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Abstract-The plant hormones indole-3-acetic acid (IAA) and abscisic acid (ABA) affect the properties of phospholipid 
bilayers differently. IAA enhances permeability of bilayers composed of phosphatidylcholine to the nonelectrolyte 
erythritol while ABA requires an additional phospholipid in the membrane to produce substantial enhancement. 
Similar conclusions are obtained by measuring hormone-induced permeability to chloride ions; IAA is effective with 
single component phosphatidykholine membranes while ABA requires a second phospholipid. Erythritol permeability 
is shown to be pH dependent for both hormones. Although IAA is more effective at increasing erythritol permeability at 
pH 4 than at pH 7, both dissociated and undissociated IAA affect the process. In comparison ABA is almost totally 
ineffective in the dissociated form (at pH 7). Spin label electron spin resonance measurements demonstrated that neither 
hormone substantially disrupts acyl chain mobility within the membrane, indicating that the mechanism of 
permeability enhancement is not a general non-specific pertubation of membrane ordering and fluidity. Both hormones 
can also effect the stability of small unilamellar (sonicated) vesicles. Phosphatidylcholine vesicles are relatively stable 
and do not rapidly aggregate with either ABA or IAA. However, when phosphatidylethanolamine is incorporated as a 
minor component (10 mol “/,) into phosphatidylcholine vesicles ABA causes rapid aggregation while IAA has no effect. 
These experiments indicate that the two hormones may exhibit completely different behaviour on membranes without 
the requirement for specific proteinaceous receptors. 

lNTRODUCJ’lON 

The plant hormones indole-3-acetic acid (IAA) and ab- 
scisic acid (ABA) are small (IAA, M, 175.2; ABA, 
M, 264.3), monocarboxylic acids (IAA, pK, 4.7; [l] ABA, 
pK, 4.85) [2] of similar organic/water solubilities known 
to cross phospholipid bilayer membranes only in the 
undissociated form [l, 33. Despite these common pro- 
perties each hormone affects different physiological func- 
tions. In fact, one of the first properties to be associated 
with ABA was that of an IAA antagonist inhibiting 
coleoptile growth [4]. Both hormones are believed to 
function initially by interacting with some as yet unknown 
component of the plasma (or tonoplast) membrane. This 
component is generally assumed to be a proteinaceous 
receptor [S]. Binding proteins (possibly receptors) have 
been detected for both hormones (reviewed in [6] for IAA 
and [7-93 for ABA) although direct links between binding 
and membrane function have not been established. Also, 
elucidation of the effects of these hormones on the lipid 
component of membranes has not been widely pursued. 

Plant membrane-hormone interactions have been dif- 
ficult to study at the molecular level due to the complex, 
heterogenous nature of membranes and the extremely low 
levels of hormone involved. For this reason, protein-free 
phospholipid bilayers have been employed to model 
natural membranes [lo]. Bilayen are of well-defined 
composition, lend themselves to a variety of biophysical 
measurements, and have been successfully used to mimic 

numerous biological membrane functions. Since IAA and 
ABA have similar chemical properties and specific protein 
receptors are believed to distinguish the two hormones, it 
may be anticipated that IAA and ABA would affect 
protein-free bilayer membrane properties in a similar 
general manner. Here we report that these two hormones 
can exhibit completely different behavior on phospholipid 
bilayers. We propose that some of the specificity for 
hormone-membrane interaction may reside with the 
lipids. 

RESULTS 

We have extensively used the technique of measuring 
nonelectrolyte permeability followed by light scattering 
of multilamellar vesicles (MLV) to demonstrate the effect 
of plant hormones on bilayer permeability [11-151. 
Several years ago, Bangham showed that MLV’s behave 
as almost perfect osmometers [16] and so permeability 
into or out of vesicles can be followed with a spectro- 
photometer as the vesicles swell or shrink. Here we 
compare the effects of IAA and ABA on the permeability 
of lipid vesicles composed of either 100 mol”/, phos- 
phatidylcholine (PC) or 80 mol % PC/20 mol % phos- 
phatidylethanolamine (PE) to the non-electrolyte 
erythritol. 

Tbe auxins IAA, IPA (indole-3-propionic acid) and IBA 
(indole-3-butyric acid) are shown to enhance the per- 
meability of erythritol to bilayers composed of dioleoyl- 
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phosphatidylcholine (DGPC) (Fig 1). Previousy we rep 
orted that model membrane permeability to the NMR 
shift reagent Pr3 + is enhanced by ABA. The enhancement, 
which is only slight for egg PC vesicles, is increased six- 
fold by incorporation of 20 mol % E. coli PE into PC 
vesicles [ 173. Paleg, on the other hand, reported IAA 
substantially increased the permeability of Pr3+ to 
100 mol % PC vesicles [18]. We tested this membrane 
composition requirement difference between the hor- 
mones with the erythritol experiment. IAA enhanced the 
permeability of 100 mol% DOPC (curve C) and 
100 mol% egg PC (curve D) bilayers (Fig. 2). Upon 
addition of 20 mol y0 dioleylphosphatidylethanolamine 
(DOPE) to DOPC (curve A) and 20 mol % egg PE to egg 
PC (curve B) a slight enhancement in erythritol per- 
meability is measured. However, when similar experi- 
ments were performed with ABA, a dramatic difference in 
behaviour is observed (Fig. 3). For several 80 mol% 
/20 mol % mixed PC vesicles (curves A, B, C and D) ABA 
did not significantly enhance bilayer permeability to 
erythritol. When the 20 mol y0 PC component was rep- 
laced with either soy PE (curve E) or E. coli PE (curve F) a 
dramatic increase in permeability to erythritol was pro- 
duced by ABA. 

Gutknecht and Walter [l] showed that only un- 
dissociated IAA is permeable to PC vesicles. They implied 
a similar fate for ABA. Here we report the effect of pH on 
the IAA-induced and ABA-induced permeability to eryth- 
ritol. IAA substantially increased the permeability of 
several types of 100 mol% PC bilayers to erythritol 
(Table 1, Fig. 4). Although protonated IAA (pH 4) is more 
effective than dissociated MA (pH 7), both forms of the 
hormone enhance permeability. By comparison dis- 
sociated ABA (pH 7) is almost totally ineffective at 
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Fig. 2. Effect of IAA on erythritol permeability expressed as 
liposome swelling (dl/A/dt %) for vesicles composed of: Curve A, 
8Omol% egg PC/ZOmol% egg PE; curve B, tMmol% 
DOPC/20 mol % DOPE; curve C, 100 mol “/. egg PC, curve D, 

100 mol% DOPC. 
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Fig. 1. Auxin-induced enhancement of erythritol permeability 
expressed as rate of liposome swelling (dl/A/dt ‘Z,) with vesicles 

composed of 100 mol % DOPC. 

Fig. 3. Effect of ABA on the permeability rates of erythritol 
expressed as dl/A/dt % to liposomes composed of: A. 80 mol % 

egg PC/20 mol % DOPC; B. 80 mol % egg PC/20 mol % DLPC 
C. 100 mol% egg PC, D. I30 mol% egg PC/20 mol ‘X, DMPC E. 
80 mol% egg PC/20 mol% soy PE; and F. 80 mol”/b egg 

PC/20 mol% E. coli PE. 
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Tabk 1. Effect of pH on the IAA-induced en- Tabk 2. E&t of pH on tbe ABA-induced 
bancement of lipid biiyer petmmbility to cnhanament in crvtbritol permeability with 

erythritol mixed phosphatide egg lecithin MLV’s 

Erytbrhol permeability 
tats (6.5 mM IAA/O mM 

Ifi) PH 

Lipid 4 7 

EegPC 15.4 5.1 
Soy PC 10.1 2.7 
DMPC 17.2 10.3 
DOPC 15.7 8.1 
Crude egg lecithin 6.7 6.3 

Rest&s are expressed as tbe swelling rate of 
vcsicks with 6.5 mM IAA divided by the rate for 
hormone free vcsicks. 

PH 

E-t in 
crytbritol permeability rate 
(3 mM ABA/O mM ABA) 

3 2.43 
4 1.76 
5 1.68 
6 1.61 
7 1.13 

Results are expressed as the swelling rats of 
vesicks with 3 mM ABA divided by the rats for 
hormone-free vesicks. 
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Fig. 4. Et&t of pH on the IAA-inducui permeability ofaythritol 
expressed as rate of liposome swelling (dl/A/dt%) for vcsicks 

composed of 100 mol% DOPC. 

enhancing erythritol permeability of lipid bihtyers com- 
posed of crude (mixed phospholipid) egg lecithin 
(Table 2). Undissociated ABA does not enhance crythritol 
permeability of 100% PC bilayers (Fig. 3). 

Hormone enhancement of Cl - permeability is followed 
by the use of a chloride specilic electrode (Figs 5 and 6). 
IAA enhances permeability of 100 mol % DOPC bilayers 
(Fig. 5). Incorporation of 20 mot% DOPE into these 
membranes does not further increase IAA enhancement 
of permeability but appears to slightly decrease the 
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Fig. 5. Effect of IAA on Cl- permeability expressad as the 
pcrantagc of initiaUy sequcstarcd Cl- kaking out over time. 
Curve A, lOOmol% DOW, IAA/lipid 1:l;cwe B 8Omol% 
DOPC/20 mol% DOPE, WA/Lipid 1: 1; curve C, 80 mol % 
DOPC/20 mol % DOPE no IAA;curve D, 100 mol % DOPC. no 

IAA. 
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Fig 6. Effect of ABA on Cl- permeability expressed as tbe 
perccntags of initially seqmtcrai Cl- kaking out over 
tirncCutvc A, 80 mol % DOPC/20 mol % DOPE, ABA/lipid 1: 1; 
curve B, 1OOmol% DOPC, ABA/lipid 1:l; curve C, 80mol% 
DOPC/20 mol % DOPE!, no AB& curve D, 100 mol % DOPC. 
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enhancement in relation to the pure PC membrane. ABA 
also enhances Cl- permeability of 100 mol% DOPC 
bilayers. However, in comparison to IAA, ABA induced 
Cl - permeability is greatly enhanced by incorporation of 
DOPE into the membranes (Fig. 6). These experiments on 
permeability of an anion followed by ion specific elec- 
trodes support observations made by very different 
techniques with a cation (Pr3 * by NMR [ 173) and a non- 
electrolyte (erythritol by light scattering). 

Electron spin resonance (ESR) of spin labelled stearic 
acids intercalated at low concentration (1 mol %) into 
phospholipid membranes was employed to investigate the 
molecular mechanism of permeability enhancement for 
both hormones. Table 3 presents order parameters S and 
correlation times 7, measured with 5- and 12doxyl stearic 
acids, respectively, for sonicated unilamellar vesicles 
(SUV’s) of 100 mol% egg PC and 80 mol% egg 
PC/20 mol% egg PE in the absence and presence of 
50 mol % (with respect to phospholipid) ABA or IAA. The 
order parameter is a measure of acyl chain ordering within 
the membrane and can take values in the range 0 < S < 1, 
the respective limits representing isotropic motion and 
axial motion with no off-axis flexing. The correlation time 
is related to acyl chain fluidity (microviscosity). There is 
no appreciable effect (G 5 ‘A) on these quantities by either 
ABA or IAA. 

Although SUV obtained from sonication of MLV nor- 
mally remain stable for extended periods of time, we noted 
previously that below the phase transition temperature of 
the lipids, PC/PE mixed bilayers aggregate (and/or per- 
haps fuse.) rapidly in the presence of ABA [unpublished]. 
We have used vesicle aggregation as another assay of gross 
changes in bilayer properties caused by plant hormones. 
The results of Fig. 7 compares IAA with ABA on their 
ability to aggregate 100 mol y0 DMPC (dimyristoylphos- 
phatidylcholine) or 90 mol % DMPE (dimyristoylphos- 
phatidylethanolamine) bilayers. 

IAA has little effect on aggregation with either mem- 
brane system while ABA does not affect DMPC bilayers 
but does rapidly aggregate DMPC/DMPE mixed 
bilayers. Furthermore, 20 mol% DMPE vesicles aggre- 
gated instantly upon addition of ABA so that no kinetic 
data could be obtained. 

DlSCUSlON 

In a series of papers Paleg and coworkers [ 18, 19-241 
demonstrated by high resolution 1 H, 13C and 31P NMR 

techniques that IAA can interact with the phosphoryl- 
choline head group component of PC in an organic 
solvent as well as in an aqueous dispersion. Their results in 
CDClj showed that head group resonances are shifted by 
IAA in proportion to hormone concentration; formation 
of phospholipid-hormone complexes was discussed 
[19-223. Ligand specific upfield shifts for head group 
resonances, especially the N+(Me), group, were sub- 
sequently seen in ‘H NMR spectra for soybean PC 
vesicles in the presence of IAA and other auxins [23]. 
These experiments essentially confirmed and considerably 
extended the earlier reports of Weigl[25] and Veen [26] 
that IAA doesassociate with PC. In contrast, using similar 
NMR techniques with PC and PC/PE vesicles we were 
not able to detect any significant ABA dependent change 
in chemical shift or relaxation time for any part of the PC 
molecule [unpublished, 273, nor was any effect seen for 
the phosphate group in PE. Furthermore, while both 
hormones have been reported to affect membrane perme- 
ability, the nature of the effects differ. Paleg’s group 
reported a substantial IAA induced enhancement in 
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Fig. 7. Effect of IAA and ABA on aggregation rates of SUV’s 
expressed as the increase in absorbance change induced by the 
hormone compared IO hormone-free ve-sicles. Hormone/lipid 

0.054, pH 5. Curve A, 90 mol% DMPE, IO mol% DMPE with 
ABA; curve B, 100 mol % DMPC with IAA, curve C, 90 mol% 

DMPC, 10 mol”/. DMPE with 1AA;curve D, 100 moI% DMPC 
with ABA. 

Table 3. Effect of ABA and IAA on acyl chain motion in phospholipid bilayers as monitored 

by spin label ESR 

Membrane composition 
Spin label Order parameter, S 
position No hormone +ABA + IAA 

LOO mol % PC egg 5 0.393 0.412 0.416 
80 mol % PC/20 egg mol % egg PE 5 0.423 0.418 0.426 

Correlation time, T, x 10” set 
No hormone +ABA + IAA 

100 mol % PC egg 12 11.78 18.42 18.76 
80 mol % PC/20 egg mol % egg PE 12 18.73 18.57 18.51 

The samples were SUVs of 10 mM phospholipid/O.l mM spin labelled stearic acid in 
20 mM acetate butTer (pH 5). The experiments were pcrfonned a1 M” in the absence the 
prcscncc of 5 mM hormone. 
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permeability to the NMR shift reagent Pr3+ for single 
component PC membranes [ 183, whereas we measured a 
very small ABA enhancement in PC bilayers which was 
substantially increased (six-fold) by incorporating PE 
(20 mol%) into the bilayers [ITJ. Permeability to Cl- 
exhibited a similar trend. Thus, IAA is able to enhance 
permeability by interacting with the PC head group, but 
ABA seems to require at least two different phospholipids 
for substantial enhancement and may be interacting at the 
region of defects in the bilayer due to disruption of head 
group packing at the interface between different phos- 
pholipids [unpublished, 273. 

Vesicle aggregation can be greatly altered by both IAA 
and ABA. As with membrane permeability, the circum- 
stances under which it occurs, however, are considerably 
different. Measurement of permeability to a cation ( Pr3 ’ ), 
an anion (Cl-) and a non-electrolyte (erythritol) all 
demonstrate a similar trend. IAA is effective with pure PC 
vesicles while ABA requires the presence of at least two 
phospholipid components for substantial enhancement. 
Vesicle stability is also affected by the hormones in a 
parallel way. Paleg reported that his pure PC vesicles 
could become unstable and aggregate with IAA [22]. 
While we measured only small aggregation with IAA to 
PC vesicles, we demonstrated considerable instability in 
SUVs with mixed component vesicles and ABA. 
Hormone-induced changes in permeability and aggreg- 
ation were pH dependent. IAA was somewhat effective at 
promoting permeability as either an anion (pH 7) or as a 
neutral solute (pH 4) but ABA was almost totally ineffeet- 
ive at pH 7. 

Recently, Paleg demonstrated that by slightly oxidizing 
soy PC, IAA-induced bilayer permeability to Pr3+ was 
increased lOO-fold [20] with enhanced binding of the 
hormone to the membranes. We previously reported that 
the two geometric isomers of ABA possessing identical 
chemical properties (biologically active cis-truns ABA and 
inactive truns-trans ABA) behave differently in 
bilayers[ I 11. Cis-mm ABA enhances permeability of 
erythritol in bilayers while the rrans-rrans isomer is 
ineffective. These surprising results, which demonstrate 
some selectivity with protein free bilayers, have been 
confirmed in ref. [28] measuring K + permeability. Here 
we report several differences in behavior between IAA and 
ABA in phospholipid bilayers. Thus, it is clear from the 
selectivity in elfects observed that the hormone- 
phospholipid interactions being monitored are not merely 
general properties of small, monocarboxylic acids. 

The ESR work adds further support to the above 
conclusion. The most likely general mechanism of en- 
hanced permeability would be expected to be increased 
acyl chain disorder and/or fluidity within the membrane. 
Our data (Table 3) show that at the high concentration of 
50 mol “/, (with respect to phospholipid) neither hormone 
has substantial effect on order at the S-position or fluidity 
at the l2-position in either 100 mol y0 egg PC or 80 mol “/, 

egg PC/20 mol “/, egg PE membranes. Indeed, while with 
80 mol % egg PC/20 mol % egg PE vesicles the effect is 
negligible, with pure egg PC vesicles the trend is towards 
higher order parameters and correlation times for both 
ABA and IAA. 

As the experiments with bilayer membranes are just 
beginning and the possible combination of lipid types, 
fatty acid chain lengths and unsaturations, pH’s, salt 
concentrations and temperatures is enormous, it may be 
possible that the lipid component of membranes plays a 

significant role in controlling plant hormone activity. 
Many additional experiments must be performed, how- 
ever, to define the effect of IAA and ABA on bilayers of 
different compositions before the possible significance of 
plant hormone-phospholipid interactions can be 
ascertained. 

EXPERIMENTAL 

Plant hormones were purchased from ICN Pharmaceuticals 

(IAA, IPA and IBA) and Sigma Chemical Co. (cis-rrans ABA). 

The natural phospholipids, egg PC (Type XI-E), crude egg 

lecithin (Type IX-E), egg PE (Type Ill), soy PC (Type III-S), soy 

(Type IV) and E. coli PE (Type V) were from Sigma. The synthetic 

phospholipids DLPC, DMPC, DOPC, DMPE and DOPE were 

from Avanti Polar Lipids, Birmingham. 

Erythritol permeability was followed by light scattering in a 

temp controlled computing spectrophotometer as previously 

described [I I]. MLV’s were prepd from appropriate phos- 

pholipids at 10 mg/mol by the method of ref. [29]. Initial swelling 

velocities were determined as described in ref. [30] and are 

expressed as dl/A/dt “/ where A is absorbance at 350 nm. Each 

point is the mean of at least 5 determinations. 

Chloride permeability was followed using a specific electrode 

linear through 5 x IO-’ M Cl-. MLV’s were made above the 

phase transition of the lipids in 200 mM KCI/IO mM NaOAC as 

described in ref. [ 1 I], and were then put through a ‘Liposor’ 

(Lidex Technologies, Bedford) 500 times. The resulting large 

unilamellar vesicles (LUV) were sized through 1.0 and 0.2 m 

Nucleopore filters. Non-sequestered Cl- was removed on a 

Sephadex G-SO column pre-equilibrated with 400 mM 

glucose/lOmM NaOAc. LUV’s were mixed with appropriate 

amounts of IAA or ABA and Cl- leakage determined for one hr. 

After this time, total sequestered Cl _ was determined by release 

with 2% Triton Xl00 [Zl]. 

Sonicated unilamellar vesicles of 100 mol”/. egg PC (SUV’s) 

and 80 mol y0 egg PC/20 mol y0 egg PE were prepared from 

ML% for ESR expts. The MLV’s were 20 mM in phospholipid, 

0.2 mM in S- or 12doxyl stearic acid (Molecular Probes, Inc., 

Eugene) and hydrated with 20 mM acetate buffer (pH 5). 

Sonication for co 5 min under N2 with a Tekmar Model VC 230 

Ultrasonic Cell Disruptor or Heat Systems Model W-220F Cell 

Disruptor produced SUV’s. A brief period ofcentrifugation ofco 

5 mitt, ensured removal of titanium fragments. The vesicles were 

then mixed with additional buffer, ABA or IAA solns (both 

hormones 10 mM in 20 mM acetate butfer, pH 5) to result in a 

final phospholipid concn of 10 mM with or without 50 mol% 

(with respect to phospholipid) plant hormone. 

ESR experiments were performed at 30” on an lBM/Bruker 

ER 200D x-band ESR spectrometer, interfaced and controlled by 

a computer system. Order parameters S (S-position) and corre- 

lation times rc (12position) were obtained by direct computer 

calculation from the spectra according to 

s= AI-AI-C (l_66) 

Ai+2A,+2C 
(1) 

where Al and A, are the apparent parallel and perpendiiular 

hypertine splitting parameters, the constant C = 1.4 -0.053 (Ai 

-A,) is an empirical correction for the difference between the 

true and apparent values of A, and the factor 1.66 is a solvent 

polarity correction factor [32]; and 

se = 6.5 x lo- lo IV,, [(--.? l] 
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where B’, is the peak to peak width of thecentral line, and !I&, 
is the ratio of the heights of the amtrai and high field lines, 
rcspcctivefy [333. SpcctraJ parameters ares antre &Id, 3294 G; 
sweep width, 1OOG (5-position) or BOG (12~position); sweep 
time, 200 see (5position) or 160 see (12positioak modulation 
amplitude, 2.0 G (S-position) or 1.0 G (12~position); time eon- 
star& 5OOmscc; microwave power, 12dB. and dataset, 1000 
points (5doxyl) or 2000 points (It-position). 

SUV’s for aggregation txpts were prepd as for the ESR work 
except that the initial MLV’s were made up pH-adjustcd in 
10 mM potassium phosphate. The SUV’s obtained were mixed 
with IAA or ABA, as appropriate, and the aggregation then 
followcd at 350 nm [ 111. Results arc cxpmssed as the difference in 
A with and without hormone for each of the four lipid 
populations. 

Achmdedgemet@-It is a pkasurc to thank Professor M. D. 
Kemple for ESR spectrometer time. 
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