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Internal pH regulation is vital for many cell functions, including transport mechanisms and
metabolic enzyme activity. More speciﬁcally, transport mechanisms are to a wide degree governed by internal pH distributions. We introduce the term standard deviation of the
intracellular pH (s.d.( pHint)) to describe the internal pH distributions. The cellular pH distributional response to external stress such as heat has not previously been determined. In
this study, the intracellular pH ( pHi) and the s.d.( pHint) of Saccharomyces cerevisiae cells
exposed to supralethal temperatures were measured using ﬂuorescence ratio imaging
microscopy (FRIM). An exponential decline in pHi was observed after an initial small decline.
For the ﬁrst time, we report the use of FRIM for determining in vivo plasma membrane
proton permeability coefﬁcients in yeast. Furthermore, the exponential decay of pHi and
the rupture of the cell plasma membrane, as measured by propidium iodide staining, at
708C were not simultaneous but were separated by a signiﬁcant temporal difference. Finally,
a nonlinear relationship between the pHi and s.d.( pHint) was found; i.e. the s.d.( pHint) was
signiﬁcantly more sensitive to supralethal temperatures than pHi. s.d.( pHint) is therefore
proposed as an early health/vitality indicator in S. cerevisiae cells exposed to heat stress.
Keywords: heat stress; intracellular pH; permeability; membrane; yeast

and the use of pHi as an indicator for the general health
of a cell is widely used. If the cell has problems generating ATP to drive the Hþ-ATPase or the Hþ-ATPase is
non-functional, the cell will not be able to maintain
the DpH and the pHi will drift toward the pHex. The
ability of a cell to maintain the DpH has been studied
under numerous stressful environmental conditions, e.g.
salt stress, heat stress and increased CO2 pressure [7,9,10].
Several ﬂuorescent probes exist that have absorption
and emission spectra that vary depending on the pH
of the immediate environment [11]. In this study, we
have used the probe 5-(and-6)-carboxyﬂuorescein diacetate, succinimidyl ester (CFDA-SE), which has several
advantages when performing internal staining of cells.
The molecule is neutral and is therefore cell permeant.
Once inside the cell, intracellular esterases cleave the
diacetate groups leaving the molecule (5-(and-6)-carboxyﬂuorescein, succinimidyl ester; CF-SE) charged
and therefore less likely to pass the cell membrane.
Furthermore, succinimidyl ester will attach to amine
groups in the cells, thereby increasing the period in
which the molecule is retained in the cell even if the
cell wall or cell membrane is ruptured. Another advantage of using CFDA-SE is that the probe is only
ﬂuorescent when the diacete groups have been cleaved
off, thereby reducing background noise. The ﬂuorescent
active part of the molecule is ﬂuorescein. This

1. INTRODUCTION
Numerous methods exist for measuring cell health state
and death. However, one of the problems is that cell
death is not clearly deﬁned, and different methods will
give different answers. Microscopy methods of characterizing viability include among others: membrane integrity
detection by DNA intercalating probes, protein expression
by GFP (Green Fluorescent Protein), dielectric measurements [1] and intracellular pH (pHi) measurements [2,3].
In one of the more widely used methods, the probe
propidium iodide (PI) is used, which only passes
ruptured cell membranes and intercalates into doublestranded DNA, after which it starts to ﬂuoresce. This
method is normally referred to as a live/dead staining.
However, it is known that cells can be non-culturable
before the membrane ruptures and therefore not
PI-stained [4,5]. PI and similar acting probes do therefore not always give an accurate representation of the
health state of a cell.
Yeast maintain a pH gradient (DpH); i.e. pHi – external
pH (pHex), across the cell membrane [6,7]. The
yeast plasma membrane Hþ-ATPase is essential for
the maintenance of DpH, as it will actively pump out Hþ
using ATP [8]. The pHi is of vital importance to the cell
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ﬂuorophore has an absorption spectrum that is
dependent on the pH. The ﬂuorophore is exited with
two different wavelengths; i.e. 435 and 485 nm, where
435 nm absorption is relatively independent of pH and
485 nm absorption is more pH dependent. The ratio
between the intensities at the two different wavelengths
therefore has a direct correlation to the pH. Thus, this
method has been entitled ﬂuorescence ratio imaging
microscopy (FRIM) [2].
Heat stress of yeast has been shown to give an
increased plasma membrane proton permeability [12]
and a deactivation of the plasma membrane
Hþ-ATPase [13]. These factors will eventually lead to
equilibration of the DpH. However, the immediate pH
response of yeast to heat stress at supralethal temperatures has to our knowledge only been performed using
phosphorus-31 nuclear magnetic resonance (31P NMR)
techniques, which have limited temporal resolution [14].
Here, we examine the time dependence at different
temperatures of the correlation between pHi and PI as
detection parameters for yeast cell viability. Furthermore, we introduce a new metric for early detection of
the ‘health state’ of a cell, namely, the s.d.( pHint),
which is the standard deviation of the intracellular pH
distribution in single cells. Finally, we examine the
relationship between pHi and s.d.( pHint) at supralethal
temperatures.

2. MATERIAL AND METHODS
2.1. Strain and growth conditions
The yeast strain Saccharomyces cerevisiae S288C
was used. The growth medium was YPG: yeast extract
3 g l – 1, peptone 5 g l – 1 and glucose 10 g l – 1, adjusted to
pH 5.6 using 0.1 M HCl. Cells were initially taken from
a frozen culture and inoculated into a YPG media.
After 24 h the cells were inoculated at 1  105 cell ml – 1
in fresh YPG media and then incubated under aerobic
conditions in a shaking water-bath at 258C at 120 r.p.m.
The cells were then harvested in the exponential phase
at OD600 0.1.
2.2. Staining and heating procedure
The exponential cells were resuspended in a citrate/
phosphate buffer (McIlvaine buffer) pH 5.4 [15]. The
cells were then incubated in McIlvaine buffer, pH 7,
with 40 mM CFDA-SE (Invitrogen C1157; stock 4 mM
in DMSO) for 30 min at 308C. Preliminary experiments
showed that the optimum incubation pH was pH 7
without any observable damage or drop in pH of the
cells (data not shown). The cells were then resuspended
in McIlavaine buffer pH 5.5, 1 mM glucose and 20 mM
PI (Invitrogen P3566, stock concentration 2 mM in
H2O) and loaded into a sample chamber consisting
of two 25  40 mm coverslips (Menzel-Gläser, no. 1,
BB025040A1) separated by a double-sided adhesive
tape. The chamber was then sealed with silicone.
After the chamber was sealed, the cells were left for
30 min to stabilize their pHi before placing them
on the microscope. The ﬁrst image was taken at
t ¼ 0 min. At t ¼ 1 min, the heating stage was turned
J. R. Soc. Interface

on and at t ¼ 3 min, the heating stage had reached its
temperature that was maintained for the whole experiment. This was done for all three temperatures
investigated (508C, 608C and 708C) and the control
temperature (308C).
2.3. Fluorescence ratio imaging microscopy
A non-standard ﬂuorescence microscope was used to
acquire images [16]. The excitation source was a monochromator ( polychrome II) from Till photonics. It was
controlled using a D/A board that was controlled
using a specially written software in LABVIEW. In
order to collect the ﬂuorescence signal from both
CF-SE and PI, two ﬁlter blocks were used. For the
CF-SE, a dichroic 505 nm long-pass (Omega optical
XF2010) and an emission band-pass ﬁlter 515– 565
(Zeiss) were used. For the PI, a dichroic 570 nm
long-pass (Omega optical XF2015) and an emission
long-pass 590 nm ﬁlter (XF3016, Omega optical) were
used. The excitation wavelength for PI was 535 nm.
The objective used was an air objective neoﬂuar 40
N.A. 0.75 from Zeiss. This gave a theoretical resolution
of approximately 340 nm. The emission was collected
with a QICAM FAST. The exposure times were 1 s at
435 nm and 0.25 s at 485 nm. The binning was set to 2,
giving a resolution of 696  520 (square pixels). The
optical geometry of the set-up gave a projected pixel
size at the focal plane of 232 nm.
In order to correlate intensity ratios to pH, it is
necessary to create a calibration curve linking the ﬂuorescence intensity ratio to the pH. It is necessary for this
to be done in situ as the spectral properties as well as
the pKa may be affected by the internal environment
of the cell. The cells were spun down and resuspended
in 70 per cent ethanol, which will rupture the membrane and equilibrate the pHi and pHex. The cells
were then divided into the appropriate number of aliquots, resuspended in pH buffers ranging from pH 5
to pH 8, loaded into sample chambers and ratio
images were taken of the cells as described above.
Figure 1 shows the calibration of S. cerevisiae cells at
eight different pH values. The data were ﬁtted by a
sigmoidal function [17] given by


R  Rmin 1=S
and
pH ¼ pKa
Rmax  R
ð2:1Þ
Il1  Bl1
R¼
;
Il2  Bl2
where pKa is the acid disassociation constant between the
monoanion and dianion of CF-SE. Il1 and Il2 are the
intensities collected from excitation with 435 and
485 nm, respectively, and Bl1 and Bl2 are the background intensities. R is the ratio background-corrected
ratio between 435 and 485 nm excitation. Rmin and
Rmax are the limiting ratio values of the high and low
pH, respectively. S is the slope of the curve in the linear
regime around the pKa. Fitting the sigmoidal function
gives a pKa of CF-SE of 7.4, which is comparable to
other ﬁndings [18,19].
The temperature dependence of CF-SE and the buffers were also evaluated. This was done by incubating
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Table 1. The calculated decay rate constants (k), plasma
membrane proton permeability coefﬁcients (P) and goodness
of ﬁt (R 2) from exponential decay functions depicted in
ﬁgure 4.

7

temperature

k (s 21)

R2

P (cm s – 1)

6

508C
608C
708C

0.036
0.117
0.365

0.989
0.997
0.991

3.00  1026
9.75  1026
2.96  1025

pHi

9

5
4
0

1

2
3
ratio (485/435 nm)

4

5

Figure 1. Calibration of CFDA-SE probe. Each data point is
an average of 40 cells. The error bars are the standard error
mean.

stained cells that had ruptured membranes in buffers
with pH values of 5.5 and 7. The pHi was then measured
at 308C and 708C. The temperature dependence was
considerably smaller than the standard deviation of
the calibration curve (data not shown).
2.4. Image analysis
The raw 435 nm image was used to create the mask
image. First, background noise was removed by calculating a second-order polynomial that was ﬁtted to
nine background points in the image. This was then
extrapolated to all pixels in the image, which was
then subtracted from the original. In order to deﬁne
the pixels for the mask of the background-corrected
image, we used the thresholding algorithm niblack
[20], which gave a mask image that included some
noise pixels outside the mask regions. These were
removed with the binary functions ‘erode’ and ‘dilate’
in that order. The mask image was compared with
bright-ﬁeld images and did not include pixels outside
the cells. The mask was then used on both the 435
and 485 nm image to create the ratio image used for calculating pHi values.
2.5. Heating stage
In the construction of the heating stage, it was essential
that the stage reached the set temperature relatively
quickly and with no overshoot, as this would alter the
measurements drastically. The stage is custom made
and has the ability to change the temperature +408C
from ambient within 2 min without a temperature overshoot. Once a stable temperature is reached, the
chamber is stable within +0.28C. For more details,
see Aabo et al. [16].
2.6. pHi decay rate
Several models exist that have been proposed to
describe the complex diffusion of ions across a lipid
membrane [21,22]. We modelled the pHi drop; i.e. the
pHi decay rate, using a simple, single exponential function [23– 26]. The decay rate constants found in table 1
J. R. Soc. Interface

were obtained by ﬁtting a single exponential decay
function to the data in ﬁgure 4 of the form
DpHðtÞ ¼ DpHðt0 Þekt ;

ð2:2Þ

where pH(t0) is the start of the exponential decay at the
different temperatures and k is the decay rate constant.
As the membrane thickness is much smaller than the
cell diameter, the pHi decay rate constant is linked to
the plasma membrane proton permeability coefﬁcient
(P) [23] by
k¼P

S
3P
¼
;
V
r

ð2:3Þ

where r is the radius, S is the surface area and V is
the volume of the average S. cerevisiae S288C cells
(r ¼ 2.5 mm).
The regulation of the pHi does not only depend on
the activity of the Hþ-ATPase and the permeability
of the membrane to protons. The proton-motive force,
which is the driving force for proton diffusion, is dependent on both the membrane potential and the proton
gradient. The diffusion of protons to equilibrate pH
will create an increase in membrane potential, if counter
ions are not moved out through the membrane at the
same rate as the protons. If the permeability of dominant ions (Kþ, Mn2þ, Mg2þ, Cl2) is much lower than
proton permeability, the rate-limiting factor in the pH
drop will then be the permeability of these counter
ions [21]. As we calculate the permeability directly
from the decay rate constant, we do not account for
this possible effect in our model. Furthermore, the buffering capacity of the cell should be taken into account.
The buffering capacity is the ability of a cell to maintain
a pH value by buffering the protons. This effect is
normally accredited to the negative charges on the outside of proteins [27]. Given these complications, we do
not intend to determine speciﬁc Hþ permeabilities, as
this would entail the inclusion of a complex model
and a speciﬁc constant for buffering capacities, ion
permeabilities, membrane capacitance and temperature
dependence, which is out of the scope of this article.
Furthermore, many of these parameters are not known
for S. cerevisiae.
2.7. Standard deviation of the intracellular pH
The standard deviation of the pH within a cell; i.e. the
s.d.( pHint), is deﬁned as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
i¼1 ðxi  mÞ
s:d:ðpHint Þ ¼
;
ð2:4Þ
n1
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Figure 2. Time line of a single S. cerevisiae S288C cell exposed
to 608C. The number below the cell is the time in minutes
after t ¼ 0. The intensity represents the concentration of
probe and the colour represents the pHi. The white size bar
is 5 mm.

where x is the ratio value of the single pixel, m is the
mean ratio value of the whole cell and n is the
number of pixels within a single cell. This was used as
a metric to describe the internal distributions of the
pH values within a cell. The value of s.d.( pHint) will
be high, if large variations in pH exist within a cell
owing to organelles with a pH value different from the
cytosolic pH. This is the normal scenario for nonstressed cells. If the s.d.( pHint) is low, it indicates that
pH variations between organelles and cytosol are
either small or completely removed.
3. RESULTS
In ﬁgure 2, the pHi of a single S. cerevisiae S288C cell is
followed over 30 min exposed to 608C. Figure 2 is an
example of the pH distribution within a cell as observed
with our set-up. Owing to large temperature variation
of the heating stage constraining us to use air objectives, the numerical aperture was only 0.75. This
resulted in a resolution that was not high enough to
measure speciﬁc cytosolic and vacuolar pH values of
all the cells. At t ¼ 0, the cell had two pH regions.
The vacuole (green colour) had a pH of around 6.8,
and the cytosol (dark blue colour) had a pH of
around 7.2. Within 10 min, the cell cytosol pH changed
from 7.2 to 6.7; however, the vacuolar pH did not
change with the same rate as the cytosol but remained
close to 6.8 for the ﬁrst 8 min. After 10 min, a dark spot
appeared where the vacuole was placed (validated by
bright-ﬁeld images, data not shown), and the pH was
similar to that of the cytosol. From 11 to 30 min, the
pHi distribution was very homogeneous as the pHi fell
from 6.7 to 5.6. The dark spot was present in all
images from t ¼ 10 min, as the ﬂuorescence intensity
decreased at both 435 (close to the isosbestic wavelength) and 485 nm, which indicated the absence of
the probe inside the vacuole. These results suggest
that the vacuolar membrane has become more permeable to the probe as a result of heating. It should
be stressed, however, that from our results it is not
possible to conclude whether the vacuolar membrane
has ruptured, or whether the absence of the probe
within the vacuole is just a consequence of the increased diffusion of the probe coupled with increased
permeability.
J. R. Soc. Interface

In ﬁgure 3, four histograms are plotted of the pHi
distributions within the same cell as shown in ﬁgure 2
at different times. Figure 3 is intended as an example
of the pHi distribution development of a single cell
and serves to illustrate the level of pH resolution
within a single cell of our set-up, using objectives with
a relatively low numerical aperture of 0.75. The histograms were ﬁrst calculated as ratios and then
transformed into pH values by using equation (2.1).
The pHi distribution within the cell started off with a
large standard variation s.d.( pHint) ¼ 0.19. The large
s.d.( pHint) value was owing to the cytosolic and vacuolar pH differences, an example of which is shown in
ﬁgure 2. No clear peaks in the histogram representing
vacuolar or cytosolic pH were seen at t ¼ 0. However,
the pHi distribution was not Gaussian. At t ¼ 5 min,
the cells pHi had shifted slightly to an average of
6.9. The distribution of the pHi decreased, with
s.d.( pHint) ¼ 0.12, and began showing a single peak.
At t ¼ 10 min, the pHi declined to 6.7 and the distribution of the pHi was very narrow (s.d.( pHint) ¼
0.06), which was also seen in ﬁgure 2. We believe that
the reason for this drop in s.d.( pHint) is the merging
of cytosolic and vacuolar pH. The pHi of the cell then
dropped from 6.7 to 5.6 over the course of 20 min.
The distribution of the pHi did not change; however,
s.d.( pHint) slightly increased again to 0.07. This was
most probably caused by the decrease in sensitivity of
the probe at low pH values, causing larger variations
in the pHi measurements, as seen in ﬁgure 1.
The use of glucose in the buffer gives the cells energy
to maintain the activity of the Hþ-ATPase [28]; however, our data indicated that it also caused the cells to
transport CFDA-SE or CF-SE inside the vacuole, causing a higher concentration of the probe inside the
vacuole compared with the cytosol. The requirement
of an energy source to transport the probe inside the
vacuole was shown by using stained cells placed in the
same McIlvaine buffer, but without glucose.
In ﬁgure 4, we show the average pHi development of
cells exposed to 308C, 508C, 608C and 708C. We see
that cells suspended in YGP media had an average
pH of 7.1 at 308C. The pHi of control cells (308C)
decreased from 7.1 to 6.8 in 60 min, indicating that
the staining and consequent pH measurements were
relatively stable over the measurement period. The
drop could be due to relocalization of the probe between
the vacuole and the cytosol or a general drop in pHi of
the whole cell. The pHi regulation of S. cerevisiae has
been shown to be inﬂuenced to some extent by the
external pH [6,29].
The cells exposed to 508C, 608C and 708C all showed
a signiﬁcant decrease in the pHi, and the pHi declined
faster the higher the incubation temperature was. The
pHi of cells incubated at 708C declined rapidly. At
t ¼ 5 min, the cells exhibited an exponential decay
from where the ﬁt started. The ﬁtted line had an exponential decay rate constant of k ¼ 0.356 calculated from
equation (2.2). After 15 min, the pHi of the cells did not
drop any further. A slight increase in pHi between 25
and 30 min occurred, which may be caused by the
noise in the measurements owing to the small ratio
changes at low pH values with proportionally larger
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Figure 4. The pHi of cells incubated at 308C (ﬁlled circles),
508C (ﬁlled triangles), 608C (ﬁlled squares) and 708C (ﬁlled
diamonds). Each data point is the average of 30 cells. The
error bars are the standard error mean. The ﬁts are single
exponential decay functions, the values of which are found
in table 1.

standard deviation compared with the ratio dynamics
(ﬁgure 1). The pHi of cells incubated at 608C decreased
slowly until t ¼ 10 min. Hereafter, it dropped much
faster and almost plateaued at t ¼ 30 min at pH 5.6.
The exponential ﬁt gave a decay rate constant of k ¼
0.117. The pHi of cells incubated at 508C decreased
initially at the same rate as the cells incubated at
608C but continued at the same rate for 20 min. At
20 min, the rate changed and the pHi dropped more
rapidly, reaching a pHi of 6.5 after 30 min. The ﬁtted
exponential decay rate constant was k ¼ 0.036.
A criteria for the exponential decay model is that the
pHi distribution is homogeneous, as the model only
applies to a simple lipid vesicle with one internal and
one external pH. If the pHi is homogeneous, the associated
s.d.(pHint) will be small. From ﬁgure 6, it is evident that
at the time of the start of the exponential decay, all three
s.d.(pHint) values associated with the cells exposed to
508C, 608C and 708C are below 0.07. The pHi
J. R. Soc. Interface
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Figure 3. Histogram of the pHi distribution in a single cell exposed to 608C at t ¼ 0,5,10 and 30 min (blue line, 0 min; red-dotted
line, 5 min; magenta short-dashed line, 10 min; green long-dashed line, 30 min). The insert at top right shows the pHi and the
s.d.( pHint) of the same cell. The highlighted data point correspond to the four histograms in the main ﬁgure.

0
30

Figure 5. The pHi (solid line) and the PI (ﬁlled diamonds)
intensity of cells incubated at 708C. The pHi data are taken
from ﬁgure 4. Each data point is the average of 30 cells. The
error bars are the standard error mean. The PI data points
represent the average PI intensity of the same 30 cells and
the error bars are the standard error mean.

distributions of the cells at the start of the exponential ﬁt
are therefore assumed to be homogeneous. In table 1, we
have collected values associated with the exponential ﬁt
in ﬁgure 4, i.e. decay rate constants, goodness of the exponential ﬁt and the calculated plasma membrane proton
permeability coefﬁcients from equation (2.3). From
table 1, we found a relatively good ﬁt for all three temperatures. We also observed a 10-fold increase in k, and
consequently in the calculated permeabilities, from 508C
to 708C. The start of the exponential decay also decreased
signiﬁcantly as the incubation temperature increased, from
20 min at 508C to 5 min at 708C.
In ﬁgure 5, the pHi and the normalized PI intracellular staining intensity of cells incubated at 708C were
plotted. Normalization was done by dividing all PI
values with the maximum value at t ¼ 30 min. After
10 min, the PI signal was almost zero even though the
pHi was close to pHex. At t ¼ 14 min, the PI signal
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Figure 6. Standard deviation of the intracellular pH of cell
incubated at 308C (ﬁlled circles), 508C (ﬁlled diamonds),
608C (ﬁlled squares) and 708C (ﬁlled triangles). Each data
point is an average of 30 cells. The error bars are the standard
error mean.

was at half of its maximum value, and after 21 min, it
had reached its maximum. The maximum was most
probably because of the DNA being saturated by the
interaction of the PI probe. This was tested by using
half the number of cells and comparing the intensities.
The intensities were the same, indicating DNA intercalation saturation (data not shown). Cells incubated at
508C and 608C were also stained with PI; however, no
PI staining under these conditions was observed (data
not shown).
In ﬁgure 6, the temporal development of s.d.( pHint)
at all four temperatures is shown. We observed that in
the ﬁrst minute there was almost no change in
s.d.( pHint). This result was expected, as the temperature, because of the experimental set-up, did not
change within that time period [16]. However, after
the ﬁrst 2 min, s.d.( pHint) dropped rapidly, indicating
increasing equilibration of the intracellular compartments. The slope of the s.d.( pHint) drop was similar
for all three temperatures; however, they decreased
their slope at different times. The cells incubated at
708C changed the rate after 5 min and reached a plateau of 0.03 at t ¼ 8 min. The cells incubated at 608C
showed a similar trend but changed the slope at t ¼
8 min and plateaus at t ¼ 20 min. The cells exposed to
508C changed from the initial drop to a more linear
drop at 5 min, and at 30 min, the s.d.( pHint) was
higher than for the cells exposed to 608C and 708C.
In ﬁgure 7, we have plotted pHi versus s.d.(pHint) for
the three different temperatures. The graph does not
have a time line, but for all three temperatures, the cells
started at high pHi and high s.d.(pHint) and ended at a
lower pHi and a lower s.d.(pHint). All had a similar initial
large drop in s.d.(pHint), while the pHi change was much
smaller. At around s.d.(pHint) ¼ 0.07, there was a change
for all three temperatures where the pHi of the cells
dropped more rapidly, whereas the s.d.(pHint) change
was smaller. For the cells incubated at 508C, the slope
change was very sharp, and the data point at the slope
change corresponds to t ¼ 20 min, which in ﬁgure 4 corresponds to the start of the exponential decay. For the cells
incubated at 608C, the slope change is at t ¼ 10 min and
also corresponds to the start of the exponential decay in
J. R. Soc. Interface
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Figure 7. Standard deviation of the intracellular pH versus the
pHi of cells incubated at 308C (crosses), 508C (ﬁlled diamonds), 608C (ﬁlled squares) and 708C (ﬁlled triangles).
Each data point is an average of 30 cells. The error bars are
the standard error mean. The data are a combination of
ﬁgures 4 and 6.

ﬁgure 4. The cells incubated at 708C do not exhibit the
same sharp change as the cells exposed to 508C and
608C. The change of the slope at pH 6.5–6.7, occurring
at t ¼ 6–7 min, did not correspond to the start of
the exponential decay in ﬁgure 4, which occurred at
t ¼ 5 min.

4. DISCUSSION
It has previously been shown that the yeast vacuole has
a pH that is signiﬁcantly lower than that of the cytosol
[30]. From ﬁgure 2, we observe similar results, but
because of the constraints on our set-up, we were not
able to precisely measure cytosolic and vacuolar pH
values for all cells. This is also evident in ﬁgure 3
where there are no clear peaks representing either the
vacuolar or cytosolic pH. Furthermore, the vacuolar
pH seen in ﬁgure 2 may be overestimated owing to
the fact that it is surrounded both above and below
by the cytosol. Depending on the relative intensity
between the cytosol and the vacuole, the effect will be
more or less pronounced. Given the constraints of our
set-up, we found it necessary to switch our approach
from determining pH values of individual organelles to
determining a general pH heterogeneity within the
cell. This heterogeneity we deﬁne as s.d.( pHint).
As seen in ﬁgure 6, the s.d.( pHint) changes as a
response to supralethal temperatures. We assume that
the changes in s.d.( pHint) are primarily due to changes
in cytosolic and vacuolar pH, as they are the largest
contributors to the pHi [30,31]. We believe these pH
changes are caused by a combination of permeability
changes and thermal deactivation of transporters and
pumps in the membranes. It has been shown that the
proton permeability of the membrane of intracellular
organelles in mammalian cells varies [25]. This is probably caused by differences in membrane composition
between the various organelles [32]. Given these facts,
the temperature dependence of the permeability is
also likely to change. A differential change in permeability could result in the plasma membrane becoming
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very permeable to protons as the temperature changes
while the vacuolar membrane is less sensitive to temperature changes. This would result in the cytosolic pH
dropping towards the vacuolar pH. Furthermore, different temperature-dependent deactivation of membrane
Hþ-ATPases could result in deactivation of the
plasma membrane Hþ-ATPases sooner than vacuolar
Hþ-ATPases, also resulting in a drop in the cytosolic
pH. In ﬁgure 2, we see indications of this; i.e. the cytosolic pH drops to the same level as the vacuole, which
remains stable for 8 min before it drops together with
the cytosolic pH. Alternatively, it is possible that the
vacuolar membrane permeability is more temperature
sensitive than the plasma membrane permeability, or
that the plasma membrane Hþ-ATPase is more robust
to temperature changes than the vacuolar HþATPase. Under these circumstances the consequence
of a supralethal temperature increase would be that
both cytosolic and vacuolar pH would change, however,
the pHi would remain stable as there is no net ﬂux of
protons into the cell but simply a redistribution of the
internal pH. We do observe a small drop in the pHi simultaneously with the s.d.( pHint) drop, indicating the
drop in s.d.( pHint) is caused primarily by the lowering
of the cytosolic pH. It is of course possible for the two
scenarios to happen simultaneously, thereby confounding the effects. To elucidate this would require higher
resolution images so as to more accurately determine
cytosolic and vacuolar pH.
As intracellular pH gradients are necessary for essential cell functions, a complete dissipation of the
intracellular pH gradient will be expected to have detrimental effects on the physiological state of the cell. The
results from ﬁgure 7 clearly show similar development of
the relationship between pHi and s.d.( pHint) for all
three supralethal temperatures, indicating that the
thermal stress mechanisms affecting the cells do not
vary signiﬁcantly as a function of temperature between
508C and 708C.
The results from ﬁgures 6 and 7 also clearly demonstrate that an exponential drop in pHi will be preceded
by a drop in s.d.( pHint). On the basis of the abovementioned ﬁndings, we strongly believe that s.d.( pHint)
could be used as an early indicator of the physiological
state of S. cerevisiae cells exposed to heat stress. Furthermore, in cases where pHi and pHex are very close, pHi
measurements to assess cell health/vitality will be meaningless as no change in pHi will occur. However,
measurements of s.d.( pHint) will still be possible to
perform.
It should be noted that cytosolic and vacuolar pH
values of unstressed cells may vary in different yeast
species, and perhaps even in different strains within a
species. This could strongly inﬂuence the sensitivity of
the s.d.( pHint) metric and thereby its usefulness as
an early health indicator of other yeast strains than
the one used in this study. Further investigation is,
however, required to elucidate this hypothesis.
The cells exposed to 508C, 608C and 708C experience
an initial phase where the pHi decreases, slightly
suggesting that the cells are still actively trying to control the pHi. As seen in ﬁgure 4, the time of the start of
the exponential decay changes inversely with
J. R. Soc. Interface

temperature. This indicates that the deactivation of
the transporters and pumps is dependent on both
time and temperature. After the initial phase, an exponential decay phase then follows, where the pHi of the
cells decreases towards pHex (ﬁgure 4). The relatively
good single exponential ﬁt suggests that only passive
diffusion controls the change in pHi after the start of
the exponential decay [23,33]. As thermal deactivation
of transporters and pumps in the cell membrane
occurs, the cell will lose the ability to actively regulate
the pHi. The decay rate constants of the three temperatures are therefore thought to reﬂect the diffusion of
protons through the membrane and not any active transport mechanism. To the best of our knowledge, the
results in table 1 are the ﬁrst of their kind showing heat
stress effects on in vivo plasma membrane proton permeability coefﬁcients in yeast. Our results demonstrate
that plasma membrane proton permeability coefﬁcients
in yeast increase with a factor of 10 in vivo, as the temperature is increased by 208C. Plasma membranes isolated
from Bacillus substilis showed a factor 10 increase in the
membrane permeability to protons when the temperature changed to 308C [34], which agrees well with our
data.
The temperature dependence of the pHi drop is to
some extent in agreement with other ﬁndings [14].
Using 31P NMR, a drop of 0.7 in pHi within 5 min of a
wild-type S. cerevisiae strain 3236 exposed to 528C has
been observed [14]. This is in contrast to our ﬁndings,
which show a much smaller decrease in pHi within
5 min. However, these authors used a lower pHex, which
would result in a larger pHi drop. In addition, they kept
the cells on ice before subjecting them to lethal temperatures, thereby increasing the relative temperature
difference to which the cells were subjected. This could
make the cells more temperature sensitive compared
with our cells. Temperature dependence on deactivation
of plasma membrane Hþ-ATPase is also very dependent
on species [13,35]. It is therefore plausible that large variations in pHi regulation between strains of S. cerevisiae
may exist. Furthermore, the membrane permeability
has been shown to be dependent on the pHex [24], further
complicating direct comparisons of pHi value drops
between different experiments.
In ﬁgure 5, a signiﬁcant lag between the start of pHi
decrease in cells and the beginning of PI staining of
DNA at 708C is evident. This shows that cell membrane
integrity is maintained for an extended period even
though the pHi of the cell is decreasing. This is in contrast
to other ﬁndings, which using ethidium bromide to detect
membrane integrity, observed increased ﬂuorescence
from ethidium bromide after 3 min [14]. Membrane permeability for ethidium bromide may be higher than for
PI, which would explain the differences. Whether the rupture of the plasma membrane is dependent on the
incubation time is unclear from our ﬁndings and further
studies are needed to elucidate this.
In conclusion, this study reports for the ﬁrst time on
the use of FRIM to measure in vivo plasma membrane
proton permeability coefﬁcients in yeast. Furthermore,
we have demonstrated that the start of the exponential
pHi decay and the rupture of the cell plasma membrane
at 708C are not simultaneous but are separated by a
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signiﬁcant temporal difference, further stressing the fact
that PI staining alone does not portray an accurate
account of cellular viability. Finally, we have introduced a new metric s.d.( pHint) and shown its possible
use as an early health/vitality indicator in S. cerevisiae
cells during heat stress.
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