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ABSTRACT

A quantitative procedure for purifying small peptides from plant tissues,
involving both ion-exchange and gel-exclusion chromatography, is de-
scribed. Peptides were quantified and characterized by using the fluores-
cence reagents dansyl chloride and fluorescamine. Large pools of smal
peptides and amino acids have been identified in both the endosperm and
embryo of germinating barley grains. The peptide pool of the endosperm
increases during the first 3 days of germination, subsequently decreasing,
an observation compatible with a role for peptides as intermediates in the
breakdown of the storage proteins and their transfer to the embryo. The
amino acid composition of these peptides indicates that aDl the major
classes of storage protein contribute to the pool. The concentration of
peptides produced in the endosperm during germination is sufficient for
the efficient operation of the peptide transport system of the scutellar
membrane characterized previously (Higgins and Payne, Planta 136: 71-
76, 1977; Planta 138: 211-215 and 217-221, 1978). Data presented here
indicate that peptides play at least as important a role as amino acids in
the transfer of stored nitrogen from the endosperm to the embryo during
germination.

Recently, a peptide transport system with broad specificity for
small peptides has been identified in the scutellum of germinating
barley embryos (1 1-16, 28-30). It seems likely that this transport
system plays a role in the transfer of stored nitrogen from the
endosperm to the embryo during germination. However, in order
to demonstrate the physiological importance of such a system it is
necessary to show that the appropriate substrates are available in
vivo. Although there is some evidence for the presence of a pool
of peptides in the endosperm of germinating cereal grains (re-
viewed in ref. 1 1), an unambiguous demonstration has never been
achieved. This study was undertaken in an attempt to identify and
to characterize the peptide pools of germinating barley grains and
to relate any findings to the function in vivo of the peptide
transport system.

MATERIALS AND METHODS

Barley grains (Hordeum vulgare L. cv. Maris Otter, Winter),
obtained from the National Seed Development Organization Ltd.,
Newton Hall, Cambridge, U. K., were wetted for 10 s in aqueous
ethanol (70%o v/v), surface sterilized with NaOCl (1% w/v avail-
able chlorine), and germinated on 'Alkathene' polyethylene gran-

'We are grateful to the Science Research Council of Great Britain for
financial support and for a Research Studentship to C. F. H.

2 Present address: Department of Biochemistry, University of California,
Berkeley, CA 94720.

ules (I. C. I. Ltd.) at 28 C in a dark spray room, with water misting
for 5 min every hour.

TISSUE EXTRACTION

After appropriate periods of germination the embryos and
endosperms from 60 seedlings were separated, blotted dry, and
weighed. Tissues were rapidly ground in I ml acetic acid (5 N)
and the volume made up to 12 ml (9 ml for embryos) with acetic
acid (5 N) preheated to 100 C. lExtraction was at 100 C for 20 min,
in a stoppered tube to prevent evaporation. Extracts were centri-
fuged for 10 min at 1,500g, the supernatant solutions recovered
and evaporated to dryness on a rotary evaporator. The residues
were dissolved in 0.01 N HCl (half the original volume) and the
pH adjusted to 2.0 with 5 N HCI. Undissolved material was
removed by centrifugation (2 min, l0,OOOg) and the extracts stored
at -20 C until analyzed (up to 1 month).

PURIFICATION OF EXTRACTS

A column (bed volume 9.5 ml) of Dowex 50W-X8 standard H+
ion exchange resin (B.D.H. Ltd., Poole, Dorset, U.K.) was thor-
oughly washed with deionized H20, equilibrated with 0.01 N HCl,
and I ml extract added. Unbound material was eluted with three
bed volumes of 0.01 N HCI, followed by two bed volumes of
deionized H20, and discarded. Compounds bound to the resin
(including amino acids and peptides) were eluted with four bed
volumes of 3 M ammonia. Eluate was evaporated to dryness in a
rotary evaporator at 40 C, diluting with several volumes of deion-
ized H20 before complete evaporation was achieved to prevent
alkaline hydrolysis of peptide bonds. The residues were redis-
solved in 1.5 ml PBS3 and any undissolved material removed by
centrifugation (3 min, l0,OOOg).

SEPARATION OF PEPTIDES

Samples (1.0 ml) of each purified extract were fractionated by
gel-filtration on a Sephadex G-15 chromatography column (1.5
x 90 cm) with PBS as an eluent. A constant flow rate of 33.6 ml/
h was maintained with a peristaltic pump. Fractions of 2.8 ml
were collected, referred to below as G-15 fractions. The column
was calibrated by determining the elution volumes of a number of
small, defined peptides (200 ,ul, 1 mM) and amino acids (200 yd, 20
mM), by using a Uvicord III 2089 dual channel spectrophotometer
(KB Ltd.) to monitor the A206 of the effluent.

ANALYSIS OF G-15 FRACTIONS

Four independent methods were used to identify and charac-
terize the amino acids and peptides eluted in each G- 15 fraction.

3Abbreviations: PBS, phosphate buffered saline (0.1 M NaCl in deion-
ized water, 0.01 M sodium phosphate buffer, pH 7.0); GAB, y-aminobutyric
acid; DNS, dansyl; TNBS, 2,4,6-trinitrobenzene-1-sulfonic acid.
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HIGGINS AND PAYNE

A20: Peptide Bonds. A206 (1 cm pathlength) of each fraction was
measured with a Unicam SP 500/Gilford 2000 spectrophotometer,
using dialanine as a standard.

Fluorescamine: Primary Amino Groups. Samples (normally 200
,ul) of the G-15 fractions were mixed with 2.5 ml sodium tetrabor-
ate (0.1M in deionized H20, pH 7.0). Fluorescamine (4-phenyl-
spiro-[furan-2(3H),l'-phthalan]-3,3' dione: 0.5 ml; 0.15 mg/ml in
acetone) was added while vortexing rapidly, and the fluorescence
yield determined using excitation and emission wavelengths of
390 and 480 nm, respectively (Perkin-Elmer 1000 Fluorescence
Spectrophotometer). Diglycine was used to calibrate the assay.

Dansyl Chloride: Primary Amino Groups. Free amino acids in
each G- 15 fraction were determined by reacting samples (20-400

t,l) with dansyl chloride, separating the derivatives on polyamide
sheets by two-dimensional chromatography and quantifying each
amino acid as described previously (13).
"Bound" amino acids (released by acid hydrolysis: presumptive

peptides) were determined by dansylation as above. Hydrolysis of
freeze-dried samples (20-400,l) of each column fraction was with
HCI (50 Al: 6 N) at 105 C for 16 h in sealed tubes. HCI was
removed in vacuo over NaOH prior to dansylation.

N-terminal amino acids were determined as above, except that
hydrolysis was after dansylation but prior to chromatographic
separation. Because of the labile nature of the NDS-proline bond
(10), N-terminal prolyl residues were determined after only 4.5 h
hydrolysis.
TNBS Assay: Primary Amino Groups. TNBS reacts equally

with the a-amino groups of amino acids and peptides. However,
in the presenceof Cu2+ ions the reaction with peptides is specifi-
cally inhibited (2; unpublished results). The assay can, therefore,
be used to distinguish between amino acids and peptides. Assay
conditions were adapted from Binkley et al. (2). Samples of the
G-15 column fractions (1.1 ml; 10-200 nmol free amino groups)
were mixed with 0.9 ml of sodium tetraborate (0.13 M) and
equilibrated at 37 C. A freshly prepared solution of TNBS (250
,l; 4 mg/ml in water, also at 37 C) was added and thoroughly
mixed. After exactly 30 min further incubation at 37 C the A at
420 nm was measured (Hilger-Watts Uvispek H700 spectro-
photometer). For assays in the presenceof Cu2+ ions 50,ul of
CuSO4 (24 mM) replaced 50,ld of the tetraborate buffer. Glycine
was used to calibrate the assay.

TISSUE WATER CONTENT

Tissue dry weights were determined after drying to constant
weight at 75 C under vacuum. Water content was considered to
be the difference between fresh and dry weights.

AUTOMATIC AMINO ACID ANALYSIS

Amino acid compositions of ungerminated barley meal and
various G-15 fractions were obtained from acid hydrolysates (6
N HCI, 22 h, 105 C), using a Locarte amino acid analyzer.

SEPARATION OF POLYPEPTIDES AND PROTEINS

A Sephadex G-50 superfine column (1.6 x 40 cm) was equili-
brated with PBS at a constant flow rate of 14.1 h. One-ml samples
were added to the column and eluted with PBS. The A of the
effluent was monitored continuously at 206 nm as described
above. The column was calibrated with three standard peptides,
pentaalanine (200 ,ul, I mM ), insulin a-chain (200 Al, 5 mg/ml),
and insulin fl-chain (200t,l, 5 mg/ml).

RESULTS AND DISCUSSION

METHODOLOGY

Extracts were made of the endosperm from 1- to 6-day seedlings

grains (day 0) it proved impossible to separate the embryo and

endosperm. Consequently, in addition to the complete grain, the

separated proximal and distal half-grains (including and excluding
the embryo, respectively) were extracted for comparison.

G-15 Column Calibration. A linear relationship was shown to

exist between Kd (fraction of internal column volume in which

peptide elutes) and log1o molecular weight for a number of small,

defined peptides (results not presented). This relationship can be
used to predict the chain lengths of peptides expected to elute in
each G-15 fraction: none in the void volume (fractions 1-16),

proteins and polypeptides of more than six residues in fractions
17 to 20, peptides of six or less residues in fractions 21 to 27, and
amino acids in fractions 28 to 30. The latter three groups of
fractions will be referred to as the polypeptide, peptide, and amino

acid fractions, respectively.
Efficiency of Extraction. Acetic acid (5 N) has been shown to be

an efficent extractant for amino acids and small peptides from

barley embryos, complete recovery being achieved (11). As an

overall check on the efficiency of extraction and purification, three

peptides, dialanine, pentaglycine, and phenylalanylglutamic acid,
were added to the acetic acid extractant. This was used to prepare

an extract of 3-day endosperm tissue which was taken through the

complete purification and separation procedure. Dansylation of

thefinal G- 15 fractions showed better than 85% recovery of each

peptide. Thus, any amino acids and small peptides extracted

would seem to be representative of the pools present in vivo

Polypeptide Separation. Figure 1 shows the levels of three

representative amino acids, glycine, proline and GAB, in each G-

15 fraction of a 2-day endosperm extract, determined by using

dansyl chloride both before and after acid hydrolysis. These results

(together with similar results obtained for all other amino acids)

illustrate the efficient separation of free and bound amino acids

by gel-exclusion chromatography. Apart from the following ex-

ceptions, bound amino acids (presumptive peptides) only elute in

the polypeptide and peptide fractions (fractions 17-21 and 21-27,

respectively) and free amino acids only in fractions 28 to 31.

Glutamic acid, aspartic acid, and lysine eluted rather early, peak-

ing in fractions 25 to 26. Although the free and bound forms of

these amino acids can be separated by the dansyl chloride tech-

nique, the presence of these free amino acids in the peptide

fractions must be considered when interpreting the results of other

assays. In addition, tyrosine, histidine, and phenylalanine were

retarded, eluting in fractions 32 to 36, presumably because of

hydrophobic interactions with the dextran gel (24). These fractions

also contained large amounts of an unknown dansyl-reactive

compound, precluding the accurate estimation of the free form of

these amino acids.
Several additional lines of evidence also indicate that separation

is based upon molecular weight. (a) Known peptides, applied to

the G-15 column in the presence of endosperm extract, elute in

the expected fractions (results not presented). (b) The average

chain length of peptides eluted in each fraction, estimated from

the ratio of N-terminal amino groups to the total bound amino

acids (see below), corresponds well with the values predicted from

their elution position on the column. (c) In a typical protein, lysine

and tyrosine residues will be mainly located within the polypeptide

chain, rather than at the N-terminus, and thus, N-terminal analysis
will result in a high ratio of DNS-O-tyrosine and DNS-e-lysine
relative to their bis-derivatives. However, if the protein has been

randomly cleaved to small peptides this ratio will be much smaller.
The absence of any detectable DNS-O-tyrosine, and the presence

of less DNS-e-lysine than bis-DNS-lysine in the peptide fractions

(Table I), is a good indication that no large polypeptides/proteins
are present. (d) The compounds eluting in the endosperm poly-

peptide fractions were pooled, evaporated to dryness, redissolved
in 1.0 ml PBS and separated on a Sephadex G-50 column. Figure

and of the embryos from 1- to 3-day seedlings. In ungerminated 2shwteA06poiefclunfletdrngetonfte
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PEPTIDE POOLS OF GERMINATING BARLEY

200

160

1201

01[

40

C 0

0

*' 320
0

%*- 280

0
E 240

.0 20C
0

X 160
0

8c

40

A) Glycine

a

0.1~\._~~~~~~--,_. a_^ - a
I._. . ,

... . . . _~~I

B)Proline

U~~~~~~

. .

,

o~~~~~~~~~~~el
-'

.i

.

CI
40

20 C) GAB I, "

112222
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Fraction Number

FIG. 1. Separation of free and bound amino acids by gel-exclusion
chromatography. A 2-day endosperm extract was purified and fractionated
on a Sephadex G-15 column. The levels of free (@----4) and bound
(E-U) amino acids in each fraction were estimated by using dansyl

chloride.

polypeptide fractions from a 3-day endosperm extract. Compari-
son with the peptide standards shows that the polypeptide frac-
tions actually contain peptides of 6 to 20 residues; the average

chain length is about 10 residues. The polypeptide fractions of 1-

and 6-day endosperm extracts showed a similar size distribution
(results not presented). Clearly small peptides are not retarded
during elution through the column.

Thus, separation of peptides by gel-exclusion chromatography
is effective: only peptides with six or less residues elute in the
peptide fractions (fractions 21-27) and only free amino acids in
fractions 28 to 32.

Fluorescamine Assay. Under the conditions employed fluores-
camine reacts with the N-terminal amino groups of peptides yet
shows no appreciable reaction with free amino acids (11, 23;
unpublished results). However, proline, prolyl peptides, and other
secondary amines can interfere in the reaction between fluores-
camine and primary amines. As proline is one of the most abun-
dant amino acids in barley storage proteins (7), as well as being
the most important free amino acid (20; Table II), this is a

potential problem here. Essentially the same fluorescence yields
were obtained for a given amount of dialanine, whether the
reaction was in the presence or the absence of a 200-,lA sample of

any polypeptide or peptide fraction (results not presented), show-
ing any interference from secondary amines to be negligible. In
the amino acid fractions, however, the high levels of free proline
did interfere with the assay, precluding its application to these
fractions.

PEPTIDE AND AMINO ACID QUANTITATION

Peptides. The total size of the pool of bound amino acids in
each G-15 fraction was determined using dansyl chloride, sum-
ming the values obtained for each individual amino acid (Figs. 3,
4). This is the most reliable estimate of the amounts of peptide in
each fraction, if it is assumed that all amino acids released by
hydrolysis are peptide bound. The close agreement obtained be-
tween the concentrations of bound amino acids (estimated by
dansyl chloride) and the number of peptide bonds (estimated by
206 nm A) in each G-15 fraction, indicates that the bound amino
acids are indeed peptides (Figs. 3, 4).
Use of both fluorescamine and TNBS gave very similar esti-

mates of the free amino groups present in each fraction; a similar
value was also obtained for the number of N-terminal amino acids
(Figs. 3, 4). Thus, amino acid-containing compounds seem to
account for all the free amino groups in the peptide fractions.
Assuming the bound amino acids are all peptide-bound the aver-
age chain length of the peptides in each fraction, calculated by
dividing the number of amino acids by the number of free amino
groups, corresponds well with that predicted from calibration of
the G-15 column (data not shown). Thus, it seems reasonable to
assume that the bound amino acids determined with dansyl chlo-
ride are indeed peptide-bound. The excellent agreement between
the experimentally derived and the predicted peptide chain lengths
in each fraction seems unlikely to arise by chance in 10 separate
extracts. In addition, there is considerable independent evidence
that peptides do indeed elute from the G-15 column in the
fractions predicted on the basis of their molecular size (see above).
Amino Acids. Because most amino acids have no measurable A

at 206 nm, and the high levels of free proline interfere with
analysis with fluorescamine, only the TNBS and the dansyl chlo-
ride methods were used to assay the free amino acids in the G- 15
fractions (Figs. 3 and 4). Both methods gave very similar results.
The somewhat lower values obtained with TNBS in certain frac-
tions reflects the lack of reaction of this reagent with proline. It
should be noted that an unidentified, non-amino, 206 nm-absorb-
ing compound(s) also eluted in the amino acid fractions.

AMINO ACID COMPOSITIONS

Dansyl chloride analysis provides considerable information on
the compositions of the free and bound amino acid pools. How-
ever, arginine was difficult to quantify as it chromatographs close
to the solvent front. In addition, glutamine and asparagine were
not detected in any fraction because of their deamidation to the
corresponding acids. Thus, the acid/amide pools have been con-
sidered together.
Endosperm Peptides and Polypeptides. The amino acid com-

positions of the endosperm peptide and polypeptide fractions are
presented in Table I. These compositions did not vary during
germination (results not presented). The compositions of the iso-
lated peptide and polypeptide fractions are very similar. However,
they differ from the composition of the total seed protein (Table
I). These differences seem to be real: (a) The compositions of the
polypeptide/peptide fractions is the same whether estimated using
dansyl chloride or an automatic amino acid analyzer (Table I).
(b) Similar compositions were obtained independently for the
endosperm at seven different stages of germination. (c) The dif-
ferences are not simply due to the removal of free amino acids, as
only 2% of the total amino acids of the ungerminated grain are
present in an unbound form (calculated from Table III, assuming

ol m-
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HIGGINS AND PAYNE

Table I. Amino Acid Compositions of the Peptide Pools of Barley Endosperm and Embryo

All values are percentages of the total amino acids recovered.

Endospermb Embryob

Aminlo Ungermi- NTria
Acid

nated Whole Polypep- petid Petide N-Terminal Polypep- pidGrains' tide Frac- Ais tide Frac- Petd
tionsa

. Fractionsc Fractionsc in Peptide tide Fractions'
Fractionsc

Ala 4.6 8.6 8.9 8.0 12.0 8.7 8.2
Gly 4.9 15.5 16.1 19.9 11.6 15.5 24.3
Glx 28.4 15.9 15.8 12.9 13.0 15.1 13.3
Asx 7.1 8.7 8.7 8.4 9.7 10.7 6.8
Ser 5.0 7.2 6.7 7.4 8.1 6.0 9.3
Thr 3.2 5.1 4.6 5.4 7.0 3.1 4.1
Pro 11.7 13.9 15.5 13.6 13.5 11.5 11.5
Val 5.4 5.9 5.4 6.5 9.4 6.6 5.1
Cys _d - NDe ND ND ND ND
Met 1.7 - ND ND ND ND ND
Leu 8.0 5.5 5.3 5.9 6.3 5.1 3.5
Ile 3.8 3.1 2.5 3.4 4.6 3.0 2.6
Phe 6.3 1.9 1.9 1.3 ND 2.2 0.8
His 2.6 2.0 2.6 3.4 ND 3.2 3.9
Lys

bis 4.0 5.5 ND ND 2.6 ND ND
e- 4 3.7 2.7 2.0 4.0 3.9

Tyr
bis- 2 ND ND ND ND ND
O 12.81. .3 0.5 ND 3.5 1.7

GAB ND - ND ND ND ND ND

a Obtained by using an amino acid analyzer.
bAverage of the amino acid compositions at each stage of germination: compositions did not vary during

germination.
c Obtained by using dansyl chloride.
d (-), Not determined.
e Not detected.

insulin
_ a

C_
o

70 60 50 40 30 20 10 0

*- Elution Volume (ml)

FIG. 2. Separation ofendosperm polypeptide fractions by gel-exclusion
chromatography. The pooled polypeptide fractions from an extract of 3-

day endosperm tissue were passed through a Sephadex G-50 column and
the Absorbance of the effluent monitored continuously at 206 nm. The

positions at which blue dextran and various peptide standards elute are

also indicated.

a grain protein content of 10%). (d) The nondigestible proteins
(e.g. in the testa and pericarp) cannot account for this difference,
as the "average" amino acid composition of the barley storage
proteins is very similar to the total composition of the grain (7).
One would not necessarily expect the amino acid composition

of the polypeptide fractions to resemble the overall amino acid
composition of the grain as no attempt was made to extract a

representative sample of large polypeptides/proteins. However,
complete extraction of small peptides was achieved (see above):

the differences in composition here must therefore reflect a phys-
iological process. The most important differences between the
amino acid compositions of the endosperm peptides and the total
seed protein are their very low levels of glutamate and the high
levels of glycine. Interestingly, peptides isolated from wheat flour
are also reported to have relatively high levels of glycine and low
levels of glutamic acid (9). It seems unlikely that these differences
arise because of selective degradation of specific storage protein
fractions, as comparison of the amino acid compositions of the
polypeptide/peptide fractions with the compositions of each of
the major barley storage proteins (7) shows that all the major
storage proteins of barley contribute to these fractions. For the
smaller peptides the unexpectedly high levels of peptide-bound
glycine may reflect the relatively slow rate at which glycyl-peptides
are transported from the endosperm by the scutellar transport
system (14, 15, 30). However, the most probable explanation for
these differences is the specificity of the proteases and peptidases
of the endosperm. Two main types of enzyme operate in the
endosperm. Endopeptidases cleave the proteins to smaller peptides
that can then be attacked by carboxypeptidases (6, 22). It seems
likely that bonds including glycine residues are particularly resist-
ant to attack by barley carboxypeptidases and thus the proportion
of glycine in the peptide fractions is high. This is also supported
by the low levels of free glycine observed in the endosperm (Table
II) and produced during endosperm breakdown in degermed malt
where metabolic removal of free glycine is unlikely (18). Similarly,
the rapid removal of glutamate/glutamine by carboxypeptidases
would account for the low levels of these amino acids in the
peptides.

Little is known about the specificities of barley carboxypepti-

788 Plant Physiol. Vol. 67, 1981
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PEPTIDE POOLS OF GERMINATING BARLEY

Table II. Compositions of the Free Amino Acid Pools of Barley Embryo and Endosperm

Values were determined by using dansyl chloride analysis.

\ . ~~~~~~~WholeDistal Proximal
Tissue Grain' Half- Half- Endosperm' Embryo' Embryob

Amino\ grain' grain'

Acid \ Days of

\Germina- O O O 1 2 3 4 5 6 1 2 3 1 2 3
\tion

Ala 13.4 14.2 11.5 14.3 13.0 13.3 11.3 11.9 16.3 12.0 8.1 9.2 24 67 92
Gly 3.9 6.0 5.6 7.7 5.1 4.4 4.0 7.4 7.7 6.5 3.5 3.1 13 29 31
Glx 7.3 9.0 8.4 18.5 6.9 4.8 6.1 5.0 8.9 9.5 4.5 8.9 19 37 89
Asx 21.5 20.3 19.6 14.1 7.4 4.8 7.4 4.9 6.2 5.0 19.9 16.2 10 165 162
Ser 3.7 5.8 2.2 4.6 4.8 3.9 3.3 3.1 3.9 4.5 4.8 4.5 9 40 45
Thr 1.8 1.7 1.6 2.2 2.8 2.3 2.3 1.8 3.5 2.5 3.5 3.7 5 29 37
Pro 17.9 19.8 19.3 17.2 27.5 38.0 31.4 30.4 16.7 24.6 10.8 11.8 49 90 118
Val 5.4 5.9 6.6 5.5 8.2 8.8 10.0 9.0 8.3 9.5 12.7 12.3 19 105 123
Cys NDC ND ND ND ND ND ND ND ND 0.1 0.7 0.6 0.2 6 6
Met ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
Leu 3.1 3.4 2.1 4.6 10.2 7.6 8.3 8.2 7.3 3.0 12.4 10.0 6 103 100
Ile 2.3 3.5 1.9 2.0 5.1 4.1 5.7 4.5 3.8 4.0 8.1 5.6 8 67 56
Lys 2.1 2.8 2.5 2.2 5.0 3.8 4.8 4.3 5.8 6.0 6.0 4.1 12 50 41
GAB 4.0 3.1 5.6 3.9 2.6 3.3 4.1 8.6 10.6 4.5 3.6 8.0 9 30 80

a Expressed as a percentage of the amino acids recovered.
Expressed as nmol/embryo.

c Not detected.

dases, although these enzymes do have restricted activity on

peptide bonds involving proline (1, 26, 31). The fact that proline
residues were found not to accumulate in barley peptides indicates
that either carboxypeptidase activity is sufficient to release free
proline (the carboxypeptidases of wheat will apparently cleave
bonds involving proline, ref. 25), or that a specific enzyme(s) for
such bonds exists. Some evidence in favor of such an enzyme has
been presented (19).
The N-terminal residues of the endosperm peptides, although

deficient in glycine, are otherwise similar in composition to the
total peptide pool (Table I). Again the composition remained
constant during germination (results not presented). Thus, there
is no evidence for the development of specific enzymic activities
during germination: protein/peptide cleavage remains uniform.
Embryo Peptides and Polypeptides. Embryo peptide and poly-

peptide compositions resemble the amino acid compositions of the
proteins from barley seedlings (Table I) (20, 32), although they
are higher in glycine and proline and low in lysine. Explanations
analogous to those discussed above for the endosperm proteins
may account for these differences, although it is also possible that
the young embryos studied here have different compositions than
do more mature seedlings.

Free Amino Acid Pools. Unlike the peptide pools, the compo-
sitions of the free amino acid pools of the embryo and endosperm
vary considerably as germination proceeds (Table II). During
germination, GAB increases more rapidly than any other free
amino acid in both the embryo and the endosperm. The accu-

mulation of this amino acid in barley is well documented (3).
Changes in the proportions of other amino acids, particularly, of
proline, glutamic acid, and alanine, are known to depend on the
conditions in which the grain is germinated (see I 1).
The compositions of the free amino acid pools are very different

from the equivalent peptide pools. Proline, leucine, and valine
constitute particularly high proportions of the free amino acid
pools compared with the peptide pools, whereas free glycine and
glutamate/glutamine are relatively scarce. Presumably the amount
of any particular amino acid in the endosperm reflects a balance
between its rate of release by carboxypeptidases and its transfer to

the embryo. In the embryo, metabolism will also be important.

PEPTIDE CHAIN LENGTH

At any particular stage of germination all small peptides are
present in similar amounts in both the endosperm and embryo:
there is no preponderance of di- or tripeptides. Thus, although
small peptides are produced in the endosperm during germination
they do not accumulate and may even decline, despite the apparent
absence of peptidase activity (22). This is a good indication that
peptides are being transported to the embryo.

PEPTIDE AND AMINO ACID POOL SIZES

Assuming that all bound amino acids are conjugated in peptide
linkages, the total peptide (fractions 21-27) and amino acid (frac-
tions 28-32) pools in both the endosperm and embryo can be
calculated for each stage of germination (Table III). The pool
sizes vary considerably during germination (Fig. 5).

Considerable quantities of peptides are present in ungerminated
barley grains. Comparison of the peptides present in the proximal
and distal half-grains indicates that most of these peptides are
endospermal (especially considering that the embryo actually
occupies less than 30%Yo of the proximal half-grain) and that free
amino acids are at higher concentrations in the embryo than in
the endosperm (Table III). The quantities of peptides in the
endosperm decrease during the first 24 h of germination. This
may be a result of the movement of peptides to the embryo via
the peptide transport system, known to be active after only a few
hours of germination (11, 28). In addition, the overall loss of
peptides from the grain (embryo plus endosperm) between days 0
and I indicates that peptidases are active at very early stages of
germination.
The peptide and amino acid pools of the endosperm increase to

a maximum after 2 to 3 days of germination, and subsequently
decline (Fig. 5). Similar changes in the soluble nonprotein nitrogen
fractions (probably peptides) and the free amino acid pools have
been reported in barley (8) and maize (17) endosperm. The peptide
pool reaches its maximum size before the free amino acid pool.
This might be expected if free amino acids are produced from
peptides by hydrolysis. Although the total pool of peptides per
endosperm decreases in size between days 2 and 6 of germination,
the amount of peptide per g dry weight actually increases (Table
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FIG. 4. Separation of peptides (A) and amino acids (B) from embryo

extracts of barley grains germinated for varying periods of time (a-c are

days 1-3, respectively). Peptides and amino acids eluting in each fraction
were assayed in various ways. (A), Absorbance at 206 nm (nmol of peptide

bond per fraction, 0); dansyl chloride after acid hydrolysis (nmol ofbound

amino acids per fraction, V); fluorescamine (nmol of free amino groups

per fraction, 0). (B), Dansyl chloride (nmol of free amino acids per

fraction, A); TNBS (nmol of free amino groups per fraction, El). Note the

difference in scales between A and B.

III). Assuming a seed protein content of 10%)o, on day 2 about 3%
of the endosperm nitrogen is present as peptide or amino acid.
This proportion reaches 15% by day 6, as nitrogen is removed
from the endosperm.

Peptides are also detected in the embryo. These may arise from
the movement of peptides into the embryo from the endosperm.
Alternatively, they may be produced within the embryo from
prematurely terminated proteins, or more probably from the
degradation of storage proteins known to be present in the scutel-
lum (5). Unlike the peptide pool, the free amino acid pool of the
embryo increases very rapidly during germination. Similar in-
creases have been reported elsewhere (8, 17, 20). However, al-

FIG. 3. Separation ofpeptides (A) and amino acids (B) from endosperm
extracts of barley grains germinated for varying periods of time (a-g are

0-6 days, respectively). Various methods were used to assay the peptides
and amino acids eluting in each fraction. Absorbance at 206 nm (nmol
peptide bond per fraction, 0); dansyl chloride analysis after acid hydrolysis
(nmol ofbound amino acids per fraction, V); fluorescamine analysis (nmol
of free amino groups per fraction, 0); N-terminal analysis (nmol of N-

terminal amino acids per fraction, U). (e-g), Dansyl chloride analysis
(nmol of free amino acids per fraction, A); TNBS assay (nmol of free

amino groups per fraction, E); TNBS assay in the presence of Cu2" ions

(nmol of free amino groups (nonpeptide) per fraction, A).
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PEPTIDE POOLS OF GERMINATING BARLEY

Table III. Peptide and Amino acid Pool Sizes of Germinating Barley Grains

Whole Distal Proximal

Grain Half-grain Half-grain

Days of Germination 0 0 0 1 2 3 4 5 6 1 2 3

Peptides
nmol/grain 69 64 45 20 117 116 96 83 62 34 62 36

,umol/g dry wt 2.0 2.2 1.9 0.6 4.2 5.0 5.6 6.2 7.8 26.0 13.9 14.4

t,mol/ml cell fluid 19.5 20.8 18.4 0.9 4.2 3.4 3.1 2.4 1.9 6.6 1.3 1.1
Free amino acids

ramol/grain 271 196 185 155 399 547 402 313 205 197 829 996
,umol/g dry wt 7.9 6.5 7.8 4.1 14.2 21.0 23.6 23.5 26.0 154 187 40
,umol/ml cell fluid 76.2 63 75 6.2 14.2 14.5 12.9 9.2 6.3 39 13 30

800
h./

E 600 /

0 400,

co
0

200

0 1 2 3 4 5 6

Days of germination

FIG. 5. Variations in the size of the peptide and free amino acid pools
of barley tissues during germination. Peptides (l, U) and amino acids

(0, 0) in the embryo (Il, 0) and endosperm (R 0) were estimated using
dansyl chloride. Peptide concentrations are expressed as nmol of peptide-
bound amino acids per grain.

though the total amount of amino acids per embryo increases
markedly, the concentration in the cell fluid remains relatively
constant (Table III).

Similar amounts of free and bound amino acids are found in
the endosperm. This indicates that peptides might be at least as

important as amino acids in the transport of nitrogen from the
endosperm to the embryo. The concentration of peptides in the
endosperm reaches 2 to 4 mm during germination (Table III). This
value is a minimum as it is unlikely that the peptides are distrib-
uted evenly throughout the endosperm in vivo: higher concentra-
tions may be reached adjacent to the scutellum. These peptide
concentrations are very close to the Kt values obtained for the
scutellar transport system (e.g. 1.9 mm for trialanine; unpublished
results) and the Km of the embryo peptidases (27). Thus, peptides
are present in the endosperm at adequate concentrations for the
efficient operation of the peptide transport system.
The maximum rate of nitrogen transfer from the endosperm to

the embryo of barley grains during germination is about 150 ,ug
nitrogen/grain/day, or 940,ug protein/grain/day (21). Assuming
transfer occurs entirely as tripeptides, this corresponds to a maxi-
mum rate of transfer of about 2.9 ,pmol peptide/grain/day. The
concentration of peptides in the endosperm is at least 3 mm (Table
III). At this concentration the rate of trialanine uptake is about 5

,umol/g fresh wt * h, and most other peptides seem to be transported

at similar rates (11). Thus, the rate of peptide transport is about
0.5 pmol/grain/h, or 12 ,mol/grain/day. Peptide transport there-
fore occurs at a more than adequate rate to account for the
complete transfer of nitrogen from the endosperm to the embryo
during germination. Similar calculations show that the rather
slower rates of amino acid transport (1 1, 14) are unable to account
for this transfer.
The present results provide the first unambiguous demonstra-

tion of pools of small peptides in plant tissues. Although there
have been a number of reports indicating that growing seedlings
may contain such pools (e.g. 4, 8) these may be subject to other
interpretations. It seems likely that the methods employed here
could be applied with little or no modification to other tissues in
order to establish the general existence and possible function of
peptide pools in plant tissues.
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