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Fragments of Bovine Serum Albumin Produced by Limited 
Proteolysis. Isolation and Characterization of Tryptic 
Fragments? 

Theodore Peters, Jr.,* and Richard C. Feldhoffi 

ABSTRACT: Several fragments of bovine serum albumin 
have been isolated following limited tryptic hydrolysis and 
their positions then determined in the bovine serum albumin 
sequence published by J. R. Brown ((1975), Fed. Proc., 
Fed. Am. SOC. Exp.  Biol. 34, 591). When bovine serum al- 
bumin was coupled to palmityl-aminoethylamino-agarose 
and digested with trypsin, two fragments were obtained: (a) 
peptide 11 5-184, containing the highly aromatic disulfide 
loop 3 of Brown’s model, and (b) a larger fragment, resi- 
dues 377-581, containing disulfide loops 7-9. This frag- 

L a r g e  fragments of serum albumin are of use in the 
study of the location and properties of ligand-binding sites 
and in the determination of other structural and functional 
features of the molecule. Fragments obtained by proteolysis 
have intact disulfide bonds and unaltered amino acid side 
chain groups, and so are more nearly native than fragments 
prepared by chemical cleavage techniques. 

Thus far only one large fragment of bovine albumin ob- 
tained by limited tryptic digestion has been well character- 
ized. This is the -40,000-dalton peptide termed T-23 by 
King and Spencer (1970). They showed that it included the 
carboxyl end of the albumin chain, and had one binding site 
for octanoate and one for L-tryptophan. On the other hand, 
a slightly larger fragment obtained by cyanogen bromide 
cleavage, which should include all of T-23, bound these lig- 
ands only weakly if at all. 

The present work employed two types of digestion in an 
effort to obtain additional fragments of bovine albumin. In 
the first, digests of albumin in solution were prepared by the 
method of King and Spencer (1970), but with added pre- 
cautions to remove or inactivate residual trypsin. In the sec- 
ond, tryptic hydrolysis of bovine albumin bound to palm- 
ityl-aminoalkylamino-agarose was employed as a means of 
obtaining fatty acid binding fragments. Four fragments 
have been purified and their locations within the parent 
molecule determined in accordance with the recently pub- 
lished sequence and disulfide bridge structure of bovine al- 
bumin (Brown, 1975). Two of the fragments, one from each 
digestion procedure, were found to be the same peptide. The 
T-23 fragment of King and Spencer (1970) was isolated 
and studied further in an effort to define its structure and 

From The Mary Imogene Bassett Hospital (affiliated with Colum- 
bia University), Cooperstown. New York 13326. Received March 24, 
1975. This paper is the first in  a series describing the purification and 
properties of fragments of bovine serum albumin. This work was sup- 
ported by U S .  Public Health Service Research Grant HL-02751 and 
the Stephen C.  Clark Research Fund of The Mary Imogene Bassett 
Hospital. * Present address: Department of Biological Chemistry, The Milton 
S .  Hershey Medical Center, Hershey, Pennsylvania 17033. 

ment constitutes the third of the three domains of the albu- 
min molecule. From bovine serum albumin digested in solu- 
tion, peptide 115-184 was again obtained, as well as (c) a 
39,000-dalton fragment identified as residues 198-58 1, 
loops 4-9 of the second and third domains, but with a long, 
tryptophan-containing segment 204-238 missing from loop 
4. The ability to isolate these fragments without cleaving di- 
sulfide bridges is partial confirmation of the proposed 
model of bovine serum albumin as a series of nine indepen- 
dent loops. 

location within the albumin chain. The fourth fragment was 
a fatty acid binding polypeptide of molecular weight 23,000 
isolated from the digestion of albumin on fatty acyl-agar- 
ose. A preliminary description of this polypeptide has ap- 
peared (Peters et al., 1973). 

Experimental Section 
Materials. Commercial materials used were crystalline 

bovine serum albumin, Armour Pharmaceutical Co., Kan- 
kakee, Ill.; trypsin (tosylamido-2-phenylethyl chloromethyl 
ketone treated), soybean trypsin inhibitor, Pronase B, crys- 
talline swine pepsin, and crystalline swine carboxypeptidas- 
es A and B, both diisopropyl fluorophosphate treated, 
Worthington Biochemical Corp., Freehold, N.J.; Sepharose 
4B and Sephadex G-75, G-100, and G-150, Pharmacia Fine 
Chemicals, Piscataway, N.J.; reagents for Edman degrada- 
tion and automated amino acid analysis, Pierce Chemical 
Co., Rockford, Ill.; DEAE-cellulose (DE-52) and CM-cel- 
lulose (CM-52), Reeve-Angel Co., Clifton, N.J. Hydrazine 
(95%) was further purified by azeotropic distillation with 
toluene. Formic acid used for cyanogen bromide reactions 
was purified by repeatedly freezing and thawing (McMen- 
amy, 1971). 

Half-cystinyl bovine serum albumin, with a half-cystine 
residue coupled to the lone thiol group of the albumin to 
minimize dimerization, and palmityl-aminoethylamino-aga- 
rose were prepared as previously described (Peters et a]., 
1973). The binding capacity of the palmityl-agarose was 
about 8 mg of albumin/ml of packed wet gel. Bovine serum 
albumin was defatted by passage through a column of anion 
exchange resin (AG 1-X8, 200-400 mesh, Bio-Rad Labora- 
tories, Richmond, Calif.) a t  pH 3 as described by Scheider 
and Fuller (1970). Soybean trypsin inhibitor coupled to 
agarose was the gift of Dr. Hanspaul Hagenmaier of the 
University of Tubingen; 1 ml of this preparation inactivated 
in excess of 0.5 mg of trypsin. 

Methods. Amino-terminal residues were identified by 
paper chromatography of the dinitrophenyl derivatives ob- 
tained by the procedure of Fraenkel-Conrat et al. (1955). 
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Solvents used in the chromatography were tert-amyl alco- 
hol-1 N NHdOH, 4:1, v/v, and 1.5 M sodium phosphate 
buffer (pH 6.0). In ambiguous cases dinitrophenyl amino 
acids were hydrolyzed (sealed tube, 2 N NH40H,  loo', 2 
hr) and dried under vacuum, and the resulting free amino 
acids were identified by amino acid analysis. 

Amino-terminal sequences were determined on 0.1 -pmol 
specimens by a manual adaptation of the Edman procedure 
(Taniuchi and Anfinsen, 1966); the thiazolinone derivatives 
were hydrolyzed in vacuo in sealed ampoules with hydriodic 
acid at  128' (Smithies et al., 1971) and the resulting free 
amino acids quantitated on the amino acid analyzer. Recov- 
ery factors given by those authors were employed; carboxy- 
methylcysteine was found to appear as alanine with a yield 
of 56%. 

Carboxyl-terminal residues were determined by hydraz- 
inolysis (Niu and Fraenkel-Conrat, 1955). Approximately 
0.1 pmol of peptide was heated in vacuo in a sealed ampoule 
at  100° for 10 hr with 0.5 ml of hydrazine, then taken to 
dryness over H2SO4, Amino acid hydrazides were removed 
by shaking with 0.2 ml of benzaldehyde and 1 ml of water 
for 2 hr at  23'. The aqueous phase was applied to the amino 
acid analyzer. 

Carboxyl-terminal sequences were detected by treatment 
of 0.1-pmol aliquots of peptide with a mixture of carboxy- 
peptidases A and B (1:30, w/w, and 4 units/pmol, respec- 
tively) in 0.05 M sodium phosphate buffer (pH 7.4) at 37' 
for 0.2-5 hr. Appropriate blanks were included. Remaining 
peptide was precipitated with 5% C13CCOOH. The super- 
natants were washed twice with ether to remove 
C13CCOOH and then assayed on the amino acid analyzer. 
In some instances the buffer was 0.1 M ammonium bicar- 
bonate (pH 8.0) and the free amino acids were isolated 
from the peptide by continuous dialysis; the ammonium bi- 
carbonate was removed in vacuo at 40'. 

Methionyl bonds in peptides were cleaved with cyanogen 
bromide according to the procedure of King and Spencer 
(1970) using 0.5 mg of CNBr/mg of peptide. Excess re- 
agents were removed by lyophilization or, if soluble prod- 
ucts were required, by passage through a Sephadex G-10 
column. 

Amino acid analyses were conducted on a single-column 
system employing Aminex A-6 resin (Bio-Rad Laborato- 
ries) with three buffers and an automatic programmer (Bio- 
Cal, LKB Instruments, Rockville, Md.). Peptides were hy- 
drolyzed in sealed ampoules in vacuo with redistilled 5.8 N 
HCl at 110' for 24 hr. Nor!eucine was employed as an in- 
ternal standard and was added before hydrolysis in all anal- 
yses, including the Edman, hydrazinolysis, and carboxypep- 
tidase techniques. Tryptophan was determined on separate 
aliquots of the peptides by the method of Spies (1 967) using 
Pronase B for digestion. 

Electrophoresis in cellulose acetate (Millipore Corp., 
Bedford, Mass., or Helena Laboratories, Beaumont, Texas) 
was performed at  pH 8.6 in sodium barbital buffer, p = 
0.075, or at  pH 5 in 0.048 M pyridine-0.05 M acetic acid; 
the peptides were stained with Ponceau S in 10% 
C13CCOOH. Polyacrylamide gel electrophoresis with dode- 
cy1 sulfate was conducted in 6% gels according to Weber et 
al. (1972). Thin layer gel exclusion chromatography fol- 
lowed the procedure of Andrews (1970). Peptide chromato- 
grams were prepared as described by Benjamin and Weigle 
(1 97 1) using complete digestion with trypsin of the reduced 
and carboxyamidomethylated peptides. 

Peptide fractionation procedures were conducted at 20- 
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FIGURE 1: Digestion of albumin on a fatty acyl-agarose column. Fig- 
ures above the peaks indicate the approximate total milligrams of pro- 
tein or peptide measured by ,4280 of the effluent. The arrows indicate 
material taken for further fractionation. The solutions applied to the 
column were: (A) 0.1 M NaC1-0.02 M sodium phosphate buffer (pH 
7.4); (B) same, containing 1%, w/v, defatted bovine serum albumin; 
(C) 0.1 M ammonium bicarbonate (pH 8.8); (D) same, containing 
0.06% trypsin, w/v, applied in three 100-ml portions at  hourly inter- 
vals; (E) 0.1 M ammonium acetate (pH 6 .3 ) ;  (F) 0.025 N NaOH in 
0.5 ethanol, v/v. 

25' unless otherwise indicated. Column effluents were 
monitored at  280 nm with a UA-5 Absorbance Monitor 
(Instrumentation Specialties Co., Lincoln, Nebr.). Frac- 
tions were tested for albumin by a spot-plate version of the 
Bromocresol Green-binding procedure of Doumas et al. 
(1971). Pooled fractions were concentrated under nitrogen 
pressure on an ultrafilter (Amicon Corp., Bedford, Mass.), 
using a membrane appropriate for the molecular size of the 
fraction. Lyophilization was avoided as it often led to insol- 
uble products, as noted by King and Spencer (1970). 

Digestion of Albumin in Solution. In a typical digestion, 
1 g of half-cystinyl bovine serum albumin was brought to 
pH 8.15 at  25' in 20 ml of 0.04 M Tris-HC1 buffer. Trypsin 
(1 mg) was added and the solution gently stirred at  25' for 
60 min, adding 1 N NaOH to maintain constant pH. The 
solution was then immediately put through a 1 X 8-cm col- 
umn of soybean trypsin inhibitor-agarose in 0.1 M ammo- 
nium bicarbonate (pH 8.0), and eluted with 6 ml of water. 
This operation was completed within 20 min. To the eluate 
was added 2 mg of soybean trypsin inhibitor and sufficient 
benzamidine hydrochloride to make 0.001 M.  The solution 
was adjusted to pH 3.0 with 6 N HCl, applied to a 5 X 
95-cm column of Sephadex (3-150, and eluted with 0.23 M 
ammonium formate (pH 3.0) at 42 ml/hr for the first step 
in fractionation. 

Digestion of Albumin Bound to Palmityl-aminoethyla- 
mino-agarose. Defatted bovine serum albumin, 1 g in 0.1 
M NaCl containing 0.02 M sodium phosphate buffer at  pH 
7.4, was loaded onto a 2.5 X 25-cm column of palmitylami- 
noethylamino-agarose at  22'. The unbound portion was 
rinsed off. The bound albumin was then digested with tryp- 
sin at  37' for several hours. The column was rinsed well to 
remove soluble products, mostly small peptides, and then 
the portion resisting digestion was eluted using NaOH-eth- 
anol. The elution pattern is shown in Figure 1. The NaOH- 
ethanol eluate was chilled in ice as it was obtained and 
brought to pH 3.0 by the addition of formic acid. It was 
then diluted with an equal volume of water, concentrated to 
about 25 ml by ultrafiltration with a PM-10 membrane, 
washed twice with a tenfold excess of 0.23 M ammonium 
formate (pH 3.0), and reconcentrated to a 25-ml volume. 
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FIGURE 2: (a) Fractionation of a digest of soluble albumin on a Se- 
phadex G I 5 0  column pH 3.0. (-) ,4280 of the effluent; (- - -) relative 
color change of Bromocresol Green noted in a spot test. The arrows 
outline the fractions taken for further study. (b) Purification of frac- 
tion T-2 on a 2.3 X 7.5-cm column of DEAE-cellulose. The gradient 
was formed using two vessels each containing 500 ml of 0.1 M Tris-C1 
buffer (pH 7 . 6 )  with 0.2 M NaCl in the second vessel. Flow rate was 
50 ml/hr. Conductivity (22') is shown by X-X. The numbering of 
peak T-23 followed the practice of King and Spencer (1970). (c) Re- 
purification of fraction T-23 on 1 X 11-cm column of CM-cellulose. 
The gradient was 500 ml of 0.04 M sodium acetate buffer (pH 5.0) 
and 500 ml of 0.2 M sodium acetate buffer (pH 5.0) containing 0.1 M 
NaCI. Flow rate was 20 ml/hr. The lines have the same meaning as in 
Figure 2b. 

Solutions were stored frozen pending fractionation. 

Results 
Peptides Obtained f r o m  Albumin Digested in Solution. 

In preparing digests of albumin in solution several precau- 
tions were taken to minimize the possibility of continued 
tryptic activity during subsequent fractionation procedures 
a t  pH 7-9. Compared to the procedure used by King and 
Spencer (1970), the ratio of trypsin to albumin was reduced 
from 1 : l O O  to 1:1000, w/w, and the temperature raised 
from 0 to 25'. Preliminary studies showed no qualitative 
differences in the patterns of the two types of digestions on 
cellulose acetate electrophoresis, and no differences were 
detected in the T-23 fractions prepared from them. In addi- 
tion, remaining trypsin was removed by passage through a 
column of immobilized trypsin inhibitor, and trypsin inhibi- 
tors were added in the first fractionation step. 

The first step of fractionation on a Sephadex G-150 col- 
umn duplicated the conditions of King and Spencer (1970), 
and similar elution patterns were obtained (Figure 2a). 
Testing with Bromocresol Green helped to locate albumin 
or large fragments in the fractions. The numbering system 
of King and Spencer was retained for the peaks, in which 
T-2 means the second peak of the first fractionation step of 
a tryptic digest. Peak T-2 was rerun on the G-150 column 
until it appeared homogeneous. 

Figure 2b and c shows the subsequent steps in the purifi- 
cation of fraction T-2. The use of DEAE-cellulose (Figure 
2b) followed the conditions of King and Spencer (1970); the 
product, fraction T-23, was named as the third peak in the 
second purification step of fraction T-2. In our hands T-23 
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FIGURE 3:  Purification of fraction T-42. (a) Rerun of fraction T-4 
from Figure 2 on a G-100 column, 2.5 X 100 cm, in 0.23 M ammo- 
nium formate (pH 3.0), flow rate 20 ml/hr. (b) Fractionation on a 
CM-cellulose column, 1 X 12.5 cm. The gradient was formed with 400 
ml of 0.03 M ammonium acetate (pH 5.8) and 400 ml of the same 
buffer containing 0.3 M NaCI. Flow rate was 20 ml/hr. Solid iines in- 
dicate ,4280; (X-X) Conductivity a t  22'; arrows indicate fractions 
taken for further study 

showed two bands on cellulose acetate electrophoresis at p H  
5, and the less positively charged of these bands was puri- 
fied on CM-cellulose as shown in Figure 2c to yield fraction 

Peak T-4 was further fractionated by first passing 
through a G-100 column followed by purification on CM- 
cellulose (Figure 3). In accordance with the above nomen- 
clature, this fraction is called T-42. Peaks 3 and 5 of the 
G-150 eluate (Figure 2a) contained little material, and 
were not studied further. 

The homogeneity of fractions T-231 and T-42 on sodium 
dodecyl sulfate gel electrophoresis and cellulose acetate 
electrophoresis is shown in Figure 4. Both peptides are less 
negatively charged than is intact bovine serum albumin. 
Their molecular weights were estimated as 37,000-40,000 
and 9000, respectively (Table 11). 

Peptides f r o m  Albumin Digested on Fatty Acyl-agarose. 
The rationale for the digestion of albumin bound to palm- 
ityl-agarose is that coupling of a tightly bound ligand pro- 
tects a portion of the protein against proteolysis (Markus et 
al., 1967a). Digestion of albumin which is immobilized by 
coupling to fatty acyl-agarose should thus offer a means of 
obtaining fragments containing primary fatty acid binding 
sites; it has the advantage that residual trypsin is removed 
during the washing procedure before elution of the remain- 
ing, trypsin-resistant portion of the molecule (Figure 1). 

Sephadex G-100, rather than G-150, was chosen for the 
initial fractionation of these digests owing to the smaller 
size of the peptides released, as determined by preliminary 
surveys using the thin-layer gel filtration technique. The 
elution pattern (Figure Sa) usually showed an initial peak 
caused by turbidity followed by intact albumin and two 
peptide peaks. The first peptide, which showed a slight af- 
finity for Bromocresol Green, was named T-A, and the sec- 
ond peptide was named T-B. Peptide T-A was rerun on 

T-23 1. 
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FIGURE 4 Electrophoresis of the tryptic peptides isolated from bovine 
albumin. (a) Electrophoresis in dcdecyl sulfate acrylamide gel of the 
peptides, after reduction with 8-mercaptoethanol. ( I )  Bovine serum al- 
bumin and cytochrome c markers. mol wt 66,000 and 12,000. respec- 
tively. (2) T-231; (3) T-A, (4) T - B  (5) T-42: (6) bovine serum albu- 
min and the “Phe” fragment of bovine Serum albumin (Peters and 
Hawn. 1967). mol wt 8,600, as markers: o indicatcs the origin; direc- 
tion of migration toward the anode is shown by arrows. T-231 and 
T-42 wcre obtained from albumin digested in solution; T-A and T-B 
were obtained from albumin digested while bound to palmityl-ami- 
naethylamino-agarose. (b) Electrophoresis on cellulase acetate at pH 
8.6. (1) bovine Serum albumin: (2-5) same meaning as in Figure 4a. 

G-100 and then purified on DEAE-cellulose (Figure 5b,c) 
to yield a product homogeneous on electrophoresis (Figure 
4) with a molecular weight of about 23,000. Peptide T-B 
was repurified on G-75 and then fractionated on DEAE- 
cellulose, as shown in Figure 6. Upon electrophoresis on 
several media the T-B peak resembled peptide T-42 which 
had been obtained from digestions of albumin in solution 
(Figure 4). 

Characterization of Fragments. The amino acid compo- 
sitions of the four peptides T-231, T-42, T-B, and ’I-A are 
given in Table 1. Their molecular weights estimated from 
gel filtration or dodecyl sulfate gel electrophoresis (Table 
11) plus their terminal sequences (Tables I1 and 111) served 
to locate each peptide precisely in the amino acid sequence 
of bovine serum albumin derived by Brown (1975). The cal- 
culated composition of the corresponding segment from the 
bovine serum albumin sequence is listed in the column adja- 
cent to that for each peptide in Table I. 

The apparent identity of peptides T-42 and T-B on elec- 
trophoresis (Figure 4) was confirmed by amino acid compo- 
sition (Table I), molecular weight (Table II) ,  amino-termi- 
nal sequences (Table 111). and by the carboxyl-terminal se- 
quence, Met-Arg, demonstrated by the release only of argi- 
nine from each fragment upon cyanogen bromide cleavage 
(Table 11). These fragments correspond to residues 115- 
184, or loop 3 of Brown’s model, with the terminal se- 
quences H2N-Leu-Lys-Pro-Asp-Lys-Ile-Glu-Thr-Met- 
Arg-COOH. Henceforth they will be referred, to by the 
more accurate designation TI 15.184. signifying the segment 
of residues 115-184 obtained by tryptic cleavage. The high 
content of aromatic residues in this peptide causes its high 
absorbancy, , 4 2 8 0 ~ ~  (1  g/l.) of 1.84 (Table 11). The compa- 

0 IO0 200 300 
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FIGURE 5 :  (a) Fractionation of digest of immobilized albumin. The el- 
u a t e ~  from three digests (Figure l )  were combined and applied to a 2.5 
X 95-cm column of GI00 in 0.23 M ammonium formate (pH 3.0) and 
eluted at 22 ml/hr. (b) Repurification of fraction T-A on the same col- 
umn. (c) Fractionation of repurified T-A on a column of DEAE-ctllu- 
lose, 2.3 X 8 cm. Details are as in Figure 2b. except that the gradient 
was 410 ml of 0.1 M Tris-HCI buffer (pH 7.6) and 410 ml of this buff- 
er containing 0.5 M NaCI. 

(a) 
2 -  

I -  
- 
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FIGURE 6 Purification of fraction T-B. (a) Rerun of fraction T-B 
from Figure 5 on a G-75 column, 2.5 X 95-cm. in 0.23 M ammonium 
formate. pH 3.0, flow rate 20 ml/hr. (b) Fractionation on a DEAE-cel- 
lulo~e column. 1.1 X 25 cm. The gradient was formed with 200 ml of 
0.05 M Tris-HCI (pH 8.0) and 200 ml of the same buffer containing 
0.2 M NaCI. Flow rate was 50 ml/hr. 

rable absorbancy for bovine serum albumin is 0.66 (Cohn et 
al., 1947). 

Fragment T-A is seen by composition, size, and terminal 
sequence to comprise the carboxyl-terminal third of the al- 
bumin molecule, residues 377-581 of Brown’s model, con- 
taining loops 7.8, and 9. The terminal sequences of this seg- 
ment are HzN-His-Leu-Val-Asp-Thr-Gln-Thr-Ala-Leu- 
Ala-COOH. Appearance of amino-taminal residues of pro- 
line and glutamic acid following cyanogen bromide cleav- 
age (Table 11) confirmed the presence of the -Met-Pro4+,- 
and -Met-Glu546- sequences. In addition, mild digestion 
with pepsin caused the appearance of an electrophoretic 
band corresponding to the known carboxyl-terminal “Phe” 
fragment (Peters and Hawn, 1967). which is loop 9 of the 
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Table I :  Amino’ Acid Composition of Tryptic Fragments of Bovine Albumin. 
.____ _ _ ~ - . ~ _ . _ _ _ I _ _ _ _ _  ________. 

Residues per Total Residues Shown 
.--____I.-____ ___._____~ ~- ~ ____. 

Residues 
198-203 

T-4 20 T-Bb 115- 184C T - ~ d  377-581C ‘ r - 2 ~  T-23f 239-581C 
Residues Residues plus 

Aspartic acid 7.2 i 0.5 7.5 i 1.1 7 17.0 i 1.0 16 32.6 i 5.0 34.5 34 
ThreonineA’ 1.8 i 0.2 2.3 i 0.3 2 19.4 i 1.1 19 25.1 i 1.3 24.0 23 
Serineh 0.8 i 0.4 0.7 i 0.2 0 11.3 i 0.4 9 19.5 t 1.’7 18.1 17 
Glutamic acid 8.8 i 0.9 9.6 i 0.8 9 27.4 i 1.0 28 45.7 i 4.1 47.1 46 
Proline 5.3 i 0.5 4.8 i 0.6 5 12.4 z 0.7 12 18.9 ‘i 2.6 19.0 18 
Glycine 3.1 i 0.3 3.0 z 0.3 3 5.4 i 0.2 4 7.4 i 0.8 7.5 6 
Alanine 5.9 i 0.5 5.8 t 0.3 6 13.0 i 0.4 13 28.4 i 1.6 27.7 28 
%-Cy st ine 3.9 i 0.6 4.9 i 0.9 4 12.4 I 1.0 12 22.4 i 1.8 23.1 24 
Valine 1.4 i 0.5 1.4 i 0.3 1 16.5 z 0.9 19 25.1 f 2.7 22.4 25 
Methionine 0.9 i 0.3 0.7 i 0.3 1 1.6 T 0.1 2 2.0 i 0.3 1.6 2 
Isoleucine 2.2 i 0.4 1.6 ‘i 0.3 2 4.2 i 0.4 5 8.8 i 0.9 8.0 10 
Leucine 6.8 i 0.5 6.5 I 0.3 7 19.9 i 0.6 21 36.0 i 2.8 33.7 36 
Tyrosine 6.5 t 0.6 5.6 t 0.3 6 4.1 i 0.8 4 9.7 ? 0.9 10.0 11 

Histidine 0.7 i 0.2 0.8 I 0.4 1 3.3 ? 0.6 4 7.3 i 0.4 9.2 9 
Lysine 8.3 i 0.6 8.1 t 0.8 8 20.2 i 0.6 20 34.2 i 3.3 36.3 35 
Arginine 2.8 i 0.3 2.2 t 0.9 3 7.8 i 0.6 8 12.1 f 0.9 13.5 12 
Tryptophan 1 1 1 0.0 ?1 0.1 0 0.0 i 0.1 I .0 0 
(Amide-”,) (3) (1 2) (15) 
Total residues 70.4 70.3 70 204.8 205 349.2 348.7 349 
Molecular 

Amino Acid 

Phenylalanine 4.0 i 0.7 3.8 i 0.7 4 8.9 i 0.5 9 14.0 i 1.6 12.0 13 

weight 8313 23138 39442 
Mean z SD of ten analyses of two preparations. b Mean ?1 SD of seven analyses of two preparations. CCalculated from the bovine serum 

albumin sequence reported by Brown (1975). Residues 400-402, which are blank in the bovine serum albumin sequence, were assumed to  be 
Phe-Gln-Asn by homology with the sequence of human albumin (Behrens et al., 1975). d Mean t SD of nine analyses on three preparations. 
e Mean t SD of ten analyses of two preparations. fData  of King and Spencer (1970) calculated on  the basis of 349 total residues. gcorrected 
for 4 4  loss in 24-hr hydrolysis. h Corrected for 10% loss in 24-hr hydrolysis. 

~ __ __-_ 

Table 11: Molecular Weights, Specific Absorbances, and Terminal Residues of Tryptic Fragments of Bovine Albumin. 

T-4 2 T-B T-A T-23 

Molecular weight 
Dodecyl sulfate gel electrophoresis 
Thin-layer Sephadex 

Amino-terminal residuesa 

Carboxyl-terminal residues 
Carboxyl-terminal sequence, 

Azaanm (1 d l . )  

carboxypeptidase 

9,000 9,000 23,500 37,000 
10,000 10,000 23,300 40,000 
1.84 0.34 0.48 
Val,Leu/Ile Val,Leu/Ile His Leu,Thr,Val,Tyr 

0.56 Ar@ 0.56 ArgC 0.36 Ala,O.O5 Leud. 0.79 Ala,O.lOLeud. 
His,Pro,Glub 

-(Ile,Leu,Glu,Tpr, --(Val,Gln.Thr, (Thr,Gln,Ser, 
Lys)-Met-Arg Leu)-Ala Leu)-Ala 

a Determined by use of fluorodinitrobenzene. b Amino-terminal residues found after treatment with CNBr as described in the Experimental 
Section. C Released as free amino acid (soluble in 10% CI,CCOOH, w/v), following reaction with CNBr, mol/mol. d By hydrazinolysis, mol/ 
mol. 

. ~ _ _ _  ___~ _________ 

bovine serum albumin molecule. Likewise the peptide fin- 
gerprint of T-A (Figure 7) includes all of the major pep- 
tides seen in the fingerprint of the “Phe” fragment. Thus 
peptide T-A is more accurately called T377-581. 

The T-23 fragment was shown by King and Spencer 
(1  970) to contain the carboxyl terminus of the albumin 
molecule, a conclusion supported by our results with car- 
boxypeptidase treatment and hydrazinolysis (Table 11), and 
by noting that its peptide chromatogram contained all of 
the peptides of T377-581 as well as those of the carboxyl-ter- 
minal “Phe” fragment. 

Localization of the amino terminus of peptide T-23 
raised some problems. Its apparent molecular weight of 
37,000-40,000 (Table 11) requires that it extend beyond the 
link between loops 4 and 5 of the bovine serum albumin 
model, yet none of our preparations was found to contain 
tryptophan, an observation which is inconsistent with the 

inclusion of loop 4 i n  the fragment. Our preparations of 
T-23 were apparently contaminated with the closely related 
fraction designated T-22 by King and Spencer (1970), since 
two bands were seen on cellulose acetate electrophoresis a t  
pH 5 and multiple amino-terminal groups were present. We 
purified a subfraction of this T-23, named T-231, to homo- 
geneity as judged by dodecyl sulfate gel and cellulose ace- 
tate electrophoresis (Figure 4), but even this peptide upon 
Edman degradation showed a significant amount of amino- 
terminal alanine, serine, or cystine (all of which appear as 
alanine after hydrolysis with hydriodic acid) in addition to 
the valine reported by King and Spencer. 

The nature of the amino end of this peptide T-231 was 
clarified by the realization that it contains two amino-ter- 
minal residues, cystinel98 and valine239, and is lacking the 
tryptophan-containing segment 204-238 of loop 4 of the bo- 
vine serum albumin model. This structure is consistent with 
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Table 111: Results of Edman Degradation of Tryptic Fragments of Bovine Albumin 

Residueslmols 
Peptide Cycle Asp 

T-42 

T-B 

T-A 

T-231 

Reduced 
T-231c 

I 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
6 

0.02 

0.03 

0.10 
0.10 

Glu Pro Gly Alab Abub Val Ile Leu Tyr His Lys Arg 

0.11 
0.40 

0.46 

0.26 
0.15 

0.16 
0.10 
0.12 

0.25 
0.17 

0.30 
0.22 
0.18 

0.28 

0.10 0.31 
0.28 0.13 0.13 

0.15 

0.40 
0.69 
0.23 
0.14 
0.26 
0.10 
0.10 
0.12 

0.84 
0.38 

0.18 0.23 0.13 
0.15 0.37 

0.12 0.52 

0.88 0.41 0.22 

0.33 
0.18 

0.24 
0.12 

0.48 

0.16 

a Based on molecular weights given in Table 1. Results less than 0.1 were not shown, except for cycle 4 of T 4 2  and T-B, when no residue 
reached that value. b Serine, cystine, and alanine appear as alanine: threonine appears as ol-amino-n-butyric acid (Ab") (Smithies et al., 1971). 
Carboxymethylcysteine was also found to appear as alanine. CThe large peptide retained by an ultrafilter (10,000-dalton cutoft) after reduc- 
tion and carbaxamidamethvlation of oeotide T-231. 

the findings of six steps of the Edman procedure (Table 
111). although cleavage at the trypsin-susceptible bonds 
Lys-Ser285 or Lys-CysSs5 could still not be excluded. Other 
evidence that the second terminal group, in addition to va- 
line239, is cystine198 rather than serine285 or cystiness5 was 
obtained by reduction and carboxamidomethylation of 
T-231 followed by ultrafiltration through a PM-IO mem- 
brane (cutoff of 10,000 daltons). The retained peptide 
showed the amino-terminal sequence Val-( )-Lys-Glu-Cys- 
Cys- upon Edman degradation, consistent with the Val-His- 
Lys-Glu-Cys-Cys- sequence in the bovine serum albumin 
model (Table 111). I t  is presumed that the histidine in the 
second position was modified by the reduction and carboxa- 
midomethylation procedure or was poorly extracted in the 
Edman procedure. The small peptide in the ultrafiltrate bad 
the composition shown in Table IV, and had the apparent 
carboxyl-terminal sequence (Table IV), -(Ala,Ser)-Ile- 
Gln-Lys. This corresponds to the hexapeptide 198-203 of 
the bovine serum albumin sequence, Cys-Ala-Ser-Ile-Gln- 
Lys, and so it appears that this segment is attached to the 
larger piece of fragment T-231 through the single disulfide 
bond Cys198-Cys243. This structure is represented diagram- 
matically in Figure 8. 

Discussion 
Three fragments, isolated from bovine serum albumin 

following limited digestion with trypsin, have been de- 
scribed in terms of the bovine serum albumin sequence pub- 
lished by Brown (1975). Two distinct conditions for diges- 
tion were employed, the albumin substrate being either in 
solution or immobilized on palmityl-agarose. One fragment, 
T115.184. was obtained from both types of digests. Each di- 
gest also yielded a larger fragment, arising from the car- 
boxyl-terminal portion of the molecule. The one from the 
digestion of dissolved albumin was the larger and more 

FIGURE 7: Tryptic fingerprint of T-A compared to that of the car- 
boxyl-terminal "Phe" fragment (Peters and Hawn, 1967). Separation 
in the horizontal direction utilized electrophoresis at pH 3.6, and in the 
vertical direction chromatography in butanol-acetic acid-water, 4 1 5 ,  
VI".  

complex of the two. The three fragments are all native in 
that no disulfide bonds were broken, and study of the frag- 
ments should permit evaluation of the importance of vari- 
ous regions of the 9-loop albumin molecule with respect to 
conformation, antigenicity, and ligand-binding properties of 
the intact protein. Subsequent reports in this series will de- 
scribe the isolation of other fragments, using pepsin, and 
measurements of a-helix and p-form content, immunologi- 
cal activity, and binding of palmitate, bilirubin, Bromocre- 
sol Green and 8-anilino-1-naphthosulfonate. 

The smallest tryptic fragment, T115.184, is loop 3 of the 
9-loop albumin model (Brown, 1974,1975) (Figure 8). It 
contains the first tryptophan of bovine serum albumin, the 
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Table IV: Amino Acid Composition and Carboxyl-terminal Sequence 
of the Small Peptide Released from T-231 upon Reduction 
and Carboxamidomethylation 

Amino Acid 
___ 

Composition, Relative0 Carboxyl-Terminalb ~ _ _ _ _ ~ _ _  
C m-C 1,s 1 T 0.1 
A s p  0 ? 0.3 
Thr 0 i 0.1 
Ser 1 ? 0.1 0. I 
Gln 0.7 
Glu 1 i 0.1 
G1y 0 2 0.3 
Ala 1 i 0.2 0.1 
Val 0 * 0.3 
lie I i. 0.1 0.5 
Leu 0 i 0.4 
Phe 0 z 0.1 
LY s 1 z 0.1 I .o 
ATE 0 i 0.1 

_ _ _ _ ~  ~ 

Q HC1 hydrolysate; results are nearest integer, corrected for 0.02 
mol/mol contamination with the large peptide of reduced T-231. 
b Aliquots, 0.05 pmol, of peptide a e r e  treated with 90 p g  of car- 
boxypeptidase A and 60 pg of carboxypeptidase B for 0 and 1.2 hr 
at  37", and the mixture was analyzed directly, using lithium buffers 
(Vega and Nunn, 1969) to  permit isolation of glutamine; values for 
the 0-hr specimen were subtracted from those for the 1.2-hr speci- 
men. __-- 

one not represented in human albumin (Behrens et al., 
1975). (The tryptophan common to both human and bovine 
albumins is situated in loop 4.) Among the 70 residues of 
this fragment are six tyrosines in addition to the trypto- 
phan, causing the specific absorbance a t  280 nm (Table 11) 
to be nearly triple that of intact bovine serum albumin. This 
aromatic content and the resultant hydrophobic nature may 
cause this region of the molecule to have a conformation 
more resistant to tryptic cleavage than adjacent segments, 
and thus may account for the observed recovery of this pep- 
tide from both types of digests. 

The larger fragment isolated by the combination of affin- 
ity chromatography and proteolysis is T377-581, consisting of 
loops 7-9 of the albumin model, or approximately the car- 
boxyl-terminal third of the molecule (Figure 8). The pro- 
tection that binding to the fatty acid affords to this segment 
implies the presence of a strong fatty acid binding site in 
this region, as well as a probable conformational change 
upon binding the long-chain fatty acid. In  contrast to 
T115-184, T377-581 is low in aromatic residues, and its specif- 
ic absorbance a t  280 nm is only half that of bovine serum 
albumin. 

The third fragment reported is a subfraction isolated 
from our preparation of a fraction which corresponds to 
King and Spencer's (1970) fragment T-23. Termed T-231, 
it apparently consists of loops 4-9 of the albumin molecule, 
but lacks the major tryptophan-containing segment 204- 
238 of the longer arm of double loop 4 (Figure 8). This 
complex peptide is probably only one of several similar 
structures resulting from the tryptic digestion of soluble al- 
bumin. The missing segment of loop 4 contains nine trypsin- 
susceptible bonds, various pairs of which could be split to 
produce fragments of molecular weight about 39,000 which 
contain no tryptophan. One subfraction of T-23, for in- 
stance, showed on Edman degradation a sequence compat- 
ible with cleavage a t  such a site, -Arg-Leu-217. 

No reports other than that of King and Spencer (1970) 
are available on fragments isolated from bovine albumin 
following tryptic digestion, but several groups have studied 

1 2  3 4 5  6 7 8  9 

BOVINE SERUM ALBUMIN 

T-B,T-42 

115 id,. 
T-A - 

377 U8, 
T-231 

FIGURE 8: Schematic diagram of the multi-loop structure of bovine 
serum albumin proposed by Brown (1975), top, and, below, the pro- 
posed location of the tryptic peptides described herein. The peptide 
chain is shown as a heavy line and disulfide bonds as light horizontal 
lines. The disulfide-bridged loops are numbered 1-9. Peptides T-B and 
T-42 are identical, and constitute the third disulfide loop. Peptide T-A 
contains loops 7-9. Peptide T-231 contains loops 4-9, but is missing 
the tryptophan-containing segment 204-238, shown as a broken line. 

the action of trypsin on human albumin. StokrovA and Keil 
(1963) noted the occurrence of three intermediate forms 
slightly smaller than intact albumin. Markus et al. (1967b) 
found fragments of molecular weight 5 1  18,500, and 
13,500, and noted that there was no significant difference in 
the size distribution of intermediates from human and bo- 
vine albumins. Kaminski and Tanner (1959) and Ivanyi 
(1963) studied the immunological reactivity of several tryp- 
tic peptides. Lapresle and Goldstein (1 969) isolated a frag- 
ment, F1, of 6600 molecular weight containing one of the 
antigenic sites of the human albumin molecule which cross- 
reacts with a site in bovine serum albumin. Correlation of 
any of these fragments with the fragments of the present 
work is not apparent. 

The capability to locate precisely the three tryptic bovine 
serum albumin fragments described in this paper within the 
multi-loop structure of bovine serum albumin of Brown 
(1974,1975) helps to confirm the structure he proposed and, 
to a more limited degree, his proposed sequence (Brown, 
1975). Peptidell5-184 is the second of the large double loops 
to be isolated. The first was the carboxyl-terminal "Phe'' 
fragment, loop 9, or residues 504-581 (Peters and Hawn, 
1967), which Brown (1974,1975) used as a model in formu- 
lating the double-loop structure. 
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Ionic Strength Induced Structure in Histone H4 and Its 
Fragments? 

Peter N.  Lewis,$ E. Morton Bradbury, and Colyn Crane-Robinson* 

ABSTRACT: The salt-induced folding and self-association of 
histone H4 and its fragments (1-23), (25-67), (69-84), and 
(69-102) have been studied at the same molar concentra- 
tion (1 mM) by nuclear magnetic resonance (NMR), circu- 
lar dichroism (CD), and ir spectroscopy. By each of these 
techniques intact histone H4 exhibited a fast structural 
change, involving the formation of CYR helix and aggrega- 
tion, and also a slow change involving 6-structure forma- 
tion. Fragment (25-67) was found to behave in a manner 

o n e  of the most striking features of histone H4I (F2A1, 
IV, or GRK) is the very high degree of conservation of its 
amino acid sequence from species to species in eukaryotes 
(DeLange and Smith, 1971). Although this near invariance 
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This research was supported in part by the Science Research Council 
of Great Britain and in part by a National Research Council of Cana- 
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' The new histone nomenclature used here was accepted by the par- 
ticipants at the ClBA Foundation Symposium on the Structure and 
Function of Chromatin, April 3-5, 1974. This new nomenclature which 
has been proposed to the appropriate international nomenclature com- 
mittee is as follows for each histone where the previous names are given 
in parentheses: H1 ( F l ,  I, KAP), H2A (F2A2, I l b l ,  ALK), H2B 
(F2B, Ilb2, KSA), H3 (F3.111, ARK), H4 (F2A1, IV, GRK), and H5 
(F2C, V, KAS). 

similar to the intact molecule for the fast change, showing 
both helix formation and aggregation but exhibited no 
time-dependent effects. All the other fragments were found 
to be essentially noninteracting. It is concluded that (25- 
67) contains the region critical for the folding and self-asso- 
ciation of histone H4. On the basis of these results a model 
is proposed for the self-association of histone H4 in which 
helix is located between residues 49 and 73, while the 0 
structure lies between 74 and the C-terminus. 

undoubtedly results from an evolutionary need to preserve 
specific and fundamental interactions in which this histone 
participates in vivo, physical and biological studies have yet 
to discover the detailed nature of the uniqueness of these in- 
teractions. 

The amino acid sequence of histone H4 as determined by 
DeLange et al. (1969) and Ogawa et ai. (1969) displays an 
asymmetric distribution of basic and apolar residues. Con- 
sequently, it has been widely proposed' that the most basic 
portion of histone H4 binds to the DNA in chromatin while 
the least basic portion (the apolar segment) is free to partic- 
ipate in protein-protein interactions. 

Boublik et al. (1970) have shown by nuclear magnetic 
resonance (NMR) measurements that when the ionic 
strength of aqueous solutions of histone H4 is increased an 
aggregation phenomenon occurs involving only a portion of 
the molecule that corresponds to the apolar segment. Boub- 
lik et al. (1970) from optical rotatory dispersion (ORD) 

B I O C H E M I S T R Y ,  V O L .  1 4 ,  N O .  1 5 ,  1 9 7 5  3391 


