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The investigations reported in this paper pro-
ceeded on the hypothesis that maintenance of the
structural integrity of the human erythrocyte is
dependent on continued production and utilization
of energy by the cell. In an attempt to test this
hypothesis the susceptibility of fresh human eryth-
rocytes to osmotic lysis was studied in terms of the
influence of various compounds that might serve
as substrates for energy yielding reactions within
the erythrocyte. Particular attention was paid to
glucose (3) and purine nucleosides (4, 7) which
have been shown to prolong the viability of stored
erythrocytes and to retard their progressive lysis
and diminished resistance to hypotonic solutions.
It may be noted, however, that the effectiveness of
the purine nucleosides in the preservation of eryth-
rocytes has recently been questioned (8).

MATERIALS AND METHODS

Blood freshly drawn from normal adults was defibri-
nated and the erythrocytes were washed three times with
about three volumes of isotonic sodium phosphate buffer
(pH 7.3 to 7.4). Each washing was carried out with
centrifugation in a Servall Refrigerated Angle Centri-
fuge for 10 minutes at 1,600 G and at 40 C. (SS-1 rotor).
The phosphate buffer was prepared to contain 3.76
grams NaHPO, HOand 11.62 grams NaHPO, in dis-
tilled water in a final volume of one liter. A fifty per

1 This work has been presented in part at meetings of
The American Society of Biological Chemists at Atlantic
City, April, 1956 (1) and The International Society of
Hematology at Boston, August, 1956 (2).

2This work was supported by grants from the Office of
Naval Research (Contract Nonr-1765 (00)), from the
American Cancer Society on the recommendation of the
Committee on Growth of the National Research Council,
and from the Atomic Energy Commission (AT (30-1)
1855).

8 Fellow of the National Foundation for Infantile
Paralysis.

4Fellow of the American Cancer Society on the re-
commendation of the Committee on Growth of the Na-
tional Research Council.

cent suspension of the washed erythrocytes in isotonic
sodium phosphate buffer was prepared, and two milliliters
of this suspension were added to four milliliters of iso-
tonic phosphate buffer containing the compound under
study. This procedure resulted in a final 16.7 per cent
suspension of erythrocytes. After thorough mixing, the
suspensions were incubated in a waterbath at 370 C. for
two hours, unless otherwise noted. Following incubation,
the supernatant solution was removed after centrifugation
in an International Clinical Centrifuge (about 1,600 G)
for five minutes and the erythrocytes were washed twice
with isotonic phosphate buffer. The erythrocyte sus-
pensions were then restored to the original volume of
six milliliters with isotonic phosphate buffer. Aliquots
(0.2 ml.) of each suspension were added to two milli-
liter portions of pH 7.4 phosphate buffer solutions of
varying hypotonicity and to distilled water. After mix-
ing, these suspensions were allowed to remain at room
temperature for 40 to 50 minutes, and then were centri-
fuged for five minutes in an International Centrifuge,
Model SBV, size 1, at 2,000 RPM(810 G). One milli-
liter of supernatant solution was removed, diluted with
four milliliters of water, and the extent of lysis was cal-
culated from the amount of hemoglobin liberated as
measured by the optical density at 541 mp determined in a
Beckman DU spectrophotometer.

In some experiments isotonic sodium chloride, 0.875
per cent, replaced the isotonic phosphate buffer. The
freshly obtained erythrocytes were washed three times
with isotonic sodium chloride and the preparation of the
suspensions of erythrocytes, the incubation, and the post-
incubation washings were carried out in a manner identi-
cal with the one employed with isotonic phosphate buffer.
The extent of hemolysis was determined 40 minutes after
the addition of 0.2-ml. aliquots of each suspension of
erythrocytes to two milliliters of sodium chloride solu-
tion of varying hypotonicity and to distilled water. In
the experiments in which the effect of inorganic phosphate
was studied isotonic sodium phosphate buffer (pH 7.4)
was mixed with isotonic sodium chloride to yield the de-
sired concentration of phosphate.

Determinations of pH were made with a Beckman
Model G glass electrode pH meter.

The concentrations of nucleosides were determined
spectrophotometrically (9).

In several experiments smears of the erythrocyte sus-
pensions were prepared at different stages and stained
with Wright's stain. No morphological differences be-
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tween treated and untreated cells were observed, nor were

there significant variations in hematocrit values.
Most of the purines, nucleosides and related compounds

were obtained commercially. The purity of the purines
and purine-containing compounds was determined by ul-
tra-violet spectrophotometry and paper chromatography
in suitable solvent systems. The 2,6-diaminopurine ribo-
side (2,6-diamino-9-p-D-ribofuranosyl purine) and the
adenine glucoside (9-f8-D-glucopyranosyl adenine) were

prepared by the method previously described (10).
Samples of purine riboside (9-p-D-ribofuranosyl purine),
benzimidazole riboside (1-,8-D-ribofuranosyl benzimida-
zole), and 6-acetamido-9-tetraacetyl-p-D-glucopyranosyl
purine were generously provided by Dr. George B.
Brown. The Phenergan® (N- (2'-dimethylamino-2'-
methyl) -ethylphenothiazine hydrochloride) was kindly
supplied by Mr. Ambrose Hunsberger, Jr., of Wyeth
Laboratories.

The special conditions of washing, incubation and os-

motic lysis were chosen for the following reasons. No
further increases in hemolysis were found to occur after
exposure to hypotonic phosphate buffer solutions for 40
to 50 minutes at room temperature (20 to 250 C.). Since
no differences in extent of lysis were noted in 15.0
per cent, 16.7 per cent, or 18.4 per cent suspensions of
erythrocytes, the 16.7 per cent suspension was chosen.
To control the effects of variation in the pH of the erythro-
cyte suspensions on the extent of hemolysis in hypotonic
solutions (11), the cells were washed in isotonic phos-
phate buffer, pH 7.3 to 7.4, after incubation. Despite
variations in pH from 7.0 to 8.2 during incubation with
isotonic phosphate buffers of different pH, the effect on

osmotic lysis of the pH alone could be eliminated by this
post-incubation washing with pH 7.3 to 7.4 isotonic
phosphate buffer (Table I). All experiments, unless
otherwise noted, were performed with this control of
pH, and with the length of exposure to hypotonic solution,
and with the concentration of erythrocytes maintained
constant.

RESULTSANDDISCUSSION

Of the various types of compounds studied, cer-

tain purine ribosides, on incubation with fresh
normal human erythrocytes, were found to pro-

duce marked enhancement of resistance to osmotic
lysis. The effective compounds were adenosine,
guanosine, inosine, 2,6-diaminopurine riboside
(2,6-diamino-9-,f-D-ribofuranosyl purine) and
xanthosine. Although incubation with adenosine
or 2,6-diaminopurine riboside resulted in elevation
of the pH of the suspension, washing the erythro-
cytes with isotonic sodium phosphate buffer (pH
7.3 to 7.4) brought all the suspensions to the same

pH as the control suspension prior to their being
added to the hypotonic phosphate buffer solutions.
The results of a typical experiment are presented
graphically in Figure 1. Xanthosine, inosine and
adenosine increased the resistance of erythrocytes
to osmotic lysis, whereas deoxyinosine had no

effect. A minimal degree of protection resulted
from incubation with ribose-5-phosphate and glu-
cose. The deoxyribosides, ribose-5-phosphate,
and glucose are discussed below.

The protective effect was maximal at concentra-
tions of 6 and 10 micromoles of adenosine per mil-
liliter of incubation suspension (Table II) and at
about 8 micromoles of inosine per milliliter of in-
cubation suspension (Table III). Because of the
limited solubility of the other nucleosides, studies
of their optimal concentration were not performed.
Neither adenosine nor inosine had a significant
effect on susceptibility to osmotic lysis when the
two hour incubation was conducted at 40 C. The

TABLE I

Effect of pH on extent of hemolysis in hypotonic phosphate buffer after incubation for two hours in
isotonic phosphate buffer *

pH of incubation buffer 7.0 7.0 7.4 7.4 7.8 7.8 8.2 8.2
pH of suspension after incubation 7.2 7.2 7.5 7.5 7.9 7.9 8.2 8.1
pH of washing buffer 7.0 7.4 7.4 7.4 7.8 7.4 8.2 7.4
pH of suspension after washing 7.1 7.4 7.4 7.4 7.8 7.4 8.2 7.4

Per cent of
isotonicity Per cent hemolysis

46 17 5 4 4 2 5 2 6
43 57 21 22 21 6 20 5 22
40 85 63 62 62 22 60 16 60
37 95 88 87 88 63 87 44 86
34 98 94 94 96 87 95 73 95

* After incubation, half of the suspensions of erythrocytes was washed twice and re-suspended in isotonic phosphate
buffer of the same pH as that of the buffer in which they were incubated, whereas the other half was washed twice and
re-suspended in isotonic phosphate buffer, pH 7.4.
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PROTECTION AGAINST OSMOTIC LYSIS IN HYPOTONIC PHOSPHATE
BUFFER AFTER. INCUBATION WITH DIFFERENT COMPOUNDS

(___ 4 MOLES/ml. TOTAL SUSPENSION)

PERCENTOF ISOTONICITY
FIG. 1. FRESH HUMANERYTHROCYTESINCUBATED FOR Two HOURSAT 370 C.

IN ISOTONIC SODIUM PHOSPHATEBUFFER ALONE OR WITH 10 MICROMOLESPER
MH1LIIITER OF VARIOUS COMPOUNDSAND SUBJECTEDTO OSMOTIC LYSIS IN PHOS-
PHATEBUFFERSOLUTIONS OF VARYINGDEGREESOF HYPOTONICITY

effect at 370 C. was considerably greater than at
room temperature (Table IV).

The protective effect of adenosine or inosine was

apparent after one hour of incubation with these

TABLE II

compounds at 370 C. With longer periods of incu-
bation, increased protection was observed. The
effect of adenosine appeared less rapidly than
that of inosine, but was somewhat more marked

TABLE III

Protection against osmotic lysis in hypotonic phosphate buffer Protection against osmotic lysis in hypotonic phosphate buffer
after incubation for two hours with different after incubation for two hours with different

concentrations of adenosine concentrations of inosine

Concentration of adenosine,
AM/ml. suspension

Control 1.1 1.4 2.1 4.1 6.1 10.0 20.0
Per cent of
isotonicity Per cent hemolysis

100 2 3 2 1 2 1 2 2
40 10 12 8 6 4 4 4 4
37 30 28 24 19 12 10 10 9
34 49 49 45 41 30 27 26 30
31 67 67 66 62 57 52 51 54

Concentration of Inosine.
pM/ml. suspension

Control 1.0 1.9 4.1 5.8 7.8 9.9 21.5
Per cent of
isotonicity Per cent hemolysis

100 1 1 1 2 2 1 2 2
43 9 4 2 2 1 2 3 3
40 29 21 14 6 5 5 6 9
37 68 62 47 29 24 20 25 30
34 88 87 82 72 67 68 69 71
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TABLE IV

Effect of incubation temperature on the protection against osmotic lysis in hypotonic phosphate buffer after
incubation for two hours with adenosine or inosine *

Per cent hemolysis at incubation temperature

Per cent 40 C. 240 C. 370 C.
Of iso-

tonicity Control Adenosine Inosine Control Adenosine Inosine Control Adenosine Inosine

46 5 5 4 7 3 4 8 3 2
44 15 13 12 17 10 10 21 4 5
42 35 31 30 39 22 23 44 10 13
40 62 58 56 67 49 48 71 25 31
38 82 80 78 86 74 73 86 49 59

* The concentration of adenosine was 10.0 and of inosine 9.9 micromoles per milliliter of incubation suspension.

after longer periods of incubation (two to four
hours) (Figure 2).

In all studies in which osmotic resistance was
enhanced there were considerable uptake and me-
tabolism of the ribose moiety of the purine ribo-
sides. Of the ribose metabolized, a major portion
could be accounted for by increased lactate pro-
duction. The details of these investigations are
reported elsewhere (12).

Whenisotonic sodium chloride solution was sub-
stituted for the isotonic sodium phosphate buffer,
incubation with adenosine, deoxyadenosine, guano-
sine, or 2,6-diaminopurine riboside at concentra-
tions of two micromoles per milliliter increased re-
sistance to osmotic lysis in hypotonic sodium
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Z 40'

It 30
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chloride, whereas inosine and xanthosine were in-
effective (Table V). However, except for guano-
sine, the compounds that exerted a protective ef-
fect in the sodium chloride system raised the post-
incubation pH to 7.8, an alteration that could not
be reversed completely by washing the erythro-
cytes with isotonic sodium chloride. When
adenosine, deoxyadenosine, or 2,6-diaminopurine
riboside was employed at a concentration of 10
micromoles per milliliter, the elevation of the pH
was even more striking and attained values of 8.1
to 8.5. The pH of the control incubated in iso-
tonic sodium chloride alone was 7.5 to 7.6 after
incubation. Since elevation of the pH is known
to inhibit hemolysis (11), the protective effects of

EFFECTOF LENGTHOF INCUBATION WITH
ADENOSINEOR INOSINE ONPROTECTIONAGAINST

OSMOTICLYSIS IN SODIUMPHOSPHATEBUFFER
(pH 7.4) AT 37% OF ISOTONICITY

0 30 60 90 120 1SO 160 210 240
TIME OF INCUBATION (MINUTES)

FIG. 2. EXTENTOF HEMOLYSISOF FRESHHUMANERYTHROCYTESIN PHOS-
PHATEBuFFm AT 37 PER CENTOF ISOTONICITY ArFTE INcUBATION IN ISOTONIC
SODIUM PHOSPHATEBuFE ALONEOR WITH ADENOSINEOR INOSINE FOR DIF-
FERNTLENGTHSOF TIME AT 370 C

7 _S°-owm~~-*-- PHOSPHATEBUFFERCONTROL

~~~>~~INOSINE-9.2,uMOLES/ml. SUSPENSION

ADENOSINE-
9.4 )IMOLES/ml. SUSPENSION

1501

I



JAFFA, LOWY, VANDERHOFF,AISEN, AND LONDON

TABLE V

Protection against osmotic lysis in hypotonic sodium chloride after incubation for two hours with purine nuceosides *

Deozy-
Control AdenoVne adenoene Ganone Inosine 2.6-DAPRt Xanthosle

pH of suspension 7.6 7.8 7.8 7.6 7.6 7.8 7.3
after incubation

pH of suspension 7.5 7.6 7.6 7.4 7.4 7.7 7.3
after washing

Per cent of
isotonicity Per cent hemolysia

51 4 2 2 5 3 3 9
49 12 4 4 7 11 8 25
47 31 6 9 21 33 9 43
45 57 16 26 39 55 31 59
43 80 37 49 67 78 36 80

* Concentration of compounds was two micromoles per milliliter of incubation suspension.
t 2,6-diaminopurine riboside.

adenosine, deoxyadenosine and 2,6-diaminopurine reason for the effectiveness of guanosine in this
riboside in the sodium chloride medium might be system without added phosphate is obscure.
the result of the change in pH alone. Inosine, in- In order to investigate the mechanism by which
effective in the sodium chloride medium whose the purine nucleosides exert their effects on the
pH it did not alter, became effective on the addi- susceptibility of human erythrocytes to osmotic
tion of as little as 18 micromoles of inorganic phos- stress, many related compounds were studied.
phate per milliliter of incubation suspension When the nucleotides listed in Table VII (adeno-
(Table VI). These latter observations are com- sine monophosphates, adenosine diphosphate,
patible with the finding that erythrocyte nucleoside adenosine triphosphate, inosine-5'-phosphate)
phosphorylase requires phosphate or arsenate for were employed, there was no enhanced protec-
its action (13, 14). tion against osmotic lysis. When the purine por-

The effect of guanosine in enhancing osmotic tion of the effective compounds was replaced by
resistance of erythrocytes in a sodium chloride another group, the protective effect was lost. The
medium without added phosphate is not readily pyrimidine ribosides (cytidine, uridine) and benzi-
explained. Incubation with guanosine did not midazole riboside (1-,8-D-ribofuranosyl benzi-
raise the pH above that of the control. Since phos- midazole) were ineffective. A change in the sugar
phate or arsenate is required for activity of the moiety also resulted in loss of the protective ef-
erythrocyte nucleoside phosphorylase (13), the fect. Incubation with purine or pyrimidine deoxy-

TABLE VI

Effect of inorganic phosphate on protecti against osmotic lysis in hypotonic sodium chloride after
incubaion for two hours with inosine*

9 m/. Pis 18 Pm/ml. P04Control Inoise 9 PM/ud. PO. +inosne 18iM/mi. POs +inouine

pH of suspension 7.7 7.7 7.7 7.6 7.6 7.6
after washing

Per cent of
Isotonicity Per cent hemolyul

100 2 1 1 2 1 1
49 9 12 22 8 23 3
46 41 44 70 42 64 22
43 79 76 85 81 74 75
40 91 91 91 89 91 86

* Concentration of inosine was eight micromoles per milliliter of incubation suspension.
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TABLE VU

Compounds ineffectiwe in enhancing resistance to osmotic lysis in hypotonic pH 7.3 to 7.4 sodium phosphate buffer

Compound Micromoles* Compound Micromoles Compound Micromols*

Nucleotides Purines Tricarboxylicacid
Adenosine-2'-phosphate 10 Adenine 2,4 cycle compounds
Adenosine-3'-phosphate 10 Hypoxanthine 2 Oxaloacetic acid 10
Adenosine-5'-phosphate 10 2,6-diaminopurine 6 Succinic acid 10
Adenosine diphosphate 10 Fumaric acid 10
Adenosine triphosphate 10 Intermediates of carbo- Malic acid 10
Inosinic acid 10 hydrate metabolism 25, 50 Citric acid 10

Pyrimidine ribosides Fructose 10 Miscellaneous compounds
Cytidine 10 Galactose 10 Glycine 10
Uridine 10 Glucono-lactone 10 Methionine 10

Ribose 4, 10 Cysteine 10Purie deoxyribosides Deoxyribose 10 Glutamic acid 10
Deoxyadenosine 2, 10 Glycolic acid 10 Aspartic acid 10
Deoxyinosine 2, 10 Sodium pyruvate 10
Deoxyguanosine 2, 9.7 Sodium lactate 10, 20 -aminolevulinic acid 10... Sodium lactate . , 20

Glutathione 10
Pyrimidine deoxyrbosides Glucose-1-phosphate 10 Nicotinamide 10

Thymidine 10 Glucose-&phosphate 10 Oxythiamine 1
Deoxycytidine 10 Fructose-1,6-diphosphate 10

Related compounds 3-phosphoglycerc acid 10 Promethazine 0.16,0.4
Benzimidazole riboside 6 2,3-diphosphoglycerate 6 Sodium acetate 10, 20, 30
Adenine glucoside 10 Sodium chloride 10
Purine riboside 10

* Concentration in micromoles per milliliter of incubation suspension.

ribosides (deoxyadenosine, deoxyinosine, deoxy-
guanosine, thymidine, deoxycytidine) or adenine
glucoside (9-ft-D-glucopyranosyl adenine) failed
to enhance resistance to osmotic lysis. The speci-
ficity of the phenomenon of protection against os-
motic lysis was further supported by the lack of
effect observed with purine riboside (9-,8-D-ribo-
furanosyl purine) itself.

Experiments were conducted to evaluate the
influence of the component parts of the purine
nucleosides. The purines, adenine, hypoxanthine,
or 2,6-diaminopurine, alone were unable to in-
crease resistance to osmotic lysis. From Figure
3 it is apparent that a mixture of six micromoles
per milliliter of 2,6-diaminopurine with six micro-
moles of ribose-5-phosphate did not produce the
protective effect afforded by an equivalent amount
of 2,6-diaminopurine riboside. Ribose-5-phos-
phate, rather than ribose-l-phosphate, was used
because of the extreme lability of the latter and be-
cause the presence of phosphoribomutase in the
human erythrocyte is inferred (15, 16). Mixtures
of adenine or hypoxanthine and ribose-5-phos-
phate, even when the pentose phosphate was pres-
ent in a concentration eleven to twenty-two times
that of the purine, were also ineffective. Incu-
bation of fresh human erythrocytes with a purine

and ribose-5-phosphate resulted in no greater pro-
tective effect than the slight effect observed with
ribose-5-phosphate alone. The effect of a purine
riboside plus ribose-5-phosphate plus a purine was
no greater than that of a purine riboside plus ri-
bose-5-phosphate alone. These findings indicate
that there was little or no formation of nucleosides
from added purine plus ribose-5-phosphate in the
system used in these experiments.

With ribose-5-phosphate at concentrations rang-
ing from 9 to 90 micromoles per milliliter of
incubation suspension slight but increasing pro-
tective effects were noted. But even at 90 micro-
moles per milliliter, the protective effect of ribose-
5-phosphate was considerably smaller than that
observed with 10 micromoles of an effective pu-
rine riboside (Table VIII). This limited effect
may reflect the relative impermeability of the
erythrocyte to the phosphorylated pentose. Ri-
bose-S-phosphate has been shown to be as effective
as adenosine in generating organic phosphate es-
ters in hemolysates (17), but it is ineffective in
intact erythrocytes (18).

The effects of various intermediates of carbo-
hydrate metabolism were studied. Glucose pro-
vided a moderate degree of protection against os-
motic lysis. This effect was independent of the
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concentration in a range of 5 to 100 micromoles
per milliliter, perhaps as a result of the limited
ability of the erythrocyte to utilize this sugar in
vitro (Table IX). A disaccharide (sucrose),
other hexoses (fructose, galactose, glucono-lac-
tone), pentoses (ribose, deoxyribose), glycolic
acid, sodium pyruvate, and sodium lactate were
unable to enhance resistance to osmotic stress in
the concentrations employed (Table VII). The
phosphorylated intermediates of carbohydrate me-
tabolism listed in Table VII were also ineffective,
probably as a result of impermeability of the
erythrocyte to phosphorylated sugars. Although
the mature mammalian erythrocyte does not pos-
sess an intact tricarboxylic acid cycle, several of
the enzymes of this cycle are known to be pres-

ent (19). However, compounds of the cycle
(citric, fumaric, malic, oxaloacetic and succinic
acids) were unable to increase osmotic resistance.

A number of metabolites or agents unrelated
in structure to purine ribosides were also studied.
Several amino acids (aspartic acid, cysteine, glu-
tamic acid, glycine, methionine), nicotinamide,
glutathione, delta-aminolevulinic acid, sodium ace-
tate and sodium chloride did not enhance resistance
to osmotic lysis. Phenergan@, reported by Schales
to inhibit the progressive increase in osmotic fra-
gility observed in whole blood stored with acid
citrate-dextrose solution (20), was ineffective in
the system used in these studies.

These experiments on freshly drawn human
erythrocytes as well as the studies on stored

ABSENCEOF PROTECTION AGAINST OSMOTIC LYSIS IN
HYPOTONICPHOSPHATEBUFFER AFTER INCUBATION WITH

DIAMINOPURINE AND RIBOSE-5-PHOSPHATE
(6 4MOLES/ml. TOTAL SUSPENSION)

PERCENT ISOTONICITY

FIG. 3. EXTENT OF HEmOLYSIS OF FRESH HumNERYTHEOCYTESIN HYPOTONIC
SODIUM PHOSPHATEBuFm Aiim Two HOURSINCUBATION AT 370 C. IN ISOTONIC
PHOSPHATEBume ALONE OR we 2,6-DIAMINOPURINE (DAP), RImoSE-5-PHOS-
PHATE (R-5-PO4), 2,6-DIAMINOPURINE RBOSIDE (DAPR), OR VARIous ComiNA-
TIONS OF PURINE, PURNERIDOSIDE, ANDPENTOSEPHOSPHATE

In
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TABLE VIII

Protection against osmotic lysis in hypotonic phosphate buffer
after incubation for two hours with different

concentrations of ribose-5-phosphate

Concentration of ribose-5-PO4,
pM/ml. suspension

Control Inosine* 4.5 9.0 22.5 45.0 67.5 90.0
Per cent of
isotonicity Per cent hemolysis

44 11 4 11 9 8 7 6 6
42 34 8 32 28 27 21 20 18
40 61 21 60 55 54 47 44 42
38 80 46 84 80 78 74 73 70
36 90 74 92 92 92 90 90 88

* Concentration of inosine was 10 micromoles per milli-
liter of incubation suspension.

erythrocytes (4, 21-24) demonstrate that purine
ribosides are an effective vehicle for introduction
of ribose phosphate into the human erythrocyte.
In correlative studies (12) it was shown that the
ribose phosphate which is taken up by the erythro-
cyte can be accounted for to a considerable ex-
tent by an increased production of lactic acid. The
reaction sequence for adenosine involves an ini-
tial deamination to inosine by an adenosine deamii-
nase present in the erythrocytes of man and other
species (23, 25). Phosphorolytic cleavage of the
resulting inosine by nucleoside phosphorylase
yields hypoxanthine and ribose-l-phosphate. Ri-
bose-l-phosphate probably enters the hexose
monophosphate shunt via conversion to ribose-5-
phosphate by phosphoribomutase whose presence
in human erythrocytes is strongly inferred (15,
16). The ribose-5-phosphate can then be metabo-
lized via the hexose monophosphate shunt and the
Embden-Meyerhof pathway to lactic acid.

The nucleoside phosphorylase of the erythro-
cyte appears to be specific for inosine or guano-
sine (13). The requirement of this enzyme for
inorganic phosphate would explain the lack of in-
creased resistance to osmotic lysis when erythro-
cytes were incubated with inosine in isotonic so-
dium chloride solution and the appearance of en-
hanced resistance when inorganic phosphate was
added to the medium. The reactions involved in
the utilization of xanthosine or 2,6-diaminopurine
riboside are not yet known but probably entail
amination and deamination, respectively.

The mechanism for transfer of ribose phosphate
into the erythrocyte by means of purine ribosides
has considerable specificity. One may speculate

that an effective purine riboside must have a spe-
cific structure which enables it to permeate or to be
bound to the cell membrane in such fashion that
the deaminase or nucleoside phosphorylase can
readily react with it. Once the ribose has been
cleaved phosphorolytically from the purine, the
purine, in large part and perhaps wholly, is re-
leased to the environment of the cell (23, 26).

The subsequent metabolism of the ribose phos-
phate to lactic acid requires that at least a major
portion of the hexose-monophosphate shunt and
the Embden-Meyerhof pathway be intact. To de-
termine whether the mechanisms involved in the
protective effects of the purine ribosides may de-
cline with aging of the erythrocyte, as do some
enzymatic activities (27), the relationship of the
age of the erythrocyte in viva and on in vitro
storage to the effects of purine ribosides on osmotic
resistance has been investigated (28). The re-
sults of these studies indicate that the enhancement
of osmotic resistance by inosine is greater in young
than in old erythrocytes of the rabbit which have
aged in vivo. They show also that human eryth-
rocytes, stored in acid-citrate-dextrose solution
at 4° C., have an increased osmotic resistance after
incubation with inosine. This effect, however,
declines progressively with prolonged storage.

The effectiveness of the purine ribosides in en-
hancing osmotic resistance of fresh erythrocytes
as well as in prolonging survival of stored eryth-
rocytes suggests that this system for the study of
osmotic lysis may provide a useful technique for
screening agents which may be effective in the
preservation of blood.

It is tempting to speculate on the mechanisms

TABLE IX

Protection against osmotic lysis in hypotonic phosphate buffer
after incubation for two hours with different

concentrations of glucose

Concentration of glucose.
AM/ml. suspension

Control Adenosine* 5 10 25 50 100
Per cent of
Isotonicity Per cent hemolysis

42 10 4 7 6 6 6 7
40 27 6 17 16 17 16 19
38 59 16 47 46 44 44 46
36 84 38 75 74 73 74 76
34 93 69 91 91 91 90 92

* Concentration of adenosine was 10 micromoles per
milliliter of incubation suspension.

1505



JAFFf, LOWY, VANDERHOFF,AISEN, AND LONDON

by which the purine ribosides enhance osmotic
resistance. It is known that the purine ribosides
can promote the production of organic phosphate
esters (4, 21, 24), the retention of potassium (29),
and the extrusion of sodium (30) in human eryth-
rocytes. Enhanced osmotic resistance may reflect
changes in the hydration of the erythrocyte which
may result from these changes in organic phos-
phates and in electrolytes. Additional work is re-
quired, however, to determine whether the en-
hanced osmotic resistance may be associated with
an active transport of water or with primary
changes in the permeability of the erythrocyte
membrane which are reflected in the movements of
the electrolytes.

SUMMARYAND CONCLUSIONS

The resistance of fresh, normal human erythro-
cytes to osmotic lysis can be enhanced by incuba-
tion with the purine ribosides, adenosine, guano-
sine, inosine, 2,6-diaminopurine riboside, or xan-
thosine in an isotonic sodium phosphate buffer at
pH 7.3 to 7.4. This effect was also observed, but
to a much lesser extent, on incubation of erythro-
cytes with glucose or ribose-5-phosphate.

It is suggested that the metabolism of purine
ribosides in vitro provides energy which may be
utilized in maintenance of the structural integrity
of the erythrocyte subjected to osmotic stress.
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