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Vacuolar pH Measurement in Higher Plant Cells'
I. EVALUATION OF THE METHYLAMINE METHOD

Received for publication July 18, 1980 and in revised form November 24, 1980

ARMEN KURKDJIAN AND JEAN GUERN
Laboratoire de Genetique et Physiologie du De'veloppement des Plantes, Service de Physiologie Cellulaire,
Centre National de la Recherche Scientflque, 91190 Gif-sur- Yvette, France

ABSTRACT

114 CiMethylamine is rapidly accumulated by Acer pseudoplatanus cells
cultivated in liquid medium. The accumulation ratio of intracellular con-
centration to the extracellular one reaches, within 60 minutes, values as
high as 3,000. This lipophilic amine appears to enter the cells through a
diffusion process and is probably mainly accumulated as a cation inside
the large acidic vacuolar compartment.
A large discrepancy has been observed between the vacuolar pH calcu-

lated from the distribution of methylamine molecules between the cells and
their culture medium and the pH of the sap extracted from frozen-thawed
cells, the pH of the sap being higher than the calculated values.
The pH estimated through the use of the methylamine method must be

considered with some care as evidence has been obtained showing that the
intracellular accumulation of this base depends not only on the vacuolar
pH but also on: (a) the transplasmalemma and transtonoplast potential
differences; (b) the relative permeabilities of these membranes to the
nonionized and ionized form of the base; and (c) the adsorption of
methylamine on cellular constituents.

MeA2 has been used for the determination of intracellular pH
of various biological systems (1, 7, 10).
The principle of the measurement is based on the penetration

of the undissociated molecules which diffuse through the cell
membranes. They dissociate inside and outside the cells according
to the pHi and pHe and a diffusion equilibrium is established
between the undissociated molecules in the cells and the incuba-
tion medium.
From the equation of Waddell and Butler (13):

1 + 10(pK'a-pHi)
Ci/Ce =i io(a-H

1 + 10(PK'-PHe) (I)

where Ci and Ce are, respectively, the intracellular and extracel-
lular total concentrations of MeA (undissociated and dissociated
molecules), pHe the extracellular pH and pHi the intracellular
pH, it is possible to calculate pHi from measurements of pHe, Ce,
and Ci. Only an overall pHi value can be estimated by such a
procedure which assumes that the intracellular MeA molecules
are randomly distributed within the cells. However, as the plant
cells have a large acidic vacuolar compartment (2, 11), one must

' This work was supported by grants from the Centre National de la
Recherche Scientifique (ERA 486).

2 Abbreviations: MeA, methylamine; pHi, intracellular pH; pHe, extra-
cellular pH; Ci, intracellular total concentration of MeA; Ce, extracellular
total concentration of MeA; pHs, cell sap pH.

expect that MeA would be strongly dissociated and accumulated
into the vacuole. In agreement with the Waddell and Bates
statement (12) about the calculation of pHi in case of inhomoge-
neity of H' distribution within the cell "calculations from the
distribution of a weak base yield a pH value closer to the lower
pH value in that inhomogeneous space" we can expect to get a
calculated pHi close to the vacuolar pH. Indeed, a ApH of 1 to 3
units (11) between cytoplasm and vacuole would give a vacuolar
concentration of amine 10 to 1,000 times that of the cytoplasmic
compartment. Consequently, as the relative volume of the vacu-
olar compartment of plant cells cultivated in liquid medium is
frequently rather large (about 0.8-0.9), the vacuolar concentration
of MeA (Cv) would be close to the total Ci. Inasmuch as it is
possible to measure this Ci, pHi calculation from equation 1 is
expected to give a value very close to vacuolar pH.

It seems that MeA is potentially a good probe to measure
vacuolar pH in higher plant cells and the present paper is devoted
to an evaluation of this possibility.

MATERIALS AND METHODS

Plant Material and MeA Uptake. Acer pseudoplatanus cells
were cultivated as described previously (6). For the measurement
of MeA uptake, a cell suspension (between 2. 105 and 5.105 cells/
ml) was incubated with 0.52 ,IM ['4C]MeA (41.2 mCi/mmol, 99%
radiochemical purity, CEA, France). At various times, 5 to 10 ml
aliquots of the suspension were rapidly filtered on Whatman glass
fiber filters (GF/A) with a vacuum intensity of about 20 cm of
mercury vacuum. Different measurements (contaminating extra-
cellular fluid retained by the filtered cells, total radioactivity
associated with the filtered cells, total volume occupied by the
cells) were made to calculate Ci according to the procedure already
described for 5,5-dimethyloxazolidine dione (4, 5).
The initial rates of MeA uptake were measured from the slope

of the evolution with time of the intracellular radioactivity. Ali-
quots (5 ml) of the cell suspension were pipetted every 30 to 50 s
during 8 to 10 min and rapidly filtered to measure the intracellular
radioactivity as described above.
To study the influence of the pH of the culture medium on the

distribution of [14C]MeA molecules between the cells and their
culture medium and on the pH of the vacuolar sap, Mops and
Tricine buffers were used. The buffers were sterilized by filtration
through a Millipore filter (0.22 ,um) before adding to the culture
medium to a final concentrationof 50 mm, 16 h before the mea-
surements.
The transplasmalemma and transtonoplast potential differences

were measured with potential microelectrodes according to the
procedure described by Rona et al. (8, 9).

Cell Sap Extraction and pH Measurement. To measure the pH
of the vacuolar sap, the sap was extracted through a freeze-thaw
technique. Aliquots of 10-ml cell suspensions were rapidly filtered;
cells were scraped off the filters and immediately stored in a
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precooled conical centrifuge tube and kept for 30 min at -25 C.
The tubes were then plunged for 45 s in a water bath at 50 C and
immediately centrifuged for 5 min (2,600g) in a refrigerated
centrifuge. The supernatant was delicately removed with a Pasteur
pipette and its pH measured with a pH glass electrode. Between
0.5 and I g fresh weight were needed for each pH measurement.
One g fresh weight cells gave about 500,l of "vacuolar sap."

RESULTS

Kinetics of MeA Uptake and Distribution of MeA Molecules
Between the Cells and Their Culture Medium. Figure 1 shows that
the rate of MeA uptake was high and that the MeA molecules
were highly accumulated inside the cells. The accumulation ratio
Ci:Ce reached within 60 min was about 1,800. Despite the low
population density of the cell suspension used (about 100 mg fresh
weight/10 ml of culture medium) the extracellular MeA concen-
tration was greatly lowered in relation to the powerful intracellular
accumulation. From equation 1, it is possible to calculate a pHi
value of 3.54 from Ci:Ce = 1,810 and pHe = 6.80. Consequently,
it appears that a rather highly acidic vacuole could account for
the strong intracellular MeA concentration.

In agreement with the assumption that the uptake equilibrium
reached within 60 min was a diffusion equilibrium, Figure 2 shows
that within a large range (from 0.47-50 ,LM) the Ci and Ce at
equilibrium were linear functions ofthe initial MeA concentration.
The accumulation ratio Ci:Ce and the pHi value calculated from
equation 1 were independent of the MeA concentration below 50
Mm (Fig. 3). However, when the initial extracellular MeA concen-
tration was increased over 50 pM, the accumulation ratio Ci:Ce
was strongly decreased (Fig. 3) and the calculated pHi increased.

Sensitivity to pHe Modifications of the Distribution of MeA
Molecules Between the Cells and Their Culture Medium. As
shown by equation 1, the accumulation ratio Ci:Ce is dependent
on pHe. If it is assumed that pHi is controlled at a constant level
when the pH of the culture medium is modified, the Ci:Ce ratio
must be increased by a pHe increase. The results obtained (Fig. 4)
show that the accumulation ratio Ci:Ce was markedly decreased
when the pH of the culture medium was increased. As a conse-
quence, the theoretical pHi value, calculated from equation 1 was
increased. This result suggested that pHi (likely the vacuolar pH)
was regulated in such a way that its increase followed that ofpHe.
Comparson of the pH Value Calculated from the Equilibrium

Distribution of MeA Molecules to the pHs Extracted by a Freeze-
thaw Technique. The pHi values calculated from the accumulation
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FIG. 1. Evolution with time of the Ce and Ci concentrations of MeA.
A. pseudoplatanus cells were incubated (about 100 mg fresh weight/10 ml
of culture medium) with 0.52 m,U ['4CJMeA. The measurements of extra-
cellular and intracellular radioactivities were made at intervals as indi-
cated.
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FIG. 2. Influence of the initial extracellular methylamine concentration

on the intracellular and extracellular concentrations at equilibrium. Cells
were incubated with ['4C]MeA at various concentrations. After 90 min,
when the uptake equilibrium was reached, the intracellular and extracel-
lular radioactivities were measured and the corresponding concentrations
calculated. The calculated Ci:Ce ratios are indicated on the curves.
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FIG. 3. Influence of the initial Ce on the distribution of the molecules
of this base between the cells and their culture medium. Cells were
incubated with MeA solutions at various concentrations but containing
the same concentration (0.52 pm) of ['4CJMeA (50 mCi/mmol). The Ci
and Ce at equilibrium were measured as indicated. From the Ci:Ce and
pHe values, the theoretical pHi values were calculated from equation 1.

ratios of MeA (Ci:Ce) measured for different pHe were compared
to the pH values directly measured on the sap extracted from the
cells incubated in the same buffered medium (pHs). The pHi and
pHs values obtained were plotted against pHe (Fig. 5). In the
range of pH studied, pHi and pHs appeared to increase linearly
with pHe increase and reasonable adjustments to straight lines
were obtained. A strong difference between pHi and pHs was
observed, pHi being about 2.5 units lower than pHs for a pHe
around 6 and only 1 unit lower than pHs when pHe was increased
around 8. Consequently, pHi calculated from the distribution of
MeA molecules appeared to increase with pHe, more rapidly than
pHs.

DISCUSSION

Accumulation of MeA Molecules by A. pseudoplaaw Cells.
The results obtained show that MeA uptake is very fast and leads
to a large intracellular accumulation within 60 min (Fig. 1). The
maximum uptake reached at equilibrium is proportional to the
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FIG. 4. Influence of pHe on the theoretical pHi values (B) calculated
from the Ci:Ce distribution ratio of MeA molecules between the cells and
their culture medium (A). Cells were incubated 16 h before adding
[14C]MeA in the culture medium buffered at different pH. The Ci:Ce
values (A) were measured as indicated and the theoretical pHi values
calculated from equation 1.
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FIG. 5. Influence of pHe on the calculated pHi value and on the
measured pH of the cell sap. Cells were incubated with culture medium
buffered at different pH. The pHi MeA values were calculated from the
measured accumulation ratios of ['4C]MeA and the pHs values were

measured as indicated. The fitting of the experimental results to linear

adjustments gave, respectively, pHi MeA = 1.23 pHe - 4.83 (r = 0.97)
and pHs = 0.58 pHe + 1.81 (r = 0.94).

MeA concentration over a wide range. These results are in good
agreement with already published models (1, 7, 10), assuming that
the uptake equilibrium of MeA is a diffusion equilibrium of the
undissociated form. The decrease of the accumulation ratio when
the MeA concentration in the culture medium was increased over

50 to 100 ,uM (Fig. 3) remains to be explained because such a result
is contradictory to the existence of a diffusion process. We have
described such a situation for tryptamine uptake by Catharanthus
roseus cells (3).

If it is assumed that the permeability constants of the plasma-
lemma (PB) and the tonoplast (P'B) for the nonionized MeA
molecules are much higher than those corresponding to the ion,

the organic base is strongly accumulated as a cation inside the
acidic vacuolar compartment. This cation accumulation induces
a vacuolar alkalinization as the undissociated base crossing the
tonoplast is ionized inside the vacuole. It seems that a possible
explanation of the nonlinearity of intracellular MeA accumulation
when the concentration of the base was increased over 50 to 100
iAM would be that the accumulation of the base overcomes the
buffering capacity of the vacuole. The increase of vacuolar pH
reducing the pH difference between the culture medium and the
vacuole would induce a decrease of MeA accumulation. To check
this hypothesis, the influence of various initial extracellular MeA
concentrations on pHs and the distribution of this base between
the cells and their culture medium was studied. Table I shows that
the accumulation ratio Ci:Ce was decreased for MeA concentra-
tions higher than 0.1 mM. Most interesting was the fact that pHs
was increased by 0.7 to 0.8 units when MeA concentration was
increased from 0.52 pm to 5 mm. The pH difference between the
culture medium and the cell sap was lowered to about zero when
the MeA concentration reached I mm. At the same time the
accumulation ratios were lowered by 50 to 70 times. The same
action of high concentrations of tryptamine on pHs of C. roseus
cells has been observed (3).
We concluded that the nonlinear increase in the intracellular

concentration ofMeA when the extracellular concentration of this
base was increased over 50 to 100 ,sm is not contradictory to an
uptake of this base through a diffusion process but is due to an
increase of the vacuolar pH.

Possible Significance of the pH of the Cell sap Extracted by a
Freeze-thaw Technique. As the vacuolar volume of A. pseudopla-
tanus cells cultivated in liquid medium represents about 80 to 90%o
of the total cell volume, the cell sap extracted was considered as
representative of vacuolar sap. The extent of modifications of the
vacuolar sap pH by the intercellular culture medium and cyto-
plasmic molecules or ions that contaminated the sap during its
extraction had to be estimated.
We have shown (4, 5) that the percentage of contaminating

water which stays in the intercellular spaces of the filtered cell
suspension was 12.5% of the total fresh weight. To be sure that
this amount of water (and, in some experiments, of buffer) did not

Table I. Influence of the Initial Extracellular MeA Concentration on pHs
and the Distribution of[4CJMeA Molecules Between the Cells and Their

Culture Medium
The pHs values and the accumulation ratios Ci:Ce were measured as

indicated under "Material and Methods." The cells were incubated with
0.52 sm I'4C]MeA and with the amount of unlabeled MeA necessary to
reach the concentrations indicated in the Table.

Accumula-
Initial MeA concn pHe tion Ratio Ci: pHs

Ce

mM

Experiment A
0.00052 6.60 2,239 5.76
0.1 6.60 2,398 5.96
0.5 6.54 1,259 6.07
1.0 6.45 34 6.45
2.5 6.44 17 6.40
5.0 6.44 9 6.46

Experiment B
0.00052 6.50 1,995 5.84
0.1 6.49 1,862 6.10
0.5 6.45 912 6.25
0.66 6.43 676 6.30
0.8 6.43 275 6.36
1.0 6.49 36 6.44

W

0
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change the pHs values obtained, we made the following experi-
ment. Tricine buffer (1 M, pH 9.0) was injected in the culture (50
mM final concentration) just before the cell suspension was filtered
and the cells frozen for the pHs measurement. During the filtra-
tion, the cells were rapidly washed to minimize the effect of the
buffer contaminating the intercellular spaces. For the cell sap
extracted from cells issued from the culture medium, pH values
were respectively, 5.78 and 5.73, for pHe values 6.57 and 6.54. In
case of cells treated with the Tricine buffer, the pHs values
measured were 5.77 and 5.81, for pHe values 8.50 and 8.58. It
seems clear that pHs were not significantly modified by the
contaminating intercellular fluid.
With respect to the possible influence of a contamination of the

vacuolar sap by constituents from the cytoplasm and the cell wall,
the following experiment was done. Cells were frozen-thawed as
quickly as possible and after centrifugation and measurement of
pHs, the pellet of the frozen-thawed cells was resuspended in the
vacuolar sap and the suspension was sonicated 2 or 3 min to
insure the maximum intermixing of vacuolar and cytoplasmic
constituents, and centrifuged again. The pHs values obtained
before resuspending the pellet and after 2 or 3 min sonication
were, respectively, 5.00, 5.02, and 5.07. This is an argument in
favor of the fact that the pH of the vacuolar sap is probably not
modified to a large extent by cytoplasmic constituents released
from the cytoplasm during the freeze-thaw process. When 0.5 ml
of cell sap with an initial pH of 5.23 were titrated with 1 mm
NaOH, no pH variation was obtained for 100 ,ul of the base
solution added. This indicated a very strong buffering power and
we have shown (unpublished results) that this property is linked
to the accumulation of large amounts of malate, citrate, and
potassium ions.
From the results obtained, the pHs value measured through the

technique described was considered as a rather good estimate of
the vacuolar pH.

Analysis of the Differences between Values of the pHs and the
pHi Value Estimated by the MeA Method. The large difference
observed between pHs and pHi calculated (Fig. 5) has to be
explained. If the pHs value obtained from the freeze-thaw method
is taken as a reference, it follows that the pHi value calculated
from the MeA method is too low by 1 to 2 pH units (Fig. 5). As
the pHi values were calculated from the simplified form of relation
(equation 1) Ci:Ce = 10(pHe-pHi) the difference between pHi and
pHs means that the experimentally measured accumulation ratios
of MeA were 10 to 100 times higher than those that could be
calculated from the theoretical relation: Ci:Ce = 10(pHe-pHs). We
have to assume that factors other than the simple pH difference
between the cells and their culture medium drive the intracellular
accumulation of MeA molecules. The same situation has been
observed for tryptamine accumulation by C. roseus cells (3).

Several hypotheses can be presented to account for the intra-
cellular accumulation of MeA over that which could be predicted
from the simple law of Waddell and Butler (13).

According to the first one, the adsorption of MeA on intracel-
lular sites would give a total, intracellular concentration higher
than the real intracellular concentration of free MeA molecules
and ions. Some evidence that a part ofMeA molecules associated
with the filtered cells are probably adsorbed to cell wall or
intracellular sites has been obtained. The adsorption of MeA by
frozen-thawed cells was studied through the following procedure.
Cells from a population grown on 0.2 uM 2,4-D were fitered,
frozen-thawed, and washed three times with distilled H20 buffered
at pH 7 with Tricine 50 mm. These frozen-thawed cells were
incubated (about 50 mg fresh weight filtered cells/ml) with 0.52
4M ['4C]MeA. After 60 min incubation, aliquots of the suspension
were pipetted out and filtered and the radioactivity of free MeA
remaining in the incubation medium was measured. The ratio of
bound versus unbound MeA was calculated to be 0.58 in the

conditions described. This ratio was reduced, respectively, to 0.19
and 0.09 when cold 1 mm or 5 mm MeA was added to the
incubation medium. These results show that cellular sites with a
low affinity for MeA are able to bind this base and consequently
modify the accumulation ratio.
The second hypothesis is that, as shown for tryptamine (3), if

the plasmalemma permeability to the methylammonium ions is
not negligible compared to that of the undissociated molecule, in
some conditions, the accumulation ratio Ci:Ce can be drastically
increased. The accumulation ratio is dependent not only on the
pH differences between the culture medium and the cell compart-
ments but also on the transmembrane potential differences across
the plasmalemma (Vm) and the tonoplast (V'm) and on the
relative permeabilities of these two membranes to the nonionized
(PB and P'B) and protonated forms (PB+ and P'B+) of the base (3).
The distribution, at equilibrium, of MeA between the cytoplasm
and the extracellular medium (Cc:Ce) can be calculated from
equation 2:

PB H+e FVm

Cc/Ce= H+i + K'a PB+ K'a RT (1 - eFVm/RT)
HWe + K'a PB H+i FVm x eFvm/RT

PB+ K'a RT (1 - eFvm/RT)
In that case, PB:PB+ and Vm refer to plasmalemma properties.

The distribution of MeA between the cytoplasm and the vacuole
(Cc:Cv) can be calculated from the properties V'm and P'B:P'B+
of the tonoplast. Such a model can account for an intracellular
accumulation of MeA over that which can be predicted from the
simple pH differences according to the relation (equation 1) of
Waddell and Butler (13) if it is assumed (a) that the permeability
of the plasmalemma and the tonoplast to the methylammonium
ions is much lower than that to the nonionized molecules; and (b)
that the relative permeability of the plasmalemma to the methyl-
ammonium ion (PB+:PB) is much higher than that ofthe tonoplast
(P'B+:P'B). Figure 6 shows that if properties (a) and (b) are
satisfied, it is possible to obtain calculated pHi values much lower
than the vacuolar pH. This is dependent on the fact that MeA
accumulation in the cytoplasm is driven both by the pH and
transplasmalemma potential differences between the cytoplasm
and the culture medium and, consequently, much dependent on
the relative permeability of the plasmalemma to methylammo-
nium ions. The vacuolar accumulation is mainly driven by the pH
difference across the tonoplast if it is assumed that this membrane
is relatively impermeable to methylammonium ions. Coming back
to the large discrepancy observed between pHs and the pHi values
calculated from the distribution of MeA molecules (Fig. 5), theo-
retical calculations (Fig. 6) show that the accumulation induced
by the entry of MeA cation driven by the potential difference
across the plasmalemma can be so high to give a calculated pHi
about 3 units lower than pHs. This process can quantitatively
account for the difference we observed between pHs and the
calculated pHi.
Some evidence for the uptake of methylammonium ions by the

cells has been obtained. The influence of pHe on the initial rate
of uptake ofMeA was studied (Table II). It seems that the rate of
uptake was not affected by the pH of the culture medium between
6.2 and 7.6 suggesting that the uptake was largely dependent on
the extracellular concentration of methylammonium ions. Fur-
thermore, when A. pseudoplatanus cells incubated with ['4C]MeA
were treated by 70 mm KC1, which is known to depolarize the
cells, the intracellular accumulation of MeA was reduced (Fig. 7)
showing that the transplasmalemma potential difference was tak-
ing part in the accumulation of the base.
Therefore, it appears that the over accumulation of MeA cor-

responding to the (pHs - pHi) difference is due to both phenom-
ena, the adsorption of MeA molecules on cell walls and/or intra-
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FIG. 6. Theoretical study of the influence of the relative permeability
of the plasmalemma to methylammonium ions and undissociated MeA
molecules on the difference between pHs and the calculated pHi. Calcu-
lations were made from equation 2 assuming cytoplasmic and vacuolar
pH of 7.8 and 6.0 and a relative vacuolar volume of 0.9. Transplasma-
lemma (Vm) and transtonoplast (V'm) potential differences were measured
according to the techniques described for plant cells cultivated in liquid
medium (8, 9). Vm and V'm values used for calculations were, respectively,
-75 mv and + 10 mv. The PB:PB+ ratio, which is the relative permeability
of the plasmalemma to undissociated MeA molecules compared to methyl-
ammonium ions, was given different values from 10 to 108. The P'B:P'B+
ratio was taken as 108 which means that it was assumed that the tonoplast
was not permeable to methylammonium ions.

Table II. Influence of the ExtracellularpH on the Initial Rate of Uptake
ofMeA

Cells (about 60 mg/5 ml) were incubated with 0.52 pm MeA. The initial
rates of uptake (Vi) were measured from the slopes of the intracellular
radioactivity versus time. Aliquots of the cell suspension (5 ml) were
pipetted every 30 to 50 s during 8 to 10 min and rapidly filtered to measure
the intracellular radioactivity as described. The extracellular concentra-
tions of the undissociated methylamine were calculated from pK'a = 10.6
and pHe values.

pHe Vi
Concn of Undisso-

pHe ciated Form

nmol/gfresh wt -min nM
6.20 4.7 0.02
6.48 5.6 0.04
6.70 4.8 0.07
6.85 -5.7 0.09
7.10 4.9 0.16
7.60 5.1 0.52

cellular sites and the direct uptake of methylammonium ions. The
accumulation of free molecules and ions is for a large part
determined by the pH gradient between the vacuole and the
extracellular medium but is also sensitive to the transmembrane
potential differences, especially at low pHe for which the relative
importance of the ion uptake is high compared to that of the
undissociated base.
We conclude that the pHi value calculated from the distribution

of MeA between the cells and their culture medium must be
considered with care for two reasons: (a) the permeability of the
cells to the methylammonium ions cannot be neglected; (b) some
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FIG. 7. Influence of 70 mM KCl on the distribution of MeA molecules
between the cells and their culture medium. Cells were incubated on Mops
buffered medium (Mops 25 mi, pH 6.78-about 260 mg fresh weight/10
ml of culture medium) with [14CJMeA. After 3 h, KCI was added to a final
concentration of 70 mM and the evolution with time of the extracellular
radioactivity was followed in control (Q-O) and treated (-4)
suspensions. The accumulation ratio Ci:Ce was measured before adding
KCI and after reaching a new equilibrium.

MeA molecules associated with the cells do not participate in the
diffusion equilibrium but are bound to cell constituents. Com-
pared to the MeA method, measuring pHs seems to be a better
way to estimate the vacuolar pH of these cells. The selection of
other lipophilic organic bases as pH probes (for which the relative
permeability of the cell membranes to the cationic form could be
much lower than that to methylammonium ions) and the compar-
ison ofthe pH values obtained through their use ofpHs is reported
in the next paper of this series.
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