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31P saturation transfer techniques have been used to measure phosphate kinetics in the yeast Saccharomyces
cerevisiae. The phosphate consumption rate observed in acetate grown mid-log cells was combined with mea-
surements of O, consumption to yield P/O ratios of 2.2 and 2.9, for cells respiring on glucose and ethanol,
respectively. However, no phosphate consumption activity was observed in saturation transfer experiments
on anaerobic glucose fed cells. The phosphate consumption rates measured by saturation transfer in cells
respiring on glucose and ethanol was attributed to the unidirectional rates of mitochondrial ATP synthesis.

ATPase Kinetics Saturation transfer

1. INTRODUCTION

31p NMR saturation transfer has been performed
in a variety of in vivo systems to investigate
kinetics in a non-invasive manner [1,2]. In pre-
vious work [3], 3'P NMR saturation transfer
studies were conducted in the yeast Saccharomyces
cerevisige to study phosphate kinetics in cells
respiring on endogenous substrates. The phosphate
consumption activity was observed in these studies
by saturating the NTPy peak and observing the
reduction in the intracellular phosphate (Pi") peak
intensity. The calculated Pi-consumption rate was
assigned to the mitochondrial ATPase since 90%
of the Pj-consumption activity was sensitive to
oligomycin. The large P/O ratio of 87 determined

Abbreviations: rf, radiofrequency; NTPy, y-phosphate
of nucleoside triphosphates; NDP@Z, &-phosphate of
nucleoside diphosphates; NDPa and NTPa, a-phos-
phates of nucleoside di- and triphosphates; NTPg, 5-
phosphate of nucleoside triphosphates; NADP(H), oxi-
dized and reduced form of nicotinamide adenine dinu-
cleotide phosphate; PP;, terminal phosphate of poly-
phosphate; PP> and PP;, penultimate phosphates of
polyphosphate
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in these experiments suggested rapid equilibrium
of the ATPase. However, our recent investigation
of this system indicates that oligomycin did not
enter the yeast cell and a different explanation of
the oligomycin effect has been proposed (in pre-
paration). Furthermore, the observation of Pi-
consumption activity in anaerobic glucose fed
cells, indicated that contributions from other P;-
consuming pathways such as glyceraldehyde-3-
phosphate dehydrogenase/phosphoglycerate ki-
nase (GAP/PGK) may be important.

These previous kinetic studies had been per-
formed with glucose-grown stationary phase cells.
To restrict the Pi-consumption activity as much as
possible to mitochondrial ATPase kinetics, the
present saturation transfer studies were conducted
in cells grown to mid-log phase with acetate as the
carbon source. They differ from glucose-grown
stationary phase cells in that they are actively
dividing and thus require more energy for biosyn-
thesis. Moreover, these cells are respiratory com-
petent and contain lower levels of glycolytic en-
zymes than cells grown in the presence of glucose
[4-7]. This work was performed on acetate-grown
cells supplied with glucose under both aerobic and
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anaerobic conditions and with cells fed ethanol
aerobically.

2. EXPERIMENTAL

The S. cerevisiae strain NCYC 239 was grown to
mid-log phase at 30°C on a liquid medium as
described [8]. The cells were harvested according
to [3], and resuspended in the harvesting media to
a density of 40% wet wt.

Glucose (2 g) was added to 15 ml of the 40% cell
suspension in a 20 mm NMR tube and bubbled
with either oxygen or nitrogen. For aerobic ex-
periments using exogenously added ethanol, 15 ml
cell suspension was pelleted and resuspended in the
buffer containing 3.3% ethanol. The aerobic ex-
periments were bubbled with 95% O,/5% CO,; at
rates which maintained the level of O, in the
suspension well above air-saturated levels.

3Ip NMR spectra were obtained at 145.78 MHz
using a Bruker WH 360 NMR spectrometer at
25°C. Saturation transfer experiments were con-
ducted according to Alger et al. [3]. The rf field
was positioned alternately between the NTPy
resonance (M) and control (M°) region downfield
from Pi® every 24 scans and spectra collected in
files of 144 scans using a 90° pulse and a 2.7 s
relaxation delay to obtain a fully relaxed P}" peak.
A capillary containing methyl phosphonate was
used as an external concentration standard to cal-
culate the Pi" concentration.

Oxygen-consumption rates were monitored with
a Yellow Spring oxygen electrode contained in a
model 5301 bath stirrer assembly unit at 25°C.

3. RESULTS

The saturation transfer control (M°) and the dif-
ference spectrum (M°-M) of aerobic cells supplied
with ethanol is shown in fig.1a and b, respectively.
The M° spectrum was obtained with the rf field
positioned downfield from the intracellular phos-
phate (Pi") as illustrated by the arrow. Resonance
assignments for the M° spectrum were obtained
from previously assigned *'P spectra of acetate-
grown yeast respiring on acetate, glucose, and
from anaerobic glucose-fed cells [8]. The peak
labelled P™P** is predominately composed of
phosphate from the external medium (since the
buffer contains 7 mM phosphate) and vacuolar
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Fig.1. Saturation transfer spectra of aerobic cells
supplied with ethanol. Only the M°® and M°-M spectra
are shown. Spectra were accumulated for 1.5 h after
waiting 15 min for sample equilibration. NMR pulsing
and sample conditions are described in the text.

phosphate. This resonance also contains glycero-
phosphorylcholine. The M spectrum (not shown)
was taken during steady-state saturation of the
NPTy resonance, and was subtracted from the M°
spectrum to obtain the difference spectrum (M°-M)
shown in fig.1b. The Pi" resonance is affected by
saturation of the NTPy peak as shown by the ex-
cursion at 2.8 ppm. In addition, the difference
peaks at —5 and —10 ppm corresponding to
NTPy, NTP« and NDPe«, respectively, are due to
direct saturation effects from rf irradiation of
NTPy peak during aquisition of the M spectrum.
A difference signal is also observed at ~0 ppm and
may result from either direct saturation effects
(due to its proximity to the NTPy resonance) or
transfer via exchange. However, this cannot be
tested by placing a control equidistant from NTPy
on the downfield side due to interfering phospho-
monoester (PME) and Pi" peaks.
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We have used the model and the modified Bloch
equations described by Alger et al. [3] to analyze
the saturation transfer data where the following
equation was used to determine the flux:

ky + ke = (1/T1, + ko + ko) AMi/ M} 1)

In this expression, k¢ corresponds to the unidirec-
tional apparent rate constant for mitochondrial
ATP synthesis while the apparent rate constant k»
denotes P; consumption by reactions other than
the ATPase such as the GAP/PGK-coupled reac-
tion in glycolysis. An apparent relaxation rate
(T1)apparent = (kg + k2 +1/T1) = 2.50 (+0.38)
s~! was obtained from an inversion recovery ex-
periment performed during steady-state saturation
of the NTPy peak. The error was estimated using
a least-squares linear regression program. Using
eqn 1, and AM/M® = 0.21 with a standard devia-
tion from the mean of 0.04 obtained from 4 in-
dependent saturation transfer experiments, a k¢ +
k> value = 0.52 (+0.13) s~ was obtained. The
uncertainty (Ak/k) was estimated using the follow-
ing expression [1],

Ak/k = 2QNrms/M®) AM/M°)™' + AR/R  (2)

where AR/R is the uncertainty in the apparent
relaxation rate. A P; consumption rate of 1.3
(£ 0.4) gmol/min per g wet cells was then evalu-
ated by multiplying the k¢ + k> value by the in-
tracellular phosphate concentration (table 1).
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Measurements of oxygen consumption were
combined with the saturation transfer measured
phosphate-consumption rate, and a P/O ratio of
2.9 was determined. The oxygen-consumption rate
of 0.22 (£0.02) umol/min per g wet cells (n=26)
for acetate mid-log cells respiring on ethanol is ap-
prox. 11-fold higher than the rate measured in
glucose-grown derepressed cells respiring on en-
dogenous substrates, A P/O ratio of 2.2 was deter-
mined from experiments performed on acetate-
grown cells supplied with glucose aerobically with
the data listed in table 1 (not shown).

In fig.2, saturation transfer spectra taken during
anaerobic glycolysis are presented. Changes in in-
tracellular pH, phosphomonoester, nucleotides,
intracellular P;, and polyphosphates in acetate-
grown cells under the conditions studied here have
been described previously [8]. No Pi® difference
signal arising from saturation transfer was ob-
served in these anaerobic glucose-fed cells, as
shown in fig.2b, in contrast to the observations on
aerobic cells (see table 1).

4. DISCUSSION

Phosphate-consumption activity was observed
in saturation transfer experiments during aerobic
metabolism on glucose and ethanol.The net rates
of ATP synthesis were estimated from oxygen-
consumption measurements [9] by assuming that 1
mol O, consumed corresponds to 4-6 mol ATP
produced (i.e. a P/O ratio of 2-3), and these

Table 1
Condition [P,]* AM/M° T, ki + k; P, consump- O consump- P/O
(mM) (apparent) tion tion
)

Anaerobic 4.0 0 — - - -
glucose

Aerobic 26  0.26 0.35 1.2 + 0.5° 0.26 2.2 + 0.2°
glucose

Aerobic 4.1 0.21 0.40 1.3 + 04 0.22 29 + 0.4
ethanol

# Intracellular phosphate concentrations were determined assuming 1.67 g wet cells contains

1 ml intracellular volume

b Estimated error - the calculation is described in the text

¢ SD

P; and O, consumption values expressed as gmol/min per g wet cells
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Fig.2. Saturation transfer spectra of anaerobic glucose-
fed cells. Conditions equivalent to fig.1.

values agreed with the Pi-consumption rates
measured by saturation transfer (table 1). The
rates determined by saturation transfer techniques
are unidirectional, and since these Pj-consumption
rates are approximately equal to net ATP synthesis

ratae tha B._E. ATPaca annearc nnt tn he in
ratés, tne r'i—-ro-Ai1xrasc appcars nov o 0 i

equilibrium and to be operating in the direction of
ATP synthesis.

Previously, Pi-consumption activity (AM/M°® =
0.10) was observed in saturation transfer experi-
ments performed during anaerobic glucose meta-

bolism in glucose-grown derepressed cells [3].
Thege investioators sunooected that GAP mav be

2 11050 LIAVASLIgAQlLls SUpgptaiitc ldatl Al 2lla)

responsible for the saturation transfer since this
rate was similar to the anaerobic glycolytic flux.
However, Pj-consumption activity was not ob-
served in our anaerobic glucose fed cells (AM/MO
= U} in our present cxpcxuucutb on acetate cells,
contributions from glycolytic pathways do not ap-
pear to contribute to the total Pi-consumption ac-

tivity observed by saturation transfer experiments.
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This is consistent since acetate-grown cells contain
lower levels of gl'yCOI'y'u\, enzymes than gnucose-
grown cells, and thus are not as dependent on this
pathway. Furthermore, we do not know what frac-
tion of glucose is catabolized via the glycolytic
pathway. The flux may be too low to be detected
by saturation transfer techniques.

In yeast mitochondrial P; is not resolved from P;

tha ~uytnacnl Tha D._sancnimntinan ratac waras
ul the CYLUdUi. 1LIO0 rjimLulbuliipuvil iatvs wiiil

calculated using the total intracellular phosphate
concentration thereby assuming that the ATPase is
not limited by P; transport across the mitochon-
drial membrane (a 1 pool model), and these rates
are consistent with the estimated yeast F;-Fo ATP

synthesis rates. Moreover, studies performed in rat
liver mitochondria [In] attest that P; transport is

IR A SRR 39300 02 § L0 $103 8 T-4 Q[Quieot via&u VAGAAS PV AY

not a rate- determmmg step in oxidative phosphor-
ylation.

The role of pathways such as respiration and
fermentation in yeast metabolism is largely depen-
deni on growth conditions, (i.e. growth medium,
carbon source, and culture age) since there is a cor-
relation to the enzyme content and distribution in
the cells. Our results in acetate-grown cells suggest
that both GAP/PGK and the mitochondrial ATP-
ase were responsible for the Pi-consumption activi-
ty observed in saturation transfer experiments,
pi‘iivxuumy penormeu in yucose-grawn cells. A
similar implication has also been made by Brindle
and Krikler (in press) in results obtained from their
yeast saturation transfer experiments. We have
recently completed a study which has confirmed
that both of these Pj-consuming pathways con-
tribute to Pj-consumption activity measured by

gatnratian trancfoer in alhicAaca_orauwn ctatinnary
SaLulavivil LiQiioivl 111 slu\'\lc\a'sl\.}"ll oLauchuy

phase cells, by conducting saturation transfer
studies on cells treated with either a glycolytic in-
hibitor (iodoacetate) or antimycin A, an inhibitor
of respiration (in preparation).
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