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Membrane cofactor protein (MCP; CD46), a widely dis-
tributed regulator of complement activation, is a cofac-
tor for the factor I-mediated degradation of C3b and C4b
deposited on host cells. MCP possesses four extracellu-
lar, contiguous complement control protein modules
(CCPs) important for this inhibitory activity. The goal of
the present study was to delineate functional sites
within these modules. We employed multiple ap-
proaches including mutagenesis, epitope mapping, and
comparisons to primate MCP to make the following ob-
servations. First, functional sites were located to each of
the four CCPs. Second, some residues were important
for both C3b and C4b interactions while others were
specific for one or the other. Third, while a reduction in
ligand binding was invariably accompanied by a paral-
lel reduction in cofactor activity (CA), other mutants
lost or had reduced CA but retained ligand binding.
Fourth, two C4b-regulatory domains overlapped mea-
sles virus interactive regions, indicating that the he-
magglutinin docks to a site important for complement
inhibition. Fifth, several MCP regulatory areas corre-
sponded to functionally critical, homologous positions
in other CCP-bearing C3b/C4b-binding proteins. Based
on these data and the recently derived crystal structure
of repeats one and two, computer modeling was em-
ployed to predict MCP structure and examine active
sites.

Membrane cofactor protein (MCP!; CD46) is a widely ex-
pressed type 1 transmembrane glycoprotein that regulates
complement activation (reviewed in Ref. 1). It serves as a
cofactor for the plasma serine protease factor I to cleave C3b
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and C4b that deposit on host tissue. MCP belongs to a family of
structurally, functionally, and genetically related receptor and
inhibitory proteins called the regulators of complement activa-
tion (RCA) (reviewed in Ref. 1). Other members are comple-
ment receptors one (CR1; CD35) and two (CR2; CD21), decay
accelerating factor (DAF; CD55), and two plasma proteins,
factor H and C4b-binding protein (C4BP). The amino-terminal
regions of these proteins consist of variable numbers (from 4 to
30) of tandemly-linked, independently folding, cysteine-rich
modules of approximately 60 amino acids termed complement
control protein (CCP) repeats. The elliptical CCP modules pos-
sess hydrophobic cores with characteristic B-sheet-rich second-
ary structures and interact with C3b and C4b.

Perhaps owing to both its abundant expression and regula-
tory role, MCP is the target of several pathogens. It is a recep-
tor for measles virus (MV) (2—4), group A Streptococcus pyo-
genes (5), pathogenic Neisseria species (6), and human
herpesvirus 6 (7). Additionally, other pathogens (e.g. pox vi-
ruses) synthesize complement inhibitory proteins (virulence
factors) that functionally and, in some cases, structurally re-
semble MCP or other complement inhibitors (8). Additional
roles for MCP include its association with B; integrins and
tetraspans (9), putative involvement in reproduction (10-15),
and use as a therapeutic agent both as a recombinant soluble
form (16) and if expressed in transgenic animals for organ
xenotransplantation (reviewed in Refs. 17 and 18).

Most cells express MCP as a family of four alternatively
spliced isoforms that share an identical amino-terminal portion
consisting of four CCP modules (19, 20). Next is the variably
spliced region for O-glycosylation called the STP domain, which
is enriched in serines, threonines, and prolines. This is followed
by a 12-amino acid segment of undefined function, a transmem-
brane domain, cytoplasmic anchor, and one of two alternatively
spliced cytoplasmic tails.

Sites for C3b and C4b interactions have been mapped by
CCP deletions primarily to modules 2, 3, and 4 (21, 22). Addi-
tionally, the MV binding site has been localized to CCPs 1 and
2 (22-26). The aim of the present study was to identify areas in
the CCP domains that are important for C3b and C4b binding
and cofactor activity (CA). We report on functional insights
provided by (a) an analysis of 55 mutants, (b) the binding of
ligands to MCP peptides, (¢) comparisons to the functional
profile of primate MCPs, and (d) mapping the epitope of a
function-blocking mAb. Based on these results and a recently
determined crystal structure of CCPs 1 and 2 (27), we devel-
oped a structural model and localized putative active sites on
the CCPs of MCP.

This paper is available on line at http://www.jbc.org
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TABLE I
Summary of mutants

Related

Mutant Amino acid sequence of wild-type and mutant proteins tables®

Q
Q
o]

47-61° w L P II
w S D
L I G

1s4°¢

94-103
N94A
E95A
G96A
Y97A
Y98A
L99A
T1100A
E102A
E103A

102-112
Primate A?

118-122
G118A
K119A
P120A
P121A
1122A

122-126
Primate B

127-134
127-134°
T129A/P130A
T134A

151-165
151-158°¢
D158A/P159A
P161A
G162A/P163A
D164A/P165A

174-184
Primate C

183-191
183-190°
S183T
R184K
A1851
E188F
V191D

193-197
193-197¢
K193A
R195A
F196A
P197A

205-212
205-212°
I1205A
S206A
G207A
F208A
G209A
K210A
K211A
F212A

226-233
Primate D

243-250
243-250°
D243A
P244A
P245A
V246A

“ Functional analyses are presented in the table(s) as noted.

® Hyphenated numbers indicate wild-type residues. Mutants G101A, K133A, P187A, and K190A were not expressed. Mutations were not
prepared for the cysteine residue of a series, e.g. Cys'?®, Cys'®’, Cys'®?, Cys'?*, and Cys?*°. Subscripts indicate which of the four cysteines in a CCP
it represents.

¢ Substituted sequence from homologous region of CCP 1 of human DAF.

< Primates A-D represent substitutions of baboon/rhesus residues into the human sequence.
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EXPERIMENTAL PROCEDURES

Mutagenesis and Expression—Substitutions were produced utilizing
the QuikChange®™ site-directed mutagenesis kit (Stratagene Cloning
Systems, La Jolla, CA) per the manufacturer’s directions. The template
was MCP isoform BC1 (GenBank™ accession no. X59405) cloned into
the EcoRI site of plasmid pSG5 (Stratagene). All cDNA clones were
sequenced in their entirety. Transient transfections were either per-
formed with Lipofectin (Life Technologies, Inc.) or Fugene-6 (Roche
Molecular Biochemicals) into Chinese hamster ovary K1 (CHO) cells
per manufacturer’s directions. CHO cells were maintained in Ham’s
F-12 medium supplemented with 10% fetal calf serum and
penicillin/streptomycin.

Quantification of MCP—MCP-expressing cells were characterized by
Western blotting and ELISA as described previously (28). Nucleated
cells were lysed in 1% Nonidet P-40, 0.05% SDS, and 2 mM phenylmeth-
ylsulfonyl fluoride in TBS (10 mMm Tris, pH 7.2, 150 mM sodium chloride)
and supernatants collected following centrifugation at 12,000 X g.
Erythrocytes were isolated from primate blood (obtained from Yerkes
Primate Research Center, Atlanta, GA) and lysed as described previ-
ously (29). MCP was quantified by ELISA (28). Briefly, an MCP mAb

TaBLE II
Functional effects of amino acid substitutions in CCP 1 and 2
C3b C4b
Mutant
Binding® Cofactor® Binding Cofactor
% %

RCHO* 1 - 2 —
MCP? 100 ++++ 100 ++++
47-61¢ 94 +++4+ 75 ++
N94A 93 ++++ 62 +
E95A 110 ++++ 67 +
G96A 107 +++ 33 ++
Y97A 110 +++ 84 +
Y98A 103 ++++ 107 +
L99A 111 ++ 91 +
1100A 106 ++++ 100 +++
E102A7 63 ++ 67 +
E103A 106 ++++ 102 ++
G118A 100 ++++ 100 +++
K119A 93 +++4+ 113 +++
P120A 115 +++ 97 ++
P121A 120 +++ 119 +
1122A 107 +++ 111 +

¢ Wild-type MCP binding was set at 100%. Background for cofactor
activity consisted of standard conditions without lysate.

® Cofactor activity was graded as follows: ++++, 90-120% of wild
type; +++, 70-89%; ++, 40—-69%; +, 10-39%; —, <10%.

¢ RCHO is the negative control (i.e. a CHO cell with the MCP ¢cDNA
cloned in reverse orientation).

<4 MCP is the wild-type control.

¢ MCP residues 47—-61 were substituted for homologous residues of
DAF CCP 1 (see Table I).

Mutant G101A was not expressed.

cCcp 1
60
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(TRA-2-10) was coated on microtiter wells (5 ug/ml) in TBS overnight
at 4 °C followed by blocking with 1% BSA and 0.1% Tween 20. Cell
lysates were prepared in 10 mM Tris, 150 mM sodium chloride, 0.05%
Tween 20, 4% BSA, and 0.25% Nonidet P-40. These samples and stand-
ards were incubated for 1 h at 37 °C and then washed with TBS
containing 0.05% Tween 20. Next, rabbit anti-MCP antiserum (1:7000)
(provided by CytoMed, Inc. Cambridge, MA) was applied for 1 h at
37 °C. After washing, horseradish peroxidase-coupled donkey anti-rab-
bit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) was
added and incubated for 1 h at 37 °C. After washing, TMB substrate
(Pierce) was added and absorbance (630 nm) assessed in an ELISA
reader. Mutants were also characterized by Western blotting utilizing
rabbit anti-MCP polyclonal antibody (28).

Functional Assessment—Ligand binding and cofactor assays have
been described (28). An ELISA format was employed for ligand binding.
Briefly, C3b or C4b (Advanced Research Technologies, San Diego, CA)
was coated on wells at 5 pug/ml in TBS overnight at 4 °C and then
blocked for 1 h at 37 °C (1% BSA and 0.1% Tween 20 in TBS). Dilutions
of lysates were prepared in low salt ELISA buffer (10 mm Tris, 25 mm
sodium chloride, 0.05% Tween 20, 4% BSA, and 0.25% Nonidet-P40)
and incubated for 2 h at 37 °C. A rabbit anti-MCP antiserum (1:2500) in
low salt buffer was then added for 1 h at 37 °C. Following washing, a
peroxidase-coupled donkey anti-rabbit IgG was added and optical den-
sity of the TMB substrate determined. Binding assays were performed
on serially diluted samples (in the linear range of 1-10 X 10° MCP/ml)
on three separate occasions. The upper value was utilized to compare
results and the standard error of the mean was <7%.

For the cofactor assays, biotinylated ligands were employed (28) with
a low salt cofactor buffer (10 mm Tris, pH 7.2, 25 mM NaCl, 1% Nonidet
P-40, 2 mM phenylmethylsulfonyl fluoride), factor I (100 ng), and cell
lysates (2.5 X 10® MCP for the C3b cofactor assay and 5 X 10° for the
C4b cofactor assay). Cleavage fragments were analyzed utilizing 10%
reducing SDS-PAGE followed by transfer and Western blotting. Detec-
tion was with ExtrAvidin® peroxidase conjugate (Sigma). A laser den-
sitometer and GELscan software (Amersham Pharmacia Biotech) were
employed to monitor the generation of the C4d fragment (adjusted
relative to the input as measured by the y-chain fragment of C4b). For
the C3b cofactor assay, the al fragment was evaluated relative to the
B-chain. Activity was designated as follows: ++++, 90-120% of wild
type; +++, 70-89%; ++, 40—69%; +, 10-39%; —, <10%. Assays were
performed in duplicate on two to four separate occasions and the means
obtained. The standard error of the mean was <10%.

Peptide ELISA—The overlapping MCP-derived peptides utilized in
this study have been described (24). For the ELISA, peptides were
coated on microtiter wells (Nunc MaxiSorp modules, Fisher Scientific,
St. Louis, MO) at 10 pg/ml in TBS overnight at 4 °C and blocked with
1% BSA, 0.1% Tween 20 in TBS. C4b (or buffer alone) was added at a
concentration of 30 ng/ml in low salt buffer (4% BSA, 0.25% Nonidet
P-40 in 10 mmM Tris, pH 7.2, and 25 mM sodium chloride) and incubated
for 2 h at 37 °C. Wells were washed in low salt buffer (10 mm Tris, pH
7.2, 25 mM sodium chloride, 0.05% Tween 20), followed by incubation
with 1:7000 dilution of goat anti-human C4b (Advanced Research Tech-
nologies) for 1 h at 37 °C. After washing in low salt ELISA buffer,
peroxidase conjugated anti-globulin reagent was added for 1 h at 37 °C,
wells were washed and then the TMB substrate (see above) was added.

120

100

ICDRNHTWLPVSDDACARETCPYIRDPLNGQAVPANGTYEFGYQ

ICDRNHTWLPVSDDACYRET
NHTWLPVSDDACYRETCPYI
LPVSDDACYRETCPYIRDPL
DDACYRETCPYIRDPLNGQA
YRETCPYIRDPLNGQAVPAN
CPYIRDPLNGQAVPANGTYE
RDPLNGQAVPANGTYEFGYQ
NGQAVPANGTYEFGYQ]
VPANGTYEFGYQ]
GTYEFGYQI
FGYQMHFICNEGYYLIGEEI
MHFICNEGYYLIGEEILYCE
CNEGYYLIGEEILYCELKGS
YYLIGEEILYCELKGSVAIW
GEEILYCELKGSVAIWSGKP
LYCELKGSVAIWSGKPPICE

14
15
16
17
18

MHFICNEGYYLIGEEILYCELKGSVAIWSGKPPICEKV

19
20
MHF T 21
MHFICNEG 22
23

24

MHFICNEGYYLI

25
26
27
28
29

Fic. 1. Overlapping peptides from the carboxyl terminus of CCP 1 to the end of CCP 2 used to assess ligand binding. Residues are

numbered according to Ref. 24.
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Absorbance was measured at 630 nm. The peptides were shown to be
coated on wells to a similar extent by incubating rabbit anti-MCP
antiserum (1:7000) on the peptide wells followed by detection with
anti-globulin and substrate as indicated above.

Epitope Mapping—These experiments were conducted as described
above under “Quantification of MCP” except that TRA-2-10 (non-func-
tion blocking mAb that binds an epitope in CCP 1) (23, 30) or GB24
(function-blocking mAb that binds to an epitope requiring CCPs 3 and
4) (21, 31) were coated on the microtiter wells.

Computer Modeling—Three dimensional co-ordinates of the crystal
structure of the first two modules of MCP (CCP 1 and 2) were obtained
from the Brookhaven data base (27). Three-dimensional molecular mod-
els of the two C-terminal modules were constructed within the program
MODELLER (32). Five models were generated per module, and in each
case the model with the smallest root mean square deviations from the
average was used in the subsequent interpretation of mutagenesis data
and modeling exercises.

The relative orientations of CCP 2 to CCP 3 and of CCP 3 to CCP 4
were modeled using a hybrid Monte Carlo molecular dynamics algo-
rithm previously shown to predict the relative orientations for a num-
ber of CCP module pairs.? In brief, each of the two pairs of modules of
MCP were linked using the Builder module of Insight II (MSI, San
Diego, CA). Further manipulations of the structures of module pairs
were performed using XPLOR (33) with the charmm?22 forcefield (34).
Only residues within 18 A of the linker between modules were used for
the prediction algorithm. This involved the random selection of one of
the ¢/yy angles of the two amino acids linking the module pair, and
rotating it by a random amount. This was followed by a brief period of
energy minimization (to allow the structure to resolve any bad contacts
that may have arisen during the previous step). The resulting confor-
mation of the two modules was then accepted with a probability (P)
based on the relative change in energy with respect to the previously
accepted conformation using the standard Metropolis Monte Carlo
equation: P = min (1, e “E*T) where AE = difference in energy between
the old and the new conformation, 2 = the Boltzman constant, and T =
temperature. The process was repeated for 5000 cycles. In addition to
the cycles of attempted torsional rotations and energy minimizations,
the system was periodically subjected to a simulated annealing protocol
in an attempt to avoid the conformation getting stuck in a local mini-
mum. To simulate the effects of solvation and to reduce computational
overheads, a distance-dependent dielectric term was used to simulate
the electrostatic energy component. Each pair of modules was found to
rapidly converge to a single energy minimum, representing a stable
conformation. These were then used, in conjunction with the crystal
structure of CCP 1 and 2, to create a model for the structure of the four
CCPs of MCP.

2J. Parkinson, P. N. Barlow, and J. P. Atkinson, unpublished
observation.

A, MCP N E G Y
C4BP, human 5 r— — F
C4BP, bovine -] — — s
C4BP, rabbit ] -_— = —
C4BP, rat 5 -— - —

B. MCP W s G K
CR1, human — — T —

i S T gt
CR1l, chimp — - T

= B T s
CR1, baboon — -— T —

L e T o
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RESULTS

Table I presents the sequence of mutants investigated for
functional activity.

Carboxyl-terminal Segment of CCP 1 Is Important for C4b
Binding—In prior studies, deletion of CCP 1 had no effect on
C3b binding or CA (21, 22) but reduced C4b binding (21). CCP
1 is also required for MV binding (22-26) and, in particular,
amino acids 47-61 were involved in recognition by MV hemag-
glutinin (24). Complement-related functional analysis of this
same mutant (residues 47—-61) revealed decreased C4b binding
and CA (Table II). C3b binding and CA were not altered. Thus,
these data map a region specific for a C4b interaction to the
carboxyl terminus of CCP 1, a site that overlaps with one
required for binding to MV hemagglutinin.

Overlapping Peptides Disclose Functional Sites—To further
analyze the carboxyl terminus of CCP 1 as well as all of CCP 2,
an ELISA format was used to assess ligand binding of overlap-
ping MCP peptides (Fig. 1). In this screening assay, C4b bind-
ing by peptides 14 and 15 in CCP 1 and peptides 23 and 29 in
CCP 2 was reproducibly observed at 3—4-fold over background
or relative to peptides 1621 (Fig. 2). Peptide 22 and peptides
between 23 and 29 demonstrated intermediate levels of binding
reflecting, in part, the overlap with peptides 23 and 29. Pep-
tides 14 and 15 contain the same region of CCP 1 as noted in

0.25

Absorbance

14 15

16 17 18 19 20 21 22 23 24 25 26 27 28 29

Peptide Number

Fic. 2. Binding of MCP peptides to C4b. Overlapping peptides in
CCP 1 and 2 (see Fig. 1) were coated on microtiter plates and C4b
binding monitored in an ELISA in three separate experiments.

Residues
94-103
141-150
140-149
140-149

104-114

116-123
604-611
1054-1061
579-586
1029-1036

491-498

941-948

Fic. 3. Ligand-interacting peptides of human MCP show homologies to C4BP (A) and CR1 (B) of several species. These two peptide
homologies were identified by a BLAST search of the National Center for Biotechnology data base (35).



37696

the preceding analysis (i.e. mutant 47—61), providing further
evidence that this region is involved in C4b binding.

With these ELISA data as a starting point, mutants were
next constructed substituting alanines for residues within pep-
tides 23 and 29 of CCP 2 (Table II) that possessed high homol-
ogy to C4BP (residues 94-103) or to CR1 (residues 118-122)
(Fig. 3). These two regions were identified by a BLAST search
of peptides 23 and 29 in the National Center for Biotechnology
data base (35). For the first set (94—-103), single mutants dem-
onstrated variable decreases in C4b CA (Table II). For several
(Y97A, Y98A, L99A, and E103A), there were substantial de-
creases in CA but minimal or no change in C4b binding. In
contrast, C4b binding and CA were diminished in mutants
N94A, E95A, G96A, and E102A. Interestingly, the peptide
NEGYYLIGEE is contained within one that almost completely
inhibited MV binding and infection in CCP 2 (i.e. FGYQMH-
FICNEGYYLIGEEI (Ref. 24)). This same region has been im-
plicated in MV binding by multiple groups (24, 25, 27, 36, 37).
Thus, these results point to a second site in MCP, encompass-
ing amino acids 94-103, important for both C4b and MV
interactions.

The next area explored was based on the increased binding of
peptide 29 to C4b. Amino acids 118-122 were each substituted
with an alanine. These five mutants retained C3b and C4b
binding similar to wild type, although the 120-122 mutants
were less efficient in C4b CA (Table II). These data suggest that
residues near the fourth Cys of CCP 2 are involved in C4b CA
and are consistent with prior findings in which MCP with CCP
2 deleted bound C3b and C4b but lacked CA (21).

Indel in CCP 3 Is a Functional Site—Indels (i.e. amino acid

TaBLE III
Functional consequences of alanine mutations in the indel of CCP 3

Functional assessments as per Table II.

C3b C4b
Mutant
Binding Cofactor Binding Cofactor
% %
D158A/P159A 110 ++++ 107 +++
P161A 83 - 80 +
G162A/P163A 76 ++ 89 ++
D164A/P165A 61 ++ 89 ++
cCcp 2
Human
Baboon M--H-Q--V- -E-ILV--S- ---SEL----
Rhesus M--H------ -E-IL---§- ---AEL----
ccep 3

S4TCPYIRDPLN GQAVPANGTY EFGYQMHFIC NEGYYLIGEE ILYCELKGSV AIWSGKPPIC EKV

MCP Functional Sites

insertions or deletions producing length polymorphisms among
members of a protein family) are good candidates for protein:
protein interactive sites (38). Following Cys-2 in CCP 3 is a
peptide insertion of eight amino acids (amino acids 158-165;
sequence DPAPGPDP). Alanine substitutions produced three
mutants (P161A, G162A/P163A, and D164A/P165A) with un-
detectable or diminished C3b and C4b CA but no or more
limited decreases in ligand binding (Table III). Most striking
was mutant P161A that lacked C3b CA and had minimal C4b
CA but largely retained ligand binding capability.

Sequence and Functional Comparisons of Primate
MCPs—We next compared ligand binding of human and non-
human primate MCP (Fig. 4). Consistent with previous data,
human MCP (from a CHO transfectant) bound C4b more effi-
ciently than C3b (39). Gorilla erythrocytes did not bind C3b or
C4b because they do not express MCP on this cell type (29, 40).
The orangutan binding pattern was similar to humans. How-

Hominids Old World Monkeys

1.00

Absorbance,,,

E % wfga
BERENEERE
Species

Fic. 4. Comparison of human and primate MCP binding of
human C3b and C4b. Solubilized primate erythrocytes and CHO
human MCP transfectant lysate (1 X 10° MCP molecules) were com-
pared in an ELISA format in which C3b or C4b was coated on wells. A
representative experiment of three is shown. Gorilla erythrocytes do
not express MCP (29, 40) and, therefore, serve as a negative control for
these experiments (using the highest number of erythrocyte cell equiv-
alents). Gibbons express MCP on erythrocytes in similar quantities to
orangutan, but bind human C3b and C4b poorly.

126

—-—=—=--L- --I

—mm-—--L- --I

Primate A Primate B

Human ?’LCTPPPKIKN GKHTFSEVEV FEYLDAVTYS CDPAPGPDPF SLIGESTIYC GDNSVWSRAA PECKVV'%?

cCcp 4

———————————————— M--- -N--T-H--- ----—-

Primate C

Human ‘°°KCRFPVVENG KQISGFGKKF YYKATVMFEC DKGFYLDGSD TIVCDSNSTW DPPVPKCLK?®!

Baboon

Rhesus

___Y_ _N_-_
Primate D

Fic. 5. Comparison of amino acid sequences of human, baboon, and rhesus MCP. Identical amino acids are indicated by a dash. Those
that differ from the human sequence are indicated. Primate residues substituted into the human sequence are noted as “Primate” mutants A-D

(see Table I).
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ever, the six Old World monkeys bound C3b more efficiently
than C4b. Of these, the sequence of MCP is available for baboon
and rhesus (Fig. 5). We asked if these sequence differences
enhanced C3b binding and/or diminished C4b binding to ac-
count for this pattern reversal. Constructs were prepared in
which selected primate sequences were substituted in human
MCP (Fig. 5). Two of these mutants showed elevated binding
selectively to C3b (i.e. primate A and D) as well as enhanced
C3b CA (Table IV). These gain-of-function mutants suggest
that an increase in the affinity of MCP for C3b accounted for
the binding results presented in Fig. 3 and that these two
regions (A and D) are involved in C3b interactions.

Block Peptide and Individual Amino Acid Substitutions in
CCP 3 and 4—DAF is a closely related, structurally similar
RCA protein that possesses four CCPs as well as an STP region
(reviewed in Ref. 41). Because CCP 1 of DAF does not possess
complement regulatory function (42), segments of DAF CCP 1
were substituted in homologous regions of MCP CCP 3 or 4. Of
16 such block substitutions, six were expressed similar to wild
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type and functionally assessed (Table V). Mutant 151-158
demonstrated no alteration in function while two mutants,
183-190 and 243-250, lost activity. Mutants 193—-197 and 205—
212 exhibited partial decreases in ligand binding with corre-
sponding decreases in CA. In contrast, mutant 127-134 dem-
onstrated no change in ligand binding, yet C3b CA was
abrogated and C4b CA reduced by ~50%.

To identify the functionally important amino acids within
these block substitutions, individual residues were substituted
with an alanine or with the corresponding amino acids from
DAF (Table V). Within the series 127-134, T129A/P130A ac-
counted for the decrease in C4b function and partially for
diminished C3b function. In the segment 183-191, individual
mutants S183T and R184K had no effect while mutants A185I,
E188F, and V191D demonstrated partial decreases in function,
especially CA. These results suggest that the region immedi-
ately surrounding the fourth cysteine in CCP 3 is involved in
both C3b and C4b binding.

In the case of individual mutations within 193-197 and

TABLE IV
Functional analysis of mutants with primate to human amino acid interchanges

Functional assessments are per Table II.

C3b C4b
Mutant CCP
Binding Cofactor Binding Cofactor
% %

Primate A (E102K/E103D/G111D/S112T) 2 118 +H+++e 102 ++++

Primate B (11221/V1261) 2 97 ++++ 101 +4+++

Primate C (T174M/D179N/V182T/S184H) 3 110 ++++ 102 +4+++

Primate D (F226Y/D229N/T233K) 4 129 ++4+++ 95 ++4++

“ +++++, indicates >120% of wild type.

TABLE V
Functional effects of amino acid substitutions in CCP 3 and 4
Mutants described in Table I and functional assessments per Table II.
C3b C4b
Mutant CCP
Binding Cofactor Binding Cofactor
% %

127-134 3 97 - 93 ++
T129A/P130A 3 71 ++ 78 ++
1134A 3 110 +++ 105 +++

151-158 3 110 +4+++ 90 +4+++

183-190° 3 1 - 5 -
S183T 3 86 ++++ 101 ++++
R184K 3 91 +4+++ 115 +4+++
A1851 3 112 ++++ 107 ++
E188F 3 68 ++ 58 -
V191D 3 44 ++ 42 ++

193-197 4 33 - 55 ++
K193A 4 37 - 100 ++
R195A 4 50 + 100 ++
F196A 4 35 - 929 +
P197A 4 100 + 100 +

205-212 4 75 - 55 ++
1205A 4 116 + 98 +++
S206A 4 103 + 107 ++
G207A 4 71 - 78 ++
F208A 4 30 - 929 +
G209A 4 114 + 99 +
K210A 4 68 + 113 +++
K211A 4 56 - 94 ++
F212A 4 32 - 120 ++

243-250 4 6 - 7 -
D243A 4 98 ++++ 79 +++
P244A 4 106 ++++ 104 ++
P245A 4 92 ++ 80 +++
V246A 4 103 ++ 104 +4++

“ Hyphenated mutant numbers indicate a block of MCP amino acids substituted with the homologous region of CCP 1 of human DAF (see Table

D

B Amino acids 186, 187, and 189 are identical in DAF and mutant K190A was not expressed.
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TaBLE VI
Binding of a function-blocking mAb to selected mutants

Mutants are listed in Table 1.

Mutant blﬁg’lzn‘lg"
R-CHO -
MCP ++++
CCP 3

T129A/P130A ++++
P161A ++++
G162A/P163A b4+
D164A/P165A -
183-190 ++++
CCP 4
193-197 -
K193A b4+
R195A +++
F196A -
P197A +++
205-212 _
1205A +4+++
S206A 44+
G207A ++
F208A -
G209A ++++
K210A +4+++
K211A ++++
F212A ++++
243-250 -
D243A ++++
P244A ++++
P245A ++++
V246A ++++

“ None of these mutations altered binding to mAb TRA-2-10.
® — is =10% of wild-type MCP binding; + +, 40—69%; +++, 70-90%;
++++, 91-100%.

205-212, most had functional alterations of nearly the same
magnitude as those of the parental protein. Additionally, while
mutant 243-250 lacked activity, none of the individual mu-
tants in peptide 243-246 accounted for the loss of activity,
although several (P244A, P245A, and V246A) did show dimin-
ished cofactor function.

Epitope Mapping of a Function Blocking mAb—The mAD to
MCP, GB24, blocks C3b and C4b binding and interacts with an
epitope that requires the presence of CCP 3 and 4 (21). We
compared the binding of GB24 to selected mutants of CCP 3
and CCP 4 in parallel with a non-function blocking antibody,
TRA-2-10, that binds to CCP 1 (23). All mutants bound simi-
larly to TRA-2-10 (data not shown). In CCP 3, GB24 did not
bind to the double mutant D164A/P165A (Table VI). This same
mutant had significantly reduced functional activity (Table III)
and is part of the indel in CCP 3. For CCP 4, three block
substitution mutants also abrogated binding by GB24. These
same mutants were functionally deficient (see Table V). Within
these blocks, alanine substitutions indicated that amino acids
Phe'®8, Gly?°”, and Phe?°® were critical for GB24 binding.
Although the block substitution mutant (243-250) lost reactiv-
ity to GB24, individual mutants in peptide 243-246 did not
show a loss of binding.

Structural Analysis of MCP—ZElectrostatic depiction (Fig. 6)
of the modeled structure reveals the surface to be mainly neg-
atively charged with a single large patch of positive charges
located over the “front” face that spans the junction between
modules 3 and 4. The latter is a site identified by mutagenesis
(Table V) as important for C3b binding. Decreasing the positive
charge in this region (K193A, R195A, K210A, K211A) inhibited
C3b binding. In contrast, substituting a similarly charged res-
idue (R184K) did not alter function. Additionally, two sites for
C4b interaction that overlap with MV binding regions in CCP
1 and 2 (shown on Fig. 6) lie within primarily negatively

MCP Functional Sites

charged areas. In this region of CCP 2, a reduction in negative
charge (E95A, E102A, and E103A) decreased primarily C4b CA
(Table II).

Finally, residues involved in binding of mAb GB24, which
also were important for both C3b and C4b function, map to two
areas that lie close to each other on the same face (Asp'®¥/
Pro'®® Phe'?® Gly*°%, and Phe®®®).

Structural Interpretation of Mutational Analyses of MCP—
Fig. 7A reveals the same large patch of positively charged
residues implicated in C3b binding located on or close to the
“front” face of the 3/4 junction in Fig. 6. Other residues impli-
cated in C3b binding (Glu'2, Glu'®®, and Val*®?) are located on
the opposite face of the modeled structure. Of the primate-
interchange CCP 4 mutation (T233K, D229N, and F226Y) that
increased C3b binding activity, Thr?3? is in close proximity to
the positively charged surface patch.

Residues implicated in C4b binding are located in several
regions of the modeled structure. A patch of residues lies on the
front face close to the 2/3 interface. The positions of other
residues appear to be dispersed over the surface of the struc-
ture and are necessary for both C4b and C3b binding.

Fig. 7B shows the positions of residues implicated in CA.
Multiple residues that affected mainly C4b CA are close to the
putative C3b binding positively charged patch at the 3/4 junc-
tion. Another site for C4b CA is located close to the putative
C4b binding site at the 2/3 junction. The few amino acids
exclusively influencing C3b CA were on the back side of the
C3b binding area in CCP 4.

DISCUSSION

The purpose of the present study was to delineate comple-
ment regulatory sites within the four CCP modules of MCP.
Earlier studies demonstrated that CCPs 2, 3, and 4 were most
important for ligand binding and CA (21, 22). We have now
obtained further data relative to the structure and regulatory
function of MCP. First, regions that participate in complement
inhibitory activity were identified in each of the four CCPs.
Second, although many mutations produced changes in both
C4b and C3b binding, others produced a selective alteration,
suggesting overlapping as well as distinct requirements for
these two ligands. Third, a reduction in ligand binding pro-
duced a proportional decrease in CA; however, the reverse was
not true as other mutants possessed ligand binding activity
similar to wild type, while CA was reduced or abrogated.
Fourth, CA for C3b and C4b also was separable as indicated by
mutants that lost CA for one or the other ligand. Fifth, we have
produced a model of four repeats of MCP and analyzed the
mutagenesis results in light of this proposed structure.

Nine regions likely to be involved in complement inhibition
are highlighted in Fig. 8. Eight of these areas are adjacent to or
incorporate a cysteine. Three regions, two in CCP 3 and one in
CCP 4, are proline-rich, each having at least three prolines in
a stretch of =5 amino acids. No other such proline-rich se-
quences are found in the CCPs of MCP. A comparison of Fig. 84
with Fig. 8B suggests that these prolines are part of protruding
loops and strands. A site at the carboxyl terminus of each
module, encompassing the fourth cysteine, was involved in
functional activity. Substitutions in this region in CCPs 1 and
2 influenced only C4b CA while in CCPs 3 and 4 altered both
C4b and C3b interactions. A mutated site near the first Cys of
CCP 3 and 4 reduced both C3b and C4b interactions. These
observations are consistent with ligand contact points occur-
ring at the junction between modules or with amino acid
changes at this site influencing the spatial relationships be-
tween modules. Additionally, residues likely to be important
for C4b and C3b interactions are located after the second Cys in
CCPs 2 and 3. The region in CCP 3 possesses four prolines and



MCP Functional Sites

cerPl

cCP2

Fic. 6. Electrostatic model of MCP
showing front (left) and back (right)
views. Yellow (GB24 binding), green
(measles virus binding), and light blue
(C4b binding) indicate putative interac-
tive sites.
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Fic. 7. Model of MCP functional sites. A, front (left) and back (right) views of CCPs 1-4 indicating binding sites for C3b and C4b. B, front
and back views of CCPs 1-4 indicating CA sites for C3b and C4b. Colors for ligands: blue, C3b; red, C4b; green, both C3b and C4b; black, increased

C3b binding and CA.

overlaps with the indel. Of interest, a similar indel is present in
three highly homologous and functionally important CCPs (3,
10, and 17) of CR1 (43).

We identified two C4b-regulatory sites that had been previ-
ously characterized as MV interactive regions (Figs. 6 and 8).
CCPs 1 and 2 (including the N-glycosylation site of CCP 2 (see

Refs. 24 and 44—46)) are involved in MV binding and infection,
especially between residues 37-56 in CCP 1 and 85-106 in CCP
2 (22-26, 36, 37). Recently, Casasnovas et al. (27) ascertained
the crystal structure at 3.1-A resolution of CCPs 1 and 2. They
proposed that MCP residues 94-97 in CCP 2 make direct
contact with the virus. Thus, MV hemagglutinin appears to
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Fic. 8. A, proposed complement regulatory sites of MCP. The sequence of the four CCPs is shown. Areas of B-sheets are presented as
arrows above CCP-1. Dashed lines between 2 and 3 as well as 4 and 5 indicate plasticity in length of these loops. Putative regulatory regions are
noted in brackets above the sequence. Boxed residues are those, if mutated, led to a loss of binding by function-blocking mAb, GB24. Proline-rich
areas are double-underlined. CA, cofactor activity; #, these sites show mixed functions (i.e. binding and/or CA); A, Leu®, also important for C3b
CA; .glu'®?, also important for C3b binding. B, model of CCP 1 of MCP generated by Molscript (67). B-Sheets are numbered, disulfide bonds at each
terminus (between B-sheets 4 and 8; and 1 and 6) are depicted. The highly conserved tryptophan (green ring) is shown with its blue nitrogen group.

dock to a functionally important site for C4b complement reg-
ulation in both CCP 1 and CCP 2. A structural relationship
between C4b and hemagglutinin is suggested by these results.
Interestingly, new world primates delete CCP 1 by alternative
splicing, a change preventing MV binding (26). The functional
consequence of this charge may be tolerated because C3b reg-
ulatory activity is minimally altered and there is retention,
albeit less efficient, of C4b regulatory activity.

Since CCPs share a similar overall structure, it is reasonable
to propose common functional sites in such proteins (47, 48).
For example, each CCP has a hydrophobic core interlaced with
B-strands accompanied by protruding loops. The latter, as al-
ready pointed out, are strong candidates for functional sites
(49). One such area with a variable length and sequence has
been termed the “hypervariable loop” (47-50). Block and indi-
vidual substitutions within this loop influenced both C3b and
C4b interactions. This region also is part of the epitope for the
function-blocking MCP mAb, GB24, and is important for C3b/
C4b interactions in CCPs 8 and 10 of CR1 (43). Another such
comparison among MCP, C4BP, and CR1 centers on the first
Cys of a CCP. In the case of MCP, functional sites were sug-
gested in CCP 3 and 4 near Cys 1 (i.e. amino acid series
127-134 and 193-197; and Phe'®® for GB24 binding). Likewise,
residues near Cys 1 in CCP 2 of C4BP are critical for C4b
binding (51) and in CCP 2 of CR1 for C3b and C4b interactions
(43). MCP residues surrounding the fourth Cys of CCPs 1-4
were found to be important for C4b regulatory activity and in
CCP 3 and 4 for C3b. This area corresponds in CR1 (CCPs 9
and 16) to a site important for C3b binding and CA (43).
Finally, as shown in Fig. 3, there are two highly homologous
regions to MCP in C4BP and CR1. These regions are ones likely
to be involved in C4b regulation as they are in MCP (52).

The structures of four CCP-containing proteins have been
determined (factor H, 15-16 (Ref. 48)); vaccinia virus comple-
ment control protein, 2—4 (Refs. 53 and 54); B-glycoprotein, 1-5

(Refs. 55 and 56); and MCP, 1-2 (Ref. 27)). For each, the
modules aligned in an end-to-end fashion, sharing a relatively
small interface. Results from the simulations performed here
suggest that MCP modules are also joined end-to-end leading
to the formation of an extended structure (Figs. 6 and 7). As
with the known structures, the intermodular junctions be-
tween MCP 2/3 and MCP 3/4 appear to be limited and domi-
nated by hydrophobic interactions.?

RCA proteins interact with components of complement in an
ionic strength dependent manner (57, 58) and the charge char-
acteristics of the amino terminus of the a-chains of C3b and
C4b are predicted to be conserved (59—63). The functional role
of the positively charged surface patch of residues in modules 3
and 4 (Fig. 6) supports this hypothesis. Mutations decreasing
the magnitude of this charge produced a decrease in C3b bind-
ing. The mutation T233K (located close to this patch) would
increase the magnitude of positive charge and may be in part
responsible for the increase in C3b binding activity associated
with the triple primate mutant F226Y/D229N/T233K. In con-
trast, the data suggest a more critical role for negatively
charged residues in C4b interactions.

Regarding C4b interactions (Table II and Fig. 7), Gly®® spe-
cifically affects C4b binding and is located close to residues
thought to be important in forming direct interactions with
ligand (i.e. loop with Asn®%/Glu®?). Substitution of several res-
idues close to the junction of CCP 2/3 (Tyr®?, Tyr®, Leu®,
Glul®2, 11e'?2) altered C4b CA. The lack of effect of the muta-
tions Y97A and Y98A on other functionalities suggests that
they do not lead to a change in junctional contacts. Given that
neither of these residues is surface exposed, we postulate that,
after binding C4b, the 2/3 junction alters in such a way so as to
expose these two residues for interaction with the C4b/factor I

3 J. Parkinson, M. K. Liszewski, P. N. Barlow, and J. P. Atkinson,
unpublished observation.
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complex. The surface exposed residues, Leu®®, Glu'®®, and
Tle'22, may also be involved in forming direct interactions with
the cofactor complex.

In summary, these mutagenesis and modeling data repre-
sent the initial analysis of ligand binding and cofactor sites
within the CCPs of MCP. An issue common to structure-func-
tion analyses by mutagenesis is whether a conformational
change is responsible for the altered activity. Resolving this
issue requires a three dimensional structure of the binding site
with its attached ligand. Thus, our future plans include eluci-
dating intermolecular junctions and determination of the
three-dimensional structure of CCPs 3 and 4 by physicochem-
ical studies and NMR spectroscopy as we have begun to do for
the active sites of CR1 (64—-66). Informative comparisons to
other C3b/C4b binding proteins will be possible as will further
interpretations of the mutagenesis results. A structural anal-
ysis of the interactions of MCP with its natural versus patho-
genic ligands should have important implications for under-
standing complement inhibition and microbial pathogenesis.
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