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Biophysical Investigations of Complement Receptor 2 (CD21
and CR2)-Ligand Interactions Reveal Amino Acid Contacts
Unique to Each Receptor-Ligand Pair”
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Human complement receptor type 2 (CR2 and CD21) is a cell
membrane receptor, 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, EBV gp350, IFN«, and CD23). To
ascertain specific interacting residues on CR2, we utilized NMR
studies wherein gp350 and IFN« were titrated into '°N-labeled
SCR1-2, and chemical shift changes indicative of specific inter-
molecular interactions were identified. With backbone assign-
ments made, the chemical shift changes were mapped onto the
crystal structure of SCR1-2. With regard to gp350, the binding
region of CR2 is primarily focused on SCR1 and the inter-SCR
linker, specifically residues Asn'!, Arg'3, Ala??, Arg®®, Ser®?,
Arg3S, Lys*!, Lys®?, Tyr®, Lys®’, Tyr®®, Arg®?, Gly®*, and Arg®.
With regard to IFNe, the binding is similar to the CR2-C3d
interaction with specific residues being Arg'?, Tyr'®, Arg®,
Ser*?, Lys*®, Lys®, Tyr%®, Arg®?, Gly®*, and Arg®®. We also report
thermodynamic properties of each ligand-receptor pair deter-
mined using isothermal titration calorimetry. The CR2-C3d
interaction was characterized as a two-mode binding interac-
tion with K; values of 0.13 and 160 uMm, whereas the CR2-gp350
and CR2-IFNa interactions were characterized as single site
binding events with affinities of 0.014 and 0.035 uM™, respec-
tively. The compilation of chemical binding maps suggests spe-
cific residues on CR2 that are uniquely important in each of
these three binding interactions.

Human complement receptor 2 (CR2/CD21) is a 145-kDa
transmembrane protein comprised of 15 or 16 short consensus
repeat (SCR)? extracellular domains, a 28-amino acid single
pass transmembrane domain, and a short 34-amino acid intra-
cellular domain (1-5). Each of the extracellular SCRs includes
~60-70 amino acid residues, and each is connected by linker
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regions of 3— 8 amino acid residues. All SCRs contain a number
of conserved residues, including four cysteine residues, which
form a pattern of disulfide bridges connecting Cys'-Cys® and
Cys®>~Cys®* CR2 is primarily present on B cells, where it is found
in complex with other membrane proteins that promote nor-
mal humoral and cellular immune responses (6 —9). Using the
most distally located SCR domains, SCR1-2, CR2 ligates four
classes of ligands, complement component 3 proteolytic frag-
ments iC3b, C3dg, and C3d (10, 11); the Epstein-Barr virus
(EBV) glycoprotein gp350/220 (gp350) (12—14); the low affinity
IgE receptor CD23 (15, 16); and the cytokine interferon «
(IENa) (17-19).

The primary role of CR2 is to function as a B cell co-receptor
for antigen-mediated B cell activation through enhanced signal
transduction (20, 21). This function is carried out through co-
ligation via C3d and surface IgM, where C3d is covalently
attached to an antigen (22—28). CR2 is also the obligate cellular
receptor for EBV through its envelope surface glycoprotein
gp350 (12, 20,29 -31). Actual cellular EBV infection is achieved
after the ligation of CR2 to gp350 presumably tethers the virus
close enough to the cell surface (14, 32, 33), allowing viral gp42
to bind human leukocyte antigen class II molecules (34, 35) and
subsequently triggering host cell fusion via three additional
viral glycoproteins gB, gH, and gL (36-38). IFN« has been
shown to be a ligand of CR2, although the physiologic impor-
tance of this interaction remains unclear (17-19). It has been
suggested, however, that IFN« and CR2 may be involved in the
development of the autoimmune disease systemic lupus erythe-
matosus (39 —-41).

Mutagenesis studies along with structural studies of the
CR2-gp350 interaction have suggested residues on CR2 that are
required for the interaction (20, 42, 43). ELISA and flow cytom-
etry were used to test candidate CR2 mutants for the binding of
gp350 and CR2 (20, 42, 43). In recent studies, specific residues
on CR2 that were found to have a deleterious effect on gp350
binding when mutated included Arg"?, Ser'®, Arg®®, Arg®®,
Lys*, Lys®”, Lys®”, Arg®®, and Arg® (42, 43). In separate work,
residues Pro®-Ser'® within the first conserved inter-cysteine
region of SCR1 and the linker region between SCR1 and SCR2
were highlighted as being essential for gp350 binding to occur
(20). These data, in conjunction with separate mutagenesis
analyses targeting the gp350 molecule, were used to drive an in
silico model of the CR2-gp350 interaction utilizing the soft
docking program HADDOCK (43-45). This analysis suggested
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that the primary interaction on CR2 was between SCR1 and the
linker region joining SCR1 to SCR2 and the linker region
between domain 1 and domain 2 for gp350 (43).

CR2 has been suggested as a receptor for IFNa by the finding
that IFNa mimics both gp350 and C3d binding, and the obser-
vation that all three ligands bind a similar region on CR2 (18,
19). The mimicry was shown to be functional as well (18). After
both C3d and IFNa structures were solved, the putative CR2
binding sequence was found to have similar structural motifs.
IFNa has been described as being able to bind to multiple forms
of CR2 from full length to SCR1-2, although to varying degrees
(17). Although CR2 has been shown to be a receptor for IFN¢,
the IFNa-binding site within CR2 SCR1-2 is unknown.

To further study the ligand-specific differential binding to
CR2, we have employed NMR chemical shift analysis during
ligand titrations to identify specific residues involved in the
CR2-gp350 and CR2-IFNw interactions. Furthermore, we have
used ITC to measure thermodynamic binding constants for the
CR2-C3d, CR2-gp350, and CR2-IFNe interactions. The results
from the experiments carried out suggest that each CR2 ligand
interaction utilizes unique residues within SCR1, SCR2, and the
inter-SCR linker region.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Proteins—Hu-
man CR2 SCR1-2 for NMR and ITC studies was expressed in
Pichia pastoris using a BioFlo 110 fermentor (New Brunswick
Scientific, Edison, NJ) as described previously (46). Briefly, a
single colony was grown in 5 ml of Pichia basal salt medium
containing 1% glycerol (BMG) overnight at 30 °C, 250 rpm,
expanded to 50 ml of BMG (24 h), and finally expanded to 300
ml of BMG (24 h). The inoculation culture was centrifuged at
2500 X gat 25 °C and resuspended in 30 ml of BMG. The 30-ml
inoculation culture was used to inoculate 1 liter of minimal
Pichia basal media containing 40 g of glycerol. Dissolved O,
concentration was maintained at 40% with the temperature at
30 °C and pH 5.0 using 2 M KOH. Initial feeds were batch glyc-
erol feeds; transition to methanol was eased by a methanol
injection before an exponential methanol feed profile was ini-
tiated. Methanol induction lasted for 2 days, after which the
culture was centrifuged to remove cellular debris. The super-
natant was exchanged into 10 mm formate, pH 4.0, before being
passed over an SP-Sepharose column (2 X 5-ml SP HiTrap
columns, GE Healthcare) followed by a CR2 affinity column,
generated in-house by binding GST-C3d to a GSTrap column
(GE Healthcare). CR2 was eluted with an increasing linear NaCl
gradient, 0—1.0 M in %X phosphate-buffered saline (PBS: 1.6
mm MgCl,, 0.9 mm KCl, 0.5 mm KH,PO,, 45.6 mm NaCl, 2.7
mM Na,HPO,, pH 7.4). Finally, CR2 SCR1-2 was purified by
size exclusion chromatography. Purity and identity of CR2 were
monitored via SDS-PAGE, Western blot analysis, and mass
spectrometry. Both ®N and '°N-'3C isotopically labeled pro-
teins were prepared using this strategy. For '°N isotopically
labeled CR2, [**N]ammonium sulfate was used. For ®N-13C
isotopically labeled CR2, [**N]ammonium sulfate, ['*C]glyc-
erol, and [**C]methanol were used. Isotopically enriched chem-
icals were purchased from Isotec Inc., Miamisburg, OH.
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Human CR2 SCR1-2 for ITC studies was generated using the
pMAL-P2X expression system in Escherichia coli as described
previously (42, 43). Ampicillin-resistant colonies were used to
start overnight cultures that were expanded to 1 liter and grown
at 37°C until an Ay, of 0.3 was obtained. Cultures were
induced with 0.3 mwm isopropyl -p-thiogalactoside at 30 °C
overnight before harvesting by centrifugation. Harvested pel-
lets were resuspended in amylose column buffer (20 mm Tris-
HCI, pH 7.4, 0.2 M NaCl, 1 mm EDTA) and lysed by sonication.
Lysate was clarified by centrifugation and applied to an amylose
resin column (New England Biolabs, Ipswich, MA). Bound
MBP-CR2 SCR1-2 was eluted from the column using amylose
column elution buffer (amylose column buffer plus 10 mm
maltose). Finally, the MBP-CR2 SCR1-2 was purified by size
exclusion chromatography. Purity and identity of MBP-CR2
were monitored via SDS-PAGE and Western blot analysis.

Human C3d for ITC studies was generated using the pGEX
expression system in E. coli as described previously (47). Briefly,
ampicillin-resistant colonies were used to start overnight cul-
tures that were expanded to 1 liter and grown at 37 °C until an
Agoo 0of 0.3 was achieved. Cultures were induced with 0.3 mm
isopropyl B-p-thiogalactoside at 30 °C overnight before har-
vesting by centrifugation. Harvested pellets were resuspended
in GST column buffer (50 mm Tris-HCI, pH 8.0, 250 mm NaCl,
1 mm EDTA) and lysed by sonication. Lysate was clarified by
centrifugation and applied to a GStrap column (GE Health-
care). C3d was cleaved from the column by digesting with 50
units of thrombin overnight at 4 °C and subsequently purified
by size exclusion chromatography. Purity of C3d was moni-
tored via SDS-PAGE.

Purification of a truncated construct of EBV gp350 compris-
ing residues 1-470 of the wild-type protein for NMR titrations
and ITC studies was completed as described previously (46).
gp350 was produced by infecting Sf9 insect cells with the
gp350-packaged baculovirus particles (pVI-Bac Transfer vec-
tor, C-terminal polyhistidine tag) at a multiplicity of infection
of 3. The baculoviral supernatant was concentrated, buffered
with 10 mm Tris-HCl with 10 mM imidazole, pH 7.4, and
applied to a 5-ml HiTrap column (GE Healthcare) and subse-
quently eluted with a linear imidazole gradient. Purity and iden-
tity of gp350 were monitored via SDS-PAGE and Western blot
analysis.

Human IFNa for NMR titrations and ITC studies was gen-
erated using the pMAL expression system in E. coli as described
previously (48). Ampicillin-resistant colonies were used to start
overnight cultures that were expanded to 1 liter and grown at
37 °C until an A, of 0.3 was obtained. Cultures were induced
with 0.3 mm isopropyl B-p-thiogalactoside at 25 °C overnight
before harvesting by centrifugation. Harvested pellets were
resuspended in amylose column buffer (20 mm Tris-HCI, pH
7.4, 0.2 M NaCl, 1 mm EDTA) and lysed by sonication. Lysate
was clarified by centrifugation and applied to an amylose resin
column (New England Biolabs). Bound MBP-IFNa was eluted
from the column using amylose column elution buffer (amylose
column buffer plus 10 mM maltose). After elution, the maltose-
binding protein tag was cleaved overnight at 4 °C with Factor
Xa (New England Biolabs). Finally, IFN«a was purified by size
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FIGURE 1. NMR titration analysis reveals that SCR1 and SCR2 of CR2 are both involved in ligating gp350. Two superimposed 'H-">N TROSY-HSQC
spectra of '°N-labeled CR2 SCR1-2 (0.6 mm in /3X PBS) were collected during titration with increasing amounts of gp350. Black, no gp350; red,
saturating amounts of gp350. Inset, detailed view of chemical shift change. The numbering scheme used here for CR2 is based on the amino acid

sequence for the mature protein.

exclusion chromatography. Purity and identity of IFNa were
monitored via SDS-PAGE and Western blot analysis.

NMR Analysis—NMR experiments were carried out on Var-
ian 600, 800, and 900 MHz magnets housed in the Rocky Moun-
tain Regional NMR Facility at the University of Colorado Den-
ver School of Medicine campus (600 and 900 MHz) and in the
W. M. Keck High Field NMR Facility at the University of Col-
orado Boulder campus (800 MHz). The uniformly **N-*3*C-la-
beled SCR1-2 domains of CR2 in ¥4 X PBS were used to sequen-
tially assign the "*N-TROSY-HSQC (49) by using HNCACB
(50), CBCA(CO)NH (51), and '*N-edited NOESY-HSQC (52)
three-dimensional spectra. The NMR data were processed with
nmrPipe (53) and analyzed with ccpNMR (54). 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 EBV gp350 or IFNa.

ITC Analysis—ITC experiments were carried out on a
Microcal VP-ITC housed in the Biophysics Core Facility on the
University of Colorado Denver School of Medicine campus.
CR2 SCR1-2 in %X PBS was used in titration experiments
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carried out at 20 °C. Each titration experiment consisted of a
5-ul injection followed by 26 injections of 10 ul of graded con-
centrations of C3d, gp350, or IFNa. Data were analyzed using
the software provided by the manufacturer (Origin, version 7.0,
MicroCal) using either single site or two-site binding models
(55).

RESULTS

Chemical Shift Analysis—Using previously described reso-
nance assignments (48), full-length ligands EBV gp350 and
IFNa were titrated into uniformly *°N-labeled CR2 SCR1-2
samples, and the '"H-'°N chemical shifts were monitored (Figs.
1-3). Titration with EBV gp350 yielded a single mode of bind-
ing characterized by the disappearance and reappearance of
specific resonances, indicative of a tight interaction. The resi-
dues on CR2 SCR1-2 exhibiting chemical shift changes are
Asn'', Arg', Ala®?, Arg®®, Ser®?, Arg®®, Lys™, Lys®’, Tyr®%,
Lys®”, Tyr®®, Arg®?, Gly**, and Arg®. These residues encompass
the SCR1, SCR2, and the inter-SCR linker region of CR2 (Figs. 3
and 4A). Chemical shift change magnitudes are shown in Fig. 3.

JOURNAL OF BIOLOGICAL CHEMISTRY 27253



Biophysical Properties of CR2-Ligand Interactions

These results suggest that the inter-SCR linker and a ridge on
SCR1 play the most important role in ligating gp350 to CR2
(Fig. 4A). Because this interaction is under slow exchange on
the NMR time scale, only an upper limit K, value can be calcu-
lated. The K, value was calculated using the minimal observed
chemical shift difference between free and bound resonances
(about 60 Hz); assuming a diffusion-limited on-rate of ~10X 8
M~ 's7! an upper limit to the binding constant was calculated
as ~60 um (Table 1).

Full-length IFN« was also titrated into uniformly '°N-la-
beled CR2 SCR1-2 samples, and the "H-'°N chemical shifts
were monitored (Fig. 2). Titration with the cytokine IFN«
yielded a single mode of binding similar to that of gp350 ligation
and thus a tight interaction. The residues on CR2 SCR1-2
exhibiting chemical shift changes are Arg'?, Tyr'®, Arg®, Ser*?,

TABLE 1
CR2 binding constants from NMR titrations and ITC

Shown are weak and upper limits to tight binding constants for CR2-ligand inter-
actions determined using NMR titrations monitoring chemical shift changes. Also
shown are CR2-ligand binding constants determined using ITC. UL, upper limit.

CR2 ligand NMR determined, K, ITC determined, K,
um M
C3d Tight, UL 45 0.13 £ 0.05
Weak 130 * 60 160 + 20
gp350 UL, 60 0.014 * 0.009
IEN-a UL, 70 0.036 = 0.008

Lys*®, Lys®, Tyr®®, Arg®®, Gly®%, and Arg®. These residues
encompass the SCR1, SCR2, and the inter-SCR linker region of
CR2 (Figs. 3 and 4B). Chemical shift change magnitudes are
shown in Fig. 3. These results suggest that IFNa-binding sur-
face is similar to that of the C3d-binding surface (Fig. 3). Similar
to the gp350 chemical shift changes, the chemical shift changes
for the IFNa suggest tighter than visible via the NMR time
scale; the upper limit K, was calculated as before to be ~70 um
(Table 1).

For comparison, we have illustrated unique and shared
residues on CR2 required for ligation by C3d, gp350, and
IFN« (Fig. 4C). In addition, we have also shown an overlay of
chemical shift change magnitudes for each ligation state
(Fig. 3).

Thermodynamics of CR2-Ligand Interactions—ITC was used
to determine binding affinities of CR2-ligand interactions.
Consistent with the NMR chemical shift analyses, the interac-
tion between CR2 and C3d was determined to be a two-site
binding based on the goodness of fit of a two-site binding model
rather than a single site binding model. The two affinities are
0.13 = 0.05 and 160 =* 20 uM. The interaction between CR2 and
gp350 was fit using a single site binding model that yielded an
affinity of 0.014 * 0.009 um. The interaction between CR2 and
IFN« was fit using a single site binding model yielding an affin-
ity of 0.035 = 0.008 uMm. The results of all thermodynamic
parameters from NMR- and ITC-

0 pM IFN-alpha
100 pM IFN-alpha
200 pM IFN-alpha
400 pM IFN-alpha
800 pM IFN-alpha

7.95 7.90 7.85 7.80 7.75 7.70
v b e b e b e o |

.65
AT BT A

- derived affinities can be found in
§- Table 1.

71 DISCUSSION

Here, we have utilized a 2-fold
4 approach to study CR2-ligand inter-
1 actions in the fluid phase. First, we
have used NMR spectroscopy to
elucidate residues on SCR1-2 that
interact with either gp350 or IFNa.
4 This was accomplished by titrating
1 full-length gp350 or IFN« into °N-
71 labeled CR2 SCR1-2 and monitor-
ing chemical shifts. Second, we uti-
4 lized ITC to further characterize
4 and determine binding constants
1 for each CR2-ligand interaction.
This body of data builds on our previ-
ous NMR binding map of the CR2-
4 C3d interaction and increases the
41 knowledge of the thermodynamic
and physicochemical properties of
the individual binding interactions.
Earlier studies that were aimed at
4 determiningareas of CR2 thatinter-
acted with gp350 began with com-
plete SCR deletion mutations to

4 mpm] determine which SCR domains

.60
| A B

FIGURE 2. NMR titration analysis reveals that SCR1 and SCR2 of CR2 are both involved in ligating IFNa.
Five superimposed "H-">N TROSY-HSQC spectra of '°N-labeled CR2 SCR1-2 (0.6 mmin '/3X PBS) were collected
during titration with increasing amounts of IFNa. Black, no IFN¢; blue, with 100 um IFN¢; purple, with 200 um

IFNq; green, with 400 um IFNg; red, with 800 um IFNa.
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were required for interaction with
gp350. It was shown that both SCR1
and -2 were needed for the binding
of gp350 (1, 12, 20, 56, 57). Further-
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more, it was also reported that specific areas of SCR1-2 were
important in binding gp350 (20, 58). These areas were between
the first and second and the second and third cysteine residues
of SCR1 and the second half of SCR2; the amino acids included
Arg®® to Arg®® and Thr'® to Ser'?® in SCR2 (58). Interactions
with the linker were also inferred by the finding that the intro-
duction of a glycosylation site into the linker eliminated gp350
but not C3d binding (20, 31, 57).

More recently, it has been shown that there are specific inter-
acting amino acids on the surface of CR2 SCR1-2. Mutagenesis
studies suggested that residues Arg'?, Ser'®, Arg>®, Arg®®, Lys*!,
Lys®®, Lys®’, Arg®, and Arg® are the most important residues
in the CR2-gp350 interaction (42, 43). In addition, using
HADDOCK, a model of interaction was determined where the

CR2 Ligand Binding Comparison

Biophysical Properties of CR2-Ligand Interactions

linker region between domains one and two of gp350 interacts
with the linker between SCR1 and SCR2 of CR2 (43).
However, although there have been suggestions of important
regions and more recently amino acids that are important in the
interaction between CR2 and gp350, there has been no physical
evidence of these interactions occurring. We now present a
CR2 binding map that illustrates residues important to the
CR2-gp350 interaction (Fig. 44). Residues determined to be
important to the CR2-gp350 interaction are Asn'!, Arg'?,
Ala??, Argzg, Ser3?, Arg%, Lys‘“, Tyr“, Lys67, Tyr68, ArgSB,
Gly®* and Arg®. Because there are multiple interactions within
the linker region, it is possible to imagine a rearrangement of
SCR domains about the linker region upon binding gp350 and
thus allowing for all contact points to be met. It is important
to keep in mind that some of these
residues deemed as important for
interaction might be important

04 ; SCR1 flinkery SCR2 1 in structural rearrangement upon
3 binding and not intimate amino
& 0.09 1 acid contact sites. Some reso-
~ 0.08 - nances disappear due to the large
(] . N
g‘) 0.07 - size of the ligated complex, ~110
© kDa, and the resultant increased
5 0.06 - tumbling time; therefore, alterna-
&= 0.05 tive labeling techniques are neces-
;',E, 0.04 - sary to observe such resonances.
- Our data suggest that the linker
g 0.03 region is important in the CR2-
‘E 0.02 gp350 interaction. The linker inter-
g 0.01 | action has been shown to be impor-
(&) o lll“l ‘ Ih.u lI" Ihl III . I wall iy - tant in mutagenesw—denved data as
20 40 60 80 100 120 well as in the soft dock model from

Residue Number

FIGURE 3. NMR-derived CR2-ligand binding residue comparison. Histogram illustrates chemical shift
changes induced in the backbone amides of CR2 SCR1-2 upon binding C3d, IFN¢, or gp350. Residues affected
by C3d ligation are illustrated in green. Residues affected by IFN« ligation are illustrated in blue. Residues
affected by gp350 ligation are illustrated in red.

HADDOCK (43). The linker region
between SCR1 and SCR2 is eight
amino acids, one of the longest in
SCR-containing proteins, and thus

C

FIGURE 4. Surface representation of CR2 SCR1-2 x-ray crystal structure in its ligand-bound state (C3d not shown) with NMR-determined ligand
binding residues. A, NMR-determined gp350-binding residues. Gray residues represent residues unaffected by gp350 titration. The red residues on SCR1, the
linker region, and SCR2 represent residues involved in gp350 binding to CR2 SCR1-2. B, NMR-determined IFNa-binding residues. Gray residues represent
residues unaffected by IFN« titration. The blue residues on SCR1, the linker region, and SCR2 represent residues involved in IFN« binding to CR2 SCR1-2.
G unique and shared binding residues of CR2-ligand interaction determined by NMR. Gray residues represent residues either unaffected by ligand binding or
affected in two out of three of the ligand binding events. The blue residues represent residues that are uniquely involved in CR2 binding to IFNa. The red
residues represent residues that are uniquely involved in CR2 binding to gp350. The green residues represent residues that are uniquely involved in CR2
binding to C3d. The yellow residues represent residues that are involved in all three CR2 ligand binding events.
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FIGURE 5. HADDOCK CR2-gp350 docking model with NMR-derived CR2-gp350 ligand binding residues highlighted. Model is from Young et al. (43). Gray
ribbons represent gp350, and orange represents glycosyl groups that decorate the surface of gp350. Blue ribbons represent CR2 SCR1-2 with NMR-derived
CR2-gp350 ligand-binding residues in red. Inset, magnified view of theoretical side chain interactions between NMR-derived binding residues and gp350

mapped on the docking model of Young et al. (43).

itis likely to be flexible enough to mediate multiple ligand inter-
actions. Unlike the CR2-C3d interaction, our data suggest that
two residues in the linker region, Lys®” and Tyr®®, are important
in the CR2-gp350 interaction. Thus, with both a charged resi-
due, Lys®’, and a hydroxyl-containing residue, Tyr®, it is likely
that the interaction with the linker is stronger in the CR2-gp350
interaction than with the CR2-C3d interaction, a start to defin-
ing how CR2 can mediate multiple ligand interactions.

As with the CR2-C3d interaction (59, 60), the CR2-gp350
interaction is likely driven largely by electrostatic interactions
as is evident by the large number of charged residues that we
have determined to be important in the CR2-gp350 interaction.
The majority of these charged residues are found on SCRI,
suggesting that this domain plays a more significant role in the
CR2-gp350 interaction. Interestingly, Arg®> was also deter-
mined to be important in the CR2-gp350, without many other
residues around Arg® as found to exhibit changes in chemical
shift during the CR2-C3d interaction. These data, along with
the weak interaction found in the CR2-C3d interaction, could
signify that the Arg®® interaction is more important in the ini-
tial electrostatic attraction of gp350 to CR2 than to significant
amino acid contacts. The charged residues that were deter-
mined in this study overlap well with the previous mutagenesis
study and consequently agree with the HADDOCK model (42,
43). Again, as with the CR2-C3d NMR binding map, we have
found that there are more residues than just charged residues
involved in the CR2-gp350 interaction. Specifically, several
hydroxyl-containing amino acids (Ser®?, Tyr®*, and Tyr®®) are
important in the CR2-gp350 interaction. These side chain
interactions are likely hydrogen bond interactions. As the new
data suggest, the CR2-gp350- and CR2-C3d-binding sites are
likely similar, which explains why the ligands cross-compete,
yet there are substantial differences that begin to explain how
selective binding occurs.
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The HADDOCK model fits well with the NMR-determined
CR2-gp350-binding residues (Fig. 5). All but two residues, Lys®”
and Ala?? are found within the hypothetical binding face
derived from the HADDOCK model. The Ala®>* chemical shift
is likely due to a slight conformational change in SCR1 upon
CR2 binding gp350. The Lys®” interaction described by NMR
could be used to drive a different and potentially lower energy
docking model, as this residue was not utilized as an active
residue in the simulated docking approach of Young et al. (43).

The CR2-IFN« interaction has been characterized in several
ways. The first started with investigating sequence similarities
between proposed CR2-binding sites on C3d and gp350 (19).
To further confirm the potential binding interaction, antibod-
ies raised against peptide sequences of the proposed CR2-bind-
ing site on IFNa were found to inhibit the CR2-C3d interaction
in cell binding assays. It was also found that IFNa binding
CR2 inhibits CR2-C3d complex formation in cell binding assays.
In addition, it was found that IFN« inhibited the capping of CR2
by gp350, thus acting as an antiviral inhibitor of early phase
infection from EBV (18). More recently, a biophysical study has
been completed on the thermodynamic properties of CR2-li-
gand interactions, thus indicating the physical binding of CR2
and IFNa (17). In this study, we have moved further toward
defining a binding site or binding surface for the CR2-IFN«
interaction. Using NMR titration studies as before, we have
determined that the following amino acids are involved in the
CR2-IFNa interaction: Arg'®, Tyr'®, Arg®®, Ser®?, Lys*®, Lys®,
Tyr®®, Arg®®, Gly®*, and Arg®.

As with other CR2-ligand interactions, the CR2-IFN« inter-
action is largely driven by electrostatic interactions. The CR2-
[FN« interaction is likely the closest related to the C3d interac-
tion, which makes sense because the proposed CR2-binding
motifs of C3d and IFNe« are the closest. In addition, the same
linker region residue, Tyr®®, appears to undergo significant per-
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TABLE 2
CR2-ligand binding residues

Shown are residues involved in each CR2-ligand binding interaction. Residues with
an asterisk are unique to the respective binding interaction.

CR2-C3d CR2-gp350 CR2-IFNa
1l
Asn''*
Arg" Arg'? Arg"
Tyr*® Tyr'®
Ala?? Ala??
%rgﬁj Arg®® Arg?®
yr”®
CYSS 1
Ser®? Ser®?
Gly**»
Thr3**
ArgSS*
Lys41 *
Ser®?*
Lys*® Lys*®
LYSSO*
ASPSG*
Lys®” Lys®”
Tyr64t£‘
Ly$57;k
Tyr®® Tyr®® Tyr®®
Ser”%*
Arg® Arg® Arg®
Gly®* Gly®* Gly®*
é[ljg:ogk Arg89 Arg89
o
Ser”3*
A1a97*
Thr®
Asnlol*
SerlUQ;k
Ser!28*

turbations upon addition of either C3d and IFN¢, as well as the
same overall layout of residues involved in both interactions
(Fig. 4C).

Thermodynamic studies of CR2-ligand interactions have
yielded slightly differing results (Table 2). As reported previ-
ously, the CR2-C3d interaction has been described as either
being a two-site or a single site binding interaction (17, 48). Our
ITC data best fit a two-mode binding model with a weaker K, of
160 uMm and a tighter interaction of 0.13 um. This K, value is
fairly close to the previously determined K, value from a surface
plasmon resonance-based biophysical study (17). Using ITC,
we are now able for the first time to measure in the fluid phase
the two separate affinities for the two unique binding events.
The CR2-C3d interaction is unique in that all other character-
ized CR2-ligand interactions fit a simple one to one binding
isotherm. In contrast, our current ITC study of the CR2-gp350
interaction best fit a single binding isotherm with a K, of 0.014
M, and this affinity is only slightly tighter than the previously
reported surface plasmon resonance-based K, of 0.077 um. The
difference in affinities here could be due to the differing exper-
imental conditions of the respective studies. Finally, our inves-
tigation of the thermodynamic properties of the CR2-IFN«
interaction best fit a single binding isotherm with a K, of 0.036
mM, and this affinity is again in excellent agreement with the
previously reported surface plasmon resonance-derived K, of
0.042 um. Again, the likely difference is due to the difference in
buffers used as well as due to the physical nature differences of
each assay, one being purely in solution and the other has CR2
fixed to a solid support. The rank order of binding strength
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makes sense in that both IFN« and gp350 binding inhibits C3d
binding to CR2, which has been reported previously (17, 18).
In summary, our continued approach to map the CR2 ligand-
binding residues has yielded two new binding maps for the CR2
ligands gp350 and IFNa. We have shown that the gp350-bind-
ing site on CR2 consists mainly of SCR1 and the inter-SCR
linker domains. Of the three ligand-binding sites on CR2 that
we have been able to characterize in this and a previous study
(48), the gp350-binding site residues are the most different of
the three other characterized ligands. More similar to the C3d-
binding site is that of the IFNa-binding site on CR2. Fig. 4C, a
binding map summary that illustrates unique amino acids as
well as the six shared amino acids, allows one to envision how
each ligand binds in respect to the others. Examining more
closely the three ligation state chemical shift change magni-
tudes also demonstrates the differential ligand binding ability of
CR2 (Fig. 3). In addition to characterizing the binding sites for
gp350 and IFNa on CR2, we have been able to carry out a ther-
modynamic study of the CR2-C3d, CR2-gp350, and CR2-IFN«
interactions. CR2-gp350 has the tightest interaction followed
closely by the CR2-IFNa interaction, with the CR2-C3d inter-
action being the weakest. Furthermore, we have shown that the
CR2-C3d interaction is very likely a two-mode binding process.
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