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Abstract
Human C8 and C9 have a key role in forming the pore-like “membrane attack complex” (MAC)
of complement on bacterial cells. A possible mechanism for membrane insertion of these proteins
was suggested when studies revealed a structural similarity between the MACPF domains of the
C8α and C8β subunits and the pore-forming bacterial cholesterol-dependent cytolysins (CDCs).
This similarity includes a pair of α-helical bundles that in the CDCs refold during pore formation
to produce two transmembrane β-hairpins (TMH1 and TMH2). C9 is the major pore-forming
component of the MAC and is also likely to contain two TMH segments because of its homology
to C8α and C8β. To determine their potential for membrane insertion, the TMH sequences in C8α
and those predicted to be in C9 were substituted for the TMH sequences in perfringolysin O
(PFO), a well-characterized CDC. Only chimeric proteins containing TMH2 from C8α (PFO/αT2)
or C9 (PFO/C9T2) could be expressed in soluble, active form. The PFO/αT2 and PFO/C9T2
chimeras retained significant hemolytic activity, formed pore-like structures on membranes, and
could combine with PFO to form hemolytically active mixed complexes that were functionally
similar to PFO alone. These results provide experimental evidence in support of the hypothesis
that TMH segments in C8α and those predicted to be in C9 have a direct role in MAC membrane
penetration and pore formation.
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1. INTRODUCTION
The human complement system functions to eliminate gram-negative bacteria and other
foreign pathogens by forming a pore-like “membrane attack complex” (MAC) on target cell
membranes. This complex is composed of complement proteins C5b, C6, C7, C8, and C9
[1–3]. Assembly of the first four components leads to formation of C5b-8, which acts as a
receptor for C9. Subsequent binding of multiple C9 molecules produces a cylindrical
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transmembrane pore composed of 12–18 C9s. C8 is a trimeric protein composed of a C8α,
C8β, and C8γ subunit, each produced from a separate gene [4,5]. The C8α and C8β subunits
along with C6, C7, and C9 are homologous and constitute the “MAC family” of proteins
[6,7]. MAC family members contain disulfide rich modules at the N- and C-termini and a
central ~40 kDa membrane attack complex/perforin (MACPF) domain.

Several hundred MACPF-containing proteins have been identified based on their signature
MACPF motif (Y/W-G-T/S-H-F/Y-X6-G-G) [8]. They exhibit limited sequence similarity
and with a few exceptions, such as the MAC proteins and perforin [9], their function is
unknown. Crystal structures of several MACPF-containing proteins including perforin, C6,
and C8 revealed a fold similar to the cholesterol-dependent cytolysins (CDCs), a family of
pore-forming bacterial toxins [10–16]. The core structure of the MACPF/CDC domain
consists of a distinctive L-shaped four-stranded antiparallel β-sheet flanked by two α-helical
bundles. During CDC pore formation, ~30–50 CDC monomers assemble on cholesterol-rich
regions of the cell surface to form an oligomeric prepore [17,18]. Adjacent monomers align
through stacking of aromatic residues in β-strand 4 of one CDC molecule with β-strand 1 of
another [19]. β-strand alignment directs refolding of the two α-helical bundles in each
monomer to form two amphipathic transmembrane β-hairpins (TMH), hence the two α-
helical bundles are referred to as TMH1 and TMH2 [20,21]. In a concerted manner, aligned
TMHs from each monomer are inserted into the membrane to form a transmembrane β-
barrel pore [22]. Conservation of core structural features suggests the two α-helical bundles
in the MAC proteins function like TMHs in the CDCs and facilitate anchoring of the MAC
to the membrane and formation of the MAC pore [23].

The mechanism of pore formation by CDCs has been extensively studied using the toxin
perfringolysin O (PFO) from Clostridium perfringens (18). Models of pre-pore and pore
formation have been developed and the PFO segments that insert into membranes identified
[19–21]. By contrast, those segments of the MAC proteins that penetrate or traverse the
membrane bilayer are unknown. In the present study, we examined whether the putative
TMH segments of C8α and C9 have the potential to function like TMHs in the CDCs. C8α
and C9 were chosen for study because photolabeling studies found that these two MAC
proteins are the predominant ones inserted into the membrane [24]. Also, C9 is known to be
the major pore-forming component of the MAC [25]. We used PFO as a platform to produce
chimeric proteins in which TMH segments of PFO were replaced with the TMH segments of
C8α or with those predicted to be in C9 based on sequence homology. Only chimeras
containing TMH2 from C8α (PFO/αT2) or C9 (PFO/C9T2) could be expressed in soluble,
active form. Both chimeras had significant hemolytic activity, formed pore-like structures on
membranes, and could combine with PFO to form hemolytically active mixed complexes
that were functionally similar to PFO alone. Together, these results support the hypothesis
that TMHs in C8α and those predicted to be in C9 have a direct role in MAC membrane
penetration and pore formation.

2. MATERIALS AND METHODS
2.1 Expression and Purification of PFO

The pRT20 plasmid encoding perfringolysin O (PFOC459A) was a generous gift from Dr.
Rodney K. Tweten, University of Oklahoma [19]. PFOC459A contains an N-terminal 6xHis
tag, retains the same activity and characteristics of native PFO, and will be referred to as
PFO. Expression and purification followed the procedure by Shepard et. al. [19], with the
following modifications. The pRT20 plasmid was transformed into Origami B(DE3)
(Novagen) expression cells. Bacteria were grown in LB-carbenicillin Media (1% Bacto
tryptone (w/v), 0.5% Bacto yeast extract (w/v), 171 mM NaCl, 50 μg/mL carbenicillin) to an
O.D.600 = 0.5, induced with 1 mM IPTG, and proteins were expressed at 37°C for 3hr. Cells
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were harvested by centrifugation and lysed using BugBuster HT protein extraction reagent
(Novagen) containing 5% (v/v) Triton X-100, 0.1 mg/mL lysozyme, and the protease
inhibitors AEBSF (1 mM) and E-64 (10 μM) (Calbiochem). The supernatant was then
applied to a Ni-NTA Superflow column (Qiagen) and the column washed with 50 mM Tris-
HCl, 300 mM NaCl, and 20 mM imidazole, pH 8.0. Bound PFO was eluted in a 20–500 mM
imidazole gradient in the same buffer. Fractions containing pure PFO were dialyzed against
50 mM sodium phosphate and 150 mM NaCl, pH 7.4 and stored in 10% (v/v) glycerol at
−70 °C.

2.2 Cloning of PFO Chimeras
Expression plasmids were created using the pRT20 backbone, which had a silent mutation
introduced to remove an internal NdeI site. C8αMACPF/pMCSG7 [26] and human C9/
pET12b (a generous gift from Alfred Esser, University of Missouri, Kansas City) were used
as templates to create the C8αTMH and C9TMH PCR products. Substitution of the TMH
segments was accomplished using overlap extension (OLE) PCR. The 5′ and 3′ primers
were designed to incorporate NdeI and XhoI sites, respectively. OLE-PCR products were
digested and ligated into pET17b. To eliminate intermolecular crosslinking and increase
protein yields, the Quik Change protocol (Stratagene) was used to introduce two Cys to Ala
mutations in the chimeric constructs. These residues correspond to Cys 346/370 in C8α and
Cys 350/385 in C9. Experiments performed with the Cys intact showed no difference in
activity (data not shown); therefore, all experiments were performed using the cysteine-less
constructs. Plasmids were transformed into Origami B (DE3) cells (Novagen) for
expression.

2.3 Expression and Purification of PFO Chimeras
Expression conditions and purification methods were the same for all chimeric proteins.
Bacteria were grown in LB-carbenicillin media to an O.D.600 = 1.0, induced with 1 mM
final IPTG, and expressed at 30°C for 4 hrs. Cells were harvested, lysed and applied to a Ni-
NTA column using the procedure for PFO. Fractions eluted from the Ni-NTA column were
concentrated and the NaCl diluted to 50 mM using 50 mM Tris-HCl, pH 8.0. Samples were
then applied to a 1mL HiTrap Q XL anion exchange column. The column was washed with
50 mM Tris-HCl, 50 mM NaCl, pH 8.0 and eluted with a 0.05–1.0 M NaCl gradient in the
same buffer. Concentrations of final products were determined using theoretical extinction
coefficients.

2.4 Hemolytic Activity of Chimeras
Hemolytic activity was determined by the amount of protein necessary for 50% hemolysis
using a modified published procedure [27]. Rabbit erythrocytes (Lampire Biological
Laboratories, USA) were washed and resuspended to 1×108 cells/mL with hemolytic assay
buffer (50 mM sodium phosphate, 150 mM NaCl, 0.1 mg/ml BSA, pH 7.5). Assays
contained 140 μL hemolytic assay buffer, 35 μL of erythrocytes suspension and 50 μl of
protein dilution. Following incubation at 37 °C for 35 minutes, samples were centrifuged
and hemolysis was determined by measuring the released hemoglobin at 405 nm. Hemolysis
control values were obtained by adding 35 μl erythrocytes suspension into 190 μl water or
assay buffer.

2.5 Rabbit Ghost Membrane Preparation
Packed rabbit erythrocytes were lysed by the addition of 50x (v/v) cold 5 mM sodium
phosphate buffer, pH 7.5 to yield membrane ghosts. Following lysis, hemoglobin was
separated from the membranes using the Vivaflow 200 system (Sartorius Stedim Biotech
GmbH, Germany) according to manufacturer’s instructions. Ghosts were pelleted at 30,000

Weiland et al. Page 3

Mol Immunol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



x g, resuspended in 50 mM Tris-HCl, 150 mM NaCl, pH 8.0, and the concentration
determined by Bradford assay.

2.6 Transmission Electron Microscopy
Protein solutions (~600 nM) in buffer (50 mM Tris-HCl, 150 mM NaCl, pH 8.0) were
incubated with 10 μg ghost membranes in 100 μl buffer at 37 °C for 40 minutes. Following
incubation, samples were pipetted on parafilm as 30 μl droplets. Formvar-carbon grids were
floated on the sample for 3 minutes and negatively stained with 5% (w/v) uranyl acetate for
5 minutes. Samples were then examined and photographed on a Hitachi H8000 transmission
electron microscope operated at 200 kV.

2.7 Enterokinase cleavage of PFO
PFO expressed from the pRT20 vector contains an additional 36 N-terminal residues
(MGGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWGS) which codes for a 6x His
tag and an enterokinase cleavage site (underlined). To discriminate between PFO and His-
tagged chimeras in immunoblots the N-terminal PFO tag containing the enterokinase site
was removed using a recombinant enterokinase kit (Novagen). Cleaved PFO was applied to
a Ni-NTA column in 50 mM Tris-HCl, 150 mM NaCl, pH 8.0 and the flow through was
collected. SDS-PAGE analysis showed a homogeneous cleaved PFO product (data not
shown).

2.8 Agarose Gel Electrophoresis and Immunoblot Analysis
Denaturing agarose gel electrophoresis (SDS-AGE) was carried out using published
procedures [28]. PFO/αT2 or PFO/C9T2 was pre-mixed with reaction buffer (50 mM
sodium phosphate, 150 mM NaCl, pH 7.4) or with excesses of enterokinase cleaved PFO.
Rabbit ghost membranes (0.3 μg/μL) were added to chimeric protein samples and incubated
at 37°C for 30 minutes. Reactions were stopped by the addition of 5% (w/v) SDS, 10% (v/v)
glycerol, 0.01% (w/v) bromophenol blue in chamber buffer (25 mM Tris-HCl, 192 mM
glycine, 0.1% SDS (w/v). Samples were loaded onto a 1.0% SeaPlaque GTG Agarose
(Lonza) gel (prepared by melting the agarose at 100 °C in chamber buffer and pouring into a
horizontal gel casting tray) and separated for 45–50 minutes at 100 V. Proteins were
transferred to nitrocellulose using a Bio-Rad Trans-Blot Cell. Chimeras were detected using
a 1° Monoclonal Anti-His Antibody (Genescript) and 2° IRDye 800CW (Licor). Blots were
imaged using an Odyssey Infrared Imaging System (Licor).

2.9 Activity of Mixed Complexes of Chimeras and PFO
To determine if complexes of chimera and PFO were active, hemolytic assays were
performed in which PFO was held at a fixed, sublytic level that showed no detectable
activity (PFO0). Increasing amounts of either chimera or PFO control, which were also at
sublytic levels, were then added to PFO0. Pre-incubations consisted of 30 μL of PFO0(0.12
pg/μL) with 30 μL of chimera or PFO at 25 °C for 15 min. The mixture was then added to
175 μL of rabbit erythrocytes (2.0×107 cells/mL) and incubated at 37 °C for 35 min before
measuring hemolysis.

3. RESULTS
3.1 Production and Hemolytic Activity of PFO Chimeras

Comparison of the PFO and MACPF domains of C8α and C8β shows a conserved
antiparallel β-sheet structure flanked by two α-helical bundles (Fig. 1). In PFO, the α-helical
bundles refold to form transmembrane β-hairpins. To determine if the putative TMH regions
within the complement proteins are capable of functioning as replacements for the PFO
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TMHs, a series of chimeras were created by substituting one or both PFO TMH segments
with corresponding ones from C8α or C9. Of the chimeras created, only PFO/αT2 and PFO/
C9T2 could be expressed in a soluble, active form (Table 1). These two chimeras exhibited
10–15% of the hemolytic activity of PFO (Fig. 2). The TMH2 segments of C8α and C9 are
significantly larger than PFO TMH2 (57 and 58 residues for C8α and C9, respectively; 32
residues for PFO) and this may contribute to the lower activity. Based on the model for CDC
pore formation [18,23], these results suggest the C8α and C9 TMH2s can substitute for PFO
TMH2 and hydrogen bond with PFO TMH1 to form a functional pore.

3.2 PFO/αT2 and PFO/C9T2 Form Pore-like Structures on Membranes
To determine if the hemolytic activity of PFO/αT2 and PFO/C9T2 correlates with formation
of pore-like structures on membranes, EM images were obtained of rabbit ghost membranes
that were incubated with PFO or the chimeras (Fig. 3). PFO forms well-defined concentric
pores with an average outside diameter of ~30–40nm, in good agreement with previous
reports [22,29,30]. Corresponding images of PFO/αT2 and PFO/C9T2 also show pore-like
structures but of a larger diameter (~50–60nm). For both chimeras, the near doubling in size
of their pore-like structures relative to PFO is likely due to the longer C8α and C9 TMH2
segments distorting oligomer packing.

3.3 PFO/αT2 and PFO/C9T2 form SDS-Resistant Oligomers with PFO
Oligomers of PFO formed on cholesterol rich membranes have been shown to resist
dissociation in the presence of SDS. Such resistant oligomers can be examined using SDS-
AGE and immunoblotting [28]. To determine if the chimeras form SDS-resistant oligomers
on membranes, oligomer formation was examined by SDS-AGE in the absence and presence
of enterokinase-cleaved PFO (Fig. 4). Results show PFO/αT2 alone does not form SDS-
resistant oligomers in the absence or presence of ghost membranes. However, addition of
PFO enables PFO/αT2 to co-incorporate into mixed oligomers that are SDS-resistant. Co-
incorporation can be detected at a 1:1 ratio of PFO:PFO/αT2 and is nearly complete with a
20-fold excess of PFO. Similar experiments with PFO/C9T2 show that PFO/C9T2 forms a
significant amount of SDS-resistant oligomers in the absence of PFO. A large portion of
PFO/C9T2 becomes incorporated when mixed with a 1:1 ratio of PFO, and incorporation is
nearly complete with only a 5-fold excess of PFO.

3.4 PFO/αT2 or PFO/C9T2 Incorporates with PFO to Form Hemolytically Active Complexes
Hemolytic assays were performed to determine if the mixed oligomers formed with the
chimeras and PFO are active. In these experiments (Fig. 5), a fixed amount of PFO was used
at a sublytic level (PFO0) that produced no detectable hemolysis. Increasing amounts of
PFO/αT2 or PFO/C9T2 were then added at levels which were also sublytic when assayed
alone. When sublytic amounts of chimera were mixed with sublytic PFO0, hemolytic
activity could be detected. Importantly, for both chimeras the activity of the mixed
complexes was similar to that of a PFO control up to ~20% lysis. As expected, the activity
of the PFO control continues to increase as more is added whereas with the chimeras the
activity levels off at ~15–20%. This is expected because the chimeras are not as active as
PFO and at higher levels they become the major component in the mixed complexes. These
results show that both chimeras can co-incorporate with PFO to form active, mixed
complexes and when incorporated at lower molar ratios these complexes are functionally
similar to those formed solely with PFO.

4. DISCUSSION
The close similarity between core structural features of the CDCs and C8α and C8β renders
it likely that membrane anchoring and insertion of the MAC is mediated by refolding of the

Weiland et al. Page 5

Mol Immunol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



α-helical bundles TMH1 and TMH2 into β-hairpins that either partially penetrate or fully
traverse the membrane. The homology to C8α and C8β suggests that C9 also contains a pair
of α-helical bundles that refold and facilitate pore formation by poly C9 in the fully
assembled MAC. From the structure of C8 and the unusual geometrical relationship between
C8α and C8β, a model was proposed that describes how the MAC might assemble to form a
circular pore [15]. A more recent and detailed model of how C5b, C6, C7 and C8 interact to
form C5b-8 and conformational changes that would allow refolding of the α-helical bundles
was described based on structures of C6 and C8 [16]. Although the role of the TMHs in
CDC pore formation is clearly established, there currently is no experimental evidence that a
similar refolding occurs for the MAC proteins nor that their putative TMHs are capable of
membrane insertion.

Photolabeling studies directed towards identifying MAC proteins that insert into the
membrane bilayer determined that C8α and C9 are the major membrane-inserting
components [24]. For C9, efforts to identify the portion(s) inserted have yielded conflicting
results. Photolabeling studies of the MAC using membrane-restricted probes found that only
the hydrophobic C9b fragment (residues 245–538) of C9 was labeled [31]. Subsequent
photolabeling and proteolytic digestion experiments reported the membrane interacting
region to be within C9 residues 176–345 [32]. Using secondary structure predictions, it was
proposed that this region was a helix-turn-helix comprised of C9 residues 292–334 with
309–313 being the turn. Rossi et al [33] subsequently refuted this prediction by introducing
a N-linked glycosylation site, K311N, in the middle of the predicted turn region. This
mutant was shown to be glycosylated and retain hemolytic activity. Movement of an N-
linked carbohydrate across a lipid bilayer is energetically unfavorable and unlikely to occur.
Additionally, if the predicted C9 core structure is similar to C8α, then the region suggested
by Pietsch et al.[32] would indeed be a helix-turn-helix, but it would correspond to the D
and E helices located near the top of the C8α MACPF domain and away from the TMHs.

Our results provide experimental support for TMH involvement in MAC pore formation.
Although chimeric PFO constructs containing TMH1 or TMH1 + TMH2 from C8α or C9
could not be produced in active form, the respective TMH2s were shown to be effective
substitutes for PFO TMH2. Chimeras containing C8α or C9 TMH2s form circular pore-like
structures on membranes and retain ~10–15% of the hemolytic activity of PFO. The
observed pore-like structures have nearly twice the diameter of PFO pores, most likely
because the longer C8α and C9 TMH2s cannot optimally align with PFO TMH1 in the
oligomer. The disrupted packing also alters the SDS resistance normally observed with PFO,
as oligomers formed with the C8α chimera showed no SDS-resistance and only slight
resistance was seen for the C9 chimera. Interestingly, the absence of SDS-resistance was
also seen with a PFOY181A mutant [22]. This construct was shown to oligomerize but then is
trapped in the pre-pore conformation. Adding wild-type PFO to PFOY181A induces a
conformational change sufficient to overcome the raised energy barrier imparted by the
mutation, thereby allowing PFOY181A to form SDS-resistant complexes and insert its β-
hairpins into a membrane. Similarly, addition of PFO to the C8α and C9 TMH2 chimeras
resulted in formation of SDS-resistant oligomers. Complete SDS-resistance of the C8α
chimera was observed with a 20-fold excess of PFO whereas only a 5-fold excess of PFO
was needed for the C9 TMH2 chimera. This difference suggests that compared to C8α the
TMH2 of C9 can refold and align better with PFO TMH1. Such a result would be consistent
with the role of C9 as the major pore-forming component of the MAC.

Further support for the C8α and C9 TMH2s as effective replacements for PFO TMH2 is
seen with activity assays performed by mixing PFO with the C8α and C9 chimeras. At low
molar excesses, PFO/αT2 or PFO/C9T2 can combine with PFO to form functional
complexes with activities similar to PFO alone. As expected, when the proportion of
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chimera in the complexes increases, the activity levels off because the chimeras alone are
less active than PFO. Results obtained at the lower molar ratios are significant because they
indicate the C8α and C9 TMH2s are capable of interacting with the TMH1 of PFO to form a
functional pore. This supports the likelihood that similar interactions between the TMH1s
and TMH2s of C8α and/or C9 have a role in anchoring the MAC to the membrane and in
pore formation.

In conclusion, we have shown that TMHs in the complement pore-forming proteins have the
potential to function like the TMHs in the CDCs. The chimeras PFO/αT2 and PFO/C9T2
alone formed pore-like structures capable of lysing cell membranes and both could associate
with PFO to form functional, mixed complexes. While our results do not allow a detailed
comparison between the mechanisms used by the MAC and CDCs to form pores, they do
provide the first experimental evidence that TMHs in C8α and C9 have a direct role.
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Highlights

• Function of the transmembrane β-hairpin (TMH) segments in C8α and C9 was
examined.

• TMH segments from human C8α and C9 were inserted into perfringolysin O
(PFO).

• Chimeras of PFO and C8α or C9 retained functional properties of wild-type
PFO.

• C8α and C9 can form CDC-like transmembrane β-hairpins.
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Fig. 1.
Structural comparison of PFO, C8αMACPF and C8βMACPF and sequence alignments of
the TMHs. Residue numbers are for the full-length mature proteins. Shown are structures of
PFO (PDB code: 1PFO) and the MACPF domains of C8α and C8β (PDB code: 3OJY).
TMHs in PFO are colored in orange and TMHs in C8α and C8β are in magenta. Sequence
alignments were used to predict the location of TMH segments in C9.
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Fig. 2.
Purification and hemolytic activity of PFO, PFO/αT2 and PFO/C9T2.
(A) SDS-PAGE gel of non-reduced samples of PFO (Lane 1), PFO/αT2 (Lane 2) and PFO/
C9T2 (Lane 3). The gel was stained with coomassie blue. The mobility difference between
PFO and chimeras is due to the additional residues in the complement TMH2. (B)
Hemolytic activity of PFO and the chimeras.
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Figure 3.
EM images of rabbit erythrocyte ghost membranes incubated with PFO, PFO/αT2 or PFO/
C9T2. Upper and lower panels are different images at the same magnification. Scale bar is
100 nm.
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Figure 4.
Ability of PFO/αT2 and PFO/C9T2 to form SDS-resistant oligomers on membranes. SDS-
AGE analysis and western blotting with an anti His-tag antibody were used to examine
SDS-resistant oligomer formation by PFO/αT2 and PFO/C9T2 on rabbit ghost membranes.
(A) PFO/αT2 incubated in the absence or presence of ghost membranes and with or without
PFO. Controls using up to 5 ug of PFO alone showed no signal (data not shown). (B) Same
experiment performed with PFO/C9T2.
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Figure 5.
Hemolytic activity of mixed complexes formed with PFO/αT2 or PFO/C9T2 and PFO. All
assays except the chimeras alone, contained a fixed amount (3.6 pg) of PFO at a sublytic
level that produced no detectable activity (PFO0). Increasing amounts of PFO/αT2 or PFO/
C9T2 were added at levels that also showed no activity alone. PFO was used as a control.
(A) Results for PFO/αT2. (B) Results for PFO/C9T2.
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Table 1

Hemolytic Activity of PFO Chimeras.

Chimera Substitution in PFOa Percent Activity (± 3%)

TMH1 TMH2

PFO 100

PFO/αT1 C8α (201–256) 0

PFO/αT2 C8α (329–385) 13

PFO/αT1, T2 C8α (201–256) C8α (329–385) b

PFO/C9T1 C9 (197–270) b

PFO/C9T2 C9 (343–400) 11

PFO/C9T1, T2 C9 (197–270) C9 (343–400) b

a
Substituted TMH1 and TMH2 segments of PFO correspond to residues 158–191 and 256–287, respectively.

b
Could not be expressed in soluble form.
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