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SUMMARY 

The complete amino acid sequence of the basic nuclear protein of bull sperma- 
tozoa has been established. The sequence was partially deduced by characterization of 
peptides isolated from thermolysine and chymotryptic  digests of the reduced and S- 
aminoethylated protein. The complete sequence of the first 37 residues was deter- 
mined by  Edman-Begg degradation (Sequenator) of the protein. The amino acid 
sequence of the last 8 residues was determined by manual Edman degradation of an 
octapeptide obtained on cleavage of the reduced and S-methylated protein with N- 
bromosuccinimide. 

The basic nuclear protein of bull spermatozoa contains 47 amino acid residues 
with alanine at the amino terminus and giutamine at the carboxyl terminus. The pro- 
tein contains 24 arginine residues and 6 half-cystine residues. 19 of the arginine 
residues are in the middle of the molecule, arranged in three clusters of, respectively, 
7, 6 and 6 residues. Of the 6 half-cystine residues 2 are present in the amino-terminal 
region and 2 in the carboxyl-terminal region of the molecule. The half-cystine residues 
are responsible for the cross-linking of the deoxyribonucleoprotein molecules which 
gives the mature sperm nucleus an unusual resistance towards chemical and mechani- 
cal damage. 

The complete amino acid sequence is : H2N-Ala-Arg-Tyr-Arg-(Cys  )2-Leu-Thr-  
His -Ser -Gly-Ser -Arg-Cys- (Arg)  7-Cys- (Arg)6-Phe-Gly- (Arg)6-Val -Cys-Tyr-Thr-  
Val- I le-Arg-Cys-Thr-Arg-Gln.  

INTRODUCTION 

The nuclei of mammalian spermatozoa contain basic proteins that  are very rich 
in arginine. They differ from the protamines found in sperm nuclei of some fishes and 
birds in the difficulty with which they are extracted. The observation that  mammalian 
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spermatozoa are relatively rich in cystine led some authors1, 2 to the assumption that  
the sperm heads are surrounded by a keratinous membrane which impedes the extrac- 
tion of nuclear proteins. Bril-Petersen and Westenbrink 3 demonstrated that  the 
nuclear protein of mammalian spermatozoa is not only rich in arginine but also rela- 
t ively rich in cystine (see also Henricks and Mayer4,5). On the basis of their results 
they rejected the idea of an impermeable keratinous membrane, and instead proposed 
that  in the nuclei of mammalian spermatozoa the DNA is associated with a sponge- 
like network of arginine-rich keratinoid protein molecules which are cross-linked by 
numerous disulfide bonds ~. Recent ultrastructural studies of sperm nuclei from a 
variety of eutherian mammals  also indicate the presence of a thiol-rich protein whose 
cross-linking is responsible for the firmness of mature sperm nuclei6, 7. The disulfide 
cross-linking appears to increase during the maturat ion of the spermatozoa 6. 

Coelingh et al. s developed a method for the isolation and purification of the 
arginine-rich keratinoid protein from mammalian sperm heads, based on reductive 
cleavage of the disulfide bonds. They found that  nuclei of bull spermatozoa contain 
only a single type of basic protein. This could be characterized as a small protein (47 
residues, molecular weight approx. 62oo), rich in arginine (24 residues) and half- 
cystine (6 residues). 

Knowledge of the amino acid sequence is required to understand how the 
molecules are cross-linked to form a coherent network and how they are associated 
with the DNA. For this reason we have undertaken the analysis of the amino acid 
sequence of the basic nuclear protein of bull spermatozoa, which is reported in this 
paper. 

M E T H O D S  

Spermatozoa 
The bull spermatozoa used in this s tudy were supplied by Dr S. W. J. van Dieten 

from the station for artificial insemination "De Kempen",  Oerle, The Netherlands. 

Isolation and purification of the basic nuclear protein from bull spermatozoa 
The basic nuclear protein was isolated and purified as described previously s, 

with some modifications. 
S-aminoethylated protein was prepared as follows. Isolated spermatozoan heads 

(15o rag) were dissolved in ioo ml of a guanidine. HC1 solution (5 M guanidine. HC1, 
0.5 M Tris-HC1, 5 mM EDTA, pH 8.5) containing o.I M 2-mercaptoethanol. The 
mixture was stirred under a stream of N2 for 60 rain at 37 °C. Ethyleneimine was then 
added to a concentration of 0.25 M. After an additional incubation at 37 °C for 9 ° 
rain, the solution was dialyzed against 0.25 M HC1 as described previously s to precipi- 
ta te  the DNA. 

S-methylated protein was prepared using the procedure described by Heinrik- 
son 9. Isolated spermatozoan heads (I5o rag) were dissolved in ioo ml of a denaturing 
solvent (6 M guanidine-HC1, 0.25 M Tris-HC1, 3.3 mM EDTA, 25~o (v/v) of acetoni- 
trile, pH 8.6) containing o.o15 M 2-mercaptoethanol. The mixture was incubated 
under N2 in a closed vial at 50 °C for I h. A solution of methyl-p-nitrobenzene sulfonate 
in acetonitrile was then added to give a concentration of 0.032 M. After an additional 
incubation at 37 °C for 9 ° min the solution was dialyzed against 0.25 M HC1 to 
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precipitate the DNA. The S-methylated basic nuclear protein is completely soluble in 
0.25 M HC1 and in water. 

The S-aminoethylated and the S-methylated basic nuclear proteins were purified 
by gelfiltration and ion exchange chromatography as described previously s. 

Thermolysine digestion of the basic nuclear protein 
The purified basic protein was dissolved to a concentration of 0. 4/,mole per ml 

in 0.2 M ammonium acetate buffer, pH 8. 5, containing 3 mM CaC1 v Thermolysine 
(Biocal, Grade B) was added to give an enzyme: substrate weight ratio of 1:200. 
Digestion was allowed to proceed for I h at 37 °C. The reaction mixture was then 
acidified to pH 3.5 by addition of glacial acetic acid and dried in vacuo. 

Fractionation of thermolysine digest by ion-exchange chromatography 
The dried thermolysine digest of the basic nuclear protein (approx. 20 mg) was 

dissolved in 3 ml o . i% (v/v) formic acid and then applied to a column (0. 9 cm × 30 
cm) of Amberlite CG-5o I I  (H+) equilibrated with o . i% formic acid. Elution was 
accomplished with linear gradients of formic acid. A flow rate of 21 to 22 ml/h was 
maintained using a Technicon peristaltic pump. Fractions of 1.8 ml were collected. 
The effluent was monitored by ninhydrin reaction after alkaline hydrolysis 1°. 

Column fractions containing peptides were analyzed by descending paper 
chromatography in n-butanol-pyridine-acetic acid-water (15:12:3:1o by vol.) on 
Whatman 3 MM paper. The peptides were located by specific staining for arginine n 
and by  ninhydrin spraying. On the basis of the position and the colour intensity of the 
spots column fractions were pooled as indicated in Fig. I, 

Pooled fractions containing two or more peptides were fractionated by prepara- 
tive chromatography on Whatman 3 MM paper with n-butanol-pyridine-acetic acid- 
water (15:12:3 :IO, by vol.) as solvent. The peptides were eluted from the paper with 
I M acetic acid at 30 to 4 ° °C and subsequently dried in vacuo. 

Chymotrypsin digestion of the basic nuclear protein 
The purified basic protein was dissolved in water to a concentration of 0. 4 

#mole/ml and the solution was adjusted to pH 8 with o.oi M NaOH. a-Chymotrypsin 
(Merck, tosyl-L-leucine chloromethyl ketone treated) was added to give an enzyme: 
substrate weight ratio of i :50. Throughout digestion the mixture was maintained at 
pH 8 with o.oi M NaOH using an autotitrator.  Digestion was carried out for 20 rain 
at 37 °C. An additional amount of chymotrypsin, equivalent to I/IOO (w/w) of the 
protein, was then added and digestion was allowed to proceed for another 20 rain. The 
reaction mixture was then acidified to pH 3.5 by addition of glacial acetic acid and 
dried in vacuo. 

Fractionation of chymotryptic digest by gelfiltration 
The dried chymotrypt ic  digest of the basic nuclear protein (approximately 6 

rag) was dissolved in I ml of o.oi M HC1 and then applied to a column (I . I  cm × 12o 
cm) of Sephadex G-5o equilibrated with 0.oi M HC1. The column was developed with 
the same solvent at a flow rate of 6 ml per hour. Fractions (I ml) were monitored by  
ninhydrin reaction after alkaline hydrolysis TM. Fractions containing peptides were 
analyzed by  descending paper chromatography on Whatman 3 MM paper with n- 
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butanol-pyridine-acetic acid-water (15:12:3 :IO by vol.) as solvent. Appropriate frac- 
tions were pooled and evaporated to dryness in vacuo. The pooled fraction (fraction 
II, Fig. 2) that contained a mixture of small peptides was fractionated by gelfiltration 
on Sephadex G-25. The dried peptide material was dissolved in I ml of o.oi M HC1 
and then applied to a column (I.I cm × 12o cm) of Sephadex G-25 equilibrated with 
o.oi M HC1. The column was developed with the same solvent at a flow rate of 6 ml/h. 
Fractions of 1. 5 ml were collected and monitored by ninhydrin reaction after alkaline 
hydrolysis 1°. Fractions were pooled as indicated in Fig. 3- The pooled fractions were 
purified further by preparative paper chromatography on Whatman 3 MM paper with 
n-butanol pyridine-acetic acid-water (15:12:3 :io, by vol.) as solvent. 

N-Bromosuccinimide cleavage of the basic nuclear protein 
N-Bromosuccinimide cleavage was performed in 50% (v/v) acetic acid 12 at a 

protein concentration of 0. 4 #mole/ml and a N-bromosuccinimide concentration of 8 
/~moles/ml. After 4 h at 25 °C the mixture was dried in vacuo. 

Separation of N-bromosuceinimide cleavage fragments 
The cleavage products from 3.3/,moles of protein were dissolved in I ml of 0.02 

M HC1 and applied to a I . I  cm × IOO cm column of Sephadex G-5o (superfine) 
equilibrated with 0.02 M HC1. The column was developed with the same solvent at 4.2 
ml/h and 1.5-ml fractions were collected. The effluent was monitored at 230 nm to 
detect peptide-containing fractions, and at 260 nm to detect fractions which contained 
peptides with a carboxyl-terminal dienone spirolactone. Three major peaks were 
eluted. Only the second peak, which contained an octapeptide derived from the 
carboxyl-terminal part of the protein molecule, was used for further studies. This 
octapeptide was submitted to a final purification by ion-exchange chromatography. 
After evaporation to dryness in vacuo the peptide material was dissolved in I ml 
o.ooi M HC1 and applied to a column (o.7 cm × IO cm) of Amberlite CG-5o II  (H+). 
A small amount of contaminating material was washed from the column with 15 ml 
o.ooI M HC1. The octapeptide was then eluted with approx. 2o ml of o.oi M HC1 and 
subsequently dried in vacuo. 

Amino-terminal analysis 
Quantitative amino-terminal amino acid determinations were performed 

according to the method of Stark and Smyth13,14. The basic nuclear protein (0.8 
/,mole) was carbamylated for 16 h at 5 ° °C in I ml of 4 M guanidine. HC1 containing 
0.6 M potassium cyanate and I M N-ethylmorpholine acetate, pH 8.0. Excess cyanate 
was destroyed by dialysis against 50% (v/v) acetic acid. The remaining procedures 
were as described by Stark and Smyth 13,14. 

Carboxyl-terminal analysis 
I m g  of carboxypeptidase A (Sigma, DFP treated) was dissolved in o.2 ml of 

lO% LiC1 and then diluted with water to a concentration of 0.6 mg/ml. Digestion was 
carried out in reaction mixtures (0.2 ml) containing 86 nmoles of basic protein and 0. 7 
nmole of carboxypeptidase A in 0.2 M N-ethylmorpholine acetate, pH 7.6. The mix- 
tures were incubated at 37 °C for 2, 4 and 6 h. After incubation o.I ml of 3 M acetic 
acid was added and the reaction mixture was then placed for I min in a boiling water 
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bath. To separate the released amino acids from the remaining protein, the digests 
were chromatographed on a column (I cm × 4 cm) of Amberlite CG-5o I I  (H+). The 
released amino acids were eluted with 35 ml of 0.2 M acetic acid, the protein with 15 
ml of 0.05 M HC1. The amino acid fraction was analyzed on a Technicon amino acid 
analyzer. To discriminate between glutamine and threonine, which run together in 
the Technicon analytical system, a portion of the amino acid fraction was analyzed 
after hydrolysis for I h in I M HC1 at IOO °C. 

Degradation according to Edman-Begg 15 
I #mole of the S-aminoethylated protein was subjected to the automatic degrada- 

tion in the sequenator according to Edman-Begg 15 (sequencer: Beckman Instruments,  
Palo Alto, Calif., U.S.A.) and using the Quadrol double cleavage protein program. 
The phenylthiohydantoin derivatives were identified by thin-layer chromatography 
on DC-Fertigplatten Kieselgel F 254 (Merck) as described by Braunitzer et al. 16. The 
phenylthiohydantoin derivatives of arginine and histidine were identified by the 
phenantroquinone method of Yamada and I tano 1' and by the Pauly reagent 17, 
respectively. After step 37 it was no longer possible to identify unambiguously the 
phenylthiohydantoin amino acid derivatives that  were removed. 

For the sequence determination of the carboxyl-terminal octapeptide (residue 
4 ° through 47) obtained by  means of N-bromosuccinimide cleavage, the subtractive 
method was used as described by Elzinga is. Aliquots of the octapeptide containing o.I 
/,mole were used for each step. As the e-phenylthiocarbamyl group of S-aminoethyl- 
cysteine is only partially removed on hydrolysis with 6 M HC1 at IiO °C for 24 h (see 
also Konigsberg19), an octapeptide was used that  was prepared from S-methylated 
protein instead of S-aminoethylated protein. 

Amino acid analysis 
Samples of o.5 mg of protein or peptide were hydrolyzed with 2 ml of 5.7 M 

HC1 containing 0.05% thioglycollic acid in evacuated and sealed tubes at IiO °C for 
24 h (and for 48 and 72 h if indicated). After hydrolysis the acid was removed by 
rotary  evaporation. The samples were then dissolved in I ml of o.oi M HC1. The 
amino acid compositions were determined on an automatic amino acid analyzer 
(Technicon Auto Analyzer). 

Nomenclature 
Thermolysine peptides are indicated by the letter Th and chymotrypsin peptides 

by the letter C. The peptides have been numbered arbitrarily according to their order 
of elution from a chromatographic column. 

RESULTS 

Amino acid composition and terminal residues of the basic nuclear protein 
The results of the amino acid analysis and of the end group determinations are 

summarized in Table I. From the amino acid composition a minimum molecular 
weight of 619o can be deduced. Using this molecular weight, quantitative amino- 
terminal determination indicated 0.89 residue of alanine at the amino terminus. 
Similarly, the digestion with carboxypeptidase A indicated 0.88 residue of glutamine 
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T A B L E  I 

AMINO ACID COMPOSITION O F  T H E  S-AMINOETHYLATED BASIC NUCLEAR PROTEIN 

T h e  S - a m i n o e t h y l p r o t e i n  w a s  h y d r o l y z e d  f o r  24, 48 a n d  72 h .  T h e  v a l u e s  f o r  t h r e o n i n e  a n d  s e r i n e  
w e r e  e x t r a p o l a t e d  t o  z e r o - t i m e  h y d r o l y s i s .  F o r  v a l i n e  a n d  i s o l e u c i n e  t h e  72 h v a l u e s  w e r e  t a k e n .  
T h e  v a l u e  f o r  S - a m i n o e t h y l c y s t e i n e  h a s  n o t  b e e n  c o r r e c t e d  f o r  t h e  h y d r o l y t i c  loss  t h a t  c a n  o c c u r  
in  s o m e  i n s t a n c e s  (up  t o  i o % ,  see a l so  B a r t e l t  a n d  GreeneZl ) .  T r y p t o p h a n  w a s  d e t e r m i n e d  a c c o r d -  
i n g  t o  G o o d w i n  a n d  M o r t o n  az. 

Amino acid Molar ratios Residues/619o tool. wt 

A r g i n i n e  24.  3 
S - A m i n o e t h y l c y s t e i n e  5 .7  
T h r e o n i n e  3-o 
S e r i n e  2 .0  
G l y c i n e  2. i 
V a l i n e  2 .o 
T y r o s i n e  1.9 
G l u t a m i c  a c i d  i . o  
L e u c i n e  i .o 
A l a n i n e  i .o 
[ s o l e u c i n e  i .o 
P h e n y l a l a n i n e  i .o 
H i s t i d i n e  i .o 
A s p a r t i c  a c i d  o 
P r o l i n e  o 
L y s i n e  o 
M e t h i o n i n e  o 
T r y p t o p h a n  o 

T o t a l  n u m b e r  o f  r e s i d u e s  
N H , - t e r m i n a l  r e s i d u e  
C O O H - t e r m i n a l  r e s i d u e  

24 
6 

3 
2 
2 
2 
2 
I 
I 
I 
I 

I 
I 

47 
A l a  (0.89) i 
G i n  (0.88) i 

at the carboxyl terminus. Thus it can be concluded that  all of the alanine in the pro- 
tein is at the amino terminus and all of the glutamic acid is present as carboxyl- 
terminal glutamine. The amino acid composition together with the data of the end 
group analyses establish the following composition of the protein: Ala(Arg24,Cys 6, 
Thra,Tyrz,Serz,Glyz,Valz,Leul,II%,Ph%,Hisl)Gln. The digestion with carboxypepti-  
dase A released only glutamine and no other amino acids, even after prolonged diges- 
tion. This suggests the presence of either arginine, S-aminoethylcysteine or proline as 
the penultimate amino acid residue. The protein does not contain proline. The 
penultimate residue will therefore probably be arginine or S-aminoethylcysteine. 

Isolation and characterization of thermolysine peptides 
A thermolysine digest of the basic nuclear protein was fractionated on a column 

of Amberlite CG-5o I I  (H+) as shown in Fig. I. Of the seven fractions obtained, only 
Fraction I (Th-i) and Fraction VII  (Th-7) contained a single pure peptide. The 
Fractions I I  through VI were impure. The peptides in these fractions were purified by 
paper chromatography. By this means five additional pure peptides were isolated: 
Th-2 from Fraction II ,  Th-3 and Th- 4 from Fraction III ,  Th- 5 from Fraction IV and 
Th-6 from Fraction V. Fraction VI contained the same peptide (Th-7) as Fraction VII.  

The composition of the thermolysine peptides is given in Table II .  I t  can be 
seen that  the sum of the amino acid compositions of the peptides is in good agreement 
with the composition of the S-aminoethylprotein, except for a shortage of one valine 
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e 0 6 _  
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0 2 -  

. . . . .  .+-  
. . . . . .  ++- 

20 40 

..+ 4O F, 

52 

21 to 5" 

+o 8; 1~o 
fraction number 

Fig. i .  C h r o m a t o g r a p h i c  separa t ion  of the  t he rmolys ine  pep t ides  of  the  basic  nuc lear  protein.  
A t he rmo lys ine  digest  of  approx.  2o m g  of  p ro te in  was  appl ied to a o.9 cm × 3 ° cm c o l u m n  of 
Amber l i t e  CG-5o II  (H+). The  co l umn  was  developed by  l inear g rad ien t  e lu t ion  wi th  formic  acid. 
The  effluent  was mon i to red  as descr ibed in the  tex t .  F rac t ions  were pooled in to  I, II ,  I l I ,  IV, ¥ ,  
V[ and  VII .  - - - - ,  abso rbance  a t  57 ° n m ;  - - - - - ,  % formic acid in gradient .  

and one S-aminoethylcysteine residue. I t  could be that  we have overlooked a dipeptide 
Val-Cys (aminoethyl) which can be formed by the thermolysine digestion. Dipeptides 
with an amino-terminal valine are known to give only a very faint colour with nin- 
hydrin 20. 

As all alanine residues in the protein are amino-terminal, it is clear that  Th- 4 
must contain the first 6 or 7 residues from the amino terminus. 

Th-4:  H ~ N - A l a - ( T y r ,  Cys v Arg2_3) 

Similarly, as all glutamic acid residues in the protein occur as carboxyl-terminal 
glutamine, Th-5 must contain the last seven residues at the carboxyl terminus. The 
peptides Th-2 and Th-3 are apparently derived from Th-5. The results of the carboxy- 
peptidase A digestion indicated arginine or S-aminoethylcysteine as the penultimate 
residue. As the carboxyl-terminal peptide Th-2 does not contain S-aminoethylcysteine, 
it follows that  the carboxyl-terminal sequence (residue 41 through 47) is probably : 

Th-5 (Th-3, Th-2) :  (VM, lie, Arg, C y s ) - T h r - A r g - G l n  

Isolation and characterization of chymotryptic peptides 
A chymotryptic  digest of the basic nuclear protein was fractionated by means 

of gel filtration on Sephadex G-5 o to give the pat tern shown in Fig. 2. Two pooled 
fractions were collected. Fraction I contained a fairly pure peptide, C-I. Fraction I I  
which contained a mixture of small peptides was separated by  gelfiltration on 
Sephadex G-25 into four fractions: C-2, C-3, C-4 and C-5,6 (Fig. 3). Each of these 
peptide fractions was purified further by preparative paper chromatography. 

The composition of the chymotryptic  peptides is given in Table I I I .  The sum of 
the amino acid compositions of the chymotryptic  peptides agrees well with the com- 
position of the S-aminoethylprotein. 

The alanine-containing peptide C- 5 must represent the first 3 residues from the 
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Fig .  2. S e p a r a t i o n  of  t h e  c h y m o t r y p t i c  p e p t i d e s  of  t h e  b a s i c  n u c l e a r  p r o t e i n  b y  ge l  f i l t r a t i on .  A 
c h y m o t r y p t i c  d i g e s t  of  a p p r o x .  6 m g  of  p r o t e i n  w a s  a p p l i e d  to  a S e p h a d e x  G-5 o c o l u m n  (i  . i  c m  × 
120  cm)  e q u i l i b r a t e d  w i t h  o . o i  M HC1, a n d  e l u t e d  w i t h  o . o i  M HC1. T h e  e f f luen t  w a s  m o n i t o r e d  as  
d e s c r i b e d  in  t h e  t e x t .  The  R o m a n  n u m e r a l s  i n d i c a t e  p o o l e d  f r ac t i ons .  

F ig .  3. Ge l  f i l t r a t i o n  on  S e p h a d e x  G-25 of  c h y m o t r y p t i c  f r a c t i o n  I I .  F r a c t i o n  I I  f r o m  Fig .  2 w a s  
r e c h r o m a t o g r a p h e d  on  a I . I  c m  × 12o c m  c o l u m n  of  S e p h a d e x  G-25 e q u i l i b r a t e d  w i t h  o . o i  M 
HC1. T h e  c o l u m n  w a s  d e v e l o p e d  w i t h  t h e  s a m e  s o l v e n t .  T h e  e f f luen t  w a s  m o n i t o r e d  as  d e s c r i b e d  
in  t h e  t e x t .  T h e  b a r s  i n d i c a t e  t h e  p o o l e d  f r ac t i ons .  

amino terminus, because all alanine residues in the protein are amino-terminal. From 
the compositions of peptides C-5 and Th- 4 tile following partial sequence of the first 
6 or 7 residues can be deduced. 

C-5, T h - 4 :  H = N - A l a - ( A r g ,  T y r ) - ( A r g l -  v Cys2) 

The glutamic acid-containing peptide C-3 must represent the last 8 residues at 

T A B L E  I I I  

AMINO ACID COMPOSITION OF CHYMOTRYPTIC PEPTIDES 

V a l u e s  a re  g i v e n  in  m o l a r  r a t i o s .  T h e  n u m b e r s  in  p a r e n t h e s e s  a re  t h e  a s s u m e d  n u m b e r s  of  
r e s i d u e s .  

Amino acid C-I C-2 C-3 C-4 C-5 C-6 Sum of Composition 
peptides of nuclear 

protein 

A r g  14.o (14) 5.9 (6) 2.1 (2) 1. 4 (I) I.O (I) 24 24 
Cys  
( a m i n o e t h y l ) *  2.o (2) 0.9 ( i)  0.9 (I) 1. 5 (2) 6 6 
T h r  0. 9 ( i )  0.2 2.0 (2) 0. 3 3 3 
S e t  2.2 (2) 0. 3 0.2 0. 3 2 2 
G l y  i . o  ( i )  i . o  (I) 0.2 0. 3 2 2 
Val** 0. 9 (I)  0. 9 (I)  2 2 
T y r  0.2 0.2 I.O (I) I.O (I) 2 2 
Glu  0.2 I . I  (I) 0. 3 I I 
L e u  0.2 I.O (I) I i 
A l a  0. 3 i . o  (I) I i 
Ile** 0.8 ( i )  i i 
P h e  I.O (I)  i I 
H i s  0. 7 ( i )  0.2 I i 

T o t a l  n u m b e r  
of  r e s i d u e s  22 9 8 4 3 I 47 47 

* N o t  c o r r e c t e d  for  h y d r o l y t i c  loss  (see T a b l e  I).  
** 24 h v a l u e ,  n o t  c o r r e c t e d  for  i n c o m p l e t e  h y d r o l y s i s .  
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the carboxyl terminus, because all glutamic acid residues in the protein occur as 
carboxyl-terminal glutamine. From the compositions of the peptides C-3, Th-2, Th-3 
and Th-5 the following partial sequence of the last 8 residues at the carboxyl terminus 
can be deduced. 

C-3, Th-5 (Th-3, Th-2) : Thr-(Val,  Ile, Arg ,Cys)-Thr-Arg-Gln 

Isolation and composition of a N-bromosuccinimide fragment 
The nuclear basic protein contains two tyrosine residues, so that  N-bromo- 

succinimide might be expected to cleave the protein into three pieces. Cleavage of the 
peptide bond next to histidine is not likely to occur under the conditions used ~. The 
cleavage fragments to be expected are a very small amino-terminal fragment (compare 
composition of peptide C-5) and a fragment derived from the middle region of the 
molecule, both containing a carboxyl-terminal dienone spirolactone zl, and a third 
fragment which is derived from the carboxyl-terminal part  of the molecule. To 
separate the fragments from each other and from the reagents, the reaction mixture 
was subjected to gelfiltration on Sephadex G-5o. The first peak that  was eluted had a 
high absorbance at 260 nm. Apparently it contained a large fragment, probably the 
middle region of the molecule, with a carboxyl-terminal dienone spirolactone. The 
absorbance at 260 nm of the second peak was negligible. This suggested that  the 
material in this peak was derived from the carboxyl-terminal part  of the molecule. 
Finally some small peptide material and salts both with a high absorbance at 260 nm 
were eluted. This peptide material was probably derived from the amino-terminal 
part  of the molecule. Only the second peak was investigated further. Amino acid 
analysis indicated that  this peak contained an octapeptide that  was identical to the 
carboxyl-terminal peptide C-3. This octapeptide was purified by chromatography on 
Amberlite CG-5o I I  (H+), and was obtained in a yield of 340/0 . 

As N-bromosuccinimide cleaves the peptide bond next to the tyrosine carboxyl 
group, the partial sequence of residues 39 through 47 must be (compare compositions 
of C-3, Th-2, Th-3 and Th-5) : 

Tyr-Thr-(Val ,  Ile, Arg, Cys) Thr-Arg-Gln  

To determine the complete sequence of the last eight residues at the carboxyl terminus, 
the N-bromosuccinimide octapeptide was subjected to the subtractive Edman degra- 
dation. 

Sequence analysis 
Residues x to 38. Automatic sequential Edman degradation of the basic nuclear 

protein provided the sequence of the first 37 residues and permitted the ordering of 
the peptides Th-4, Th-6, Th-7, C-I, C-2, C- 4 and C-5. The series of sequential degrada- 
tions was performed twice and the same result was obtained for each residue on each 
occasion. The amino acid residue (cysteine) at position 38 could be inferred from the 
composition of peptide C-2". The results are summarized in Table IV. 

* Peptide C-2 is apparent ly  formed by an uncommon, tryptic-like, cleavage between S- 
aminoethylcysteine and tyrosine (residue 39)- This also explains the finding of free tyrosine (C-6) 
in the chymotrypt ic  digest. Similar unusual cleavages have been repeatedly observed by  others 
(see, e.g. ref. 22). 

Biochim. Biophys. Acta, 285 (1972) 1-14 
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T A B L E  V 

S U B T R A C T I V E  S E Q U E N C E  A N A L Y S I S  OF T H E  x ' k / - B R O M O S U C C I N I M I D E  O C T A P E P T I D E  ( R E S I D U E  4 0 - 4 7 )  

Composition" 

T h r  V a l  I l e  C y s  ( M e t )  ** A rg  G l u  

Peptide 2.0 o.9 o.9 0.6 2.2 i .o  
Edman degradation 

Step I 0.9  0.9 0.8 0.6 2.3 i . o  
Step 2 0.9 o.~ 0.9 o.O 2.1 i . o  
Step 3 0. 9 o. i o.2  0.6 2.I  I.O 
Step 4 0. 9 o . l  o . l  0.6 r. 4 i .o  
S t e p  5 o.9 o. t o, L 0 .3  1.4 I .o 

S t e p  6 o. 4 o . i  o . l  o.o 1.2 i .o  

Values based on 48 h hydrolysis, expressed as molar ratios. 
** S - M e t h y l c y s t e i n e  is probably partially oxidized by N-bromosuccinimidO3, 34 (compare 

composition of peptide C-3). 

Residues 39 to 47. The amino acid sequence of the N-bromosuccinimide octa- 
peptide (residue 40-47) was determined by manual Edman degradation up to and 
including residue 45. The data presented in Table V refer to the amino acid composi- 
tions (expressed as molar ratios) of the intact peptide and of the residue remaining 
after each step of Edman degradation. The amino acid that was apparently removed 
at each step is indicated in italics. The octapeptide, which is identical to peptide C-3, 
represents tile last 8 residues in the protein because it contains the carboxyl-terminal 
glutamine (position 47). By exclusion, residue 46 can only be arginine. This is in 
accordance with the composition ofpeptide Th-2 (see p. 8) and the results of carboxy- 
peptidase A digestion. 

The sequence data are summarized in Table VI together with the amino acid 
compositions of the peptides Th-I, Th-2, Th-3 and Th-5. The assignment of tyrosine to 
position 39 is based on the cleavage specificity of N-bromosuccinimide and on the 
composition of peptide Th-I. 

T A B L E  V[ 

S E Q U E N C E  OF A M I N O  ACID R E S I D U E S  3 9 - 4 7  

a9 40 41 42 43 44 45 46 
Sequence - T y r  - T h r  - V a l  - I l e  - A r g  - C y s  - T h r  - A r g  - ~ l n  

N-Bromosuccinimide p e p t i d e ,  C-3 T h r -  Va l  - I le  - Arg  - C y s -  T h r -  A r g  - G l n  
T h - i  (Tyr ,  Th r )  
T h -  5 (Val,  l le ,  Arg ,  Cys,  T h r ,  Arg)  G ln  
T h - 3  (Val,  Ile,  Arg ,  Cys) 
T h - 2  (Thr ,  Arg)  G l n  

DISCUSSION 

The basic nuclear proteins (histones) of spermatozoa have been studied mainly 
in some fishes and birds, where very basic proteins called protamines are found. Prot- 
amines are small proteins (30-35 amino acid residues) which are very rich in arginine 
(2o-22 residues). However, protamines are not ubiquitous sperm histones. On the 

B i o c h i r n .  B i o p h y s .  A c t a ,  285 (1972) 1 -14  



AMINO ACID SEQUENCE OF BULL SPERM HISTONE 13 

contrary, the basic proteins of sperm nuclei vary  widely among different organisms. A 
review on the different types of sperm histones was recently published by  Bloch z3. 

The histone of bull sperm is very rich in arginine and, unlike the protamines, 
also relatively rich in half-cysteine residues. In addition to the histone of bull sperma- 
tozoa we have isolated and partially characterized the sperm histones from four other 
mammals,  namely boar, ram, stallion and man. They vary in amino acid composition 
and carboxyl-terminal residue, but all are rich in arginine and half-cystine. A report 
on this work will be published later. Calvin and Bedford 6 concluded from their electron 
microscopic observations that  cross-linked, thiol-rieh proteins are present in the sperm 
nuclei of a variety of eutherian mammals,  such as bull, boar, rabbit, rat, mouse, 
guinea pig, cat, ferret, shrew and man. Sperm nuclei of metatherian mammals  (e.g. 
marsupials) on the other hand seem to be devoid of such thiol-rich proteins (see also 
Bloeh23). I t  thus seems unquestionable that  the sperm histones of eutherian mammals  
belong to a separate class distinct from protamines such as the clupeines z4-26, sal- 
mines 27, iridines 27, thynnines28, 29 and gallines 3°. The most striking difference is the 
presence of a relatively large number of half-cystine residues, which apparently 
participate in the cross-linking of the deoxyribonucleoprotein molecules in the sperm 
nuclei of eutherian mammals.  

Until recently s no reliable data on the composition of mammalian sperm 
histones were available. We now present the first example of a complete amino acid 
sequence of a mammalian sperm histone. The amino acid sequence of the bull sperm 
histone shows a remarkable irregular distribution of basic and other residues. 20 out 
of 24 arginine residues are located in a 24 residues long middle-region (residues 13-36) 
of the molecule. 19 of these arginine residues are arranged in three clusters of 7, 6 and 
6 residues respectively. These clusters are separated by only one or two monoamino 
acid residues. 

1 3  3 1 - - 3 6  

-Arg-Cys-Arg7-Cys-Arg6-Phe-Gly-Arg 6- 

A clustering of arginine residues is a common feature of protamines. However, the 
arginine clusters in the bull sperm histone are on the average larger and also less 
varied in length than the arginine clusters in the protamines of which the sequence is 
known 24-z7,29. On the other hand, the number of arginine clusters in the bull sperm 
histone (3) is smaller than the number usually encountered in the protamines (4-6). 
In addition, the confinement of the arginine clusters to the middle region of the mole- 
cule is not found in protamines. 

Of the six cysteine residues two are present in the amino-terminal region 
(residue 1-I2) and two in the carboxyl-terminal region (residue 37-47). Two are 
present in the middle region, each inserted between two arginine residues. 

1 12  

H~N-Ala-Arg-Tyr-Arg Cys-Cys-Leu-Thr -His -Ser -Gly-Ser -  
3 7  4 7  

-Va l -Cys -Tyr -Thr -Va l - I  l e -Cys-Arg-Thr-Arg-Gln  

Of the seven hydrophobic amino acids (tyrosine, phenylalanine, leucine, isoleucine and 
valine) two are present in the amino-terminal region and four in the carboxyl-terminal 
region. 

The middle region is very positively charged as compared with the amino- 
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terminal and carboxyl-terminal regions. It is therefore likely that the middle region is 
the primary site for binding to DNA, whereas the amino-terminal and carboxyl- 
terminal regions might be responsible for interaction with neighbouring protein 
molecules to form a keratinoid protein network. 
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