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TERMINAL STEP OF IMMUNE HEMOLYSIS
I. INHIBITION OF E* TRANSFORMATION BY URANYL ION

AKIO MIYAMA, JUNKO KOGAMI, SANAE YAMADA, SHUSAKU
YAMADA and SHUZO KASHIBA

Department of Bacteriology, Nara Medical University, Kashihara

(Received March 25, 1968)

SUMMARY Uranyl ion inhibits the step of E* generation. The reaction step which
is blocked by uranyl ion is the step between activated E* and damaged E*,
Kinetic analysis using both hemolytic and isotopic techniques revealed that cell mem-
branes of uranyl ion blocked E* have small lesions through which low molecular
weight materials, such as Rb ion, can escape while hemoglobin can not.

INTRODUCTION

Mayer and his colleagues showed that immune
hemolysis is due to the action of 9 components
of complement on the red cell membrane and
that damage at a single site is sufficient to
cause cell lysis. The mechanism of cell lysis
has been postulated by GREEN et al. (1959)
to be that low molecular materials leak out of
the cells through small holes in the cell mem-
brane and the cells become swollen and burst.
Kinetic analysis of the terminal step of immune
hemolysis by Frank et al. (1965) revealed three
successive steps in the process of cell damage,
where 9 components reacted. They termed
these intermediates E* precursor and activated
E* which could be blocked by the presence of
0.09 M EDTA. Formation of damaged E*, a
final intermediate in immune hemolysis, can
be blocked by 25%, bovine plasma albumin or
4 mM dextran 40 (SEars et al., 1964).
During a study of ATP dependent immune
lysis of human red cells (M1vama et al., 1965),
it was found that formation of at least one E*
intermediate was completely inhibited and cells

failed to lyze in the presence of a low con-
centration of uranyl ion. We studied this step
and the state of the cell surface of uranyl ion
blocked E* and determined the reaction
sequence of E* generation which was blocked
by uranyl ion.

MATERIALS AND METHODS

1.  Diluent

Isotonic veronal buffered saline containing 0.0005 M
MgCl, and 0.00015 M CaCl, (VBS) was prepared as
described by Maver (1961). Isotonic veronal buf-
fered sucrose solution (VB-sucrose) was prepared
like VBS but contained 9.25%, (w/v) sucrose instead
of NaCl. A mixture of equal volumes of VBS
and VB-sucrose (VBSS) was used throughout. VBS
containing 0.01 M ethylene-diamine tetraacetate
(0.01 m EDTA-VBS) was prepared by mixing 1 part
of 0.1 m trisodium EDTA (pH 7.4) with 9 parts of
VBS. Isotonic EDTA solution containing 0.19%,
gelatin (0.09 M EDTA) was prepared as described
by FrRank et al. (1964). Isotonic buffer containing
uranyl ion (U-VBSS, pH 7.4) contained 1 part of
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0.01 M UQ,(NOy), or UO,Cl, and 100 parts of VBSS.
Isotonic buffer containing inosine, adenine, and
glucose (IAG) was prepared as described by Mivama
et al. (1965) except that it contained 0.0001 m RbCl
instead of K,HPO,.

2. Erythrocytes (E), rabbit hemolysin (A) and guinea
pig serum (C”)

Sheep blood, drawn aseptically, was preserved at
2°-4°C in the presence of 0.01 M EDTA. The
erythrocytes used for isotopic experiments were ob-
tained as described by Maver (1961).

Rabbit hemolysin was purchased from Toshiba
Chemicals Corp. and kept in a deep freezer.

The serum from pooled guinea pig blood was put
into 2 ml ampules and lyophilized. Prior to the
use, lyophilized serum was reconstituted by addition
of the original volume of distilled water.

The standard method of titration of guinea pig
complement of Maver (1961) was slightly modified
and the quantities of components of the reaction
mixture were scaled down by a factor of 2.5.

3. Sensitized erythrocytes (EA)
Unless otherwise mentioned, EA was prepared
by the method of INOUE et al. (1967).

4, Components of guinea pig complement

Partially purified C'2 was isolated by the method
of Borsos et al. (1961). Components C’3, C’5, C’6,
C’7, C’8 and C’9 and reagent containing C'4, C'2,
C’3, C’5, C’6 and C’7 (4-7 reagent) were obtained
from Dr. K. Yonemasu of the Department of Bac-
teriology, Osaka University Medical School.

5. Intermediate cells of immune hemolysis

EAC1,4 cells were prepared as described by
InoUE and Nerson (1963, 1966). Two different
methods were used for preparation of EAC’ 1,4,2,3,—
5,6,7,8 cells (8-cells). In the first of these methods,
4-7 reagent was used as described by INOUE et al.
(1967). A second method for preparing 8-cells
was employed for isotope experiments: EAC'1,4,2
was allowed to react successively with C’3, C’5,
C’6, C'7, and C’8, to give the corresponding inter-
mediate cells.

6. Radioactive RbCI

86RbCl was purchased from Daiichi Pure Chemi-
cals Co. Ltd. The radioactivity of $Rb was meas-
ured with a conventional end-window Geiger-Miiller
counter (Kobe Industries Corp.).
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RESULTS

1. Inhibition of immune hemolysis by wvarious
metal ions

The previous report (Mivama et al., 1965)
demonstrated that fresh human erythrocytes
became spherical in shape on treatment with
sodium fluoride, and their susceptibility to im-
mune hemolysis increased to that of aged ery-
throcytes. We found that on treatment of
fresh human erythrocytes with uranyl ion they
also became spherical and concomitantly their
ATP content decreased. However, when the
cells were washed twice with VBSS after treat-
ment with uranyl ion (0.001 M) and then al-
lowed to react with antibody and complement,
the degree of their lysis was less than that of
fresh cells. After complete removal of uranyl
ion by either thorough washing (more than 5
times) with VBSS or EDTA-VBS, the cells
became susceptible to immune hemolysis like
NaF-treated erythrocytes.

Thus it seemed that uranyl ion at relatively
low concentration might inhibit some of the
reaction steps of cell lysis in the immune
hemolytic system. In the present work, the
inhibitory effect of uranyl ion and its specificity
in the immune hemolytic reaction were tested
and compared with the other metal ions.

EA (0.5 ml], 4x10® cells/m! in VBSS) was added
to solutions containing 1.5 ml of various dilutions of
metal ions and 1.0 ml of 1/500 C’. After 60 min
at 37°C, the tubes were centrifuged in the cold and
the optical densities of the supernatants were meas-
ured at 541 mu.

Table 1 shows the inhibition of hemolysis
caused by various metal ions. Both UO,Cl,
and UOL(NO,), effectively inhibited the lysis
of EA at relatively lower concentrations than
the effective concentrations of other metal ions
tested. FeSO, which is an inhibitor of human
C’9 (HappINg, 1967) inhibited the lysis of EA
slightly at a concentration of 1x107%m™ but
not 5x 1076 M. When more than 2 C'H50 of
C’ were used in the presence of uranyl ion,
partial lysis of cells occurred. The unlyzed



TaBLE 1 Inhibition of Immune Hemolysis by
Metal Ions

Final concentration

Metal ion

tested 1x 5x 2.5x% 1.25%
10-5Mm 105 M 10-%m 10-6M
ZnCl, 0.183 0.693 0.846 0.817
CuSO0, 0.109 0.529 0.625 0.660
FeSO, 0.250 0.703 0.722 0.734

UO,(NOy), 0.000 0.085 0.470 0.595
UO.Cl, 0.000 0.075 0.481 0.585

Control 0.732

The numbers represent the degree of lysis.

cells proceeded to lyze on removal of both
complement and uranyl ion.

Ten ml of EA, at a concentration of 4 x 108 cells/ml
in VBSS, were added to a mixture of 10 ml of 1/50 C’
and 40 ml of U-VBSS. After 15 min at 37°C, the
mixture was poured into 60 ml of ice-cold U-VBSS
and centrifuged in the cold. The cells were washed
twice with ice-cold U-VBSS and resuspended in the
same buffer at a concentration of 5x10° cells/ml.
Flask A contained 10 ml of VBSS, and flasks B and
C each contained 10 ml of U-VBSS. These flasks
were placed in a water bath at 30°C. At zero time,
each flask received 0.1 ml of the cell suspension and
cells were kept in uniform suspension by constant
shaking. At intervals, 1.0 ml aliquots were trans-
fered from each flask to 6.5 ml of ice-cold U-VBSS.
The tubes were centrifuged and the optical densities
of the supernatants were measured at 413 mu.
After 75 min incubation, flasks A and B each received
1.4 ml of 0.1 m EDTA and flask C received 1.4 ml
VBS. Again 1.0 ml aliquots were taken at intervals
for 60 min.

Fig. 1 shows that when cells treated with C’
in the presence of uranyl ion were transferred
to VBSS, lysis occurred without a lag period.
Added EDTA removed the inhibition of the
uranyl ion, presumably by chelation.

These findings suggest that the mechanism
of inhibition by uranyl ion is different from
those by other metal ions and the uranyl ion
may specifically block the terminal step of
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Figure 1 Lysis of uranyl ion blocked-E*.
Curve A: in VBSS.
Curve Band C: in U-VBSS.
At 75 min (indicated by arrow), EDTA was added
to A and B.

immune hemolysis which does not require the
action of components of complement.

2. Generation of E* from EAC' 1,4,2,3,5,6,7,8
(8-cells) and C'9 in the presence of uranyl ion

Aliquots of 10 ml of 8-cells containing 1.5x 108
cells/ml in VBSS were placed in three flasks A, B,
and C, immersed in a water bath at 30°C. At zero
time, flask A received 10 ml of C’9 in VBSS and
flask B received 10 ml of C’9 in U-VBSS. Ten ml
of VBSS were added to the control flask C. The
flasks were shaken continuously and 1.0 ml aliquots
were transferred at intervals to 6.5 ml ice-cold U-
VBSS. The mixtures were centrifuged in the cold
and the optical densities of the supernatants (Sup 1)
were measured at 413 mu.  The cells were washed
once with 10 ml of U-VBSS and resuspended in
7.5ml of 0.0l m EDTA-VBS, and reincubated at
37°C for 90 min. These mixtures were centrifuged
and the optical densities of the supernatants (Sup 2)
were measured at 413 mp. Samples were taken
after 60 min, and EDTA at a final concentration of
0.01 m was added to flasks A and B, and 1.0 ml
aliquots were taken in the same way as before. The
ratios of lysis in Sup. 1 and Sup. 2 to the total lysis
in the control were calculated as yl and v2, respec-
tively. yl is the proportion of cells lyzed in time t,
and y1+y2 represents the total E* formed in this
time.

As shown in Fig. 2, 8-cells are not lyzed by
C’9 in the presence of uranyl ion, and E* for-
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mation from 8-cells with a limiting amount of
C’9 is lower than that of the control: the E*
formed within 60 min was abeut half of that
formed in the absence of uranyl ion. This
indicates that uranyl ion also inhibits the reac-
tion between 8-cells and C’9. However, as
shown in Fig. 3, when a large excess of C'9 was
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Ficure 2 E* generation from 8-cells and C'9 (1/

1000) in the presence and absence of uranyl ion.
Curve A: in the absence of uranyl ion.
Curve B and C: in the presence of uranyl ion.
o O and A -———2A: E* formation.
®——®, A——A and H M cell lysis.
At 60 min, EDTA was added to A and B.
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FiGure 3 E* generation from 8-cells and C’9
(1/100).

The notations are the same as for Fig. 2.

At 30 min, EDTA was added to A and B.
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used, the extent of E* formation was the same
as that without uranyl ion and the addition of
EDTA completely restored cell lysis. These
experiments suggested that a step(s) in the
reaction sequence of E* transformation might
be specifically blocked by uranly ion.

3. Effect of uranyl ion concentration

Ten ml of 8-cells at a concentration of 1.5x10%
cells/ml in VBSS were incubated with 10ml of
C’9 (1/100) in U-VBSS at 37°C for 30 min. The
unlyzed cells were washed twice with U-VBSS and
resuspended in ice-cold VBSS at a concentration of
5%x10®% cells/ml. Immediately 0.1 ml of the sus-
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Ficure 4 Effect of concentration of uranyl ion.
O: UO,Cl, ®: ZnCl,
4 CuSO, 1: FeSO,

pension was added to 5.0 ml volumes of various con-
centrations of metal ions. After 60 min at 30°C,
the tubes were centrifuged and the optical densities
of the supernatants were read at 413 myu.

As shown in Fig. 4, inhibition depended upon
the concentration of uranyl ion and other ions
tested did not cause inhibition, even at the
highest concentrations tested.

4, The stability of E* blocked with uranyl ion

Frank et al. (1965) demonstrated that when
E* is blocked by 0.09 M EDTA it is relatively
stable and the S* sites are not lost in EDTA
medium. Mrivama et al. (1968) showed that
the lysis of human E* depends upon their ATP



contents: S sites are lost during the syn-
thesis of ATP. The following experiment was
on the possible decay of uranyl ion blocked E*s
prepared from fresh (ATP-rich) and aged
sheep red cells.

A mixture of 10 ml of 8-cells and 10 ml of C’9
(1/100) in U-VBSS was incubated at 30°C for 30
min. The cells were thoroughly washed and resus-
pended in U-VBSS at a concentration of 1.5x10?
cells/ml. One ml of a suspension of uranyl ion-
blocked E* was pippeted into a flask containing 19 ml
of U-VBSS, immersed in 2 water bath at 30°C. At

1

1.0

Degree of lysis
[
1
T
*
-
/\('

| i ! 1<
30 60 ) 120}}7—d1ay3

Time (min;

FiGUurRe 5 Stability of E* blocked by uranyl ion.
0] O: E* from aged cells.
[ ®: E* from fresh cells.

intervals, 1.0 ml aliquots were transferred from the
reaction mixture to 1.5 ml of 0.01 M EDTA-VBS,
and then incubated at 37°C for 90 min. After in-
cubation, each tube received 5.0 ml of ice-cold saline
and was centrifuged.

As shown in Fig. 5, there was no decay of
S* sites of cells prepared either from fresh or
aged red cells.

5. Analysis of terminal step blocked by uranyl
ion

Frank et al. (1965) reported that 0.09 M
EDTA inhibits the early step of E* transfor-
mation but not the final step, which is prevented
by either 25%, bovine plasma albumin or 4 mm
dextran 40 (Sears ez al., 1964). The following
experiment was to see which step the uranyl

1on blocks.

A suspension of 8-cells at a concentration of 1.5
X108 cells/ml in VBSS was mixed with an equal
volume of 1/100 C’9 in U-VBSS and incubated at
30°C for 30 min. The cells were washed twice with
ice-cold U-VBSS and resuspended at a concentration
of 1.5x10° cells/ml in U-VBSS. To flasks A, B,
and C, respectively, were added 10 ml of 0.09 M
EDTA, U-VBSS and 4 my dextran 40. At zero
time, 0.5 ml of a suspension of uranyl ion-blocked
E* was added to all the flasks and they were incu-
bated at 30°C with constant shaking. At intervals,
1.0 ml aliquots were taken into 6.3 ml of ice-cold
VBSS. The tubes were immediately centrifuged
and the optical densities of supernatants were meas-
ured at 413 mp.

Fig. 6 shows that when uranyl ion-blocked
E* was transferred to 0.09 M EDTA medium
the cells started to lyze without any lag period,
whereas no lysis was observed in the U-VBSS
medium. On the other hand, when transferred
into 4 mM dextran 40, the cells remained intact
for the first 30 min and then gradually lyzed,
probably duc to instability of E* in 4 mm
dextran 40.

To find which steps were blocked by uranyl
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Ficure 6 Lysis of E* blocked by uranyl ion in
0.09 M EDTA, 4 mm dextran, and U-VBSS.
Curve A: 0.09 M EDTA.
Curve B: 4 mm dextran 40.
Curve C: U-VBSS.
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ion, it was necessary to see whether E* pre-
pared in dextran 40 could be protected in
medium containing uranyl ion.

E* blocked by dextran 40 was prepared as follows:
8.0 ml of EA at a concentration of 1x10% cells/ml
in 4 mm dextran 40 were incubated with 4 ml of
C’ (1/100) in the same medium at 30°C for 30 min.
The cells were centrifuged and washed once with a
large amount of 4mm dextran 40, and then resus-
pended in the same medium at a concentration of
5x10% cells/ml. About 40% of EA were lyzed
during the centrifugation and washing. E* blocked
by uranyl ion was also prepared from EA by the
method mentioned in Paragraph 1 and resuspended
in U-VBSS at a concentration of 5x10°% cells/ml.
To tubes containing 5 ml of 0.01m EDTA-VBS,
U-VBSS, and 4 mm dextran 40, respectively, were
added 0.1 ml of E* prepared in the presence of either
dextran or uranyl ion.

As shown in Table 2, lysis of dextran-
blocked E* was partially but not completely
prevented by uranyl ion. On the other hand,
uranyl ion-blocked E* did not lyze in either
U-VBSS or 4 mm dextran 40. These results
show clearly that uranyl ion can block the step
between the 0.09 M EDTA-, and 4 mM dextran
40-steps.

GREEN et al. (1959) and Sears et al. (1964)
demonstrated that E* blocked by 259, albumin

TaBLE 2 Steps in E* Transformation

Extent of lysis in
0.01Mm U-VBSS 4 mm

EDTA-VBS dextran
E* prepared in
U-VBSS 0.660 0.045 0.105
E* prepared in g 455 0.392 0.135

4 mw dextran 40

has small holes on its surface through which
low molecular materials such as Na* and K*
pass. Frank ef al. (1965) also suggested that
activated E¥, blocked by 0.09 M EDTA, has
lesions on its surface. The following experi-
ment was to determine the size of the lesions
produced on the surface of E* blocked with
uranyl ion.
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A suspension of sheep erythrocytes collected in
Alsever’s solution was washed 5 times with VBS
and stored at 0°C for 3 days to reduce the intracel-
lular content of potassium. After the cold storage
of the E suspension, an intermediate, EAC’1,4,2
was prepared. The cells were resuspended at a
concentration of 1x10? cells/ml in 20ml of IAG
containing 500 pC of #RbCl and incubated at 37°C
for 2 hr (Hasumvoro ef al., 1963). During the in-
cubation, an intermediate, EAC’1,4,2 was converted
to EAC’1,4 and labeling with intracellular %¢Rb
occurred. The cells were centrifuged and washed
twice with VBSS. Ten ml of EAC'1,4 at a con-
centration of 1x10° cells/m! were mixed with 4 ml
of C’2 and 8 ml of C’3. After incubation at 30°C
for 10 min with constant shaking, the cells were
washed twice and resuspended in ice-cold VBSS at
a concentration of 1x10°cells/ml. Ten ml of
EAC’1,4,2,3 were allowed to react successively with
the following reagents: 4 ml of C’5 and C’6, 4 ml
of C’7, and 1.2 ml of C’8. Each step in the for-
mation of intermediates was followed by washing
the cells twice with VBSS before the next step.
The resulting cells were the intermediate EAC1,4,2,
3,5,6,7,8 (8-cells). Volumes of 6 ml of 8-cells at
a concentration of 5x 108 cells/ml in VBSS were put
into three flasks A, B and C which were warmed in
a water bath at 30°C. At zero time, flask A received
6 ml of 1/100 C’9 in VBSS and flask B received 6 ml
of 1/100 C’9 in U-VBSS. Flask C, as control,
received 6 ml of VBSS alone. At intervals, 1 ml
aliquots were pippeted into 1.0 ml of ice-cold U-
VBSS and the supernatants were separated by cen-
trifugation. The supernatants were transferred to
sample dishes, dried under an infrared lamp, and
their radioactivity was counted with a Geiger-
Miiller tube. The total count of #*Rb in the cells
were estimated from the counts of a suspension of
1 ml of reactant with 1 ml of distilled water. The
ratio of the release of 8Rb to the total 3*Rb content
was calculated as shown in Fig. 7. The release of
8Rb from control 8-cells in flask C was about 20%
at 60 min. In parallel, 0.2 ml aliquots were trans-
ferred from each flask to 5 ml of U-VBSS and the
mixtures were centrifuged in the cold. The super-
natants (Sup 1) were removed and the cells were
washed once with 10 ml of U-VBSS. The cells
were resuspended in 5.0 ml of 0.01 m EDTA-VBS
and reincubated at 37°C for 90 min with constant
shaking. Then they were centrifuged and the super-
natants (Sup 2) were removed. The optical densities



of Sup. 1 and Sup. 2 were measured at 413 mu.

As shown in Fig. 7, the release of 36Rb oc-
curred within 2 min and the kinetic curve of
the release of 88Rb was superimposable on that
of total E* formed. Hingson et al. (1966)
also reported that the release of $Rb started
quickly in the reaction between EAC’1,4,2 and
C'’EDTA. In the presence of uranyl ion, how-
ever, the release of 8 Rb occurred immediately
after the formation of E*, whereas no release of
hemoglobin was seen.

These results confirmed that the action of
uranyl ion is on E* transformation: uranyl ion
inhibits the process from activated E* to
damaged E* but does not block either the
formation of small holes or the leakage of low
molecular weight materials.
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Ficure 7 E* formation and $Rb release.
Upper: in the absence of uranyl ion.
Lower: in the presence of uranyl ion.

O O: E* formation.
[ ®: cell lysis.
Py A release of 86 Rb.

DISCUSSION

In studies on ATP dependent lysis of human
erythrocytes, uranyl ion was found to be a
potent inhibitor of lysis of red cells. The lysis
of EA with 1 C'H50 of C’' was completely in-
hibited by uranyl ion at a concentration of
5x1075m. The formation of E* from EA
in the presence of uranyl ion at the same con-
centration requires more than 3 C'H50 of C’,
suggesting that uranyl ion either inactivates
C’ or partially inhibits some steps in the inter-
mediate formation. It was demonstrated that
uranyl ion at higher concentration (0.001 m)
denatures some components of the complement.
However, a low concentration of uranyl ion
(less than 5x107% M) failed to inhibit the gen-
eration of either intermediate of C’6, C'7, and
C’8 steps. On the other hand, the IA reac-
tivity of C’3 (2 C'IA50) was completely in-
hibited by uranyl ion at a final concentration
of 5x10-3M. The generation of intermedi-
ates of the C'1, C'2, C'5 and C'9 steps were
partially inhibited by uranyl ion at a concen-
tration of 5x10-5M. The decreased amount
of E* formation, as seen in Fig. 2, would be
due to inhibition by uranyl ion of the genera-
tion between the C'8 and C'9 steps.  Although
uranyl ion inhibits some of the components
of complement, it completely blocks the lysis
of E* carring more than 2 S* sites (average
number of mebrane lesions/cell) at a concen-
tration as low as 5x 1076 m.

McQuiLLeN (1950) demonstrated that uranyl
ion combines with phospholipid and modifies
the charge of the bacterial surface. TacHI-
BANA ef al. (1962) and TacHiBaNaA (1963) de-
monstrated that the shape of the red cell de-
pends upon the reactivity of Mg-dependent
ATPase located in cell membrane, and that the
ATPase associated with phospholipid plays
an important role in active transport of the
cells. They also demonstrated that treatment
with phospholipase A from snake venom de-
stroyed active transport of the cell membrane.
On the basis of these observations, it is specu-
lated that uranyl ion modifies the phospholipid
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moiety of the red cell surface and the resulting
modification of the cell surface may be reversi-
ble because E* generation is restored by the
addition of EDTA.

GREEN et al. (1959) reported that when cells
were treated with C’ and antibody they released
low molecular materials prior to cell lysis, and
these workers suggested that the loss of small
molecules created an osmotic imbalance be-
tween the inside and outside of the cells, which
resulted in an influx of water into the cells.
They showed that 259, bovine plasma albumin
in the medium could maintain the osmotic
pressure and prevent cell lysis. Although
uranyl ion does not stabilize the osmotic pres-
sure, it can prevent E* with small holes on its
surface from lysis.
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