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Microorganisms have coevolved diverse mechanisms to impair host
defenses. A major one, superantigens, can result in devastating
effects on the immune system. While all known superantigens induce
vast immune cell proliferation and come from opportunistic patho-
gens, recently, proteins with similar broad specificity to antibody
variable (V) domain families were identified in a commensal micro-
biota. These proteins, identified in the human commensal Ruminococ-
cus gnavus, are called immunoglobulin-binding protein (Ibp) A and B
and have been shown to activate B cells in vitro expressing either
human VH3 or murine VH5/6/7. Here, we provide molecular and func-
tional studies revealing the basis of this Ibp/immunoglobulin (Ig) in-
teraction. The crystal structure and biochemical assays of a truncated
IbpA construct in complex with mouse VH5 antigen-binding fragment
(Fab) shows a binding of Ig heavy chain framework residues to the
Ibp Domain D and the C-terminal heavy chain binding domain (HCBD).
We used targeted mutagenesis of contact residues and affinity mea-
surements and performed studies of the Fab-IbpA complex to deter-
mine the stoichiometry between Ibp and VH domains, suggesting Ibp
may serve to cluster full-length IgA antibodies in vivo. Furthermore,
in vitro stimulation experiments indicate that binding of the Ibp
HCBD alone is sufficient to activate responsive murine B cell recep-
tors. The presence of these proteins in a commensal microbe
suggest that binding a broad repertoire of immunoglobulins,
particularly in the gut/microbiome environment, may provide an
important function in the maintenance of host/microbiome homeo-
stasis contrasting with the pathogenic role of structurally homolo-
gous superantigens expressed by pathogens.
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The relationship between host and microbiota can be viewed
as a spectrum between commensalism and pathogenicity (1,

2). Commensal microbes coevolved many strategies to manipu-
late and protect the host immune system from pathogens (3).
Whereas most microbial antigens stimulate only a small fraction
of lymphocytes, certain pathogenic organisms evolved molecules
to hijack the host system by harnessing and redirecting the T or
B cell stimulatory potential of hosts against themselves. These
broadly reactive proteins are called superantigens (SAgs); until
recently, this term was reserved for mostly pathogenic Staphy-
lococci or Streptococci species and some viruses (4). For T cell
SAgs, their predominant mechanism of activation is through
crosslinked binding to a germline region of a variable beta chain of
the T cell receptors and outside of the peptide-binding groove of a
class II major histocompatibility complex (5, 6). Similarly, B cell
SAgs, that is, Staphylococcal protein A (SpA) and Streptoccoccal
protein G, bind outside of the complementarity-determining region
(CDR) of the variable heavy (VH) chain of an antigen-binding
fragment (Fab) as well as antibody-crystallizable fragment (Fc)
(7, 8). Additional examples of superantigenic-like broadly reactive
interactions have been uncovered that expand on the classical
definition of conventional superantigens, e.g., protein Fv (a human

liver sialoprotein), protein L (a coat protein of Peptostreptococcus
magnus), and protein M (a human mycoplasma protein) (9–11).
More recently, in our studies of host-microbiota interactions, we
identified proteins exhibiting superantigen-like binding character-
istics, called immunoglobulin-binding proteins (Ibp) A and B (12).
Previously, we observed that in mice colonized with human

microbiota, a large portion of the microbiota are coated with
mouse microbiota-reactive monoclonal antibodies derived from
small intestinal IgA plasma cells (12). This study also revealed that
a subset of the commensal Lachnospiracae family can also bind to
antibodies expressing particular immunoglobulin variable gene
regions. Specifically, we focused on the Ruminococcus gnavus
species, which is a Gram-positive anaerobe that inhabits the ma-
jority of humans yet represents a small fraction of the gut micro-
biota (13, 14). The species is well adapted to the gut by using a
unique sialic acid metabolism pathway, which provides a compet-
itive strategy to colonize a niche in the gut mucosal layer (15, 16).
Despite being a small percentage of the healthy gut microbiota, R.
gnavus is disproportionately represented in inflammatory condi-
tions and diseases such as inflammatory bowel disease (IBD), lupus
nephritis, or atopy (17–21). Notably, R. gnavus represents a ge-
netically heterogeneous species that can be grouped in distinct
functionally relevant clusters, and IBD flare-ups were associated
with transient expansions of a genetically and functionally related

Significance

Superantigens are proteins that induce a vast activation of the
immune system and are typically found in pathogenic microbes.
Recently, proteins with superantigen-like properties were dis-
covered in a commensal bacterium inhabiting the human gut,
but little is known about the impact of this protein on host/
commensal interaction. Here, we characterize the superantigen-
like protein immunoglobulin-binding protein (Ibp) expressed by
Ruminococcus gnavus, which has broad specificity to human and
mouse immunoglobulins. We present the crystal structure of the
Ibp/Fab complex and show that one of Ibp’s domains alone is
sufficient to activate B cells. This work provides an understand-
ing of superantigen-like molecules potentially playing a role in
the maintenance of host/microbiome homeostasis.

Author contributions: M.T.B., C.D., A.E.Y., M.V., S.M.R., A.B.H., A.B., and E.J.A. designed
research; M.T.B., C.D., A.E.Y., M.V., and S.M.R. performed research; M.T.B. and J.J.B. con-
tributed new reagents/analytic tools; M.T.B., C.D., A.E.Y., M.V., S.M.R., A.B.H., and E.J.A.
analyzed data; and M.T.B., C.D., A.B., and E.J.A. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1M.T.B. and C.D. contributed equally to this work.
2To whom correspondence may be addressed. Email: ejadams@uchicago.edu or
abendela@bsd.uchicago.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2023898118/-/DCSupplemental.

Published September 21, 2021.

PNAS 2021 Vol. 118 No. 39 e2023898118 https://doi.org/10.1073/pnas.2023898118 | 1 of 11

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
11

, 2
02

1 

http://orcid.org/0000-0002-8223-530X
http://orcid.org/0000-0002-5973-5058
http://orcid.org/0000-0002-8559-042X
http://orcid.org/0000-0001-8347-3425
http://orcid.org/0000-0002-9351-7003
http://orcid.org/0000-0002-3598-3399
http://orcid.org/0000-0003-1859-206X
http://orcid.org/0000-0002-6271-8574
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2023898118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:ejadams@uchicago.edu
mailto:abendela@bsd.uchicago.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023898118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023898118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023898118
https://doi.org/10.1073/pnas.2023898118


www.manaraa.com

R. gnavus clade (18, 22, 23). However, only limited molecular as-
sociations have been described, and it is currently unknown how,
or if at all, R. gnavus is contributing to either disease or dysbiosis
or if it is just expanding due to a competitive advantage during
inflammation. There are several potential reasons for this dis-
proportionate correlation with inflammatory diseases, including
factors such as a higher capacity in utilization of mucin glycans,
expression of unique proinflammatory polysaccharides by R. gna-
vus, and expression of IbpA and IbpB (12, 24, 25), the subjects of
this study. Considering the need for understanding these host/
microbe interactions, our discovery of these new protein effectors,
IbpA and IbpB, led us to investigate the molecular and structural
features of these proteins.
IbpA and IbpB have 83% amino acid sequence similarity and

are located directly adjacent to one another in the R. gnavus ge-
nome, suggesting they arose via gene duplication. Even though the
consequences of Ibp expression for commensal and host are
poorly understood, these proteins include several features remi-
niscent of other bacterial immunoglobulin-binding proteins, in-
cluding common B cell SAgs such as SpA or Streptoccoccal protein
G (26). For example, IbpA/B contain four 67 amino acid long
repeat domains that are reminiscent of the repeat domains in SpA
and protein G that were shown to mediate binding to Fc or Fab
fragments of immunoglobulins. In humans, SpA binds to VH3 Igs,
inducing a vast supraclonal expansion of VH3 plasmablasts. In
addition, in VH7 (previously T15) transgenic mice, high-dose in-
jections of SpA induce VH7+-targeted B cells depletion by an
activation-induced cell-death (AICD) pathway (27–30). A survey
of Ibp binding to a large panel of monoclonal mouse and human
antibodies revealed a broad Ibp-reactive repertoire with a bias
toward murine VH5/6/7 and human VH3 families, which in hu-
mans is the largest subset of total B cells and suggests similar
recognition as SpA (12). Interestingly, both IbpA and IbpB were
also found to potently stimulate human and mouse B cells in vitro,
presumably by B cell receptor (BCR) crosslinking through the
series of repeat domains. Finally, an N-terminal signal peptide and
C-terminal SPKTG sortase motif indicate cell wall anchoring,
reminiscent of SpA tethering on the surface of virulent strains of
Staphylococcus aureus (12, 31). Despite functional and structural
similarity of Ibp to B cell SAgs, the expression of Ibp in human
commensal bacteria in healthy humans suggest they may be in-
volved in host/microbe homeostasis instead of pathogenicity;
therefore, we propose the use of the term superantigen-like to
describe these novel proteins.
In this work, we provide detailed molecular and functional in-

formation about R. gnavus Ibp, defining the in vitro properties of
full-length Ibp and single Ibp domains. We have solved the crystal
structure of a truncated IbpA construct in complex with two
mouse VH5 Fab fragments showing association mediated mostly
through Ig framework residues with Domain D and the C-terminal
heavy chain binding domain (HCBD). We show Ibp can bind to a
broad repertoire of human and mouse B cells that exceed the
repertoire of antibodies bound to SpA. We utilized individual
IbpA contact domains to study their ability to activate B cells
in vitro and could observe B cell responses with even single IbpA
domains. Overall, our results give new insights of how R. gnavus
interacts with the host and utilizes its surface proteins to attract a
wide range of antibodies.

Results
IbpA and IbpB Bind to a Broad Repertoire of Human and Mouse B Cells
and Initiate BCR Signaling.We previously tested an archive of mouse
and human-derived monoclonal antibodies for Ibp reactivity and
observed preferential binding of mouse VH5/6/7 and human VH3
variable regions. However, we also detected a considerable fraction
of antibodies expressing other VH families that were bound by Ibp
(12). To test if IbpA and IbpB could also bind to membrane-
associated immunoglobulins and to more precisely define the

repertoire of Ibp-reactive mouse and human B cells, we labeled
full-length IbpA and IbpB with fluorophores and used them as
staining reagents for flow cytometry. Fifty percent to 60% of hu-
man peripheral blood B cells were costained with IbpA and IbpB
(Fig. 1A), whereas the frequency of brightly labeled splenic mouse
B cells was lower (Ibphigh, 5%) (Fig. 1B). No discernable difference
was observed between IbpA and IbpB staining, and incubation with
either IbpA or IbpB or both prevented IbpA/IbpB double staining,
suggesting binding to a shared repertoire and epitopes (SI Ap-
pendix, Fig. S1A). In addition, we detected that a dose-dependent
population of mouse B cells with an intermediate binding pattern
could be detected (Ibpint, Fig. 1B and SI Appendix, Fig. S1B). We
next sorted Ibp-bound, Ibp-unbound, and total human and mouse
B cell populations and performed repertoire sequencing. The
majority of Ibp-positive human B cells (75%) expressed VH3 gene
families, whereas 25% showed expression of VH1 genes (Fig. 1C).
Ibphigh murine B cells exclusively expressed VH5/6/7 genes (Fig.
1D). The repertoire of Ibpint B cells was more heterogenous but
mostly consisted of VH1 families. There was a partial overlap
between the heavy chain repertoire of Ibp negative (Ibpneg) and
Ibpint B cells, but some families, such as mouse VH3, VH8, and
VH9, were only found within the Ibpneg fraction (Fig. 1D). A re-
stricted light-chain repertoire was not detectable in either dataset,
suggesting Ibp binding to antibodies is solely mediated through the
heavy chain variable regions (SI Appendix, Fig. S1 C and D). These
data confirm our previous findings and indicate that IbpA and
IbpB both bind a shared and broad repertoire of human and mouse
antibodies (12).
We then sought to determine whether recombinant IbpA and

IbpB also initiate BCR signaling. We therefore stimulated B cells
in vitro and examined intracellular calcium flux by flow cytom-
etry. A strong calcium flux signal could be detected in bulk hu-
man B cells (Fig. 1E, Left), whereas the signal of bulk mouse
B cells was lower, consistent with Ibp’s engagement of a more
restricted segment of the mouse Ig repertoire (Fig. 1E, Right).
However, in transgenic B cells expressing an IGHV6 BCR, both
IbpA and IbpB induced calcium flux considerably faster and
stronger than in wild-type B cells (Fig. 1 F and G). Thus,
recombinant Ibp binds to a broad repertoire of human and
mouse BCRs and, in a soluble form, can activate BCR signaling
in vitro.

A Truncated IbpA Construct Is Functional and Shows Higher Affinity to
Antibodies than Wild-Type IbpA. To analyze the molecular details of
how Ibp binds to antibodies and maintains its B cell repertoire
specificity, we pursued structural studies of full-length Ibp in
complex with a mouse VH5 Fab. Structural trials with full-length
IbpA or IbpB in complex with Fab either by X-ray crystallography
or by negative stain electron microscopy were unsuccessful. We
therefore generated an optimized IbpA (truncated IbpA) construct
that bears only one of the four 67 amino acid repeat domains,
which in complex with Fab will reduce binding heterogeneity. This
construct contains the fourth repeat (Domain D) and extends to
the C terminus of the full-length IbpA (Fig. 2A and SI Appendix,
Fig. S2A). The size-exclusion chromatography profile of the trun-
cated IbpA in complex with Fab shows a peak that shifts to longer
retention times compared to the full-length IbpA and Fab complex,
consistent with smaller hydrodynamic radius and reduced molec-
ular mass (SI Appendix, Fig. S2 B and C). We also tested the ability
of truncated IbpA to bind and activate mouse BCRs in vitro and
found that the truncated Ibp activated as well as the full length
(Fig. 2B). Interestingly, direct affinity measurement by biolayer
interferometry (BLI) showed three times higher affinity (lower
dissociation constant, KD) and slower dissociation rate (koff) for the
truncated IbpA construct compared to the full length when tested
for binding with mouse VH5 338E6 Fab (Fig. 2C). We also ob-
served similar trends in KD and koff for a human VH3 IgG F16
clone (Fig. 2D). Altogether, these data demonstrate that truncated
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IbpA is as effective as full-length IbpA in activating mouse splenic
B cells; it additionally binds to specific mouse and human Fabs with
higher affinity and a slower dissociation rate than full-length IbpA,
suggesting that the full-length IbpA might adopt a conformation
that modifies its interaction with the Fab portion of antibodies.

A Truncated IbpA Structure Reveals Two Superantigen-Like Fold
Domains that Engage a Fab: The Domain D and the C-Terminal HCBD.
In contrast to full-length IbpA, the truncated Ibp construct proved
successful in our crystallization attempts in complex with an engi-
neered mouse VH5 Fab (clone 338E6), where the variable do-
mains derive from a mouse-naïve splenic B2 Fab, and the constant
CL and CH1 domains are from a mutagenized human IgG1 scaf-
fold. We solved the resulting structure and refined to a 2.1A res-
olution with Rwork/Rfree 0.2297/0.2658 (SI Appendix, Table S1). The
truncated IbpA structure reveals three equal size domains: Domain
D (light pink), middle Domain X (gray), and a C-terminal domain,
from now on referred to as HCBD (teal) (Fig. 3A). Domain D
comprises one of the four repeat domains (A, B, C, and D) present
in the full-length structure of Ibp, which are highly similar to
one another.
Strikingly, despite having no sequence homology and low DALI

server z score = 2.4, both Domain D and HCBD adopt a fold
reminiscent of that of protein G and L (Fig. 3 B and C and SI
Appendix, Fig. S3A). Domain D has three instead of four complete
β strands (β1, β2, and β4), with a truncated β3* likely due to a
disulfide bond between Cys317 and Cys338, bringing the two loops
closer to each other and away from the β4 strand (Fig. 3A, yellow).
An equivalent of Cys317 forming this S-S bond is present in all

repeat domains of full-length IbpB and only in the last repeat of
four in exchange of Y317 in the full-length IbpA. The alpha helix
between β2 and β3 is shorter and turned ∼40° to 60° compared to
protein G and L, respectively, and accommodates a long loop not
present in protein G/L (Fig. 3A, black arrow and SI Appendix, Fig.
S3B). HCBD also resembles a superantigen-like fold despite being
located outside of the repeat region of IbpA, whereas no additional
antibody binding sites were reported for other known super-
antigens (SI Appendix, Fig. S3C). While composed of two beta
(and shorter β4*) strands, HCBD additionally has a metal binding
site mediated by three Asp in a DGDGDG motif, the role of
which is unclear (SI Appendix, Fig. S3D). The middle Domain X
fold (Fig. 3D) distantly resembles other adhesion-type proteins,
which link domains with unstructured regions (mucus-binding
proteins, PDB ID: 3LYY and 4MT5) according to the DALI
server (32), suggesting a lack of structural coordination between
Domain D and HCBD.
To evaluate potential flexibility between the three domains of

the truncated IbpA, we used small-angle X-ray scattering (SAXS)
analysis to investigate the flexibility of truncated IbpA when not
bound to Fab. The initial fit of the experimental data with a rigid
body IbpA apo model from our crystal structure did not yield a
good score using the FoXS server (χ2 = 5.33), suggesting that the
solution structure may adopt additional conformations to that of
our crystal structure (Fig. 3E) (33). Using MultiFoXS server, which
allows for conformational sampling and multistate modeling, we
stipulated flexibility in the two linker regions connecting the three
domains. Using this analysis, we determined six distinct topologies
from that of our crystal structure with an average χ2 = 0.64 (Fig. 3E
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Fig. 1. IbpA and IbpB activate a defined repertoire
of human and mouse BCRs. (A) Flow cytometry plots
show human CD19pos B cells stained with fluo-
rescently labeled IbpA and IbpB (Left) and bar graph
quantification collected from three individuals
(Right). (B) Analogous flow cytometry plots for
mouse CD19pos B cells stained with fluorescently
labeled IbpA or IbpB (Left) and bar graph quantifi-
cation (Right). (C) Immunoglobulin heavy chain rep-
ertoire of sorted human B cells. Each symbol
represents the repertoire of the corresponding sor-
ted B cell population. Total B cells indicate repertoire
of all CD19pos B cells regardless of Ibp binding. (D)
Analogous immunoglobulin heavy chain repertoire
of sorted mouse B cells and mouse B cells. (E) Ca2+

flux analysis of human peripheral blood CD19pos
B cells (Left) and mouse CD19pos splenocytes (Right)
after in vitro stimulation with IbpA, IbpB, or anti-
IgM. (F) Representative contour plots of transgenic
B cells expressing a VH6 BCR show bright staining of
CD19 B cells with IbpA (Left) or IbpB (Right). (G) Ca2+

flux analysis mouse CD19pos splenocytes expressing
a transgenic VH6 BCR after in vitro stimulation with
IbpA, IbpB, or anti-IgM.
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and SI Appendix, Fig. S3E) (33). Taken together, our structure of
truncated IbpA reveals three new domains, two of which (Domain
D and HCBD) adopt a fold similar to protein G and L, despite no
sequence conservation. The middle domain serves as a linker be-
tween these two independent superantigen-like domains, allowing
truncated IbpA to sample multiple conformations.

Truncated IbpA in Complex with Mouse VH5 Fab Shows Contacts
between Two Distinct IbpA Domains and Both Chains of the Fab. The
asymmetric unit of our crystal contains two Fabs and two IbpAs,
where each IbpA establishes contacts with the heavy chain of one
Fab and the light chain of the other (Fig. 4A), producing a 2:2
stoichiometric complex (SI Appendix, Fig. S4 A and B). The pri-
mary Fab/IbpA interface is between the heavy chain and the
HCBD (Fig. 4B) and is composed of 44 contacts between the
HCBD and the D, C’’, and E β-strands of the VH Fab with
15 H-bonds between 7 residues of the HCBD and 12 residues of
the Fab (SI Appendix, Table S2). This interface is discussed further
in the following section. A secondary interface was also noted
between the variable region of the light chain of the Fab and
Domain D of IbpA (Fig. 4C and SI Appendix, Table S2). In
contrast to protein L/G and HCBD, which maintain interactions
with the Fab through formation of strong backbone-mediated
beta-zippers with their β2 or β3 strands, the Domain D contact
site in this interface maps to two unstructured loops between β2
and β4 (SI Appendix, Fig. S4C). The middle Domain X, between
Domain D and the HCBD, only maintains three van der Waals
contacts with the Fab (SI Appendix, Table S2). Taken together,
both interfaces dock on the side of the variable domain of the Fab,
outside of the conventional CDR binding region, reminiscent of
the binding of known B cell superantigens, that is, protein A and

protein L (SI Appendix, Fig. S4D). Our complex structure revealed
that the VH domain of the Fab is contacted exclusively through
the HCBD, while a smaller contact exists between the light-chain
variable domain (VL) and Domain D of IbpA. These interfaces
are investigated in more detail as follows.

The C-Terminal HCBD of IbpA Confers VH Specificity. The primary
interface between IbpA and Fab revealed in the crystal struc-
ture involves interactions between the C-terminal HCBD and
the VH domain of the Fab. This result is consistent with our
B cell repertoire sequencing studies, where IbpA binding was
heavily biased toward Fabs containing particular VH family
members. This interface includes one salt bridge held by K76
and seven backbone H-bonds involving G55 in the CDR2 and
R67, I70, R72, A75, and E82 in the framework region 3 (FR3)
(Fig. 5A and SI Appendix, Table S2). Notably, the contact area
of this primary interface is ∼633 Å2 and not only spans FR3, as
typically seen for protein A superantigen, but also involves the
CDR2 region of the Fab (SI Appendix, Fig. S5A). Despite SpA
and HCBD sharing a similar VH germline bias, only three
contact residues are commonly recognized on Ig (K/T58, Y60
and N/S84), suggesting a differential molecular recognition of
the VH (Fig. 5B). To understand how this Ig binding interface
is recognized by HCBD, we have mutated individual contact
residues on HCBD to alanine and tested for binding by BLI. No
individual alanine mutation on HCBD site was able to elimi-
nate binding, and only a few had a slight effect. Interestingly,
the V483A mutation shows a ∼5-fold higher affinity than wild-
type HCBD. (Fig. 5 C and D and SI Appendix, Fig. S5B). These
observations are likely attributable to the 37 nM affinity be-
tween HCBD and Fab, their slow dissociation, and their vast
contact interface.
To investigate how this interaction translates across the rep-

ertoire of VH family members, we selected representative mouse
and human Fabs from different VH families and tested for
binding with HCBD. Consistent with our repertoire sequencing
studies, binding to only mouse VH5 but not VH3 or VH14 and
only human VH1 and VH3 but not VH4 germline specificities
could be observed (SI Appendix, Fig. S5 C and D). Intriguingly,
there were no discernable differences in key contact residues in
amino acid sequences from other VH families (SI Appendix, Fig.
S5A), therefore we investigated the possibility that these VH
families might have intrinsic domain structural differences
(i.e., Cα backbone differences) that might explain the biases in
binding. We therefore compared the overall backbone structures
of available atomic models of these Fab families. Although no
major structural differences are seen between binders (slate) and
nonbinders (black) Ig (SI Appendix, Fig. S5E), we hypothesize
IbpA germline bias could be attributed to interface comple-
mentarity in this high-affinity interaction as many interactions
are mediated by backbone atoms (slate circles). Taken to-
gether, we show that the HCBD is able to mediate strong Fab
interactions with a clear heavy chain preference, although we
cannot identify precisely how this specificity is conferred.

IbpA Domain D Contacts the Light Chain of the Fab in the Complex
Structure. All previously described B cell superantigens mediate
their binding to antibodies through 50 to 70 amino acid long do-
mains that are repeated in their structures, which for protein L was
shown to confer an enhanced avidity toward their targets (34). To
explore the role of Domain D in Fab binding, which has three
other highly homologous repeats in the full-length IbpA (Domains
A, B, and C), we further examined its interface with the Fab in our
crystal structure. While our repertoire data with full-length IbpA
suggest the bias in binding is mediated solely through the VH
contacts, we wanted to establish whether this interface was real or
a product of a crystal-packing artifact.

Fig. 2. Truncated IbpA maintains binding to Fab fragment with higher af-
finity. (A) Cartoon representation shows domains of full-length IbpA protein
(Top) in comparison with truncated IbpA construct (Bottom) which was used
for crystallization and in vitro B cell activation assays. (B) Ca2+ flux analysis
comparing full-length and truncated IbpA after in vitro stimulation of
mouse splenic B cells. (C) Binding studies using BLI comparing affinity of full-
length (Left) versus truncated IbpA (Right) to mouse 338E6 VH5 Fab. (D)
Binding studies using BLI comparing affinity of full-length (Left) versus
truncated IbpA (Right) to human F16 VH3 Fab.
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First, to determine any repertoire preference for Domain D,
we sorted mouse B cells stained with fluorescently labeled Do-
main D and again observed a restricted binding to VH5 and VH7
gene families (Fig. 6A and SI Appendix, Fig. S6A) with no light-
chain bias, again reiterating the original heavy chain bias of the full-
length and truncated Ibp. Notably, our method for repertoire
analysis used in this experiment had limitations with regard to
detection of the whole spectrum of variable gene regions compared
to next-generation sequencing (NGS) shown in Fig. 1D; however, a
clear bias toward the heavy chain VH5/7 families was nevertheless
observed. We have also validated Domain D VH specificity to
selected mouse and human Fab clones by direct binding mea-
surement by BLI, and, similarly to HCBD, only mouse VH5 and
human VH1 and VH3 binding was observed (Fig. 6B and SI Ap-
pendix, Fig. S6 B and C).
Finally, to rule out the molecular functionality of this Domain

D/light-chain interface, we generated hybrid Fabs that carried
the Vk6-15 light chain from Fab 338E6 used in the complex
crystal structure (where this interface was observed) and swap-
ped in heavy chains from other VH families. Consistent with our
repertoire and binding studies, Domain D bound only to Fabs
containing the VH5 domain (Fig. 6C and SI Appendix, Fig. S6D).
This observation was also confirmed with another repeat Ibp
domain, Domain A, which also binds specifically to 338E6 VH5
Fab and not the hybrid Fab (SI Appendix, Fig. S6E). These data
in conjunction with the lack of k and l light-chain bias in IbpA
binding (SI Appendix, Fig. S1 C and D) strongly suggest that the
interface between Domain D and the light chain in our structure
is a crystal-packing artifact.
Next, to investigate whether Domain D competes with the

HCBD for binding to VH, we tested if staining of polyclonal
mouse B cells with labeled Domain D or HCBD could be blocked
by preincubation with either purified Domain D or HCBD. If
Domain D indeed binds light chains, we would expect a signal
even after blocking with heavy chain–specific HCBD. However,
Domain D staining could be blocked by both HCBD and Domain
D, indicating binding to a shared heavy chain–specific binding site
(Fig. 6D). HCBD staining, on the other hand, was merely reduced
after preincubation with Domain D, consistent with the lower
affinity (KD) and faster dissociation (koff) of Domain D than

HCBD to Fab (Fig. 6D). In addition, we saw that Domain D ex-
clusively binds to IbpA-positive but not IbpA-negative human
B cells (SI Appendix, Fig. S6F). Finally, we mutated three Domain
D residues apparent in the crystal-packing interface in the crystal
structure: D314, S316, and R341 to A, and observed that both
D314 and S316 are presumptive to bind to the heavy chain;
however, the R341A mutant abrogated that binding (Fig. 6 E and
F and SI Appendix, Fig. S6G). Altogether, these data suggest that
Domain D binds the same heavy chain repertoire as HCBD but
with lower affinity. Exact identification of the residues involved
in that binding would require a dedicated study of the heavy
chain–Domain D complex, but the observation that binding is
abrogated with a R341A mutated construct suggests that at
least R341 is involved.

Stimulation with Individual IbpA Domains Is Sufficient to Induce BCR
Signaling.Next, we sought to compare the frequency of human and
mouse B cells binding full-length and truncated IbpA versus single
IbpA domains. The frequency of wild-type mouse and human
B cells labeled with truncated IbpA was only slightly diminished
compared to wild-type IbpA (Fig. 7A). However, even at higher
concentrations, Domain D stained only 5% to 10% of splenic
B cells. Furthermore, staining was almost completely abrogated
with the R341A mutated construct (Fig. 7A). The same was true
when a homogenous transgenic mouse VH6-expressing B cell
population was examined. B cells could be brightly stained with
full-length and truncated IbpA, but the signal decreased from
HCBD to Domain D and was completely gone in samples stained
with Domain D R341 (Fig. 7A). Furthermore, HCBD not only
showed binding to a larger fraction of mouse B cells compared to
Domain D but also induced calcium flux in wild-type and trans-
genic B cells (Fig. 7 B and C), whereas Domain D only induced a
detectable calcium flux response when VH6 B cells were analyzed.
The signal, however, was slower and diminished compared to
HCBD (Fig. 7C). This could be the result of a longer dwell time of
HCBD on the BCR, as suggested by the higher affinity and slower
dissociation in BLI studies (Fig. 5C). In addition, surface IgM
down-regulation occurred to a similar degree on wild-type B cells
stimulated with full-length IbpA, truncated IbpA, and HCBD but
not with single Domain D (Fig. 7 D and E).

Fig. 3. Crystal structure of truncated IbpA reveals two superantigen-like domains and one adhesion-like novel domain. (A) Truncated IbpA structure from
complex crystal structure showing three equal-size domains: repeat Domain D (light pink) with disulfide bridge (yellow) and black arrow pointing at the
unstructured loop, middle Domain X (gray), and HCBD (green-teal). (B) Close-up analysis of superimposed structures of Domain D (light pink) and HCBD
(green-teal). (C) Close-up analysis of superimposed structure of related superantigen fold of protein L (magenta) and protein G (cyan). (D) Structure of novel
adhesion-like domain of middle Domain X (gray). (E) Experimental fit of SAXS data of truncated IbpA apo analyzed with rigid model by FoXS and flexible
multistate modeling with MultiFoXS servers and plotted by I(q).
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Role of Domain D and HCBD in IbpA Interaction with Immunoglobulins.
The convention for most receptor signaling models involves cross-
linking of receptors through engagement of either a multivalent or
multimerized ligand. Here, we have shown that a single domain
of IbpA, the HCBD, can activate B cells through their BCR. To
explore whether the HCBD itself can exist as a multimer, we
investigated the multimeric states of this domain as well as for
truncated and full-length IbpA. Using multi-angle light scatter-
ing (MALS), we show that the HCBD exists exclusively in a
monomeric state, even at high concentrations, at least 1,000-fold
above that used in the activation experiments (Fig. 8A). To ex-
plore the stoichiometry of HCBD binding to Fab, we employed
isothermal titration calorimetry (ITC), which directly measures

the thermodynamics of binding but can also estimate the stoi-
chiometry of binding. Our results approximate a 1:1 binding
stoichiometry (n = 1.2, Fig. 8B) between the HCBD and 338E6
VH5 Fab from our structure. This shows how soluble HCBD is
monomeric yet is sufficient to induce signaling in B cells.
To further explore the stoichiometry of Fab binding to the full-

length IbpA, we performed a series of sedimentation velocity
analytical ultracentrifugation (AUC) experiments at increasing
molar ratios between full-length IbpA and 338E6 VH5 Fab
(Fig. 8C, Left). Each protein, when characterized alone, provided
accurate molecular weight (MW) estimates for monomers and
reasonable shape information based on SAXS and crystallogra-
phy data (SI Appendix, Fig. S7C). Our titration experiments re-
veal the formation of large oligomers, with essentially a single
species (9 S peak) present when full-length IbpA was mixed with
a 5-fold molar excess of the Fab. The MW estimate of the 9 S
complex is 343 kDa, similar to the sequence-based MW of
314 kDa for a 1:5 IbpA:Fab complex (SI Appendix, Fig. S7C). Both
a 6-fold and 10-fold excess resulted in excess monomeric Fab at
3.5 S (Fig. 8C, Left). To better determine the stoichiometry of the
IbpA:Fab complex at 10.5 S, we collected the data for the full-
length IbpA:Fab (1:6 molar ratio) at 301 nm. At this wavelength,
we only see an absorbance signal from the Fab rather than from
both IbpA and Fab. This allows us to attribute all of the absor-
bance signal in the resulting c(s) distribution to Fab (SI Appendix,
Fig. S7A). Therefore, the integration under the c(s) distribution
can define a ratio for the absorbance per micromolar of Fab based
on the intended loading concentration. We observed ∼4.7 molar
equivalents of Fab in the complex peak, with ∼0.83 molar equiv-
alent of the Fab sedimenting as a monomer, supporting the con-
clusion that the primary complex is a 1:5 IbpA:Fab complex (SI
Appendix, Fig. S7A, Right). A 1:5 complex is consistent with Fab
binding to four available repeat domains and the HCBD
binding site.
By contrast, the truncated IbpA preincubated with 3-fold molar

excess of the Fab yields essentially a single species at ∼7.2 S, with an
estimated MW of 190 kDa, similar to the sequence-based MW of
182.3 kDa for a 1:3 complex (Fig. 8C, Right and SI Appendix, Fig.
S7C). Using a similar approach as with full-length IbpA, when the
1:4 loading ratio is examined, we see ∼0.83 and ∼3.2 molar
equivalent of monomeric Fab and Fab in the complex, respectively
(SI Appendix, Fig. S7B). Thus, truncated IbpA may potentially
have an additional Fab binding site not apparent in the full-length
IbpA or form a mixture of different complex configurations. We
have additionally tested the stoichiometry of full-length and
truncated IbpA with human F16 VH3 Fab. Conversely to our

Fig. 4. Complex crystal structure of functional, truncated IbpA shows uncon-
ventional binding to mouse VH5 Fab clone 338E6 involving heavy and light
chains. (A) Crystal structure showing two distinct interfaces between truncated
IbpA and heavy and light chains of two mouse VH5 Fab fragments. Simplified
cartoon present in lower right corner. (B) Close-up view of interface 1 between
heavy chain (blue, surface representation) and participating residues of the
HCBD (green-teal, cartoon representation); BSA ∼670 Å. (C ) Close-up
view of interface 2 between light chain (light blue, surface representation)
and participating residues of Domain D (pink, cartoon representation);
BSA ∼380 Å.

Fig. 5. IbpA HCBD interacts with framework region of mouse VH5 heavy chain through extensive contact sites. (A) Close-up view of interface 1 between
HCBD and mouse VH5. (B) Binding footprint of HCBD (green-teal), protein A (yellow), and three shared sites between the two (orange), mapped on the
surface representation of heavy (dark blue) and light chains (light blue) of the Fab. (C) BLI binding plot between immobilized wild-type HCBD and analyzed
mouse VH5 Fab versus time. (D) Alanine mutational analysis of measured KD of HCBD contact residues using bar graph, normalized to HCBD WT.
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results with mouse Fab, we observed 1:4 and 1:1 stoichiometries of
F16 Fab to full-length and truncated IbpA, respectively (Fig. 8D).
This result supports our BLI binding studies, where we observed
Domain D and not HCBD binding to F16 Fab (SI Appendix, Figs.
S5D and S6C). Taken together, we hypothesize that both Do-
main D and HCBD are complementary in binding to mouse
and human Fabs and, given the potential flexibility of truncated
IbpA, the observed higher stoichiometry for mouse Fab could
be indicative of crosslinked binding rather than formation of a
homogenous complex.
Due to the confounding results generated by the AUC mea-

surements, we sought to investigate, at low-resolution, the solu-
tion structure of the apo full-length IbpA by SAXS. Similar to
earlier studies of truncated IbpA, we used MultiFoXS, stipulating
flexibility in the six linker regions between all domains (SI Ap-
pendix, Fig. S7D, average χ2 = 0.49). Although some flexibility
was present in the more external domains (the unknown N-term
domain in black and HCBD in green-teal) of the full-length IbpA,

SAXS analysis of the entire IbpA supported mostly extended
conformations (f/f0 ∼1.7) with a more arched architecture, sug-
gesting a cooperative binding to Fabs between the linked domains
(SI Appendix, Fig. S7E). Only one of the predicted full-length
IbpA conformations was able to accommodate all five Fab mol-
ecules concurrently, forming a tightly coordinated complex.
Taken together, both truncated and full-length IbpA structures
show some level of flexibility, but the truncated construct has
more structural freedom while binding to Fabs.
We sought to investigate whether differences in affinities be-

tween Domain D and HCBD affect Ibp binding to a full-length
antibody (mAb). We tested for oligomerization between Ibp
variants and two studied mAb, mouse 338E6 and human F16,
by BLI. We immobilized mAb on a protein A tip and followed
it by alternating analytes, Ibp (either truncated or full length)
and mAb, for three rounds. Our previous BLI and AUC binding
studies with 338E6 Fab showed that HCBD dominates the
binding over Domain D, but still some low affinity participation from
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Domain D is present. We have therefore observed a formation of a
continuous oligomer between truncated IbpA and 338E6 mAb, but
only initial oligomerization events followed by saturation for the full-
length IbpA (Fig. 9A). This suggests that truncated IbpA allows for
binding more mAbs, whereas full-length IbpA adopts conformations
that limit its oligomerization. In contrast to 338E6, Domain D is a
dominant binding site for F16 Fab without any participation from
HCBD according to our BLI and AUC data. Therefore, no oligo-
merization was observed for truncated IbpA and F16 mAb, consis-
tent with a singular binding site coming from Domain D.
Additionally, F16 rather than 338E6 mAb seems to form larger
oligomers with full-length IbpA (Fig. 9B). Our structural modeling
simplified with cartoons in Fig. 9 shows our proposed models of full-
length antibodies binding to IbpA variants and forming varying de-
grees of oligomerization that is dependent on binding strengths of
Domain D (and other repeats) and HCBD.

Discussion
In this work, we molecularly characterize a novel Ibp expressed by
a commensal R. gnavus which activates mouse and human B cells
in vitro. We provide detailed repertoire analysis of sorted IbpA-
bound mouse and human B cells confirming high affinities to
mouse VH5/6/7 and human VH1/3 families and do not detect any
associated light-chain bias. However, we also detected a range of
mouse BCRs, mostly expressing VH1 families, that bound Ibps
with lower affinities.
To uncover the molecular basis for this binding, we determined

the structure of IbpA bound to Fab, revealing that truncated IbpA
primarily engages mouse VH5 Fab with two separate domains.
First, a C-terminal domain called HCBD is able to strongly bind to
the VH region. Second, Domain D binds weakly to a site on the
VH domain that likely overlaps with the binding site of the
HCBD. Even though the crystal structure suggested an interface
between Domain D and the Fab light chain, further investigations
confirmed a heavy chain–restricted binding pattern, leading us to
conclude that the interface between Domain D and the light chain
in the crystal structure is a crystal-packing artifact. In concert with
the number of contacts at each interface, Fab binding was abro-
gated by mutating a single Domain D residue R314A, whereas
binding of HCBD was only moderately affected by targeted mu-
tagenesis of individual HCBD residues, suggesting a distribution
of binding energy across the interface and no “hot-spot” residues.
The exact molecular basis for VH germline recognition could not

be determined in this study, as no clear sequence or structural
differences between different VH families were apparent. Addi-
tionally, as shown for 338E6 and F16 clones, Domain D and
HCBD may exhibit different affinities for various mouse and hu-
man clones, which makes sequence and structure-based analysis of
Ibp germline bias complicated. These domains may therefore
demonstrate either redundant or nonredundant binding depending
on the precise variable region structure of the targeted antibody.
Interestingly, our findings for the mouse system emphasize that the
HCBD, with its stronger affinity and slower dissociation rate,
outcompetes Domain D binding and elicits vast mouse BCR acti-
vation in vitro without self-multimerization. This remarkable
monovalent ligation of BCR without crosslinking has been also
observed for a certain HEL-specific BCR (35); however, we cannot
entirely exclude other Ibp-binding partners on the surface.
Having identified two binding sites on a single truncated IbpA

molecule in our structure, we examined its binding capabilities by
BLI and AUC and compared it with wild-type IbpA. We observed
that truncated IbpA has higher affinity and, based on AUC, shows
stoichiometry of three mouse Fab molecules per truncated IbpA.
This is more than its number of identified binding sites; one ex-
planation for this greater valency for truncated IbpA and not the
full-length IbpA would be the possibility of a third binding site in
truncated IbpA that is somehow sequestered in the full-length
IbpA. Indeed, the full-length IbpA is more rigid in structure, as
determined by our SAXS data, whereas the conformational flex-
ibility of the truncated IbpA is much greater.
The same experiments performed using human Fab gave 1:1

stoichiometry with truncated IbpA and 1:4 for the full length,
consistent with the engagement of repeat domains and not HCBD.
Whether there is a possible coordination between all repeat do-
mains that constrains movements of full-length IbpA remains to be
investigated. Our oligomerization experiments with mAbs suggest
varying degrees of daisy-chaining that are tuned by the binding
strength of Domain D (and other repeats) and HCBD in Ibp.
These subtle but interesting observations could potentially enable
R. gnavus to affect the magnitude of its IgA coating and in turn its
balance with other commensal bacteria. Further studies should
assess metagenomic heterogeneity of R. gnavus Ibp genes, espe-
cially for mutations within repeat and HCBD domains and their
functional consequences (36). However, whether intentional IgA
coating through Ibp is consequently also beneficial for R. gnavus
still needs to be determined. Furthermore, we hypothesize IbpA/B

Fig. 8. Role of multiple binding sites in full-length and truncated IbpA. (A) Stoichiometry of individual HCBD by MALS. (B) Stoichiometry of HCBD and Fab
complex by ITC. (C) Stoichiometry of full-length (Left) or truncated (Right) IbpA and mouse 338E6 VH5 Fab complex by AUC. (D) Stoichiometry of full-length
(Left) or truncated (Right) IbpA and human F16 VH3 Fab complex by AUC. (E) BLI binding plot between immobilized wild-type HCBD (Left) or Domain D
(Right) and analyzed human VH3-30 Fab clone F16 versus time.
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to be expressed on the cell surface via a sortase-mediated mechanism,
but the presence of secreted forms of IbpA/B cannot be excluded (12).
Soluble IbpA could possibly reach and stimulate immune cells typically
excluded from mucosal surfaces in healthy individuals.
The in vivo functional significance of having a different number

of binding sites for human Igs is currently unclear. Whether
truncated IbpA has a hidden site for mouse 338E6 Fab or higher
propensity to crosslink that could also apply to human Igs should
be further investigated. Having multiple weaker binding domains
could be potentially beneficial for R. gnavus. Unlike T cell SAgs,
BCR-targeting SAgs have to additionally accommodate high levels
of circulating immunoglobulins. Paradoxically, SpA, with its ability
to also bind the Fc-regions of soluble IgG, has been attributed a
critical role for efficient BCR crosslinking and induction of AICD
(37). Despite the single Ibp HCBD being able to stimulate B cells
in vitro, our data suggest that having multiple available binding
sites enhances avidity and B cell activation, as shown by our
binding and cellular studies. Therefore, in a physiological envi-
ronment where IgA dominates as dimers, IbpA/B having the po-
tential to bind up to five antibodies is consistent with high IgA
coating of R. gnavus in vivo (12).
Besides IbpA being expressed by a commensal microbiota and

utilizing similar mechanism to common B cell SAgs, it is also
unique in its ability to bind to a VH with two distinct domains.
Despite Domain D and HCBD having a superantigenic-like fold,
they have little sequence similarity or superantigenic potential
when compared with either protein G or L. This study opens the
need to search for other commensals expressing similar Ibps as a
novel mechanism of host-microbiota communication.

Materials and Methods
Crystal Structure Determination and Analysis. Crystals of the truncated IbpA-
mouse VH5 Fab complex were grown at room temperature by hanging drop
vapor diffusion. Equal molar volumes of a protein solution containing 15 mg/
mL complex was mixed with a reservoir solution containing 0.2 M calcium
chloride and 18% PEG 4000. Crystals were cryoprotected in 0.2 M calcium
chloride, 18% PEG 3350, and 20% ethylene glycol and flash frozen in liquid
nitrogen. One dataset was collected from a single region of a single crystal at
100 K at advanced photon source (APS) beamline 24ID-E (λ = 0.9791 Å) on an
Eiger detector. The data were processed, scaled, and merged using iMosfilm
with diffraction limits of 2.1 Å (38). Data collection and processing statistics are
listed in SI Appendix, Table 1.

VH5 Fab, with its CDR and V-C hinges omitted, was used as the searchmodel
using PHASER as molecular replacement tool (39). Two VH5 Fabs packed
against each other were determined per asymmetric unit. Since no search

model was known for IbpA, the remaining electron density was fitted with
secondary structures using Buccaneer, an auto-build package in CCP4 i2 (40).
Cycles of manual model building and refinement (torsional noncrystallo-
graphic symmetry restraints applied throughout) with Coot and PHENIX
allowed us to connect helices and strands and trace the backbone of truncated
IbpA (41, 42). Electron density for the most C-terminal ∼40 amino acids of IbpA
is not visible, which suggest disordered structure, which was also confirmed by
structure prediction with the Phyre server (43). Refinement and validation
statistics are listed in SI Appendix, Table 1. Structure figures were generated
with PyMOL (https://pymol.org/2/).

Sizing Analysis. For stoichiometry analysis, 1 mg of HCBD was injected onto a
preconditioned size-exclusion chromatography column (Superdex 200 10/
300 GL, GE Healthcare) with Hepes buffer saline (10 mM Hepes pH 7.2,
150 mM NaCl) at a flow rate of 0.5 mL/min. The effluent of the SEC column
flowed through an inline ultraviolet/visible detector (Waters Corporation),
the MALS/dynamic light scattering (DLS) detector, and an Optilab UT-rEX dRI
detector (Wyatt Technology Corporation) at room temperature. Data col-
lection and analysis was performed with ASTRA software, version 7.1.1
(Wyatt Technology Corporation). ASTRA software utilizes a patented
method for the interdetector delay and band broadening correction (44).
First-order fit Zimm formalism was used for all molar mass calculation.

Binding Studies. All the binding studies were carried out using BLI (either
ForteBio or Octet K2 from Pall Life Sciences) at room temperature (22 °C).
Concentrations of different IbpA constructs were individually immobilized
on a Ni-NTA sensor to reach ∼2 to 3 RU for binding with mouse Fab clones at
different concentrations and responses (in nanometer) were recorded.
Hepes buffer saline (10 mM Hepes pH 7.2, 150 mM NaCl) was used in all the
measurements, and sensor tips were recharged with 350 mM imidazole after
each round. For binding studies with human Fab clones, Ibp constructs were
nonspecifically labeled with NHS-SS-Biotin at 1:1 ratio. Excess of biotin was
removed by size-exclusion chromatography, and the level of biotinylation
was assessed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
shift assay with Trap protein. Biotinylated Ibp constructs were immobilized
with Streptavidin sensor tips and recharged with 0.1 M glycine pH 2.5. Traces
were reference subtracted, and kinetic parameters (KD, kon, koff) were cal-
culated by fitting the data with ForteBio built-in analysis software.

Mice. C57BL/6J mice were used for in vitro stimulation experiments, labeling
studies, and sequencing analysis. IgH335A3/wt Igk335A3/wt VH6 BCR transgenic
mice were generated as part of a separate study. Mice were crossed on
Rag1−/− background (JAX) before analysis to avoid BCR expression from wild-
type alleles.

Repertoire Analysis of Sorted Ibp-Binding Mouse and Human B Cells. Peripheral
blood mononuclear cells were obtained from healthy human donors; all
subjects provided written informed consent for participation. This study was

Fig. 9. Proposed model of binding of truncated and
full-length Ibp to two discrete clones. (A) Multimerization
experiment by BLI of mouse 338E6 full-length antibody
binding to either truncated or full-length Ibp (Top);
proposed cartoon model of 338E5 mAb shows high
levels of binding to both Ibp variants (Bottom), “+”
indicates available binding site, and “−” indicates no
binding site. (B) Multimerization experiment by BLI
of human F16 full-length antibody binding to either
truncated or full-length Ibp (Top); proposed cartoon
model of F16 mAb shows high levels of binding only
to full-length but not truncated Ibp (Bottom), “+”
indicates available binding site, and “−” indicates no
binding site.
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approved by the University of Chicago Institutional Review Board (IRB) under
IRB #12623B. Cells were stained with labeled full-length IbpA and IbpB, and
indicated B cell populations were sorted using an AriaIIIu cell sorter (BD).
Postsort analysis showed purity of ≥95%. Cells were washed and RNA pu-
rified using RNeasy mini kits (Qiagen) following the manufacturer’s recom-
mendations. Samples were sent to iRepertoire, Inc., for sequencing heavy
and light-chain repertoires by NGS. Alternatively, repertoire analysis in
Fig. 6A was performed by sorting Domain D labeled and total splenic CD19 B
cells. After RNA purification (RNeasy mini kit, Qiagen), complementary DNA
(cDNA) was synthesized using the SuperScript IV First Strand cDNA Synthesis
kit (Thermo Fisher). Heavy chain variable regions were amplified using the
forward primer MsVHE (GGGAATTCGAGGTGCAGCTGCAGGAGTCTGG) and
CM reverse primer (AGGGGGCTCTCGCAGGAGACGAGG). After agarose gel
electrophoresis, PCR products were excised and purified using the QIAquick
Gel Extraction Kit (Qiagen). PCR fragments were cloned into a TOPO vector
using the TOPO TA Cloning Kit for Sequencing, with One Shot TOP10
Chemically Competent E. coli (Thermo Fisher). After transformation, bacteria
were plated on Luria–Bertani agar containing carbenicillin, 192 individual
colonies were picked and miniprepped, and inserts were Sanger sequenced
using M13 forward primers. Sequences were mapped to mouse-variable
region genes using IMGT (www.imgt.org).

Ibp HCBD and Repeat Domain Blocking Experiments. To block mouse B cell
staining with labeled repeat domain, cells were incubated with high-dose
(100 μg/mL) unlabeled HCBD for 20 min at 4 to 8 °C and washed and stained
with labeled repeat domain at the indicated concentrations for 20 min at 4
to 8 °C. Next, cells were stained with fluorophore-labeled mAbs before ac-
quisition on an LSR II cytometer (BD).

Mouse B Cell In Vitro Stimulation. MACS-purified untouched B cells were
counted using a Neubauer counting chamber, and cells in Roswell Park Me-
morial Institute (RPMI) medium supplemented with 10% fetal calf serum
(Gibco) were transferred to a 96-well U-bottom plate (150,000 per well). For
analysis of BCR, down-regulation cells were stimulated for 2 h at 37 °C with
indicated Ibp constructs at 10 μg/mL or F(ab’)2 -goat anti-mouse (10 μg/mL).
Before stimulation with Ibp constructs, possible endotoxin contamination was
minimized using High Capacity Endotoxin Removal Spin Columns (Thermo
Fisher).

ITC. HCBD and VH5 Fab pure protein samples in matching buffers and protein
concentrations measured by BCA were analyzed for binding stoichiometry
using Malvern MicroCal iTC200. The 200 μL of 30 μM HCBD was injected into
the measured cell kept at 30 °C, and then 40 μL of 1 mM of VH5 Fab was
titrated into the temperature-regulated cell in one preinjection of 0.4 μL and
20 subsequent injections of 2 μL. Data were analyzed via the MicroCal ITC
Origin Analysis software to extract the binding stoichiometry.

AUC. Experiments were performed using a Beckman Coulter XL-I analytical
ultracentrifuge with an An-60 Ti rotor. Data were collected using both inter-
ference and absorbance optics (wavelength was varied depending on sample).
Experiments were run at a speed of 36,000 rpm for 16 to 20 h or until sedi-
mentation became insignificant. Proteins were purified by size-exclusion
chromatography into 10 mM Hepes pH 7.2 and 150 mM NaCl and diluted to
desired concentrations in the same buffer prior to loading the samples.

Volumes of 450 μL were loaded into two-sector epon-charcoal 1.2-cm cen-
terpieces with sapphire windows. Samples were equilibrated at 20 °C for at
least 1 h before beginning experiments. Data were analyzed using the con-
tinuous c(s) distribution model in SEDFIT version 16.1 (45). Partial specific
volumes, buffer density, and buffer viscosity were estimated using SEDNTERP
(46) (20130813 beta release).

The S20,w value is the sedimentation coefficient of a single species corrected
for protein partial specific volume, buffer density, viscosity, and temperature.
The S20,w value, frictional ratio (f/f0), and experimental MW (MWexp, kDa) were
reported by SEDFIT’s c(s) distribution analysis. The sequence-based MW (MWseq)
was calculated using ProtParam.

SAXS Analysis. SAXS data were collected at the SIBYLS 12.3.1 beamline at the
Advanced Light Source using High Throughput Mail-In program. Scattering
measurements were performed on 20-μL samples at concentrations ranging
between 0.1 and 2 mg/mL of truncated or full-length IbpA. Collected
datasets were processed using ATSAS and Scatter software by trimming low/
high scattering angles and adjusting Rg and dmax based on Guinier peak
analysis and real space plots. Multistate modeling was done in MultiFoXS by
indicating flexible regions in the models, analyzing scattering profiles, and
fitting them to the experimental data (33, 47). Full-length IbpA models were
generated in Coot by using a combination of duplicating repeat domains
and Phyre server predictions (43). We defined the linker residues in trun-
cated IbpA models (79-83, 157-163) and full-length IbpA models (85-89, 151-
155, 218-222, 285-289, 352-356, 430-436) as flexible. The server sampled over
10,000 conformations, calculated their SAXS profiles, and enumerated and
scored multistate models. The quality of fit between models and experi-
mental SAXS data was assessed by the χ2 value <1 based on I(q) plots. Fric-
tional ratio (f/f0) of models were calculated using HullRad (48).

Data Availability. The atomic coordinates and structure factors have been
deposited in the Protein Data Bank, www.wwpdb.org (PDB ID code 7KPJ).
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