long arm of the X chromosome are so
small that they can be detected only in
late prophases (Fig. 2). Previously, the
small chimpanzee Y chromosome was
reported as indistinctly banded (Z, 9). In
this work, however, we found a banding
pattern similar to that in man, except
with less heterochromatin at the distal
end of the long arm and more around the
centromere (Figs. 1 and 2). Significant
differences in the number and thickness
of various bands on several chromo-
somes (4, 6, and 16) were shown in the
comparative diagrams of the Paris report
(3). These differences could not be con-
firmed in our detailed analysis of these
chromosomes at various stages of con-
densation.

As a result of this and previous work,
it has become evident that the chromo-
somal differences between man and
chimpanzee are largely confined to the
existence of nine pericentric inversions,
addition of telomeric heterochromatin in
18 chimpanzee chromosomes (Fig. 2),
and differences in amount of peri-
centromeric, paracentromeric, inter-
calated, and Y-type heterochromatin.
The various types of constitutive hetero-
chromatin are known to be enriched in
nontranscribed highly repeated DNA se-
quences (), and pericentric inversions
have not been shown to produce changes
in gene expression; therefore, the dif-
ferences observed at the chromosomal
level between man and chimpanzee ap-
pear to be of no consequence to their
phenotype.

The virtual homology of the non-
heterochromatic bands of man and chim-
panzee is not surprising because more
than 20 genes have been localized to ho-
mologous chromosomes and chromo-
some bands of the two species (10), the
amino acid sequence of a large number
of proteins studied in the two species is
similar (/1), and there is a large degree of
homology of repeated and unique copy
DNA in both species (/2). Previous re-
ports have also cited the finding of a
chimpanzee with the clinical, behavioral,
and cytogenetic features of Down’s syn-
drome (/3). Such a remarkable degree of
similarity makes difficult a precise ex-
planation of the large biological dif-
ferences observed between these two
closely related species.

JORGE J. Yunis*
JEFFREY R. SAWYER
Department of Laboratory Medicine
and Pathology, University of Minnesota
Medical School, Minneapolis 55455
KeLLY DUNHAM
Department of Preventive Medicine,
Upniversity of lowa,
Oakdale 52319
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Oxygen Consumption and Cellular Ion Transport: Evidence for

Adenosine Triphosphate to O, Ratio Near 6 in Intact Cell

Abstract. Oxygen (O,) consumption and net K+ uptake were measured simultane-
ously upon reintroduction of K+ into a K*-depleted suspension of renal tubules. The
K*/0, stoichiometries of 11.8 = 0.2 and 8.4 + 0.6 were obtained for reduced nic-
otinamide adenine dinucleotide- and flavoprotein-linked substrates, respectively.
These values complement classical K* to adenosine triphosphate (ATP) and ATP/O,
stoichiometries, thereby demonstrating a remarkably efficient coupling between the
processes of Na*- and K*-dependent adenosinetriphosphatase-mediated ion trans-
port and oxidative phosphorylation within the intact cell.

Potassium uptake and sodium ex-
trusion by mammalian epithelial cells
are dependent on oxidative metabolism
and Nat*- and K*-dependent adenosine-
triphosphatase (ATPase)-mediated ion
transport. Individually, the production
of adenosine triphosphate (ATP) by way
of oxidative phosphorylation and the hy-
drolysis of ATP by the Na*,K*-ATPase
have been well documented (/-3). How-
ever, the scheme by which these two
fundamental processes work in concert

within the intact cell has not been entire-
ly defined. Measurements of renal cell
adenine nucleotide levels by Balaban et
al. @4) lend experimental support to the
contention (5) that the generation of
adenosine diphosphate (ADP) by the
Nat,K*-ATPase is instrumental in pro-
viding the signal for synchronous oxida-
tive metabolism. These measurements
suggest that the processes of transport
and oxidative phosphorylation are
coupled within the intact cell via their

Table 1. The K*/O, ratio for potassium uptake in K*-depleted renal tubules. The K*/O, ratios
were calculated on the basis of individual experiments as illustrated in Fig. 1A. Average values
for the absolute rates of QO, and K* uptake are provided for the purposes of comparison be-
tween the substrates. Succinate-supplemented cells were prepared by using a modified K*-free
suspension medium containing NaCl (100 mM), NaHCO; (25 mM), NaH,PO, (4 mM), CaCl,
(2.3 mM), MgSO, (2.0 mM), Na,-succinate (20 mM), glucose (5 mM), and dextran (molecular
weight, 40,000; 0.6 percent). The temperature was 37°C and the pH 7.4. Protein concentrations
were in the range of 4 to 10 mg/ml. Values are given as means *+ standard error.

00, K* uptake
(nmole O,/min- (‘jm‘tn?‘
_ mg protein) 1ately
;E:)r(i £p after
= +
Substrate ments K*/0, Prior adlgi(t:ii)n
(No.) to KCl +
o (nmole K*/
KCI addition min-mg
addition protein)
Glucose + lactate + 16 11.8 £ 0.2 11+1 20 =1 103 = 7
alanine .
Succinate + glucose 4 8.4 + 0.6 29 £ 4 42 +6 112 = 30
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common intermediaries—the cellular
ADP and ATP pools. To further explore
the relation between transport and
oxidative metabolism within the intact
cell we have determined a stoichiometry
for the incremental oxygen consumption
associated with ouabain-inhibitable po-
tassium uptake (K*/O, ratio). The K*/O,
value of 11.8 obtained in this study of
renal cortical tubules indicates an ex-
tremely tight coupling between Nat,K+-
ATPase-mediated ion transport (K*/
ATP = 2) and reduced nicotinamide
adenine dinucleotide (NADH)-linked
oxidative phosphorylation (ATP/O, = 6).
These findings demonstrate that the
mitochondrial phosphorylating mecha-
nism is able to meet the ATP de-
mands of cellular ion transport with a re-
markably high degree of efficiency.

Figure 1A illustrates the simultaneous
traces obtained from a potassium ion
selective electrode: (K*/Nat selectiv-
ity > 1000) and a Clark-type oxygen
electrode upon injection of a KCl bolus
into a K*-depleted suspension of isolated
renal tubules respiring on glucose, lac-
tate, alanine, and endogenous substrate.
The upper portion of the figure indicates
that the K* concentration of the medium
is 0.46 mM prior to the KCl injection and
that the injection initially raises the K+
concentration above 2 mM. The lower
half of Fig. 1A shows that a biphasic in-
crease in the rate of O, consumption
(Q0,) occurs after the injection. The first
phase of increased QO, is temporally
correlated with a rapid semilogarithmic
period of K+ uptake, whereas the second
and slower phase coincides with a reduc-
tion in the rate of net K+ uptake. The
system approaches a new steady state
characterized by a faster QO, and a high-
er medium K* concentration than were
present prior to the KCl addition. A sec-
ond KCI bolus added to the suspension
in Fig. 1A is unable to elicit the response
seen in the fully K*-depleted tubules
and, as anoxia is reached, K+ leaks out
of the tubules as would be expected in
the case of aerobically supported ion
transport.

The synchrony between the rapid ini-
tial periods of K* uptake and incre-
mental O, consumption makes it conve-
nient to consider this phase of the re-
cording as an initial rate period. The first
10 seconds following the KCI injection
are excluded in our measurements of the
initial rate period since this time was re-
quired to achieve a stable K* electrode
trace. Optical measurements of NADH
fluorescence and biochemical measure-
ments of the cellular ATP and ADP pools
performed under identical conditions @)
demonstrate that the K+ uptake mea-
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sured during the initial rate period does
not reflect the depletion of an endoge-
nous ATP pool but rather depends di-
rectly on a new level of increased aer-
obic metabolism initiated by the KCl ad-
dition. Dividing the K* uptake by the
incremental O, consumption for the des-

ignated initial rate period yields a K*/O,
ratio of 11.7 for the trace in Fig. 1A. As
shown in Table 1, the results of 16 such
experiments yield an average K*/O, ratio
of 11.8 = 0.2 (range 10.0 to 12.9). Al-
though technically it is known that the
K* electrode monitors net uptake, it is

Table 2. Oxidative phosphorylation in renal cortical mitochondria at 37°C. Mitochondria were
prepared in sucrose medium by a standard centrifugation technique after Nagarse protease
treatment of the tissue mince. The assay medium, pH 7.4, consisted of KCl (115 mM), KH;PO,
(5 mM), K*-containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonate buffer (10 mMf), and
substrate to which an appropriate portion of mitochondrial concentrate was added giving a final
protein concentration of 2 mg/ml. Final substrate concentrations when present were glutamate,
6.0 mM; malate, 6.2 mM; and succinate, 5.1 mM. Respiratory control ratios at 37°C for gluta-
mate- and malate-supported respiration were in the range of 5 to 6, whereas those for succinate-
suported respiration were in the range of 3 to 4.

Substrate ADP/O ADP/AO
Glutamate + malate 2.23 = 0.07 2.79 = 0.08
Glutamate + malate + ouabain (60 uM) 2.18 = 0.07 2.76 = 0.10
Succinate + Mg**™* 1.59 = 0.01 2.23 + 0.01
Succinate + Mg?** + rotenone (9 uM) 1.43 = 0.03 1.99 + 0.07
Succinate + malate + glutamate 1.45 = 0.05 2.07 = 0.06
*1 mM.
2.40 ]—A T 4.00 2.50—--—8 1*3.15
260 - - r——
| | 2.00 2.70 l-2.00
=
2.80 | T . z
: A ' =, £
x 2.90 |
e 3.00 4 KCI _LOOL__J x X,
. B Ouabain ~1.00
3.20 4 3.10 1 KCl
1 — 1 min —050 | _
340 — KCl |—‘4—‘—4—| Quabain .
400 —+ 330 L 1 min L os0
Pt
250 —
300 = )
g 200 -] Quabain
7 E 1
E ~ 150 Ouabain
@ © t
g 200 100 KCI
& i .84 nmole 02/ml-min Fig. 1. (A) The uptake of K* and consump-
tion of O, in K*-depleted isolated renal
: tubules. Double-headed arrows indicate the
109 152 amole - initial rate period. During this 18-second
02/mimin interval the K+ uptake was 239 nmole. of
4 K* per milliliter and the inciemental O, con-
sumption was 20.4 nmole per milliliter yield-
0 ing a K*/O, ratio of 11.7. The experimental

apparatus contained 5.5 ml of K*-depleted
tubule suspension (9 mg of protein per milliliter) and KCl additions were in the form of
10-ul portions of a stock of 1M KCl solution. (B) The release of K* and consumption of O, in
ouabain-treated K*-depleted tubules. The chamber contained 8.5 ml of K*-depleted susperision
and the KCl injection consisted of 15 ul of a stock of 1M KCl. Ouabain was added in the
form of two 25 ul-portions of a 0.010M stock solution to give a final concentration of 60 uM.
The rabbit kidney cortical tubules were prepared as previously described (9) and K* depletion
was achieved by washing the suspension three times in K*-free Ringer of the composition
NaCl (115 mM), NaHCO; (25 mM), NaH,PO, (4 mM), CaCl, (2.3 mM), MgSO, (2.0 mM), glucose
(5 mM), lactate (4 mM), alanine (1 mM), and dextran (molecular weight, 40,000; 0.6 percent).
The experimental apparatus was of the type previously described (9) except for modifications
related to the outfitting of a K*-sensitive electrode (Orion Corp.) and Ag/AgCl reference.
Electrode calibrations were performed prior to and following each experiment in order to
restrict to the 10 percent level possible errors in accuracy due to electrode drift. All experi-
ments were performed at 37°C and pH 7.4.
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probable that the measurements of K+
utilized in calculating the K*/O, ratio
represent primarily increments in the in-
flux of K*, because it is unlikely that ef-
flux is significantly altered during the
brief initial rate period. Protein concen-
trations varied over a range of 4 to 10 mg
of protein per milliliter but had no dis-
cernible effect on the K*/O, ratio.

The rapid initial phase of K* uptake is
mediated by a K*-induced stimulation of
the ouabain-sensitive Nat,Kt-ATPase.
This is consistent with the observation
that the medium K* concentration prior
to injection is well below reported K,,
values (Michaelis constant) for the oua-
bain-sensitive Na™;K*-ATPase in the
presence of 150 mM sodium (3). Figure
1B illustrates the total inhibition of K+
uptake induced by the prior addition of
60 uM ouabain. In fact, immediately af-
ter ouabain administration to K*-deplet-
ed tubules there is a decrease in respira-
tion and an efflux of K*, indicating the
inhibition of extant Na*t,K*-ATPase ac-
tivity by the glycoside.

The effect of 20 mM succinate supple-
mentation on the K*/O, ratio was exam-
ined because flavoprotein-linked sub-
strates are expected to produce fewer
ATP molecules per O, consumed. The
average K*/O, ratio obtained with succi-
nate was 8.4 += 0.6 (range 6.7 to 9.5, see
Table 1). This value is consistent with
the observation in isolated mitochondria
that flavoprotein-linked respiration pro-
ceeds with two-thirds of the ATP-pro-
ducing capacity of NADH-linked respi-
ration. The possibility of a significant
contribution from NADH-linked respira-
tion was not precluded in these experi-
ments since rotenone was not present.
However, experiments with isolated mito-
chondria shown in Table 2 indicate that the
efficiency of oxidative phosphorylation
for succinate alone or in combination
with NADH-linked substrates approxi-
mates that of succinate and rotenone.

The mitochondrial phosphorylation ra-
tios presented in Table 2 demonstrate
that the rabbit renal cortex possesses an
orthodox phosphorylation system and
that the effect of ouabain on the renal tu-
bules is not the result of mitochondrial
toxicity. The ratios were obtained by the
polarographic technique (2) and values
were calculated by using both the total
oxygen excursion (ADP/O) and the in-
cremental oxygen excursion (ADP/AO)
observed during an ADP-induced period
of state 3 respiration. This distinction is
noteworthy (I, 6) because the K*/O, ra-
tio calculated for K+ transport in the in-
tact tubules is based on incremental oxy-
gen consumption. The phosphorylation
ratios obtained are in excellent agree-
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ment with those reported by Hinkle and
Yu (/) for NADH-linked (glutamate and
malate) and succinate-supported respira-
tion in rat liver mitochondria. Earlier ob-
servations (7, 8) indicating that ouabain
has no direct effect on the rate of mito-
chondrial respiration were also con-
firmed (not shown).

The K+/O, ratio-of 11.8 + 0.2 obtained
in this study indicates that an ex-
tremely efficient coupling exists between
Nat,K*-ATPase-mediated ion transport
(K*/ATP = 2) and NADH-linked oxida-
tive phosphorylation (ATP/O, = 6) with-
in the intact cell. This value is appre-
ciably higher than the K*/O, ratio of 4
obtained by Whittam and Willis (5) for
kidney cortex slices and reflects both the
rapid kinetic capability and superior oxy-
genation characteristics (9) of our exper-
imental preparation. A review of the lit-
erature indicates that K*/ATP ratios de-
termined in three different red cell
preparations (/0-12) yielded values
somewhat higher than 2 (2.2 to 2.4),
whereas the results of experiments in a
reconstituted renal ATPase preparation
(13) lacked sufficient resolution to dis-
criminate between integral and fractional
values. In view of some uncertainty
within the literature regarding the pre-
cise evaluation of K*/ATP and ADP/O
coupling ratios, we propose that the
11.8 = 0.2 value be not strictly viewed
as the product of 2 and 6; rather it may
be indicative of numbers 10 to 20 percent
greater than 2 and 10 to 20 percent less

than 6, respectively. We conclude that
the excellent correlation between
phosphorylation ratios and K*/O, ratios
for both NADH-linked and succinate-
supplemented respiration indicates that
in vitro mitochondrial studies are indeed
valid indices of energy metabolism with-
in the intact cell.
STUART 1. HARRIS
ROBERT S. BALABAN*
LAazAro J. MANDEL
Department of Physiology,
Duke University Medical Center,
Durham, North Carolina 27710
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Intercellular Adhesion: Coconstruction of Contractile Heart

Tissue by Cells of Different Species

Abstract. Dissociated embryonic rat myocardial cells and chick myocardial cells
labeled with radioactive isotope coaggregate and establish intercellular junctions.
These bispecific cells reconstruct synchronously beating myocardial tissue within 24

hours of culture.

By conducting experiments with dis-
sociated embryonic cells and observing
the subsequent aggregation of the cells
and tissue reconstruction, biologists
have been able to learn something about
the mechanism of cell movement and or-
ganization that leads to the differ-
entiation of tissues in embryos. The dis-
sociated cells from two or more differ-
ent tissues of the same species segre-
gate according to tissue type (I, 2). This
cellular process is widely regarded as a
form of histotypic self-recognition. One
way to understand histotypic recognition
is to examine its operation among dif-
ferent animal species. Moscona and his
collaborators (3, 4) studied aggregates

0036-8075/80/0606-1150$00.50/0 Copyright © 1980 AAAS

containing mouse and chick embryonic
cells derived from the same type of tis-
sue. They used embryonic limb pre-
cartilage, liver, skin, neural retina, and
kidney and reported that the mouse and
chick cells of the same type did not sort
out according to species. From these
studies it was hypothesized that, for any
one embryonic cell type, the properties
respensible for cell sorting were in-
distinguishable among even very dis-
tantly related warm-blooded vertebrate
species. Later, Burdick and Steinberg
(%), working with the embryonic heart
cells from mouse and chick at the light
microscopic level, reported that mouse
and chick myocardial cells segregated
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