that CK2 phosphorylation promotes the import of Napl into the nucleus. In conclusion, our data show that
Napl phosphorylation by CK2 appears to regulate Nap1 localization and is required for normal progression

through S phase.

Napl, or nucleosome assembly protein 1, is a member of the
Nap1/SET family of proteins and is highly conserved among
eukaryotes (23). The first human homolog to be cloned was
purified from HeLa cell extracts and characterized by its ability
to assemble chromatin in vitro (21, 22). In mice, deletion of
NaplL2 is embryonic lethal due to hyperproliferation of neu-
ronal precursor cells. Mutations in and chromosomal translo-
cations involving Napl/SET family members are associated
with a variety of human cancers (1, 2, 13, 14, 30, 55, 59). These
disorders may be due to Napl/SET-associated defects in cell
cycle regulation or could be the result of transcriptional mis-
regulation, since in a genome-wide expression study in Saccha-
romyces cerevisiae, about 10% of all genes showed altered tran-
scription in a naplA strain (43).

In Saccharomyces cerevisiae, Napl was originally identified
as a cyclin B2 (Clb2)-interacting protein. At entry into mitosis,
the cyclin-dependent kinase complex CIb2/Cdc28 is activated
and, in complex with a number of other proteins, initiates the
switch from polar to isotropic bud growth (28). The Swel
kinase is a negative regulator of this complex, and its inactiva-
tion is required for bud growth to proceed appropriately. Napl
is also involved in the regulation of this switch, and in naplA
mutants, a mild elongated bud phenotype is observed in 10 to
30% cells (5). This is thought to be due to the role of Napl in
regulating phosphorylation and activation of the Nim1-related
kinase Gin4, which is a prerequisite for the normal assembly of
a septin complex at the bud neck (5). Although Nap1 and Gin4
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remain in complex throughout the cell cycle, at the G,/M
transition, Gin4 undergoes Napl-dependent hyperphosphory-
lation that is required for its localization to the bud neck and
association with the septin cortex (5, 34, 36, 38, 44, 45).

At steady state, Napl is primarily cytoplasmic, but mutation
of a leucine-rich nuclear export sequence (NES) sequesters
Napl in the nucleus, suggesting it is a nucleocytoplasmic shut-
tling protein (40). In vivo, Napl binds to histones H2A and
H2B in the cytoplasm, acts to promote the formation of the
Kap114-H2A-H2B complex, and facilitates histone import into
the nucleus via the karyopherin Kapl14 (40). Once in the
nucleus, Napl1 is presumably released from Kap114 and is able
to assemble histones H2A and H2B onto DNA. The assembled
chromatin then recruits the Ran nucleotide exchange factor
Recel (Prp20 in yeast) leading to the production of RanGTP at
the chromatin surface (6, 8, 29, 42). Kap114 directly inhibits
chromatin assembly by Napl in vitro, suggesting the chromatin
assembly activity of Napl is not inherently coupled to import of
the H2A-H2B dimer and that Napl may undergo additional
regulation inside the nucleus (39).

Napl appears to have two quite distinct roles in key cellular
processes, namely, regulation of bud formation and nucleo-
some assembly, and within the cell these functions are tempo-
rally and spatially separate. We wanted to gain insight into how
the apparently pleiotropic functions of Napl might be regu-
lated. NAP1 mRNA levels remain stable throughout the cell
cycle, suggesting the regulatory mechanism is independent of
transcription (54). We hypothesized that the function of dif-
ferent cellular pools of Nap1 might be determined by different
Napl-interacting proteins and set out to identify and charac-
terize these binding partners. As a validation of this approach,
we showed these partners included the previously uncharac-
terized Yol070c, designated here Nbal, which localizes to the
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septin cortex prior to bud emergence and to the bud neck.
Additionally, we found several kinases including Cka2, the
protein encoding the «’ subunit of casein kinase 2 (CK2).
Analysis of Napl phosphorylation determined that Napl is
phosphorylated at 11 sites in vivo. We show that CK2 associ-
ates with Napl and that Napl is a substrate for phosphoryla-
tion by CK2 at three serines in vitro. We demonstrate that
reversible phosphorylation of Napl is required for normal S
phase progression and that phosphorylation of Napl by CK2
appears to promote its import into the nucleus. This suggests
that in S. cerevisiae Napl function is regulated by phosphory-
lation.

MATERIALS AND METHODS

Yeast strains and plasmids. S. cerevisiae strains used in this study were derived
from strain DF5 or BY4741 as noted, and construction of mutant napIA and
kap114A strains have been described previously (39, 49). The Napl-protein A
(PrA), kapl14A strain was constructed by integration of a PrA tag at the C-
terminal end of Napl in the kaplI4A strain as described previously (3). napIA
double mutants were made by mating BY4741 deletion strains from Open Bio-
systems with the naplA::cloNAT strain (derived from strain Y2454 provided by
C. Boone, MATa ura3A0 leu2A0 his3A1 lys2A0 MFA1pr-HIS3 canlAO) and per-
forming tetrad dissections. Strains DK212 and DK213 were gifts from D. Kellogg
(5). Expression of green fluorescent protein (GFP)-tagged proteins was per-
formed using the pGFP,-C-FUS vector (40). Amino acid substitutions were
made using oligonucleotide site-directed mutagenesis of a double-stranded DNA
plasmid template and verified by sequencing. For plasmid rescue experiments,
the NAPI promoter (400 bp upstream) and terminator (296 bp downstream)
fragments were cloned into pRS316 with an intervening BamHI site. The NAP!
and mutant derivatives were inserted into this site. For recombinant protein
expression, NAPI and mutant derivatives were cloned into pGEX4T1, and glu-
tathione S-transferase (GST) fusion proteins were purified as previously de-
scribed (41).

Purification of Napl binding partners and identification of phosphorylation
sites. Postribosomal whole-cell extract was prepared from 1 liter of Nap1-PrA-
tagged or untagged, exponentially growing yeast. Cultures were harvested by
centrifugation and pretreated with protease and phosphatase inhibitor buffer (1
mM peroxovanadate, 10 nM calyculin, 1 mM phenylmethylsulfonyl fluoride, and
1 pg/ml pepstatin in 100 mM Tris [pH 8.0]) at 30°C for 30 min, followed by the
addition of 10 mM dithiothreitol for 10 min. Cells were lysed in 2% polyvinyl-
pyrollidone using the French press. Lysates were cleared by centrifugation to
remove ribosomes and incubated with immunoglobulin G (IgG)-Sepharose. Af-
ter Nap1-PrA and copurifying proteins were washed with 50 mM MgCl,, Nap1-
PrA-interacting proteins were eluted with 1 M MgCl, and identified by mass
spectrometry (MS) as described previously (12, 18). Proteins from which a
minimum of four unique peptides were isolated were included in the analysis.
Proteins present in both experimental and control fractions were included only
if the total number of peptides present in the experimental fraction was at least
50% higher than the total number in the control fraction. To detect Napl
phosphopeptides, the Napl-PrA bound to Sepharose beads was subjected to
proteolytic digestion by trypsin, Glu C, and Asp N. The resulting peptides were
separated using a C;g column and esterified in acetyl chloride and methanol.
Phosphopeptides were enriched from the sample using an immobilized metal
affinity column and analyzed by reverse-phase high-performance liquid chroma-
tography coupled to electrospray ionization tandem MS with a chromatograph
interfaced with a Finnigan LTQ-FT ion trap mass spectrometer, and identified
using SEQUEST. For the coimmunoprecipitation of Napl binding partners,
lysates from 500 ml of each tagged strain were prepared as described above, and
50 mg of total protein was incubated with IgG-Sepharose. Coprecipitating pro-
teins were eluted with a MgCl, gradient, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and visualized by Western
blotting using a Nap1 antibody purchased from Santa Cruz Biotechnology Inc.

In vitro binding assays. Recombinant proteins were purified according to the
manufacturer’s instructions (GE Healthcare, NEB). Nbal and Napl binding
assays were performed using either GST-Napl or GST-Napl mutants immobi-
lized on glutathione-Sepharose or maltose binding protein (MBP)-Nbal immo-
bilized on amylose resin. In each case, beads were preblocked with 10% bovine
serum albumin in buffer containing 1% Tween 20 and then incubated with
recombinant proteins at the concentrations described in the figure legends. For
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the histone binding assay, glutathione-Sepharose-immobilized Napl or mutant
protein was incubated with chicken erythrocyte core histones. Beads were
washed extensively, and bound material was separated by SDS-PAGE and visu-
alized as indicated. For quantification of Napl bound to MBP-Kap114, the
membrane was incubated with an anti-Napl antibody, followed by anti-MBP
antibody, and binding was detected using the Odyssey infrared imaging system
(LI-COR, Biosciences). Binding was quantified by comparing the amount of
Napl or mutant signal relative to the amount of input MBP-Kap114 signal
detected by the imaging system.

In vitro kinase assay. One microgram of GST-Napl or Napl mutant was
incubated with 0.2 mM ATP, 1 pCi of [y->?PJATP, and 0.2 pl human recombi-
nant CK2 (NEB, Beverley, MA) at 30°C for 30 min or as indicated. The reaction
was stopped by the addition of SDS-PAGE sample buffer. The proteins were
separated by SDS-PAGE and stained with Coomassie blue, and 3?P-labeled
proteins were detected by autoradiography on a PhosphorImager.

Cell culture and microscopy. Cell culture and microscopy were performed as
described previously (41) using a Nikon Microphot-SA microscope (Melville,
NY), and images were captured using OpenLab software (Improvision, Lexing-
ton, MA) with a 100X objective. Strains containing reporter GFP constructs were
induced in synthetic complete medium without uracil and methionine (SC-Ura-
Met) either overnight [Nap1(L99S S159A S177A S397A)-GFP,] or for 2 h (all
other constructs). Cells were photographed using identical exposure settings, and
all image manipulation was performed identically using Adobe Photoshop. For
the benomyl sensitivity assay, 10-fold serial dilutions of each strain were spotted
onto yeast extract-peptone-dextrose (YPD), YPD plus 20 pg/ml benomyl in 0.4%
dimethyl sulfoxide, or YPD plus 0.4% dimethyl sulfoxide and incubated at 30°C
for 4 days. For the quantification of elongated buds, 250 budded cells were
counted from exponentially growing cultures of each strain, and buds whose
length from neck to bud tip was greater than twice the width of the mother cell
were scored as elongated. The experiment was performed in triplicate, and a
two-way chi-squared test was performed comparing values calculated for each
double mutant to those obtained from napIA cells.

Cell cycle analysis. Exponentially growing DK213 cells carrying pRS316 con-
structs were cultured in SC-Ura medium; DK212 control cells were cultured in
complete supplement mixture. Cells were counted, fixed in 70% ethanol and
30% sorbitol, and stained with 1 uM Sytox green (Molecular Probes, Eugene,
OR). Ten thousand cells per sample were acquired on an ImageStream imaging
flow cytometer (Amnis Corporation, Seattle, WA) using INSPIRE software. The
Sytox green signal and corresponding bright-field images were also collected.
Spectral overlap of Sytox green into the bright-field channel was calculated and
subtracted using the manufacturer’s image analysis software. Random cell im-
ages were collected from within a cross-section of the 4N peak on the histogram.
Cell cycle analysis was performed on exponentially growing cultures; 500 Ho-
echst-labeled cells from each sample were assigned to one of three morpholog-
ical categories on the basis of microscopic analysis: no bud (G, ), budded cell with
a single nucleus (S phase), or budded cell with two nuclei (G,). Cells of abnormal
morphology were excluded from the analysis. A two-way chi-squared test was
performed comparing values calculated for each mutant to the expected values
obtained from wild-type cells.

RESULTS

Identification of Napl-interacting proteins. To identify pro-
teins involved in the regulation of Napl function, Napl-PrA
was first immunoprecipitated from whole-cell lysates prepared
from exponentially growing yeast. Nap1 binding proteins were
eluted, and MS was used to identify the protein constituents.
Nonspecific interactions were excluded by comparison with a
control experiment using an untagged strain. The remaining
Napl-interacting proteins were evaluated based upon the
number of total and unique peptides identified, resulting in the
identification of 22 Napl-interacting proteins (Table 1). Sev-
eral heat shock proteins, a ribosomal protein, and proteins
involved in amino acid biosynthesis were present after filtering
(Table 1). These proteins are highly abundant in cellular ly-
sates and commonly regarded as contaminants in proteomic
screens (17). The Napl-interacting proteins identified in our
screen included known binding partners of Napl: H2A, H2B,
Kap114, H2A.Z, and the kinase Gin4, as well as some previ-
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TABLE 1. Napl-interacting proteins

No. of unique No. of total
Function Protein name peptides* peptides’ Protein localization
Napl IP Ctrl. Napl IP Ctrl.
Chromatin associated Napl 19 6 425 11 Cytoplasm, nucleus, and bud neck
Htb2 7 3 95 6 Nucleus
Kapl14 6 0 7 0 Cytoplasm and nucleus
Hta2 4 4 108 5 Nucleus
Htzl 4 0 26 0 Nucleus
Kinases Gin4 32 0 81 0 Cytoplasm, bud neck, and bud
Ckil 23 0 52 0 Cytoplasm
Kec4 21 0 39 0 Bud neck, cell periphery, and bud
Cka2 5 0 7 0 Cytoplasm and nucleus
Protein synthesis/metabolism Tef2 11 11 40 18 Cytoplasm
Rpl18b 7 0 14 0 Cytoplasm
Shml1 18 0 38 0 Mitochondria
Sip5 7 0 8 0 Cytoplasm
Tco89 6 0 6 0 Vacuolar membrane
Foll 5 0 6 0 Cytoplasm and mitochondria
Heat shock Ssal 35 20 115 37 Cytoplasm
Ssb1 28 0 92 0 Cytoplasm
Ssa2 8 7 15 8 Cytoplasm and nucleus
Sscl 6 2 6 2 Cytoplasm and mitochondria
Hsc82 4 0 6 0 Cytoplasm
Unknown function Nisl 2 0 2 0 Bud neck and cell periphery
Yol070c/Nbal 26 0 111 0 Cytoplasm, bud neck, and cell periphery

“ Napl-PrA-interacting proteins were identified by mass spectrometry. The number of peptides identified from a control (Ctrl.) experiment using an untagged strain

is shown for comparison. Nap1 IP, Napl-interacting protein.

ously unreported interacting proteins and two proteins of un-
known function.

Among the Napl-interacting proteins found in the screen,
four kinases were identified: the Niml-related kinases Gin4
and Kcc4, one of the catalytic subunits of CK2, Cka2, and
choline kinase, Ckil. Phosphorylation of Napl by Napl-inter-
acting kinases presents a simple and reversible mechanism by
which its distinct functions could be regulated. Additionally,
two largely uncharacterized proteins were identified, Nis1 and
Yol070c. Nisl (neck protein interacting with septins) has been
shown by yeast two-hybrid screening to interact with septins,
Niml1 kinases Gin4 and Kcc4, and Napl, and it localizes to the
bud neck in a septin-dependent manner (24). Yol070c is the
product of an uncharacterized open reading frame identified in
a screen for potential Cdc28 substrates (57). On the basis of
these data, we decided to further investigate the roles of Gin4,
Kcced, Cka2, Ckil, Nis1, and Yol070c in Napl function.

To verify these interactions in vivo, we evaluated the ability
of Napl to coprecipitate with each protein. Nisl and Gin4 have
previously been shown to interact with Nap1 by coimmunopre-
cipitation (5, 24). The tandem affinity purification (TAP) or
PrA-tagged fusion of each protein of interest was purified from
whole-cell extracts, and coprecipitating proteins were eluted
with MgCl, and Western blotted for Napl (Fig. 1). We found
that Napl coprecipitated with Gin4 as expected, and it also
coprecipitated with Kced4, Cka2, Ckil, and Yol070c, but not
with the unrelated karyopherin, Sxm1/Kap108. Since Nap1 mi-
grates at a similar size as the Cka2-TAP fusion protein, this
membrane was initially probed with IgG to identify Cka2-TAP,

followed by a Napl antibody. Only Napl is visible in the 50
mM MgCl, fraction, whereas both Napl and Cka2-TAP are
detected in the 1 M MgCl, fraction (Fig. 1). These results
validated our MS data and showed that these interactions
occur either directly or within a shared complex in yeast ly-
sates. The interaction of Nap1 with these proteins suggests that
these proteins may be involved in the regulation of Nap1 func-
tion.

YOL(070c encodes a new bud neck-associated protein, Nbal.
To further validate our candidate Napl-interacting proteins,
we decided to characterize the new Napl partner encoded by

MgCl, 0.05M 1.0M 4.5M

Sxm1-TAP
-— Gin4-TAP
aNap1 — Kcec4-TAP

| ¥ Y0l070c-PrA

i Cki1-TAP
Cka2-TAP
algG s Cka2-TAP

FIG. 1. Napl-interacting proteins. PrA- or TAP-tagged proteins as
indicated were isolated from whole-cell lysates using IgG-Sepharose
and eluted with MgCl,. The coprecipitation of Napl with these pro-
teins was analyzed by Western blotting with an anti-Napl antibody
(aNapl). For Cka2-TAP, the blot was probed with rabbit IgG antibody
(algG) to detect Cka2-TAP followed by Napl antibody. The white
arrowhead indicates Napl band.
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FIG. 2. Napl interacts directly with the bud neck-associated pro-
tein, Nbal. (A) MBP-Nbal (200 nM), MBP (200 nM), GST (1 pM),
GST-Napl (1 uM), and GST-Nap1 fragments (indicated by amino acid
numbers above the lanes; 1 uM) were immobilized and incubated with
250 nM GST-Napl1 (top blot) or 500 nM MBP-Nbal (bottom blot).
Bound proteins were visualized by Western blotting with anti-Nap1
(a-Napl) or anti-MBP (a-MBP) (for Nbal) antibodies. (B) Nbal-
GFP, fusion protein was expressed in wild-type (WT) or napIA cells
and visualized by fluorescence microscopy. The coincident differ-
ential interference contrast (DIC) image is also shown. (C) Nbal
fragments (indicated by amino acid number) were expressed as
GFP, fusion proteins in wild-type yeast and visualized as described
above for panel B.

YOLO070c. Yol070c has a predicted molecular mass of 56 kDa.
The protein shares no significant homology with other known
protein families and is conserved within fungi, although close
homologs are not found in higher eukaryotes. The most exten-
sive homology within fungi is observed in the C-terminal do-
main of Yol070c, and a lysine-rich region (residues 405 to 421)
may represent a classical nuclear localization signal. Various
global proteomic screens have identified potential partners for
Yo0l070c, including Napl, Nisl, CIb2, Cdc28, Sxm1/Kap108,
and Sua7 (http://www.yeastgenome.org/). We observed that re-
combinant Napl and Yol070c interact directly (Fig. 2A), and
we propose that Yol070c be designated Nbal (Napl and bud
neck-associated protein). We determined that Nbal interacts
with the central domain of Napl (amino acids 143 to 362 [Fig.
2A]). NBAI does not encode an essential gene, and nbalA
deletion strains have no obvious growth defects (see Fig. 3).
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Interestingly, when we expressed Nbal as a GFP fusion pro-
tein, its localization appeared identical to that of Napl, pri-
marily cytoplasmic and excluded from the nucleus in many
cells (Fig. 2B). In addition, bud neck localization was observed
in G,/M cells, as well as localization to the actin cap in unbud-
ded cells; this localization was unaltered in napIA cells (Fig.
2B). We also observed that the C-terminal half of Nbal (amino
acids 275 to 501) contains determinants necessary for the nor-
mal cellular distribution and bud neck targeting of Nbal, and
an amino-terminal fragment (amino acids 1 to 275) did not
contain this activity (Fig. 2C). We hypothesize that Nbal func-
tions with Nap1 at the septin scaffold to regulate G,/M pro-
gression. Future experiments will be necessary to determine
the relevance of Nbal to Nap1 function. This characterization
of Nbal, together with our identification of known Napl-in-
teracting proteins, suggests that our screen identified real
Napl partners.

NAPI interacts genetically with several kinases. In order to
understand the relationship between the Napl-interacting pro-
teins and Napl in vivo, we examined strains in which both
genes were deleted. None of the double deletion strains
showed any obvious growth defect on YPD (Fig. 3A). In S.
cerevisiae, napl A mutants have increased resistance to beno-
myl, a microtubule-destabilizing drug that causes mitotic arrest
at high concentrations, demonstrating a role for Napl1 in reg-
ulating microtubule dynamics (25). As expected, napIA cells
grew better than wild-type cells on plates containing 20 pg/ml
benomyl (Fig. 3A). Strains lacking NBA1, GIN4, or KCC4 grew
similarly to wild-type cells, which suggests that they are not
resistant to benomyl. When these mutations were combined
with the NAPI deletion, napIA nbalA, napIA gin4A, and
naplA kcc4A deletion strains grew similarly to the naplA mu-
tant, suggesting that the resistance to benomyl observed in
naplA strains is not dependent on these three genes. Both
nisIA and ckil A strains showed increased benomyl sensitivity
compared to the wild type. However, unlike the naplA nisiA
strain, deletion of NAPI in combination with CKII caused
increased sensitivity to benomyl, indicating a genetic interac-
tion. Last, the cka2A strain showed increased resistance to
benomyl in the presence and absence of NAPI, suggesting that
these mutations may be epistatic and that both proteins func-
tion in microtubule stability (Fig. 3A).

A proportion of naplA cells exhibit an elongated bud phe-
notype, indicative of a delayed switch from polar to isotropic
bud growth (25). We therefore examined the morphology of
the single and double deletion strains and quantified the per-
centage of budded cells exhibiting elongated buds. We ob-
served elongated buds in napIA and gin4A cells (~10% in this
strain background), but not in other strains bearing a single
deletion (Fig. 3B). The percentage of elongated buds was sig-
nificantly increased in both the napIA gin4A and naplA ckilA
strains (31% and 15%, respectively) compared to the naplA
strain, further suggestive of a genetic interaction (Fig. 3B). No
morphological defect was seen in cka2A cells, and we did not
observe an increase in the percentage of elongated buds in the
naplA cka2A mutant or in the other double deletion mutants
(Fig. 3B). Interestingly, a small decrease in the percentage of
cells with elongated buds was observed in the naplA cka2A
mutant compared to the nap! A mutant (Fig. 3B). CK2 contains
two catalytic subunits encoded by CKAI and CKA2, and al-
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FIG. 3. Genetic interactions of NAPI. (A) Strains of the indicated
genotype were equalized, spotted at 10-fold serial dilutions, and grown
on YPD plates with and without benomyl. (B) Strains of the indicated
genotypes were examined by differential interference contrast (DIC)
microscopy, and the percentage of budded cells exhibiting elongated
buds was quantified. The error bars indicate the standard error of the
means for three independent experiments. Statistically significant dif-
ferences between napIA and the double deletion strains are indicated
as follows: *, P < 0.05; **, P < 0.01. DIC images of selected strains as
indicated are shown above the bar graph. WT. wild type.

though disruption of both genes is lethal, depletion of CK2
using conditional alleles is known to cause defects in cell cycle
progression, cell polarity, and elongated bud morphology.
Whether NAPI interacts genetically with conditional strains
remains to be tested. Collectively, these results suggested that
NAPI interacts genetically with GIN4, CKII, and CKA2 and
may have an overlapping role with CKA2 in regulating micro-
tubule stability. This also suggests that the elongated bud phe-
notype and the resistance of napI/A mutants to benomyl are
independent phenotypes. It was of particular interest that
NAPI appeared to be epistatic with CKA2, since CK2 may
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phosphorylate Napl homologs in other species (9, 16, 31, 51).
Therefore, because cka2A and naplA mutants exhibit overlap-
ping phenotypes, CK2 and Napl are present in both the cyto-
plasm and nucleus, and Nap1 has been implicated as a CK2
substrate in other species, we decided to investigate CK2-
mediated regulation of Napl function.

Napl is a phosphoprotein in vivo. Phosphorylation of Napl
has not been demonstrated in S. cerevisiae, so we utilized MS
to determine whether yeast Napl1 is a phosphoprotein. Nap1-
PrA was purified from exponentially growing cells, and after
protease digestion, phosphopeptides were enriched using an
immobilized metal affinity column and sequenced by MS/MS.
Eleven phosphorylated serines and threonines were identified,
and all but one are clustered in the amino-terminal half of the
protein (Fig. 4A). Only five of these sites are visible on the
published crystal structure, and another site (S177) is con-
tained in an unstructured, flexible loop (48). The remaining
sites were not included in the fragment that was crystallized. In
the published structure of Napl, four distinct regions of the
protein, labeled subdomains A to D, were characterized (Fig.
4A) (48). Napl forms a homodimer via subdomain A, and this
region also contains the previously characterized NES (40).
Subdomain A consists of two alpha helices, of which the
shorter a1 helix extends toward the acidic surface of the Napl
dimer (Fig. 4B). One of the phosphorylated residues, S82, is
exposed in the crystal structure and lies at one end of a1, near
the loop that joins a1 with a2, and is oriented toward the acidic
surface of Nap1 (Fig. 4B). The longer a2 helix couples with the
corresponding o2 helix of the opposite subunit by close anti-
parallel pairing along the entire length of the helix (Fig. 4B).
Subdomain B forms a clamp across the a2 helix of the oppos-
ing subunit. The clamp may contribute to formation or stabi-
lization of the dimer and also appears to mask the NES of the
opposing subunit. Two of the phosphorylated serines we iden-
tified, S98 and S104, are located within or adjacent to the NES,
and are one and two-third helical turns apart from each other
at one end of subdomain A (Fig. 4B). Subdomain B containing
the clamp of the opposing subunit appears to bury S98 and
partially occlude S104. Two other phosphorylation sites iden-
tified in our analysis, S140 and S159, face outward from each
end of the clamp region formed between the base of a2 in
subdomain A and subdomain B (Fig. 4B). Though not repre-
sented in the structure, S177 is located on the flexible loop that
forms the hinge of this clamp (Fig. 4B). Due to antiparallel
subunit pairing, S98 and S104 of one subunit are in close
proximity to S140 and S159 and probably S177 from the other
subunit. It is possible that phosphorylation of S140, S159, and
S177 in the clamp domain alters the conformation of this
domain. In addition, phosphorylation of the occluded residues
(S98 and S104) probably requires a change in the clamp do-
main conformation. Taken together, this suggests that phos-
phorylation may regulate nuclear transport of the protein and
the conformation of the dimer.

Napl is phosphorylated by CK2 in vitro. CK2 has a consen-
sus substrate recognition motif, and analysis of Napl phos-
phosites revealed that three phosphoserines, S159, S177 and
S397, exist within a CK2 consensus sequence (Fig. 4A). Phos-
phoserine S159 aligns with Drosophila Napl S118, which is
phosphorylated by CK2 in vitro (31). A fourth phosphorylated
residue, S140, that is also within a minimal CK2 consensus
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FIG. 4. Napl is phosphorylated. (A) Schematic of Napl. Arrows
illustrate the relative positions of the 11 identified phosphosites, with
the amino acids of the CK2 sites indicated numerically. Black bars
beneath the schematic show the regions contained within the solved
structure (48). (B) Tertiary structure of the Napl dimer (left). The
subunits are shown in purple and yellow, and phosphorylated residues
on both subunits are green. The labeled subdomains A and B refer to
the purple subunit. Close-up view (right) of the clamp region indicates
phosphorylated residues in this domain, and the likely position of S177
is shown. An alternate projection of the dimer, illustrating S82, is
shown for clarity (bottom view) (48). (C) Recombinant GST-Nap1 and
the indicated Napl mutants were incubated with purified CK2 and
[y-**P]ATP for the time indicated. The proteins were separated by
SDS-PAGE, Napl was visualized by Coomassie blue staining (CBB),
and phosphorylation was measured by **P incorporation detected us-
ing a Phosphorlmager. (D) In vitro kinase assay of GST-Napl or
GST-Nap1(S159S177AS397A) (labeled Napl 3S-A) was carried out
for 30 min as described in Materials and Methods, and proteins in-
cluded in the reaction mixture are as indicated. (E) In vitro kinase
assay of GST-Nap1 or GST-Nap1 3S-A was carried out as described in
Materials and Methods for the times indicated.

sequence was identified; however. this site was not predicted to
be a CK2 target site by NetPhosK or KinasePhos prediction
tools (7). On the basis of this evidence, we predicted that
serines 159, 177, and 397 within Napl were CK2 target resi-
dues.

To determine whether Napl is a substrate for CK2, we
assessed the ability of CK2 to phosphorylate Napl in vitro.
Recombinant GST-tagged Napl was incubated with recombi-
nant CK2 and *?P-labeled ATP, and CK2 was able to phos-
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phorylate GST-Napl in vitro (Fig. 4C). In order to confirm the
CK2 target sites, mutants were constructed in which two or
three of the CK2 target serines were mutated to uncharged,
unphosphorylatable alanine residues. As predicted, mutation
of two of the three serines to alanines significantly reduced
phosphorylation of Napl as measured by *?P incorporation,
whereas mutation of all three serines, creating Napl1(S159A
S177A S397A) completely inhibited phosphorylation by CK2
(Fig. 4C). This suggested that all three sites were recognized by
CK2. We also demonstrated that phosphorylation of Nap1 in
this reaction was specifically dependent upon the presence of
both the substrate and CK2 (Fig. 4D). A time course experi-
ment determined that the in vitro phosphorylation progresses
to saturation by 60 min, whereas Nap1(S159A S177A S397A)
was not detectably phosphorylated even after 120 min (Fig.
4E). MS of recombinant GST-Nap1, phosphorylated by CK2 in
vitro, confirmed the presence of phosphorylated S177 and S397
(data not shown). Taken together, these results show that
Napl contains three substrate serines for phosphorylation
by CK2.

Phosphorylation of Nap1 by CK2 is not required for CLB2-
dependent bud formation. To investigate how phosphorylation
of Napl by CK2 might regulate its various cellular functions,
we constructed plasmids expressing wild-type Napl or mutants
in which the three CK2 target serines were mutated to alanine,
Nap1(S159A S177A S397A), or to negatively charged aspartic
acid, Nap1(S159D S177D S397D) to mimic constitutively un-
phosphorylated or phosphorylated Napl, respectively. Each
was expressed under the control of the endogenous NAPI
promoter and terminator, and Western blotting confirmed that
the wild type and mutants were expressed at similar levels
(data not shown). In order to determine whether phosphory-
lation of Napl by CK2 was necessary for the regulation of
correct bud formation, we expressed Napl(S159A S177A
S397A) and Napl(S159D S177D S397D) in a CLB2-depen-
dent strain, in which the CLBI, CLB3, CLB4, and NAPI genes
were deleted (DK213). In this background, the napIA pheno-
type is exacerbated, resulting in cells with highly elongated
buds and the formation of large, interconnected clumps of cells
(25). In this strain, expression of Napl or either of the Napl
mutants, Nap1(S159A S177A S397A) and Nap1(S159D S177D
S397D), was able to rescue normal bud shape (Fig. 5A). This
suggests that CK2 phosphorylation of Napl is not required for
correct bud formation.

Reversible phosphorylation of Nap1 by CK2 is required for
normal cell cycle progression. In order to determine whether
Nap1 phosphorylation by CK2 regulates cell cycle progression,
we observed the cell cycle profile of the Napl phosphomutants
in the CLB2-dependent strain. Cells were analyzed using Am-
nis ImageStream allowing the correlation of DNA content with
cell morphology of individual cells within the population. In
unsynchronized cells, napIA yeast had a higher ratio of cells
with 2N DNA to those with 1N DNA content compared to the
NAPI strain, which is indicative of the mitotic delay described
previously (25) (Fig. 5B). In this strain, napIA cells exhibited a
large proportion of multinucleate cells, as evidenced by the
presence of an additional peak representing 4N DNA content.
Morphologically, this peak consisted of interconnected buds
representing failed cytokinetic events, and Sytox green staining
revealed that these interconnected buds had several nuclei
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FIG. 5. Reversible phosphorylation of Nap1l by CK2 may regulate normal progression through S phase. (A) Nap1, Nap1(S159A S177A S397A)
(labeled Napl 3S-A), or Napl(S159D S177D S397D) (labeled Napl 3S-D) were expressed in the Clb2-dependent strain and examined by
differential interference contrast (DIC) microscopy. (B) The same strains were fixed, and the DNA was stained with Sytox green. Cells were
analyzed for DNA content using the Amnis ImageStream instrument. Random images of cells within the peak corresponding to 4N DNA content
(vector control sample only) are displayed on the right. BF, bright-field image, SYTOX, Sytox green-stained DNA. (C) Strains as in panel A were
stained with Hoechst and observed by fluorescence and DIC microscopy and scored morphologically for their cell cycle distribution. The numbers
of cells with no bud (G,), cells with a small bud and one nucleus (S phase), and cells with a large bud and two nuclei (G,/M) are indicated.
Comparison of strains showed statistically significant differences (*, P < 0.05; #*, P < 0.01). (D) The numbers in the boxes indicate the percentage

of cells in each phase of the cell cycle derived from panel C.

(Fig. 5B). In this strain, expression of Napl, Napl(S159A
S177A S397A), or Napl(S159D S177D S397D) rescued the
cytokinetic defect, resulting in a significant reduction in the
number of 2N+ cells and a loss of the peak corresponding to
4N DNA content, further suggesting that phosphorylation of

Napl by CK2 is not required for its role in regulating bud
formation (Fig. 5B). However, analysis of the cell cycle profile
for these strains suggested that there was a small increase in
the percentage of cells in G,/S in the Napl(S159A S177A
S397A) and Napl(S159D S177D S397D) strains relative to
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cells expressing Napl. To confirm this observation, we used
microscopy to characterize the cell cycle profile of each strain
on the basis of cell morphology. Random fields were scored for
the number of cells in G4, S, and G,/M. Although the doubling
times for strains expressing the different forms of Napl were
equivalent, expression of Napl(S159A S177A S397A) or
Nap1(S159D S177D S397D) led to a prolonged S phase and a
shortened passage through G, relative to the wild type, a result
which was more pronounced with Nap1(S159D S177D S397D)
(Fig. 5C and D). As we observed a similar effect with both
Nap1(S159A S177A S397A) and Nap1(S159D S177D S397D),
these data suggest that reversible phosphorylation of Napl by
CK2 is required for normal progression through S phase.

Phosphorylation by CK2 is not necessary for histone bind-
ing. During S phase, Napl likely plays an important role load-
ing histones onto DNA following replication. Therefore, we
examined the interaction of the Napl phosphomutants with
histones to determine whether phosphorylation of Napl by
CK2 might regulate this interaction. Among Nap1 family mem-
bers, the central NAP1 domain (containing S159 and S177 in
yeast Nap1) is the minimal region required for histone binding,
and the acidic C-terminal region of Napl (containing S397)
has been proposed to enhance its histone binding activity (15).
Core chicken erythrocyte histones were incubated with either
immobilized GST-Napl or Nap1(S159A S177A S397A) (both
representing unphosphorylated Nap1) or Nap1(S159D S177D
S397D) (mimicking phosphorylated Nap1). All three isoforms
of Napl1 interacted with the core histones. As has been shown
in previous in vitro studies, Nap1 interacted with H3 and H4 as
well as H2A and H2B (Fig. 6); Nap1(S159D S177D S397D)
consistently has slightly reduced mobility. These data sug-
gested that the Napl-histone interaction occurs regardless of
the phosphorylation status of Napl.

Phosphorylation of Nap1l by CK2 regulates nuclear import.
Napl has been demonstrated to shuttle between the nucleus
and cytoplasm in a NES-dependent manner (40). In yeast,
Napl is predominantly cytoplasmic with no obvious cell cycle-
dependent change in nuclear localization (data not shown).
However, it is possible that CK2 phosphorylation may regulate
the import or export of Napl, thus affecting the availability of
histones in the nucleus. As two of the phosphorylation sites are
located near the NES on the basis of the crystal structure, we
hypothesized that CK2 may regulate Napl export. GFP, fu-
sions of Napl, Nap1(S159A S177A S397A), and Nap1(S159D
S177D S397D) were each expressed from a plasmid in a naplA
strain to prevent dimerization or competition with endogenous
Napl. In exponentially growing cells, wild-type and mutant
Napl GFP fusions were predominantly cytoplasmic and able to
localize to the bud neck in G,/M cells (Fig. 7A). This suggested
that the loss of CK2 phosphorylation was not specifically block-
ing export. Since in this assay Nap1 is almost undetectable in
the nucleus at steady state, we decided to assess the ability of
the mutants to be imported in the context of an export-defi-
cient reporter. In this way, the steady-state localization of
Napl would be shifted to the nucleus, making it possible to
reveal an import defect. It has previously been demonstrated
that mutation of two of the leucine residues in the NES, .99
and L102, is sufficient to make Napl predominantly nuclear
(37). We constructed a minimal export-deficient mutant, in
which a single leucine (L99) within the NES was mutated to a
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FIG. 6. Phosphorylation of Nap1l by CK2 does not prevent histone
binding by Napl. GST, GST-Nap1, GST-Nap1(S159A S177A S397A)
(labeled Napl 3S-A), or GST-Nap1(S159D S177D S397D) (labeled
Nap1 3S-D) (all at 1 wM) was immobilized and incubated with purified
core histones (1 wM). Bound proteins were visualized by Coomassie
blue staining. The black asterisk indicates a band corresponding to
bovine serum albumin. Inputs of each protein (25 wmol) are shown.

serine, redistributing Napl-GFP, to the nucleus. The Napl
(L99S) mutation was incorporated into the GFP reporter con-
structs described above. Nap1(L99S)-GFP, and the phospho-
mimic Nap1(L99S S159D S177D S397D)-GFP, fusion proteins
localized to the nucleus (Fig. 7B). However, the unphosphor-
ylatable Nap1(L99S S159A S177A S397A)-GFP, mutant was
predominantly cytoplasmic, although it was still detectable in
the nucleus at low levels. This indicated that nuclear import of
the unphosphorylatable mutant was greatly reduced relative
to the wild-type and phosphomimic forms and supported the
idea that CK2 phosphorylation promotes the nuclear import of
Napl.

Napl can be imported by the karyopherin Kapll4 in a
Kap114-Nap1-histone complex. Indeed, the presence of Napl
in the Kapll4-histone complex increases the binding of
Kap114 to the complex (40). We tested whether phosphoryla-
tion may promote binding of Napl to Kap114, as this might
explain the observed mislocalization of Napl(L99S S159A
S177A S397A)-GFP,. We performed an in vitro binding assay
with unphosphorylated recombinant Nap1 or the Nap1(S159D
S177D S397D) phosphomimic and quantified the amount of
Napl bound to immobilized Kap114. No difference was de-
tected between the two recombinant forms of Napl, suggesting
that phosphorylation at these sites does not regulate the inter-
action of Napl with Kap114 (Fig. 7C). We also examined the
localization of these mutants in a Akapl14 strain. In this back-
ground, Nap1(L99S)-GFP, is still predominantly nuclear, sug-
gesting that Nap1 import is not solely dependent upon Kap114.
In the absence of Kap114, as in wild-type cells, low levels of
Nap1(L99S S159A S177A S397A)-GFP, were observed in the
nucleus (Fig. 7D). Taken together, these results imply that the
decreased import of Nap1(L99S S159A S177A S397A)-GFP,
was not due to a decreased affinity for Kap114. It is possible,
however, that CK2 may regulate the import of Napl through a
Kap114-independent import pathway. In summary, our results
suggest that CK2 phosphorylation of Napl regulates its nu-
clear import. In addition to the regulation of import, reversible
phosphorylation is required for timely S phase progression,
raising the possibility that decreased import negatively affects
the availability of histones during replication.
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FIG. 7. Phosphorylation of Napl by CK2 regulates nuclear import. (A) Napl, Napl(S159A S177A S397A) (labeled Napl 3S-A), or
Nap1(S159D S177D S397D) (labeled Nap1 3S-D) were expressed as GFP, fusion in napIA cells and visualized by fluorescence microscopy. The
coincident differential interference contrast (DIC) and Hoechst-stained images are shown. (B) Export-deficient Nap1-L99S, Nap1 3S-A-L99S, and
Nap1 3S-D-L99S GFP, fusion proteins were expressed and visualized as described above for panel A. (C) MBP-Kap114 (500 nM) was immobilized
and incubated with recombinant Nap1 or Nap1 3S-D (both 250 nM). Bound proteins were visualized by Western blotting and quantitated using
the Odyssey infrared imaging system as described in Materials and Methods. Relative binding of Nap1l to Kap114 is expressed in arbitrary units
(AU). (D) The indicated GFP fusions were expressed in kapl14A cells and visualized as described above for panel A.

DISCUSSION

We have shown that Nap1 function is regulated by phosphor-
ylation. We observed that Napl interacts with several kinases,
including CK2. Here, we present evidence that Napl is phos-
phorylated on several sites and is a substrate for CK2. CK2
phosphorylation appears to be necessary for efficient nuclear
import of Napl. This is the first report on the mechanism of
yeast Nap1 regulation by phosphorylation. CK2 is ubiquitously
expressed in the cytoplasm and nucleus, and thus, the phos-
phorylation of Napl is likely reversible, regulated by the com-
bined action of this kinase and a phosphatase. The importance
of regulated phosphorylation and dephosphorylation events is
further emphasized by the fact that yeast strains expressing
either the phosphorylation-defective Napl(S159A S177A
S397A) or constitutively charged Nap1(S159D S177D S397D)
mutant had alterations in the cell cycle consistent with a defect
in S phase progression and replication.

Functionally, members of the Nap1/SET superfamily have in
common their interaction with the mitotic B-type cyclins and
the ability to assemble nucleosomes onto chromatin (47).
Whether these two functions are interconnected or represent
an example of a single protein performing multiple, unrelated

functions is not yet understood. In higher eukaryotes, there are
several members of the Napl superfamily to which different
functions in chromatin metabolism, transcription, and cell cy-
cle regulation have been ascribed. S. cerevisiae has only two
members of this protein family, Napl and Vps75, and we set
out to use this simple model organism to elucidate the regu-
latory mechanisms governing Napl’s pleiotropic functions
(52). We identified many Napl-interacting proteins, including
most of the expected and previously characterized partners,
such as histones, Kap114, and Gin4. In addition, some new
partners were identified; these included the kinases CK2, Kcc4,
and Ckil. Many members of the Napl/SET superfamily in
higher eukaryotes are known phosphoproteins; we show here
the first evidence that yeast Napl is also a target for phosphor-
ylation in vivo.

Our data show that Napl is a specific substrate for CK2.
CK2 is a ubiquitous kinase that is highly conserved throughout
eukaryotes, has a wide range of cellular targets, and is required
for viability (for a review, see reference 32). It is composed of
four subunits, two catalytic a subunits and two regulatory 3
subunits. Interestingly, the catalytic subunits are not entirely
functionally redundant. In strains carrying a temperature-sen-
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sitive allele of a single-subunit disruption of CKAI, encoding
the « subunit, prevents polarization of the actin cytoskeleton
and causes a loss of cell polarity (50). In contrast, loss of CKA2
(encoding the o subunit) is reported to result in elongated
buds in 10 to 30% of cells and cell cycle arrests in both G; and
G,/M (19, 46). Both Cka2 and Ckal were detected among our
Napl-interacting proteins. After stringent filtering, Ckal was
removed from the list but may also represent a relevant phys-
iological interaction. The cka2A strain used in this study has
the CKAI locus intact, but this strain, like the napIA strain,
showed robust resistance to benomyl. Whether this phenotype
is specific to the CKA2 isoform is not known. CK2 has been
found in association with tubulin, centrosomes, and the mitotic
spindle, offering further evidence for a role in the regulation of
microtubule stability during mitosis (10, 11, 26, 60). Surpris-
ingly, deletion of both CKA2 and NAPI in our strain back-
ground led to a slight decrease in the number of cells with
abnormal buds compared to the naplA strain, suggesting a
synthetic genetic interaction. These results strengthen the idea
that the delayed switch from polar to isotropic growth and the
increased microtubule stability observed in naplA are indepen-
dent phenotypes.

It has previously been shown that Drosophila Nap1 binds to
and is phosphorylated by human CK2 holoenzyme in vitro (31,
51). The Napl homolog in the nematode Steinernema feltiae
interacts with endogenous CK2 by a yeast two-hybrid (16), and
the homolog in the rice Oryza sativa is phosphorylated by
recombinant CK2 in vitro (9). Human TSPY (testis-specific
protein, Y encoded) predominantly occurs in a phosphorylated
form, and a putative CK2 phosphorylation site is required for
nuclear import of this protein (27). These studies have led to
speculation that Nap1 is a substrate for phosphorylation in vivo
and that phosphorylation may regulate Nap1 localization. Our
studies have demonstrated for the first time that this is indeed
the case in S. cerevisiae. In addition to CK2, we identified Gin4
and other kinases that associate with Napl. Gin4 is thought to
regulate bud formation through a pathway parallel to that of
Napl, since in this study and others, the deletion of both
enhances the elongated bud phenotype seen in both single
deletion strains (5). Another Niml-like kinase, Kcc4, was
found to associate with Napl, although the two proteins did
not appear to interact genetically. All three proteins, Napl,
Kcc4, and Gin4, cause an elongated bud phenotype when over-
expressed (4, 44; also data not shown). Taken together, these
results suggest that these proteins function in overlapping but
nonidentical pathways in the regulation of bud formation. We
do not yet know whether Napl is a substrate for these kinases.
The fourth kinase we identified in our screen for Napl-inter-
acting proteins was Ckil. Ckil is involved in the synthesis of
the membrane lipid phosphatidylcholine in the Kennedy path-
way (20). Ckil and Napl interact genetically, as indicated by
the fact that deletion of NAPI greatly increases the benomyl
sensitivity observed in the cki/A mutant and exacerbates the
elongated bud phenotype compared to either single deletion
strain. Phosphorylation of Napl itself or a Napl-interacting
substrate by Ckil may be required for normal bud formation.

Two other Napl-interacting proteins identified were Nisl
and the newly described Nbal. Napl has previously been
shown to bind to Nisl, whose specific function is not well
understood, although it is proposed to be involved in the mi-
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totic signaling network (24). The nisIA strain was very sensitive
to benomyl relative to the wild type, implying a role for Nisl in
regulating microtubule stability. The bud neck-associated pro-
tein Nbal is a substrate for phosphorylation by Cdc28 in vitro
(57). Global analysis of NBAI mRNA levels during the cell
cycle demonstrated that its expression, like that of CIb2, is
periodic and peaks during mitosis (54). Taken together, these
data imply that Nbal may have a cell cycle-dependent function.
We show that, like Napl, Nbal is primarily cytoplasmic and
localizes to the bud neck at G,/M. We hypothesize that Napl
and Nbal interact at the bud neck and function in the regula-
tion of G,/M progression. As yet we have no evidence that
Nbal, like Napl, can be imported into the nucleus. However,
proteomic experiments have indicated that the yeast karyo-
pherin Kap108/Sxm1 interacts with Nbal, suggesting Kap108
may function in Nbal nuclear import and raising the possibility
that Nbal may also shuttle between the nucleus and cytoplasm
(58).

Of the 11 phosphorylated residues identified on Napl in
vivo, 3 were targets for CK2, and we have not yet determined
which kinases phosphorylate the other sites. The only remain-
ing sites that fit a consensus sequence are two in the amino
terminus that are within the minimal consensus motif for phos-
phorylation by Cdc28. It is plausible that Napl is a substrate
for this kinase, given the fact that Nap1 binds Clb2, the mitotic
cyclin subunit for Cdc28 (25). Future studies will focus on the
functional significance of Napl phosphorylation at each site,
and it remains possible that there are other phosphorylation
sites not identified in this study.

We analyzed the potential impact of phosphorylation on
Napl conformation using the published crystal structure (48).
Serine 82 represents the most conserved phosphorylation site
identified. This site is conserved in all four human Napl1 iso-
forms, NaplL1 to NaplL4. Interestingly, comparison of the
sequence surrounding this site from different species allowed
us to identify a potentially novel consensus sequence. The
sequence, S/T-X-Y/F-V/I, is shared from yeast to humans,
including mouse, Xenopus laevis and Schizosaccharomyces
pombe. Although we do not know as yet which kinase phos-
phorylates S82, this conserved sequence may constitute a novel
recognition motif. S82 is in the a1 domain that is proposed to
play a role in orienting the C-terminal acidic domain of the
opposite subunit (48). The acidic domain is also important for
histone binding, suggesting that S82 phosphorylation may play
arole in dimer stabilization or regulate the interaction of Nap1
with chromatin.

Several of the identified phosphorylated residues are located
adjacent to the NES on the dimerization o2 helix (subdomain
A) and the clamp domain (subdomain B). Napl has been
predicted to be an obligate dimer; however, it is possible that
phosphorylation of residues in the clamp domain leads to a
change in the conformation of the clamp. As the clamp likely
contributes to the formation or stability of the dimer, this may
alter the interaction of the two subunits in some way (48). In
addition, two phosphorylation sites on the a2 helix appeared to
be occluded by the clamp domain, suggesting that this domain
must move to allow phosphorylation to occur and further sup-
porting the notion that the clamp has more than one confor-
mation. Park and Luger also noted three potential CK2 targets
on the basis of the kinase consensus sequence (5140, S159, and
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S177) (48). As S140 and S159 are located on the clamp do-
main, adjacent to the NES of the opposing molecule, they
predicted that phosphorylation of these residues by CK2 could
affect localization by increasing the accessibility of the NES.
We demonstrated that S159 and S177 are phosphorylated by
CK2, as well as a third residue, S397, and so far we have no
evidence that S140 is phosphorylated by CK2. Serine 397 is of
particular interest, since in both Oryza and Drosophila Napl
homologs, a C-terminal serine is proposed as a CK2 target (9,
31), and in human TSPY phosphorylation of a C-terminal
serine is required for nuclear import (27). As noted above, the
location of the CK2 phosphorylation sites suggested that phos-
phorylation would impact export of Napl by altering the avail-
ability of the NES to transport factors (48). However, we found
that export was seemingly unaffected when phosphorylation
was prevented, but rather nuclear import was inhibited.

The mechanism by which CK2 phosphorylation promotes
nuclear import of Napl1 is not yet understood. We examined
whether phosphorylation could enhance the affinity of Napl
for its known karyopherin Kap114; however, in this study
the association of recombinant Napl with Kap114 was un-
affected by mutation of the phosphorylated residues or by in
vitro phosphorylation of Napl (data not shown). This sug-
gests that phosphorylation does not regulate the Kapl14-
Napl interaction. Because the Napl L99S mutant was not
significantly redistributed to the cytoplasm in strains lacking
KAPI114, Napl likely has additional routes to the nucleus.
These routes may be mediated by other karyopherins or
indirectly by piggybacking onto other nuclear proteins, and
it is possible that phosphorylation could promote these in-
teractions. It is also possible that CK2 phosphorylation mod-
ulates the Nap1-histone interaction and hence regulates the
formation of a stable histone-Kap114-Napl complex. How-
ever, we did not observe an obvious difference between the
binding of the Napl(S159A S177A S397A) or Nap1(S159D
S177D S397D) to histones in an in vitro binding assay,
suggesting that this was not the case.

Interestingly, we did not observe steady-state changes in
the nuclear to cytoplasmic distribution of Napl during the
cell cycle, as has been shown in higher eukaryotic homologs,
although we cannot rule out the cell cycle-dependent relo-
calization of a small pool of Napl (data not shown). How-
ever, both Napl(S159A S177A S397A) and Napl(S159D
S177D S397D) exhibited a shortened G, and prolonged S
phase relative to the wild type, with Nap1(S159D S177D
S$397D), which mimics constitutive phosphorylation by CK2,
showing a more pronounced defect. The fact that we saw the
defect with both mutants suggests that regulated cycles of
phosphorylation and dephosphorylation are important for
correct cell cycle progression. Loss of Nap1 is known to lead
to an elongated bud phenotype and delayed G,/M progres-
sion. In contrast, the defect we observed with the Napl-
phosphomutants was a prolonged S phase, a phenotype as-
sociated with replication stressors, such as impaired
deoxynucleoside triphosphate synthesis and defects in DNA
damage repair (33). As Napl is a chromatin assembly and
histone import factor, the observed S phase defect may be
due to an alteration in the availability of histones during
replication as a result of the phosphosite mutations. A cell
cycle defect is also seen in yeast lacking the chromatin
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assembly factor, Asfl. asfIA strains exhibit delays in both S
phase and G,/M and are hypersensitive to DNA double-
stranded break-inducing agents, suggesting that the chroma-
tin assembly activity of Asfl is required during both repli-
cation and repair (56). No role in DNA repair has yet been
defined for Napl, but it was recently shown that Napl
greatly enhances the disassembly of nucleosomes from chro-
matin by RSC in vitro (35). The RSC complex is specifically
recruited to regions of double-stranded breaks, where re-
modeling activity makes chromatin more accessible to the
repair machinery (53). Therefore, the cell cycle defect ex-
hibited by the Napl phosphomutants may in part be due to
a defect in chromatin remodeling during DNA repair.

In summary, this report examines the regulation of Napl
function, and we determine that reversible phosphorylation
of Nap1 by CK2 may be involved in cell cycle regulation and
the regulation of Napl nuclear import. The ability of
Nap1(S159A S177A S397A) to rescue normal bud morphol-
ogy in a naplA strain implies that Napl phosphorylation is
not required for its role in bud formation. Mechanistically,
we predict that phosphorylation of Napl occurs in the cy-
toplasm prior to import, though nuclear phosphorylation is
also possible, since kinase and substrate are abundant in
both compartments. We propose that once Napl is inside
the nucleus, dephosphorylation occurs, as reversible phos-
phorylation is necessary for timely S-phase progression, with
the phosphomimic showing a greater cell cycle defect. This
suggests that cycles of phosphorylation and dephosphoryla-
tion may occur in the nucleus, and it is tempting to speculate
that they are necessary for Napl to efficiently function in
chromatin assembly during S phase. Assembly factors, such
as Napl, function by binding histones and titrating them
slowly onto the DNA. This requires the assembly factor to
act as both histone donor and acceptor during chromatin
assembly, and cycles of phosphorylation and dephosphory-
lation could regulate this function. In conclusion, our data
show for the first time that Napl phosphorylation by CK2
appears to regulate Napl localization and is required for
normal progression through S phase.
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