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CD59 blocks not only the insertion of C9 into MAC but
inhibits ion channel formation by homologous C5b-8 as well

as C5b-9
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Activation of the complement system on the cell surface results in the insertion of pore forming
membrane attack complexes (MAC, C5b-9). In order to protect themselves from the complement
attack, the cells express several regulatory molecules, including the terminal complex regulator
CD59 that inhibits assembly of the large MACs by inhibiting the insertion of additional C9
molecules into the C5b-9 complex. Using the whole cell patch clamp method, we were able to
measure accumulation of homologous MACs in the membrane of CD59™ human B-cells, which
formed non-selective ion channels with a total conductance of 360 + 24 pS as measured at the
beginning of the steady-state phase of the inward currents. C5b-8 and small-size MAC (MAC
containing only a single C9) can also form ion channels. Nevertheless, in CD59* human B-cells in
spite of small-size MAC formation, an ion current could not be detected. In addition, restoring
CD59 to the membrane of the CD59™ cells inhibited the serum-evoked inward current. The ion
channels formed by the small-size MAC were therefore sealed, indicating that CD59 directly
interfered with the pore formation of C5b-8 as well as that of small-size C5b-9. These results offer an
explanation as to why CD59-expressing cells are not leaky in spite of a buildup of homologous
C5b-8 and small-size MAC. Our experiments also confirmed thation channel inhibition by CD59 is
subject to homologous restriction and that CD59 cannot block the conductivity of MAC when
generated by xenogenic (rabbit) serum.
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One of the terminal products of the complement cascade is
the membrane attack complex (MAC, C5b-9). MACs are
composed of five components, C5b, C6, C7, C8 and
multiple C9 molecules. When C5b binds to C6, a binding
site on C6 for the C7 molecule is exposed. When C5b67
complexes are formed, they become hydrophobic and
spontaneously bind to the cell membrane. The C7
component of membrane-bound C5b67 is able to bind to
C8, and the resulting ring-shaped complex inserts deeply
into the membrane lipid layer forming a small, leaky pore.
Although C5b-8 can already function as an ion channel, it
becomes more powerful when multiple C9 molecules are
inserted into the ring, enlarging the MAC diameter (for a
review, see Discipio, 1998).

As a means of protecting against accidental or bystander
complement attack, host cells express complement
regulatory proteins on the membrane (Okada ef al. 1983;
Okada & Tanaka, 1983; Seya et al. 1990; Liszewski &
Atkinson, 1998). Decay accelerating factor (DAF, CD55)

and membrane cofactor protein (MCP, CD46) control the
function of C3 convertase (Liszewski & Atkinson, 1998).
In addition, the 20 kDa homologous restriction factor
(HRF20, CD59) inhibits assembly of complete large MACs
within the membrane of a cell under attack (Davies et al.
1989; Okada et al. 1989a,b,c; Okada & Okada, 1998).

CD59 is expressed on several cell types such as leukocytes,
endothelial cells and epithelial cells (Stefanova et al. 1989;
Okada et al. 1989a; Nose et al. 1990; Meri et al. 1991).
Erythrocytes also resist complement attack by expressing
CD59 and in the case of a deficiency of this inhibitor
(paroxysmal nocturnal hemoglobinuria) treatment with
purified CD59 restored the resistance of the cells (Okada et
al. 1990; Okada & Okada, 1998).

Although CD59 does not inhibit MAC formation of
human C5b67 with rabbit C8 and C9, it inhibits when
either C8 or C9 is human, indicating that CD59 interacts
with both C8 and C9 (Harada et al. 1990). CD59 exerts its
effect by binding tightly to the C5b-8 complex and
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inhibiting the incorporation of multiple C9 molecules into
the complex (Morgan, 1999) thereby blocking formation
of the large lytic pore. Interestingly, a single C9 molecule
can still bind to the C5b-8 complex even in the presence of
CD59; however, the binding of CD59 to C5b-8 hinders the
necessary unfolding of C9 (Meri et al. 1990; Rollins &
Sims, 1990). Partially unfolded C9 cannot expose the site
required for attachment of additional C9 molecules, and
consequently the large MAC ring cannot be assembled.
However, it has been reported that C5b-8 complexes with
an inserted single C9 molecule (small-size MAC) or even
pure C5b-8 can form a transmembrane channel in an
artificial membrane (Zalman & Muller-Eberhard, 1990;
Discipio, 1998). If CD59 can only inhibit the build up of
large MACs by preventing subsequent insertion of C9
molecules, formation of either a small-size MAC or the
simple C5b-8 complex could render the attacked cells
leaky, even in the presence of CD59.

Expression of CD59 has recently been demonstrated in the
human central nervous system (Shen et al. 1995; Akatsu et
al. 1997; Zhang et al. 1998; Singhrao et al. 1999a), and it
has been found that this molecule is slightly upregulated in
neurons and glial cells in neurodegenerative diseases
associated with local inflammation and chronic
complement activation, such as Alzheimer’s and
Huntington’s disease (McGeer ef al. 1991; Yasojima et al.
1999; Singhrao et al. 1999b). If complement activation
plays a direct role in these diseases by enhancing MAC
formation on neuronal cells, then CD59 upregulation
would certainly be insufficient to protect these cells since
neurons seem to be uniquely vulnerable to ionic
imbalance caused by complement attack. This suggests
that the potential ‘leakiness’ of C5b-8 or small-size MAC
could contribute to neurodegeneration.

In this study, we therefore investigated the changes in the
conductivity of pores formed by C5b-8 or MAC in the
presence and absence of CD59 using the whole cell patch
clamp method.

METHODS

Ethics

All procedures concerning humans were carried out with written
informed consent and conformed with the guidelines of the
Ethical Committee of Nagoya City University Medical School and
the Declaration of Helsinki.

The protocols for the animal experiments were approved by the
Institutional Animal Care and Use Committee of Nagoya City
University Medical School.

Cell culturing

NCU-1 is a human B-cell line established by Epstein-Barr virus
transformation from a patient genetically deficient in CD59, while
NCU-2 is a similar human B-cell line, isolated from a healthy
volunteer, both of them of blood group B (Yamashina et al. 1990).
The cells were cultured in RPMI-1640 (Nipro Company, Osaka,
Japan) supplemented with 10% fetal bovine serum (FBS)
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(HyClone Laboratories, Inc., Logan, UT, USA) and kept in an
incubator at 37°C under a humidified atmosphere of 95%
air-5 % CO,.

Sera

Human sera were collected from healthy volunteers. Heat
inactivation of serum was carried out at 56 °C for 30 min. Rabbit
serawere collected from four rabbits killed by bleeding under deep
ether anaesthesia. The sera were kept in a deep freezer (=70°C)
until use.

Whole cell clamp measurements

Cells were voltage clamped at =70 mV holding potential at room
temperature using a whole cell clamp configuration. The
instruments used for electrophysiology were as follows: an
Axopatch 200-A patch clamp amplifier, a Digidata-1200 data
acquisition system and pCLAMP 6.02 software from Axon
Instruments Inc. (Foster City, CA, USA). The headstage of the
amplifier was fitted to an MHW-3 hydraulic manipulator
produced by Narishige Inc. (Tokyo, Japan); and the cells were
visualized using an Olympus IMT-2 inverted microscope.
Data acquisition and analysis were performed using an IBM-
compatible personal computer equipped with a 90 MHz Pentium
processor. Patch electrodes (OD = 1.5 mm; thin wall; Garner Co.,
USA) were pulled with a PP-83 puller and polished with an MF-83
microforge (Narishige Inc.). The resistance of patch electrodes
was 8—10 MQ. The solutions used were as follows: an extracellular
solution (10 mm Hepes, 140 mm NaCl, 5 mm KCl, 2 mm CaCl,,
2 mm MgCl, 10 mm glucose, pH 7.34); an intracellular pipette
solution (10 mm Hepes, 110 mm KCl, 15mm NaCl, 0.1 mm
CaCl,, 2 mm MgCl,, 1 mm EGTA, pH 7.25). Sera were applied
without dilution with a puff pipette from a distance of
300—500 gm for 2 min, followed by a 3 min off period and
reapplied every 5th minute until an ion-current response was
observed. Recordings were carried out on several cells (n = 10 in
each experiment) and they began simultaneously with the first
serum application.

Average amplitudes of the inward currents were calculated using
the values obtained at the beginning of the steady-state phase of
the currents. Analysis of the current—voltage relation in NCU-1
cells was also carried out at this time by applying step command
potentials between =90 mV and +40 mV, with 10 mV steps and
width of 180 ms. Holding potential was =70 mV.

In order to restore resistance of NCU-1 cells to MAC attack, CD59
was incorporated in the cell membrane as described earlier
(Okada et al. 1990). Briefly, purified CD59 (Harada et al. 1990)
was added to the bath fluid of extracellular solution at a final
concentration of 1 ugml". The cells were then allowed to
incorporate CD59 at 37 °C for 1.5 h. After washing with fresh
extracellular solution thoroughly, the cells were examined with
whole cell clamp electrophysiology as described above.

Antibodies and flow cytometry

Monoclonal mouse-anti-human C5b-9 antibody (Ab) (IgG;
generated against a neoepitope of the C9 component of MAC) and
fluorescein isothiocyanate (FITC)-labelled goat-anti-mouse IgG
Ab (FITC-GAM) were purchased from DAKO Inc., Japan. The
1F5 monoclonal mouse anti-human CD59 Ab (IgG,) was
produced in our laboratory, as described earlier (Okada et al.
1989a,b,c, 1990). The 1C6 monoclonal mouse-anti-human DAF
primary Ab (IgG) was kindly provided by Dr T. Fujita (Fujita et al.
1987) and the monoclonal mouse-anti-human MCP Ab (IgG,)
was a gift from Dr T. Seya (Seya et al. 1990). For flow cytometry
measurements, Abs were diluted in Hanks’ balanced salt solution



J. Physiol. 539.2

(Gibco) containing 2 % fetal bovine serum (HBSS-FBS), in pre-
titrated concentrations.

Following centrifugation and washing with HBSS-FBS, the cells
were incubated with the diluted primary Abs on ice for 1.5 h. After
washing twice with HBSS-FBS, the FITC-labelled secondary Ab
was added to the cell pellet. The cells were then incubated on ice
for 1.5 h. In order to determine the non-specific binding of the
secondary Ab, an equal amount of FITC-GAM was also added to
cells untreated with primary Abs (FITC-control). Finally, the
stained cells were suspended in 0.5 ml sheath solution containing
propidium iodide (PI, diluted from a stock titrated for proper
concentration) and analysed by flow cytometry with FACScan and
FACSCalibur (Becton-Dickinson, Mountain View, CA, USA).
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Figure 1. Flow cytometry of NCU-2 and NCU-1 cells after
incubation with anti-CD59 (dashed line), anti-MCP
(dashed-dotted line) and anti-DAF (dotted line)
antibodies

FACS analysis revealed the presence of complement regulatory
molecules in the membrane of NCU-2 cells (A) whereas NCU-1
cells expressed DAF and MCP but not CD59 (B). The continuous
line represents the FITC control.
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In order to insert MAC into the cell membrane, alliquots of
NCU-2 and NCU-1 cells were treated with undiluted human
serum. Sera treatments were carried out for 1 h in an incubator
(37°C). As a control, other cells received HBSS-FBS. After 1 h the
cells were labelled with the anti-human C5b-9 Ab and then
FITC-GAM or with the FITC-GAM only (FITC-control) and
examined by flow cytometry, as described above.

Statistical analysis

Statistical analyses were performed with the Statistica software
package (StatSoft, Inc., Tulsa, OK, USA). Averaged statistical data
are presented as means + S.E.M.
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Figure 2. Flow cytometry of NCU-2 (A) and NCU-1 (B) cells
after human serum treatment and incubation with anti-
MAC antibody

Both cell types harbour MAC in their membranes (dotted line).
The fluorescence signal of cells incubated with anti-MAC antibody
without serum treatment (dashed line) does not differ significantly
from the signal of the FITC control (continuous line).
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Figure 3. Whole cell clamp electrophysiology of NCU-1 and NCU-2 cells during homologous
(human, A-J) or heterologous (rabbit, K-L) serum treatment

Inward current was evoked in NCU-1 cells as a result of extracellular serum administration (A). However,
similar serum application could not trigger current pulses in NCU-2 cells expressing CD59 (B). A
background current was observed only when heat-inactivated serum was applied to the NCU-1 cells (C),
showing that the inward current evoked by normal human serum was due to complement activation. The
calcium channel blocker cobalt chloride diminished but did not abolish the amplitude of the current in the
NCU-1 cells (D). When NaCl was replaced with N-methyl-D-glucamine in the extracellular solution, the ion
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RESULTS

Expression of complement regulatory molecules on
NCU cell lines

In order to detect the presence or absence of DAF, MCP
and CD59 in membranes of NCU-1 and NCU-2 cells, the
cells were stained with anti-DAF, anti-MCP and anti-CD59
Abs by indirect immunofluorescence assay. Using flow
cytometry, we demonstrated that NCU-2 cells expressed
all of these molecules (Fig. 1A). However, NCU-1 cells
expressed DAF and MCP only, while CD59 was completely
absent (Fig. 1B), confirming the earlier diagnosis of CD59
deficiency in the patient from whom the NCU-1 cell line
was isolated. The expression of DAF was almost identical
in both cell lines. Nevertheless, expression of MCP in
NCU-1 cells was approximately 30% higher than that
found in NCU-2 cells.

MAC formation in the cell membrane

Both NCU-2 and NCU-1 cells were treated with
homologous human serum (obtained from a blood
group-A donor). Exposure to serum resulted in the
deposition of complement as demonstrated by an
accumulation of MAC in the cell membrane which we
detected using indirect immunofluorescence and flow
cytometry by targeting the neoantigen on the C5b-9
complex. Both NCU-1 and NCU-2 cells stained, as
compared to the respective FITC controls and to the
staining of the cells which were not treated with serum
(Fig. 2A and B), demonstrating the presence of MAC in
serum-treated cells. Nevertheless, intensity of the
fluorescescence was approximately two times stronger in
NCU-1 than in NCU-2 cells, showing more intensive
MAC formation.

Whole cell clamp measurements

For whole cell clamp measurements, cells were treated
with blood group-A serum administered through a puff
pipette while the recording of ion current response was
carried out. The recorded inward current indicated
intensive pore formation, corresponding to an ongoing
formation of MACs. The average amplitude of the current
using NCU-1 cells was 115+ 20.6 pA (Fig. 3A). The
reversal potential during the initial, activation phase of the
current in the first 20—30 s was —38 + 5.6 mV; however it
rapidly dropped to —13.0 £ 5.4 mV in 2—3 min and later
decreased further to its final value (=3.6 £ 2.4 mV). The
current appeared as early as 10 + 5.5 min after opening the
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puft pipette. The current weakened when the puff pipette
was closed.

In order to verify whether the currents measured in
NCU-1 cells were caused by complement activation
triggered by interaction between the serum and the cell
membrane, heat-inactivated serum was applied to the
NCU-1 cells. As the recording data indicate, the heat-
inactivated serum failed to trigger any current (Fig. 3C),
demonstrating that the current seen in Fig. 3A was a result
of complement activation. Extracellularly applied Ca**
blocker (0.2 mm CoCl,) reduced (89 + 15.3 pA), but did
not eliminate completely, the serum-induced current in
NCU-1 cells (Fig. 3D). The currents with decreased
amplitude (54 + 13.2 pA) were recorded again, when the
extracellular NaCl had been exchanged for N-methyl-D-
glucamine (Fig. 3E). Statistical analysis (one-way
ANOVA) of the control, cobalt- and glucamine-treated
cells demonstrated that the average amplitudes of the
recorded currents were significantly different (P < 0.05).

In contrast to NCU-1 cells, only a background current with
an average amplitude of 10 £ 2.6 pA was recorded when
NCU-2 cells were treated with human serum, indicating that
conductive ion channels failed to form in the presence of
CD59 during the entire length of the experiments (Fig. 3B).

Current—voltage analysis showed that the relationship
between these parameters was linear as demonstrated by
the recorded traces of the currents (Fig. 3F). The small
inset above the recorded currents represents the protocol
of voltage commands. Calculation of linear regression was
carried out after averaging of the currents for several cells
(n=10; Fig. 3G). The high value of goodness of fit
(r’=0.998) and that the ‘slope deviation from zero’ is
significant (P < 0.001) verified that the relation is strongly
linear and the slope conductance (360 +24 pS) is
significantly different from zero.

Measurements were repeated using type-B serum. With
this serum, the average amplitude of the inward current of
the NCU-1 cells was 107 £ 19.2 pA (Fig. 3H). Similar to
results obtained previously, no current was triggered in
NCU-2 cells using this serum (Fig. 3I).

When the NCU-1 cells were previously allowed to
incorporate purified CD59, human serum failed to evoke
the inward current (Fig. 3J), showing involvement of
CD59 in the examined phenomenon.

current with decreased amplitude was still recorded (E) suggesting the presence of non-selective
channels in the membrane of NCU-1 cells, probably MACs. This was further supported by the linear
current—voltage relationship demonstrated both in individual NCU-1 cells (F) and on averaged
amplitudes of currents followed by linear regression (G). Human serum prepared from B-type blood
also evoked current pulses in NCU-1 cells (H), but not in NCU-2 cells (I). Involvement of CD59 in
blocking the serum-evoked current was further confirmed when CD59 was incorporated in the
membrane of NCU-1 cells (J). Heterologous (rabbit) serum triggered current pulses in cells which were
unrelated to the expression (NCU-2 cells; L) or absence of expression (NCU-1 cells; K) of CD59 on the
membrane. Except G, each graph shows representative recording of 10 measurements.
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Heterologous (rabbit) serum was also administered to the
cells through the puff pipette. Soon after beginning serum
administration to the NCU-1 cells, an inward current with
an amplitude of 218 + 32.4 pA was recorded (Fig. 3K). The
electrophysiological ~ changes during heterologous
complement attack on NCU-2 cells (which resisted the
homologous serum attack) were indistinguishable
(196 + 35.2 pA; Fig. 3L) from those seen with NCU-1 cells.

DISCUSSION

Using flow cytometry and antibodies, we confirmed that
NCU-2 cells express CD59 whereas NCU-1 cells do not. It
may be interesting that antibody to another complement
regulatory molecule, MCP, stained CD59-deficient NCU-1
cells more strongly than NCU-2 cells. Similar inverse
expression of complement regulatory molecules has been
reported in different organs and cells (Bora et al. 1993; Guc
et al. 2000). However, our results also demonstrate that
MCP and DAF cannot completely block the complement
cascade both on NCU-1 and on NCU-2 cells in the
experimental condition used, underlining the importance
of the terminal complex regulator CD59 (Morgan &
Gasque, 1996). Measuring actual pore formation using
electrophysiological techniques confirmed an unequivocally
beneficial role for CD59 in the membrane of NCU-2 cells by
protecting these cells from complement attack. In addition
to preventing the development of large lytic pores of MAC,
no inward current or current pulses were recorded in the
NCU-2 cells and in the NCU-1 cells after restoring CD59,
i.e. there was no leaky pore formation.

Lysis by MAC involves formation of non-selective ion
channels in the membrane of the attacked cell through
which ions and other small molecules may pass, causing
osmotic lysis (Morgan, 1999). Our whole cell clamp
experiments confirmed that the formed channel was not
ion selective: elimination of Na® from the extracellular
solution or application of the Ca** channel blocker cobalt
chloride significantly decreased but did not abolish the
currents being recorded. This conclusion was further
supported by the linear regression calculation of the
current—voltage  relationship. The  presence of
homoreactive antibodies, which are found in most sera in
the form of naturally occurring anti-cholesterol and anti-
phospholid antibodies (Visvanathan & McNeil, 1999),
may be required for the potent complement activation we
observed, although blood group antibodies were not
essential, as sera from A and B blood groups were equally
efficient in inducing MAC formation.

It is known that metabolically active cells can recover from
MAC attack by removing freshly formed MACs from the
membrane, either by shedding, vesiculation or
endocytosis (Morgan et al. 1987; Scolding et al. 1989;
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Hansch & Shin, 1998). This removal takes some time, and
therefore it is essential to determine how effective the
available CD59 would be in decreasing the lytic effect of
MAC during this critical period. Both homeostasis and the
overall metabolism of the cell could be strongly affected to
the point of irreversible damage, which would reduce the
time available for MAC removal and the chance of
recovery. Alternatively, strong physiological responses
could also be triggered by sublethal doses of MAC, as in the
case of MAC-mediated pro-inflammatory responses,
which in turn could elicit pathophysiological changes
during autoimmune reactions (Morgan, 1989, 1994;
Kilgore etal. 1997). The idea that a functional channel may
be assembled, even in the presence of bound CD59, is
supported by results of size analysis of the pore complexes.
Sucrose passage experiments, liposome swelling assays and
measuring kinetics of release of different molecules
demonstrated that the estimated diameter of C5b-8 and
the C5b-9, which incorporates a single C9 molecule, can be
assmall as 0.9 and 1.5 nm, respectively (Zalman & Muller-
Eberhard, 1990; Discipio, 1998). This is much smaller than
the diameter of the fully developed large-MAC containing
multiple C9 molecules, which can be as large as 5-10 nm
(Morgan, 1999). However, the sizes of small-MAC and
C5b-8 complexes closely match the average size of other
known ion channels: the pore diameter of ion-selective
channels such as that of the Na" channel is 0.74 nm and
that of the K" channel is 0.81 nm whereas the diameter of
non-selective channels is larger, for example 1.3 nm
(nAChR) and 1.1 nm (GABA,) (Hille, 1994). In contrast
to these earlier data suggesting that the C5b-9 complex
could function as a channel since the insertion of one C9
molecule can occur even in the presence of CD59 (Meri et
al. 1990; Rollins & Sims, 1990; Zalman & Muller-
Eberhard, 1990; Rollins et al. 1991; Discipio, 1998), our
whole cell clamp experiments demonstrated that CD59
can not only block incorporation of subsequent C9
molecules, but can inhibit the passage of ions and small
substances through MAC in the form of C5b-8 or C5b-9
with a single C9.

At present, the mechanism by which CD59 blocks leaky
channel formation of the C5b-8 and small-size C5b-9 is
unknown. However, the most obvious way of blocking a
pore is to plug it (Hille, 1994). Analysis of the
3-dimensional structure of CD59 predicts a rather flat,
disc-shaped molecule, with a surface area of 32 nm?, which
is closely attached to the membrane via a PI anchor
(Fletcher et al. 1994; Kieffer et al. 1994). However, lack of a
transmembrane region and the absence of an intracellular
portion preclude the possibility that the CD59 molecule
could plug the intracellular end of the pore. In addition,
lack of a flexible hinge-like region within CD59 indicates
that the molecule has a rather rigid, flat structure, which
renders extracellular ‘plug’ formation rather improbable.
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Although the active site of CD59 has been identified (Yu et
al. 1997) and peptide domains for recognition of human
C8 and C9 binding to CD59 have already been reported
(Chang et al. 1994; Lockert et al. 1995), the 3-dimensional
structure of the CD59-C5b-8/9 complex is not yet
available. Nevertheless, it is well established that the
binding of CD59 to the C5b-8/9 complex inhibits the
necessary partial unfolding of C9, which would expose a
novel oligomerization site for additional C9 insertion.
Interaction with CD59 interferes either with this
conformational change, which is probably necessary for
maintaining the integrity of the pore and the function of
the channel, or the small C5b-8 complex as well (Morgan,
1999). Strict requirements for the specificity of the
stereochemical reaction are underlined by the finding that
in cases where a heterologous complement source (rabbit)
was used, CD59 did not block either C9 insertion or
channel formation.

In summary, CD59 can function not only as an inhibitor of
the formation of large MACs, but can allow cells to
eliminate newly formed MACs by blocking the early,
functional channel formation of the C5b-8 and C5b-9
complexes. Therefore, even in the presence of weak
chronic complement activation, the burden of leaky pore
formation will not be high enough to cause cell lysis or to
induce a strong imbalance in the homeostasis of the cell.
We cannot, however, exclude the importance of other
effects of MAC formation, which can result in pathological
changes (Morgan, 1989, 1994; Kilgore et al. 1997). Non-
lytic dose of MAC can activate the cell, for example by
triggering cell cycle induction mediated by activation of
Ras, Raf-1 and extracellular signal-related kinase (ERK1)
in association with increased DNA synthesis (Rus et al.
1996; Niculescu et al. 1997). In addition, it is also necessary
to keep in mind the beneficial effects of MAC, for example
that sublytic MAC can inhibit apoptosis of cells by
inducing enhanced synthesis of the anti-apoptotic Bcl-2
and by inhibition of caspase-3 activation (Soane et al.
1999) and that non-lethal amount of MAC can protect the
cells even from lytic doses of the complement attack
(Morgan, 1988; Reiter et al. 1992).
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