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ABSTRACT The relationship between efflux and influx of K+,
Na', and intracellular pH (pH' ) in yeast cells upon energizing by
oxygenation was studied by using the noninvasive technique of -9K,
DNa, and 31P NMR.spectroscopy. By introducing an anionic para-
magnetic shift reagent, Dy3+(P3O)2i, into the medium, NMR'sig-
nals of intra- and extracellular K+ and Na+ could be resolved,
enabling us to study ion transport processes by NMR. Measure-
ments showed that 40% of the intracellular K+ and Na+ in yeast
cells contributed to the NMR intensities. By applying this cor-
rection factor, the intracellular ion concentrations were deter-
mined to be 130-170mM K+ and 2.5 mM Na+ for fresh yeast cells.
With the aid of a home-built solenoidal coil probe for mK and a
double-tuned probe for 'Na and 31p, we could follow time courses
of K+ and Na+ transport and of pHin with a time resolution of 1
min. It was shown that H+ extrusion is correlated with K+ uptake
and not with Na+ uptake upon energizing yeast cells by oxygen-
ation. When the cells were deenergized after the aerobic period,
K+ efflux, H+ influx, and Na+ influx were calculated to be 1.6,
1.5, and 0.15 jimol/min per ml of cell water, respectively. There-
fore, under the present conditions, K+ efflux is balanced by ex-
change for H+ with an approximate stoichiometry of 1:1.

31p, 13C, and 1H NMR have been applied to the study of bioen-
ergetics and of metabolism in intact cells, organelles, and per-
fused organs and to whole animals (1, 2). In particular, 31P NMR
has been used to measure intracellular pH (pHin) together with
levels of phosphate metabolites. Therefore, 31P NMR gives in-
formation about transport of protons across the cell membrane
(refs. 3 and 4; A. Ballarin-Denti, personal communication). Be-
cause transport of protons is intimately connected with the
transport of cations, NMR studies of transport of ions such as
K+ and Na+ would complement the 31P NMR studies. Until
recently, however, direct observation by NMR of physiologi-
cally relevant ion transport was not possible because separate
resonances from intra- and extracellular ions could not be ob-
served. Balschi et aL (5) and Gupta and Gupta (6) have intro-
duced anionic paramagnetic shift reagents, which allowed sep-
aration of resonances from intra- and extracellular 2'Na'
(Naj+ and Naut) in human erythrocytes, frog skeletal muscle,
and yeast. This approach has opened the possibility of applying
39K and 23Na NMR to the study of ion transport in intact cells.
When yeast cells oxidize ethanol in the presence of K+, K'

is taken up by the cells and H+ is excreted into the medium (7).
The kinetics of influx and efflux pathways for cations in yeast
cells have been extensively studied,- but relationships and
mechanisms of cation transports have not yet been clearly es-
tablished (ref. 7; ref. 8 and references cited therein). For ex-
ample, Conway et aL (9) and Ryan and Ryan (10) suggested that
separate carriers were involved in the influx of K' and in the

efflux of Na'. However, Rothstein (11) has proposed a single
cation transport system with different cation specificities and
kinetics on the inside and outside of the membrane. More re-
cently, Rodrigues-Navarro and Sancho (12) have shown that Mg2"
in the medium inhibits cation exchanges in yeast and that, in
the absence of Mg2+, a two-transport-system hypothesis gives
a better explanation of their observed data. Yeast cells possess
a proton translocating ATPase in the plasma membrane; how-
ever, the precise role of K+ in proton pumping is still the sub-
ject of controversy (ref. 13 and references cited therein; ref.
14).

In this work we studied by the noninvasive technique of NMR
spectroscopy the relationship between efflux and influx of Na',
K+, and pHin when energizing yeast cells by oxygenation. With
the aid of a home-built solenoidal coil probe and an anionic shift
reagent, we now can follow time courses of K+ with a time res-
olution of 1 min in yeast suspensions. In separate experiments
under the same conditions, Na+ transport and pHin could be
followed-on one sample by using a probe double-tuned for 23Na
and 31P and switching back and forth every 1 min.

EXPERIMENTAL
The Saccharomyces cerevisiae strain NCYC 239 was grown at
30°C for 24 hr in 2% Bacto-peptone, 1% yeast extract, and 2%
glucose. Before harvest, the cultures were chilled to 4°C, after
which the cells were collected by low-speed centrifugation. The
cells were washed twice and- resuspended to a pellet/medium
density of .1:2 in a resuspension medium consisting of 0.85 g
of KH2PO4, 0.15 g of K2HPO4, 0.5 g of MgSO4, and 0.1 g of
NaCl per ml in 50mM 2-(N-morpholino)ethanesulfonic acid/25
mM Tris buffer. The extracellular pH was about 6.0. The cells
were kept at ice temperature until used.
A BrukerWH 360 WB NMR spectrometer was used at 25°C,

operating at 145.78 MHz for 31p, 95.26 MHz for 23Na, and 16.81
MHz for 39K. For 31p, 450 pulses were used with pulse intervals
of 0.3 s; for 2'Na and for 39K, 900 pulses were used with in-
tervals of 0.05 s. The Bruker 20-mm 13C probe was tuned with-
out modification to 23Na. In addition, we used the Bruker 13C/
31P double-tuned probe (15-mm OD sample tubes), which could
be double-tuned to 23Na and 31p. 39K experiments were done
in a separate experiment with our home-built solenoidal coil
probe and a sample volume of 25 ml. The home built coil was
a 12-turn solenoid tuned to 16.81 MHz with a sample diameter
of 28 mm. We obtained with this probe a signal-to-noise ratio
of 63:1 for a 150 mM KC1 solution in one pulse, which is >5
times better than with the Bruker 20-mm broad-band probe.

In all experiments, gas was bubbled through the suspension.
In aerobic experiments, a 95% 02/5% CO2 was used; in an-

Abbreviations: pHm, intracellular pH; Na:,t and -Kout, extracellular Na+
and K+; Na+ and K,+, intracellular Na+ and K+.

5185

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
nent" in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 80 (1983)

aerobic experiments, 95% N2/5% CO2 was used (3). Calibra-
tion of intracellular concentrations was done by assuming that
1.67 g of wet yeast cells contain 1 ml of cell water.
The shift reagent used was Dy3(P3A05 )2 (6). It was prepared

by adding a stoichiometric amount of Dy203 to a solution of
Na5P3O10. In most experiments, 2.5 mM shift reagent was used,
leading to the addition of 25 mM Na' to the suspension.

RESULTS
Fig. 1 shows the 16.81-MHz 39K NMR spectra of aerobic and
anaerobic yeast suspensions at 25°C in the presence of the shift
reagent. Two well-resolved peaks were observed, separated by
about 10 ppm. The peak shifted upfield corresponds to extra-
cellular K+ (K' t), whereas the unshifted position corresponds
to intracellular K+ (Kj+). The peak assignments were based upon
the observation that the K,+ chemical shift was virtually un-
affected by the presence of the paramagnetic shift reagent. The
linewidth of the Kj+ signal was about 10 ppm, and deconvo-
lution helped to separate the two signals (Fig. 1, spectrum C).
Relative peak intensities of K, and K+ t signals were quite con-
stant for at least 3 hr, indicating that net movement of K+ was
small under these conditions (anaerobic, without exogenous
substrate).
The observation of separate signals for K'I and 'K't can be

utilized to determine the fraction of K, that is NMR visible.

+
In

C

K+
out

Upon switching well-oxygenated cells to anaerobic conditions,
K+ was released by the cells into the medium, resulting in
changing intensities of the K, and K' , signals. However, the
increase of K+ t was greater than the decrease of the K, signal.
We calculated, based upon the change in the relative signal in-
tensities in the difference spectrum of Fig. 1, that only 30-40%
of the total K+ present in the yeast cells is NMR visible. By
addition of known amounts of K+ to the suspension and com-
parison of the-39K NMR intensities of the K+ t signal to a control
of a known amount of K+ in buffer, we ascertained that all
Kout is NMR visible. By using this correction factor, the K+ con-
centration was determined to be 130-170 mM for fresh yeast
cells.

In a similar way we determined the NMR visibility of the
Najn signal in these yeast cells. Fig. 2 shows a representative
95.26-MHz 23Na NMR spectrum of an anaerobic yeast suspen-
sion. The NaLtl signal; somewhat broadened by the shift re-
agent, shifted upfield by 8 ppm, while the Na+ signal remained
unshifted. After permeabilization of the yeast cells by the ad-
dition of 5%.of a 1:4 toluene/ethanol mixture and 5 min of vig-
orous mixing of the cell suspension (15), the NaL, signal shifted
back to the same position as the Nai+n signal. This collapse of the
chemical shift difference between Naj, and Na4t signals is
probably due to hydrolysis of tripolyphosphate used in the shift
reagent by cellular phosphatases. Note, however, that the total
integrated intensity increased upon permeabilization. On the
basis of the observation that all'Na+ is NMR visible after per-
meabilization; we calculated!that only 40% of Naji, (before per-
meabilization) is NMR visible. Using this correction factor, we
determined that the concentration of Na+ is about 2:5 mM in.
these fresh yeast cells.

Fig. 3 shows the time course of K+ and Na+ transport as well
as changes in pHin obtained at 25°C upon alternating between
oxygen and nitrogen bubbling every. 20 min. No substrate was
added in this experiment. Under anaerobic conditions, before
the first oxygenation, little change in Na+ and K+ was ob-
served, but pH1, gradually decreased from the initial value of
6.5. Upon oxygenation; pHin increased in a few minutes to a
steady-state value of 7.1. At the same time, there was a very
small change in the level of Nat,. On the other hand, K+ was
taken up rapidly. by the cells to a new steady-state level, which
was reached within a few minutes of oxygenation. After oxy-
genation ceased, pHin started to decrease from 7.1 to 6.5 over
a period of 20 min. In this period, Nat started to increase by
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FIG. 1. 39K 16.81-MHzNMR spectra ofan aerobic (spectrum A) and
anaerobic (spectrum B).yeast suspension at 2500. The difference spec-
trum multiplied by 2 [(B - A) x 2] is shown between spectrums A and
B. Exponential multiplication was used for spectrumsA and B, whereas
Gaussian multiplication was applied to the same free induction decay
of spectrum B to obtain spectrum C.
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FIG. 2. 23Na 95.26-MHz NMR spectra of an anaerobic yeast sus-
pension at 2500 in the presence of 1 mM shift reagent before (A) and
after (B) permeabilization of the cells. Numbers are the integral in-
tensity for each peak.
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FIG. 3. Time courses ofpHin and concentrations ofNaj+ and K+ upon
alternating between oxygen and nitrogen bubbling every 20 min. No
exogenous substrate was used. pHin and Nain of the same sample were
obtained by using a probe double-tuned for 31P and 23Na.

influx of Na' from the medium, while at the same time an ef-
flux of K+ was observed.

Upon reoxygenation of.the cell suspension, pHin increased
only to 6.9, while no uptake of K+ was observed. This differ-
ence from the first aerobic period was thought to be due to ex-
haustion of endogenous substrates. To study this, we followed
pHi,, Naj~, and- K' upon oxygenation of yeast suspensions in
the absence and presence of ethanol, an exogenous substrate.

In these experiments, the NMR spectra were accumulated
over periods of 5 min. Fig. 4A shows that pHin increased as
before from 6.4-to-7.1 upon oxygenation of the yeast suspen-
sion. However, during the longer period (90 min), pHin was not
stable in the absence of exogenous substrate. On the other hand,
when ethanol was added, pHin increased to 7.4 upon oxygen-
ation, and this higher pHin was rather stable for almost 2 hr (Fig.
4B). This observation supports the idea that the value and sta-
bility of pHin depends upon the availability of carbon sources.
In view of this, it is interesting to note that after the exhaustion
of exogenous substrate, the amino acid pools (in particular glu-
tamate) decreased on the same time scale in aerobic yeast (16)
as pHin did here during endogenous respiration. The presence
of ethanol has an important effect upon the transport of K+ (Fig.
5). Upon oxygenation K+ was taken up rapidly by the cells, both
with and without ethanol. However, in the absence of ethanol,
subsequent efflux of K+ was observed, starting 10 min after the
onset of oxygenation. On the other hand, when ethanol was
added, no efflux of K+ was observed over a period of 1.5 hr
(Fig. 5B).

Transport of Na+ was also observed to be different in the
presence and absence of ethanol. Fig. 6 shows the time courses
of Nai+ upon oxygenation under conditions similar to those of
Figs. 4 and 5. In the absence of ethanol, the level of Nai+ in-
creased slowly upon oxygenation with a rate of 0.017 tumol/min
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FIG. 4. Time courses of pHi,, (0) and pH.,t (e) obtained from the 31p
NMR chemical shift of the intracellular and extracellular P1 signals in
the absence (A) and presence (B) of 5% ethanol in the medium.

-per ml of cell water. Subsequent deenergization. of the cells
increased the rate of Na' uptake of the cells. On the other hand,
when ethanol was added, Na' increased with an initial rate of
0.42 Aumol/min per ml of cell water upon oxygenation and
reached a steady-state value of 19.7 Aimol/ml of cell water after
about 30 min. This result indicates that Na+ was taken up by
the-cells in the presence of ==3 mM K+ in the medium [which
is high compared-with the Km for K+ uptake by yeast cells (8)]
and that the Na' uptake was stimulated by the presence of
ethanol. As is shown in Fig. 6, in the presence of 25 mM KC1,
the rate of Na+ accumulation was reduced by a factor of 2 com-
pared with the control-experiment.

DISCUSSION
Because 39K is a nucleus of low NMR sensitivity, few 39K NMR
studies of biological systems have been reported (ref. 17 and
references cited therein). The improvement in sensitivity of a
home-built solenoidal coil probe allowed us to follow time courses
of K+ transport with a time resolution of 1 min.

As shown in Figs. 1 and 2, Na+ in yeast has a linewidth of
60 Hz, and K+ has one of 160 Hz. The linewidths of the ex-
tracellular signals increase with the concentration of shift re-
agent used in the experiment. The increased linewidth ob-
served for the 39Kin NMR signal compared with the 23Nain NMR
signal can be explained by the greater value of the Sternheimer
antishielding factor of 39K because of its greater number of
electrons (18).

After the first observation Of 23Nain NMR signals by Cope
(19), several determinations of NMR visibility of Na+ were re-
ported, with the fractions detected ranging from 25% to 50%
(17). Part of these variations may arise from the difficulties in
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FIG. 5. Time courses of Kin (o) and K:,t (.) in the absence (A) and
presence (B) of 5% ethanol in the medium. Experimental conditions were
as in Fig. 4.

separating signals of intracellular ions from extracellular ions,
which inevitably are present. As shown in Figs. 1 and 2, direct
observation of well-resolved peaks from Nat, Na:,t, K+, and
K:,t in the yeast suspension can be used now to determine rel-
ative signal intensities, thereby avoiding possible artifacts of
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FIG. 6. Time courses of Nain in the absence of ethanol (e), in the
presence of 5% ethanol (o), and in the-presence of 5% ethanol/25 mM
KCI (A) in the medium. Experimental conditions were as in Fig. 4.

isolation procedures. In this way we determined that the NMR
visibility of both Na', and K, in yeast cells is 40% of total ion
concentrations.
The observed value of NMR visibility (40%) was explained

by Berendsen and Edzes (20) on the basis of a first-order quad-
rupole interaction with each nucleus. This could arise either
from rapid exchange between a small fraction (<1%) of im-
mobilized cations. and the free cations in the bulk or from dif-
fusion of free cations between domains of ordered polyelec-
trolytes. It should be pointed out that this interpretation means
that virtually all of the intracellular cations present-are free in
solution. Therefore, to obtain the free intracellular ion con-
centration, the observed NMR intensities need to be multi-
plied by a correction factor of 2.5.
The present experiments show that the NMR properties of

cations inside yeast cells are different from those in the external
medium. Our experiments show that the NMR visibility (40%)
is similar for 23Na and for 39K, in agreement with the inter-
pretation given by Berendsen and Edzes. Therefore, it appears
that there is no significant difference in the NMR properties
of 'Na, and of 39Kj+ in yeast cells (17). This conclusion is not
necessarily in disagreement with the reported difference in the
apparent electrochemical activity coefficient for Naijn and K,+
(21).

In general, the responses of K+ to oxygenation are too fast
to be followed accurately in time in the present experiments.
By using the measured intracellular buffer capacity of yeast cells
(A. Ballarin-Denti, personal communication), a net proton
transport can be calculated from observed changes in pHin. For
example, upon oxygenation, pHin increased in a few minutes to
pH 7.1 or 7.4 in the absence or presence of ethanol, respec-
tively. These pHin changes correspond to a net proton con-
sumption of 32 and 39 ,umol/ml of cell water, respectively. K+
ions were simultaneously taken up by the cells upon oxygen-
ation-about 13-18 and 10-16 ,umol/ml of cell water in the
absence and in the presence, respectively, of ethanol. On the
other hand, Nain increased very slowly at a rate of 0.017 and
0.42 ,jmol/min per ml of cell water in the absence and in the
presence, respectively, of ethanol. These results indicate that
proton extrusion is correlated with K+ uptake (7, 8, 15) and not
with Na' uptake. However, the precise stoichiometry between
proton extrusion and K+ uptake has not been determined be-
cause it may be complicated by proton production by metabolic
processes (22) and by the participation of other ions.

The efflux and influx of Na', K+, and protons could be fol-
lowed when the cells were deenergized after the aerobic pe-
riod. On the basis of the data presented in Fig. 3, Na+ influx,
K+ efflux, and H' influx were calculated to be 0.15, 1.6, and
1.5 tumol/min per ml of cell water, respectively. Thus, Na+
influx is an order of magnitude slower than K+ efflux, which
is consistent with a report that vesicles of plasma membranes
are more permeable to K+ than Na' (23). Furthermore, it ap-
pears that, under the present conditions, K+ efflux is balanced
within experimental error by H+ and Na+ influx, in agreement
with reports on Na+-loaded cells (8). Because of the small con-
tribution of Na+ influx (-10%) we conclude that the K+ efflux
is due to the exchange of K+ for H+ with an approximate stoi-
chiometry of 1:1.

It has been reported that Na+ ions enter into the yeast cells
by a K+ carrier and possibly also by Na+/substrate symporters
as described for phosphate (8). The present experiments show
that the rate of Na+ uptake was 1 order of magnitude slower
during oxygenation (0.017 ,tmol/min per ml of cell water) than
it was during deenergization (0.15 ,tmol/min per ml of cell water)
in the absence of exogenous substrate (cf. Figs. 3 and 6). How-
ever, in the presence of exogenous ethanol, Na+ was taken up
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at a rate of 0.42 gmol/min per ml of cell water until NaZ reached
a steady-state value of 19.7 mM, which was somewhat lower
than the Na' level in the medium (25 mM). The addition of 25
mM KCl to the medium reduced the rate of Na' uptake to 0.21
,umol/min per ml of cell water and the steady-state level of
Na+ accumulation to 10.8 mM. This suggests that, upon ener-
gization, Na+ may enter into the cells by competing for the K+
carrier, with a rate that also depends upon the presence of an
exogenous carbon source (8, 24). A similar observation was re-
ported for glycolyzing yeast cells by Rodrigues-Navarro and Or-
tega (25). The increased uptake of Na' in the presence of ethanol
seems to be correlated with the higher pHin under these con-
ditions. This observation supports the idea that Na' enters into
the cell by the K+ carrier because of the correlation between
K+ uptake and H' extrusion.
A complication in the interpretation of the 23Na NMR data

arises because of the presence of vacuoles in the yeast cells.
The present NMR method for measuring Na' is not able to dif-
ferentiate between different compartments and measures only
the total amount of cations present in the yeast cells. If a Na'
gradient does exist across the tonoplast, this may influence the
concentration of Na' in the cytoplasm, and also the influx of
Na+ into the yeast cells. In fact, a vacuolar membrane-bound
ATPase has been described (26), and a ApH can be maintained
across the vacuolar membrane (4, 27). Moreover, Mg2+, K+,
and Pi can be accumulated into the vacuoles of Saccharomyces
carlsbergensis (28), although no such Na' accumulation has been
reported.

It has been reported that in the absence of Mg2+ in the me-
dium there is an enhanced exchange of K+/Na+ in yeast cells
(12). If the tripolyphosphate used with the shift reagent causes
depletion of Mg2+ because of complexation, this would affect
the results of our experiments. However, in the absence of
ethanol, no enhanced Na+ uptake was observed, so that these
effects were negligible.

In conclusion, the experiments reported here demonstrate
that 39K and 23Na NMR can be used to study K+ and Na+ ion
transport in intact biological samples, supplementing infor-
mation on proton movement obtained by 31P NMR.
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