
Cell, Vol. 65, 1023-1031, June 14, 1991, Copyright 0 1991 by Cell Press 

Yeast Histone H4 N-Terminal Sequence 
Is Required for Promoter Activation In Vivo 

Linda K. Durrin, Randall K. Mann, 
Paul S. Kayne, and Michael Grunstein 
Molecular Biology Institute 
and Department of Biology 
University of California 
Los Angeles, California 90024 

Summary 

To search for histone domains that may regulate tran- 
scription in vivo, we made deletions and amino acid 
substitutions in the histone N-termini of S. cerevisiae. 
Histone H4 N-terminal residues 4-23, which include 
the extremely conserved, reversibly acetylated lysines 
(at positions 5, 8, 12, and 18), were found to encom- 
pass a region required for the activation of the GAL7 
promoter. Deletions in the H4 N-terminus reduce GAL7 
activation 20-fold. This effect is specific to histone H4 
in that large deletions in the N-termini of H2A, H2B, 
and H3 do not similarly decrease induction. Activation 
of the PH05 promoter is reduced approximately 4- to 
5fold by these H4 deletions. Mutations in histone H4 
acetylation sites and surrounding residues can cause 
comparable and, in some cases, even greater effects 
on induction of these two promoters. We postulate that 
the H4 N-terminus may interact with a component of 
the transcription initiation complex, allowing nucleo- 
some unfolding and subsequent initiation. 

Introduction 

The nucleosome consists of a histone octamer (a histone 
H3-H4 tetramer and two histone H2A-H2B dimers) 
around which 146 bp of DNA are wrapped approximately 
1.8 times. Higher eukaryotic nucleosomes also contain 
one molecule of histone Hl, which is involved in further 
DNA compaction. However, Hl has not yet been proven 
to exist in certain lower eukaryotes (e.g., Saccharomyces 
cerevisiae) whose chromatin appears to be less highly 
condensed (Grunstein, 1990a). Nucleosomal folding of 
DNA represses transcription initiation. A nucleosome posi- 
tioned at a promoter will block initiation in vitro (Knezetic 
and Luse, 1986; Matsui, 1987; Workman and Roeder, 
1987; Larch et al., 1987; Simpson, 1991). Furthermore, 
in S. cerevisiae, changes in histone stoichiometry alter 
transcription patterns (Clark-Adams et al., 1988), nucleo- 
some loss obtained by repressing histone synthesis acti- 
vates initiation (Han et al., 1988; Han and Grunstein, 
1988) and nucleosomes at defined positions can repress 
transcription (Roth et al., 1990; Straka and Horz, 1991). 
Therefore, the histone octamer may be envisioned as a 
relatively simple protein complex that condenses DNA 
and, in the process, blocks access to transcription factors 
in the living cell. 

A careful examination of structural, biochemical, and 
genetic data, however, suggests a more complex, multi- 

functional nucleosome. The core histones all contain hy- 
drophobic C-termini that are required for nucleosome as- 
sembly and stability. Largely, it is these globular regions 
that are visualized by nuclease digestion, electron micros- 
copy, and X-ray crystallography (van Holde, 1988). The 
histone N-termini are “invisible” in these experiments and 
are largely dispensable for either nucleosome assembly 
or stability in vitro (Whitlock and Stein, 1978) or in vivo 
(Schuster et al., 1986; Kayne et al., 1988). Nevertheless, 
it is the N-termini that are likely to provide the nucleosome 
with its functional complexity. By a number of studies in- 
cluding trypsin digestion, nuclear magnetic resonance, 
and antibody binding, the unordered hydrophilic N-termi- 
nal tails, which make up from one-fourth to one-third of 
each protein, have been shown to extend from the nucleo- 
somal core (McGhee and Felsenfeld, 1980; Schroth et al., 
1990). They are positively charged and are the sites of 
reversible posttranslational modifications such as acetyla- 
tion, phosphorylation, and methylation, which would alter 
their charge and possible interactions with DNA or other 
proteins. For example, acetylation of epsilon amino groups 
on lysine residues at the histone N-termini has long been 
correlated with increased levels of transcription (Allfrey, 
1977; Allegra et al., 1987) possibly by causing chromatin 
unfolding, although this has not been firmly established 
(Allan et al., 1982; Annunziato et al., 1988). Furthermore, 
an antibody to acetylated H4 residues (lysines 5, 8, 12, 
and 16) interacts preferentially with active chromatin (Heb- 
bes et al., 1988). Therefore, acetylation of histones may 
regulate greater promoter access to transcription factors. 
If so, one or more histone N-termini may be required for 
the activation of transcription in vivo. 

The functional complexity of the histone N-termini is fur- 
ther illustrated by structural differences between the N-ter- 
minal tails. Unlike the H2A and H2B tails, the H3 and H4 
tails are much more highly conserved between plants and 
animals. H3 and H4 acetylation (H3 is acetylated at lysine 
positions 9, 14, 18, and 23; Allfrey et al., 1983) is more 
closely correlated with transcription during the Physarum 
cell cycle (Waterborg and Matthews, 1984). Also, H3 and 
H4 acetylation has been reported to mimic prokaryotic 
gyrase function, generating more negative supercoils in 
internucleosomal DNA released from nucleosomes (Nor- 
ton et al., 1989, 1990). However, these experiments have 
not excluded the possibility that H3 or H4 alone may be 
responsible for this gyrase-like activity. 

The strongest evidence for histone tail-specific functions 
comes from genetic data obtained in S. cerevisiae. The 
yeast H4 N-terminus contains a repressor(R) domain con- 
sisting of four adjacent, positively charged residues (resi- 
dues 16-19). Deletion of this domain (Kayne et al., 1988) 
or a nonconservative change in any of these amino acids 
(Megee et al., 1990; Johnson et al., 1990; Park and Szos- 
tak, 1990) activates the silent mating loci specifically, and 
blocks mating. Deletions in either H2A or H2B N-termini 
have little if any effect on yeast mating (Kayne et al., 1988). 
Histone H4 function in silencing may be explained by a 
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direct or indirect interaction with a repressor of the silent 
mating loci. We have shown that there is a genetic interac- 
tion between the histone H4 R domain and the repressor 
protein Sir3, since a point mutation in the H4 R domain is 
suppressed by either of two mutations in the N-terminus 
of Sir3 (Johnson et al., 1990). 

In this study we have investigated whether any of the 
histone N-termini are required for gene activation in vivo. 
We have discovered that the H4 N-terminus is required for 
induction of GAL1 by galactose and PH05 by low concen- 
trations of inorganic phosphate. The H4 N-terminal do- 
main necessary for promoter activation contains the invari- 
ant sites of reversible acetylation. Replacement of these 
sites with other amino acids causes activation to be re- 
pressed as much or in some cases even more than dele- 
tion of these residues. These effects are specific to GAL7 
and PH05 in that expression of the rapid response gene, 
CUP7, and two constitutive genes, GAL4 and PRC7, is not 
much affected by most of the H4 N-terminal lesions. Since 
the other histone H2A, H2B, and H3 N-termini do not have 
similar functions, we have now defined both an activator 
and a repressor function unique to the H4 N-terminus. 

Results 

The Histone H4 N-Terminus Is Required for GALf 
Activation In Vivo 
S. cerevisiae contains two gene copies for each of the core 
histones(Herefordet al., 1979). We havepreviouslyshown 
for histone H4 that both of the copies may be disrupted 
and the cell rescued by a centromeric plasmid (plasmid A) 
containing H4 under GAL7 control. This strain grows rela- 
tively normally on galactose-containing medium (YEPG) but 
arrests in G2 when H4 synthesis is repressed in glucose- 
containing medium (YEPD). To test for the effects of H4 
deletions on cell viability, a second centromeric plasmid 
(plasmid 6) containing the mutant H4 gene under control 
of its wild-type promoter was included in the genetic back- 
ground. The replica plating of cells from galactose to glu- 
cose medium (the glucose shift viability test) allowed rapid 
quantitation of the effect of the H4 mutation on cell viability. 
Cells whose H4 mutations were shown to allow viability 
were then grown on the appropriate medium, allowing loss 
of plasmid A (Kayne et al., 1988). By this procedure we 
have shown that H4 N-terminal residues 4-28 were not 
required for cell viability (Kayne et al., 1988). A similar 
approach was used to demonstrate that the N-terminal 
residues 3-32 of histone H2B and 4-20 of H2A were also 
dispensable for cell growth (Wallis et al., 1983; Schuster 
et al., 1988). 

The N-terminus of histone H3, like that of H4, is mostly 
invariant in evolution (van Holde, 1988). In experiments 
that wiil be described elsewhere (R. Mann and M. 
Grunstein, unpublished data), we have shown that large 
H3 deletions (residues 4-30) in the hydrophilic N-terminus 
will also allow cell viability in a genetic background lacking 
wild-type chromosomal H3 genes. The deleted H3 se- 
quence contains all four invariant acetylated lysine resi- 
dues (at positions 9, 14, 18, and 23). Therefore, we have 
now shown that the hydrophilic N-termini of all four core 

histones are dispensable for viability. Since acetylation of 
histone N-termini, especially of the H3 and H4 ends, is 
correlated with transcriptional activity, we wished to deter- 
mine whether any of the histone N-termini are required for 
gene activation. 

We chose to examine the GAL7 gene due to its inactivity 
in glucose or raffinose and its induction, by close to lOOO- 
fold, in galactose. Induction of new GAL7 mRNAsynthesis 
was measured after galactose treatment for 6 hr, at various 
ratios of raffinose and galactose, by hybridization to a 
3ZP-labeled, GAL7specific DNA probe in a Northern blot 
analysis and examined in yeast strains lacking separately 
each of the four core histone N-terminal tails. Correspond- 
ing isogenic wild-type strains were included as controls 
(Figure 1). Strains containing H4 del(4-28) (Kayne et al., 
1988) H3del(4-30), H2Adel(4-20) (Schusteret al., 1986) 
and H2B del(3-32) (Wallis et al., 1983) were analyzed. In 
each histone, all the potential sites of acetylation and other 
posttranslational modifications shown to be present in calf 
and conserved in other eukaryotes have been removed by 
the deletion in question (Figure 2). It is evident in Figure 
1 that only the H4 N-terminal deletion causes an obvious, 
sizable decrease in GAL7 induction. To control for possibly 
varying amounts of RNA loaded on the gel prior to North- 
ern blot analysis, the RNA blot was washed and rehybrid- 
ized to a carboxypeptidase Y (P/X7) DNA probe whose 
mRNA level has been shown to be relatively constant 
throughout the cell cycle (Xu et al., 1990; also see section 
below). These data demonstrate the unique effect of the 
H4 N-terminal deletion on repressing GAL7 induction. 

H4 N-Terminal Deletions Localize the Region Required 
for GAL1 Activation between Residues 4 and 23 
To determine which H4 N-terminal sequences are required 
for GAL7 induction, GAL7 mRNA levels were examined by 
Northern blot analysis in isogenic strains carrying nested 
deletions H4 del(4-14), H4 del(4-19) H4 del(4-23), and 
H4 del(4-28) (Kayne et al., 1988). Each of these deletions 
decreases the amount of GAL7 mRNA below wild-type 
levels after galactose treatment. In contrast, the level of 
PRC7 mRNA probed as a control on this blot is not obvi- 
ously changed in the deletion strains analyzed (Figure 3). 
To quantitate GAL7 promoter induction more carefully, we 
analyzed episomal fusions between the GAL7 promoter 
and the Escherichia coli 6-galactosidase (/a&Z) gene (West 
et al., 1984). As shown in Figure 4, H4 del(4-14) reduces 
the GALI-regulated 6-galactosidase level approximately 
5-fold compared with the wild-type level. Asimilar compari- 
son shows a reduction of approximately 7-fold in H4 del(4- 
19) and 20-fold in both H4 del(4-23) and H4 del(4-28). 
Therefore, the H4 N-terminal effect on GAL7 induction 
may be attributed largely to a sequence within the domain 
4-23. 

GALi, GAL7, and GAL10 Activation Is Dependent 
on H4 N-Terminal Sequences 
GAL7, GAL7, and GAL70 are members of a gene family 
whose promoters are all regulated by the constitutively syn- 
thesized activator protein GAL4 (Johnston, 1987). Each of 
these genes may be induced some three orders of magni- 
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A H4 wt H4 H3 wt H3 H2Al wt H2Al H2B2 wt H2B2 
del(4-28) del(4-30) de1W201 delb32) 

obcdabcdobcdabcd~bcbcdcbcd 

GALI- 

B 

PRCl- 

tude in the presence of galactose. To determine whether 
the mRNA levels of all three genes are dependent on the 
H4 N-terminus, a single Northern blot was probed with 
32P-labeled fragments of each of these genes. As shown 
in Figure 3, GAL7, GAL7, and GAL70 mRNA levels are all 
reduced to comparable levels in the H4 deletion strains 
after 6 hr of induction. The activator GAL4 gene is believed 
to be transcribed constitutively in glucose and galactose 
(Laughon and Gestelend, 1982). To determine the extent 
towhich GAL4 mRNA levels were affected by H4 deletions, 
aliquots of the same RNA preparations described above 
were blotted and hybridized to a GAL4 DNA probe. As 
shown in this figure, there is no obvious decrease in GAL4 
mRNA levels in strains carrying the H4 N-terminal dele- 
tions. It is especially noteworthy that the GAL4 mRNA lev- 

10 20 

H4 a/p a a a a P m 

Figure 1. GAL7 mRNA Levels in Wild-Type 
and Variant Yeast Strains 

Yeast strains PKYBOI (WT k/k/F2 or H4), 
PKY813 (H4 del(4-28)), RMYPOO (WT k/k/T or 
H3-2) RMY430 (H3-2 del(4-30)) TSY223 
(WT HTA 7 or H2Al), TSY226 (H2Al del(3-20)), 
TSYIBO (WT HTBP or H2B2), and TSY155 
(H2B2 de1(2-32)) were induced 6 hr in YEP con- 
taining the following ratios of raffinose to galac- 
tose: lanes a, 2%:0%; lanes b, 1.5:0.5%; lanes 
c, l%:l%; lanes d, 0%:2%. RNA (15 ug) was 
analyzed by Northern blot hybridization. (A) 
RNA was hybridized to a uniformly labeled 
EcoRlfragment ofpNN78(GAL7 DNA; St. John 
and Davis, 1981). (B) The radioactive GAL7 
probe was washed from the blot in (A) and the 
blot was rehybridized to uniformly labeled 
fRC7 (carboxypeptidase Y) DNA used as a 
loading control. 

els are relatively constant across the entire range of H4 
N-terminal deletions in contrast to the proportionately 
greater decrease in GALI, GAL7, and GAL70 mRNA lev- 
els. This was confirmed by densitometry of the exposed 
autoradiograph and normalizing the GAL4 mRNA levels to 
those of the loading control /WC7 levels (data not shown). 
Therefore, it is highly unlikely that a decrease in GAL4 
mRNA levels is responsible for the reduced GALI, GAL7, 
and GAL70 mRNA levels seen in Figure 3. 

Replacement of Reversibly Acetylated H4 
Lysine Residues at Positions 5, 8, 12, 
and 16 Decreases GAL7 Activation 
Since H4 amino acids 4-23 contain, at positions 5, 8, 12, 
and 16, lysine residues that are acetylated (Nelson, 1982) 

30 

I I I I I I I 
bovineSGRGKGGKGLGKGGAKRHRKVLRDNIQGIT 
yeast ********************I************* 

del(4-28) 

H3 m m/a p a a a m m 
I I I I I I I I 

bovineARTKQTARKSTGGKAPI7KQLATKAARKSAPATGGVKK 
yeast *********************s********s****** 

de1 (4-30) 

H2A a/p a a 
I I I 

bovineSGRGKQGGKA--RAKAK-TRSSRAGLQPPVGRVRRLL 
yeast **-**-****GSA***SQS**AK***T********** 

del(4-20) 

H2B r a a a a P P 
I I I I I I I 

bovine-----PEPAKSAPA---PKKGS-----KKAVTKAQKKDGKKRKRSRKES~ 
yeast SAKAEKK**SK***EKK*AAKKTSTST----------*****SKA~*~T 

del(3-32) 

Figure 2. Histone N-Terminal Modification Sites 

Amino acid sequences of bovine histone N-termini are shown, and amino acids that differ in yeast are indicated below the bovine sequences (Wu 
et al., 1986). A star indicates sequence conservation. A dash indicates an amino acid is missing in that sequence. In vivo posttranslational 
modifications are as follows: a, acetylation; m, methylation; p, phosphorylation; r, ADP-ribosylation. The underlined sequences were deleted in the 
relevant mutant yeast strains. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, 
Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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A H4 wt H4 H4 
del(4-14) del!f19) de17231 del(4-28) 

H4 wt 
Figure3. GALl, GALlO, GAL7, and GAL4 
mRNA Levels in Yeast Strains with Wild-Type 
or N-Terminallv Deleted Histone H4-2 

abcdabcdabcdabcdabcdabcd PRC7 lanes are used as controls for mRNA 

GAL1 - 
loading. Yeast strains PKYBOI (WT H4), 
PKY817 (H4 del(4-14)) PKY818 (H4 del(4- 
19)), PKY806 (H4 del(4-23)), and PKY813 (H4 

B 
GALlO- 

r 

del(4-28)) were induced as described in the 
f legend to Figure 1. RNA (15 pg, or 30 ug from 

the same preparation for the GAL4 blot) was 
analyzed by Northern blot hybridization to uni- 
formly labeled (A) EcoRl fragment of pNN78 

” 

GAL7- 
(see legend to Figure 1); (B)koRI-SalI frag. 
ment of pNN76 (GAL70); (C) Sal1 fragment of 
pNN75 (GAL7); (D) Xhol-Xbal fragment of 

n pGR-LexGa14 fGAL4). (E) The blot rewashed 
Y  

GAL4- 
in (A-C) was rehybridized to uniformly labeled 
PRCi DNA. The blot in (D) was also washed 
free of the GAL4 DrObe and rehvbridized to 

F PRC7 DNA. The levels of PRCl mRNA were 

PRCl- 
very similar to those in (E) (data not shown). 

and implicated in transcriptional control, we wished to de- 
termine the effects of mutagenizing these sites on GAL7 
activation. Yeast strains, with either conservative or non- 
conservative changes in the histone H4 N-terminal lysine 
residues, were prepared as described in Experimental 
Procedures. Specifically, one, three, or all four of the lysine 
residues at positions 5, 8, 12, and 16 of histone H4 were 
changed to arginine (which conserves the net positive 
charge of lysine, but which cannot be neutralized by ace- 
tylation). Alternatively, glutamine, which resembles lysine 
structurally, was substituted at these four positions to 
mimic the charge neutralization resulting from acetylation. 

Figure 4 shows the N-terminal amino acids of wild-type 
histone H4 (in strain PKY501) and the specific amino acid 
substitutions and deletions that were introduced into this 

sequence. All yeast strains containing amino acid substitu- 
tions at the H4 N-terminus wereviable whether one, three, 
or all four lysines were changed to arginine or glutamine. 
These results confirm those reported previously (Megee 
et al., 1990; Johnson et al., 1990; Park and Szostak, 1990) 
with one exception. Megee et al. (1990) have previously 
reported the lethality of yeast containing arginines at posi- 
tions 5,8, 12, and 16. In our experiments, LDY722, which 
bears these same changes, is viable although slow grow- 
ing (doubling in 330 min as opposed to 120 min for the 
wild-type control strain, PKY501). This discrepancy may 
be attributed to different approaches used to assay viabil- 
ity. In contrast to the glucose shift viability test, Megee et 
al. (1990) assayed viability by the absence of a particular 
strain after sporulation or after transformation. This ab- 

strain Histone HI N-terminus Doubling /3-galactosidaee activity 
Time (min) 

5 8 12 16 GALl m cupl 

AC AC AC AC 
I I I I 

PKY501 SGRGKGGKGLGKGGAKRHRK 120 1.00 1.00 1.00 

PKY617 de1(4-14) 137 0.20 0.56 0.81 
PKY616 del( 4-'19) 142 0.14 0.60 0.42 
PKYYBOC de1(4-23) 167 0.06 0.24 0.53 
PKY813 de1(4-28) 180 0.05 0.21 0.48 

LDYlOl R 124 1.56 1.39 0.99 
LDY103 R 121 1.38 1.24 0.93 
LDYlOS R 119 0.87 1.25 1.31 
PKY506 R 115 1.31 1.26 2.25 
PKY508 R R R 132 0.26 0.89 0.83 
PKYB21 R R R 154 0.19 0.48 0.80 
LDY722 R 330 0.02 0.01 0.11 
LDY107 Q 153 0.10 0.53 0.28 

Figure 4. Mutational Analysis of the H4 N-Terminus 

The N-terminal 20 amino acids of H4 are shown. Deletions are indicated and mutations shown schematically below the sequence. All strains are 
isogenic to PKY501. The f3-galactosidase assays were repeated three times with each of two individual transformants for each strain. Error was 
less than 20%. The data are presented as a percentage of the wild-type (PKYSOI) activity for each of the three genes examined. 
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sence was attributed to the lethality of the mutation. How- 
ever, such approaches would discriminate against very 
slow growing strains such as LDY722. Alternatively, the 
discrepancy may be due to unknown differences in the 
genetic backgrounds of the respective strains. 

We then compared the effects of mutagenizing one, 
three, or all four lysine residues on induction of the GAL7 
promoter. Changing single lysine residues at position 58, 
12, or 18 to arginine does not significantly decrease the 
level of GALl-laczinduction (Figure 4). Nor do single sub- 
stitutions altering the positively charged amino acids at 
position 17, 18, 19, or 20 in a nonconservative manner 
(L. Durrin and M. Grunstein, unpublished data). However, 
changing lysines 8, 12, and 16 to arginines (PKY508) or 
changing lysines 5, 8, and 12 to arginines (PKY821) de- 
creased GAL74acZ induction 4- and 5-fold, respectively. 
Replacement of all four lysines 5,8,12, and 16 to arginines 
(LDY722) repressed GAL7-laczinduction greatly, approx- 
imately 50-fold. The analogous change to four glutamine 
residues in LDY107 had a strong (1 O-fold) but lesser effect 
on induction of GAL7. These data suggest a redundancy 
in the requirement for the conserved acetylated lysine resi- 
dues in GAL7 activation, and suggest also the need for 
charge neutralization at the H4 N-terminus. 

Doubling times were measured for the wild-type (PKY- 
501) and mutant yeast strains growing in medium with 
glucose as the sole carbon source (YEPD) (Figure 4). In 
general, the more extensive the lesion at the histone H4 
N-terminus, the slower the growth of the yeast strain. This 
is especially evident in comparing the H4 N-terminal dele- 
tions. Removal of residues 4-14 and 4-19 increases the 
doubling time from 120 to 137 and 142 min, respectively. 
Deletions 4-23 and 4-28 further increase doubling time to 
167 and 180 min. While mutation of a single lysine residue 
to arginine at position 5,8,12, or 16 has a negligible effect 
on growth rate, mutation of three of the four lysines to 
arginine increases doubling time to 132-154 min, and mu- 
tating all four lysines to arginine has a considerable effect 
on growth rate, increasing the doubling time to 330 min. 
Charge neutralization at these sites may be very important 
since the analogous mutation of these positions to four 
glutamine residues, or deletion of all four lysine residues 
in PKY818 (H4 del(4-19)) only increases doubling time to 
153 and 142 min, respectively. It is important to indicate 
that the effects we see on GAL7 induction are not due 
simply to slower growth rate. GALI-/acZ induction in con- 
trol strains containing mutations in nonhistone genes and 
exhibiting very slow growth (doubling at 175-264 min) is 
decreased no more than a factor of 2 (data not shown). 

The H4 N-Terminus Is Also Required 
for PH05 Promoter Activation 
To investigate whether the histone H4 N-terminus is re- 
quired for the activation of other regulated yeast promot- 
ers, we examined PH05 promoter-/acZ and CUP74acZ 
constructs in the H4 wild-type and mutant yeast strains. 
The PHO5 promoter is repressed by high concentrations 
of inorganic phosphate in the medium and is activated 
by low concentrations of inorganic phosphate (Oshima, 
1982). As shown in Figure 4, H4 del(4-23) in PKY806 and 

H4 del(4-28) in PKY813 each decrease PHO54acZ induc- 
tion approximately 4- to 5-fold. These same deletions de- 
pressed CUP7-IacZfusions, activated by the presence of 
copper sulfate (Fogel and Welch, 1982; Karin et al., 1984) 
only 2-fold. These decreases in PH05 promoter activity 
are not due to the slower growth of these strains (167 min 
and 180 min, respectively) since a control strain containing 
nonhistone mutations and growing with a division time of 
175 min shows no decrease in PHOS-/acZ activity (data 
not shown). Single amino acid changes, at any of the ace- 
tylated lysine residues, do not decrease PH05 promoter 
activity. Even substitution of any three of the four lysines 
to arginine (in PKY508 or PKY821) or substituting all four 
lysines 5, 8, 12, and 16 to glutamine (in LDY107) results 
in at most a P-fold depression in activity. 

Of the amino acid substitutions, only the replacement of 
lysines 5, 8, 12, and 16 with arginine, in LDY722, greatly 
decreased PHO54acZ activity (approximately lOO-fold) 
and CUP74acZ activity (approximately 1 O-fold). This mu- 
tation, which decreased GALI-/acZ induction 50-fold, has 
a strong effect on transcription of the constitutive PRC7 
gene as well. In Figure 5 is shown a Northern blot con- 
taining induced GAL7 mRNA and control PRC7 mRNA in 
strains containing either wild-type H4 or mutant H4 genes. 
While the levels of GAL7 induction are reduced the most 
in LDY 107 (lysines 5,8, 12, and 16 changed to glutamine) 
and in LDY722 (lysines 5, 8, 12, and 16 changed to argi- 
nine) (Figure 5A), the PRC7 levels are significantly reduced 
only in LDY722 (Figure 58). This is the case even though 
approximately equal amounts of RNA (measured by ribo- 
somal RNA content) were loaded in each well (Figure 5C). 
Therefore, LDY722 shows decreased transcription of all 
four genes examined (GAL7, PHO5, CUP7, and PRC7), 
arguing that this H4 mutation has a generally repressive 
effect on transcription. This is the likely explanation for its 
abnormally slow growth. 

Discussion 

The data described above show that a yeast histone H4- 
specific domain (A) encompassing residues 4-23 is re- 
quired for GAL7 and PH05 promoter activation in vivo. 
Conserved acetylated lysine residues in this domain are 
important for activation; however, there is redundancy in 
their function. H4 residues 16-19 (domain R) are also re- 
quired for repression of the silent mating loci HML and 
HMR (Kayne et al., 1988; Megee et al., 1990; Johnson 
et al., 1990; Park and Szostak, 1990) and nucleosome 
positioning adjacent to the a2 operator (S. Y. Roth, M. 
Shimuzu, L. Johnson, M. Grunstein, and R. T. Simpson, 
unpublished data). These two functions can be quite dis- 
tinct from each other in that certain amino acid replace- 
ments at positions 16-l 9 that severely disrupt mating have 
no detectable effect on GAL7 activation (see Results). 
Conversely, deletion or mutation of the A domain (between 
residues 4 and 15) can affect GAL7 activation with little 
effect on repression of the silent mating loci (Kayne et al., 
1988; L. Johnson and M. Grunstein, unpublished data). In 
contrast, the H2A, H2l3, and H3 N-terminal sequences 
(removing residues 4-20, 2-32, and 4-30, respectively) 
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A 

GAL1 

B 

PRC 1 

PKY501 LDY103 PKY821 LDY722 PKY506 LDY107 
abcdabcdabcdabcdabcdabcd 

Figure 5. GAL1 mRNA Levels in Wild-Type 
and Variant Yeast Strains 
RNAwas prepared from yeast strains PKYBOI, 
LDYIOS, PKY821, LDY722, PKY506, and 
LDY107 (see Figure 4) that had been induced 
with galactose as described in the legend to 
Figure 1. RNA (15 pg) was analyzed by gel 
electrophoresis and Northern blot hybridiza- 
tion to DNA fragments as described in the leg- 

.  ..‘._ /_ end to Figure 1. (A) GAL7 mRNA. (6) PRCI 
mRNA. (C) 25s and 18s ribosomal RNAs. 
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are not required for promoter activation, nor are they re- showed that a heterologous activation domain fused to a 
quired for repression of the silent mating loci in a manner GAL4 derivative can prevent nucleosotnal repression of 
similar to that of the H4 N-terminus (Kayne et al., 1988; R. initiation in vitro. Only after unfolding of the nucleosotne 
Mann and M. Grunstein, unpublished data). Therefore, we would the interactions between the activator domain and 
conclude that histone H4 uniquely contains domains both the preinitiation complex involving possible coactivators 
for promoter activation (A) and for the repression of the (Lewin, 1990; Ptashne and Gann, 1990) lead to full induc- 
silent mating loci (R) (Figure 6). tion. This latter step is likely to be chrornatin independent. 

These observations raise a number of questions that 
point to new areas of investigation. Since DNA, in the ab- 
sence of histones, can serve as a template for transcription 
factors in vitro, why would a histone be required for gene 
activation in vivo? A working model we employ at this stage 
is shown in Figure 7. This utilizes the observation that the 
template in vivo is not naked DNA but chromatin. Since 
nucleosotnes can repress transcription initiation in vivo, a 
direct or indirect interaction between the activation domain 
of the GAL4 activator protein and the basic N-terminus of 
histone H4 may be necessary for the subsequent unfolding 
of the nucleosome. This chromatin-dependent activation 
step would allow access of the preinitiation complex to the 
TATA promoter element. Evidence for this also comes 
from experiments done by Workman et al. (1991), who 

The activity of the GAL7 promoter was reduced approxi- 
mately 20-fold in the presence of the more extensive H4 
N-terminal deletions, while PH05 promoter activity was 
reduced 4-to C&fold. GAL4 and PRC7 expression was not 
much affected. The reasons for these differences should 
be especially instructive. It is important to note that both 
GAL7 and PH05 contain nucleosomes positioned on their 
promoters (Lohr, 1984; Almer et al., 1986; Fedor et al., 
1988; Rainbow et al., 1989) that are likely to repress ba- 
sal transcription in the absence of inducer (Han and 
Grunstein, 1988; Straka and Horz, 1991). Since gene ac- 
tivity is most often accompanied by nucleosome displace- 
ment from the promoter (Grunstein, 1990b) one might ex- 
pect that the promoters of constitutive genes such as GAL4 
and P/Xl would not be tightly folded in nucleosomes. 
Such differences in nucleosome positioning could be due 
to the underlying nucleosome positioning DNA sequence 
or the presence of proteins affecting nucleosome place- 
ment (Grunstein, 1990b; Simpson, 1991). For example, a 
protein (GRFPlprotein Y) at the GAL7 UASG appears 
to position nucleosotnes adjacent to its binding site (Fedor 
et al., 1988). Positioned nucleosomes at the promoters 
of repressed genes may require the H4 N-terminus in 
order to allow nucleosomal displacement as a prelude to 
activation. 

A 

102 

16 19 

R NAS 
Figure 6. Diagram of Known Functional Domains of Histone l-l4 

Domain A is the promoter activation domain located within amino acids 
4-23. Domain R is the repressor domain (residues 16-l 9) that interacts 
genetically with the repressor protein Sir3 to silence HML and HMR. 
NAS is the hydrophobic, nucleosome assembly and stability domain 
that includes the C-terminal amino acids from 29-100. 

At this stage it is unclear why the CUP7 promoter is 
affected the least of the regulated promoters examined, 
especially as we have no data regarding nucleosome posi- 
tioning at the CUP7 promoter. We speculate that the rap- 
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Figure 7. Model Depicting Stages in the Activation of the GAL7 Gene 

(a) A chromatin-dependent direct or indirect interaction between the 
activator protein (GAL4) and the H4 N-terminus is required for generat- 
ing a structural change in one or more nucleosomes downstream of 
the UAS element. 
(b) This structural alteration or unfolding could then allow release of 
nucleosomal repression of initiation and access to the TATA-binding 
protein (TFIID), other basal factors(BF), and RNApolymerase @NAP). 
Since this preinitiation complex has partial activity in the absence of 
the activator (Grunstein, 1990a, 1990b) this could allow an intermedi- 
ate level of activity. The activator interacting with the preinitiation com- 
plex mediated by possible coactivators in a chromatin-independent 
manner (Lewin, 1990; Ptashne and Gann, 1990) would then provide 
for full induction. 

idly induced CUP7 promoter (less than 30 min) may not 
have nucleosomes repressing initiation in the manner of 
GAL7 and P/-/05. As described in our results, it is unlikely 
that the specific effects of the H4 N-terminal deletions on 
GAL7 activation are due solely to a decrease in GAL4 
expression. Also, it is unlikely that the explanation rests 
with H4 deletions indirectly decreasing the expression of 
GAL7 1, a weak coactivator of GAL7. Strains bearing gall 1 
mutations show at most 3- to 4-fold decrease in GAL7, 
GALZ, and GAL70 mRNA levels in galactose (Suzuki et 
al., 1988) as opposed to the 20-fold reduction in GAL7 
induction seen as a result of histone H4 deletions (Figure 
4). However, we cannot exclude the possibility that there 
is a cumulative effect on GAL7 activation brought on by 

less efficient unfolding of the nucleosome and minor ef- 
fects on expression of GAL4 activators and coactivators. 

Due to the potential involvement of H4 and H3 acetyla- 
tion in transcription, it is noteworthy that changing any 
three of the four H4 lysine residues (positions 5, 8, 12, 
and 18) suppresses induction of GAL7 4- to 5fold, while 
changing all four sites to arginine (in LDY722) suppresses 
induction 50-fold. If histone acetylation, by neutralizing 
positive charges at the N-terminus, allows chromatin to 
unfold (Annunziato et al., 1988), then this latter mutation 
may make it difficult to dissociate histone H4 from DNA in 
order to allow transcription. Alternatively, the high charge 
density of this mutant H4 N-terminus may sequester acidic 
transcriptional activator proteins away from the promoter. 
These possibilities may explain why LDY722 has a much 
more general repressive effect on transcription leading to 
very slow growth (330 min doubling time versus 120 min 
for the isogenic wild-type strain). 

It is especially noteworthy that while H3 and H4 are both 
almost invariant in evolution, highly acetylated, and form 
a tetramer in the assembly of the nucleosome (van Holde, 
1988), deleting the H3 N-terminus (Figure 1) or changing 
all four conserved acetylated lysines at the H3 N-terminus 
to arginine (R. Mann and M. Grunstein, unpublished data) 
does not decrease GAL7 induction. In fact it appears that 
there is an increase in GAL7 induction in the presence of 
H3 N-terminal deletion H3 del(4-30) (Figure 1). Further- 
more, unlike H4 N-terminal deletions, large H3 N-terminal 
deletions have little effect on repression of the silent mat- 
ing loci (R. Mann and M. Grunstein, unpublished data). 
The involvement of H4 but not H3 in both GAL7 induction 
and silencing is important in that these data conceptually 
separate the two histones. Therefore, it is important to 
reevaluate separately the effects of H3 and H4 N-terminal 
acetylation on transcription and on plasmid supercoiling 
in experiments that previously utilized a mix of acetylated 
H3 and H4 histones (van Holde, 1988; Norton et al., 1990). 

In conclusion, both activator and repressor functions 
have been localized to a portion of the H4 N-terminus, 
functions absent from the N-termini of the other core his- 
tones. Given the extreme conservation of the rest of the 
H4 N-terminus and other core histone N-termini, it is likely 
that other functions will also emerge for different histone 
domains. Dissecting these mechanisms experimentally in 
yeast should illuminate a new view of the nucleosome in 
regulating chromosomal functions. 

Experimental Procedures 

Plaamid Construction and Strain Preparation 
To prepare mutations in the N-terminus of the histone H4-2 gene 
(HHF2), sequences encoding amino acids 6-16 were deleted, creating 
the restriction sites BspEl and Aflll (pPK626). Complementary 62 base 
oligodeoxynucleotides, encoding amino acids 3-22 of H4-2 and incor- 
porating specific mutations, were synthesized by automated DNA syn- 
thesis. The annealed oligomers were ligated into pPK626 to create the 
H4 N-terminus. All mutant gene constructs were sequenced by the 
method of Sanger et al. (1977) before transforming them into the yeast 
strain UKY403 (MATa ade2-lOl(och) arg4-1 his3-201 /eo2-3 leo2- 
112 lys2-EOl(amb) trpl-901 ura3-52 thr tyr hhfl[HIS3] hhf2[LEU2]/ 

pUK427(TRPI GAUHHF2)). The plasmid pUK421 was subsequently 
lost by growth of the yeast on glucose-containing medium. Both 
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UKY403and pUK421 have been described previously(Kimet al., 1988; 
Kayne et al., 1988). 

To prepare the CUP7-/acZ gene fusion (pLD3), the promoter and 
the first eight codons of the CUP 7 gene (derived from pJW6; Fogel and 
Welch, 1982) were ligated to the E. coli 8-galactosidase gene in the 
centromeric vector pSEYClO2 (Emr et al., 1986). The 5’end of the /acZ 
gene and the entire CUP7 promoter were sequenced. 

Plasmids containing the GAL7 promoter-/acZ gene (pRY131; West 
et al., 1984) the PH05 promoter-/acZ gene (pMH313; Han et al., 
1988) and the CUP7 promoter-/acZ gene (pLD3) contain the se- 
lectable marker gene UFfA3. Before introduction of these constructs 
into yeast with wild-type or mutant HHF2 genes, the URA3 gene was 
disrupted by ligating the TRP7 gene into the Seal site. The resulting 
plasmids were designated pRYI31(TRP7), pMH313(TRP7), and 
pLD3(TRP7). 

Growth Rates 
Yeast doubling times were measured after diluting log phase cultures 
into fresh YEPD medium in Erlenmeyer flasks. Cultures were shaken 
vigorously at 30°C and absorbance at 600 nm (Am) was measured 
during the logarithmic phase of growth in a Beckman model 25 spectro- 
photometer, using quartz cuvettes. All doubling times represent the 
average of two experiments, using different isolates of the yeast strain. 

Media, Gene Induction Methods, and P-Galactosidase Assays 
All media used have been described (Sherman et al., 1986) except 
YEPR contains 2% raffinose and YEPG contains 2% galactose as the 
sole carbon sources. YEP medium lacking phosphate and sugar was 
prepared as described (Han et al., 1988). Yeast strains were grown 
approximately 24 hr in YEPR until cells were confluent. Yeast were 
washed in water and aliquoted into control and inducing media and 
incubated 6 hr. GAL7 promoter activity was quantified after growing 
yeast in 2% YEPR (control) or 2% YEPG (experimental) media. Addi- 
tionally, GAL7 mRNAwas prepared and analyzed from yeast grown in 
YEP containing the following ratios of raffinose to galactose: 2%:0%, 
1.5%:0.5%, l%:l%, 0%:2%. PHO5 promoter activity was measured 
in yeast grown in no-phosphate YEPR with 7.5 mM KCI added (experi- 
mental) or with 7.5 mM KPO, (pH 7.0) added (control). The CUP7 
promoter was induced during only the final 30 min of the 6 hr incubation 
by addition of copper sulfate (1 mM) to YEPR medium. 6-galactosidase 
activity was measured as described (Miller, 1972; Han et al., 1988). 

RNA and Northern Blot Analysis 
RNA was prepared as described (Kim et al., 1988) from 10 ml yeast 
cultures. Northern blot analysis and hybridization were performed as 
described (Maniatis et al., 1982). 
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