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easily derived by expressing the standard moments as ratios 
of radial derivatives of the concentration. Then 

Combination of eq A9 and A10 then yields the desired eq 12c. 
Next, we wish to obtain the derivative relations of eq 11 

that relate the concentration dependence of one ideal moment 
to the next higher moment. From eq 12a we find that 

where the equality on the right results from eq 10 and 12. A 
comparison of this result to eq A8 immediately verifies eq 11. 

Finally, in order to demonstrate eq l l b ,  we start with eq 
12b, and obtain the result 

Substitution of eq A6 and A10 then gives us 

and a comparison of eq A13 and 12c leads to the desired rela- 
tion, eq l l b .  
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Amino Acid Sequence of Monkey Amyloid Protein At 

Mark A. Hermodson,* Robert W. Kuhn, Kenneth A. Walsh, Hans Neurath, 
Nils Eriksen, and Earl P. Benditt 

ABSTRACT: The amino acid sequence of amyloid protein A was 
determined. This protein was isolated from the liver of a mon- 
key (Macaca rnulatra) afflicted with amyloidosis. Amyloid 
protein A contains 76 amino acid residues in a single poly- 
peptide chain devoid of disulfide bonds. Sequenator analysis 
of the whole protein and of a large fragment derived by cleav- 

A myloid substance is a complex proteinaceous material 
found in various tissues of patients and animals with the 
disease amyloidosis. Recent evidence indicates that there are 
two chemically distinct classes of amyloid substance: one 
(class A) occurs in individuals with any of several chronic 
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age with cyanogen bromide established the sequence of all 
but the six carboxyl-terminal residues. These were ordered by 
degradation with yeast protease C and by manual Edman 
degradation. The amino acid sequence of amyloid protein 
A bears no resemblance to the sequence of any protein of 
known function. 

inflammatory conditions while the other (class B) occurs in 
individuals with tumors or with no preexistent disease (Ben- 
ditt and Eriksen, 1971). 

A major protein constituent of the amyloid substance in 
inflammation-related amyloidosis has been designated “amy- 
loid protein A.” We have recently reported the amino-ter- 
minal sequence of this protein isolated from the livers of a 
human and a monkey afflicted with chronic inflammatory 
disease (Benditt er ul., 1971). Proteins from these two species 
show a high degree of sequence identity: they differ in only 
two positions in the 24 amino-terminal amino acid residues 
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and these substitutions are of conservative character (two 
phenylalanine residues in the human replacing a tyrosine and 
and a tryptophan residue in the monkey protein). 

The amino acid sequence of monkey amyloid protein A is 
described in the present communication. 

Experimental Procedure 

Materials and Methods. Amyloid substance was extracted 
and purified from the frozen liver of a monkey (Macaca mul- 
a m )  afflicted with a chronic inflammatory disease resembling 
rheumatoid arthritis. The material and information on the 
monkey were kindly supplied by Drs. B. Ruebener, E. K. 
Smith, and R.  Stowell of the National Primate Center, Davis, 
Calif. Amyloid protein A (50 mg) was extracted and purified 
from the amyloid substance as described in the previous com- 
munication (Benditt et al., 1971). 

Yeast protease C was prepared from Baker's yeast by the 
method of Kuhn et a/. (1972). No measurable endopeptidase 
activity was evident when tested on the B chain of oxidized 
bovine insulin. 

Automated Edman degradations were performed with a 
Beckman Sequencer Model 890A modified to  allow nitrogen 
purging of the reaction cell during the fine vacuum steps. 
The mode of operation of the instrument and the methods of 
sequenator analysis are adaptations (by Hermodson er al., 
1972) of the technique of Edman and Begg (1967). 

Manuel Edman degradations were performed by the follow- 
ing method which employed gas chromatography (Pisano 
and Bronzert, 1969) for the final identification of the phenyl- 
thiohydantoins. The peptide (0.15 Fmole) was dissolved in 
0.5 ml of buffer containing 5 %  (v/v) N-ethylmorpholine 
(Pierce Sequenal grade) in 50 aqueous pyridine (Pierce 
Sequenal grade) titrated to  pH 9.6 with glacial acetic acid. 
Phenyl isothiocyanate ( 5  pl) (Baker, vacuum distilled at -1 
mm) was added, and the mixture was agitated on a Vortex 
mixer and then incubated under argon for 30 min at  50". 
The mixture was extracted twice with 1-ml portions of benzene 
(Burdick and Jackson, "glass-distilled'' grade) and the water 
layer dried thoroughly on a Buchler Evapomix. Trifluoroacetic 
acid (0.3 ml, Pierce Sequenal grade) was then added to  the 
residue and incubated at 50" for 10 min. The trifluoroacetic 
acid was removed in a stream of argon and 0.5 ml of water 
was added to  the residue. This mixture was extracted twice 
with 1-ml portions of chlorobutane (Burdick and Jackson, 
"glass-distilled'' grade) containing 2 (v/v) ethanethiol 
(Eastman). The chlorobutane extracts were treated with 1 N 

HC1 for 10 min at  80" to  convert the products to  the phenyl- 
thiohydantoin amino acids (Edman and Begg, 1967). The 
HCl solutions were extracted with ethyl acetate, and the ethyl 
acetate layers were analyzed by gas chromatography using 
the general procedure of Pisano and Bronzert (1969) as 
adapted by Hermodson et a/. (1972). The water layer was dried 
thoroughly and coupling buffer was again added. Samples to 
be hydrolyzed for subtractive Edman analyses were removed 
at this point. 

Carboxyl-terminal analyses were performed with yeast 
protease C (Kuhn et al., 1972). Amyloid protein A (6.4 mg) 
was dissolved in 3 ml of 0.05 M acetic acid containing 1.5 
pnoles of norleucine. The pH of the solution was adjusted 
to 4.15 by the dropwise addition of 4 % (v/v) aqueous pyridine. 
Digestion at  25" was initiated by the addition of 1.51 nmoles 
of yeast protease C dissolved in 0.075 ml of water. Aliquots 
(0.2 ml) were with drawn at  zero time and at  appropriate 
time intervals and diluted with 1 ml of 10% trichloroacetic acid 

to  stop the reaction. The precipitate was removed by centrif- 
ugation; the supernatant was extracted with ether and dried. 
The sample was then dissolved in 1 ml of 0.2 M sodium citrate 
(pH 2.2), and amino acid analysis was performed. For each 
time sample an enzyme blank (lacking protein) and a sub- 
strate blank (lacking enzyme) were analyzed in the same 
manner. Values obtained from these blanks were subtracted 
from those of the whole digest. 

Cleavage at methionine residues was effected by treating 
29 mg of protein dissolved in 1 ml of 70% aqueous formic 
acid with 60 mg of cyanogen bromide. The reaction was al- 
lowed to proceed at room temperature for 17 hr. The mixture 
was then diluted with water and lyophilized. 

Results 

According to  amino acid analysis (Table I) amyloid protein 
A contains two methionine residues. Sequenator analysis 
of 5 mg of the whole protein (Benditt et a/., 1971) has placed 
these methionines at residues 17 and 24. Accordingly, cleav- 
age with cyanogen bromide should yield three fragments 
comprising, respectively, residues 1-17, 18-24, and 25-76 
(Figure 1). Since the sequence of residues 1-24 has already 
been reported (Benditt et al., 1971), only the carboxyl-terminal 
cyanogen bromide fragment (residues 25-76) required analysis 
in order to complete the amino acid sequence of the protein. 

Gel filtration of the whole cyanogen bromide digest on 
Sephadex G-25 yielded five peak fractions (Figure 2). Accord- 
ing to amino acid analyses, fraction I1 corresponded to resi- 
dues 1-17, fraction V to residues 18-24, and fraction I to the 
carboxyl-terminal fragment (residues 25-76). Fraction I11 
was identical in composition with fraction I1 except for the 
lack of one (amino-terminal) arginine. Fraction IV contained 
small amounts of fractions 111 and V and no other detectable 
peptides. On the basis of these data, the linear alignment of 
these fractions in the whole protein must be 11-V-I. This se- 
quence was further proven by extending the sequenator 
analysis of the whole protein through the first 37 amino-termi- 
nal residues as shown in Figure 1. The sequence of residues 
25-37 was identical with that of the first 13 residues of frac- 
tion I. 

Sequenator analysis of 10 mg of fraction I established the 
positions of residues 25-70 and left only residues 71-76 to be 
ordered (Figure 1). The composition of these six residues was 
calculated by subtracting the composition of residues 25- 
70 from the cornpsition of fraction I (Table I). This procedure 
established the composition of the carboxyl-terminal hexa- 
peptide as Asp, Thr, Glu, Gly, Ala, His. 

Fraction I was digested at pH 8 with trypsin (Worthington) 
which had previously been treated with tosyl-L-phenylalanyl 
chloromethyl ketone. The pH was maintained in a pH-Stat at 
37". Initially the weight ratio of peptide (9 mg) to trypsin 
was 20:l but a second aliquot of enzyme was added after 
15 min of digestion to  adjust the peptide to trypsin ratio to 
10 : 1. After an additional 90 min, the mixture was lyophilized. 
Peptides were separated on a 1 X 85 cm column of Dowex 
1-X-2 using a four-chamber gradient. Each chamber con- 
tained 150 ml of the following solutions: chamber 1, 0.36 M 

pyridine; chamber 2, 0.5 M pyridine-0.1 M acetic acid (pH 6); 
chamber 3,l.O M pyridine-0.2 M acetic acid (pH 5 . 5 ) ;  chamber 
4, 2.0 M pyridine-1.0 M acetic (pH 5.5). The flow rate was 30 
ml/hr. The column effluent was continuously monitored by 
following the ninhydrin color of an alkaline hydrolysate of 
10% of the effluent stream. 

Eight tryptic peptide peaks were obtained and were num- 
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TABLE I: Amino Acid Composition of Amyloid Protein A and Its Cyanogen Bromide Fragments. 

CNBr CNBr 
Whole Found in Fraction Found in Fraction 

Amino Acid Protein" Sequence I b  Sequence 11' 

CNBr CNBr 
Fraction Found in Fraction Found in 

111' Sequence V h  Sequence 

ASP 
Thr 
Ser 
Glu 
Pro 
GlY 
Ala 
Val 
Met 
I l e  
Leu 
TYr 
Phe 
Trp 
LYS 
His 
Arg 
Hse 
Totale 
Residue numbers 

10.99 
0.92 
4.90 
7 .04  
1 .14  
8.19 

11.15 
1.57 
1 .81  
1 .58  
2 99 
4 .49  
2.85 
2.10 
4 .05  
1.88 
5.23 

11 
1 
5 
7 
1 
8 

11 
2 
2 
2 
3 
5 
3 
3 
4 
2 
5 or  6d 

76 
1-76 

8.41 
1 .03  
2.13 
5.96 
0 .89  
6.13 
7.81 
1 .os 

1 .20  
1.92 
2.80 
0.93 

3.91 
1.90 
3.20 

8 2 .07  
1 
2 1.92 
6 1 . o o  
1 
6 1 .98  
8 2 .02  
2 

2 
2 0.87 
3 0 .95  
1 1.65 
1 
4 
2 
3 1.95 

0.96 
52 
25-76 

. . .. 

1 97 2 0.99 1 

2 .19  2 0 87 I 
1 .04  1 

2 .11  2 
2 .13  2 1 .01  1 

0.85 1 
0 .93  1 0.93 1 
1.65 2 

1 1 

1 01 2 0 93 1 
1 06 1 0 76 1 

17 7 
1-17 18-24 

- ~ ~ _ _ _  
'' Amino acid compositions are compared with the number of residues of each amino acid found in the sequence of the respec- 

tive polypeptide. Monkey amyloid protein A contains no cystine or cysteine (Benditt er cd., 1971). Based on 24- and 48-hr hy- 
drolyses in 3 M p-toluenesulfonic acid at  110" (Liu and Chang, 1971). Serine and threonine were extrapolated to zero time. Valine 
and isoleucine values are for the 48-hr hydrolysate. The Va158-Ile59 bond would be expected not to hydrolyze completely in this 
time period. Single hydrolyses for 24 hr at  110" in 6 N HCI. The Va15s-Ile59 bond would not be hydrolyzed in this time period. 

Twenty-two 
per cent of the protein preparation lacks the amino-terminal arginyl residue (Benditt et a/., 1971). e No galactosamine or glucos- 
amine were detected by amino acid analysis. 

All of the cyanogen bromide fragments gave a positive tryptophan reaction with p-dimethylaminobenzaldehyde. 

bered in the order of their elution from the column, T-1 to 
T-8. The amino acid composition of each peptide was deter- 
mined (Table 11). Seven peptides were obtained in 40-70z 
yield and an eighth peptide (T-5) in 15 z yield. T-5 was iden- 

1 0  1: 
Ars Ser  T:p Phe Ser Phe Leu G l y  Glu A l a  T y i  Asp G l y  A l a  i u g  

tical with the amino-terminal tryptic peptide (T-1) but lacked 
one of the two lysyl residues. Apparently the amino-terminal 
lysine was cleaved from T-1 in low yield to generate T-5. All 
peptides were pure except T-2 which corresponded in com- 
position to an equal mixture of peptides comprising residues 
31-39 and 35-39, respectively. Apparently the bond LysB4 
TyrBa was incompletely split by trypsin, possibly due to the 
negative charge of the adjacent residue, AspB3. 

20 25 ?O 
A S P  Y e t  i r p  Arg A l a  Tyr Spr Asp Met Lys G l u  A l a  A m  Tyr Lys 

- - - - - - - - - - - - - - - - 
1:  A0 L5 

hin SE: Asp Lys 'Cy7 Phe H i s  A l a  A I 8  G l y  Ain  Tyr Asp A l a  A l a  ____________________- - - - - - - -  -- ---- -..----------- 
50 55 60 

Gln Arg G l y  Pro G l y  G l y  V a l  Trp A l a  Ala  G l n  V a l  l l e  SpT A l p  _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ - _ - - - - - - - - - - - -  - - -_ - - - - - - - -  
E:.  70 75 16 

 la A q  G1h A m  I ! e  G l n  Lpr Leu L p  G l y  His G l y  A l a  Glu Asp Ihr _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ - - - - - - -  - 
-377----- 

FIGURE 1 : The amino acid sequence of monkey amyloid protein A. 
Da ta  from the sequenator analysis of the  whole protein are  under- 
lined with a solid line and those from sequenator analysis of the 
carboxyl-terminal cyanogen bromide fragment with a broken line. 
Asterisks denote residues whose identification was only tentative by 
sequenator analysis. Serine residues 22 and 59 were confirmed by 
amino acid analyses of fraction V and tryptic peptide T-7. respec- 
tively (Tables I and  11). Residue 69 was confirmed as leucine by 
manual Edman degradations of the carboxyl-terminal tryptic pep- 
tide T-8 (indicated by -). Results of digestion of whole ambloid 
protein A with yeast protease C are indicated by - 
2936 B I O C H E M I S T R Y ,  V O L .  1 1 ,  N O .  1 6 ,  1 9 7 2  
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HOURS 

FIGURE 2 :  Separation of the cyanogen bromide fragments of m o n k q  
amyloid protein A on  a 1 X 150 cm column of Sephadex G-2-5 
equilibrated and developed with 10% (v/v) aqueous acetic acid a t  
a flow rate of approximately 9 ml/hr. 
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TABLE 11: Tryptic Peptides of Cyanogen Bromide Fraction I of Amyloid Protein A." 

Amino Acid T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 

ASP 
Thr 
Ser 
Glu 
Pro 
GIY 
Ala 
Val 
Ile 
Leu 
TYr 
Phe 
LYS 
His 
Arg 

Residue numbers 
yield 

0.98 1 .06  

0.49 
1 .00  

1.15 1.25 

0.83 1.05 
0.68 

2 .00  0.70 
1 .oo 
1 .05  

60 44b 
25-30 See text 

1.07 1.94 1.12 2.08 1.01 1 .oo 
0.88 

2.07 1.08 1.00 1 .03  1 .06  

1.22 3.00 2.08 
2.08 1.17 3 .00  1 .23  

0.29 0.98 0.88 

0 .75  

1.37 
0 .93  0.53 

1.84 
0.77 0.65 

0 .93  0.78 0 .95  
0 .98  

0.91 0.77 
61 40 15 43 70 62 
63-67 40-47 26-30 31-34 48-62 68-76 

a The data represent the results of 24-hr hydrolyses in 6 N HCl. The Val-Ile bond in T-7 was not completely hydrolyzed under 
these conditions. Based on the quantity of histidine. Only peptide T-7 gave a positive tryptophan test with p-dimethylamino- 
benzaldehyde. 

The electrophoretic mobilities of the various tryptic pep- 
tides a t  pH 6.5 were in accord with the amide placements de- 
rived from the sequenator data, confirming the identity of the 
amides in the first 70 residues. 

The amino acid composition of the carboxyl-terminal tryp- 
tic peptide (residues 68-76) could be predicted by subtracting 
the composition of residues 25-67 from the composition of 
the whole fraction I. This value agreed with the composition 
of peptide T-8 and placed this peptide at the carboxyl ter- 
minus. The peptide was strongly acidic at pH 6.5 and the 
amino acid analysis showed no ammonia, indicating that the 
the glutamyl and aspartyl residues were in the form of free 
acids. 

Manual Edman degradations of the tryptic peptide T-8 and 
gas chromatographic analysis of the phenylthiohydantoins of 
the amino acids yielded the amino-terminal sequence Leu- 
Leu-Gly-, confirming the sequenator analysis. However, 
analysis of the fourth cycle of the degradation by gas chroma- 
tography showed no new phenylthiohydantoin. Hydrolysis 
of an aliquot of the peptide remaining after four cycles gave 
one residue each of aspartic acid, threonine, glutamic acid, 
and alanine, approximately 1.3 residues of glycine, and 0.3 
residue of histidine. A fifth cycle of the degradation left one 
residue each of aspartic acid, threonine, glutamic acid, ala- 
nine, and glycine, and only a trace of histidine. Thus four 
residues could be placed as the sequence Leu-Leu-Gly-His. 

Carboxypeptidase A digestion at pH 8.5 of the peptide T-8 
released no amino acid residues. Digestion of whole amyloid 
protein A with yeast protease C at  pH 4 proceeded smoothly 
to  the glycine residue and yielded a definitive carboxyl-ter- 
minal sequence -Gly-Ala-Glu-Asp-Thr-OH (Figure 3). The 
residues released were exactly those predicted from the com- 
position of tryptic peptide T-8 and since this digestion was 
performed with whole amyloid protein A, it confirms the 
placement of tryptic peptide T-8 at the carboxyl terminus of 
the molecule. 

Discussion 

The present data indicate that monkey amyloid protein A 
contains a single polypeptide chain of 76 amino acid residues. 
The protein is homogeneous except that approximately 22 
of the molecules lack the amino-terminal arginine residue 
(Benditt et al., 1971). Treatment with cyanogen bromide 
produced the expected three fragments whose aggregate 
amino acid composition agreed with that of the starting ma- 
terial. Thus no contaminating protein or peptide containing 
a blocked amino-terminal residue was present in the prep- 
aration. 

The two methionyl residues were suitably disposed to per- 
mit sequenator analysis to be extended through 70 of the 76 
residues. The remaining six carboxyl-terminal residues were 
placed by manual Edman degradation of the carboxyl-ter- 
minal tryptic peptide and by digestion of the whole protein 
with yeast protease C. No other carboxypeptidase pure enough 
for sequence determination would have been effective at the 
low pH necessary to solubilize amyloid protein A, and none 

6 0 , "  " ~ I 

0 15 30 60 90 120 180 240 

TI ME (rntnl 

FIGURE 3:  Time course of the release of amjno acid residues from 
monkey amyloid protein A by digestion with yeast protease C .  
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would have sequentially liberated the acidic residues as effec- 
tively as did yeast protease C. 

Amyloid protein A has now been found in several human 
patients (Benditt and Eriksen, 1972a) and in monkeys (Ben- 
ditt and Eriksen, 1972b) with various inflammatory diseases. 
A high degree of homology between the amyloid A proteins 
from monkey and man has been demonstrated (Benditt et a/ . ,  
1971). Recently a similar protein has been extracted from the 
liver of Pekin ducks. Within the expected limits of phyloge- 
netic variation, this protein is homologous to the amyloid A 
proteins derived from the two other species (L. H. Ericsson. 
N. Eriksen, and E. P. Benditt, in preparation). 

Recently Ein er al. (1972) presented evidence that 15 amino- 
terminal residues of a major constituent of an amyloid sub- 
stance derived from the spleen of a patient with a chronic 
inflammatory disease (rheumatoid arthritis) are identical with 
the corresponding sequence of amyloid protein A. The pro- 
tein reported by Ein et al. had an estimated molecular weight 
of 5000 and lacked proline and valine. The primate amyloid 
protein A reported here has a molecular weight of 8621. Since 
the monkey and the human proteins are so closely homologous 
and since the single proline and valine residues in the monkey 
amyloid protein A are carboxyl terminal to residue 48, it may 
be anticipated that the peptide of Ein et a/ .  represents a frag- 
ment of amyloid protein A lacking the carboxyl-terminal 
portion. 

Amyloid proteins characterized by the amino acid com- 
position, amino acid sequence, and size described herein all 
have been derived from tissues of patients and animals with 
type A amyloidosis. The proteins present in type B amyloido- 
sis, either without obvious disease or associated with neo- 
plasms, are strikingly different (Benditt and Eriksen, 1971). 
In other instances proteins have been recovered which have 
amino-terminal sequences that are related to the variable 
portions of the light chains of human immunoglobulin (Glen- 
ner et a/., 1971). Clearly there is no  structural relationship 
between these latter proteins and the amyloid protein of the 
A type. 

Amyloid protein A bears no homologous relationship to 
any protein or peptide of known function. Today it is not 
known whether the amyloid protein A is itself a normal cellu- 
lar constituent or  a fragment of a functional protein; nor is it 
known where the protein is synthesized. It is not detectable in 
normal tissue by chemical criteria (Benditt and Eriksen, 1971) 
but these criteria may not be sensitive enough to detect the 

protein in nondiseased tissue. Thus the determination of the 
physiological role of amyloid protein A and the site of its 
cellular synthesis await further investigation. 
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Addendum 

After this paper was submitted for publication, Franklin 
et ul. (1972) reported the isolation of amyloid proteins from 
two human patients. The amino-terminal sequences (up to 
residues 21-33) show a high degree of homology to  the pres- 
ent sequence of the monkey protein and are identical with the 
amino-terminal 24 residues of the human protein reported 
by us (Benditt er al., 1971). 
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