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The integral membrane protein Cluster of Differentiation 20 
(CD20) is a B cell-specific marker and a clinically-validated 
therapeutic target for B cell malignancies and auto-immune 
conditions (1). It is ubiquitously expressed on circulating B 
cells (2) and is predicted to have four transmembrane (TM) 
helices with two extracellular loops, ECL1 and ECL2, the sec-
ond of which is much longer and contains a disulfide bond 
(fig. S1A). These topological features are conserved among a 
group of membrane proteins called MS4A (membrane-span-
ning 4-domain family, subfamily A), which includes 18 pro-
teins identified through similarities between their amino acid 
sequences but whose biological functions are mostly un-
known (3). Aside from structures of short ECL2 peptide seg-
ments from CD20 (4, 5), there exists no high-resolution 
structural data on any MS4A family member beyond predic-
tions of secondary structure and membrane topology. While 
CD20 is the best-studied member of the family, even its oli-
gomeric state is poorly understood: available evidence sug-
gests it associates into homo-oligomers and complexes with 
other proteins (6–8). In addition, the function of CD20 re-
mains an area of active debate. Early work suggested that 
CD20 functions as an ion channel because overexpression 
and knockout of CD20 can increase or decrease Ca2+ conduct-
ance in B cells, respectively (6, 9). However, more recent work 
showed that CD20+ B cells lacking the B cell receptor (BCR) 
are unable to initiate calcium signaling, suggesting that CD20 
indirectly regulates calcium release downstream from the 
BCR (10). 

CD20-targeted therapies revolutionized the treatment of 

B cell malignancies and auto-immune disorders, starting 
with the monoclonal antibody (mAb) rituximab (RTX; 
Rituxan®), which was the first approved therapeutic mAb for 
cancer and continues to be the benchmark for second- and 
third-generation mAbs (1, 11). Another anti-CD20 mAb, ocrel-
izumab (OCR; Ocrevus®), is now used in the treatment of 
multiple sclerosis (12). While all anti-CD20 mAbs act by de-
pleting B cells, they employ at least four distinct mechanisms 
(13): direct cell death, FcR effector functions through anti-
body-dependent cellular cytotoxicity (ADCC) and phagocyto-
sis (ADCP), and complement-dependent cytotoxicity (CDC). 
Each therapeutic antibody varies in its ability to trigger each 
pathway and there is no molecular-level understanding of 
why this is the case, but these distinct functional effects have 
been useful in categorizing anti-CD20 mAbs into either type 
I or type II (1, 13). Rituximab is the prototypical type I mAb, 
characterized by high CDC activity and the ability to cluster 
CD20 into lipid rafts (11, 14). Other type I mAbs include OCR 
and ofatumumab [OFA; (15)]. Type II mAbs such as 
obinutuzumab (OBZ; Gazyva®) and tositumomab (B1; 
Bexxar®) exhibit low CDC activity, lack the ability to localize 
CD20 into lipid rafts, but induce higher levels of direct cell 
death (16). 

These broad categorizations do not explain how 
CD20:mAb binding and mAb features lead to different modes 
of action. One hint at a possible molecular underpinning for 
these differences is that twice as many type I mAbs bind the 
surfaces of CD20+ cells as type II mAbs (17), suggesting that 
CD20:mAb binding stoichiometry plays a role, though it is 
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Cluster of Differentiation 20 (CD20) is a B cell membrane protein that is targeted by monoclonal antibodies 
for the treatment of malignancies and auto-immune disorders, but whose structure and function are 
unknown. Rituximab (RTX) has been in clinical use for two decades, but how it activates complement to kill 
B cells remains poorly understood. We obtained a structure of CD20 in complex with RTX, revealing CD20 
as a compact double-barrel dimer bound by two RTX antigen-binding fragments (Fabs), each of which 
engages a composite epitope and an extensive homotypic Fab:Fab interface. Our data suggest that RTX 
crosslinks CD20 into circular assemblies and lead to a structural model for complement recruitment. Our 
results further highlight the potential relevance of homotypic Fab:Fab interactions in targeting oligomeric 
cell-surface markers. 
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not clear how such strict stoichiometry might arise. Adding 
to this mystery, some type II and type I mAbs (e.g. OBZ and 
RTX) have overlapping epitopes centered around the 
170ANPSE174 motif of ECL2, while at least one type I mAb 
(OFA) has a completely separate, non-overlapping epitope in-
volving ECL1 and another part of ECL2 (13). Thus, the loca-
tion of the epitope on CD20 cannot be the sole determinant 
of mAb stoichiometry or of therapeutic mode of action. How 
do antibodies with virtually identical epitope sequences cen-
tered on 170ANPSE174 bind with different stoichiometries and 
trigger remarkably different responses? One hint comes from 
epitope fine-mapping studies showing that residue Asn176 of 
ECL2 is involved in OBZ binding, but not RTX binding, and 
that OBZ binds to ECL2 peptides (but not CD20+ cells) with 
higher affinity than RTX (5); another hint comes from X-ray 
crystallographic structures of peptide-bound antigen-binding 
fragments (Fabs) of RTX, OCR and OBZ, in which RTX and 
OCR approach the ECL2 epitope at a similar angle, tilted ap-
proximately 70° away from the angle at which OBZ ap-
proaches the same peptide (4, 5, 18, 19). However, in the 
absence of a structure of full-length CD20 or of a MS4A hom-
olog, it is difficult to speculate how such differences in bind-
ing geometry might impact overall binding stoichiometry and 
dictate therapeutic mode of action. 
 
Results 
CD20 forms dimers bound by two RTX Fabs 
To facilitate biophysical and structural analyses, we produced 
human CD20 recombinantly in insect cells and optimized the 
construct for increased expression (fig. S1A). Following solu-
bilization and purification in the mild detergent glyco-dios-
genin (GDN), CD20 was found to be further stabilized by 
cholesterol hemisuccinate (CHS; fig. S2). Analyzed in GDN-
CHS buffer, size exclusion chromatography with multi-angle 
light scattering (SEC-MALS) indicated that purified CD20 
forms stable complexes in 2:2 stoichiometry with RTX Fabs, 
and 2:1 stoichiometry with OBZ Fabs (fig. S1, C to E, and table 
S1). Fab binding to purified CD20 was subsequently evaluated 
using biolayer interferometry (BLI; Fig. 1A) and surface plas-
mon resonance (SPR; table S2) revealing sensorgrams con-
sistent with a 2-state 2:2 binding of RTX (KD = 21.4 nM, SPR), 
and with 2:1 binding of OBZ Fab (KD = 58.8 nM, SPR). Imag-
ing the resulting CD20:Fab complexes by negative-stain elec-
tron microscopy (nsEM) showed that each CD20 particle is 
bound by either two RTX Fabs or a single OBZ Fab (Fig. 1B). 
Cryogenic electron microscopy (cryoEM) imaging of the 
RTX:CD20 complex allowed us to determine its structure to 
a resolution of 3.3 Å (fig. S3), resulting in a near-complete 
atomic model of the complex (Fig. 1C). 
 
The CD20 fold 
The RTX:CD20 complex is Y-shaped, with the two RTX Fabs 

poised on the extracellular face of CD20. CD20 conforms to 
the predicted 4-transmembrane helix (TM) arrangement, 
with its 4 TMs arranged anti-parallel and clockwise when 
viewed from the extracellular side (Fig. 2, top view). The core 
of each CD20 monomer presents a compacted rectangular-
fold measuring ∼25 × ∼20 × ∼50 Å (Fig. 2). Despite low over-
all sequence identity across the MS4A family (∼30%), the 
structure of CD20 reveals that key structural elements are 
likely shared by all members (fig. S4A). Most notable is a con-
stellation of highly-conserved, small residues that allow for 
the close inter-helical packing observed in CD20 and are 
found along TM1 (Gly53, Gly60, Gly67), TM2 (Gly90, Ser97, 
Gly98), and TM3 (Ser123, Gly130) (fig. S4A). A set of larger 
residues contributed by TM2 (Tyr86, Tyr94) and TM4 
(Leu194, Met197, Ala201, Gln204) forms the bulk of the 
tightly-packed TM-helical core (Fig. 2B) and are conserved as 
similarly-bulky residues in the MS4A family (fig. S4A). Not-
withstanding some conformational heterogeneity observed at 
the intracellular end of TM1, the close interdigitation of 
highly-conserved residues over ∼30 Å creates a tightly sealed 
4-TM bundle within the CD20 monomer that is inconsistent 
with the formation of a transmembrane permeation pathway. 

In contrast to the conserved transmembrane core, the ex-
tracellular loops (ECLs) of the MS4A family are extremely di-
verse in sequence (fig. S4A). In CD20, the first extracellular 
loop (ECL1) is short and largely shielded by ECL2, leaving 
only Ile76 and Tyr77 exposed (Fig. 2A). The first half of the 
approximately 35-residue-long ECL2 is an amphipathic se-
quence that may partially partition into the membrane re-
gion and surrounds the perimeter of the 4-helix bundle until 
it kinks into a single-turn α-helix (Asn153-Arg156), which 
marks the start of ECL2’s extracellular segment (Fig. 2A). Fol-
lowing the α-helix, residues His158 to Ile164 form a circum-
flex-shaped cap above ECL1, and Ile164 and Tyr165 appear to 
plug a cavity at the center of the square CD20 fold. The re-
maining part of ECL2 is stapled by the landmark disulfide 
bond between Cys167 and Cys183, which is located on an N-
terminal extension of helix TM4 (Fig. 2, side view). This re-
gion of ECL2, akin to a turret, is by far the most solvent-ac-
cessible region of CD20 and contains the known peptide 
epitope (170ANPSE174) for most anti-CD20 antibodies (13). 

A search of the protein databank for structures similar to 
CD20 identified Claudin-3 and CD81 as the nearest matches 
(20, 21). Although both present similar topologies, structural 
superposition with CD20 demonstrates poor overall corre-
spondence (fig. S4B). For example, the transmembrane cavity 
and cholesterol-coordinating acidic residue present in CD81 
(20) are absent in CD20, and while claudins appear to share 
a similar core 4-TM packing with CD20, they display a differ-
ent topology and distinct oligomeric assembly interfaces. We 
conclude that the three-dimensional structure of CD20 rep-
resents a distinct membrane protein fold. 
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CD20 is a dimer 
Previous studies have suggested that CD20 exists as a dimer 
or a tetramer (6–8). Viewed from the extracellular side, CD20 
forms a dimeric double-barrel assembly of approximate di-
mensions 20 × 50 Å (Fig. 2, top view). Two square CD20 sub-
units abut each other to form a four-helix anti-parallel 
transmembrane coiled-coil involving the upper halves of TM1 
(Leu61, Phe62, Ala65, Leu69) and TM4 (Leu189, Ile193, 
Val196, Phe200) from each protomer (Fig. 2D). The residues 
at this inter-subunit interface are involved in hydrophobic 
and van der Waals interactions. In the intracellular half of 
the transmembrane domain, dimerization is mediated by ho-
motypic contacts between symmetry-related TM1 residues 
(Thr51, Ala54, Val55, Met58). The close, complementary pack-
ing and extensive hydrophobic surface contact at the CD20 
dimer interface does not support the existence of an inter-
protomer transmembrane conduction pathway. Additionally, 
structure-based sequence alignment suggests that a CD20-
like dimer interface may be shared across the MS4A family 
(fig. S4A). 

The dimeric assembly of CD20 is reinforced by extensive 
contacts between the extracellular ⍺-helical extension of TM4 
and the solvent-exposed region of ECL2. Here, numerous hy-
drophobic interactions and some polar contacts (Ser179 to 
Ser179′; Gln181 to backbone amide of Tyr161′) contribute to 
the interface (Fig. 2C). In total, the CD20 dimer buries 1,656 
Å2 of surface area and has a shape complementarity score of 
0.53, comparable to many established dimeric integral mem-
brane proteins [e.g., (22, 23)]. We further examined Tyr182, 
located near the symmetry axis in CD20, and found that mu-
tation to cysteine (Tyr182Cys) resulted in purification of a co-
valent dimeric species in the absence of RTX (fig. S1F), 
consistent with the dimeric assembly observed in our struc-
ture. Overall, we conclude that CD20 forms a tight dimeric 
assembly that places ECL2 loops in close proximity to each 
other and presents its main epitope (170ANPSE174) in closely 
associated pairs, less than 20 Å apart. 
 
ECL2 of CD20 is simultaneously recognized by two RTX 
Fabs 
Previous studies have established that the principal epitope 
of RTX is centered on the ECL2 sequence 170ANPSE174 (13). In 
our structure, this core epitope is simultaneously bound by 
two Fabs, which we denote RTX and RTX′ (Fig. 3). The RTX 
Fab sits atop the CD20 protomer, engaging ECL2 at a shallow 
angle (∼ 22°) relative to the membrane plane (Fig. 3, side 
view), likely precluding engagement of CD20 by a single IgG. 
RTX engulfs the core epitope through numerous van der 
Waals packing contacts, as well as multiple polar interactions 
including the hydrogen bond pairs HC.Ser58 – Pro169 (back-
bone), HC.His35 – Asn171, and HC.Asn33 – Ser173 (backbone 
and side-chain). The second (RTX′) Fab extends its heavy 

chain variable loop 3 (H3) across the dimer interface to pre-
sent HC.Tyr97′, which interacts with Glu174 of CD20 (Fig. 
3A). At the apex of ECL2, Ser173 organizes an extended net-
work of hydrogen bonds spanning from HC.Asn33, through 
Glu174, to HC.Tyr97′ (Fig. 3B). This key interaction network 
is clamped by both Fabs: Ser173 is stabilized by HC.Tyr52, 
Glu174 is sandwiched by HC.Trp100b and HC.Gly100′, and 
HC.Tyr97 is stabilized by HC.Trp100b. 
 
The CD20:RTX complex reveals a distinct secondary 
epitope 
Our structure reveals a second CD20 epitope formed by ECL1 
and ECL2 and contacted by complementarity-determining re-
gion (CDR) loop L1 of RTX (Fig. 3D). Completely distinct from 
the classic ECL2 turret epitope 170ANPSE174, this secondary 
epitope is recognized primarily by light chain residues 
LC.Ser28, LC.Ser29 and LC.Ser31. Residues LC.Ser28 and 
LC.Ser29 are positioned to make van der Waals contacts with 
Ile76 of ECL1 and Pro160 of ECL2, respectively. The side 
chain of LC.Ser31 is situated atop ECL2’s circumflex cap and 
interfaces with both CD20 protomers: it stabilizes Tyr161 in 
a CH2-arene-CH2 sandwich also involving Pro160, while its 
hydroxyl moiety makes van der Waals contacts with Pro178′, 
which caps the TM4 α-helical extension of the CD20′ pro-
tomer. Earlier crystallographic studies of the primary ECL2 
turret epitope in complex with RTX had measured a buried 
surface area of only 440 Å2 (4), but these L1 – ECL1/2 interac-
tions increase the contact surface area by almost 50%, to ~ 
640 Å2 (Fig. 4B), suggesting that this secondary epitope likely 
contributes significantly to RTX’s affinity for CD20. 
 
RTX Fabs are engaged in homotypic contacts 
The close proximity (∼ 20 Å) of the two primary epitopes dis-
played by the CD20 dimer results in the RTX Fabs accommo-
dating each other along a homotypic interface between their 
heavy chains (Fig. 3). CDR loop 3 (H3) dominates the Fab:Fab 
interface, engaging with its symmetry mate (H3′), and with 
the H1′ and H2′ loops. Residue HC.Tyr97, which is germline-
encoded via the D gene segment (fig. S6A), seems essential to 
the Fab-Fab interaction: its Cβ and Cγ atoms make close van 
der Waals contacts with their symmetry mates across the di-
mer axis, while its aromatic ring stabilizes the backbone of 
the H3 loop, and its hydroxyl hydrogen-bonds with Glu174′ of 
the contralateral CD20′ protomer (Fig. 3, A and B). Two key 
additional Fab:Fab interactions are mediated by HC.Ser31′, 
whose backbone and side chain directly engage HC.Gly99, 
while its side chain contacts LC.Tyr49 and HC.Tyr98 (Fig. 
3C). Overall, this Fab:Fab homotypic interface buries 375 Å2 
of solvent-exposed area (Fig. 4B). 

Our structure has thus unveiled a composite CD20-Fab′ 
epitope with three components: the primary epitope on ECL2 
(170ANPSE174), a secondary ECL1-ECL2 epitope, and a direct 
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homotypic Fab:Fab interface. The total composite buried sur-
face area of ~ 1,000 Å2 is comparable to traditional prototyp-
ical Fab:protein complexes (24), and our observations 
rationalize how RTX achieves nanomolar affinity for full-
length CD20 (table S2) and CD20+ cells (5) despite low affin-
ity to the ECL2 epitope peptide (table S3). 
 
RTX’s target recognition and CDC activity require the 
full composite epitope 
To ascertain the functional relevance of previously unob-
served structural features of the complete CD20 epitope, we 
introduced targeted mutations into RTX (Fig. 4C). We em-
ployed charge reversals and bulky side chains expected to dis-
rupt these molecular interfaces and measured their effects on 
CDC (Fig. 4E), and on IgG binding to purified CD20 (SPR; 
table S2), ECL2 epitope peptide (SPR; table S3), and CD20+ 
cells (flow cytometry; Fig. 4D). For comparison, we included 
OBZ, which is known to bind cells at levels ~50% lower than 
RTX and whose Fab can only bind purified CD20 with 1:2 
stoichiometry (Fig. 1). 

RTX variants LC.Ser28Asp and LC.Ser31Asp were gener-
ated to probe the importance of the secondary epitope. Mu-
tation LC.Ser28Asp resulted in reduced CD20 affinity (~20 
fold), cellular binding (~ 25%), and CDC activity (IC50 > 10x 
higher) relative to wild-type RTX. LC.Ser31Asp had a notably 
stronger phenotype, which resulted in a ~100-fold reduction 
in Fab:CD20 binding, ~50% reduction in IgG:cell binding, 
and nearly completely abolished CDC activity. These data 
substantiate the relevance of this secondary epitope in RTX 
function. 

We next evaluated the role of the germline-encoded 
HC.Tyr97, because it appears central to complex formation 
(see above; Fig. 3, A and B). The HC.Tyr97Ser mutation, 
which we predict may destabilize H3, effectively abolishes 
target engagement and CDC activity, while mutation 
HC.Tyr97Phe, which removes only the terminal hydroxyl but 
maintains the aromaticity of the side chain, reduced affinity 
to CD20 (~15 fold) as well as cellular binding (~ 25%) and 
CDC activity (IC50 > 10x higher), suggesting that RTX func-
tion is enhanced by the polar interaction between HC.Tyr97 
and Glu174′. 

To assess the importance of the homotypic Fab:Fab inter-
face, we introduced mutations at HC.Ser31 and HC.Gly99, 
two positions that are reciprocally involved in interactions at 
the periphery of the complex. The HC.Ser31Glu mutant had 
reduced Fab:CD20 affinity (~100-fold), reduced IgG:cell bind-
ing and reduced CDC activity (>100-fold). The effect of 
HC.Gly99Lys was even more marked, with CDC completely 
abolished. Because these residues are not involved in any in-
teractions with CD20, we conclude that homotypic Fab:Fab 
interactions potentiate target engagement, cell binding, and 
CDC activity of RTX. 

In summary, we have discovered several RTX mutants 
that, despite maintaining cell-binding activity comparable to 
that of OBZ, and largely unaffected binding to the primary 
ECL2 epitope, are incapable of eliciting CDC. This confirms 
that the secondary ECL1/2 epitope and Fab:Fab interface con-
tribute to the unique binding properties and high CDC activ-
ity of RTX. 
 
Full-length RTX cross-links CD20 dimers into higher-
order assemblies 
In the RTX Fab:CD20 complex, the distance between the C-
termini of the Fab heavy chains (HC.Pro213) is greater than 
120 Å, inconsistent with binding of both Fabs from a single 
IgG to a CD20 dimer (Fig. 1C). This suggests two RTX anti-
bodies engage the dimer, each contributing one of its Fab do-
mains. To test this, we formed complexes in vitro between 
full-length IgG and CD20 and examined their structural ar-
rangement. We found that these complexes are stable (table 
S2), and nsEM showed that most CD20 particles were bound 
by two well-resolved Fabs in a similar geometry to that seen 
in the CD20:RTX Fab structure (fig. S7G). This establishes 
that 2:2 complex formation is not exclusive to Fab fragments 
and occurs readily in the context of full-length RTX. 

Unlike OBZ or the RTX Fab, RTX IgG cross-links CD20 
into cyclical superstructures of 2-to-2 or 3-to-3 IgGs and 
CD20s, with approximate diameters of 250 and 300 Å respec-
tively (Fig. 5A). These closed-ring assemblies feature CD20 di-
mers and Fc domains splayed outwards, linked by pairs of 
Fab arms which position the Fab-Fc hinges of RTX on a circle 
of approximate diameter 100 Å (Fig. 5, A and B). Because of 
the striking similarity with our 3D structure of the CD20:RTX 
Fab complex, we were able to generate a model of these rings 
as present on the nsEM grids (Fig. 5, B and C). To understand 
how these assemblies might relate to RTX function, we en-
deavored to build a model of an CD20:RTX IgG assembly as 
it might occur on a cell. This was achieved by rotating each 
CD20:Fab complex 90 degrees, while keeping the ends of the 
Fab domains in close proximity to each other (Fig. 5D, left). 
This modeled assembly exhibits precisely the dimensions that 
would be required for the three Fc domains to “fold in” (Fig. 
5D, middle) and potentially nucleate assembly of a six-mem-
bered Fc platform such as those observed in structures of the 
complement component C1 in complex with Fc (25). The re-
sulting model of a CD20:RTX:C1 complex (Fig. 5D, right) pro-
vides a structural hypothesis for how Fab:Fab and Fab:CD20 
interactions may lay the molecular foundations that promote 
tight CD20 clustering and complement recruitment, the hall-
marks of RTX. 
 
Discussion 
CD20 is a clinically-validated target for the treatment of lym-
phomas and auto-immune diseases, but its structure and 
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function have remained unknown. In contrast to the prevail-
ing view that CD20 is a tetramer (13), our structural studies 
establish CD20 as a compact dimeric double-barrel assembly, 
with a protein fold that is distinct from any previously deter-
mined structure. Electrostatic surface calculations confirm 
that the transmembrane helices of CD20 are packed predom-
inantly through hydrophobic and van der Waals complemen-
tary interactions. Previous reports have suggested the 
possibility that CD20 may form a plasma membrane ion 
channel, but our analyses reveal no plausible ion permeation 
pathway through the monomeric CD20 protomer or along the 
dimeric packing interface. We conclude that CD20 and other 
MS4A family members are unlikely to directly function as ion 
channels. 

The dimeric organization of CD20 finally provides a mo-
lecular-level explanation for the perplexing observation that 
twice as many type I as type II mAbs bind CD20+ cells (17). 
Our EM and biophysical studies using purified components 
establish that each CD20 dimer is bound by two type I RTX 
Fabs, but only one type II OBZ Fab. The two RTX Fabs are 
brought in close proximity due to CD20’s compact symmet-
rical dimeric arrangement, resulting in an extensive homo-
typic Fab:Fab interface, which necessitates a shallow angle of 
approach of the Fabs. This orientation avoids steric clashes 
between the two RTX Fabs, whereas OBZ’s steeper angle of 
approach (5) would be expected to sterically preclude another 
Fab from binding. 

Though it has long been known that RTX promotes CD20 
clustering on the cell surface, our observation of circular 
RTX:CD20 assemblies with a diameter similar to that re-
quired for Fc hexamer formation (Fig. 5, A and B) raises the 
possibility that RTX-induced cell-surface CD20 clusters may 
in fact be well-ordered assemblies specifically predisposed to 
recruit complement (as opposed to loose groupings on the 
cell surface). Assemblies of this kind could be particularly ef-
ficient at complement recruitment by virtue of their biasing 
of Fc domain positions and orientations toward the for-
mation of the hexameric Fc platforms necessary for comple-
ment recruitment (25). In a simplistic model, we speculate 
that dimeric RTX:CD20 building blocks (Fig. 1C) can assem-
ble into a 3-to-3 closed-ring configuration that acts as a nu-
cleating scaffold for IgG hexamer formation to ultimately 
recruit C1q (Fig. 5D). One unknown or caveat in this model is 
that it requires the recruitment of three additional RTX IgG 
molecules that are not involved in the initial 3-to-3 ring but 
are needed to achieve Fc hexamerization. Once formed, it 
seems plausible that 3-to-3 ring assemblies could serve to po-
tentiate Fc-Fc interactions by intermingling with various 
other RTX:CD20 superstructures (Fig. 5A) or assembly inter-
mediates that are likely found and enriched along the cell 
surface, ultimately leading to efficient Fc-hexamer formation 
and C1q engagement. Although further experiments are 

needed to ascertain the precise dynamics and geometrical ar-
rangements of RTX:CD20 complexes on the cell membrane 
when IgG hexamers are formed, our proposed model for C1q 
recruitment by RTX (Fig. 5D) provides an initial molecular-
level hypothesis for why type I mAbs elicit potent CDC. This 
speculative structure-based model also suggests that CDC 
functionality may be shared more generally by antibodies 
which bind oligomeric cell-surface targets and leave at least 
one epitope unencumbered and available for further mAb 
binding. 

In the case of RTX, the simultaneous binding of both 
CD20 subunits is made possible by an intricate geometrical 
arrangement involving Fab:CD20 contacts at a secondary 
epitope and a large Fab:Fab interaction surface. We note that 
all of the RTX residues involved in this homotypic interaction 
are germline encoded in mice (fig. S6A). This observation sug-
gests that the homotypic Fab:Fab interaction was inherent to 
the progenitor RTX B cell prior to somatic hypermutation. 
These residues are also highly conserved among the RTX-like 
type I mAbs (fig. S6B), a majority of which are also mouse-
derived. Similar Fab:Fab contacts mediate crystal-packing of 
the isolated RTX Fab-ECL2 peptide complex (4) (fig. S5), 
which, taken together with our findings, indicates that Fab-
Fab homotypic interactions are energetically favorable and 
an essential feature of the RTX-like type I mAbs. This raises 
the question of whether RTX Fabs may exist as pre-formed 
dimers prior to CD20 binding. We evaluated this possibility 
but found only weak Fab:Fab interactions at extremely high 
concentrations (>100 μM; data not shown), suggesting that 
the homotypic Fab:Fab interactions are nucleated by CD20 
binding. We are aware of two other examples of Fab:Fab ho-
motypic interaction, and in each case, these interfaces are 
central to antibody function: neutralization of a malaria par-
asite (26, 27), and cross-linking-independent activation of 
TRAIL-R2 (28). Given the functional relevance of homotypic 
Fab:Fab interfaces in these three exemplar cases, we propose 
that these observations can be exploited in the discovery and 
optimization of next-generation therapeutic antibodies. 
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  Fig. 1. Characterization of CD20:Fab complexes and cryoEM structure of CD20:RTX Fab.  

(A) Biolayer interferometry (BLI) traces. A serial dilution of RTX (left) or OBZ (right) Fabs was flowed 
in for the first 1,500 s of the experiments, followed by a dissociation step. (B) Negative-stain EM 
(nsEM) of expressed, solubilized and purified CD20 in complex with RTX (left) or OBZ (right) Fab. 
Scale bar: 50 Å. (C) CryoEM reconstruction of the CD20:RTX Fab complex, at a resolution of 3.3 Å. 
Left panel: isosurface rendering, with the GDN micelle rendered in transparent grey, the RTX Fab 
heavy chain in purple and the light chain in pink. Right panel: two orthogonal side views (along the 
plane of the membrane) of a ribbon rendering of the structure. 
 

on F
ebruary 21, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://science.sciencemag.org/


First release: 20 February 2020  www.sciencemag.org  (Page numbers not final at time of first release) 9 
 

 
  

Fig. 2. The CD20 dimer is a 
compact double square-barrel 
structure. Ribbon diagrams of the 
CD20 structure, with RTX omitted 
and one of the CD20 protomers 
transparent, for clarity. (A) The 
short loop ECL1 (red), between TM1 
and TM2, is almost entirely 
surrounded by the first half of ECL2 
(green). (B) The core of each 
protomer is marked by a number of 
highly-conserved small (mostly 
glycine) residues (not shown) and a 
complementary set of bulkier 
residues shown here in space-filling 
representation. (C and D) The 
extensive dimeric interface of CD20 
involves the extracellular domain (C) 
as well as TM helices 1 and 4 (D). 
 

Fig. 3. Key molecular interactions between CD20 and RTX. Ribbon diagrams of the CD20:RTX Fab 
structure, with key amino acid side chains involved in CD20:RTX or RTX:RTX shown in stick 
representation. (A) Top view of the center of the complex, where HC.Tyr97 mediates Fab:Fab and 
Fab:CD20′ contacts. (B) The canonical RTX epitope 170ANPSE174, in addition to being recognized by 
RTX’s heavy chain (left, purple), is also involved in a hydrogen bond network with Tyr97′ from the 
distal RTX Fab (right, grey). (C) Additional Fab:Fab contacts between heavy chain (HC) loops H3 and 
H1 and light chain (LC) loop L2. (D) A secondary epitope consisting of ECL1 and ECL2 is contacted 
by RTX’s LC loop 1. 
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Fig. 4. Multiple CD20:RTX and RTX:RTX interactions enable cell binding and CDC. (A) Surface 
representation of the CD20:RTX Fab complex. The surfaces buried by complex formation are colored 
in yellow (CD20:RTX), orange (CD20′:RTX′), or red (RTX:RTX′). (B) Open-book representation of the 
same surfaces, with surface area measurements for each buried surface indicated. Residues 
mutated as part of this study are labeled in the top left panel and are not involved in the primary 
paratope. The primary epitope (dashed line) only accounts for less than half (440 Å2 out of 1,015 Å2) 
of the total Fab binding area. (C) Surface representation of the CDR face of RTX Fab, with the ECL2 
turret epitope shown (green), as well as the positions of the point mutations under study. (D and E) 
Complement-dependent cytotoxicity (D) and cell binding (E) of RTX mutants are plotted as a 
function of antibody concentration, and compared to wild-type RTX and OBZ. 
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 Fig. 5. RTX cross-links CD20 into circular super-assemblies. (A) Average nsEM images of CD20 

incubated with full-length RTX show cyclical higher-order structures of involving 2-to-2 (top row; 
diameter of 250 Å) or 3-to-3 (bottom row; diameter of 300 Å) CD20-to-RTX complexes. The RTX Fc 
domains appear disordered, presumably because of IgG hinge flexibility. (B and C) Interpretation of 
an nsEM class average of a 3-to-3 assembly. (D) Proposed model for CD20:RTX super-complex 
formation and complement recruitment. During nsEM experiments, the IgGs and solubilized CD20s 
are co-planar (C). Modeling these high-order assemblies as they might occur at the surface of CD20+ 
cells requires rotating the CD20:Fab complexes 90 degrees [(D), left]. Given the flexibility provided 
by the IgG hinges, it is then possible to position Fc domains (pink) in a common plane [(D), middle]. 
The addition of three further Fc domains possibly contributed by neighboring CD20:IgG assemblies 
(grey) would complete the Fc hexamer formation and enable recruitment of C1q [(D), right]. Dashed 
lines outline IgG molecules. Models used: structure from present work (RTX Fab:CD20 complex), 
EMDB-4232 (EM map of C1:Fc complex) and PDB 6FCZ (Fc domains and C1q head domains) (25). 
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