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Summa(iry. Hlydroxy-L-proline-induced inhiibition of elongationi of Aven(a coleop-
tile segments was measuired in water and in indole-3-acetic aci(l. This inhibition was
completely reversed by L-proline.

Time-sequence experiments revealed that some time had to elapse, or some
eloingationi had to occur, prior to the onset of hydroxyproline inhibition. The presence
of sucrose supported the rate of atuxin-indtuced elongation throughouit a 24-hour period,
and enhanced the effectiveness of hydroxyproline as an inhibitor of elongation.

The application of adenosine triphosphate effectively couinteracted the hydroxy-
proline-induced inhibition of elongation; completely in water, anid partially in indole-
3-acetic acid. Optimal ATP concentrations were between 0.25 and 0.75 mm. Simi-
larly, guianine-HCL, L-gluitamic acid, and L-ornithine-EHCL were capable of reversing
the hydroxyproline inhi,bition. Other compouinds that wvere tested bult which proved
to be less effective are tabulated.

It is sutggested that hydroxyproline may exert its inhibitory effect on the protein
and/or RNA synthesis necessary for elongation of the oat coleoptile by interferenlce
with the metabolism of adenlosinle triphosphate or other high energy compollnds.

Stewar(d et al. (17) and( P'ollar(d and( Steward
(14) observed that hydroxyproline sutpplied exog-
enously to cuiltures of carrot tisstue explants was a
powerfutl inhibitor of growth. They attribulted its
inhibitory action on growth and on protein syn-
thesis to its competition with proline, since the
presence of i.-proline reversed the inhibition.

Cleland (2,4) noted that auixini-ind(luce(d growth
of Avena coleoptile sections was inhibited by hy-
clroxyproliine, and that this inhibition couild be
completely reverse(d with eq(uiimolar amouints of
proline. His experimental evidence indicate(d that
hydroxyprolinle acte(d as an antagonist of some
aspect of proline metabolism (4).

Recently Norris (13) reported that ATP was
capable of reversing ethionine-indtuced inhibition of
elongation of Aventa coleoptiles. In light of these
results it seemed appropriate to examine the effect
of ATP on the hydroxyproline-induiced inhibition of
elongation of Avena coleoptile sections. The re-
suilts of these experiments are reported here, along

'This work was sul)ported 1)b Grant No. GB-3290
from the National Science Foundation and by state ap-
I)ropriated funds for organized research to Southwest
Texas State College.

2 A preliminary report of this work w-as presented to
the Southern Section, ASPP, at Jackson, Mi;ssissippi in
February 1966.

with the effects of variouis plirine ali(i pyrimii(iluc
b,ases, nulcleosides, and amillo aci(5s.

Materials and Methods
Ar'cna sativ( IL. seedIs, Victorv Straini (U. S.

Department of Agricuiltuire, C. 1. 2020) were ulsed
in these experiments. The seedlilngs were grown
on filter paper strips immerse(d in distille(I water
which previouisly ha( l)een aerate(l. Additional de-
tails of the growing method are (lescribe(l else-
where (20). Only seedlinigs that were 72 hours
old and that had 30 ± 2 mm coleoptiles were ulse(l.

Elongation measuirements were ma(le on coleop-
tiles which were isolated from the see(ds an(d pri-
mary leaves. The secondl 5--mm sections were used,
measuiring from the apex toward the base. These
sections were floatecl in Petri dishes containing the
media (20 sections/20 ml solution). The control
me(ldium was previouisly aerated distille(d water or
10 MAm IAA. Other substances were addled to these
as indicated. DDuring cutting and transferring, the
sections were expose(I to low intensity red neon
light (wavelengths longer than 6074A). The sec-
tions were allowed to elongate in the (lark for 24
hotirs. At the en(d of this period, their lengths
were measture(d with a micrometer in the ocular of
a stereoscopic microscope. All procedures were
carrie(l ouit at a temperature of 22 + 10.

The compounids use(l in these experiments were
obtained from Nutritional Biochemicals Corporation.
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Results

Figture 1 shows the effects of variouis concen-

trations of hydroxy-L-proline, L-proline, and mix-
tuires of 10 mm hydroxy-L-proline and L-proline on

elongation of oat coleoptile sections in water. The
amotunt of elongation of the coleoptile segment in
water is taken as the control valuie, which in a
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FIG. 1. Influence of hydroxy-L-proline, L-proline, and
mixtures of 10 mm hydroxy-L-proline and L-proline on

elonigation of the second 5-mm segment of the Avena
coleoptile in water. Standard deviations are shown for
the water control anid for 10 mM hydroxy-L-proline. For
the hydroxy-L-proline and L-proline curves each plotted
loint is tlle average of 40 to 80 measurements, while the
points on the 10 mm hydroxy-L-proline plus L-proline
curve result from an average of 20 to 60 measurements.
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1x G. 2. Iiifluenlcc of hy)droxy -L-p)rolinle, L-l)r olinle, ande
mixtures of 10 mMi hydroxy-L-prolinoeand L-proline

elongation of the second 5-mm segment of the Avena

coleoptile in IAA. Standard deviations are shown for

the IAA control and for 10 mI hcndroxy-L-proline. Each

plotted pOinlt is the average of 20 to 80 measurements.

24-houir period is between 1.5 and(I 2.0 mm, averagilng
about 1.7 mm. It is apparent that hydroxyproline.
at a concentration of 10 mm, inhibits elongation
about 50 %, while proline alone is somewhat stimni-
latory, from 10 to 25 % at the higher concentrations.
The third curve represents the results obtained
when variouts amouints of proline were mixed with
10 mm hydroxyproline. It is evident that the
presence of proline completely reverses the inhibi-
tory effect of hydroxyproline, an(d fuirthermiiore in
relativevl low% coniecltrationis, e.g. the preselice of
0.75 mrNi proliie comiipletely niegates thle inhliibitory?
effect of 10 mmi hyd(roxyprolinie.
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FIG. 3. Time course of Avena coleoptile section elon-
gation in water (0-0), in IAA (0-0), and in var-

ious concentrations of hydroxyproline in water, and in
IAA. Each plotted point is the average of 10 measure-

ments. The figure represents the data of 1 typical ex-

periment selected from 2 replications.

The data presented in figure 2 differ only in
that the control solution was 10 JuM IAA. In the
presence of this concentration of exogenous IAA

the average elongation for a 24-hour period was

4.6 mm as compared to 1.7 mm in water. In gen-

cral the resutlts indicate the same relationship as

those showni in figuire 1. The 10 mM hy(droxy-
proline is slightly more inhibitory, inhibitinig cloni-
gation by about 60 %; proline alone causes less

stimulation of growth; and again the addition of
0.75 mM proline completely reverses the inhibitory
effect of 10 mat hydroxyproline.
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These restults are in accor(d with the work of
Clelandl (4) with the exceptions that he obtained
maximal inhibition with more dilute soltutions of
hydroxyproline (0.5 mM), an(d that in the absence
of IAA he observed little effect of hydlroxyproline,
even in concentrations as high as 0.01 M. It shouild
be note(d however that Cleland's experimental me-
(ditm containedl 2 % suicrose and K maleate btuffer
at a pH of 4.6. Freqtuent checks of ouir experi-
mental sollutions revealedl the pH to be in the same
range. Cleland (2) has dividedl the response of
atuxin-treatedl coleoptile sections to hydroxyproline
into 2 phases: (1) initially after addition of hy-
droxyproline no inhibitioin of elongation occuirs for
a time, then (2) growth becomes inhibite(d an(1 the
sections elongate at a lowv, btit constant rate. He
has fouind both the length of the lag and the amouint
of the subsequient inhibition to be ftunctions of the
hydroxyproline concentration (4).

F'igure 3 records the time course of the Avena
coleopt:le sections elongation in water, in IAA, and
in variotus concentrations of hydroxyproline in
water, and in IAA. No suibstantial inhibition re-
stulted from 0.1 mm hydroxyproline in either water
or IAA. In the presence of the higher concentra-
tions of hydroxyproline (1.0 and 10 mM) it is
evi(lent that the hydlroxyproline does not exert its
maximuim inhibitory effect on elongation uintil 3
houlrs have elapsed. In general these observations
are in agreemenit with those of Clelanid's (4) with
the exceptions previouisly notedl.

Since Cleland( (4) foulnd( that stucrose signifi-
canltlv enlhance(l the effectiveness of hy(droxvproline
as anl inhibitor, the time couirse experiments shown
in figuire 4 were con(duicted. The presence of
suicrose (loes increase the auixin-induiced elongation
an(l appears to atugment the inhibitory effect of
10 mT hydroxvproline. Again it may be noted that
the maximtlm inhibitory effect of hydroxyproline
on1 elongation is not exerted uintil after elongation
has proceededl for 3 hours.

The influielnce of variotus concentrations of ATP
on elongation of the coleoptile both in water and
in 0.01 -m hydlroxyproline is shown in figuire 5.
Standar(d dleviations are shown on all points, an(d
the water control as well as the 0.01 M hydroxypro-
line control is includ(le(l. It is apparenlt (closed cir-
cles) that in water the addition of variotus concen-
trations of ATP resuilted in stimuilationi of elongation
of the oat coleoptile amouinting to a maximtum of
about 30 % at an ATP concentration of 0.25 mm.
WVhyo higher concenitrations of ATP inhibit elonga-
tioln is niot clear, however both of these observations
are in accord with previouisly reportedl resuilts (13).
WVhen the coleoptile segments were allowe(d to
elongate in 0.01 M hvdroxyproline, an inhibition of
approximately 45 % resulted. WAThen ATP was
added to the hydroxyproline solution (open circles)
the inhibition of elongation cauised by the 0.01 M\
hydroxyproline was completely reverseed by ATP
concentrations of 0.5 and 0.75 mm.
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FIG. 4. lTime couirse of Avena coleoptile section elon-
gation in water (*-*), in IAA (0-0), in IAA
aud suicrose (0-0), and in each of these media coIn-
tainiing 10 IllM hydroxyproline. Each plotted point is the
average of 10 measuiremenits. The figuire represents the
(lata of 1 typicael experimenit selecte(d from 2 rel)hications.

The data presenite(d in figuire 6 (liffer only in
that the control soluitioin was 10 /M IAA instead of
water. In general the results are the same as
those showni in figulre 5 with the exceptions that
(1) ATP alone (closed circles) is not as stimula-
tory as it was in water, here stimulation is showni
only at a concelntration of 0.1 mm, while all higher
conicentrations of ATP inhibit elongation, (2) hy-
(Iroxyproline is more inhibitory in the presence of
exogenouls aiixin, 58 % as compared to 45 % in
water, andl (3) tuponl mixing ATP with the 0.01 al
hydlroxyproline in IAA, reversal of the hyclroxy-
proline-indluced inhibition of elongation was not as
complete as it was in water; at an ATP concen-
tration of 0.5 mm a 21 % reversal of the hydroxy-
proline-induiced inhibition resuilted.

Figure 7A incluldes data identical with that
presented in figtures 5 and 6 except all soluitions
contained 2 % sucrose. The additioni of sulcrose
enhances elongation, especially when exogenous
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FIGc. 5. Inifluence of ATP on1 the elongation of the
seconid 5-mm segment of the Avena coleoptile. 0-0
in a strongly inhibitory solution (0.01 m) of hydroxy-L-
proline; *-* in water. Standard deviations are shown.
Each l)lotted poinit is the average of 40 to 60 measure-

auximn is present [this was previotusly showni in
fig 4, and has been reported by Schneider (16)
and by Cleland( (4)]. Where the average 24-houir
elongation of the segments in water had been about
1.7 mm, in 2 % sucrose it is 1.9 mm, and in IAA
average valuies were elevated from 4.3 mm to 6.3
mm dulring the 24-hour elongation period. In the
absence of exogenouis auixini ATP proves to be
more stimtilatory to elongation when suicrose is
present (75 % as compared to 30 % in fig 5).
ATP completely reverses the hydroxvproline inhi-
bition in both cases. It is also clear, contrasting
the (lata of figulre 7A with those of figures 5 and
6, that the hydroxyproline-induiced inhibition of
elongation is enhanced in the presence of 2 %
suicrose (in water inhibition is 43 % and in 2 %
sulcrose it is 55 %; in IAA inhibition is 58 % while
in TAA and 2 % sulcrose it is 78 %). This is in

accord with Cleland s work (4). In the presence
of IAA and 2 % suLcrose ATP reverses the inhibi-
tory ef fect of hydroxyproline to al)out the same
(legree that it di(d in the absence of suicrose (25 %).
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FiC. 6. Influence of ATP on the elongation of the
second 5-mm segment of the AT'cna coleoptile in IAA.
0-0 in a strongly inhibitory solution (0.01 -r) of
hydroxy-L-proline in IAA; **- in IAA only. Stan-
d&rd deviations are shown. Each plotted point is the
average of 50 to 90 measurements.

In figure 7 B, C, and D there is recorded in a
comparable way the effects of guanine-HCI, i-glu-
tamic acid, an(d L-ornithine-H-Cl. These compounds
are qulite stimulatory to elongation of the oat
coleoptile sectionls in water an(d somewhat less
stimulatory in IAA. They are also capable of
reversing the hydroxyproline-induiced inhibition of
elongation (completely in wvater, and partially in
IAA), exhibiting mutch the same pattern as that
shown by ATP.

There is listed in table I variouis compouinds
that were screened with regard to their ability to
stimuilate elongation anid to reverse the hvdroxy-
proline-induticed inhibition of elongatioll, buit which
proved to be less effective. Adenine and( a(lenine

Table 1. Effect (of Various Com pounds onfl Elonatfion and in Reversing l1wt, fIIvdro.r-vpro,/line-inducced Inhibition of
Elongation

Trie seconi(l 5-mmiiii segnient of the .lAvona coleoptile 1)0th in Nvater and in IAA Avas use(d. In each case 40 to 100
uieasurenients were made.

.st inuIII,ation
of

clolngation

Comn 1)ound(

Adenine sullfate
Adenine
Adenosine
Arginine
Cytosine
Guanosine

H.,O

+50
+50
+10
+10

IAA

+10

Reversal of HP
inhliibitioni of
elongationI

H..O

75
10

. . .

20
10

IAA

Effective
conc
range

mM
0.5 to 0.05
1.0 to 0.1
1.0 to 0.1
1.0 to 0.1
1.0 to 0.1
1.0 to 0.1
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FIG. 7. Influlenice of variouis substances on the elon-
gation of the second 5-mm segment of the AT'ena co'leop-
tile in water, and in IAA (10 /AM) ; and in a strongly
inhibitory solution (0.01 -m) of hydroxyl-L-proline in

water, and in IAA. Each plotted point is the average of
40 or more measurements. A) ATP and 2 % sucrose; B)
Guanine-HCI; C) L-glutsMric acid; D) L-orniithine-HCI.

suilfate exhibit stimLulatioin of elonigationi and some
reversal of the hydroxyproline-inlduIce(d inhibition
of elongationi in water. Adenosine and(I arginine
show lesser effects. While of (Iobl)tfuil signifi-
cance the estimate(d 10 % effects of cytosine an(d
guanosine may represeint an indication. In agree-

ment with the prece(ling data the influience of
various suibstances is more apparent in the absence
of exogenouis atuxin (i.e. in water) than when their
effects are examine(d orn IAA-iniduvce(d elongation.

Discussion

Time couirse experiments reported here confirn
Cleland's previotus observations (2, 4) that some

time has to elapse, or a certain amouint of elonga-
tion has to occtur, prior to the onset of hydroxv-
proline inhibition. He obtainedl evidence in pre-

treatment experiments which supported the latter
possibilitv. It is clear from the data of figuires 3
and 4 that hydroxyproline does not exert its maxi-
mal inhibitory effect duiring the initial 3-houir
perio(d of elongation. The presence of sucrose
stustained the rate of atuxin-ini(lutced elongation
throtughout the entire 24-hour period, a fact that
lonig ago had been noted by Schneider (16), and
as previouisly reportedl by Cleland (4) sucrose
enhanced the effectiveness of hydroxyproline as an
inhibitor of elongation.

The most striking resuilts of these investigations
were those obtained with ATP. The applicationi
of ATP is capable of stimuilating the growth of
Avena coleoptile sections, and of completely re-
versing the hydroxyproline-induiced inhibition of
elongation in water while partially reversing the
inhibition in IAA. Guanine-HCI, gluitamic acid,
and ornithine-HCl act similarly to ATP. Un-
(loubtedly the activity of glutamic acid andl orni-
thine resuilts from their convertibility to proline.
Why guanine-HCl reverses hydroxyproline-ineduice(d
inhibition of Avena coleoptile section elongation
while adenine is less effective is difficult to ex-
plain. According to the work of Villa-Trevino
et a]. (19) opposite resuilts might have beeni antici-
pated.

With regard to the possible mechanisms involved
it may be well to examine certain characteristics
of amino acid analogtues. Richmond (15) has
pointed ouit that in practice the majority of amino
acid analogues inhibit growth by interfering with
either protein synthesis or the fuinction of the pro-
teins synthesized in the presence of the analogues.
In the first case they prevent or reduice the rate of
formation of normal protein; in the second they
replace natuiral amino acids in proteins (5,9) thus
rendering the proteins less effective regar(dless of
whether they assuime a struictuiral or a catalvtic
role in the cell. Cleland (4) has called attention
to the fact that hydroxyproline probably doesn't act
in this second manner since free hvdroxyproline
doesn't get into proteins (14, 18). In a recent
commuinication however Clelanid (3) examined the
effect of hydroxyproline on metabolism. 1He re-
ported that hydroxyproline cauised a slight decrease
in the incorporation of proline into proteins, and
that the coniversioni of proline to protein bound
hydroxyproline was markedly inhibited 1y free
hydroxyproline, thuis hydroxyprolinie mav inhibit
elongationi by prevenitinig the normal formation of
the hydlroxyproline rich wall proteinis. Cleland (3)
also observed that free hydroxyproline was rapidly
metabolize(d in AvCna coleoptile tissule to free pro-
line, probably in the cytoplasm. He foullndc that
some hydroxyproline couldl be (lirectlv incorporate(d
into protein and suiggeste(d that the formation of
abnormal hy(droxyproline conitainiing proteinis may
be a secondI factor lea(ling to the inhibition of
growth.
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Considerable evidence has accuimulate(d indlicat-
iuig that auixin-indulz1cedl cell enlargement is (lepeni(lenit
on conitiniuial proteinl synlthesis (10, 11). Key (7)
foundi(1 RNA an(l protein synthesis to be essentiai
for cell elongation in soybean hypocotyl tissuie. He
suiggesteol that the role of auixin in regullating
cell elongation may lie associate(d with the control
of RNA and/or protein synlthesis, andl thinks that
the rate of formationi of some specific RNA may
be enhance(d in some way by auxin thuis leading to
ani increase(l suipply of a limiting enzyme or enzyme

system. In later work Key and Ingle (8) found
that cell elongationi of excise(d planit tissuies, both
en(logenouis and(I exogeniouis auixin-in(duiced, appeare(l

to depend( ulponl the synthesis of messenger RNA.
Ilamilton et a]. (6) have reported olata which indi-
cate a marke(d stimtulation by TAA of the rate of

synthesis of the major classes of RNA in subh-apical
sectionis of the Avena coleoptile. Recently Nooden
(12) has presente(d (lata suipporting the idlea that
.AA may, act by iniduicing new messeniger RNA for
enizymes that will plasticize the cell walls.

The quiestioni remains as to the manner in which
ATP mav reverse hy(droxyproline-in(duice(d inhibi-
tion o.f eloingation. Norris (13) in sttudying the
interaction of ethionine and methionine fouln(d that
.\TP was capable of reversing ethionine-ind(uced
inhibitionl of elongatioil of Avecnui coleoptiles.
Base(l oni the work of Villa-Trevino et al. (19) he
suiggeste(l that ethioniine might exert an a(leninle- or

.\TP- trapping effect and(I thuis manifest its inhihi-
tory effects liy iinterference with .\TI' metaholism.
Coilsi(lering- that amino acids are activated by the
formation of amino aci(d adlenylates, perhaps hy-
(droxyprolilne represents ai .\TP trap in the saImle
sense as has been demonstrate(l for ethioninle (1).
If truie this wouldlc reduice the energy available to

the system thuis inhibitilng proteini and/or RNA
synthesis, aln(d coul](d accouniit for the observedl
hydroxyproline inhibition as well as its reversal by

the addition of ATP.
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