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Structure of Complement consensus repeats (SCRl and SCR2) of CR2 
(11. 12). SCR domains. like immunoglobulin 

Receptor 2 in Complex with Its domains. are found in many proteins from both 
complement and non-complement families and 

C3d Ligand 
mediate diverse biological functions (13). SCR 
domains have a conserved core structure but 
variable orientations between domains mediat- 

Cerda Szakonyi,'* Joel M. C~ thr idge ,~ *  ed in part by relatively short three to eight Dawei li, '  
Kendra Young,' V. Michael Holers,' Xiaojiang S. Chen'f amino acid inter-SCR linker peptides (14-16). 

At least two SCR domains are required to me- 
Complement receptor 2 (CR21CD21) is an important receptor that amplifies B diate protein-protein interaction, and the rela- 
lymphocyte activation by bridging the innate and adaptive immune systems. tive angle and orientation between domains is 
CR2 ligands include complement C3d and Epstein-Barr virus glycoprotein 3501 likely to contribute to biologic diversity and 
220. We describe the x-ray structure of this CR2 domain in complex with C3d specificity. The lack of a high-resolution struc- 
at  2.0 angstroms. The structure reveals extensive main chain interactions ture of a receptor-ligand complex in this family 
between C3d and only one short consensus repeat (SCR) of CR2 and substantial has hindered our understanding of the molecu- 
SCR side-side packing. These results provide a detailed understanding of re- lar recognition mechanisms of this class of 
ceptor-ligand interactions in this protein family and reveal potential target sites proteins. To gain insight into CR2 interactions, 
for molecular drug design. we have determined the crystal structure of the 

CR2 SCRl and SCR2 domain in complex with 
Complement receptor type 2 (CR2 or in the maintenance of B cell self-tolerance C3d at 2.0 A (17). 
CD21), the receptor for complement com- and the development of autoimmunity (10). The complex contains a V-shaped CR2 
ponent C3d, is a key interface between Interactions with all three human CR2 li- receptor binding to a globular C3d ligand 
innate and adaptive immunity (1). C3d at- gands require the first two of 15 or 16 short (Fig. 1A and Table 1). The V-shaped CR2 
taches to foreign antigens (such as invading 
microorganisms) (2) and these C3d-bound 
antigens amplify B cell responses by simul- Table 1. Structure determination and refinement. ASU, assymetric unit; rmsd, root  mean square 

taneously binding to CR2 through C3d and deviation. 

to the B cell receptor (BCR) via the bound 
antigen (3). The cross-linking of CR2 to the Data collection statistics 

BCR amplifies a signal transduction cas-
space group R32 
Unit cell Length(A) a = b = 170.5, c = 173.8 
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vation complex (1). CR2 mediates the in- Resolution (A) 25.0-2.04 
teraction of C3-bound HIV-1 as an immune Completeness (last bin) 94.1 (83.6) 

complex with B cells and so promotes reflections 255801 

transfer of virus and infection of CD4 T Unique reflections 65612 

cells (4). Human CR2 is also a receptor for 
R,,, (Last bin)%* 6.7 (22.3) 
,/, (last bin) 	 10.8 (3.7) 

CD23 (5) and is the obligate receptor for 
Refinement statistics 

the Epstein-Barr virus (EBV) (6).  In addi- % of reflections for Rf,,, 1 0  
tion, CR2 is essential for the development R ~ ~ ~ ~ ~ R ~ ~ 20.8123.9~~
of normal humoral immunity to T-depen- Rmsd f rom ideality 
dent antigens (7-9) and has been implicated Bond Length (A) 0.006 
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Dihedral angle (") 16.8 
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molecule has a span of 42.6 A at the base, and 
the height of the "V" structure measures 38.5 
A. The C3d ligand, which has a dome-shaped 
helical structure (18), interacts with the re- 
ceptor using one portion of the edge of the 
dome. Because the CR2-contact edge of C3d 
is located nearly opposite the amino (NH,) 
and carboxyl (COOH) termini, binding to 
CR2 will likely orient the rest of the iC3b 
form of C3, a larger molecule that contains 
the C3d domain and also binds CR2, away 
fkom the interaction site. The site of the ester- 
bond linkage to antigens (Q20) (19) is ap- 
proximately halfway between the receptor 
contact edge and the NH,- and COOH-termi- 
ni of C3d. 

The CR2 structure here contains the first 
134 residues following the signal peptide that 
fold into two SCR domains (Fig. 2A). Each 
domain has the characteristic SCR P barrel 
structure (1 3-1 6). An N-acetyl-glucosamine 
residue is attached to N102 (19). An eight- 
amino acid linker, the longest found so far in 
this family, bends to allow the two SCR 
domains to pack against each other sideways. 
Available structures of four other SCR pro- 

teins containing two or four repeats all have 
end-end packing between consecutive SCRs 
(13-16). Thus, CR2 is the first to demon- 
strate extensive side-side packing. The inter- 
face between the two domains is mainly hy- 
drophobic (Fig. 2B). W 1 12, which is unique 
to CR2 SCR2 sequence and is located on 
strand D2, plays a critical role in the packing 
by interacting with L38 and I39 and the main 
chain from SCR1. P 12 1, H9 1, and the carbon 
side chain of E64 also participate in the in- 
terface. The linker, which contains mainly 
hydrophobic residues (Y65, F66, and Y69), 
participates in the hydrophobic packing out- 
side the two-domain interface, further solid- 
ifying the interactions between SCRl and 
SCR2. Unlike end-end packing, this packing 
does not allow rotation of the domains rela- 
tive to each other about the interface (14,15). 

Two CR2 molecules dimerize through 
SCR1-SCR1 contacts in the crystal structure 
(20). The contact is symmetrical, with the El  
strands from different molecules running an- 
ti-parallel to each other and the COOH-ter- 
minus of the El  strand also contacting the 
COOH-terminus of the D2 strand of another 

Fig. 1. Structure of the CR2-C3d complex. (A) Overall view of the structure of CR2 binding to C3d. 
CR2 SCRl is in red, SCR2 in yellow, and C3d in cyan. Residue Q2O of C3d that forms an ester-bond 
with antigen is drawn in pink and labeled. Residue D223 of C3d in the C3F form, which is associated 
with an increased incidence of certain immune diseases (32), is also labeled (prepared using 
MOLSCRIPT). (B) Part of CR2 electron density showing clear features of amino acid side chains. 

molecule. The interaction is through hydro- 
gen bonds (H-bonds). This interaction may ex- 
ist only in the crystal contact as CR2 behaves as 
a monomer in solution. However, it is also 
possible that the dimerization may be physio- 
logically relevant in the cell membrane. 

The CR2-C3d interface demonstrates a 
striking shape complementarity with a total 
buried surface area of 1400 A2 (Fig. 3, A and 
B). No major conformational difference is 
observed between the structures of free C3d 
and CR2-bound C3d, except for small move- 
ments (0.7 to 1.0 A) of H3 (helix 3), H5, H7, 
and a few turns or loops on the surface. 

Residues that are separated in the linear 
sequence but come together in folded C3d 
participate in the interaction interface. In par- 
ticular, residues on the H3-H4 loop, H5, and 
H7 contact CR2 (Fig. 3C). From CR2, a 
linear stretch of residues within the B strand 
and B-C loop of SCR2 constitute the majority 
of the interactions with C3d through net- 
works of H-bonds together with hydrophobic 
and van der Waals interactions (Fig. 3, D and 
E). Well-ordered water molecules participate 
in the formation of some H-bonds between 
CR2 and C3d. It is intriguing that only SCR2 
directly contacts C3d because previous stud- 
ies have shown that both SCRl and SCR2 are 
required for binding of polymeric forms of 
C3d to CR2 on cell membranes (11, 12, 21). 
The requirement for both domains to bind 
C3d on the cell surface indicates that inter- 
SCR packing is necessary for stabilization of 
the SCR2 site. 

An interesting feature of the CR2-C3d 
interaction is the extensive use of main-chain 
atoms in forming H-bonds between CR2 and 
C3d. In particular, in C3d most of the H-bond 
contributors come from main-chain carbonyl 
groups (Fig. 3, D and E) and no side chains 
other than N170 are involved in direct inter- 
actions with CR2 (20). This observation like- 
ly explains the previous difficulties in accu- 
rately identifying the residues that directly 
interact with CR2, either by site-directed mu- 
tagenesis of C3d or by using C3d-derived 
inhibitory peptides (22). This interaction 
mode of CR2-C3d is reminiscent of major 
histocompatibility complex (MHCkantigen 
peptide recognition, where MHC interacts 
with the main-chain atoms of the antigen 
peptide to allow binding to a range of pep- 
tides (23). In the CR2-C3d interaction, spec- 
ificity is maintained because of the extensive 
shape complementarity. 

At the COOH-terminal end of H5 the 
carbonyl groups from I1 15, L116, El  17, and 
4119 of C3d form an anion hole (Fig. 3D) 
that is occupied by the positively charged 
R84 of CR2. Here, R84 acts as an in-trans 
capping residue to seal the a helical dipole 
moment at the COOH-terminus of H5 of 
C3d. The more usual interaction involving an 
a helical dipole moment is when a negatively 
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charged group from one protein interacts with 
the positively charged NH,-terminus of a he- 
lix in its interaction partner (24). 

The conformation of the C3d-binding re- 
gion, the B-C loop of SCR2 domain on CR2, is 
important for positioning R84 (Fig. 3, C, D, and 
E). G85 does not sterically interfere with the 
CR2 and C3d interface interaction, and the side 
chain of S86 forms an H-bond with a carbonyl 
oxygen from the H3-H4 loop of C3d through a 
water molecule (Fig. 3, D and E). Other resi- 
dues around R84 have side chains pointing 
away from the interface and use their main- 
chain atoms to form H-bonds with C3d. It is 
likely that the basic capping residue R84, as 
well as S86, is critical to the interaction. 

Mutagenesis of C3d around the interface 
to disrupt CR2 binding provide support for 
CR2-C3d interaction seen (Fig. 4). Specifi- 
cally, in a CR2-binding inhibition assay, two 
C3d mutants involving the N170 residue 
[mut2 with N170R (Asn"' + Arg"') or 
mut4 with N170A, I1 15R, and L116Rl did 
not effectively inhibit the interaction of CR2 
with wild-type C3d. In contrast, a mutant 
(mutl with L 1 16A or El  17A) involving res- 
idues where only main-chain interactions are 
seen still strongly interacted with CR2. 

Previous studies have demonstrated a sub- 
stantial salt dependence for CR2-C3d binding 
in a similar fashion to other C3lC4 receptor: 
ligand interactions. For the interactions in the 
CR2-C3d complex, the set of H-bonds 
formed through the charged R84 of CR2 
belongs to the class of strong H-bonds that 
are similar to salt bridges. Thus, these H- 
bonds, which constitute the center of the in- 
terface, are expected to be strongly influ- 
enced by salt concentration. In addition, the 
H-bonds mediated through the charged KlOO 
of CR2 and K178 of C3d (Fig. 3E) should be 
sensitive to salt concentration. 

On the basis of the structure of the CR2- 
C3d complex, we can now explain the results 
from previously reported CR2 peptide inhi- 
bition and monoclonal antibody assays (25- 
27). CR2-derived peptides from the B strand 
of SCRl as well as the B strand and B-C loop 
of SCR2 inhibited CR2-C3d interaction (26). 
The SCR2 peptides are from within the inter- 
action interface seen in the complex (Fig. 3, 
D and E). We suggest that the inhibition 
caused by the SCRl peptides is due to struc- 
tural similarity to the SCR2 peptides. Previ- 
ously mapped epitope positions on CR2 for 
inhibitory monoclonal antibodies also sup- 
port the interaction sites seen in the CR2-C3d 
complex structure (20). Two inhibitory anti- 
bodies, OKB7 (25) and FE8 (27), have 
epitopes positioned next to the C3d binding 
region. We have also created additional 
monoclonal antibodies that inhibit the specif- 
ic binding of CR2 to C3d (20). All have 
mapped epitopes on CR2 that are within or 
adjacent to the C3d-interacting area. Previous 

Fig. 2. Structure of CR2. (A) Ribbon representation of the CRZ SCRI (red) and SCR2 (yellow) 
structures, showing the SCR fold and the packing of the two domains to form a V shape. The 
intra-domain disulfide bonds are in cyan. (B) The structure and packing interaction at the interface 
of SCRI and SCRZ domains. Residues important for the tight packing between the two domains at 
the interface and the linker regions are shown (prepared using RIBBONS). 

Fig. 3. Structure at the CR2-C3d interface. (A and B) Surface features of the interface area on C3d 
(in cyan) and CR2 molecule (in yellow). The shape of the interface of one molecule complements 
that of the other (prepared using GRASP). (C) Structure of the CR2 SCR2 (yellow) and C3d (cyan) 
complex. (D and E) The detailed interactions between CR2 (yellow) and C3d (cyan) in two angles. 
Dashed lines represent H-bonds between carbonyl oxygen atoms (red), nitrogen atoms (blue) of 
amino acid side chains or main chain, and water molecules (pink). 

Fig. 4. ELLA results 
demonstrating the rel- 
ative inhibition of bind- 
ing of full-length solu- 
ble CR2 at 2 pg/ml to 
plate-bound C3d by 
wild-type C3d (wt) 
compared to mutant 
C3d (mutl, mut2, and 
mut4) at several con- 
centrations. Wt and 
mutl inhibited CR2- 
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evidence suggests that CR2 binds to C3d and 
EBV gp3501220 with overlapping but distinct 
sites (28) and involves S16 and Y68. These 
residues mapped on the CR2 surface are sep- 
arated from the area that interacts with C3d in 
our complex structure. 
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Glucose homeostasis depends on insulin responsiveness in target tissues, most 
importantly, muscle and liver. The critical initial steps in insulin action include 
phosphorylation of scaffolding proteins and activation of phosphatidylinositol 
3-kinase. These early events lead to activation of the serine-threonine protein 
kinase Akt, also known as protein kinase 0. We show that mice deficient in AktZ 
are impaired in the ability of insulin to lower blood glucose because of defects 
in the action of the hormone on liver and skeletal muscle. These data establish 
AktZ as an essential gene in the maintenance of normal glucose homeostasis. 

Type 2 diabetes mellitus is a complex, mul- 
tisystem disease with a pathophysiology that 
includes defects in insulin-stimulated periph- 
eral glucose disposal and suppression of he- 
patic glucose production. as well as in insulin 
secretion (1). Investigations into the molecu- 
lar pathways that mediate each of these re- 
sponses in normal individuals has led to the 
identification of numerous putative signaling 
molecules, but only a few have been con-
firmed in vivo as critical to normal glucose 
homeostasis (2). In particular, the in vivo data 
in support of the insulin receptor. insulin 
receptor substrate 1 (IRS1) and IRS2, as im- 
portant to the maintenance of normal insulin 
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responsiveness, have not been matched by 
equivalent evidence for a physiological role 
for downstream signaling molecules (3-6). 
The phosphoinositide-dependent serine-thre- 
onine protein kinase Akt (also known as pro- 
tein kinase B. or PKB) has been proposed to 
be an intermediate in the signaling pathway 
by which insulin controls both muscle and fat 
cell glucose uptake as well as hepatic glu- 
coneogenesis (7-10). However. experimental 
approaches based on dominant-inhibitory 
strategies have yielded contradictory results 
in regard to a role for Akt in insulin-stimu- 
lated glucose uptake, and not all studies have 
supported the kinase as important to insulin 
signaling in liver (11-14). 

In rodents and humans, there are three Akt 
each encoded by a separate gene 

(15-1 7). Because Akt2 appears to be en-
riched in insulin-responsive tissues and has 
been specifically implicated in the metabolic 
actions of the hormone (18-20), we generat- 
ed mice with a targeted disruption in the AktZ 
locus by homologous recombination. The tar- 

geting was designed insert LorP 
sites (21) flanking the sequence containing 
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