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ABSTRACT

Previous work has shown that the undissociated form of 2,4-dinitrophe-
nol (DNP) increases the permeability of barley (Hordeum vulgare var.
treb,) roots to ions. The present studies were undertaken to determine
whether the effects of undissociated DNP were directly on membrane
lipids. Relative amounts of the principal fatty acids from the lipids of barley
root membranes were assayed as a function of DNP concentration, pH,
and time of treatment under conditions similar to the previous studies of
DNP effects on permeability. Undissociated DNP increases the propor-
tions of palmitic and oleic acids and decreases linoleic and linolenic acids
with no changes in the amounts of total fatty acids. The effects are
immediate, as are the effects on permeability. Only the undissociated DNP
is effective. Anionic DNP has no effect, although it is the major species
taken up by the roots both at pH 5 and pH 7. DNP has no effect on
respiration at either pH, indicating that undissociated DNP effects are on
the membranes and not a general metabolic effect. The close parallelism
between the effects of DNP on the composition of membrane lipids and on
permeability suggests that the increase in permeability produced by undis-
sociated DNP is due to a direct effect on the root membranes.

Previous work (14) has shown that undissociated forms of
organic acids such as formic, acetic, and propionic increase perme-
ability of barley roots to ions. The permeability increase is asso-
ciated with changes in the membrane lipids of the roots (13).
Undissociated forms of DNP2 and various phenolic analogs like-
wise increase permeability of barley roots to ions (10). This was
interpreted as direct effects of DNP and its analogs on the root
membranes, an interpretation that is shared by others studying
effects of various phenols (3, 7, 16). Whether such effects also are
associated with changes in the membrane lipids is the premise of
the work presented here.

Relative amounts of the principal fatty acids, i.e. palmitic (C
16:0), stearic (C 18:0), oleic (C 18:1), linoleic (C 18:2), and linolenic
(C 18:3), from the polar lipids of membranes (8) of the roots were
determined. The fatty acids were measured as a function of DNP
concentration, pH, and time of treatment under conditions similar
to those in previous studies on the effects ofDNP on permeability
of the roots to ions (10). The results show that undissociated DNP
causes chemical changes in the root membranes.

MATERIALS AND METHODS

The roots used were from 6-d-old seedlings of barley (Hordeum
vulgare var. Trebi) which had been grown in aerated 0.2 mM

'This paper is dedicated to the memory of Sterling B. Hendricks.
2Abbreviations: DNP, 2,4-dinitrophenol; DNP-H, undissociated DNP,

S/U, ratios of saturated to unsaturated fatty acids.

CaSO4 with or without 0.1 mm KCI in the dark at 25°C. The pH
was adjusted and maintained at 5.6 by titration with KOH or
HCI. The roots were excised and rinsed three or four times with
demineralized H20 just before use in an experiment.

Details of the procedure and conditions for the experiments are
the same as in previous studies (12). Briefly, 10 g roots were
maintained in aerated salt solutions with or without DNP at 23 to
25°C for 15 min to 6 h. Then the roots were removed, rinsed, and
freeze dried. The pH was adjusted and maintained during treat-
ment by periodic titration with an appropriate base or acid.

Lipids from ground freeze-dried roots were extracted according
to procedures of Folch et al. (6). The polar lipids (membrane
lipids) were separated from the nonpolar lipids by rubber mem-
brane dialysis (4) and then were saponified with alcoholic KOH
according to the method of Burchfield and Storrs (5). Methyl
esters of the resulting fatty acids were prepared for GC (18) with
boron trifluoride in methyl alcohol as described by Metcalfe and
Schmitz (15). Heptadecanoic acid was added to all samples as an
internal standard.
The results are expressed generally as the percent by weight of

the total fatty acids (C 16:0, C 18:0, C 18:1, C 18:2, C 18:3) and as
ratios of saturated to unsaturated acids. This was done partly
because the gas chromatographic data are presented as relative
values. The combination of weighing the samples and quantitative
introduction of an internal standard so that quantities can be
calculated is less precise. However, the total fatty acids are given
as ,umol acid/g freeze-dried roots. The dry weights are approxi-
mately 7% of the fresh weights. Experiments were repeated 1 to 4
times. The data presented are from representative experiments.

RESULTS

Effects ofDNP on the fatty acids from polar (membrane) lipids
of roots vary with the pH of the solution. DNP at pH 5 increases
the proportion of palmitic acid (C 16:0) and decreases the propor-
tions of linolenic acid (C 18:3) and, to a lesser degree, linoleic acid
(C 18:2) from the membrane lipids of roots in 10 AM K+-DNP for
6 h (Table I). Total amounts of the fatty acids do not change so
that the effects are entirely distributional. That is, a decrease in C
18:2 and C 18:3 is balanced by an increase in C 16:0. Such changes
in the fatty acids are reflected by an increase in the relative
saturation and an increase in the ratio of linoleic to linolenic acid.
These effects are all significant at the 1% level of confidence.
Stearic (C 18:0) and oleic (C 18:1) acids increase slightly but
effects on these acids are smaller and less consistent than effects
on the three principal fatty acids which comprise more than 90%o
of the total fatty acids from the membrane lipids.

In contrast to the effects at pH 5, 10 AM DNP at pH 7 has no
effect on the fatty acids, distributional or otherwise. Lack ofeffects
at pH 7 is consistent with the much lower concentration of
undissociated DNP at pH 7 than at pH 5.

Effects of DNP at pH 5 appear to be produced as soon as the
roots are introduced into the solution, as shown by roots treated
with 10 ylM DNP as a function of time (Fig. 1). Changes in the
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Table I. Effect of 2,4-Dinitrophenol on Fatty Acidsfrom Membrane Lipids of Roots
Roots were maintained in 10 pm solutions of 2,4-dinitrophenol for 6 h. S/U is the ratio of the saturated to unsaturated fatty acids. Standard deviations

are within ±2% of the values for 16:0, 18:2, 18:3, S/U, and 18:2/18:3; within ±9%o of the values for 18:0 and 18:1; and average +15% for total ,umol/g.

Treatment DNP-H 16:0 18:0 18:1 18:2 18:3 S/U 18:2/18:3 Total

Jimf % totalfatty acids junol/g
H20 26.6 1.7 3.9 49.8 18.1 0.393 2.75 38.8

2,4-DNP
pH 7 0.009 25.0 2.1 3.9 50.8 18.2 0.372 2.79 34.1
pH 5 0.80 33.0 1.8 4.5 46.1 14.6 0.535 3.17 43.5
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FIG. 1. Effects of 10 ,iM DNP on proportions of fatty acids from root
membrane lipids as a function of time and pH. Percentages of C 18:0 and
C 18:1 have been multiplied by 2 on graph. S/U is ratio of saturated to
unsaturated fatty acids. Standard deviations are within +2% of values for
16:0, 18:2, 18:3, S/U, and 18:2/18:3 and within ±-9% of values for 18:0 and
18:1.

proportions of C 16:0 and C 18:3 and in the ratios progress at
constant rates for 4 h or longer. The curves all pass through zero

change at zero time with correlation coefficients of 0.92, 0.95, 0.84,
and 0.95 for C 16:0, C 18:3, S/U, and 18:2/18:3, respectively. Only
the effect on C 18:2 appears delayed, a feature of its role as an
intermediate between C 18:3 and C 16:0. No effects on the fatty
acids are evident during the 6 h of treatment when the roots are

in 10 ,uM DNP at pH 7. Individual results at pH 5 differ signifi-
cantly from comparable results at pH 7, thereby showing consis-
tency only with the concentration of DNP-H. The fatty acids do
not respond to presence ofanionic DNP, which is the predominant
species at either pH.
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FIG. 2. Effects of various concentrations of DNP-H on proportions of

fatty acids from root membranes. (0), Treatment with DNP-H concentra-
tions obtained by varying pH from 7 to 5 at a constant DNP concentration
of 0.1 mm. (E), Treatment with DNP-H concentrations obtained by
varying DNP concentration from 1 ,Am to 0.1 mm at a constant pH of 5.0.
HA concentration is concentration of undissociated DNP-H. S/U is ratio
of saturated to unsaturated fatty acids. Standard deviations are within
+2% of values for 16:0, 18:2, 18:3, S/U, and 18:2/18:3 and within ±9% of
values for 18:0 and 18: 1.

Dependence of the effects on the presence of DNP-H only was
tested by comparison of the effects as a function of various
concentrations of DNP-H which were obtained in two ways. The
concentration of DNP-salt was varied at a constant pH or, the pH
was varied at a constant DNP-salt concentration. The results show
that effects of the concentrations of undissociated DNP obtained
in these two ways describe the same curve (Fig. 2). The effects
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Table II. Effect of Various Substituted Phenols on Fatty Acidsfrom Membrane Lipids of Roots
Treatment was for 6 h and the salt concentrations were 0.1 mm. Standard deviations are within ±2% of the values for 16:0, 18:2, 18:3, 18:2/18:3, and

S/U; within ±10% of the values for 18:0 and 18:1; and average ±20% for the total pmol/g.
Undisso-

Treatment ciated 16:0 18:0 18:1 18:2 18:3 S/U 18:2/18:3 Total
Acid

Jim % totalfatty acids pmol/g
CaSO4 27.0 1.0 2.9 49.8 19.3 0.390 2.59 45.4

2,5-DNP
pH 7 1.6 27.6 1.8 3.4 49.9 17.4 0.416 2.86 -

5 62.4 30.3 0.9 3.3 49.3 16.2 0.453 3.04 51.9

2,6-DNP
pH 7 1.7 27.3 2.2 3.4 48.1 18.9 0.418 2.55 -

5 62.9 29.0 1.0 3.2 50.5 16.3 0.428 3.09 62.9

2,4-Cl, nitrophenol
pH 7 2.7 29.2 2.9 4.0 47.3 16.8 0.470 2.82 43.0

5 73.8 34.0 1.0 3.5 48.0 13.1 0.548 3.66 36.7

Table III. Nonreversibility ofDNP Effects on Fatty Acidsfrom Membrane Lipids of Roots
The concentrations of KCI and CaSO4 were 1.0 and 0.1 mM and DNP was 10 ,UM at pH 5 (0.8 ,UM undissociated DNP). S/U is the ratio of saturated

to unsaturated fatty acids. Standard deviations are within +2% of the values for 16:0, 18:2, 18:3, 18:2/18:3, and S/U; within ±9% of the values for 18:0
and 18:1; and average ±15% for total,mol/g.

Treatment 16:0 18:0 18:1 18:2 18:3 S/U 18:2/18:3 Total

% totalfatty acids pmol/g
KCI + CaSO4 26.5 1.2 2.8 51.3 18.1 0.383 2.83 44.1
DNP (3 h) 28.6 1.3 3.3 50.5 16.2 0.427 3.19 44.6

I
KCI + CaSO4 (3 h) 29.5 1.6 4.0 50.1 14.7 0.451 3.40 35.7

increase in direct proportion to the DNP-H concentration from 0
to 1.0 ym. The total DNP concentration in this range varied from
0 to 12.5 ylM at pH 5 and the pH varied from 7 to 6.0 at 0.1 mm
DNP. With further increase in the DNP-H concentration above
1.0 ,UM, the degree of change lessens as if it ultimately approached
a maximum. These results show that the effects of DNP on the
fatty acids depend only on the concentration of DNP-H. The
effects reflect neither the pH change, per se, nor the concentration
of anionic DNP.

Three other substituted nitrophenols that also increase perme-
ability of the roots to ions (10) were assayed for the effects on the
fatty acids with respect to pH (Table II). Presence of 0.1 mm 2,5-
DNP or 2,6-DNP at pH 5 increases the proportion of C 16:0 and
decreases the proportion of C 18:3, thereby increasing the degree
of saturation and the ratio, 18:2/18:3, but has little or no effect at
pH 7 where the concentration of the undissociated species is much
lower. On the other hand, the concentration of undissociated 2,4-
chloronitrophenol changes less with the pH change and effects are
evident at both pH 5 and pH 7. Effects of these phenols are much
like those of DNP, except that the changes in the fatty acids are
generally not as large as with DNP. Furthermore, the concentra-
tion of undissociated phenol required for observable effects is
much greater for these phenols than for DNP.

Reversibility of the DNP effects on the fatty acids was tested by
maintaining roots in 10 ,m DNP at pH 5 for 3 h and then quickly
transferring them after a rinse in water to 1 mm KCI + 0.1 mM
CaSO4 for 3 h. This experiment is similar to a previous experiment
on DNP uptake which showed that less than 3% of the DNP taken
up by the roots is lost during transfer and subsequent imbibition
in the salt solution without DNP (10). The expected changes in
the fatty acid composition occurred during the 3 h in the presence
of DNP; however, they continued to progress for 3 h after transfer

of the roots to a salt solution without DNP (Table III). Some loss
in the total amount of fatty acids occurred during the second 3 h
but the loss is barely significant. It would have to be a loss of only
C 18:2 and C 18:3 in order to account for the distributional
changes.
A time course of the changes in the fatty acids of roots in salt

solution without DNP after 3 h of pretreatment in 10 pM DNP at
pH 5 was performed with the results shown in Figure 3. Changes
in the fatty acid proportions indeed continue after removal from
DNP in much the same pattern as fatty acids from roots contin-
ually in the presence ofDNP (Fig. 1). Total amounts of the fatty
acids did not change at all during the first 3 h in the DNP solution,
but thereafter, the total amount decreased progressively to 70o of
the initial content. Such a loss, although significant at the 5% level
of confidence, can account for the distributional changes if only
C 18:2 and C 18:3 are lost.

DISCUSSION

Effects of DNP on the root membrane lipids are due solely to
the undissociated molecular species of DNP. Anionic DNP has
no effect on membrane lipids or ion permeability, although it is
the major species taken up by barley roots both at pH 5 and pH
7 (10). Effects of 10 ,iM DNP are marked at pH 5 where the
concentration of DNP-H is relatively high, but effects are absent
at pH 7 where the DNP-H concentration is one-eightieth of the
concentration at pH 5 (Table I). Involvement of only DNP-H was
verified in another way. Various concentrations ofDNP-H can be
obtained either by varying the pH at a constant concentration of
DNP-salt or by varying the DNP-salt concentration at a constant
pH. When this is done, the results show that the effects depend
only on the concentration ofDNP-H, whatever the pH or concen-
tration of DNP-salt (Fig. 2).

Plant Physiol. Vol. 70, 1982860 JACKSON AND ST. JOHN
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FIG. 3. Effects of treatment of roots for 3 h in 10 ,UM DNP at pH 5

followed by treatment in 1 mm KCI + 0.1 mM CaSO4 at pH 5.5 on fatty
acids from root membrane lipids. S/U is ratio of saturated to unsaturated
fatty acids. Standard deviations are within ±2% of values for 16:0, 18:2,
18:3, S/U, and 18:2/18:3 and within ±9% of values for 18:0 and 18: 1.

Effects on DNP-H on membrane lipids closely parallel its effects
on ion permeability with respect to the effective concentrations of
DNP, the rapidity of the action, the relative effects of the other
phenols, and lack ofany effect of the presence or uptake of anionic
DNP, per se (10). This might suggest a simple and direct relation-
ship between permeability and membrane lipids except that the
roots immediately recover ability to accumulate ions upon removal
of DNP from the external solution (10), but the fatty acid distri-
bution does not revert (Table III). This is an important difference
between the organic acid effects on ion accumulation that were
not immediately reversible (14). The difference may be one of
degree of permeability increase but nevertheless it indicates that
several factors control ion accumulation. The effects on the root
membranes not only involve an increase in ion permeability but
also, thereby, may disrupt the gradient for ion accumulation. Loss
of buffering capacity from roots in 10 mm acetate at pH 5 for 3 h
along with a respiratory decrease (14) indicates much more than
inorganic ions were lost from the roots over this time. Presumably,
the losses include compounds that provide the gradient for ion
accumulation, i.e. substrates, ATP, et al. Thus, little or no potential
for ion accumulation remained, particularly in the epidermal and
outermost cortical cells (approximately 25% of the total root cell
volume) which are the first to lose or accumulate ions. No loss of
buffering capacity or respiratory decrease occurred with roots in
10 t,M DNP at pH 5 for 3 h (10) so that much of the potential for
ion accumulation is likely to have remained in this case. Further-
more, the hydrogen from the hydroxyl group of undissociated
phenols such as DNP forms readily reversible hydrogen bonds
with peptides, whereas the hydrogen bonds formed by the hydro-

gen of the undissociated carboxyl group of organic acids are
relatively stronger (19). Thus, effects of DNP are more likely to
be reversible than effects of the organic acids even when the
effects are the same. These differences between DNP and the
organic acids explain the difference in reversibility of the effects
on permeability. However, the reversible effects of DNP on ion
accumulation without reversion of the fatty acid distribution
indicates some separation of the two effects.
The continued change in the fatty acid distribution after re-

moval of DNP from the roots (Fig. 3) can be explained by
consideration of the root morphology. Evidently DNP-H does not
reach all of the interiors of all of the cells within 3 h and DNP
already in the more external portions of the roots continues to
progress to the interior. Slow accessibility of DNP to all of the
cells is indicated by a loss of only approximately 40% of the K+
from the roots over the first 3 h, whereas a 75% loss occurred in
6 h and an almost total loss by 24 h (10). As a corollary, the
measured effects on the fatty acids are expected to be attenuated
and represent only minimal changes because the measurements
involve all of membranes of all of the cells that are not readily
accessible.

It might be held that DNP-H effects on the membrane lipids
reflect the uncoupling action of DNP. Failure ofDNP to increase
respiration of barley roots (10) might suggest that DNP was not
uncoupling. However, the large increases in root respiration pro-
duced by substantial uptake of succinate and acetate (14) indicate
that the respiration is rate limited by the substrate content. Under
such conditions, uncouplers do not stimulaie respiration (17, 20).
Evidence that DNP uncoupling is not involved with the lipid
changes and permeability increase comes from other considera-
tions. Namely, the uncoupling of oxidative phosphorylation of
mitochondria by DNP is competitive with Pi (1, 11). This infers
that anionic DNP is the effective species. Furthermore, DNP
competitively inhibits phosphate uptake by barley roots (9), which
is rate limited by oxidative phosphorylation of root mitochondria
(11). Thus, DNP anions would be expected to uncouple both at
pH 5 and pH 7 in the present experiments, but be without effect
on the membrane lipids or permeability. This is not to say that
ATP utilization (ATPase) is not involved in ion uptake. It simply
does not appear to be rate limiting for these experiments. Rather
the effects of DNP are much like those of organic acids (formic,
acetic, et al.) in that they increase permeability and affect the
membrane lipids in the same way (13). That is, the degree of
saturation of the fatty acids increases with an increase in C 16:0
balancing the decrease in C 18:3. Only the undissociated molecular
species are effective, which contrasts greatly with the uncouplers.

Thus, the changes in the root membrane lipids produced by
DNP-H indicate that DNP affects the plasma membranes, among
other membranes, of the roots directly and thereby alters the
permeability of the roots to ions. This is indicated by the rapid
effects of DNP on both the fatty acids from the membrane lipids
(Fig. 1) and the ion permeability (10). The time curves of the fatty
acid changes show no initial lag. They are linear for at least the
first 4 h and extrapolate to zero effect at zero time. The rapid
reversibility of the effect of DNP on ion uptake (10) is another
indication that its action is a direct effect on the plasma mem-
branes and not a result of internal metabolic changes.
The results show that DNP-H is effective at a lower concentra-

tion (1 /LM) than undissociated forms of the other phenols tested
(60-100 /IM), which in turn are effective at lower concentrations
than the undissociated organic acids (0.5-1 mM) (14). Among
these compounds, DNP-H is the most hydrophilic, and the organic
acids are the least hydrophilic. This appears to be a factor in the
effects rather than lipid solubilityper se (10). The common denom-
inator for all of these diverse compounds is that they must carry
an acid entity to be at all effective. Compounds such as these are
known to bind to proteins, displacing water by hydrogen bonding
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of the undissociated hydroxyl or carboxyl group (19). They are all
lipid soluble but sufficiently hydrophilic for a protein environment
of the membrane where hydrophilic ions permeate. Bakker et aL
(2) have shown that DNP causes swelling of mitochondria and
phospholipid vesicles. An attractive possibility is that hydrogen
bonding of DNP-H to membrane protein induces swelling, which
both increases ion permeability and inhibits fatty acid desaturases.
Previously, we had suggested that the undissociated organic acids
change the membrane lipids by inhibiting fatty acid desaturases.
This is consistent with the effects of DNP-H as well.
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