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SUMMARY: The sequence of the first half of epidermal growth factor is related 
to that of the second half, indicatinq a gene elongation through duplication; 
it is also similar to that of pancreatic secretory trypsin inhibitor, which 
suggests a cotwnon evolutionary origin for these two proteins. Statistical 
evaluation shows that it is very unlikely that either similarity in sequence 
could have occurred by chance. The two proteins may also be functionally 
related, as each forms a complex with an arginine esterase. 

INTRODUCTION 

Epidermal growth factor (EGF) is synthesized by the tubular cells of the 

submaxillary glands of adult male mice and is secreted into the blood stream. 

The secretion has been stimulated experimentally by administration of 

a-adrenergic compounds [l]. EGF stimulates growth and differentiation of 

various epithelial tissues in viva and in vitro. Although its initial point 

of action is still unknown, EGF has been found to increase RNA, protein, and 

ribosome synthesis, and also to induce a transient increase in ornithine 

decarboxylase activity in cultured epidermal cells [l, 21. The primary 

structure of mouse EGF has recently been determined [3]; it is a single 

polypeptide chain comprising 53 amino acid residues and has three disulfide 

bonds that are required for full biological activity [4]. No other modifi- 

cations of the primary structure have been reported. 

Pancreatic secretory trypsin inhibitor (PSTI) is found in mammalian pan- 

creatic juice. The primary structures of bovine [5] and pig [6] PST1 have 

been reported; each contains 56 amino acid residues and has three disulfide 

bonds [7]. In the two sequences, 88% of the residues are identical [8]. The 
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evolutionary rate of change of PST1 is slower than that of hemoglobin, indi- 

cating that proteins homologous to it found in any of the eukaryote kingdoms 

may be recognizable by statistical methods [8]. 

We investigated two genetic events in the evolutionary history of EGF. 

Intragenic duplication is the probable cause for the similarity between the 

two halves of its sequence. The statistical inference that EGF is much more 

similar in sequence to PST1 than one would expect by chance, supported by its 

physiological binding to an arginine esterase , indicates that these molecules 

may share a common evolutionary origin. If so, one would expect other simi- 

larities in chemical function and in biological expression and control that 

could be investigated experimentally. 

METHODS 

We study a new sequence by a variety of survey and statistical procedures 

to determine if it is related to any other sequenced proteins or if it has 

internal duplicated regions. Possible sequence similarities are inferred from 

chemical and biological properties, analysis of amino acid composition [9], 

and comparison by visual inspection of short regions of unusual sequence or 

of functional importance with the segments in the Protein Segment Dictionary 

[lo] (a computerized listing of all 15-residue segments in the known sequence 

data [8, 111). Next, we use our computer Search Program [12] to compare 

selected longer portions of the new sequence with all sequences on our most 

recently updated Protein Sequence Data Tape, which currently contains 725 

sequences belonging to 176 protein families (sequences within a family are 

more than 50% identical and usually give similar scores in our comparisons). 

Possible relationships that are revealed by these procedures are statistically 

analyzed by means of our Alignment Score Program [13] or our Fragment Com- 

parison Program [14] described below. 

For these programs we need a matrix of scores for every possible com- 

parison of a residue in one sequence with one in the other sequence. The 
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simplest such matrix, the unitary matrix, gives a score of one for identities 

and zero for nonidentities. We have derived a scoring matrix from mutation 

data that has proved to be much more sensitive for detecting distant relation- 

ships between proteins [13, 143. The elements of this matrix are the loga- 

rithms of the odds that two amino acids, found at corresponding positions in 

two proteins with average composition and about 20% identical residues, arose 

by connnon ancestry rather than by chance [13]. Therefore, the sum of scores 

of residue pairs in two segments gives the log of the odds that the segments 

are related by evolution. A probability that the observed similarity is a 

chance occurrence can be directly calculated from the odds. 

The Alignment Score Program, based on the algorithm of Needleman and 

Wunsch [15], determines the highest possible score for any alignment (in- 

cluding gaps) of two sequences. This score is then compared with the highest 

possible scores obtained by aligning pairs of randomized sequences having 

the same amino acid composition as the two real sequences. The scores of 

the.randomized sequences form a normal distribution for which the mean and 

standard deviation are calculated. The probability that the score for the 

real sequences is derived from this normal distribution can then be obtained 

1131. 

The Fragment Comparison Program , similar to one developed independently 

by Fitch [16], compares all fragments of a given length from one sequence 

with all possible fragments of the same length from the second sequence. A 

score is calculated for each comparison. The score consists of the sum of 

scores for each individual pair of amino acids occupying corresponding 

positions within the two fragments. If the proteins are related, there will 

be two populations of scores: a large population from unrelated fragments 

and a very small population from related fragments. The scores from the 

latter will be higher than those from the unrelated fragments and may be 

detectable as a hump or an elongation of the upper tail of the distribution. 
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We calculate the expected number of scores in this second population and 

store that number of top scores from the upper tail of the distribution. 

The average of these top scores is compared with similar averages derived 

from comparisons in which one or both of the two sequences have been 

randomized. The mean and standard deviation are calculated for the com- 

parisons of randomized sequences. The probability that the score from 

real sequences is part of this distribution is then obtained. 

EVIDENCE FOR INTERNAL DUPLICATION 

A visual inspection of the EGF sequence indicated a possible dupli- 

cation, as there are several regions of similarity between the two halves 

of the chain. The amino-terminal 26 residues and the carboxyl-terminal 

27 residues can be aligned, with the insertion of three gaps, to give seven 

identities (including two cysteines and two tyrosines in each half-chain) 

and 13 additional positions at which the codons for the residues differ by 

only one nucleotide (see Figure 1). The relationship of the two halves was 

evaluated statistically with the Alignment Score Program; the score obtained 

is 2.9 standard deviations from the mean, and the probability is ~0.002 that 

the two halves would be so similar in sequence by chance. 

Intragenic duplication is a recognized evolutionary mechanism. A 

number of proteins containing duplications have been sequenced [ll, 171; 

among these are two types of protease inhibitors, the Bowman-Birk type from 

lima bean [18] and soybean [19], and the chymotrypsin inhibitor from potato 

[20]. The internal duplication of EGF should be detectable in its tertiary 

structure, as, for example, are the duplications in ferredoxin and parval- 

bumin [21, 22, 231. 

EVIDENCE FOR RELATEDNESS OF EGF TO PST1 

Those protein segments that the Search Program selected as most similar 

to each half-chain of EGF are presented in Table 1. The primary structure of 
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TABLE 1. Segments of protein sequences selected by the Search Program as most 
similar to the halves of the EGF sequence 

EGF Mutation 
Resi- No. of Data Matrix 

due Residue Iden- Score Probability 
Nos. Nos. titles (Loq Odds) 

l-26 EGF Mouse l-26 26 14.7 2.0 x lo-l5 

l-26 PST1 Bovine 11-36 10 4.9 1.3 x 1o-5 

l-26 PST1 Pig 11-36 7 4.6 2.5 x lO-5 

l-26 Ig K chain Rabbit 2717 86-111 6 3.9 1.3 x 1o-4 

l-26 Ig K chain Mouse MOPCPl 53-78 7 3.3 5.0 x lo-4 

l-26 7 Segments 4-7 2.5-3.1 

l-26 25 Segments 1-8 2.0-2.4 

27-53 EGF Mouse 27-53 27 18.3 5.0 x lo-l9 

27-53 Phospholipase A Honey Bee 101-127 6 4.9 1.3 x 1o-5 

27-53 17 Segments 2-8 2.0-3.2 

the first half of EGF is very similar to the middle portion (residues 11-36) 

of the sequences of bovine and pig PSTI; not only is it 38.5% identical with 

that region of the bovine sequence, but it also shares more identities with 

bovine PST1 than with any other segment in the data collection. Furthermore, 

when the bovine PST1 segment is searched, the two most similar segments are 

the corresponding pig PST1 segment and the first half of EGF. The segments 

of the two imnunoglobulin chains listed in Table 1 are not homologous to 

each other and probably lie in the upper tail of the distribution of scores 

from unrelated sequences. The highest-scoring segment for the second half 

of EGF is the carboxyl-terminal region of honey bee phospholipase A, but a 

closer examination reveals that this score is derived almost entirely from 

the last five residues and does not reflect similarity over the whole segment. 

The relationships of the second half of EGF to its first half and to PST1 are 

not found by the program, because three gaps are required for proper align- 

ment (see Figure 1). 
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When we analyzed the complete sequences of EGF and bovine PSTI with the 

Fragment Comparison Program, we obtained a low probability (~0.0001) that 

the similarity between the two sequences is a chance one. On the other hand, 

similar comparisons of EGF with honey bee phospholipase A and with rabbit 

2717 immunoglobulin kappa chain gave much higher probabilities (~0.08 and 

~0.05, respectively) of the sequence similarities being due to chance. 

EGF and PST1 have other overall resemblances. They have similar amino 

acid composition and length. Each has three disulfide bonds, although the 

pairs of cysteines involved are different (see Figure 1); any original corre- 

spondences may have been altered by subsequent additions, deletions, dupli- 

cations, or changes in hydrolysis of a precursor. Shifting of disulfide 

bonds between cysteines that are distant in the primary structure but close 

together in the tertiary structure is found in the immunoglobulins [24]. 

These two proteins may also share a functional relationship. PST1 

binds to trypsin and is reversibly cleaved by it at the Arg or Lys residue 

at position 19 in Figure 1 [25]. However, the enzyme-product complex thus 

formed is stable and trypsin is inhibited from further proteolytic activity. 

EGF occurs in a readily reversible complex with a glycoprotein, EGF-binding 

protein, in homogenates of the submaxillary gland; as isolated, the complex 

is composed of two molecules of each protein [26, 271. Like trypsin, 

EGF-binding protein is an arginine esterase [26, 271. Its composition iS 

similar, in proportions of the different chemical groups of the amino acids, 

to that of trypsinogen, including 12 cysteines that form six disulfide bonds 

[26]. It has been postulated that EGF-binding protein catalyzes the con- 

version of inactive to active EGF by proteolytic cleavage at the carboxyl- 

terminal Arg in EGF; that is, the substrate of the esterase is the inactive 

precursor of EGF and the complex is actually an enzyme-product complex [271. 

However, the sequence preceding the carboxyl-terminal Arg is not noticeably 

similar to that of the PST1 reactive site. Furthermore, in the alignment 

EGF has a Ser or an Ile corresponding to the Arg/Lys of the PST1 reactive 
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site. It is possible that one of these regions of EGF binds near the 

arginine esterase active site, although no subsequent hydrolysis of EGF 

occurs. In any case, PST1 and EGF seem to be an example of two proteins 

with a cormnon ancestor that have evolved sequence differences leading to a 

marked alteration in functional capabilities; such a relationship exists 

between mammalian lysozyme and lactalbumin [8] and between troponin C and 

myosin light chains [28]. 

There are several experimental approaches for investigating the postu- 

lated relationships between EGF and PSTI. Both EGF and its precursor could 

be tested for protease inhibitor activity. Further sequence analysis of the 

EGF precursor might reveal a more extensive region of homology with PSTI, 

including additional internal duplications. Finally, X-ray crystallographic 

analysis might substantiate both the internal duplication of EGF and the 

similarity of its tertiary structure to that of PSTI. 
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