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The pancreatic deoxyribonuclease (DNase I)  digestion rates at the susceptible s i tes on nucleosomal cor( 
par t ic les  from blastu la,  gastrula and sperm cel ls  of the sea urchin, Parechinus an~ulosus, have been determined. 
Although there are d i f ferences in the i r  isohistone composition, the rates of digest ion are s imi lar  for  bot[ 
embryonic stages. The rates of digest ion for  sperm core par t ic les  are 3-5 times lower than for  embryo cor( 
par t ic les  at the more, and up to 2.5 times lower at the less susceptible s i t es .  An explanation fo r  thes( 
di f ferences could be sought in the sperm isohistones H2B which are characterized by N-terminal extensions o! 
20-25 amino acid residues. © 1988 Academic Press, Inc. 

Canonical nucleosomal core par t i c les  consist of 146 b.p. of DNA wrapped around a histone octamer of two oi 

each histone H2A, H2B, H3 and H4 as a superhelix of 1.75 turns ( l ) .  The highly conserved histones H3 and Hz 

forma tetramer, (H3-H4)2, which can forma nucleosome-like par t i c le  with DNA, while the less conservedhistone~ 

H2A and H2B are proposed to form heterotypic dimers which associate with opposite faces of the H3-H4 tetramet 

and with DNA (2). The order of the binding of the histones along the nucleosomal core par t i c le  DNA has beet 

determined by DNA-protein crossl inking experiments (21-22). This order has been shown to be evolut ionar i l !  

conserved in core par t i c les  isolated free various species containing d i f f e ren t  isohistones (24). 

I t  is conceivable that  the isohistones ( for  reviews see 3-4) may bind to DNA d i f f e r e n t l y .  Sea urchin embryo{ 

and sperm have a d i s t i n c t  set of isohistones (5-10). We are using these well characterized nucleosemal cor~ 

par t ic les  from sperm and ear ly embryo of the sea urchin Parechinus angulosus, which contain isohistones il 

varying proportions, to study the e f fec t  of these proteins on nucleosome st ructure.  Using DNase I ,  we show tha 

the suscep t ib i l i t y  to DNase I of the core par t i c le  attached DNA is s i g n i f i c a n t l y  d i f f e ren t  for  sperm nucleosoma 

core par t ic les  as compared to those from embryos. We propose that the longer H2B isohistone variants in sper~ 

are possibly, at least in part ,  responsible for  these dif ferences in DNA-protein interact ions.  

EXPERIMENTAL PROCEDURES 

Sea urchin embryo cul tures 
Sea urchin embryos from Parechinus an~ulosus were grown as described previously (5). 7-hour-old and and 21 

hour-old embryos (ear ly  blastula and gastrula respectively in the par t i cu la r  species) were used to isolat.  
chromatin. 
Iso la t ion  of nuclei 

A l l  operations were performed at 4°C. Nuclei were isolated essent ia l ly  according to (11) except that th 
MgCl2-containing buffers were replaced with buffers containing 60 n~ KCI, 15rriH NaCl, 0.15 rr/4 spermine, 0.5~ 
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~ermidine, 5nf4 #-mercaptoethanol, 15n~4 TRIS-HCI (pH7.4), 0.2 him EDTA, 0.2 mM EGTA and 0.2 ram PMSF (12). The 
~tergent Tr i ton X-IO0 was replaced with Nonidet LE. Nuclei were resusFended in the above buffer with 0.25 M 
Icrose at a DNA concentrat ion of 5mg/ml. 
'eparation of nucleosomal core par t i c les  

Core par t ic les  were prepared essent ia l ly  according to (13) with n~3difications. CaClp was added to a 
~spension of nuclei to a f ina l  f ree concentration of 1 ~ from a 100 rrDt stock solut ion.  Hi~rccoccal nuclease 
;.1.31.1, Sigma) was added to 20 u n i t s / ~  DNA aP~ the nuclei were digested at 37°C for 3 ! /2 minutes for 
sstula arid gastruta chromatin and 20 minutes for sperm chromatin. The react ion was s t o ~  by adding EDTA 
)a f i na l  concentration of 5 nf~ arid cooling on ice. The chroma~n was pel leted and ext ractedwi th  600 m#4 NaC[, 
) ni~ TRIS-HCt (pH 7.5),  1.0 J~M EDTA arid 0.2 n~t PMSF for blastula arid gastrula chromatin arid 1.1M NaCI in the 
~me buf fer  for  sperm chromatin, fo" 3-4 hours at 4°C. The insoluble material  was pel leted at 4000xg for 5 
nutes. The supernatant contains 85-95% of the nuclear DNA as soluble chromatin. The histone content of th is 
'act ion and the cores prepared from i t  was monitored by SDS gel electrophoresis (14). 

Al iquots of the supernatants, containing 4-6 mg DNA in 2-3 ml, were ap4)lied to l inear,  5-20% (w/w) sucrose 
• adients in 500 rr#t NaCI (1 M NaCl fo r  sperm chromatin), 10 ~ TRIS-HCI (pH 7.5) ,  1.0 ~ EDTA an~ 0.2 m~. PNSF 

centri fuged at 83000xg for 16 hours at 4°C. To prepare HI-str ipped, long chromatin, f ract ions larger than 
~tra core size were pooled, dialysed overnight against 10 n~M TRIS-HCI (pH 7.5) ,  50 ~ NaCI, 0.2 ~ EDTA, and 
2 rr~4 PMSF arid concentrated by pressure u l t r a f i l t r a z i c n  to 0.5-1.0 ~ DNA/ml. 

To determine the o p t i n ~  micrococcal nuclease r~=~'Jigestion time to produce core par t i c les ,  the DNA of which 
~s f lush, from tong chromatin 100-200 ul a l iquots (0.5-1.0 mg DNA/ml) were made 1 r~M CaCtp and digested at a 
)ncentration of 100 units/ml in p i l o t  experiments. Atiquots of 10 ug DNA were removed, th~ DNA was extracted 
~d then analyzed on an 8% denaturing palyacrylamide gel (200 mm x 230 mmx 1.8 mm). A bulk digest ion was then 
~rformo<J at the optimum time. The react ion was stopped by adding EDTA to 5 rr~M arid cooling to 4^C. Core 
~r t ic les were isolated as the 11S f rac t ion  from l inear 5-20% (w/w) sucrose gradients in 50 r~MNaCt, l~c,M TRIS- 
; l  (pH 7.5), 1.0 rrbl EDTA arid 0.2 mM PMSF arid centrifuged at 182000xg for  16 hours at 4°C. The ~nosome 
"action was dialysed exhaustively against 10 aIM TRIS-HCt (pH 7.5) arid 1.0 ~ EDTA and then concentratc~d by 
"assure u l t r a - f i l t r a t i o n  to a concentration of 0.5-1.0 rag DNA/ml. 
~belling of core pa r t i c l e  DNA at the 5'-er~Js 

Core p ~ t i c l e  DNA, at DNA concentrations of 25-50 ug/ml ( i . e .  30-60 FwDol of 5'-er~ds) was labelled at the 5 ~- 
~z~ i th  P according to (13) in 70r~M TRIS-HCI (pH 7.6), 5 r~M d i t h i o t h re i t o l  and 10 nt4 MgCI 2 with 10 -20 pmol 
,-~P)-ATP (Amersham) (>5000 Ci/mmol) and 3-4 units T4 palynucleotide kinase (2.7.1.78, Amersham) for  1 hour 
: 37°C. UrKder these corKJitions at least 25-35% of the core part ic les were label led. 

4ase I digestion of 5' - label led core par t i c les  
5 ' - labe l led  core par t ic les  were digested with pancreatic nuctease (DNase I )  (3.1.21.1, Sigma) in 70rriM TRIS- 

: l  (pH7.6), 5 ram d i t h i o t h r e i t o t  and 10 n~t MgC[# according to (8). Digestion products were analyzed on 8% 
~naturing polyacrylamide gels arid digest ion rat~ constants were determined according to (13). 

~SULTS 

le protein cor~3onent of the nucteosomal core par t ic les .  

Removal of histone H1 from p a r t i a l l y  digested sea urchin sperm chromatin requires a higher NaCI concentration 

~an is necessary fo r  the preparation of H1 striF>F~d chromatin from ei ther  sea urchin er~bryos or chicken 

rythrocytes (13,16). The optimal NaCI concentration fo r  the given species was 1.1 M. At th is  NaCl 

3ncentration, no H1 is present in nucleosomes as determined by gel electrophoresis ( F i g . l ) .  Also, the core 

a r t i c les  subsequently prepared from the H1 str ipped chromatin contain r e l a t i ve l y  equivalent amounts of the core 

istones (Fig. 1 arid Table 1). 

me DNA coc~oonent of the nucleosomal core par t i c les .  

The length of the core pa r t i c le  DNA was determined by 5'-er~d label l ing pur i f ied  DNA and subsequent 

lectrophoresis on denaturing ~els with the appropriate lapetled star~ards. The scans in Fig. 2 irKdicate that 

~A from both gastrula (A) and sperm (B) core par t ic les is 145-146 base pairs long. However, whereas the core 

a r t i c l e  associated DNA from en~oryo ce l ls  var ies in length by only 2 bases from the average at ha l f  height, the 

qA associated with the sperm core par t i c les  is considerably more heterogeneous with respect to length. At half 

eight the var ia t ion  in size amounts to 8 bases from the average in the case of sparm (Fig.2) .  Since both t~qDes 

f par t ic les  were prc~duced by the enzyme under the same condit ions, th is d i f ference may irKdec~d be due to an 

l t e r ~  suscep t ib i l i t y  of the chromatin from the two types of cel ls to the enzyme. I t  might seem that the 

i f ference in nucleosomal core par t i c le  DNA length is s ign i f i cant  and might a f fec t  the in terpre ta t ion  of the 

qase [ digest ion k inet ics .  However, there is only a small f ract ion of the DNA which is longer in re la t ion  to 

le bulk of the DNA as shown by the scans in Fig. 2 which are overexposed autoradiograms. Also, i t  has been 

ossibte to calculate rate constants which are propor t ional ly  con~parable with t:~Jblished data fo r  the various 

i tes  of DNase ! digest ion for  both the core par t i c le  preparations (see Figs. 4 arid 6 ) .  Thus, the nucleosomal 

ore par t ic les  from both these ce l l  types, by the c r i t e r i a  mentioned above, are essent ia l ly  s imi la r .  These 

ucleosomes only d i f f e r  in the i r  content of isohistones. 

6? 
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Figure I 
SDS-Aelelectrophoresis of sperm histones. 

(A) sea urchin sperm histones from chromatin part ia l ly  digested with micrococca[ nuclease 
(B) histones present in nucleosomal core pertic[es prepared from part ia l ly digested chromatin stripped of HI. 

DNase [ digestion k inet ics of sea urchin nucleosomai core par t ic les .  

During the course of the p i l o t  micrococcal ~ucLease digestion experiments we noticed a considerable 
i 

di f ference in the suscep t ib i l i t y  of chromatin from sperm and embryo cel ls  towards this enzyme. The rate of core 
i 

pa r t i c l e  production from embryo ce l ls  was greater than free sperm cel ls ,  thus longer digestion times wer~ 
I 

necessary to digest HI-str ipped chromatin from sperm than from e~#ryos. This is in agreement with previous wor~ 

(11, 28). To fur ther  invest igate th is observation, we have determined the rates of DNase [ digestion of the 

nucleosomal DNA at each of the susceptible s i tes .  

Nucleosornal core par t ic les  from blastula,  gastruLa and sperm chromatin were 5 ' - labe l led  and then digestec 

with DNase [.  The DNA products were pur i f ied  ard analysed on 8% denaturing polyacrylamide gels. Th~ 

autoradiograms of these gels are shown in Figs. 3 and 4. The expected 10 base Ladder was observed for blastula,  

gastrula and sperm core par t ic les  although for  sperm there is another superimposed Ladder (see below). Th~ 

posi t ions of the s i tes were ident i f ied  by scanning one of the ta~nes of the autoradiograms with a densitometer 

(see Fig. 5 fo r  sperm) ar#, because the go[ resolut ion is such that single base dif ferences can 

dist inguished, counting the bases separating the peaks of radio~&ct~vity. Sites were assigned and the DNase 

digest ion rates were determined according to Lutter (13) (:Fig. 6A). 

The digest ion patterns of the DNA extracted from DNase i treated core par t ic les  from sperm chromatin as wel 

as from blastula and gastrula c lear ly  show a 10 base ladder whfch is indicat ive of core par t i c le  associated DN# 

Table I 
Relative quantitation of histones in chromatin and nuc[eosomal 
core particle preparations. The gel lanes in Figure 1 were scanned 
using a densitometer and the aress under the peaks of the 4 core 
histones were determined. This is expressed as the amount of 
Coomassie Blue bound to each histone as a percentage of the total 
for the core histones. 

histone ohromatin core particles 
H2B 38 38 
H3 22 20 
H2A 17 15 
H4 23 27 
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Figure 2 
Sizin 9 of DNA in nucleosomal core particles of sea urchin embryo and sperm chromatin. 

HI-stripped long chrcmatin from gastrula and sperm cells was redigested to core particles usfng micrococcal 
nuclease. Optimal r~igestion conditions were chosen and the DNA products thus produced were extracted, labelled 
at the 5'ends with P and analyzed on 8% denaturing polyacrylamide gels. The scansof the autoradiographs were 
resolved into fractions wfth a suitable computer programme assuming the trailing edge to represent part of a 
normal distrfbution. 
(A) 21 hour gastrula core particle 
(B) Sperm core particle 
(C) Standard - an Hpe I! digest of pBR322. 

Figure 3 
Autoradiogram of products of digestion by DNase I of blastula and gastruta core par t ic les .  

The digests of blastula (A) and gastru[a (g) core part ic les were analyzed on an 8% denaturing pelyacrylamide 
gel. Lanes 1-9 represent digestion times O, 10 seconds, 20 seconds, 40 seconds, 60 seconds, 100 seconds, 3 
minutes, 6 minutes and 12 minutes. Site numbers are assigned according to (13) and the enzyme concentration 
was 5 units DNase I /m[. 

: igs .  3 a n d 4 ) .  However, a c lose inspect ion of  the d igest  from sparm chromatin reveals a second 10 base ladder 

: f sa t  by 5 bases tha t  is superimposed on the typ ica l  ladder (Figs.  4 and 5).  In Fig. 4, add i t i ona l  bands of 

~ d i o a c t i v i t y  are observed between the bands at s i tes  1 and 2, 4 and 5, 5 and 6 and 9 and 10, respec t ive ly .  

The ra te  of  d iges t i on  by DNase I of the comparable suscept ib le  s i tes  in the core p a r t i c l e  associated DNA 

lould be a s e n s i t i v e  tes t  to assess s i m i l a r i t i e s  or d i s s i m i l a r i t i e s  in a set  of core p a r t i c l e s  der ived from 

i f f e r e n t  types of  chromat in.  Di f ferences in the overa l l  shape of the p ro te in  corM3onent of  such pa r t i c l es  

~ybe expected to e i t h e r  s t e r i e a l t y  hinder the DNase ] from approaching a p a r t i c u l a r  s i t e  or to induce various 

~grees of  d i s t o r t i o n  of  the DNA at such s i t e s .  In order to analyze the rates of  d iges t ion  at  the t yp ica l  s i tes  

: the t0 base ladder,  i t  becomes necessary to consider the s t ruc tu ra l  a l t e r n a t i v e s  of the sperm p a r t i c l e  

;soc ia ted DNA revealed by the existence of the two 10 base ladders o f f s e t  by 5 bases. 
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Figure4 
Autoradiogram of products of digestion by DNase I of sperm core particles. 

Labelled sperm core particles were digested with DNase I, the DNA isolated and analysed on an 8%polyacrylamide 
gel. Lanes 1-8 represent digestion times of O, 15, 30, 45, 60, 75, 90 and 105 seconds respectively with 500 
units DNase I/ml (A) and 5000 units DNase ]/ml (B). See text for site numbers (between lanes (A) 8 and (B) I) 
which were assigned according to (13). 

ly 

120 

loo9, 
,105~ 

f 
- D, "I- 

Partial DNase I diQest of sperm core particle DNA_. 

Densitometer scan of the 30 second digestion time lane of the autoradiogram in Figure 4(B). Numerical values 
shown are for the number of bases from the 5' end of the DNA and were assigned by counting the bases between 
the peaks of radioactivity to determine the 10 base ladder and, fro~ Fig. 2B, the length of the core particle 
DNA. 

70 



Vol. 155, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

~ 8.0 

Z 
2 3 4 5 6 7 8 9 10 11 12 13 

I- 
~0 
Z 
0 3.0 B [ ]  1 0 0  x D N a s e  I 
0 ,,,  o,oooxo    i, 

m • 
2 3 4 5 6 7 8 9 10 11 12 13 

Figure 6 

8 1 T E  N U M B E R  

Bar charts of the DNase I digestion rate constants at each si te of cleavage of (A) embryo and {B) sperm core 
part icles. 

In (B), core particles were digested with DNase I at 500 units DNase I/mr and 5000 units DNase I/m[ (i.e. IOOX 
and IOOOX the enzyme concentration for (A)). Rate constants were calculated according to (13). 

An explanation of the two superimposed [adders may be sought in the existence of some DNA strands being 

~ither shorter or longer at the 5' end by 5 bases. However, the experiments in Figure 2 i den t i f y  the longest 

~iece of DNA as 155 bases. Therefore, the ladder o f fset  by 5 bases results from longer DNA. Consequently the 

• ad ioac t i v i t y  at these s i tes ( i . e .  s i tes at 15, 25, 45, 55, 95 and 105 bases from the 5' end (Fig. 5)) has been 

~dded to the rad ioac t i v i t y  of the s i tes which are 5 bases shorter ( i . e .  s i tes at 10, 20, 40, 50, 90 and 100 

)ases from the 5' end (Fig. 5)) in order to calculate rate constants for  the s i tes 1-13. The determined rates 

:onstants of digest ion by DNase I of sperm core par t ic les are d i f fe ren t  from those of blastula and gastrula core 

~art ic les. The bar charts in Fig. 6 show the rate constants of DNase I digest ion at the various s i tes for 

) lastula and gastrula (Fig. 6A) and for  sperm (Fig. 6B). For blastula and gastrula the rate constants vary from 

).18x103 sec -1 ( s i t e  3) to 12.86x103 sac -1 ( s i te  5) whereas for  sperm the rate constants vary from 0.47x103 

;ec ' ( s i t e  3) to 2.68xi03 sec -1 (s i te  5). Sperm core pa r t i c l e  digestion rates are s i gn i f i can t l y  lower. At 

; ires 1, 2, 4, 5, 12 and 13 the rates are 3-5 times smaller, whereas at s i tes 3, 6, 7, 8, 9, 10 and 11, the rate 

:onstants are only up to 2.5 times smaller than for the corresponding si tes in blastula and gastrula core 

~art ic les. Although the digestion rates are d i f f e ren t ,  the protected s i tes,  3, 8 and 11, are the same in sperm 

hnd embryo core particles. 

In order to determine the rate constants of cleavage by DNase I at each site, in the sperm core particle it 

ias necessary to increase the enzyme concentration 100 and 1000 fold. Also, the autoradiogram exposures (Figs. 

; end 4) are 5 times longer in the case of sperm. This increase did not alter the digestion kinetics (Figs. 

;,4,6). This is typical of a first order reaction where the enzyme concentration is very much smaller than that 

~f the substrate. It is concluded that the affinity of the enzyme, DNase i, for the subs[rate, sperm core 

)article DNA ~s reduced when compared to that for embryo core particles. 

ISCUSSION 

The s i tes of DNase [ digestion on the nucleosoma[ core pa r t i c le  are on average 10.4 pairs apart (I3 and 17). 

'arious s i tes are cleaved at d i f fe ren t  rates (13,18 and 19). I t  has been suggested that the s i tes at which 

71 



VoI. 155, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

there are greater rates of digestion may be the result of an increased exposure of these sites, whereas steric 

hindrance caused by the histones, at the other sites, results in slower rates of digestion (I and 13). This 

would apply to the sites 3, 6, 8 and 11. The smaller differences in reaction rates (i.e. at sites I, 2, 4, 5, 

7, 9, 10, 12 and 13) have been interpreted as resulting from differences in the angular disposition of these 

sites on the surface of the core particle (20). From the former it could be argued that the N-terminal 

sequences of the core histones are at least partially responsible for the degree of DNase I susceptibility. 

Sequence variation within these regions could then alter, qualitatively and/or quantitatively, the DNase ] 

sensitivity pattern. However, the experiments presented show that the DNase I digestion rates of blastula and 

gastrula embryo core particles are very similar though these core particles contain isohistones of the H2A ar~ 

H2B group in d i f f e ren t  proportions (3, 4 and 5). The la t te r  represents a subtype of the short H2B h~stones with 

a reduced nb~er of basic residues in the N-terminal region. Thus, minor sequence var iat ions in the N-terminal 

regions of the short H2B histones do not manifest themselves as al tered DNase I suscep t ib i l i t i es  on the 

nucleosomal core par t i c le .  

However, in sperm core pa r t i c les ,  DNase I digestion k inet ics show that the suscep t ib i l i t y  of the DNA at the 

cleavage si tes is substant ia l l y  reduced as compared to b lastu la and gastruta core par t i c les .  The reason for 

th is  could be sought in the core proteins.  Only minor di f ferences exist  between sperm and en~oryo histones H3, 

H4 and H2A (9,10). However, sperm histone H2B has an extension of 20-25 amino acids at the N-terminal (6,7 and 

8). Therefore, i t  is possible that the substantial decrease in suscep t ib i l i t y  of sperm core par t ic les to DNase 

I digest ion, is conferred by these long H2B's. Furthermore, we have observed two tyT)es of dif ferences i r  

suscep t ib i l i t y  (Fig, 6). F i r s t l y ,  the rate constants at frequently cut s i tes are 3-5 times smaller in sper~ 

core par t ic les and, secondly, the rate constants at the less preferred s i tes d i f f e r  by a factor  of up to 2.5. 

Thus, a decrease in the cut t ing frequency at the mare preferred si tes results in th is  decreased suscept ib i l i t y .  

These si tes are si tuated near the entrance and exi t  points of the DNA on the core par t i c le  surface ( i . e .  sites 

1, 2, 12 and 13). The histones H2B have been localized around si tes 3 and 11 by DNA-protein crosslinkin~ 

experiments (21 and 22). The sperm core part ic les contain long histone H2B variants with 4-5 repeatin~ 

pentapeptides each containing 2 basic amino acid residues (6, 7 and 8). I t  is possible that these extensions, 

in a suitable conformation, and on in teract ing with DNA, could reduce the digest ion rates for  the trimming ot 

the core par t i c le  with micrococcal nuclease and could decrease the DNase I digestion rates at the thes~ 

susceptible s i tes .  I t  has been shown that there is an increased crossl inking of histone H2B to the core partiol~ 

DNA in sea urchin sperm when compared to chicken erythrocyte and Drosophila embryo core par t ic les  I t  has beer 

hypothesized that the N-terminal extensions of these H2B's are involved in the addit ional contacts with the DNA. 

In addit ion, our data suggest that a decrease in the DNase I digestion rates at the s i tes adjacent to wher~ 

histone H2B binds on the nucleosomal core par t i c le  DNA could be due to these N-terminal pentapeptides. However 

i t  is also possible that,  in##vo,  these histone H2B N-terminal extensions could be involved in chromatinhighel 

structures (25). I t  is therefore also conceivable that the altered DNase I digest ion k inet ics could be as 

resul t  of displaced contacts onto :he nucleosorm~l core par t i c le  a f ter  a d isrupt ion of these contacts within th, 

chromatin higher structure.  

The results presented show that sequence var iat ion in the N-terminal region of the histone H2B, as realize~ 

in the short H2B isohistones from sea urchin embryos, does not a l te r  the core par t i c le  structure s u f f i c i e n t t  

to become detect ib le by DNase I probing, though core par t ic les with less heterogenous histone co~nponents f r~  

the pluteus larva stage have been shown to be less susceptible (23). However, the extension of the N-termini 

as in the tong H2B isohistones, leads to a core par t ic le  with d i f fe ren t  DNase I suscep t ib i l i t y  character ist ics 

The presence of certain isohistones in nucleosomal core par t ic les  could possibly confer changes in the overal 

conformation which are re f lec ted by di f ferences in the access ib i l i t y  of the DNA to nucleases and other enzymes 
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