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Quantitative methods were developed for extracting and esti=-

mating the amount of cellulase (B=1, 4-glucan 4-glucanchydrolase) in

tissues onm etiolated seedlings of Pisum sativum L. var. Alaska and

other higher plants. Factors which regulate the metabolism of this
'enzyme in the pea epicotyl were studied, with special attention giVen
to effects of indoleacetic acid (IAA) and inhibitors of DNA, RNA and
protein synthesié. The results led to conclusions that cellulase:

l. has a relative high turnover rate, due possibly to its
denaturation in the cell wajl;

2. s only synthesized in the presence of IAA, which appears
to be required for transcription of the specific form of ribonucleic
vacid (e.g., messenger RNA) needed to code for thié enzyme;

3. has effects in the primary .wall which lead to cell

expansion.
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- PREFACE

. “ ThiS thesis is organlzed‘in the following way after a
V“GENERAL iNTRUDUCTiON" and a "REVIEW OF'LlTERATURE" the "EXPERIMENTS’_
. AND RESULTS“ section consists of three papers |ncorporated dlrectly "w”
."ln the form in which they were written for publlcation. The first and h
second papers (86, 87) have been published and the third paper (88) is
in press In order to snmplify organization |n this thesis, changes
were made in Table, Figore and Reference numbers so that these now
appear here consecutively. All references are included in the sectioh
"LITERAfURE CITED", Supplementary data are given in the "APPEND X and
new references to these data have been lnserted at appropriate pounts
in "EXPERIMENTS AND RESULTS" Some of the data in .the WAPPENDIX" js- due

to be published in a fourth paper (186).
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~ GENERAL. INTRODUCTION

- lhe rate of ewpanSIOn of plant cellsbcan.be affected by many»
| isubstances and conditions in the cell env:ronment._ Some of these : a
ksubstances, (e g., 0S motlcally—actlve agents) affect turgor pressure
iln the cell which must, of course, be posltlve before Water uptake can
occur (8, 130, 234). Other substances or condltlons (e g., oxygen tens:on)‘;
affect respiration rate and thelr lnfluence on cell expanslon undoubtedly
reflects a requirement for an energy source durlng growth (32 33) .
variety of substances (e.g., antlblotlcs) Wthh lnhnblt syntheS|s of
protein or rlbonuclelc acid (RNA) usually also .nhlblt cell expans:on,.':‘
suggesting that newly-formed enzymes are needed to catalyze reactlons |
essential for growth (63, l62 202 224,_226 245) Plant growth hormones_fu'
of the auxin type have ne effect on osmotlc pressure (8) and llttle ef- B
fect on resplratlon rate (33, 58) but recent research has establlshed
that such hormones often stlmulate the synthesns of both proteun and -RNA
(6, l62 224, 226 239) lt lS wndely agreed therefore, that at least
part of the mechanlsm whereby auxuns regulate growth lnvolves enhancement
of the synthesus of essentlal enzymes. The problem |s to identify these
enzymes and explaln the mechanlsm(s) whereby auxin |nduces them.
The,preSent study deals-mainly with effects of the auxin

;indoleacetlchacld (lAA)“on synthesis of cellulase (B-l, 4-glucan 4-



'~g|ucanohydrolase EC 3 2° l‘4) ln young plant tissues. Most of the research

f'Was carrled out wuth tlssue growung at the apex of etiolated pea epicotyls.

-fi_At the tlme when thls study Was begun lt was known that both cellulase

‘h(l84) and natural auxln (285) are partlcularly concentrated in this region
5'Qof the eplcotyl.: When tissue sectlons are removed and grown wnthout added

.‘substrates, part of the cell wall glucan dlsappears during lncubatlon
‘»h(|83 l85) When the tlssue ls left attached to the decapltated seedllng
Thfand 1AA lS applled at the apex, the hormone causes swelllng and frag-: |

shmentatlon of parenchyma cell walls (I88 284) There were grounds, : .f"
”f therefore, for suspectlng the exnstence of .a relatlonship between auxln.
and the amount of actIVe cellulase in thls tlssue.' v “

There were also grounds for supportlng the V|ew that actlon

of cellulase‘on cellulose mlcroflbrll n vnvo could enhance the rate |
.",of cell expansion. Prlmary walls in young plant cells contaln a frame— _,
xfwork of cellulose mlcroflbrlls whlch have a complex orlentatlon that |
'changes durlng cell expansuon (253 254 255 279 288 325 338) Theﬁt
"fflbrlls clearly slide apart when the-wall |ncreases'ln area. Nevertheless,_
hthey are so |nterwoven that itis dlfflcult to vusuallze how this could
loccur to the extent it does durlng growth w1thout some flbrll breakage.
',Hydrolysus of flbrlls by cellulase actlon is well known to be very ef-- H
fectlve at reduclng the tensnle strength of cellulose-contalnlng materlals
[e.g., cotton thread (248, 249 286) and dead oat coleoptlle cell walls
(232)]. |
About 30 years ago it was suggested (130) that growth requires

an. auxin=—induced "joosening" or "plasticization" of the primary cell wall.



The fact that the rigidity and strength of the wall is indeed a major
factor in restricting the rate and extent of cell expanSion is emphasized
by many subsequent studies which demonstrate a relaxing effect of auxin

on Waii plastiCity. AUXIn treatment of iiVing tissue rapidly hrings _

““about an increase in its extenSibiiity as measured under artifiCiaI stress

'_and this reaction occurs. before any effects on growth can be detected
‘ (62 2l0 260) 'Aithough many theories have been advancedAsince to ex-

“plain such effects, none has gained Wide acceptance.

This theSis presents data which demonstrate that iAA treatment

‘enhances the amount and speCific activity of ceiiulase during growth,
Effects of Inhibitors ieads to the cvnciusion that iAA reguiates o
‘ syntheSis of this enzyme, the activity of which may, in turn, increase

waii plasticity and facilitate ceil expanSion.



>AI}'_Mefabo[iSm of Wall Matekiaisﬂookjngisfow@h,*

© A. Thanges in Composition
' The main categeries of substances present in Wajfs4of yoong' »ffp

plant tissues are cellilose, hemicellulose, pectic substances,'profe(n;,

;V;and lipid. Many analyses have been made of the relative amoun{s of

these components, e.g., in tissues from pea epicatyl (185, 204), oat

coleoptile (14, 28, 53, 264, 304), maize coleoptile (167), maize mesocatyl ‘;

- (278), onion root (147), maple cambjum (306, 307). Except for cellulose, ;‘ _“

there is little agreement on methods suitable for separating these cate- . o

gories of wall materials from one another or from similar substances in”
other parts of the cell. [t is not surprising; therefore, that wall
composition appears to vary widely’in different fissues,‘ The most common‘v

constltuents reported as subfractlons of hemlcellulose and pectnc sub—

”'g'stances are xylans, glucans, galactans, arabans, polyglucuronates,_

polygalacturonates. The relatnve amounts of these materlals also appear
to vary from one young tlssue to another. p

o(-{ellulose is usually lsolated as the B-1, 4-glucan lnsoluble
in alkali (approx. 7% NaOH).. On analysns this fraction is always con-

taminated by traces of other polysaccharides and it may contain sugar



"f“:tunlts other than glucose covalently bonded wuthln the molecular chalns

(229 254) Nevertheless, thls has beenﬂthe most wndely reproduced and
homogeneous wall fractlon examlned ln the above studles on wall composl—.t_
lbtlon in growing tissues.‘ It Was generally found to make up from 20 to

40% of the total dry weight of the Wall. From studles on wall ultra-fl ci:i"'
structure using technlques of electron mlcroscopy, X-ray dlffractlon, etc;;y;h
cellulose is clearly present in the wall in the form of a partually |

. crystalline framework of microfibrils (94, 229, 238 324 325) These

fibrils are interwoven in young cells with the predomlnant orlentatlon

generally in a transverse direction (253 255, 278 279 288) Heml—'“”

cellulose appears to be deposited on these flbrlls wnth proteln and
pectlc materlals locallzed mainly in the middle lamella (85) |
Enzyme systems have been described which synthesnze cellulose/yndh

(16, 17, 44, 81, 125, 237) B-1, 3-glucan (89, |25), xylan (|3, l25),
~ polygalacturonic acid (125, l78 3l9 320) and galactan (206) All of

-these enzymes require a sugar nucleotlde as precursor.» ln most lnstances
synthesis in vitro is also dependent on the presence of a prlmer molecule

to which sugar units are transferred. Thus, the average molecular chaln

length of these components would be expected to |ncrease durlng synthesns.btblﬁ
Accurate measurements of molecular welght of wall components of young R
tissues have only been reported for cellulose. Durlng elongatlon of cot—»i‘
ton seed hairs, cellulose synthesls takes place and the average degree

of polymerization lncreases from values of 2 000 to 3 000 to about 14, 000

in the mature halr (l98, l99) The sute of cellulose synthesus is not

known, it may be in the wall or p055|bly at'or near the protoplasm surface in



'cytoplasmlc mlcrotubules (2l3 2l8 230 329) There is clear eV|dence,.
f.e g., from raduoautographlc electron mlcroscopY,that synthesns of pectlc

h:vmaterlals and hemlcellulose takes place withln the cytoplasm ln the

| ;golgl apparatus and these products are then transported to the Wall

:‘EfLW|th|n the vesncles (l73 2l3 2l9)

Normal plant growth |s always accompanted by an |ncrease ln

v"total amount of cell wall materlal and th|s lncrease |s stlmulated by
- added | auxin (|4 2| 3|, 53 262 263, 296 334 336 337) Many attempts

’ have been made to specufy Wthh of the varlous wall components are 3

synthesuzed at rates that correlate w:th the growth rate. However, there fffv

~is no agreement between results of such studles on dlfferent tlssues.

Correlatlon to some degree has been noted between growth and the synthesns ,‘":

of cellulose [e. g., in oat coleoptlle (265) and pea eplcotyl (l85 334)],» BN

pentosans [e. g.,.in potato tuber tlssue (46) and tobacco plth tlssue (337)],2>b

pectic substances [e g., in tobacco plth tlssue (337) and oat coleoptlle

,(265)] and pectlc methyl ester groups (e g.; in oat coleopt:le (2 6l, .

iﬁ233 235)] The most extensnve study of changes in levels of wal | materuals_’

durlng normal growth has been carrled out wuth onlon root tlps (147).

The general conclusuon of. the study was that all major categorles of wall

‘materials were synthesnzed durlng radlal cell enlargement and cell
elongatlon and maturatlon. Thus, no speC|f|c effect of auxin on synthesus

‘of a partlcular wall component durlng growth has yet been established.

In view of this apparent varlablllty between tissues, it can
be questioned whether there exists any one component of the wall, the

synthesis of which is obligatory for growth. Indeed, conditions, admit~



~tedly abnormal, have been described where some growth takes place without
wall syntheSis. Pea epicotyl and oat’ coleoptile sections floated on
,vbuffer Without substrates (2l, l83, l85 204) or. inCubated at low temp-

’5erature (3l, 204 262) may expand, in some instances considerably, without

detectable increase in total wali material. Several of the studies of
wall synthesis in growing tissue revealed the fact that the amount of.
some wall components actually decrease during growth. Thus there is.
:ca fail in galactan level in growung pea epicotyl sections (l85 204),_v»h
-_oat coieoptile sections (264), angiosperm xylem (306) and pear parenchyma T, '

' (l49) There is also a decrease in glucan fraction in ‘the rirst three f'*‘”}

of the above tissues. The identity of this glucan iS unknown.' It appearsv'f]

to be alkali-soluble (264 306) and readiiy hydrolysable by hot dilute
.aCid (185). it could represent a hemiceliulose or pOSSIbly amorphous
| (acceSSibie) regions of cellulose. There have been occaSional reports
of a fali in level of total hemicelluiose and pectin fractions (204)
during growth but there is: no report of a decrease in total ceilulose
level.’

The mere eXistence of polysaccharidases in grOWing tissue
‘which can hydrolyse wall materiais provides added evidence that these
" materials are at least potentially unstable. Thus, cellulases have been
found widely distributed in higher plants, including many grOWing tissues
(see Section lll) B-l, 3-glucanase (55), pectinase (22, 23) and pect-
inesterase (105, 106, 107, 217) have also been described’in young plant
tissues. There are few reports of'the exjstence of i'v xylanase or

galactanase in plants and no’indication that these enzymes occur in growing



regions. With respect to the intracellular distribution of these enzymes,
studies have only been reported on pectinesterase which is found firmly
bound to wall materlals (IOS, l06, l07) There is no doubt that other
enzymes, e.g., lnvertase (l2 78, 2l7), are localized ‘in the wall or outer
cytoplasmic membrane. o | S |

A few studles have been: made.of turnover |n wall materlals
uSIng the technlque of pulse-labelllng or by measurlng discrepancues
. between lncorporatlon of a labelled precursor and change ln total con- ;Cw
‘centratlon of the product ' Evndence has been obtalned for concurrent
‘syntheSIS and breakdown of glucan in the youngest and most actlve growungtlﬁf
parts of pea epucotyl sectlons (l83, l85 204) and wheat coleoptlles o
_(l97) Soluble fractlons of pectlc material may also turn over |n the .::_y
pea eplcotyl (204) and oat coleoptlle (2 61) There |s cons:derable e
'evudence for turnover of methyl groups ln esterufled pect:c acud (6l,;;hi!iflq
235) Auxnn has been reported to stlmulate turnover of total wall e
1‘mater|al in the pea eplcotyl (204) and oat. coleoptlle (236) |
It may be concluded that growth |s normally accompan:ed by o
i syntheSIs of all wall components and, at the ‘same time, some components 9:
are subject to partial degradatlon.‘ It has not yet been clearly o
established whether synthesus or breakdown of any one- component lS es—

sentlal for growth or specuflcally affected by aux1n.

B. Theories of Wall Loosening

In order ‘for the area of the primary wall to increase as it

must do during cell expansion and elongation, it Is generally agreed



that reactlons variously referred to as loosenlng (26!), relaxnng (99), “T¥;;:}i
’ softenlng (26), plastncnzxng (I30) or Ieadlng to |ncreased flexublllty

.(l) must take place. Many observatlons usung a varnety of physncal methods

1165, l30 2|0 260) The problem |s to |'

| ’or restruct wall extenssblllty

.hextens:blluty. 1t was suggested that he wel

lncrease the plastic propertles'ofbthe wall

fl;of methylatlon of pect:c carboxyl groups;""

ln |nterven|ng years these possnbulltles'Were sub;ected to

hv'several expernmental tests wnth general!y negat:v }results 

hhfthat, at

. Present, there are few proponents of Pectln methylatlon orﬁcalclflcatlonf:3ev;f??
.as ma jor growth-regulatlng reactlons. Thus, Tow caIC|um levels (10‘3 M-:;:.

1072 M) often stimulate growth, e.g., in wheat roots (45) Auxnn treat—h

ment does not alter the amount of dlstrabutuon of bound wal | calcnum

(45Ca) in oat and maize coleoptiles (59) ln-experiments where the hormone
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. pfomotes growth. Auxin may actually stumulate calcium uptake durnng growthv
in pea epicotyl (204) and oat coleoptlle sectlons (68) In oat coleoptules‘
- careful measurements showed no relatlonship between rates of pectic methyl-' 
ation and growth (60,»6|) Moreover, pectinase solutnons containlnq
pectinesterase-would’be expected to inhibit growth in calcium but, in .
fact, such solutions cause swelling and deformity [e. g., root hairs (69)]
Finally, it has been objected that the amounts of pectic materlals in
many young walls are too small for this substance to control wall rlgldity _
- (2, 28, 144, 147).
Various theories analogous to the pectin hypothesis have béenv

advanéed in which it is suggested that wall rigidity may be regulated
- by salt-linkages, co-valent bonds or the degree of branching of wall protein§ 
(104, 221) or hemicelluloses (40, i85, 200, 267, 288), Proteins'ri§h
in hydroxyproline -have been found Iotalized»in plant cell walls and it
.has been proposed that cross-linkages between these proteins and poly-‘
saccharides may control wall extensibility (171, 2i18). At the.present
time there is insufficient evidence'to support or oppose these possibilities:

* The above theories are~al| based on the assumpfion that cel-
lulose micrafibrils slide or slip'apartlduring cell expansion and that
matrix wall materials regulate the ease with which this happens, There
~is an abundance of evidence that microfibrillar orientation does indeed
alter during growtp and some movement apart undoﬁbtedly‘occurs (94; 252,
253, 255, 279, 288, 325). However, it is not established that matrix
materials control this movement or that a simple sliding mechanism is

sufficient to explain the observed degree of fibril re-orientation.



Accordlngly, the possnblllty must”be entertalned that flbrll
re—orlentatlon requnres breakage or partnal degradatlon of cellulose
Nlckerson and Bartnicki-Garcia (Zal) ln a recent (I964) revnew of cell
expansion remarked that “whlle it is reasonable to accept the mechanlcal;
view that osmotic pressure is the drlvlng force for dISpIacement of cel
wall molecules durlng growth, the neglected role of blochemlcal cleavageﬁ
of cell wall complexes should be emphasnzed. It lS known thdt a cell
may possess enzymes capable of spllttlng its. own wall, ...actlon...of
these enzymes may wel | play a dec|5|ve role in growth processes "_’f’V s
Dlrect loosening of the integrity of the cellulose framework by the actlon
of cellulase was first proposed at least I5 years ago (83, JlO) | o
Moreover, in the first issue (1950) of the Annual Revnew of Plant a‘ul'
Physnology, Frey—Wyssllng (95) speculated that M...if plastlcxznng of
the primary wall is due to an enzymatic dlgestlon of m:croflbrlls,'
...then one of the secondary effects of auxin may be an actlvatlon of i
the enzymes in thls system." Frey-Wyssllng has snnce favored a varlety
. of other explanations for growth and auxin actlon and, up,to-the tlme_:“
when the present research was begun, llttle attentlon had'oeen‘givenuto
this proposal. It is stlll not w;dely reallzed that cellulase occurs{
in many higher plant tlssues and its exustence in higher plants IS oc—,
casionally denied even by reviewers today (l03) ’ Nevertheless there
is no question that action of thus enzyme can rapldly reduce - the tensulefyfﬁ“@ i
strength of cellulose (232, 286) and cause the cleavage of‘mlcroflbrils j't“
(248, 249). |f such reactions occurred in growing’tissoes,;therefcooldf°f”u

be littie doubt that they would contribute to Wall;loosening;v



'““ffffcotyledons (49) the base ratlos ;n RNA alter, as do physlcal propertnes

AR I

- I1. Ribonucleic Acid and Protein Metabolism During Growth . .

RlbDﬂUClelC Acad and Proteln

f[of the rlbosomes in these tlSSUQS-V On thls basus alone lt c0uld be pre-ﬁ, SN

ff? dlCted that the klnds of protelns syntheslzed durlng growth should vary G

.”:Hat different growth stages._ ThlS has been conflrmed, not only by
‘.measurlng changes in amount‘of varlous proteln fractlons durlng growth
(41, 128) but also by many demonstratlons that lnleIdual enzymes form o
or dlsappear at dlfferent tlmes durlng development (9, 10, 11, 71, 274,
275, 276). There may exust”a definite successnon of enzymes during

growth in any one tissue (128). Except for ribonuclease (I8, 19, 174),
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'however, no snngle group of enzymes has yet been found to be repeatedlynn,,

dassocnated wuth growth |n all tsssues.r The functlons of rubonuclease h'fp;f't

”_'ln growth |s notunderstood.‘

AuX|n treatment has’geen shown to |ncrease total RNA Ievels .

"'_yln soybean tlssue most markedly When the_tlssue remalned attached to

ft~”;”ﬁthe seedllng (|63) but”also when:; vwas“exctsed and floated ‘on solutson’ o

| hlu:(lél, |62) ln excnsed t ssues- t;

f?tached soybeanatnssue most of the aux1n-|nduced RNA was rlbosomal RNA

l,gf(lés) In detached sect:ons, extraq'abel appears in all RNA sub—fract:ons,f':~

f}lncluding messenger RNA (160)“ :Particutar importance has recentLy<been

~5°f?placed on formation of messenger“RNA durrng growth Thus |s the ma:n

::iffraction synthesized ln growlng pea root_sections (l8l) and soybeanu

;”t{:”hypocoty! sectsons in theipresence °f s"f’“°r°”rac" (160)

Auxln treatment increases total‘protenn levels |n attached~

,labelled amsno ac:ds :nto proteln isistlmulated by auxun |n peaLStem

-.sectnons, artlchoke tuber tlssue (224) and soybean-hypocotyl(l62) th”
has not been clearly establlshed whether thls reflects a dlrect stumulatnon B
by auxin. of translational steps in proteln synthe5|s or whether |t is

an |nd|rect consequence of auxsn-lnduced ‘RNA synthesus. Elther mechanlsm'“



ti_ of such effects up to l96| are rev:ewed by Cleland (58) Since then,._

"'”;Qfauxln has been reported to have this effect on |ndoleacetyl aspartate

"of actlon could explaln the fact that auxun treatment undoubtedly ln-

&creases the amount and specuflc actlv:ty of particular enzymes.“

‘7Efsynthestase in pea ePlCOtylS (3'7 3'8)’ |soc|trate lyase in potato

v"*-ftubers (73), |nvertase in artlchoke tubers and chlcory roots (93) and

"*“Tperoxudase in pea stems (IOO) Clear documentatlon of hormone—lnduced

' “G:en7yme synthesls in plants has been reported for¢l-amylase in gib-

berellln-treated barley aleurone cells (Sl, 52, 240, 24l, 242 314, 315)

' ;i and for lipase in gibberellin~treated germlnatlng cotton seeds (30)

Regardless of the sute(s) of auxin actlon, the view is:-now
widely held that synthesis of messenger RNA and.thevenzymes for which
it acts as a code, is ankevent.essential for growth. bApart from the
evidence cited above, there is no doUbt that many substances, e.g.,h
antibiotlcs, which inhibit protein and/or RNA»synthesis also.inhiblt

growth. Details of such experiments are'dlscussedhbelow.

't B. lnhibltors.of Nucleic Acid and Protein Synthesis

A vast number of antlblotlcs and synthetlc chemlcals, e. g.,l;

pf“'precursor analogues, are known to lnhlblt partlcular reactlons es- R

"wfsentlal for the synthesns of nuclelc acnd and/or proteln.‘ The actlonyffftrff'

17mechan|sms of many of these lnhlbltors have often been revnewed (43, RN

: 97, l3l, |64 205 220) ' The fOIIOWIng lnhlbltors have been used in. 5'5"”
the present study, dlscu5510n is llmlted to thelr mechanlsm of actlon

~and their effects on. hlgher plant tlssues, where known. "



Actinomycin D:

Effects of thls antlblotlc haVe been reV|ewed recenily (27l)
It is a polypeptlde-contalnlng plgmented antlblotlc (32l, 322) ln V|tro,j'

at low concentratlons (10 pg/ml or less) lt |nh|b|ts transcrlptron_off"“

DNA by RNA polymerase and therefore it preVents synthe5|s‘ofﬁa; f

of RNA; higher concentratlons (100 pg/ml or more) are requnred to
inhibit replication of DNA by DNA polymerase (IO9, lll, l36, l50, l53 -
166, 272). The inhibitor acts by binding to the guanine resndue ln DNA;;.ﬁﬁ:'
(47, 102, 108, 110, 112, 117, 122, 152, l55) These conclusuons are |

based on observations ‘with preparatlons from mlcro—organlsms and anlmalj‘~75“

tissues. However, they probably also can be applledvto_plantyﬁlssueszﬁﬁli;if__
since actinomycin D has been shown to inhibit the lncorporaflonfofeiffgiivw.{
nucleotides into RNA by isolated pea nuclei (50, 280)‘n" e

In vivo, actinomycin D severely inhibits the |ncorporatlon ;zﬁiipii;;
of labelled precursors, e.g., orotate, into RNA of the exclsed pea:lfmf“nb:
epicotyl section (65, 210, 317, 318), oat coleoptlle (ll8),_soybean o
hypocoty! (65, l6l, 162), potato tuber slice (63, l70) etc.;” At'the' ':d:
same time, actinomycin D also inhibits incorporation of supplled amlno
acids, e.g., %-leucnne, into proteln (63, l62 226) Actnnomycun D
prevents the action of auxin in stimulating nuclelc acnd synthe5|s f'
[e.g., in pea epicoty! (65, 210, 317, 318), oat coleoptlle (62 65 llé;}'m
201, 226), soybean hypocotyl (65, 160, l6l, 162) and corn mesocotyl (65;iﬁ
160)], and proteln synthesns [e. g., in oat coleoptlle (62 226) and ‘
soybean hypocotyl (162)]. It is usually presumed that the lnhlbitlon

of protein synthesus is |nd|rect, resultlng from dependence of the
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process of translatlon on continued RNA synthesis.
| Actinomycin D can also inhibit the transport or absorption
.into plant tissue sections of nucleic acid precursors (65, 226),
_amlno acxds (l62 226) and sugar (I5) Thls raises the possibility
’that part of the inhlbitlon of nuclelc acud and proteln synthesns from
- precursors results from |nterference W|th the permeablllty of tissues
hrand therefore lnternal precursor pool suze. ' |
| Actnnomycxn D reduces endogenous growth and prevents auxnn-
"'lnduced elongatlon of pea eplcotyl and stem sectlons (226, 245) and
tfmany other exclsed plant tlssues (63 ll8 20l, 202 203, 224) Early
'rtests wuth the oat coleoptlle (62) suggested that cell wall plastncuty
t'fwas not affected by concentratlons of actunomycun D Wthh lnhlblted
_f85% of RNA synthesns. This degree of lnhlbltlon was estlmated on the
Ubasns of the net effect of the |nh|b|tor on lncorporatlon of '4C-orotate.
g‘lt may be questloned whether the calculatlon was legltlmate in vuew of
fthe lnhlbltory effects (noted above) on precursor uptake. When thls
.rztest was repeated wnth the pea eplcotyl (65 2l0), oat coleoptlle (65,
20l) and other plant tlssues (65 202 2l0) actlnomyCln D did prevent
- effects of IAA on Wall plastncuty ln general, these studies have pro-
JV|ded some of. the strongest ev:dence avallable to support the view that
plant growth and, in partlcular, wall Ioosenlng, depends on RNA and
protein synthesas. | - | |
Puromxcun:
. Effects of puromycin on protein synthesis have been reviewed

recently (72). It is a structural analogue of adenosylphenylalanine (323).
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It blocks synthesis of protein by rihosomal preparations from |ower
organisms or animal tissues in vitre (3, 4, 5, 36, 76, |14, 135, 2i4,
216, 308). Inhibitory actioniis due to the direEt incorporation of
puromycnn into growing peptide chauns whnch prevents further |ncorporat|on
of amino acids and causes release of lncomplete, soluble peptldes (2II,
215, 343). | _' | |

Puromycin inhibits prdtein-synthesisbinisolated pea‘nuEIeolih
(27), 1t also lnhlblts |nc0rporat|on of label|ed precursor |nto both '
protein and RNA by pea eplcotyl sectlons (3l7 3l8), potato tuber slices
(63, l70), soybean hypocotyls (162) and oat coleoptiles (224, 226)

Inhlblton/effects on plant growth (224, 226 245 3|8), amino
acid uptake (l62 226) and glucose uptake (l5) are very snmnlar tp those'
of actinomycin D. There is one report of the stlmulatlon of enzyme -
synthesns by puromycnn in hsgher plants (3|8)

Chloramphenlcol

' Effects of this antibiotic were revnewed |n l96| (39) lt is

a nitropheny| derlvatlve of dlchloroacetlc acnd (277) Wthh prevents

protein synthesis by |nh|b|t|ng the transfer-of amino acld from’amlnoacyl
'=SRNA to protein. This effect appears tq be the;result.of a'chloramphen_

icol-ribosome complex whieh interferes:with the attachment of m~RNA

to the ribosome (57, 79, 115, 208, 266, 3l6, 327, 339). It prevents
protein synthesis in bacteria and animal tissues both in vitro (145,

146, 326) and in vivo (7).

| In higher plants, chloramphenicol also inhibits protein synthesis,

e.0., in.oat coleoptiles (225), carrot roots (142) wheat endosperm (212),



""“ organisms (330)
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isolated maize mlcrosomes (212, 259) and tobacco cell nuclen (90, l43)
In general, hlgher concentratlons are. reqU|red to. |nh|blt proteln syn-
thesns in plants and anlmal tissues than in bacteria. Chloramphenlcol

|nhibits endogenous and auwln-lhduced growth |n a variety of tlssues.;'fl
Ce. g., in ‘pea eplcotyl and green pea stem sections (224, 225 245), oat'fi
‘_coleoptlles (224,,225) and other plant tussues (225) ThlS growth l

inhlbltlon closely parallels the lnhlbltlon of l4C—leucine lncorporatlon

nto proteln (224 225) Other lnhnbltory-effects have also been reported,

e. g., on salt and Water uptake (82, l20 300 3l3), specnfic amlno ac:d

‘uptake (l42), sugar uptake (l5 244)3and oxsdatlve reactlons (l69)

'Actldlone (cyclohexumlde)

Thls antlblotlc inhlblts both proteln and DNA synthesns but

not RNA synthesls |n mammalian and yeast cells (l54 29l, 292 299)

j.ln vltro, lt has effects similar to puromyC|n 1 that |t lnhlbits proteln '

' synthesls by lsolated rlbosome‘rf‘lt apPearsfrfﬂ nhlbit the flnal steps

mOf translation, l e., the transfer of amlno acld from s-RNA to peptldes

>(39 66 75 92) It |nhiblts the growth of SOme but not all mlcro- S

Effects of actldlone on growth of hlgher plants have not been 'jf
reported However, |t |nhlb|ts formatlon of fatty acud synthetase ln '
potato tuber s||ces (335) and nltrate reductase ln Brassuca leaves (127)

Fluorodeoxyurldlne (FUdR)

A review of the effects of fluorlnated pyrimldlnes on nuclelc
acid and protein synthesis has been publlshed recently (l26) FUdR is

-a structural analogue of thymidlne and inhibits specnflcally the synthesis
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| 1of thymldylate (9]) In vitro, FUdR can be phosphorylated to the

ﬂ;nucleotlde analogue of thymidlne monophosphate (TMP) whlch |s a powerful

f‘lnhlbltor of thymldylate synthetase (l2l) Thus |n v:vo, FUdR lnhlblts

7;€DNA synthesns and the inhlbltlon can be reversed by addlng hlgh concen-

'ﬂ_tratnons of thymldlne or- |ts analogues, e g., chlorodeoxyuridlne,

'-.’bromodeoxyurldlne or lododeoxyurldlne (24 91 222 223 ‘243, 301, 302)

FUdR has been shown to’ lnhlblt mitosis |n VlCla faba ront
tips (l64, 30l),,tobacco cells (91) and to lnhlblt.CQII elongation
especially'gibberellic acid-lnduceu, of cucumber hypocotyls,wheat
coleoptiles (223) and Tentil epicotyls (222). It was also reported to

cause chromosome breakage in Vicia faba root tips (l64)

MltomzC|n C:

In animal fissues and bacteria this antibiotic causes inhibition
of DNA'synihesis.(290) anu may promote degradation of DNA (156, I57, l58,
231, 273, 289). It has no.marked influence'on protein or RNA synthesis
(140). The antibiotic acts as an alkylating'agent (282) to Iink DNA
complementary strands together by covalent bonds (140, 141).

Mitomycin C has been reported to inhibit cell division in
Vlcna faba root tlps (207) and  expansion growth of artlchoke tuber tissues
(203) Aberratlons of chromatld structure also occur (282)

v szroxxurea
) 'This'substance inhibits lncoruoration of thymidine and phosphate
into DNA of regeneratlng rat llver and Hela cells (283 345). It does
not affect synthesxs of RNA in these cells. It may interfere with DNA

metabolism (98, 209) and with the synthesis of pyrimidine deoxyribosides
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(209). Thesé effects can be‘réVerSéd byifbyﬁidiné; debxyuridine or
deoxycytidine (209). There»are nb fecoraé.hf fhé}éffetisxbfihydroxyurea
on plant tissue. ST s | -
Colchicine:
a This substance is well known as a "metaphase poiSoﬁ"-which
inhibits action of the spiﬁdle and separation of chromatids. It appear§

to act by disorganizing orientation of micelles in the astral rays and
spindle fibers (137). This resulting in polyploidy (164, 175). Such cells
Will resume division if colchicine is removed (164).

8-azaquanine and é-azathymine:

These structural anélogues are incorporated into RNA or DNA

of animal (132, 176, 189, 205, 258, 294, 295, 328) and plant tissues (48,
129). Presumably the products have abnormal properties. In addition,
6-azaﬁhymidine can be formed from 6-azathymfne (256) and this substance
inhibits the incorporation of !4C-formate into DNA thymine (257).
8-azaguanine inhibits cell expansion in artichoke tuber tissue
(203) and cell division in the pea root (129). It has been ;epOrted to

- stimulate the growth and germination of pollen tubes (312).
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“Ill. Cellulase

A Occurrence*‘ |
| In the llterature on plant anatomy (see 67, 85) there are many
o references to the vnsnble fragmentatlon, thlnnlng or even complete
1d|ssolut|on of plant cell walls durlng normal cell dlfferentlatlon.
":‘ln many lnstances, there can be no doubt that cellulose |s degraded
by endogenous cellulase. ThlS |ncludes the well known dlsappearance
: of end walls of trachelds and latucufer elements durlng formatlon of
‘Vessels and mature latlcnfers (151, 28l) An actlve cellulase has
'been extracted from developlng vessels of barley roots’ (28l) Slmllarly,
: ln the abSC|5510n zone of bean petloles where cell walls V|5|bly break
vapart, cellulase can be extracted at a hlgher actlv1ty than in the h
surroundlng tlssues (l34) Ethylene gas, which promotes abscnssuon in
this tlssue, also lncreases extractable cellulase actnv:ty : In storage
organs‘(e.g.,_endosperm) of manygrains (e.g., barley), wall dlssolution
occurs during.germination and B-glucanase activity ln'grain extracts
has been’shown'to lncrease at this time (38, 187, 242). Gibberellic
acid treatment of the grain promotes germination and enhances the activ-
ity of many hydrolases, includlng A~-amylase, ribonuclease, protease and
B-glucanase (5l,l52, 240, 241, 314, 315). The B-glucanase may not be
cellulase (251). In grasses, close to the ends of guard-cell pairs,

a pore develops during growth providing open connection between the two
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cell protoplasts (42). Cellulase activity has been extracted from many
grass leaves (55). Pollen tubes.grow tnroogh many cell walls during
their passage down the style and lnto the ovary and there is electron
microscopic evudence (247 28l) that th|s process anolves breakdownv‘
~of wall cellulose. Cellulase actIV|ty has been extracted from pollen
grains (305). | A | | | |

In addltion to’socn'lnstances:of'cellulose'breakdown by cel-
lulase, there are many examples of tlssues where there is anatomical
evidence that thls phenomenon probably occurs. Thus, the mechanism of
sueve plate pore formatlon has been a controversual subject for many
years but recent electron mlcroscoplc studles lead to the conclusuon
that some cellulose breakdown‘occurs (84, 28!). Lacunae often develop
in tissues by the_breakdown andndisappearance of entire cells, e.o.,in
pith of hollow stems, seeqs,-etc; (85) and in the cortex in advance of
developing‘adventitlaus-roots_(284).: Durlng geotropic curvature of
bean epicotyls, measorements of wall thickness suggest dissolution of
wall material in cellsvt0wards_tnelloner (entarging) surface (37).

There is ample.etldencejfor,the nidespread occurrence of
active cellulase in extracts of a variety of'organs from higher plant
tissues. About 50 species havevbeen tested in surveys (55, 195, 309).
and cellulase activity was‘readily detected ln most instances. Partic-
ularly high cellulase levels were found in the meristematic and growing
regions of the pea epicotyl (184) which are the same regions showing

most active cell wall turnover (183, 185). Cellulase has also been as—

sociated with enlarging cells in tomato fruits (116), bean petioles (134)

-
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and tobacco leaves (309, 310). Tracey's early (1950) results with
tobacco-leaves led to his suggestion in 1959 (3IO) that cellulase may
"piay a role in the remodelling of the primary cell wall during growth."

The above studies lead to the conclusion that cellulose dis= |
solution in higher plants is a hlghiy localized phenomenon, restricted
to certain regions or tlssues or even to certain cell walls within the
tissue. ThiS, in turn, implies that cellulase activity in higher plants
must be closely regulated, elther by direct |nh|b|tors or activators
- or by mechanisms which control cellulase metabolism. The existence and
action of sdbstances which directly affect cellulase is discussed in
the next section. There is no evidente for inducers or repressors of.
cellulase synthesis in higher piants.

In lower plants, cellulase is well known to be an "adaptive"
enzyme in the sense that the ability of many of these organisms to
form cellulase has been shown to depend on the composition of the med i um
on which they are growing. Thus many fungi produce cellulase only when
grown on cellulose, cellodextrins or cellobiose (20, 190, 192, 269).
Certain-other glycosides can replace cellulose or its derivatives in

some species. Trichoderma viride and certain Basidiomycetes form cel~-

lulase if grown on lactose (190), salicine or sophorose (190, 191, 92,
194). Under different conditions (e.g., temperature, etc.) free glucose
or cellobiose may act either as an inducer or as a repressorofcel lulase
synthesis in T. viride (192). Usually cellulase aetivity in these
organisms is not detectable unless the inducer is present. There are also

recorded instances of organisms With low celiu!ase activity which can be greatly
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stimulated in vivo by the_éddition ofﬂsubstancesito the'outside medium.
For example, the production of celiu[ase by Trichoderma is'enﬁahced.by '
_providing optimum concentration odeObaltous ions (192). Cellulase
vsynthesfs in Agﬂxlg'myteliuﬁ‘éppears to be increased by adding one’uf
‘the sexual hormones for this fungus (305) Whether or not these are

examples of enzyme |nduct|on remalns to be determlned.

B. Properties in Vitro

Various terms have been used to describe the ac{iqn of cel-
lulases on‘B-l; 4-polfglucan substrates. The simplest classification’
is {hat which distinguishes between endo- and exo-cellulase according
to whether the enzyme attacks the substra{e at random points along the
Imolecular chain or specifically at one end to remove cellobiose or glucdse
unitse Most fungal and plant cellulases are probably endd-type (310,
344); _exo—~cellulases have oniy been described in a few lower micro-
organisms. (165, 298). | N

Endo-cellulases can be identified by their effecfiveness_in
reducing the vfscosity~of carboxyrethylcellulose (CMC), an assay dependent
on reduc{ion in average chain length. It is probable that cellulases |
only hydrolyse Ilnkages between unsubstituted anhydroglucose units
(227, 228) and, since these are presumed to be distributed at random o
'along the CMC chaln, the chaln Iength could be signlflcantly reduced
by endo- but not exo-cellulase action. However, in order to prove
that endo—hydrolysis dccurs, it is necessary to show that the % viscosity

loss is greater {han;the % of total potential reducing power which is
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=fjfreleased durlng hydrolysus , Thls has been done for pea epicoty! cel-

t"-fglulase (184) and cellulases from lower organlsms (l77 227 228). In

'G;fa deflnltlve study of cellulase from yrothecuum, affinity of the enzyme

| }ffor substltuted cellodextrlns decreases wnth decrea5|ng molecular welght

”'f:d~(ll9 331) Thls ls also clear evldence for endo-type degradatlon as

w”fsls the productlon of cellodextrlns longer than celloblose (56,;10l, ll9,-

l23 l24, l68 268 33l) These Iatter technlques have not been employed
:rtIWIth hlgher plant cellulase.,ti}°~‘;vﬂ“= TR ' '

| There is consnderable controversy over the questlon of whether -
" or not co-operatlon of more than one enzyme is: reqUIred for maxnmum
‘degradatlon of natlve cellulose. lFractlonatlon of crude cellulase S
preparatlons have shoWn the ex:stence of at least two fractlons one,
‘called Cl (l77 228 286) or A enzyme (286),vw|ll lmmedlately attack
‘Tflbrous cellulose or hydrocellulose to lnltlate breakdown and loss of

tensule strength the other, called C (l77 228 286) or B enzyme (286)

'e,m wnll not attack flbrous cellulose untll after the first fractlon has '

,'operated'mr a. tlme or untll the cellulose |s swollen by acud or alkall

A;v‘treatment.' Both fractlons are probably glycoprotelns (l38 246 287)

The latter has been equated to‘B-l, 4—glucanase or carboxymethylcellulase

’[‘t(270 298) whlle the former may be an- enzyme Wthh breaks hydrogen bonds

‘yior |n some other way |ncreases the acce55|bll|ty of cellulose chalns
:Tto hydrolase actlon. There |s no doubt that cellulases act on natlve
"cellulose mlcroflbrlls at relatively few sites s:nce electron micrographs
hof part:ally degraded natlve cellulose show that dlssolutlon |s highly

'Iocallzed (248, 249) Only a small percentage of the total fibril weight
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is converted to soluble products, even after repeated cellulase
treatments (286).

Some cellulases, all fungal in origin, have been purified to
the point where meaningful amino acid analyses could be carried out.
Myrothecium cellulase has a molecular weight.of about 49,000 and an.
amino acid composition typical of most‘enzymes. The presenéé of glyco-
sideé in the enzyme was not investigated. The only unusual property
“was the absence of free sulfhydryl groups on the active enzyme; {4
to 16 cysteine uﬁits were present combined as cystine-(74). 'CellUlases

from Trichederma koningi(138) and Polyporus versicolor (246) are both

glycoproteins. Both enzymes have an amino acid composition typical
for other enzymes with very loﬁ cysteine content. The sugar moeties
in Trichoderma cellulase include mainly mannose with a small amount
'of hexosamine (138).
Many factors influence the aﬁtivity of endo-cellulasés in

'11152. The pH optimum for activity is generally below 7.0 fbr most
Cellulases. It lies between pH 5.0 and 6.5 for tobacco (310) and

pea cellulase (184). Temperature effects on cellulase activity are
similar to effects on any enzyme. Animal, bacterial and higher plant
cellulases appear to be more labile than fungal cellulases at high
temperature (10l). Effects of various enzyme inhibitors on cellulase
activity have been reviewed receﬁtly (101, 195, 196). Most cellulases
are inhibited b; high concentrations (104 - 1073 M) of divalent metal
ions. Other regeants, [e.g., p—chloromercuribenzoate (PCMB), iodoacetate]

which react with sulfhydry! groups may be inhibitory or stimulatory
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depending on the‘enzyme source. Reducing agents (e.qg., cysteine,v
glutathione,‘ascorbic acid) are also either inhibitory or stimulatory
Accordingly, it is impossible to generalize'on the question of whether
or not cellulase activity requires free sulthydryl groups. Effects

of many other substances (e g., dyes, sugars, proteins, alkaloids,
phenollcs, habgens, fungncudes, antlblotlcs) have been tested w:th
"w1dely:varlable»results usung different cellulases. Special mention
may,be'madefot a:report_tbat 10™3.M 1AA directly inhibits Aspergilius

oryza cellulase (l48) There Is also an old report of the "unmasklng"

o

of Cellulomonas cellulase actlvity by treatment in vntro with trypsnn
(250). | |

| ‘The'widespread'existence'of heat-stable natural substances
- in plant extracts whichnwill.inhibit fungal cellufase activity in vitro
has been establlshed beyond questlon. In one survey of methanof, water
’and aqueous acetone extracts of a variety of organs from about 500
plants,-about 100 samples caused substantial inhibition of Trichoderma
viride celiulase (193, l95y 196). The inhibition was traced to effects
of polymeric leucoanthocyanins in extracts of barberry, perry pears
and persimmon fruits and to condensed tannins in extracts of grape leaves

and sericea.
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" EXPERIMENTS AND RESULTS
;;_Paper_i,'f¢ontroi:of:Qeiioiase AcfiVity,by’indOIeacetic Acid
Abstract

" Apices of etioiated decapitated Alaska pea seedlings were

~painted with aqueous lanolin %1AA % various inhibitors of RNA or protein

'-f synthesis. A sub-apicai segment from the epicotyl was removed for

k.jmeasurements of growth and the soiuble protein caontent and ceiiulase
ifactivity of ~enzyme extracts.

. During the first I8 hours, the main growth response to IAA 4

“g}jﬁwas an xncrease in segment diameter, ~elongation was inhiblted. The

‘;::amount of extractabie cellulase activity per- segment and the diameter .

i xncreased at exactly the same rates relative to controls. In the next
'd 2 days iAA induced rapid ceii division and the formation of root primordia.”
:}nCeiiuiase activity per segment, per unit fresh weight and per unit soiuble-;;
protein all increased markedly to ieveis many times higher than in con—:
trols Chioramphenicol, azaguanine, puromycln and actnnomycnn D all
interfered wsth protein synthesns, the growth responses and the devel-tl
opment of cellulase activity. In the absence of |AA, cellulase activity

decayed.



lt lS concluded that cellulase IS subject to turnover |n thls
"ttlssue and that the rate of |ts synthes:s is controlled by auxin con-
centratlon., lt |s proposed that cellulase actlon on mlcroflbrlls |n

"7fVlvo plays an essentual role ln a varlety of growth processes.

"lntroduction

When lndoleacetlc acid (lAA) stimulates cell expansuon in
'o;plant tlssue, before and during the growth reSponse, there is typically

h anvlncreaseuln,the rate of synthesus of protein (162, 224, 225) as well:

""e.as a relaxatlon of primary wall rigidity (62, 64, 210, 260). Hypotheti;

L cally, the two events could be related if the hormone were to induce

r.fsyntheSIS;of_one or more enzymes which can catalyze a "loosening®" of the
":rprimary Wall structure. It is generally agreed that the term loosenlng,

ln thls context, refers to an increase in extenslblllty of the inter-

e fj}fwoven wall ‘framework of cellulose microfibrils (278, 288). The problem '

Cis to ldentlfy such an enzyme.
Cellulase [B-1, 4 glucan 4-glucanohydroiase (EC 3 2.1.4)]
V'dhas been shown to possess some of the required quallflcatlons. Even

‘v_sllght attack by enzyme on cotton cellulose fibers (286) or on coleoptile

'chell walls (232) is sufficient to cause a great loss |n tensile strength

"“Q.and an lncrease ln extension under stress, i.e., a loosening effect.

htf«The enzyme occurs Widely in higher plants (55, 270), especially in young

‘tlssues (l84 309) where IAA |s concentrated (285) and where primary

wall glucan |s subject to metabollc turnover (l85, l97 264) " In this
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-'7”:7greport we show that lAA applled to the young pea eplcotyl can markedly

vfﬁ?nlncrease the cellulase actlv:ty measured ln extracts of the tlssue. The

increase appears to be due to stlmulatlon of enzyme blosynthes:s by IAA
’Materlals and'Methods’hh S

Seedlings of Pisum sativum L. var. Alaska were grown ln darkness o

until the third internode was 3 to 5 cm long They were examlned and"'::
handled under dim green light. The plumule was cut off just below the -
hook (183) and a point on the. eplcotyl 10 mm below the cut apex was o
marked with ink to delineate a "segment™ of tissue (photographs shown
in Appendix lAl. The apex was painted with an.average weight of 2.5 mg‘
of lanolin paste (65-75% water) containing |AA and (or) other substances
whose effects on.thersegment below were to be tested. The concentration
of -these substances is referred to in this,paper as weight per unit |
weight of wet lanclin, e.g., 0.2 mg puromycin/g represents approximately 1'
0.5 ug applied per apex. The seed!ingswere then allowed to continue‘to-.
grow in darkness at 200. | |

High concentrationsof applied |AA bring about a‘strlhing se-
quence of growth responses within this subapical segmentQ Our observatlonsl
confirm those of Scott (284) on the anatomical developments and of Mac-.ﬂnt“
Quarrie (188) on the changes |n segment dlameter and fresh welght ‘ After' '
a lag period of 6 to 8 hours, durlng which, lanolin dlffuses as much as |
10 mm down |ntercellular spaces and xylem vessels, the dlameter of the

whole segment beglns to lncrease over that of controls as a result of
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lonxof parenchyma cells.“ At about l6 hours,

extensuve nuclear and cell dlvxslon“ls lnltlated SWelllng as a

result of these two responses continues for 2 to 3 days (see further 'f

documentatlon in Appendlces lA and IB Flgures

the beginnings of organlzed root primordla can be reconged.-and e

cortlcal cells lylng between the root prlmordla and epldermls begln to

disintegrate (Appendlx 1B, Flgure 5) The young roots grow through the ﬁ_ |
lacunae so produced, reaching the outside in about a week (Appendlces L
IB.and IC). It should be added that in our tests applled lAA aIWaysf:q
_inhibited elongatlon of the subaplcal segment whereas MacQuarrle ‘
recorded. varylng ‘degrees of increased length. Thls dlfference may be
due to a lower endogenous auxin level. ln the tlssue of hlS tests, Wthh

was cut 3 mm lower down the eplcotyl from a dwarf (Meteor) varlety of

peas. .

In present tests, lOO segments were removed at lntervals of

:up to 4 days, waShed wnth dllute hypochlorlte, and gently blotted wuth
filter paper. The fresh welght and lengths were recorded and lmmedlatelyffdsd”
the segments were homogenlzed wnth 2 volumes of cold 0 l M phosphate,_,'j?”:’°:
pH 7.0. The brei was centrlfuged at 37 OOO X g and the precipltate re—-
extracted thh 2 volumes of buffer. The comblned supernatants provnded

at least lO mi of crude enzyme extract derIVed from a known number of |

segments (5 to 8 segments/ml) and ‘a known fresh welght (approxsmately

l':‘O 2 g/ml) Soluble proteln (2 to 5 mg/ml) was estlmated in dupllcate

j'allquots wnth the bluret reagent purlfled bov:ne serum albumln was

s used as- the standard (ll3 Appendlx llA)
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Suffuclent extract remalned to measure cellulase actuvuty ln :
fdupllcate samples as. descrlbed prevnously (l84),:| e., by the nnitlal
iirate at whnch allquots lowered the SPEleIC VIsc05|ty of solutlons of
f.carboxymethylcellulose (CMC) Each value reported in any one experl- |

k'fment lS based on the[average percentage loss of v:scoslty brought about

n'2 hours at:3: bi.i_.”the addltlon of I ml of extract to 9 mI of l.I%
bchC-O‘Ol M phosphate (pH 6 0)—0 02% NaF. From these measurements, valuesh:mijﬂ
.f‘bwere calculated for the amount of cellulase actav:ty per segment of tls-j;“b'
hsue or per unlt soluble proteln.-'y.b e | |

B .‘ 5 A number of tests haVe been carrled out to certlfy that these
fﬁ;methods prov:de a rellable estlmate of the amount of cellulase in thls

' ttlssue (Appendlx lll) lt was flrst necessary to bonl or autoclave
5<tthe substrate solution for 30 mlnutes before use to obtaln a reproduct-.'af

| ;lble and stable lnltual VIscosxty. W|th thls substrate the pH optnmum :‘ o

of enzymic attack lay between 5. 5 and 6 5 (Appendnx lllB) Flgure I

':t¢yshows that cellulase acttvity ln a typlcal crude extract was proportlonaiﬁ i

‘to enzyme concentratlon when vxscosnty losses were measured s:multaneously
t at any tlme up to 6 hours.‘ Proport:onallty was not obtalned in such
‘tests when longer lncubatlon tlmes were used or when actlvnty was such f
that vxscoslty losses were greater than about 40%. Therefore actIVItles
were always compared at a tlme (2 hours) weIl before thls percentage

was exceeded by the most actlve extracts encountered Bolled enzyme controls
were also taken into account in each experlment but generally their

values were negllglble compared to those of unboiled enzyme because of

the relatively short incubation time (184). Further extraction of tissue



*}]2 Fig. l}7gEffécf'of~enzyme concentration on cellulase activity. Losses
. in viscosity of CMC brought about by aliquots of crude enzyme extract
ytff,wgrg measured;at_l,‘z, 4, 6 and 22 hours. See text for detailed methods.




~-34 -

50

40 |

i 1
@) O
\p/ oV

(%) ALISOOSIA H0

10

SSOT

A

1.0

08

0.6

04

002

" ENZYME EXTRACT (ml)

™

ey e

_— T R S

L T IATTYTp




-35-

""reSIdues w:th phosphate or W|th solvents contalnlng chery

f’or substances known to release adsorbed proteln falled to remove more

'fﬂthan a trace of extra cellulase act:vuty.i BOl|2 'crude extracts or upf

'fff}to 10'3 M lAA, gubberelllc acld, or klnetln dld not |nh|b|t or stlmulate fi‘fjj

'”ﬁ;ractlv:ty of the crude or purlfled enzyme (Appendlx lIIE) Doubllng the:.’ff5tf

fsoluble proteln concentratlon by addlng boVIne serum albumln durlng

“'if;enzyme extractlon or durlng vuscometry had no effect on enzyme actlvnty i

Results

“UA. Growth and Cellulase Activity

Table | records the changes observed over 4 days in the size
of the segment and in the amount of its buffer~soluble protein. In
controls, the fresh weight approxlmately doubled as a result of elonga-
- tion in the first 2 days. The dlameter of the segment, measured by the

fresh weight per unit length, increased only slightly (by 15-20%) and

f"stopped,increasing after the first day. In lAA-~treated segments, the

'fresh Weight quadrupled mainly as a result of a great increase in dia-

*l“]i'meter ln the first 2 days (the average fresh welght per. unit length

ﬁ-hdftrlpled whereas length increased by only 40-50%). IAA treatment also

"5Q-Ied to a greater lncrease ln the amount of soluble protein-than occurred

" in controls. (Effects of lAA on growth and proteln levels in other
h;plant tlssues are shown ln Appendlx IV Effects of other hormones

on growth and protenn levels in’ the pea eplcotyl are shown in Appendlx V. M,-Zf
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o Tablen.

Effect of added |AA on growih and soluble protein
level in the apical segment” during a 4-day period. -

Time Frwt Length Fr_wt Soluble proteih9f73f
’ length - R

(days) (mg/seq) : (mm/seq) (mayom) (pg/seg)if{}??fj;”'”

Control 1AA Control |AA Control lAA Control’lAA-.ggii:ﬂ;

o - 23.0 10.0 - 2.30 332

[ 40.5 64.1 4.6 13.5 2.77 4.75 386 432 .

2 50.1 83.9 19.3 14.3 2.60 6.55 . 478 - 585 i

3 55.6 99.] 19.0 5.1 2.92 6.58 456 610

4 5.3 97.3 19.3 14.5 2.62 6.71 . -512 . 610 .

* The apex of etiolated decapitated ‘pea epicotyls was painted with
lanolin paste £ 0.5% (w/w) IAA. Length and fresh.weight of the
tissue which developed from the apical 10 mm of epicotyl was ,
measured at daily-intervais. -Values are averages for 100 segments.
Soluble proteinfwasfextkécted“byfogj;M phqsphate,_pH 7.0 (see text).

AR



‘iEffects of the act of decapltatlon are shown |n Appendlces VlA and B )

Flgure Zfshow the changes observed din the cellulase actnvnty*'“f'f'

above segments

-'"'g,the actuvnty per

of extracts from th__

Aunxt'proteln or per segment |ncreased sllghtly at furst but then decreased

{;to well below the unltlal level as the growth rate decllned._ ln IAA-';}) e

ff?ﬁftreated segments, cellulase actnvnty also lncreased only a I|tt|e durlng afiﬁ

reach a maximum Ievel by the thlrd day of about 6 tlmes the lnltlal

" the first day | Subsequently, hOWever, lt increased dramatlcally to ?Iﬁﬁhf?ﬁ"

"actIVIty per unlt proteln and l2 tlmes the lnltlal actIV|ty per segment._ﬂ-'” 8

‘ :Thls experlment has been repeated several tlmes and thought the absolutefif;'

n“f;levels of lnltlal and flnal cellulase actuvntles varled (Cf Tables lV

- ;and V) there was always a marked response to added lAA after an |n|ttal ff__

i"_'-.j'j"lag perlod jh' ga's1gmo:d progress curVe as lllustrated |n Flgure 2. hﬂf

AJ"fﬁj_(Appendlces lV and V and Vl show effects of IAA and other hormones on

: fﬁ{cellulase actlvlty ln the pea epncotyl and other plant tlssues )

Detalls of the effects of IAA dur:ng the flrst day are shown '

ﬂgln Table lldand Flgure 3 lAA began to nnhlblt elongatlon after I2

3rhours.but;lt:began to stlmulate growth ln fresh welght at 6 hours. }"-T'H.

"Tflts maln effect therefore, was to prolong the perlod durlng thCh rapld"f_;

'gilateral expansnon proceeded. fn_controls, cellulase act|V|ty |ncreased e

”;':?;Frapldly for only the flrst 6 hours and began to decrease after I8 hours,u
rlzfﬁby Wthh t|me no readlly extractable endogenous auxnn can be detected
‘ :ln such tlssue (285) Wlth added 1AA,. both segment dlameter and cel-
-;lulase act1vnty steadlly lncreased at exactly the same rates relative

to thelr;respectlye controls until about I8 hours, when cellulase activity



Fig. 2. Effect of added |AA on relative cellulase activity per unit
protein and per segment. Data on growth and soluble protein changes
during this experiment are given in Table |I. At zero time !|.0 ml
enzyme extract (from 0.2 g fr wt) induced 4.8% loss in CMC viscosity/
2 hours. This was equivalent to 1.79% loss/2 hours/mg protein or
0.59% loss/2 hours/seq (see Table |). Cellulase activities in the
figure are calculated relative to these initial values. .




 _EXPERIMENTAL VALUE '
. VALUE AT ZERO TIME .

| PROTEIN.

GONTROL

| | sEement

I 2 3 4

T

L e .- . - - - e

IM

GELLULASE

12

[P SRS

CONTR

o |

oy

oL

E (days)

3

4




=40~

Table b,

Effect of added IAA on growth and soluble f.',]
‘:proteln Ievel durxng a 24-hour perlod

Fr wt

'{ f SOIUble prote|nna~ ,,n'

,,“(mg/seg):

(pg/seg)

“:’i?fiAATJ'fl?' Control lAAj;fEVL” .

©* Methods are described inTable 1.



et

uf added_ AA 0 'relative fresh welght per unit length
} yameter) ‘and’ cellulase actuvuty per segment. Details of
and $resh welght changes are. give.ln Table 11, At zero time,
ne ‘extract induced 4:2% loss in CMC viscosity/2 hours,

52%. loss/2 hours/seg.” Act:vutles inFig. are ‘calculated
”lnntlal wvalued: e R TS S
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. began its unilateral rise. Soluble proteln also |ncreased |n response

to 1AA, partlcularly between 6 and 18 hours, so that there was no marked
change untll 24 hours |n the cellulase actIVIty per unxt proteln.

Effects of varylng the |AA concentratlon on responses |n the

first day are shown in Table |1l. Even low concentratlons of IAA (IO
ppm) lnhlblted elongatlon but stlmulated growth in fresh welght and
increased the soluble proteln level over that in controls.; ngher fﬁ!?i?ﬁﬁ"‘e
levels of hormone led to correspondingly greater increases in segment
diameter and soluble proteln. The relative cellulase actuvuty per seg-:},ff;g
ment increased with |AA concentration in the same way as relatlve seg-j;iprs:

ment diameter. Cellulase activity per unit protein showed no response,;f-f3~

B. Effect of Inhibitors

| The above experiments were repeated with or without'adoed?fAA
in the presence of substances which inhibit protein or RNA syntheSIs.‘p;'_:_f
Table 1V shows the effects of chloramphenicol, an antublotlc known toh
inhibit growth and amino acid incorporation into protefn of sections'
excised from pea epicotyl or other plant tissue (224, 225). Tabje'V
is a summary of results with puromycin, 8-azaguanine, and actinomycin D,
which are also known-to inhibit plant growth and proteinhsynfhesis, thé“f\
last two by interfering with nucleotide incorporation into:ﬁNAf(62, 152;_1.‘
210, 224, 318). = |

Chloramphenicol, when applied to the apex for 3 days, inhibftedf

elongation and lateral expansion of thefsegment below, prevented‘fhe

small increase in soluble protein normally observed (cf. Table 1), and



Table 111,

| jp;jEffettfofflAAﬂbdhtehtfat?bnfoh'gr0wfh,solubre“
prote{n;and\ce[lulasg_activ{ty after,24 hours.

IAA conc. Fr wt . Length .  Soluble 'Relative
B e oo ooooproteins ooCellulase-Activity
- _per unit . per seg .
© . oprotein L

(%) - 75" Vf‘(éXperihentélfVéTué/Vé[Qéwéfe?ééb*fime) o

0 7 149 el 0.86 o i.a9
10,00 2ue 1360 208 . 0.82 0 l.00

0.1 245 132 200 0.2 2.9

0.5 252 1.5 206 ¢ 0.72- 2.35

Methods are described in Table I. - At zero time, each segment (10°mm)
on the average weighed 22.7 mg, contained 257 pg soluble protein and
yielded an extract which caused 0.49% loss in CMC viscosity/2 hours.
Values in Table are calculated relative to these. '
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eiTahle_lV.

Effect of IAA and chloramphenlcol on growth,
soluble proteln and cellulase act|VIty

- Treatment - ~»'thi;Wt Length Fr: wt” “Soluble Relatlve SR
R *-s“'~" f . : length Proteln Cellulase Actuvnty_#:;”

(mg/seg) (mm/seg) (mg/hm) Q“g/seg) per unlt per seg ;fllfff
. , _ Do proteln B _

 Zero time. ;.fﬁ'“fpj23;6],;'1lo.0;7,;;2.361;.fﬁ;l94_w}{,|;OQfﬁf; 1.00 0

377i.3_day control t;itf43;2xf;:;lSéO’ffjfz;ggffh .:232'J;ﬁlb@77fj}h_o.83;‘gifQ-gﬁ’

CeamAl T Tee3t i izie 551 534 suee G630 T
";‘J,chlbrambhenlcol"f3o.a 912,00 257 184 0.69 0.66 . . -

chloramphenlcol Q$3'851*{,{g§7j;."ff?'[" ,»4!9;1; }3f84v*f; 8{[?

e

3%

1AA (0. 5% w/w) and/or chloramphenlcol (32 mg/g), suspended/dlssolved L
in lanolin paste, was . applled to decapltated eplcotyls for 3 days. '
At zero time, 1.0'ml enzyme extract (from 0.2 g fr wt) induced 2. 1%, };'“

- loss in GMC.viscosity/2 hours, équivalent to 1.39% loss/2 hours/mg
protein or 0.26% loss/2 hours/seg. Values ln Table are calculated
relative to: these lnltlal values. o 5
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“Table V.

Effect of 1AA and puromycin, 8-azaguanine and actinomycin
D on growth, soluble protein-and cellulase activity*.

.iTkeatmént'xbﬁ Fr 'Wf”4‘Lengfh-vﬂFr.’Wf_ESoJuble " Relative . .
e ' “length ' Protein Cellulase’Activty
(mg/seg) (mm/seg) (mg/hm) (ug/seg) per unit per

L
protein

 Zero time 23,5 10.0 . 2.35 g6’ 'Tfi;oo"'ffi;ob 
3 days control  36.0 - 14.7 'f?-5°,' 26l 'j"o;96j aﬁ_1;3o L
. 1A 68.0  13.0 ‘5;23v. 555 1.96  5.72°
';ééomYéfﬁ;. v H'”52;4i7~i5i875f;j“f2;86 o 333 f: 1.05 l;24 f;a“"‘ 
7gﬁézégdan;ne‘_. 62.0 - 19.8 "fé}iB" '420 070 1.5 .
éﬁﬁfnomycihuDv 53.2 _ |676  _-;3,2|1, 363 0.83  1.60

o+ PRt

* IAA (0.5% w/w) and puromycin (0.2 mg/g), 8-azaguanine (1.0 ma/g) or
- actinomycin D (0.2 mg/qg) suspended/dissclved in lanoline paste, were
applied to decapitated epicotyls for 3 days. At zero time, | ml
enzyme extract (from 0.2 g fr wt) induced 3.2% loss in CMC viscosity.
/2 hours, equivalent to 2.16% loss/2 hours/mg protein or 0.41% loss/
2 hours/seg. Values in Table are calculated relative to these initial
© values. : - : : ’ :



caused ;elldiése~aeffoty tondecneeéewfurthef fnénKUSUEI (Table IV).
'Appijed to the épex togetner‘Wftn iAA,‘ehloreﬁphenicol reduced the
| étimblatory effecfé of thefhormone on }aféralVekpanslon, soluble protein
level, and celluIESe acfivity by about'half

'. The other . lnhlbltors (Table V) |nterfered even more effectlvely
in IAA—lnduced swellnng and protein synthesus and they vnrtually pre-
vented the rise in cellulase activity. They also reversed the inhibitory
effects of [AA on elongation, i.e., sections grew longer in the presence
of 1AA plus inhibitors than in controls. (Further studies of effects

- of these and other inhibitors in this system are shown in Appendix VII.)
Discussion

We interpret the results as follows: cellulase activity, like
cel{_expansion and division, depends on the level of auxin in these tis~
sues Whether the auxin is applied as |AA or present as the endogencus
hormone.

When the plumule was removed, the auxin level in the segment
“below was sufficient to maintain rapid growth for only .about a day (Table
1 and I1). During this time-cellulase éctivity per segment increased
a little (Fignresé and 3, Table [11). But subsequently, when the growth
rate declined, cellulase activity also fell, even while the total soluble '
protein leQeI.continued to rise (Table I). Loss of cellulase activity
was partlcularly marked when synthesus of proteln was prevented, e.g.,

- by chloramphenicol (Table IV). Apparently the enzyme actnv:ty detrensed



under condltlons where the auxun level can be assumed to have de-

pcreased.. ThlS may be the reason why cellulase lS hardly detectable in

'segments cut only a few mllllmeters lower down the eplcotyl shaft (l84)
where the auxxn Ievel lS deflnltely lower; The fate of the enzyme has
not been studled but lt should be noted that to reach |ts substrate,y_f
| cellulase must be transported across the cell membrane.: 0utsnde the {
protoplast any enzyme can be assumed to denature rapldly.i:vh”lﬂf

Maximum cellulase actuvnty devoloped ln the presence of the"'
highest concentrations of added lAA (Table YIbE and reached a peak value ]
after 3 days, during which the most rapld cell expansnonmand d|V|$|on :_‘“'
took place (Figure 2). It |s at this tlme that cells begln to d|5|nte; o
grate in advance of developlng root prlmordla. Scott (284) shows a L
photograph of a cross sectlon of the ~apex |n Wthh cortlcal cell walls
are obviously breaklng lnto pleces (see also Appendlx IB) Presumably
this facilitates root emergence.v ln any event the evndence |s clear
that the cellulase activity measured agalnst an artnfncual substrate"_y
in vitro bears a real relationship to cellulase actIVIty agalnst cell

walls in vivo.

There are good reasons, therefore, for assuming.that cellulase‘
was -also active against cell wall in earlyvstages of»theSe?ewperlmentsr
when lateral swelling was the main growth_response1tojaddedglAA.‘FYoung
parenchyma cells are well'known-to.haveaa predominantly;transverse orlené
tation of cellulose mlcroflbrlls (278 288) Under the electron mlcro-
scope, mlcroflbrlls of cell walls from the aplcal pea eplcotyl segment

resemble thread wound transyersely;round a spool with only'a.few longi=-
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tudinal ribs (unpublished data). It would not be surprising If the main
effect of partial enzymic hydrolysis of transverse microfibrils were a
loosening of constraint on cell .diameter and a consequent lateral swel-
ling of the cell rather than axial extension. In fact, such a reaction
has already been recorded (80) for the effect of added fungal cellulase
on the development of root hairs. The enzyme causes hairs to grow fatter
and shorter than normal. In the early response of the peavéegment to |
added [AA there was always the closest positive correlation between changes
'in_totél celtu!ase activity and segment diameter but not segment Iength
-_(Tabtes 1=V, Figore 3)} The retationsoip maintained only while swel-
‘ling was attributable to the eXpanoion of eetlé,;i}e., oefore cell

“division was'initiated We propose, therefore, that IAA was lnstrumental

"~ through its stlmulatory effect on . cellulase actlv:ty ln dlslocatlng the

normal polarlty of cell elongation in favor of lateral cell expansion.
These results should not be taken to mean that cellulase
vactnvuty necessarlly has an |nhlb|tory effect on the axial extension of
tlssues growing normally It should be empha5|zed that we were working
here with an abnormal system wherermany'metébolic processes were upset
by the high levels of |AA employed. The segments at zero time apparently
contained leveis of natural auxin which were optimal for the elongation
process (Table Il1). It is possible that their levels of cellulase
activity, although relatively low, were nevertheless useful in facititating
elongétion. The oroblem requires further study as does the curious
situation where elongation was stimulated by adding inhibitors of protein

synthesis along with 1AA (Table V). Similar phenomena with other anti-
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biotics have been described before (139).
| As for the mechanism whereby |AA treatment stimulates cellulase
activity, we have investigated but found no evidence for direct effects
"of the hormone on activity,‘stability or solubility of the enzyme jn vitre
(see Methods and Appendix.llIE) However, in vivo, 1AA treatment always
+ brought about an-: lncrease |n the amount ‘of soluble protein in the apical
segment and the effects of lnhlbltors leave no doubt that part of the
newly formed proteln had cellulolytlc actIVIty v The problem, then,
appears to be how IAA stlmulates cellulase blosynthesls.f
: The lAA—dependent increase in cellulase activity per- segment
appeared to take ple e in two stages. Up to about. l8 hours (Figure 3)
it was accompanled by a comparable lncrease in total soluble proteln
(Tables I and lll) Durlng this perlod of rapld cell expansuon, there-
fore, cellulase was probably only one of many enzymes to be ‘synthesized.
It is not necessary to postulate that the whole proteln increment or the
cellulase component was lnduced at thls tlme by an lnteractlon of 1AA
with specnflc muclelc acid. codlng systems. lAA can cause a non-speclfxc
increase ln the rate of anabollsm by |nfluenc1ng resplratlon rate, sub=
strate mobilization, etc. (see 188). Subsequently, during the period
of mast vapid cell division, cellulase activity increased much more
then total provein (Ficure 2) and this unilateral increase was opposed
by the inhibitors of RNA and proteln synthesis (Tables IV and V). This
may mean that cellulase was one of few enzymes which were rapidly
synthesized at or after cytokinesis, i.e., it may have formed as an

indirect consequence of IAA~induced cell division. Certainly any enzyme
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which could assist in modelling or re-modelling walls would be'useful
to newly-formed cells, for example, durlng lnsertlon of the cell plate
~into mother cell walls. Alternatlvely, lAA may haVe selectlvely actlvated
‘codlng systems necessary for eventual blosynthes:s of cellulase. This ,
could take place 1ndependently of any effect the hormone may have on cell
lelSlon.d lt appears to happen w:th the enzyme for |ndoleacetyl—_m€“
- aspartate formatlon (3l7) Further studles to dlstlngUIsh between these

| alternatlves are ln progress | i _ T "“ |
. Whatever the detalled control mechanlsms‘may be, lt is clear
: that pea eplcotyl cellulase has the dlstlnctlon of belng subject to a
metabollc turnover rate Wthh can be lnfluenced by auxun concentratlon. 3

.Dependlng on the relatlve rates of cellulase syntheSIs and decay, lt

",fmay be poss:ble for auxnn to lnfluence growth by stlmulatlng cellulase

vformatlon wuthout at the same tlme causlng much change in the net level
of total proteln or measurable cellulase actnvuty Several lnvestlgators.
vhave recently come to the conclusnon that the mechanlsm of auxin actlon
on growth must lnvolve lnteractlon wnth such a system.' Morre (2l0),.for
example, remarked that U...the proteln fractlons Ilmltlng cell expanSIonv'
in soybean hypocotyl tlssue must...be characterlzed by rapld turnover...
Noodén and Thlmann (225) concluded that "aux:n promotes dlrectly or
lndlrectly either the synthesus or’ the turnover of one or more specnal
protelns concerned wuth cell enlargement" ‘ Present results Would seem

to Justlfy consnderatlon of cellulase as a condldate for thls role, at
least in so far us its action could account for the swelling component

of cell enlargement.
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"Faper:ll. Massnve Synthesns of RlbOﬂUClQIC Acnd and Cellulase
in the Pea Eplcotyl |n Response to lndoleacetlc

Ac:d WIth and W|thout Concurrent;Cell7D

Measurements were made over a 4—day perlod of the effect of§5;5""'
.added lndoleacetlc acnd (lAA), puromycxn, act:nomycun D and 5-fluoro-f{uL;;:
'deoxyurxdlne (FUdR) on growth and the levels of total DNA, RNA, proteln . 5;:pf,

and cellulase lnsegments of. tlssue at the apex of decaputated etlolated

eplcotyls of Pisum sativum, L. var. Alaska.

The hormone lnduced swelllng of parenchyma cells and celllpapj;;h,;N:x

" division. By 3 days after |AA appllcatlon, the amounts of DNA and proteln oo
were approxlmately double, RNA trlple and cellulase l2 to l6 tlmes the |
‘levels in controls. All of these ‘changes were[prevented'bytbothjpuromyclnf??tﬂj

and actinomycin D. FUdRprevented DNA synthesns and cell d|V|slon but ,

not swelllng or synthesns of RNA, proteln and cellulase.
lt is concluded that lAA—lnduced RNA synthe5|s lS requtred
for cellulase syntheSIS and lateral cell expans:on whether or not cell

lelSlOﬂ takes place.
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Introduction

5fiLWhenphlgh“concentratlonsfof'lndoleacetlc.acld (1AA) in lanolin

”:f; paste‘arevapplled7to the'decapltated'apeX“ot etlolated pea epicotyls,

2 g;~|n the flrst lO mm of tlssue below the apex there lS a marked .increase

T~ﬁln amount and specnflc acthIty of the enzyme cellulase (B— 4 glucan

| f_4-glucanohydrolase, EC 3 2 I 4 ) (86) o The lncrease can be |nh|b|ted

»h'by lncluding |n the lanolln any of a number of substances Wthh lnter—
Aiffere w:th proteln synthesns.f Accordlngly, |t appears that lAA selectlvely
;-brlngs lnto operatuon the coding system(s) needed for eventual blosyn-
,_lthesus of cellulase.v; | : . |

Theoretlcally, a hormone could regulate the synthesus of a

’ 'E:;VSpeCIflC enzyme by dlrect lnteractlon w1th macromolecules Wthh are S

‘.lmportant in the processes of lnformatlon transcrlptlon (34) or trans- .

”llatlon (297) In the case of cellulase, however, lt lS possnble that

F,Qfgsynthesns occurs spec:flcally ln cells whlch are about to lelde and ln

-newly—formed cells as an |ndlrect consequence of lAA—lnduced mntosns.

"'H*gln the pea eplcotyl, cellulase lS concentrated in the plumule and ‘hook

'i(l84) where the endogenous auxln level is hlgh (285) and where cell
d|V|$|ons are most common. When plumule and hook are replaced by lAA,
the most rapld lncrease ln_ eplcotyl cellulase beglns at about 18 hours
(86) which is the tlme when the first d|Vl$|ons that lead to formation
of root primordia become visible (284). Clearly the ability of an
epicotyl cell to form cellulase could depend merely on the time elapsed

since DNA replication and not on the continued presence of hormone.
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A major question, then, in understanding how cellulase synthesis
is induced is whether the action of 1AA or the division of cells is the
" more immediate precursor event. 'This’stUdy'examines‘thevproblem by
measuring the degree to Wthh IAA brlngs about cellulase synthes:s in
the epicotyl segment when the formatlon of DNA RNA and/or proteln is
:lnhlblted by 5—f|uorodeoxyurldnne (FUdR), actunomyc:n D or puromycnn..
- In epicotyl tlssue, both puromyc:n and actlnomycnn D lnhlbit growth
and protein synthes:s (86 226 3!7, 3l8) and the latter lnterferes
hw;th RNA synthesns (2l0 280 317) Effectsof FUdR on pea tISSUES.
hhave not been’ reported but th:s substance prevents thym:dylate synthes:s

. (9l) and mntosls (164) in. a varlety of other plant tlssues._;-”
. Materials and Methods -~

Etlolated pea seedllngs w1th thlrd lnternodes 3 to 5 cm.long-
vf:were‘used throughout thls study Under dlm green Ilght the plumule -
"Was cut of f Just below the hook and a polnt IO mm’ below the cut apexit
,was marked wnth |nk to - del:neate a "segment" of t:ssue. The apex ‘was
vpalnted with about 2.5 mg: of. lanol|n paste (70% w/w water) contalntng
~1AA (0.5% w/w) plusorlnlnus FUdR (O l% w/w), actnnomycnn D (0 02% w/w)v.
or puromyc:n (0 02% w/w) At danly xntervals 30 to IOO segments from
each condltlon were removed washed wnth dllute NaOCl solutlon and .
blotted dry. The fresh welght and lengths were recorded 'Somevof the
segments were then used for measurement of cellulase actnv:ty'and sol=-

uble protein in enzyme extracts and others for total protein and nucleic
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acid determlnatlons. Two experlments are reported hereﬁ?}one (A) usung
ouromyc1n and actnnomycnn D and the other (B) using FUdR | = v
The methods}used for buffer—extractuon of soluble proteln and
ltcellulase were descrlbed |n preVIous papers (86 l84) Cellulase actIVIty
__in the enZyme extract Was measured by the lnltlal rate of Ioss of vlscoslty

B ‘ln solutlons of carboxymethylcellulose (86) ' Soluble proteln was deter-nggeg

'Wq,mlned thh the bluret reagent standardlsed agalnst bovnne serum albumln

(113). Total proteln (Appendlx llB), RNA (Appendlx IIC) and DNA (Appendlx ,s
:llD) determlnatlons were carrled out on homogenlzed 80% ethanol— and N" R
.'ether—lnsoluble fractlons from the segments.. The methods (l85) lncluded
mextractuon of total nuclelc acud lnto warm 0 5 N perchlorlc aCld t‘;;_-g

'estlmatlon by untrav:olet absorptlon and DNA determlnatlon wuth dl—_;;,!wff

'“ﬂ'phenylamlne (RNA total nuclelc ac:d mlnus DNA) Total proteln was

determlned in the perchlorlc acnd-lnsoluble resndue after KJehldahl

"'dlgestlon by nesslerlzatlon. The yleld;of buffer-soluble proteln ac-‘;e,;gar~

agcounted for 90% of total segment proteln.yégiﬁ-@ ,]fl~-'
Results
A.  Growth -

Table Vl records the growth in segment length and fresh welght

:Flgure 4 shows the changes ln relatlve fresh welght per unlt length,-l.e.;

'fa measure of the extent of segment swelllng.v ln untreated segments

(control), both length and fresh welght lncreased malnly durlng the

first 2 days. ln lAA-treated segments,.elongatlon was slightly inhibited



Effect of added IAA in combination with
D on the growth of decapitated pea epic

puromycin or actinomycin ... -
otyl tissue segments. ..

o+ 1AM

Time Untreated + lAA + [AA
(days) (control) + puromycin + actinomycin D
Length (mm/segment)
0 10.0 10.0 10.0 10.0
| 12.0 12.2 13.1 13.2
2 13.6 12.5 16.4 18.6
3 14.] 14.0 18.6 22.0
4 5.0 14.3 24..0 24.5
- Fr wt (mg/segment)
0 23.0 23.0 23.0 23.0
A 34.2 53.4 38.8 39.2
2 43.2 69.7 56.8 .62.6
3 45.5 92.7 68.5 82.4
4 54.8 106.0 89.0 89.5
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Fig. 4. Swelling of segments treated with |AA in combination with
puromycin (P), actinomycin D (A) or fluorodeoxyuridine (FUdR).

Expts. A and B were carried out on separate occasions. Swelling is
.indicated by an increase in the fr wt per unit length (see Table VI
for original data for Expt. A).
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vﬂ;but the fresh weught lncrement was much greater than ln controls w:th

fffthe result that segments showed marked swelllng (3-fold lncrease ln ; o

fifr wt/length ln 4 days) When puromycnn or actlnomycln D Was lncluded fﬁ”f'7il“

'fg:wnth IAA, elongatlon was greater than that observed after any other

ilﬁvtreatment glVen |n these tests.‘ The fresh welght kept,pacefwlth elong- o

'7}iéelongatlon and lt |nterfered only sllghtly W‘fh~ wel_;,'

Flgure 5 lllustrates the effects of lAA and FUdR on th"

"AJ,-anatomlcal structure of segments at l and 3 dayf”“ ln untreated segments

o some swelllng of parenchyma cells but no cell lelSlon occurred

"3S|m|lar results were observed |n segments treated wnth IAA plus puromycun

*;or actnnomycnn D fln segments treated wnth IAA alone marked swelllngr
fﬂdand some cell lelSlon were vnsable at l day By 2 days many swollen
parenchyma cellsfthroughout'the cortex had dlSlntegrated to leaveﬁ?”

.mAppendlelB)_:i .

-<~f“days recognlsable root prlmordla had been generated ln vascular reglons.”_ af?;?'

gThls d|d not result f:ﬁmuchi:urther swelllng of the whole eplcotyl

(cf Flgure 4) because the masses of new cells merely occupled the

?;?ffSpaces left by collapsed and dlsorlented cortlcal cells._fln segments

L treated wnth IAA plus FUdR, consnderable parenchyma swelllng but no

' iv:5|ble cell lelSlon or wall dlSlntegratlon took place.vihfj'jfife fl”

. B. Changes |n DNA RNA and Proteln’s

Flgure 6 shows effects of IAA and lnhlbltors on total DNA, RNA
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Fig. 5. Anatomical structure of cross sections of segments at | and

3 days after treatment with |AA or |AA plus FUdR. Sections (1oa)

were removed from the most swollen regions of tissue after it had been
dehydrated in t-butanol and embedded in paraffin wax. Magnification:

X 29; stain: saffranin. Note swelling and formation of root primordia
in tissue treated with 1AA; FUdR prevented cell division.
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Fig. 6. Changes in DNA, RNA and protein levels in segments treated
with |AA plus puromycin, actinomycin D or FUdJR. Values are calculated
relative to those at zero time, namely, for Expt. A and B respectively:
DNA = 8.5 and 7.5 ug; RNA = 58.0 and 48.5 JH total protein = 278

and 238 ug/segment.
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CEXPT. A

.. EXPT. B

:  f $IME‘




lrj,RNA/DNA and protein/RNA.»_ln untreated segments, the total and relative”

S e

’_fand proteln levels. Table Vll records the ratlos of the welght of total‘rrjsff

7iIAA treatment, the amounts of each macromolecule |ncreased llnearly

’.7fdur|ng the whole experiment. The approximate times necessary for lnltlat,x
Hlevels to double were 2.2 days for DNA, .2 days for RNA and 3 4 days

for protein. Accordingly, the RNA/DNA ratio steadily increased in the
presence of |AA and the protein/RNA ratio decreased. Only the RNA [evel
increased at a rate comparable to the growth. rate, i.e., RNA concentra-
tion per unit fresh weight was maintained during swelling whereas DNA

and protein concentrations decreased (cf. Table VI and Figure 6).

Puromycin and actinomycin D prevented the |AA-induced increases
in DNA, RNA and protein (Figure 6). FUdR completely inhibited the increase
in DNA which accounts for its effectiveness against cell division (Figure
“5). However, FUdR did not interfere seriously with the increase in RNA
and protein until after about 2 days incubation. There was therefore
a marked increase in the RNA/DNA ratio up to that time (Table ViI).

Evidently this RNA and protein synthesis, as well as most of the lateral

- segment expansion (Figure 4), was due to action of IAA in cells which

fjwere present in the segment at zero time (pre-existing cells) and was.

3ﬁ}relat1vety lndependent of DNA synthesis or cell division.

C, Cellulase Actnvnty
Flgure 7 shows the changes observed in cellulase actIV|ty

By 3 days, the amount of enzyme per segment reached levels 12 to |6 tlme59
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Effect of 1AA.and FUdR on the weigh

ratios of RNA/DNA ‘and protein/RNA .

RNA/DNA ¢ Mt Protein/RNAT

Time , U e e e

(days) Untreated + 1AA + |AA Untreated '+ FAA = 4 | AA
"~ + FUGR S

0 6.5 6.5 6.5 4.9 4.9
| 7.3 7.8 10.5 3.6 3.5

2 9.1 8.7 18.5 2.7 3.5

4 6.5 12.0 20.3 " 4.0 2.2 2.0 ..
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Fig. 7. Changes in cellulase activity.per:unit soluble proteinand - -
per segment. Values are relative to those:at zero time, namely, for .. '
Expt. A and B respectively: cellulase activities.=0.60% and 0.65% . :
loss in viscosity/2 hours/segment; soluble protein. =253 and 228 pg/ v
segment. . R T R NCE (R
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EXPT. A

EXPT. B
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| Protein

Cellulase =

IAA

~—Control |
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Lo |
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' the level |n controls._ ThlS lncrease Was much,greater‘than_those ln 71~lr

't5fcellulase level followed a typlcal sngmo:d‘lnductlon curve regardless “_»*j*hjl”

‘of the basns on Wthh it was calculated

'hase actlv:ty lncreased

:Zrapldly for 2~days, l.e., for as-long as rapld synthesus’of total RNA'

:.ii'i:3;and proteln contlnued, andvthen began:to;decrease slowly as the total
"fffitproteln level decllned (cf Flgures 6 and 7) Slnce there was no DNA ”
”f; jsynthesns or cell d|V|Slon in the presence of this lnhlbltor, the extra |
-f’[fcellulase must have formed as a result of direct IAA action in pre-
bgeXIstlng cells. The maximum cellulase level reached in these cells
'T{(4 5. X zero time) was less than the level reached in segments treated
lfrwr;WIth lAA alone, and the discrepancy between the two increased after the

""?flrst day as cell.division proceeded. Evidently newly-formed cells also

gLsynthesnzed cellulase.

lAA failed to raise cellulase levels in the presence of puro;a
':"fflhyCIn‘or‘actlnomyCIn D (Figure 7). This cannot have been due to in-
H‘j?hlbltlon by these antlblotlcs of IAA-induced DNA synthesns and cellvfyy}‘ﬁ~f73'
'fyleISIon sxnce the results Wlth FUdR show that these events were not”. .

h'reqUIred for cellulase synthesns. RatheerItxmay be presumed to result 57;5;;b5

":from thelr effectlveness ln preventlng RNA and proteln synthesxs ln pre-ffvﬁr

' exnstlng cells.

" Discussion .

It is clearﬁfrom_the‘effectsvof_lnhibltors»(Flgures'4 to 7)
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that iAA can'promote the synthesis of protein in general and cellulase

in particular in cells which are in the process of expanding. It is

legltlmate, therefore, to specuiate on the question of where the hormoned
must act in the sequence of eVents leading  to protein synthesis. Recently eﬁﬁ
it has been suggested that plant hormones promote synthesis of specific
enzymes by "™unmasking® the appropriate pve formed messenger RNA (297,
b345) or by "charglng" a partlcular varlety of transfer RNA needed to
initiate synthesis (6). Such effects on the process of translation
would not necessarlly require RNA synthesus Alternatively, hormones
may selectively de-repress part of the genome of maturing cells so that
| certain species of messenger RNA and eventually the proteins for which

they code are synthesized (34, 162, 317). Such control over the trans~
Ccription of DNA to RNA appears to be the best explanatnon for nearly all

the effects of |AA observed in this study

IAA induced very great increases in total RNA in the epicotyl

segment (Figure 6), not only in time as an eventual result -of cell division lf{i
but from the beginning by direct action in pre-existing cells (cf. RNA/
DNA ratios, Table Vi1). Similarly pronounced and differential effects
on RNA synthesis have been reported to follow 2, 4-D—treafment of
intact soybean hypocotyls and in this tissue most of the newly-formed

| RNA was ribosomal (160, 163). In Pea seedling tissues, nearly all of
’rﬂthe total cell RNA is in microsomes (180) associated with cytoplasm rather:rfqu
frothan the nucleus (182 280). Thus, much of the IAA-induced RNA is prob-
1‘ably also rlbosomal, especnally in view of its apparent stability (Flgure .

6, Experlment B). In this event’, merely as consequence of an increased . .
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ff’number of sntes where syntheSIS can proceed, a non—spec1f|c |ncrease

;;’would be expected ln the productuon of total cell proteln.f Certalnly
””'47.3preferent|al actlon of auxnn on transcrlptlon rather than translatlon .'

dif;}IS lmplled by the lact that aux1n causes proteln/RNA ratlos tO'decreaser’

'niboth the pea eplcotyl (Table Vll) and Lhejsoybean_hypocotyl.(|63);;_, i
: I ,vfnamely DNA and unllateral

’1ellulase synthesr ‘and growth by»cell expanslon and cell leISlon, ‘1

3ffwere all closely correlated wlthﬁyhe ablllty of the segments to synthe5|ze

'”?tf*RNA.¢ lt IS dlfflcult to'account ‘or these events wnthout supposnng that

.”””3IAA brlngs about formatlon of codlngfvarletles of RNA beS|des rlbosomes.

:i*4§fln fact, auxnns have been shown to stlmulate the synthesns of all fract|ons

’ ﬁ.fponly selected messengers are* nduced in order to explaln the speC|f|c

'tfffformatlon of thoselenzymes Wthh are needed for growth. To' thls end,
?ibfa;prellmlnary studles ln thls laboratory (see l86) have |nd|cated that |
(*fépolyrlbosomes lsolated from pea eplcotyl segments after brlef lAA treat-
1?ment are enrlched ln bound cellulase and appear to have acqunred the
.5?*f?capaclty to synthesnze thls partlcular enzyme. f,jl"'
~The above consnderatlons apply to. reactlons brought about by
’lAA in pre—exnstlng cells. After 2 days of lAA treatment most or all

of the further lncreases in RNA, proteln and cellulase appear to result
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from synthesis in newly-formed cells. Even here, however, the continued
presence of |AA seems to be needed to promote cellulase synthesis. In
these and previous (86) tests, the cellulase level in l|AA~treated tissue

stopped rising after 3 days although DNA, RNA and protein synthesis

continued without abatement. Indeed, when such experiments were carried
on for longer time periods, the cellulase level began to decrease while
'root;prfmordja'proliferated and grew through the epidermis. Undoubtedly
thé concentration of lAA withih the segment also decreased with time as

a result of ffénsloca{fon, degradation and_detokification reactions, all
of which‘are well knowﬁ to occur in peas. fhe implication is that new
cells»keadily form RNA and protein but they lose capacity to form cel-
lulase ﬁhlgss'high IAA levels are maintained. Separafe tests (Appendix
’VIC) ﬁaVé cbnfirhed that céllﬁlaée activity can be made to increase
‘fUrfher af&ér 3 days if fresh 0.5% 1AA in lanolin is applied at that time.

, _lt»is_possible to compare the refative capacities for cellulase.

synthesis of new and pre~existing cells by calculating the cellulase
levels per ant DNA which were reached in éegments treated with IAA plus
or minus FUdR. The data are assembled in Table Vill. Values close to

5 times initial values were attained in 2 to 3 days whether or not DNA
synthesis or cell division took place. After reaching this peak levei,
the celldlase activity per unit DNA began to decrease under both treat-
ments. It appears, therefore, that cells in this tissue, regardless of
age, were capable of generating cellulase at similar high rates provided
the genome was fully de-repressed by 1AA.

With respect to growth effeéts in this system, all of the data
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Table VIIl.

Effect of |AA on the formation of cellulase
in new and pre-existing cells

Cell division occurs in |AA-treated segments from
the first day unless FUdR is present (Fig.2).

Time "Cellulase activity per unit DNA
(days)
Untreated + |AA + 1AA
: ' + FUdR
0 .0 1.0 1.0
I 0.8 1.8 2.4
2 | .2 4.8 4.8
3 0.8 5.6 4.0

4 ' 0.6 4.8 4.0
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are consistent with the view (86) that I|AA-induced cellulase activity
helps to bring about lateral swelling of parenchyma cells and fragmenta-—
tion of their walls (Figure 5). Special attention should be drawn to

the fact that greatly enhanced elongation without swelling occurred in
segments treated with IAA plus actiqomycin D or puromycin (86, Table

VI). This result was unexpected since these antibiotics have consistently
inhibited auxin-induced elongation.in detached pea epicoty! sections

(210, 226, 318) and in other excised tissues (160, 162, 181, 226).
Nevertheless, several other inhibitors of protein synthesis, e.g.
thiouracil, azaguanine; terramycin, etc., have been reported to increase
elongation, espécially in tissues left attached to the plant (86, 139,
181, 342). Apparently elongation does not require any concurrent increase
in the level of RNA, protein or cellulase.provided both 1AA and some

other essential factor derived from elsewhere in the plant are available.
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Paper II1l. Studies on the Regulation of Cellulase Activity

and Growth in Exc(sed Pea Epicotyl Sections
Abstract
Applied indoleacetic acid (10~4 - 10~ M) increased elongation

and the amount and specific activity of cellulase in sections detached

from the epicoty! bf Pisum sativum L. var. Alaska.

Actinomycin D (20 ug/hl) inhibited growth and the capacity
of sections for synthesizing protein from absorbed !'4C-]eucine. At
the same time it caused cellulase levels to decrease at a rate which
indicated a half-life for the enzyme of less than 24 hours.

Pea cellulase was most stable in vitro between pH 6 and 7;
at or below pH 5 its rate of denaturation was comparable to its turnover
rate in vivo. Fractionation of sections yielded wall preparations which
contained cellulase_at a higher specific activity than particles or super-
natant. |

It is concluded that cellulase is synthesized in excised
sections by an auxin-regulated mechanism. It is proposed that the enzyme
is transported to the wall where i{ may promote elongation and eventualily

become denatured.
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Introduction

The application of 0.5%'indoleacetic acid (1AA) in lanolin
paste to the apex of decapitated etiolated pea ep{cotyls reﬁults in a
pronbunced increase in cellulase activity in the tissue below (86)
as well as mgrked swelling, cell division and cell wall disintegration
(188, 284)L All .of these responses can be inhibited by including in the

.lanolin any of a number of substances, e.g., antibiotics, which'ihter-
fere with protein synthesis (86). Pea cellulase is an endo-glucanase
(184), i.e., EC 3.2.1.4. which would be expected to hydrolyse cellﬁlose
chains internally wherever amorphdus regions occur along the micro-
fibrils. |t appears that IAA promotes the formation of cellulase which,
in turn, acts to reduce the structural strength ana integrity of the
primary walls.

Among the questions raised by'these observations, the foL;
lowing are examfned here 'in experiments with excised sections of epicotyl
tissue:

(a) Can cellulase aétivity be regulated by endogenous auxin,
by physiological levels of applied |AA and by non-toxic
levels of antibiotics?

(b) Is cellulase formed directly by action of 1AA in pre~
existing cells or only indirectly as a consequence of |AA-
inéuced cell division?

(c) Is active cellulase present in the walls of expanding cells?

(d) Does cellulase activity facilitate cell elongation?



~77-

.The'advantages of uSing excised sections to study these prob-
fems include the ease with which the kind and concentration of substances
which enter the tissue can be controlied and the fact that pea epicotyl
sect}ons'respond to low levels of applied IAA by growing in length with
little Iatergl swelling (333). There is no evidence for cell division
or DNA synthesis in dark-grown sections}(l85). Thus any alterations
observed in enzyme levels in such sections must proceed independeént!ly
of mftosis in elongating cells. The main disadvantage of sections is
the breakdown of total RNA and protein which begins soon after the tissue
is excised (185). As a result, responses which depend on protein synthesis
such as growth and enzyme induction, can not be expected to be as pro-

nounced or to continue for as long a period as in the same tissue |eft

attached to the plant.
Materials and Methods

In all tests 10 mm sections were cut with rézor blades from
the third internode of the epicotyls of 8~day old etiolated pea seedlings.
Unless otherwise indicated sections were taken from the apical region
of the epicotyl, i.e., from the point where the hook straightens and
widens into the epicotyl shaft. Detached sections were either harvested
at once (zero time) or after incubation on solutions of 2% sucrose-
0.02 M sodium phosphate (pH 6.0) plus or minus various additives. They
were handled under dim green light 'and washed thoroughly in 0.5% NaOC|

before their properties were analysed.
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At least 80 sections were used to obtain each value reported
for length, fresh weight, protein or cellulase’content. Procedures for
measuring these quantities are described in detajl elsewhere (86, 184,
[85). One unif of cellulase activity is defined here as that amount of
enzyme which brings about 1% loss in viscosity of 10 ml of 1% carboxy-
methylcellulose (type 7MSP) during 6 hours incubation at 35° and pH 6.0.
Each measurement was carried out with | ml enzyme extract (from 0.2 g
fr wt of tissue) which was derived from at least 5 sections and yielded
5 to 20% loss in viscosity per 6 hours.

l4C-Leucine was obtained from Atomic Energy of Canada. Radio-
activfty was measured by spreading and drying aliquots on aluminum
planchettes and counting ét infinite thinness undgr Q gas with a Nuclear
Chicago Model 470 Gas—Flow system. The geometry was such that | nwc

yielded 680 counts/min after correction for background.
Results and Discussion

A. Effec{s of 1AA on Growth and Cellulase Activity

Figure 8 shows the effecté in three experiments of |AA added
at different concentrations to excised apical sections. After |2 hours
incubation, sections in 106 to 1074 M lAA contained 20 to 30% more
cellulase than untreated sections. This difference was comparable to
the percentage inérease due to |AA in length and fresh weight. [AA at
10-3 M was supraoptimal for growth and caused cellulase activity to

decrease slightly. The total amounts of buffer~soluble protein also
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Fig. 8. Effect of !AA concentration on growth and cellulase activity
of excised pea epicotyl sections. Apical sections (80-100, 10 mm long)
were floated on 10 ml 2% sucrose — 0.02M sodium phosphate (pH 6.0) with
or without added IAA. After 12 hours in darkness at 259, they were
washed in 0.5% NaOC|, weighed and measured for length. In order to
extract enzymic protein, sections were homogenized and centrifuged
twice in a total of 4 volumes of 0.IM sodium phosphate (pH 7.0). Values
given in the Figure are derived from three experiments done on separ-
ate occasions. They are calculated relative to values per section
measured at zero time, namely, fresh weight = 23.6, 21.8 and 22.6 mg,
soluble protein = 212, 192 and 226 Mg, and cellfulase activity = 1.19,
0.98 and .16 units respectively.
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decreased dufing the experiment but this happened at all lAA concentrations
so that changes in cellulase specific activitijere similar to those'for
total cellulase per section. There was little change in fre;h weight
per unit length in any of thé sections indicating that IAA did not cause
lateral cell expansion under these conditions. (Effects of IAA on
excised sections from other seedlings are sﬁown.in Appendices |IVF and G,)
In experfments where apical sections were incubated for shorter
or longer periods than 12 hours, the cellulase level usually increased
in the first few hours when grthh was most rapid and then decreased
slowly (e.g., see Table XII). Treatment with IAA at 10 M always led
to higher cellulase levels but the magnitude of this increase was not
always as great as the growth respbnse. |
The rise in cellulase due to added iAA was most pronounced in
sections where the level of endogenous auxin could be presumed to be low.
Table IX shows the éffects of 1AA on |0 mm Sections cut O, 5 or 10 mm
from the apex. Apical sections contained younger tissue and higher
levels of natural auxin than basal sections (285). In this particular
test, apical sections increased in fresh weight more than usual and the
" cellulase level was'h;gher after 24 hours incubation that at zero time
(cf. Figure 8). Addition of 10™> M IAA increased the fresh weight by
35% and the cellulase level by 18% over cohtrols. In basal sections
the relatively low initial cellulase levels (184) decreased further on
incubation except when [AA Was added. By 24 hours, |AA-treated basal
sections contained nearly twice as much cellulase as controls. The

sections appeared to possess a maximum capacity for cellulase synthesis
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Table IX.

Effect of [AA on growth and cellulase activity in pea
epicotyl sections cut 0, 5 or 10 mm from the apical honk*

Distance Fresh** ‘Length¥** Cellulase activity**
from hook . weight :
(mm) ) per unit per
' protein . section

Absence or presence of |AA (10~5 M)

- + - + - + - +

0 165 222 137 145 135 159 124 147
5 127 160 114 125 91 I5] 100 165
10 127 138 o 117 67 118 70 137

* Sections (10 mm) were incubated for 24 hours as described in Fig.
I. At zero time, for the 3 sections respectively: fr wt = 20.2,
22.0 and 23.6 mg/section, cellulase activity = 1.13, 0.91 and 0.78
units/section, total soluble protein levels = 234, 173 and 138 ug/
section. -

* %

Values are expressed as a % of those at zero time.
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which could Ee maintained either by high levels of endogenous auxin or
by added [AA. |

While it is possible that auxin-induced cellulase activity . v
facilltated cell elongatian in the abave tests, undoubtedly thére are
many different processes which can limit growth in excised sections
without influencing this enzyme. .Other growth regulators were found to
have little effeﬁt on total cellulase activity (Appendices VC, VI!IA,
B and C) even though some (e.g., gibberellic acid, ethylene gas) markédly
stimulated sectfon elongation or. expansion and others (e.g., Ca++,
ascofbafe) inhibited gkowth. Kinetin and benzimidazole caused sections
to swell and slightly increased the cellulase level (Appenﬁix vCc),
especially when added with high levels of IAA (Appendix VD), but this
could haQé resuited from the ability of these substances to protect totél

protein from breakdown rather than from any specific action on cellulase.

B. Turnover of Cellulase

Cellulase activity often increased or decreased with time -
independently of measurable changes in total soluble protein, which
implies that this enzyme was subject to a higher turnover rate than most
other protein in the cell. This was confirmed by studies with actinomycin
D, an inhibftor already shown (65, 226, 317) to reduce the amount of
growth and the incof:?oration of labelled precursors into RNA and protein
of excised epicotyl sections. |t was necessary first to show that under
the conditions of_present tests actinomycin D diréctly inhibited proteins

synthesis from available (absorbed) substrate, as distinct from any
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effects it may have on uptake of substrate into the sections (65, 226).

Table X shows the results of a test in which sections weré4 |
pre—treated with actinomycin D for 6,’l2 or 24 hours and then pkovided
with !4C-leucine for a further 2 hours, after which measurements were .
made of l4C-incorporation into protein and l4C—uptake into the free~
amino—ncid'pool; The data show that the capacity of sections to take
- up leucine increased grea{ly soon after cntting and actinomycin D pre-
vented this increase thereby, in effect, inhibiting uptake. Nevertheless,
the incorporation of leucine into protein was inhibited more severly
thgn uptake into the sections: the ratio of combined leucine to.free
absorbed leucine was feduned by half within 6 hours} Similar inhibitions
by actinomycin D were observed in a test of nucleic écid synthesis fnom
l4C—orotate (Appendix VIIA). it is concluded that actinomycin D does
inhibit protein and nuciéic acid synthesis in detached sections although
the inhibition is not complete and is probably not as great as appears
from incorporation data alone.

Tables XI and XI! show the effects of actinomycin D on growth
and cellulase activity. Ah inhibitor concentration of 20 Fg/hl (as used
in the isotope experiment, Table X) was sufficient to attain maximum
reduction in fresh weight, length and cellulase level. Inhibitory ef-
fects were observable within 6 hours and by 12 hours the values for
growth and cellulase activity per seciion or per unit protein were only
about half of thoge in controls. In contrast, actinomycin D had no
significant effect on the decrease of total protein during the experiments.

Evidently cellulase was one of few proteins which were still synthesized
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Table X.

Effect of pretreatment of sections with actinomycin D on Subse-.
quent uptake of !4C-leucine and its incorporation into protein*.

Pre- 14c_teucine subsequent|y** Ratio of '4C in:
treatment

time incorporated absorbed but protein

(hours) into pﬁotein not in protein free amino acid

Absence or presence of actinomycin D (20 ug/hl)

- + - S+ - +
0 . 1450 o 700 2.1
6 4350 650 2400 600 1.8 1.1
12 4450 850 2750 750 1.6 .
24 4850 600 2850 800 1.7 0.8

* After pretreatment for the times indicated, 20 sections were trans—
ferred to 2.0 mi, 0.02M sodium phosphate (pH 6.0) containing 930,000
c.p.m. in 25.4 mg of L-l4c-leucine. After 2 hours, sections were
washed in unlabelled leucine and repeatedly homogenjzed and extracted
with 5% trichloroacetic acid and hot 80% ethanal . l4¢ was measured
in the extracts and in the residue. Chromatography confirmed that
all of the label was still present in leucine, either free (in extracts)
or combined in protein (in residue) (see Appendix VI| B).

** Values are expressed as c.p.m. incorporated or absorbed/2 hours/
section.
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Table XI.

Effect of actinomycin D concentration on growth,
protein level and cellulase activity*.

Actinomycin Fresh** Length** Soluble*** Cellulase activity**

concg. weight protein per unit per
(ug/ml) protein section
0 151 136 75 ‘ 123 93
10 132 12] 84 71 60
20 133 121 72 56 41
40 - 130 119 75 47 35
100 130 18 73 60 44

* Sections were incubated for 24 hours; at zero time for each 10 mm
section: fr wt = 23.5 mg, soluble protein = 258 pMg, cellulase
activity = .39 units.

**  Values are expressed as a % of those at zero time.
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Table XII.

Progress in the inhibition of growth and
cellulase activity by actinomycin D*

Incubation .+ Fresh Length** Soluble Celtulase
time weight** protein** activity**
(hours)

Absence or presence of actinomycin D (20 pg/ml)

- % - + - + - +

6 118 113 121 113 94 94 127 |00
12 137 122 131 117 97 92 178 84
24 160 128 142 119 93 93 159. 60
36 158 127 147 124 69 67 110 49

* At zero time, for each 10 mm section, fresh weight = 21.9 mg,
soluble protein = 239 ug and cellulase activity = 1.06 units.

*¥* Values per section are expressed as a % of those at zero time.
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in detached sections and it.was also relatively unstable with a half~
life of less than 24 hours. Accordingly, in the presence of actinomycin
D, it would be possible for the initial amount of active cellulase in
the sections and the rate of its inactivation té be major factors in
limiting the amount of subsequent grewth.

In view of the turnover of cellulase; measurements of increases
or decreases in total cellulase level duriﬁg incubation underestimate
the true amounts of this enzyme which have been generated or degraded
in that time. - Thus, the stimulation of cellulase activity by IAA (Figure
8, Table IX) must be regarded as a minimal estimate of the effect of IAA

on rate of cellulase synthesis.

C. Fate of Cellulase

1t was suggested earlier (86) that fnstability of cellulase

in vivo may be due to its inactivation in the primary wall. Any extra-

cellular enzyme would probably denature more rapidly than total proto~
plasmic protein, if only because of the weak buffering capacity which
would be expected in fluid bathing the wall. In young pea epicotyl cells,
for example, an excreted' enzyme could encounter regions of acidity in
the wall due to concentrations of polyuronic-acid (185). As shown in
Figure 9, soluble pea cellulase is unstable in vitro at pH values much
remﬁved from its activity optimum of pH é to 7. In particular, over 75%
of the activity wés lost in 24 hours at pH values below 5, a rate of
denaturation which would be sufficient to account for the observed turn=

over rate of the enzyme in vivo (Tables X| and XI1). (Effects of external
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Fig. 9. Stability of pea cellulase In vitro as affected by pH. Freshly-
prepared enzyme extract from apical sections (If.] units cellulase/ml

in 0.02M sodium phosphate, pH 6.5) was ad justed to the pH values indi-
cated in Figure by adding dilute HCl or NaOH. Extracts were incubated

at 25° in darkness for 24 hours and the final cellulase activities were
compared to those at zero time.
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pH on cellulase activity in sections in vivo are shown in Appendix VIIiD.)

Presumably it‘is only that part of the fotal cellulase that
is active in the primary wall which could be effective in promoting
growth and which should be considered in studies of this enzymé's function.
It is difficult, however, to sgﬁarate wall from protoplasmic enzyme
without introducing.uncertainty over the amount that may have Ileached
from or adsorbed onto the wall during extraction. Only traces of
cellulase activity remained associated with insoluble residues when
sections were homogenized by methods used routinely in these studies
(86, 184). Thé main problem in this case, therefore, appears to Ee to

devise methods for Keepting the wall cellulase in situ during fractionation.

Table XI 11 summarizes data for the distribution of cellulase
between wall, particle and supefnatant fractioné isolated after using
different solvents ar homogenization methods. When sections were blended
with.a medium containing 6.6 M sucrose (Experiment A), the wall residue
(retained by ny]on mesh) yielded only 5% and the parficles (pellet from
éxudate X 50,000 g) 1% of the total cellulase. When sections were frozen
and thawed and juices expressed without shearing force by repeated
squeezing through nylon mesh and washing with salt-buffer mixtures (Ex-
periment B), the relatively intact wéll—residue fraction still contained
only 10% and particles 3% of the total cellulase. However, when the
initial extraction was performed with a solvent containing ca*t (Experi-
ment C) or Mg** (éxperiment D), as much as half of the total cellulase

remained associated with wall material at a specific activity per unit

protein approaching 3 times that in the supernatant. The ions were
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Table Xil1.

Effect of various treatments during extraction on the distribution of celiulase activity
between wall, particle and supernatant fractions from apical epicotyl sections.

Treatment during extraction Fraction* Distribution (% total) of: Relative
cellulase soluble cellulase activity
activity protein per unit protein
A. Homogenized by high-speed Supernatant 94 89 100
blendor twice in 0.6 M Particles | 9 15
sucrose - 0.1 M phosphate Wal | 5 , 2 . 157
(pH 7.0). :

B. Frozen, thawed and juices Supernatant 85 . 89 100
expressed by repeated wash- Particles 3 4 85

ing with 0.3 M NaCl - 0.05 M Wall 10 7 183
tris (pH 7.5). ' .

C. As in B with solvent in- Supernatant 48 64 100
cluding 0.0! M CaClop, Particles 3 i 38
Wall 49 25 256

D. Homogenized by grinding Supernatant 78 76 100
twice in 0.4 M sucrose - Particles 4 17 - 19
0.005 M tris (pH 7.8) = Wal i 18 7 275

0.2% sodium deoxycholate
~ 0.00] M MgCl,.

* After all treatments, cellulase was completely removed from the wal! fraction (residue retained
by nylon mesh) and the particulate fraction { pellet from exudate x 50,000 g) by exhaustive
blending in 0.1 M EDTA (pH 7.0).
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effective at concentrations which neither precipitated nor activated
nor inhibited cellulase activity. They did not increase the amount of
specific activity of cellulase in particulate fractions which implies
that they did not effect any binding of cellulase to lipo-protein
membranes. There is no reason, therefore, for supposnng that they
introduced ionic llnkages between cellulase and proteln or polyuronlc _f;_
acid in the wall. Rather, the new cross-llnkages Wthh would be expected
between structural wall materlals may have s:mply trapped endogenous
cellulase in a more than usually gelled or stlffened wall :

The data appear to: Justlfy the conCIUSIon that a major part .
of the extractable cellulase IS derlved from ‘the wall Prellmlnary
tests (E. Davies, unpubllshed) on the fate of the extra cellulase lnduced
by [AA suggest that lt is dlstrlbuted partly |n the Wall and partly ln '.'
the protoplasm, as' would be expected ' Further tests are. ln progress in
an effort to follow the movements of cellulase from the tlme when lt is

synthesnzed until it is |nact|vated
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“APPENDIX I

fect of IAA on Anatomical Structure of Pea Epicotyls @

“*3;1l External Appearance of IAAJTreated eplcotyls B
The follow:ng methods were used for groW|ng pea seedllngs

'"m:seeds of Plsum satIVUm L Alaska werevmshed wnth 0. 5% NaOCl SOlUtlon

"qfor lO mlnutes and soaked ln tap water for about lO hours They werepffd =

):sown |n wet perllte ano grown in darkness for., 8 days. Seedllngs wnthfﬁjfﬁi
'thlrd lnternodes 3 to 5 cm long were selected. The plumule was cut

v off Just below the hook _ A ponnt on the eplcotyl lO mm below the cutl;ﬂ;f L

dﬁvfﬁapex was marked wnth lnk The cut apex was then palnted wnth lanollnfy;tf»”-*"
ﬁTTfffpaste WIth or WIthout lAA (O 5% w/w) and the seedllngs were allowed to -
o 'fcontlnue grow:ng ln darkness at 20° ‘y e e
VlSlble ef.ects ol the above treatments on growth at the apex
:‘of the eplcotyl and branchlng at the second node are shown in: Appendlx -
ltlA lAA treatment resulted in rapld swelllng of the upper part (segment)
T7_of the eplcotyl Wthh was’ v;snble wnthln l day Eventually (ln 5 days) l'°'*l
badventltlous roots broke through the epldermls of the swollen reglon v
- ln the presence of lAA no branch developed at the node Control eplcotylspfi s
showed elongatlon and branchlng at the second node but no swelllng of

fthe segment Decapltatlon lS well known to remove aplcal domlnance over
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the second node and the influence from the apex can be replaced by added

auxin (188).

f_2. Efrect of 1AA on Anatomlcal Structure of Cross-sectlons of Segments.
| | Segments were cut from the aplcal reglon of decapltated pea
heplcotyls treated w:th or WIthout IAA as descrlbed above (Appendlx IA)
v‘fThey were flxed in F A A (formalln—acetlc acnd-alcohol) and dehydrated
';}SWlth a: standard t butanol serles i The dehydrated tlssues were thenlb‘
.‘dembedded ln Flsher Tlssue Mat. Sectlons (lO p) were removed from the
:?ifmost swollen reglon of tlssue wlth a rotary mlcrotome and mounted on -

5e;mlcroscope slldes The slldes were passed thrOUQh the follownng sequence.ﬁf

ffof reagents for stalnlng.“, “jfggi.z}1§ta-.r”
' r}'la)_rabsolute xylene

:(b):*SO/BO absolute xylene/absolute ethanol

'f; (o)ld95% ethanol

7?{(d)J585% ethanol

hie?d{l?)ii7o% ethanol R E

’tl(t) ﬁsafranln in 76% ethanol ;‘H. S

v'",lglf'es% ethanol,.':_ : |
".(hjf'95%wethanol oio' U
: li)t‘fast greenllnﬁ95%.ethanol ’H
e 95% ethanol R

Flnally, the Llssue was: mounted in Permount (Flsher SClentlflc Company).
All photographs of. the slldes were- taken WIth a Zelss Jena photomlcroscope

usnng Kodak high contrast film.
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Appendix IB shows the cellular structure visible after 2 days
of treatment. In the presence of added |AA there was extensiveAcell
division, particularly in regions of the Central stele and cortical
bundles. Parenchyma cells were swollen and cell walls in many cases
had disintegrated to form large lacunae. Wifhout added JAA, there was
littl; visible change in segments from zero time (cf. Fig. 5).

Appendix IC shows the structure at 5 and 6 days. Root primodia
were visible microscopically within 3 days of |AA treatment (Fig. 5)
and by 5 or 6 days they had grown through the cortex and penetrated
the epidermis (see also Appendix IA).,'The primodia develop from the
central stele and there are continuous vascular traces into them.

Control segments showed no change from zero time (as in Appendix IB).



Appendix lA. External appearance of decapitated epicotyls after
painting apex with lanolin plus or minus 0.5% |AA

Appendix IB. Effect of 2 days treatment at the epicotyl apex
with or without 1AA on anatomical structure of
Cross sections of swollen regions of the epicotyl
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Appendix IC. Root formation after 5 and 6 days of [AA treatment
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APPENDIX 11

Methods: for Determlnatuon of Soluble =
Protenn Total Protein, RNA and DNA

I. Soluble Protein 6efermihation by ‘the Biuret Method
The bfuref method used here was specific for estimating peptide
bonds and was the same as that described in the Methdds in Enzymoldgy
(113, 172). As shown in Appendax I1A, using bovune serum albumin as
standard protein, the method accurately measured from | to 8 mg protein.
The procedure used with protein extracted from plant sources
in this study waé as follows: to each,z.s mllof crude enzyhe extract,
0.5 ml of 3 M trichloroacetic acid was added and the mixture was centri-
fuged. The precipitate was suspended in 3 ml of diEtLiled water and 3
ml of Biuret reagent was tﬁen added. The reégent was prebared and stored
in the urown bottle. A commercially available reagentr(Fieher Scientific
Co. So~B-51) was also found to be effeetive. Affer stirring‘dnd shaking
until the protein wes totally dissolved ih the reagent and incubation
at room temperature for at l east 30lminutes, the optical density'(O.Q)

of the colored solution was measured at 545 mp .

2. Total Protein Determination by Nesslerization

A Kjeldah! digestion followed by nesslerization (77) was used
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for total nitrogen determination. As shown in Appendix |1B, the method
measured from | to 8 Hg hitrogen as'(NH4)2504, equivalentdto from ahout
6 to 50 ug protein -(conversion ‘factor X 6.25). The procedire yields
values for bovine serum albumin which dre the same as those obtained

by the Bluret method.

Details of the procedure used for determining'total segment

_protein are as follows: segments (about 2, 5 g) were extracted |n suc-
cession with 80% ethanol, ethanol-ether (3:1 v/v) and warm 0.5 N HCl04
in order to remove low-molecular welght nltrogenous compuunds and
nucleic acids. The re5|due was. placed in a Kjeldahl flask W|th 30 mi
of 50% HoS04. The mixture was dlgested‘for 2. 5 hours over a micro-
burner. The flasks were then cooled and 20 ml of 30% H202 were added.
The mixture was dlgested for an add|t|onal I.5 hours. The.colorless
digest was dlluted to'a total volume of 500 mil. 'To I ml of thiS-digest,
6 ml of Nessler reagent (Fisher SCIent Co. So-N-ZO) was added. After
at least 30 m|nutes lncubatlun at room temperature, the 0.D. of the

clear yellow solution was measured at 425 mP.

3. Total Nucleic Acid Determinatlon'by Optical Density Absorption
Appendix |IC shows that the method (77) talibrated with soluble
RNA (Nutrition. Biochem. Co. 6164) measured from 10 to 60 ug RNA. Details
of the procedure used for determlnlng total segment nucleic acid are as
fol lows: segments (about 2.5 g) were extracted with 80% ethano! and
ethanol-ether (3:1 v/v). The residue was then homogenized in 10 volumes

of warm 0.5 N HCI04. The mixture was incubated for | hour at 70° and
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cenfrffuged.f The extraction was repeated once. The combined extracte'
fwere duluted ‘to a total volume of 200 ml. Aliquots Were‘used to measdfe:‘

o, D. at 260 mF and ‘290 mi . - 0. D values in Appendix llC equal the dlf—

“}fereﬁce of readlngs (0.D.pgg = 0.D.59g}-

| S RNA concentratlon was calculated from values for total nucleic

AeaCld (Appendlx llC) by subtractlng values for DNA (see Appendix 11D).

‘{ 4& 'TetéJ DNA Determination by Diphenylamine ﬁeaction v

k As 'shown in Appendix 11D, the method (77) calibrated with sperm ‘

.:'DNA (Nutrltlon. Biochem. Co.) measured from 20 to 120 e DNA Details
tof the pro;edure used for determlnlng to'tal segment DNA were as follows:

fe;z:ml of total nucleic acid extracted into perchleric acid (see
‘lAependix I1C), 4 ml of diphenylamine reagent was added. The reagent

N Wa§~pfepared by dissolving 1.5 g of'diphenylamine in, 100 ml of a solution

v  of I.S% (w/v) HpS04 in glacial acetic acid. vBefore use, 0.l ml of

" addeddé acetaldehyde (16 mg acetaldehyde/ml) was added to each 10 mi

of the’dfphenylamine Eeagent. The reaction;mixture was}incubated in

a water bath for-IB hours at 30°. The 0.D. was measured at 600 my and

546 mu. The difference between these values (0.D.gqg ~ 0.D.540) was

© proportional to DNA concentration (Appendix 11D).

RNA concentration was calculated from values for total nuclelc

acid (Appendlx IIC) minus those for DNA (Appendix IID)
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APPENDIX 111
. Properties_of'CellulaseiLg Vitro

1. Effect ot'Substrate Concentration
Throughout these studjes a- flnal concentratlon of l O% (w/v)
»substrate (CMC) has been used. Appendix llIA shows that th|s concentra=
tlon is. sufflclent to obtaln near maximum rates of pea cellulase actuvuty.p. ,ﬂ
t;When the data is plotted accordlng to Llneweaver-Burk (l79), a Km value' o
fpof 0. 23% cMe IS obtalned Th|s value is hlgher than those generally iﬂt}7'
hobtalned for fungal cellulase (i. e., about 0 l4% see l95) Wthh may :
v'i_lndacate that pea cellulase has a relatlvely low afflnlty for thls sub- ,J“”

'strate. N

' _2.. Optlmum pH for Actlvity

Over. the pH range 5.0 to 8.0 the visc05|ty of CMC (type 7MSP)
jvarles sllghtly. Accordlngly, activnty of pea cellulase was measured |
at dlfferent pH values by calculatlng the % loss |n visc051ty at that
pH. The results are shown |n Appendlx IIIB Pea cellulase has a clear
optimum for activity between pH 5.5 and 6.5. The same optlmum was found

for pea cellulase activity as measured by production of reducing power (184).
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3. Effect of Temperature on Stablllty

Appendlx lllC shows the effects on cellulase activlty of heat-. '
‘ing crude pea extracts at pH 6 5 ln a boiling Water bath for l0 to 50
"mlnutes. Over 90% of the actlvlty Was lost ln lO mlnutes.v Data ln

‘:, Appendlx lllD show that denaturatlon was also nearly complete when the

. enzyme ‘was |ncubated for IO mlnutes at 750 The enzyme was stable for

. thls tlme at 25° Eventually, of course, cellulase does'denature at .f’i':fj

room temperature. The rate ls approxumately 25% act|V|ty loss |n124

'hours at- 25° -pH 6 0 to 7.0 (Flgure 9) At 4 activlty Iosses were

reduced to 5% or less per day (data not shown here);ﬁ No actlv‘tyiloss

*joccurred as a result of freezlng sectlons of tlssue and?st‘

'f.f°f UP t0 one month. ,}v

lnhlbltlnn and Activatlon

(up to O l M), reducung agents, growth hormones (lAA, GA'tklnetln),

: antlblotlcs, proteins (proteases, albumln), celloblose and hydroxyprollne, _57»*

bouled pea extracts., The apparent enhancement offcellu ase actnvsty by

5'qbromelln was- due to the presence of‘ﬁ—l, 4 glucanase _n the commercnal

v'preparatlon (270)
The only deflnite lnhlbltors of pea cellulase among the sub- |

: stances tested were HgClz and p~chloromercur|benzoate \PCMB) ‘At 0.0i M
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© . ‘these sul fhydry alkylating reagents completely prevented activity. .
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Appendix 111B.

pH

Effect of pH on cellulase activity in vitro,!.0 ml
of crude pea celluiase extract was mixed with 9.0 ml
of |.1% CMC solution. The CMC solution was prepared
with 0.02M sodium acetate-acetic acid buffer between
pH 4.0 and 5.5, with 0.02M sodium phosphate buffer
between pH 6.0 and 8.0 and with 0.02M glycine-NaOH
buffer at pH 9.0
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Appendix IIIE. Inhibition of celluiase aetivity by various com-
_ pounds pre-—incubated with pea extract for | hour

Compounds Concentrations Celluiase activity
as % of cohtrol
CaClo 0.0i M . 100
CaClp 04 M 95
MgCl 0.0l M | . 98
MgClo : 0.1 M 90
EDTA ' 0.1 M 96
Mercaptoethandl o 0.0 M 93
Ascorbic acid 0.0l M _ 95
Actinomycin D . 20 jg/ml 92
Puromycin ‘ . 40 ug/mi ) 100
Bovine serum albumin. 2.0 mg/mi 100
Chymotrypsin : 6.0 mg/mi _ 89
Trypsin ' 6.0 mg/ml 90
Pronase : 6.0 mg/ml 92
Papain 6.0 mg/ml ’ 84
Bromel in 6.0 mg/ml 430
| AA 10™3 M | 96
| AA | 1072 M 98
Gibberellic acid 1073 M 94
Gibberellic acid 1075 M 95
Kinetin : 03 M - 89
Kinetin 1072 M ‘ 92
Hydroxyproline 0.0l M . 92
Cellobiose 0.1 M 99
HgClp 0.0l M 0
p~chloromecuribenzoate 0.0l M _ o}

Boiled pea extract 0.1 ml/ml 99
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APPENDIX |V

Effect of Added |AA on Growth, Soluble Protein and Cellulase
Activity in Higher Plant Tissues Other than Pea Epicotyl Apex

I. Segments Attached to Growing Seedlings

Appendices ]VA to |VE showieffects of |AA on various de-~
capltated seedllngs.' 1AA distinctly lncreased»the cellulase level in
decapltated bean epicotyls (Appendix IVA),-maize shoots (Appendix IVB),
pea roots (Appendix 1VC) and the second node of decapitated pea epi-
cotyls (Appendix I1VD). In all of these tissues IAA inhlbited.elongation
. and induced sweiling and synthesis of soluble protein: In contrast,
IAA treatment did not result in any increase in cellulase or soluble
protein levels in hypocotyl tissue of sunfiower seedlings (Appendix IVE).
In this case, the negative reactions were probably due to the lack of
Substfate for protein synthesis since |AA was applied after cotyledons

)

had been removed.

2. Sections Detached from Growing Seedlings

Effects of IAA at 107> M and 10~> M on the growth and cellufase
activity of sections excised from the growing regions of etiolated oat
seedling shoots and bean epicotyls are shown in Appendices IVF and |VG.

At the lower IAA concentration, growth in 12 hours in both length and
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fresh weight was greater by 20 to 30% than growth in untreated sectionsi
Céllulase activity per section and per uhit saluble protein was also
increased‘by 70 to 80% in the oat shoot and by 10 to 20% iﬁ.the bean
epicotyl. The higher IAA concentratijon was less effective at promoting
growth and less effective at enhancing the cellulase level, '

‘Effects of 0.5% IAA in lanolin on fresh weight and cellulase
activity in single cotyledons detached from the embryo of fully=imbibed
pea seeds are shown in Appendix IVH. |Initial cellulase levels per
unit fresh weight (2.3% loss in CMC viscosity/2 hours/100 mg fr wt) were
comparable to those 'in growing parts of the pea epicotyl and foot
(cf. Figure 2, Appendix IVC). However, calculated on a protein basis,
cellulase activity was less than one~tenth than that in other pea tissues.
' Thfs was due to tpe very high levels of reserve protein in pea catYledons.
During incubation of the cotyledons for 3 days, there was a small in-
crease in fresh weight, a marked dec|ine'in soluble protein (cotyledans
were senescing) and cellulase activity almost disappeared.. .|AA had no

significant effect on these changes.
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Appendix IVA. Effect of added IAA on growth, soluble protein and
cellulase activity in decapitated ‘bean epicotyis.

A Segments |0 mm fong Were marked ‘at the decapitated apex
of the first ‘internode of 8-day old ‘etiolated Phaseolus vulgaris
epicotyls. They were painted with lanolin £ IAA (0.5%) and grown
and extracted as in experiments with the pea epicotyl. At zero
time, each segment yielded an extract which caused 3.06% loss in
CMC viscosity/2 hours equivalent to 3.15% loss/2 hours/mg soluble
protein. Values in the Table are calculated relative to these.

} ‘ Relative
Treatment Fr wt .Length Fr__wt “Soluble cellulase activity
(mg/seq) (mm/seg) Tlength protein per unit - per seg
o (mg/mm) (mg/seg) protein

Zero time S 78.6 10.0 7.86 0.97 /.00 1.00 .

1 day -1AA 179.0 21.4 8.35 | .44 0.93 1.38
| day +1AA 270.0 18.1 14.90 1.76 I .39 2.50
3 days —1AA 383.0 40.5 9.45 | .98 0.87 .77

3°days +IAA 526.0  25.9  20.20  2.86  2.42 7.05
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Appendix 1VB. Effect of added IAA on growth, solublé.brotein
' and cellulase activity in decapitated maize shoots

S5~day old etiolated Zea mays L. shoots were decapitated about
2 mm below the mesocoty! apex and a peint 10 mm below this was marked
to delineate a segment of tissue. At zero time, each segment (contain-
ing coleoptile plus mesocoty!) yielded an extract which caused 0.74%
loss. in CMC viscosity/2 hours, equivalent to 0.65% |oss/2 hours/mg
soluble protein.” Values in the Table are calculated relative to these.

' : Relative
Treatment Fr wt Length Fr wt Soluble cellulase activity

(mg/seg) (mm/seg) length  protein per unit per seg
: (mg/mm) (mg/seg) protein

Zero time " 34.0 10.0 3.40 .14 100 [.00
| day -1AA 79.0.  27.6 2.8 (.39 | .49 .8l
| day +1AA 72.5 22.4 3.20 .37 4.02 4.77
3 days -1AA 251.0 78.0 3.22  2.08 2.95 5.40.

3 days +lAA 175.0 59.5 2.94 1.90 6.52 10.90
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Appendix IVC. Effect of added |AA on growth, soluble protein
" and cellulase activity in decapltated pea roots

The apical 2 mm of the primary.root of 4-~day old etiolated
pea seedlings were removed and a |0 mm segment of tissue was delin-
eated at the apex. At zero time, eath segment yielded an extract
which caused 0.35% loss in CMC viscosity/2 hours, equivalent to 2.16%
loss/2 hours/mg soluble proteln. Values in'"'the Table are calculated
relative to these.

Relative
Treatment Fr wt Length Fr_wt Soluble cellulase‘attlvuty
(mg/seg) (mm/seg) Tength protein per unit per’ seg
(mg/seg) (pa/seq) protein

Zero time 1.0 10.0 I.10 162 1.00 .00

2 days +1AA 17.0 1.7 | .45 228 3.70 5.20
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Appendlx IVD. Effect of added IAA on growth, soluble protein and cel-
lulase activity in the second node of decapitated pea

epicotyls

‘8-day old etiolated pea epicotyls were decapitated just below
the hook. A 10 mm segment of tissue was removed at zero time and at 3
days from the region which bore the second node (3-5 cm below apex).
By 3 days, the node began to develop a: lateral branch unless [AA had
been added (see Appendix lA). At zero time, each segment yielded an
extract which caused 0.45% loss-in CMC vuscosnty/z hours, equivalent

to 2.5% loss/2 hours/mg soluble protein.

calculated relative to these.

‘Values_in the Table are

Relatlve

‘Treatment Fr wt- Fr wi -Soluble  Cellulase actlvxty
(mg/seg)' length’_‘,] protein . per unit. per seg
s (mg/mm) - (pg/seg)  protein . -
Zero time 304 . 3.04 179 - .00 |1.00
3 days =lAA  41.9 - . - 572 0.48 1.5
24| .84 2.47
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Appendlx IVE Effect qf added IAA on growth, soluble proteln
' and cOIIulase actsvuty in sunflower hYPOCOtyls

S Segments (|o mm. long) of 7-day old etlolated hypocotyls
,'of Helianthis - ‘annuus, . L from- which cotyledons had been removed were
.delineated below the cut apex.w,At zero.time, . each segment yaelded an

. extract-which-.caused 0’ 65% loss in ‘cMC. viscosity/z hours, equivalent

tp. 2.82% loss/z hours/hg soluble proteln.‘ Vajues in the Table are

"cgﬁcalculated relatlve 1o ‘these: ff‘g-

. soets e Relative

‘ TLength Fr_wt Soluble -celluiase activity

v(ml seg) (mm/seg) length ‘protein . per unit .per seg
B . (mg/hm) (pg/seg) proteln '

| Treatment’

"?fzéngiinéff}f*’ 3}1Jéajljfuxd1§ddka” c‘l,oo
jf;d1234 €;ET;'Q}55{1F:' Q;66 |
dfl day +IAA :'lffjfféjsd;n;fi6;6i 'fﬂ ,o;}a
3 days’ —IAA' 9 dff’f?65.fli 124 dl~°9‘

| 4ﬂd33ans~f1AA}{{:<}}{ay“, 5 223 ' 0.90 0,87
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Appendix IVF. Effect of added IAA on growth, soluble protein and
_ cellulase actIV|ty in detached oat shoot sections

y ‘Sections (IO mm long) were FembVed from the growing region of
~4-day old etiolated oat shoots. Each section (containing both mesocotyl
~"and coleoptile) at zero time. Welghed 10 mg, contained 140 Mg soluble
protein and yielded an extract which caused 0:54% loss in CMC viscosity
/6 hours, equivalent to 3.85% loss/6 Hours/mg soluble protein: Values
in the Table are calculated relative to these:

Values at 12 hrs. relative to those at zero time

. | cellulase activity
Treatment Fr wt ‘Length Fr . wt wt Soluble per unit per sect.
: Iength protein protein

0 |.68 | .44 117  1.44  0.40 0.58
1075 M 1AA 1.97 | .84 .07 1.40  0.71  0:97
(0~3

M 1AA |.85 .67 |.09 | .34 0.63 0:82




'33_;feach section weighed. 146: mg, contained 1.59 mg-soluble’ protein and yielded .

:j*i;gto 7.1% loss/I hour/hg soluble proteln. Values |n the Table are‘calcu-
. lated relatlve to- these.vﬁ_,:; c T s L :
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‘ifoCt’Of adUEUTlAAfon growth, soluhle proteln and LR

" “Appendix 1VG: S
LT cellulase actuvuty in. detached bean epucotyl sectnons '

s Sectuons (|O ‘mm long) were" removed from the aplcal reqlon of S
?fthe flrst internode’ of: 8=day’, olg: et|olated bean eplcotyls.- ‘At zero tlme,'

-an -extract which produced - Ll 2% loss in: CMC vnscosnty/l hour, equ:valent

Values at 12 hrs"relativevfﬁ-fhose at zerofiihe

' jf cellulase actnvntyu
Treatment Fr wt Length Fr wt Soluble, per unit per sect
' Tength . protejn_ proteln

0 Lol 1.07  1.03  0.85 ° .0.95 . 0.
105 M 1a4 1,35 1.20 1.3 101 105 ol
1073 M 1A 128 1.20  1.05  0.93 | 0.97 0.

I
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Abpend(x'lVH. Effect of added IAA on growth, soluble proteln and :
R cellulase actlvlty ln de-embryoizad pea cotyledans T'}-_‘

: Surface-sterlllzed pea seeds were soaked ln dlstllled water o

1V”Efor 24 haurs -(unti| they were. fully fmblbed) The. embryns were removed

land: single” cotyledons \were painted with” Ianolln 2:0.5% 1AL and lncubated

“lin sterilized. 2% sUtrose-=0.02"M $odium phOaphate (pH 6.0). - *The med i um . _

'3'was ‘changed. dally At zero tlme,.each cotyledon ylelded an extract

"*?@fzwhuch caused 2 BE% loss |n CMC vuscosnty/é hours.w.u-,:y

) 3 days +IAA . '.‘3,;?_1,':'2:23.-'&,‘3'-.';1}

L Relatlve ”ﬂ:'ﬁf 
cellulase actlvnty ‘.
per:unit:’ - per’

'zﬁﬁi wt

- Gl pEatein
(mg/cotyledan)

(pé/&otyledon)';

-'-.,.- )

""'.Zero tlme | 9T T B00 1007

3 days Ak o T14a2 e o 800

R SCHL

haﬁprbieyng‘1fcdtyledon”fﬁ.~“”
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o aeemoixY

Comparatlve Effects of Varlous Hormones on’ Growth Soluble
L Proteln and Cellulase Actuv:ty;ln Pea Eplcotyl TISSUQ L

‘t']l Segments Attached to- Decapltated Seedllngs.ﬁ""':

“':Effects of applylng"ois% glbberelllc acud (GA) or 0 5%

'ﬁf?klnetln ln lanolln paste are compared to effects of IAA ln Appendlx VA.

‘1‘3?{After 5 days lncubatlon, cellulase actIV|tles and soluble proteln levels

"ﬁfﬁfthad been lncreased as usual by IAA over.;

4d5'altered sngnlflcantly by»GA or klnetlli

ontrol values but they were not

‘GA greatly'lncreased segment

- had:.

llffielongatlon and fresh welght but/ho effect on swelllng Klnetln had no f

'3f{*feffect on growth |n'any of,thes‘.

*7‘£5revealed no cell lelSlon lnTGA-,or kl

't"jfthe atm05phere of det:alil’ia"ed seedllngsn

'”ensuons.. Mlcroscoplc examlnatlon 5_'jf

'mn-treated tlssues.‘jrffﬁ*v"

..,l

'”1‘*prpendlx VB shows effects of'ethylene gas (IO PPm) added to.f

lch were treated w;th lanolln'
kﬁ- O 5% IAA Ethylene gas alone had no effect on proteun Ievels or. cel-'
_ lulase actnvnty., However when added together wnth IAA/r:duced the

tstlmulatory effects of IAA on swelllng and proteln Ievels by about 50%.

It almost abollshed the lAA-induced rlse in cellulase actlvuty

Ethylene acted here as lf,lt were an lnhlbltor of protein synthesis.
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2. Effect of Swelling ‘Agents on Detached Sections '
Appendix VC shows the effects of kinetin (10=> M), benznmlda-

zole (IO‘5 M) and ethylene (IO ppm) added wuth or wnthout 1AA (1072 M)
- to excused sections for 24 hOUrs. All of these substances inhibited
elongatlon but caused swelllng of the sections, espeC|ally when added
together wath IAA They had little effect on soluble proteln levels
..:Wthh generally decreased by about 20% under all treatments. IAA,
"f'klnetln and benznmldazole all lncreased cellulase acth|ty slightly.

.iEthylene had no. effect on cellulase. | |

Effects of klnetln (lO M) plus or minus high concentratlons

‘“{“;o"lAA (O S% in Ianolln palnted at aplcal end of sectlons) are shown in

~'Appendlx VD. Excess IAA caused swelling and enhanced the breakdown of
cﬂjtotal proteln and cellulase. Klnetln also caused swelllng but it ap-
E f'peared to allev:ate the endogenous and lAA-lnduced breakdown of protein,

7lnclud|ng cellulase.



“*ff+ 0 5% GA %,faf;ffq
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- 5AbpehdtfoA. Effect of IAA, BA and klnetln on- growth, soluble proteln
AT [_,*3and cellulase act|V|ty in decap;tated pea eplcotyls

At ‘zero time, each segment.(JO mm’ ) yleldnd an; extract whach
produced 0.31% .loss "in CMC vnscosity/é hours, equivalent-to I,32%. loss/ ..
2 hours/mg soluble prote:n._ Values“ln the Table are calculated relatlve ‘
to these._n N RPN ‘ B i . -

Relatlve

Treatment Fr Wt Length  Fr_wt Soluble j'cellulqse actlvuty“¢*7
S (mg/Seg) (mm/seg) length protein -per-unit per seg S

(mg/mm) ng/seg) proteln

Zero time 24, TIO;o;’5552;4tﬂjf¢iﬂé3§f“f“ﬂ,,L.oo Cl.000

’*05% tan 9:3 B O AT T

“ff+ o s% kunetnﬁ}f2534l.1fT7?7"1f* 0,99 164

73;1.!2§;l,g-l§64::ﬁ*7.;
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*'.Qj’Appenaleve Effect of ethylene and 1AA on growth, solubie protein f'
**J!.j?x““%'“.and cellulase actlv:ty |n decapitated pea eplcotyls

: Decapltated seedllngs painted w:th lanolln +iAA were grown ln
_ closed glass chambers into which ethylene gas (0 ppm) was’ injected
;«*dally At zero .time,.each. segment of - epicotyl: tissue ylelded an extract
""which Caused .0, 69% ioss “in CMC viscoslty/é ‘hours, equnvalent 102,629

'7r§tlve to these.

e e e e e g e T %fReiative B
_Treatment3‘gf.=' Fro wt Length Fr wt Soluble ceiiulase act:vuty[

~.loss/2 hours/mg soluble protein Values in Table are calculated rela—;=~e_ ,

. (mg/seg) (mm/seg) Length protein per: unit- per seg:;d’_1{5~

L (mg/hm) (ﬂg/ﬁeg) proteln

'3 days

CHLEAR T e T 5.4 2,90 2317 B

re thylene 456,35337242 L

” *ag+|AA +etnylene->=-fse;dfffﬁ.is.s”{re-4.7of”:ejeloT‘”
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Appendix VC. Effect of swelling agents on growth, soluble protein and
Cellulase activity in detached pea epicotyl sections

At zero time, each section (10 mm) weighed 23.8 mg, contained
23| ug soluble protein and yielded an extract which caused 1.18% loss in
CMC viscosity/6 hours, equivalent to 5.1% loss/6 hours/mg soluble protein.
Values in the Table are calculated relative to these.

':_values at 24 hrs relative to those at zero time

~ length ~protein’ per unit  per sect.
A .. protein

'-_:'Treatméht*' © Fr wt  Length - Fr_‘wt  Soluble Cellulase activity

'cahfroli'[':4-‘f H.es 150 1.08 0.80 " 1.35  1.09

"5gffiAA .}:i;;-',:{i<2.24 ;'s3|.6s_* .j,23fi;f'o;81f'_A7l<49 .21

Sk s 137 e . 0.89 151 1.37

CUUHMASK 198 135 149 0.87 171 1o

CHB 3 a2 a3 0.8 1.8 1.5
*1AA +B 2,22 oAl ',{1,46';‘3vo§767,'f7|;63 124
SE 145 1l6 135 0.80 (.27 . 1.03

+1AA +E 231 142 .65  0.83 .44 (.7

* Concentrations.used in this test were: 1AA, 107 M; kinetin (K),
10~ M; benzimidazole (B), 102 M; ethylene (E), 10 ppm.
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Appendix VD. Effect of kinetin and excess I|AA on growth and
cellulase activity in detached epicotyl sections

Apical sections were painted at the apical end with about 2.5
mg lanolin paste * 0.5% |AA and incubated for 24 hours £ |05 M Kinetin.
Values per sectinn are expressed as a percentage of those at zero time,
namely, fresh weight = 23.8 mg, soluble protein = 23] Pg and cellulase -
activity = 1.18% loss in CMC viscosity/6 hours.

Values at 24 Hrs refative to those at zero time

Treatment Fr wt Length Weight Soluble Cellulase activity
length  protein per unit per sect.
protein.
No additions | .65 .50 1.05 0.85 | .41 .20
+ Kinetin 1.65 [ .37 I.16 0.89 . 1.57 | .40
+ excess |AA .89 .49 .27 0.79 1.18 0.93
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- APPENDIX VI
Changes with Time in Growth and Cellulase Activity in Pea Epicotyl Tissue

Growth effects of décapitétion are shown in Appendix VIA and
effects on soluble protein levels and celluﬁase activity are recorded in
Appendix VIB. The infact segment growing normally increased in both
length and fresh weight 3~ to 4-fold within 3 days. There was little
swelling up to or after this time. 'Protein'levels and cellulase act(vity
increased a little during the growth period -and then declined slowly.
Decapitation greatly reduced segment growth (by 70-80%). It prevented
any increase in soluble proteiﬁ levels. Cellulase activity showed a
brief (2 days) rise'followed by a relatively rapid dec!ine.

Appendix VIC shows effects of adding lAA to the decapitated
epicotyl at zero time and again atl3 days. Without the second hormone
treatment, cellulase activity reached a maximum value at about 3 days
and then declined. ‘Extra hormone caused some further swelling andvprotein
synthesis in the epicotyl segment and it maintained or increased the cel-

lulase activity for -a further 2 to 4 days.

S/
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Appendix VIA. Effect of decapitation on growth

. A 10 mm region of tissue was delineated at the apex of the
third internode of 8~day old pea seedlings. Growth of this segment
was measured either in intact or decapitated seedlings over a 10-day
period. The Table shows results of separate experiments in which,
at Zero_time, the fresh weights of -the apical 10 mm segment were:

21.1 mg (intact) and 24.4 mg (decap).

Time Values per segment relative to thoﬁe at zero time
(days) : :
Fr wt length Fr wt/length
intact decap intact decap intact decap
2 3.70 1.65 = 2.92 .52 1.27 /.08
3 3.86 .55 3.03 .44 .32 1.07
5 3.60 .49 3.10 1.4l 1.6 1.05
T 3.30 .47 3.15 .42 1.05 1.03

10 3.25 1.40 3.05 1'.40 1.08 1.00
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Appendix VIB. Effect of decapitation on soluble proteih levels and
cellulase activity

__Data on growth during these experiments are given in Appendix
VIA. At zero time, each segment from intact and decapitated seedlings
yielded respectively; 197 and 259 ug sciuble protein and cellulase
activities of 2.70 and 2.02% loss in CMC viscosity/2 hours.

Time ~ ' . Soluble protein Relative cellulase activity

(days) per anit protein per seg
intact decap intact decap intact decap
2 | 1.63  0.98 170 2.05 2.52 .62
3 138 0.5 1.63 .93 2.27 | .47
5 1.6 100 167 . 0.92 .98 0.75
7 .03 0.95  1.69 0.71 1.75 0.54

10 T 0.73 .33 0.72 1.55 0.4]
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Appendix VIC. Effect of 1AA édded at zero time and again at 3 days on
growth, soluble protein and cellulase activity

4

At zero.time, each segment yielded an extract which caused

0.56% loss in CMC viscosity/2 hours, equivalent to 2.42% loss/mg soluble

protein. Values in the Table are calculated relative to these.
Relative
Time Fr wt Length Soluble cellulase activity
(days) (mg/seg) (mm/seg) protein per unit per seg
(ua/seg) protein
o 20.6 10.0 252 1.0 {.0
3 72.0 13.6 568 8.1 20.0

Segments freshly treated with

- + - A — 4
74.7 85.0 3.0 3.7 606 662
67.8 90.4 1.28 1.37 560 820
75.0 .87.9 1.35 14.0° 600 810

lanolin *lAA at 3 days

- + - o+
6.3 8.4 16.5 24.2
5.1 6.7 12.4 23.7

5.1 4.7 13.1 16.3
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APPENDI X VI |

Effect of Inhibitors of Nucleic Acid or Protein Synthesis
on Growth and Metabolism in Pea Epicotyl Tissue.

I. Effect of Actinomycin D on Metabolism of '4C-orotate and l4C-leucine

Appendi x VIIA shows effects of actinomycin D on uptake of |
'4C—orotate into trichloroacetic acid- and ethanol-soluble fractions
~(nucleotides) and into insoluble fractions (nucleic acids) of detached
pea'epicotyl sections. The experiment was conducted in the same manner
as in previous tests using '4C-leucine (Table IX). The results | ead
to similar conciﬁsions, namely, that actinomycin D inhibits nucleic acid
synthesis more severely than uptake of precursor into the sections.

It Was important for interpretation of the results of the

experiment with l4C-ieuci_ne (Table X) to establish that all of the
'suppiieﬁ label was still present within the sectiaons as leucine, either
free or combined (in protein). Appendix VIIB shows a radioautograph
of a chromatograph of combined soluble and hydrblysed fractions from
this experiment which confirms that all detected '4C was located in

leucine.

2. Effects of Inhibitors on Growth and Cellulase Activity in Detached
Sections :
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Appendix VIIC shows the effects of three inhibitors 6n proper-
.ties of\lAA—treatedldetached sections.l FUdR, which inhibits DNA synthesis‘
but not RNA or protein synthesis in attached eéicotyl segments (Figures
5 and 6) had no effect on growth, protein level or :ellulase'activity

in detached sections by 24‘hours. Actinbmycin D (at 20 ug/mi) which
interferes with protein (Figure 6) and nucleic ‘acid (Appendix VIIA)
synthesis in detached sections, also prevented IAA-induced growth and
severely reduced the cellulase activity. Chloramphenicol Qsed at such

a high concentration (100 ug/ml) that it reduced the solubie protein
level in sections, Qas'a very effective.inhibitor of growth and cel-
lulase activity.

Appendix VIID shows effects of puromycin added alone to‘sections
at different concentrations. Growth inhibition was detectable at puro-
mycin conceﬁtrations of 10 Pg/hl. Maximum inhibition occurred at 40 Fg/
mi or higher. Both total brotein levels and cellulase activity per sec-
tion were lower after treatment with puromycin at concentrations between
10 ‘and 60 Fg/hl. However, there was no effect on cellulase activity per
unit protein. Unilateral inhibition of celfulase activity only oc-

curred with 100 pg puromycin/mi.

3. Effects of Inhibitors on Growth and Cellulase Activity in.Attached
Segments.

A number of substances reported (see Literature Review ) to
interfere with mitosis or synthesis of nucleic acids or protein were

added with IAA in lanolin to decapitated epicotyls. Effects are sum=—
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marised in Appéndices VIIE and VIIF. Mitomycin and azathymine, although
often used to interfere with DNA metabolism, did not stop cell division
in the present tests (observed microécopically) and had no effects on
lAA-induced growth or cellulase activity. Hydroxyurea and colchicine
Were also inéffectivg in causing visible alterations in cell division
but they inhibited the increases due to IAA in fresh weight (by 40-50%),
protein synthesis (by‘BO%) and celflulase activity (by 40%). Acti-dione
(cycloheximide) was an extremely effective inhibitor of all l|AA-induced
processes; it‘gvéﬁ prevented the.normal_growth and protein synthesis

which took place without added |1AA.
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- AppendigillA. Effect of pretféathéﬁfibfféébfjbﬁﬁfW(ihféthnbmycin_D  S
SRR on subsequent uptake;bf,{405q;¢tatefahdgjis»incorporatipn,Q~*~
into nucleic acid et T e e e

. After pretreatment for the times indicated, 20 sections were o
- transferred to 2 ml 0.02 M sodium phosphate (pH 6.0) containing orotate= .. .

. 6=14C (4.7 ug, 586 000 counts/min.). They were left for 2 hours in
..-darkpess at 259, washed in unlabelled oratate and then homogenised and ...~
- centrifuged twice, with 80% ethane!. The residue was extracted with a R
~..series of solvents, namely, cold 5% trichloroacetic acid, 80% ethanol, . - -

'f~absolute ethanol and ethanal=ether. .. Radioactivity In pyrimidine nucleo- SRR

7 tides and other low=molecular~weight derivatives was measured in the

combined washingsy radloactive huclelc acld was measured as total label .~ =

"7 In the insoluble residue. - -

' '4C-orotateAsubsequent|y - Ratio of l4g in:sAﬁu;"f”’

Pre- incorporated  absorbed but nucleic acid X 100 -

”““ftreatment : into = . not in ~Nucleotide fraction

<o time . nucleic acid nucleic acid’

- (hours) ‘ N ‘ 1 ‘
R Absence or presence of actinomycin D (20 ug/ml)

- L J - <4 . - + .

-0, . 195 6050 - . 3.2
e | 260 60 6 850 3'60@‘” ‘ f   3.8 1.7

Sz 285 75 5300 3050 5.4 2.5

~ e : 390 "60f_:“:jv4‘600>“2i350;L7’7“;”f 8}5 2.6 ]fffffﬁ?:f;jff
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Appendix VIIB. Radioautograph of fractions derived from pea
sections incubated on 4C-leuci_ne salution

: Fractions, including ethanol-soluble!4C and hydrolyzed
I4C-protein, were chromatographed with the solvent n-butanol: acetic
acid: water (4:4:1 v/v/v). A and C refer to sections pretreated

and to controls, numbers refer to time (hours) of

with actinomycin D
pretreatment, S is supplied l4C-leucine. :
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Appendix VIIC. Effect of inhibitors on DNA, RNA and protein synthesis
i in combination with IAA on growth and cellulase activity

Sections were incubated for 24 hrs; concentrations of added | -
Substances were: . 1AA = |03 M, 5-fluorodeoxyuridine (FUdR) = 100 ug/ml;
actinomycin D = 20 ug/ml, chloramphenicol= | mg/ml. . Values per section -

at zerp time were: fr wt = 23.| mg, soluble protein = 242.Fg, cellulase L

. activity = 1.12% loss in EMC viscosity/6 hours.

. Values at 24 hrs relative to those at zero time

‘Treatment .': 'Fr wt '¥'_Length ; Soluble" ‘cellulase.activity

: ' L ~ protein - per unit per sect .

‘ "~ protein -

. No additions  1.64  [.48  0.64 .89 T
oMl 200 1.5 0.6l 203 1.30
C+lAASFUIR 2.8 1.6 0.65  2.20 143

+lAA + actino- . o T s .

#LAA + chloram- L : . _ - ' »
) phenicol .24 - .22 ; 0.42 0.63 0.27
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Appehdix viiD. Effecf of puromycin concentrations on grthh,g
S soluble protein and cellulase activity :

At zero time, each section (10 mm) weighed 25.5 mg, contained. - . .
278 ug soluble protein and yielded an extract which caused [.6 _
CcMC vlscosity/ 6 hours, equivalent to 5.9% loss/hg soluble protein. . . .

4% loss in .-

~ Values at 24 hrs relative to those at zero time

0.72

Puromycin - o S o ‘ ‘ R
. concentration Fr wt Length 'Fr_wt Soluble Cellulase activity .
(ug/mt) SN length  protein per unit per sect.
. Ry - protein -
O M6l 1.45  1.04  0.86 (.23 .07
10 156 T2 .02 0.6 1.23 0.93
200 42 01038 1,03 0,70 1.22 0.86
a0 l42 .21 . 104 0.l 123 0.80
60 143 1.29 .08 0.67 1.32 0.89
100 139 130 1.02 0.90 0.65
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. Appendix VIIE. Effect of including mitomycin C or azathymine with 1AA -
e on growth,.soluble. protein and celiulase activity in
decapitated pea epicotyls :

z : Mltomycnn C (M) and azathymine (AT) were added in lanolxn i
(0. 02% w/w) with |AA (0.5% w/w). At zero time, each segment (10 mm)
. yielded an extract which caused 0.86% loss.in CMC viscosity/2 hours.

Relative
Treatment Fr wt Length Fr _wt Soluble cellulase activity
. (mg/seg) (mm/seg) Tength protein per unit. per seg
(mg/mm) (pg/seq) protein

 Zero time 22,4 10.0 2.24 264 /.00 (.00
3 days —1AA 55.6 "fl6.9 3.28 248 0.85 0.78
3 days +lAA - 74.2° 12,5 .5.95 = 565 5.20 11.10

3 days +1AA +M 78.0 12.1 6.45 | 578 5.70 12.50

3°days +1AA +AT  B1.0 125 . 6.50 580 5.50  11.80




~ 170~

Appendix VIIF. Effect of including hydroxyurea, coichicine or actidione
with 1AA on growth, soluble protein and cellulase acti-
vity in decapitated pea epicotyls

Hydroxyurea (H, [.0% w/w), colchicine (C, 1.0% w/w) and acti-
dione (A, 0.1% w/w) were added in lanolin  with 1AA (0.5% w/w). At
zero time, each segment (10 mm) yielded an extract which caused 0.45%
loss in CMC viscosity/2 hours. : o .

: L : : Relative
Treatment  ~ Fr wt Length Fr wt Soluble cellulase activity
. (mg/seg) (mm/seg) Tength - protein per unit per seg
el (mg/mm) (ta/seg) protein .

Zero time | 21.5 100 205 204 .00 1.00
3 days _(AAG7 fQ;ﬂ_42.4,' I3.4 - 3.16 200 ';3 _|.52‘,'f' |43
3 day% +iAA4.  f';'73.6 | '|2.5,-Lv'5.qo ' 550  >.8.20 }: 21,20
3 days +1AA *H  60.4 1.8 5.2 464 6.00  13.00
3days +IAA$C 57.8 115 5.02 455 5.0 ©12.60

3 days +1AA [A - 27.1  10.0 2.71 147 1.39  0.9%
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APPENDIX VIII

Effect of Various Treatments on Growth and Cellulase
Activity in Detached Pea Epicotyl Sections

I. Plasmolysing Agents
Appendix VIIA shows effects of incubating sections plus or
minus IAA in buffered 0.3 M NaCl or 0.4 M mannitol. These treatments
all resulted in flaccid sections which did not grow. Cellulase activity
i.,pervsection fell to about half the level in controls with or without
1AA. In the presence of NaCl, there was an increase in cellulase acti=-
Vity per unit prdtein but this was clearly due to denaturation of much

of the cellular protein in salt solution at this strength.

2. Reducing Agents

Appendix VIIIB shows effects of various reducing agents which
were added with or without |AA. Added cysteine and ascorbate had little
effect on growth or soluble protein levels but both reagents resulted
in low cellulase levels. Mercaptoethano! and Cleland's.reagent (dithio-
threitol) severiy inhibited growth and lowered the levels of total protein

and of cellulase. IAA did not overcome any of these inhibitory effects.
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3. Calcium
Appendix VIIIC shows the effects of CaCl, added to sections
with or without IAA. High Ca** concentration (20 mM) inhibited growth

** concentrations

and slightly reduced the cellulase level. Lower Ca
(104 M) slightly stimulated both growth and cellulase activity. IAA
stimulated growth and enhanced the cellulése level in the presence or

++
absence of Ca .

Appendix VILiD shows the effects of varying the external pH
on which sections were incubated. Growth over 24hours in both fresh
weight and length and final cellulase activity was greatest at pH 6 to 7.
This is the pH range of maximum cellulase activity (Appendix 111B)
and stability (Figure 9) iﬂ vitro. Soluble protein levels were |ow
after incubation at pH 4 or 5, presumably because the acetate buffers
penetrated and killed some tissue cells. There was no indication of
the death of tissue at higher pH values (up to pH 10). It is possible,
therefore, that the loss of cellulase activity af high pH was due to

extracellular denaturation of the enzyme.
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Appendix VIIIA. Effect of plasmolysing agehts on growth and cellulase
activity

Sections (10 mm) were incubated in 2% sucrose — 0.02 M sodium
phosphate, pH 6, = 1AA (103), NaCl (0.3 M) and mannitol (0.4 M). At
zero time, values per section were: fr wt = 2/.9 mg, soluble protein =
237 Mg, cellulase activity= 1.11% loss in CMC viscosity/ 6 hours.

Valie at 24 hrs relative to those at zero time

Treatment . Fr wt Length Soluble cellulase activity

protein per unit . per sect
protein
Control l.51 | :34 0.81  |.54 .25
+ NaC| .0.90 .00 0.25 2.53 0.63
+ NaCl +lAA 0.95 | .04 0.30 2.63 0.78
+ mannitol” 0.96 | .04 0.88 0.65 0.60

+ mannitol +lAA 0.97 |.03 0.88 0.75 0.66
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Appendix VIIIB. Effect of reducing agents on growth and cellulase activity

Sections (10.mm) were incubated in 2% sucrose - 0.02 M sodium
phosphate, pH 6.0, = 1AA (10> M), cysteine (C, 0.0/ M), B mercapio-
ethanol (M, 0.0l M), Cleland's reagent (CR, 0.02 M) and ascorbic acid
(A, 0.01 M). At zero time, values per section were: fr wt = 22.7 mg,
soluble protein = 222 K9 cellulase activity = |.01% loss in CMC viscosity
/6 hours. '

Values relative to those at zero time

Treatment Fr ‘wt Lengfh Soluble Cellulase‘activity
. protein per unit per sect
protein
Control l.53 B Y " 0.76 |.80 | .40
+C .47 1.26 0.88 - 1.07 0.94
+C +1AA 1.8l | .45 0.83 0.82 0.67
+M 0.98 .00 0.37 4.10 0.67
+M +[AA 0.99 1.00 0.50 3.72 0.80
+CR : .18 .16 0.50 .93 - 0.97
+CR +| AA 1.19 .16 0.46 S 2.12 ~1.00
+A | .41 | .24 0.8l .32 - 1.05

+A +1AA .95 | .39 0.74 .30 0.95
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Appendix VIIIC., Effect of calcium chloride on growth and cellulase
activity

Sections (10 mm) were incubated for 24 hours under different
conditions. Values per section at zero time are: fr wt = 23.2 mg,
soluble protein = 260 pg, cellulase activity = | 00% loss in CMC viscosity
/6 hours. :

Values at 24 hrs relative to those at zero time

Treatment* Fr wt Length Soluble Cellulase activity
' protein per unit per sect
protein

Control 1.5 1.39 10.80 1.8l | .44
EREAVY I.73 | .42 0.79 2.26 1.78

+ 107™% M caCl, 1.20 i.10 0.89 .45 .27

+1AA + CaCly .39 I.15 0.79 1.93 .52

+ 20 mM. CaCl, .63 - 1.48 0.75 2.13 .58

+IAA + CaCly I.77 | .50 0.68 2.70 | .87

* |AA concentration used in this test: 0= M
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Appendix VI1ID. Effect of external pH on growth and cellulase activity

For tests at each pH, 100 sections were supported with nylon
cloth on the surface of | liter of .buffer which was stirred magnetically
for 24 hours at 250. The buffers (sodium salts, 0.02 M) were acetate
(pH 4.and 5), phosphate (pH 6, 7 and 8) and glycinate (pH 9 and 10).

At zero time, values per section were: fr wt = 19.6 mg, soluble protein
= 242 Ha, cellulase activity = 1.21% loss in CMC viscosity/é hours.

Values at 24 hrs relative to those at zero time

pH range Fr wt Length ‘Soluble cellulase activity
(zero time protein per unit per sect

to 24 h) ' protein ‘
4.0 ~ 4.3 0:99  1.04 | 0.09 0.62 ~0.06
5.0 = 5.2 .20 [.20 .0.53 . 0.76 0.41
6.0 - 6.0 1.69 1.54 0.72 I.18 0.86
7.0 -=7.0 .55 1.38 0.67  1.06 0.7
8.0 - 7.7 .49 1.27 0.63 0.92 0.58
9.0 - 8.6 .49 .29 0.72 .02 0.74

10.0 - 9,2 [ 4] .28 ©0.69 0.48 0.33




