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Structure of Human C8 Protein Provides Mechanistic Insight
into Membrane Pore Formation by Complement™
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C8 is one of five complement proteins that assemble on bac-
terial membranes to form the lethal pore-like “membrane attack
complex” (MAC) of complement. The MAC consists of one C5b,
C6, C7, and C8 and 12—-18 molecules of C9. C8 is composed of
three genetically distinct subunits, C8«, C8f3, and C8y. The C6,
C7, C8a, C8f, and C9 proteins are homologous and together
comprise the MAC family of proteins. All contain N- and C-ter-
minal modules and a central 40-kDa membrane attack complex
perforin (MACPF) domain that has a key role in forming the
MAC pore. Here, we report the 2.5 A resolution crystal structure
of human C8 purified from blood. This is the first structure of a
MAC family member and of a human MACPF-containing pro-
tein. The structure shows the modules in C8«a and C8f are
located on the periphery of C8 and not likely to interact with the
target membrane. The C87y subunit, a member of the lipocalin
family of proteins that bind and transport small lipophilic mol-
ecules, shows no occupancy of its putative ligand-binding site.
C8a and C8p are related by a rotation of ~22° with only a small
translational component along the rotation axis. Evolutionary
arguments suggest the geometry of binding between these two
subunits is similar to the arrangement of C9 molecules within
the MAC pore. This leads to a model of the MAC that explains
how C8-C9 and C9-C9 interactions could facilitate refolding
and insertion of putative MACPF transmembrane 3-hairpins to
form a circular pore.

Assembly of the “membrane attack complex” (MAC)? of
complement on the surface of Gram-negative bacteria and
other pathogenic organisms involves the sequential interaction
of complement proteins C5b, C6, C7, C8, and C9 (1-3). Asso-
ciation of the first four components produces a membrane-
bound tetrameric C5b-8 complex, which then initiates the
recruitment and sequential binding of 12—18 C9 molecules to
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form a cylindrical transmembrane pore (supplemental Fig. S1).
Pore formation leads to loss of membrane integrity and lysis of
the cell under attack.

The sequence of interactions leading to MAC formation is
well defined; however, the mechanism by which the MAC dis-
rupts membrane organization is poorly understood. C6, C7, the
C8a and C8f3 subunits, and C9 are homologous and together
comprise the “MAC family” of proteins (4, 5). Until now, struc-
tures have not been determined for any of these proteins. All
contain N- and C-terminal modules and a central 40-kDa
“membrane attack complex/perforin” (MACPF) domain. The
MACPF domain was named as such because of sequence simi-
larity between the MAC family proteins and perforin. The
modules range in number from three to eight; all are small
domains of 40 — 60 amino acids that contain multiple disulfide
bonds (supplemental Fig. S2). One type of module, thrombos-
pondin type 1 (TSP1), contains several mannosylated trypto-
phans (6).

Several hundred MACPEF-containing proteins have been
identified; however, functions are known for only a few.
MACPF proteins exhibit limited sequence similarity, but all
contain the MACPF signature motif ((Y/W)G(T/S)H(F/
Y)X,GG) (7). Recently published crystal structures of two bac-
terial MACPF-containing proteins (8, 9), the MACPF domain
from human C8« (10, 11), and mouse perforin (12) revealed a
fold similar to the bacterial pore-forming cholesterol-depen-
dent cytolysins (CDCs). Thus, the MACPF domain may also be
referred to as the “MACPF/CDC” domain.

The mechanism of pore formation by CDCs is well under-
stood (13). 30-50 CDC monomers self-polymerize on target
membrane surfaces forming a circular pre-pore, which upon
completion inserts into the membrane as a functional pore.
This process involves a concerted major conformational
change whereby two regions of each CDC monomer, which are
in an a-helical conformation in the pre-pore state (14), refold
into an extended conformation and insert into the bilayer as
two transmembrane B-hairpins (TMH). TMHs from neighbor-
ing molecules “share edges” of their B-hairpins to form a hydro-
gen-bonded B-barrel. Structural similarity between comple-
ment MACPF proteins and the CDCs suggests that
complement uses a CDC-like mechanism for pore formation.
Conservation of several key glycine residues known to be
important for CDC refolding and pore formation supports this
hypothesis (11, 13).

C8 is unique among the MAC components and other
MACPEF proteins in that it is a heterotrimer composed of three
genetically distinct subunits (15). Strong noncovalent interac-
tions mediate binding between the MACPF-containing C8«
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(NP_000553.1) and C8B (NP_000057.1) subunits, whereas the
lipocalin-like C8y (NP_000597.2) subunit is associated via a
disulfide link to C8a. This arrangement differs from the
recently characterized bacterial MACPF proteins and perforin
which, like the CDCs, are monomers. In this report, we describe
the structure of human C8 determined at 2.5 A resolution. This
is the first complete structure of a MAC family protein and of a
protein containing two tightly associated MACPF domains.
The unusual geometric arrangement of the C8« and C8f sub-
units provides new insight into how MAC components may
interact to form a circular pore.

EXPERIMENTAL PROCEDURES

Protein Purification and Deglycosylation—C8 was purified
from human plasma Cohn fraction III (Bayer Corp., Clayton,
NC) (16). N-Linked oligosaccharides were removed using pep-
tide:N-glycosidase F (New England Biolabs) in 50 mm sodium
phosphate, 135 mm NaCl, pH 7.5. Released oligosaccharides
and peptide:N-glycosidase F were removed by gel filtration.
Hemolytic activity of deglycosylated C8 (DC8) was measured as
described previously and is shown in supplemental Fig. S3 (17).

Protein Crystallization—Initial crystallization conditions
were determined by surveying results from the high throughput
screening facility at Hauptman-Woodward Medical Research
Institute, Inc. (Buffalo, NY) (18). DC8 was concentrated to 4—6
mg/ml in 25 mm imidazole, 135 mm NaCl, pH 7.4, and crystal-
lized at 23 °C by hanging-drop vapor diffusion using 14—16%
polyethylene glycol 4000, 0.10 m TAPS, 400 mm NaCl, 10 mm
SrCl,, pH 9.0, as the precipitant solution. Crystals were flash-
frozen at 100 K in a mixture of 16% (v/v) ethylene glycol and
84% (v/v) precipitant solution.

Structure Determination and Refinement—Data were col-
lected at 100 K on beamline 22-ID of the SER CAT at the APS,
Argonne National Laboratory, and processed with HKL-2000
(19). Crystals were prone to decay, and a strategy to cover the
asymmetric part of the reciprocal space with minimum expo-
sure was used. The initial model was obtained by molecular
replacement using Phaser software (20) from the CCP4 suite of
programs (21). The following fragments were fitted in this
sequence: 1) the MACPF domain of C8a; 2) C8; and 3) homol-
ogy model of the upper subdomain of C8B. These fragments
were derived from the aMACPF-v structure (Protein Data
Bank entry 2RD7) (11). This model constituted about 60% of
the scattering power. An extensive search for heavy atom deriv-
atives was not successful. Therefore, the remaining residues
were built to electron density maps phased with partial struc-
tures in an iterative process using Turbo (22) and Coot (23) for
molecular graphics and CNS (24) and Refmac5 (25) for crystal-
lographic refinements. Previous high resolution analysis of C8y
showed internal water molecules in the lipocalin cavity (26).
These molecules were observed in C8 electron density maps
but only at 0.6 o' level. Thus, it appears that the noise level in the
final maps is quite high, and therefore no solvent structure was
included. The final model reports 1149 residues out of 1274.
Relevant statistics are in Table 1. The initial homology model
for the upper part of C8 and the homology model of C9 were
constructed using Turbo (22). Superpositions were calculated
using Lsqkab software (27). Accessible surface calculations
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TABLE 1
Crystallographic data and refinement statistics for C8

Data were collected on a single crystal. Values in parentheses correspond to the
highest resolution shell.

Data collection
Space group Po,
Cell dimensions
a, b cand o, B, y 139.58 A, 139.58 A, 127.16 A

and 90°, 90°, 120°

Resolution 50.0 to 2.5 A (2.54 to 2.50 A)
R 10.0% (41.7%)
1ol 15.8 (1.4)
Completeness 93.3% (63.7%)
Redundancy 3.2(1.8)
Refinement
Resolution 25A
No. of reflections/unique reflections 144,790/44,803
R/Ry,., Refmacs 24.9%/33.7%
No. of atoms
Protein 9235
Ligand/ion 2
Water molecules (U
Mean B-factor Overall 52.0 A?
Protein chain A 52.5
Protein chain B 50.6
Protein chain C 55.2
Wilson plot statistics 62.4
Root mean square deviations .
Bond length 0.015 A
Angles 1.8°
Ramachandran
Residues in most favored regions 740 (76.4%)
Residues in additional allowed regions 206 (21.3%)
Residues in generously allowed regions 22 (2.3%)
Residues in disallowed regions 0 (0.00%)

were carried out with PISA website (28). Ribbon representa-
tions were generated using Molscript (29) and Raster3D (30).
Fig. 3B and supplemental Figs. S4—S6 were prepared using
Turbo (22). Figs. 2 and 5C were prepared using PyMOL (31).

RESULTS

Structure of C8—The C8 structure is shown in Fig. 14. C8«
and C8f have similar folds as predicted by 32% amino acid
sequence identity. The sequence of C9 is 27 and 26% identical
to the corresponding regions of C8« and C8f, respectively;
thus, C9 likely has a similar fold. The central parts of the C8«
and C83 MACPF domains are large, four-stranded, antiparallel
B-sheets with a bend and twist in the middle, which gives them
a “I"” shape (Fig. 1B). Their lower part is flanked by two a-hel-
ical bundles that are predicted to refold and form two TMHs
during MAC formation. Together with another helix, they form
the “lower” MACPF subdomain. The upper part of the sheet
and helices surrounding it forms the “upper” subdomain, which
makes contacts with the modules, and most likely with other
MAC proteins.

The relative positions of the C8« and C838 MACPF domains
differ as a result of a different bend and twist in their central
B-sheets. The upper MACPF subdomains form very thin tabu-
lar structures tightly packed together with the 3-sheets facing
one another (Fig. 2 and supplemental Fig. S4). These interac-
tions are likely responsible for the strong binding between C8«
and C8. The lower subdomains differ in that the sheets are not
facing one another but are nearly coplanar; a small gap between
them shows no edge sharing. Separation of the lower sub-
domains could facilitate refolding of the TMHs during inser-
tion into membranes. The tightly packed upper subdomains are

VOLUME 286+NUMBER 20-MAY 20, 2011


http://www.jbc.org/cgi/content/full/M111.219766/DC1
http://www.jbc.org/cgi/content/full/M111.219766/DC1
http://www.jbc.org/cgi/content/full/M111.219766/DC1

FIGURE 1. Structure of C8. A, ribbon model showing C8« (red), C88 (blue),
and C8y (green). MACPF domains are in dark colors and modules in light colors.
B, view of C8a oriented as in A. The central MACPF B-sheet is blue; a-helices in
TMH1 and TMH2 are red, and the remainder of the MACPF domain is gold. The
LDLRA domain is violet; EGF-like domain is lavender, N-terminal TSP1 is mala-
chite, and C-terminal TSP1 is green. The upper and lower MACPF subdomains
are identified with frames.

unlikely to change their relative position and may have a role in
directing and maintaining the circular shape of the pore.

In CDCs, during transition from pre-pore to pore, the bend
in the central B-sheet is reduced, and the sheet changes from
the “I'” shape to a “(” shape, and the TMHs refold from an
a-helical to an extended conformation, thus elongating the
central B-sheet and allowing insertion of THMs into the mem-
brane (13). This transition requires a large movement between
the upper and lower subdomains and is thought to be facilitated
by four glycines located at the bend of the central -sheets (Fig.
3). These residues are conserved in C8« and C8f and likely
have a similar role in refolding of the MACPF domains.

N- and C-terminal Modules—C8« and C8f3 each contain
four modules. These are not essential for C8 activity as the C8«
MACPF domain alone can bind C8p3, C8v, and C9 to form a
MAC that has reduced but significant lytic activity (32). The
C88 MACPF domain likewise can bind C8ca-vy and express C8
activity (33). The modules constitute about a third of the length
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FIGURE 2. Features of the C8« and C8 3 MACPF domains. Surface of the C8
molecule is shown. B-sheets of the C8« (red) and C8p (blue) MACPF domains
are shown as stick models. This view shows “fanning out” of the MACPF sub-
domains. The upper part likely forms the outer or extracellular part of the
pore. The lower part spreads out making the base wider. A stereo version is
available online (supplemental Fig. S4).

FIGURE 3. Superposition of C8« (red) on C8p (blue) based on their upper
MACPF subdomains. MACPF domains are in dark colors, and modules are in
light colors. This superposition yields a 24° angle between strands of the
B-sheets in the lower subdomain. The region with conserved glycine pairs
318-319, 395-396 and 297-298, 375-376 (numbering for C8« and C8f,
respectively) is located at the bends of the sheets (circled). Two orthogonal
views are shown.

of C8a and C8B and are located on the periphery of the
structure.

The N-terminal TSP1 modules of C8« and C8p form three-
stranded antiparallel domains that are similar to one another
and to homologous modules found in other proteins. In C8a,
the central part of the module forms a ladder-like array of side
chains Leu''-Arg®'—Trp'*~Arg®>’~Trp'’~Lys*>’ clamped by
two disulfides. In C8, the array is Leu'>~Ala**~Trp'®~Arg>' -
Trp'®—Arg®. Replacement of the first arginine with an alanine
creates a fairly large hydrophobic cavity enclosed by Leu'?,
Trp'®, and Phe®®. An electron density feature within the cavity
indicates the presence of a bound ligand (supplemental Fig. S5).
The pattern of disulfide bridges is the same in C8« and C83 and
is analogous to that reported for F-spondin (34). Surprisingly,
this pattern (9—44, 20-54, and 28 — 60 in C8«; 11-46, 22-56,
and 25-62 in C8p) is different from that reported for C9 (35).
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The four cysteines with altered disulfide bond connectivity are
conserved between C8c, C8f3, and C9; however, they are fairly
close to one another, and the connectivity proposed for C9 may
not require an unlikely change of the overall TSP1 fold.

The low density lipoprotein receptor (LDLRA) domains are
located on the top of C8« and C83 (Fig. 1). They make contact
with each other but not with the other modules. Each has a
tightly wound Ca®" -binding site with the metal ion in a regular
octahedral coordination, as found in homologous domains in
other proteins. In the structure of LDL-receptor-associated
protein complex (Protein Data Bank code 2FCW), there are
also two LDLRA domains in contact with each other, but their
mode of interaction is entirely different.

Similarity of the C8« and C88 EGF domains to the EGF pro-
tein is the lowest among the modules. The differences are great-
est near the first disulfide where the position of the cysteine
residues is not conserved, and the loops are quite different (sup-
plemental Fig. S6). The EGF domains appear to be more com-
pact and less flexible in C8 than in EGF, as judged by a greater
similarity between C8« and C88 EGF domains (root mean
square displacement of 1.7 A, based on Caatoms of 30 residues)
than between two copies of EGF proteins in the unit cell in their
crystal structure (root mean square displacement of 3.3 A;
based on Ca atoms of 24 residues) (36). The pattern of disulfide
bonds agrees with those in C9 with an additional bond present
between Cys**” and Cys®'* in C8a and Cys**® and Cys*® in
C8B.

The C-terminal TSP1 domains, which are on the periphery of
C8, have relatively poor density, especially in C8a. There are
only two pairs of intradomain disulfide bonds; their pattern
could not be positively established due to disorder, but in C8f3
the connection Cys**>~Cys*® (and by default Cys*'*~Cys>*°)
appears likely because of the proximity of the residues.

Post-translational Modifications—An infrequent modifica-
tion of proteins is the covalent attachment of a mannopyranosyl
moiety to C51 of tryptophan via a C—C bond. NMR studies of a
peptide derived from mannosylated human RNase indicated
that an a-mannopyranose is attached (37). However, thus far
there is no reported crystal structure of a peptide or protein
containing a mannosyl tryptophan. All TSP1 domains present
in C6, C7, C8, and C9 have some tryptophan residues manno-
sylated (6). In C8, the N- and C-terminal TSP1 domains have
1 and 3 tryptophans modified, respectively, whereas the C8f3
domains each have 2. Electron density maps confirmed the
presence of mannopyranosyl moieties at the expected posi-
tions. The mannosyl tryptophan residues from both modules
cluster together (Fig. 4A4). Interestingly, one of the correspond-
ing densities is excellent and shows that a better fit can be
obtained using a - rather than a-mannosyl substituent (Fig.
4B). A previously identified single phosphorylation site on C83
Thr®** is located at the end of the TMH?2 region (38). The
N-linked carbohydrates in C8 used for crystallization were
enzymatically removed. Potential glycosylation sites are all on
the surface, and electron density maps suggest that removal was
complete.

Structure of C8y—The structure of C8y within C8 is very
similar to that determined for C8+y alone (26). In C8«, the bind-
ing site for C8vy includes a 19-residue insertion (indel) within
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FIGURE 4. Post-translationally modified residues in C8 3. A, central B-sheet
is shown in blue, TMHs in red, and the remainder of the MACPF domainin go/d.
The LDLRA domain is in violet, EGF in lavender, N-terminal TSP1 in malachite,
and C-terminal TSP1 in green. Mannosyl tryptophans are clustered together
on the periphery of the molecule; phosphothreonine 364 is at the bottom of
the structure. B, electron density for mannosylated Trp*®” in C8f. The 2F F,
composite omit map is contoured ata 1o level.

the MACPF domain. This segment also contains C8« Cys'®*
that covalently links to C8y Cys*° (39). C8vy is a member of the
lipocalin family of proteins that display a -barrel fold that
forms a binding pocket for a small, generally hydrophobic
ligand (40). The existence of a natural small molecule ligand for
C8vy has not been established, and inspection of the binding
cavity in C8 does not show electron density for a ligand. Also,
the entrance to the cavity is covered by the tightly bound “indel”
portion of C8a making it unlikely that a ligand was removed
during the purification process. Because C8 was purified from
blood, it appears that C8y does not normally carry a physiolog-
ically relevant small molecule.

Subunit Interfaces—Analysis of contacts between subunits
indicates that residues buried upon C8«-C8p3 dimer formation
constitute 10% of the surface of each subunit. Trimer formation
buries an additional 4% of C8« surface and 12% of C8y surface.
There is no contact between C8f3 and C8y. Almost all contacts
between C8yand C8« are through the indel. When contacts are
defined as distances <4.0 A for hydrophobic side chains and
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FIGURE 5. Atomic model of the MAC. The model was generated assuming
that the binding mode between C8« and C83 MACPF domains is conserved
for C6,C7, and C9. A, view of the modeled C8-C9 complex. Colors correspond
to C8« (red), C8P (blue), C8+y (green), and C9 (gold). The putative CD59-binding
sitein C8a s circled in pink. The nearby position of phosphorylated C8 3 Thr?®*
is also shown. A more detailed view of these features is available in supple-
mental Fig. S7. B, partial model of the MAC. View is of the side facing the
membrane. Proteins are colored C6 (cyan), C7 (pink), C83 (blue), C8« (red), C8y
(green),and C9 (gold). Absent are C5b, the CCP and FIM modules of C6 and C7,
and the additional N-terminal TSP1 module in C6, the locations of which
could not be predicted. Current evidence suggests C5b binds to the C7 FIMs
(41); itis assumed the other missing components do not interfere with circu-
lar packing of the MACPF domains. The inner diameter of the ring is 110 A
with 80 A between the protruding loops. The outer diameter is ~220 A and
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<3.5 A for hydrophilic side chains, 30 residues from C8a form
contacts with 28 residues from C8B. The interface is quite
hydrophilic with 27 residues charged, 21 polar and 10 hydro-
phobic. The most evolutionary distant sequence is for C8«
from the nurse shark. This protein is 44% identical to human
C8a with 50% of the contact residues conserved. Three contact
residues are identical in human C8c, C83, and C9; an additional
14 are conserved in two of the three proteins.

Model of the MAC Pore—Although the structure of C8 is of a
pair of MACPF proteins in a “non-pore” state, the unusual geo-
metrical relationship between the C8«a and C88 subunits has
important functional implications regarding MAC assembly.
Most frequently, homodimeric proteins are related by a 180°
rotation. In contrast, C8« and C8p are related by a rotation of
22°, and the translation between their centers is almost perpen-
dicular to the rotation axis, resulting in only a small (1.6 A)
translational component parallel to the rotation axis. It is well
established that C8 mediates the binding and incorporation of
C9 into the MAC and that this involves a specific C9-binding
site located within the C8a MACPF domain (32). Assuming the
modes of binding between C9 and C8« and between C9 and C9
are similar to that between C8« and C83, with no translational
component, we constructed a model for the C8-C9 complex.
To do this, a homology model of C9 was generated based on the
structure of C8«a and rotated (~22°) according to the geomet-
rical relationship between C8a and C8p. Rotations of the C9
model by multiplicities of 22° yielded the positions of further C9
molecules and resulted in a model for the circular MAC pore
(Fig. 5). This pore model contains 16 molecules per ring, which
is in excellent agreement with low resolution EM studies of
pores formed by poly-C9 and the MAC (3, 42).

Comparison of C8 and Perforin Structures—A comparison of
C8 to the recently reported mouse perforin structure (Protein
Data Bank code 3NSJ) (12) reveals that their similarity is limited
to the MACPF/CDC domains (Fig. 6). The location of the EGF
domain, which is the only module present in both proteins, is
very different and suggests different roles for this module. Also,
the position of C8y does not correspond to that of the mem-
brane-interacting C2 domain of perforin. The amino acid
sequence identity of the combined MACPF + EGF domains of
C8a and perforin is 21%.

DISCUSSION

Our proposed model for MAC formation assumes conserva-
tion of binding geometry between MAC components. It is gen-
erally accepted that the MAC family proteins evolved from an
ancestral pre-perforin cytolysin (43). This interpretation is con-
sistent with amino acid sequence analyses and suggests that the
first components in the contemporary MAC assembly pathway
(i.e. C6 and C7) appeared later in complement evolution (44).

the height is 90 A. This agrees well with EM images of pores formed by poly-
C9, which generally have dimensions of ~100 and 210 A for the inner and
outer diameters, respectively (42). C, molecular envelope of the model shown
in Bwith modules in red and MACPF domains in gold. View is of the side facing
away from the membrane. The modules account for a substantial fraction of
the surface. It can be speculated that they may partially protect the MACPF
domains from proteolytic factors at sites of inflammation as they contain
multiple disulfides and carbohydrates.
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EGF domain
cs

EGF domain
perforin

C2 domain
perforin

FIGURE 6. Comparison of C8 and perforin structures. C8isin dark colors and
perforin in light colors. C8y is in green, and C8f3 is omitted. The MACPF/CDC
domains are in blue, EGF domains in purple, and remaining domains in brown.
The putative membrane location would be horizontal and below the models.

This concept is in agreement with the hypothesis put forward
by Horowitz for metabolic pathways. Horowitz (45) proposed a
retrograde model, with the last enzyme in a pathway (equiva-
lent to C9) appearing first. Horowitz (46) later extended this
hypothesis by proposing that consecutive enzymes within a
pathway are evolutionarily related. His rationale was that
enzymes, especially those catalyzing reversible reactions, must
bind both the substrate and product; thus an emerging enzyme
would already have substrate binding function, and only new
catalytic machinery would need to evolve. It became apparent
that this later hypothesis is only occasionally true because dur-
ing pathway development recruitment of enzymes with appro-
priate catalytic function, rather than substrate binding func-
tion, was much more frequent (47). For instance, in the
glycolytic pathway pyruvate kinase and enolase, which both
bind pyruvate, are the only consecutive enzymes that are evo-
lutionarily related (48). The concepts by Horowitz (45, 46)
appear to be entirely applicable to the evolution of proteins
involved in MAC formation because regulatory rather than
novel catalytic functions were added as complement evolved.
The functions of the ancestral lysin, from which complement
evolved, included self-oligomerization. The oligomerization
function is conserved in contemporary terminal complement
proteins, as C9 binds to C8«, C8a to C8p, etc. Thus, the mode
of binding observed between C8a and C8f3 should reflect that
between the ancestral complement/lysin molecules and conse-
quently that between contemporary molecules of the MAC.
There is currently no experimental evidence for formation of
a pre-pore or insertion of putative TMHs by the MAC proteins.
The latter is assumed to occur because of structural similarity
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between the complement MACPF proteins and CDCs. Efficient
membrane lysis by complement requires incorporation of mul-
tiple C9 molecules into the MAC in the final step. Although no
organized pore or ring-like structure has been observed for the
intermediate C5b-8 complex, C5b-8 at high concentrations can
partially disrupt the membrane of simple target cells such as
heterologous erythrocytes (49). Photolabeling studies using
membrane-restricted probes identified C8« as the major C5b-8
component inserted in the membrane under these conditions
(50). This finding is consistent with sequences of the putative
TMH regions of the MAC proteins, which show that the most
hydrophobic TMHs are those of C8« (11). Upon formation of
C5b-8, these C8a regions would likely be the first to form trans-
membrane hairpins because interactions between their hydro-
phobic side chains and membrane lipid could overcome the
energy deficit of unsatisfied hydrogen bonding at the open
edges of the hairpins. The hydrogen bonding capability at the
edges of the C8« hairpins could then become the driving force
for membrane insertion of the more hydrophilic TMHs from
C9. For effective pore formation, hairpins must have a partially
hydrophilic character to enable migration of water along the
inner wall of the pore and to repel membrane lipid. Divergent
evolution of C9 and C8 may have enabled their functions to be
separated. Initial membrane penetration by the very hydropho-
bic TMHs of C8« could facilitate insertion of the less hydro-
phobic pore-forming TMHs of C9, thereby creating a highly
controlled yet efficient system for pore formation.

There is considerable similarity between the structures of
perforin and the C8«a and C8f subunits; however, there is a
significant difference between the intermolecular arrangement
proposed for the perforin pore and that suggested by our model
of the MAC. Based on EM studies, it was proposed the MACPEF/
CDC domains within perforin pores (12) have an opposite ori-
entation than in CDC pores (51). A longitudinal cut through the
pore cylinder can be schematically represented by “()” for the
perforin pore and “) (” for CDC pores, where the curvature
refers to the central B-sheets and the space between them the
pore opening. The model for the MAC pore based on C8x/C8p3
orientation within C8is “) (,” and it agrees with the model of the
CDC pore rather than the perforin pore. The evolutionary dis-
tance between perforin and C8 is significantly smaller than
between perforin and CDCs. Thus, the concept that during evo-
lution the function (cell lysis) and structure (MACPF/CDC
domain) were conserved, whereas the intermolecular binding
mode, crucial for pore self-assembly, was changed is quite
revolutionary.

The potential harm to “self” cells by activated complement is
under the control of an array of proteins. MAC formation itself
is regulated through interaction with CD59, a widely distrib-
uted, membrane-anchored glycoprotein that binds to C8«a and
C9 and thereby restricts MAC assembly and function. Earlier
studies showed the CD59-binding site in C8a« is within a seg-
ment defined by residues 334-385 in TMH2 (52). More
recently, it was suggested the binding site lies within residues
350-355 (53). In the C8 structure, these residues are in an
extended conformation and link the C terminus of the C8«
Ser**’-Leu®*° a-helix to disordered loop Glu***~His**® (Fig.
5A and supplemental Fig. S7). The residues are in the vicinity of
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C8 and are not accessible. This is consistent with the observa-
tion that in solution C8 and C9 do not bind CD59 unless they
are partially unfolded (54). Apparently, partial refolding of C8«
TMH2 occurs as C8 binds to C5b-7, and this allows CD59 to
bind. This interaction would restrict further refolding and
insertion into the membrane. If so, membrane insertion of the
TMHs must be significantly slower than CD59 binding, other-
wise complement inhibition by this process would not work. It
can be further speculated that inhibition of MAC formation
would be most efficient if CD59 binding interferes with C9
recruitment. For this to occur, the C9-binding site must fully
form only if C8a« TMH refolding progresses beyond the state in
which CD59 binding takes place.

The structure of C8 shows that the location of C8y with
respect to C8a is very different from that observed in the
aMACPF-ystructure (11). Apparently, in the absence of C83, a
hydrophobic surface of aMACPF is exposed, and C8vy being
linked by the flexible indel is able to migrate and bind to that
surface. This differs from the C8 structure in that binding
between C8« and C8 is mediated primarily by the indel (sup-
plemental Fig. S8). In our MAC model (Fig. 5), C8y extends out
into the pore, partially interacting not only with C8« but also
C9.1t does not appear to extend down to the membrane surface,
in agreement with previous data suggesting it is located on the
periphery of the MAC (50, 55). Also, C8y does not bind Ca*>",
and although the surface directed toward the membrane is
mostly hydrophilic, it does not contain arginine or lysine resi-
dues that typically interact with bilayer phosphates. In our
model, C9 appears to make contact with C8y. This may lead to
a more efficient recruitment of the first C9 molecule, which
could explain why C8v significantly enhances hemolytic and
bactericidal activity when added to a noncovalent C8a-C88
complex (17, 56). The presence in shark C8« of an indel seg-
ment with a conserved Cys'®* suggests C8y appeared early in
complement evolution (44).

In summary, the oligomeric nature of C8 allowed us to
extend its crystal structure into an atomic model of the MAC.
Structure-function analysis of the model yielded new insights
into the final steps of pore formation by complement and the
mechanism of its inhibition by CD59.
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