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Abstract

The two terminal complement control protein (CCP) modules of the CD46 glycoprotein mediate measles virus binding.
Three-dimensional models for these two domains were derived based on the NMR structures of two CCP modules of
factor H. Both CD46 CCP modules are about 35 A long, and form a five-stranded antiparallel B-barrel structure. Monte
Carlo simulations, sampling the backbone torsion angles of the linker peptide and selecting possible orientations on the
basis of minimal solvent-exposed hydrophobic area, were used to predict the orientation of CCP-I relative to CCP-II.
We tested this procedure successfully for factor H. For CD46, three clusters of structures differing in the tilt angle of
the two domains were obtained. To test these models, we mutagenized the CCP modules. Four proteins, two without an
oligosaccharide chain and two with mutated short amino acid segments, reached the cell surface efficiently. Only the
protein without the CCP-1 oligosaccharide chain maintained binding to the viral attachment protein hemagglutinin.
These results are consistent with one of our models and suggest that the viral hemagglutinin does not bind at the
membrane-distal tip of CD46, but near the concave CCP-I-II interface region.
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CD46, also known as membrane cofactor protein, protects autol-
ogous cells from complement lysis. This type 1 transmembrane
glycoprotein contains four CCP modules of about 60 residues each
(Liszewski et al., 1991) that have been implicated in cell attach-
ment of measles virus (MV), an enveloped negative-strand RNA
virus (Dorig et al., 1993; Naniche et al., 1993). Cell fusion exper-
iments using recombinant glycoproteins from MV and a related
virus showed that the MV hemagglutinin specifically determines
attachment to CD46 (Nussbaum et al., 1995), and a soluble form
of the MV hemagglutinin (sH) binds to CD46 with high affinity
(Devaux et al., 1996).

CCP modules in other proteins mediate the binding of structur-
ally different viruses. Epstein-Barr virus, an enveloped DNA virus,
attaches to the two external CCP modules of the complement
regulatory protein CR2 (CD21) (Martin et al., 1991; Molina et al.,
1991; Moore et al., 1991), and several picornaviruses, small icosa-
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hedral RNA viruses, attach to the complement decay accelerating
factor (DAF or CD535) (Bergelson et al., 1994, 1995). Echovirus 7
binds to the second, third, and fourth (last) CCP modules of DAF
(Clarkson et al., 1995). Thus, the study of MV hemagglutinin
binding to the CD46 CCP modules could give insights into the
mode of cell attachment of other viruses.

Previous studies, while establishing the essential role of the CCP
modules in MV binding (Varior-Krishnan et al., 1994), indicated
that deletion of either the first or second modules results in loss of
MYV receptor function (Iwata et al., 1995; Manchester et al., 1995),
and demonstrated that mutant proteins composed only of dupli-
cated CCP-I or -1, or with these domains in an inverted order,
cannot bind MV (Buchholz et al., 1996b). Moreover, it is known
that N-linked oligosaccharides, either of the complex type or
mannose-rich, are necessary for virus binding (Maisner et al., 1994,
Maisner & Herrler, 1995) and that CCP-III and -1V reinforce bind-
ing of MV particles (Buchholz et al., 1996b).

Each CCP module has four conserved cysteines that form the
disulfide bonds C1-C3 and C2-C4 (Janatova et al., 1989). Solution-
state 2D 'H-NMR spectroscopy provided the tertiary structure of
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two CCP modules, the fifth and the 16th repeat of human com-
plement factor H (Barlow et al., 1991, 1992), and of a pair of
modules, the 15th and 16th repeats of the same protein (Barlow
et al., 1993). We used the NMR structures as a base for generating
3D models of the individual CCP-I and -II modules of CD46 with
the program DIAMOD (Hinggi & Braun, 1994; Mumenthaler &
Braun, 1995b) and performed Monte Carlo simulations with the
program FANTOM (Schaumann et al., 1990; von Freyberg & Braun,
1993; Mumenthaler & Braun, 1995a) to model the relative orien-
tation of the domains.

We tested different model structures by site-directed mutagen-
esis and expression of the mutant proteins in mouse cells. Effects
of the mutations on MV hemagglutinin binding, cell-cell fusion,
and monoclonal antibody binding were examined. A model struc-
ture consistent with these experimental data was identified. This
model will be useful in further characterization of the hemagglu-
tinin binding site and in the design of therapeutic agents to inter-
fere with the MV attachment.

Results

3D models of the individual CCP-I and -1l modules
and their validation

Figure 1 shows the predicted structure of the external CD46 mod-
ules CCP-1 (Fig. 1A} and -11 (Fig. 1B). Both modules are about
35 A long and contain five extended strands. The polypeptide
chain forms an antiparallel B-barrel with up and down topology,
wrapping around a hydrophobic core. The disulfide bonded cys-
teines are part of the hydrophobic cores, together with the addi-
tional residues P4, M10, L12, Y20, V26, Y28, T44, and W52 for
CCP-I and 168, P71, A76, P78, Y83, F91, L105, L109, W116, and
P121 for CCP-II. The tryptophan and the tyrosine residues are
highly conserved among homologous CCP modules, and most of
the other core residues are conserved or substituted by other hy-
drophobic residues. All charged residues are on the surface except
E24, which forms an internal salt bridge with the partially buried
K15, and E103, which forms a hydrogen bond with the side chain
of H90. The N-glycosylation site of CCP-1 (N49) is near the N
terminus of CD46, whereas the N-glycosylation site of CCP-II
(N80) can be regarded as part of the CCP-I-1I interface region
(magenta spheres in Fig. 1).

The quality of the CCP-I and -II model structures was verified
with the program PROCHECK v4.0 (Laskowski et al., 1993). The
Ramachandran plot revealed that 96% of all residues excluding
glycines and prolines lie within the most favored (68%) or addi-
tionally allowed regions (38%). The three residues A41, A79, and
A114 are situated in generously allowed regions, and the aspara-
gine, to which the CCP-I oligosaccharide is attached (N49), is in
a disallowed region. The backbone dihedral angles of all G and P
as well as all the y' and x? conformations of the side chains were
in allowed regions. The peptide bond planarity of the model struc-
tures, with an average deviation of 9.8°, was slightly worse than
the expected 6.0 £ 3.0° variation.

The ratio of the charged to polar solvent-accessible surface area
(ASA) in both CCP is an independent test for structural quality.
Miller et al. (1987) found that this ratio changed from 1:3.7 in
extended polypeptide conformations to 1:1.3 in native proteins.
With a corresponding ratio of 1:1.3, our model captures the char-
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acteristics of native proteins having most of their charged groups
on the solvent-exposed surface.

Relative orientation of the modules

We cannot use the factor H structure to predict the relative onen-
tation of the modules because the tetrapeptide linker (EGLP) is
different from the YRET tetrapeptide linker in CD46. Moreover,
the NMR data indicate flexibility between the two factor H mod-
ules. To obtain a nonbiased prediction, we sampled different ori-
entations by Monte Carlo simulations with FANTOM (Schaumann
et al., 1990). Structures were then selected on the basis of low
energy and low hydrophobic accessible surface area (ASA,,) (von
Freyberg & Braun, 1993; Mumenthaler & Braun, 1995a).

This method could successfully reproduce the experimentally
determined relative orientation of the factor H CCPs (Table 1). The
84 structures obtained by the Monte Carlo simulation were clas-
sified into six distinct clusters. The cluster with the lowest ASA,
contained structures close to the factor H NMR structure. The 12
structures with lowest ASA,, of 4,925-4,945 A2 had an RMS de-
viation (RMSD) of 3.2-3.3 A (backbone atoms) and 3.4-3.5 A (all
heavy atoms) to the NMR structure (Fig. 2A). This deviation is
similar to the spread in the ensemble of NMR structures to the
mean NMR structure with an RMSD of 3.3 A for all heavy atoms
(Barlow et al., 1993). The lowest ASA,, of a structure with a wrong
orientation is 4,951 A2, i.e., 26 A2 above the minimum, and the
average value was 5,041 + 72 A2, The differences are relatively
small, but they originate exclusively from the small interface re-
gion between the two modules and are therefore significant.

We then used the same procedure to search for possible orien-
tations of CCP-I relative to -II in CD46. The analysis of the 75
structures identified a large cluster (33 structures) that contains the
structure with the lowest ASA),. However, three structure clusters
with differently oriented modules also had similar hydrophobic
areas (Table 1; Fig. 2B). Furthermore, the differences in the ASA,,
between the structure clusters are very small, and the clusters
MI1-M3 have nearly the same minimal ASA,,.

In Figure 3, representative structures of the four clusters (M1~
M4) with different linker peptide conformations are displayed. To
characterize the relative orientation of both modules, we calculated
the tilt and twist angles as defined in Bork et al. (1996). In a
procedure similar to the one presented by Barlow et al. (1993), we
assigned a rigid frame (O',x'y",z') to every module i, where the
unitary vector z' points from the C2 position of cysteine 1 to the
C* position of cysteine 4, x' is a perpendicular vector passing
through the Ca atom of cysteine 2, and y* is perpendicular to x!
and z'. Vector z' points from the N-terminus to the C-terminus and
corresponds approximately to the major axis of the inertia tensor.
The tilt angle is then defined as the angle between the z vectors,
i.e., a cos(z!+22), and the twist angle is the angle between x! and
x2*, where x** is the orientation of x? after rotating the second
module by the tilt angle such that z' and z? are colinear.

Using these definitions, we found (tilt, twist) angle pairs of (57°,
95°), (112°, —84°), (17°, 113°), and (51°, —41°) for M1, M2, M3,
and M4, respectively. Only the structure M1 comes close to the
angles of the factor H module pair (95°, 103°). A recent study
(Bork et al., 1996) analyzing all known 3D structures of module
pairs found that, whereas the tilt angle varied significantly between
20° and 120° (within a maximum range of [0°, 180°]), the twist
angles were clustered in a region from 100° to 180° (range [—180°,
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Fig. 1. Stereo view of the 3D models for the CD46 modules CCP-I (A) and -1I (B). The amino acids are color coded: positively charged
residues are blue (K, R), negatively charged residues are red (E, D), polar residues are pale magenta (S, T, Y, H, N, Q), and nonpolar
residues are green (G, L, I, A, P, V, F, M, W) or yellow (C). The N-glycosylation sites, N49 and N80, are marked in magenta. The
backbone regions of CCP-I and -II, which are assumed to be structurally similar to corresponding regions in the 15th and 16th module
of factor H, are drawn with thick lines. This drawing, Figure 3, and Figure 5 were prepared with the program MOLMOL (Koradi et al.,

1996).

180°]), with two exceptions at —39° and 32°. Only models M1 and
M3 have twist angles in this most populated region.

To plan mutagenesis experiments (see below), we tentatively
selected M1 as model structure. In this structure, Y61, which is
part of the linker peptide between CCP-I and -II, is buried in the
interface. Other less than 20% solvent-accessible residues in the
interface region are 137, Y34, T64, T82, and E84. With 24% sol-
vent accessibility, F85 may also play a role in the interface stabil-
ization. It is also noteworthy that six charged residues, E8, K32,
R62, E63, E84, and K110, are located near the interface, and might
be involved in salt bridges. The pairs E8-R62, E84-R62, and E63-
K110 are particularly close in the 3D structure.

Only the oligosaccharide situated near the CCP-I-1I junction
is essential for hemagglutinin binding

Two N-glycosylation motifs (N-X-S/T), one near the tip of the
molecule and the other near the CCP-I-II interface in the predicted
structure, were selected for mutation analysis. To obtain proteins
lacking either one of the oligosaccharide chains, the N residues of
the respective motifs were changed to Q. As expected, the apparent
mobilities of the two mutants N49Q and N80OQ on a denaturing
protein gel were slightly increased (data not shown), indicating
that both potential N-glycosylation sites are used. The level of cell
surface expression of both mutant proteins was three times lower



3D model for the measles virus receptor CD46

Table 1. Clusters of 3D structures obtained from the Monte
Carlo simulations of the relative orientations of the CCP
domains of factor H and CD46

ASAL¢ AASA,Y .
Protein® Naructures” (A2) (A?) Npirs® (A)
Factor H
HI 15 4,926 0 32 3.2-4.8
H2 16 4,962 36 12 7.0-8.7
H3 5 5,007 81 3 6.3-7.6
H4 12 5,013 87 17 5.0-8.2
H5 5 5,035 109 18 9.9-10.8
H6 5 5.131 205 7 9.0-10.7
CD46
Ml 33 5295 0 3
M2 10 5,299 4 19
M3 7 5,301 6 4
M4 9 5,350 55 22

“H1-H6 are the six clusters of 3D structures of factor H, and M 1-M4 are
the four clusters for CD46.

"Number of structures in the cluster.

“Lowest solvent-accessible hydrophobic surface area among all struc-
tures from this cluster.

dDifference to the lowest solvent-accessible hydrophobic surface area of
the first cluster.

“Number of the first Monte Carlo structure that is contained in the
cluster.

'RMSD to the two-domain NMR structure of CCP-15 and -16 of fac-
tor H.

than that of the standard (Fig. 4, proteins | and 2, column Se; the
surface expression level of the N80Q mutant was marginally higher
than that of the N49Q mutant). Antigenicity of both mutant pro-
teins was similar to that of the standard, as measured by three
CCP-I- (20.6, E4.3, and J4/48) and two CCP-II-specific antibodies
(M75 and M177) (Fig. 4, MA columns). Thus, the omission of
either oligosaccharide chain may slow down, but does not pre-
clude, correct folding and intracellular protein transport.

To assay the function of proteins 1 and 2, we used a cell-cell
fusion test based on mixing of cells expressing a CD46 protein
variant with cells expressing the two viral proteins necessary for
fusion, hemagglutinin and F (Buchholz et al., 1996b). After co-
cultivation, cells expressing functional CD46 proteins fuse and
form syncytia. In the case of the standard CD46 protein, the per-
centage of nuclei in syncytia exceeds 50%. Figure 4, column Fu,
presents the results of the cell-cell fusion tests: the N49Q mutant
protein was almost as efficient as the standard in supporting fusion,
whereas the N80Q mutant protein was considerably weaker (note
that the fusion test is very efficient, and even with a moderate cell
surface expression, a high percentage of nuclei in syncytia can be
obtained). A protein with both N residues mutated to Q reached the
cell surface inefficiently and completely lost fusion-support func-
tion (data not shown).

We then measured binding of a soluble form of MV hemagglu-
tinin (sH, Devaux et al., 1996) to mutant and standard CD46
proteins. After normalization for surface expression, the N49Q
protein was as efficient as the standard protein in binding (Fig. 4,
column sHb), whereas binding of the N80Q protein was below
detection level (10% of the standard). The fact that a weak activity
of this protein was detected in the fusion assay is due to the higher
sensitivity of this test.
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Fig. 2. Hydrophobic accessible surface area (ASAy) of the structures cal-
culated by Monte Carlo simulations. A: Distribution of ASAy, in the 84
structures obtained from the simulation with the factor H protein. Struc-
tures contained in the correct cluster, with a backbone RMSD of <3.5 A to
the NMR structure of factor H (Barlow et al., 1993), are highlighted in dark
grey. B: Distribution of ASAy, in the 75 structures obtained from the sim-
ulation with CD46. Structures belonging to the largest cluster (M1) are
shown in dark grey.

These results indicate that the oligosaccharide chain predicted to
be near the CCP-I-II interface is important for binding and fusion-
support function, whereas the one predicted to be at the membrane-
distal protein end is not. Recently, the conclusion that the N-glycan
of the CCP-II region is essential for the attachment of MV to CD46
has been reached independently by Maisner et al. (1996). Our data
additionally demonstrate that the antigenicity of the modified pro-
teins is maintained.

Protein segments essential for function

To verify if a systematic approach based on the exchange of pro-
gressively shorter protein segments could be used to narrow down
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Fig. 3. Four possible orientations of CD46 CCP-I and -II modules as found by Monte Carlo simulations. Two protein segments
(residues 39-44 and 94-105) that are important for soluble hemagglutinin binding are shown in black. The positions of the N-glycosylation

sites, N49 and N80, are shown with grey spheres.

the MV binding regions in CCP-I and -II, we substituted the first
half of CCP-I or the second half of CCP-II by the corresponding
part of the other module (Fig. 4, proteins 3 and 4; the first and last
residues of the exchanged segments were always conserved Cs).

Protein 4 reached the cell surface with an efficiency similar to
the standard (Fig. 4, first column). This protein, as expected, bound
three anti-CCP-I antibodies, but not two anti-CCP-II antibodies. It
did not permit sH binding and MV-induced cell fusion. Because
protein 3 and two other proteins with half-CCP substitutions were
not expressed on the cell surface, we concluded that hybrid pro-
teins with large exchanged segments may often fold poorly and
thus reach the cell surface inefficiently.

Consequently, we constructed two protein hybrids with short
exchange segments. First, we selected a 12-amino acid segment in
CCP-II that was part of the long stretch exchanged in protein 4.
These residues (94-105) are situated on the same face of CCP-II
as the oligosaccharide attached to N80 (Fig. 3, M1-M4), but in a
more membrane-proximal position. Protein 5 (Fig. 4) had the same
functional characteristics as protein 4: it bound CCP-I antibodies,
but not CCP-II antibodies, and neither bound sH nor supported
fusion. These results indicate that, even in the context of an anti-
genically intact CCP-I module, a relatively small alteration of
CCP-II can abolish MV binding.

The last hybrid was designed to test the four models of Figure 3.
A short, structurally prominent six-amino acid loop (PLATHT,
residues 39-44) situated below the CCP-I oligosaccharide was
selected. This loop is predicted to be close to the CCP-II oligo-
saccharide in model M1, opposite to it in model M2, and at an
intermediate distance in models M3 and M4. These residues were
substituted by the corresponding six amino acids (GEKDSV) of
the related protein DAF. The corresponding protein (6, Fig. 4)
reached the cell surface with intermediate efficiency, lost, as ex-
pected, part of its antigenicity in CCP-I, did not completely main-
tain the CCP-II antigenicity, and completely lost sH binding and
fusion-support function. These results are best accounted by model
M1 (Fig. 5).

Discussion

Hemagglutinin binding and module orientation

Our data show that the omission of the CCP-II oligosaccharide
chain, or the exchange of residues 39-44 in CCP-I or 94-105 in
CCP-II result in a strong negative effect on MV hemagglutinin
recognition. Are these three structural landmarks involved in MV
binding directly? Because MV receptors with different oligosac-
charide chains are functional (Maisner & Herrler, 1995), we favor
the hypothesis that the N-glycan of CCP-II has an indirect role in
stabilizing the protein fold, as observed using NMR for the oligo-
saccharide chain of the Ig-like protein CD2 (Wyss et al., 1995).
Another CCP-Il-altered protein with an exchange of residues 94—
105, did not support MV binding and lost antigenicity to both
CCP-II antibodies. This could be due to binding of both antibodies
to the sH binding region or to a nonlocal change of the CCP-II
conformation. The fact that both CCP-II antibodies inhibit virus
infection (Iwata et al., 1995) is consistent with the first hypothesis.

The CCP-I mutant with an exchange of residues 39-44 retained
part of its antigenicity to all CCP-I antibodies, which implies that
the conformation of this domain was not altered drastically. Inter-
estingly, this protein lost part of its antigenicity to the CCP-II
antibodies. An explanation of this unexpected result becomes ev-
ident when model M1 (Fig. 5) is considered: in this structure, the
exchanged CCP-I loop is particularly close to the interface, and to
the CCP-II oligosaccharide. Thus, displacement of the oligosac-
charide, or of neighboring residues buried in the interface (e.g.,
137, Y34), may have altered the CCP-II antigenicity. Alternatively,
the introduction of three additional charges (two negative, one pos-
itive) in this CCP-I mutant may influence the CCP-II antigenicity.

In summary, the model M1 accounts best for the hemagglutinin
binding data. Model M2 cannot account for ligand binding because
the two relevant amino acid segments would be situated on oppo-
site sides of the structure. Model M3 presents the two segments on
one side, but the low and—considering factor H—improbable tilt
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Fig. 4. Primary structure and functional characteristics of six CD46 mutants. A box denotes the amino acid sequence of CCP-1 and a
thick line indicates the sequence of CCP-II. In proteins 1-5, CCP-I-II are fused to the CD4 immunoglobulin-like domain 4 (Buchholz
et al., 1996b); in protein 6, to the other half of the CD46 protein. The cysteine residues (C) and the oligosaccharide chains (¥) are
indicated. All mutants have an additional oligosaccharide chain on the Ig-like domain 4 (proteins 1-5) or on CCP-IV (protein 6).
Mutant proteins 1 and 2 lack a glycosylation site, proteins 3—5 have duplications of segments of CCP-I or -II, and a segment from the
related protein DAF is substituted on positions 39-44 (black box) of protein 6. The degree of surface expression (Se), fusion-support
activity (Fu), soluble hemagglutinin binding (sHb), and monoclonal antibody binding (MA 1-5) are indicated, the latter two normalized
for surface expression. Monoclonal antibodies 20.6, E4.3, and J4/48 are directed against CCP-1 (MA 1-3), M75 and M177 against
CCP-II (MA 4-5). For proteins 1-5, values are standardized to those of protein I-11/4 (Buchholz et al., 1996b), and for protein 6, to
those of the CD46 isoform C2 (Buchholz et al., 1996a). The number of plus signs indicates the level: +++ corresponds to 71-130%
of the standard level;, ++, 31-70%; +, 10-30%; —, less than 10%.

angle between CCP-I and -II spreads them out in space. Model M4
is not considered because of the higher hydrophobic solvent-
accessible surface. Model M1 presents the two segments on the
concave side of the CCP-I-II interface and, at the current state of
knowledge, represents the experimental observations in the most
consistent way.

Experimental data for the relative orientation of two CCP mod-
ules are available only for the 15th and 16th CCPs of factor H
(Barlow et al., 1993), but recently a model of a CD21 CCP pair
was presented (Molina et al., 1995). In this study, two separate
binding regions to the complement factor iC3b were defined on the
CD21 CCP-I and -II modules. To empirically form a contiguous
binding surface for iC3b through the two binding sites, the first
CD21 CCP had to be rotated by approximately 130° about the long
axis of the second CCP domain, as compared to the relative ori-
entation of both modules of factor H.

The approach used here to model the relative orientation of two
CCPs is distinctly different because it is based on energetic pa-
rameters. It should be broadly applicable to predict the relative
orientation of protein modules with known structure linked by
peptides of unknown conformation.

Consequences of the 3D model for further
mutational analysis

The 3D model can be used to map the hemagglutinin binding site
more precisely. Our current mutation strategy involves substitu-
tions of residues on the CD46 surface, including not only charged
amino acids, but also some solvent-exposed hydrophobic residues.

Indeed, if the expected regular inside/outside pattern of solvent-
exposed B-sheets is fulfilled, some hydrophobic residues are pre-
dicted to be on the protein surface in model M1, for example, 145,
L53, 192, and 1104. They are all situated in B-sheets containing
buried tryptophan or cysteine residues. The high number of solvent-
exposed hydrophobic side chains reflects the fact that 44% of the
residues of the CD46 sequence are hydrophobic, i.e., A, V,L, I, M,
F, W, P or C, which is a higher fraction of hydrophobic residues
than in factor H, with 35%. This suggests that hydrophobic inter-
actions may be involved in CD46-MV hemagglutinin binding or in
CDA46 clustering following virus binding (Buchholz et al., 1996b).

Cell entry by viruses

Modular proteins have been selected as receptors by several vi-
ruses; e.g., the two amino-terminal CCP modules of CD21 are
bound by the surface glycoprotein gp350/220 of the Epstein-Barr
virus (Martin et al., 1991; Molina et al., 1991; Moore et al., 1991),
and the outermost of the four Ig-like CD4 domains is bound by the
HIV gp120 coat protein (Harrison et al., 1992; Hendrickson et al.,
1992; Moebius et al., 1992). The modular architecture makes CCP
proteins highly flexible, as documented by hydrodynamic analysis,
transmission electron microscopy (DiScipio et al., 1992), and NMR
spectroscopy (Barlow et al., 1993). Moreover, the crystals of the
four Ig-like CD4 domains are not well ordered, limiting the deter-
mination of the 3D structure of CD4 to two-domain fragments.
Thus, high flexibility might be a general requirement for virus
receptors to support viral protein configuration changes that occur
during cell entry.
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Fig. 5. Ribbon representation of CD46 model M1. Blue arrows indicate
B-sheet regions. Side chains of cysteines are shown in orange and the side
chains of asparagines at the N-glycosylation sites are green. Segments
39-44 and 94-105, important for hemagglutinin binding, are shown in red.

The gpl120 binding site on CD4 has been mapped by site-
directed mutagenesis studies and analysis of the 3D X-ray struc-
ture to a surface region of about 900 A2 near the C'-C" ridge of the
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N-terminal domain of CD4 (Moebius et al., 1992). Although there
is no similar detailed description of the virus binding sites for any
CCP bearing receptor, our 3D model and the binding studies of the
CD46 mutants in this paper indicate a quite distinct binding pat-
tern. Whereas the HIV binding site is near the membrane-distal tip
of the CD4 receptor protein, the MV hemagglutinin binding site
might be located on the concave face formed by the CCP-I and -I1
modules.

Conclusions and perspectives

Our modeling approach integrates computational tools, including
distance geometry, energy minimization, and Monte Carlo simu-
lation with site-directed mutagenesis studies. This combination of
methods should be broadly applicable to predict the relative ori-
entation of other modules (Bork et al., 1996). The atomic coordi-
nates of the four models, M1-M4, will be made generally available
to allow testing of the accuracy of the modeling procedure once an
experimental high-resolution X-ray or NMR structure is available.
Currently, the 3D model is used to rationally plan mutagenesis
experiments to map the hemagglutinin binding site more precisely.
In addition, we have produced a set of peptides overlapping the
two protein segments defined here, and are determining their abil-
ity to inhibit virus attachment to cells and replication. These pep-
tides could be lead substances for the development of antiviral
compounds controlling MV infection.

Materials and methods

Modeling of the individual CCP-1 and -1I modules

The 3D structure of the 15th and 16th modules of human factor H,
entry 1hfh (Barlow et al., 1993) was obtained from the Brookha-
ven Protein Data Bank (Bernstein et al., 1977). The sequences of
CD46 CCP-I and -II were aligned manually to the factor H se-
quence according to Figure 6. For the regions with reasonable
similarity, upper and lower distance constraints between all Ca and
CpB atoms were extracted from the factor H structure with a toler-
ance of =1 A. In the B-sheet regions, backbone angles were re-
strained to —150° < ¢ < —90° and 90° < ¢ < 150°. ¢ Angles of
all other residues, with the exception of G, N, D, S, C, A, H and
K, were restrained to —180° < ¢ < 0°, following a recent statis-
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Fig. 6. Sequence alignment of the first two CD46 modules to the 15th and 16th factor H modules. Regions highlighted in light grey
were considered to be structurally conserved. Aligned cysteines are joined by dark grey lines. Arrows below the sequences indicate
regions where S-strand angle constraints were used in the modeling procedure. The two asparagine residues to which an oligosac-

charide is attached are highlighted with a light grey circle.
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tical study (Kamimura & Takahashi, 1994). Additionally, con-
straints for hydrogen bonds between the B-sheets and three other
hydrogen bonds conserved in both modules of factor H were
generated.

These data were used by the program DIAMOD, a modified
version of the distance geometry program DIANA (Giintert et al.,
1991), to generate model structures of the individual modules. The
DIAMOD structure with lowest target function value was further
refined by energy minimization using the program FANTOM
(Schaumann et al., 1990; von Freyberg & Braun, 1993). The
ECEPP/2 force field (Némethy et al., 1983) was extended by a
term containing the solvent—protein interaction (Mumenthaler &
Braun, 1995a). This hydrophobic interaction term was weighted
highly for the first 600 minimization steps and weighted normally
for the following 600 steps.

Determination of the relative orientation
of two CCP modules

The ¢ and ¢ backbone dihedral angles of the linker tetrapeptide
were sampled by Monte Carlo simulations. Metropolis Monte Carlo
simulations with 100 trial steps at constant temperature (T =
10,000 K) were performed with FANTOM. Initially, the backbone
angles of the linker tetrapeptide between the two modules were set
to an extended conformation (¢ = —120° and ¢ = 120°). All
atoms within the two modules were kept fixed through upper and
lower limit distance constraints. In every step, only one angle was
changed to a random value, followed by 20 steps of Newton—
Raphson minimization.

This procedure was first tested for factor H, where the relative
orientation of two CCP modules is known. The NMR structure of
factor H was regularized to standard ECEPP/2 geometry by ex-
tracting distance and angle constraints from the NMR structure.
The RMSD of the regularized structure to the NMR structure was
1.1 A for backbone atoms. In preliminary calculations, we used the
full ECEPP/2 force field in vacuum, but the correct orientation was
not found. In the absence of solvation terms, charged amino acids
on the surface tended to form salt bridges with each other leading
to large negative energies. To reduce such artifacts, the electro-
static energy term was omitted in all following calculations.

All structures reaching an energy below 5,000 kcal/mol were
stored and subsequently minimized to a local minimum. The re-
sulting structures were classified into different clusters, if the RMSD
for backbone atoms was more than 4 A (Mumenthaler & Braun,
1995b).

Viruses, antibodies, soluble MV hemagglutinin

The vaccinia virus vTF7-3, coding for the bacteriophage T7 RNA
polymerase (Fuerst et al., 1986), and the VV-F/H virus, coding for
the MV F and H proteins (Wild et al., 1992), were grown as
described. The anti-CD46 monoclonal antibody 20.6 was de-
scribed by Naniche et al. (1993), E4.3 and J4/48 were obtained
from Serotec (Oxford, England), and M75 and M177 were kindly
donated by Dr. T. Seya (Seya et al., 1990). Soluble MV hemag-
glutinin, purified as described by Devaux et al. (1996), was kindly
donated by D. Gerlier.

Generation of plasmids coding for mutant CD46 proteins

The plasmid plI-1I/4, producing the CD46-CD4 hybrid protein
CCP-1-11/1g4 (Buchholz et al., 1996b), was used to construct the
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plasmids coding for proteins 1-5. For the construction of plasmid
pN49Q coding for protein 1, two PCR fragments were amplified
using external primer A (CAGTACATCTACGTATTAGT, primers
are always shown 5°-3') and B (ATTTAGGTGACACTATAG) bind-
ing upstream and downstream of the coding region, respectively.
Primer A was used in combination with primer CD46I4p,, 1)
(ATGATTCCGATCGCAAATAGT), and primer B with primer
CD46I(nqg.+ Py (TATTTGCGATCGGCAACATACATG, mu-
tated residues are underlined) introducing the N49Q mutation and
additionally creating a new, unique Pvu I restriction-site (italics)
by a silent point mutation. After gel purification, the fragments
were digested with Hind III/Pvu I and Pvu 1/Xba I and cloned into
a Hind 11I/Xba 1 digested pRc-CMV (Stratagene), in a three-way
ligation.

For the construction of plasmid pN80Q coding for protein 2,
only one fragment was amplified using primer B and the muta-
genic primer CD4611n_,q) (TAAATGGCCAAGCAGTCCCTGCA
CAAGGGACTTACG), covering besides the N80 codon a Msc 1
site (italics), unique in the coding region. The PCR fragment was
digested with Msc 1/Xba I and ligated into pRc-CMV together with
a Hind III/Msc 1 fragment, obtained from restriction of pI-11/4.

Sequence duplications in constructs 3—5 were produced by over-
lap extension PCR (Ho et al., 1989). This strategy includes two
rounds of PCR. In a first round, two fragments were produced.
First, an upstream fragment, coding for the N-terminal part of
the protein, using primer A in combination with a mutagenic
primer. Second, a downstream fragment, coding for the C-terminal
part, using primer B with another mutagenic primer. The primer
combinations were: for constructs 3 and 4, primer CD46I1;1(—)
(CCTTTTTTACAAATAAAGTGCATCTGATAAC) with primer A;
and primer CD46LII(+) (GCACTTTATTTGTAAAAAAGGATA
CTTCTA) with primer B. For construct 5, again primer CD4611;1(—)
with primer A; and primer CD46IL;1(+) (TAGATTATAAGTGT
AATGAGGGTTATTACT) with primer B. pl-11/4 served as tem-
plate for the amplification of the upstream fragments of constructs
4 and 5 and plIl/4 (Buchholz et al., 1996b) for that of construct 3.
For the amplification of the downstream fragments, the following
templates were used: pI-11/4 for construct 3; pI/4 (Buchholz et al.,
1996b) for construct 4; and pl;11/4, an intermediate construct har-
boring the C-terminal transition site from CCP-I to -II, for con-
struct 5. Each fragment contained a stretch of complementary
sequence, defining the transition site from CCP-I to -II, and the
actual overlap used in the extension PCR connecting the upstream
with the downstream fragment. The second round of PCR was
based on the formation of the overlap in a fraction of the mol-
ecules. To reduce or eliminate background amplification products,
the overlap extension product was amplified using a second pair of
external primers, primer C (TCAAGCTTAATATGGAGCCTCC
CGG) and D (GATCTAGATCAAATGGGGCTACATG), binding
to the 5" and the 3" end of the coding region, respectively. After gel
purification, the products were Hind III/Xba I digested and cloned
into the pRc-CMYV vector in a two-way ligation.

All PCR reactions were conducted on the Stratagene robocycler,
using the Pyrococcus furiosus DNA polymerase (Stratagene), har-
boring a 3" — 5’ proofreading activity. In general, PCR reactions
used 20 ng of template DNA, 50 pmol of each primer, 20 mmol
dNTPs, and 2.5 U Pfu DNA polymerase in a final volume of
100 L. For the overlap extension PCR, the reaction mixes were
as following: 1 ng of each product from the first round of PCR,
100 pmol each of primer C and D, 20 mmol dNTPs, and 2.5 U Pfu
DNA polymerase in a final volume of 100 L. Thirty cycles of
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denaturation (50 s, 94 °C), annealing (80 s, 43 °C or 45 °C in over-
lap extension PCR), and elongation (90 s, 72 °C) were performed.
The nucleotide sequence corresponding to the CD46 part of the
hybrid proteins was confirmed.

The plasmid encoding protein 6 was constructed by site-directed
mutagenesis of plasmid pRc/CMV-CD46, which contains a cDNA
coding for the C2 jsoform of CD46 {clone 63 in Buchholz et al.,
1996a). The site-directed mutagenesis system was based on double-
stranded DNA (Chameleon kit, Stratagene) using a mutagenic primer
(GGATACTTCTATATACCTGGTGAAAAGGACTCTGTTATTT
GTGATCGGAATCAT; mismatches in bold letters) and a selection
primer (CAGATATACGTATTGACATTGAT; an SnaB 1 site (italics)
was introduced to substitute a unique Mlu 1 site).

Transient expression of mutant proteins

Transient expression of standard and mutant CD46 proteins was in
mouse Ltk ™ cells with the vTF7-3 system (Bucbholz et al., 1996a).
Protein analysis was as described (Buchholz et al., 1996b), by
western blotting, fluorescence-activated cell sorter analysis using
the appropriate antibodies, or by the cell-cell fusion assay. Bind-
ing assays of mutant CD46 proteins to soluble hemagglutinin were
according to Devaux et al. (1996).
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