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Two new types of N-terminal amino acid sequence have been found for w-gliadins from tetraploid and 
bexaploid wbeats. A third type of sequence, wbicb we bave recently reported for an w-gliadin from diploid 
wbeat and for the 'C' hordeins of barley, bas now been found for a group of components from rye 
( w-secalins) and for w-gliadins of tetraploid and hexaploid wheats. Th_e sequences provide evidence that ail 
tbese w-type prolamins are related and derived in part from gene duplications, followed by divergence of the 
duplicated genes by point mutations and by insertion and deletion of portions of the gene DNA. Five-residue 
amino acid sequences that include mainly glutamine and proline occur a number of times in the N-terminal 
sequences of w-type prolamins and may indicate that the genes for these prolamins have been formed through 
repeated duplication of short DNA sequences in which the codons for glutamine and proline predominated. 
The prolamins of wheat and related species seem to be unique to the grass family of flowering plants, which 
appeared Iate in the evolutionary process. The genes coding for these proteins may be the most recently 
evolved family of genes. 

Introduction 

Cereal grain storage proteins are usually com
plex mixtures of components. The components of 
the mixture from _any one species are often similar 
to one another in composition, structure and prop
erties, but the mixtures from different species, for 
example, wheat and maize, may differ consider
ably. This is probably a consequence of the degree 
of genetic closeness of the species being compared 
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[1,2]. The similar components within a given mix
ture have probably resulted from gene duplica
tions followed by divergence of the duplicated 
genes to produce distinguishable (by electro
phoretic or chromatographie methods) protein 
components [3-5]. Post-translational modifica
tions may play a role in generating prolamin poly
morphism [6], but there is little evidence that they 
make a major contribution. 

Amino acid sequencing has great potential for 
analysis of the evolutionary relationships among 
storage protein components and the genes coding 
for them, b.ut this technique is only beginning to 
be applied in the study of these proteins. So far, 
no cereal grain storage protein has been sequenced 
completely, even though the complete sequence of 



more than a thousand proteins has been de
termined [7]. This delay has largely resulted from 
difficulties encountered in purifying sufficient 
amounts of single components from complex mix
tures of highly similar components that are poorly 
soluble in many commonly used aqueous buffer 

·systems. The problem is circumvented to a consid-
erable degree by recent developments in nucleic 
acid sequencing of cloned DNA, which has re
sulted in complete sequences of zein proteins [8,9], 
but actual amino acid sequences remain important 
for the interpretation of the DNA-based se
quences. 

Despite this lag in amino acid sequencing, ini
tial studies carried out within the last few years 
have provided important new information about 
the relationship of components within a species 
and some indications of relationships between 
species. The 40 or more components of the wheat 
gliadins [ 10, 11] have been shown to fall mainly 
into two groups, the a-type and the y-type, on the 
basis of their N-terminal sequences [3,4], and these 
same two groups have been shown to make up 
most of the equivalent proteins of other species of 
Triticum and Aegilops [4]. As a consequence of the 
essential homology of many of the prolamin com
ponents in a mixture from a single species, consid
erable information can be obtained about the 
genetic relationships among species from N-termi
nal sequencing of unfractionated prolamin mix
tures prepared from them [4, 12-15]. Sequencing of 
purified protein components has contributed a 
better understanding of the relationships, includ
ing variations, that occur within the mixture 
[3,5,16-19]. 

In this paper, we report the purification, amino 
. acid compositions, molecular weights by SDS

polyacrylamiqe gel electrophoresis, and N-termi
nal amino acid sequences of w-gliadins from di
ploid, tetraploid and hexaploid wheats, and w-type 
secalins ( w-secalins) from rye. Two new types of 
N-terminal sequence have been found, and a third 
type that had previously been reported for an 
w-gliadin from diploid wheat [I 9] and for the 'C' 
hordeins of barley [5 ,13-15] has been shown to be 
homologous with that of w-secalins. This latter 
sequence has also been found in tetraploid and 
hexaploid wheats. We discuss the implications of 
these sequences for the evolution of the prolamins 
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of barley, rye and wheat, and speculate on the 
possibility that short repeating sequences observed 
in some of the sequences indicate the mechanism 
by which a gene (or genes) ancestral to those 
coding for the prolamins of these species arose 

Materials and Methods 

Plant materials. Grain of diploid wheat (Tri
ticum monococcum, accession 5317), which was 
from the same lot used previously [19], and of 
Aegilops squarrosa was ground in a Wiley mill for 
extraction of gliadin proteins. Grain of the T. 
aestivum cultivars 'Chinese Spring' and ' Justin', of 
the T. durum cultivar ' Mindum', and of the Secale 
cereale cultivar ' Frontier' was ground in a 
Brabender Quadrumat, Jr. , mill; only the endo
sperm fractions were retained for protein extrac
tion. Semolina of the T. durum cultivar ' Edmore' 
was obtained and used directly for protein extrac
tions without further grinding. Seeds of the nulli
somic-1 D tetrasomic-1 A li ne of 'Chinese Spring' 
[20] were ground in a mortar' and pestle for protein 
extraction. 

Prolamin preparations. Severa! similar methods 
were used in the preparation of prolamin mixtures 
from the various cultivars. Flour or ground grain 
was extracted with 60% (v /v) ethanoljwater or 
50% (v /v) propan-1-oljwater solutions at ratios of 
ex tractant to so!id of 5 : 1 or IO: 1. Extractions 
were at room temperature (approx. 20°C). In some 
cases, two extractions were made and the super
natants were combined after centrifugation. Pro
lamins were precipitated from the supernatants by 
the addition of 0.25 M sodium chloride. The mix
ture was allowed to stand overnight at 4°C and the 
precipitated protein was collected by centrifuga
tion at about 25 000 X g. The protein was then 
dissolved in a small volume of 0.01 M acetic acid 
or .in 8 M urea, dialyzed thoroughly against dis
tilled water at 4°C, and then freeze-dried. 

Column chromatography. The w-gliadin compo
nents were separated initially by ion-exchange 
chromatography on Whatman CM-52 according to 
the procedure of Booth and Ewart [21] with some 
minor mpdifications. The column was equilibrated 
with a buffer that was 5 mM sodium acetate/I M 
dimethylformamide (DMF), pH 3.5 (in some ex
periments, pH 3.7). Gliadin proteins were dis-
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solved in the column buffer, clarified by centrifu
gation, and applied to the column. Proteins were 
eluted with a gradient of 5 to 100 mM sodium 
acetate in the column buffer. Fractions were ex
amined by lactate-polyacrylamide gel electro
phoresis (see Electrophoresis) and those containing 
the desired components were dialyzed against dis
tilled water and freeze-dried. 

A different CM-52 ion-exchange procedure was 
used for the initial purification of rye prolamins 
and for further purification of some partially 
purified w-gliadin fractions. In this procedure, the 
buffer was 10 mM glycine-acetate/4 M urea, pH 
4.6. The protein was eluted with a concave 
quadratic gradient of 0 to 100 mM sodium chlo
ride in the column buffer [5]. 

The gliadin preparation from Ae. squarrosa was 
fractionated only by gel filtration chromatography 
on Sephadex G-100 (Pharmacia) in 0.001 M hy
drochloric acid. This was because only a few grams 
of seed were available and as a consequence very 
small amounts of protein were obtained. 

Sorne protein components were obtained suffi
ciently pure from ion-exchange chromatography, 
but others required further purification by gel 
filtration chromatography on columns of Sep
hacryl S-300 (Pharmacia) in 3 M urea adjusted to 
pH 4.0 with acetic acid. These latter fractions were 
desalted by gel filtration chromatography on col
umns of Sephadex G-15 (Pharmacia) in 0.1 M 
acetic acid, and then freeze-dried. 

Electrophoresis. Fractions were analysed by 
polyacrylamide gel electrophoresis in aluminium 
lactate buffer, pH 3.2. In this system, migration is 
determined mainly by the net posi tive charge on 
the protein molecules. The procedures were those 
of Kasarda et al. [22] and Mecham et al. [ 11 ]. 
Components were numbered in order of increasing 
mobility. Fractions were also separated on the 
basis of their apparent molecular weights by poly
acrylamide gel electrophoresis in buffers contain
ing sodium dodecyl sulfate (SDS-polyacrylamide 
gel electrophoresis) as described by Shewry et al. 
[5]. 

Amino acid analysis. Samples (usually about 1 
mg) were hydrolyzed under nitrogen for 21 h at 
110°C with 2 ml of 6 N hydrochloric acid (some
times with 0.1 % mercaptoethanol included in the 
acid). Amino acids were determined with a Dur-

rum D-500 amino acid analyzer. Tryptophan was 
not determined. Glutamine and asparagine were 
present in the hydrolysate as glutamic and aspartic 
acids, but 94-98% of these acids are amidated in 
the native proteins [21 ,23,24]. 

N-Terminal amino crcid sequenci11g. Sequencing 
was carried out with a Beckman Instruments mode! 
890b (updated) automatic amino acid sequencer 
and Beckman DMAA program 111374 ('Justin' 
components w-1 and w-5) or Beckman 0.1 M 
Quadrol programs 011576 or 121178 (ail other 
components). Phenylthiohydantoin (PTH) deriva
tives of the amino acids resulting from each cycle 
of the Edman degradation [25] were determined by 
gas chromatography [26] supplemented with thin
layer chromatography (TLC) on polyamide sheets 
[27] and silica gel plates [28] for 'Justin' compo
nents w-1 and w-5, or by high-performance liquid 
chromatography (HPLC) according to the method 
of Bhown et al. [29] for ail other fractions except 
the two-component mixture from Ae. squarrosa, in 
which case PTH-amino acids were only analyzed 
by gas chromatography. PTH-valine· and PTH
methionine were not resolved by the HPLC 
method, and so were distinguished by the method 
of Jepson and Sjoquist [28). 

C-termi11al amino acid sequencing. Carboxy
peptidase Y (Pierce Chemical Co.) was used for 
C-terminal amino acid sequencing as described by 
Schmitt [30] and by Shewry et al. [5]. 

Results 

Fractions: description and e/ectrophoretic analysis 
The fractions purified for this study are de

scribed in Table 1, which lists the species and 
cultivar, the chromosomal location of the genes 
coding for the component or fraction (when 
known), and a code number for each preparation 
that corresponds to the numbers used in Fig. 3 for 
the sequences. The 'C' hordein component (code 
1) and the w-1 gliadin components (codes 4, 5) 
from T. monococcum , which were sequenced 
simultaneously as a mixture, have been described 
earlier [ 19]; they are included for comparison with 
the fractions prepared in the course of the present 
study. We have designated our components 1, 2, 3 
and so on in relation to their distance from the 
origin in the respective seed electrophoretic pat-
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TABLE 1 

DESCRIPTION OF PREPARATIONS CORRESPONDING TO AMINO ACID SEQUENCES OF F IG. 3 

n.d., nol determined. 

Code Species Genome Cultivar 
composition 

1. Horde11m 011/gare HH Julia 
2. Secale cereale RR Fronticr 
3. Secale cereale RR Frontier 
4. Tri1ic11111 mo11ococc11m AA U.M. 
5. Tri1ic11111 mo11ococc11111 AA U.M. 
6. Tritic11111 111011ococc111n AA U.M. 
7. Tritic11111 111011ococc111n AA U.M. 
8. Triticum d11r11111 AABB Ed more 
9. Triticum durwn AABB Mindum 

10. Triticum aestivum AABBDD Chinese Spring 
11. Triticum aestiv11111 AABBDD Justin 
12. Tritic11111 d11r11111 AABB Ed more 
13. Tritic11111 d11rw11 AABB Mindum 
14. Tri1ic11m aes1iv11111 AABBDD Chinese Spring 
15. Tritic11111 aestiv11111 AABBDD Justin 
16. Tritic11111 aestivum AABBDD Justin 
17. Aegilops squarrosa DD 

tern, but the same designation does not indicate 
the same mobility when different speCies or acces
sions are compared. 

The lactate-polyacrylamide gel patterns of most 
of our preparations are shown in Fig. 1 with the 
exception of the w-2 component from T monococ

cum (code 6) and the w-1 and w-2 components 
(codes 9, 13) from the durum (tetraploid) wheat 
' Mindum'. Small amounts of these proteins were 
obtained in purified form and none was avai lable 
when the gel intended for Fig. 1 was being run. 
These preparations had been analyzed by lactate
polyacrylamide gel electrophoresis in the course of 
their purification. The position of the w-2 from T 
monococcum is marked with an arrow in the pat
tern of the gliadin mixture from this accession in 
F ig. 1. 

Ail the preparations described in Table 1 had 
low electrophoretic mobilities corresponding to w

gliadins. Most of the preparations consisted of a 
single major component when analyzed by lactate
polyacrylamide gel electrophoresis (Fig. 1). Excep
tions were the w-secalin mixture (code 3), which 
was intended to represent the total mixture of 
w-secalins fou nd in rye, and the preparation from 
Ae. squarrosa (code 17), which consisted of two 

Component M, Chromosomal 
by SDS-PAGE

0

( X 10 - 3) control 

C-1 57 barley-5 [53] 
w- 1 48. 51 ryc-1 [54) 
w-total 48, 51, 53 rye-1 [54) 
w-1 44 IA [20) 
w- 1 44 IA 
w-2 63 IA 
w-3 63 IA 
w-2 52 notknown 
w-2 n.d. not known 
w-2 59 ID (3 1) 
w-2 59 ID? (1 1) 
w-1 5 1 not known 
w-1 n.d. not known 
w-1 57.5 10(31) 
w- 1 57.5 ID? (11] 
w-5 74 IB?[ l l} 
w-1, 2 n.d. ID 

major components; the w-2 gliadin from 'Chinese 
Spring' had a minor component corresponding to 
about 10% of the major component. The prepara
tions from ' Mindum' (codes 9, 13), which were not 
included in Fig. 1, also contained mainly single 
components, one equivalent in mobility to the 
slowest band of the gliadin mixture from this 
cultivar and the other slightly faster in mobility. 

The lactate-polyacrylamide gel pattern of total 
gliadins extracted from seeds of the nullisomic-1 D 
tetrasomic-1 A aneuploid li ne of 'Chinese Spring' 
[20] is shown in Fig. 1, where the pattern of the 
aneuploid is compared with tha t of normal 
'Chinese Spring' . The bands corresponding to the 
w-1 and w-2 gliadins are missing from the 
aneuploid, which is in accordance with the assign
ment of the structural genes for these proteins to 
chromosome 1 D of 'Chinese Spring' (31 ]. 

SDS-polyacrylamide gel electrophoresis pat
terns of most of our preparations are shown in 
F ig. 2 and the apparent Mr values determined 
from the analyses are given in Table 1. The 
' Mindum' fractions and the preparation from Ae. 
squarrosa were not analyzed by SDS-polyacryla
mide gel electrophoresis. As in lactate-poly
acrylamide gel electrophoresis, each preparation 
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Fig. 1. Lactate-polyacrylamide gel electrophoresis (pH 3.2) of 
purified w-gliadin components and fractions a nd of total glia
din fractions from T. mo11ococc11m, Ae. squarrosa, rye (S. cereale) 

cult ivar Frontier, bread wheat ( T. aestivum ) cultivars Chinese 
Spring and Justin and durum wheat (T. durum) cultivar Ed more. 
T he position of the w-2 component from T. mo11ococc11111 is 
indicated by an arrow. The pa ttern of the to tal gliadin fraction 
from the null isomic 1 D-tetrasomic IA aneuploid line of C hinese 
Spring is a lso shown. The a-, {3-, y- and w-gliadin regions 
correspond to the usual assignments of electrophoretic mobili
ties fo r gliadin patterns of common wheats. The nomencla ture 
used fo r the purified components corresponds to that used in 
Table 1. 

consisted mainly of a single component with the 
exceptions of the w- 1 secalin, which gave two 
components, the w-secalin mixture ( w-t), which 
gave three components, and the w-5 component of 
' Justin', which showed minor amounts of high
molecular-weight contaminants. 
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Fig. 2. SDS-polyacrylamide gel electrophoresis (pH 8.9) of 
purified w-gliadin components a nd fractions. Molecular weights 
of standards a rc givcn in units o f 10 3 (abbreviatcd as k). a . 
molecular wcight standards (phosphorylase b, 94000; transfer
rin, 76000; bovine serum albumin, 68000; ovalbumin, 43000; 
lactate dehydrogenase, 36000; chymotrypsinogen A, 25000; 
ribonuclease, 13 700; cytochrome c, 11 700; b, total gliadin 
from Justin ; c, w-5 gliadin from Justin; d, w-1 gliadin fro m 
Justin; e, w-2 gliadin from Justin ; f, w-1 gliadin from Chinese 
Spring; g, w-2 gliadin from Chinese Spring: h. w-1 gliadin from 
Edmore; i, w-2 gliadin from Edmore; j , w- 1 gliadin from T. 
mo11ococc11111; k, w-2 gliadin from T. 111011ococc11m; 1, w-3 gliadin 
from T. mo11ococc11m; m, total secalins from Fronticr; n, total 
w-secalins from Frontier; o, w-1 secalin from Frontier. 

Amino acid compositions 
The amino acid compositions of some o f the 

preparations are given in Table II. Previously pub
lished results [ 19] for a 'C' hordein and the w-1 
gliadin from T monococcum are included in the 
table for comparison. Ali analyses were carried out 
in duplicate and standard devia tions for the two 
analyses a re given in parentheses. 

The composition data indicated an overall simi
larity o f the components - wi th the possible 



TABLE Il 

AMINO ACID COMPOSITIONS OF WHEAT w-GLIADINS AND HOMOLOGOUS FRACTIONS FROM BARLEY ('C' HORDEIN) AND RYE (w-SECALIN) 

Values given in mol percent. Standard deviations of duplicate measurements given in paren theses following each value. Tryptophan not determined. The numbering code is 
from Table 1. Data for Julia hordein and T. monococcum gliadin are from Ref. 19. 

Ami no 2 4,5 12 14 IO 15 16 

acids 'C'-1 w-1 w-1 w-1 w-1 w-2 w-1 w-5 

Julia Frontier T. mono. Ed more c.s. c.s. Justin Justin 
hordein secalin gliadin gliadin gliadin gliadin gliadin gliadin 

Asp" 0.83 0.5 1 (0.06) 1.18 0.33 (0.08) 0.5 (0.5) 0.77 (0.07) 0. 19 (0.07) 0.6 (0.06) 
Thr 0.99 1.0 (0.2) 1.08 1.18 (0.05) 1.7 (0.3) 1.67 (0.03) 1.68 (0.03) 0.75 (0.02) 
Ser 2.61 4.11 (0.04) 4.89 6.3 (0.2) 5.7 (0.2) 5.9 (0.2) 5.61 (0.04) 3.67 (0.09) 
G lu " 41.1 42.9 (0.5) 45.2 43.8 (0.2) 43.l (0.4) 42.8 (0.03) 43.70 (0.05) 53.4 (0.4) 
Pro 31.9 30.6 (0.2) 26.2 27 (2) 29.4 (0.5) 29. 11 (0.04) 30.0 (0.4) 20. l (0.5) 
G ly 0.41 1.4 (0.2) 0.89 1.36 (0.07) 1.10 (0.05) 1.09 (0.00) 1.0 (0. 1) 1.07 (0.07) 
Ala 0.69 0.59 (0.08) 1.57 0.53 (0.02) 0.5 (0.2) 0.61 (0.04) 0.35 (0.02) 0.63 (0.08) 
Val 1.11 0.97 (0.06) 0.80 0.72 (0.02) 0.42 (0.06) 0.40 (0.04) 0.35 (0.09) 0.4(0.1) 
Met 0.22 0.0 0.13 0.0 0.0 0.0 0.0 0.0 

Cys 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0. 
Ile 3.02 2.43 (0.02) 2.22 2.55 (0.06) 1.65 (0.08) 1.58 (0.05) . 1.6 (0.1) 3.7 (0.1) 
Leu 4.3 1 3.92 (0.04) 4.70 4.9 (0. 1) 4.0 (0. 1) 4.11 (0.0 1) 3.9 (0.1) 3.5 (0.1) 
Tyr 2.29 1.37 (0.04) 1.17 1.51 (0.08) 1.48 (0.01) 1.47 (0.00) 1.53 (0.08) 0.75 .01) 
Phe 9.03 7.4 (0. 1) 8.09 8.3 (0.3) 9.0 (0. 1) 8.88 (0.0 1) 8.94 (0.04) 8.7 (0.4) 
His 0.60 0.5 (0. 1) 0.56 0.93 (0.04) 0.70 (0.06) 0.8 (0. 1) 0.55 (0.04) 1.26 (0.04) 
Lys 0.0 0.30 (0.0) 0. 13 0.33 (0.02) 0.27 (0.01) 0.27 (0.0 1) 0.32 (0.00) 0.48 (0.01) 
Arg 0.84 1.79 (0.06) 1.04 0.39 (0.04) 0.4 (0.2) 0.61 (0.03) 0.32 (0.00) 0.93 (0.06) 

• Includes amide form. 
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Fig. 3. N-terminal amino acid sequences of purified w-gliadin components and fractions. Code numbers refer to code of Table !. Sequences for a-gliadins (3. 16) and 
y-gliadins (M.D. Dietle r and D.D. Kasarda, unpublished results) are included for purposes of comparison. Possible repeating sequences are underlined twice. Likely regions 
of homology arc: t:m:lost:<l in boxt:s; deviating residues likely 10 havt: resulle<l fro m single base changes in the codon of the principal amino acid are underlined. • Indicates 
first residue of N-terminal sequence. •• Indicates last residue identified in repeated cycles o f Edman degradation. Singlc-letter code for amino acids: A, alanine; D. aspartic 
acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; 1, isoleucine; K. lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, a rginine; S, 
serine; T , threonine; Y, tyrosine; V, valine, W, tryptophan. 



exception of the w-5 component from ' Justin', 
which had about 10% more glutamine (plus 
glutamic acid) and about 10% less proline than the 
other components. This is in accord with the re
sults of Charbonnier [23), who found that the 
faster-moving w-gliadins from the cultivar 'Cap
pelle', which had similar mobilities in lactate elec
trophoresis to our w-5 component, also had similar 
compositions to our component. The slower-mov
ing gliadin components studied by Charbonnier 
[23) and the C secalins of Charbonnier et a l. [32) 
had compositions similar to our other w-gliadin 
and w-secalin components. 

Ail these w-type prolamins had high contents of 
glutamine ( 42- 53 mol percent), proline (20-3 1 
mole percent) and phenylalanine (7-9 mol per
cent). Together, these three amino acids represent 
more than 75 mol percent of ail the amino acids. 
This is rather more than in a, {3- and y-gliadins 
(33) and in 'B' hordeins (34), where the combined 
amounts of these three amino acids are closer to 
60 mol percent. The w-type prolamins are also 
notable for having no cysteine or cystine and no or 
little methionine [5,21 ,23). 

N-terminal amino acid sequences 
The sequences we obtained for our preparations 

a re given in Fig. 3, where they are compared with 
previously published sequences (19) for a 'C' 
hordein component (code 1) and the w-1 gliadin 
from T monococcum (codes 4, 5). The sequences of 
the w-1(code15) and w-5 (code 16) components of 
' Justin' and the w-1 component (code 12) of 
'Edmore' were based on duplicate analyses, 
whereas other sequences in this study represent 
single analyses because of lack of purified proteins 
(an elaborate purification procedure frequently 
yields 1 mg or less of ·purified w-gliadin from 100 g 
of flour - when successful at ail - and we 
analyzed as much as 10 mg of purified component 
in many single analyses). In most cases, we se
quenced equivalent proteins from different culti
vars (for example. w-2 of 'Justin' and w-2 of 
'Chinese Spring') and when we did, identical se
quences were always obtained. We considered this 
sufficient confirmation of the results. The se
quences shown in Fig. 3 were aligned to improve 
homologies. 

Initial yields were in the range 60- 80% for ail 
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analyses except for the ' Mindum' w-2 gliadin (code 
9) and the T monococcum w-2 and w-3 gliadins 
(codes 6, 7), which were 30, IO and 5% respec
tively. Yield analysis was based on initial sample 
weight and an estill!ated Mr for the proteins. The 
analyses of the three samples that gave low yields 
were ail carried out on submilligram amounts of 
protein. Because it is difficult to weigh such sam
ples accurately and contamination of them by tint, 
salts, moisture and other materials can be signifi
cant, and because we did not attempt to deal with 
these problems in a systematic way, the yields may 
not be as low as they appear. We cannot rule out 
the possibility, however, that some of the protein 
in these samples was blocked at the N-terminus so 
that the sequence we obtained was not representa
tive of the protein evident in the gel pattern, but of 
a contaminating protein. Even so, the presence of 
the observed sequence is of importance in itself. 

Also, with the T monococcum samples ( w-2 and 
w-3), extremely low levels of PTH-amino acids 
were analyzed (less than 1 nmol), which increased 
the possibility of error. In these two analyses, 
several amino acids were noted in the first cycle. 
Although alanine or arginine would have been 
expected, these did not seem to be present, but 
rather threonine, tyrosine and proline were ap
parently present. Because artifactual peaks have 
occasionally been noted in the first cycle analyses, 
we did not feel that these apparent identifications 
were necessarily accurate. Cycles 2, 3 and 4 yielded 
single amino acids, arginine, glutamine and leucine, 
respectively, and we were reasonably confident of 
those identifications. Clearly, further work needs 
to be done to clarify the situation with regard to 
the types of w-gliadins found in T. monococcum. 

The analysis of the preparation from Ae. squar
rosa (code 17), which was separated into two com
ponents by lactate-polyacrylamide gel electro
phoresis (Fig. 1 ), gave several strong peaks in the 
firs t cycle. PTH-amino acids were determined only 
by gas chromatography for this one analysis. Be
cause this method does not determine PTH-lysine 
and PTH-arginine well (both of which are possible 
N-terminal amino acids for the mixture) and be
cause we suspected that one or more of the peaks 
in the first cycle were artifacts, we made no identi
fication for the first cycle. In cycles 2 and 4, only 
two major peaks were evident in the chromato-
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grams and further sequencing indicated only one 
sequence, as can be seen in Fig. 3. 

C-terminal sequencing 
An attempt was made to determine the C-termi

nal amino acid sequences of four of our gliadin 
components (codes, IO, 12, 14, 15) by digestion 
with carboxypeptidase Y. No amino acids were 
released from these components even though an 
a nalysis of a' C' hordein component carried out at 
the same time gave a normal digestion in accor
dance with previous results for 'C' hordeins [5]. 
Digestion of the w-secalin component from rye 
(code 2) yielded valine, but no other amino acids. 
These proteins seem to be resistant to digestion 
with carboxypeptidase Y, but this needs further 
investigation. It is of interest that valine is also the 
C-terminal amino acid of 'C' hordein (5]. 

Discussion 

Types of N-terminal sequence 
We have found three new types of N-terminal 

amino acid sequence for w-gliadins and have found 
that two previously described N-terminal se
quences, characteristic of the 'C' hordeins of bar
ley (5, 13- 15, 19] a nd of an w-gliadin from T. mono
coccum [ 19], are also present in w-secalins from rye 
and in some w-gliadins of tetraploid and hexaploid 
wheats. These five types of N-terminal sequence 
for w-gliadins, 'C' hordeins and w-secalins are 
apparently variants of one main type, as we shall 
discuss below. These results extend the number of 
types of gliadin sequences to three, the a-type and 
y-type (3,4] and the w-type. We shall designate the 
variants of the w-type sequences the KEL-variant, 
the RQL-variant, the ARQ-variant, the ARE
variant and the SRL-variant on the basis of the 
single-le tter symbols for the first three amino acids 
o f their sequences (see Fig. 3 for an explanation of 
the single-le tter code). On this basis, the a-type 
sequence rnight be designated VRY-type and the 
y-type sequences would have NIQ-variants o r 
NMQ-variants. 

The KEL-variant 
This sequence was found for the slowest-mov

ing gliadin component (lacta te-po lyacrylamide gel 
electrophoresis) o f each of two varieties of T 

aestivum a nd each of two varieties of T. durwn. It 
is probably also characteristic of an w-gliadin from 
Ae. squarrosa, although we failed to identify an 
N-terminal lysine residue for reasons discussed in 
the Results section. The presence of the KEL
variant sequence in Ae. squarrosa, considered the 
donor of the D genome to T. aestivum (35], is in 
accord with the assignment of the genes coding for 
the corresponding protein in 'Chinese Spring' to 
chromosome 1 D in this cultivar [31 ]. Because T. 
durum is a tetraploid wheat of the AABB type and 
has no D genome, proteins with the KEL-varian t 
sequence in T dun11n must be coded by genes 
located on chromosomes of the A or B genomes. 
This might reflect introgression (36,37] of some 
genetic ma terial from Ae. squarrosa into the A or 
B genomes of T. durum , which has been consid
ered a possibility [38,39]. The KEL-variant se
quence was apparently absent from T. monococ
cum; T, monococcum is closely related to the donor 
of the A genome to T durum and T. aestivum [35]. 

Another possibility, however, is that the KEL
variant sequence .arose in conjunction with the 
divergence of Triticum and Aegilops so that this 
type of sequence might be found in most (possibly 
ail) species of Aegilops, but not in species of 
Triticum. This hypothesis would locate the genes 
coding for KEL-variant proteins in the B and D 
genomes (probably derived mainly from species of 
Aegilops) of polyploid wheats. Further experimen
tal work is needed to test these speculations. 

The SRL-variant 
This sequence was present in an w-gliadin from 

' Justin' that gave a relatively intense, fast-moving 
band in the w-region of the lactate-polyacrylamide 
gel electrophoresis patterns. The more intense 
staining rela tive to the other w-gliadins of ' Justin' 
may reflect a rela tively high concentration of basic 
groups (lysine, histidine and arginine) that bind 
dye molecules rather than a greater amount of this 
protein. This higher concentration of basic groups 
(about twice that o f the w-1 gliadin from ' Justin') 
is reflected in the amino acid composition (T able 
II) and in the presence of one lysine, one histidine, 
a nd two arginine residues among the first 12 
residues of the N-terminal sequence (Fig. 3). 

The SRL-variant w-gliadin of ' Justin ' is proba
bly coded by a gene located on chromosome 1 B by 



analogy with a band of identical mobility in the 
electrophoretic pattern of the cultivar 'Cheyenne' 
( 11 ). It is possible that this sequence is specific for 
the B genome, but this possibility needs further 
investigation. 

The RQL-, ARQ-, and ARE-variants 
The essential homology of these three variants 

seems fairly certain when the sequences are com
pared (Fig. 3). One of the variants of this type 
(RQL) bas been found in barley and T. monococ
cum [ 19), and we now report finding this variant in 
rye. We have found the other two variants in 
tetraploid wheats (ARQ) and hexaploid wheats 
(ARE). Because barley and then rye are thought to 
have diverged from some common line before it 
gave rise to Triticum and Aegilops (40,41) and 
because the RQL-type is characteristic of the 'C' 
hordeins of barley and the w-secalins of rye, i t may 
be the ancestral type. 

Homologies among components 
Two regions of probable sequence homology 

among most of the components examined so far 
are enclosed in boxes in Fig. 3. These regions 
consist of six or seven residues in each case. The 
first box (codes 1- 11 ) represents a homology that 
is probably characteristic of ail proteins with RQL-, 
ARQ- or ARE-variations of the w-type N-terminal 
sequence. The second box may represent a homol
ogy shared by ail w-type prolamins, which differ 
from other prolamins in wheat, rye and barley by 
having greater proportions of glutamine and pro
line in their compositions and by having no cystine 
or cysteine [19,2 1,23). We failed to extend ail o f 
our sequences far enough to include this region, 
but it was evident ip 11 of the 17 different pre
parations sequenced and probably present in one 
other component. This latter component ( the single 
representative of the SRL-variant) differed at two 
of the seven residues proposed to be homologous, 
but both of the differences correspond to single 
base changes in the codons of the homologous 
sequence. 

The ARE-variant type genes may have given 
rise to KEL-variant genes by deletion of part of 
the DNA from the 5' end of the gene so that 
transcription was initiated at a site 24 bases farther 
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into the gene. The situation is complicated by the 
probability that these proteins are synthesized as 
larger precursors ( 43,44), and modified post-trans
lationally by cleavage of a signal peptide from the 
N-terminal end of the polypeptide chain. The dif
ference between ARE-variant proteins and KEL
variant proteins might be related to a change in 
the site of post-translational cleavage of a signal 
peptide ra ther than a change in the site at which 
transcription is initiated, but these possibilities 
cannot be evaluated at present. 

It seems likely on the basis of the sequences 
presented here that ail w-type prolamines have 
arisen from a common ancestral gene. Homolo
gous genes of different species and duplicated 
genes within a species have diverged from one 
another not only through point mutations, but 
also by insertions and deletions of portions of the 
gene DNA. The differences in M, that we found 
for our components (Table 1), which ranged in 
apparent M, from 44 · 103- 74 · 103, could have 
resulted from insertions and deletions of portions 
of the gene DNA - perhaps thr.ough unequal 
crossing-over, as· has been suggested by Lawrence 
and Shepherd (45) in regard to genes coding for 
glutenin proteins, or through corrections of mis
matched DNA that do not involve crossing-over. 
Insertion and deletion may be an especially im
portant mechanism for the development of diver
sity among genes coding for gliadins and related 
storage proteins; such a mechanism could explain 
why there are so many components with ap
parently different M, values (39), but with similar 
N-terminal and C-terminal amino acid sequences 
[4,5). 

Variable regions 
In contrast to the regions of apparently homol

ogous sequence, there are positions (posssibly re
gions) w~ere many of the components diff er in 
sequence. For example, following the alignment 
we have chosen for the sequences of Fig. 3, the 
amino acid corresponding to residue 7 in the se
quence of the 'C-1' hordein is serine, whereas it is 
glutamic acid in the components from rye, aspartic 
acid in the components from T. monococcum, and 
asparagine in füe components from T durum and 
T aestivum . Other positions and regions with lesser 
varia tion may be noted in Fig. 3. The most likely 
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explanation of these variable positions is that they 
are Jess functionally important than other posi
tions so that the organism has tolerated point 
mutations at the corresponding codons in the gene 
more readily. This implies that there are functional 
constraints on the evolution of genes for gliadins 
(46] and related prolamjns even though the rela
tionsrup between structure and function may be 
Jess crucial for these proteins than for many other 
proteins, such as enzymes, as has been pointed out 
by Booth and Ewart (21 ]. 

Repeating sequences 
The five-residue amine acid sequence -proline

glutamine-glutamine-proline-tyrosine- (P-Q-Q-P
Y) is repeated in the w-1 sequence from T. mono
coccum (codes 4, 5; Fig. 3) and in the w-1 sequence 
from 'Justin' (code 15). In addition, other similar 
five-residue sequences with differences that corre
spond mostly to single base changes in the codons 
are present in many of the sequences shown in Fig. 
3 (-Q-Q-Q-P-F-, -P-Q-Q-Q-F-, -P-Q-Q-S-F-, -P-Q
Q-L-Y-, -P-Q-Q-S-Y and -L-Q-Q-P-Y-); these se
quences are underlined in Fig. 3. Although no 
exact five-residue homologies to these sequences 
a re present in the N-terminal sequences of a- and 
y-type gliadins (Fig. 3), some similar sequences, 
such as S-Q-Q-Q-P- in a-type gliadins and P-Q-Q
Q-L in y2-gljadin, may be noted. 

Repeated duplications of short DNA sequences 
that included the codons corresponding to the 
amjno acids of these five-member seqences (pre
dominantly glutamine and praline) witrun the con
text of an existing gene, or followed by introduc
tion of transcription contrais, may have given rise 
to an ancestral gene for the w-type prolamins 
discussed here and for other high-glutamine, high
proline type storage proteins (46]. It is also possi
ble that such a process.occurred a number of times 
with an independent occurrence giving rise to zein 
genes, for example, wruch also seem to exhibit 
repeated sequences [8,9]. This is a plausible mecha
nism for the concentra tion of similar codons into a 
single gene, as is necessary to code for proteins 
containing up to 75 mol percent glutamine and 
praline in the case of w-gliadins. A similar process 
has probably been involved in the formation of 
some other maize proteins (47]. 

We note that amplifications of DN A sequences 
along with their translocation or deletion from the 
genome have been frequent events in the evolution 
of higher plants (48]. Although these processes 
have been studied mainly in connection wi th non
coding DNA (48], similar mechanisms may have 
contributed to the formation of genes for many 
proteins, including collagen (49] and the serum 
albumin family (50]. Although the genes for col
lagen arase more than 500 million years ago (49], 
the genes coding for gliadins and similar pro
lamins may be very young genes, having developed 
recently in the course of evolution. Trus suggestion 
is based on the occurrence of such lùgh-glutamine, 
high-proline prolamins only in the seed s 
(caryopses) of grasses combined with indications 
that the grass family (Gramineae) of the flowering 
plants (Angiosperms) is of recent origin. Fossi! 
evidence of grass eyolution is sparse, but indicates 
tha t grasses had become established by 25-40 
million years ago (51 ]. Angiosperms appeared 
about 100 million years ago [52] .. If genes for 
gliadins and simjlar prolamins originated in con
nection with the development of grasses, the time 
of their origin should be limited approximately by 
these dates. Even allowing for a preceding period 
of development twice as long, the time of origin 
would be witrun about 200 million years - still 
recent compared to the origin of genes such as 
those for collagen. 

Further sequencing will be necessary to de
termine the extent to which repeated sequences 
occur in w-type prolamins. We were unable to 
extend our N-terminal sequences beyond about 28 
residues at best; we trunk that trus results from 
limita tions inherent in the nature of these proteins, 
because we can sequence other proteins, sperm 
whale myoglobin, for example, at least twice as 
far. T he absence o f extensive repetition of a simple 
peptide sequence in these proteins would not indi
cate the incorrectness of our hypothesis that glia
din genes evolved through the duplication of sim
ple sequences. Trus process probably occurred in a 
stepwise manner with larger, possibly diverged, 
sequences being duplicated in la ter steps, and 
eventually involved duplication of complete genes 
(46]. 
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