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Summary. The histone H4 multigene family of  
Physarum polycephalum consists of two genes, H41 
and H42. Both genes have an unusual structure in 
that they are interrupted by a small intron. The 
structure of  the P. polycephalum H4 genes is dis- 
cussed and compared to the structure of histone 
genes of other organisms. S 1 nuclease analysis was 
used to map the 5' and 3' ends of the histone H4 
messengers. We show that the histone H4 genes have 
a hybrid structure; they are interrupted by an inter- 
vening sequence, as in replacement variant histone 
genes of higher eukaryotes, but their 5' and 3' non- 
coding regions have the properties of  replication- 
dependent histone genes: the 5' and 3' leader and 
trailer sequences are short, possess a 3'- hyphenated 
dyad symmetry element, and a CAGA sequence is 
found 3' to the hyphenated hairpin structure. This 
report also provides evidence that both genes are 
expressed in late G2 phase as well as in S phase and 
that their expression is temporally coordinated and 
quantitatively similar during the cell cycle. 

Key words: Histone genes -- SI m a p p i n g -  5' 
and 3' flanking regions -- Cell cycle -- Physarum 
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Introduction 

The histone H4 multigene family ofPhysarum poly- 
cephalum consists of  two genes, H41 and H42, that 
are present in only one or two copies per haploid 
genome. In this report we have used S1 nuclease 
analysis to map the 5' and 3' ends of  the histone 
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H4 messenger RNAs. The unusual structure of  the 
P. polycephalum histone H4 genes is discussed and 
compared with the structure ofhistone genes of oth- 
er organisms. 

The sustained synchrony over several successive 
nuclear division cycles in the syncytial plasmodia 
phase of the myxomycete P. polycephalum has been 
exploited often to study cell cycle events. In our 
laboratory we have been studying histone gene 
expression during the cell cycle in this organism 
(Wilhelm et al. 1984). The synthesis ofhistone pro- 
teins and mRNA occurs periodically during the cell 
cycle of  P. polycephalum as in higher eukaryotes. 
Translation of  histone mRNA is essentially limited 
to S phase and is tightly coupled to DNA replication. 
It is now clearly established that in a certain number 
of cases, histone gene transcription is initiated be- 
fore entry of  the cells into S phase. This was first 
shown in yeast (Hereford et al. 1982) but has also 
been observed in mammalian cells (Sittman et al. 
1983; Artishevsky et al. 1984). In naturally syn- 
chronous plasmodia of  P. polycephalum this phe- 
nomenon is even more pronounced because histone 
genes are transcriptionally activated in mid-G2 phase 
several hours before the messengers are actually 
translated (Wilhelm et al. 1984; Carrino and Laffler 
1986). The rate of  transcription increases approxi- 
mately 20-fold over its minimum value during the 
second part of G2, reaches a maximum at the end 
of  G2, and drops sharply after entry of  the cells into 
S phase (Wilhelm et al. 1988). The newly synthe- 
sized histone mRNAs that accumulate during the 
second half of  G2 are not translated immediately 
but constitute a pool of  molecules in anticipation of  
the next S phase. We have shown recently that the 
histone mRNA is stored as a small ribonucleopro- 
tein in late G2 and constitutes a dowry of  histone 
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presents  da t a  s h o w i n g  tha t  the  two  h i s t one  H 4  genes  

(H41 a n d  H 4 2 )  are  exp re s sed  d u r i n g  the  m i t o t i c  

cycle o f  P. polycephalum a n d  tha t  the  t r ansc r ip t s  o f  

b o t h  genes are  p re sen t  in G 2  a n d  S phase  o f  the  cell  

cycle. 

Fig. 1. Mapping of the 5' end of H4 transcripts by S1 nuclease 
analysis. The 32p-labeled probes described in the text were hy- 
bridized with 10 ~tg of total RNA isolated from macroplasmodia 
in S or G2. The hybridization was for 18 h at 50*(2 in 75% 
deionized formamide, 1% SDS, 20 mM Tris (pH 7.4), 0.4 M 
NaC1, and 1 mM EDTA. The reaction mixture was then treated 
with S1 nuclease, and the resistant fragment was loaded on a 
sequencing gel, the gel was dried, and an autoradiograph was 
obtained. The size of the fragments protected from hydrolysis by 
S1 nuclease was estimated by comparison with radioactive mo- 
lecular size markers derived from an M 13 clone of known se- 
quence. Reaction mixtures to which RNA species were added 
were analyzed in lanes 1-6. In lanes 1-3 the H42 probe was 
hybridized with 10 #g E. coli tRNA (lane 1), 10 ~g S-phase RNA 
(lane 2), or 10 tzg G2-phase RNA (lane 3). In lanes 4-6 the H41 
probe was hybridized with 10 ug E. coli tRNA (lane 4), 10 gg 
S-phase RNA (lane 5), or 10 ~g G2-phase RNA (lane 6). 

m R N A  tha t  m a y  be  necessa ry  at  the  b e g i n n i n g  o f  s 

because  the  m i t o t i c  cycle  o f  P. polycephalum lacks 

a G I phase .  T h e  h i s t one  messenge r s  a c c u m u l a t e d  

du r ing  the  G 2  phase  are  t he re fo re  a v a i l a b l e  i m -  

m e d i a t e l y  af ter  m i t o s i s  at  the  s tar t  o f  S phase  w h e n  

D N A  begins  to be  r ep l i ca t ed  at  a h igh  ra te  a n d  hi-  

s tone  p ro t e in s  are  r e q u i r e d  to  package  newly  syn-  

t he s i zed  D N A  in to  c h r o m a t i n .  T h e  l o w  c o p y  n u m -  

be r  o f h i s t o n e  H 4  genes  m a y  no t  be  ab le  to  p r o v i d e  

necessa ry  a m o u n t s  o f g e n e  p r o d u c t s  at  the  beg inn ing  

o f  S phase  a n d  cou ld  exp la in  the  n e e d  for  accu-  

m u l a t i n g  s to red  messenge r s  in late  G2 .  T h i s  r epo r t  

Materia ls  and Methods  

RNA Preparation. RNA was prepared as previously described 
(Wilhelm et al. 1984): to one synchronous macroplasmodium 
(1-2 g) 10 ml oflysis buffer [5.0 M guanidine isothiocyanate, 50 
mM Tris-HCl (pH 7.6), 10 mM EDTA, and 2.5% 2-mercapto- 
ethanol] were added and immediately homogenized in a Dounce 
homogenizer. The suspension was centrifuged for 20 min at 8000 
g in a JS 7.6 rotor in a Beckman J21 centrifuge. The supernatant 
was made 4% (w/v) with respect to N-laurylsarcosine and solid 
CsCl was added to 0.15 g/ml. The solution was layered over a 
2.0-ml cushion of 5.7 M CsCI and 0.1 M EDTA (n = 1.41) and 
centrifuged in a Beckman SW41 rotor for 24 h at 20"C. After 
centrifugation the supernatant was removed by aspiration and 
the tube was inverted to drain the remaining liquid. The RNA 
pellet was dissolved in 10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 
and 1% SDS and extracted with a 4: l mixture of chloroform and 
l-butanol. Then, 0. l vol of 3 M sodium acetate (pH 5.2) and 2.2 
vol of ethanol were added to the aqueous phase. After precipi- 
tation at -20"C, the RNA was recovered by centrifugation, dis- 
solved in 1 ml of water, and the optical density was determined. 

$1 Mapping. The S1 mapping of isolated RNA was carried 
out as described by Davis et al. (1986). An M13 clone with the 
inserted DNA of interest was prepared, and a radiolabeled com- 
plementary copy was synthesized by primer extension. To re- 
cover the radioactive probe, the primer-extended DNA was cut 
with a suitable restriction enzyme, denatured, and the products 
separated on a sequencing gel. The gel piece containing the ra- 
dioactive probe was soaked in 0.5 M ammonium acetate, 0.01 
M magnesium acetate, 0.1% SDS, and 0.1 mM EDTA. After an 
overnight incubation, the probe was recovered by ethanol pre- 
cipitation and dissolved in hybridization buffer containing 75% 
formamide, 20 mM Tris-HCl (pH 7.4), 0.4 M NaC1, 1 mM 
EDTA, and 0.1% SDS. To hybridize the probe to the RNA, 40 
ul of the probe were added to 10/~g of precipitated RNA in a 
1.5-ml microfuge tube; the tube was heated for 15 min at 75"C 
and incubated overnight at 50"C. For the S1 nuclease reaction, 
350 ttl of $1 buffer containing 1.5 M NaCI, 16.6 mM ZnSO4, 0.3 
M sodium acetate (pH 4.5), 30 tzg/ml denatured MRE 600 DNA, 
and 1000 U/ml SI nuclease were added to the tube and incubated 
for 1 h at 37"C. The resistant DNA was extracted, precipitated, 
and dried. The dried pellet was redissolved in sequencing gel 
loading buffer, heat denatured, and loaded on a sequencing gel. 

Results  

$1 Mapping o f  G2 and S Histone H4  m R N A  

T h e  two h i s tone  H 4  genes  h a v e  b e e n  c l o n e d  a n d  

s e q u e n c e d  a n d  were  f o u n d  to c o d e  fo r  i den t i ca l  H 4  

p ro t e in  m o l e c u l e s  ( W i l h e l m  a n d  W i l h e l m  1987). 

T h e r e  is 8 7% s im i l a r i t y  o f  the  n u c l e o t i d e  s equences  

o f  the two  genes,  bu t  the  5' a n d  3' n o n t r a n s l a t e d  

sequences  are  d i v e r g e n t  (less t h a n  30% s imi la r i ty ,  

see Fig. 3). T h e  t r ansc r ip t s  o f  H41 a n d  H 4 2  can  
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Fig. 2. Mapping of the 3' end of H42 transcripts 
by S1 nuclease analysis. The 32p-labeled probe de- 
scribed in the text was hybridized with 10 gg of to- 
tal RNA isolated from macroplasmodia in S or 
G2. The hybridization conditions described in Fig. 
1 were used. The reaction mixture to which RNA 
species were added was analyzed in lanes S and 
G2. Lane S: 10/~g of S-phase RNA was hybridized 
to the probe. Lane G2:10/~g ofG2-phase RNA 
was hybridized to the probe. No band was ob- 
served when 10/~g of E. coli tRNA was hybridized 
to the probe (lane R). 

therefore be distinguished by S 1 nuclease analysis. 
The  5' mapping o f  isolated R N A  was ca rded  out  as 
described by Davis  et al. (1986). A 1.2-kb H i n d I I I -  
EcoRI fragment containing the H42  gene and a 0.6- 
kb HindII I  fragment containing the H41 gene were 
subcloned in M 13 mp  19, and single-stranded tem- 
plates were prepared. A primer, 5'CACACCACCACG 
GCGAG3' ,  complementary to 17 nucleotides of  the 
coding sequence (codons 38-43) was synthesized in 
our  Institute by J. Colin. The  pr imer  was hybridized 
to the single-stranded templates and a uni formly 
labeled probe was synthesized using the Klenow 
fragment o f  D N A  polymerase I in the presence o f  
a32p-dATP as the radioact ive isotope. To  recover  
the 32p-labeled single-stranded probe, the M 13 D N A  
was digested with HindIII ,  denatured,  and the prod-  
ucts were separated on a sequencing gel. A radio- 
active fragment o f  288 nucleotides was recovered 
as a probe for H41.  This probe is complementa ry  
to the first 129 nucleotides o f  the coding region and 
159 nucleotides o f  the 5' flanking region. A radio- 
active fragment o f  305 nucleotides containing the 
first 129 nucleotides o f  the coding region and 176 
nucleotides o f  the 5' flanking region was recovered 
as a probe for H42.  A sample o f  the probe for H41 
or H42 was hybridized with total R N A  isolated f rom 
S- or  G2-phase  macroplasmodia  and then treated 
with S 1 nuclease. The  size o f  the radioact ive frag- 
ments  protected f rom enzymatic  hydrolysis was 
measured by electrophoresis through a sequencing 
gel. Figure 1 shows the results o f  this experiment .  
The fragments protected by S- or G2-phase  H41 
transcripts and S- or G2-phase  H42 transcripts are 
shown in lanes 5, 6 and 2, 3, respectively. A major  

protected fragment o f  150 nucleotides is detected 
for H41 and 152 nucleotides for H42.  The  strength 
o f  the signal is identical for H41 and H42  at both  
stages o f  the cell cycle. This  result demonstra tes  that  
transcripts corresponding to the two H4 genes are 
present in approximately equimolecular amount  and 
that there is no differential t ranscription o f  the genes 
during the cell cycle. The  extent  to which the probes 
are protected establishes that the 5' nontranslated 
sequences o f  the H4 m R N A  comprises  18 (H41) 
and 20 (H42) nucleotides and allows us to propose 
a cap site sequence CATCA for H41 and T A T T C  
for H42. These sequences compare  relatively well 
with the consensus sequence found for other  histone 
genes, because three (H41) or four (H42) out  o f  five 
nucleotides are similar to the consensus sequence 
C A T T C  (Hentschel and Birnstiel 1981). 

We have confirmed that  histone H42 gene tran- 
scripts are present in S and G2 by 3' mapping o f  
isolated R N A  (Fig. 2). The  nontranslated sequences 
at the 3' end o f  m R N A  transcripts were investigated 
using a probe complementa ry  to 163 nucleotides o f  
the coding sequence, 107 nucleotides o f  the 3' flank- 
ing sequences, and 67 nucleotides o f M  13. One ma- 
jo r  protected fragment o f  210 nucleotides was de- 
tected after the probe was hybridized with S or G2 
R N A  and subsequently t reated with S1 nuclease. 
The  length o f  the protected fragment establishes that  
the 3' nontranscr ibed sequence o f  the H42  m R N A  
comprises 47 nucleotides and maps  the end o f  the 
H42 m R N A  3' to a dyad symmet ry  mo t i f  hyphen-  
ated by four bases. 

Shown in Fig. 3 are the parts o f  the H4  gene 
sequences relevant  to the 5' and 3' end mapping and 
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H42---ATAT?CTTGCATTACCATACAC ATG TCT GGA CGT GGC AAG GGA GGC AAA GGA CTT GGA AAG GGA GGC GCA AAG CGT CAC AGG AAA GTG CTC AGA GAT AAC 

H41---TCAACATCACATCACTCAAACA ATG TCT GGA CGT GGT AAA GGA GGC AAG GGA CTC GGC AAG GGA GGC GCC AAG AGG CAC AGG AAG GTG CTC CGT GAT AAC 

set gly arg gly lys gly gly lys gly leu gly lys gly gly ala lys arg his arg lys val le~ arg asp asn 

1 2 3 4 5 6 7 8 9 I0 Ii 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

H42 ATC CAA GGC ATC ACC AAG CCC GCT ATT CCC AGA TTG GCT CGC C~T GGT CCT ~TG 

H41 ATC CAG GGT ATT ACC AAG CCT GCT ATC CGC AGA TTG ~c~ CGC C~ T C~T ~T CTG 

ile gln gly ile thr lys pro ala ile arg arg leu ala arg arg gly gly val 

26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 

AAG C ~TTCTATTTCATTCATAATTCATTTTCTAGTTTATCTTTCTTAC 

AAG C ~s 

lys arg 

44 45 

H42 ATTTTTTTTAAATAAAATGCCGTTTTATTTTTCTATGACCAATGCAAAG 

H41 TCCGTCCAAAGCAATTTAGTTCCTTTGATGAAACGAAG 

GT ATC_AGC AAG ACG ATC TAC GAG GAA ACT CGA GGT GTT CTG AAG ACC TTC TTA GAG 

GT ATC AGC AAC ACC ATC TAC GAG GAG ACC CGT GGA GTC CTG AAG ACC TTC TTG GAG 

arg ile set ash thr ile tyr glu glu thr arg gly val leu lys thr phe leu glu 

45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 

H42 AAC GTC ATT CGT GAT GCT GTG ACG TAC ACT GAA CAT GCT CGC CGC AAG ACG GTA ACA GCA ATG GAT GTC GTC TAT CCC CTC AAA CGC CAG GGA CCC 

H41 AAC GTC ATC CGT GAC GCT GTG ACC TAC ACT GAG CAT GCC CGC CGC AAG ACA GTG ACT GCC ATG GAC GTT GTC TAT GCC CTC AAA CGC CAG GGA CGC 

ash val ile arg asp ala val thr tyr thr glu his ala arg arg lys thr val thr ala met asp val val tyr ala leu lys arg gln gly arg 

64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 

t 
H42 ACC CTC TAC GGT TTT GGA GGT TAA GTTGTCTGATTGTCTCCTCCCTCAATGCTGTTTATTAACACCCCCAATTTATGTGATTCATCGTTCACTTT-- 

H41 ACT CTG TAC GGA TTC GGC GGC TAA TTACCTTTGCCCCCCCGACAAGCTTTAAAGCTGT~TCTGAACACGCCKTTTCAAAGGGATTCGTCTTTACT-- 

thr leu tyr gly phe gly gly 

96 97 98 99 I00 101 102 

{ii) 

H42--- (AGTATGGGGA~GAC) (AGTATGGGGAGGAC) .......... (AGTATGGGGAGGAC) --- 

H4 i--- (GAGACATTCAT) (GACACATTCAT) .......... (GAGACATTCAT) --- 

Fig. 3. Coding sequences of the 5' and Y flanking sequences of H41 and H42 genes. Sequence of the two repetitive elements Y to 
the two H4 genes, i The coding region is shown separated from the noncoding sequences. In the 5' flanking region the cap sites are 
underlined and the last nucleotides of the RNA deduced from the S 1 mapping data are indicated with an arrow. The region comple- 
mentary to the 17-mer used to prepare the 5' probes is underlined. The 5-bp direct repeat flanking the intron--exon splice junction is 
indicated. In the 3' flanking region the arrow indicates the position of the 3' end of the H42 mRNA deduced from the S1 nuclease 
analysis. The hyphenated dyad symmetry motifs and the putative CAGA sequences are underlined, ii Sequence of the repetitive 
element 3' to H41 (this element is directly repeated 13 times) and 3' to H42 (this element is directly repeated 11 times). 

the result o f  this mapping.  A dyad  s y m m e t r y  m o t i f  
is found in the 3' noncoding region o f  bo th  H4 genes 
and  its sequence is very s imilar  be tween the two 
genes. By analogy to its role in other  species, this 
observa t ion  suggests that  the s t em- loop  structure 
m a y  be impor t an t  in processing RNA.  The  sequence 
similari t ies o f  the dyad m o t i f  o f  the two genes point  
to the impor tance  o f  the nucleotide sequence for 
specific recognit ion events.  In contrast  to the se- 
quence similarities o f  the dyad symmet ry  motif,  there 
is very  little s imilari ty between the 3' noncoding 
sequences o f  the H41 and H42.  This  suggests that  
i f  the two genes are the result o f  the dupl icat ion o f  
a c o m m o n  ancestor  gene, their  divergence is not  
recent. 

Characterization o f  a Repeated Moti f  
in the 3" Region of  the H4 Genes 

We have  found an unusual  structure in the 3' region 
o f  bo th  H4  genes. This  structure is shown in Fig. 3. 
Approx ima te ly  200 bp  f rom the t e rmina t ion  codon 
o f  H41 and H42  a short  ol igonucleotide is directly 
repeated 13 and  11 t imes,  respectively.  The  func- 
tion, i f  any, o f  these repeats  is not  known.  As shown 
in Fig. 3, the sequences o f  the two repeated  e lements  
are different, G A G A C A T T C A T  for H41 and A G -  
T A T G G G A G G A C  for H42.  This  suggests that,  
wha tever  the exact funct ion o f  this structure, the 

fact that  the oligonucleotide is repeated is more  im-  
por tan t  than  its sequence. By analogy with the ob- 
servat ion that  in a n u m b e r  o f  bacterial  s trains 
(Kornberg  1982) an oligonucleotide G A T C  is re- 
peated nine t imes  within a 150-nucleotide stretch 
near  the origin o f  replication, a role in the replicat ion 
process can be suggested. I t  is also no tewor thy  that  
we have  found (Jalouzot  et al. 1985) that  the histone 
H4  genes are replicated very  early in S phase. Hence,  
a repl icat ion origin should be found very close to 
the his tone genes. On the o ther  hand,  a series o f  
repeti t ive D N A  sequences have  been found to be 
associated with h u m a n  histone genes and  it has been 
suggested that  they play a role in recombina t ion  and  
gene duplicat ion (Collart  et al. 1985). 

Conclusion 

The  two histone H4  genes o fP .  polycephalum have  
an unusual  structure. Both genes are in te r rupted  by  
a small  intron (Wilhelm and Wi lhe lm 1987 and Fig. 
3) that  splits the codon for a m i n o  acid 45 o f  the 
predicted protein.  The  coding region o f  bo th  genes 
is interrupted at precisely the same  posi t ion and  an 
identical 5-bp direct  repeat  flanks the in t ron -exon  
splice junct ion  o f  the two genes. Recently,  direct  
repeats flanking in t ron-exon  splice borders  have  also 
been found in h u m a n  H3.3 genes (Wells et al. 1987) 
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and it was argued tha t  thei r  presence is not  for tu i tous  
a l though thei r  funct ion is still unclear.  A few his tone 
genes conta in ing  in t rons  have  now been character -  
ized, e.g., the H3 and  H4 genes ofNeurospora crassa 
(Woud t  et al. 1983) or  the unique H2a  gene of  As- 
pergillus nidulans (May and  Morr i s  1987). In  higher  
eukaryotes ,  in tervening  sequences have  been found 
in the genes coding for the r ep lacement  va r ian t  H3 
genes o f  chickens  and h u m a n s  (Brush et al. 1985; 
Wel ls  et al. 1987). The  t ranscr ip ts  o f  the rep lacement  
va r i an t  genes have  character is t ic  features.  They  are 
p o s t t r a n s c r i p t i o n a l l y  p o l y a d e n y l a t e d ,  c o n t a i n  
lengthy 5' and  3' leader  and  t ra i ler  sequences,  and  
lack a 3' hyphena t ed  dyad  s y m m e t r y  e lement .  

We have  m a p p e d  the 5' and  3' ends o f  the h is tone 
H4 t ranscr ipts  o f / ' .  polycephalum. Our  results show 
that ,  a l though the genes are in te r rup ted  by  introns,  
the t ranscr ip ts  have  none  o f  the proper t ies  charac-  
ter is t ic  o f  r ep lacement  va r i an t  his tones,  but  in con- 
t rast  have  short  5' and  3' un t rans la ted  regions and  
possess a s t em- loop  structure found at  the ends o f  
mos t  o f  the rep l ica t ion  va r i an t  t ranscr ipts .  Fur ther -  
more ,  a pu ta t ive  C A G A  sequence (Hentschel  and  
Birnst iel  1981) clearly is found 3' to the hyphena t e d  
ha i rp in  s tructure o f  h is tone H41 and,  in a less well- 
conserved  form, 3' to the s t em- loop  structure o f  
h is tone H42 gene (Fig. 3). Final ly ,  we have  recent ly 
shown (Wilhe lm et al. 1988) tha t  the t ranscr ip ts  lack 
a po ly -A  tail  at  the 3' end. 

In  conclusion,  the h is tone  H4 genes o f  P. poly- 
cephalum have  a hybr id  structure.  They  are inter-  
rup ted  by an in te rvening  sequence, s imi la r  to the 
r ep lacement  va r i an t  h is tone  genes o f  higher  eukary-  
otes, but  thei r  5' and  3' noncod ing  regions have  the 
proper t ies  o f  r ep l i ca t ion -dependen t  h is tone  genes. 
This  repor t  also p rov ides  ev idence  that  the two H4 
genes are bo th  expressed and  tha t  thei r  express ion 
is t empora l ly  coo rd ina t ed  and  quan t i t a t ive ly  s imi la r  
dur ing the cell cycle. Therefore  bo th  genes are re- 
quired,  as gene dosage cons idera t ions  would  suggest, 
in o rder  to accumula te  the  necessary a m o u n t  o fgene  
produc ts  dur ing the mi to t i c  cycle o f  P. polycepha- 
lul~H. 
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