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Abstract. A study has been made of the distribution and metabolism of protein-bound
hydroxyproline in an elongating tissue, the excised A vena coleoptile. IThe hydroxyproline-
containing proteins of this tissue have been separated into 3 fractions on the basis of their
solubilities. The cytoplasmic, trichloroacetic acid-insoluble proteins (S-fraction) contain the
bulk of the proline of the cells but only 20 to of the hydroxyproline. The cytoplasm also
contains a previously unrecognized trichiloroacetic acid-soluble, non-dialyzable fraction
(DS-fraction) which is low in proline but contains 20 N% of the hydroxyproline. The remaining
60 No of the hydroxyproline is in the wall-bound, cold alkali-soluble fraction (extensin).

Incorporation of free proline into the proline and hydroxyproline of all fractions is linear
with time for at least 12 hours. The specific activity of the proline at any time is the same
in all 3 fractions while the specific activity of the hydroxyproline is 4-times greater in the
S-fraction than in the W-fraction. During a pulse-chase experiment the specific activity of
the proline decreases 25 to 40 % in all fractions during the chase. The labeling of hydroxy-
proline in the wall increases during the chase while that of the DS-fraction remains constant.
In the S-fraction, the labeling in hydroxyproline rapidly drops 30 to 35 % during the chase
but then remains constant. It is concluded that the majority of the hydroxyproline-proteins
in the cytoplasm are not transported to the wall. It is suggested that a sizeable portion of
the cytoplasmic hydroxyproline may be located in enzymatic proteins.

'I'he occurreince of protein-bounid hlydroxyprolinie
in plants (13, 29, 30) and its concentrationi in the
cell wall (7, 16,18) are now well established. The
role of these proteins is still uncertain, although
Lamport has suggested (12,13) that they are struc-
tural proteins (extensins) which are involved in
the control of cell elongation. If this is so, it will
be necessary to understand their properties and
metabolism in elongating tissues before we can

understand the process of cell elongation.
Little is known about the hydroxyproline-proteins

of elongating tissues other than that they are con-

centrated in the cell wall (5, 13, 19) and that their
level is considerably lower than that in callus tissues
(5, 10,13,19, 29). The metabolism of hydroxypro-
line-proteins has been extensively studied, to date,
only in callus cells (13,18, 21). The assumption has
been made (13) that although callus cells and cells
of elongating tisstues differ in many wavs, thev have
the same hydroxyproline metabolism.

This investigation into the hvdroxyproline metab-
olism of an elongating tissue. the Aveena coleoptile.
wvas undertaken for 2 reasons. The primary reason

vas to provide the information concerning the
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mietabolismii and distribution of hydroxyproline-pro-
teins which is necessary for the author's studv of
the grovth-inhibiting effects of free hydroxyproline
(3, 4, 6). The second reason was to determine
whether the hydroxyproline metabolism of an elon-
gating tissue is necessarily the same as that of callus
tissues; i.e., whether conclusions concerning the
hydroxyproline-proteins which have been reached
with callus tissues can be assumed also to hold for
all other tissues. It will be shown that such an
assumption is not valid.

Materials and Methods

The experimental material consisted of 14 mm
sections cut from 25 to 32 mm long coleoptiles of
Avena sativa, var. Victory. Seedlings were grown
and sections were prepared as detailed earlier (2).
Leaves were removed from all sections.

Unless otherxvise stated, groups of 100 sections
were incubated for 0 to 24 hours in 12 to 20 ml of
basal medium that contained K-maleate buffer (2.5
mM, pH 4.7), sucrose (2 % w/v), indoleacetic acid
(IAA, 5 ,ug/ml) and penicillin G (0.1 mM). In
some experiments proline-,A-14C (200 Lc/p.mole) was
also present. Incubations were carried out in the
dark in beakers which were rotated at 30 rpm on a
gyrotorv shaker. One of the following 3 methods
was then used to prepare the material for analysis.
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Jlctl/td .1 (I /iolc 7'issn(c). Sectionis w-ere
rinsed with water, extracted 8 tilmies for 5 mlintutes
with 10 ml of boiling 80 % ethaniol, washed withl
l() % ethanol and dried at 90°.

Mlctflod B (Ground Tissiuc). After rinsing witlh
water, groups of 30 sections were ground in 2 ml of
tris buffer (0.05 N, pH 7.5) in ail all-glass homog-
eniizer, 4 volumies of absolute ethallol were added
and thle homogenate was boiled for 5 minuittes. Th'lle
cooledl homogeilate was then centrifuged anid the
pellet was extracted /7 times for 5nminutes with 5 ml
of boilinig 80 % ethanol and then dried. The alter-
niative procedure of precipitating the proteins with
20 % trichloroacetic acid (TCA) at 40, followed bv
the TCA wash procedure of Peterson and Greenberg
(20) was found to give comparable results.

MIethod C (Fractionated Tissue). Washed sec-
tions were homogenized in 6 ml of tris buffer with
200 ,u glass beads in a Virtis "45" homogenizer
(11). Walls were separated by filtration through
a bed of glass beads and washed by resuspension in
water followed by filtration through a new bed of
beads. The xvalls were freed of beads, washed with
the TCA series and dried (W-fraction).

Trhe 2 filtrates were combined and TLCA-insoluble
proteins (S-fractionl) were precipitate(1 witlh 5 %
TCA at 40 for 18 hours. After collection by cen-
trifugationi, the S-proteins were washed with the
TICA series and dried. The supernatant from the
centriftugationl was dialyzed overnight against 3
changes of distilled water anid concentrated. This
fraction contained the TCA-soluble proteins (DS-
fraction).

Comparable results were obtained when the
homogenization was carried out w'ith glycerol instead
of tris buffer and wlhen the sections were pre-
homogenized in ain all-glass homogenizer. Omission
of the hot TCANwash step, which coutld be expected
to solubilize any collagen-like l)rotein, di(d niot affect
the results.

Each of the p)rotein fractions wk-as then hydrolyzed
and the prolinie and hvdroxyproline \-ere separated
chromatographicallv and assayed by methods whicl
have already been described in detail (4. 5, 6).
Protein was determined by the Kj eldahli technique
of Miller and Miller (17).

All experiments were carried out at least 3 times
and in most experiments replicates were run.

Results

The presenice of proteini-boutnd hydroxyproline in
Avci'a coleoptiles lhas alread- been reported (4, 10.
19) and is conifirmiied in this study (table I). Two
things shouild be nlote(d about the (lata in table T.
First, the valuies for the percent of hvdroxyproline
in protein and the ratio of hydroxyproline to proline
are both considerablv lowver than the values whiclh
have beell reported for callus tissues (13. 18).
Secondlv, altlhoughl homiiogenization of the tissue

Table I. l1roperli's o) .\ANil Coleoptile S ccio-ns
Sections were incubated 8 hours iln 1xial miedium.

then prepared fo-r analvsis by m hthod \ (wholle) or
mi!ethod B (ground). Valucs IIrc for 1 cmii sections.

'sVhole (Grouiid

I)ry Nwt - jut)'
Protein - jug
Proline - u,u-
Proline - % of lIroteill
Hydroxypnolaine - tg,
H/P X 100

21, . .

38 46
2.32 1.90
4.0' 4.1
0.21 0.23
5.2 5.5

Value not given-i dtue to conatamination with glasss
piowder.

Table JJ. Distributtiont of Hlydroxyprolinc (ad Pro/linc
anmong Avena Coleoptile Proteins

Sections were incubated for 22 hours in basal me-
diutm, then fractionis prepared by miethod C. Results
are th,e average of 10 experiments.

Fraction

WV fraction
S- fraction
)S-fraction

Proline Hy-pro H/P X 100

"A71,
0.19
1.35
0 065

cfi Section
0.055
0.019
0.020

29
1

30

leads to sonme loss in lprotein, it does nlot affect the
relative proportion of hivdroxvproline,lproline. and
p)rotein.

The hydroxyproline-proteins of the Avcna coleop-
tile have been separated into 3 fractions on the basis
of their solubility (table II). IT'he cytoplasmic,
T,rCA-insoluble proteins (S-fractioln) contain over
80 % of the bound proline of the cells, but only
20 % of the hydroxyproline. The cytoplasm also
containis a previously unrecognized 'ITCA-soluble.
non-dialyzable fraction (DS-fraction) which is low
in proline but has an additional 20 % of the cells
hydroxyproline. The remaining 60 % of the pro-
tein-bound hvdroxyproline is in the wall fraction
(W-fraction) .

It slhouild be notedltlat the wall fraction contains
a low but sigllifiIicant almiounit of proline. Since King
and Bayley (10) have reported that they were able
to obtain an Avenia coleoptile wall l)rel)aration by
essentially idenitical procedures wlich wxas devoid
of proline. the possibility was considered that the
proline in the W-fraction was duie to cytoplasmic
contaminants. To test this, aliquots of the W-frac-
tion were subjected to further homogenization and
to the NaCl: sodiuim lauryl sulfate wash procedure
of Pulnniiett and D)errenbacker (22). 'Thlese proce-
(lures lowered the l)rotein conitent of the \W-fractioll
fromll about s % to 1.25 0% and lowered the conitenit
of both l)roliile and lhydroxy-proline, but (lid not
Jm gnificantl'vN alterl the 11/1' ratio. This suggests
that this proline is as indigenous to the wall as is
the hydroxyprolilne since procedures whiclh c-itise a
(lecr-ease in the l)roline le\-el also cause i l)Lrallel
decrease in lwdroxvproline.
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Table III. Removal of WVall-bound Hydroxyproline by
ANaOH and Formlic Acid

Sectioni's were inculted 20 h-ours iii b)asal imedium
+ proline-14C (0.5 jc/150 sections). W-fraction theni
were prepare(l by method C ani.d a1iquots extracted
w-ith NaOH (3 tmuIL1S, 1 N. 1 hr, 250) or fonnic acid
(twice, 1 hr. 1000).

HYvp)rk/150 sections Dry wt

Ilefore extractioii
After NaOH
A.fter formiic aoid

WI'
7.4
0.4
0

(cIln
3209
120
195

100
55
51

sy-stems (26). Whlen Av'cna coleoptiles are iincti-
bated witl l)rolille-14C, the proline and lhydroxy-
proline of all 3 proteini fractions becomes Labeled
(table V). Timiie-course stuldies show that the
libeling in eaclh case inicreases liniearly with time
for at least 12 hoturs at whliclh tinme the proline is
exhalutsted fromii the miiediumii (fig 1). It shouild be
iioted that although the prolinies of tlle 3 fractionis

Table V. Incorporation of Prolinc-14C into P1 oliulc
ond HAdroxvproline of Avena Coleoptile Fractions
Groups of 100 sections incubaited 20 hours in Ihasual

medium + 1 ,x proliine-14C. Tissues prepared by
lmlethod C.

Olsoln (18) has shown thzat thle wall fraction of
tobacco callus cells contain 2 hydroxyproline-protein
fractions; a miajor fraction (85 %) that is resistaint
to cold. dilute alkali extraction anld a miiilnor com-
ponent (15 %) vhich is extractable with cold alkali
or hot fornmic acid. Dougall and Shimbavashi (7)
anld Lanmport (13) have also demonstrated that the
builk of the wvall-bound hydroxvprolille in calluls cells
is resistant to cold alkali or formic aci(l extraction.
In contrast, the hlvdroxyproline-proteins of the
-Avzena coleoptile wall are alimiost totally extracted
by both alkali and formic acid (table III). No
evidence for a cold alkali-resistant hydroxyproline
fraction could be found in Avenia coleoptiles.

Olson et al. (19) have reported that onlv 40%
of the hydroxyproline of whole Avenia coleoptile
tissues is solubilized by Pronase. This might sug-
gest that the bulk of the hydroxyproline is in a
peptide which is resistant to attack by Pronase.
Alternatively, the hydroxyproline-proteins of intact
tissues may simply be inaccessible to the enzyme.
Evidence to support this latter idea is obtained by
homogenizing the Avena coleoptiles prior to the
Pronase treatment. Under these conditions, at least
65 % of the hydroxyproline is solubilized by Pronase
(table IV) and in some experiments over 85 % was
removed.
We have already shown (4, 6) that free proline

rather than free hydroxvproline is the normal pre-
cursor of protein-bound hydroxyproline in Aventa
coleoptiles as in other plant (13, 21) and animal

Table IV. Extractiont of Hydroxyproline-Proteins by
Pronase

Sections were incubated 22 hours ini basal medium,
then prepared by metho-d A (whole) or method B
(ground). Tissues then were incubated 16 hours in
0.05 M tris (pH 7.5) ± Pronase (200 jug/ml).

No Pronase + Pron)ase % Removed

Ag/1 cm-i scction
In'tact

Prolkie 2.31 O.'8 88
Hypro 0.12 0.070 42

Ground
Proline 1.58 0.16 90
Hypro 0.075 0.025 67

Fraction

V-tfractio
S-fraction
l)S-fr-actiol

Prolinie Hypro
ip ill/100 Sectio ns

24.450 5025
180500 5890

4990 2855

H/PX 100

21
3

.57

differ widelv at any- timiie in total labelinig (table V),
their specific activities are niearly equal (fig 1).
In contrast, the specific activities of the hydroxv-
proline varies markedly between fractions with that
of the S-fraction being 4 times higher than that of
the \V-fraction.

The pulse-chase technique has been utilized by
Olson (18) to show that most of the hydroxyproline-
proteins in the cytoplasm of tobacco callus cells
appear to be transferred ultimately to the cell wall.
In order to determine whether a similar situiation
prevails in Avena coleoptiles, sections were incu-
bated for 4 hours in a medium that contained
proline-'4C, and then chased for up to 18 hours in
a solution wxhich contained an excess of unlabeled

Proline Hypro 00.° O
S

20 40

0 DS

15 Hs 30

6/
DS

IG0 1 T 20o
I~~~~~~~~~w CZ

1)roline and hy-drioxyproli-ne of Avlena coxleophtfle protein
5ractio/s. Groups of 100 sectioiis incubated in 13

0lof basal 0mediu + pr2l50l5e-14C (10 IS20 2a5) for
3 to 24 hours. Tissues prepared by method C. In
this experiment the nwedium was depleted of prolinie
after 12 hours Symbols: W (-*-), S ( Q ),
DS A---/\)
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FIG. 2. Changes iil labeling of Avi

teinii fractitons during a pulse-chase ei

of 150 seetion,s incubated for 4 houi
miedium + proline-14C (1 gtM, 4,c), N

in groups of 100 in 40 ml basadl m

proline. Chase solution replaced a
Tissues prepared by metlhod C. Ar
of chase. Symbhols: WV (-*-)
( A ).

proline (fig 2). During the cl
specific activity of the proline de
fractions until after 18 hours it wo
the initial value. Siiice total proli
constant in all fractions, tills decli
to indicate that sonlic tuirno-er of 1
p)roteins does occIur iil each of the

h'lle labelinig platterin of h1drox
a (lifferenit picture (due to the large
hydroxyproline in the W-fraction
the labeling is not expressed in 1

activities). During the chase, the
hydroxyproline of the DS-fraction
while that of the wvall fraction cont
for 4 to 6 hours. The final labelin
tion may be 60 to 120 % greater
of the chase. In the S-fraction,
droxyproline rapidly declines by
then remains constant for the remai
period. In none of the 4 pulse-c
did the hvdroxvproline of the S-fr
than 35 % of its label during the
each case the total increase in label
in the S-fractioni was nearly matche
in the W-fraction.

Discussion

It has been shown in this study
proline-proteins of the Avena cl
separated into 3 fractions on th
solubility. The purity of these 3
cult to assess and some cross-co

occur, but the differences in beha
droxyproline during the chase pe
chase experiment suggests that th
distinict. A lack of contamination
with cytoplasmic proteins is also

fact that wlhile the NaCl: sodium laurvl sulfate
extraction renmoved both proline and hvdroxyproline

9 from the WV-fractioni, the H/P ratio remained un-
* S DS affected; if cytoplasmic proteins witlh their multich

*,boiO _G.8_.i lower -I/P' ratio hlad been preselnt, their removal
would have caused a miiarked increase in the H/P
ratio. Tlle finiding that there was a decrease in the
labelillg of the l)roline blut not of the hlvdroxv-profille
of the WV-fraction (lutring a Chase period stuggests
that this fraction contaills m1lor e tiani 1 l)roteini and

0 4 8 12 16 that tlle l)roline and hlVdroxyproline are located in
Chose (hours) differenit peptides. 'T'hiis is inl agreement with the

Cei coleoptile pro- observation of Lanmport (14) that the hvdroxvpro-
qperiment. Groups line-conltailling l)eptides of tolmato callus walls con-
rs in 12 nml basal taim no l)roline.
washed, and placed 'T'lhe locationi within the tissuie of the S- and DS-
[ediuim + 1l00 pM fractionls is not knowvn, but it is unlikely that they
ifter 30midnutes. are extracellular (i.c., loosely associated with the
S
r denote st all) since they were alwa) s liberated Uponl dis-

ruption of the cells no matter how gentle was the
procedure that wvas used. The DS-fraction (TCA
soluible, n0on-dialvzable), -whichl has Inot previouslyhase l)eriod thle been recognized andl has apparently been discarded

creased in all 3 il l)revious inxvestigatiolns (13, 18, 21), is of somiie
s0o%eiiiains ofairv particular interest since it conitains 2(0 % of the

1rhvdroxyproline of the tissue and has a H/P ratio
ne would appear that is similar to that of the wall fraction. It is

r e a unlikely to conisist simply of Nvall fragmients sinJcefractionls. the labeling of its hydroxyl)roline remailled constant
)1)rolile l)resenlts ldturing the chase p)eriod while that of the W-fraction
increase in total

during thle chiase conitinued to increase. Likewise, it is unlikely to be

termis of sl)ecific a precursor of w-all protein silnce in that case the

labeling of the labeling of the hydroxyprolinie would hav-e been
remiains constant expected to decrease during the chase lperiod. It

seems more likelv that thils fraction contains proteinstinues to increase . ~
Ig of the W-frac- which are chemically similar to the wall proteins
ghanof theWfra- but have a different location witlhin the cell.

the label in hv- The metabolism of protein-bound hydroxyproline3the label i by- in the Avena coleoptile is similar to that of callus
30 to 3,5 %, but cells (13, 18) in most respects but differs from itnder of the chase in 2 ways. The first concerns the abilitv of the
lhase experiments.. .... -cvtoplasmic hvdroxyproline-containing proteins to be'action lose more transferred to the cell wall. In callus cells the bulk

chalydrvperoio.ne of these proteins undergo suclh a transfer to the celled hydroxyproline wall as judged by the pulse-chase experiments of
d bhy the increase Olson (18). This is in agreement with the sugges-

tion of Lamport (13) that the hydroxyproline-pro-
teins of plant cells form a single class, the extensins,
whose site of action is in the cell wall, and that the
hydroxyproline-proteins in the cvtoplasm are simply
in transit between their site of synthesis and the

that the hydroxy- wall. In contrast, onlv a minority (30-35 %) of
oleoptile can be the cytoplasmic hydroxyproline-proteins of the Avena
ie basis of their coleoptile are transferred to the wall during a
fractions is diffi- pulse-chase experimenit, even if it is assumed that
ntamination may all of the decrease in the cytoplasmic fraction and
vior of their hv- increase in the wall fraction represents transfer of
riod of a pulse- hydroxyproline-proteins. This must mean that there
e 3 fractions are are at least 2 classes of hydroxyproline-proteins; the
of the W-fraction wall-concentrated extenisins and a second group
indicated by the which are located in the cytoplasm and are never
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transported to the walls. In this connection it is
interesting to note that hvdroxyproline is reported
to be concentrated in the cytoplasmic proteins of
brown algae (8) and carrot callus cells (28) and
concenltrated in the chloroplasts of beani leaves (9).
The relative abundance of the 2 classes of hvdroxy-
proline-l)roteins apparenitly depends uponi the tissue.
In callus cells the level of wall-bound extensinis anld
their cytoplasmiic precursors is so higlh that it is
difficult to detect the cytoplasmic hydroxyproline-
proteins. Because the 4venla coleoptile has a conl-
siderablv lower level of wall-bound hydroxyproline
it h1as been possible to demiionistrate the existence of
the cytoplasmiiic hldroxyprolinie-proteinis in such a
tissue.

Shannon el al. (25) have demonstrated that
hydroxyproline is present in 3 of 5 isozymes of horse
radish peroxidase. This demonstration that hy-
droxyproline can be present in enzymatic proteins
raises the possibility that at least part of the cyto-
plasmic hydroxyproline in the Avena coleoptile is
present in enzymatic proteins. It is interesting to
note that wlhen Steward and Chang (27) separated
the soluble proteins of carrot callus cells bv gel
electrophoresis thev found hydroxyproline in 8 of
the 9 protein bands. Although this mav simply
reflect contanmination of the protein banids with a
sinlgle hydroxvproline-containing protein or frag-
ments of it, it may also meani that hydroxyproline
is wvidelv spread amonig cytoplasmnic l)roteins. How-
ever, such a wide distribution of hydroxyproline
would not necessarily nmeani that hydroxvproline
exists in a variety of peptides as it has been shown
that the same hydroxyproline-arabinose association
is present in both horse radish peroxidase (25) and
tomato callus cell walls (14, 15). The possibility
should be considered that a limited number of
hvdroxyproline-containiing glvcopeptides exist Nvhich
when attached to other proteins or polysacclharides
confer some special properties on themii such as the
abilitv to be transported across membranes.

The second difference between Avena coleoptile
and callus cells is the lack of wall-bound, cold
alkali-resistant hydroxyproline-proteins in the elon-
gating tissue. This difference may be, in part, the
cause of the different growth patterns of these 2
types of cells. Lamport has summarized the evi-
dence (13) which suggests that alkali-resistant
hydroxyproline-peptides confer rigidity on the cell
wall by cross-linking to arabanogalactans. The slow
growth habit of callus cells may be a consequence of
the high level of these crosslinks, while the ability
of Avena coleoptile cells to undergo rapid cell eloni-
gation may be a result of the absence of such cross-
links in this tissue.

The fact that the lhydroxvproline-proteins of
Ave-na coleoptile walls are extracted with cold
alkali while those of callus walls are not does not, in
itself, show that there is a basic difference between
these hydroxyproline-proteins. The ability or lack
of ability of a hydroxyproline-protein to be extracted

must be due, in large part, to the hemicellulose to
which it is attached and the degree of crosslinking.
It is already known that there are differences in the
hemiiicellulose comiiponienits of Avcna coleoptile (23)
and callus cell walls (13, 24). Likewise, the type
of polysaccharide to whlichi the hydroxyproline-pep-
tide is linked in tomiato calllus cells, an arabano-
galactan (15), al)plars to be different fromli that ill
corn pericalrp, a lnicol)olysaccharide ( 1 ). 'I'lic
clhemical relatiolnslip between the alkali-extractable
hvdroxyproline-proteins of the Avenia coleoptile wall
and the alkali-resistant proteins of callus cells canllot
be determined unitil an inxvestigation inlto the hy-
droxyproline-sugar linkages in Avcita coleoptiles is

completed.
The difference in hydroxvproline-metabolismi be-

tween Avena coleoptile and callus tissue may indicate
a basic difference in hydroxyproline-metabolism
between elongating and non-elongating cells, but it
is julst as likely that these differences are due to the
differences in species and in tissues that have been
used. More information is needed concerning the
hvdroxyproline-mietabolismi of elongating tissues be-
fore this can be settled. In alny case, it is al)pparent
that the hydrox) l)roliine-niietabolisnli of all tissules is
not the same and that conclusions concerninig the
hydroxyproline-proteins Nvhich are reached from
studies with callus cells mlay lnot be valid for all
other tissues.
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