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Certain in vitro hemolytic systems involving hu-
man erythrocytes and human serum function more
effectively if hemolysis is allowed to proceed in
serum that has been slightly acidified, the optimal
pH being approximately 6.5. Among such “pH-
dependent” hemolytic systems are the hemolysis
of normal erythrocytes by sera containing high
titer cold agglutinins (1) ; the hemolysis by nor-

mal human serum of human erythrocytes whose

membranes have been altered by a variety of pro-
teolytic enzymes, chemicals, and viruses (2); the
hemolysis of normal human red cells induced by
the addition of poly I* to normal serum (3) ; and
the hemolysis of red cells from patients afflicted
with PNH (4). The diagnosis of PNH usually
rests upon what has come to be known as the
“acid hemolysis” test (4, 5).

The C’ system clearly plays a role in all these
systems, since removal of any one of the four com-
ponents of C’' from serum renders it incapable of
participating in these reactions (la, 2, 3, 6). On
the other hand, it has been suggested that some
other mechanism may be involved in red cell ly-
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sis, especially in the case of PNH hemolysis (7,
8, 1b). In the hemolytic system dependent on
high titer cold agglutinins, Dacie has emphasized
that lowering the pH may favor absorption of
hemolysin and so contribute to increased hemoly-
sis (1c). This, however, does not explain the
enhancement of hemolysis by acidification in the
PNH or poly I-induced hemolytic systems, where
there is no evidence for the participation of red
cell antibodies (amboceptor) (1d, 3).

Should the fact that the hemolytic systems al-
ready mentioned have a pH optimum at 6.5 sug-
gest that their mechanism is in some way different
from classical C'-dependent immune hemolysis
and that factors other than C' are involved?
Boyd states that the pH optimum for C’ action is
6.3 to 7.8 (9). The first edition of Kabat and
Mayer’s text quotes earlier work indicating that
C’ functions more effectively in EA hemolysis at
pH 7.4 than at pH 6.9 (10). The second edition,
however, states that between pH 7.15 and 8.52, C'
effectiveness increases with decreasing pH (11).
All these data, however, are from studies using
guinea pig serum, and it is difficult to find pH op-
timum data dealing with classical EA immune
hemolysis where human serum is the source of C'.
Both Dacie (le) and Hinz, Picken, and Lepow
(12) agree that the optimal pH for hemolysis of
erythrocytes in the C’-dependent Donath-Land-
steiner antibody hemolytic system is between 7
and 8. Recent studies on the pH optimum for
C’-dependent bacteriolysis by human serum have
shown that the system functions best at pH 84
(13). However, since lysozyme appears to par-
ticipate in such bacteriolysis, the authors question
whether this pH optimum can fairly be applied
to human C’ action.

Our study was designed to obtain more definite
data on the effect of pH on human C' action as
measured by classical amboceptor-coated sheep
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red cell immune hemolysis. Parallel studies were
carried out with guinea pig C’, and the results in-
dicate that, in contrast to guinea pig C’, human C'
is substantially more effective at pH 6.5 than at
pH 7.5. In addition we found that the enhance-
ment of human C’-dependent immune hemolysis
at pH 6.5 results primarily from a stimulation of

C'3.
Methods

Standard buffer solutions. Stock (five times concen-
trated) barbital-buffered saline (BBS), pH 7.5, was
prepared as described by Kabat and Mayer (1la). Be-
fore use it was diluted 1:5 with deionized distilled water,
and Ca** (1.5X10* M) and Mg* (5X10™* M) were
added. Solutions of dilute BBS at various pH’s were
prepared by titrating the five times concentrated stock
BBS to the desired pH with 1 N NaOH or HCI before
dilution.

Buffer solution containing salts of EDTA. Nas-
HEDTA or Na:MgEDTA?2 was dissolved in water,
titrated to the desired pH, and adjusted to 0.15 M.
Na:MgEDTA-BBS contained 1.5X10* M Na:Mg-
EDTA plus the necessary amounts of Ca** and Mg*™.
Since this EDTA salt binds Ca** but not Mg**, serum
diluted in Na.MgEDTA-BBS will not support the he-
molysis of EA, but will support EAC’; and EAC's4 ly-
sis. Na;:HEDTA-BBS contained 7.5X 10® M Nas-
HEDTA; Ca** and Mg* were omitted. Since Nas-
HEDTA chelates both Mg** and Ca**, serum diluted in
this reagent will not support EA, EAC’;, or EAC.
lysis, but will hemolyze EAC';.. Serum diluted in
BBS was used to assay whole C’ activity; Na.Mg-
EDTA-BBS was used in conjunction with EAC’; to
titer the effective combined titer of fluid phase C'4, C'2,
and C’'3 and, in conjunction with EAC’.,,, to titer C'2
and C'3. The effective C'3 titer of serum was determined
using EAC';4» and serum diluted in Na,HEDTA-BBS.

Serum and serum reagents. Guinea pig blood was col-
lected by cardiac puncture and allowed to stand at room
temperature for 4 hours. The serum was then sepa-
rated by centrifugation, pooled, and frozen in portions at
—85° C in a mechanical freezer. Pooled human serum
from blood collected by venipuncture was similarly stored.
Two separate batches of human C’la containing 48 and
376 U C'1 esterase, respectively, were prepared by
previously described procedures (14, 15). Human R3
was prepared by absorption of serum with 2.5 mg zymosan
per ml; guinea pig R3 was prepared using 13 mg zymo-
san per ml (116). Both R3 preparations were excellent
reagents for the preparation of their respective EAC'y,4,2.
Purified C'le and R3 were also stored in portions at
—85° C.

Sheep red cells and amboceptor. Sterile sheep red
blood cells collected in acid citrate dextrose solution and

2 Geigy Industrial Chemicals, Ardsley, N. Y.
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glycerinated amboceptor were obtained commercially 3
and kept at 4° C. Sheep red cells were usually discarded
3 weeks after drawing. A single batch of amboceptor
was used throughout these studies.

Preparation of sensitized erythrocytes (EA). The
coating of sheep red cells with hemolysin was always
carried out at pH 7.5. The cells were washed three
times in BBS and suspended in NagHEDTA-BBS to a
cell concentration of 2 X 10° per ml. An equal volume of
hemolysin appropriately diluted in Na;HEDTA-BBS was
added and the mixture allowed to stand at room tem-
perature for 15 minutes. The EDTA was used during
sensitization to avoid attachment to EA of rabbit C'l
sometimes present in commercial glycerinated ambocep-
tors (16). The cells were then washed three times, once
in NasHEDTA-BBS and twice in BBS, and resuspended
in BBS to a concentration of either 1 X 10° or 5 X 10° per
ml. EA to be tested directly in immune lysis were pre-
pared using a 1:1,000 dilution of amboceptor. EA des-
tined for use in formation of EAC' . . . were sensitized
using a 1: 500 dilution of amboceptor.

Preparation of sensitized red cell-complement compo-
nent intermediates. EAC';.. were prepared by reacting
EA with the appropriate R3, and great care was subse-
quently taken to maintain them at 1° C to prevent tem-
perature-dependent decay to EAC':,. (17). EAhuCh.-
were prepared from human R3 as follows. A measured
volume of R3 diluted 1:20 in BBS and previously
warmed to 37° C (1 ml 1:20 R3/5X 10° EA) was
added to a centrifuged button of EA at 37°. The cells
were resuspended, and after exactly 60 seconds the mix-
ture was poured into 5 vol of BBS at 1° C. The cells
were centrifuged, washed three times in cold BBS (1°),
and resuspended in BBS (5X10° cells per ml).
EAgp.C'y,,2 were prepared from guinea pig R3 as
follows. One ml of guinea pig R3 was added to 10 ml
EA in BBS (1X10° EA per ml) at 1° C. After 30
minutes, the cells were centrifuged, washed three times in
cold BBS, and finally resuspended in BBS at a cell con-
centration of 5X 10° per ml. No more than 30 minutes
was allowed to elapse between the preparation of EAC'1 4.2
and their use.

EAC'y,« were prepared from EAC'y: by allowing the
latter to decay for 90 minutes at 37° C. The EAC..
were then washed and resuspended in BBS at a cell con-
centration of 5 X 10° per ml.

To prepare EAC';, .5 ml of an appropriate dilution (de-
termined by pretitration) of purified huC’le in BBS was
added to a cell button of 5X 10° EA. When EAhuC’
were prepared in bulk, proportionate volumes were em-
ployed. After incubation at 37° for periods of from 3 to 10
minutes, 10 vol of BBS prewarmed to 37° was added, and
the cell suspension was centrifuged for 3 minutes. The
EAhuC'y were resuspended in BBS (37° C) to a con-
centration of 5X 10° per ml and tested immediately.
Maintenance of the EAhuC’y at 37° C was necessary to
prevent loss of huC’, activity, which occurs at lower
temperatures (18).

3 Markham Laboratories, Chicago, Ill.
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Fic. 1. THE EFFect of PH EA rysis By HumaNn C. O—O, C'
titrated to pH 6.5, diluted in BBS, pH 6.5; X——X, C’ titrated to pH 6.5,
diluted in BBS, pH 7.5; A——A, C' diluted in BBS, pH 7.5. See text,
footnote 1,.for abbreviations in all Figures. BBS = barbital-buffered saline.

The effect of pH on immune hemolysis. The pH of
thawed serum ranged from 7.5 to 7.7. We found that at
the dilutions of serum employed, the pH was effectively
controlled by the pH of the buffered saline used for dilu-
tion, so that in most experiments pH adjustments of C’
were an inherent part of the dilution process. In certain
experiments, however, the pH adjustment of serum was
initiated directly after thawing. This was done to ensure
that altering the pH of native serum did not irreversibly
affect its hemolytic C' potential. Thus, in some experi-
ments serum was adjusted to pH 6.5 with 0.3 N HCI, and
the control serum (pH 7.5) was equally diluted with
BBS (pH 7.5). The acidified serum was then serially
diluted in pH 6.5 buffer (final pH 6.5), and pH 7.5 buf-
fer (final pH 7.5), and the ability of these C’ dilutions to
support immune hemolysis was compared with that of

buffer. Once it had been determined that preacidifica-
tion of native serum did not permanently affect its he-
molytic C' capacity, and that any change in C’ activity
was attributable entirely to the pH of the dilute C’' hemo-
lytic milieu (vide infra), all pH adjustments of C' re-
agents were made by dilution in the appropriate buffered
saline.

Two basic questions were investigated. 1) What ef-
fect does pH alteration have upon the capacity of C' to
support EA or EAC' ... hemolysis? The cells were
prepared as outlined at a single pH (7.5), and samples
were then subjected to hemolysis in equivalent serial
dilutions of C' at varying pH.

2) What effect does pH alteration have upon the
formation of EAC’ . ..? To eliminate the effects of pH
on the capacity of amboceptor to attach to the red cell,

the unacidified serum diluted in pH 7.5 buffer and pH 6.5 EA formation was always carried out at pH 7.5. In
TABLE I
The effect of pH on the C'Hy titer of human and guinea pig complement™
Human C’ at pH Guinea pig C’ at pH
Dilution of C’ - Dilution of
in BBS 5.5 6.0 6.5 70 75 8.0 C’in BBS 6.0 6.5 7.0 7.5 8.0
% lysis % lysis
1:20 100 100 100 100 100 100 1:100 100 100 100 100 100
1:40 100 100 100 100 100 100 1:200 100 100 100 100 100
1:80 92 100 100 100 97 99 1:400 98 100 100 100 94
1:160 73 84 90 86 78 48 1:800 82.5 85.5 80 71.6 70
1:320 325 38 46 33 22 6.5 1:1,600 5.0 19 24 21.6 17.5
1:640 14 16 15 5.5 14 0 1:3,200 1.8 0.9 1.7 0 1.6
C'Hg titer 237 272 304 274 225 157 C'Huo titer 1,125 1,180 1,180 1,125 1,020
: C’Hso
Ratio 105 121 135 122 1.0 1.00 1.05 1.05 1.00 0.907

C'Heo at pH 7.5

0.70

* See text, footnote 1, for abbreviations in all Tables. Also, BBS = barbital-buffered saline. .
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TABLE 11
The effect of pH on the lysis of EAhuC'y and EAhuC'y,4

EAhuC’1

EAhuC’1 4

540
mu —blank Lysis

pH 7.5
oD

oD
540
mu

oD
540
mu —blank Lysis

pH 6.5

oD
540
mu

Dilution of
human C’ in

540
mu —blank Lysis

pH 7.5
oD

oD
540
mu

540
mpu—blank Lysis

pH 6.5
oD

oD
540
mu

Dilution of human
C’in Na;Mg-
EDTA-BBS

0.800 0.771 32

To
44

1.050

1.079

20

0.771 0.751 67 1:

%o
97

1.086

1.106

1:50
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9 these experiments (involving EAhuC’;, and EAhuC's42)
K EAC' ... formation was done at varying pH’s, and
- g lysis was carried out with serial dilutions of C' at a single
~ = pH (7.5). Since excess C'l was present in substantial
\f- amounts during the single wash, EAhuC'; prepared at a
= given pH were subjected to washing in buffer of an
828 = equivalent pH. However, since excess R3 was removed
-0 = e ey . .
S33 = in the initial centrifugation following EAC'1.. forma-
] tion, the three washes in these experiments were carried
“ b out at pH 7.5. The effect of pH on the formation of
2 E g E EAC'.,« was not investigated, since these cells were pre-
°eee E pared from EAC'12 and we assumed that their behavior
S would parallel that of the parent cell.
] All hemolytic tests were carried out by adding 4 ml of
-3« : the appropriate C’ dilution to a thoroughly drained but-
°' o ton of 5 X 10° EA, EAC", or EAC'1,42 and incubating the
3 cell suspension at 32° C for 60 minutes with occasional
283 z 2 mixing. In the experiments with EAhuC’1, a 1 X 10°
2353 2 k] cell button was employed. Cell blanks in buffer alone
3 2 at all pH’s tested were always run. One hundred per
- E’ cent hemolysis was determined by the addition of 4 ml
285858 5 0.1% Na.COs solution to a button of 5 X 10° cells. When
s8SSSd T C' diluted in Na.MgEDTA-BBS or Na,HEDTA-BBS
: was used, an EA blank was always run at the lowest C'
g dilution. Hemolysis was measured by determining the
col £ optical density of the supernatant fluid at 540 mu. The
TEz 3 OD (100% hemolysis) of 5 X 10° cells in a 4-ml vol is
E‘ approximately 1.3. C'Hso titers of whole C' were deter-
2 mined as outlined by Kabat and Mayer (11c¢).
- ; portions of volume, amount of C’, and cell concentration
-0 E were different from those usually employed, and there-
] fore the C'Hs titers are higher than these authors re-
£ port. Since we were interested primarily in relative titers
§§ S = at various pH’s, this was not important.
Ssse - ;:1) where the effects of pH on the effective cumulative titer
3 of fluid phase C' subcomponents were being assessed with
o Mmoo a 5 EAC' ... CHs titers were approximated by graphic
35 g g EE % methods employing either logarithmic probability graph
bt paper (titer versus per cent hemolysis) or a log-log plot
3 S of titer versus y/1 —y where vy = fraction of cells lysed.
- 8 Although both methods of plotting the data resulted in
% o O jg
2 400 1600
% g S : 350 1400 =
o oo — ® .
;‘58 :5 300 —1200 g
=g L p
§§§§§§ v;E ‘zz‘ 250 |ooo§
SoS oS = "é’%)) g 200 -800§
g;ﬁ ;g 150 1s00 2
- é-g © o0 4400 ©
s 5k | [ {20 |
gsgg¥sy oo | 2% Lo
ziiggg gz | 42 so e 70
& Ea
olo ‘g,.g pH
*’g Fic. 2. THE EFFECT OF PH ON THE COMPLEMENT TITERS
K] OF HUMAN AND GUINEA PIG SERUM.

In instances

The pro-
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Fic. 3. THE EFFECT oF PH ON THE ABILITY OF HUMAN C' DILUTED IN
NasHEDTA-BBS 10 HEMOLYZE EABUC'1,4.. O——O, C' titrated to pH
6.5, diluted in Na;HEDTA-BBS, pH 6.5; X——X, C' titrated to pH 6.5, di-
luted in NsHEDTA-BBS, pH 7.5; A——A, C' diluted in Na,HEDTA-BBS,

pH 7.5.

departure from linearity at the extremes of hemolysis (0
to 20% and 80 to 100% hemolysis), agreement between
these two arbitrary methods was good if the results were
based on the values nearest to 50% hemolysis.

All experiments were performed on at least two sepa-
rate occasions, and the results obtained were always
comparable.

A Zeiss PMQ II spectrophotometer and silica cu-
vettes with a 1-cm light path were used for all optical
density measurements. pH determinations were made with
a Beckman Zeromatic pH meter. -

100,

Results

The effect of pH on EA and EAC' . . . lysis.
A comparison bétween the ability of human C’ to
support EA lysis at pH 7.5 and pH 6.5 is shown
in Figure 1. The C'H,, titer of human C’ is sub-
stantially increased at pH 6.5. This enhancement
is not seen if the human serum serving as a C’
source is titrated to pH 6.5 with HCI and its pH
subsequently raised by dilution in pH 7.5 BBS.

vl
sof
70
60
50
40

% HEMOLYSIS

30

11320

DILUTION OF C' IN Na3HEDTA-BBS

Fic. 4. THE EFFEcT oF PH ON THE ABILITY OF HUMAN C' DILUTED IN

Na;:HEDTA-BBS 10 HEMOLYZE EAHUC'142::pH adjustments were ac-
complished by dilution in the appropriate buffe'x_{.j"‘
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TABLE III
The effect of pH on the hemolysis of EAg.p.C'1,4.2

pH 6.5 pH 7.5
Dilution of oD OD OD OD
guinea pig 540 540 540 540
’in mu mp —blank Lysis mu mp —blank Lysis
Nas:HEDTA-BBS
% %
1:100 1.182 1.151 91 1.177 1.153 91
1:200 1.057 1.026 81 1.017 0.993 78
1:400 0.760 0.729 58 0.761 0.737 58
1:800 0.321 0.291 23 0.354 0.330 26
1:1,600 0.078 0.047 4 0.112 0.088 7
1:3,200 0.041 0.010 1 0.030 0.004 0
Blank 0.031 0.024
1009, 1.296 1.265 1.296 1.272

Thus acidification of whole serum to pH 6.5 has
no permanent or irreversible effects upon whole C’
activity. More extensive data on the effects of
pH on human C’ activity in EA lysis, together
with similar observations made on guinea pig C/,
are shown in Table I and Figure 2. Our results
concerning the effect of pH on the C’ titer of
guinea pig serum are in substantial agreement
with those of Kabat and Mayer (11). There is
a slight but definite increase in guinea pig C' po-
tency with decreasing pH, a broad optimum being
reached between pH 6.5 and 7.0. The effect of de-
creasing pH on human C’ potency is, in contrast,
much greater, with a narrower optimum, at about
pH 6.5.

Having demonstrated substantial enhancement
of hemolytic human C’ potency at pH 6.5, we stud-
ied the effect of pH on the lysis of various EAC’

. in the hope of determining which of the
intermediate stages in immune hemolysis were
most affected by such pH alterations. The data

in Table IT illustrate the effect of pH on the he-
molysis of EAhuC’, and EAhuC’,,, in human C’
diluted in Na,MgEDTA-BBS. Since both of
these C' component-EA intermediates hemolyze
more effectively at pH 6.5, and since both are
equally enhanced to approximately the same degree
as noted earlier with EA lysis, we presumed that
the stimulatory effect of pH reduction depends
primarily upon enhancement of either C'2 or C'3
or both. From the results shown in Figures 3
and 4 we concluded that pH alteration affects
primarily the last stage in immune hemolysis,
namely, the reaction EAhuC’,,, + huC'3 — E*.
It is apparent again, in a fashion analogous to EA
lysis, that acidification of whole serum to pH 6.5,
followed by dilution at pH 7.5, does not perma-
nently alter the effective C'3 titer of serum. By
comparison with EA lysis, EAhuC’, , , hemolysis
diminishes rather sharply as the pH is lowered
from the optimum at 6.5. In contrast to human
C’, the reaction EAg.p.C',,,+ gp.C'3—>E* is

TABLE IV
Comparison of the hemolytic potency of human C’ and C’' subcomponents at pH 6.5 and pH 7.5

C’Hso at pH 6.5

ey CHw CHuat pH6S Tl at pH 7S
Cell type no. pH 6.5 pH 7.5 C’Hso at pH 7.5 (average)
I. EA 1 391 294 1.33
2 445 265 1.68 1.40
3 304 223 1.35
4 435 355 1.22
II. EAhuC’, 1 100* 61* 1.64*
II1. EAhuC’y,4 1 16.8* 10.5* 1.60*
IV. EAhuC/y 42 1 219* 93* 2.35*
2 120* 77* 1.56* 1.80*
3 178* 119* 1.49*

* Estimated by graphic methods. The ratio represents, in the case.of EAhuC’;, the relative potency at the two pH’s
of fluid phases C’4, C’2, and C’3; in the case of EAhuC’}, 4, the relative hemolytic potency of fluid phases C’2 and C’3; in
the case of EAhuC’; 42, the relative hemolytic potency of fluid phase C’3.
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The effect of pH on the formation of EAhuC’,

EAhuC’; formed at pH

6.5 7.5
oD oD oD oD
Dilution of human C’ 540 540 540 540
in Na:MgEDTA-BBS mu mu —blank Lysis mu mp —blank Lysis
% %
Experiment I 1:50 0.440 0.415 36 0.487 0.462 40.7
Blank 0.025 0 0.025 0
1009, 1.153 1.128 1.156 1.131
Experiment II 1:50 0.592 0.572 50.4 0.665 0.645 58.4
1:100 0.183 0.163 14.4 0.189 0.169 15.3
1:200 0.038 0.018 2 0.032 0.012 1
Blank 0.020 0 0.020 0
100%, 1.153 1.133 1.126 1.106

not affected by altering the pH from 7.5 to 6.5
(Table III). A summary of the effects of pH
alteration from 7.5 to 6.5 on the relative hemolytic
potency of human fluid phase C’ components at
various stages in immune lysis is presented in
Table IV.

The effect of pH on the formation of EAC'. . . .
To confirm the above conclusion that pH altera-
tion largely affects the reaction EAhuC',,, +
huC'3 — E¥, the effect of pH upon the formation
of various EAC’ . . . intermediates in immune
hemolysis was analyzed. We reasoned that if
these conclusions were correct, the formation of
EAC, and EAC', ,,, (and by implication EAC', ,)
should not be enhanced by lowering pH from 7.5
to 6.5. These experiments (Tables V and VI)
bear out the conclusions drawn earlier; EAhuC’,
formation is, if anything, slightly inhibited at pH
6.5; EAhuC,,, , formation is not affected. In re-
lation to the latter experiment, it is imperative to

use an R3 devoid of even small amounts of C'3;
otherwise there is substantial E* formation at pH
6.5, with the result that much hemolysis occurs
during preparation of the cells even though
EAhuC',,,, formation with the same R3 may
proceed satisfactorily at pH 7.5. This observation,
although largely of nuisance value in terms of ex-
perimental technique, also indicates the primary
role of C'3 in the enhancement of human C’ action
at pH 6.5.

The effect of pH on the decay of EAC',,,,.
Although the data so far presented leave little
doubt that pH reduction from 7.5 to 6.5 selectively
enhances the last stage in immune hemolysis, the
same result could be obtained by two 'different
mechanisms. The over-all hemolytic titer of C’ is
recognized to depend primarily upon the balance
achieved between the decay of EAC', , , to EAC',
and the conversion of EAC', , , to E* by the action
of C'3 (19). pH reduction might result in en-

TABLE VI
The effect of pH on the formation of EAhuC’y, 4,2

EAhuC’1,4,2 formed at pH

6.5 7.5
Dilution of oD oD oD oD
human C’ 540 540 540 540
in Na;HEDTA-BBS mp mu —blank Lysis mp mp —blank Lysis
! % %
1:20 0.794 0.768. 68 0.885 0.864 70 -
1:40 0.770 0.744 66 0.820 0.799 ‘65
1:80 0.587 0.561 50 0.634 0.613 50.
1:160 0.318 0.292 26 0.341 0.320 26
1:320- 0.104 0.708 7 0.104 0.083 7
1:640 0.043 0.017 1.5 0.031 0.010 1
Blank 0.026 0.021 )
100% 1.152 1.126 1.251 1.230




156

0D 540mu

O.i

1 1
2 4 6

TIME (MINUTES)

®F o

Fic. 5. THE EFFEcT oF PH oON THE DECAY OF
EAuuCh4: 10 EAHUC: . @, EAhuC’14. decayed at
pH 7.5; O, EAhuC'y4. decayed at pH 6.5.

hancement of C'3 activity, but the same result
would be achieved if lowering the pH diminished
the rate at which EAhuC’,,, decayed to
EAhuC’,,,. This latter possibility was tested by
the following experiment: Suspensions of
EAhuC’,,, (5% 10® cells per ml) in Na,-
HEDTA-BBS at both pH 6.5 and pH 7.5 were
placed in a water bath at 37° C. When the tem-
perature within the suspensions reached 37°, 1-ml
samples were removed at measured time intervals
and added to 4 ml of a 1:40 dilution of human
serum in Na,HEDTA-BBS, pH 7.5. These
tubes were mixed and incubated at 32° for 60
minutes to determine residual EAhuC',,, ac-
tivity. The results are shown in Figure 5. The
rate of the temperature-dependent decay reaction
EAhuC,,,,—> EAhuC',,, is similar at both pH
7.5 and pH 6.5 (t; = 3.5 and 4.05 minutes, re-
spectively). The slight reduction of the rate of
decay seen at pH 6.5 is not sufficient to account
for the degree of enhancement seen in EAhuC’, , ,

lysis at this pH. Thus it would seem that most

of the enhancement in immune hemolysis at pH 6.5
is attributable to stimulation of C'3 activity.

STANLEY YACHNIN AND JANET M. RUTHENBERG

Discussion

The present data indicate that those human
C’-dependent hemolytic systems that function best
at pH 6.5 are not different in this respect from
classical immune hemolysis. Indeed, it might be
said that a hemolytic system involving human C’
that functions better at pH’s alkaline to 7, such
as the Donath-Landsteiner hemolytic system, is
the exception ; perhaps in this instance the limiting
factor is hemolysin attachment, which is favored
by a more alkaline pH. In‘'the present studies,
red cell sensitization was always performed at pH
7.5, regardless of the pH at which hemolysis was
carried out, and variations in the effect of pH on
hemolysin attachment were avoided. However,
it might still be argued that lowering of pH di-
minishes the rate at which hemolysin elutes from
EA, and thereby promotes the action of C' at pH
6.5. Such an argument is difficult to refute on
theoretical grounds, since hemolysin is known to
elute from EA and to transfer from cell to cell
(11d), and C’ titer in a limited C' system can be
increased by increasing the number of sensitized
sites on the red cell membrane (20). If this were
the mechanism operating to increase human C'
effectiveness at pH 6.5, then a similar degree of
enhancement would be expected regardless of the
C' source. That guinea pig C' is in fact not
enhanced to the same extent by pH alteration
is therefore a strong point in favor of a direct
action of pH alteration on human C' effective-
ness. In addition, if pH reduction resulted
in tighter binding of A to E, then the enhanc-
ing effects of pH reduction on human C'-de-
pendent hemolysis should be obvious during the
early phases of immune hemolysis. Formation of
EAhuC’, and EAhu(C’, , ,, however, was not in-
creased by pH reduction. The ability of pH re-
duction to enhance the hemolysis of normal hu-
man red cells by high titer cold agglutinins, or of
artifically altered red cells by human sera con-
taining heterospecific antibodies, can thus be
viewed as a C'-mediated phenomenon, rather than
one brought about, by increasing hemolysin at-
tachment.

Recognition that classical immune. hemolysis
produced by human C’ has a pH optimum similar
to that of the PNH hemolytic system supports the
argument that the C’ system plays the predominant
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role in in vitro PNH red cell lysis. Immune he-
molysis and poly I-induced hemolysis of normal
red cells have recently been shown to proceed in
the absence of Ca**, provided that Mg* is sup-
plied and whole human serum is used as the C’
source (3, 21) ; PNH hemolysis also displays an
absolute requirement for Mg** but not for Ca**
(6). Thus the PNH hemolytic system resembles
other human C’-dependent hemolytic systems not
only in its pH optimum, but also in divalent cat-
ion requirements. The enhancement of immune
red cell lysis and PNH hemolysis produced by re-
duction of serum pH to 6.5 are similar in that
both phenomena are reversible; restoration of se-
rum pH to 7.5 results in loss of the stimulatory
effect and the return of serum hemolytic potency
to the original level (22).

We have recently shown that substances usually
considered to be anticomplementary, such as poly-
inosinic acid, streptokinase, and aggregated y-glob-
ulin, can all cause enhancement of PNH red cell
hemolysis in vitro when added to acidified hu-
man serum (3, 22) ; these three agents are known
to function as activators of C'l (23-26). Fur-
thermore, addition of purified C'la or C'l esterase
to serum can induce the same stimulation of PNH
hemolysis (22). Careful study of all these ma-
terials has revealed a striking similarity in the
kinetics of their interaction with serum in rela-
tion to PNH hemolysis. Therefore, we have sug-
gested that these substances via C'la, or C'la it-
self, activate fluid phase C'2, which in turn is
responsible for the generation of fluid phase C'3
hemolytic activity; it is presumably a late-acting
C'3 subcomponent(s) that ultimately injures the
red cell membrane (3, 27). Since the PNH red
cell lacks an antibody coat to localize the process of
C’ activation at the cell membrane, its destruction
depends upon random hits from activated fluid
phase C'3 subcomponents (3). The importance
of late-acting C'3 subcomponents in relation to
PNH hemolysis is attested to by the recent ob-
servations of Rosen and of Jenkins. In prelimi-
nary experiments Rosen has observed that puri-
fied B;c-globulin can attach to PNH red cells di-
rectly without the mediation of other fluid phase
C’ components (28). Jenkins, who has found
C' components coating those PNH red cells
resistant to in vitro acid hemolysis (29), has
noted that such cells react strongly and con-
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sistently with anti-g;c-globulin (30) (anti-C'3),
but weakly and less consistently with anti-B;c-
globulin (31) (anti-C'4) (32). We have postu-
lated that PNH hemolysis is, in a sense, a thresh-
old phenomenon that depends upon an intrinsic
low grade process of activation of fluid phase late-
acting C' components in serum (3).

In view of the foregoing discussion, it is of
great interest to find that pH alterations of serum
from 7.5 to 6.5 predominantly enhance the hemo-
lytic function of C’'3. If one examines the data
in Figures 1 and 3, he is struck by the fact that
in immune hemolysis, given the proper conditions,
the degree of hemolysis can be altered by pH
change to the same extent as is commonly ob-
served in PNH hemolysis. Thus in a 1:160 di-
lution of human C'3, EAhuC’,,, show 9.5%
hemolysis at pH 7.5 as compared with 37% he-
molysis at pH 6.5 (Figure 3). Similarly, in a
1: 640 dilution of whole human C’, EA display 3%
lysis at pH 7.5 compared with 29% hemolysis at
pH 6.5 (Figure 1). PNH hemolysis in wvitro
results in no diminution of serum C’ titer as sub-
sequently measured by immune hemolysis, and
may thus be considered to involve only such
small amounts of active C’' material as are repre-

sented by serum dilutions in the range mentioned
above (33).

Summary

The pH optima of the immune lysis of sensitized
sheep red cells by human and guinea pig comple-
ment have been investigated. Both human and
guinea pig complement function best at pH 6.5,
but human complement is more sensitive to pH
alteration. Study of the effects of pH altera-
tion upon the formation and lysis of sensitized
red cell-complement component intermediates has
demonstrated that the enhanced potency of human
complement action at pH 6.5 results from a stimu-
lation of the third complement component. The
significance of these observations relative to cer-
tain “pH-dependent” human hemolytic systems is
discussed.
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