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The Electrostatic Nature of C3d-Complement Receptor 2
Association1
Dimitrios Morikis2* and John D. Lambris†
The association of complement component C3d with B or T cell complement receptor 2 (CR2 or CD21) is a link between innate
and adaptive immunity. It has been recognized in experimental studies that the C3d-CR2 association is pH- and ionic strengthdependent. This led us to perform electrostatic calculations to obtain a theoretical understanding of the mechanism of C3d-CR2
association. We used the crystallographic structures of human free C3d, free CR2 (short consensus repeat (SCR)1–2), and the
C3d-CR2(SCR1–2) complex, and continuum solvent representation, to obtain a detailed atomic-level picture of the components of
the two molecules that contribute to association. Based on the calculation of electrostatic potentials for the free and bound species
and apparent pKa values for each ionizable residue, we show that C3d-CR2(SCR1–2) recognition is electrostatic in nature and
involves not only the association interface, but also the whole molecules. Our results are in qualitative agreement with experimental data that measured the ionic strength and pH dependence of C3d-CR2 association. Also, our results for the native
molecules and a number of theoretical mutants of C3d explain experimental mutagenesis studies of amino acid replacements away
from the association interface that modulate binding of iC3b with full-length CR2. Finally, we discuss the packing of the two SCR
domains. Overall, our data provide global and site-specific explanations of the physical causes that underlie the ionic strength
dependence of C3d-CR2 association in a unified model that accounts for all experimental data, some of which were previously
thought to be contradictory. The Journal of Immunology, 2004, 172: 7537–7547.

T

he complement system is part of innate immunity and its
regulated activation targets invading foreign pathogens.
In pathological situations, unregulated complement activation targets host tissues. Complement activation proceeds
through three different pathways, the classic, the lectin, and the
alternative, all of which converge through complement component
C3. Proteolytic cleavage of C3 produces the anaphylatoxin C3a, a
mediator of inflammatory response, and C3b, the opsonin that covalently attaches to foreign pathogens and acts as a tag for subsequent elimination by macrophages. The site of covalent attachment
of C3b involves a cysteine that becomes exposed only after proteolytic cleavage or hydrolysis of C3. This site is present in subsequent proteolytic cleavage fragments iC3b, C3dg, and C3d.
When C3d is bound to foreign Ags it can simultaneously bind to
B cell complement receptor 2 (CR2,3 also known as CD21). CR2
is part of the B cell coreceptor complex that consists of CD19,
CR2, and CD81. The attachment of foreign Ag to CR2 through
C3d facilitates the cross-linking of the Ag to membrane-bound Ig
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to form the B cell Ag-receptor complex together with transmembrane molecules Ig␣ and Ig␤. The cross-linking is essential when
Ag concentration is low because it amplifies the B cell activation
through a signal transduction cascade involving CD19 of the coreceptor complex, tyrosine kinases, and the Ig␣ and Ig␤ of the
receptor complex. This function makes the C3d-CR2 complex a
link between innate and adaptive immunity (1–12).
CR2 is also the obligate receptor for the EBV glycoprotein
gp350/220 and CD23. CR2 consists of 15 or 16 short consensus
repeat (SCR) domains (also known as complement control protein
modules), but the first two SCRs are critical for binding to all of its
three ligands (13–22). The crystallographic structure of the C3dCR2(SCR1–2) complex has shown that only one SCR, SCR2, of
CR2 is in contact with C3d (19), but it has been proposed that the
other SCR, SCR1, participates allosterically in association (22).
Earlier studies have shown that both SCR1 and SCR2 are essential
and sufficient for C3d-CR2 interaction (13, 14, 16, 18, 20). The
first two SCRs of CR2 have also been identified as the sites of
association with the EBV glycoprotein gp350/220 (13, 15, 18, 22).
Finally, the sites of interaction of CR2 with CD23 were located in
SCR5– 8 with contribution from SCR1–2 (17). SCR domains have
a conserved core and are linked with variable length linkers (23).
Several SCR domains can form chains that are not only part of the
complement family, such as CR1, CR2, factor H, and the membrane attack complex, but are also noncomplement family proteins, such as the vaccinia control protein, which structurally resembles CR2 but is composed of four SCRs only. It has been
proposed that the flexibility and relative orientation of SCR domains, mediated by the variable length interdomain linker, and by
the presence (or absence) of side-by-side packing, mediated by
hydrophobic side chains, is important for function (19, 22–32).
The nature of C3d-CR2 interaction has been a subject of intense
study and speculation, with a variety of experimental data being
available. It has been recognized in a number of studies that C3dCR2 association is pH- and ionic strength-dependent (20, 33–36).
Similar pH and ionic strength dependence was also observed in the
0022-1767/04/$02.00
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homologous interaction between C4b and C4-binding protein (37,
38). The three-dimensional structures of free C3d (39), free
CR2(SCR1–2) (22), and of the C3d-CR2(SCR1–2) complex (19)
are now available and enable us to critically examine the nature of
C3d-CR2 association and the conformational changes involved.
The structure of free C3d became first available and revealed the
presence of an acidic pocket that was thought to be a candidate for
the association site with CR2 (39). Subsequent mutagenesis studies
within the acidic pocket of C3d in iC3b demonstrated either loss or
gain of binding ability to CR2(SCR1–15)-bearing Raji cells and
supported this hypothesis (35). However, the structure of the C3dCR2(SCR1–2) complex became available later, showing that the
association site was not at, or close to, the acidic pocket (35). This
is a contradictory result to the mutagenesis data within the mindset
that residues located at the association interface are solely responsible for association, and if there are no additional association
sites. Thus, the mechanism of C3d-CR2 association has been a
puzzle up to now.
Given the pH and salt dependence of C3d-CR2 or iC3b-CR2
association (20, 33–36) and the importance for association of specific charges away from the crystallographic association site (35),
we have performed electrostatic calculations to predict the pKa
values of all ionizable residues of free C3d, free CR2(SCR1–2),
and the C3d-CR2(SCR1–2) complex. Perturbations in pKa values
because of complex formation and sensitivity of pKa values to
ionic strength have provided insight into the nature of C3d-CR2
association. We have also constructed theoretical mutants of C3d
in accord with the previously reported experimental mutants that
were shown to modulate iC3b-Raji cell CR2(SCR1–15) association (19, 35). We have used the theoretical mutants to calculate
electrostatic potentials and to make correlations between them and
C3d-CR2 association.
Theoretical electrostatic potential and pKa calculations are useful tools in understanding the formation of the three-dimensional
structure of biomolecules, biomolecular complexes and assemblies
(40), and biophysical processes such as folding and stability (41),
structural transitions (42) and their stability (43), association (44),
ligand binding (45), substrate binding (46), and catalysis (47). The
references above are only representative from a large literature
pool. Our studies used the solution of the Poisson-Boltzmann
equation with finite difference method to calculate electrostatic potentials, based on the available crystallographic structures and continuum solvent representation. We will discuss the effects of the
experimentally important ionizable residues for association and we
will provide theoretical evidence on the nature of C3d-CR2 association. This discussion involves: 1) residues buried at the association interface that, expectedly, affect binding; 2) ionizable residues away from the association interface that, unexpectedly, affect
binding; 3) ionizable residues involved in inter- and intramolecular
salt bridges or hydrogen bonds, the latter throughout the volume of
C3d, that show ionic strength dependence and participate in modulating the binding of C3d to CR2; 4) the nature of SCR1/SCR2
packing in CR2 that mediates specificity for binding to C3d
through a network of hydrophobic and polar interactions. Our discussion will critically examine previously proposed models and
hypotheses for C3d-CR2 association and SCR1/SCR2 packing
(19, 22, 35, 39).

Materials and Methods
The calculation of apparent pKas of ionizable sites in the interior of proteins is possible if model and intrinsic pKa values and the matrix of ionizable site-site interactions of all ionizable sites are available (48 –51). The
model pKa is an experimental quantity that corresponds to the ionization of
a free ionizable site (amino acid) in solution. The intrinsic pKa is a hypothetical quantity that corresponds to the pKa of a specific ionizable site in
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the interior of the protein in the absence of interactions with other ionizable
sites that are considered neutral. The apparent pKa corresponds to interactions of an ionizable site with all other ionizable sites in their ionized form,
given by a matrix of ionizable site-site interactions.
Intrinsic pKa values were calculated using the method of Antosiewicz et
al. (52, 53) implemented within the program UHBD (54, 55). The finite
difference Poisson-Boltzmann solver of UHBD was used to calculate electrostatic potentials with continuum solvent representation. Apparent pKa
values were calculated using the clustering method (56) implemented
within the program HYBRID (56). Dielectric constants of 78.4 and 20 were
used for the solvent and protein interior (52) and temperature was set to
298K. The choice of the value of dielectric constant of 20 for the protein
interior is optimal for the calculation of pKa values within the computational protocol we used. It has been shown empirically that this dielectric
constant yields better agreement with experimental pKa values from a variety of protein and peptide systems and using crystal or solution structures
(52, 53). The improved agreement with experimental data has been attributed to accounting for effects of conformational relaxation, specific ion
binding, and tautomerization of neutral histidines and carboxylic acids that
are not explicitly included in the computational models (an extensive discussion and comparison with other computational protocols can be found
in Refs. 52 and 53). Ionic strengths spanning three orders of magnitude
were used, corresponding to 15, 150, and 1500 mM concentrations. The
parameter set of charges and van der Waals radii PARSE (57) was used.
The finite difference focusing method (58, 59) was used in the calculations
with five focusing grids of spacing-dimensions: 4 Å-64 ⫻ 64 ⫻ 64 Å3, 2.5
Å-50 ⫻ 50 ⫻ 50 Å3, 1.25 Å-30 ⫻ 30 ⫻ 30 Å3, 0.5 Å-25 ⫻ 25 ⫻ 25 Å3,
0.25 Å-20 ⫻ 20 ⫻ 20 Å3. The solvent probe radius that defined the molecular surface was 1.4 Å. Dielectric smoothing at the protein-solvent interface (60) was used with an ion exclusion layer defined by a probe of 2.0
Å radius. The ionic strength dependence of the electrostatic potentials is
calculated in the Boltzmann part of the Poisson-Boltzmann equation in the
form of a variable that is a function of the Debye length (40). The ionic
strength dependence of model pKa values (61) is small in the salt concentration range we used and has not been taken into account in our pKa
calculation. Also, the dielectric constant of the solvent was kept the same.
Our data show qualitatively the effect of ionic strength at 10-fold lower and
10-fold higher concentrations than the usual 150 mM of typical experiments. The dielectric constant of water drops only by 0 –2% for 0 –150 mM
NaCl and by 19% for 1500 mM KCl (62).
Changes from the neutral to the charged state of ionizable residues were
made by adding a ⫹1 charge to the positively charged amino acids and a
⫺1 charge to the negatively charged amino acids. Positive unit charges
were added at the following atoms: the backbone amide of the N terminus,
N of Lys, C of Arg, and N␦ of His when the initial hydrogen of neutral
His is at N⑀, or N⑀ of His when the initial hydrogen of neutral His is at N␦.
Negative unit charges were added at the following atoms: C␥ of Asp, C␦ of
Glu, O of Tyr, and the backbone carbon of the C terminus. There are no
reduced Cys residues in the structures used. The experimental model pKa
values used were: 12.0 for Arg, 10.4 for Lys, 9.6 for Tyr, 6.3 for His, 4.4
for Glu, 4.0 for Asp, 7.5 for the N terminus, and 3.8 for the C terminus.
Three structures were used in our calculations extracted from three different Protein Data Bank (PDB; Ref. 63) files with codes 1c3d for free C3d,
1ly2 for free CR2(SCR1–2), and 1ghq for the C3d-CR2(SCR1–2) complex. The crystallographic resolution of these structures is 1.8 Å, 1.8 Å, and
2.04 Å, respectively. Water and heteroatom groups were deleted from the
PDB files and were not taken into account in our calculations. Heteroatom
groups involve zinc ions (1ghq), glycans (1ly2, 1ghq), and glycerol (1c3d).
To account for differences in the crystallographic structures because of 1)
variable sequence length, 2) amino acid differences at the N terminus introduced by the protein expression method, and 3) differences because of
lack of or incomplete crystallographic coordinates (owed to lack of electron density because of conformational flexibility), the following segments
were used in the calculations: for free and bound C3d, residues Leu2-Pro294
and Leu2-Gln307, respectively, were used. It should be noted that there is a
sequence difference of 13 residues at the C-terminal region of free and
bound CR2 in the crystallographic structures. The N and C termini of C3d
are in spatial proximity and away from the association interface or the
acidic pocket that are discussed in text. For free CR2, bound CR2(a), and
bound CR2(b), residues Gln1-Ile130, Ala1-Ser129, and Ala1-Glu134, respectively, were used. It should be noted that the sequence of free CR2 was
renumbered to Gln1-Ile130 instead of Gln0-Ile129, after it was aligned
against the sequence of bound CR2.
Addition of hydrogen atoms was made using the program WHAT IF
version 99 (64). WHAT IF was also used to establish the initial protonation
state of His, and flip states of His, Asn, and Gln residues, using the global
hydrogen bonding network optimization option of the program (65, 66).
Finally, WHAT IF was used to establish the neutral state of Asp, Glu, and
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C terminus residues by adding a hydrogen atom at the O␦2, O⑀2, and OXT
atoms, respectively.
The fractional solvent accessible surface area (SASA) was calculated
with the program MOLMOL (67) using a solvent probe radius of 1.4 Å,
after removal of solvent and heteroatoms (water, glycerol molecules, Zn
ions, and glycans) and after adding hydrogen atoms. We make these distinctions clear because different values of lost SASA upon association have
been reported in Szakonyi et al. (19) and Prota et al. (22), but without
specifying the parameters of the calculation.
Electrostatic potential calculations for isopotential contour plots were
performed using the program GRASP (40, 68), with the PARSE parameter
set (57), dielectric constants of 4 and 78.5 for the protein and solvent,
respectively, solvent radius of 1.4 Å, in the absence of salt. In the structures
used in these calculations, hydrogens were added and optimized for their
hydrogen bonding network using WHAT IF (64, 66).
Molecular graphics have been created with the programs MOLMOL
(67) and Swiss PDB Viewer (69).
Nomenclature compatibility between PDB, WHAT IF, UHBD, MOLMOL, and GRASP, and preparation for UHBD runs, was attained using a
series of homemade PERL scripts.

Results and Discussion
We have performed pKa calculations for free C3d (structure 1c3d),
free CR2(SCR1–2) (structure 1ly2), and the C3d-CR2(SCR1–2)
complex (structure 1ghq) to examine the experimentally observed
ionic strength dependence of C3d-CR2 association (20, 33–36).
The calculations were made at ionic strengths corresponding to 15,
150, and 1500 mM. We have predicted apparent pKa values for
each ionizable site of C3d, CR2(SCR1–2), and the C3dCR2(SCR1–2) complex. Predicted pKa values, based on three-dimensional crystallographic structures, provide us with a quantity
of choice that can be easily interpreted both theoretically and
experimentally.
Given the experimental evidence for the importance of mutations distant to the association interface for the binding ability of
iC3b to CR2(SCR1–15) (35), we have also initiated a theoretical
study to elucidate the role of these critical mutations on C3dCR2(SCR1–2) binding.
Calculation of pKa values, and ionic strength dependence of the
C3d-CR2 association
Fig. 1A shows plots of the difference in the calculated apparent pKa
values between free C3d and C3d in complex with CR2(SCR1–2)
at ionic strengths corresponding to 15, 150, and 1500 mM. Several
ionizable residues show significant variations in pKa values between free and bound C3d. A subset of these ionizable residues
shows significant variations in pKa values between free and bound
C3d as a function of ionic strength. Residues marked with arrows
in Fig. 1A will be discussed (vide infra). Table I summarizes the
ionizable residues that show the largest differences at extreme
ionic strength values corresponding to I ⫽ 15 and I ⫽ 1500 mM,
using ⌬pKa ⫽ pKa(free)-pKa(complex) (1) and ⌬⌬pKa ⫽
(⌬pKa)I ⫽ 15 ⫺ (⌬pKa)I ⫽ 1500 (2).
Differences 兩⌬⌬pKa兩 ⱖ 1 are observed for 17 residues and differences in the range 0.5 ⱕ 兩⌬⌬pKa兩 ⬍ 1 are observed for 15
residues of a total of 77 ionizable residues (corresponding to C3d
sequence length 1–294).
Fig. 1, B and C, show plots of the difference in the calculated
apparent pKa values between free CR2(SCR1–2) and in complex
with C3d at ionic strengths corresponding to 15, 150, and 1500
mM. CR2(SCR1–2) is in dimer form in structure 1ghq, where only
the first CR2(SCR1–2) is in contact with C3d (19). Fig. 1B shows
the comparison between free CR2(SCR1–2) and the first
CR2(SCR1–2) of structure 1ghq, called CR2(a). Fig. 1C shows the
comparison between free CR2(SCR1–2) and the second
CR2(SCR1–2) of structure 1ghq, called CR2(b). As expected, Fig.
1B shows more pronounced ⌬pKa and ⌬⌬pKa differences because

FIGURE 1. Ionic strength dependence of C3d-CR2(SCR1–2) association. Plots of pKa(free)-pKa(complex) against residue number at ionic
strengths corresponding to 15 mM (squares), 150 mM (circles), and 1500
mM (triangles) for (A) C3d (structures 1c3d, 1ghq), (B) CR2(SCR1–2)
(structures 1ly2, 1ghq using CR2(a)), and (C) CR2(SCR1–2) (structures
1ly2, 1ghq using CR2(b)). Labels denote residues discussed in text that
show perturbation of their pKa values ⬎ 0.5 upon complex formation.

of the participation of CR2(a) in association with C3d. Differences
兩⌬⌬pKa兩 ⱖ 1 are observed for 13 residues and differences in the
range 0.5 ⱕ 兩⌬⌬pKa兩 ⬍ 1 are observed for 8 residues of a total of
32 ionizable residues. The differences in Fig. 1C are independent
from the association of CR2(SCR1–2) with C3d. Table I summarizes the ⌬⌬pKa differences. Residues marked with arrows in Fig.
1B will be discussed (vide infra).
The plots of Fig. 1 demonstrate the strong ionic strength dependence of C3d binding to CR2(SCR1–2) and depict the individual
residues of C3d and CR2(SCR1–2) that are involved to, or affected
by, binding. The origin of differences between pKa(free) and pKa(complex) is owed to intermolecular association that influences
Coulombic interactions, desolvation, and structural changes. Additionally, structural differences of C3d and CR2(SCR1–2) in the
crystallographic structures 1c3d, 1ly2, and 1ghq influence the pKa
values. These differences may be real or artifactual owed to crystal
packing, variable chain length, mutations at the termini introduced
by the expression method, crystallization conditions, data collection temperature, and interaction with heteroatoms from solvent
molecules, metal ions, or glycosylation sites. Heteroatoms have
not been included in the calculations but they may influence the
conformation of specific residues in their vicinity.
Buried surface of the C3d-CR2 complex
We have calculated the buried surface area per residue of C3d
and CR2(a) by substracting the fractional SASA of the C3dCR2(SCR1–2) complex and individual components of the complex, C3d and CR2(a,b) all using coordinates from the
structure 1ghq.
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Table I. Ionizable residues showing largest differences in ⌬pKa values at extreme ionic strengthsa
Residues with ⌬⌬pKa ⱖ 1b

Residues with 0.5 ⱕ ⌬⌬pKa ⬍ 1b

C3dc

Nter, Tyr34, Glu37, Lys91, Glu117, Lys118, Asp122, Glu127, Asp128,
Lys162, Glu167, Lys178, Asp181, Arg208, Tyr242, Tyr268, Tyr289

CR2(a)d

Arg29, Tyr30, Arg37, Glu41, Asp50, Asp57, Lys58, Glu74, Lys82,
Arg84, Tyr89, Asp93, Cter
Glu41, Asp50, Asp57, Lys58, Lys82, Cter

Asp3, Arg6, Glu19, Lys43, Lys48, Arg67, Asp103, Lys146,
Asp147, Asp163, Tyr187, Arg192, Lys210, Glu238,
Asp292
Arg14, Glu64, Tyr81, Arg90, His91, Lys100, Lys109,
Arg123
Nter, Tyr18, Tyr30, Lys49, Lys51, Asp53, Tyr81, Arg84,
Lys100, Lys109, Arg123

CR2(b)e

a
The quantity ⌬⌬pKa is defined as: ⌬⌬pKa ⫽ [pKa(free)-pKa(complex)]I ⫽ 15 ⫺ [pKa(free)-pKa(complex)]I ⫽ 1500, where I ⫽ 15 and I ⫽ 1500 correspond to extreme ionic
strengths of 15 and 1500 mM.
b
Underlined residues have been shown to affect iC3b-CR2(SCR1–15) association by Clemenza and Isenman (35). Doubly underlined residue corresponds to mutation by
Szakonyi et al. (19). Residues in bold are located at the association interface.
c
Calculation using structures of free C3d (1c3d) and C3d-CR2(SCR1–2) complex (1ghq). Nter, N terminus.
d
Calculation using structures of free CR2(SCR1–2) (1ly2) and C3d-CR2(SCR1–2) complex (1ghq). This comparison is with CR2(a), the first CR2(SCR1–2) of 1ghq that
is in contact with C3d. Cter, C terminus.
e
Calculation using structures of free CR2(SCR1–2) (1ly2) and C3d-CR2(SCR1–2) complex (1ghq). This comparison is with CR2(b), the second CR2(SCR1-2) of 1ghq that
is not in contact with C3d. Nter, N terminus, Cter, C terminus.

Fig. 2A shows a plot of the difference in SASA (⌬SASA) for
C3d. This plot depicts three regions of C3d contiguous in space but
not continuous in sequence, which are buried under the association
interface of C3d with CR2(SCR1–2). These are segments 69 –70,
112–122, and 170 –186. The residues within these regions are:
Leu116 (30% ⬍ ⌬SASA ⱖ 40%); Asn170, Lys178, Asp181 (20% ⬍
⌬SASA ⱕ 30%); Pro69, Ser70, Glu117, Pro121, Asp122, Ser171
(10% ⬍ ⌬SASA ⱕ 20%); Lys112, Trp113, Ile115, Gln119, Lys120,
Gly174, Thr177, Phe182, Ala185, Asn186 (0% ⬍ ⌬SASA ⱕ 10%).
Fig. 2B shows a plot of ⌬SASA for CR2(a). This plot depicts the
residues of CR2(a) that are buried under the association interface with
C3d. These are: Ser86 (30% ⬍ ⌬SASA ⱕ 40%); Arg84 (20% ⬍
⌬SASA ⱕ 30%); Tyr81, Lys82, Ile83, Gly85, Thr87, Pro88 (10% ⬍
⌬SASA ⱕ 20%); Glu74, Asp93, Lys100 (0% ⬍ ⌬SASA ⱕ 10%).
Our SASA calculations (described in Materials and Methods)
showed an overall buried surface is 1422 Å2, calculated using the
structures of the complex C3d-CR2(SCR1–2).

Origin of apparent and model pKa differences
Table II shows lists of calculated (apparent) pKa values at ionic
strength of 150 mM for the ionizable sites summarized in Table I
(a complete set of appraent pKa values is given in Tables I to III
of supplemental material).4 Model pKa values of free amino acids
in solution are also given in Table II for comparison. In most data,
there is a larger apparent than model pKa value for basic residues
and a smaller apparent than model pKa value for acidic residues.
These trends are indicative of favorable Coulombic interactions
between basic and acidic residues with their charge sites in proximity, typically in the form of salt bridges or hydrogen bonds.
However, in certain instances opposite trends are observed, where
smaller apparent than model pKa values for basic residues and
larger apparent than model pKa values for acidic residues are observed. These are cases of unfavorable Coulombic interactions,
such as when two basic residues are in proximity with each other
or two acidic residues are in proximity with each other. Similar
shifts in apparent pKa values can also be present in situations of
unfavorable interactions with the environment, as is the case of
desolvation of ionizable residues that are found in the interior of
the protein. Because most ionizable residues in the protein are
deprived from solvent to a certain degree, the unfavorable desolvation effect is always present and it is either compensated or surpassed by the effect of favorable Coulombic interactions, or it is
further strengthened by the effect of unfavorable Coulombic interactions. The latter is much less frequent than the former.
Origin of ionic strength effect

FIGURE 2. Buried surface area at the C3d-CR2(SCR1–2) association
interface. Plots of the difference in SASA (⌬SASA) against residue number
for (A) C3d from the structure 1ghq alone and in complex with CR2, and
(B) CR2 from the structure 1ghq alone and in complex with CR2. CR2(a)
of 1ghq has been used that is in contact with C3d. Labels denote residues
with nonzero ⌬SASA. Labels are arranged from top to bottom for each
envelope of peaks corresponding to increasing residue number.

The overall trend of the results of Fig. 1 demonstrates that the
differences in the apparent pKa values between free and bound
species increase as the ionic strength decreases. This points to the
significance of the underlying electrostatic interactions for association and is particularly obvious for the residues marked in Fig. 1
that are located at, and away from, the association interface that
contribute to binding (vide infra). At low ionic strength, association is stronger because shielding of electrostatic interactions by
solvent salt molecules is not as effective as at high ionic strength.
This is in agreement with recent experimental data using surface
plasmon resonance that showed increase in ionic strength weakened C3dg-CR2(SCR1–2) interaction (20) and C3d-CR2(SCR1–
15) interaction (36). In addition, Guthridge et al. (20) have shown
that C3dg-CR2(SCR1–2) association is weakened at low pH. This
4

The on-line version of this article contains supplemental material.
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Table II. Calculated apparent pKa values for ionizable residues that
show significant ionic strength dependence (summarized in Table I)a
Residue
No.

C3d

2
3
6
19
34
37
43
48
67
91
103
117
118
122
127
128
146
147
162
163
167
178
181
187
192
208
210
238
242
268
289
292

Residue

Leu-Nter
Asp
Arg
Glu
Tyr
Glu
Lys
Lys
Arg
Lys
Asp
Glu
Lys
Asp
Glu
Asp
Lys
Asp
Lys
Asp
Glu
Lys
Asp
Tyr
Arg
Arg
Lys
Glu
Tyr
Tyr
Tyr
Asp

b

Model
pKa

Apparent
pKa Free

Apparent pKa
Complex

7.5
4
12
4.4
9.6
4.4
10.4
10.4
12
10.4
4
4.4
10.4
4
4.4
4
10.4
4
10.4
4
4.4
10.4
4
9.6
12
12
10.4
4.4
9.6
9.6
9.6
4

7.3
3.2
14.3
1.1
13.3
3.7
11.1
10.3
13.3
17.3
2.7
4.4
12.1
3.4
0.6
2.7
10.8
2.5
11.7
3.7
4.3
11.3
3.6
14.5
14.6
15.0
10.4
0.9
20.1
12.2
10.9
4.2

6.9
1.6
15.1
0.5
16.4
2.8
12.0
10.6
13.9
16.4
2.7
2.4
12.6
3.2
⫺0.1
1.8
11.3
2.8
12.9
3.2
3.9
12.1
3.1
14.9
15.1
16.2
11.1
1.2
21.0
16.1
14.1
4.1

12
12
9.6
12
4.4
4
4
10.4
4.4
4.4
9.6
10.4
12
9.6
12
6.3
4
10.4
10.4
12
3.8

12.3
12.3
13.6
13.2
2.6
2.9
2.7
11.6
2.4
3.1
9.8
11.8
12.8
11.4
13.3
5.0
3.2
10.4
10.2
12.1
4.0

12.4
12.7
14.5
13.7
1.6
2.6
1.2
12.7
2.4
2.5
10.6
11.0
14.7
15.5
13.5
4.5
2.6
10.7
10.6
12.4
4.0

CR2
14
29
30
37
41
50
57
58
64
74
81
82
84
89
90
91
93
100
109
123
129/130

Arg
Arg
Tyr
Arg
Glu
Asp
Asp
Lys
Glu
Glu
Tyr
Lys
Arg
Tyr
Arg
His
Asp
Lys
Lys
Arg
Ser-Cter/Ile-Cterc

a
Ionic strength of the calculations presented here corresponds to 150 mM. A
complete set of apparent pKa values is given in Tables I to III of supplemental
material.
b
Denotes the N-terminal positive charge. Nter, N terminus.
c
Denotes the C-terminal negative charge Cter, C terminus.. It should be noted that
the end residue of CR2(a) in the structure of the complex (1 ghq) is Ser129 and the end
residue of CR2 in the free structure (1ly2) is Ile130.

can be attributed to protonation (neutralization) of acidic side
chains that at high pH participate in charge-charge interactions,
involving two or more charges. This is particularly important in

case of the overall electrostatic potential of C3d, which is predominantly of negative character (vide infra).
The C3d-CR2 association interface
Fig. 3A shows a ribbon representation of the C3d-CR2(SCR1–2)
complex (19) with superimposed free C3d (39) and free
CR2(SCR1–2) (22). In the structure of the complex,
CR2(SCR1–2) is in dimer form with only the first CR2(SCR1–2)
molecule, CR2(a), being in contact with C3d. The variable length
at the C terminus between free and bound C3d is also depicted in
Fig. 3A. C3d is an all-helical protein forming an ␣-␣ barrel structural motif (39). The structure of CR2(SCR1–2) comprises the first
2 of 15 or 16 SCR domains and is an all-beta sheet protein. Each
SCR domain forms a ␤-barrel structural motif (70).
The C3d-CR2(SCR1–2) crystal structure has revealed shape
complementarity between C3d and CR2(SCR1–2), an extensive
network of hydrogen bonds (some mediated by water molecules),
and the presence of an anion hole in C3d (19). The anion hole is
formed by residues Ile115, Leu116, Glu117, and Gln119 of C3d and
is occupied by positively charged residue Arg84 of CR2(SCR1–2)
(19). Fig. 3B depicts ionizable residues of the C3d-CR2(SCR1–2)
complex that are potential participants in electrostatic interactions,
including an ionizable residue channel in C3d that starts from the
anion hole of the association interface and terminates at a diametrically opposite end in close spatial proximity to the termini.
Our findings demonstrate significant differences in the pKa values between free and bound C3d and CR2(SCR1–2) not only localized at the sites of association, but also spanning the length of
the molecules (Figs. 1 and 3, A–E). The association interface at the
C3d side contains buried ionizable residues Lys112, Glu117, Lys120,
Asp122, Lys178, and Asp181, (Fig. 2A); and at the CR2 side contains ionizable residue Tyr81, Lys82, Arg84, Asp93, and Lys100 (Fig.
2B). Our data show strong ionic strength dependence for residues
at the association interface Glu117, Asp122, Lys178, Asp181 of C3d,
and Glu74, Tyr81, Lys82, Arg84, Asp93, Lys100 of CR2 (Figs. 1,
A and B, and 2; Table I). From these residues, Glu117, Lys178 of
C3d, and Glu74, Arg84, Asp93 of CR2 also show sizeable perturbations in their pKa values upon complex formation (Fig. 1, A and
B; Table II). This is in agreement with the observation of Szakonyi
et al. (19) that “residues Lys178 of C3d and Arg84, Lys100 of CR2
should be sensitive to salt concentration,” but our data demonstrate
that additional residues in the vicinity or away from the association
interface should also be sensitive to salt concentration (Fig. 1, A
and B; Table II). Networks of electrostatic interactions and desolvation are responsible for the calculated ionic strength dependence
and pKa perturbations, rather than isolated pairs of ionizable sites.
Of particular interest is the pair Glu117(C3d)-Arg84(CR2) that
shows some of the largest differences between free and bound
structures and of the largest ionic strength dependencies (Fig. 1, A
and B; Table II). In solution, this can be attributed to a strong
Coulombic interaction in the form of a salt bridge between the two
residues that stabilize the complex interface. However, in the C3dCR2(SCR1–2) complex structure one nonphysiological zinc ion is
in close proximity to Glu117 that possibly affects the distance between the ionizable sites of Glu117(C3d)-Arg84(CR2) in the crystallographic structure (19, 22). The zinc atoms of structure 1ghq
are not included in our calculations.
Interestingly, elimination of Glu117 in a Leu116Ala/Glu117Ala
mutant inhibited the binding ability of plate-bound C3d with fulllength CR2 to the same extent as wild-type protein, using ELISA
competition experiments; however, introduction of positive charges in
mutants Ile115Arg/Leu116Arg/Asn170Ala and Asn170Arg resulted in
little or no inhibition (19). These results do not directly implicate the
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FIGURE 3. A–E, Relative topology of C3d and CR2 and location of C3d and CR2 residues discussed in text. A, Tube representation of the superposition of structure
of the C3d-CR2(SCR1–2) complex with free C3d (1ghq and 1c3d, respectively), and the C3d-CR2(SCR1–2) complex with free CR2(SCR1–2) (1ghq and 1ly2, respectively) using the backbone heavy atoms. Free C3d is drawn in blue; bound C3d is drawn in red with the exception of the additional 13 C-terminal residues (not present
in the structure of free C3d) that are drawn in gray; free CR2 is drawn in orange; bound CR2(a) is drawn in cyan; and bound CR2(b) is drawn in magenta. The N (N-ter)
and C (C-ter) termini are marked with arrows to show their spatial proximity. B, A van der Waals surface representation of the C3d-CR2(SCR1–2) complex (structure 1ghq)
with acidic residues Asp, Glu, and C-ter drawn in red, basic residues Arg, Lys, and N-ter drawn in blue, and His drawn in light blue. The ionizable residue channel is shown
between the arrows. C, The C3d-CR2(SCR1–2) complex with experimentally mutated residues discussed in text (Clemenza and Isenman, Ref. 35; Szakonyi et al., Ref.
19), depicted in different colors and thicker bond lines. Arrows show mutated residues within the two clusters of the acidic channel (I: the Asp36/Glu37/Glu39 cluster; II:
the Glu160/Lys162/Asp163/Ile164/Glu166/Glu167) and the cluster at the association interface (III: Ile115/Leu116/Glu117/Asn170). D, The C3d-CR2(SCR1–2) complex with
ionizable residues that show perturbation of their pKa values upon complex formation (pKa(free)-pKa(complex) ⬎ 0.5), depicted in different colors and thicker bond lines.
E, The structure of free CR2(SCR1–2) with ionizable residues that participate in SCR1/SCR2 packing and in CR2-C3d association depicted in different colors
and thicker bond lines. In B–E, red denotes acidic residues, blue denotes basic residues, yellow denotes neutral polar residues, and green denotes
hydrophobic residues. In E, only side chains discussed in text are shown and the rest are deleted for clarity. F and G, Structural differences between free
and CR2(SCR1–2)-bound C3d within the two clusters of the ionizable residue channel discussed in text. F, Multiresidue electrostatic interactions, including
salt bridges, for residues Asp36, Glu37, and Glu39 of cluster I. G, Multiresidue electrostatic interactions, including salt bridges, for residues Glu160, Lys162,
Asp163, Glu166, and Glu167 of cluster II. The backbone heavy atoms of C3d residues 1–294 in structures 1c3d and 1ghq were used for the superposition.
Key distances (in Å) are marked using residues of bound C3d. H–P, Isopotential contour representation at ⫾ 1 kBT (where kB is the Boltzmann constant
and T is the temperature) for C3d, CR2(SCR1–2), and C3d-CR2(SCR1–2) and effect of mutations within the ionizable residue channel on the electrostatic
potential of C3d. H, Free CR2(SCR1–2) using structure 1ly2. I, The C3d-CR2(SCR1–2) complex using structure 1ghq. Both CR2 molecules, CR2(a,b),
of the complex were used. J, Free C3d using structure 1c3d. K, Asp36Ala/Glu37Ala/Glu39Ala C3d mutant. L, Asp163Ala C3d mutant. M, Lys162Ala C3d
mutant. N, Leu116Ala/Glu117Ala C3d mutant. O, Ile115Arg/Leu116Arg/Asn170Ala C3d mutant. P, Asn170Arg C3d mutant. Theoretical mutations represented
in (K–M) are distant to the association interface while those in (N–P) are located at the association interface. Blue and red denote positive and negative,
respectively, potential. The orientation of CR2(SCR1–2) is the same in H and I. The orientation of C3d is the same in panels J–P. The electrostatic potential
calculations were performed using the same conditions for all panels. The box size in K–P is also identical. Q, The electrostatic interdependence of ionizable
residues of CR2(SCR1–2) that affects CR2(SCR1–2)-C3d binding. Residues Glu64, His91, Arg90, Asp93, Tyr89, Glu74, Asp93 of free CR2 (in red) and bound
CR2 (in yellow) participate in the SCR1/SCR2 packing. CR2 residues Arg84 and Tyr81 interacting with C3d residues Glu117 and Asn170 (in blue),
respectively, are also shown. Hydrogen bonds are shown in green dashed lines.

side chain of Glu117 in association, but demonstrate the significance of negative charge or neutrality on the C3d side of the association interface (Fig. 3B). They are suggestive that the overall

electrostatic character of the C3d-CR2 association interface is responsible to maintain association in addition to, or instead of, individual ion pairs at the association interface. We will also present
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below, that the overall electrostatic character throughout the volume of the individual molecules of C3d and CR2 is important for
association.
The role of the ionizable residue channel of C3d in binding
C3d is a globular protein with a predominantly hydrophobic core;
however, several polar residues point into the core stabilized by
hydrogen bonds to buried water molecules (39). In addition, a
patch of surface-exposed hydrophobic residues is observed in the
site of formation of the thioester bond responsible for covalent
attachment (39). These residues are highly conserved among different species. It should be noted that the residue of covalent attachment, Cys17, has been mutated to Ala in the crystallographic
structures (19, 39). Finally, an extended acidic pocket was observed on the surface of C3d, consisting of predominantly nonconserved residues. The acidic pocket, first observed by Nagar et
al. (39), is indeed part of an ionizable residue channel as mentioned above (Fig. 3B).
The authors of the free C3d structure proposed that the acidic
pocket may be the association site of C3d with CR2 (39). Subsequently, Clemenza and Isenman (35) demonstrated that single,
double, or triple mutations of charged residues within the acidic
pocket are responsible for modulating the binding of C3d-containing iC3b to full-length CR2. They identified two charged amino
acid clusters within the acidic pocket, the first comprising residues
Asp36, Glu37, and Glu39 and the second comprising residues
Glu160, Lys162, Asp163, Glu166, and Glu167. Specifically, in the first
cluster the mutants Glu37Ala, Glu39Ala, Asp36Ala/Glu37Ala,
Asp36Ala/Glu39Ala, Glu37Ala/Glu39Ala, Asp36Ala/Glu37Ala/
Glu39Ala, and Asp36Asn/Glu37Gln/Glu39Gln resulted to ⬎50%
loss in binding ability (35). The triple mutants, Asp36Ala/
Glu37Ala/Glu39Ala and Asp36Asn/Glu37Gln/Glu39Gln, were the
most effective bringing the binding ability to ⬍20% (35). In the
second cluster, the mutants Glu160Ala, Asp163Ala, Asp163Asn,
Glu 1 6 6 Ala, Glu 1 6 0 Ala/Asp 1 6 3 Ala, Asp 1 6 3 Ala/Glu 1 6 6 Ala,
Glu166Ala/Glu167Ala resulted in ⬎50% loss in binding ability
(35). The mutants Asp163Ala, Asp163Asn, and Glu160Ala/
Asp163Ala were the most effective, bringing the binding ability
to ⬍5%. All of the above mutations involved removing acidic
residues. Interestingly, replacement of a hydrophobic residue
also resulted in ⬍5% binding ability in the Ile164Ala mutant
(35). A dramatic effect was observed when the positive charge
of the pocket was removed, which resulted in a 2-fold increase
in the binding ability of the mutant Lys162Ala (35). These
results indicated that an overall negative character of C3d was
the basis for association with CR2 and led the authors of this
study to suggest that the mutated acidic residues were the
contacts between C3d and CR2 (35). However, the structure of
the C3d-CR2(SCR1–2) complex revealed that the mutated
acidic pocket residues were remote to the association interface
(19). Fig. 3C shows the relative topology of key residues from
the Clemenza and Isenman (35) acidic pocket mutants to the
association interface.
Our study demonstrates significant ionic strength dependencies
for some of the residues of the ionizable residue channel, which
were mutated by Clemenza and Isenman (35). Specifically, ionic
strength dependence is observed for Glu37 but not for Asp36 and
Glu39 within the first cluster, and for Lys162, Asp163, Glu167 but
not Glu160 and Glu166 within the second cluster (Fig. 1A, Table I).
In addition, Glu37, Lys162, and Asp163 show ⌬pKa’s ⬎0.5 between
free and complex C3d (Table II). Fig. 3D shows the relative topology to the association interface of the ionizable residues of C3d
with significant ionic strength dependence in their pKa values (Table I). Based on the pKa differences, it appears that the ionizable
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residues of the channel are either affected by or contribute to association. It is also possible that differences in pKa values calculated using the structures of free and bound C3d are not only because of association but also because of small structural differences
induced by crystal packing forces. Fig. 3, F and G, shows such
differences for the two clusters of the ionizable residue channel,
but also Fig. 3, F and G, shows the strong Coulombic interdependence (both favorable and unfavorable) among the ionizable side
chains of the channel. Given the experimental evidence that residues depicted in Fig. 3, F and G, are responsible for loss or enhancement of binding ability, despite their remoteness to the association site (35), we have investigated their contribution to the
overall electrostatic potential of C3d.
Fig. 3, H–P, shows plots of the calculated isopotential contour
surfaces for free C3d, free CR2(SCR1–2), and the C3dCR2(SCR1–2) complex. Isopotential contour plots provide a visual interpretation of the spatial distribution of electrostatic potentials at equal value, which can be intuitively translated into electric
fields. It is apparent that CR2(SCR1–2) is predominantly positively charged (Fig. 3H) and C3d is predominantly negatively
charged (Fig. 3J), which suggests that the recognition and acceleration of binding is electrostatic in nature. This charge composition is reflected in the C3d-CR2(SCR1–2) complex, which has
mixed character resembling a macrodipole spanning the volume of
the complex with a predominantly positive end toward CR2 and a
negative end toward C3d (Fig. 3I).
To assess the contribution of the mutations of Clemenza and
Isenman (35) on the electrostatic potential of C3d, we constructed the theoretical mutations Asp36Ala/Glu37Ala/Glu39Ala,
Asp163Ala, and Lys162Ala, using the three-dimensional structures
of free C3d and the C3d-CR2(SCR1–2) complex. We have used
these structures to calculate the effect of each mutation on the overall
electrostatic potential. Fig. 3, K–M, shows plots of the isopotential
contours superimposed on the structures of the Asp36Ala/Glu37Ala/
Glu39Ala, Asp163Ala, and Lys162Ala mutants. Fig. 3, K and L, shows
significant loss of the negative character of the electrostatic potential
of the theoretical mutants Asp36Ala/Glu37Ala/Glu39Ala and
Asp163Ala when compared with wild type (Fig. 3J), which we
propose to be responsible for the experimentally observed loss in
binding ability. To the contrary, the significant increase of the negative character of the electrostatic potential upon removal of positively
charged Lys162 (Fig. 3M) compared with wild type (Fig. 3J) is
responsible for the increased binding ability of mutant Lys162Ala.
We also constructed another set of theoretical mutants from a
different experimental study (19), namely Asn170Arg, Ile115Arg/
Leu116Arg/Asn170Ala, and Leu116Ala/Glu117Ala. In competition
experiments, wild-type C3d and mutant Leu116Ala/Glu117Ala C3d
were able to bind to full-length CR2 similarly, while mutants
Asn170Arg, Ile115Arg/Leu116Arg/Asn170Ala had lost most of their
binding capabilities (19). Both the Asn170Arg and Ile115Arg/
Leu116Arg/Asn170Ala mutants have introduced positive charge(s)
in the association interface of C3d and CR2. The Leu116Ala/
Glu117Ala mutant removed the negative charge of Glu117 and
eliminated a hydrogen bond involving its side chain. All Ile115,
Leu116, Glu117, and Asn170 are buried at the C3d-CR2 association
interface (Fig. 2A). Fig. 3C shows the relative topology of these
residues to the association interface. In addition, Glu117 is one of
the residues that shows the strongest ionic strength effect in the
pKa calculations (Fig. 1A). Fig. 3, N–P, shows the isopotential
contours for the three mutants. All three mutants have reduced
negative character compared with wild type shown in Fig. 3J. This
effect is more pronounced in the Ile115Arg/Leu116Arg/Asn170Ala
or Asn170Arg and mutants that showed little or no inhibition of
binding for full-length CR2 with plate-bound wild-type C3d, and
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less pronounced in the Leu116Ala/Glu117Ala mutant that showed
comparable inhibition of binding as the wild type (19). The effect
of the Leu116Ala/Glu117Ala mutation on the isopotential contours
of C3d is small but evident (Fig. 3N) and we would expect that it
should affect binding to C3d to some extent. It is possible that the
dynamic range of the immunologic assay of the competition experiment (19) is not sufficient to measure subtle changes in
binding.
The data presented in Fig. 3, H–P, suggest that the association
between C3d and CR2(SCR1–2) is initiated and accelerated by
Coulombic interaction between the predominantly negative C3d
and the predominantly positive CR2. Mutations on the C3d side
that result in altering the negative electrostatic potential, and the
electric field associated with it, are responsible for reduced, diminished, or enhanced binding to CR2(SCR1–2). However, the final
step of association between C3d and CR2(SCR1–2) does not involve the energetically unfavorable desolvation of charged residues. The crystallographic structure of the C3d-CR2(SCR1–2)
complex shows that the association interface of the two molecules
is stabilized by hydrophobic, van der Waals, and main chain hydrogen-bonding interactions, which is an energetically more favorable arrangement. From these observations we can assume that
the association rate is dominated by the electrostatic potentials of
C3d and CR2, while the dissociation rate is controlled by the presence of hydrogen bonds, van der Waals interactions, and hydrophobicity at the association interface. Additional theoretical studies to quantitate association rates are currently in progress.
We are aware of another study that has reported on the significant effects of charges on association, when the charges are not
located on the association interface. Specifically, Selzer et al. (71)
were successful in increasing the association of TEM1 ␤-lactamase with its protein inhibitor BLIP, by strategically positioning
charged residues on BLIP in such a way that the resulting electrostatic fields enhanced the kon rate while leaving the koff rate
unchanged. The researchers of that study designed several mutants
with enhanced affinity with, most spectacular, a 250-fold increase.
Length of C3d
Some of the remaining ⌬pKas and ionic strength differences at the
N and C termini, which are in proximity (Fig. 3, A and D), may be
owed to the different length in the free and bound C3d structures.
Indeed, pKa calculations using only the first 294 residues of C3d
from the structure of the complex demonstrate that pKa values in
the segments 1–34 and 242–294 are affected by the presence (or
lack) of the 13 C-terminal residues (data not shown). The effects of
these regions in the pKa values or in the plotted electrostatic potentials are not discussed in text, because they may be artifactual.
SCR1/SCR2 packing in CR2
Fig. 3E shows a backbone ribbon representation of the structure of
free CR2(SCR1–2) (22) with overlaid side chains that show significant ionic strength dependence of the pKa differences between
free and bound species (Table I). The two SCR domains form a
V-shaped structure with substantial degree of flexibility mediated
by the long interdomain linker (22). This flexibility is responsible
for the interdomain angle and also for the relative orientation of the
principal components of the ellipsoids representing the SCR domains (23–29, 31, 32) and in the case of CR2 it promotes the
interaction with C3d (19, 22).
The SCR domains in general have a conserved small hydrophobic core structure. Two SCR domains are linked through a short
three to eight residue linker that allows mobility of the SCR domains, with the first two SCRs of CR2 having the longest linker
known. The combination of two domains can be linear or variable
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angle V-shaped, but also the relative orientation of the principal
components of the ellipsoids representing the SCR domains can be
variable. The two first SCRs of CR2, in both free and C3d-bound
forms, are V-shaped with packing dominated by hydrophobic interactions, as opposed to most SCR domains in known structures
that are closer to linear (19, 22, 23–29, 31, 32). Apparently the
eight-residue long linker of the first SCR pair of CR2 allows for
the hydrophobic packing of the two domains of CR2, which in turn
allows for binding to C3d through the second SCR domain (19).
This was a rather surprising result as it has been shown that both
SCR domains are necessary for C3d binding (13, 14, 16, 18, 20).
The SCR1/SCR2 packing in CR2 is mainly through hydrophobic contacts involving Ile38, Trp11, and Pro120, but also through a
salt bridge between Glu64 and His91 (22). Prota et al. (22) have
suggested that this type of SCR1/SCR2 packing has an allosteric
effect on CR2-C3d association through a network of intramolecular, interdomain contacts. The end result is the proper orientation
of Arg84 and Tyr81 to form intermolecular contacts with Glu117
and Asn170 of C3d (Fig. 3Q ). Fig. 1B demonstrates that Glu64,
His91, Arg84, and Tyr81 show significant ionic strength dependence. It should be noted that Arg84, hydrogen bonded Glu74Tyr89, and nearby Arg90 and Asp93, show some of the largest ionic
strength dependencies (Fig. 1B). The spatial arrangement of these
residues suggests a complex electrostatic interdependence of ionizable residues Glu64-His91-Asp93-Arg90-Tyr89-Glu74 involving
main or side chain hydrogen bonds (Fig. 3Q). This may be responsible for the reported subtle movement for Arg90 and His91 of
0.5– 0.8 Å away from the C3d binding site upon formation of the
complex (22). It has been suggested by Prota et al. (22) that the
movement of these two residues may be responsible for pulling the
linker and the SCR1 domain with them, thus providing a link between SCR1 and the C3d binding site of SCR2. In this sense, the
packing of SCR1/SCR2 is important in mediating C3d-CR2 binding (22).
It should be noted that possible effects from the glycan attached
to Asn101 (of SCR2) and a second glycan, reported in the crystallographic structure of free CR2 only, attached to Asn107 have not
been directly modeled into our pKa calculations. The absence of a
second glycosylation site in complexed CR2 would make this
comparison difficult. However, the effect of glycans in altering the
local structure is implicitly built into our pKa calculations by the
specific conformations of their attached residues.
Length of CR2
It should be noted that the binding experiments of CR2 with mutated C3d were performed using the full-length soluble CR2 with
C3d (19) and full-length CR2 on Raji cells with iC3b (35). Our
theoretical mutations and calculations were performed using C3d
and the first two SCRs only (SCR1/SCR2), which are present in
the crystallographic structures. It has been experimentally shown
that the first two SCRs are essential for binding to C3d, despite the
fact that only SCR2 contacts C3d. We have discussed above the
hypothesis on the contribution of the SCR1 domain in binding
(22). However, it should not be excluded that additional interactions with C3d from subsequent SCRs in CR2 may be affecting
association. This possibility has been suggested by kinetic studies
using surface plasmon resonance (20, 36). The kinetic studies have
shown a similar binding affinity for CR2(SCR1–2) and
CR2(SCR1–15) with C3d, but slower association and dissociation
rates for CR2(SCR1–15) compared with CR2(SCR1–2) (20). This
could be attributed to altered overall electrostatic character in the
full-length CR2 (e.g., less positive charge or spatially delocalized
charge) compared with CR2 with only the first two SCR domains,
or to additional site(s) of interaction. An additional potential site of
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C3d for interaction with full-length CR2 could include the sequence segment Glu228-Asp-Pro-Gly-Lys-Gln-Leu-Tyr-Asn-ValGlu-Ala239, which is not located within the ionizable residue channel. This site was first proposed by peptide mapping studies (72)
and was confirmed by surface plasmon resonance studies (36). The
presence of this binding site was also supported by site-directed
mutagenesis studies within this site, in which simultaneous multiple replacements resulted to ⬃20% reduction in binding ability
relative to wild type (34). This could be possible if the 15 or 16
SCRs of CR2 form a flexible chain that folds over and contacts
C3d. In this case, additional contacts with the ionizable residue
channel could be present and may contribute to the binding effects
of the ionizable residue channel mutations (35). In the absence of
crystallographic data with full-length CR2, we cannot address the
possibility theoretically. Additional contacts of full-length CR2
with iC3b outside the C3d segment may also be present. We
should point out though that the ionic strength dependence of C3dCR2 association has been measured experimentally in
CR2(SCR1–2) and CR2(SCR1–15) (20, 36).
Assessment of methodology
The crystallographic atomic coordinates are defined within a resolution range. Higher resolution does not necessarily mean more
accurate atomic representation, because the crystallographic structures are quasistatic structures that do not reflect the true dynamic
character of the proteins or protein complexes. This is a potential
source of errors for the calculation of electrostatic potentials and
pKa values. Theoretically, more accurate representation of proteins
and protein complexes is possible by performing molecular dynamics simulations at long time scales and electrostatic calculations for individual snapshots of the dynamics trajectories. However, even without molecular dynamics, an increasing number of
electrostatic calculation studies, based on crystallographic structures, have aided to understand experimental data. The capabilities
of electrostatic calculations have been reviewed in Refs. 40 and
73–79. The effect of small variations of the atomic positions on the
calculated pKa values has been demonstrated using structural ensembles derived from nuclear magnetic resonance (NMR) data
(53, 80). The NMR ensemble is characterized by the root mean
square deviation of the atomic coordinates, which defines the precision (but not accuracy) of the structure. Calculated pKa values
using NMR structural ensembles can also be defined within a root
mean square deviation (53, 80). It has been shown that pKa values
calculated using NMR structures are only in slightly better agreement with experimental data than pKa values calculated with crystallographic structures, possibly owed to the more realistic conformational space spanned by the NMR structures (53).
In our study, we have constructed theoretical mutants of C3d
using the crystallographic structure of C3d, under the assumption
that the overall fold of C3d remained the same in the theoretical
mutants as in native C3d. Our goal was simply to evaluate the
contribution of the mutated residues to electrostatic interactions
and the resulting electrostatic potentials and pKa values, in the
given conformation of native C3d. For this reason, we have not
used the theoretically mutated structures in a quantitative way to
calculate their pKa values or association constants. In reality, local
or global conformational changes may or may not occur upon mutation, depending on how radical or how conservative the mutation
is and on the participation of the mutated residue to structure formation and stability. If our goal was to use the mutated structures
in a more quantitative way, they should have been subjected to
molecular dynamics simulations. However, this was not the goal of
our study.
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The ultimate judge for the effectiveness of the electrostatic calculations is comparison with experimental data. We believe that
prediction of measurable physical parameters using electrostatic
calculations is a unique way to explain the physical basis of biological structure and function, when electrostatics play a significant role. We also believe that predictions based on calculations
can be useful and efficient guides, in terms of time and effort, for
experimental studies. Finally, we should note that efforts to further
improve the physical and computational performance of the algorithms, used in the electrostatic calculations, are continuous among
biophysicists and biophysical chemists.
Summary
We studied the nature of the interaction between complement component C3d and complement receptor CR2. It has been recognized,
based on experimental data, that the association is strongly dependent on ionic strength and on pH. The solution of the three-dimensional structure of the complex of C3d-CR2(SCR1–2) has revealed
the sites of association of the two molecules, which are dominated
by the presence of hydrogen bonds. This is in agreement with
mutagenesis studies on the C3d site of interaction and can explain
to a certain extent the significant ionic strength dependence of
C3d-CR2 binding. However, additional mutagenesis studies aiming to disrupt a negatively charged cavity of C3d away from the
site of interaction with CR2 have resulted in altered C3d-CR2
binding. To understand the role of charges in C3d-CR2 association, we performed electrostatic calculations based on the solution
of the finite difference linearized Poisson-Boltzmann equation with
an averaged continuous solvent representation. We used the molecular detail of crystallographic structures of free C3d, free
CR2(SCR1–2), and the C3d-CR2(SCR1–2) complex to perform
our calculations at a protein atomic level. The electrostatic interactions among all ionizable residues of C3d and C3d-CR2 were
determined in the form of electrostatic potentials, ionization free
energies, and ultimately apparent pKa values, which provide us
with a quantity that can be easily interpreted both theoretically and
experimentally. Our studies suggest that the association of C3d
with CR2 is predominantly electrostatic in nature and involves the
whole molecules and not only the limited association sites. This
means that recognition and binding is owed to electrostatic attraction (controlling kon) and that van der Waals and hydrogen bonding interactions are responsible for making the two molecules stick
together (mainly controlling koff). In particular, charged residues at
regions of C3d remote to the association site appear to affect the
binding with CR2. Our results are in qualitative agreement with the
earlier surface plasmon resonance studies that addressed the pH
and ionic strength dependence of C3d-CR2 association. They also
explain mutagenesis studies within a predominantly acidic channel
of ionizable residues that runs across C3d and includes the association site. This is the first immunophysical study of the complement system. We hope our study will contribute to the field of
design of peptides or small molecules that could modulate the
C3d-CR2 association.
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