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Complement receptor 2 (CR2, CD21) is a cell membrane pro-
tein, with 15 or 16 extracellular short consensus repeats (SCRs),
that promotes B lymphocyte responses and bridges innate
and acquired immunity. The most distally located SCRs
(SCR1-2) mediate the interaction of CR2 with its four known
ligands (C3d, Epstein-Barr virus gp350, interferon-�, and
CD23). Inhibitory monoclonal antibodies against SCR1-2
block binding of all ligands. To develop ligand-specific inhib-
itors that would also assist in identifying residues unique to
each receptor-ligand interaction, phage were selected from
randomly generated libraries by panning with recombinant
SCR1-2, followed by specific ligand-driven elution. Derived
peptides were tested by competition ELISA. One peptide,
C3dp1 (APQHLSSQYSRT) exhibited ligand-specific inhibi-
tion at midmicromolar IC50. C3d was titrated into 15N-la-
beled SCR1-2, which revealed chemical shift changes indica-
tive of specific intermolecular interactions. With backbone
assignments made, the chemical shift changes were mapped
onto the crystal structure of SCR1-2. With regard to C3d, the
binding surface includes regions of SCR1, SCR2, and the
inter-SCR linker, specifically residues Arg13, Tyr16, Arg28,
Tyr29, Ser32, Thr34, Lys48, Asp56, Lys57, Tyr68, Arg83, Gly84,
Asn101, Asn105, and Ser109. SCR1 and SCR2 demonstrated dis-
tinct binding modes. The CR2 binding surface incorporating
SCR1 is inconsistent with a previous x-ray CR2-C3d co-crys-
tal analysis but consistent with mutagenesis, x-ray neutron
scattering, and inhibitory monoclonal antibody epitope map-
ping. Titration with C3dp1 yielded chemical shift changes
(Arg13, Tyr16, Thr34, Lys48, Asp56, Lys57, Tyr68, Arg83, Gly84,
Asn105, and Ser109) overlapping with C3d, indicating that
C3dp1 interacts at the same CR2 site as C3d.

Complement receptor 2 (CR2, CD21) is a 145-kDa Type I
transmembrane protein composed of 15 or 16 short consensus

repeat (SCR)2 domains, a 28-amino acid transmembrane
domain, and a short 34-amino acid intracellular tail (1–5).
Human CR2 is a cell surface receptor that plays an integral role
in the immune system (6–9). OnB cells, whereCR2 is primarily
expressed, CR2 is found in complex with other membrane pro-
teins, including CD19, and plays a crucial role in normal
immune responses (10, 11). CR2 is expressed primarily on
mature B cells (12) but is also found on a subset of T cells (13,
14) and follicular dendritic cells (15). CR2 has four classes of
ligands. The four classes include the C3 activation fragments
iC3b, C3dg, and C3d (16, 17), the Epstein-Barr virus surface
glycoprotein gp350/220 (18–20), the low affinity IgE receptor
CD23 (21, 22), and the cytokine interferon � (IFN-�) (23, 24).

The primary function of CR2 is as a B cell co-receptor for
antigen-mediated B cell activation through enhanced signal
transduction. CR2 co-ligation with surface IgM using mono-
clonal antibodies (25–29), C3d covalently linked to antigen
(30), or biotin-conjugated C3dg complexed with biotinylated
anti-IgM (31) results in increased intracellular calcium release
and activation of tyrosine and mitogen-activated protein
kinases. Co-activation of the BCR via C3d interacting with
CR2/CD19 greatly amplifies an immune response, even with-
out adjuvant (30).
Structural studies of CR2 and its interaction with the C3d

ligand have revealed inconsistent results. For example, the
structures of CR2 SCR1-2 and CR2 SCR1-2 in complex with
C3d derived by x-ray crystallography both show a tightly com-
pacted V shape, where SCR1 contacts SCR2, with SCR domains
forming two arms of aV (32, 33) (Fig. 1,A andB), and only SCR2
was seen to contact C3d (Fig. 1B). In contrast, using solution
scattering and modeling methods, CR2 SCR1-2 was shown to
be in a more extended conformation (Fig. 1, C and D), and in
complexwithC3d, both SCRdomains appeared to be physically
contacting C3d (34, 35) (Fig. 1D). Full-length CR2 has also been
analyzed with solution scattering and modeling techniques,
which suggested an extended conformation for the SCR1-2
domains (34) (Fig. 1E).
Site-directed mutagenesis has also been used with CR2 to

elucidate binding regions of CR2 SCR1-2. The CR2-C3d inter-
action has been studied, and the results of site-directed
mutagenesis suggest that both SCR domains are required for
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binding and that the interaction is in part charge-mediated (36).
Residues found to be required for interactionwereArg13, Tyr16,
Ser32, Arg28, Arg36, Lys41, Lys50, Lys57, Lys67, and Arg83.

Despite substantial progress in understanding CR2-ligand
interactions, several key questions remain. For example, the
CR2-C3d co-crystal structure suggests that only SCR2 contacts
C3d and that SCR1-2 dimerize when bound to C3d. The obser-
vation that only SCR2 contacts C3d was inconsistent with the
solution scattering model, monoclonal antibody mapping, and
mutagenesis studies, all of which clearly suggest that both
SCR1-2 are needed for the interactionwithC3d to take place. In
addition, dimerization has not been observed in the solution
phase (35). Furthermore, there is still no consensus about
which residuesmight be uniquely required for eachCR2-ligand
interaction, and importantly, there is no method available for
selectively inhibiting each ligand, since anti-CR2 monoclonal
antibodies directed to SCR1-2 inhibit all ligands. Such inhibi-
tors would be useful to tease out the physiological functions of
each ligand-bound state.
To further study the binding site on CR2 SCR1-2 for C3d

we have employed a 2-fold approach. First, we have gener-
ated ligand-selective inhibitory peptides. Second, using iso-
topically labeled CR2 SCR1-2 as well as the aforementioned
peptide and full-length C3d, we have evaluated in vitro bind-
ing using chemical shift analysis and NMR, a high resolution
structural tool. The results from the experiments carried out
further define the C3d binding site on CR2 SCR1-2 and indi-
cate that both SCR1-2 are in direct contact with C3d in
solution.

EXPERIMENTAL PROCEDURES

Expression and Purification of
Recombinant Proteins—Human CR2
SCR1-2 for NMR studies was
expressed in Pichia pastoris using a
BioFlo 110 Fermenter (New Brun-
swick Scientific, Edison, NJ), as pre-
viously described (37). Briefly, a sin-
gle colony was grown in 5 ml of
Pichia basal saltmedium containing
1% glycerol (BMG) overnight at
30 °C and 250 rpm, expanded to 50
ml of BMG (24 h), and finally
expanded to 300 ml of BMG (24 h).
The inoculation culture was centri-
fuged at 2500 � g 25 °C and resus-
pended in 30ml of BMG. The 30-ml
inoculation culture was used to
inoculate 1 liter of minimal Pichia
basal medium containing 40 g of
glycerol. Dissolved O2 concentra-
tion was maintained at 40%, the
temperature was maintained at
30 °C, and pH was maintained at 5
using 2 M KOH. Initial feeds were
batch glycerol feeds; transition to
methanol was eased by a methanol
injection before an exponential

methanol feed profile was initiated. Methanol induction lasted
for 2 days, after which the culture was centrifuged to remove
cellular debris. The supernatant was exchanged into 10 mM

formate, pH 4, before being passed over an SP-Sepharose col-
umn (2 � 5 ml of SP HiTrap columns; GE Biosciences, Pitts-
burgh, PA), followed by a CR2 affinity column, generated in
house by binding glutathione S-transferase-C3d to a GSTrap
column (GE Biosciences). CR2 was eluted with an increasing
linear NaCl gradient, 0–1.0 M in 1⁄3� phosphate-buffered saline
(1⁄3�PBS; 1.6mMMgCl2, 0.9mMKCl, 0.5mMKH2PO4, 45.6mM

NaCl, 2.7mMNa2HPO4, pH7.4). Finally, CR2 SCR1-2was puri-
fied by size exclusion chromatography. Purity and identity of
CR2weremonitored via SDS-PAGE,Western blot analysis, and
mass spectrometry. Both 15N and 15N-13C isotopically labeled
proteins were prepared using this strategy. For 15N isotopically
labeledCR2 [15N]ammoniumsulfatewas used. For 15N-13C iso-
topically labeled CR2 [15N]ammonium sulfate, [13C]glycerol
and [13C]methanol were used. Isotopically enriched chemicals
were purchased from Isotec Inc. (Miamisburg, OH).
Human CR2 SCR1-2 for peptide discovery and ELISA bind-

ing studies was generated using the pMAL-P2X expression sys-
tem in Escherichia coli as previously described (38, 39). Briefly,
ampicillin-resistant colonies were used to start overnight cul-
tures that were expanded to 1 liter and grown at 37 °C until an
A600 of 0.3 was obtained. Cultures were induced with 0.3 mM

isopropyl-�-D-thiogalactoside at 30 °C overnight before har-
vesting by centrifugation. Harvested pellets were resuspended
in amylose column buffer (20mMTris-HCl, pH 7.4, 0.2 MNaCl,
1 mM EDTA) and lysed by sonication. Lysate was clarified by

FIGURE 1. Previously described structures of CR2 and ligands of CR2. A, x-ray crystal structure of CR2 SCR1-2
(32). B, x-ray co-crystal structure of CR2 SCR1-SCR2-bound C3d (33). C, x-ray and neutron scattering best fit
solution model of CR2 SCR1-2 (35). D, x-ray and neutron scattering best fit co-solution model of CR2 SCR1-
SCR2-bound C3d (35). E, x-ray and neutron scattering best fit solution model of full-length CR2 (34). Green, C3d;
yellow, CR2 SCR1; blue, CR2 SCR2; gray, CR2 SCR3 to -15.
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centrifugation and applied to an amylose resin column (New
England Biosciences, Ipswich, MA). Bound MBP-CR2 SCR1-2
was eluted from the column using amylose column elution
buffer (amylose column buffer plus 10mMmaltose). Finally, the
MBP-CR2 SCR1-2 was purified by size exclusion chromatogra-
phy. Purity and identity of MBP-CR2 was monitored via SDS-
PAGE and Western blot analysis.
Human C3d for peptide discovery, ELISA binding studies,

and NMR titrations was generated using the pGEX expression
system in E. coli as previously described (36). Briefly, ampicil-
lin-resistant colonies were used to start overnight cultures that
were expanded to 1 liter and grown at 37 °C until an A600 of 0.3
was achieved. Cultures were induced with 0.3 mM isopropyl-�-
D-thiogalactoside at 30 °C overnight before harvesting by cen-
trifugation. Harvested pellets were resuspended in glutathione
S-transferase column buffer (50 mM Tris-HCl, pH 8.0, 250 mM
NaCl, 1mMEDTA) and lysed by sonication. Lysatewas clarified
by centrifugation and applied to a GStrap column (GE Bio-
sciences). C3d was cleaved from the column by digesting with
50 units of thrombin overnight at 4 °C and subsequently puri-
fied by size exclusion chromatography. Purity of C3d wasmon-
itored via SDS-PAGE.
Purification of Epstein-Barr virus gp350 was completed as

previously described (37). Briefly, gp350 was produced by
infecting Sf9 insect cells with the gp350-packaged baculovirus
particles (pVI-Bac transfer vector, C-terminal polyhistidine
tag) at a multiplicity of infection of 3. The baculoviral superna-
tant was concentrated, buffered with 10 mM TRIS-HCl with 10
mM imidazole, pH 7.4, and applied to a 5-ml HiTrap column
(GE Biosciences) and subsequently eluted with a linear imidaz-
ole gradient. Purity and identity of gp350 were monitored via
SDS-PAGE and Western blot analysis.
Human IFN-� for ELISA binding studies was cloned de novo

from isolated human genomic DNA. DNA corresponding to
residues 1–169 of human IFN-�-2a was PCR-amplified and
ligated into the pMAL-p2x (NewEngland Biosciences, Ipswich,
MA) expression vector and subsequently transformed into
E. coli BL21 cells. After DNA sequence analysis confirmed that
the correct DNA sequence was isolated and ligated, protein
production was optimized. Briefly, ampicillin-resistant colo-
nieswere used to start overnight cultures thatwere expanded to
1 liter and grown at 37 °C until an A600 of 0.3 was obtained.
Cultures were induced with 0.3 mM isopropyl-�-D-thiogalacto-
side at 25 °C overnight before harvesting by centrifugation.
Harvested pellets were resuspended in amylose column buffer
(20mMTris-HCl, pH 7.4, 0.2 MNaCl, 1mMEDTA) and lysed by
sonication. Lysate was clarified by centrifugation and applied to
an amylose resin column (New England Biosciences, Ipswich,
MA). Bound MBP-IFN-� was eluted from the column using
amylose column elution buffer (amylose column buffer plus 10
mMmaltose). After elution, theMBP tag was cleaved overnight
at 4 °C with Factor Xa (New England Biosciences). Finally,
IFN-� was purified by size exclusion chromatography. Purity
and identity of IFN-� were monitored via SDS-PAGE and
Western blot analysis.
Identification of Selective Peptide Inhibitors—Peptides were

identified using phage display libraries of 12-mer peptides from
New England Biosciences. MBP-CR2, in 0.1 M NaHCO3, pH

8.6,was immobilized to 96-well plates overnight in a humidified
container at 4 °C. After washing the plate with TBST (50 mM

Tris-HCl pH 7.5, 150 mM NaCl, and 0.1% Tween 20), 4 � 1010
phage were diluted with 100 �l of TBST and added to each
coated well for 60min at room temperature. Bound phage were
then elutedwith 1mMC3d inTBS (50mMTris-HCl, pH7.5, 150
mM NaCl). Approximately 1 �l of eluate was titered to deter-
mine the concentrations of phage to use for subsequent pan-
ning stages. Each additional (up to three total) panning step
utilized TBST with 0.5% Tween 20 instead of 0.1%. After the
third panning step,�30 positive plaques from infected colonies
were sequenced by automatedDNA sequencingmethods at the
University of Colorado Denver School of Medicine Cancer
Core to determine a consensus inhibitory peptide. The consen-
sus sequenceswere synthesized as peptides using standard solid
phase peptide synthesis protocols at the University of Colorado
Denver School of Medicine Peptide Core.
Inhibitory ELISA—Inhibition of binding was tested using a

modified competition ELISA. Briefly, Costar enzyme immuno-
assay/radioassay 96-well half-area flat bottom high binding
plates (Corning Glass) were coated with 5 �g of C3d, gp350, or
IFN-� overnight at 4 °C in ELISA coating buffer (15 mM

Na2CO3, 35 mM NaHCO3 pH 8.8). After coating the plate with
one ligand, a potential inhibitory peptide was incubated at
increasing concentrations with 2 �g of MBP-CR2 in 1⁄3� PBS
(1.6 mM MgCl2, 0.9 mM KCl, 0.5 mM KH2PO4, 45.6 mM NaCl,
2.7 mMNa2HPO4, pH 7.4). The peptideMBP-CR2mixture was
then incubated with the ligand bound plate for 1 h at 25 °C.
Following washing, bound MBP-CR2 was detected using
�-MBP-HRP; the percentage bound and thus the efficacy of
inhibition by the peptide was calculated by the equation, per-
centage inhibition � (((abs(I) � abs(N))/(abs(N)) � 100),
where abs(I) represents the absorbance of inhibited CR2-ligand
interaction and abs(N) is the absorbance of uninhibited CR2-
ligand interaction.
NMR Analysis—NMR experiments were carried out on Var-

ian 600-, 800-, and 900-MHz magnets housed in the Rocky
Mountain Regional NMR Facility at the University of Colorado
Denver School of Medicine campus (600 and 900 MHz) and in
the W. M. Keck High Field NMR Facility at the University of
Colorado Boulder campus (800MHz). The uniformly 15N-13C-
labeled SCR1-2 domains of CR2 in 1⁄3� PBS were used to
sequentially assign the 15N TROSY-HSQC (40) by using
HNCACB (41), CBCA(CO)NH (42), and 15N-edited NOESY-
HSQC (43) three-dimensional spectra. The NMR data were
processed with nmrPipe (44) and analyzed with ccpNMR (45).
Chemical shift changes were monitored using ccpNMR by
overlaying TROSY-HSQC spectra from free CR2 SCR1-2 and
CR2 SCR1-2 with increasing concentrations of either full-
length C3d or inhibitory peptides. The dissociation constants
(Kd) were determined by a nonlinear least-squares analysis
using Prism and the equation, � � �max � ((([L] � [P] �
KD) � sqrt(sqr([L] � [P] � KD) � (4 � [P] � [L])))/(2 � [P])),
where [L] is concentration of C3d or the peptide, [P] is concen-
tration of CR2 (SCR1-2), � is observed chemical shift change,
and�max is the difference in chemical shifts of the free and the
ligand-bound protein.
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RESULTS

Identification of Ligand-selective Inhibitory Peptides—Linear
consensus peptides were identified by phage display library
methods. Phage were targeted to recombinant CR2 SCR1-2,
and binding phage were competed off with each ligand to
attempt to identify peptides thatwould block binding of one but
not the other ligand. After three subsequent panning rounds
with increasing detergent concentrations, selected phage were
sequenced. A consensus peptide sequence was determined
(Table 1), and the corresponding peptide was synthesized by
conventional solid-phase techniques (46).
Peptide Competition ELISA—C3dp1 was tested in increasing

concentration against its respective ligand (C3d), gp350, and
IFN-�. Percentage inhibition was calculated and plotted
against peptide concentration to develop an inhibition curve.
From these data, an IC50 was calculated and listed in Table 1.
The IC50 for the C3d peptide (C3dp1) was 100 � 8 �M, and for
the control peptide was greater than 500 �M. The peptide
C3dp1 was found to demonstrate dose-dependent inhibition
(Fig. 2). Of particular importance, the inhibitory peptide pre-
sented here is specific to the CR2-C3d interaction and does not
inhibit the CR2-gp350 or the CR2-IFN-� interaction.
NMR CR2 Assignment and Chemical Shift Mapping—CR2

SCR1-2 expressed in P. pastoris appeared to be a correctly
folded protein, as first evidenced by the purification process,
whereby protein was purified by binding to a C3d-Sepharose

column, and second by 1H-15N HSQC spectra (Fig. 3). As is
evident in Fig. 3, the line shapes of resonances are not identical.
Such differential line broadening is indicative of a highly
dynamic protein and suggests that localized motions occur on
the microsecond to millisecond time scale.
Following resonance assignment, full-length unlabeled C3d

was titrated into a uniformly 15N-labeled CR2 SCR1-2 sample,
and the 1H-15N chemical shifts were monitored (Fig. 4, A and
B). Two modes of binding were observed. The first is charac-
terized by the disappearance and reappearance of resonances,
indicative of a tight binding interaction (Fig. 4A). The second is
characterized by specific resonance chemical shift changeswith
no loss or addition of intensity, indicative of a weaker interac-
tion (Fig. 4B). Those residues showing the tight interaction
were residues Ile9, Arg13, Tyr16, Ala22, Arg28, Tyr29, Cys31,
Ser32, Gly33, and Thr34. These residues encompass the SCR1
domain (Fig. 5). The residues showing a weaker binding inter-
action were residues Lys48, Asp56, Lys57, Tyr68, Ser70, Arg83,
Gly84, Arg89, His90, Asp92, Ser93, Ala97, Thr100, Asn101, Asn105,
Ser109, Arg122, and Ser128. These residues encompass both the
SCR2 domain and the intra-SCR linker region (Fig. 5). These
results suggest two distinct noncontiguous interaction faces on
CR2 SCR1-2 and suggest that the linker region allows SCR1 and
SCR2 to be oriented such that each intimately contacts C3d.
TheweakerKd calculated from theNMR titrationwas 130� 60
�M; the associated binding curve is shown as the inset in Fig. 4B.
For the tighter interaction using the minimal observed chemi-
cal shift difference between free and bound resonances (about
45 Hz) and assuming a diffusion-limited on rate of �10 � 8
M�1s�1, an upper limit to the binding constant was calculated
as �45 �M (Table 2).

C3dp1 was also titrated into a uniformly 15N-labeled CR2
SCR1-2 sample, and the 1H-15N chemical shifts were moni-
tored (Fig. 4, C and D). The chemical shift changes resulting
from peptide binding show two binding interactions, similar to

full-length C3d. The residues show-
ing tight interactions were residues
Arg13, Tyr16, Thr34, whereas the
weaker interaction was observed
with residues Lys48, Asp56, Lys57,
Tyr68, Arg83, Gly84, Asn105, and
Ser109. Again, these residues
encompass both SCR domains and
linker region as well as overlapping
with the CR2-C3d chemical shifts.
The interacting residues were
mapped onto the surface of the
x-ray structure (Fig. 6). These data
demonstrate that this peptide is spe-
cifically interacting with the same
residues as the full-length ligand.
The weak Kd calculated from the
NMR titration was 500 � 250 �M
(Table 2), with the associated bind-
ing curve shown as the inset in Fig.
4D. The tight CR2-C3dp1 interac-
tion is similar to that of the CR2-
C3d tight interaction (see above).

FIGURE 2. CR2-ligand competition using ELISA with bound ligand and solution phase CR2 with increas-
ing amounts of inhibitory peptides. Ligands include C3d, gp350, and IFN-�. The mean and S.D. of at least
three replicates are reported. Peptide IC50 values against the CR2-C3d interaction are reported in Table 1.

TABLE 1
Identified inhibitory peptides against CR2-ligand interactions
Shown is the inhibitory peptide against the CR2-C3d interaction identified by phage
display and its control peptide. The reported IC50 values represent an average and
S.D. of three trials.

Peptide name Peptide sequence IC50

�M

C3dp1 APQHLSSQYSRT 100 � 8
Control APAHLSSQ �500
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Residues involved in both interactions were mapped onto the
surface (Fig. 6), which shows that all residues involved in the
CR2-C3dp1 interaction are involved in the CR2-C3d
interaction.

DISCUSSION

Herein we have presented a two-pronged approach to study
CR2-ligand interactions in the solution phase. First, we have
identified a peptide that differentially inhibits C3d. The peptide
and its control were tested using competition ELISA to reveal
ligand-specific and -selective inhibition at a micromolar con-
centration against the C3d ligand. Second, we have utilized
NMRwith full-lengthC3d andC3dp1 in order to determine the
residues on CR2 SCR1-2 that are involved in the CR2-C3d
interaction.
To our knowledge, this is the first high resolution solution

state study that is directed at the interaction between SCR1-2
and its ligands. We have also developed the first CR2 ligand-
specific inhibitor that can be used to study the C3d interaction
in vitro and potentially in vivo.
Previous SCR deletion mutagenesis studies have demon-

strated that both SCR1 and SCR2 of CR2 are required for inter-
action between C3d (10, 21, 47, 48). Subsequent biochemical
studies were consistent with a requirement for both SCR1 and
SCR2 in the interaction with C3d (37, 49). However, contrary
to suggestions in earlier studies, the x-ray co-crystal structure
showed only SCR2 to be in contact with C3d (33). Subsequent
amino acid mutagenesis data confirmed the SCR2 x-ray co-
crystal contact site as well as providing support for the bio-
chemical data in that multiple amino acids in SCR1 were

required for a high affinity C3d
interaction (36). The solution struc-
ture models of CR2-C3d complexes
determined from analytical centrif-
ugation and x-ray/neutron scatter-
ing studies also point to both SCR1
and SCR2 interacting with C3d (35).
Herein we sought to extend our
understanding beyond previous
studies by using a new approach to
map specific residues on CR2. To
assist in this analysis, we also identi-
fied a specific inhibitory peptide
against C3d. This peptide, along
with full-length ligand, was subse-
quently used tomap specific regions
on CR2 SCR1-2 that are involved in
each interaction.
Along with mutational analysis

previously completed in our labora-
tory, which also suggests that both
SCR domains are required for the
interaction to occur in the solution
phase, our current studies suggest a
consensusmodel for the CR2 side of
the CR2-C3d interaction in solu-
tion. Specifically, the data presented
here suggest that there are two non-

continuous surfaces on the CR2 N-terminal two SCR domains
that both interact with C3d (Fig. 5). In addition, our data also
suggest a two-surface binding model where each SCR domain
interacts with C3d in specific regions on each SCR domain and
with differing binding affinities. SCR1 residues include Arg13,
Tyr16, Ala22, Arg28, Tyr29, Lys48, Asp56, and Lys57 and exhibit a
tighter binding interaction; SCR2 residues includeArg83, Gly84,
Arg89, His90, Asp92, Ser93, Ala97, Ser109, Thr100, Asn101, and
Ser128 and exhibit a weaker binding interaction.With a flexible
linker, it can be imagined that the two SCR domains form a
sandwich around C3d. Many resonances disappear due to the
size of this large complex and to the increased tumbling time;
therefore, alternative labeling techniques are necessary to
observe such resonances.
Our data also suggest that the linker region plays an impor-

tant role in the interaction. Although linker-derived interac-
tions with ligand have been suggested before, they are more
concretely shown here from specific chemical shift changes
from residue Tyr68. In addition, with one of the longest inter-
SCR linker region in SCR-containing proteins, it is reasonable
to propose that the linker is flexible, and the two SCR domains
could be oriented in multiple conformations, thus allowing
interaction with varied ligands.
It is also relevant to note that it is not only charged residues

that are suggested to interact with C3d, since there are also
hydroxyl-containing amino acids that are apparently involved.
Previous models of the charge dependence of the CR2-C3d
interaction suggested long range contributions to binding from
specific charged residues on CR2 (50, 51). Herein we have iden-
tified several of these residues as being directly involved in the

FIGURE 3. 1H-15N TROSY-HSQC spectra reveal that CR2 SCR1-2 is folded in solution. 1H-15N TROSY-HSQC
spectra of 15N-labeled CR2 SCR1-2 (0.4 mM in 1⁄3� PBS) collected at 25 °C on a Varian 900 MHz spectrometer.
Spectra were processed with nmrPipe and viewed with ccpNMR.
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CR2-C3d interaction; specifically, these residues are Arg13,
Arg28, Tyr29, Arg83, Arg89, His90, and Asp92. Our data support
that of the charge dependent models; however, we have also
shown that hydroxyl-containing amino acids are involved in
the CR2-C3d interaction, probably through short range
interactions.
With regard to the Cys31 residue that was identified during

the study, cysteine residues in the SCR domains are found in
disulfide linkages; this residue’s amide-bond being surface-ex-
posed. Therefore, chemical shift changes from these residues
are probably due to an overall conformational change in each
SCR domain, although it may be subtle or possibly through a
hydrogen-bonding interface.
The inhibitory peptide againstC3dwas alsomapped onto the

surface of CR2 SCR1-2 in the sameway as the full-length ligand.
Interestingly, the mapping of the peptide ligand overlaps with
mapping of the full-length ligand (Fig. 6). The peptide, being
much smaller in size thanC3d, should in principle interact with
a smaller number of amino acids than C3d. Interestingly, how-
ever, the amino acids that were mapped are on both SCR
domains and the linker region (Fig. 6). The ability of a short
peptide to interact with spatially disparate surfaces suggests

that there are two binding events. This is suggested by two
differentmodes of chemical shift tendencies thatwere observed
on overlaid HSQC spectra (Fig. 4), which are indicative of sep-
arate or different binding events (52). In aggregate, however,
these results indicate that the peptide specifically interacts in
the same area with the same amino acids as the full-length
ligand (Fig. 6). These results suggest that the approach of using
peptide to map binding sites is valid and may have particular
utility with larger ligands, such as gp350, that are likely to be too
large for NMR methods.
It is also notable that the peptide CR2 interaction is very

similar to full-lengthC3d interaction, with a tight interaction of
�45 �M, whereas each also has weaker interactions. It is likely
that the two binding affinities are not quite an order of magni-
tude apart; thus, both binding events can be observed simulta-
neously. The C3d weak interaction is tighter than C3dp1 weak
interaction,which is expected. These results are consistentwith
previously reported Kd values for the CR2-C3d interaction in
low salt conditions (23, 53), although they differ in orders of
magnitude. This disparate finding is probably due to the previ-
ous Kd values being derived from a surface binding model,
closer to the in vivo behavior, whereas the current study is a
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FIGURE 4. NMR titration analysis reveals that SCR1 and SCR2 of CR2 are both involved in the ligation with C3d and C3d-inhibitory peptide C3dp1. A and
B, five superimposed 1H-15N TROSY-HSQC spectra of 15N-labeled CR2 SCR1-2 (0.3 mM in 1⁄3� PBS) collected during titration with increasing amounts of C3d.
Black, no C3d; blue, with 50 �M C3d; purple, with 100 �M C3d; green, with 300 �M C3d; red, with 600 �M C3d. Inset on B, the binding curve for the CR2-C3d weak
interaction. C and D, five superimposed 1H-15N TROSY-HSQC spectra of 15N-labeled CR2 SCR1-2 (0.3 mM in 1⁄3� PBS) collected during titration with increasing
amounts of C3dp1. Black, no C3dp1; blue, with 250 �M C3dp1; purple, with 500 �M C3dp1; green, with 750 �M C3dp1; red, with 1000 �M C3dp1. Inset in D, binding
curve for the CR2-C3dp1 weak interaction. Residues monitored were Arg13 (A and C) and Arg83 (B and D). The numbering system used here within for CR2 is
based on the reported amino acid sequence for the mature protein (5).
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completely solution-based method. The two binding events
that are evident in the two Kd values reported are mapped onto
the crystal structure and suggest that there is one high affinity
interaction and one lower affinity interaction. The data pre-
sented here suggest a two-site binding model that agrees well
with twopreviously reported two-site bindingmodels thatwere
derived using a different methodology (surface plasmon reso-
nance), and both report a low and high affinity interaction (23,
54). The high affinity interaction appears to be present with
SCR1 and is represented by the immediate loss of resonances
in the first titration point, where the first titration point is 50
�M C3d. The lower affinity interaction appears to be present
in the linker region and SCR2 and is represented by the
chemical shift change that changes in a dose-dependent
manner. The higher Kd for the peptide is to be expected,
since the peptide shows no similarity to sequences on C3d.
Of additional interest is that the peptide has only potentially
positively charged amino acids, thus not acting in a charge-
dependent manner as has been shown to be required for the
CR2-C3d interaction (50, 51).

Finally, the inhibitory peptide described here represents the
first available ligand-selective inhibitor for CR2-ligand interac-
tions. This peptide in principle could be used to study the spe-
cific outcomes of CR2-C3d interactions during an ongoing
immune response in an in vivo animal model. In addition, it
might be possible to use this peptide to directmolecules to CR2
in vivo.
In contrast to the emerging consensus regarding the CR2

side of the CR2-C3d interface, it is still uncertain where CR2
binds C3d (33, 36, 55). Our data do not directly address this
question but are consistent with the co-crystal structure deter-
mination showing the SCR2-C3d interaction. However, sub-
stantial work is still required to better understand the site(s) to
which SCR1 and SCR2 bind C3d.
In summary, our approach tomap the binding surface of CR2

SCR1-2 toC3dhas revealed a binding surface composed of both
SCR domains and the inter-SCR linker region on CR2 at differ-
ing binding affinities. It is relevant to note that these surfaces
agree well with previous mutagenesis and solution scattering
experiments but differ from the co-crystal structure of CR2-
C3d in that both SCR1 and SCR2 participate in the interaction.
It is important to keep in mind that this body of research is
aimed at the CR2 SCR1-2 side of the CR2-C3d interaction and
does not address the C3d side of the interaction; however, this
interaction is currently being addressed in our laboratory. An
inhibitory peptide was also identified from a large random pep-
tide library. This peptide has been shown to be selective against
theC3d ligand, and theC3dp1 peptidemaps onCR2 at a similar
site as the full-length ligand. This peptide represents the first
available ligand-selective inhibitor of CR2 and opens possibili-
ties of studying the effects of specific CR2 ligands in the context
of an ongoing immune response in vivo.

FIGURE 5. Surface representation of CR2 SCR1-2 x-ray crystal structure in
its ligand-bound state (C3d not shown) with NMR-determined C3d bind-
ing residues mapped out. Gray residues represent residues unaffected by
C3dp titration. The blue residues on SCR1 represent the tight binding affinity
interactions on CR2 between CR2 and C3d. The green residues on the linker
and SCR2 represent the weaker affinity binding interactions on CR2 between
CR2 and C3d.

TABLE 2
Binding constants from NMR titrations
Shown are the weak and upper limit to the tight binding constants for the CR2-C3d
and CR2-C3dp1 interactions. The binding constants were calculated using NMR
titrations, monitoring chemical shift changes. The binding curves are found in Fig.
4, B and D. UL, upper limit.

Ligand/Peptide Binding mode Kd

�M

C3d Tight, UL 45
Weak 130 � 60

C3dp1 Tight, UL 45
Weak 500 � 250

FIGURE 6. Surface representation of CR2 SCR1-2; summary of NMR bind-
ing maps. Shown is a summary of the binding maps of CR2-C3d and CR2-
C3dp1. Gray residues represent residues that are not involved in either bind-
ing event. Blue residues represent residues only involved in C3d binding to
CR2. Yellow residues represent residues involved in both C3d and C3dp1 bind-
ing to CR2.
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