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be said that microtubules apparently play an important role
in determining the mobility and topography of receptor sites
on cell membranes (Yahara and Edelman, 1975; Nicholson,
1976).
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Platelet 5-Hydroxytryptamine Transport, an Electroneutral

Mechanism Coupled to Potassium’

Gary Rudnick* and Pamlea J. Nelson

ABSTRACT: Transport of 5-hydroxytryptamine into plasma
membrane vesicles isolated from porcine blood platelets is
stimulated when a potassium gradient (in > out) is imposed
across the vesicle membrane. This stimulation occurs in the
absence of measurable electrical potential across the mem-
brane. Addition of valinomycin induces a membrane potential
of approximately 50 mV (interior negative) as estimated by
uptake of the lipophilic cation triphenylmethylphosphonium,
but has surprisingly little effect on 5-hydroxytryptamine
transport. Addition of 2,4-dinitrophenol dissipates the vali-

Transport of 5-hydroxytryptamine (5-HT)! is an energy-
dependent, carrier-mediated process with an absolute re-
quirement for Na* and ClI~ in the external medium (Sneddon,
1969; Lingjaerde, 1971; Rudnick, 1977). Similarities between
5-HT transport into platelets and synaptosomes and brain
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nomycin-induced membrane potential. In the absence of val-
inomycin, 2,4-dinitrophenol has no effect on 5-hydroxytryp-
tamine transport but valinomycin and 2,4-dinitrophenol to-
gether inhibit transport, probably by dissipation of the K+
gradient. These results are consistent with an electroneutral
mechanism in which 5-hydroxytryptamine influx is directly
coupled to potassium ion efflux and argue against an electro-
genic mechanism in which there is a net influx of positive
charge with 5-hydroxytryptamine.

slices have led to the proposal that the same transport system
is present in both tissues (Sneddon, 1973; Paasonen, 1968). A
previous report from this laboratory demonstrated that plasma
membrane vesicles isolated from human blood platelets ac-
cumulate 5-HT to concentrations approximately 100 times
greater than in the external medium (Rudnick, 1977). Accu-
mulation is stimulated by imposition of a potassium ion gra-
dient (in > out) across the vesicle membrane. This observation
can be interpreted in one of two ways: (1) K+ efflux stimulates
transport by creating an electrical potential (interior negative)
across the membrane, or (2) K* interacts directly with the
5-HT carrier, which couples K+ efflux to 5S-HT uptake. The

© 1978 American Chemical Society
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direct coupling of solute transport to K* gradients has been
proposed for transport of sugars by small intestine and trans-
port of amino acids by mouse ascites and yeast cells (Crane,
1965; Eddy, 1968; Eddy et al., 1970) but the role of K* in these
systems is now believed to be indirect. Previous observations
in this laboratory (Rudnick, 1977) led to the suggestion thar
5-HT transport in platelets is electrogenic (charge crosses the
membrane with 5-HT) and the stimulatory effect of K+ was
via generation of a membrane potential (negative inside). In
the present report we show that under these conditions no
significant membrane potential was formed. This result, along
with others presented in this communication, suggest that
5-HT is transported by an electroneutral mechanism in which
K* interacts with the transporter directly.

Materials and Methods

Preparation of Membrane Vesicles. Fresh porcine blood was
obtained at a local slaughterhouse and collected into 175 mL
of acid citrate-dextrose solution (Aster & Jandl, 1964) per L
of blood. Platelet rich plasma was prepared by repeated cen-
trifugation at 200g for 15 min at room temperature. Mem-
brane vesicles were then prepared by the procedure of Barber
& Jamieson (1970) with the following exception. Lysis of
glycerol-loaded platelets was performed at 37 °C in 10 mM
Tris-HCl buffer (pH 7.5) containing 0.25 M sucrose, 5 mM
MgSQy,, and 0.0033% deoxyribonuclease 1. This modification
and the use of fresh blood consistently yield preparations of
membrane vesicles capable of accumulating 5-HT to apparent
concentrations 300 to 500 times that of the external medium.
Vesicles were suspended in 10 mM Tris-HCI (pH 7.5), con-
taining 0.25 M sucrose at a concentration of 2-4 mg of mem-
brane protein per mL, frozen in liquid N, and stored at 80
°C.

Transport Assays. 5-HT transport was measured at 25 °C
as described previously (Rudnick, 1977). Triphenylmethyl-
phosphonium (TPMP*) uptake was determined by the same
technique using 20 uM [PH]TPMP Br (38 000 cpm/nmol) in
the assay mixture. Cellulose-acetate filters (Millipore EHWP)
were used to measure TPMP* uptake. Apparent concentration
gradients of substrates taken up by the vesicles were calculated
on the basis of 12.2 uL of internal volume per mg of membrane
protein (Rudnick, 1977).

[1,2-3H]-5-HT was obtained from New England Nuclear.
Deoxyribonuclease 1, 2,4-dinitrophenol, and valinomycin were
obtained from Sigma Chemical Co. [*H]Triphenylmethyl-
phosphonium bromide was kindly donated by Dr. H. R. Ka-
back and the Isotope Synthesis group of Hoffmann-La Roche,
Inc.

Results

To determine the possible connection between membrane
potential and concentration gradients of potassium ion imposed
across the vesicle membrane, membrane potential was moni-
tored by measuring the distribution of the lipophilic cation
triphenylmethylphosphonium (TPMP™). Lipophilic ions were
first used for this purpose by Grinius et al. (1970) and are be-
lieved to rapidly distribute across lipid bilayers and biological
membranes in response to an electrical potential difference
across the bilayer. TPMP™ has been used to measure potentials
across bacterial and mammalian membranes which are inac-
cessible to direct measurement with microelectrodes (Schui-
diner & Kaback, 1975; Bakker et al., 1976; Grollman et al.,
1977; Lever, 1977a). In these systems, TPMP™ is accumulated
in the vesicle in response to an electrical potential (interior
negative) imposed across the membrane.

When platelet plasma membrane vesicles equilibrated with
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FIGURE |: Uptake of TPMP* by platelet membrane vesicles. Membrane
vesicles equilibrated with 0.1 M potassium phosphate buffer, pH 6.7,
containing 1| mM MgSO4 were suspended to a concentration of 3.4 mg
of membrane protein/mL and diluted into a 20-fold excess of 0.1 M NaCl
containing | mM MgSO;and 20 uM [*H]TPMP Br (38 000 cpm/nmol).
At given times, vesicles were diluted, filtered, washed, and counted as
described previously (Rudnick, 1977) using cellulose acetate filters. (Q)
Control; (@) vesicles contained 12 nmol of valinomycin/mg of membrane
protein; (A) vesicles containing valinomycin were diluted into assay so-
lution containing | mM 2,4-dinitrophenol.

potassium phosphate buffer are diluted into NaCl medium,
TPMP* reaches a concentration in the vesicle interior ap-
proximately equal to its external concentration, demonstrating
that a K* gradient across the vesicle membrane is not sufficient
for the formation of a membrane potential (Figure 1). This
observation suggests that the membrane is not significantly
more permeable to K+ and C!~ than to Na* and phosphate.
Similar results (data not shown) are obtained when vesicles
are diluted into NaSCN medium, which was previously shown
to stimulate S-HT accumulation (Rudnick, 1977), indicating
that the stimulation was probably not due to formation of a
membrane potential (interior negative). In contrast, addition
of the K*-specific ionophore valinomycin to the vesicles, which
would be expected to catalyze electrogenic efflux of K*, leads
to accumulation of TPMP* to an apparent concentration over
six times higher than that of the external medium (Figure 1).
Assuming that the distribution of TPMP* reflects the mem-
brane potential, the magnitude of that potential can be cal-
culated from the Nernst equation, and, for the experiment
shown in Figure 1, the valinomycin-induced potential is ap-
proximately 50 mV (interior negative). The observation that
the potential estimated from TPMP™ uptake is less than that
predicted from the imposed K* gradient (78 mV) is most easily
explained by the movement of other ions, such as Na* or
phosphate, in addition to K*. The proton conducting ionophore
2,4-dinitrophenol would be expected to collapse the valinom-
ycin-induced potential by allowing protons to enter the vesicles.
This is observed in Figure 1, where 2,4-dinitrophenol prevents
valinomycin-induced TPMP* accumulation.

Although valinomycin causes a large increase in membrane
potential under these conditions, it has negligible effects on
5-HT transport. As shown in Figure 2, valinomycin causes only
a 12% increase in the maximum level of 5-HT accumulated
inside membrane vesicles. If 5-HT transport were electrogenic,
as previously proposed (Rudnick, 1977), valinomycin would
be expected to increase accumulation of 5-HT six- to sevenfold.
This experiment also demonstrates the increased activity of
vesicles prepared from fresh platelets, when compared with
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previous results (Rudnick, 1977) using vesicles prepared from
outdated platelets. Addition of 2,4-dinitrophenol in the absence
of valinomycin has no effect on 5-HT transport, demonstrating
that transport is not dependent on any previously existing
membrane potential (unless that potential is formed by a
proton diffusion gradient). When both valinomycin and 2.4-
dinitrophenol are added, hcwever, transport is markedly in-
hibited (Figure 2). Under these conditions both K+ and H*
would be expected to flow down their electrochemical gradi-
ents, with the result that net exchange of internal K* for ex-
ternal H* occurs while the Nat gradient is maintained. 5-HT
accumulation in the presence of valinomycin plus 2,4-dini-
trophenol in the experiment shown in Figure 2 was roughly
equal to the 35- to 50-fold concentration gradient of 5-HT
accumulated in response to a NaCl gradient (out > in) when
K+, = K*,,.. Accumulation of 5-HT, therefore, seems to be
coupled much more closely to the K concentration gradient
than to the membrane potential.

Discussion

The response of platelet 5-HT transport to imposed gradi-
ents of K+ is distinctly different from the behavior observed
in other vesicle systems. In membrane vesicles prepared from
Escherichia coli (Schuldiner & Kaback, 1975; Hirata et al.,
1974), renal (Beck & Sacktor, 1975), and intestinal (Murer
& Hopfer, 1974) brush border and cultured mouse fibroblast
cells (Lever, 1977b), potassium gradients have little effect on
transport in the absence of valinomycin. In these systems, a K+
gradient (in > out) in the presence of valinomycin stimulates
transport, an observation which has been used to demonstrate
that these transport systems are electrogenic. In the case of
platelet 5-HT transport, however, the stimulatory effect of a
Kt gradient (in > out) is independent of valinomycin, although
generation of a membrane potential by a K+ gradient requires
valinomycin. Since K* does not exert its stimulatory effect via
a membrane potential, a direct interaction of K+ with the 5-HT
transporter is indicated. Such an interaction was proposed by
Sneddon (1969) on the basis of studies with intact platelets.

A possible alternative explanation for the lack of stimulation
of 5-HT accumulation by a valinomycin-induced membrane
potential (interior negative) is that increased Na™ influx due
to the induced potential dissipates the transmembrane Nat
gradient. With an electrogenic transport system, the effects
of simultaneously increasing potential and decreasing the Na*t
gradient could offset one another so that no stimulation would
be observed with valinomycin. This alternative scheme does
not, however, explain stimulation of 5-HT transport by a K+
gradient in the absence of a membrane potential, an effect
observed with all preparations of vesicles tested.

A direct role for K* has been proposed by Eddy & co-
workers (Eddy, 1968; Eddy et al., 1970) for transport of glycine
into mouse ascites-tumor cells and the yeast Saccharomyces
carlsbergensis where in both cases efflux of K+ accompanies
glycine uptake. It is now believed that in these systems K+ exits
by an independent pathway to compensate for the positive
charge which enters the cell with glycine, and that K+ exit is
not directly coupled to glycine transport (Morville et al., 1973;
Seaston et al., 1976). Crane has proposed that internal K*
drives sugar uptake in intestine by competing for the Na* site
on the sugar transporter (Crane, 1965, 1977) but this sug-
gestion is contradicted by observations in membrane vesicles
isolated from intestinal brush border where K+ gradients (in
> out) have no effect on transport in the absence of valinom-
ycin (Murer & Hopfer, 1974).

In contrast with other known Na* dependent transport
systems, platelet 5-HT transport appears to be independent
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FIGURE 2: Effects of valinomycin and 2.4-dinitrophenol on 5-HT
transport. Transport assays were performed as Figure 1, except that 0.13
M [1,2-3H]-5-HT (15 300 cpm/pmol) replaced [*H]TPMP Br and re-
action mixtures were filtered on nitrocellulose filters. (©) Control; (@)
vesicles contained 12 nmol of valinomycin/mg of membrane protein; (A)
assay mixture contained 1 mM 2,4-dinitrophenol; (A) vesicles containing
valinomycin were diluted into assay mixture containing 2,4-dinitrophe-
nol.

of membrane potential, suggesting that no net charge move-
ment accompanies 5-HT transport across the membrane.
Previous results suggest that Na* is cotransported into the cell
or vesicle with 5-HT, which exists mainly as a cation at phys-
iological pH (Rudnick, 1977). If 5-HT is transported by an
electroneutral mechanism, and the protonated form of 5-HT
is transported, these two positive charges must be balanced by
the 5-HT transporter directly. It is known that Cl~ is required
for 5-HT transport into intact platelets and membrane vesicles
(Lingjaerde, 1971; Rudnick, 1977) and preliminary experi-
ments in this laboratory indicate that C1~ is effective only when
present on the vesicle exterior.? Taken together with the effect
of K* gradients, these results suggest that for each molecule
of 5-HT transported, one Na* and one C1~ are cotransported
and one K+ is counter-transported by the 5-HT transporter.
If such a mechanism is correct, it raises two questions. First,
is there a K™ site on the transporter which is distinct from the
Nat site, or do Na* and K* bind to the same site, but at dif-
ferent steps in the catalytic cycle? Second, since 5-HT trans-
port occurs in the absence of K* (Rudnick, 1977), can another
ion such as H* take the place of K+ or does transport become
electrogenic in the absence of K+? These questions are cur-
rently under study.

The mechanism proposed here for platelet 5-HT transport
may also apply to the high-affinity re-uptake of amine neu-
rotransmitters into nerve endings. Neurotransmitter re-uptake
systems have been studied mostly in synaptosomes and tissue
slices. These experimental systems do not readily lend them-
selves to examination of the molecular aspects of transport.
Moreover, the well known permeability of nerve membranes
to K* (Baker et al., 1962; Blaustein & Goldring, 1975) will
obscure any distinction between changes in membrane po-
tential and K* gradients. Thus, previous conclusions that
neurotransmitter re-uptake is electrogenic, or that K+ affects
transport only via the membrane potential (Martin, 1973;
Blaustein & King, 1976) may need to be reevaluated in light
of the current findings.

2 Rudnick, G., unpublished observations,
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Proton Correlation Nuclear Magnetic Resonance Study of Anaerobic

Metabolism of Escherichia coli®

T. Ogino* Y. Arata,* S. Fujiwara, H. Shoun, and T. Beppu

ABSTRACT: Proton correlation nuclear magnetic resonance
has been used to investigate anaerobic metabolism of glucose
in Escherichia coli cells. The time course of the concentrations
of six metabolites (ethanol, lactate, acetate, pyruvate, succi-

In a recent communication (Ogino et al., 1978) we have
briefly reported that proton correlation NMR can be used to
follow the time course of reactions in cellular systems in a
nondestructive way from the very early stage of fermentation.
13C and ?'P NMR have been shown to be quite useful in in-
vestigating the metabolism in living cells, cellular organelles,
and intact tissues (Eakin et al., 1972; Moon & Richards, 1973;
Kainosho et al., 1977; Dwek et al., 1977). 'H nuclear magnetic
resonance (NMR) has a great advantage that the sensitivity
is much better than 13C and >'P NMR, and that 'H nuclei exist
virtually in all biologically important molecules. In a series of
interesting experiments reported by Williams and co-workers
(Daniels et al., 1974, 1976; Dwek et al., 1977), '"H NMR
spectra of a variety of compounds in dissected organs such as
rat adrenal cortex were observed in the pulse Fourier transform
(FT) mode. However, in order to detect a smaller quantity of
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nate, and formate) has been followed at the very early stage
of fermentation, and used to discuss dynamical aspects of the
mixed-acid fermentation of glucose by E. coli.

compounds in biological systems where a large amount of
water always exist, a dynamic range much wider than that
attained in the pulse FT mode is required. 'H correlation NMR
has been recognized as one of most promising techniques for
this purpose (Dadok & Sprecher. 1974; Gupta et al.,, 1974:
Arataetal., 1976, 1978). In the present paper, we will discuss,
on the basis of 'H correlation NMR data, dynamical aspects
of the mixed-acid fermentation of glucose by £. coli.

Materials and Methods

E. coli K12 was grown in M9 medium with glucose (0.1 M)
as sole carbon source, or in nutrient broth. Cells werc harvested
at the exponential phase at a cell density of about 0.4 X
10°/mL, washed once with the M9 buffer when nutrient broth
is used, and resuspended at a density of 0.5 to 2.5 X 10°/mlL.
in the same buffer. About 0.5 mL of the suspension was placed
in a standard 5-mm NMR tube, bubbled with N> gas, and the
resultant inhomogeneous cell suspension in the tube was in-
cubated anaerobically in an NMR spectrometer at a probe
temperature of 30 °C. "H NMR spectra were measured with
a JEOL PS-100 spectrometer operating at 100 MHz in the
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