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Abstract-A barley (Ho&urn uulgare L ) mutant, R5201, selected for resistance to 4 mM truns4hydroxyprohne had a 
3-6 fold increase m the soluble prohne content of the leaf compared with the parent cultlvar, Mam Mink The mutant 
converted more [U-14C]glutamlc acrd to free prohne m the leaves than Marls Mink but mcorporatlon mto protein 
prohne was slrmlar Incorporation of radloactlvlty mto prohne was inhibited by exogenous prohne more m Marls Mink 
than R5201, suggesting that feedback mhlbmon of prohne blosynthesls 1s relaxed, but not absent m the mutant When 
[l-14C]ornnhme was the precursor, both R5201 and Mans Mink incorporated snmlar small amounts of label into 
soluble and protein prohne More protein prohne was formed by both genotypes from labelled glutamlc acid than from 
labelled ormthme There may exist two routes of prohne formation, where the glutamate pathway is synthetic and the 
ormthme pathway 1s catabolic 

INTRODUCTION 

In plants, it has been suggested that prohne 1s formed 
from glutanuc acid by way of glutarmc semlaldehyde and 
pyrrohne-5-carboxyhc acid (P5C) [l] An alternative 
route 1s proposed from ormthme by a- or 6deammatlon 
to glutanuc semlaldehyde or a-ketoammovalenc acid 
[2,3] However, these routes have not been uneqmvocally 
proven We have previously described the isolation and 
genetic charactensatlon of three barley (Hordeum uulgare 
L ) mutants resistant to truns4hydroxyprolme The 
mutants are allehc and m each case the single, partially 
dommant nuclear gene 1s associated with an mcrease m 
the soluble content of prohne [4, 51 We report here a 
more detailed exammatlon of the free ammo acid content 
of one of the mutants, R5201, and an analysis of the 
products of the metabohsm of radioactively labelled 
glutamic acid, omlthme and prohne These studies suggest 
that prohne synthesis from glutamlc acid 1s regulated by 
prolme and that this regulation 1s partially relaxed m the 
mutant 

RESULTS 

Ammo acrd content of the leaves of R5201 and Marls Mink 

The soluble ammo acid content was examined in young 
leaves of three different ages by extraction and automated 
ammo acid analysis (Table 1) The total amount of free 
ammo acids was slmllar m the three samples of each 
genotype, with the exception of asparagme which was 
abundant m 9day old leaves but was considerably 
decreased m older leaf samples The only maJor difference 
between the two genotypes was m the content of prohne 
This was increased from 0 23 to 147 *01/g fr wt leaf m 
R5201 The proportion of prolme in the leaf protems was 

unchanged, being 5 91 mol% in the mutant and 5 98 
mol % m Mans Mmk 

The effect of exogenous prolme on the synthesis of prolme 
from [U-14C]glutamlc acid 

Turgd excised leaf segments of R5201 and Mans Mink 
were fed for 2 hr with [14C]glutarmc acid Hrlth or without 
cold prohne m an dlummated leaf chamber The uptake of 
[14C]gluuumc acid was sumlar m both R5201 and Mam 
Mink and the inclusion of cold prohne at 10 mM did not 
affect the uptake nor the proportion of the label m the 
various fractions (water-soluble, protemcontammg resl- 
due, chloroform-soluble and COz) 

In the water-soluble fraction, radmactlvlty was re- 
covered mamly m aspartlc acid, y-ammobutyrlc acid and 
a-ketoglutanc acid The analytical system used did not 
separate asparagine and glutamme from glutarmc acid 
and so any label in these compounds would be counted 
with unchanged glutarmc acid Analysis of one water 
soluble fraction usmg 2dlmenslonal paper chromato- 
graphy, however, showed that glutamme (15 %) and 
asparagme (8 %) were maJor products (data not shown) 
The proportion of recovered label m soluble prolme was 
low but that m protein prohne was higher (7-15 % of the 
label m the protein hydrolysates) Little or no radloactlve 
argmme was detected m the soluble fraction but m the 
protein hydrolysates up to 8% of the activity was 
recovered in argmme (Fig 1) There was a substantial 
reduction m radlolabelled prohne both m the soluble and 
protein fractions m the presence of cold prohne, but it did 
not affect the dlstnbutlon of label into argmme or other 
ammo acids analysed Total prohne formation from 
[ 14C]glu~c acid in Marl Mink was mhlhted 97 % by 
external prohne In R5201 the total prohne formation m 
the absence of prohne was greater than m Marts Mmk, 
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Table 1 Free ammo acids m three different leaf samples of Mans Mmk and mutant R5201 

Free ammo acid content* (wol/g fr wt) 
First leaf 9 days First leaf 13 days Second leaf 13 days 

Ammo Mans Marls Marls 
acid Mmk R5201 Mmk R5201 Mmk R5201 

Asp 875fO49 861&082 841*084 941+076 656f103 696kO38 
Thr 255&010 241*006 221+023 297+006 168kOlS 132+042 
Ser 701*113 731*100 621*082 5 12*058 339kOl8 3 38&049 
Asn 1227k603 1848*750 086*0 10 155&098 129kOl8 318+196 
GlU 1298k145 1179*071 1246k278 1713+148 133lkO98 1335*101 
Gln 1048fl81 1133*301 290&393 723fl60 514&128 486*2 18 
Pro 026+002 154+014 018&-001 140*030 026&002 146*009 

GlY 439+173 663k108 237+082 265k108 211+046 321kO57 
Ala 386+088 357kO63 595+027 552f132 35lkO29 3 35+075 
Val 105kO23 125kOll 065kOO9 079*009 063kOO9 069&O 15 
Ile 030&012 045*0 10 015+006 018kOO9 0 16kOO4 023+002 
Leu 0 16&007 024kOO4 016kOO6 024kO22 0 13*003 020*003 

TYr 0 19&002 0 19kOO2 013&001 013*006 0 16*003 018&001 

Phe 028+007 033+005 02lkOO5 025kOO8 0 19*001 025kOO2 

yABt 047*004 038+001 030*014 025fOll 0 13+005 021*014 

LYS 035*001 041+005 0 14+005 017*005 0 12+001 0 17&001 

HIS 108kOl5 143&035 007*001 009*002 021 kOO7 039*010 

Trp 123kOl4 132*025 ndS nd nd nd 

Arg 025kO 14 034*011 0 10*006 006&002 006~001 0 15+004 

Total 68 26 7800 43 45 55 05 

*Each value 1s the mean + standard deviation of tnphcate samples 
t y-Ammobutync acid 
*Not detected 

39 02 43 54 

0 10 0 10 

ProlIne (InM) 

PKltelll 

Fig 1 Incorporation of [U-‘4C]glutanuc aud mto prohne and 
argmme of Marls Mmk (0) and R5201 (B) m the presence (10) 
and absence (0) of 10mM cold prohne mto the total, water- 
soluble and protem fractions Each column 1s ather the mean of 
tnphcate treatments (m prohne) or duphcate treatments (m 
argmme) (three leaves per treatment) Bars tepresent standard 
deviations Total dpm recovered (= 100 %) for Mans Mmk were 
5 10 x 10’ dpm and 4 95 x lo5 dpm respectwely and for R5201, 
5 19 x lo5 dpm and 5 55 x lo5 dpm respectively m the absence 

(0) and presence (10) of 10 mM cold prohne 

and was mhtlxted only 65% by externally fed prolrne 

0% 1) 

The mcorporatron of [l-14C]ornUhtne tnto prolrne and 
other arnmo actds 

[14C]Omlthme was fed to excised 6-day old leaves of 
Mans Mmk and R5201 The effect of prefeedmg the leaves 
with 10 mM glutamic acid was also studled Omlthme was 
readily converted into atrulhne and argmme m both 
genotypes and this was not affected by prefeedmg the 
leaves with cold glutamlc acid (Table 2) Most of the label 
m argmme was m the protein fraction The incorporation 
of label into the other ammo acids, aspartate, glutamate, 
P5C, prohne and organic acids such as a-ketoglutanc acid 
was much less Incorporation mto prohne was low and 
unlike the case with [14C]glutamlc acid feedmg, the 
amount of labelled prohne m the soluble and protem 
fractions was similar Incorporation of [14C]ornlthme 
mto prohne was not affected by cold glutamate Marls 
Mmk and R5201 contained similar low levels of radlo- 
actively labelled prohne 

Metabohsm of[U-‘4C]prolme 

[ “C]Prollne metabolism was exammed m whole Cday 
old plants fed for 4 hr In both mutant and control plants a 
substantial proportion of the label remained as prolme 
with the remainder being metabohsed to aspartlc acid, 
glutamlc acid and a-ketoglutanc acid (Table 3) The 
mutant incorporated a similar amount as the parent into 
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Table 2 Dlstnbutlon of label from [l-14C] ormthme m prohne, argmme and 
gtrulhne m dlummated leaves of Mans Mmk and mutant R5201 

Ammo 
acid 

Dlstrlbutlon of 14C label 
( % recovered label m water soluble + protein fractions) 

No prefexxhng Glu prefeedmg 

Mans Marls 
Mmk R5201 Mink R5201 

Prohne 

Argmme 

Citrulhne 

Total dpm 
recovered (= 100 %) 

02 04 06 04 
03 07 05 07 

258 362 116 174 
126 269 186 282 
29 41 61 26 
66 61 24 48 

680x 105 701 x 10’ 8 65 x 10’ 5 14 x 105 

Results are values from duplicate feedings for each treatment Labelled prohne 
and argmme were recovered from both soluble and protein fractions, cltrulhne only 
from the soluble fraction 

Table 3 I)lstrlbutlon of label from [U-‘4C]prohne m dlummated young plants of 
Mans I&k and mutant R5201 

Compound 

Dlstributlon of [“‘Cl label 
( % recovered label m water soluble + protan fractions) 

Soluble Protein 

Mans Mmk R5201 Mans Mmk R5201 

a-Ketoglutarate* 60*12 69&085 0 0 
Aspartate 17*03 15f20 55*05 12*01 
Glutamate 107*05 73*025 26&07 14kO2 
Prohne 252*20 398*294 345*30 336&25 

Results are means f standard devzxhon of duphcate feedings for 4 hr to whole plants 
grown from embryos Total dpm recovered (= 100%) were 5 29 x lo5 dpm for Mans 
Mmk and 6 94 x lo5 dpm for R5201 

*Label comlgratmg with authentic a-ketoglutanc acid on the autoanalyser 

protein bound prolme but retained more ptohne in the 
soluble fraction 

DISCUSSION 

Analysis of the entire free ammo acid pool m leaves 
showed only one consistent difference between the mutant 
R5201 and the parent, Mans Mink, which was an 
increased content of soluble prohne m R5201 This 
confirms previous analysis by the acid nmhydrm method 
[4] and demonstrates the specific nature of the mutation 
m R5201 Smular increases m soluble prohne were also 
observed m the roots and m leaves of mutant plants grown 
to maturity (data not shown) The level of asparagme m 
13-day old leaves was lower than that of 9-day old leaves 
m both genotypes This may be due to the mltlal presence 
of asparagme transported from the seed [6] There were 
no other sign&ant changes m the other ammo acids at 
the different leaf ages Analysis of the protem ammo acids 
of the leaves (data not shown) showed that the protem 
ammo acid composltlon of the two genotypes was slmdar, 

including that of prohne 
Prohne biosynthesis from glutamlc acid was InhIbited 

by prohne Inhlbitlon of prohne formation by prohne has 
been demonstrated m maize roots [7] and tissue culture 
cells [8] It suggests that an enzyme m the biosynthetic 
route to prohne 1s subject to feedback regulation Both the 
increased labelhng of prohne m the mutant under normal 
condltlons and the less severe mhlbltlon by external 
prohne suggest that feedback regulation of this enzyme m 
the mutant may be reduced, causmg the observed increase 
in free prohne Such a situation has been found m barley 
mutants resistant to lysme plus threonme which contam 
aspartate kmase lsoenzymes m which feedback regulation 
by lysme 1s reduced or lacking [9, lo] The enzyme subject 
to feedback regulation by prohne 1s not known P5C 
reductase, the last enzyme on the route from glutamlc acid 
1s not mhlhted by prohne [ 11, 123 and the two enzyme 
actlvltles glutamate kmase and glutamlc semlaldehyde 
dehydrogenase, which are thought to produce P5C, have 
yet to be measured m plant systems However, prohne- 
sensitive glutamate kmase preparations from bacteria 
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have been reported [13] so this enzyme IS the most likely 
candidate f& regulation m plants The mutant still retams 
the capacity for substantially greater prohne accumu- 
lation under stress [4, 141 suggesting that further mu- 
tatlonal increases m prohne accumulation may be poss- 
ible Argmme blosynthesls was not affected by exogenous 
prohne mdlcatmg that the formation of argmme from 
glutamate occurs by a route different from that of prolme 
This IS probably through the acetylated pathway via 
ormthme [l] 

Prohne and argmme were, however, both formed from 
[14C]ornlthme Argmme and cltrullme are the expected 
major products of ormthme metabolism [15,16] Agree- 
ment between duplicates was poor but there was no 
evidence that mcorporatlon of [14C]ornlthme between 
the two genotypes was different Prohne formation was 
slmdar in the presence and absence of glutamlc acid 
suggestmg that glutamlc acid 1s not an intermediate Such 
a pathway via ormthme transammase has been shown m 
pea cotyledons [2] and Cucurbuo pepo [17] Less of the 
prolme formed from ormthme was recovered m protem 
when compared with the formation from glutamlc acid 
and formation was similar m the mutant and parent 
These observations are consistent with this prohne forma- 
tlon bemg degradatlve rather than synthetic as IS found m 
Neurospora crassa [ 181 

[‘4C]Prolme fed to young plants was readily mcor- 
porated into protein Maize roots fed with [“C]prolme 
were also found to incorporate label mto protein prolme 
(44-51x) [7] R5201 retained more of the labelled prolme 
than Marls Mink This was retained m the soluble pool 
with the amount of label m protein prolme being slmdar m 
the two genotypes This may reflect trapping by the higher 
free prohne pool(s) m the mutant 

EXPERIMENTAL 

Plant mate& Seeds of Hordeum uulgare L cv Marls Mmk 
and the homozygous mutant hne, R5201, were obtamed from 
glasshouse grown plants 

Ammo acid analysis Plants of R5201 and Mans Mmk were 
grown from seeds m Eff compost Leaf samples (three leaves of 
about 350 mg per sample) were taken at the 9th and 13th day, 
extracted with MeOH-CHCI,-H,O (12 5 3) [19] After separ- 
atlon of the aq and orgamc layers, the aq extract was dried under 
vacuum at 50” and redissolved m 1 ml 0 01 M HCI These samples 
were analysed for their soluble ammo acid content with an LKB 
4400 automated ammo acid analyser Values were corrected for 
losses of 15% determmed by recovery of added radIoactive 
isoleucme 

@J-‘4C]Glutamlc actdfeedzng Mans Mmk and R5201 plants 
were grown from dissected mature embryos on sohddied 
Murashlge and Skoog salt me&urn (basal medium) [4] for four 
days and then m sod for a further 7 days Leaves excised from 
these 1 l-day old plants were fed with [U-‘4C]glutamicacid usmg 
leaf chambers [20] Leaf segments were placed m slots m a 
perspex block (SIX slots per block) and held uprlght by a wire 
framework The labelled soln (50 d) was placed m each slot The 
leaves were placed m a glass vial (40 cm3) stoppered with a rubber 
bung A steady supply of hmmdlfed an was passed through the 
vial (ca 400 ml/mm) Leaves were dlummated by a 150 W lamp, 
30 cm from the chamber with the hght tist passing through a 
water tank The leaves were fed for 2 hr and samples of three 
leaves (ca 107 mg) were extracted with MeOH-CHCl,-H,O 
CO, was trapped by passing the outlet an through 25 ml 
2 5 M KOH The aq fraction was dried and redissolved m 1 ml 

001 M HCI for ammo acid analysis The plant residue was 
hydrolysed under Nz m a sealed tube usmg 3 ml 6 M HCI, for 
20 hr at 1 lo”, dned and redissolved m 0 01 M HCI for ammo acid 
analysis RadioactIve ammo acids were separated on an NC2 
automated ammo acid analyser m w&h 80 y0 of the e!lIuent was 
dwerted to a fraction collector and 20% passed through the 
mnhydrm reaction cod to gve the recorded trace The collected 
fractions (14 ml) were counted m 3 5 ml trltosol scmtdlant [21] 
with 87 f 5 % counting efficiency About 20 % of the label loaded 
was either lost m the column or m low countmg fractions whrch 
were not considered 

DL[1-‘4C]&wthme feedmg Embryos of R5201 and Marls 
Mmk were grown on basal medmm for 6 days Excised leaves 
from these plants were fed wnh [‘4C]ormthme with and without 
prefeedmg with cold glutanuc acid and for 1 hr m the same way as 
the glutanuc acid feeding 

[U-‘%]Probne feedmg Four-day old plants, grown from 
embryos, were each fed with C’4C]prohne m 0 2 ml (0 2 ~0) 
hqmd basal medmm for 4 hr The whole plant (leaf, root and 
scutellum) was extracted with MeOH-CHCls-HZ0 soln and the 
aq sample (soluble ammo acid) and residue sample after 
hydrolysis (protem hydrolysate) were analysed on an NC2 
automatic ammo aad analyser for mcorporatlon of label Each 
sample consIsted of five plants of co 180 mg fr wt 

Acknowledgements-We are grateful to Dr P J Lea and Dr B J 
M&n for helpful dIscussIon 

7 
8 
9 

10 

11 

12 

13 

14 
15 

16 

17 
18 
19 

20 

21 

REFERENCES 

Thompson, J F (1980) m The Etochemrstry ofPlants (Mdlm, 
B J , ed ) Vol 5, p 375 Acadermc Press, New York 
Mazehs, M and Fowden, L (1969) Phytochemzstry 8, 801 
Mestlchelh, L J J , Gupta, R N and Spenser, I D (1979) J 
Lkol Chem 254,640 

Kueh, J S H and Bright, S W J (1981) Planta 153, 166 
Kueh, J S H and Bright, S W J (1982) Plant Scr Letters 27, 
233 
Lea, P J and Joy, K W (1983) m Recent Adoonces m 
Phyrochennstry (Nozzollllo, C , Lea, P J and Loewus, F A, 
eds) Vol 17, p 77 Plenum Press, New York 
Oaks, A and MItchelI, D J (1970) Can J Botany 48,2249 
Dougall, D K (1965) Plant Physlol 40, 891 
Bright, S W J , Mdlm, B J and Rognes, S E (1982) Emchem 
Genet 20, 229 
Rognes, S E, B&t, S W J and MdIm, B J (1983) Planta 
157, 32 
Rena, A B and Sphttstoesser, W E (1974) Plant Cell Physlol 
15,681 
Vansuyt, G , Vallee, J C and Prevost, J (1979) Physrol Veg 
17,95 
Strom, A R , LeRuduher, D, Jakowec, M W, Bunnell, R C 
and Valentme, R C (1983) m Genetx Engmeermg of Plants 
(Kosuge, T , Mere&h, C P and Hollaender, A, eds) p 39 
Plenum Press, New York 
Kueh, J S H (1983) Ph D thesis, Nottmgham Umverslty 
Kleczkowski, K and Cohen, P (1964) Arch Bmchem. 
B~ophys 107, 271 
Shargool, P D , Steeves, T , Weaver, M G and Russell, M 
(1978) Can J Blochem 56,273 
Lu, T S and Mazehs, M (1975) Plant Physlol 55, 502 
Davis, R H and Mom, J (1968) .I Bacterlol 96, 383 
Bleleski, R L and Turner, N A (1966) Analyt BIochem 17, 
278 
Kumarasmghe, K S, Keys, A J and Wlnttmgham, C P 
(1977) .I Exp Botany 28, 1163 
Fncke, U (1975) Analyt Blochem 63, 555 


