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I. INTRODUCTION 

The mode of action of "plant  growth regulators" or "auxins"  has been the subject 
of controversy almost from 1928 when WENT 1 concluded that  " there  is no growth without 
growth substance".  In this paper  we are concerned only with those compounds related 
to phenoxyacetic acid, in particular 2-methyl-4-chloro phenoxyacetie acid OEHzCOOH 
- -  " M C P A " .  I t  is proposed to refer to these compounds as "growth re- r./~.~EH~ 
gulators",  reserving the term "aux in"  for those regulators which are LJ  
natural  to the plant,  c1 

BONNER 2 demonstrated that,  under conditions in which aerobic respiration was 
inhibited by iodoacetates, the growth of A v e n a  coleoptiles was also inhibited and that  
auxin (fl-indole acetic acid) increased the oxygen uptake of the coleoptile, thus linking 
the act ivi ty of this compound with its st imulating effect on respiration. BERGER, SMITH 
AND AVERY 3 confirmed that  auxin increases the oxygen uptake of A r e n a  coleoptiles. 
Respiration and salt uptake  being inter-related, this would result in an enhanced uptake 
of salts and hence also, of water. Thus, increased growth by cell extension was at t r ibuted 
to an increased water  uptake under the influence of auxin. 

Polysaccharide transformations have also been observed. REINDERS 4 reported that  
starch grains disappeared when potato slices were treated with fi-indoleacetic acid, an 
effect which she ascribed to an increased rate of respiration. Other workers, notably 
MITCHELL AND WHITEHEAD 5, have confirmed these findings. EYSTER 6 interpreted the 
action of a growth regulator in terms of a release of the enzyme diastase from a bound 
to an active state. 

HEYN 7 advanced an alternative view; he considered that  auxin within a plant pro- 
duced an increase of cell wall plasticity, thus allowing the cell to enlarge more readily by 
reducing the mechanical resistance of the cell wall. COMMONER AND MAZIA 8, however, 
found that  potato slices with their cells in a flaccid condition still exhibited an increase 
in the rate of salt and water  uptake  under the influence of growth regulators, an indi- 
cation tha t  cell wall resistance in tha t  experiment was not a limiting factor. 

SKOOG, SCHNEIDER AND MALAN 9 postulated that  a growth regulator acted as a co- 
enzyme and had to be capable of combining with the apoenzyme and with the substrate.  
They suggested this from observations that  pre t rea tment  of split pea stems with phenyl 
butyric  acid, (itself inactive in the pea test), resulted in a loss of act ivi ty by subsequent 
applications of indoleacetic acid. They regarded phenyl butyric acid, therefore, as being 
capable of only one of the above required interactions. 
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Favou r ing  a more general  approach, VELDSIRA TM, n regarded growth regulat ion as 
resul t ing from an association between the growth regulator  molecule and  the lipoid por- 
t ion of the protoplasmic membrane ,  producing a change in its permeabi l i ty  to water  and  
ions. Recent ly ,  his views have broadened  to include also physicochemical  in te rac t ion  
wi th  an  enzymO ~. 

Here the problem is considered in re la t ion to three stages t ha t  are involved  when 
the growth regulator  travels  from a med ium external  to the p lan t  to its u l t imate  site of 
act ion : 

a. E n t r y  in to  the p lan t  sys tem by  the leaves or through the roots. 
b. Trans i t  from the point  of en t ry  to its u l t ima te  site. 
c. Possible in te rac t ion  with an  enzyme system. 
We are ma in ly  concerned with an adsorpt ion process tha t  ma y  occur dur ing  stage (b) 

and  its influence upon  the physiological response of various p lan t  species. 
The monolayer  technique,  employing a Langmui r  t rough,  was used. This me thod  

has been employed in a s tudy  of biological problems by  several  workers, no t ab ly  RIDEAL 
AND SCHULMAN 13,14 and  by  CLOWES, DAVIS AND KRAHL 15. The authors  have a t t emp ted  
to establ ish 

I. The form (dissociated or otherwise) in which the organic acid exerts its effect. 
2. The na tu re  of the polar groups wi th in  the p l an t  with which "MCPA" can interact .  
3. Principles involved  when "MCPA" in terac ts  with molecules con ta in ing  two or 

more polar groups. 
4. A s tudy  of monolayers  produced direct ly from the exudates  of crushed p lan t  

tissue and  their  in te rac t ion  with "MCPA".  Whea t  coleoptiles, cress seedlings and  tomato  
shoots were used. This choice of p lants  was made  in view of the resistance of wheat  to 
growth regulators  and  the high suscept ib i l i ty  of cress seedlings and  tomato  plants .  

2. METHODS OF EXPERIMENT 

a. Apparatus 

A Langmuir trough and surface balance accurate to 0.2 dynes/cm were used to follow the "Force- 
Area" (F-A) characteristics of the monolayers and their surface potentials (A V-A) were determined 
by means of a radioactive electrode in circuit with a valve electrometer. The trough was housed 
in a metal-lined box which was earthed and thermostatically maintained at 20 ° C. Known weights 
of material in a suitable solvent were applied to the air/water interface with an Agla micrometer 
syringe. 

b. Experimental 

To study the interaction of "MCPA" with the monolayer of a compound, (F-A) and (z] V-A) 
btrves were produced for the monolayer on a substrate containing no "MCPA" and compared with 
chose from a similar monolayer in equilibrium with a substrate containing "MCPA" of known 
~oncentration. The latter stage "*-as performed either by spreading the film on a substrate containing 
u known weight of "MCPA" or by injecting an aqueous solution of "MCPA" with a bent pipette, 
ceneath a monolayer already on the surface. 

c. Computation o/results 

To obtain an adsorption isotherm, several differing concentrations of "MCPA" were injected 
beneath a given monolayer, and the changes in surface potential (~AV) observed. 

C 
I n  Fig. I, 3AV and  ~ are p lot ted  against  the concent ra t ion  of "MCPA" in jec ted  

under  a monolayer  of gl iadin at  pH 4.0 and  A ~- 0.52 metres2/mg. 
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I t  will be noted tha t  the da ta  give a 
c 

linear relat ionship between 8 ~  and c. If  we 

m a y  regard 3AV as a direct  measure of the 
amoun t  of " M C P A "  adsorbed on the mono-  
layer, then the fract ion of the monolayer  
covered is given by  

0 --  KC1 8A V 1 

a + K C  1 - -  3A V~ 

where 3AVs = surface potent ia l  change 
corresponding to complete sa tura t ion  of the 
surface by  "MCPA" .  

Thus  the adsorpt ion is of the Lang-  
muir ian type,  a form also given by  the appli- 
cat ion of the law of mass action. 

The extent  of interact ion in any  con- 
dit ions m a y  therefore be assessed if 8AVs is 
known. This was determined graphical ly  from 
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3" E X P E R I M E N T A L  R E S U L T S  

a. Factors involved 

Three factors  likely to influence these interact ions were first invest igated : 
I. Subs t ra te  pH. 
2. Ionic  s t rength  of the substrate.  
3. Type  of buffer solution. 

i .  Substrate pH 

" M C P A "  is an organic acid of dissociation constant  3.2" lO -4. Thus, over  an extend- 
ed p H  range in this region, ions and undissociated molecules coexist, and it is impor tan t  
to assess their  contr ibut ions  to the interact ion over a range of pH.  

Oc tadecy l t r ime thy lammonium chloride was selected for this invest igat ion because, 
as a s t rong base, its (F-A) and (~V-A) characterist ics do not  va ry  significantly over 
a large range of p H  (1.o-8.o). Changes in its interaction with " M C P A "  on vary ing  the 
p H  m a y  be interpreted in terms of a change in the "MCPA"  molecule. 

Two methods  were employed to detect  this change:  
i. The extent  of interact ion by  a fixed concentra t ion of injected "MCPA"  was 

computed  at a range of p H  values. I t  was ant ic ipated tha t  the organic acid ion would 
in teract  to a different extent  f rom tha t  of the molecule. 

ii. The sa tura t ion value ~AVs was assessed at each pH. Assuming tha t  a I . I  complex 
(i.e. qua te rna ry  ammonium salt : "MCPA . . . .  I : I) is formed between the monolayer  and 
the injected molecule, then ~2Vs for a complex involving the ion would differ from tha t  
involving the undissociated molecule. 

The qua te rna ry  salt was spread from 6o°/8o ° petrol ether/alcohol solution on hydro-  
chloric acid, acetate  and phosphate  buffers of p H  1.o-8.o, the ionic s trengths of which 
were I ~ o .oo i -o .o i .  "MCPA"  was injected at several concentrat ions,  f rom which 

Re[erences  p .  x8 .  
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adsorption isotherms were computed at a number of pH values. The extent of interaction 

~ ] ~  was calculated in each case for C = 3.3"IO-~ M "MCPA" and in Tables I 

and II  these values are presented together with the corresponding values of 3AVe. 

T A B L E  I 
OCTADECYLTRIMETHYLAMMONIUM CHLORIDE INJECTED WITH 

6A V3. 3 
Values  of ~ d  V~-s and  6AVs wi th  c h a n g i n g  p H  

C = 3.3'  IO-5 2/I S ubs t r a t e  HC1 

"MCPA" 

p H  I.O 2.0 2. 3 2. 5 3.0 4.0 5.4 

rgAVa':~ 0.29 0.28 o,32 o.4I 0.39 
6A Vs 

(90 sq. A) 

3AVs 255 253 273 205 177 

T A B L E  II  
SUBSTRATE ACETATE BUFFER 

8.0 
p H  3.6 4.0 4.3 4.7 4"9 5.4 (Phosphate) 

~A V3..~ 0.42 0.43 0.48 o.5I 0.33 
6A Vs 

(90 sq. A) 
,SAVs 252 207 184 I84 16o 176 163 

In Fig. 2 are given the (F-A) curves for 
"MCPA" on substrates of various pH 
values. 

Tables I and I I  indicate that  the 
extent of adsorption falls off below pH 2.5. 
As the dissociation constant of "MCPA" 
is 3.2" lO -4, it appears that the undissoci- 
ated form of "MCPA" predominates in 
the region of reduced adsorption, whereas 
above pH 2.5 the ionic form mainly is 
adsorbed. Below pH 3.6, penetration of 
the monolayer ensues at all fihn areas 
(Fig. 2), whereas above this pH a measure 
of contraction occurs at high surface 
areas. The quaternary ammonium salt 
gives rise to a gaseous monolayer, the 

+ 
Fig. 2, F-A cu rves  for C18H37N(CH3)3}C1-in-  
j ec ted  wi th  83. 1o .5 M " M C P A "  a t  va r ious  p i t  
va lues  ( - - -  X - - - ) ;  No  " M C P A "  ( - - - - -O  - - - - )  
2o ° C. S u b s t r a t e s  HC1 excep t  pYi 3.6, ace ta te  

buffer  (3.6 A) 
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cohesion between individual long chains being counterbalanced by repulsion between 
the positive charges on neighbouring molecules, thus, the contraction above pH 3.6 
implies that,  by  adsorption of a negative "MCPA" ion, the repelling force has been 
decreased. 

We note also tha t  the lower value of 8AV~ (I8o mV) above pH 4.o (Tables I and I1) 
corresponds to the adsorption of the "MCPA" ion. The value 25 o mV below pH 4.0 
would then result from the adsorption of undissociated "MCPA". 

Although there is some discrepancy between the values on the two substrates, and 
also the surface pH may  vary from the bulk pH by at least one unit 16, we conclude that  
"MCPA" exists predominantly in the ionic state above pH 4.o. 

2. Ionic strength o/ the medium 

Monolayers of the quaternary salt were spread on substrates of pH 3.0 HC1 (I -~ 
o.ooi) whose ionic strengths were adjusted from I = o.oo~ to I = o.oi by suitable 
addition of sodium chloride• "MCPA" was then injected. The extent of interaction was 
identical on all three substrates, and we may therefore disregard any effect on the inter- 
actions from changing ionic strength. 

The ionic strength of acetate buffers employed in the investigation lay between I 
= o.ool 5 (pH 3.6) and I = o.oi (pH 5.4), these low concentrations being selected to 
reduce the concentration of carboxyl groups to a minimum whilst maintaining a con- 
s tant  pH in the presence of injected "MCPA". 

3. Influence o/ buffer solution 

I t  is important  to establish that  the interactions involving "MCPA" are independent 
of the nature of the substrate ions. 

Table I I I  presents 8dVsa and 8AVa. a (C := 3 .3" Io-5M)  on injecting "MCPA" 
beneath oetadecyl t r imethylammonium chloride on three snbstrates at various pH 
values. 

T A B L E  I I I  

OCTADECYLTRIMETHYLAMMON1UM CHLOR1D1 e . INJECTED w r r H  "31CPA" 
V a l u e s  of  6AVsa a n d  6AVa. a on t h r e e  s u b s t r a t e s  a t  v a r i o u s  p l I  v a l u e s  

Subslrate pH 
Conc.  

"MC~, t ' "  
• z 0 5  31 

Surface Potential Change (mV) 

A celate Phosphate HC1 
Buffer Bu{/er 

3 .0  83 273  - -  _ _  
( +  NaC1  t o  I = 0 .002)  3 .3  lO7  

3 .6  83 - -  252 - -  
3.3 lO5 

5 .4  83 i 7 6  176 - -  
( +  NaC1  t o  I = o .oo2)  3 .3  85 90  

8 ,o  8 3 - -  - -  16 3 

3"3 5 6 

~,4 G.:~ [aJG..~ 1 I t  is seen that  the extent of interaction ~ ~ ~}Tssa ! is similar on hydro- 

chloric acid and acetate buffer substrates, whereas on a phosphate buffer there is a small 

Re/erences p. 18. 



6 R . C .  BRIAN, E. K. RIDEAL VOL. 9 (1952) 

reduction in adsorption. I t  appears, however, tha t  the nature of the substrate solutions 
used in this investigation plays an insignificant role in these interactions. 

b. Long-chain compounds 

A large variety Of polar groups exist within a plant as constituents of proteins, 
lipoids, polysaccharides and in simpler molecules--pnrines,  amino acids, organic acids 
alcohols, aldehydes and sugars. 

Long-chain compounds having the following polar groups were therefore interacted 
with "MCPA" : amine hydrochloride, ester, ketone, phenol, quaternary ammonium salt, 
amide, peptide, mercaptan and pr imary alcohol. 

+ 

I. Eicosylamine hydrochloride (C2oH~INH3} C1-) 

Significance was at tached to the interaction of "MCPA" with this monolayer since 
positively charged nitrogen atoms are of com- 
mon occurrence in proteins, e.g. the amino 
acid arginine containing the guanidinium 

+ 

H 2 N \  
group / /C.NH.  

H~N z 

The C~0- amine hydrochloride was spread 
from petrol ether/alcohol solution on HC1 
substrates of pH 2.o, 2.7, 3.8, 5.6 and on 20 
N/Ioo NaOH. The ionic strength of all solu- 
tions was adjusted to I = o.or by  the addi- r 
tion of NaC1. Suitable mixtures of the free°Y~(~ 
"MCPA" acid and its sodium salt were em- 
ployed to avoid pH changes which would 
result from injecting the free acid alone. w 

In  Fig. 3 are presented the (F-A) curves 
for the above monolayer injected with 
3 .3 . io -aM "MCPA" at several pH values 
and with 41. io-SM "MCPA" at pH 3.8. 

Table IV presents the surface potential  
of these monolayers on injecting "MCPA" 
at pH 3.8. 

The C20-amine hydrochloride forms a 
monolayer tha t  is more condensed than either 
the C16 or Cls compound on HCW, 

There is disagreement between workers 
regarding the surface potentials of these 
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+ 
Fig. 3.1:-,4 curves  for C20H41NH 3 } C1- on 
p H  2.o, 2. 7 and  3.8 HC1 ( - - O - -  ). 
I n j ec t ed  wi th  3.3" IO 5. M " M C P A "  

( - - -  x - - - ) ,  20 ° C. 

films. Thus, PORTER ls, using acetate-barbital  buffers of pH 3.0-6.0, obtained values 
considerably less than those determined in this work, due no doubt to an interaction oI 
the buffer solution itself with the monolayer. In general, however, there is agreement 
with ~/IARSDEN AND SCHULMAN 19 who employed the Cls compound, a value of about 
AV = 700 mV being obtained at A -~ 27 sq. A/molec. which decreased considerably on 
substrates of high pH. 

There is a stronger interaction with the amine than with the quaternary ammonium 

R e # r e n c e s  p. 58. 
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salt (§ 3. a.I.). This difference may  be due to hydrogen bonding between the amine and 
the organic acid but not by the quaternary ammonium salt. Moreover, the negative 
"MCPA" ion can approach nearer to the positive charge of the amine hydrochloride. 

T A B L E  IV 

THE SURFACE POTENTIALS OF EICOSYLAMINE HYDROCHLORIDN 
MONOLAYERS INJECTED WITH VARYING CONCENTRATIONS OF "MCPA'" AT pI~ 3.8 

Conlrol(c ~ o) C ~ 3 . 3 . i o - 5 ~ (  C = 4 x . z o - S M  

A sq. A/mo#c. AV  (mV) A sq. A/molec. AV (mV) A sq. A/molec. AV  (mV) 

31.2 620 55.2 114 67.2 16 
28.8 67 ° 45-6 138 57.6 27 
27.8 695 38. 4 188 52.8 4 ° 
27.4 705 33.6 236 50.4 51 

The influence of pH on the interaction agrees well with the observations on the 
quaternary ammonium salt (§ 3. a.I.) Thus at pH 2.o, little or no adsorption or penetra- 
tion takes place by 3.3" IO 5M "MCPA", at p H  2.7, penetration occurs with squeezing 
out of the injected molecule at 23 dynes/cm, whereas at pH 3.8 to 5.6 penetration 
occurs forming a complex which is stable to pressures over 3o dynes/cm. 

At pH 12.o, where undissociated amine is present with the organic acid ion, no 
interaction occurs. 

These data  suggest tha t  "MCPA" may  be adsorbed strongly to proteins. 

2. Octadecyl trimethyl ammonium chloride 

As described in § 3. a.I, interaction occurred at all pH values studied (1.o-8.o) 
(Fig. 2). The extent of interaction, however, was somewhat less than that  of the long 
chain amine hydrochloride. Adsorption to lecithin which is believed to be present in 
plant  protoplasmic membranes,  may  therefore take place. 

3. Methyl pentadecyl ketone 

Dissolved in 6o°/8o ° petrol ether, the ketone was spread on pH 3.6 acetate buffer 
and on pH 8.0 phosphate buffer. 

At pH 3.6, the injection of "MCPA" resulted in a penetration of the monolayer and 
a small lowering of AV. The association was weak, for at 4 dynes/cm, the injected nlole- 
cule was squeezed out rapidly. At pH &o. where "MCPA" ions are involved, no inter- 
action was detected. 

4. Miscellaneous 

"MCPA" was found to give no significant interaction with either hexadecyl phenol 
at pH 3.6 and pH 5.5 or with monolayers of n-octadecyl acetamide (ClsHaTNHCOCHa), 
stearamide, phytosterol,  cetyl alcohol and eicosyl acetate at pH 8.0. 

5. The sulphur-hydryl group - S H  

I t  was not possible to spread a long-chain mercaptan on the liquid surface. To in- 

References p. ~8. 
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vestigate the carboxyl-sulphur-hydryl group interaction, therefore, stearic acid was 
CH2SH 

I 

spread on pH 3.6 acetate buffer, the dimercaptan B.A.L. CtlSH, being injected. No 
I 

CH2OH 

penetration or surface potential  change occurred. 
Summarising, "MCPA" interacts strongly with positively charged nitrogen atoms 

and feebly with the keto group. In order of decreasing reactivity with "MCPA" at pH 3.6, 

+ + C ~ / - ~  O H  

This suggests that  at tention should be focussed on the interaction of "MCPA" with 
proteins and the lipoid lecithin, both of which are widely distributed in plants. 

c. Gliadin, lecithin and lipoprotein 

I. Gliadin 

The wheat protein, gliadin, was selected for its ease of spreading at the air/water 
interface. According to CHItlNALL'S analyses 2° the molecule at pH 5.o contains polar 
groups in the following ratio: 

+ + 
5 ° ( COOH 1-I2N ~ - - C - - : N H  

--- 25 CONtt,2, 3 --- C H~0H,  I C N H  - -  I II II 
COO H oN CH CH 

N H  
+ 

A small number  of - N H  3 groups are also present. The adsorption of "MCPA" to 
gliadin is essentially tha t  of the interaction of a carboxyl group with a positively charged 
nitrogen atom, the lat ter  being surrounded by protein carboxyl groups, a fraction of 
which are ionised at a given pH. I t  was desirable, therefore, to study the interaction of a 
gliadin monolayer with "MCPA" at a range of pH values. 

Monolayers were produced between pH 3.6-5.4 (acetate buffers) and at pH 8.0 
(phosphate buffer). The acid was injected at each pH value and an adsorption isotherm 
computed as described in § 2.c. 

Table V presents the lowering of surface potential  ~AV which results from the in- 
jection of varying concentrations of "MCPA" beneath monolayers of gliadin at a series 
of pH values. 

T A B L E  V 
(}AN VERSUS CONCENTRATION FOR GLIAI)IN MONOLAYERS INJECTED x, VITH 

" M C P A "  AT VARIOUS pI-[ VALUES 

p H  dAV4.1 OAV8. 3 0z~] V21 ,'~A V41 0AV8a  r~z]V s 

3.6 42 66 94 119 138 162 
4 .0 32 47 60 80 91 96 
4-9 38 62 72 9 ° 
5.4 25 35 50 83 

~AV21 
The extent of interaction - -  (C = 21. Io-SM) was calculated at each pH and in 

~A Vs 
Fig. 4, this function is plotted against pH ; the variat ion in AV with pH of the uninjected 
gliadin monolayer is also included. 
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A V6"nv] 

306 

The most rapid change of AV with pH takes place (Fig. 4) between pH 3.6-6.o, 
where the dominant reaction is -COOH ~ -COO-,  all other groups remaining positively 

~o0 charged. Thus the fall in adsorbability 
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\ \  
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- - - - O - -  V a r i a t i o n  o f  s u r f a c e  p o t e n t i a l  a t  
A = o .52  m 2 / m g  w i t h  c h a n g e  of p i t  

- - -  × - - -  E f f e c t  of  p H  o n  a d s o r b a b i l i t y  

dzIV'~I of  " M C P A "  
6IV~  

2. L e c i t h i n  

with increasing pH (Fig. 4) is to be 
a t t r ibuted to the appearance o f - C O 0 -  
groups on the protein. No adsorption 
occurs at pH 8.o. "MCPA", itself nega- 
tively charged above pH 4.o, is evi- 
dently unable to approach the posi- 
tively charged centres with which it 
would normally interact  owing to the 
repulsion between like negative charges. 
Thus it is necessary to regard not only 
the centres with which "MCPA" inter- 
acts positively, but also the arrange- 
ment  and number  of those by which 
the organic acid is repelled. 

Below pH 4.o, the extent of ad- 
sorption decreases. This we ascribe to 
tile loss of negative charge on the 
"MCPA' molecule in this pH range. 

This lipoid is widely distributed in plants, and it is believed to occur associated with 
proteins in the protoplasm. The molecule contains two ionisable polar groups, separated 
by a distance of 7 A. A hypothesis by VELDSTR~X 1° was based upon the interaction of 
lecithin with the growth regulator, thereby altering the permeabil i ty of the membrane 
in which the lipoid occurred, to ions and nutrients. 

Ground-nut lecithin was freshly prepared from its cadmium chloride complex by 
the method of LEVENE AND ROLF ~1. I t  was spread from a chloroform/alcohol mixture on 
to acetate buffers of pH 3.6-5.4. "MCPA" was injected at these pH values and adsorp- 
tion isotherms produced. Fig. 5 illustrates an injection experiment at pH 4.0. The extent 
of interaction was plotted against pH (Fig. 6) and as for gliadin, the plot o f / IV for un- 
injected lecithin against pH is included. 

The (AV-pH) curve agrees reasonably with that  of HUGHES ~2, a rapid change in 
~IV for the uninjected film occurring around pH 3.6. This results from ionisation of the 
phosphate group in a molecule of lecithin. 

Close correspondence between the (adsorbability-pH) and (AV-pH) curves is evident 
in this system, suggesting that  the fall in adsorbabili ty with increasing pH results from 
the appearance of negative phosphate ions in the lecithin molecule. 

When pH > 4.o, adsorption of "MCPA" to the lipoid is insignificant. This leads us 
to question the importance of this lipoid in plant growth regulation activity and hence 
to doubt the validity of VELI)STRA'S permeabil i ty regulation hypothesis. To test  their 
suggestions, VELDSTRA AND HAVINGA 2a spread lecithin on pH 4.0 acetate buffer and in- 
jected growth regulators of varying structure beneath. On the basis of (F-A) curves only, 
they concluded that  the interaction "came up to expectat ion".  We cannot agree with 
this conclusion since in the work described herein, the degree of penetration is low and 
surface potential  measurements indicate little or no polar interaction at pH > 4.o. 

Re]erences p. I8. 
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In view, however, of the limiting effect of the negative phosphate ion on the ad- 
sorption of "MCPA" to lecithin, it was desirable to investigate the interaction of a lipo- 
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protein with "MCPA",  proteins in plants 
frequently being associated with lecithin in 
this way. 
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- - - × - - - E f f e c t  of  p H  o n  a d s o r b a b i l i t y  
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The low extent of anion adsorption to lecithin has been shown to result from its 
negative phosphate ion. Thus in a lipoprotein complex, its influence may  extend to the 
protein which is in association with the lecithin molecule. Gliadin, which interacts 
strongly with "MCPA", may be unable to do so when in combination with lecithin by 
reason of the negative ion and steric factors introduced by the bulky quaternary ammo- 
nium group. 

The lipoprotein was formed by the admixture  of equal weights of gliadin and leci- 
thin. I t  was interacted at  similar pH values to those of gliadin and lecithin and by in- 
jecting "MCPA" at a number  of concentrations, adsorption isotherms could be plotted 
using the data  in Table VI. 

8AV2: 
The extent  of interaction ~ (C = 21. Io-SM) was then determined at each pH, 

8AV21 
the plot of ~ versus pH and AV (A = 1.36 m2/mg) versus pH being presented in 
Fig. 7. 
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T A B L E  VI 

(~AV VERSUS CONCENTRATION FOR LIPOPROTEIN I N J E C T E D  W~ITH I 'MCPA" 

AT VARIOUS pH VALUES 

pH dAV21 ~}AVtl dAV83 dAV123 3dVl~ ~ dAV s 

3 .6 53 77 126 186 32o 
4.0 3 ° 7 ° ioo  lO5 155 
4.4 36 58 79 85 17 ° 
4.9 33 54 7 ° i i o  
5.4 37 5 ° 60 156 

I I  

In the pH range at which "MCPA" becomes undissociated (<  pH 4" o), the extent 
of interaction decreases, as noted for gliadin. The correlation between the two curves of 

~0o Fig. 7 is here less striking. The rapid rise 
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Fig. 7. L ipopro te in ,  2o ° C. 
- - - - © - - - -  V a r i a t i o n  of  surface po ten t ia l  

(d = 1.36 m=lmg) w i t h  change  
of p H  

- - - × - - - E f f e c t  of p H  on a d s o r b a b i l i t y  

~z] V21 of "'MCPA" 
bA V s 

of AV with decreasing pH (5.o-4.2) - -  
presumably due to the conversion COO- 
-~> COOH - -  is not accompanied by a 
rapidly increasing adsorption of"MCPA" 
to the lipoprotein monolayer. I t  would 
appear that  the negative phosphate ion 
is so situated in the complex that  in- 
teraction of negatively charged "MCPA" 
with the positively charged protein 
centres is prevented. Not until the phos- 
phate  ion becomes undissociated (pH < 
3.6) will conditions be suitable for high 
adsorption. Lecithin, therefore, plays an 
important  role in this system, namely 
that  of "shielding" the protein with 
which it is associated from interaction 
with the organic acid. 

Two considerations are here worthy 
of note. 

a. In transit  through the plant, "MCPA" will encounter both proteins and lipoids 
(lecithin is widely distributed in plants). Interaction with the proteins may  occur exten- 
sively, thus progressively adsorbing it to sites not concerned in the physiological re- 
sponse. In this way its final concentration may be insufficient to perform its function at 
the ul t imate site of action. However, if lecithin accompanies the protein, then "wasteful"  
adsorption is considerably reduced, permitt ing more "MCPA" to fulfil its true role. Thus 
the existence of lecithin and similar molecules within the plant may  play an important  
par t  in growth regulation by "MCPA". 

b. Resistant species may  differ from the susceptible species, in the proportion of 
lecithin-like molecules that  they contain. The former, containing less of the above mole- 
cules, would permit  of greater adsorption to sites not concerned in the physiological 
response. This consideration is investigated experimentally in the following section. 
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d. Monolayers produced directly/rom plant tissue 

To a t t ach  biological significance to the in terac t ion  of "MCPA" with a given mono-  
layer, the monolayer  should conta in  a representa t ive  sample of molecules from the bio- 
logical sys tem under  invest igat ion.  Thus  we have injected "MCPA" benea th  gliadin and 
the purified proteins  isolated from clover (not recorded) and  on similar  lines, VELDSTRA 
used proteins  from the stems of peas. The results in nei ther  case have serious implicat ions  
from a biological s t andpoin t .  

In  this  section, an a t t e m p t  is described to overcome par t ia l ly  these l imita t ions .  
A simple technique is developed whereby proteins,  lipoids, etc. are spread as monolayers  
at  the a i r /water  interface, direct ly from p lan t  tissue. There remains  the l imi ta t ion  tha t  
prote ins  become extended when spread, thus  al ter ing their  configuration.  

Nevertheless,  the possibil i ty now exists of e lucidat ing differences in the in terac t ion  
of "MCPA" with representa t ive  molecules from res is tant  and  susceptible species. Of tile 
former, wheat  coleoptiles were s tudied and  of the lat ter ,  cress seedlings and  tomato  
shoots. 

P re l iminary  work established tha t  a monolayer  could be produced by  an appropr ia te  
method  from these species, which was stable up to 2o dynes/cm. Moreover, it  was re- 
producible from member  to member  of the same var ie ty  of plant .  

I. Tomato 
Young  t o m a t o  shoots  were se lected and a sect ion a b o u t  1/4" long which  inc luded  the  growing 

point ,  was  used to  p roduce  a monolayer .  He ld  by  forceps, the  cu t  end of the  sect ion was " t o u c h e d "  
on to  the  surface l i gh t l y  and  a l lowed to  r ema in  the re  for a few seconds. F u r t h e r  cuts  were made,  
the  cu t  surface be ing  well  c rushed  each t ime.  This  t echn ique  was  con t inued  un t i l  a mono laye r  was  
built up on the surface. The fihn was then "homogenised" by expanding it to a large area for a 
short period to allow freer movement of the individual molecules on the surface, after which the 
fihn was compressed. Fifteen minutes was then allowed for equilibrium to be established. In this 
period, the pressur~ ros~ continuously for ten minutes, with an accompanying change of dV. Steady 
conditions prevailed thereafter. 

As it was impossible to ascertain the weight of material spread, standard conditions were 
maintained in different experiments by spreading material until a pressure of 2 dynes/cm was built 
up. The above procedure was adopted for all the films. Moreover, as neither the weight nor the 
molecular weight of the substances spread are known, areas cannot be expressed in the usual units. 
Instead, for simplicity, the distance 'T '  between the mica float and the movable barrier, being 
proportional to the total fihn area, was used. 

Preliminary work 

i. To establish tha t  the film was produced by  molecules in the s tem inter ior  and not  
from waxy mater ia l  on the external  surface, a well-washed tomato  shoot was immersed.  
An insoluble film was produced, bu t  on compression no condensa t ion  of the film occurred 
in cont ras t  to those described above, which were solid at low pressures. 

ii. A surface con ta in ing  a p lant  moholayer  was scanned by  the radioact ive electrode. 
I t  was thereby shown tha t  these monolayers  were homogeneous over the entire surface. 

iii. F inal ly ,  the (AV-I) characterist ics of monolayers  from tomatoes  of different 
var ie ty  and  grown in various localities were s tudied in a similar way and  were found to 
be identical .  

I t  was therefore concluded tha t  these monolayers  were reproducible,  cons tan t  from 
p lan t  to p lan t  and  characteris t ic  of molecules wi th in  the port ion of the p lan t  taken.  

The interaction with " M C P A "  

Monolayers from tomato  shoots were produced on subs t ra tes  of va ry ing  pH by the 
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procedure already described. Fig. 8 presents their (F-l) and (AV-I) curves at two pH 
values. The films were all solid at pressures of 2 dynes/cm. 

"MCPA" was injected by  a different method from that  employed hitherto. A solu- 
tion of the acid was injected below the monolayer by means of a bent pipette, whereas 
in previous work the monolayer was spread on the acid-containing substrate. Varying 
amounts of "MCPA" were injected and adsorption isotherms constructed. The (adsorb- 

0 

\ _ S,m,/er For 
~_ Tomato ond 

8.~0 

,oo 

300 

~V(mV) 

~00 

,Jo ,io ° °  

Fig. 8 (F-l)  and (dV-1) curves for tomato 
shoot monolayers ( - - - -  o - - )  and 
wheat coleoptile Tnonolayers ( - - -  × - -  -) 
on pH 3.6 and 5.4 acetate buffers. 2o °C. 

abi l i ty  pH) curves were also plot ted  (Fig. 9) 
and  the (AV-pH) curves (Fig. IO). 

The in ject ion of "MCPA" resulted in a 
pene t ra t ion  of the monolayer  with an ac- 
company ing  change of surface potent ial .  The 
ex ten t  of in te rac t ion  decreased with in- 
creasing pH. 

2.  C r e s s  

Like tomato  plants ,  cress seedlings are 
highly susceptible to appl icat ions  o f "MCPA" .  
7-day old cress seedlings used in this in- 
vest igat ion were grown from seeds of var ie ty  
" S u t t o n ' s  P la in" .  These were placed on wet 
filter papers in a petr i  dish, a second dish 
being inver ted  over the first to reduce evapo- 
rat ion.  The growing t empera tu re  was 23 o C. 

After  7 days, I "  seedlings had  emerged, 
of which three were used for a single ex- 
per iment .  The procedure and  exper imenta l  
condi t ions  were ident ical  to those described 
for tomato  shoots, monolayers  being spread 
on subs t ra tes  of similar  pH. 

38¢ 

0 1  

° 1 

Fig. 9. (Adsorbability - -  pH) curves for 
tomato, cress and wheat monolayers. 20 ° C. 
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The (F-l) and (/1V-l) characteristics of these films were similar to those from tomato 
shoots, and they were solid at low pressures. The injection of "MCPA" resulted in a 
penetration of the monolayer, and in a change of surface potential  similar in magnitude 
to tha t  for tomato  monolayers. (Fig. I I )  presents the adsorption isotherms for this 
system. 

(Fig. 9) illustrates the (adsorbability-pH) curves and finally (Fig. IO) the (/tV-pH) 
relation for monolayers from cress seedlings. 

Again, it is important  to note the low degree of adsorption of "MCPA" to these 
monolayers in the pH range studied. 

*SO 

1 , - -  ® 

Coo¢. ~MCPA" ~ x lOSP1 

Fig. i i. Cress seedling monolayers, 2o ° C. Change in surface potential (~xIV) at l = 12.o cm, versus 
concentration of injected "MCPA" at various pH values 

3. Whea t  

This was selected as representing a resistant species. 7-day old coleoptiles of variety 
"Toogood's Holdfast"  were produced by a method similar in principle to tha t  of cress 
seedlings. 

Two coleoptiles of length about  11/2" were employed for each monolayer, the en- 
closed leaves having previously been removed. The technique was identical to tha t  
applied to cress and tomato  monolayers and the (F-l) and (/1V-l) curves for these mono- 
layers spread on acetate buffers of pH 3.6-5.4 are given in Fig. 8. 

Adsorption isotherms were produced at each pH (Fig. 12) and the (adsorbability- 
pH) and (AV-pH) curves are presented in Figs. 9 and IO respectively. 

In general characteristics, the monolayers resemble those from cress seedlings and 
tomato shoots, and they are solid at low pressures. 

At pH 3.6, however, an interesting and reproducible feature not found with the 
preceding monolayers is apparent  in the adsorption isotherms of Fig. 12. A normal 
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isotherm is at first produced, followed rapidly by a second. The plot of c/3AV against c 
consists of two straight lines whose inverse slopes give rise to saturation values 3AV, I -~- 
86 mV and 3AVe2 = 143 inV. At no other pH, in the range studied, was this behaviour 
repeated. 

100 ~ o~Vs = IZ~mV 

,~ z~ vo.  w / ~ z~ v~ .~..~,,, v 

I 

Com "MCBI" ( x 10 5 M ) 
Fig. 12. W h e a t  coleopt i le  monolayers ,  2o ° C. Change  in  surface p o t e n t i a l  (dAV) a t  l = ze.o cm, 

versus c o n c e n t r a t i o n  of i n j ec t ed  " M C P A "  a t  va r ious  p H  va lues  

I t  would appear  tha t  when a certain concentration of "MCPA" has been injected, 
a reorientation takes place either in the monolayer or at  the surface of the supporting 
phase. 

The adsorption of "MCPA" to wheat monolayers is clearly stronger than that  to 
those of cress and tomato.  The adsorption isotherm flattens out at concentrations far 
below that  of the two susceptible species. For comparat ive purposes, Table VI I  presents 
the extent  of adsorption of "MCPA" (c = 21-Io-5M) to the three species, in the pH 
range studied. 

T A B L E  V I I  

WHEAT,  CRESS AND TOMATO I N J E C T E D  WITH "'MCPA'" 
?Av,I  

E x t e n t  of adso rp t i on  \ ~ ]  a t  va r ious  p H  va lues  

Adsorbabil i ty  6AV~z 
6A V~ pH 

Wheat Cress Tomato 

3.6 o . 5 I  
t o . I I  0.09 

o.32) 
4.0 0.32 0.07 0.o 7 
4.3 o.16 0.04 0.02 
4.8 0.05 o .o i  O.Ol 
5.4 o .o i  - -  - -  
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The adsorption by wheat is approximately five times greater than that  of cress and 
tomato. 

4. DISCUSSION 

As outlined in the Introduction (a, b, c), three stages must be passed through by a 
growth regulator before it can effect a physiological response. 

I t  was suggested Section 3.c.3 that  the susceptibility of a plant to growth hor- 
mones may depend upon the extent to which the hormone is adsorbed to sites, not con- 
cerned in the physiological response during Stage b above, high adsorption during this 
stage being associated with low susceptibility. 

If, however, growth regulation depends upon the adsorption of a growth regulator 
to plant cell membranes, thus altering their permeahility (VELDSTRA'S original theory), 
then exactly the reverse would be anticipated, high adsorption giving rise to high 
physiological activity. 

The results of Section 3.d clearly support the former suggestion. In Fig. 9 the 
(adsorbability - -  pH) curves for cress, tomato and wheat are plotted together and it is 
interesting to note that  the adsorption of "MCPA" to cress and tomato monolayers is 
similar and of a different order from that  to wheat. The adsorption of "MCPA" by the 
latter at the lower pH values is 4-5 times greater than that  of the other two. I t  is 
premature to formulate an hypothesis on the basis of only three experiments; further 
resistant and susceptible species must be studied. Preliminary evidence, however, 
strongly suggests that  adsorption to non-enzyme systems is a powerful controlling factor 
in growth regulation. But the surface pH at which this differmxtiation occurs in vitro 
must be reconciled to that  within the plant. 

Unfortunately, little is known even of bulk pH values at specific points within a 
plant, but  pH 5.5 may be taken as an overall value for many species. However, the 
surface pH will differ from that  in the bulk by an amount depending on the isoelectric 
point of the molecules (proteins, lipoids) in that  surface. Assigning pH 5,0 to this value, 
the above surfaces may differ at pH 5.5 by approximately--(o.2-o.4)  pH units from 
that  in the bulk, whereas at pH 3.6-4. 4 as used experimentally in Section 3.d, the surface 
pH may differ by approximately + (0.2-0.4) from that  in the bulk. In this way, the 
disparity between in vivo and in vitro bulk pH values may be narrowed somewhat, 
assuming that  the ionic strengths are equal in both systems TM. 

In the main, however, VELDSTRA'S suggestions lead to conclusions very similar to 
those herein described. Moreover, in a recent paper, he hints that  selectivity in plant 
species may result from differences of composition in the respective plasma membranes 
of the two species, leading in one case to stronger adsorption of the growth regulator. 
This suggestion has been realized experimentally in Section 3.d. 

But "stage b"  adsorption cannot alone account for experimental findings, for the 
growth regulating activity of "MCPA" decreases with increasing pH. The reverse would 
be anticipated on the grounds of "stage b"  adsorption only. A second factor must be 
considered which, by decreasing in intensity with increasing pH, reduces the growth 
regulating properties of the organic acid. 

• ,:, We revert  to the interaction of "MCPA" with gliadin, which as a protein will be 
Considered as an example of the enzyme with which the regulator may ultimately inter- 
Act. I t  has been seen (Fig. 4) that  the interaction with "MCPA" falls off rapidly between 
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p H  4 . o - 6 . o - - m u c h  more  r a p i d l y  t han  the  cor responding  fall  for cress and  t o m a t o  mono-  
layers .  Thus  in the  above  p H  range  (it m a y  differ for the  t rue  enzyme) ,  " s t age  b "  ad-  
so rp t ion  is decreas ing  slowly,  b u t  the  " M C P A " - - " e n z y m e "  reac t ion  decreases  r ap id ly ,  
the  ne t t  effect of an increase  in p H  being t h a t  of a decreas ing phys io logica l  response.  

In  add i t ion ,  the  p e r m e a b i l i t y  of the  l ipopro te in  m e m b r a n e  to organic  ac id  anions  
will decrease  as i t  becomes progress ive ly  nega t ive ly  charged.  Increas ing  pH,  therefore,  
should  reduce  the  p e r m e a b i l i t y  of the  p ro top la smic  m e m b r a n e s  to the  " M C P A "  anions,  
and  this  effect m a y  con t r i bu t e  to the  decreased  phys io logica l  a c t i v i t y  a t  high p H  values.  
I t  is no t  p roposed  to pursue  th is  aspec t  here.  

F ina l ly ,  for m a n y  yea r s  phys io logica l  a c t i v i t y  has been a t t r i b u t e d  to the  undis-  
soc ia ted  form of a g rowth  regula tor .  The  authors ,  however ,  a t t a c h  impor t ance  to the  
ionic form for the  fol lowing two reasons :  

a. As found  e x p e r i m e n t a l l y  in sect ion 3 .a . I ,  " M C P A "  is p r e d o m i n a n t l y  ionic above  
p H  4.0, the  change  to an ionic form commenc ing  poss ib ly  a t  p H  2.0. A t  phys io logica l  
p H  values,  therefore ,  the  ac id  canno t  conta in  a s ignif icant  a m o u n t  of the  und issoc ia ted  
molecule.  

b. Ion i sa t ion  changes  of a s imi lar  na tu r e  to the  above  in p ro te ins  and  hence in cell 
p ro top l a smic  m e m b r a n e s  have  been la rge ly  over looked.  Bu t  i t  is ev iden t  from work  
descr ibed  in Sect ion 3.c t h a t  ion isa t ion  of c a r b o x y l  groups  on these molecules  t akes  place 
r a p i d l y  a t  p l a n t  phys io logica l  p H  values  and  exer t s  p ro found  effects on the i r  in t e rac t ion  
wi th  ionised  " M C P A " .  

I t  is felt, therefore,  tha t ,  in seeking an e x p l a n a t i o n  of the  increased  phys io logica l  
a c t i v i t y  of g rowth  regu la to r s  wi th  decreas ing  pH,  a t t en t i on  should  be d i rec ted  to changes  
which involve  the  p ro te ins  and  p ro te in  complexes  of the  p l a n t  (and hence the i r  p ro to -  
p lasmic  membranes )  r a t h e r  t h a n  to  the  p roduc t ion  of und i s soc ia ted  g rowth  r egu la to r  
molecules.  

Concluding,  the  e x p e r i m e n t a l  work  has  d rawn  a t t e n t i o n  to a fac tor  in g rowth  re- 
gu la t ion  t h a t  h i the r to  has  rece ived  l i t t le  cons idera t ion .  E s t i m a t i o n s  of the  adso rp t ion  of 
" M C P A "  to mono laye r s  of a p ro t e in  and  l ipopro te in  and  f inal ly to mono laye r s  p roduced  
d i rec t ly  from p l a n t  t issue lend  suppo r t  to the  suggest ion t h a t  the  founda t ions  of species 
suscep t ib i l i t y  m a y  be based  upon  the  ex t en t  of i t s  adso rp t ion  to si tes not  concerned in 
the  phys io log ica l  response.  

SUMMARY 

A plant growth regulator 2-methyl 4-chlorophenoxy acetic acid "MCPA" is interacted with 
a range of surface-active compounds, spread as monolayers on a Langmuir trough, to investigate 
factors involved in its mode of action within the plant. 

+ 
By using quaternary ammonium salt C18H37N(CH3) a } CI-, it is deduced that "MCPA" interacts 

in the ionic form above pH 4.o. I t  also interacts in low concentration with long-chain amines and 
ketones. Estimations of the adsorption of "MCPA" to monolayers of a protein, lipoid, lipoprotein 
and finally to monolayers produced directly from plant tissue, lend support to the suggestion, that 
the foundation of species susceptibility may be based upon the extent of its adsorption to sites not 
concerned in the physiological response. 

Rt~SUMt~ 

Dans l'intention d'6tudier les facteurs qui influencent le mode d'action dans la plante d'un 
substance de croissance, l'acide 2-m6thyl-4-chloroph6noxy-ac6tique ("MCPA"), nous avons fair 
r6agir cette substance avec une s6rie de compos6s ~ activit6 de surface, 6tendus en couche mono- 
mol6culaire sur une cuve du type Langmuir. 
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L'emploi  du sel d ' a m m o n i u m  quaternai re  ClsH37N(CH3)s}C1-nous a permis de conclure que 
le "MCPA"  r6agit sans sa forme ionique en-dessous de p H  4.o. I1 r6agit aussi en faible concentrat ion 
avec des amines et des c6tones 5. longue chaine. Les r6sultats  des d6terminat ions de l 'adsorpt ion de 
"MCPA" ~ des couches monomol6culaires d 'une prot6ine, d ' un  lipoide, d 'une lipoprot6ine et finale- 
men t  ~ des couches produi tes  directement  5~ par t i r  du tissu v6g6tal sont  a l 'appui  de l'id6e suivante:  
la susceptibilit6 des esp~ces pour ra i t  d6pendre de la mesure dans laquelle l 'hormone est adsorb6e 
5~ des part ies de la plante qui ne p rennen t  pas par t  A la r6action physiologique. 

ZUSAMMENFASSUNG 

Ein Pflanzenwuchsstoff,  die 2-Methyl-4-chlorophenoxy-essigsliure "MCPA",  wurde mit  einer 
Reihe yon oberfl~chenaktiven Verbindungen (in F o r m  yon monomolekularen Schichten auf einem 
Langmui r t rog  verteilt), zusammengebracht ,  u m  die Faktoren,  welche die Wirkungsar t  des Wuchs-  
stoffes in der Pflanze beeihflussen, zu untersuchen.  + 

Bei Verwendung des quaternAren Ammoniumsalzes  ClsH37N(CH3) 3 } C1- wird geschlossen, dass 
"MCPA"  oberhalb p H  4.0 in ionisierter Fo rm reagiert. Es reagiert  auch in schwacher  Konzent ra t ion  
mit  Aminen und Ketonen,  welche lange Ket ten  enthalten.  Bes t immungen  der Adsorpt ion  von  
"MCPA"  an monomolekularen Schichten eines Proteins, Lipoids, Lipoproteins  und endlich an direkt  
aus dem Pflanzengewebe hergestellten monomolekularen  Schichten stiitzen den folgenden Gedanken : 
die Empfindlichkeit  der Arten k6nnte  auf dem Umfang  der Adsorpt ion  an Teilen der Pflanze, welche 
nicht  an der physiologischen Reakt ion teilnehmen, begriindet sein. 
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