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Fig. 2. Proton flux as a function of depth
in aluminum. The steeply falling portion
of the curve near 18 g/cm® is used to
obtain the high contrast of Fig. 1.

in Fig. 2. Near total thickness of 18
g/cm? the flux is changed rapidly by
small changes in thickness. A test object
with average thickness equivalent to 18
g/cm? of aluminum, but with local
voids, transmits a greater flux through
the portion containing the voids; this
variation can be recorded on photo-
graphic film pressed against the exit
face of the test object. A thin object
can be built up to equivalence to 18
g/cm? by placement of additional ab-
sorber ahead of it. Irregular objects can
be radiographed by immersing them
in an appropriate fluid contained in
a parallel-sided box.

The proton exposure required to pro-
duce a radiograph depends on the pho-
tographic film and the thickness of the

absorber used. A surface exposure of
2 X 10° proton/cm? was required for
Fig. 1, with relatively insensitive Polar-
oid type-52 film (2). Induced radioactiv-
ity has not been a problem at such low
exposures. Substantially lower exposures
are sufficient if more-sensitive film is
used in contact with an intensifying
screen.

The smallest change in thickness that
can be detected depends on the steep-
ness of the flux-depth curve and on the
characteristics of the photographic film.
With Polaroid type-52 film and the pro-
ton beam just described, the minimum
detectable change is now 0.01 g/cm?,
or about 0.05 percent of the total thick-
ness examined. Since the spatial resolu-
tion is so poor by comparison, the
technique is best suited to detection of
thin cracks or inclusions having consid-
erable extent transverse to the beam, or
to detection of density changes as small
as 0.01 g/cm?® extending over a volume
of 1 cm in diameter, or greater, within
a nearly homogeneous object. Applica-
tions to detection of flaws in technical
materials and to- medical radiography
are possible.

A. M. KOEHLER
Cyclotron Laboratory,
Harvard University,
Cambridge, Massachusetts
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Sodium Ion Influences on Phosphorylations Associated

with Oxidation of Succinate by Turnip Root Mitochondria

Abstract. Sodium ions (10~% mole/liter) cause a marked increase in the ratio of
phosphate esterified to oxygen utilized when turnip root mitochondria oxidize
succinate. Separate study of the two phosphorylation sites associated with suc-
cinate oxidation indicates that the observed effect is a summation of differential
responses of these sites to sodium ions. The activity of the first site, that associated
with the reduction of cytochrome c, is stimulated about threefold by 10—3 molar
NaCl, whereas phosphorylation at the second site, coupled with the oxidation of
ferrocytochrome c, is slightly inhibited by the same concentration of NaCl.

Although the yield of certain crops
is increased as a result of the applica-
tion of sodium salts (/) and although
Atriplex vesicaria has a specific require-
ment for sodium when cultured in water
carefully purified of Na+* (2), sodium is
more commonly considered to be either
not required by plants or specifically
toxic to them. The search for explana-
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tions of the variety of responses elicited
from plants by Na+ has only recently
turned to study of the effects of this ion
on cell-free systems. Pea seedlings
grown 6 days in 75 X 10—3M NacCl pro-
duce mitochondria which have a higher
rate of oxidation but the same P/O
ratios [phosphate esterified (micromoles
per hour) to oxygen utilized (microatoms

per hour)] as mitochondria from un-
treated seedlings (3). However, NaCl
added to mitochondria during and after
preparation has no effects on either
oxidation or phosphorylation (3), but
the experimental procedures indicate
the presence of substantial concentra-
tions of K*, which in our experiments
can mask the effects of added Nat.

We have tried to determine the effects
of Na* in a wide range of concentrations
on the oxidation of succinate by plant
mitochondria and the phosphorylations
which accompany this oxidation.

Fresh turnips (Brassica rapa, L.)
were obtained from a local market.
Mitochondria were prepared from 200
g of root tissue by the method of
Wedding and Black (4), the mitochon-
drial pellet being suspended after the
second wash in 2 ml of 0.4M sucrose
in 0.05M tris-Cl buffer [tris(hydroxy-
methyl)aminomethane] at pH 7.0.

The oxidative and phosphorylative
capacity of mitochondria is wusually
measured in experiments where no par-
ticular effort is made to eliminate or
restrict monovalent cations. In addition

to the endogenous ions contributed by

the tissues from which mitochondria are
prepared, many substrates and cofactors

~are available only as Na or K salts. To

provide for a minimum concentration
of monovalent cations in the reaction
mixture, we used all substrates and co-
factors as tris or magnesium salts as
indicated in the legends for the figure
and tables. These salts were prepared
either by neutralization of commercially
available free-acid preparations, or by
passage of Na or K salts of commercial
products through Dowex 50 (8 percent
cross-linkage, 400 mesh) ion-exchange
resin followed by adjustment of the pH
with tris base or MgO. The Na+ content
of flasks receiving no added NaCl was
5 X 10—5M.

The oxidation of succinate was mea-
sured in a Warburg respirometer at
27°C. At the end of a 10-minute equil-
ibration period, the system was closed
and the mitochondria were tipped in
from a side arm. Oxygen uptake was
measured for the subsequent 30 min-
utes, after which the flasks were re-
moved and placed in an ice bath. For
measurement of phosphate esterifica-
tion, 0.5 ml of the reaction mixture was
pipetted into 2.0 ml of 10 percent tri-
chloroacetic acid and centrifuged at
500g, and 0.2-ml samples of the clear
supernate were used for determination
of residual inorganic phosphate (4).

The “P/O” ratios relating to the re-
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duction of cytochrome ¢ by succinate
were measured by a modification of the
method of Bogstrom, Sudduth, and
Lehninger (5). The appearance of ferro-
cytochrome ¢ was followed at 540 nm
after the reaction was initiated by the
addition of ferricytochrome c¢ to the
cuvette. The reactions were followed in
a recording spectrophotometer with the
cell compartment controlled at 27°C.
After a suitable reaction interval, usually
10 minutes, when 20 to 40 nmole of
cytochrome ¢ had been reduced, the
reaction was halted by the addition of
1 ml of 20 percent trichloroacetic acid,
the preparation was centrifuged at
500¢, and the amount of unesterified
phosphate remaining was determined
with a 4-cm cell for measurement of
phosphomolybdate absorbance. Samples
of 2 ml from each cuvette were reacted
without dilution to produce the phos-
phomolybdate color. With this technique
it was possible to reproducibly measure
a difference of 1 nmole in P; concentra-
tion in the 3-ml reaction mixture.
Measurement of the oxidation of as-
corbate and its coupled phosphorylation
was carried out in a Warburg respirom-
eter by the method of Maley and Lardy
(6). After a 10-minute temperature
equilibration, the reaction was initiated
by tipping in the mitochondrial suspen-
sion from a side arm; oxygen uptake
was measured for 45 minutes. The reac-
tion was stopped by the addition of 1

Table 1. Effect of added NaCl on the reduc-
tion of cytochrome ¢ and coupled phospho-
rylation in turnip root mitochondria, Cyto-
chrome ¢ reduction and phosphate esterification
were measured as described in the text. Each
cuvette contained: magnesium succinate, 15
wmole; cytochrome ¢, 0.15 ymole; tris-sADP,
0.3 umole; tris-POy, phosphate 1 wmole; tris-
CN, 4 pmole; sucrose, 600 ymole; tris-Cl
(PH 7.0), 75 pumole; glucose, S0 umole;
hexokinase, 0.2 units; NaCl as indicated; and
0.1 ml of mitochondrial suspension. The total
volume was 3.0 ml, the temperature 27°C.
Values given are means of three separate
determinations. “P/O” ratios were calculated
as P; esterified divided by one half the cyto-
chrome ¢ reduced.

Added Cytochrome Phosphate
NaCl ¢ reduced esterified “P/O”
(mole/liter) (nmole) (nmole)
0 57.6 8.8 0.31
1 x 10-5 55.2 8.8 32
1 x 10-* 59.2 11.0 37
3 x 10 67.0 14.2 42
6 X 10-¢ 58.4 16.9 .58
1 x 10-2 60.6 22.7 15
3 x 102 64.0 20.5 .64
6 X 10-8 60.0 12.3 41
1x 102 58.4 10.1 35
1 x 10 20.2 2.5 25
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ml of the reaction mixture to 2 ml of
10 percent trichloroacetic acid, and
phosphate esterification was determined
on a 1.2-ml sample of the centrifuged
solution, with the absorbance read in a
1-cm cell.

A slight increase in succinate oxida-
tion occurs when 10-3M NacCl is added
to the reaction mixture; a larger de-
crease occurs as the concentration of
Na+ is raised to 10~1 mole/liter (Fig.
1). A pronounced stimulation of phos-
phorylation is brought about by 10—3M
NaCl, amounting to a 70 percent in-
crease in the rate of adenosine triphos-
phate formation as compared with the
control containing no added NaCl. The
P/O ratios calculated from these values
progress from 0.73 for the control, to a
maximum of 1.11 at 10-3M NaCl and
decline to 0.67 for the mitochondria
treated with 10-*M NaCl.

Experiments of the same type with
KCl demonstrate a similar, although
less pronounced, stimulation of phos-
phorylation, with a maximum effect at
10—2 mole/liter and an inhibition at
higher concentrations. The increase in
phosphate esterification induced by
10—3M K+ is approximately 30 per-
cent, but the curves for both succinate
oxidation and phosphorylation as a
function of K+ concentration otherwise
resemble the lines in Fig. 1. Data for
other monovalent cations are not avail-
able, but the stimulatory effect demon-
strated for Na* and K+ is probably
not limited to these ions.

Experiments including both Na+t and
K+ in which the concentration of KCl
was maintained constant while that of
NaCl varied over the range 10—5 to
10—1 mole/liter showed that a KCI
concentration between 10—3 and 10—2
mole/liter was sufficient to completely
mask any stimulatory effect of Nat
on phosphorylation.

Repetition of the experiment sum-
marized in Fig. 1 with Na,SO, used
instead of NaCl gives essentially identi-
cal results, indicating that the observed
responses are not due to the chloride
ion.

The two phosphorylations which ac-
company the oxidation of succinate, one
associated with the reduction of ferri-
cytochrome ¢ and the other with the
oxidation of ferrocytochrome ¢, have
been experimentally isolated by the use
of appropriate substrates and inhibitors
(6, 7). The methods employed, developed
for use with rat liver mitochondria,
have proven effective with turnip root
mitochondria as well, and have been

utilized in determining the effects of
Na+ on the activity of these two phos-
phorylation sites individually.

The first site, in terms of the sequence
of transport of electrons from succinate,
is isolated by preventing the oxidation
of ferrocytochrome c¢ through the addi-
tion of high concentrations of CN-. The
rates of cytochrome c¢ reduction and
accompanying phosphorylation when
turnip root mitochondria are supplied
with succinate in the presence of a
range of NaCl concentrations are given
in Table 1.

It may be seen that 10—3M NaCl
causes a threefold stimulation of phos-
phate esterification. The maximum
“P/0O” ratios occur between 10-* and
10—3M NacCl, with a peak at 1 X 10—3
mole/liter, when the value of 0.75 ap-
proaches the theoretical value of 1,
which may be an indication that an
appropriate concentration of monova-
lent cations is actually a requirement
for optimum activity of this phosphoryl-
ation site. There is little effect of NaCl
on cytochrome c¢ reduction except at
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Fig. 1. Oxidation of succinate and coupled
phosphorylation by turnip root mitochon-
dria as affected by added NaCl. The
“zero” concentration of NaCl is actually
10°M. Oxygen uptake and phosphate es-
terification measured by methods described
in the text. Each flask contained: magne-
sium succinate, 30 wmole; tris-PO;, 30
umole; trissADP, 0.5 umole; sucrose, 644
umole; tris-Cl (pH 7.0), 81 umole; glucose,
50 wmole; hexokinase, 0.2 unit; NaCl as
indicated; and 0.25 ml mitochondrial sus-
pension. Total volume was 3.0 ml; the
center well contained 0.2 ml of 5N KOH;
the gas phase was air; the temperature was
27°C. (@) Oxygen uptake, microatoms
per 30 minutes; ((O) phosphate esterified,
micromoles per 30 minutes. Each point is
the mean of six determinations.
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Table 2. Effect of added NaCl on the oxida-
tion of ascorbate and coupled phosphorylation
in turnip root mitochondria. Oxygen uptake
and phosphate esterification were measured as
described in the text. Each flask contained:
tris ascorbate, 6 ymole; cytochrome ¢, 0.005
wmole; MgSOy, 30 umole; tris-ADP, 0.5
pmole; tris-POy, 4 ymole; sucrose, 600 ymole;
tris-Cl (pH 7.0), 75 ymole; glucose, 50 ymole;
NaCl as indicated; hexokinase, 0.2 units; and
0.5 ml of mitochondrial suspension. The total
volume was 3.0 ml; the center well contained
0.2 ml of SN KOH; the gas phase was air;
and the temperature was 27°C. Values given
are means of four determinations.

Nacl Oxygen Phosghate
(mole/liter) uptake esterified P/O

(natom) (umole)
0 1.39 1.26 0.91
1% 10 1.43 1.26 .88
1 x 10 1.55 1.24 .80
3 X 104 1.59 1.10 .69
6 X 10-* 1.65 1.02 .62
1 X 10-® 1.70 0.97 57
3 X 1072 1.67 98 .58
6 X 102 1.60 1.10 .69
1 x 10-2 1.46 1.10 5
1 x 10 1.32 1.11 .83

10*M NaCl, where the rates of both
cytochrome c reduction and phosphoryl-
ation are diminished to about half of
the control values.

The second site, separated from the
other by the use of ascorbate as a re-
ductant for cytochrome ¢, the oxidation
of which is coupled to the phosphoryla-
tion, and molecular oxygen as a terminal
acceptor for the electrons, is affected by
NaCl in the manner detailed in Table
2. In this case, oxygen uptake is some-
what increased (about 20 percent) by
10-3M NaCl, but phosphorylation is
inhibited to a similar degree by the
same concentration. The result is to re-
duce the P/O ratio from 0.91 to a
value only slightly greater than 12 of
the theoretical 1. Because the amount
of mitochondria and the times of
measurement differ for the experiments
reported in Tables 1 and 2, it is not
possible to calculate accurately the
P/O ratios for the summation of the
activity of both sites measured sepa-
rately. But an estimation of these values,
corrections being made for differing
volumes, amounts of mitochondria,
adenosine diphosphate and reaction
time, gives results in general agreement
with the data reported in Fig. 1, with
the calculated P/O for the sum of both
sites at 102M NaCl being 80 percent
higher than that for the preparations
with no added NaCl as compared with
a 50 percent increase in the P/O ratios
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actually observed in the experiments de-
tailed in Fig. 1. It therefore seems rea-
sonable to assume that the observed
effect on phosphorylation when both
sites are in operation is actually a sum-
mation of the effects of Na* observed
on the two sites separately.

One might assume that the effect of
Na* on phosphorylation may be related
to the (Na* 4+ K*)-activated adenosine
triphosphatases which have been re-
ported from a variety of sources (7, §).
A report of stimulation by K+ of oxi-
dative phosphorylation in brain mito-
chondria (9) has been explained on this
basis. However, our evidence gives little
support to such an assumption, particu-
larly since the optimum concentration
of Na* found here is one or two orders
of magnitude lower than those reported
for the adenosine triphosphatases. In
addition, there appears to be no require-
ment for both cations. In experiments
involving both Na* and K+, the effect
of the two ions in combination was
simply additive.

Although it might be possible that
Na* or other monovalent cations are
required as an activator for the phos-
phorylation accompanying the reduc-
tion of cytochrome ¢, it seems im-
probable that the mechanism of this
activation is through binding of the ion
at a specific point, either the active
site of the phosphorylating enzyme,
or at an allosteric site. It is, of
course, possible that the influence of
the cations on the activity of both the
phosphorylation sites studied is not
exerted through an effect on the config-
uration of a single enzyme, but instead
through influences on the architecture
of the mitochondrion.

BAaQAarR H. SHAH
RanNpoLPH T. WEDDING
Department of Biochemistry,
University of California, Riverside
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Cytotoxic Action of Stimulated
Lymphocytes on Allogenic and
Autologous Erythrocytes

Abstract. Fowl erythrocytes are lysed
when exposed to an excess of fowl
blood lymphocytes in the presence of
phytohemagglutinin. No significant cell
damage is seen in the absence of phyto-
hemagglutinin, or when the lymphocytes
are replaced by malignant lymphoid
cells, thymus cells, or nonlymphoid cells.
The lymphocytes remain viable during
the reaction. Differences in histocom-
patibility between lymphocytes and
erythrocytes are not required. Autolo-
gous lymphocytes are cytotoxic to the
same extent as allogenic lymphocytes
over a wide range of experimental con-
ditions.

Lymphocytes are assumed to play an
important role in tissue-damaging im-
mune reactions, such as those occurring
in delayed hypersensitivity, in various
homograft and graft-versus-host inter-
actions and in autoimmunity. Evidence
for their possible direct participation in
cell destruction comes from experiments
in vitro in which antigen-carrying cells
in tissue culture are damaged when ex-
posed to lymphocytes from sensitized
animals. The reactions are immunologi-
cally specific, do not require addition of
complement, and are not correlated
with titers of cytotoxic antibody in the
blood of the lymphocyte donors (I).
These reactions appear also when lym-
phocytes and target cells are of syngenic
or even autologous origin (2). Further-
more, lymphocytes from normal donors
may become cytotoxic for tissue culture
cells, provided they have been stimu-
lated by phytohemagglutinin (PHA) or
antigen (3-5). Cytotoxicity requires
living, immunologically competent lym-
phocytes whose ~energy-supplying me-
tabolism is intact (6).

The use of nondividing target cells
offers many advantages in studying the
problem of the mechanism of lympho-
cyte cytotoxicity. We now report that
fowl erythrocytes can easily be used for
this purpose. In contrast to what has
been found with tissue culture cells,
lack of histocompatibility between lym-
phocytes from normal donors and fowl
erythrocytes is not necessary for the
PHA-induced cytotoxic reaction.

Twenty milliliters of blood from
White Leghorn fowls (3 to 12 months
old) were taken up in a syringe con-
taining 100 L.U. of heparin in 3 ml of a
1:1 mixture of Hanks’s balanced salt
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