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Histone-,B-galactosidase protein fusions were used to identify the domain of yeast histone 2B, which targets
this protein to the nucleus. Amino acids 28 to 33 in H2B were required for nuclear localization of such fusion
proteins and thus constitute a nuclear localization sequence. The amino acid sequence in this region (Gly-29 Lys
Lys Arg Ser Lys Ala) is similar to the nuclear location signal in simian virus 40 large T antigen (Pro-126 Lys
Lys Lys Arg Lys Val) (D. Kalderon, B. L. Roberts, W. D. Richardson, and A. E. Smith, Cell 39:499-509,
1984). A point mutation changing lysine 31 to mjthionine abolished nuclear localization of an H2B-I-
galactosidase fusion protein containing amino acids to 33 of H2B. However, an H2B-0-galactosidase fusion
protein containing both this point mutation and the H2A interaction domain of H2B was nuclear localized.
These results suggest that H2A and H2B may be cotransported to the nucleus as a heterodimer.

The biological importance of histones has led to a detailed
knowledge of the primary sequence and functional domains
of these proteins. The four core histones, H2A, H2B, H3,
and H4, have a similar overall structure consisting of basic
amino and carboxy termini and a globular hydrophobic
internal region (for reviews, see references 23 and 33). The
amino terminus of H2B is followed by a region of hydropho-
bic amino acids which has been identified as the minimal
domain which interacts with H2A to form H2A-H2B dimers
(amino acids 40 to 117 in Saccharomyces cere'iisiae H2B;
37, 51). H2B is the least conserved of the four core histones,
with most of the variability occurring at the amino terminus.
Amino acids 3 to 32 or 30 to 37 can be deleted from yeast
H2B without impairment of cell growth (46, 52). These
studies suggest either that there is no obligatory biological
requirement for the H2B amino terminus or that the func-
tion(s) of this domain can be complemented by other
histones in the nucleosome.

During the period of yeast histone biosynthesis in late Gl
and early S phase (20, 22, 39), approximately 4.0 x 105
histones per haploid genome are synthesized, transported
into the nucleus, and assembled into nucleosomes. The
number of histones which must be imported during the
interval of DNA replication, as well as the requirement for
their precise stoichiometry in nucleosome assembly, sug-
gests that specific transport mechanisms are used in histone
nuclear localization.

I'he transport of proteins into the nucleus can result from
either passive diffusion through nuclear pores (4, 6, 40, 42)
and accumulation in the nucleus by mass action (9) or by
transport processes requiring recognition of an imported
protein coupled to its active transport or facilitated diffusion
(5, 10-12, 15, 19, 25, 26, 28, 29, 47). The existence of nuclear
transport processes has been implicated in the nuclear
localization of the Xenopus oocyte protein nucleoplasmin
(11, 12). A specific carboxy-terminal domain has been shown

* Corresponding author.
t Present address: Pediatric Oncology Research, Dana Farber

Cancer Institute, Boston, MA 02115.

to be required for nuclear uptake of pentameric nucleoplas-
min oligomers (11). Moreover, gold particles as large as 20
nm which have been coated with nucleoplasmin have been
observed to traverse nuclear pores (12). Since these particles
are too large to diffuse through the pores (4, 6, 40, 42),
specific transport mechanisms might be used in their uptake.
Amino acid sequences required for nuclear localization have
been identified in regions of yeast ox-2 mating type protein
(19), yeast GAL4 protein (47), yeast ribosomal protein L3
(36), simian virus 40 (SV40) large T antigen (25, 26, 28), and
polyomavirus large T antigen (44). The nuclear location
signal in SV40 large T antigen has been delimited to the eight
amino acids from proline 126 to valine 133, and a single
amino acid change can prevent the SV40 large T antigen
from localizing in the nucleus (25, 28). Fusion of this
sequence to chicken pyruvate kinase (26), albumin, immu-
noglobulin (15, 29), and ferritin (29) enables the nuclear
localization of these large, otherwise cytoplasmic proteins.
We have identified an amino acid sequence in yeast H2B

which is required for nuclear localization. Because a single
amino acid substitution in this sequence abolished nuclear
localization, this sequence may constitute a specific nuclear
localization signal. Interestingly, this sequence occurs in the
region of H2B that can be deleted without impairment of cell
growth (46, 52). The implications of this latter finding with
regard to cotransport of an H2A-H2B dimer are discussed.

MATERIALS AND METHODS

Strains and media. Escherichia coli LG90 (F-, Alacz
proXIII; 17) was used for transformation and propagation of
recombinant plasmids. Strain JM103 (lac pro thi rpsL endA
sbcBJ5 hsd-15 suipEF' traD36 proAB la,'Z MIS) was used
in M13 cloning (35). Bacterial transformation was carried out
as reported previously (38). Strains were grown in L broth
(LG90) or in 2XYT (JM103). S. cerevisiae GRF167 (his3
ura3 MA Tot) and DN 102 (his3 ura3 leu2 MA Ta) were used in
this work. DN102 is isogenic with GRF167. Typically, yeast
transformations were done by using 5 to 10 ,ug of plasmid
DNA as reported previously (24). Transformants were
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FIG. 1. Construction of H2B-p-galactosidase fusion plasmids.
Panels: A, partial restriction map of the TRTI and TR72 loci (21): B.
construction of pVSG101 (this vector was used to clone H2B-lacZ
fusion genes containing 7 to 67 codons of H2B); C, construction of
pVSG103, pFB1-130a. and pFB2-130a; D, construction of pFB2-34-
130c. Restriction sites: Accl (A), BainHI (B), BgllI (Bg), EcoRI (R).
HiindIII (H), Sacl (S), SinaI (Sm), and XhIo (X).

grown on minimal media lacking the essential component
(leucine or uracil) used in selection.

Plasmid constructions. S. cerevisiae contains two diver-
gent H2A-H2B gene pairs, TRTI and TRT2 (21). H2B1
(TRTI) differs from H2B2 (TRT2) by four amino acid
changes: alanine 2 to serine, lysine 3 to alanine, threonine 27
to valine, and alanine 35 to valine (51). H2B-lacZ fusion
plasmids were named functionally according to the gene

fusions they encode, e.g., pF (fusion) B (H2B) 1 (H2B1) or 2
(H2B2), followed by the number of histone codons in the
lacZ fusion, followed by "a" when containing the yeast

plasmid 2,m circle autonomous replicating sequence (2p.m
ars), "b'' when containing the CYCI promoter regulated by
the GALIO upstream activating sequence and methionine
start codon (18), or "'c" when containing the GALIO up-

stream activating sequence and a 2p,m ars.

Methods used in recombinant plasmid construction have
been previously reported (31). Since H2B-laIZ fusion genes

are transcribed in E. coli (39), in-frame H2B-la(Z gene

fusions were selected by expression of ,-galactosidase using
MacConkey plates (17). The plasmid pfusBl-5 was gener-

ated by subcloning the 1.1-kilobase (kb) HiadIll fragment
from the TRTI intergenic region (Fig. 1A) into a fusion
vector (17, 39). A 2,um ars lacking a HindIII site was

prepared by the insertion of an EcoRI synthetic linker into
the HinidIII site of the 2-kb HindIII-EcoRI 2p.m fragment
from Yep24 (7) and subsequently subcloned into the EcoRI
site between the Ampr and LEU2 genes on plasmid pfusBl-5
to generate pFB1-80a (Fig. 1B). The fusion vector pVSG101
was then constructed by insertion of a BainHI decamer
linker into the filled-in HirndIII site at the H2B-IkcZ junction
of pFB1-80a. The Ba,nHll site at the 5' end of IacZ is in the
same reading frame found in fusion genes on pLGSD5 (18)
and pJT24 (13) (GGA TCC; Fig. 1B).
BAL 31 deletions (31) were prepared by using the 1.1-kb

HinzdIII fragment from TRTI. Deletions were initiated from
the HinidIII site at codon 80 in the H2B-coding sequence, and
following insertion of BaoiHI octomer linkers, 1.0-kb and
smaller HinidIII-BaimHI fragments were isolated and sub-
cloned into pVSG101. After transformation of bacteria and
selection for in-frame P-galactosidase fusions, suitable dele-
tion plasmids were selected by restriction analysis and size
estimation on 10% acrylamide gels. Precise deletion
endpoints were determined after subcloning deletion frag-
ments into M13 vectors (35) and DNA sequencing by the
dideoxy chain termination method (45). The lysine-31-to-
methionine change was introduced into the 1.0-kb H2B
HiidIII-Ba,niHI fragment subcloned into M13 (33) by oligo-
nucleotide-directed mutagenesis (14) using the 20-mer 5'
CTGATGGTAAGATGAGAAGC 3'. The presence of the
mutated base pair was screened by DNA sequencing (45).
The 1.0-kb HintdIII-BawniHI fragment containing the muta-
tion was then subcloned into pVSG101.
The fusion vector pVSG102 was constructed by filling in

the HinidIII site at codon 13 of the 112AI gene in pFB1-80a
and then subcloning the 1.3-kb HiiidIIl fragment from the
TRTI locus (Fig. 1A) (21) into the remaining HindIII site.
The HinidIII site at the la(Zjunction was filled in by using T4
DNA polymerase, and a BanffHl decamer linker was inserted
to generate pVSG103 (Fig. 1C). The plasmid pFB1-130a was
constructed by first introducing a BamiiHI linker 3' to codon
130 in H2BI by oligonucleotide-directed mutagenesis (14)
using the 20-mer 5' TCAAGCAGGATCCTAAGTCA 3'. The
150-base-pair (bp) HindIII-BanmlHI piece encoding amino
acids 80 to 130 was then subcloned into the 18.6-kb HindIIl-
BamnHI fragment of pVSG1O3. The plasmid pFB2-130a was
constructed by subcloning a 2.6-kb SinalI-HindlIl fragment
from pFB2-80a into the 15.8-kb SiialI-HindIll fragment of
pFB1-130a. This reconstructs the HiiidIII site on the H2AI
side of the divergent promoter. The plasmid pFB2-80a is
identical to pFB1-80a except that it contains the 0.97-kb
HinidIII fragment from the TRT2 intragenic region (Fig. 1A).
To construct pFB1-130K31--*Ma, a lysine-31-to-methionine
change was introduced into the 1.1-kb HinidIII TRTI piece
by oligonucleotide-directed mutagenesis as described above.
After clones were sequenced (45), the full-length H12BJ gene
was reconstituted by virtue of the internal HindIlI site at
codon 80 by using the 18.5-kb HindIII fragment of pFB2-
130a. Clones containing pFB1-130K31--*Ma were verified by
using restriction map differences in the H2BI and H2B2
promoters (SacI-TRTI. Acdl-TRT2; Fig. IA).

Plasmid pFB2-33a was generated by subcloning a 0.95-kb
TRT2 HinzdIII-BglI piece (Fig. 1A) into the 17.1-kb HiiadIll-
BainHI fragment of pVSG101. Fusions of the first 33 codons
of L2B2 containing a deletion of codons 2 through 22 were
prepared by first inserting !IindIIIlinkers into the EcoRI site
at the second codon of the H2A2 gene in plasmid p26-8 (51).
A HindIII-BglII fragment containing the first 33 codons of
112B2 and the deletion were subcloned into the 17.1-kb
HindIII-BaniHI fragment from pVSG1I1. Both pFB2-130
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A2-22a and pFB2-130 A14-32a were constructed by subclon-
ing the 0.96-kb HindIII fragments from HindIII linker inser-
tions at the second codon of the H2A2 gene in plasmids p26-8
(2-22 deletion) and p28-8 (14-32 deletion; 50) into the 17.1-kb
HindIll frag,ment from pFB2-130a.

Both pFB2-34-80b and pFB2-34-130b were constructed by
subcloning the 2.2-kb BglII-SacI fragment from pFB2-80a or
the 2.4-kb BglII-SacI fragment from pFB2-130a into the
11.0-kb BamHI-SacI fragment from pLGSD5 (Fig. 1D; 18).
The 80-to-130-amino-acid H2BJ fusion (pFB1-80-130b) was
constructed by subcloning a filled-in HindIII-SacI fragment
from pFB1-130a into an 11.0-kb filled-in BamHI-SacI frag-
ment from pLGSD5. All of these constructions are galactose
regulated by virtue of the GALIO upstream activating se-
quence upstream of the CYCI promoter and contain the
CYCI methionine start codon (18).

Galactose-regulated H2B-lacZ fusions were constructed
by subcloning the appropriate filled-in SacI-BamHI frag-
ments into SmaI-BamHI-cut pJT24 (13). The Sacl site is 371
bp 5' to the H2BI methionine start codon (38).

Plasmids containing the SP6 promoter were constructed
by subcloning the 5.8-kb BamHI-XmnI fragment from
pLG669-Z (18) containing all of lacZ into the 1.1-kb BamHI-
XmnI fragment of pSP64 (34). The resulting plasmid, pSPZ,
allows the cloning of ,-galactosidase fusion genes that can
be transcribed and translated in vitro by virtue of the SP6
promoter. The plasmid pSPRR was constructed by subclon-
ing a 237-bp XbaI-BamHI fragment from pTCM-RR (36) into
XbaI-BamHI-cut pSPZ. When RNA generated from Tthlll-
I-linearized pSPRR is translated in vitro, a fusion protein
consisting of five amino acids of ribosomal protein L3 fused
to 3-galactosidase is produced. This protein was used as a
,3-galactosidase control in DNA-binding experiments (see
below). The vector pSPZA was identical to pSPZ with the
exception of the insertion of a poly(A) sequence that was
subcloned into the T4 polymerase filled-in Tthlll-I site 1.5
kb 3' to the end of the lacZ gene (H. Fried, personal
communication). This plasmid has a unique XhoI site 3' to
the poly(A) tract which can be used to linearize the plasmid
to make full-'length RNAs of fusion genes. Both pSPZA33
and pSPZA33K31-*M were constructed by first ligating a
HindIlI linker to the TaqI site 64 bp 5' to the H2B start
codon in pFB1-33b and pFB1-33K- Mb, respectively. The
resulting 163-bp HindIII-BamHI fragments encoding the first
33 amino acids of H2B were subcloned into HindIII-BamHI-
cut pSPZA. The plasmid pSPZA130 containing the entire
H2B-coding sequence was constructed by cloning a mung
bean nuclease-digested TaqI-BamHI 464-bp fragment from
pFB1-130c into mung bean nuclease-digested HindlIl-
BamHI-cut pSPZA. This plasmid was used for the produc-
tion of H2B mRNA (linearized at the BamHI site) or
130-amino'-acid H2B-,-galactosidase fusion protein mRNA
(linearized at the XhoI site).

Indirect immunofluorescence, immunoprecipitations, and
Western blot analysis. The techniques used for indirect
immunofluorescence (1) as well as immunoprecipitation of
,-galactosidase fusion proteins have been previously de-
scribed (36). Western blot (immunoblot) analysis was done
on the fusion protein samples after sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis on 7.5% gels (50)
by using affinity-purified rabbit anti-,-galactosidase antibod-
ies and alkaline phosphatase-conjugated goat anti-rabbit
immunoglobulin G antibodies (3, 30).
Immunocytochemical staining and electron microscopy. Af-

finity-purified rabbit anti-p-galactosidase immunoglobulin G
was used as the primary antibody. The secondary antibody

was a goat anti-rabbit immunoglobulin G antibody labeled
with 10-nm colloidal gold particles (GARG10; Jannsen Life
Science Products). This preparation was centrifuged at 700
x g for 10 min before use to remove aggregates. All solutions
were filtered through 0.45-,um-pore-size filters before use.

Yeast cells containing the appropriate plasmids were
grown on selective media containing 1.4% galactose plus
0.6% glucose (pFB1-33c and pFB1-33K-Mc) or 2% galactose
(pLGSD5, pFB1-7c, and pFB1-67c). Cells were harvested in
mid-log phase and were fixed in 1% glutaraldehyde in 60 mM
potassium phosphate-1 mM magnesium chloride, pH 6.5, for
20 min. Cells were washed in phosphate-buffered saline and
dehydrated through a series of increasing concentrations of
ethanol. Pellets were then transferred to beem capsules,
suspended, and pelleted through propylene oxide-Epon 812
resin (Tousimis Research Corp.).
An alternative protocol involved postfixing cells with 1%

OS04 in phosphate-buffered saline for 30 min followed by
dehydration via the ethanol series. Under these conditions,
the cells would stick together after osmification and were
processed as a hard pellet through infiltration. Pellets were
embedded in flat molds (Ernest F. Fullam, Inc.).

Sectioning and staining procedures were performed at
22°C unless noted. Thin sections were cut on an LKB
Instruments, Inc., Ultratomne III or an Ivan Sorvall, Inc.,
MT-1 and were collected on gold grids (Fullam). Sections
were etched for 20 min with 10% hydrogen peroxide (16),
rinsed with water (20 drops per grid), and incubated in 8%
bovine serum albumin in 50 mM Tris chloride-150 mM NaCl
(pH 7.4). Sections were stained overnight at 4°C with a 1/100
dilution of the primary antibody in wash solution (1% bovine
serum albumin, 0.1% Triton X-100, Tris-buffered saline, pH
7.4). The sections were washed in the same solution for 30
min on a stirring platform. Sections were incubated with
gold-conjugated second antibody (1/100 in wash solution) for
2.5 h. The sections were then washed for 30 min in wash
solution followed by a 10-min wash in Tris-buffered saline
and finally a 30-min fixation in 1% glutaraldehyde-Tris-
buffered saline. The grids were then individually washed in
water and stained with 3% uranyl acetate followed by 0.2%
lead citrate. When OS04 postfixed material was used, the
hydrogen peroxide step was replaced with a 1-h incubation
in a freshly made saturated aqueous solution of sodium
metaperiodate (2). Sections were observed with a JEOL,
Ltd. 100S microscope at 60 kV or at 80 kV for Formvar-
stabilized sections.
DNA-binding experiments. mRNA was transcribed from

Tthlll-I-linearized pSPRR, XhoI-linearized pSPZA33,
pSPZA33K-*M, and pSPZA130, and BamHI-linearized
pSPZA130 by using SP6 RNA polymerase (34). The RNA
was translated in a rabbit reticulocyte translation system
including [35S]methionine. An entire 50-,u translation reac-
tion was used for each assay of DNA binding. Samples were
equilibrated with 1-ml columns (600 ,ug of DNA) of double-
stranded (ds) calf thymus DNA cellulose in 20 mM NaCl-20
mM EDTA-50 mM Tris chloride, pH 7.4 (loading buffer), on
ice. The columns were washed with three volumes of the
loading buffer and eluted stepwise with increasing concen-
trations of NaCl. Fusion proteins were then immunoprecip-
itated with P-galactosidase antibodies and electrophoresed
on 7.5% SDS-polyacrylamide gels. Gels were dried and
autoradiographed. Purified yeast H2B (32) or in vitro-
translated H2B was bound to dsDNA cellulose and eluted as
described above. Column fractions were precipitated with
cold 20% trichloroacetic acid by using 5 ,ug of bovine serum
albumin as carrier. Samples were electrophoresed on 15%
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FIG. 3. Localization of H2B-p-galactosidase fusion proteins by
indirect immunofluorescence. Panels: a and b, f-galactosidase
alone; c and d, 33-amino-acid H2B-p-galactosidase fusion protein;
e and f, 33-amino-acid H2B13--galactosidase fusion with a lysine-
31-to-methionine substitution. 4',6-Diamidino-2-phenylindole-
stained fields (panels a, c, and e) show location of nuclei and
mitochondria, and the corresponding fluorescein-stained fields (pan-
els b, d, and f) show P-galactosidase subcellular localization. The
results shown are typical of cytoplasmic- and nuclear-localized
proteins. Bar, 5.0 ,um.

45 0

FIG. 4. Western blot analysis of H2B-0-galactosidase fusion
protein immunoprecipitates. GRF-167 cells containing either
pLGD5 (18), pFB1-33c, or pFB1-33K31--Mc were grown on mini-
mal media minus uracil containing 2% galactose. Samples were
immunoprecipitated (36), electrophoresed on 7.5% SDS-polyacryl-
amide gel electrophoresis, and subjected to Western blot analysis (3,
30, 50). Lanes: A, P-galactosidase; B, 33-amino-acid H2B-P-
galactosidase; C, 33-amino-acid H2B-,-galactosidase containing a
lysine-31-to-methionine substitution. Values at left are molecular
weights (103).
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iso-1-cytochrome c gene (CYCI) promoter and methionine
start codon (18). Fusion proteins containing either amino
acids 34 to 80 or 80 to 130 of H2B were cytoplasmic by
indirect immunofluorescence (Fig. 2). These results indicate
that either a sequence from amino acids 28 to 33 or a larger
domain within the first 33 amino acids is responsible for H2B
nuclear localization.
The region encompassing amino acids 28 to 33 was further

characterized by constructing additional fusion proteins with
amino-terminal H2B deletions (Fig. 4). A 33-amino-acid
H2B-p3-galactosidase fusion protein with a deletion of amino
acids 2 to 22 was nuclear localized. Taken with the previous
deletion analysis (Fig. 2), this result delimited a nuclear
localization domain to the short sequence from amino acids
23 to 33 (Thr Ser Thr Ser Thr Asp Gly Lys Lys Arg Ser).
Because the nuclear location signal of SV40 large T

antigen is composed of a similar basic sequence (25, 26, 49),
we tested the importance of these amino acids in the region
23 to 33 by introducing a point mutation (A to T) which
changed lysine 31 to a methionine by using site-directed
mutagenesis. The resulting amino acid substitution pre-
serves the predicted a-helical secondary structure of this
region (8, 43) but results in the loss of one positive charge.
When examined by indirect immunofluorescence. the fusion
protein containing this single-amino-acid change was local-
ized to the cytoplasm (Fig. 3e and f). This result further
confirmed that amino acids 28 to 33 of H2B contain infor-
mation for its nuclear localization.
To determine whether differential proteolytic degradation

of the H2B-p-galactosidase fusion proteins might affect their
nuclear localization (Fig. 4), fusion proteins were immuno-
precipitated from cells and analyzed by SDS-polyacrylamide
gel electrophoresis. Both the 33-amino-acid H2B-,-galacto-
sidase fusion protein (Fig. 4, lane B) and the 33-amino-acid
H2B-3-galactosidase fusion protein with the lysine-31-to-
methionine substitution (lane C) were detected at a size
consistent with the addition of 33 amino acids to ,B-
galactosidase (lane A). No significant degradation of either
fusion protein was observed. Additional quantitation of the
intracellular distribution of nuclear and cytoplasmically lo-
calized fusion proteins was performed by immunoelectron
microscopy (see below).
The data presented in Fig. 2 show that no other region of

H2B other than amino acids 28 to 33 contains a nuclear
localization signal. Therefore, an H2B3--galactosidase fu-
sion protein containing the entire H2B polypeptide but with
a lysine-31-to-methionine substitution would be expected to
be cytoplasmically localized. However, this H2B-3-galacto-
sidase fusion protein was nuclear localized when expressed
in yeast. This unexpected result was investigated further by
examining 130-amino-acid H2B-,-galactosidase fusion pro-
teins with amino-terminal deletions of residues 2 to 22, 14 to
31, and 1 to 33. All three of these ,B-galactosidase fusion
proteins were nuclear localized (Fig. 5). The nuclear local-
ization of the 1- to 33-amino-acid deletion was particularly
unexpected, since the previously identified nuclear localiza-
tion sequence is removed. However, in contrast to either the
34 to 80 or the 80 to 130 amino acid H2B-,-galactosidase
fusion proteins which were cytoplasmically localized, this
nuclear-localized fusion protein contains the entire H2A
interaction region (amino acids 40 to 117) (37, 51). Therefore,
analysis of H2B-,-galactosidase fusion proteins shows that
H2B nuclear localization is dependent on either the amino-
terminal sequence from amino acids 28 to 33 or an intact
H2A interaction region.
Immunocytochemical localization of H2B-P-galactosidase

fusion proteins. The subcellular localization of H2B-P-galac-
tosidase fusion proteins was examined at greater resolution
by electron microscopy. Thin sections were prepared from
cells lacking 0-galactosidase, or producing cytoplasmically
localized or nuclear-localized H2B-P3-galactosidase, as deter-
mined by indirect immunofluorescence. After etching the
embedment to expose antigenic sites, the sections were
treated wvith 10-nm colloidal gold-conjugated antibodies to
visualize 3-gilaictosidase and examined by transmission
electron microscopy (Fig. 6A to D!. The presence of 10-nm
gold particles on the sections represented the localization of
the ,B-galactosidase fusion proteins. There was no staining in
cells which lack f3-galactosidase (Fig. 6A). This lack of
background staining permitted an accurate quantitation of
the subcellular localization of ,-galactosidase. Cells produc-
ing either P-galactosidase alone or a seven-amino-acid H2B-
3-galactosidase fusion protein exhibited a majority of the

gold particles in the cytoplasm (Fig. 6B). in agreement with
the indirect immunofluorescence results (Fig. 2, 3, and 5).
Similarly. cells containing a nuclear-localized 67-amino-acid
H2B-3-galactosidase fusion exhibited predominantly nuclear
staining (Fig. 6C).
The subcellular distribution of 10-nm gold particles was

quantitated in a number of cell sections. The distribution of
either P-galactosidase or a seven-amino-acid H2B-P-galac-
tosidase fusion protein is essentially random, with 74 to 78%
of the gold particles in the cytoplasm and 22 to 26% of the
gold particles in the nucleus (the volume of the nucleus is
approximately 25% of the total cell volume; Table 1). Thus.
3-galactosidase is not nuclear excluded in yeast as defined

by this technique. However, the subcellular distribution of
gold particles is strikingly different in cells containing the
67-amino-acid H2B-,-galactosidase fusion protein, with the
fusion protein predominating inside the nucleus (88%:-o Table 1).
The subcellular localization of the 33-amino-acid fusion

protein and the 33-amino-acid fusion protein with a lysine-
31-to-methionine substitution were also examined by elec-
tron microscopy. The 33-amino-acid fusion protein was
predominantly nuclear localized (62%, nuclear), whereas the
33-amino-acid lysine-31-methionine fusion protein was cyto-
plasmically localized (84% cytoplasmic; Table 1). Hence, a
single-amino-acid substitution significantly changed the nu-
clear localization of this protein. In summary. electron
microscopy generally verified the light microscopy data. The
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FIG. 5. Summary of the subcellular location of H2B-3-galacto-
sidase fusion proteins containing amino-terminal deletions and a
point mutation. Schematic drawing of H2B shows nuclear localiza-
tion sequence (black box) and H2A interaction domain (33. 37, 51).
The location of the lysine-31-to-methionine substitution is shown by
t Subcellular location determined by indirect immunofluorescence
was either nuclear (N) or cytoplasmic (C). Constructions are de-
scribed in Materials and Methods (Fig. 1).
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TABLE 1. Quantitation of 10-nm gold particle distribution in
yeast cell thin sections

No. of gold particles in:
No. of

Fusion protein cell Nuclear
sections Nucleus Cytoplasm membrane"

Interior Exterior

1-Galb 21 936 3,054 259 294
1-7 H2B-,B-gal 40 310 1,264 75 75
1-67 H2B-0-gal 26 1,945 251 331 55
1-33 H2B-,B-gal 25 714 458 113 49
1-33 K31 -*M 25 116 706 16 34
H2B-P-gal
a The number of gold particles within 30 nm of the interior or exterior of the

nuclear membrane.
b Gal, Galactosidase.

immunocytochemical staining in conjunction with electron
microscopy demonstrated that, at high resolution, the exact
subcellular location of the fusion proteins was not exclu-
sively cytoplasmic or nuclear.

In approximately 10% of the sections containing nuclear-
localized fusion proteins, closer inspection of nuclei re-
vealed clusters of five to eight gold particles near the
nuclear-cytoplasmic interface (Fig. 6D). These clusters
could be observed on either side of the nuclear membrane.
When the number of gold particles within 30 nm of the
nuclear membrane was quantitated, a significant number of
gold particles in sections containing the nuclear-localized
67-amino-acid H2B-13-galactosidase fusion protein were on
the interior 30 nm of the nuclear membrane (P < 10-8; Table
1). In contrast, sections containing the two cytoplasmic
H2B-B3-galactosidase fusion proteins showed a random dis-
tribution of gold particles within 30 nm of either the interior
or exterior of the nuclear envelope (P = 0.55; Table 1). Since
clusters of gold particles were observed only in cells ex-
pressing nuclear-localized 3-galactosidase fusion proteins,
they may represent intermediate steps in the nuclear local-
ization process (12).
DNA-binding properties of H2B4--galactosidase fusion pro-

teins. To investigate possible differences in nonspecific DNA
binding between nuclear-excluded and nuclear-localized fu-
sion proteins, the in vitro binding of several such fusion
proteins to dsDNA cellulose was examined. mRNA was tran-
scribed from plasmid templates (pSPZA33, pSPZA33K31-*
M, and pSPZA130) for both the 33-amino-acid fusion protein
as well as the 33-amino-acid point mutation fusion protein, a
full-length (130-amino-acid) H2B-3-galactosidase fusion pro-
tein, and a ,B-galactosidase control (pSPZRR) by using SP6
RNA polymerase. The proteins translated in vitro by using a
rabbit reticulocyte lysate had molecular weights as deter-
mined by SDS-polyacrylamide gel electrophoresis consistent
with their expected molecular weights (data not shown). The
translated proteins were bound to dsDNA cellulose and
eluted with stepwise increasing salt concentrations. As
shown, the ,B-galactosidase control fusion protein was en-
tirely eluted with 20 mM NaCl (Fig. 7A). The 33-amino-acid
H2B fusion protein and the 33-amino-acid H2B fusion pro-
tein with the lysine-31-to-methionine substitution exhibited
similar elution profiles (Fig. 7B and C, respectively), and
both H2B fusion proteins exhibited some eluted protein at
100 mM NaCl in contrast to the 1-galactosidase control
fusion protein. The 130-amino-acid H2B-p3-galactosidase fu-
sion protein eluted at higher salt concentrations (200 mM;
Fig. 7D) than the other H2B-13-galactosidase fusion proteins.
The lower-molecular-weight bands in this sample are prob-

ably prematurely terminating protein products as they bind
to dsDNA cellulose. Both purified H2B (Fig. 7E) and in
vitro-translated H2B (data not shown) had identical elution
profiles, with the major peak eluting at 1 M NaCl. The
differences in binding to dsDNA cellulose between H2B
(Fig. 7E) and the 130-amino-acid 1-galactosidase fusion
protein (Fig. 7D) probably reflect the contribution of fusing
the large ,B-galactosidase protein to H2B. Nevertheless, the
elution profiles of the 33-amino-acid H2B-p3-galactosidase
fusion proteins are quite different from the elution profiles of
a 130-amino-acid H2B-13-galactosidase fusion (Fig. 7D) or
the full-length H2B protein (Fig. 7E).

DISCUSSION

These studies demonstrate that two regions of yeast
histone 2B are important in determining its nuclear localiza-
tion. By constructing H2B-lacZ gene fusions and examining
the subcellular localization of the H2B-p-galactosidase fu-
sion proteins produced in yeast, either a specific sequence in
the amino terminus of H2B or an intact H2A interaction
domain was capable of localizing the cytoplasmic protein
1-galactosidase to the nucleus. The amino-terminal se-
quence has homology to the nuclear location signal in SV40
large T antigen (H2B-Gly29-Lys Lys Arg Ser Lys Ala; SV40
large T-Pro-126 Lys Lys Lys Arg Lys Val) (25, 26, 49).
Mutagenesis of H2B lysine 31 to an uncharged amino acid
residue abolished nuclear localization, thus indicating the
importance in nuclear targeting of this amino acid in the
short sequence.

NaCl (mM)
0 0~~~~~

0 000 0 0
A -

A la
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FIG. 7. Binding of ,B-galactosidase fusion proteins to dsDNA
cellulose. Panels: A, rpL3 5-amino-acid 1-galactosidase fusion pro-
tein; B, 33-amino-acid H2B-3-galactosidase fusion protein; C, 33-
amino-acid H2B-p-galactosidase fusion protein containing lysine-
31-to-methionine substitution; D, 130-amino-acid H2B-,B-galactosi-
dase fusion protein; E, purified yeast H2B.
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TABLE 2. List of predicted H2B nuclear localization sequences

H2Ba Predicted nuclear Predicted secondarylocalization sequenceb structurec

H2B1 S. cerevisiae 28 DGKKRKSKAK a-Helix
Fruit fly 23 TDKKKKRKRK a-Helix
Sea urchin sperm (Parenchinus angulosus) 22 GGKKRHRKRK a-Helix
Sea urchin H2B1 (embryonic; Psammechinus miliaris) 22 GGKKRNRKRK p-Turn
Starfish sperm 20 SDKKRRRKRK a-Helix
Limpet gonad 21 GDKKRKRRRK a-Helix
Toad (Xenopus laevis) 21 TQKKGDKKRM p-Turn and a-helix
Crocodile 25 GDKKRMNSFK a-Helix
Rainbow trout 23 GGKKRKRSRK P-Turn and a-helix
Chicken 25 GDKKRKKSRK P-Turn and a-helix
Mouse, cow, and human 25 DGKKRKRSRK None

a Sequences obtained from the U.S. National Biomedical Research Foundation data base include H2Bs from fungi, insects, mollusks, echinoderms, reptiles,
birds, fish, and mammals.

b The number preceding the sequence indicates the position of the first amino acid. Single letter amino acid codes: A, Ala; D, Asp; G, Gly, H, His; K, Lys; M,
Met; N, Asn; Q, Gln; R, Arg; S, Ser; and T, Thr.

Secondary structure predictions were made by the methods of Chou and Fasman (10, 43).

The discovery of two nuclear location signals in polyoma-
virus large T antigen (44) prompted us to determine whether
the region from amino acids 28 to 33 was the only nuclear
localization sequence in H2B. H2B-p-galactosidase fusion
proteins containing the internal amino acids 34 to 80 or 80 to
130 of H2B were cytoplasmic by indirect immunofluores-
cence when expressed in yeast. Whereas there might be a
nuclear localization domain that overlaps these two sepa-
rated regions, these results suggest that there is no other
short amino acid sequence in H2B that can act as a nuclear
localization sequence.
Amino acids 3 to 32 or 30 to 37 can be deleted from yeast

H2B without impairment of cell growth (46, 52). Conse-
quently, amino acids 28 to 33, which were identified as
important for nuclear localization of H2B, are dispensable in
vivo. This paradox was examined by constructing 130-
amino-acid H2B-p-galactosidase fusions that contained ei-
ther amino-terminal deletions or a lysine-31-to-methionine
change. All of these fusion proteins were nuclear localized
by indirect immunofluorescence. The H2A interaction re-
gion of calf thymus H2B is contained within residues 37 to
114 as determined by nuclear mass resonance spectroscopy
(37). A homologous region is contained within residues 40 to
119 of yeast H2B (51). Although it may be possible that a
nuclear localization signal-defective H2B diffuses into the
nucleus and is retained by interaction with H2A, we favor a
model in which H2A and H2B are cotransported into thp
nucleus as a heterodimer. Thus, if either H2A or H2B in an
oligomeric complex contained a signal, the complex would
be nuclear targeted. The rate of nuclear transport is related
to the number of signals in an oligomeric complex (11), and
the presence of two signals in an H2A-H2B dimer may
facilitate the rapid histone influx required during the interval
of DNA replication.

Histones are small basic proteins (15 kilodaltons), and
their nuclear localization may result from diffusion into the
nucleus, and subsequent nonspecific binding to DNA (4, 6).
If the primary function of the nuclear localization sequence
was DNA binding, then the content of basic amino acids
contributed by H2B to the fusion protein would be expected
to correlate with nuclear localization. A nuclear-localized
33-amino-acid H2B fusion protein differs from a cytoplasmi-
cally localized 33-amino-acid H2B fusion protein with a
lysine-31-to-methionine substitution by one positive charge.
Although this difference does not seem great enough to
cause relocation of the protein if nonspecific DNA binding
alone were important, we tested this possibility by examin-

ing the binding to dsDNA cellulose of fusion proteins trans-
lated in vitrQ. Both the 33-amino-acid H2B-P-galactosidase
fusion protein and the 33-amino-acid H2B fusion protein
containing a lysine-31-to-methionine substitution eluted sim-
ilarly from dsDNA rellulose, indicating that, by this in vitro
assay, single charge changes did not significantly affect DNA
binding (Fig. 7). In addition, the nuclear localization of
H2B-P-galactosidase fusion proteins was dependent on spe-
cific sequences rather than the number of basic amino acids
cQntributed by H2B. For example, the 33-amino-acid fusion
protein with a lysine-31-to-methionine substitution (10 basic
amino acids) is not nuclear localized, whereas the 33-amino-
acid H2B fusion protein with a deletion of amino acids 2 to
22 (3 basic- amino acids) is nuclear localized. Thus, the
nuclear localization of H2B fusion proteins is correlated with
the specific amino acid sequence from amino acids 28 to 33
ofH2B and not the number of basic amino acids, as would be
expected-if nonspecific DNA binding determined the nuclear
localization of these fusion proteins. Similarly, it has been
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FIG. 8. Hydropathicity plot of amino acids 1 to 45 in H2B from

several species: Hfi, human-beef H2B; SF, starfish sperm H2B;
YST, yeast H2B-1. Positions of predicted nuclear localization
sequences are shown above the hydropathicity curves. Note the
transition from hydrophilic to hydrophobic domains immediately
after the nuclear localization sequences.
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shown that DNA binding was not sufficient for nuclear
localization of either SV40 large T antigen (41) or the yeast
GAL4 protein (48). Kinetic experiments have aided in re-
solving the issue of nonspecific diffusion and nuclear reten-
tion and specific transport (9, 11, 12, 15, 29). The inability to
determine accurate kinetic measurements in yeast makes it
difficult to distinguish between passive diffusion with subse-
quent nuclear retention and active uptake into the nucleus by
these methods.

Studies of nuclear localization have used E. coli -
galactosidase as a nonnuclear test protein because its large
molecular size (116-kilodalton monomer) should preclude its
nonspecific diffusion into the nucleus (19, 26, 36, 47). Con-
sistent with these studies, we find that by indirect immuno-
fluorescence 3-galactosidase has a cytoplasmic localization
when expressed in yeast. However, when thin sections of
yeast cells expressing 3-galactosidase or a seven-amino-acid
H2B-3-galactosidase fusion protein were examined by im-
munocytochemical staining using electron microscopy,
22 to 26% of the immunoreactive material was found in
the nucleus. Thus, ,-galactosidase is not entirely nuclear
excluded in yeast. The lack of nuclear exclusion of n-ga-
lactosidase fusion proteins in Vero cells has been attributed
to proteolysis (26). Although proteolysis of f-galactosidase
may contribute to its nuclear localization in yeast, the
amount of degradation of 3-galactosidase fusion proteins as
determined by Western blot analysis (Fig. 4; data not shown)
cannot account for all (26%) of the f-galactosidase in the
nucleus. Nonetheless, those fusion proteins which are nu-
clear localized by indirect immunofluorescence are predom-
inantly inside the nucleus when examined by electron mi-
croscopy.

In an attempt to identify similar nuclear localization se-
quences in H2Bs from other species, 11 different H2Bs were
examined by both primary sequence homology and Chou
and Fasmann secondary structure analysis (10, 43). A list of
these sequences is shown in Table 2. Both yeast H2B (amino
acids 30 to 38) and SV40 large T antigen (amino acids 127 to
134) (28) have a predicted (x-helical structure in the region
that comprises their nuclear localization sequence. Candi-
date nuclear localization sequences in 8 of 11 H2Bs fall in a
region with the predicted a-helical structure. However, in
three H2B species, including human H2B. potential localiza-
tion sequences did not contain a predicted a-helical struc-
ture. As an additional measure of secondary structure, we
performed a hydropathicity analysis (27, 43). The hydro-
pathicity plot of yeast H2B showed that the nuclear local-
ization sequence occurred at a characteristic point in the
hydrophilic to hydrophobic transition in the first 45 amino
acids (Fig. 8). Similar hydropathicity plots were used to
predict where nuclear localization sequences for sea urchin
and human H2B might be found. Thus, using these combined
analyses, nuclear localization sequences for H2Bs from a
wide range of organisms can be predicted (Table 2).
We have shown that yeast H2B combines features which

have been previously identified as important in nuclear
protein targeting: (i) a specific localization sequence, and (ii)
the dispensability of such a sequence if the protein forms a
complex with another protein with a nuclear localization
signal. Further elucidation of the mechanism of nuclear
transport will be necessary to understand how these features
function together.
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ADDENDUM IN PROOF

A recent report regarding intracellular localization of histone
mRNA has been called to our attention (J. B. Lawrence, R. H.
Singer, C. A. Villnave, J. L. Stein, and G. S. Stein, Proc. Nat'l.
Acad. Sci. USA, in press). It was found that Hi and H4 mRNAs
were distributed throughout the cell cytoplasm and not localized
around the nucleus. Hence, determinants within the histone proteins
themselves must be responsible for their nuclear localization.
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