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Structure of C8a-MACPF Reveals
Mechanism of Membrane Attack in
Complement Inmune Defense

Michael A. Hadders, Dennis X. Beringer, Piet Gros*

1552

Membrane attack is important for mammalian immune defense against invading microorganisms and
infected host cells. Proteins of the complement membrane attack complex (MAC) and the protein
perforin share a common MACPF domain that is responsible for membrane insertion and pore
formation. We determined the crystal structure of the MACPF domain of complement component C8a.
at 2.5 angstrom resolution and show that it is structurally homologous to the bacterial, pore-forming,
cholesterol-dependent cytolysins. The structure displays two regions that (in the bacterial cytolysins)
refold into transmembrane B hairpins, forming the lining of a barrel pore. Local hydrophobicity
explains why C8a is the first complement protein to insert into the membrane. The size of the MACPF
domain is consistent with known C9 pore sizes. These data imply that these mammalian and bacterial
cytolytic proteins share a common mechanism of membrane insertion.

bacteria critically depends on the cytolytic

activity of the terminal pathway of the
complement system (/, 2). Deficiency in compo-
nents of the terminal pathway results in recurrent
bacterial infections in humans [in particular, me-
ningococcal infections (3)]. The terminal path-
way is initiated when complement protein C5 is
proteolytically activated into two fragments, C5a
and C5b, in the complement cascade (4). C5b
then sequentially binds C6, C7, C8, and multiple
copies of C9, forming a C5b—9 complex called
the MAC. The complement proteins C6 to C9 are
homologous and have a central MACPF domain
of molecular mass ~40 kD, flanked by small
regulatory domains at the N and C termini (fig.
S1) (5). C8 is a trimer made up of homologous
proteins C8a and C8p, each of which contain a
MACPF domain, and a lipocalin protein C8y that
is covalently linked to C8a through a disulfide
bridge (6). During assembly of the MAC, C7
mediates the initial binding to the membrane sur-
face. However, the C80, component of C8 is the
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Fig. 1. Structure of human C8a-

MACPF. Co representation of C8a- A
MACPF (A) and intermedilysin (PDB

accession code 1s3r) (B) in two views, ~ C8vsite
The top and bottom halves of the &)
molecule are denoted d1 (blue)
and d3 (brown), respectively. The cen-
tral kinked B sheet (part of both d1
and d3) is shown in green. The ad-
ditional domains d2 and d4 in inter-
medilysin are shown in gray. Figures
are produced with PyMOL (30).
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first protein that traverses the lipid bilayer (7, §).
C5b—8 complexes, obtained in the absence of
C9, have hemolytic activity, indicating that C8
penetration leads to a loss of membrane integrity
(9). After C5b-8 assembly, multiple C9 mole-
cules bind and oligomerize into pores, consist-
ing of 12 to 18 C9 monomers, that are 100+ 10 A
wide and 160 A high (/0-12). Host cells are
protected from this membrane attack by CDS59,
which binds to C8a and C9 during MAC
assembly, preventing pore formation (/3). Cyto-
toxic T lymphocytes and natural killer cells se-
crete granules containing perforin, which (like the
complement proteins C6 to C9) has a central
MACPF domain. Perforin multimerizes, forming
similar pores composed of ~20 monomers (/4-16).
Perforin, however, does not use accessory proteins
for membrane binding (/6). The mechanism of
membrane insertion and pore formation by these
proteins of the immune system is unclear.

We expressed and crystallized the human
C8a-MACPF domain (residues 103 to 462). The
C80-MACPF domain retains its ability to form
heterotrimeric C8 (with full-length C8f and C8y)
that is functionally active in membrane attack and
pore formation (/7). The structure was deter-
mined to 2.5 A resolution by experimental phas-
ing (see the Materials and Methods, table S1, and
fig. S2 in the supporting online material). The

overall structure consists of a central kinked four-
stranded B sheet surrounded by o helices and 8
strands, forming two structural segments (which
we call d1 and d3 for reasons discussed below)
(Fig. 1A). Overall, the molecule has a thin L-
shaped appearance with dimensions 67 A by
55 A by 24 A.

The observed fold of C8a-MACPF with its
central kinked B sheet resembles the fold of
domains dl and d3 of intermedilysin and
perfringolysin, which are cholesterol-dependent
cytolysins (CDCs) secreted by the Gram-positive
bacteria (18, 19) (Fig. 1B and fig. S3). CDCs
undergo substantial refolding of part of their
structure in transforming from monomeric solu-
ble proteins to multimeric membrane pores
[reviewed in (20)]. CDCs are built up of four
domains: d1 to d4. Domain d4 is responsible for
membrane binding (27, 22), whereas d2 forms a
linker to d1 and d3, which mediate pore
formation (23). Domains d1 and d3 correspond
to the two halves of the kinked B sheet in the
structure of C8a-MACPF, which is consistent
with the membrane-insertion function of C8a-
MACPF. The absence of the d2 and d4 domains
in C8a-MACPF correlates, however, with
marked topological differences in d1 (fig. S3, C
and D). The modules flanking the C8a-MACPF
domain [that is, the N-terminal thrombospondin
type 1 (TSP1) and low-density lipoprotein
receptor class a domains and the C-terminal
epidermal growth factor-like and TSP1 domains]
are linked on opposite sides to d1 (Fig. 1A). The
covalent binding site for C8y (Cy5164) is located
in a disordered surface loop on the N-terminal
side of d1. In contrast, the topologies of d3 in
C8a and CDCs are very similar and are
characterized by an antiparallel B sheet (strands
B1 to B4) with extended, connecting regions 31-p2
and B3-p4.

Residues from domain d3 in CDCs form the
wall of the B barrel pores. In CDCs, the anti-
parallel B sheet (strands B1 to f4) in d3 has two
helical connections (between strands B1-f2 and
B3-B4). By means of multiple spectroscopic
methods, these two helical regions have been
shown to refold into amphipathic B hairpins
[denoted transmembrane B hairpin 1 (TMHI)
and TMH2], which insert into the membrane,
forming a B barrel pore (24, 25). C8a-MACPF

VOL 317 SCIENCE www.sciencemag.org



exhibits similar, but longer, regions in between
strands B1-B2 and $3-B4. The first region spans
58 residues (residues 201 to 258) and forms two
o helices interspersed with a f hairpin (Fig. 2A).
The second region consists of 62 residues
(residues 326 to 387). This region has two
discerible o helices in the electron density but

A C8a.
region
p1-p2
region
p3-p4

is largely disordered. Like in CDCs, these regions
show high sequence variation across species (fig.
S4). In C8a, we observe a partitioning into three
segments for these regions: (i) charged and
amphipathic, (ii) hydrophobic, and (iii) charged
and amphipathic (Fig. 2B and fig. S4). In the
structure, the hydrophobic middle part (26

Intermedilysin

B2 g1

C8a. B1-p2 (201-258)
C80. B3-B4 (326-387)

ILY-TMH1 (212-247)
ILY-TMH2 (310-344)

PFO-TMH1 (185-220)
PFO-TMH2 (283-317)

C9 B1-p2 (218-292)
C9 p3-p4 (362-423)

Perf p1-B2 (111-167)
Perf B3-p4 (239-296)

THQIQI

sB=oT

Fig. 2. Comparison of putative transmembrane regions. (A) Cartoon diagrams of domains d3 of C8a-
MACPF (left) and intermedilysin (right). The putative B hairpin regions p1-32 and TMH1 are colored in
dark brown, and B3-p4 and TMH2 are colored in light brown. (B) Sequence alignment of (i) the B1-p2
and B3-B4 regions of C8a, C9, and perforin (Perf) and (ii) TMH1 and TMH2 of perfringolysin (PFO) and
intermedilysin (ILY). Residues (31) are colored according to character: hydrophobic (green), positively
charged (blue), negatively charged (red), and hydrophilic (white). Yellow indicates cysteine residues.
Secondary structure elements, as observed for C8a-MACPF and intermedilysin, are indicated. Putative

transmembrane regions are indicated by gray boxes.

Fig. 3. Hypothetical
model of the C9 pore.

Shown is a pore model de-
rived from a ring of 18
monomers of C8c.-MACPF.
(Left) Cross section of the
pore, with MACPF domains
forming the torus. (Right)
Two orientations of the
torus in surface represen-
tation, with two individual
monomers highlighted (in
blue) for convenience.
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residues long) of region B1-p2 forms a B hairpin
that aligns with the central sheet of dl. The
corresponding part in region B3-p4 is 25 residues
long and is delimited by the disulfide bond
Cys™*-Cys*®. This hydrophobic part has three
charged residues positioned halfay between the
cysteine residues. The hydrophobic character of
the central B1-B2 and B3-B4 parts is consistent
with membrane insertion without pore formation,
as expected for the function of C8. Presumably,
the central B3-f4 part would traverse the
membrane completely and position the three
charged residues on the inside of the target mem-
brane. In contrast, the central parts of the B1-f2
and B3-B4 regions in C9 and perforin (Fig. 2B
and fig. S4) have an alternating hydrophobic and
hydrophilic character (like the TMHs of CDCs).
This amphipathic character is consistent with
forming a B barrel pore with a hydrophilic inside
and a hydrophobic outside that faces the lipid
membrane. The flanking regions in C8c,, C9, and
perforin contain short stretches of consecutive
charged residues indicative of a solvent-exposed
character. We hypothesize that the central seg-
ments traverse the membrane (forming TMHs)
and that the flanking parts protrude above the
membrane.

Electron micrographs of the MAC and poly
(C9) reveal a pore (~100 A inner-diameter, ~160 A
height, and ~200 A outer-diameter torus) and a
small rim at the base of the pore (/2). Our struc-
ture shows that a soluble, monomeric MACPF
domain has a thin “L” shape. In analogy with
CDCs, the B1-f2 and B3-B4 regions in d3 are
expected to change into long B hairpins upon
membrane insertion, contributing four strands
per monomer. Extending 60 residues into one
straight B hairpin yields a maximum length of
~100 A; this structure would extend from the
existing four-stranded B sheet in d3. Together
with the MACPF domain, this yields a total
length of ~160 A, which is consistent with the
height measured for MAC and C9 pores by elec-
tron microscopy (EM). Similarly, modeling of
the x-ray structure of perfringolysin into a cryo-
EM map of a pneumolysin pore also indicated
extended P hairpins oriented parallel to the mem-
brane normal (26). However, the B strands are
most likely twisted and tilted (as observed in
many  barrel structures of outer-membrane pro-
teins); possibly, the missing N-terminal domains
contribute to the height of the C9 pore. Further-
more, the putative TMHI in C9 has a 17-residue
extension, which is consistent with the presence
of a small rim at the bottom side of the pore.
Based on the MACPF domain of C8a, we con-
structed a hypothetical model of the C9 pore
torus. Sixteen and 18 copies of the molecule were
placed in rings, with the B1 to B4 strands of d3
placed on the inside (Fig. 3). This simplistic
modeling resulted in rings with an inner diameter
0f 97 and 110 A and an outer diameter of 170 and
185 A, respectively. The inner diameters of these
models are close to the observed 100 A; the
smaller outer diameter (170 to 185 A versus 200 A)
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is possibly caused by the missing C-terminal
domains that are connected to the outer rim of
the torus. Thus, based on a MACPF domain,
the main characteristics of the C9 pore can be
modeled.

Membrane recognition and pore formation by
the complement proteins depend on a sequential
assembly of the MAC. The C8a-MACPF and
C8B-MACPF domains are sufficient for a func-
tional C5b—8 complex, indicating that the
flanking N- and C-terminal domains in C8 are
not essential for complex formation (/7, 27). The
flanking domains, however, possibly cover the
putative TMHs in soluble C8. Soluble forms of
the cell-surface protein CD59 do not bind soluble
C8 or C9 (13). CD59 binds residues 365 to 371
of C9 and residues 320 to 415 in C8a: (28), which
map to the TMH2 region. Presumably, docking
of C8 or C9 onto the MAC reorients the flanking
domains exposing the TMHs, which are subse-
quently “caught in the act” by CD59 present on
host cells, and hence the membrane insertion is
blocked. In CDCs, membrane insertion only
takes place after oligomerization [that is, a large
oligomeric prepore is formed on top of the
membrane before the membrane is perforated
(26)]. C8a inserts without oligomerization, which
is consistent with the hydrophobic character of
the putative TMHs. Partial and incomplete
pores are observed, when limiting numbers of
C9 are available for binding to C5b-8 (/1).
These data indicate that MAC pore formation is
gradual and does not require oligomeric pre-
pores. In this process, C8 plays an important
role by binding to the membrane-bound C5b-7
complex, penetrating and destabilizing the
membrane, thus readily enabling pore forma-
tion by C9.

Perforin, perhaps, acts more like CDCs. Mem-
brane binding by perforin is Ca**-dependent and
is mediated by its C-terminal C2 domain (29).
The C2 fold is closely related to the fold of the C-
terminal d4 domain in CDCs (fig. S5). Notably,
the “undecapeptide” membrane—binding site in
d4 overlaps with the Ca*"-dependent binding site
in C2, indicating a common orientation when
bound to a membrane. Like in CDCs and C9, the
putative TMHs of perforin are amphipathic in
character. The amphipathic regions presum-
ably do not penetrate the membrane easily. We
argue that unassisted pore formation [as for
CDCs, perforin, and in vitro poly(C9)] hence re-
quires formation of a large oligomeric prepore
on the membrane to facilitate perforation of the
membrane.

The MACPF domain of complement proteins
C6 to C9 and perforin is similar to domains d1
and d3 of bacterial CDCs. This finding indicates
a possible common evolutionary origin and a
common mechanism of membrane insertion. The
structural insights could be valuable in the design
of therapeutics preventing inappropriate activa-
tion of the terminal pathway of complement, as in
the case of paroxysmal nocturnal hemoglobinuria
and hyperacute rejection of transplanted organs.
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Anti-Inflammatory Activity of Human
IgG4 Antibodies by Dynamic

Fab Arm Exchange
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Antibodies play a central role in immunity by forming an interface with the innate immune
system and, typically, mediate proinflammatory activity. We describe a novel posttranslational
modification that leads to anti-inflammatory activity of antibodies of immunoglobulin G, isotype 4
(IgG4). 1gG4 antibodies are dynamic molecules that exchange Fab arms by swapping a heavy chain
and attached light chain (half-molecule) with a heavy-light chain pair from another molecule,
which results in bispecific antibodies. Mutagenesis studies revealed that the third constant
domain is critical for this activity. The impact of IgG4 Fab arm exchange was confirmed in vivo
in a rhesus monkey model with experimental autoimmune myasthenia gravis. IgG4 Fab arm
exchange is suggested to be an important biological mechanism that provides the basis for

the anti-inflammatory activity attributed to IgG4 antibodies.

resent products of clonal B cell populations,

each producing antibodies recognizing a
single antigen specificity (/, 2). Human immu-
noglobulin G (IgG) antibodies exist in four
subclasses with distinct structural and functional
properties. IgGs are composed of two heavy
chain-light chain pairs (half-molecules), which
are connected via inter-heavy chain disulfide
bonds situated in the hinge region, as well as by
noncovalent bonds mostly situated between the

In the classic paradigm, immunoglobulins rep-

third constant (Cy3) domains (3). Stability of
the inter-heavy chain disulfide bonds varies be-
tween subclasses, and for IgG4 in particular,
intra-heavy chain disulfide bonds may be formed
instead (4).

IgG4 antibodies differ functionally from
other IgG subclasses in their anti-inflammatory
activity, which includes a poor ability to induce
complement and cell activation because of low
affinity for Clq (the q fragment of the first com-
ponent of complement) and Fc receptors (5, 6).
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