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Complete Covalent Structure of Human P-Thromboglobulint 

Geoffrey S. Begg, Duncan S. Pepper, Colin N. Chesterman, and Francis J. Morgan* 

ABSTRACT: The complete primary structure of the platelet- 
specific protein human @-thromboglobulin has been deter- 
mined. @-Thromboglobulin consists of identical subunits of 8 1 
amino acids, each with a molecular weight of 8851. The amino 
acid sequence of the 0-thromboglobulin subunit is: Gly-Lys- 
Glu-Glu-Ser-Leu-Asp-Ser-Asp-Leu-Tyr-Ala-Glu-Leu-Arg- 
Cys-Met-Cys-Ile-Lys-Thr-Thr-Ser-Gly-Ile-His-Pro-Lys- 
Asn-Ile-Gln-Ser-Leu-Glu-Val-Ile-Gly-Lys-Gly-Thr-His- 
Cys-Asn-Gln-Val-Glu-Val-Ile-Ala-Thr-Leu-Lys-Asp-Gly- 

T h e  compound P-thromboglobulin (PTG)’ is a small protein 
with a molecular weight of approximately 36 000 which is a 
significant component of the protein secretion from platelets 
in the release reaction induced by thrombin and other agents 
(Moore et al., 1975). Many of the contents of platelets are 
thought not to be of megakaryocytic origin, but to be absorbed 
from the plasma by the circulating platelet (Adelson et al., 
1961). However, there is strong evidence that some clearly 
defined proteins including PTG (Moore et al., 1975), the 
anti-heparin activity known as platelet factor 4 (PF4) 
(Broekman et al., 1975; Niewiarowski et al., 1976), and pos- 
sibly the platelet growth factor (Ross et al., 1974) are specific 
for platelets. Both PF4 (Walsh, 1976) and platelet growth 
factor (Ross & Glomset, 1976) may play a role as important 
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Arg-Lys-Ile-Cys-Leu-Asp-Pro-Asp-Ala-Pro-Arg-Ile-Lys- 
Lys-Ile-Val-Gln-Lys-Lys-Leu-Ala-Gly-Asp-Glu-Ser-Ala-Asp. 
Disulfide bridges link half-cystine- 16 to half-cystine-42, and 
half-cystine-1 8 to half-cystine-58. The amino acid sequence 
of P-thromboglobulin shows a marked homology with that of 
platelet factor 4. When the sequences are aligned for maximum 
homology, 42 of the 81 residues of P-thromboglobulin are 
identical with those of platelet factor 4, including the position 
of the four half-cystines. 

mediators of the role of platelets in the thrombotic process. 
Radioimmunoassays which may provide methods for mea- 
surement of platelet activation both in vivo and in vitro have 
required detailed characterization of the platelet specific 
proteins. The complete amino acid sequence of human PF4 has 
been determined (Deuel et al., 1977; Hermodson et al., 1977; 
Morgan et al., 1978a). This paper describes the complete 
amino acid sequence and disulfide bond arrangement of PTG 
which exhibits a striking and unexpected homology with 
PF4. 

Experimental Procedure 
P-Thromboglobulin was prepared from fresh washed 

platelets as described previously (Moore & Pepper, 1977). 
Trypsin treated with L-1-tosylamido-2-phenylethyl chlo- 

romethyl ketone was from Worthington, carboxypeptidase Y 
from Pierce Chemical Co., and staphylococcal protease from 
Miles Laboratories. Column chromatography, S-14C-labeled 
carboxymethylation and citraconylation of proteins, enzymatic 
digestions, and amino acid analyses were performed according 
to standard procedures which have been described in detail 
elsewhere (Morgan et al., 1978a). Performic acid oxidation 
was performed according to Hirs (1 967). 

Estimation of sulfhydryl groups was performed with 5,5’- 
dithiobis(2-nitrobenzoic acid) (Ellman, 1959). For production 
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F I G U R E  1: Chromatography of the tryptic peptides of S-carboxy- 
methyl-P-thromboglobulin (9 mg) on Dowex 50-X2 (0.9 X 55 cm). The 
column was developed with a gradient from 0.2 M pyridine acetate, pH 
3. I ,  to 2 M pyridine acetate, pH 5.0, at  50 O C ,  using a gradient maker with 
two identical chambers each containing 250 mL, at a flow rate of 24 mL 
per h. The fraction size was 2 mL, of which 50 FL was taken for ninhydrin 
analysis after alkaline hydrolysis. The peptides contained in each peak have 
been labeled according to their position in the sequence proposed in Figure 
3 :  pooled regions are shown by the horizontal bars. 

of disulfide-containing peptides, PTG (1 8 mg) was first reacted 
with CNBr (40 mg) in 70% formic acid (1 mL) for 24 h a t  23 
"C and then lyophilized. The CNBr-treated PTG was then 
dissolved in 2 mL of 0.05 M ammonium acetate, pH 4.0, and 
digested with staphylococcal protease (1/40 by weight) a t  37 
"C  for 18 h (Houmard & Drapeau, 1972). The peptides pro- 
duced were fractionated on a column of Sephadex G-25 
equilibrated with 1 M acetic acid. 

Amino acid sequence analysis was performed by the auto- 
mated phenyl isothiocyanate degradation using a protein se- 
quenator. The sequenator design was essentially as described 
earlier (Edman & Begg, 1967) except that a larger reaction 
cup (51 mm i.d., 60 mm high) spinning a t  3000 rpm was used 
(the late P. Edman & G. S. Begg, unpublished results). A 
programming unit based on a Motorola 6800 microprocessor 
was fitted to the sequenator allowing the use of degradation 
programs of 28 stages with times of 0-9000 s variable a t  1-s 
intervals (G. S. Begg, unpublished results); any one of three 
such degradation programs can be preselected for use at  any 
cycle of a given degradation. 

Tetrahydroxyethylethylenediamine (Theed) was used as 
a nonvolatile buffer in the coupling reaction (Begg & Morgan, 
1976) in place of Quadrol. Theed was prepared from ethyl- 
enediamine and ethylene oxide. Ethylenediamine was purified 
b) refluxing with N a O H  (10% w/v) for 2 h and further re- 
fluxing with metallic Na  (2% w/v) for 2 h, before distillation. 
Ethylene oxide was condensed from a cylinder into an ice- 
cooled flask containing soda lime (10% w/v). from which it was 
distilled using a Liebig condenser cooled to -5 "C  and a re- 
ceiver at  ice temperature. The ethylene oxide was then stored 
wi th  KMn04 ( 1 %  w/v) at  5 "C  for at  least 3 weeks. For the 
preparation of Theed, ethylenediamine (25 mL) was added to 
300 m L  of water kept at  4 "C with ice and the solution bubbled 
with N2 while stirring for 30 min. Ethylene oxide (78 mL), 
freshly distilled from KMn04, was added from a dropping 
funnel over 3 h, and the stirring continued overnight a t  5 "C. 
The temperature was then raised to 20 "C, and stirring con- 
tinued for a further 1 h. Water and unreacted ethylene oxide 
were removed by rotary film evaporation (40 "C, 10 mmHg). 
The viscous Theed obtained was diluted to 250 mL with water 
and passed through a column of Amberlite IR-120 (2.5 X 25 
cm) in the H+ form. The solution which passed through the 
column was dried by rotary film evaporation, and the Theed 
was stored over P20s in a desiccator. Both starting materials 

and the Theed product were freed of aldehydes by the Tollens' 
reaction (Edman & Begg, 1967). 

Heptafluorobutyric acid was prepared as previously de- 
scribed (Edman & Begg, 1967). The water content was de- 
termined (Meeker et al., 1962) as about 0.15%. Trifluoroacetic 
anhydride (Eastman) was carefully added until the water 
content was 0.01%. The water content was checked again after 
3 days and, if found to have changed, either trifluoroacetic 
anhydride or water was added until the water content of 0.01% 
remained unchanged for 3 days. 

The following reagents and solvents were used in the protein 
program: (solvent 1)  benzene (E. Merck, Darmstadt no. 1783); 
(solvent 2) 15% 1-propanol (Merck no. 997) in ethyl acetate 
(Merck no. 9623); (solvent 3) butyl chloride; (reagent 1) 1 M 
Theed in I-propanol-water (3:4) adjusted to pH 9.0 with tri- 
fluoroacetic acid; (reagent 2) 10% phenyl isothiocyanate in 
n-hexane (Merck no. 4372); (reagent 3) heptafluorobutyric 
acid. 

The following reagents and solvents were used in the peptide 
degradation programs: (solvent 1) 10% 1 -propanol in benzene: 
(solvent 2) ethyl acetate; (solvent 3) butyl chloride; (reagent 
1 )  0.1 M Theed in I-propanol-water (3:4) adjusted to pH 9.0 
with trifluoroacetic acid; (reagent 2 & 3) as in protein pro- 
gram. 

Batches of the commercial solvents specified were used 
without further purification provided they were negative in the 
Tollens' reaction. All reagents and solvents for sequence de- 
termination not specified above were prepared as previously 
described (Edman & Henschen, 1975). 

Each protein or peptide chain was sequenced at  least twice. 
The reaction conditions for proteins were as previously de- 
scribed (Edman & Begg, 1967) except that where proline was 
known from preliminary experiments to occur in the sequence. 
cleavage time was extended threefold to avoid incomplete 
cleavage of the proline residue (Brandt et al.,  1976). Typical 
degradation programs used are given in the supplementary 
material to this paper. Amino acid phenylthiohydantoins (Pth) 
were identified directly by thin-layer chromatography using 
solvent systems D and H,  and Pth-Arg and Pth-His by spot 
tests (Edman & Henschen, 1975). The identity of Pth-Leu and 
Pth-Ile was confirmed by hydrolysis to the amino acid in 6 N 
HCI at  150 "C for 20 h. 

Peptide h:omenclature. The following prefixes were used 
to denote the origin of the various peptides: (T) tryptic digest; 
(CT) tryptic digest of citraconylated SCM-PTG. Peptides are 
numbered in order of their position in the final sequence pro- 
posed. 

Results 
Trjptic Digestion of' S-Carboxymethyl-/3-thromboglo- 

birlin. The compositions of the peptides isolated from a tryptic 
digest of SCM-PTG are shown in Table I .  The peptide mixture 
was fractionated by chromatography on Dowex 50-X2 (Figure 
I ) .  Peptides which were not separated by the ion-exchange 
chromatography were purified by subsequent preparative high 
voltage paper electrophoresis a t  pH 3.55 (Table 1). The sum 
of the composition of the peptides agreed very closely with that 
of intact PTG (Table 11) assuming a subunit molecular weight 
of approximately 9000. Peptide with the composition of T2  was 
isolated from two adjacent peaks, presumably the result of 
partial oxidation of methionine to the sulfoxide. 

It is clear that under the conditions of the tryptic digestion 
used (enzyme-substrate ratio of 1/100 by weight for 90 min 
at 23 "C) hydrolysis between residues 55-56, 67-68, and 
72-73 (Figure 3) was largely incomplete. Although peptides 
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TABLE I :  Amino Acid ComDosition of TrvDtic PeDtides of S-Carboxvmethvl /3-Thrombodobulin.' 

Amino acid T1 T 2  T 3  T4 T5 T6 T7 T8 T9 T I 0  Total 

ASP 1.9 (2) l . O ( l )  1 . 1  (1) l .O(1)  2.2 (2) 2.2 (2)  9 
Thr 2.0 (2) 1.5 (2) 4 
Ser 1.6 (2) 1 .0(1)  1.0 (1) 0.3 1.0 (1) 5 
Glu 2.5 (3) 2.4 (2) 2.1 (2) l . 0 ( 1 )  1.2 (1 )  9 
Pro 0.7 (1)  2.0 (2) 3 
GlY 
Ala 0.9 (1) 0.9 (1) 1.2 ( 1 )  2.1 (2) 5 
CM-Cys 1.5 (2) 0.5 (1)  0.8 (1) 4 
Val 0.8 ( 1 )  1.5 (2) 0.8 ( I )  4 
Met 0.9 (1)  1 

Leu 2.6 (3) 0.9 (1) 1.0 ( I )  1.1 (1) l . O ( I )  7 
TYr 0.7 (1) 1 
Phe 0 
His 0.9 (1) 0.8 (1) 2 
LYS 1.0 (1) 1.0 (1) 1.0 (1) 1.0 (1) 1.1 (1) 0.9 (1) 2.0 (2) 2.0 (2) 10 
A rg 0.8 ( I )  0 .9 (1 )  l . O ( l )  3 

1 . 1  (1) 1.2 ( I )  1.2 (1) 1 .1  (1) 1.2 ( 1 )  1.2 ( 1 )  6 

He 1.1 ( I )  0.9 (1) 1.8 (2) 0.7 ( 1 )  1.1 (1) 0.9 (1) 0.8 (1 )  8 

Total 15 5 8 10 14 3 10 3 5 8 81 
Yield 20% 17% 50% 13% 8% 20% 40% 14% 28% 31% 
Final purificationb PPE DX PPE PPE PPE PPE PPE DX DX DX 
MobilityC 0.40 0.25 0.86 0.48 d 0.47 0.45 1.14 0.94 0.04 

(DX) were further purified by preparative high voltage paper electrophoresis at pH 3.55 (PPE). 
a t  pH 3.55. 

24-h hydrolysis value. Peptides are numbered in their final order in the sequence. Some peptides isolated from Dowex 50 chromatography 
Mobility is given with respect to arginine 

Remained a t  origin. 

TABLE 11: Amino Acid Composition of Tryptic Peptides of Citraconylated S-Carboxymethyl-P-thromboglobulin. 

Amino acid C T  1 CT2 CT3 CT4 Total PTG 

ASP 2.0 (2) 3.2 (3) 2.4 (2) 1.7 (2) 9 8.96 
Thr 3.6 (4) 4 3.70 
Ser 1.6 (2) 1.6 (2) 0.1 0.8 (1) 5 4.70 
Glu 3.0 (3) 4.2 (4) 0.1 2.1 (2) 9 9.12 
Pro 0.9 (1 )  2.2 (2) 3 2.87 
GlY 1.0 (1) 4.0 (4) 0.1 1.0 (1) 6 6.00 
Ala 1.0 (1) 1.0 (1) 1.0 (1) 2.0 (2) 5 5.18 
CM-Cys 2.5 (3) 0.9 (1) 4 3.90d 
Val 2.5 (3) 0.7 ( 1 )  4 3.82 
Met 0.7 (1) I O.7Oe 
Ile 4.6 (5) 1.0 (1) 1.6 (2) 8 8.05 
Leu 3.0 (3) 1.9 (2) 1 . 1  (1) 1.0 (1) 7 6.93 
TYr 0.8 ( I )  1 0.80 
Phe 0 0 
His 1.7 (2) 2 2.08 
LYS 1.0 (1) 4.1 (4) 0.9 ( I )  4.0 (4) I O  9.66 
'4% 0.9 (1) 1.1 (1) 1.0 (1) 3 2.87 
TrP 0 w, 

Total 15 40 10 16 81 
Final purification PPE Precipitation PPE Sephadex G-25 

(I Tryptic peptides were hydrolysed for 24 h. The composition of PTG was calculated on the basis of six glycine residues from the average 
of duplicate hydrolyses for 24,48,  72, and 120 h; appropriate corrections have been made for changes associated with prolonged hydrolysis. 

See Figure 2; PPE, preparative paper electrophoresis. See text. As cysteic acid. e As methionine sulfone. f Hydrolysis with 4 N methane- 
sulfonic acid. 

arising from the expected cleavages at  these positions were not 
recovered from the Dowex 50 column in significant yields, 
small quantities of such peptides and free lysine were identified 
when the complete tryptic digest mixture was fractionated by 
high voltage paper electrophoresis. However, no evidence was 
obtained of any tryptic cleavage following the lysine a t  residue 
2. Tryptic peptides were not submitted to amino acid sequence 
determination, but their individual compositions served to 
confirm the correctness of the amino acid sequence assign- 
ments made by automated degradation of larger polypeptide 
chains. 

Tryptic Digestion of Citraconylated S-Carboxymelhyl- 
(3-thromboglobulin. PTG contains three arginine residues 
(Table 11) and thus four peptides should result from tryptic 
cleavage of citraconylated SCM-PTG. When citraconyl groups 
were removed by acidification to pH 2.5 following tryptic di- 
gestion of citraconylated SCM-PTG, an insoluble residue re- 
mained which was removed by centrifugation. This material, 
which contained a single large peptide in pure form, was soluble 
in 20% acetic acid, and was desalted on Sephadex G-50 in this 
solvent before amino acid analysis. Three peptides were puri- 
fied from the soluble portion by a combination of Sephadex 
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F IGURE 2 :  Chromatography of the soluble portion of a tryptic digest of 
citraconylated S-carboxymethyl-P-thromboglobulin (1 8 mg) on Sephadex 
(3-25 fine (1.5 X 94 cm) equilibrated with 1 M acetic acid at  2 0  O C .  
Fraction size was 2.5 mL, of which 100 gL was taken for ninhydrin analysis 
after alkaline hydrolysis. Peptides found in each peak have been labeled 
in accordance with their position in the sequence proposed in Figure 3. CT4 
was rechromatographed under identical conditions. Peptides CTI and CT3 
were separated by preparative high voltage paper electrophoresis a t  pH 
3.55. The large peak in the region of the total column volume arose from 
the salts and buffers used and did not contain any peptide material. 

-TI0 

FIGLRE 3: Amino acid sequence of human @-thromboglobulin subunit. 
The component peptides are indicated by double-headed arrows. Symbols 
are: (half-arrows pointing to the right) sequences obtained using the se- 
quenator with direct identification of Pth-amino acids by thin-layer 
chromatography; (broken half-arrows pointing to the right) Pth-amino 
acid not identified directly in the automated degradation; (half-arrows 
pointing to the left) sequences obtained by the use of carboxypeptidase 
Y. Peptide nomenclature is given in Experimental Procedure. 

G-25 chromatography (Figure 2) and preparative high voltage 
paper electrophoresis. The compositions of the four peptides 
(CTl ,  CT2, CT3, & CT4), the sum of which accounts for the 
intact PTG subunit, are given in Table 11. 

Amino Acid Sequence of p-Thromboglobulin. Automated 
amino acid sequence analysis of SCM-flG (3 mg) established 
the sequence from the "2-terminal residue through to resi- 
due 69 (Figure 3). The average repetitive yield calculated from 
the radioactivity recovered a t  steps 16, 18,42, and 58 was 97%. 
Unless noted, unambiguous identification of each amino acid 
residue was made from thin-layer chromatography. Residues 
which may present difficulty by this procedure because of low 
yields of the Pth-amino acid are serine and proline (Hermodson 
et al., 1972; Edman & Henschen, 1975). Serine at  residues 5, 
8, and 23 was clearly identifiable. Serine was also identifiable 
in lower yield a t  residue 32, and the unambiguous identification 

j 0 / / I l  

FRACTION NUMBER 

FIGURE 4: Chromatography of peptides of (18 mg) following CNBr 
treatment and staphylococcal protease digestion. Conditions are those of 
Figure 2. 

of all other residues in peptide T 4  confirmed its assignment to 
this position. Similarly, although proline was not seen a t  po- 
sition 64, the composition of peptide T7 provided the evidence 
to permit its assignment. Residues 67 and 68 were not identi- 
fied in the degradation of intact SCM-PTG, but the compo- 
sition of peptide T8 suggested the sequence Lys-Lys, which was 
confirmed by direct sequence determinations of peptide CT4. 
The position of the half-cystine residues was confirmed by 
measuring the radioactivity of a portion of each Pth-amino acid 
released. Degradation of intact PTG thus established the se- 
quence from peptide TI to T8, or from C T l  to CT3, and pro- 
vided an overlap with CT4. 

Automated sequence degradation of peptide CT4 (0.5 pmol) 
using the peptide program with 0.1 M Theed buffer and re- 
duced extraction times established the sequence from residue 
66 through to residue 80. The amino acid compositions of 
peptide CT4 and TlO indicated that the sole remaining residue 
was aspartic acid or asparagine. The COOH-terminal as- 
signment was confirmed by carboxypeptidase Y digestion of 
SCM-PTG with an enzyme to substrate ratio of 1/125 at  37 
"C which gave the following results expressed as residues of 
amino acid released per mole of PTG subunit: I O  min, Asp 
0.29; 15 min, Asp 0.36, Ala 0.16; 20 min, Asp 0.46, Ala 0.23; 
30 min, Asp 0.60, Ala 0.39. N o  other amino acids were de- 
tectable a t  these times of digestion. 

Disulfide Bonds of p-Thromboglobulin. N o  free sulfhydryl 
groups could be detected in PTG with 5,5'-dithiobis(2-nitro- 
benzoic acid). Figure 4 illustrates the elution from Sephadex 
G-25 of the peptides resulting from CNBr treatment and 
staphylococcal protease digestion of PTG. Amino acid analysis 
showed that peaks I and I 1  contained cystine. Peak 111 was 
devoid of cystine, and peak 1V contained no peptide material. 
When examined by high voltage paper electrophoresis at  pH 
3.55, peak I1 was shown to contain a single peptide migrating 
with a mobility of 0.80 with respect to arginine. The compo- 
sition of this peptide (Table 111) corresponds to residues 14-1 7 
plus 35-46 which would be expected from cleavages a t  meth- 
ionyl and glutamyl residues. The peptide was recovered in a 
yield of 50%. This peptide was subjected to performic acid 
oxidation, and two peptides only, designated IIA and IIB, were 
isolated from high voltage paper electrophoresis of the reaction 
product (Table 111). Their compositions confirmed that the 
cystine-containing peptide was composed of residues 14- I7 
and 35-46. These findings demonstrated a disulfide bond be- 
tween half-cystine- 16 and half-cystine-42. The second disulfide 
therefore pairs half-cystine- 18 and half-cystine-58. 
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TABLE 111: Amino Acid Compositions of a Disulfide-Containing 
Peptide of P-Thromboglobulin," 

Amino acid Peak I1 IIA IIB 

ASP 1.2 (1 )  I . O ( l )  0 
Thr 1.1 ( I )  0.9 ( I )  0 
Ser 0 0 0.1 
Glu 2.0 (2) 2.1 (2) 0 
Pro 0 0 0 
GlY 2.2 (2) 2.0 (2) 0.1 
Ala 0 0 0.1 
'/*-cystine 0.8 (2) 1.0d (1 )  I . l d ( l )  
Val 1.8 (2) 1.8 (2) 0 
Meth  1 .2  ( 1 )  0 1.1 ( I )  
Ile 0.8 ( 1 )  0.8 ( I )  0 
Leu 1.1 (1) 0 1.1 ( I )  
Tyr 0 0 0 
Phe 0 0 0 
His 1.0 ( I )  0.9 ( I )  0 
LYS 1.0 (1)  l . O ( l )  0 
A rg 1.0 ( I )  0 1.0 (1)  

Total 16 12 4 
MobilityC 0.80 0.48 0.63 

Peak I1 of Figure 4: IIA and IIB are the performic acid oxidation 
products of peak I 1  (see text). Figures in parentheses are  the theo- 
retical compositions derived from the sequences of residues 14-1 7 and 
35-46 (Figure 3). As homoserine. Mobility with respect to arginine 
a t  pH 3.55. As cysteic acid. 

Discussion 
The results presented here permit a proposal for the com- 

plete amino acid sequence of human PTG (Figure 3). The f l G  
subunit consists of a polypeptide chain of 81 amino acids 
containing no phenylalanine or tryptophan. The subunit con- 
tains two disulfide bridges linking residues 16 to 42, and 18 to 
58. These results confirm the suggestion that Theed is an al- 
ternative to Quadrol in the automated sequence determination 
of proteins (Begg & Morgan, 1976) and also is useful as a 
nonvolatile buffer for peptide degradations. Staphylococcal 
protease was found to cleave PTG at the expected glutamyl 
residues (Houmard & Drapeau, 1972) to produce disulfide- 
containing peptides. Its optimum activity a t  pH 4 allows re- 
action conditions which minimize the possibility of disulfide 
interchange (Ryle & Sanger, 1955), and staphylococcal pro- 
tease is therefore a useful alternative to pepsin which has 
commonly been used to obtain disulfide-containing pep- 
tides. 

On the basis of the amino acid sequence the PTG subunit 
posseses a molecular weight of 8851. PTG has a molecular 
weight of 35 800 as determined by ultracentrifugation at  pH 
8.8 (Moore et al., 1975) but dissociation to a smaller molecular 
size occurs under acid conditions without reduction of disulfide 
bonds (Moore & Pepper, 1977). As the number and amino acid 
composition of the peptides isolated from the tryptic digest 
were consistent with the above proposal for the PTG subunit 
sequence, it seems that the native PTG molecule consists of 
four identical noncovalently bound subunits. 

The most striking feature of the PTG structure is its obvious 
homology with PF4 (Figure 5 ) .  When three short gaps, of six, 
one and two residues, are inserted in the PF4 molecule to 
maximize homologies, 42 of the 8 1 residues of PTG are iden- 
tical with those in the PF4 molecule. A further 11 residues, 
most of which represent single base mutations, can be regarded 
as highly favored replacements by the criteria of Dayhoff et 
al. (1972a). The four half-cystine residues occupy the same 
relative positions in the PTG molecule and in PF4, suggesting 

BTC CIY-MP CLL-IFR AlA ASP COOP 

PF. ciao CLL-IC*. C'n "  - 
FIGURE 5: Comparison of the amino acid sequences of human P-throm- 
boglobulin and human platelet factor 4 (Hermodson et al., 1977; Morgan 
et al., 1978a). Solid boxes enclose identical residues. 

that both proteins possess the same disulfide bond structure. 
PTG and PF4 thus clearly represent homologous molecules 
arising from duplication of an ancestral gene. The position of 
the gaps accords with the general finding that additions and 
deletions tend to occur a t  the ends rather than in the interiors 
of protein chains (Dayhoff et al., 1972b). A comparison of the 
sequence of human PF4 with 1050 amino acid sequences by 
computer search of a data collection (Dayhoff et al., 1977) has 
shown no evidence of any significant relationship between PF4 
and the other sequenced proteins in the collection. 

The striking homology was unexpected from previous data. 
Sensitive and specific radioimmunoassays have been developed 
for both PF4 (Bolton et al., 1976b; Chesterman et al., 1977; 
Kaplan et al., 1978) and PTG (Bolton et a]., 1976a). In a PF4 
assay there was essentially no cross-reactivity between PTG 
and PF4, a 10 000-fold excess of PTG over PF4 being required 
to give equal displacement of tracer in the assay (Chesterman 
et al., 1977). Similarly between 500- and 1000-fold excess of 
PF4 over PTG was necessary for equal immunoreactivity in 
a radioimmunoassay for f l G  (C. N. Chesterman, unpublished 
results) using a PTG antiserum previously described (Bolton 
et al., 1976a). These findings are consistent with a minor de- 
gree of cross-contamination of the preparations of PF4 and 
PTG. However, the lack of immunological cross-reactivity is 
not inconsistent with the present degree of homology; for ex- 
ample, a-lactalbumin and human lyzozyme which have ex- 
tensive homologies and are derived from duplication of an 
ancestral gene possess no cross-reactivity in the native state 
(Arnon & Maron, 1970) and it has been shown that the cal- 
culation of sequence differences by measurement of immu- 
nological distance using microcomplement fixation becomes 
inapplicable where sequence differences of greater than 40% 
exist (Prager & Wilson, 1971). Comparison of the structure 
for PTG presented here with that of PF4 seems to strengthen 
the argument that the binding of heparin to PF4 depends on 
specific three-dimensional features rather than a simple charge 
interaction. It has been pointed out since there is a remarkable 
clustering of lysine residues a t  the C-terminal region of PF4 
(Deuel et al., 1977) and, since modification of lysine in PF4 
abolishes heparin binding (Handin & Cohen, 1976), that the 
lysine-rich COOH-terminal region may contain an important 
site for the binding of heparin. However, it is clear that most 
of this clustering of lysine is preserved in PTG, which has not 
been reported to neutralize heparin, and binds very weakly to 
agarose-heparin columns compared with PF4 (Moore & 
Pepper, 1977). 

Recent studies have indicated that PTG is secreted in par- 
allel with PF4 and the platelet-specific growth factor and that 
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these three proteins may be contained within the a granule 
(Witte et  al.,  1977). In view of the findings presented above, 
it would be of great interest to compare amino acid sequence 
data from the platelet-specific growth factor which bears some 
superficial structural resemblances to @TG and PF4. 
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