
Pluuit Plhso. 1(,(, ) 1, 1222-1230

Amino Acid and Protein Metabolism in Bermuda Grass
During Water Stress1' 2

N. M. Barnett" and A. W. Naylor
Department of Botany, Duke University, Durham, North Carolina

Received Mlay 31, 1966.

Suui,noiry. The ability of Arizona Commoin anid Coastal Bcermudl(la grass [Cyoodon
d(ctylon (L.) Pers.] to synthesize amino acids aln(d proteils (lur-ing Nxlter stress xxVas
investigated. Amino acids xvere continuall svnthesi Cet di theacter .streXss
treatmenits, but proteini synthesis x-as inhibited a(I protein lexvels dlecreaseil.

WVater stress indticed a 10- to 100-fold accumulation of free lprolille ill shloots
and a 2- to 6-fold accumtilation of free asparagine, both of xxhich .are cihar-aIcteristic
responses of water-stressed plalnts. Valine leIvels increased, anld gluitaic acid(and

alanine levels decreased.
'+C labeling experiments show ed that free prolinc ttirnls over miiore sloxylx thaI

any other free amino acid dtiring xvater stress. This proline is readilx syiuthesized
is suiggeste(d that (ILirig xxater stress free

ill the amnlillo acidl and protein metalbolism

xx-hat in their general r-espoInse to xxvater stress, and
it was dlesiredl to see if uindler wvater stress collnlitiolns
lifferences also exist in their- nitrogeni metabolismll.
An extensive studv by Ratmna (13) sloxx-el these
lifferences in (drouiglht response of Arizona (oimion
an(l Coastal valrieties: Water- CiItenlt aIn(I cuticila r

transpiration are higher in Common kernmdat.
Commoni Bermtda leaves (levelop a lox er ( more
negative) water potenitial in a given timie xN-ithoiut
x-ater thaln (lo Coastal Bermuda leaves. Leaf
lamage is generally greater an(l appears soonier in
Commoni thain in Coastal leaves. In general, Rat-
niam s experimenital restldts tend(I to sulpport the
conclusionl that leaves of Coastal are slightly suipe-
rior to Commilioin in (Irotight avoildance.

Materials and Methods

Plout ftoriul. Clonat.l material of Arizonl
Common and Coastal Bermuda grass [(Cynodon
ductylon (L.) Plers.] xas p)ropagate(l in a 2: 1
mixttire of sani(dx loam ali(l sand ill 7 inich clay
pots. I'laints Nx-ere g-rox n in the greenlhouise and
x-ere fer-tilized periodically xx-ith comimercial fer-
tilizer. The grasses xx ere trlasplaanted ilnto nlexv
soil sand mixture x henl groxx th ceased to be vig-
orotis. Tops xvere ctut off periodically. Experi-
eIlnlItS xx7er-C Con11dtICted ill fall or xx inter, x-hxen roxvtl
x-as sloxw anid there xvas nlo flowx ering.

Waoter Iotcltio(ll I [(csoromocint. \\Water potenitial
x-as measutre(l x ith the therimiocouiple psychiromneter
(levice (lescriibe(l bv PBoer (2).

oIbcling, c?t luntas lit()P.llaleling ex-

and acctumuilated from glutamic acid. It
proline fuinctions as a storage compounld.

No significant differences were foullnd
of the 2 varieties of Bermulda grass.

In the study of biochemical chaniges in planits
under water stress condclitioins, increasing attentioni
has beein paid to chalnges iu nitrogen compouniids.
Proteolysis and( interrulptioil of proteini synthesis
are generally fouind to be resul1ts of water stress
(6, 11, 20), althouigh both increases and decr-eases
of proteini have been foutnd to follow eaclh other
(3 ). Radioisotopes have been uise(d to show the
effects of water stress on RNA\ synithesis and(I (le-
gradationi (4 ). The stuidy presenite(d here reports
the effects of wvater stress on levels and turnover
of both free alnd( protein-botund amino aci(ls as
shown by 14C labelitg.

\Water stress iniduices a characteristic change in
the lexvels of free aiminio acids, especially a great
increase in free proline (3, 6, 12) anid amides (3, 9).
The acculmullationi of amicdes is thought to be the
result of incorporation of free anmmonnia released
by deamincation of amino acidis, which were in tirn
release(d by proteolvsis ind(uice(d by water stress (9).
Few attempts have beeni ma(le to explain the ac-
cuimtulation of free proliine. The origini aln(d fuinc-
tion of this proline is considere(d in this paper.

Two varieties of Bermudeica grass have been uised
in the present study. These varieties (liffer some-

1 Researcli suipportedI )x NSF GB-1879 and the Her-
man Frasch Founldationi. It represents part of a disser-
tation submitted to the Grcaduate Sclhool of Arts at11-I
Sciences, Duke Unliversitv, in partial fulfillmnent of the
reqtuirements foi- ti-.c Pbl.D. (legre.

2 Presenit address: Department of Botanv and Plant
P'1thlol!, PIrd(luc nixversiitv, ILafavtte, Indiana.
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BARNETT AND NAYLOR-AMINO ACID AND PROTEIN -METABOLISM1

perimeints were condtucted in an isotope hood. Two
adjacent rows of plants in clay pots were illuminated
from opposite sides with 150-w reflector spot lamps

so that shading was minimized. Light was filtered
throuigh 9 cm of 0.5 % copper suilfate solution in
glass tanks cooled by tap water flowing through
copper coils. Light intensity was 1000 ft-c at the
leaf suirface. Plants w!ere left in place throughout
the labeling anid samplinig periods. Daylenigth was

8 hoturs.

For inculbationi with 14CO2, a 15.8 liter bell jar
N-as placed over a plant. Bell jar and plant rested
on a glass plate, to which the bell jar was sealed
with silicone grease. A 10 ml beaker containing
200 uc of N\aH-1tCO3 ((specific activity 25 uc

uxmole- ) as suspeinded oln a wire inside the top

of the bell jar. The bell jar top was sealed with
polyvinyl chloride film. To generate 14,CO2, 0.1
ml of 20 % lactic acid was injected through the
film into the beaker; the film was immediately
sealed with Scotch tape. After one-half hotur, 0.5
ml of concentrated NaOH was injected into the
beaker. The bell jar was removed five minutes
later. The maximum concentration of CO2 gen-

erated was 0.0012 %, which is small compared to

the normal conceintration of CO, in air. No arti-
facts dtue to high CO., conicenitration were likely to

have been induced.

Extraiction of Fr-ee Amtlino Acids. Plant tissue
was killed by boiling it for 3 minlutes in 80 % (v/v)
ethanol. Tissue and ethaniol were stored at -20°.
The ethanol was subsequiently decanted and saved,
aln(l the tisstue was ground with mortar and pestle
wNith acid-washed sand and fresh 80 % ethanol. The

homogenized sample was refluxed 15 minutes on a

steam bath. The sample was centrifuged 15 min-
utes at 27,000 g. The supernatant fraction was

added to the original ethanol in which the tissue
w-as killed. The pellet was refluxed again in 40 %
ethanol. This procedure of refluxing and centri-
fulging was done 4 times in all, once with 80 %
ethanol, twice with 40 % ethanol, and once with
water. All supernatant fractions were pooled.
Four extractions yielded 94 % of the free amino
nitrogen obtained in 6 extractions (80 % ethanol,
twice in 40 % ethanol, 3 times in water). Pooled
extracts were further purified by evaporation al-
most to dryness at 450 under reduced pressure,

taking up the residue in 2 ml of 0.1 N HCI, and

centrifuging the suspension 10 minutes at 10 at

27,000 g. This procedure was repeated once or

twice; the pellet was discarded each time. Extracts
wvere then purified by the cation exchange method
of Wang (18). Recovery of free amino nitrogen
in this method wvas 91 %. This solution was re-

(luced to dryness and the residue was taken up in

a small amount of 0.1 N HCI.

Analysis of Aminio Acids. Amino acids were

meastired on an automatic amino acid analyzer
using the 1-column technique and buffer sequence

of Piez and Morris (10). The analyzer was cali-

brated with standard mixtures of amino acids. At
the column temperatture of 600, glutamine is cy-
clized to pyrrolidone carboxvlic acid, which does not
react with ninhydrin. Consequently sample gluta-
mine was not measuired. Radioactivity of the an-
alyzer stream was monitored continuously with a
Packard 317 scintillation detector and 320E ptulse
height analyzer. One channel of the amino acid
ainalyzer recorder was used to record radioactivity.

Extraction of Soltble Protein. One grass shoot
(up to 15 cm high and 0.5 g dry weight) was cut
into 1.5 cm segments and ground with 2 ml water
and acid-washed sand with mortar and pestle at
10. The homogenate was centrifuged at 217,000 g
at 1° for 10 minutes. The stupernatant fraction was
savred. The pellet was grotund again with water
and saind at 1° and recentrifuiged. The water soltuble
proteini in the combined stupernatant fraction was
precipitated by adding an equal volume of 20 %
trichloroacetic acid (TCA) and allowing to settle
at least 10 minutes. The protein was centrifuged
at 27,000 g for 10 minutes, the pellet was resus-
pended in 10 % TCA and recentrifuged; then the
supernatant was discarded. The pellet was decolor-
ized by twice incubating at one-half hour at 370
with 2 ml of a 2:22: 1 (v/v/v) mixture of ethanol,
ether, and chloroform, and centrifuging each time.
The proteini precipitate was dissolved overnight in
1 ml of 1 N NaOH.

Proteint MWeasutremiient. Proteini was measured
both by the method of Lowry et al. (8) and by
summing the amino acids in protein hydrolysates as
meastured oni the analyzer.

Hydrolysis of Protein. Protein solutionis were
made to 6 NN HCI in 2-piece hydrolysis tubes. After
evacuatioin of air, the solutions were hydrolyzed at
1100 for 20 hours. The small amount of htumic
acid formed was removed by filtration. Hydroly-
sates were dried on a flash evaporator at 450.
\Vater was added to the residue and the sample was
redried repeatedly to remove excess HCI. The
hydrolysate was dissolved in 1 ml 3 zi citric acid
for analysis on the amino acid analyzer.

Results

In addition to the water soluble protein amino
acids, several other amino acids were detected by
column chromatographic analysis of ethanolic ex-

tracts of Bermuda grass tops. On the basis of
elution time and comparative color yield (blue/yel-
low absorption) the non-protein amino acids a-
aminobutyric acid, 38-alanine, and pipecolic acid
were tentatively identified. The last 2 were pres-
ent in minute amounts. Extracts of large samples
of whole tops revealed mintute quaintities of still
more unidentified ninhydrin-positive compounds.
This is illustrated in figure I where many small
unidentified peaks are shown. Two such com-

potunds were present, however, in amouints large
enough to measure. One, labeled N throughout
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122PLAN T PHYSIOLOGY

[Ic. 1. (romato am tr offa-ceatrilee no) aci(ds O Bei-rmida grass produced b)v tlle tIItolal itc aluhlit ("i(l
auaI! i . No01rleu(ine (4 ,u1uole.s ) xx a1s added to tile sample of freslh tops as an initernal .tau(lar(l.

tlhis study, \ alFs eltite(I betxveenl gluitanuiic aci(I and
prolinl. It cemierged from the coltumniii about 15
minntites after standar(d citruillilne, and( disappeared
i1poIn hydrolysis with acid.

The other unknown, labele(d U, xvas elute(l be-
tween a-amino-butvric acid andI ammonia. It
emerged from the column at the same time as
standard ethanolamine and 8-allo-hydroxylysine.
It was stable to acid hydrolysis. In an attempt
to identify this unknown, 2.4 ml fractions were col-
lected dluring an amino acid analysis of an extract
of 136 g fresh Coastal Bermuda grass tops. The
solutions in the 3 tubes containing the unknown U
were pooled and deionized on a 0.9 X 10 cm column
of Dowex 50 X 8, N form (7). The ammonia
soluttioin of the unknown xxas dried at 400 under

reducedpcresstire. The r-esi(uc \xvas (lissol-Hi iul
1 ml 0.1 N HCI. T\vo 1-dimenlsionial chromal;lto-
grams were rtini, using 50 1.l of iniiknoxx n, plus
standards, on WN hatmani No. 1 chromatographv
paper. Solvenit systems xvere 71 % pheniol, a1nl
nt-btutaniol-propionic acid-xwater [45.3: 22.5: 32.2, v,1
x /v (1)]. The unknown chromatographedI the
same dlistance as ethanolamine in both svstems
(phenol-water: unknown RF .70, ethanolamine

RI. .68; n-butanol-propionic acid-water: unknown

RF .55, ethaniolamine RF .52). The tunknown U
xvas therefore tenitatively idlentified as ethanolamine.

An experiment was conducte(d to determine the
effects of water stress on the composition and
turnoxver of both free and protein-bouind amino
acids. Duiplicate sets of both Arizona Commoin

Table I. Effcct (f Watoer Strs-s on Fresh WVei.qht, DJr THUcigqh, Total F ret'
PIrotcin ini Bcrni ifda (7Gass Slioots

Ami info A cids. (ad 1[ater-solubie

Treatment

Commoni
Conitrol
Moderate
stress
Sexere
stress

Coastal
Control
Moderate
stress
Sex-ere
stress

Water
potenItial
range, bars

-4.1 to -7.9
-10 to < -37

< -37

--4.1 to -4.7
18 to < -3

-33 to < 37

Fr
xwt, mg*

228.6 +- 102.9
174.4 4- 69.2

84.6 - 36.1

341.33- 116.3
179.6 -+- 48.6

128.9 +-t 61.7

Total free
amileilo acids,

ytmoles per shoot*

8.72
13.9
16.7
9.26

20.4
28.0

-4-

-F-
-+

3.49
5.71
4.3
2.68
7.8
9.8

Water-soluble protein:
,umoles hydrolyzed amino

acids per shoot*

18.9**
12.6
9.31

23.7
13.5
9.31

-4-

4-F

-4F

3.5

4.7
2.41
11.4
5.3
4.13

mg/shoot

3.06
2.11
0.95
3.24
2.07
1.07

Total
aminino N,

gitmoles per slhoot

27.6
26.5
25.0
33.0
33.9
37.3

* Ax-erage and stancdard deviation of 5 ldeterminations imade in a 77-hour period.
FourTi deter-miiinations only.

C0

0

Drv
xxt, mng*

46.3 -+- 23 2

67.6 -i+- 25.9

6 l .+3-4 28.6

69.4 -+ 24.2
52.4 -+ 13.9

82.6 + 29.7
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BARNETT AND NAYLOR-AMINO ACID AND PROTEIN METABOLISM1

CONTROL MODERATE
la A -- aI

PROTEIN

201
10

0
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150

100

FREE 50

0 20 40 6

I

SEVERE

* COMMON

O COASTAL

O 80 20 40 60 80 20 40 60 80

HOURS AFTER LABELING

Fx i(;. 2. Timiie course of chanige in radioactivity of
the free amino acid fraction and soluble protein fraction
in Bermuda grass with increasing water stress.

and Coastal Bermuida grass plants in pots were
placed under lights in the isotope hood at the
beginning of the water stress treatment. One-half
of the plants were to be labeled with 14CO. The
other half were given the same water stress treat-
ments as the labeled plants but were utsed for fresh
and dry weight measuirements and water potentiai
measuirements. All stolons and branched shoots
were removed. Each plant consisted of 15 to 20
uipright shoots 10 to 15 cm high. 'Water was with-
held from treated plants, and controls were watered
daily. Water potential was measured daily tusing as
a sample 1 shoot from an uinlabeled duiplicate plant.
It was desired to label plants at each of 2 stress
levels which were arbitrarily set at approximately
-15 bars (moderate stress) and -30 bars (severe
stress) respectively. These stress levels were

Table II. Changes in Amounts of Free Amino Acids in Bermuda Grass Shoots with
Incrcasing Water Stress

A moles/gram dry weight**
Amino acid Control Moderate stress Severe stress

Common
Aspartic acid
Asparagine; threonine
Serine
Glutamic acid
N
Proline
Glycine
Alanine
1/2-Cystine
Valine
Isoleucine
y-Aminobutyric acid
U
Ammonia
Lv-sine
Histidine
Arginine

Totals

Coastal
Aspartic acid
Asparagine; threonine
Serine
Glutamic acid
N
Proline
Glycine
Alanine
1/2-Cystine
Valine
Isoleucine
y-Aminobuty-ric acid
U
Ammiionia
Lysine
Histidine
Arginine

Totals

11.8 ±
24.6 +

9.9 ±
28.7 ±

8.9
4.1
2.3
9.2

< 2.7
1.8 + 1.3

31.9 ± 12.3

2.1 + 0.7
. . .

3.2 ± 2.1

94.3 ± 36.6
0.5 -_- 0.4

211.5

7.0
9.4
7.9

22.3
0.9

< 1.1
0.8

21.4

1.3

4.5

50.8
0.4
.0.

128.0

-4-

-4-

-4-

-4-

-4-

-4-

5.9
3.3
1.3
7.7
0.1

0.2
6.9

0.2

3.7

17.3

* Average and standard deviation of 4 analyses of common

eaclh ui) to 15 cmn long anid w-eighed approximately 0.5 g.

** Tlhree or 4 determiniations only.

control shoots, 5 of all others. The shoots were

L

4.5
29.8
8.3

10.5

--

--

--

1.8
13.7
2.7
4.8

30.5 ± 23.9
1.7 -+- 1.1

15.2 ± 3.8

8.4 +

64.2 +

11.0 ±
4.7 +

0.8 ±
69.3 +

1.2 +

11.6 +

0.6**+4
7.0 +

1.2 +
4.3 ±
1.5 ±

55.4 ±
1.0 ±
1.4 ±
2.5 ±

246.5

1.6
0.4
4.1
0.2

54.0
0.1
0.1
0.3

3.5
17.1
4.5
1.9
0.3

33.0
0.7
4.2
0.1
2.1
0.4
1.4
0.9

26.4
0.4
0.3
0.1

1.7
29.9
6.3
2.3
0.3

34.0
0.4
6.3
0.1
3.2
0.7
0.9
0.5
6.2
0.4
0.2
0.7

.

3.5 +

0.9** 4+
7.0 ±
0.8 +

78.0 ±
0.7 -+-
0.5 -+-
0.8 +

192.9

9.0 ±
60.1 ±
18.5 ±
17.7 ±
1.3 +

138.0
2.7 +

17.3 ±
0.8**

12.1 +

2.5 +

8.4 ±
1.8 +

81.5 +

2.2 -+-
1.7 +

1.7 -4-

377.4

4.2
21.5
7.9
6.5
0.3

64.0
1.3
4.9

3.7
1.9
3.2
0.4

25.6
0.8
0.1
0.5

9.7 -+-
62.5 ±
13.4 ±
5.4 +

0.7 +

126.0
1.8 +

13.1 +

0.5**+-4
8.4 +

1.6 +

4.7 +

1.4 +

48.5 ±
1.3 +

1.3 ±
1.8 +

302.5

0 -
=ME

9nn-.

nt _- 1 I
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PLAN-T PHYSIOLOGY

reached at 5 and 7 day s without water, respectively.
Oii these day-s separate plaints of each varietv were

labeled with 200 uc 14CO2 as described above.
Separate shoots wvere excised from each of the
labele(d plcants for measuiremeint of free amino acids
and of protein-boutnd amino acids at 1, 5, 12, 29,
aIl(l 77 houirs after the en(d of the labeling period.
Fresh N-eight, drx weight, aii(INdater potential -were
imleasuired oIn shoots from uinlabeled dltuplicate plants
every day duirinlg the 77-houir sampling perio(d after
labeling.

A stumimary- of the measturemiienits madle is giVen
in table I. _Duirinig the 77-houir samplinig period,
xxvater stress w-as inicreasing. The highest w%vater

potenitial measuiremeint given wvas made at the time
of labelinig, anid it decreased thereafter. Therefore
all averages of measuiremenits madle dturinlg the

sampliing period apply to the entire period when
ux-ater potenitial was changingg, an(l nlot to any av-
erage w%ater potelntial.

Total free amiino acids doubled in(Commloin an(d
tripled in Coastal shoots (table I) at maximum

water stress employed(. At the same time, xvater-
soluible proteiin (lecrease(l in stressed shoots to less
than half that of controls. The sulml of free andcI
proteini-boun(d amiino aci(ls for each -varietv remaine(d
almost conistanlt among all treatments.

The time couirse of chaniges in14C labeling of
the total free and Nwater-soluble protein-bound aminlo
acids is shown in figuire 2. nlitial incorporation
of 14C x-as greatest inlto, aln(l the mIOst label xx as
retaillcd in, the free amino acid fraction from
moderately stresse(d shoots. Incorl)oration of label
ilnto the free amino acid fraction of severelx
stresse(I shoots xx as inot as great as for moderately
stresse(I shoots, but againi imore label xwas retainle(d
thani ill controls. Greater treatmnent (lifferenlces
xwere foulnd(l in the incorporation of label ilnto pro-
teiin. Conitrols accuimuilate(d label ilto p)rotein con1-
tinuouslv duiriig the samplinig perio(l. Label ill
proteini from moderately stresse(d shoots reacheI a

maximuim after 5 houirs andcI (lecline(l thereafter.
At the 77th hotur the amounlit of label in protein
from moderately-stressed shoots x-as oinly 20 % that

Table III. Effcct of ljat(cr Shtcss on Protcin1 ComnPosition
Axerage anld standar(l dexviation of 4 miieasuremiienits for Com11111on) control, ; for all others.

niot determinied aid iiot included in calculations. Amide N\ iot (letei-iulinied.
Cv st illC alld trvptop)liall

-\nllilo aci(d

Collunuloll
.\slartic aci(l
'I'l reonille
Serine

p10ilutmi
al

Prolille
(Gxvcine
.\l llille
Valine
Mlethionille
I solenicille
L,ell inle
Tx-rosinie
Phlenvlalanille
I\-sine
Histidine
.\rginlle

Coastal
Aspartic aci(
Tllreonine
Seriine
Glutamic acid
Proline
G;lx ciiie
Alanine
valille
Metbionine
I soleuicine
Ieuicilie
Tv rosine
PliclnvIalanine
Lv sille
flistidinIe
\ru.uin

1226

Conitrol

Mole ipercenlt
Moderate

.stress
Sexvcrc
stre ss

1().1
4(0
4.9

1 1.0

9.7
'.9
8.3
1.4
C).5
9.1
3.1
4.1
0.36). 3'
1.8
4.5

1.5
0.5
0.2

0.3I)
(

0.4
0.5
0.5
0.6
0.6
0.6
0.2
0.2
0.5
0.2
0.5

4.7
11.5
0.0

11.0
10.9

1.60
6.2
0.6
2.9
4.2

1.6
2.7

1.2
0.3
0.3I1).
0.4
0.4
(1./
0.4
0.4
0.6
1.0
0.4
0.3
0.2
0.3
0.3
0.6
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BAR1RNETT AND NAYL-OR-- AI\INO ACID ANt) I'RO1 KIJN -MEIFIAOLISM1
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1I(.. 3. C(lt;tltlt iI) specitic act ixitx (If iu lixilvtIl free

ll ill il t l-O Ill (() ll;tlel l 1]ei rt l ( its

(f controls erv little lallel xxis incOrporatte(d ilnto

proteiln front seVerelx stresse(d shoots. These (lcltta
sulport tIle coliclhisionIl th,at free attmiilIO Icils tre

rc.tl(ilv svi thesizcd (durinlg xxWtter stress, bitt ire itot

aIS reat(lilv iiicolrpl) atetl ilt( proltein as in instressed

coiiltrols.

Chaniges in amocunts of ii1(livi(lVdll free stmiil(I
acills xx-ith iIicreasiilg ater stress are showxxn il
table II. The free amino aLci(l con1cen1trations1 in

eolitrol !h-oots of 11oth varieties xxere similar except

that CoImImlonl shoots conltained more thani txx ice as

mulch free asparaginle as Coastal shoots. From

comparison of the blie-yelloxv light absorption ratios

for the ninhvdrin reaction pro(ltIcts of aspariagine

anlid threoinine, aincI fromn preliminarv an-alI-ses of

mil1d acidI hvdroly sates of pturifie(d free aminio acid

extracts, it xwas fotlnci that the iasparagile colitteiit

f sho()ots is mutch greater than the threOline C011-

tcuit. Thlerefore the c)'flljilt'e(l asparagin threnine

pe)ak wxas calctilateti aL asparagine. The increase

in this peak (luring wx ater Stress-x was 115s1 (ibe' to

inc rca.se(l ()tspa rag!ill tOCInltenlt. 1'ree pr)l-IIillc COli-

CcintF-tti l inlcreasedh' (li-tilrlatiCitlal (Ii-i1ring w ater

stress to 1D) to 12 ; times' its AIlltrolx alit. kt the
satIIIc tillec, val ill C(IltIltttIItripled, aill(i -ltitlami
Icill Mil1lamine COlllccilt ruttiLt1(Mlsdecreased(.

S riiie, -l 'cine, adl(l alnillt x ere thie tree amllino
acils that l)clame Ilmost high-lv lal led fig ). .

partitc acid, gAlIutamic act'l, y-Itml(llh.tI ;[Cai(l, aini(
asvIXa)ag-'inc¢ dll incorporpatel Xolllm hiat lesslxx e1.
\ll (If the fre-ce atinlo aci(lds fotiui(n iin the conltrols

excepIt lprI)lin1C becaltc 1111IIre higihl I allclcd ill tile

mo(lerlalttel Vstressed shMo(ts thtul ill 11iV (tiler treat-

f'iet r- the Pr'liltrI11. 1-oil seetmed to 1 ecomel
lidel'(l slxxvlxv. ''lih lmv sp)iCific actixity (ot pro(linC
Olbsciutres the fatct that the gr-tSt alllint (If pro(illi
present ill stressell IlitiltCI)ilttilc(I tll Ire tit l

the activitv rIelai lilt) iii the firee alialIo acid frac-
tionl lafter 77 holurs. Tlhe irreutil,arities ill chfangesc
ill spe5cifi'c actixvities (If the ix iduld amino acids
occiur for all the amino atc'i(ls of -t speci fic sample.
This indicates that the (lifferenices resi(le in the

lcx-el ()f laheling (If ililivix iiltal shoot(,s, atid n(ot that
specific actixvities Changed irre-tillrly w ithill atI
1 shloot.

Chages-, ill the aililt Iaci(d comilltsitiomi o sfwater-
soltillel lprl-teill wxith increasing" wxa(tter stress tre given
in tdIle 111.IL cmilitiwlis (If hxdrolxsis (i(ldllOt lwermit

prcscrvattiIIl of cystille (r trvpIltl(lhiphll; bciselitelitly
these hetI to lIe omittctl frontl the CalcillatiIols. thli
lar-gst Chaitge ill prItAcill cIullpsitimlI ill stressed
shl lots xxas thc 21) to 414 (C(_lrcrtLSe ill;1targi iiilc CIo0l-
tCelt. 'ellrel-C xx.LSasal s l snia1ll (leCIcc ;9sC ill thrl-Cl(nin
ciIteilt.

ClhlalCgs in the specific atctivity (If individual

prl(rtciill-I(ltild(l ailiallltcids arc sh1xx ii i figtire 4.
''lehigll-her slpecific actix ity ill C(otllloii sh ((Its iS

attrilbuted to the smaller- size of C(muillimi sh(ots,
xhich rtesillts in a co mceiitration (If lIdllxlwhell

plliants xre expose(d to equal atilunlts (If lahel.
The specific actix itv curves for Imost protein amilillO

tcidls froIIm colitrol (0r moIlIerateiv stressed( slhoots
level (1ff after o(r 12 hours. Specific activity (If

lprotein 'lmllino acids froIml sexverelv stressed shmllOts
xxVas c lisiIl.rallxaloxy er than in the ((tIler treatments.
Geilerall-x ma-ximum1lll1 specific actixitv xxvas tclhieved
aLfter 1 tol 12 hliours, foxlox-c(ledhv aL sharp (lecliine.
The specific actixitv cuirves, together wx ith the pro-
teilln dlata (f talle 1, atr intterprete(l to Imeanli that
therlet is aL Inet loss of lprotein durinog xv tter stress

atlthoigh Slile synthesis lcciirredl.
To test xw hether (or llot pIroIline clid he sy-ll

thesi,cd from glutamic1 tcil 1 in strsse(l plants,
conitrol and stresse(d shoots xxvere incullbated xwith
glutacIl acid U- 4 . Txx o xvell- watered conitrol
slhoOts tnd(l 2 shoots froIIm a CcIastal plant lnot xwatered(
forD-d)tsLxSere excise(d and(l cquickly place(d in 0.05
mlll (f x aLter contaielIl in 2 cm conicstl centrifuge
tulbe tilps. The slh(o)otts were ill umiilntte(l its before.
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PLANT PHYSIOLOGY

L-)
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HOURS AFTER LAB3ELING HOURS AFTER LABELING

FIG;. 4. Changes in specific activity of individual soluble protein amino acidls from '4CO.,-labeled Bermuda grass
shoots. Specific activities were calculated from average protein composition values for Common Bermuda controls and
the measured radioactivity figures.

To the water was added 3.0 ,,c of randomly labeled
14C-glutamic acid, monoammonium salt, specific ac-
tivity 10 mc mmole-'. Water was added to the
vessels in 0.02 ml increments to replace that taken
up by the shoots. One control and 1 stressed shoot
were killed in boiling 80 % ethanol after 1 hour;
the other 2 shoots were killed after 3 hours.
Amino acid extracts were made in the usual manner,
except that the ion exchange purification step was
omitted. Radioactivity and ninhydrin-positive com-
pounds were measured on the analyzer.

Results are shown in table IV. About half of
the amino acids, plus at least 11 ninhydrin-negative
compounds, became labeled both An control and
stressed shoots. Proline was very slightly labeled
in controls, but specific activi.v was fairly high
because of the low awiiant present. The proportion
of recovered label . i proline from controls was less
than 1 % at both sampling times, whereas this pro-

portion in stressed plants was 6.0 % at 1 hour and
somewhat less than 8.6 % at 3 hours. The actual
activity in proline was 25 and 16 times greater in
stressed plants than in controls at 1 and 3 hours
respectively. It is concluded that water-stressed
Bermuda grass shoots convert glutamic acid to pro-
line, and accumulate the newly synthesized proline,
mulch more readily than do well-watered shoots.
Tuirnolcver of new proline was also very slow; la-
beled proline was still being accumuilated 3 hours
after labeling.

The data of table IV also show that glutamic
acid-U-14C disappears at about equal rates from
stressed and control shoots. The largest amounts
of label were recovered in several ninhydrin-nega-
tive peaks eluted before aspartic acid. These peaks
represent sugars and organic acids which would
ordinarily have been lost if the sample had been
purified by the ion exchange method.
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BARNETT AND NAYLOR-AMINO ACID AND PROTEIN METABOLISM

Table IV. Distribution of Radioactivity in Soluble Compounds of Coastal Bermuda
wzcith Glutamic Acid-U-14C

Grass Shoots Incutbated

Compound

1*
2
3
4
5
6
7
8
9

10
11
Aspartic acid
Asparagine and threonine
Serine
Gltutamic acid
Proline
Glycine
Alaniine
12
13
Valine
Isoleucine
14
Leucine
15
y-Aminobhutsric acid

Totals

Ninhydrin-niegative comnpounds, numbered in order of

activity peaks only.

Discussion

Soluble protein levels in Bermuda grass were

found to decrease with increasing water stress.

Chen et al. (3) have reported successive increase,

decrease, and a second increase in protein levels

with increasing stress in citrus seedlings. These
changes parallel Stocker's (15) activation, reaction,
and restitution phases of drought response. The
data presented here do not fit this pattern. How-
ever, the Bermuda grass data represents certain
water stress levels, while the citruis data were

taken at strict time intervals after withholding
water.

The marked loss of protein-bouind arginine in
stressed Bermuda grass shoots has not been re-

ported for other plants. This loss may reflect a

preferential hydrolysis of arginine-rich protein.
Stuch proteins are fotund in nuclei (5) and in
ribosomes (16). Water stress can induce either an

increase (19) or a decrease (14) in ribosomal RNA,
but ribosomal proteins and nuclear proteins have
not been investigated in connection with water

stress. However, basic nuclear and ribosomal pro-

teins as a whole are rich in lysine as well as in

elution from the analyzer columini, ere (letected as radio-

arginine, and no suich loss in protein bound lysine

was detected as a restult of water stress. This could

be interpreted to mean the loss of protein arginine
involves the loss of some arginine-rich btit lysine-
poor protein. Furthermore, the loss in protein ar-

ginine may account for the observed very slight
rise in free arginine.

Duiring severe water stress, photosynthesis,
starch accuimuilationi, and protein synthesis are all

inihibited to some degree. In stressed Bermuda

grass shoots enouigh 14CO, was fixed to label free

proline that tuirnedI over very slowly. The 14C-

gluhtamic aci(d labeling data clearly show that stressedI
shoots readily accLnmuilated muich more proline newly
synithesize(d from glutamic acid than do control

shoots. The slow tuirnover of labeledI proline may

also reflect an inhibition of proline catabolism.

Free proline may be acting as a storage compouind
for both carbon and nitrogen duiring water stress,
when both starch and protein synthesis are inhibited.

Suich a storage compound might be utilized for

growth uipon rewatering.
The changes in levels of free amino acids ac-

companying water stress in Bermuda grass are

similar to those found in water stressed citrus
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PLANT PHYSIOLOGY

seedlings (3 ), ptumpkin roots ('20), and( cult rxye-

grass (6).
Throuighotut this study, possible dlifferences in

nitrogeni metabolism betx,veen Commoon and( Coastal
varieties were sotught. Dturing water stress, free

prolinie acclumulated to the highest le-vels in Coastal
shoots. Undcler wxell xvatere(d conditions Comnmoni
shoots containe(d the largest amouints of free as-

paragiine. Aside from these iminor observations, no

differ-enices were detecte(d that might serve as a

basis for explanationi of the kniowin differeinces in
(Irouight responise. SuIch differences are still l)est

explaineil oI anaItomical an(l morphological grounds

(113).
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