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Abstract

Nap1 is a nucleosome assembly protein which is necessary to keep proper nucleosome structures in transcription and replication

in vitro. In Saccharomyces cerevisiae, additional functions have been ascribed to Nap1, as it has been shown to interact with Clb2 (B

type cyclin) and Gin4 (septum formation). In this study, we investigate genome-wide expression in the Dnap1 cells using DNA
microarrays. About 10% of all yeast open reading frames changed the transcription level more than 2-fold in the Dnap1 strain,
compared with wild-type strain, in one experiment. Interestingly, these genes, whose expressions are up- or down-regulated in the

Dnap1 cells, are clustered. This result suggests that yeast NAP1 is required for the maintenance of cumulative nucleosome formation

in vivo and the loss of Nap1 leads to a change in the gene expression level in a cluster.

� 2003 Elsevier Science (USA). All rights reserved.
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Gene expression is a dynamic process in which genes

are constantly being switched on and off. Eukaryotic
DNA is packaged into nucleosomes, composed of an

octamer of core histones (an H3–H4 tetramer bound to

two H2A–H2B dimers). DNA packed in the nucleosome

structures might be hindered in both transcriptional

initiation and elongation in eukaryotic cells. Thus, the

remodeling of nucleosome structures is often suggested

prior to the entrance of transcriptional factors and RNA

polymerases in gene regulation.
Nucleosome assembly protein 1 (Nap1) was first

identified in mammalian cell extracts by its intrinsic

activity to facilitate nucleosome assembly in vitro [1].

The Nap1 is a highly conserved protein from yeast to

human. Drosophila Nap1, which is also required for

nucleosome assembly in vitro, was found to be associ-

ated with core histones H2A and H2B [2], similar results

having been observed in HeLa cells [3], suggesting that
Nap1 may act as a histone chaperone. Member of the

family of nucleosome assembly protein includes TAF1/

set proteins. For example, TAF1 was identified on the

basis of its ability to stimulate adenovirus replication

and transcription of a viral chromatin template [4].
Therefore, NAP family might play an important role of

transcriptional control and DNA replication.

The study presented here is genome-wide expression

analysis in yeast using DNA microarrays. The aim of

this study is to investigate the genome-wide transcrip-

tional control of NAP1 in vivo. The GeneChip meth-

odology developed by Affymetrix was carried out to

monitor gene expression in wild-type and Dnap1 cells.
By studying the effect of transcription in Dnap1 cells, we
find that the open reading frames (ORFs), whose tran-

scripts increased or decreased, are found in a cluster.

The gene regulation in eukaryotic cells is sporadic in the

whole chromosomes. These data have led us to propose

that yeast NAP1 is required for nucleosome mainte-

nance in vivo.

Materials and methods

Strains and media. Saccharomyces cerevisiae strains used in this

study were isogenic pairs of RAY (wild-type:MATa ura3 leu2 trp1 his3

GALþ) and YKO227 (Dnap1: MATa ura3 leu2 trp1 his3 GALþ

nap1::LEU2). As examples of independent strains�, we used YKO215

Biochemical and Biophysical Research Communications 306 (2003) 5–9

www.elsevier.com/locate/ybbrc

BBRC

* Corresponding author. Fax: +81-52-744-2459.

E-mail address: aki@tsuru.med.nagoya-u.ac.jp (A. Kikuchi).

0006-291X/03/$ - see front matter � 2003 Elsevier Science (USA). All rights reserved.
doi:10.1016/S0006-291X(03)00907-0

mail to: aki@tsuru.med.nagoya-u.ac.jp


(MATa ura3 leu2 trp1 his3 ade2 can1-100 ssd1-d nbp2::hisG), YKO284

(MATa ura3 leu2 trp1 his3 ade2 can1-100 ssd1-d htr1::URA3) and their

parental strain W303 (MATa ura3 leu2 trp1 his3 ade2 can1-100 ssd1-d).

Yeast cultures were grown in YPD (1% yeast extract, 2% peptone, 2%

glucose, and 400mg/L adenine) at 30 �C.
GeneChip analysis. Cells were grown in YPD medium to an OD600

of 0.5 at 30 �C. Total RNA was prepared as described previously [5]
and poly(A)þ RNA was purified from total RNA using the Oligo-

tex(dT)30 mRNA purification kit (Takara). Poly(A)þ RNA was am-

plified, biotin-labeled, and hybridized to oligonucleotide arrays

(GeneChip Yeast Genome S98 Arrays (YG-S98), Affymetrix) by

standard methods. The experiments were independently carried out

three times.

Genes, whose expression level was increased or decreased in com-

parison with parental strain, were listed, based on the following cri-

teria: the average change of three experiments was more than 2.5-fold,

the change in each experiment was greater than 1.5-fold, and the

change is the same direction in three experiments. The raw data can be

retrieved from server: ftp://gscarray.gsc.riken.go.jp/Ohkunietal/ (user-

name: anonymous, password: your e-mail address).

Cluster analyses were carried out as described below. In case of

Dnap1 strain, the ORFs whose expression level changed by more than
2-fold are counted (T). When the ORFs counted as (T) were clustered

or consecutive, their number was given in (C). Percentage of cluster is

guided by expression ðCÞ=ðT Þ � 100. To compare the result of

YKO227 with other strains, such as YKO215 or YKO284, it is im-

portant to count the equal number of ORFs, whose expression level

was changed. Thus, we used different cut off values for YKO215 or

YKO284.

Results and discussion

To investigate the genes whose transcripts are regu-

lated by NAP1, we analyzed transcription profile of

Dnap1 cells using DNA microarrays, manufactured by
Affymetrix. As shown in Table 1, about 10% of all yeast

ORFs were up- or down-regulated by over 2-fold in

the Dnap1 strain, compared with wild type, in each

Table 1

Genome-wide analysis of Dnap1 cells

Experimenta Percentage of genes changed in their expressionb

2-fold down 2-fold up Total

I 3.2 8.7 12.0

II 1.4 8.8 10.2

III 6.3 2.1 8.4

a Three independent experiments (I–III) were done.
b The proportion of the ORFs whose transcript levels were changed

(decreased, increased, and total) by more than 2-fold in the Dnap1 cells,
compared with the wild-type cells.

Table 2

Changes in transcription level caused by deletion of NAP1

ORF Gene Fold changesa Function

I II III Average

Increased genes

YDL156W 26.0 19.7 8.8 18.2 Unknown

YGR221C TOS2 15.3 17.5 1.8 11.5 Target of SBF

YBR156C SLI15 12.6 8.8 6.1 9.2 Mitotic spindle protein involved in chromosome segregation

YDR467C 8.8 9.9 2.6 7.1 Unknown

YML027W YOX1 6.0 11.9 2.2 6.7 Homeobox-domain containing protein

YHL005C 4.8 9.2 2.3 5.4 Unknown

YMR199W CLN1 11.0 2.0 1.6 4.9 G1 cyclin

YDR480W DIG2 5.6 3.9 1.7 3.7 MAP kinase-associated protein

YNL289W PCL1 2.1 6.0 2.4 3.5 G1 cyclin associates with PHO85

YAL067C SEO1 4.0 4.0 2.3 3.4 Permease

YGL260W 4.1 4.6 1.5 3.4 Unknown

YJR079W 5.2 2.1 2.4 3.2 Unknown

YOR192C 3.6 4.0 1.6 3.1 Transporter activity

YGL258W VEL1 4.3 3.2 1.8 3.1 Unknown

YPR077C 5.0 2.0 1.9 3.0 Unknown

YNL333W SNZ2 3.3 2.8 2.6 2.9 Snooze: stationary phase-induced gene family

YOR152C 1.7 4.3 2.2 2.7 Unknown

YIL037C PRM2 4.2 2.0 1.8 2.7 Pheromone-regulated membrane protein

YNL279W PRM1 4.7 1.5 1.8 2.7 Pheromone-regulated membrane protein

Decreased genes

YLR327C )1.6 )2.8 )3.1 )2.5 Unknown

YFR015C GSY1 )2.0 )3.4 )2.5 )2.6 Glycogen synthase (UDP–glucose–starch glucosyltransferase)

YGR088W CTT1 )1.6 )4.2 )2.3 )2.7 Cytoplasmic catalase T

YGR242W )2.7 )3.5 )3.6 )3.3 Unknown

YEL011W GLC3 )1.6 )4.3 )4.2 )3.4 1,4-glucan-6-(1,4-glucano)-transferase

YMR172C )6.1 )3.5 )2.0 )3.9 Unknown

YKR048C NAP1 )27.6 )33.4 )30.7 )30.6 Nucleosome assembly protein 1

a Three independent experiments (I–III) were done. Positive and negative numbers indicate that transcripts are increased and decreased,

respectively.
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experiment. The expression of NAP1 was greatly re-
duced in three experiments to the ground level, because

of deletion (Table 2). The ORFs, whose transcripts in-

creased or decreased more than 2.5-fold (average of

three experiments), are listed in Table 2. The increased

and decreased groups include 19 and 7 ORFs, respec-

tively. In both cases, around 40% of the genes encoded

protein with yet undefined functions.

It is noticed that several genes required for cell cycle
are up-regulated in Dnap1 cells. The Saccharomyces

Genome Database (SGD) revealed that TOS2 is a

member of target of SBF (Swi4–Swi6 cell cycle box

binding factor). SLI15 encodes mitotic spindle protein

[6]. YOX1 is a member of target of SBF and acts as a

repressor targeted at early cell cycle boxes (ECBs) [7,8].

CLN1 and PCL1 encode G1 cyclin [9]. Previous studies

have shown that Nap1 binds Clb2 and Gin4, which are
required for the proper control of mitotic events [10–12].

These data led us to suggest that yeast NAP1 has an

important role in cell cycle regulation.

NAP1 has been shown to be required for nucleosome

assembly in vitro [13]. If Nap1 is also required in vivo,

genome-wide expression may be affected in Dnap1 cells.
To test this hypothesis, we challenged cluster analysis in

every chromosome (see Materials and methods). In
comparison, we used two strains; one disrupted the

NBP2, which is required for mitotic growth at high

temperature, and the other disrupted the HTR1/UTH4,

which affects life span [14,15].

For example, in the case of the longest chromosome

IV, there were 13 regions whose expressions are affected

in cluster in Dnap1 cells (Fig. 1A). In contrast, there
appeared 5 and 6 regions in the same chromosome IV,
where the adjacent genes were changed in Dnbp2 and
Dhtr1 cells, respectively (Figs. 1B and C). In the Dnap1
cells, about 35.4% of the genes, whose expression ratio

changed more than 2-fold, were in a cluster (Table 3).

This rate was larger than that of Dnbp2 (12.7%) and
Dhtr1 (12.5%). We next examined all chromosomes in
yeast (Table 3). In most of the chromosomes, particu-

larly in longer ones, the proportion of clustered genes in
Dnap1 cells was larger than that of Dnbp2 and Dhtr1
cells. In one experiment, proportions of genes in a

cluster were 28.3% (Dnap1), 15.0% (Dnbp2), and 16.9%
(Dhtr1) in whole genome. In another experiment, they
were 30.7% (Dnap1), 18.1% (Dnbp2), and 14.8% (Dhtr1).
If the transcription starts from a certain gene and its

nucleosome structures are altered, this alteration of

nucleosome may be spread to the several adjacent genes
to form a cluster of expressed regions. Thus, we con-

clude that in the Dnap1 strain, proper nucleosome as-
sembly could not be recovered immediately and

transcriptions continued.

The ability of NAP1 to keep proper nucleosome as-

sembly implies a plausible model that transcription in

the Dnap1 cells may be disordered (Fig. 2). Fig. 2A de-

picts the situation in wild-type cells, while Fig. 2B shows

hypothetical nucleosome arrangement in the Dnap1
cells. DNA in wild-type cells is packaged in regularly

spaced nucleosome structure. If NAP1 is deleted, DNA

is not sufficiently packaged into regularly spaced nu-

cleosomes, as a result, there yields tight and loose loci.

In tight region of DNA, gene expression is repressed in a

cluster, while in loose region, gene expression is released

in a cluster.

How does Nap1 affect nucleosome arrangement? It is
shown that in Drosophila, Nap1 is required to dislocate

H2A–H2B after histone acetylation in vitro [16]. The

open nucleosomes might help to activate transcription.

In addition, Kimura and Cook [17] demonstrated that in

HeLa cells, H2B at the surface is continually exchanged

Fig. 1. Cluster analysis in chromosome IV. Horizontal line represents

the chromosome on which each gene is arranged successively from left

to right. Expression ratio of every gene, compared with wild-type

strain, is represented in the height of perpendicular lines. Up-regulated

genes are indicated as upward lines, while down-regulated genes are

indicated as downward lines. Red lines indicate the expression ratio

more than 2- (Dnap1), 1.9- (Dnbp2), and 2.1- (Dhtr1) fold. Cluster re-
gions indicated by the blue star exist in 13 (Dnap1), 5 (Dnbp2), and 6
(Dhtr1) places. The green triangles indicate the centromer position of
chromosome IV.
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in the active nucleosomes in vivo. Our experiments

suggest that yeast Nap1 is required for maintenance of

nucleosome structure in vivo. Thus, Nap1 might be re-

sponsible to recruit H2A–H2B molecules to maintain

ordered nucleosome arrangement and influence tran-

scriptional switching in the adjacent genes.
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Fig. 2. A speculative model for Nap1 function as nucleosome assembly

protein. (A) Regularly spaced nucleosomal array is shown in wild-type

cells. (B) One part of DNA is packaged tightly, another part is loose in

the Dnap1 cells. In case of tight region, genes are repressed in a cluster.
In case of loose region, genes are expressed in a cluster. Arrow head

indicates gene expression.

8 K. Ohkuni et al. / Biochemical and Biophysical Research Communications 306 (2003) 5–9



[4] K. Nagata, H. Kawase, H. Handa, K. Yano, M. Yamasaki, Y.

Ishimi, A. Okuda, A. Kikuchi, K. Matsumoto, Replication factor

encoded by a putative oncogene, set, associated with myeloid

leukemogenesis, Proc. Natl. Acad. Sci. USA 92 (1995) 4279–4283.

[5] M.E. Schmitt, T.A. Brown, B.L. Trumpower, A rapid and simple

method for preparation of RNA from Saccharomyces cerevisiae,

Nucleic Acids Res. 18 (1990) 3091–3092.

[6] J.H. Kim, J.S. Kang, C.S. Chan, Sli15 associates with the Ipl1

protein kinase to promote proper chromosome segregation in

Saccharomyces cerevisiae, J. Cell. Biol. 145 (1999) 1381–1394.

[7] C.E. Horak, N.M. Luscombe, J. Qian, P. Bertone, S. Piccirrillo,

M. Gerstein, M. Snyder, Complex transcriptional circuitry at the

G1/S transition in Saccharomyces cerevisiae, Genes Dev. 16 (2002)

3017–3033.

[8] T. Pramila, S. Miles, D. GuhaThakurta, D. Jemiolo, L.L.

Breeden, Conserved homeodomain proteins interact with MADS

box protein Mcm1 to restrict ECB-dependent transcription to the

M/G1 phase of the cell cycle, Genes Dev. 16 (2002) 3034–

3045.

[9] D.J. Lew, T. Weinert, J.R. Pringle, Cell cycle control in

Saccharomyces cerevisiae, in: J.R. Pringle, J.R. Broach, E.W.

Jones (Eds.), The Molecular and Cellular Biology of the Yeast

Saccharomyces: Cell Cycle and Cell Biology, Cold Spring Harbor

Laboratory, New York, 1997, pp. 607–695.

[10] D.R. Kellogg, A. Kikuchi, T. Fujii-Nakata, C.W. Turck, A.W.

Murray, Members of the NAP/SET family of proteins interact

specifically with B-type cyclins, J. Cell. Biol. 130 (1995) 661–

673.

[11] D.R. Kellogg, A.W. Murray, NAP1 acts with Clb2 to perform

mitotic functions and to suppress polar bud growth in budding

yeast, J. Cell. Biol. 130 (1995) 675–685.

[12] R. Altman, D. Kellogg, Control of mitotic events by Nap1 and the

Gin4 kinase, J. Cell. Biol. 138 (1997) 119–130.

[13] Y. Ishimi, A.Kikuchi, Identification andmolecular cloning of yeast

homolog of nucleosome assembly protein I which facilitates

nucleosome assembly in vitro, J. Biol. Chem. 266 (1991) 7025–

7029.

[14] B.K. Kennedy, N.R. Austriaco Jr., J. Zhang, L. Guarente,

Mutation in the silencing gene SIR4 can delay aging in S.

cerevisiae, Cell 80 (1995) 485–496.

[15] B.K. Kennedy, M. Gotta, D.A. Sinclair, K. Mills, D.S. McNabb,

M. Murthy, S.M. Pak, T. Laroche, S.M. Gasser, L. Guarente,

Redistribution of silencing proteins from telomeres to the

nucleolus is associated with extension of life span in S. cerevisiae,

Cell 89 (1997) 381–391.

[16] T. Ito, T. Ikehara, T. Nakagawa, W.L. Kraus, M. Muramatsu,

p300-mediated acetylation facilitates the transfer of histone H2A–

H2B dimers from nucleosomes to a histone chaperone, Genes

Dev. 14 (2000) 1899–1907.

[17] H. Kimura, P.R. Cook, Kinetics of core histones in living human

cells: little exchange of H3 and H4 and some rapid exchange of

H2B, J. Cell. Biol. 153 (2001) 1341–1353.

K. Ohkuni et al. / Biochemical and Biophysical Research Communications 306 (2003) 5–9 9


	Genome-wide expression analysis of NAP1 in Saccharomyces cerevisiae
	Materials and methods
	Results and discussion
	Acknowledgements
	References


