nism used, there is evidence that gyrase
remains bound at the same site on the
DNA, acting processively through cy-
cles of sign inversion until binding is suf-
ficiently weakened by the increased su-
pertwist density that the enzyme is re-
leased (25).

In contrast to other models, super-
coiling is necessarily quantized in the
sign inversion scheme. The change in
linking number per cycle is always two,
even though the work required to change
it increases with increasing supertwist
density. Therefore, if the number of ATP
molecules bound per cycle is constant,
the thermodynamic efficiency of the re-
action must progressively increase. A
lower limit on the number of ATP mole-
cules hydrolyzed per cycle can be esti-
mated from the work (/9) required to re-
duce by two the linking number of the
most negatively supercoiled DNA mole-
cule which can be further supercoiled by
gyrase. Such an analysis suggests that at
least two ATP’s must be hydrolyzed for
each round of sign inversion.

Most other models for supertwisting
invoke an initial energy-requiring segre-
gation of positive supercoils followed by
their passive relaxation. Sign inversion is
an active process in which breakage-and-
rejoining is intrinsically coupled with the
mechanical energy-requiring step of
DNA traversal. The following is present-
ed as a plausible sequence of events link-
ing ATP binding and hydrolysis (6) to su-
pertwisting. Gyrase binds to DNA form-
ing a right-handed node. The subsequent
binding of ATP by the gyrB protomers
changes the conformation of gyrase (27)
to one that stabilizes instead a left-hand-
ed node. To relieve the resultant strain,
gyrase performs the remarkable feat of
passing the front segment of DNA
through a double-strand break in the
back segment, and perhaps through the
enzyme itself, while holding both ends of
the break so that they cannot rotate. The
energy of the broken phosphodiester
bonds, conserved as a protein-DNA
bond, is used to reseal the break after
sign inversion. After resealing the break,
gyrase catalyzes the hydrolysis of ATP.
Release of adenosine diphosphate (ADP)
and P; allows the enzyme to return to its
initial conformation so that a new cycle
of sign inversion can begin.
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Cerebral Vessels Have the Capacity to

Transport Sodium and Potassium

Abstract. The activity of Na*,K*-activated adenosinetriphosphatase and the up-
take of a potassium analog, rubidium, were found to be similar in cerebral micro-
vessels and choroid plexus when measured in vitro. This similarity suggests that
sodium and potassium concentrations in the nascent brain extracellular fuid are
determined by the same active process that regulates their concentration in nascent
cerebrospinal fluid. The brain microvessels may thereby play an active role in brain
potassium homeostasis and brain extracellular fluid formation.

The endothelial cells lining the cere-
bral blood vessels are joined by tight
Jjunctions and contain few, if any, pino-
cytotic vesicles (/). This continuous
endothelial membrane forms a limiting
barrier, restricting the movement of
many solutes between blood and brain.
The study of movement of solutes
through this barrier has been advanced
by the recent development of techniques
for isolation of metabolically active brain
microvessels (2, 3). Experiments with
preparations of these isolated vessels
have shown that they contain specific
transport systems for certain amino
acids and sugars (¢, 5). The mechanism
by which the major cations Na* and K+
cross this barrier has not been experi-
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mentally defined; however, the presence
of a specific transport system may be in-
ferred.

Cerebrospinal fluid (CSF) and brain
extracellular fluid (ECF) are identical or
virtually identical (6). The concentration
of Na* and K* in the nascent CSF se-
creted by the choroid plexus has been
shown to be dependent on a ouabain-
sensitive process, indicating that Na*,
K*-adenosinetriphosphatase is involved
in the transport (7, 8) and that transport
of Na* is a major energy-dependent step
in the formation of the fluid. Although
the CSF and brain ECF are contiguous at
the ventricular wall, where movement of
even large solutes is not impeded (9), it is
unlikely that the secretory mechanisms
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of the choroid plexus have a controlling
influence on the concentration of cations
in the brain ECF. The implication then is
that similar enzymatic machinery for the
secretion and regulation of these cations
in the nascent brain ECF exists at other
sites. These sites are presumably at the
barrier or adjacent to it. We found that
the activity of Na*,K*-adenosinetriphos-
phatase and the uptake of rubidium, a
potassium analog, were similar in brain
microvessels and choroid plexus. This
implies that these microvessels have cat-
ion transport systems like those in cho-
roid plexus.

Tissues were taken from adult
Sprague-Dawley rats of unselected sex.
Cerebral microvessels were isolated (/0)
by a modification of the methods of
Goldstein et al. (3) and of Mrsulja et al.
(5). The isolated vessels contained many
capillary segments and fewer segments
of small arterioles and venules. No other
cellular or subcellular elements were
seen by light microscopy, and transmis-
sion electron microscopy showed that
vessels were circumferentially complete
and surrounded by an intact basement
membrane (Fig. 1B).

The Nat*,K*-adenosinetriphosphatase
activity of the isolated cerebral micro-
vessels, choroid plexus, and red blood
cells (RBC’s) was determined by mea-

0.20

0.151

/v

0.10

Vmax 14.77

10,000

Km 2.27 x 10-4

Table 1. Activity of Na*,K*-activated adeno-
sinetriphosphatase in cerebral microvessels,
choroid plexus, umbilical vein endothelial
cells, and red blood cells. Each value is the
mean * standard error; N is the number of
experiments. The value for each experiment
was the average of four determinations. Pro-
tein was determined by the method of Lowry
et al. (17).

. Specific
Tissue activity* N
Cerebral microvessels  13.237 = 3.175 7
Choroid plexus 8.260 = 1.630 5
Umbilical vein 0.024 + 0.003 4
endothelial cells
Red blood cells 0.005 = 0.002 4

*Expressed as micromoles of inorganic phosphate
per milligram of protein per hour.

suring the inorganic phosphate released
from adenosine triphosphate (ATP) in
the absence and presence of ouabain (1
mM). It was the portion of the total aden-
osinetriphosphatase activity that was in-
hibited by ouabain. Na*,K+-Adenosine-
triphosphatase activity was also mea-
sured in peripheral endothelial cells
obtained from human umbilical veins by
limited collagenase digestion (/7).

The amount of inorganic phosphate re-
leased by the isolated microvessels in-
creased linearly with time and was inhib-
ited by cold (0°C). The specific Na*,K*-

(&)

—
=]
o

50
« Quabain

«0°C

cpm /mg protein as %
of 20-min counts

Fig. 1 (A). Relationship between Na*,K*+-adenosinetriphosphatase activity (V; micromoles of
inorganic phosphate per milligram of protein per hour) in cerebral microvessels and ATP con-
centration (S; moles per liter). Each point represents the mean of four determinations. The
kinetic parameters shown were determined by linear regression analysis. (B) Electron micro-
graph showing an isolated cerebral capillary segment in cross section with a red blood cell in its
lumen. The capillary basement membrane is intact (x5275). (C) Rubidium uptake by isolated
microvessels expressed as a percentage of the uptake at 20 minutes, plotted against time (min-
utes). Each point represents the mean of three experiments, each experiment done in quadru-
plicate. The range of the 20-minute tissue counts per minute per milligram of protein was 1374
to 5831. The effects of ouabain (1 mM) and cold (0°C) are shown. (D) Autoradiograph of the
microvessel isolate after incubation with [*H]ouabain, showing dense deposits of silver granules
outlining the capillaries as well as a larger vessel near the center (X200).
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adenosinetriphosphatase activity of the
isolated cerebral microvessels was simi-
lar to that measured in the choroid plex-
us (Table 1). This activity was much
greater than that of RBC’s. The activity
derived from RBC’s added little to the
total Na*,K*-adenosinetriphosphatase
activity determined in choroid plexus
and isolated microvessels, only slightly
lowering their specific activity. The ac-
tivity in the microvessel isolate was
more than 500 times greater than that
measured in the human peripheral endo-
thelial cells. The substrate (ATP) depen-
dence of the microvessel Na*,K*-adeno-
sinetriphosphatase and the kinetic pa-
rameters obtained from a computer fit of
the data by linear regression analysis are
shown in Fig. 1A. The Michaelis con-
stant, K,,, calculated is similar to one
that we had determined for Cq rat astro-
cytoma cells; the maximum velocity,
Vmax, iS approximately ten times higher
12).

The relationship of enzyme activity to
cation uptake was studied in the two tis-
sues, cerebral microvessels and choroid
plexus, by measuring uptake of *Rb
(13). The ®¢Rb uptake by the isolated mi-
crovessels increased with time, was sen-
sitive to ouabain, and was temperature-
dependent (Fig. 1C). During a 10-minute
incubation period #¢Rb uptake decreased
46 percent in the presence of 1 mM oua-
bain and 62 percent at 0°C. The uptake of
8Rb per unit weight of tissue protein by
microvessels was 2.8 times greater than
that by choroid plexus (determined in
two experiments, using mean values of
quadruplicate samples).

Morphological localization of the Na*,
K*-adenosinetriphosphatase in the mi-
crovessel isolate was determined by au-
toradiography, using [*H]ouabain as a ra-

~ dioligand. The autoradiographs showed

dense deposits of silver grains outlining
the capillaries as well as the larger ves-
sels. At the light microscope level these
grains were uniformly present along the
vessels (Fig. 1D).

The data demonstrate that isolated
brain microvessels contain Nat K*-
adenosinetriphosphatase activity similar
to that in choroid plexus; the uptake of a
potassium analog by the isolated micro-
vessels is by a ouabain-sensitive process
and is quantitatively similar to the up-
take by choroid plexus; and the enzyme
Na*,K*-adenosinetriphosphatase is ana-
tomically associated with microvessels
including capillaries. These features may
be unique to the blood vessels of the cen-
tral nervous system, but a direct com-
parison with other blood vessels has not
been possible. The specific activity of
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the enzyme in cerebral microvessels was
much greater than that measured in vitro
in peripheral endothelial cells, but the
implication that a difference of such large
magnitude would be present in whole
vessel from another source is not yet
warranted.

Secretion of CSF by the choroid
plexus has been shown to be directly re-
lated to the activity of Na*,K*-adeno-
sinetriphosphatase in that structure (/4),
and ouabain binding sites have been
shown to be abundant on the choroid
plexus epithelial surface (/5). In addi-
tion, the concentration of K* measured
in the nascent fluid secreted by the cho-
roid plexus is dependent on the activity
of the enzyme (7). It was found in other
tissues that the capacity to actively
transport Na* or K* is directly propor-
tional to the activity of Na*,K*-adeno-
sinetriphosphatase in that tissue, and the
ratio of cation transported to enzyme ac-
tivity measured was nearly equal when
six different tissues were studied (/6).
We have shown that Na*,K*-adenosine-
triphosphatase activity and cation up-
take in isolated microvessels are very
similar to those in choroid plexus and we
infer that the brain microvessels have the
capacity to transport Na* and K* by a
similar mechanism. We suggest that the
regulation of K* in the nascent brain ex-
tracellular fluid and the movement of
Na* into that fluid from microvessels is
related to the activity of Na*,K*-adeno-
sinetriphosphatase present in those ves-
sels.
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Differential Competition with Cytotoxic Agents:

An Approach to Selectivity in Cancer Chemotherapy

Abstract. An approach to increasing the selectivity of cancer chemotherapeutic
agents is presented in which noncytotoxic competitive substrates are used to discern
the differences in structural requirements for transport of cytotoxic agents between
tumor cells and a sensitive host tissue, the hematopoietic precursor cells of the bone
marrow. Examples are given for two such systems, one responsible for the transport
of nucleosides and another for the transport of amino acids. Cytidine is twice as
effective in reducing the toxicity of showdomycin for murine bone marrow cells in
culture as it is for murine L1210 leukemia cells. Conversely, homoleucine is twice as
effective in reducing the toxicity of melphalan for L1210 cells as it is for bone marrow
cells. These observations can serve as a basis for the development of bone marrow
protective agents and for the design of cytotoxic agents that may be preferentially

transported into tumor cells.

A principal concern in cancer chemo-
therapy is the protection of sensitive
host tissue, such as the hematopoietic
progenitor cells of the bone marrow,
from the action of cytotoxic agents. It
may be possible to do this by taking ad-
vantage of the many differences in the ar-
chitecture of the plasma membrane be-
tween normal cells and tumor cells (/),
which could alter the specificity of trans-
port sites. Such transport systems are
present in mammalian cells for the up-
take of nucleosides and amino acids and
are mediated by a carrier, a component

Fig. 1. Structures of show-
domycin, uridine, and cy- HOCH2 o
tidine.

OH OH
Showdomycin
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of the plasma membrane that often ex-
hibits high affinity and limited capacity
for the nutrient. The structural require-
ment for substrates to participate in car-
rier uptake depends on the individual
transport system, and certain cytotoxic
agents of value in cancer chemotherapy
have been shown to enter cells by such
transport systems (2-5). The limited ca-
pacity of transport carriers, termed satu-
rability, makes them susceptible to com-
petitive interaction, and thus the activity
of cytotoxic agents that gain entrance to
the cell through their agency may be con-

NH

OH OH OH OH
Uridine Cytidine
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