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Summary

Arrhenius diagrams of K* pump fluxes measured between 15°C and 41°C
were discontinuous in high K* but not in low K sheep red cells. Exposure
of low K" cells to anti-L caused a bimodal temperature response of K* pump
flux with a transition temperature, Tc, similar to that found in high K* cells
but with comparatively higher activation energies above Tc.

The temperature dependence of Na" and K" transport in intact cells has
received only little attention. Active and passive cation movements were mea-
sured in red cells and cultured renal cortex cells of hibernators and nonhib-
ernators to explain the ‘cold resistance’ of hibernating animals to loss of cel-
lular K™ at low body temperatures [1,2]. A disparity was reported between
the temperature dependence of K* pumping in intact red cells and the (Na" +
K") -ATPase of their hemoglobin free membranes in guinea pig and ground
hog [3]. Numerous reports have associated discontinuities in Arrhenius plots
of (Na" + K")-ATPase activity of microsomal preparations with lipid phase
changes [4,5] or phase separation [6]. However, the applicability of such
studies to transporting systems in intact cells has been questioned [3].

The Na* and K* transport system of high potassium (HK) and low potas-
sium (LK) sheep red blood cells offers several advantages for the study of its
temperature dependence. The two types of cells differ both kinetically in their
internal cation affinities [7], as well as their maximum pump turnover rates
[8]. Furthermore, the isoantibody to LK cells (anti-L) has been shown to af-
fect both of these parameters when stimulating active transport in LK cells
[9,10,11]. This system thus provided a unique opportunity to relate the tem-
perature dependence of a transport system to its physiologic operation.



541

The red cells used in this study were obtained from sheep homozygous
with respect to their cationic trait (HK or LK) and antigenic status (MM or
LL). The genetic aspects of this system as well as details of the L antibody
preparation have been reported elsewhere [12]. Media were prepared from
reagent grade chemicals and ultrafiltered deionized water. Experiments were
performed in sodium (Na') or tetramethylammonium chloride media. Pre-
vious work from this laboratory has shown that the presence of trimethyl-
ammonium in the medium did not impair maximum K" pump activity mea-
sured under conditions of cellular Na' loading [8,11]. This was to be ex-
pected since, unlike Na’, trimethylammonium does not interact with the K*
loading site of the Na* and K* pump. Sodium medium consisted of (mM):
140 NaCl, 5 KCl, 10 glucose, 10 imidazole-HCl. The composition of the
trimethylammonium medium was: trimethylammonium 230 mosM, NaCl
20 mM, KCl 5 mM, glucose 10 mM, imidazole-HCl 10 mM. Two buffer sys-
tems were employed. In some experiments, media with pH 7.4 at each in-
dividual temperature were used. Alternatively, one solution with pH 7.4 at
37°C was used for all temperatures so that the actual pH of a given solution
varied according to the temperature coefficient of the imidazole buffer (from
pH 7.29 at 40°C to 8.11 at 5°C). Because experimental comparison of K*
influx under these two conditions of pH showed only small differences not
affecting the temperature dependence of either active or passive fluxes, most
of the experiments presented here involved the more convenient technique
of using a single solution of pH 7.4 at 37°C.

Measurement of cellular cations, and estimation of unidirectional K*
influx by *’K uptake have been reported previously [9,13,14]. In brief, red
cells, suspended at a hematocrit of 10% in the buffers described above, in
presence and absence of anti-L and with or without ouabain were pre-equi-
librated for 20 min. The concentrations of anti-L (5 mg anti-L immunoglo-
bulin/ml) and of ouabain (10™* M) were more than sufficient to saturate all
L antigenic sites and pumps sites, respectively, during this period of incuba-
tion and the temperatures selected. Duplicate samples were taken after one
hour incubation of cell suspensions in presence of isotope in a series of water-
baths of various temperatures selected in the range of 15—41°C. K* pump
influx (1M P) is defined as the ouabain-inhibitable component of total K*
influx.

To ascertain that high or low temperature incubation or the media cho-
sen did not induce artifacts in K* pump determinations due to alterations of
cellular K*, [K*]., or ATP concentrations, these two parameters were checked.
The [K*]. in control LK cells was 11.2 mmol/l cells after 1 h incubation at
19°C, as compared to 11.7 at 40°C. LK cells treated with anti-L had [K'1.
of 11.0 and 12.8 at 19°C and 40°C, respectwely These small differences in
[K*]. would not be expected to alter K* pumping significantly in LK cells
[7], especially in the presence of anti-L [9]. ATP contents, measured on
perchloric acid extracts of red cell suspensions [15] were reduced slightly
by high temperature incubation. In anti-L treated LK cells, ATP content was
0.63 mmol/l cells after 1 h at 40°C, as compared to 0.78 at 21°C. Control
LK cells had ATP contents of 0.69 and 0.89 at 40°C and 21°C, respectively,
while HK cells had 0.98 and 1.09 mmol/ATP/l cells at these temperatures.
As with [K"]. levels, these variations of ATP contents have previously not
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been found to noticably affect the operation of the Na* and K* pump [8],
unless a major shift in the affinities of the pump system for these ligands
occurred with changing temperature.

Active K* influx (’M{;) was found to be highly temperature dependent
in both HK and LK sheep erythrocytes, with K* pumping dropping in LK
cells to immeasurable levels at temperatures lower than 15°C. Arrhenius plots
of In M7 versus reciprocal absolute temperature are shown for three typ-
ical experiments in Fig. 1. All such plots for HK sheep cells demonstrated
a clear discontinuity as illustrated in panel A, and the data were well fitted
by two straight lines. Such discontinuities were not apparent in Arrhenius
plots of K* pump rates of control LK red cells (panels B and C, open cir-
cles), although the scatter of the data shown was clearly greater in these
cells. However, close inspection of the data from six experiments led to the
conclusion that straight lines best described the plots. The addition of anti-L
to these cells caused a change in the temperature dependence of K* pumping
and also reduced the scatter of the data (Fig. 1, panels B and C, filled cir-
cles). At temperatures above 30°C, anti-L-stimulated K* pumping fell at a
lower rate with temperature than did control LK fluxes. The temperature of
about 30°C constituted an inflection point below which antibody-stimulated
fluxes were more rapidly inhibited.

Table I presents data collected from several experiments. The transition,
or critical, temperatures (T) for K pumping ranged from 28—32°C in HK
cells, and in anti-L-treated LK cells (LK anti-L) was 80.9°C. Activation en-
ergies above T, (EaP¥) for HK cells were 9—11 kcal/mol and below T,
(Ea]*]‘K) 1827 kcal/mol. The activation energy (EalX) for K* pumping in
LK cells over the entire range of temperature varied between 19 and 30
kcal/mol. The alteration in temperature dependence produced by anti-L con-

TABLE 1

ACTIVATION ENERGIES AND CRITICAL TEMPERATURES FOR K' PUMP FLUXES IN SHEEP
RED CELLS, AND THE EFFECT OF ANTI-L

Values were determined from Arrhenius diagrams as described in Fig. 1. ‘Averages’ for anti-L treated LK
cells are given as mean * S.E.M. for the data listed.

Sheep Media Critical Activation Energy (kcal/mol)
Temp E—
(Tc) Above T, Below T,

HK 63 Na 27.7 101 27.1

HK 86 Na 29.6 8.7 29.6

HK 86 Na 29.2 9.1 26.7

HK 86 TMA 32.4 11.0 18.4

LK 58 Na none 21.5

LK 58 Na none 30.1

LK 58 Na none 18.5

LK 51 TMA none 27.3

LK 52 TMA none 23.1

LK 71 TMA none 20.0

Anti-L

treated

LK 51 TMA 33.8 17.7 25.6

LK 52 TMA 29.3 15.8 32.4

LK 71 TMA 29.6 16.3 28.4

LK + Anti-L 30.9 16.6 28.8

Averages + 1.5 + 0.6 + 2.0
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sisted of changing FalX of K" pumping above 30°C to 16.6 kcal/mol (Eapl)
along with the introduction of a transition temperature. This average EaAI
value was clearly lower than the range of Ea{-‘Kvalues and higher than th at
of Eal'¥values, whereas below T, Eaflfor anti-L treated LK cells (28.8
kcal/mol) fell well into the range of the EalK values in the absence of anti-L.

In contrast to our findings, the temperature dependence of (Na* + K*)-
ATP-ase obtained from numerous mammalian tissues generally has revealed
inflections in Arrhenius plots between 16 and 22°C; activation energies
ranged from 14—21 kcal/mol above T, and from 32—45 kcal/mol below [5,
16—18]. Our experiments yielded activation energies for K* pumping which
were lower, and the T, values found in the range between 28 and 32°C for
HK cells and between 30—34°C for LK cells were clearly higher than reported
for (Na + K")-ATPase preparations. This finding is consistent with reports
that K* pumping in intact cells was less temperature sensitive than the (Na* +
K*)-ATPase activity of broken membrane preparations [2, 31.

Although the interpretation of the temperature dependence of transport
processes in biological membranes is compounded with difficulties, the pos-
sible origin of the change of the activation energy of K* transport occurring
at critical temperatures in HK and anti-L treated LK cells warrants consid-
eration in its relation to the monotonic Eal*K found in untreated LK red cells.
Generally, the activation energy is associated with the rate limiting step of a
process; a change in this parameter (produced at T, by anti-L or a difference
in cell type) reflects some alteration of the rate controlling step. Studies on
(Na® + K*)-ATPase preparations have revealed that only the overall enzyme
activity shows a nonlinear temperature response, while its Na" supported phos-
phorylation and K* dependent dephosphorylation steps exhibit linear Arrhenius
plots [6,21], suggesting that the interconversion from a Na' to a K* sensitive
conformation is being altered at T,. This interpretarion is not easily applicable
to the K pump behaviour of our study and hence it is not possible to identify
the rate limiting steps involved in the shift at T, nor to decide whether only a
quantitative change occurs in a particular reaction step.

Discontinuities in Arrhenius plots of (Na* + K*)-ATPase preparations as
well as hexose transport systems [19] have been associated with lipid phase
changes or transitions [4—6,20]. It has been suggested that the structural tran-
sition occurring around 20°C is due to a change in the lipid microenvironment
of the (Na' + K")-ATPase rather than to liquid-crystal-gel phase transitions of
the bulk lipid [22]. Lack of information on temperature dependence of active
cation transport in intact cells precludes analogies to the work on isolated
(Na" + K*)-ATPase preparations as well as a useful correlation with our K" pump
flux studies in sheep red cells. The lipid composition in sheep red cells is dis-
similar to that of other cells because sheep cells contain sphingomyelin instead
of phosphatidyl choline. Work on lipid mixtures suggests that the cholesterol
has a higher affinity for sphingomyelin than for phosphatidyl choline [23].
Perhaps the presence of sphingomyelin or its tighter interaction with cholesterol
changes the microenvironment of the Na* and K* pumps and hence contributes
to the elevated T, values found for K" pump flux in HK cells. Anti-L, therefore,
may alter the reciprocal interaction between lipids and the pump proteins, a
possibility not excluded by the fact that HK and LK red cell membranes have
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identical lipid compositions [24,25] and that anti-L has not been shown yet
to alter membrane lipid structure and composition. On the other hand, the
origin of the critical temperature for active K* transport in HK and anti-L trea-
ted LK cells may simply reside in the protein moiety of the Na* and K*pump.
In particular, the affinities for various ligands [26], the ionization state of the
protein complex, and pump turnover could determine the temperature sensi-
tivity of the system. In this regard it is of interest that the transition tempera-
tures for C1~ and Br~ transport were different (15°C versus 25°C) in human
red cells but occurred at the same turnover rate of the system [27]. It would
be of interest to analyze the temperature sensitivity of the K* pump in Na*
loaded HK and LK cells under conditions of maximum transport rates.

This work was supported by USPHS Grant HL 2 PO1-12 157.
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