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BAFF (B-cell activating factor, also termed BLyS, TALL-1,
THANK and zTNF4) is a key regulator of B-lymphocyte 
maturation1–9. BAFF-deficient mice fail to accumulate late
transitional and mature B cells in their spleens10,11.
Furthermore, overproduction of BAFF in transgenic mice
causes an accumulation of immature and mature B cells and
elicits systemic lupus erythematosus (SLE)–like autoimmune
diseases12–15. Patients with various autoimmune symptoms
have elevated levels of BAFF in their sera14–17. Intravenous
injection of soluble BAFF receptors greatly reduced the symp-
toms related to these diseases in animal models10,18–20. BAFF
has sequence and structural similarity with the tumor 
necrosis factor (TNF) family of proteins, which are involved
in immune regulation. BAFF forms hexameric complexes in
crystals grown at pH 4.5 and 6.021,22 and forms a virus-like
cage structure in crystals grown at pH 9.023. 

Three different receptors, BAFF-R, TACI and BCMA, are
capable of binding BAFF15,18,19,24–27. The phenotype of mice with
an impaired BAFF-R closely resembles that of BAFF-deficient
mice. Unexpectedly, TACI seems to have an inhibitory role in 
B-cell activity28–30. TACI-deficient mice have larger germinal
centers in their spleens, with more immature and mature B cells.
Notably, TACI-null mice were found to be unresponsive to 
T-cell–independent type 2 antigens, suggesting that TACI is
indispensable for this type of immune response. BAFF-R, TACI
and BCMA belong to the TNF receptor superfamily31. The pro-
teins of the TNF receptor family typically have three or four cys-
teine-rich domains (CRDs) in their extracellular domains. The
canonical CRDs contain six cysteine residues that form three
disulfide bridges, stabilizing the elongated antiparallel 
β-strands32–37. BAFF-R is a highly unusual member of the TNF
receptor family; it contains one CRD with four cysteine residues,
suggesting that the structure and mode of ligand interaction of
BAFF-R are substantially different from those of typical TNF
receptor family proteins24,25.

Crystal structure of the BAFF–BAFF-R complex
The structure of the extracellular domain of BAFF-R in complex
with BAFF was determined by molecular replacement, using the
previously reported BAFF virus-like cage structure as a search
probe23 (Table 1). Although the electron density map was calcu-
lated using data limited to a resolution of 3.3 Å, the quality of the
map was exceptionally high owing to icosahedral symmetry
averaging (Fig. 1a). The crystallographic asymmetric unit con-
tains an entire virus-like cage that is composed of 60 BAFF and
60 BAFF-R monomers (Fig. 1b,c). Like other TNF family 
proteins, BAFF monomers consist of a two-layered jellyroll 
β-sandwich structure. In the BAFF cage complex, two 
neighboring BAFF trimers make dimeric contact that is mediat-
ed by an unusually long DE loop called a ‘flap’ or ‘handshaking’
region (Fig. 1d)22,23. Structural changes in BAFF induced by
BAFF-R binding are concentrated near the receptor interaction
site, and the overall BAFF structure shows no gross structural
changes relative to unbound BAFF.

In the crystal structure, BAFF-R binds to BAFF in a 1:1 molar
ratio (Fig. 1b–d). The crystallized extracellular domain of 
BAFF-R is 63 amino acids in length and contains a single CRD
(Fig. 2a,b). The CRD of BAFF-R spans from Cys19 to Cys35 and
forms a short β-hairpin structure. The absolutely conserved DxL
motif is located on the tip of the β-turn and is involved in the
binding of BAFF (Fig. 2a,b, 3a). The CRD β-hairpin structure is
terminated by two flanking turns made up of residues 20–23
(VPAE) and 35–38 (CGLL). These turn structures are probably
stabilized by two disulfide bridges (Fig. 2a,b). Residues before
Thr17 and after Pro41 are not conserved in TACI or BCMA, and
have a highly flexible structure.

Comparison with other TNF receptor family proteins
CRDs of the TNF receptor family are composed of distinct struc-
tural modules. Each module type is designated by a letter and by
a numeral indicating the number of disulfide bridges32,34. Type A
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modules consist of three short β-strands and a disulfide bridge
connecting strands 1 and 3. Type B modules also contain three
antiparallel β-strands, but the β-strand topologies are different
from those of the A modules. The B modules adopt character-
istic S-shaped folds reminiscent of paper clips. The topology of
the disulfide bridges in the BAFF-R CRD is similar to that of the
B2 module. However, the overall structure of the BAFF-R CRD is
more closely related to that of the A1 module, rather than the B2
module (see Fig. 4a). The BAFF-R CRD structure is readily
superimposable with that of the A1 module of TNFR1 CRD3
(r.m.s. deviation = 1.6 Å)37 and the A1 module of DR5 CRD2
(r.m.s. deviation = 1.3 Å)35,36. The structure of the BAFF-R CRD
is different from that of the TNFR B2 or DR5 B2 module, and
meaningful superimposition is not possible.

The Cys19-Cys32 disulfide bridge of BAFF-R seems to be an
essential component of the A1 module of the TNF receptor CRD
structures. It is observed in all presently known TNF receptor
structures, the TNFR1 and the DR5 structures, and is highly
conserved in the sequences of the majority of the TNF receptor
family proteins (Fig. 2b). In contrast, the Cys24-Cys35 disulfide
bridge of BAFF-R is not observed in other TNF receptor struc-
tures, and its sequence is not conserved among the TNF receptor
family proteins. The Cys24-Cys35 disulfide bridge is probably
required to stabilize the A1 module of BAFF-R without a flank-
ing B2 or C2 module. TACI and BCMA have two more cysteine
residues in their CRDs. These additional cysteine groups are
likely to be involved in the formation of the B2 or C2 modules
that may complete the standard TNF receptor CRD struc-
tures32,34. Our crystal structure of BAFF-R is consistent with the
recently published NMR structure of a six-residue synthetic pep-
tide that contains the DxL motif38.

Asp26 and Leu28 of the DxL motif are the only residues that
are completely conserved among BAFF-R-related proteins,
except for the structurally important cysteine residues (Fig. 2b).

Consistent with sequence conservation, Asp26 and Leu28 mediate
the most important interactions between BAFF-R and BAFF
(Fig. 3a). Asp26 of BAFF-R participates in an extensive hydrogen
bonding network involving the side chains of Arg265 and Tyr206
of BAFF and backbone atoms of Leu27 and Leu28 of BAFF-R.
Notably, the highly conserved Arg265 of BAFF rotates inward by
∼ 90° and forms charge-enhanced hydrogen bonds with Asp26 of
BAFF-R. Without a bound receptor, the Arg265 side chain is
exposed to solvent and does not interact with the other side
chains21–23. The conformation of Asp26 of BAFF-R is further stab-
ilized by a hydrogen bond with Tyr206 of BAFF. The conserved
Leu28 of BAFF-R binds to a shallow pocket consisting of
hydrophobic residues of BAFF: Ile233, Pro264, Leu211 and
Ala207. The size and shape of the pocket is complemented by the
hydrophobic leucine side chain. The Gly209 residue of BAFF
forms the bottom of the Leu28 pocket. This glycine residue is
replaced by alanine in TNF-β or valine in TRAIL (Fig. 3c). The side
chain of the alanine or valine fills up the putative Leu28 pocket,
resulting in a flat surface in the TNF-β and TRAIL structures.

In addition to the DxL motif, other residues have supporting
roles in the interaction between BAFF and BAFF-R. Val29, Leu37
and Leu38 of BAFF-R and Tyr206 and Leu240 of BAFF form a
small hydrophobic interface. This hydrophobic core is generally
conserved in the BAFF-R and BAFF family of proteins. However,
unlike the Leu28 pocket, the residues involved in this hydro-
phobic core show substantial sequence variations among the
TNF family proteins. Nonspecific and long-range ionic interac-
tions appear to be involved in BAFF-R binding with BAFF. The
BAFF receptor binding surface is covered with a large number of
negatively charged residues (Fig. 3b). Almost all of these acidic
residues are conserved in human and mouse BAFF sequences.
The negatively charged surface of BAFF complements the posi-
tively charged BAFF-R at neutral pH. The interaction is probably
nonspecific and long-ranged, because the majority of the basic

a

b Fig. 1 Structure of the BAFF-R extracellular
domains bound to the virus-like BAFF cage. 
a, Stereo view of a σA-weighted, simulated
annealing, Fo – Fc omit electron density map
(1.5 σ). The residues located within 5 Å from
Leu28 of BAFF-R were omitted for the map 
calculation. b,c, Overall structure of the
BAFF–BAFF-R complex looking down the five-
fold axis (b) and looking down the three-fold
axis (c). The molecular surface of the BAFF cage
is drawn in gray, and the dimeric pairs of 
BAFF-R are drawn in blue and red. d, A close-up
view of the BAFF and BAFF-R complex. Viewing
orientation is similar to that of c. The subunits
of the BAFF-R dimers are shown in blue and red
and are enclosed in boxes. The BAFF dimers are
colored green, yellow or gray.
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residues in BAFF-R are located in structurally disordered
regions. Notably, the putative receptor binding surface of APRIL,
a BAFF-related protein, is positively charged. The charge distrib-
ution on APRIL is consistent with the fact that it does not bind
BAFF-R21.

Comparison with other TNF receptor–ligand complexes
The structures of two ligand–receptor complexes of the TNF
family, TNF-β–TNFR1 and TRAIL–DR5, have been report-
ed35–37. In these structures, the receptors are highly elongated
and bind to the crevice between the two neighboring subunits of
the trimeric ligand complex. The receptor binding site of the 
ligand can be divided into two major sites: the A and B patches
(Fig. 4b). The basal, or B, patch constitutes approximately half of
the receptor binding interface of TRAIL and two-thirds of the
receptor binding interface of TNF-β. The BAFF B patch, which
includes the DE loop, does not participate in the binding inter-
action with BAFF-R. Instead, it is involved in interactions
between adjacent BAFF trimers in the virus-like cage structure.
The BAFF DE loop is unusually long and interlocks with the DE
loop of the neighboring BAFF trimer (Fig. 4b). This type of
intertrimeric dimerization is also exhibited in the hexameric
BAFF structures of crystals grown at acidic pH21,22. The apical, or
A, patch of the TNF family of proteins constitutes approximately
half of the receptor binding surface of TRAIL and one-third of
the receptor binding surface of TNF-β. The BAFF A patch is the
sole BAFF-R interaction site.

It is noteworthy that the BAFF–BAFF-R interaction shows
considerable differences from the general binding mode of the
TNF family of proteins. First, the BAFF A patch is almost com-
pletely confined to a single BAFF monomer. In the TRAIL and
TNF-β structures, the A patch is divided almost equally between
two subunits in the ligand trimer. Second, the β-turn section of
the BAFF-R CRD contains the DxL motif and mediates the
majority of interactions between BAFF and BAFF-R. In the
TRAIL–DR5 and TNF-β–TNFR1 structures, the interactions
involving the A patches are mainly mediated by the β-strand
portion of the receptor CRD, and the β-turn residues play a 
relatively minor role. Third, the BAFF-R binding site of BAFF is

considerably smaller than those of the other
TNF family members. The total buried 
surface of the BAFF–BAFF-R complex is
922 Å2, which is approximately half of the
total buried surface of the TNF-β–TNFR1
complex and one-third that of the
TRAIL–DR5 complex. The smaller interac-
tion surface of the BAFF–BAFF-R complex
may provide advantages for the develop-

ment of small-molecule antagonists, because receptor binding
that involves a large interface is often difficult to disrupt using
small-molecule drugs.

Ligand-induced trimerization of the intracellular domain 
is thought to be the major activation mechanism of the TNF
receptor family of proteins31. A similar trimeric arrangement of
receptors is observed in the BAFF–BAFF-R complex (Fig. 1b–d).
However, the closest interatomic distance between CRDs of the
BAFF-R trimer in the receptor–ligand complex is >20 Å, and
there are no direct contacts between the CRDs in the BAFF-R
trimer. In contrast, the dimeric arrangement between two 
BAFF-R CRD subunits from neighboring trimers appears to be
more intimate (Figs. 1d, 3b). The shortest interatomic distance
between the BAFF-R CRDs in the dimer is 3.8 Å. The BAFF-R
dimer is unlikely to be stable without the bound BAFF because
the interaction surface between two BAFF-R monomers is very
limited and no strong hydrogen or ionic bonds occur between
the two monomers. Dimerization can be induced by binding of
BAFF-R to either the virus-like BAFF cage or the hexameric
BAFF complex. This type of receptor dimerization seems to be
unique to the BAFF–BAFF-R complex, because it has not been
seen in any other TNF family receptor–ligand complexes. The 
N- and C-terminal residues outside the conserved BAFF-R CRD
have highly flexible structures, and their interatomic spacings
between the BAFF-R dimers or trimers are probably not fixed.

Modeling of the TACI–BAFF complex
Structural characterization of the BAFF-R-related proteins TACI
and BCMA is important for understanding their physiological
roles in BAFF signaling. The TACI extracellular domain contains
two CRDs and binds BAFF with nanomolar-range affinity15.
Notably, the sequence alignment reveals that both the TACI
CRDs contain the conserved DxL motifs (Fig. 2b). This conser-
vation is unlikely to be trivial, because the sequence homology
among BAFF-R-related proteins is relatively low, and, except for
the three cysteines involved in the disulfide bridges, DxL motifs
are the only residues that are conserved. This conservation sug-
gests that both CRDs may make direct contact with BAFF. To
verify this hypothesis, we produced the isolated CRD1 (residues

Fig. 2 Structure of the BAFF-R CRD. a, Stereo
view of the BAFF-R monomer with the side chains
shown in orange. The peptide backbone is
schematically drawn as a blue ribbon, with the
green lines representing disulfide bridges. The
conserved Asp26 and Leu28 residues of the DxL
motif are boxed. b, Sequence and structural
alignments of BAFF-R-related proteins. The
sequences of TACI, BCMA and BAFF-R are aligned
(upper). The TNFR1 and DR5 sequences are
aligned based on the crystal structures (lower).
The cysteine pairs forming the disulfide bridges,
as confirmed by the crystal structures, are indi-
cated. The residues given in lower case have lim-
ited sequence or structural similarity with BAFF-R
and are not aligned. The cysteines are shown in
green; the DxL motifs are red.
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14–69) and CRD2 (residues 67–111) of TACI, and determined
their binding capabilities to BAFF. Consistent with our model,
both CRDs that were tagged with the immunoglobulin Fc
domain formed stable complexes with BAFF in pull-down assays
(Fig. 5a). Under the same experimental conditions, CRDs with
mutated DxL motifs did not bind to BAFF (Fig. 5a).
Furthermore, complete disruption of BAFF binding requires
simultaneous mutation of both DxL motifs of the full-length
TACI extracellular domain (Fig. 5b). In our structure, Arg265 of
BAFF mediates the interaction with Asp26 of the BAFF-R DxL
motif. Notably, an R265A mutation of BAFF abolished binding

of both CRDs (Fig. 5c, lanes 3–5), suggesting that the two CRDs
of TACI share the same binding site in BAFF. For this binding
experiment, an R265A mutant with the BAFF ∆DE background
was used because we could not produce sufficient quantities of
the R265A mutant with the wild-type BAFF. The BAFF ∆DE
mutant has a deletion of the DE loop that mediates formation of
the virus-like cage of BAFF23 background. BAFF ∆DE mutant
and wild-type BAFF have binding affinities comparable to those
of TACI and BCMA (Fig. 5c, lanes 1 and 2)23. In the R265A
mutant, the Leu28 binding pocket of BAFF is intact (Fig. 2a),
which may explain the weak binding affinity of the R265A

mutant to wild-type TACI through accu-
mulation of two partially disrupted DxL
interactions (Fig. 5c, lane 3). Initially,
these observations were puzzling because
we could not clearly explain the simulta-

Fig. 3 BAFF-R and BAFF interactions. a, The conserved DxL motif mediating the BAFF-R and BAFF interaction. BAFF is drawn in gray, with the pep-
tide backbone of BAFF-R schematically drawn in blue and the BAFF-R side chains in red. Potential hydrogen bonds are shown as broken lines. The
small red ball near Leu28 is the backbone carbonyl oxygen of Leu28. The small gray ball near Gly209 represents the Cα of Gly209. b, Dimeric arrange-
ment of BAFF-R. The BAFF-R CRDs (residues 17–41) are drawn as gray ribbons, with the side chain of the conserved Leu28 residue shown in green.
Negatively and positively charged surfaces of BAFF are red and blue, respectively, and the N and C termini of the BAFF-R CRDs are also indicated. 
c, Residues important for the binding to BAFF-R. The sequences of BAFF, APRIL, TNF-β and TRAIL are aligned. APRIL is the most closely related mem-
ber to BAFF in the TNF family. Residues that directly interact with the conserved DxL motifs in BAFF-R are indicated in red. The locations of the 
β-strands are indicated as arrows drawn above the sequences.

Fig. 4 Comparison of the structures of the TNF-
receptor family CRDs. a, The Cα traces of the A1
modules of BAFF-R, TNFR1 CRD3 and DR-5 CRD2
are aligned, with the disulfide bridges shown as
thinner lines. The view is rotated by ∼ 180° along
the vertical axis of Fig. 2a. b, Comparison of the
receptor binding sites. The receptors are drawn
after aligning the BAFF–BAFF-R, TNF–TNFR1 and
TRAIL–DR5 structures. The BAFF structure is
indicated schematically (gray). Patches A and B,
which are critical for receptor binding, are indi-
cated. The DE loop (residues 217–224) from the
neighboring BAFF trimer, drawn in yellow, occu-
pies patch B and mediates the intertrimeric
BAFF dimerization.
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neous binding of two CRDs of TACI to a single binding site of
BAFF. However, careful inspection of the structure reveals that
the two receptor binding sites of the BAFF-R dimers in the virus-
like cage are close enough to be connected by a suitable linker
(Fig. 1b–d).

To explain our mutagenesis data, we built a model of the TACI
extracellular domain bound to the BAFF complex. In our model,
TACI CRDs adopt A1–C2 module structures and simultaneously
interact with the BAFF dimer (Fig. 5d). The N-terminal half of
the TACI and BCMA CRDs has clear sequence similarity with
BAFF-R (Fig. 2b), and it is likely that this part of the TACI and
BCMA CRDs adopts an A1 module structure, similar to that of
the BAFF-R CRD. The structural prediction of the C-terminal
half of the TACI and BCMA CRDs is less straightforward,
because these do not have an obvious sequence similarity with
BAFF-R or with other TNF receptor family members whose
structures are known. The structures of the C-terminal half of
the TNF receptor CRDs can be categorized into two types — B2
or C2 modules — with different disulfide patterns32,34. Based on
the amino acid spacing between the conserved cysteine residues,
Madry et al.39 predicted that the TACI CRDs would have an
A1–C2 module structure. The spacing between the terminal cys-
teine pairs of the known B2 module structure is strictly con-
served in the TNF receptor family proteins, where at least seven

amino acid residues seem to be required (Fig. 2b). The spacing
between the final cysteine pair of the TACI and BCMA CRDs is
three amino acids long, and this short intercysteine spacing can-
not fit into the A1–B2 module combination. Our model, based
on the crystal structure and the mutagenesis data, supports the
prediction of Madry et al.39 (Fig. 5d). When we position the A1
portions of the TACI CRDs in the BAFF-R binding sites of BAFF,
the two TACI CRDs cannot be connected with A1–B2 module
structures. Because the angles between the A1 and B2 modules
show limited variations in the known TNF receptor structures,
the B2 module of CRD1 would point in the wrong direction
from the A1 module of CRD2, and a linker substantially longer
than the natural linker would be required to connect the two
TACI CRDs. With the A1–C2 model, the TACI CRDs could be
connected by the short native linker that exists between the
domains (Fig. 5d). Although we can propose a structural model
for the TACI CRDs bound to the BAFF dimer, we cannot provide
a clear view of the overall structure of the TACI and BAFF com-
plex. It appears that TACI with two CRDs is a potent crosslinking
agent for BAFF in vitro. Mixing of purified TACI with trimeric or
cage complex of BAFF results in immediate precipitation, which
makes it difficult to obtain homogeneous samples for bio-
chemical analysis (data not shown). The TACI and BAFF com-
plex may adopt a crosslinked virus-like cage structure or may

Fig. 5 Characterization of the BAFF and TACI interaction. a, Binding of TACI CRD1 (residues 14–69) and CRD2 (residues 67–111) to BAFF. The con-
served Asp and Leu residues of the DxL motifs are mutated to alanines in the mutants (M). The TACI FL is the extracellular domain (residues 1–156)
of the full-length TACI. After the binding assay, the resulting duplicate SDS-PAGE gels were visualized either by Coomassie staining or by
immunoblot analysis using a polyclonal antibody specific to BAFF (Upstate Biotech) (see Methods). b, Interaction of the TACI CRDs with BAFF. C1M
contains mutations of Asp41 and Leu43 of the first DxL motif to alanines. C2M contains mutations of Asp80 and Leu82 of the second DxL motif to
alanines. C1,2M contains simultaneous double alanine mutations of both DxL motifs of TACI FL. The resulting duplicate SDS-PAGE gels were visual-
ized as in a. c, CRD1 and CRD2 share the same binding site as BAFF. BAFF ∆DE has a deletion of the DE loop. The R265A BAFF ∆DE mutant has a muta-
tion of Arg265 to alanine and a deletion of the DE loop. C1M, C2M and C1,2M are TACI mutants, as described in b. The resulting duplicate SDS-PAGE
gels were visualized as in a. The flexible His6 tag of the BAFF ∆DE mutant was partially digested during purification and runs as a diffuse band in the
SDS-PAGE gel. d, Model of the TACI extracellular domain bound to BAFF. The TACI extracellular domain (residues 32–104) is shown in a broken black
line. Negatively and positively charged surfaces of BAFF are colored red and blue, respectively. The N and C termini of the TACI extracellular domain
are indicated. Viewing orientation is similar to that of Fig. 3b. A1 and C2 modules of CRDs are indicated. The structures of the A1 modules were built
with that of BAFF-R CRD as a template. The structures of the C2 modules and the angles between the A1 and C2 modules were adopted from the
structure of TNFR1 CRD4 for model building. The molecular modeling was carried out using WHATIF43.
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form complicated heterogeneous networks of BAFF trimers
crosslinked by TACI. In our model, receptor dimerization is not
possible in the TACI and BAFF complex because a single TACI
molecule interacts with two BAFF subunits. Further experi-
ments are required to show whether a different arrangement of
the receptors acts in BAFF signaling.

Conclusions
We present the first crystal structure of the complex formed
between BAFF and BAFF-R, showing a novel structural arrange-
ment of the receptors and ligands. Our structural studies provide
new insights into BAFF signaling and may help in the develop-
ment of small-molecule drugs that have pharmacological prop-
erties superior to those of protein-based BAFF antagonists.

Methods
Protein expression and purification. The extracellular domain
of human BAFF-R (residues 1–63) fused to the Fc domain of human
immunoglobulin G1 were coexpressed with human BAFF (residues
134–285) in Hi5 insect cells (Invitrogen) using a recombinant 
baculovirus system (PharMingen). The secreted BAFF–BAFF-R com-
plex was purified using protein A Sepharose (Amersham Pharmacia
Biotech) affinity chromatography. The Fc tag of the fusion protein
was removed by thrombin digestion at 4 °C. The cleaved

BAFF–BAFF-R complexes were further purified using Source 15S
cation exchange chromatography and Superdex-200 gel filtration
chromatography (Amersham Pharmacia Biotech). The heterohexa-
meric fractions from the gel filtration chromatography were pooled
and concentrated to ∼ 1.0 mg ml–1 for crystallization.

Crystallization and data collection. Crystals were grown at 4 °C
using the hanging-drop vapor diffusion method by mixing 2 µl of the
protein solution and 2 µl of crystallization buffer containing 2.8 M
sodium formate, 5% (v/v) ethylene glycol and 100 mM sodium citrate
(pH 5.5). Crystals suitable for diffraction experiments grew within
2 weeks. The diffraction data were collected using crystals that were
flash-frozen at –170 °C in the crystallization buffer supplemented with
6 M sodium formate at the BL41XL beamline of Spring-8 in Harima,
Japan. The crystals belonged to space group P21 with a = 175.5 Å, b =
194.8 Å, c = 274.4 Å and β = 93.3°. The diffraction data were processed
using DENZO and SCALEPACK40. The data were 93.4% complete in the
resolution range 3.3–20 Å with Rmerge = 10.8% (Table 1).

Structure determination and refinement. The crystal structure
of the BAFF–BAFF-R complex was determined using molecular
replacement (Table 1). The previously reported virus-like BAFF cage
structure was used as a search probe23. The initial BAFF model was
refined using CNS41, and manually rebuilt using O42. Atoms related
by 60-fold noncrystallographic symmetries (NCS) were tightly
restrained throughout the refinement (weight = 300 kcal mol–1 Å–2).
NCS averaging greatly improved the quality of the electron density
maps. After partial refinement of BAFF, a strong connected density
was detected near the Arg265 residue of BAFF in an Fo – Fc differ-
ence electron density map. The β-hairpin structure of the BAFF-R
CRD was modeled in the density. The resulting BAFF–BAFF-R com-
plex structure was further refined to the final R-factor of 23.9%,
and Rfree of 24.8%, calculated using the data in the resolution range
3.3–20 Å. The final atomic model includes 60 BAFF monomers
(70,500 atoms), 60 BAFF-R monomers (11,220 atoms) and 40 magne-
sium ions (40 atoms). We assumed that the bound metal ions were
magnesium ions, as proposed by Oren et al22. However, it is impossi-
ble to identify the bound metal ions unambiguously from current
data exclusively. No water molecules were included in the model.
The Fo – Fc difference electron density map calculated using the
refined structure shows a proteinlike density near the Tyr163
residue of BAFF. This is likely to be the electron density from the 
N-terminal arginine-rich region of BAFF-R. However, the structure
of the residues in this region appeared to be unstable, and the 
quality of the map was not high enough for reliable modeling.

Binding assay. The BAFF-R extracellular domain (residues 1–63),
the wild-type TACI full-length extracellular domain (residues
1–156), TACI CRD1 (residues 14–69) and TACI CRD2 (residues 67–111)
were tagged with an Fc domain and expressed using a baculovirus
expression system in Hi5 (Invitrogen) insect cells. The conserved
aspartic acid and leucine residues of the DxL motifs were mutated
to alanines in the mutant TACI domains. The mutant TACI domains
were also expressed as Fc fusion proteins. The His6-tagged BAFF and
BAFF ∆DE mutant proteins were expressed in Escherichia coli and
purified to homogeneity as earlier reported23. The culture media
containing the secreted Fc-TACI or Fc-BAFF-R fusion proteins were
incubated with protein A–Sepharose resins for 1 h at room temper-
ature. Then, the resins were washed with a buffer containing
25 mM Tris at pH 6.0, 5% (v/v) glycerol, 0.25% (v/v) NP-40, 0.05 mM
EDTA, 500 mM NaCl and 0.2 mM PMSF. A 2 µg sample of the purified
BAFF and BAFF mutant proteins was then incubated with TACI- or
BAFF-R-bound protein A–Sepharose resins. The final resins were
washed and the bound proteins were subjected to SDS-PAGE. The
resulting duplicate SDS-PAGE gels were visualized either by
Coomassie Brilliant Blue staining or by immunoblot analysis using a
polyclonal antibody specific for BAFF (Upstate Biotech). The latter
approach was used because a protein contaminant runs at the same
position as BAFF in the SDS-PAGE.

Coordinates. Coordinates and structure factors have been deposit-
ed in the Protein Data Bank (accession number 1OTZ).

Table 1 Data collection and refinement statistics

Space group P21

Cell dimensions
a = 175.5 Å
b = 194.8 Å
c = 274.4 Å
β = 93.3°

Resolution (Å) 20.0–3.3 
Number of reflections

Total 1,448,322
Unique 280,519

Completeness (%)1 93.4 (87.3)
Rmerge (%)1,2 10.8 (26.2)
I / σ1 6.9 (1.9)
Number of molecules in asymmetric unit

Protein 120 (60 BAFF, 60 BAFF-R)
Solvent 0
Metal 40

Rfree (%)3,4 24.8
Rcryst (%)3,4 23.9
Average B-factor (Å2) 43.8
R.m.s. deviation from ideal values

Bond lengths (Å) 0.010
Bond angles (°) 1.60

NCS related atoms (Å) 0.034
B-factor (bonded atoms) 1.51
Ramachandran plot

Most favored (%) 95
Additionally allowed (%) 2.4
Generously allowed (%) 2.6
Disallowed (%) 0

1Values in parentheses correspond to the highest resolution shell.
2Rmerge = Σhkl Σj |Ij(hkl) – <I(hkl)>| I Σhkl Σj |Ij(hkl)|, where Ij(hkl) and <I(hkl)>
are the intensity of measurement j and the mean intensity for the reflec-
tion with indices hkl, respectively.
3Rcryst,free = Σhkl ||Fc(hkl)| – |Fo(hkl)|| / Σhkl |Fo|, where the crystallographic and
Rfree-factors are calculated including and excluding refined reflections,
respectively. The free reflections constituted 5% of the total number of
reflections.
4|F| > 0 σ.
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