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Summary. Free hydroxyproline inhibits the formation of protein-bound hydroxy-
proline from proline to a considerably greater extent than it does the incorporation of
proline into prbtein of auxin-treated Avena coleoptiles. This inhibition is greater in the
wall th!an in the cytoplasmic fraction. In the absence of auxin, free hydroxyproline exerts
little or no inhibition of hydroxyproline formnation. Furtherore free hydroxyproline
has no effect on respirtion, RNA synthesis or the incorporation of leucine into protein.
Hydroxyproline is not a general inhibitor of metabolism or protein synthesis in Avena
coleoptiles.

These results suggest that free hydroxyproline may inhibit auxin-induced cell elonga-
tion by blocking the formation or utilization of a particular hydroxyproline-rich protein
which must be incorporated into the cell wall during auxin-induced wall extension.

Free hydroxyproline is an effective inhibitor of
auxin-induced growth in Avena coleoptile (5, 7.19)
and a variety of callus tissues (13, 16, 29). The
ability of free pgoline to completely reverse this inhi-
bition (5, 13, 19, 29) suggests that hydroxyproline is
acting as an antagonist of some facet of proline
metabolism. Since most amino acid antagonists exert
their effect on some aspect of protein synthesis (26),
it was suggested (5) that free hydroxyproline inhibits
growth by interfering with the synthesis of some
protein which is essential for cell elongation. Avail-
able evidence was not sufficienit, lhowever, to rule out
the possibility that hydroxylproline is a general meta-
bolic inhibitor.

The purpose of this investigation was to examine
the effects of hydroxyproline on several aspects of
the metabolism of Avena coleoptile tissues and, in
particular, to determine its effects on protein syn-
thesis. Since allohvdroxyproline is mre effective
than hydroxyproline as a growth inhibitor (7), it was
also included in this gtudy. It will be shown lhere
that the 2 hydroxyprolines exert a specific inhibition
of one facet of protein synthesis, the formation from
proline of protein-bound hydroxyproline.

1 Supported bv Grant GM-12881 from the United
States Public Health Service and Grant GB-5385X from
the National Science Foundation.

Materials and Methods

The plant material consisted of 5 or 14 mm sec-
tions cut from 25 to 32 mm coleoptiles of Avena
sativa, var. Victorv. Seedlings were grown and sec-
tions prepared as detailed earlier (3). rhe primary
leaf was removed from all sections.

L-Proline, hydroxyproline (4-trans-hydroxy-L-pro-
line), and allohydroxyprol;ine (4-cis-hydroxy-L-pro-
line) were obtained from California Corporation for
Biochemical Research. L-Proline-u-14C (200 mc/
mmole) and DL-leucine-1-l"C (4 mc/mmole), were
from New England Nuclear Corporation. Hydroxy-
proline and allohydroxyproline were used at concen-
trations (1 and 0.5 mm, respectively) which caused
maximal inhibition of auxin-induced growth (7).
IAA was used at 5 jig/ml.

Oxygen; uptake was determined by the standard
Warburg manometric techniques with groups of
thirty 5 mm sections in 2.7 ml of basal medium
(2.5 mm K-malate, pH 4.7, 0.1 mm penicillin G + 2 %c,
sucrose) to which was added, after equilibration,
0.3 ml of 10 mm hydroxyproline, 5 mm allohydroxy-
proline or water.

To study proline incorporation into proteins, groups
of thirty 14 m,m sections were incuibated in 5 ml of
basal medium to which was added 0.5 Mm proline_u_14C
(0.5 juc) and, where indicated, IAA, hydroxyproline
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and allohyd;roxyproline. At the end of the incubation
(usually 22 hrs) the sections were washed and then
extracted 3 times for 5 minutes with 10 ml of boiling
80 % ethanol. The sections were subjected to the
trichloroacetic acid wash series of Peterson and Green-
ber, (22), placed in anmpoules with 4 ml of 6 N HCl
and hydrolyzed for 18 hours at 110°. After filtration
to remove hiumin, the filtrate was concentrated under
nitrogen to near dryness and placed at 1 end of a
strip -of Whatman 3MM paper. The chromatograms,
unless otherw'ise noted, were developed for 18 hours
in isopropyl alcohol :formic acid :water (15 :2 :2, de-
scending). Proline and hydroxyproline were located
wvith a radiochronmatogram scanner, eluted. and an
aliquot of eaclh was dried on a planchet and counted
in a gas flow counter. Counts were corrected to
infinite thinness; replicate counts were found to agree
within 3 %. A second aliquot was used for chemical
analysis of proline by the procedure of Troll and
Lindsley (30) or hydroxyproline by mietlhod I of
Prockop and Udenfriend (24).

Since only about 7 % of the counts in protein are
in hydroxyproline and since changes in labeling of
hydroxyproline are sometimes relatively small, the
conclusions reached in this paper are meaningful only
if one can be certain that complete separation of
hydroxyproline from other radioactive compounds has
been achieved. Only 2 radioactive spots can be de-
tected after chromatography of Avena coleoptile
hv-drolvsates in isopropvl alcohol :formic acid :water
[an examiple of such a radiochromatogram is shown
in fig 1 of Cleland and Olson (8)]. Each of these
spots has been routinely subjected to rechromatograp¶iy
in phenol:,water (4; 1, Nv/v, descending) and, in some
cases, in phenol saturated with 0.1 N HCl, acend-
ing, or isopropyl alcohol :pyridine :acetic acid :water
(8:8:1:4, ascending). The proline spot contains a
small amount (less than 5 %) of the radioactivity in
glutamic acid; this contamination has been ignored
here. The hydroxyproline spot, in every case, gave
a single radioactive spot on rechromatography, wlhich
cochromnatographed with authentic hydroxyproline.

A separation of the tissue into cvtoplasmlic and
wall protein fractions was accomplished by grinding
the tissues in 2 ml of tris buffer (50 mm, pH 7.5)
in an all-glass homogenizer, and then subjecting the
mixture to further homogenization in a Virtis "45"
homogenizer with 200 ,u glass beads anld tris buffer
(15). The walls were separated by filtration througlh
glass beads and the protein of the filtrate was pre-
cipita.ted with S % trichloroacetic acid at 4°. Botlh
walls and cytoplasmic protein fractions were then
washed withl the trichloroacetic acid series and treated
as indicated above.

The efifect of hydroxyproline on the incorporation
of leucine into proteins was checked by inculLbting
5 mm sections in the presence or absence of hydroxy-
proline in basal mediumi to which had been addle(d
leucine-1-14C (1 juc) and IAA. After v-arying times,
grouips of 30 sections were removed. washed, and
ground in 2 ml of 50 mM tris buffer (pH 7.5). An

equal volume of 40 % tridhloroacetic acid was added
and after 2 hours at 40 the precipitated proteins were
removed by centrifugation and washed with the tri-
chloroacetic acid -eries as indicated above. The pellet
was resuspended in water and an aliquot was dried
on a planchet and counted. These counts were not
corrected to infinite thinness. As a check that the
radioactivity was in protein, Pronase (200 pg/ml)
was added to a second aliquot; over 95 % of the label
was solubilized by this treatment. By acid hydrolvsis
of a third aliquot and chromatography of the amino
acids it was shown that over 95 % of the label was
still in leucine.
RNA synthesis was followed by incubating groups

of fifteen 14 mm sections in 5 ml of basal medium
to which was added adenine-8-l"C (0.5 ,uc) and,
where indicated, IAA and hydroxyproline. After
varying periods, sections were removed and RNA
extracted and radioactivity in RNA deter-mined by
the procedure of Osborne (21).

In all experiments in which radioisotopes were
used, a check was made on the effect of hydroxy-
proline on the uptake of the isotope. Unless other-
wise stated, hvdroxyproline was found to have no
effect.

In each experiment treatments were run in dupli-
cate or triplicate. All experiments were carried out
at least 3 times.

Results

The possibility that free hydiroxyproline and allo-
hydroxyproline might act as general metabolic inhibi-
tors was examined and eliminated by the finding that
these compounds have no effect on respiration (fig 1)
or RNA synthesis (data not given).

400
E-

O'fc'J
0

0

0 5 10 15 20

Hours
FIG. 1. Effect of hydroxyproline and allohydroxy-

proline on oxygen uptake. Groups of 30 5-mm sections
incubated in basal medium in Warburg vessels with 1
mM hydroxyproline (- &), 0.5 mm allohydroxyproline
(--A--) or without inhibitors (-e-).
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FIG. 2. ETffect of hydroxyproline on
of leucine-1-11C into protein. Sections
basal muediumi + IAA (5 ,pg/ml) and
(1 ,c). ResulIts coarrected for small effec
proline on leulcitie uptake.

Certain anilino acid anta-gonist!s are kri
a generial inhibition of protein synthe
The possi/bilitv that the 2 bydroxyprolii
caDable ot act;ng in this manner has be
by the, denmonstration that the incor-porati
into protein is unaffe-cted by hyidroxyprc

A seicondc possibili'ty is that hiydroxy]
fi'cally inhibits eitlier the incorporation
spond-in, amlino acid, proline, into pt,
subsequent conversion of proline to lh
T'he replacement by an, amino acid anta
correspondin,g amino acid .n protein with
formation of inactive proteins hlas been
for severall sy-stenis ( 11, 18, 2-6) . To test
was mnade otf the ef;fects of the hydrol,
the incorJporation of proline into prol
absence of the inhibitors free ,proline is
into protezin and a -portion of it is c(

protein-bound hydroxyproline (table I). As in other
plant (10, 16, 23) and animal tissues (28), essentially
all of the protein-bound hydroxyproline normally

x arises from free proline rather than from free hy-
0 droxyproline (8). It should be noted that the bulk

// of the incorporated proline remains as prolline; the
ratio of radioactive proline to hydroxyproline in pro-
tein is 13 to 18.. However, when the incorporati-on
is expressed in terms of specific activities, the .specific
activity ratio for hydroxyproline to proline is 1.1
(talb!e II) which indicates that the protein wh:ch is

synthesized during the incubation has nearly the same
ratio of proline to hydroxyproline as does the )rotein
which is present at the start of the incubation. 'I'he
incorporation of proline into protein-bound proline is
enhanced to only a small extent by auxin. Hvdroxy-
proline formation, on the other hand, is stimulated by
an average of 40 % by IAA under these conditions

16 20 (table I). A more thorough analysis of this auxin
effect will be presented in a subsequent paper.

The free hydroxyprolines cause a small depression
incorporation (5-15 %) in the incorporation of free prolline into
incubated in protein in both the presence and absence of auxin

leucine-o-14C (ta,ble I). A more marked efifect, however, is on

t of hydroxy- the formation of protein-bound hydroxyproline. In

auxin-treated tissues the formation of hydroxyprolline
is partially inhibited by growth-inhibiting levels of

iown to cause free hydroxyproline (table I). In 9 exiperiments
rsis (26. 27). the inhibition by hydroxyproline ranged from a low

nes might be of 28 % to a high of 54 % with an average of 36 %.

en eliminated Generally, allohydroxyproline was slightly more effec-

ion of leucine tive than hydroxyproline. In the absence of auxin

)line (fig 2). hydroxyproline formation is only slightly inhibited by

proline speci- free hydroxyproline. In 7 experiments the inthibition
of its corre- varied from 0 to 22 % with an avera,ge of 8 %.

'otein or tle It appears that the portior of the hydroxyproline

ydroxyproline. formation which is inhibited by free hydroxyproline
Lgonist of the is the increment which is only formed in the presence

the resultant of auxin. This increment may occur in response to

demonstrated the elongation induced by auxin rather than to atuxin

t this, a study itself. If so, the inhlibition of hydroxyproline forma-

xyprolines on tion might simply be due to the growth inhibition by
tein. In the free hydroxyproline rather than to any direct effect

incorporated on the hydroxyproline-forming processes. This pos-
onverted into sibility has been eliminated in 2 ways.

Table I. Effect of Free Ilydroxyproline and Allohydroxyproline on Incorporation of Label from Proline into
Protein-Bound Proline and Hydroxyproline

Sections were incubated 22 hours in 5 ml basal medium + proline-u-14C (0.5 mM, 0.5 a) and, where indicated,
IAA (5 ug/mil), hvdroxyproline (1 mM) and allohydroxyprolinie (0.5 mM).

Conditions Growth Proline-14C Inhibition Hydroxyproline-14C Inhibition

mm cpm/30 % cpm/30 sections %
sections

IAA 9.3 124 000 ... 8020
IAA, hydroxyproline 3.0 110,000 11 4950 38
IAA, allohydroxyproline 1.9 112,000 10 4550 43
No IAA 2.3 104,000 ... 5990
Hydroxyprolinle. no IAA 1.6 98,000 6 5540 8
Allohvdroxvproline, no IAA 1.3 99,500 5 4570 24



Inhibition of cell elongation by hydroxyproline (table III). Treatment of Avena coleoptile sections

does not comnmence until 3 to 4 hours after addition with 30 mmr CaC12 results in an almost total inhibition

of auxin (7). In contrast, maxiiml inhibition of of auxin-induced growth (9). Even under these
conditions free hydroxyproline is able to cause a

hydroxyproline formation occurs during the first 3 significant inhibition of hydroxy proline formation
hours and remains relatively constant thereafter (table IV).

Table II. Effect of Free Hydroxyproline and Allohydroxyproline on Specific Activity of Protein-Bound Proline
and Hydroxyproline after Inctubationt with Proline-14C

Incubation conditions were the same as in table I, except 1 /Ac proline-u-14C used per tube.

Inhibitor Proline Hydroxyproline H/P*

cpm , g cpm/pg cpm ug cpm/,ug
None 259,o000 126 2060 17,600 7.8 2250 1.09
Hydroxyproline 238,000 1)8 2200 10,750 8.0 1345 0.61
\Ilohydroxyproline 259,000 105 2460 9850 9.6 1025 0.42

* Ratio of specific activities of hydroxyproline to proline.

Table III. Timiie Course of Hydroxyproline Inhibition of Gr-owth and of Formationi. of Protein-Bound
Hydroxyproline

Conditions were the same as in table I.

Free Protein-bound
Time hydroxyproline Growth Inhibition hydroxyproline-14c Inhibition

hr 1 mM mm % cpm/30 sections
+ 1.7 3350

3 1.6 5 2080 38

+ 4.6 9180
9 2.5 45 6600 29

+ 10.9 15,750
24 3.5 68 10,450 34

Table IV. Inhibition of Hydroxyproline Formation by Free Hydroxyproline under Conditionts zwchere Elongation
is Blocked by Calciumii

Conditions were the same as in table I. IAA present in all except controls.

Free Protein-bound
CaCI2 hydroxyproline Growth Inhibition hydroxyproline-14C Inhibition

mM mM mm % cpm/30 sections CO
0 0 8.1 52 6220 40
0 1 3.9 3710
30 0 2.3 5190 )
30 1 1.7 26 3760

No IAA control 2.6 48000

Table V. Comtparison Between Cytoplasmic and Wall Protein Fractions as to Amiiount of Allohydro.xyproline-
Iniduced Inhibition of Hydroxyprolinie Formation

Groups of 110 sections in 20 ml basal medium containing IAA, proline-u-14C (1.5 ,uc), allohydroxyproline
(0.5 mm), for 22 hours.

Incorporati
into:Fraction

Cytoplasmic

Wall

Proline
Hydroxyprc
Proline
Hydroxyprc

ion
- Allohydroxyproline + Inhibition

cpm cpm c,ec
136,000 121,000 11

line 4144) 2540 39
18,600 14,350 23

line 4250 1320 69
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Table VI. Reversal by Proline of Hydroxyproline-Induced Inhibitions of Growth and
Hydroxyproline Formation

Conditions same as in table I except that all solutions contain IAA.

Protein-Bound

Free Free Hydroxyproline-14C
hydroxyproline proline Growth in protein: Inhibition

mMl jM mm cpm/30 sections %
o 1 9.2 8320 301 1 3.8 5820
0 500 9.1 4130
1 500 8.6 4350 0

In A venia coleoptiles hydroxyproline-containing
proteins are about equally distributed between cell
wall and cytoplasmic fractions (6, 20). The free
hiydroxyprolin.es inhfibit the incorporation of proline
inito the protein-bound hydroxyproline of both frac-
tions, but the greater effect is found in the wall
protein 'factor (table V). Apparently, not only
the for.mation of hydroxyproline but also the subse-
quent incorporation of the hydroxyproline-containing
peptides into the wall is inhibited by free hlvdroxy-
proline.

The inhibition of growth by the hydroxyprolines
can be almost completely reversed by free proline
(5, 13, 29). If the in'hibition of protein-bound hy-
droxyproline formation is related to the growth illhibi-
tion, one would expect free proline to prevenlt this
inhibition. It has been shown that this does, in fact,
occur (table VI).

Discussion

Auxin-induced elongation of Avena coleoptiles is
inthibited by a wide variety of antimetabolites (1, 4).
Each of these inhibitors appears to be aible to exert
its effect on metabolism in the absen-ce of auxini.
Hydroxyrproline. on the other hand, is a unique in-
hibitor in that it appears to act only in the presence
of auxini. This was first indicated by the fact that
pretreatment of tissues with hydroxyproline does not
shorten the lag in the igrowth inhibition which occurs
after addition of auxin (7). This is further inidi-
cated here by the lack of effect of hydroxyproline oii
respiration, RNA synthesis, total protein syntlhesis
(leucine and proline incorporation into proteins) or'
hydroxyprol.ine formation in non-auxin treated tissues.
This lack of efifect is not due to any failure of hy-
droxyproline to enter the tissue since hydroxyproline
uptake occurs in the absence of auxin (8).

It wvas .suggested earlier, from an analysis of the
growth inhibition, that hydroxyproline specifically
inhibits the formation of some factor wh-ich is only
synthesized in the presence of auxin and which is
utilized in auxin-induced cell' elongation (7). It has
been shown here that there is an increment of protein-
bound hydroxyproline which is formed in the presence
of auxin and whose synthesis is inhibited bv free
hydroxyproline. This fraction of the hydroxyproline
appears to be concentrated in the cell wall. These

results suggest that the factor is a particular, hydroxy-
proline-rich protein which is formed in the presence
of auxin and which must be incorporated into the cell
wall in order for auxin-induced growth to occur.

There are several, ways in which free hydroxy-
proline might bi'ing about this inhibition of hydroxy-
proline for.mation. One possibility is that hydroxy-
proline inhibits proline hydroxylase, the enzyme which
is presumed to cause the conversion of proline to
hydroxy-proline in plants (12) as it does in animals
(25, 31). This would result in an altered protein
in which proline occupied the spots which normally
contain hydroxyproline. A direct competition by
hydroxy,proline at the active site of this enzyme seems
unlikely, however, since free hydroxyproline does not
inhibit the isolated proline hydroxylase from chick
embryo (14) and does not affect hydroxyproline
formation in sycamore cam.bium callus cells (13).
Furthermore, 2 forms of proline hydroxylase would
be required in each tisste, one of whlich was only
active in the presence of auxin and was sensitive to
free hvdroxyproline while the otlher was sensitive to
neither.

A second possibility is that it is the hydroxyproline-
containing peptide rather than hydroxyproline itself
whose synthesis is blocked by free hydroxyproline.
This need not be due to any direct effect of free
hydroxyproline on protein synthesis, but could be due
to an interferenice with the utilization of the peptide
with the result that further synthesis of the peptide is
prevented by feedback inhibition. Boundy et al. (2)
and Lamport (17) have shown that at least part of
the wal! hydroxyproline exists in a hemicellulose-
peptide complex in which the hydroxyproline is cova-
lently linked to one of the sugars. It may be the
formation of this bond which is inhibited bv free
hydroxyproline. The restulting lack of suitable hemi-
cellulose-peptide complexes for incorporation into the
wall would be the actual cause of the growth inhibi-
tion. This possibility is currently being tested.

The th'ird possibility is that the growth inhibitioni
is not a consequence of the inhibition of hydroxy-
proline formation, but is due to a direct incorporation
of hydroxyproline into some specific proteins required
for wall loosening with the result that inactive pro-
teins are formed. Holleman has shown that direct
incorporation of hydroxyproline can occur in sycamore
camnbium callus cells (13), but simi'ar evidence for
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Az,ena coleoptiles is, as yet, lacking (6, 8). This
possibility cannot be eliminated until the enzymes re-
sponsible for wall loosening are identified and isolated.
A final posisibility is that the decrease in hydroxy-

proline formation is due to direct incorporation of
free hydroxyproline into proteins in the place of
hydroxyproline which is normally formed from pro-
line. In orler for this to occur, free hydroxyproline
must replace proline rather than hydroxyproline at
the time the protein is formed, since evidence from
animal (31) and plant systems (12) indicates that
the conversion of proline to hydroxyproline occurs
only after incorporation of proline into peptides.
Hydroxyproline must replace only those prolines which
will subsequently be converted to hydroxyproline since
if it replaces prolines at random the incorporation of
free proline into protein-qbound prolline and hydroxy-
proline would be inhibited to the same extent. The
fact that the conversion of proline to hydroxvproline
is unaffected by free hydroxyproline in the absence
of auxin makes this mechanism unlikely.
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