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interaction partner networks on cell membranes

Yihu Yang®, Xiaoran Roger Liu?

Shixuan Liu*@, Guomin Shen
Weikai Li*"

1

Abstract

Tetraspanins, including CD53 and CD81, regulate a multitude of
cellular processes through organizing an interaction network on
cell membranes. Here, we report the crystal structure of CD53 in
an open conformation poised for partner interaction. The large
extracellular domain (EC2) of CD53 protrudes away from the
membrane surface and exposes a variable region, which is identi-
fied by hydrogen-deuterium exchange as the common interface
for CD53 and CD81 to bind partners. The EC2 orientation in CD53 is
supported by an extracellular loop (EC1). At the closed conforma-
tion of CD81, however, EC2 disengages from EC1 and rotates
toward the membrane, thereby preventing partner interaction.
Structural simulation shows that EC1-EC2 interaction also
supports the open conformation of CD81. Disrupting this interac-
tion in CD81 impairs the accurate glycosylation of its CD19 partner,
the target for leukemia immunotherapies. Moreover, EC1 muta-
tions in CD53 prevent the chemotaxis of pre-B cells toward a
chemokine that supports B-cell trafficking and homing within the
bone marrow, a major CD53 function identified here. Overall, an
open conformation is required for tetraspanin—partner interactions
to support myriad cellular processes.
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Introduction

Tetraspanins participate in a wide array of cellular processes includ-
ing cell proliferation, migration, adhesion, fusion, and signaling
(Termini & Gillette, 2017; Yeung et al, 2018). There are 33 tetra-
spanin members identified in the human genome. The well-studied
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CD81 is required for sperm-egg fusion during the fertilization
process (Sutovsky, 2009), for cell composition regulation in the
central nervous system (Geisert et al, 2002; Charrin et al, 2009),
and for maturation of CD19 (Maecker & Levy, 1997; Shoham et al,
2003, 2006; Bagashev et al, 2018), a major immunotherapy target
against lymphoma and leukemia (Park et al, 2016; Braig et al, 2017;
Velasquez & Gottschalk, 2017). Most tetraspanins, including CD81,
are widely distributed in cells and tissues. As an exception, CD53 is
expressed exclusively in leukocytes. CD53 is involved in B-cell dif-
ferentiation and modulation of inflammatory responses (Beckwith
et al, 2015; Zuidscherwoude et al, 2017; Greenberg et al, 2020).
Familial deficiency of CD53 expression manifests as recurrent infec-
tions (Mollinedo et al, 1997), whereas increased CD53 expression
correlates with the active status of tuberculosis patients (Omae et al,
2017). Overall, these examples highlight the essential functions of
tetraspanins under physiological and pathological conditions.
Tetraspanins facilitate these cellular processes through organiz-
ing molecules at the plasma membrane, thereby generating a hierar-
chical interaction network (Charrin et al, 2014). Tetraspanins
interact with each other and with a large repertoire of partners,
many of which contain immunoglobulin-like (Ig) domains. The part-
ner interactions are primarily through a large extracellular domain
(EC2), which contains a variable region that may control the part-
ner-interaction specificity such as CD81 with CD19 (Shoham et al,
2006) and CD53 with CD2 (Bell et al, 1992). Owing to this func-
tional importance, the structural patterns of EC2 have been used to
classify tetraspanins (Seigneuret et al, 2001). A small extracellular
loop (EC1) in tetraspanins is also highly variable, but its functional
role remains elusive (Van Deventer et al, 2017). Among the proteins
with four transmembrane helices (TM), tetraspanins are distin-
guished by the unequal size of EC1 and EC2 and by the cysteine
pattern of EC2, which contains two to four cysteine pairs including
a CCG motif (Huang et al, 2005). The transmembrane region of
tetraspanins is also involved in partner interactions; for example,
TM1 of CD81 supports the exit of CD19 from the endoplasmic reticu-
lum (Shoham et al, 2006). The two termini of tetraspanins are
located at the cytosolic side, providing additional interaction sites
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for signaling molecules (Van Deventer et al, 2017). As an example,
the N-terminal of CD53 interacts with PKC-B to regulate B-cell
signaling (Zuidscherwoude et al, 2017). Taken together, multiple
structural regions of tetraspanins are required to organize their part-
ner interactions (Van Deventer et al, 2017). The molecular nature of
these organizations and their regulation of cellular responses,
however, remain largely unknown.

In the entire tetraspanin superfamily, the full-length structure is
known only for human CD81 and CD9 (reported during the submis-
sion of this manuscript), both captured in a closed conformation
incapable of partner interactions (Zimmerman et al, 2016; Umeda
et al, 2020). The four TMs of CD81 and CD9 form a cone-shaped
structure that splits into two TM pairs at the extracellular side. The
EC2 domain of CD81 adopts a mushroom-like structure with five
helices (named A to E); the A and E helices form the mushroom
“stalk”, and B and variable C-D region form the “head”. The
isolated EC2 domain of CD81 shows essentially the same structure
(Kitadokoro et al, 2001), and the mushroom fold is observed also in
the CD9 structure and in the NMR structure of the EC2 domain of
another tetraspanin, TSP-2, from Schistosoma mansoni (Jia et al,
2014). The EC1 loop, the loop connecting TM2 and TM3 (L2-3),
and part of the N- and C-termini, however, are disordered in the
full-length CD81 structure, the resolution of which is compromised
by anisotropic crystal diffraction (5.5 and 2.95 A). Nevertheless, the
electron densities of this structure suggest that a cholesterol mole-
cule is bound at the transmembrane region, and molecular dynam-
ics simulation implies that cholesterol dissociation changes the
structure of the transmembrane domain to induce the open confor-
mation. Despite such modeling attempts (Zimmerman et al, 2016;
Umeda et al, 2020), a tetraspanin structure at the partner-interactive
state is required to understand the molecular mechanism regulating
the tetraspanin network.

Here, we report the 2.9 A structure of CD53 in the open confor-
mation. Unexpectedly, the transmembrane domain of CD53 without
bound cholesterol adopts essentially the same structure as the
closed conformation of CD81. EC2 of CD53, however, rotates to a
different angle owing to supporting interactions from EC1. After the
rotation, the EC2 variable region is exposed for partner binding at
the open conformation. In contrast, this region faces the membrane
surface and is partially buried in the closed conformation of CD81.
Hydrogen—deuterium exchange mass spectrometry (HDX-MS) shows
that CD53 and CDS81 use a similar part of their variable region to
interact with extracellular domains of their partners, CD2 and CD19,
respectively. Mutations that disrupt the EC1-EC2 interface of CD81
interfere with its ability to promote accurate glycosylation of CD19.
Similar mutations in CD53 interfere with B-cell migration, which we
identify to be a major cellular function of CD53. Thus, the open and
closed conformational changes may regulate partner interactions of
tetraspanins in a wide range of cellular processes.

Results
CD53 structure
Human CD53 was crystallized in lipid cubic phase (LCP), and the

crystals diffracted isotopically to 2.9 A (Table 1) with a construct
carrying an Asnl48Ala mutation to eliminate a predicted
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glycosylation site, and Cys80Ala and Cys208Ala mutations to
prevent palmitoylation. The electron density map reveals nearly the
entire structure of CD53 including the loop and termini regions
(Fig EV1A). The CD53 molecules pack artificially into an antiparal-
lel dimer in each asymmetric unit of the crystals (Fig EV1B); these
two molecules face different packing interactions and yet their struc-
tures, including the termini tails, are nearly identical (Fig EV1C).
The four TMs of CD53 adopt a cone-shaped conformation
(Fig 1A and B). At the cytoplasmic side, the TMs pack tightly into a
bundle at an angle to each other. The packing primarily uses knob-

Table 1. Data collection, phasing, and refinement statistics.

Protein CD53

Data collection®

Space group P2,

Solvent content (%) 67.0

Cell dimensions

a, b, c)

49.4,2105,73.4

% By ()

90, 100.2, 90

Resolution (A)

50-2.9 (2.95-2.90)°

CCy)° 0.998 (0.772)
Ry 0.128 (0.739)
I/l 8.4 (1.4)
Completeness (%) 933 (97.2)
Redundancy 2.8 (2.8)
Refinement

Resolution (A) 50-2.9
No. reflections 24,301
Ruork/Riree” 223/265
No. atoms

Protein 6,915
Ligand/ion 151
Water 19
B-factors (A?)

Protein 60.9
Ligand/ion 55.4
Water 61.1
Ramachandran plot

Favored (%) 97.4
Allowed (%) 26
Outliers (%) 0.0

R.m.s deviations

Bond lengths () 0.006
Bond angles (°) 0.952

“The dataset was derived from a single crystal.

®Values in parentheses are for the highest-resolution shell.

€CCyj, = Pearson correlation coefficient between random half-datasets.
9Ruwork = 2 hl|Fo(h)|-|Fc(h)[[/=h|Fo(h)|, where |Fo| and |Fc| are the observed and
calculated structure-factor amplitudes, respectively. Reee Was calculated with
5% of the data excluded from the refinement.
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and-hole interactions from the side chains in the TMs (Fig 1C), the
region that human tetraspanins share high sequence similarity
(Fig EV2). About halfway in the membrane, the TM1/TM2 and
TM3/TM4 pairs start to split, creating a tunnel between TM1 and
TM4 that is delineated by several hydrophobic residues (Fig 1B).
Elongated electron densities were observed in this tunnel
(Fig EV1A) and assigned to monoolein, a lipid used for the LCP
crystallization. Further splitting of the TM pairs at the extracellular
side leaves a large opening (Fig 1B), which affords a potential site
designated for binding the transmembrane domain of interacting
partners.

The EC2 domain of CD53 adopts a canonical mushroom fold
(Fig 1D). The “stalk” helices A and E are connected to TM3 and
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Figure 1. Structure of CD53 in the open conformation.
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TM4, respectively. Both connections are through short hinges and
with sharp bends. The two hinges are associated with each other
through hydrophobic residues (Fig 2D). The interactions continue
between the interface of helices A and E, involving stacking
between hydrophobic residues and a hydrogen bonding network
formed between polar residues. These extensive interactions stabi-
lize the relative positions of the two stalk helices. CD53 lacks the
helices C and D found in CD81 (Kitadokoro et al, 2001). This C—
D region instead folds into two antiparallel loops, whose confor-
mation is stabilized by the two disulfide bonds characteristic of
tetraspanins. The EC2 head region, in particular the C-D region,
is well exposed for interactions in the open conformation
(Fig 1A).

Bundle

Monoolein

A Overall structure (side view). EC1 and secondary structure elements in EC2 are shown in different colors, and the four TMs in blue.
B Electrostatic surface representation of the structure (back view from A). The bundle region of TMs forms a tunnel that binds monoolein, and their splitting generates

a lateral opening inside the membrane.

mm g0

Interactions stabilizing the EC1-EC2 binding.

© 2020 The Authors

Van der Waals surface (top view) showing interactions between the TM1/2 and TM3/4 pairs near their splitting site and residues forming the lipid-binding tunnel.
Structure of the CD53 EC2 domain showing the mushroom fold with a head and stalk. The stalk helices connect to TM3 and TM4 through two hinges.
EC1 loop binds in the EC2 groove (electrostatic surface) formed by helices A and B.
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Figure 2. Structural comparison of CD53 in open conformation and CD81 and CD9 in closed conformation.

A Structures of CD53 (colored by structure elements) and CD81 (gray) superimposed by their transmembrane domains. The curved arrow indicates EC2 rotation. Letters
with a prime sign (A'-E’) indicate structural components of CD81.

B Comparison of individual structures of CD53 in open conformation (left), and CD81 (middle) and CD9 in closed conformation (right). The dashed curve indicates
disordered EC1 in CD81, and the angles indicate bending of TM3 in CD81 and CD9. The bound cholesterol (Chol; orange) in CD81 and bound monoolein (Mono; blue)
in CD53 and CD9 are indicated. CD9 structure contains palmitoylation sites (Palm, green) and another monoolein bound between the TM bundle. Since this
monoolein molecule is not modeled in PDB 6K4J, we can only show surrounding residues here. Among these, Leu14, Asn18, and Phe21 are conserved between CD9,
CD81, and CD53.

C EC2 domain structure of CD53 superimposed with those of CD81, CD9, and TSP2. The comparisons show the same position of two characteristic disulfide bonds and
show differences in the C-D conformation and A-helix orientation.

D Interactions within the EC2 domains of CD53, CD81, CD9, and TSP-2. Relative orientation of the stalk helices and bending at the hinges are stabilized by extensive
side-chain interactions. Folding of the head region is maintained by the two characteristic disulfide bonds.
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This exposed orientation of EC2 is supported by its interaction
with EC1. The central part of EC1 (residues 43-47) binds in a small
groove of EC2 that is formed between helices A and B (Fig 1E). The
side chains of Leu43 and Phe44 insert into the hydrophobic part of
groove, and other interactions involve Phe40, His45, and backbone
carbonyls of EC1 (Fig 1F). Owing to these stable binding interac-
tions, EC1 is well ordered in the CD53 structure. With the support
from EC1, EC2 is disengaged from the transmembrane domain
(Fig 1E). Consequently, the head region of EC2 moves away from
the membrane and sticks out into the extracellular space (Fig 1A).
Thus, the head region is nearly free from steric hindrance and physi-
cally poised for partner interactions.

At the cytoplasmic side of the CD53 molecule, an interaction
“cage” is formed between the loop connecting TM2 and TM3 (L2-3)
and the N- and C-terminal tails (Fig EV3). Glu77 in L2-3 forms salt
bridges with Lys7 and Lysl0 at the N-terminus. These highly
conserved Lys residues have been identified as ubiquitination sites
in CD81, CD151, and TSPANG6 (Termini & Gillette, 2017), and their
structural organization may have regulative roles.

Open and closed conformations

Structural comparison of CD53 and CD81 shows a large rotation
between their EC2 and transmembrane domains (Fig 2A). With
support by interactions from EC1, the EC2 head region of CD53 is
twisted away from the membrane and exposed for interactions. In
contrast, the EC1 loop of CD81 is disordered in the structure, and its
EC2 instead interacts with TM1 and TM2 (Fig 2B). Similarly, EC2
interacts with the TM regions in the CD9 structure; although the
EC1 loop is ordered in this structure, it flips to another side without
forming interaction with EC2 (Fig 2B). Without the EC1 support,
EC2 rotates to a different angle with its head region oriented toward
the membrane, thereby generating a closed conformation in the CD9
and CD81 structures.

The relative rotation between EC2 and transmembrane domains
can be regarded as a rigid-body movement because each individual
domain adopts a similar conformation. In particular, the transmem-
brane domains of CD53 and CD81 are nearly superimposable
(Fig 2A), with a 1.2 A RMSD between their C, atoms. The same
cone-shaped conformation suggests that this is a canonical fold
shared by all tetraspanins in their transmembrane domain. Despite
the overall structural similarity, the TM2 of CD81 is one turn longer
than that of CD53. Moreover, the TM3 of CD81 is bent by approxi-
mately 18° at the extracellular end, whereas the TM3 of CD53 is
straight (Fig 2B). The CD9 structure shows a similar bending in
TM3. The different conformations of TM3 are probably associated
with the relative movement of EC2.

The transmembrane domains of these tetraspanins, at essentially
the same conformation, form different lipid-binding sites (Fig 2B).
In CDS53, monoolein is bound in a tunnel that is formed by
hydrophobic residues at the bottom part of the TM splitting. In CD9,
a monoolein molecule is bound at a similar position that is
surrounded by residues conserved between CD9, CD53 and CD81.
In contrast, cholesterol is bound at an open pocket in CD81 and
occupies a much larger area. At the bottom part of the TM splitting,
the cholesterol hydroxyl group form hydrogen bonds with Asn18 in
TM1 and Glu219 in TM4, and the cholesterol ring interacts with
hydrophobic residues from all four TMs of CD81. After the TMs are

© 2020 The Authors
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split, however, the other part of the cholesterol molecule interacts
only along TM2. Importantly, the cholesterol binding after the split-
ting does not involve TM3 and TM4. Given that EC2 connects only
to TM3 and TM4, it is unlikely that binding or dissociation of
cholesterol induces EC2 rotation. Instead, the role of the lipids is
probably to stabilize folding of the transmembrane domain.

The EC2 domains of different tetraspanins share the overall
mushroom fold but with large structural deviations (Fig 2C). The C-
D region of CD81 forms two helices in crystal structures, and the
molecular shape of the head region differs from that of CD53 head.
In CD9, the C region maintains a helical conformation, but the D
region becomes a loop. On the other hand, the C-D regions of CD53
and TSP-2 form two loops that swing to different angles. These
structural variations in the C-D region, along with sequence dif-
ferences, may afford the specificity of partner recognition for dif-
ferent tetraspanins.

Folding of these variable regions is reinforced by two disulfide
bonds conserved in the tetraspanin family. Remarkably, these disul-
fides are nearly superimposable in all four structures (Fig 2C and
D). In addition, the E helix and at least part of the B helix can be
closely superimposed. Helix A adopts different angles in these struc-
tures, however, owing to its different but extensive side-chain inter-
actions with B and E (Fig 2D). Given that the sequence of helix A is
poorly conserved (Fig EV2), this helix may change angles in dif-
ferent tetraspanins and alter their EC2 orientation in both open and
closed conformations.

Mapping of tetraspanin—partner binding interfaces

To understand how the open and closed conformations affect the
partner interactions of tetraspanins, we mapped the partner-binding
interfaces of CD53 and CD81 by using HDX-MS. CD53 physically
associates with CD2 (Bell et al, 1992), a membrane-anchored NK-
and T-cell marker that contains two extracellular Ig domains. The
association is likely through the EC2 domain of CD53 and two Ig
domains of CD2, similar to other tetraspanin—partner interactions
(Van Deventer et al, 2017). To characterize the binding interface,
we purified the CD53 EC2 domain and CD2 Ig domains and
conducted HDX-MS for the unbound and bound proteins. Compar-
ison of the HDX kinetic curves shows that CD53 EC2 domain and
CD2 Ig domains each have a single region that, upon binding, exhi-
bits significant decreases in deuterium uptake with cumulative dif-
ferences greater than three times of propagated error (99.7%
confidence that differences are significant) (Figs 3A and B, and
EV4A and B). In CD53 EC2, the protection seen in HDX corresponds
to residues '“*WTSGPPASCPSD'®* in the variable C-D region
(Fig 3A). The protection in CD2 Ig domains is observed for two
peptides (Fig EV4B), and their overlap indicates a binding region of
1241 KIQE'*® that is located at the joint between the two Ig domains
(Fig 3C). The protection is observed to be nearly constant through-
out the entire time of HDX (30 s to 4 h), suggesting a slow off rate
for EC2 and Ig domains. Overall, HDX-MS reveals that the C-D
region of CD53 binds to the Ig joint region of CD2 (Fig 3C).
Similarly, we conducted HDX-MS between the EC2 domain of
CD81 and two Ig domains of CD19 (Figs 3D and EV4C and D). In
CD81, multiple peptides show decreases in HDX upon interact-
ing with CD19. These peptides overlap at residues '"'KNNL
CPSGSNIISNL'® at the D-helix and its preceding loop, a region
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Figure 3. CD53-CD2 and CD81-CD19 partner interactions identified by HDX-MS and modeled onto open and closed conformations.

A The partner-binding regions of CD53 and CD81. Their EC2 sequences are aligned. Identical residues are shaded in dark gray, similar residues in light gray, and partner-
binding regions identified by HDX-MS in orange. Secondary structures are indicated above.

B Representative HDX-MS curves showing the protected regions in CD53 and CD2. Other curves at these regions are shown in Fig EV4A and B, and complete HDX-MS

results in Fig 3 Source Data. The HDX experiments were performed (manually or with a LEAP automation system) in triplicate. Error bars show the standard
deviation.

Left, CD53-CD2 docking model. The HDX-MS identified regions are shown as a red rod in CD53 and as a blue arrow in CD2. The black box indicates the CD2
transmembrane region, and the dashed line indicates the linker to Ig domains. Right, CD53-CD2 docking model with CD53 modeled in the closed conformation. The
modeling was based on the CD81 structure, in which EC2 reorients to interact with the TM domain. Docking of CD19 Ig to CD53 EC2 is in the same manner as Left.
Representative HDX-MS curves showing the protected regions in CD81 and CD19. Other curves at these regions are shown in Fig EV4C and D, and complete HDX-MS
results in Fig 3 Source Data. The HDX experiments were manually performed in triplicate. Error bars show the standard deviation.

Left, CD81-CD19 docking model in the closed conformation. The HDX-MS identified binding regions are colored as in C. Right, Modeled open conformation of CD81

and docking with CD19 (in the same manner as Left). MD simulation (1 us) of this open conformation is shown in Fig 4 and Movie EV1.

Source data are available online for this figure.

remarkably similar to that found in CD53 (Fig 3A). At the partner
side, several peptides in CD19 Ig domains exhibit decreased
deuterium uptake upon binding with CD81 EC2. These peptides
overlap at residues '®’QSLSQDLTMAPGSTL'®. Although the
sequence coverage of CD19 is not 100%, most regions not covered
are heavily glycosylated, making them unlikely to be part of the
binding site. The only binding site (i.e., 182-196) we detected in
CD19 is located at a distance from its membrane anchor domain
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(Fig 3E). To access this binding site, the CD81 EC2 needs to
protrude at sufficient height over the membrane plane (Fig 3E).

Tetraspanin-partner interaction at open and
closed conformations

Based on the binding interfaces identified by HDX-MS, we generated
a docking model between the crystal structures of CD53 (Fig 1A)

© 2020 The Authors
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and CD2 Ig domains (PDB code 1HNF). The model shows that the
EC2 C-D region inserts into a groove at the joint region of two Ig
domains (Fig 3C). Besides the region identified by HDX-MS, the
docking model suggests that the stable binding requires additional
interactions between the C-D region on EC2 and the C-terminal Ig
domain, which is located just above the membrane and well posi-
tioned to connect with the transmembrane region of CD2. Impor-
tantly, the joint connecting the two Ig domains and the CD53 C-D
region are positioned at the same height above the membrane plane
for binding to occur. This height-matching requirement may contri-
bute to the partner specificity of different tetraspanins.

Similarly, an HDX-based docking model can be created
between the crystal structures of the CD81 (PDB code 5TCX) and
CD19 Ig domains (PDB code 6ALS). The model shows that the
binding results in a severe clash between the CD19 Ig domains
and the membrane plane (Fig 3E). Thus, the closed conformation
prevents CD81 from partner interactions, as was previously
proposed (Zimmerman et al, 2016). Modeling of CD53 in a closed
conformation shows a similar scenario (Fig 3C). In the absence
of EC1 support, EC2 rotates toward the membrane and lowers
the above-membrane height of the C-D variable region. Conse-
quently, CD2 binding via this variable region results in a severe
crash with the plasma membrane, thereby preventing the partner
interaction.

To understand how CD81 interacts with its partner, we modeled
the open conformation of CD81 on the basis of the CD53 structure,
in which the exposed orientation of EC2 is back supported by its
interaction with EC1 (Fig 1A). The central region of CD81 EC1
contains a short hydrophobic segment (LLYL) as CD53 EC1 does
(Fig EV2C). Moreover, the A, B, and E helices of CD81 form a
hydrophobic groove that is conserved between most tetraspanins
(Seigneuret, 2006). Thus, we could build an open conformation
model of CD81 in which its EC2 groove binds the LLYL segment
(Fig 3E). Compared to CD53, the EC1 loop of CD81 is longer, and its
A-helix adopts a different orientation (Fig 2C). Thus, the CD81
model suggests that its EC2 protrudes higher from the membrane
plane (Fig 4A). Consequently, the bound CD19 Ig domains are
placed well above the membrane plane (Fig 3E), avoiding the
clashes observed in the closed conformation.

To assess the stability of this open conformation, we performed
molecular dynamics simulation of CD81 in absence of a bound
cholesterol. During the 1 ps simulation time, the transmembrane
domain of CD81 undergoes only slight motions and essentially
maintains the same conformation shared by the CD81 and CD53
crystal structures (Fig 4A and B; Movie EV1). Furthermore, EC2
retains the open conformation due to the supporting interactions
from EC1. The stable EC1-EC2 interaction hinders not only the EC2
rotation but also the relative movement between the TM1/2 and
TM3/4 pairs. With such mutual stabilization, conformations of the
transmembrane and EC2 domains are nearly unaffected by the bind-
ing or release of cholesterol. In addition, our modeling shows that
helices A, B, and E from CD81 EC2 retain their alpha helical struc-
ture, whereas helices C and D are much more mobile and tend to
lose their helical conformation during the MD simulation (Fig 4C).
This structural conversion is consistent with the observations that
the D region is helical in the crystal structures (Kitadokoro et al,
2001; Zimmerman et al, 2016) but is disordered in the solution
NMR structure (Rajesh et al, 2012). This variable C-D region,
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however, could be conformationally stabilized upon binding to the
CD19 Ig domains (Fig 3E).

Accurate glycosylation of CD19 requires CD81 at the
open conformation

The structural results suggest that an open conformation of CD81 is
required for partner interaction. As a prominent example, CD81
facilitates the trafficking and processing of CD19 and stabilizes
CD19 on the cell surface (Shoham et al, 2006; Bagashev et al,
2018). To investigate this CD19 maturation process, we constructed
a CD81-knockout 293T cell line (Fig SA) to avoid the interference
from high level of endogenous CD81 in 293T. CD19, on the other
hand, is exclusively expressed in lymphoid cells and not in 293T
(Wang et al, 2012). CD19 transfection into the CD81-knockout cells
generated three CD19 forms (Fig 5B, lane 1), similar to those
observed in an early B-lineage cell line (Shoham et al, 2006). The
low MW band is known as the precursor form of CD19 (pCD19)
because it is in the endoplasmic reticulum (or pre-Golgi) and has a
low glycosylation extent. Consistently, pCD19 is sensitive to Endo-H
digestion (Fig 5B, lane 5). In contrast, two higher MW species,
known as the mature forms (mCD19 and m’CD19), are Endo-H-
resistant, indicating that complex oligosaccharide addition occurs
after CD19 is trafficked through Golgi. PNGase F deglycosylation of
mCD19, m’CD19, and pCD19 generated protein bands of the same
MW (Fig 5B, lanes 3 and 4), indicating that these species differ only
in their glycosylation content. Unlike pCD19, mCD19 and m’CD19
are sensitive to trypsin digestion of the intact cells (Fig 5C, lane 3),
indicating their location on the cell surface. Previous studies show
that mCD19 is the functional form of CD19 and m’CD19 is an over-
glycosylated form (Shoham et al, 2006).

In absence of CD81, the mCD19 and m’'CD19 levels are similar,
and they are lower than the pCD19 level (Fig 5B, lane 1). In
contrast, CD81 transfection drastically increased the mCD19 level
and generated multiple bands with the same and lower MW (Fig 5B,
lane 2). Moreover, m'CD19 disappears in presence of CD81. Thus,
CD81 plays two major roles during CD19 maturation: generating
more CD19 on the cell surface and ensuring its accurate glycosyla-
tion, consistent with previous reports (Shoham et al, 2006; Baga-
shev et al, 2018).

This assay system allowed the investigation of CD81 mutants
disrupting the open conformation. According to our structural
model, the CD81 open conformation is stabilized by EC1-EC2 inter-
actions that use a group of hydrophobic residues (Leu44, Leu45,
Tyr46, and Leud4?) in the center of EC1 loop (Fig 5D). Thus, we
made a multi-alanine mutant (44A/45A/46A/47A; named A4) and
also mutated each of these hydrophobic residues to glutamate (44E,
45E, 46E, 47E). Compared to the wild-type CD81 (Fig SE, lane 2),
the A4 mutant clearly alters the glycosylation pattern of CD19: The
m'CD19 band appears, and mCD19 shifts to higher MW bands
(Fig SE, lane 3). The single mutants show less drastic effects, but
they also alter the CD19 glycosylation to various extents (Fig SE,
lanes 4-7; repeat experiments in Fig EV5). We also made Glu219Ala
and Glu219GlIn substitutions to disrupt the cholesterol-binding site
in CD81; cholesterol dissociation was suggested to induce the open
conformation and facilitate CD19 maturation (Zimmerman et al,
2016). However, we found that Glu219Ala interferes with the matu-
ration process by increasing the m’'CD19 level, whereas Glu219GIn
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Figure 4. Molecular dynamics simulation of the CD81 open conformation.

A Comparison of the CD81 model (after 1 ps simulation; colored by structural elements) and the CD53 crystal structure (green). Compared to CD53, the conformation of
CD81 EC2 protrudes higher from membrane plane owing to the longer EC1 and different helix A orientation in CD81. The transmembrane regions of CD53 and CD81
are essentially unchanged during the 1 ps simulation. The MD simulation is performed using GROMACS (Van Der Spoel et al, 2005) and CHARMM36m force field

(Huang et al, 2017).

B RMSF plot shows motions of the TMs and EC2 during the MD simulation of CD81. The secondary structures are indicated below the curve. A, B, and E helices are
relatively stable (< 2 A) during the 1 ps simulation time. In contrast, the C-D region is more flexible.
C Structural flexibility of CD81 C-D region. The EC2 domains of the CD81 MD model after 1 ps simulation (colored by structural elements) and the CD81 crystal

structure (blue) are superimposed.

shows little effect (Fig EV5B). These Glu219 mutants, as the EC1
mutants, do not affect the total level of mCD19 and m’CD19 by
much, consistent with a later report using flow cytometry to show
that the surface CD19 level is basically unchanged with Glu219
mutations (Palor et al). Taken together, cholesterol dissociation
from CD81 may not induce its open conformation, consistent with
our structural observations (Fig 2A and B). Instead, it is the EC1
support that stabilizes the open conformation of CD81, which is
required for the proper glycosylation of CD19.

CD53-assisted B-cell migration

Many members of the tetraspanin family are important for immune
cell trafficking, a process central to the immune system function
(Yeung et al, 2018). Because CD53 is exclusively expressed in
leukocytes, we investigated whether CD53 is required for the migra-
tion of these immune cells. To this end, we derived pre-B cells from
the bone marrow of WT and Cd53~/~ mice. Indeed, we found that
the Cd53~/~ pre-B cells had significantly impaired migration toward
the CXCL12 (Fig 6A), a chemokine supporting B-cell trafficking and
homing within the bone marrow (Mohle et al, 2000). To determine
whether this disability of migration is due to lack of CD53, we
performed rescue experiments by infecting Cd53~/~ cells with a
retrovirus containing the mice CD53 cDNA. Remarkably, the retrovi-
ral-mediated expression of CD53 in Cd53~/~ pre-B cells rescued
their ability to migrate toward CXCL12 (Fig 6B).
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Because the crystal structure of CD53 shows that its open confor-
mation requires the EC1 support, we next examined whether EC1
mutations in CD53 can affect the migration of pre-B cells. Similar to
the design of CD81 EC1 mutations, we made a multi-alanine mutant
(Leud43Ala/Phe44Ala/His45Ala/Asn46Ala, named A4) and single
mutants of Leu43Glu and Phe44Glu in CD53; in the crystal struc-
ture, these ECI residues bind directly at the small groove of EC2
(Fig 1E and F). Compared to wild-type CD53, all three mutants abol-
ish the rescue of Cd53~/~ migration toward CXCL12, to a similar
level as does Cd53~/~ (Fig 6B). Taken together, we find that a major
function of CD53 is to support B-cell migration, consistent with a
recent report that CD53 facilitates the homing of B and T cells to
lymph nodes (Demaria et al, 2020). The ECI1-EC2 interaction is
necessary for this function, presumably by supporting the open
conformation of CD53 that allows partner interaction.

Discussion

Tetraspanins promote a hierarchy of cellular processes through
interacting specifically with multiple partners and organizing them
on the cell membrane (Van Deventer et al, 2017). The crystal struc-
ture of CD53 reported here shows an open conformation capable of
such partner interactions. Mutations disrupting the open conforma-
tion prevent CD53 from promoting B-cell migration (Fig 6B),
although the CDS3 partner involved in this process is unknown.

© 2020 The Authors
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Figure 5. Accurate glycosylation of CD19 requires the EC1-supported conformation of CD81.

A

CD81 knockout of 293T cells. The knockout cell line was generated by CRISPR-Cas9. The immunoblots using CD81 antibody and actin antibody were conducted on the
same film.

CD81 facilitates CD19 maturation. CD81 and CD19 (300 ng DNA) were transfected into the CD81-knockout 293T cells. Anti-FLAG immunoblot was performed for CD19
with a C-FLAG tag. The deglycosylation was performed by digesting the cell lysate with PNGase F or Endo H, following the manufacturers’ instructions. The
deglycosylation pattern of CD19 species (p: precursor, m and m’: two mature forms) differs because the glycosylation content of these species is different (see text for
explanation).

Trypsin digestion of CD19. The digestion was performed at 37°C with intact cells. The mature CD19 forms (m and m’) can be digested because they are surface
expressed, whereas the intracellular precursor form (p) is protected from the digestion.

EC1-EC2 interaction in the CD81 open conformation (modeled as in Fig 3E, right). The EC2 hydrophobic groove is shown in surface representation, and the interacting
EC1 residues are indicated.

EC1 mutants of CD81 interfere with the accurate glycosylation of CD19. Chol: mutations at the cholesterol-binding site of CD81. CD81 constructs and CD19 (300 ng
DNA) were co-transfected into the CD81-knockout 293T cells. Top, Anti-FLAG immunoblot was performed for CD19 with a C-FLAG tag. In presence of wild-type CD81
(wt), most CD19 is in the properly glycosylated mature form (m), and the overglycosylated m’ form is not observed. With the EC1 mutants (A4 in particular), however,
m’ emerges and m shifts to high MW, indicating an alteration in the CD19 glycosylation. The level of intracellular p form is low with the wild-type CD81 or with the
mutants. Bottom, Control experiment showing similar expression level of wild-type CD81 and CD81 mutants. Anti-V5 immunoblotting was conducted for the CD81
constructs with a C-V5 tag, and anti-actin immunoblotting was conducted on the same film.

Similar mutations in CD81 hinder the accurate glycosylation of its
CD19 partner, suggesting that the open conformation is also
required for CD81 function; defective CD19 maturation, including
misglycosylation, results in CD19 immune escape in CAR-T
immunotherapy, a major resistance problem for patients with acute
lymphoblastic leukemia (Fischer et al, 2017; Velasquez &
Gottschalk, 2017). Taken together, the open conformation is critical

© 2020 The Authors

for different tetraspanin functions in cellular and therapeutic
processes.

Structural comparison and the subsequent functional studies
provide the experimental evidences that EC2 rotation controls part-
ner interactions, consistent with predictions from previous MD simu-
lations (Zimmerman et al, 2016; Umeda et al, 2020). HDX mapping
shows that CD53 and CD81 use similar parts of their C-D variable
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Figure 6. CD53 promotes the migration of pre-B cells and disruption of the CD53 open conformation impairs the migration.

A Migration of naive €d53~/~ cultured primary pre-B cells to 100 ng/ml CXCL12 compared to WT littermate controls (n = 5 mice per group) over three independent
experiments. Bars and error bars represent mean + standard error of the mean. **P < 0.01 by two-way ANOVA.

B Migration of €ds53~/~ pre-B cells transduced with empty, control, or mutant constructs in response to CXCL12 gradient, 3 days after transduction (n = 2-5 mice per
group) over two independent experiments. Bars and error bars represent mean =+ standard error of the mean. **P < 0.01 and ***P < 0.001 by two-way ANOVA.

C Regulation of tetraspanin—partner interaction by open and closed conformational changes. The cartoon shows the mushroom fold of EC2 (stalk and head) and
supporting interaction of EC1 (green). The spiral roots represent TMs. Left, Partner interaction at the open conformation requires EC2 in an exposed orientation and
its C-D variable region at an above-membrane height (double arrow) matching that of the partner Ig domains. Right, Without the EC1 support (dimmed), changes in
the EC2 orientation and C-D height prevent partner interactions in the closed conformation.

region to bind Ig-containing partners, whereas the binding regions
on the Ig domains of CD2 and CD19 are distant from their membrane
anchor (Fig 3). There is sufficient space for the bulky Ig domains to
bind at the open conformation of CD81 or CD53 because their vari-
able region has rotated away from the membrane plane. In contrast,
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binding of Ig domains in the closed conformation would result in
severe steric clashes with the membrane plane (Fig 3C and E). Simi-
lar conformational control may underlie interactions with various
types of partners that bind to the variable region, such as many Ig
superfamily proteins including CD2, CD4, CD8, EWI, and MHC I and
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II in human cells. Likewise, binding of Ig-containing HCV envelope
E2 protein relies on a critical residue, Phe186, on the D-loop (Higgin-
bottom et al, 2000; Drummer et al, 2002). The CD81 D-loop also
recruits clusters of CD81 and other tetraspanins on the plasma
membrane (Homsi et al, 2014; Homsi & Lang, 2017). Similarly, inter-
action of integrins with CD151 depends on a QRD motif on its D-loop
(Kazarov et al, 2002). The binding may also occur in trans between
the oocyte CD9 and sperm IZUMO1 during fertilization; [ZUMO1
binds to a SFQ motif on the CD9 D-loop (Zhu et al, 2002). Taken
together, partner binding of different tetraspanins relies on specific
residues in the EC2 variable region, especially the D-loop (Fig 3A).
Moreover, the structural differences of the C-D region (Fig 2C) may
largely control the partner specificity. Thus, the EC2 variation, which
classifies tetraspanins into subgroups (Bonnet et al, 2019), may
determine also the partner specificity of each individual tetraspanin.
For example, the C8 subgroup of tetraspanins use their C-D variable
region to interact specially with the ADAM family of metallopro-
teinases to assist their maturation (Haining et al, 2012; Lambrecht
et al, 2018). Furthermore, these specific interactions may share a
similar mechanism in that the EC2 rotation changes the accessibility
of the variable region and its above-membrane height (Fig 6C) to
control partner binding.

A major structural support for the open conformation is from the
EC1-EC2 interaction. Previous phylogenomic analysis shows that
the EC1 loop and EC2 head region have disproportionally high
levels of new intron insertions, suggesting that both regions have
evolved toward binding specific partners (Garcia-Espana et al,
2009). Changing the partner specificity by EC1 variation is likely
through alternation of EC1-EC2 interaction. A previous low-resolu-
tion cryo-EM model of tetraspanin uroplakin predicts that EC2 folds
on top of the ECI, albeit at the closed conformation (Min et al,
20006). Here, we found, however, that EC1 mutations disrupt the
open conformation, thereby hindering CD81 from promoting accu-
rate glycosylation of CD19 and hindering CD53 from promoting B-
cell migration. Consistent with our findings is the previous demon-
stration that mutation of CD81 EC1 to polyalanine abolishes the
Plasmodium infection (Yalaoui et al, 2008). Furthermore, the high-
resolution structure of CD53 now provides direct evidence that EC1—
EC2 interaction is required to stabilize the open conformation. EC1
binds at an EC2 groove formed between the stalk helices, and the
sequence and structural variation of EC1 and the stalk helices may
in turn change the EC2 orientation in different tetraspanins. For
example, CD81 has a much longer EC1 than that of CD53, and their
stalk helix A adopts different orientations (Fig 2C). Owing to these
differences, MD modeling suggests that the open conformation of
CD81 is different from that of CD53 (Fig 4A). Consequently, the
molecular shape of CD81 and its accessible region for partner inter-
action also change. Similar variations in different tetraspanins may
result in altered open conformations that contribute to the speci-
ficity for partner recognition.

Previous MD modeling predicted the dynamic motion of EC2
with several putative conformations (Umeda et al, 2020) that differ
from the closed conformation observed in the CD81 and CD9 struc-
tures or the open conformation observed in the CD53 structure. In
our MD simulation, however, the ECl-supported conformation of
CD81 is quite stable (Fig 4B), probably because EC1 binds specifi-
cally into the hydrophobic groove of EC2. Without putting this
specific and stabilizing interaction into consideration, previous MD
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simulation may lead to many other conformations that appear to be
more open or more closed; further experimental evidences are
required to show whether these other conformational states truly
exist. The EC1-EC2 interaction provides mutual stabilization
between the transmembrane and EC2 domains, making their confor-
mations nearly unaffected by the binding or release of cholesterol in
our MD simulation (Fig 4A). Cholesterol release, however, was
previously thought to cause dissociation of the TM pairs and trigger
the open conformation; the disagreement between that and our
conclusion is probably also because the previous modeling did not
take EC1-EC2 interaction into consideration (Zimmerman et al,
2016). Consistently, structural comparisons suggest that the open
conformation is independent of cholesterol releasing, because the
CD81 structure with cholesterol and CD9 structure without choles-
terol (Umeda et al, 2020) adopt nearly the same closed conforma-
tion. On the other hand, a monoolein molecule is bound at a similar
position in CD9 and CD53 structures (Fig 2B), and yet CD53 adopts
the open conformation. Because crystal structures generally capture
a stable conformation, these structural observations suggest that,
for CD53, the open conformation is more stable, and for CD9 and
CDS81, the closed conformation is more stable. In other words, the
relative stability of open and closed conformations may vary in dif-
ferent tetraspanins.

Tetraspanins are emerging therapeutic targets for cancers, as
multiple family members (e.g., CD81, CD53, CD9, CD151, TSPANS,
and CD37) have been implicated in tumor initiation, promotion,
and/or metastasis (de Winde et al, 2017; Vences-Catalan & Levy,
2018; Bonnet et al, 2019; Vences-Catalan et al, 2019). CD81, for
example, is expressed in a variety of solid tumors and hematopoi-
etic malignancies, and loss of CD81 inhibits the invasion and
metastasis of melanoma, breast, and lung tumor cells (Vences-
Catalan et al, 2015). CD53 has been associated with hematopoietic
malignancies, and its expression is upregulated in a variety of B-
cell malignancies (Barrena et al, 2005), possibly protecting malig-
nant B cells from apoptosis (Voehringer et al, 2000; Yunta & Lazo,
2003). In our current study, we observed reduced chemotaxis of
CD537/~ B cells toward CXCL12, a chemokine that supports both
normal and leukemic B-cell trafficking and homing within the bone
marrow (Mohle et al, 2000; Tokoyoda et al, 2004). As proper bone
marrow niche localization is important for the growth and survival
of leukemia cells, CD53 may be a useful therapeutic target for
patients with B-cell malignancies. The crystal structure of CD53
contributes to our understanding of tetraspanin activity, and we
predict that antibodies selectively blocking the open conformation
of tetraspanins, including the support from EC1-EC2 interaction,
may inhibit tetraspanin activity more specifically and afford a new
therapeutic strategy for cancers involving upregulated tetraspanin
expression.

Materials and Methods

Cloning and protein expression

The human CD53 cDNA (DNASU plasmid repository) was fused into
a superfolder split GFP with a 10x His tag and cloned into a modi-
fied pPICZ-B expression vector (Invitrogen). To improve crystal
diffraction, we made an Asnl48Ala mutation to eliminate a

The EMBO Journal 39: €1052462020 11 of 16



The EMBO Journal

predicted glycosylation site, and Cys80Ala and Cys208Ala mutations
to prevent palmitoylation. Site-specific mutagenesis was performed
with QuikChange™ (Invitrogen). Nucleotide sequences were verified
by DNA sequencing.

The human CDS53 constructs were linearized and transformed
into Pichia pastoris by electroporation. Transformants were selected
by Zeocin resistance, and clones with the highest expression levels
were selected by fluorescence-detection size-exclusion chromatogra-
phy (Kawate & Gouaux, 2006). For large-scale protein expression,
11 cell culture was grown in the BMG media (1% glycerol, 0.34%
yeast nitrogen base, 1% ammonium sulfate, 0.4 pg/ml biotin, and
100 mM potassium phosphate pH 6.0) at 30°C for 20 h. The growth
media were exchanged to the media without glycerol, and protein
expression was induced with 0.7% methanol for 2 days at 25°C.
The cells were harvested by centrifugation and flash-frozen in liquid
nitrogen.

Protein purification

Frozen Pichia cells (20 g) were applied to a ball mill (Retsch) to
break the cell wall. The cell membrane was subsequently solubi-
lized in a buffer containing 2% DDM, 150 mM NacCl, 100 mM Tris—
HCI pH 8.0, 10 pg/ml DNase I, and protease inhibitor cocktail. After
stirring at 4°C for 3 h, the suspension was centrifuged at 20,000 g
for 45 min. Subsequently, the supernatant was incubated with
TALON metal-affinity resin (Clontech) for 3 h at 4°C. The resin was
collected on a gravity-flow column and washed with 20 mM imida-
zole, 2 mM DDM, 150 mM NaCl, and 20 mM Tris pH 8.0. The
protein was eluted with 250 mM imidazole, 1 mM DDM, 150 mM
NaCl, and 20 mM Tris pH 8.0. The protein was subsequently
concentrated and applied to Superdex 200 for size-exclusion chro-
matography (SEC) in a buffer containing 0.05% lauryl maltose
neopentyl glycol (LMNG), 150 mM NacCl, and 20 mM Tris pH 8.0.
The purified protein was concentrated to ~66 mg/ml and used
immediately for crystallization.

Crystallization and data collection

Purified CD53 was reconstituted into lipidic cubic phase (LCP) by
thorough mixing with monoolein at a 2:3 ratio (v/v) using a coupled
syringe. The reconstituted protein (100 nl) was dispensed onto a
glass plate by a Gryphon LCP robot (Art Robbins Instruments) and
overlaid with 800 nl of precipitant solution containing 25-30%
PEG400, 0.1 M KH,PO,4, and 0.1 M MES pH 6.0. The LCP plates
were incubated at 22°C. Crystals appeared overnight and grew to an
optimal size after 1 week. The crystals were harvested from the
mesophase bolus and flash-frozen in liquid nitrogen. The data were
collected with a microfocus beam and a PILATUS detector at the ID-
24 beamlines of Advanced Photon Source.

Structure determination

Molecular replacement (MR) was conducted with Phaser (McCoy
et al, 2007) using the fused sfGFP (Pédelacq et al, 2006) as the
search model (PDB code 2B3P). This MR model was rigid-body
refined with REFMAC (Murshudov et al, 1997). The partial model
phases were improved by solvent flattening and two-fold averaging
using program PARROT (Cowtan, 2010) and DM (Cowtan, 1994).
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The density modified maps were sufficient for automatic model
building of the CDS53 region (~80-90% completeness) by the
BUCCANEER software (Cowtan, 2010). The models were manually
built into complete and refined against the data by refinement
programs installed in the PHENIX suites (Afonine et al, 2012).

Protein purification for HDX-MS

The proteins used for HDX-MS analyses were EC2 domain of CD53
(residues 107-181), EC2 domain of CD81 (residues 112-202), Ig
domains of CD2 (residues 1-205), and Ig domains of CD19 (residues
1-277). These proteins were tagged with an N-terminal signal
peptide (MGILPSPGMPALLSLVSLLSVLLMGCVA) and a C-terminal
PreScission protease site (LEVLFQ/GP) followed by a GFP with 10x
His tag (C-GFP-His). The coding DNA constructs were cloned into a
modified BacMam expression vector (Goehring et al, 2014). The
plasmids were transformed into DH10Bac cells to produce bacmids,
which were subsequently transfected into Sf9 cells by using Cell-
fectin II (Thermo) for baculovirus production. The P2 virus was
used to transfect HEK293 GnTI™ suspension cells that were grown
in FreeStyle media at 37°C. After 8-12 h infection, 10 mM sodium
butyrate was added and the temperature was adjusted to 30°C. The
culture media containing the secreted proteins were collected after
72 h of baculovirus transfection.

The media were diluted in 150 mM NaCl and 50 mM Tris pH 8.0
and incubated with TALON metal-affinity resin. The resin was
collected on a gravity-flow column and washed with the same buffer
containing 20 mM imidazole. The resin-bound protein was digested
with 20 pg/ml PreScission protease to remove the C-GFP-10xHis
tag. The eluent was further purified through a Superdex 200 column
in a buffer containing 150 mM NaCl and 20 mM Tris pH 8.0. The
purified proteins were concentrated to 300 uM and stored at —80°C
before HDX-MS analyses. Prior to HDX, CD19 was deglycosylated
with PNGase F at 4°C overnight.

HDX-MS analyses

HDX experiments were performed in triplicate at 4°C with exchange
times of 10, 30, 60, 900, 3,600, 7,200, and 14,400 s. The experiments
were performed either manually (CD53, CD81 and CD19) or with
LEAP automation system (CD53 and CD2). The bound state of each
protein was generated by mixing with higher molar ratio (1:2 or 1:3)
of its partner protein and incubating at 4°C overnight to allow equili-
bration. The protein solutions at unbound and bound states were
diluted into D,0 buffer (80-90% D) containing 150 mM NaCl and
20 mM Tris pH 8.0. The HDX was quenched at 25°C for 60 s in a
solution (2:3 v/v) containing 4 M urea and 200 mM tris(2-carbox-
yethyl)phosphine hydrochloride (TCEP); the solution was adjusted
to pH 2.5 to minimize back exchange. CD2 required 500 mM TCEP
for a more complete disulfide reduction. The quenched mixture was
submitted into a custom-packed pepsin column for digestion at a
flow rate of 200 pl/min in 0.1% trifluoro acetic acid. The digested
peptide was captured by a ZORBAX Eclipse XDB C8 column
(2.1 x 15 mm, Agilent). After 3 min of digesting and desalting, the
flow was switched to a liquid chromatography gradient using water
as phase A and 80% acetonitrile as phase B (both containing 0.1%
formic acid). The digested peptides were further separated on a C-18
column (Waters) prior to MS analysis. The data were collected by a
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Quadrupole time-of-flight mass spectrometer (Bruker MaXis). All
HDX procedures and HPLC separations, besides the pepsin digestion,
were conducted in an ice-water bath to minimize back exchange.

Peptide mapping was by MS/MS, and data were identified by
Byonic and processed with Byologic (Protein Metrics). Peptide lists
together with the raw data were submitted into HDExaminer (Sierra
Analytics) for analysis. Mapping for all four proteins gave 100%
sequence coverages. HDX-MS reached full coverage of CD81, 70%
coverage of CD53 and CD2, and 63% coverage of CD19 due to
glycosylation or high p-sheet content. Most part of CD2 shows
limited deuterium uptake under unbound and bound states, owing
to the extensive hydrogen bonding in its f-sheet-rich structure.

Molecular docking

Information-driven docking was performed using the HADDOCK2.2
webserver (Van Zundert et al, 2016). For the docking between CD53
EC2 and CD2 Ig, the crystal structures of CD53 (Fig 1A) and CD2 Ig
(PDB code 1HNF) were used. According to the HDX-MS results
(Fig 3B), residues 152-167 in CD53 and residues 124-128 in CD2
were specified as the binding regions (“active” residues) for the
information-driven docking in HADDOCK. The surrounding surface
residues (“passive” residues) were defined automatically by the
program. The docking model was selected from clusters with low
HADDOCK score and favorable membrane orientation (C-terminal of
CD2 Ig domain close to membrane). Similarly, the docking between
CD81 EC2 and CD19 Ig domains was performed by using the crystal
structures of CD81 (PDB code 5TCX) and CD19 Ig (PDB code 6ALS5);
residues 171-185 in CD81 and 182-196 in CD19 were defined as the
binding regions based on the HDX-MS results (Fig 3D).

Modeling of CD81 in open conformation and CD53 in closed
conformation

To model the open conformation of CD81, we first used HADDOCK
to generate a docking model between the entire EC1 (residues 38—
54) and EC2 regions (116-200). This docking model was superim-
posed by EC2 domain onto the CDS3 structure at open conforma-
tion. To accommodate the longer EC1 in CD81, orientation of the
EC1-EC2 docking model was manually adjusted. The docking
model was subsequently linked to transmembrane domain of
CD81, which was superimposed also onto the CDS53 structure, to
generate a full-length CD81 model at the open conformation. This
initial model was inserted into a POPC bilayer by using CHARMM-
GUI (Vanommeslaeghe et al, 2010). Molecular dynamics simulation
of this system was performed with GROMACS MD simulation pack-
age (Van Der Spoel et al, 2005) with CHARMM36m force field
(Huang et al, 2017). For MD simulation, the system was first
energy minimized using a steepest descent algorithm with a 0.01-
nm step size and a 1.2-nm neighbor-list cutoff distance for
Coulomb and Van der Waals interactions until the maximum force
on any atom in the system fell below 1,000 kJ/mol/nm. The
system was then equilibrated for 0.25 ns with a 0.001-fs time step
and a Berendsen thermostat to hold the system temperature at
303.15 K. A Verlet cutoff scheme was used for the neighbor list.
Particle mesh Ewald was used for the Coulomb interactions.
Parrinello-Rahman barostat and velocity-rescaling thermostat were
used for the 1 ps MD simulation.

© 2020 The Authors
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The closed conformation of CD53 was generated from homology
modeling, using the Swiss Model Server (Schwede et al, 2003) with
the CD81 structure (PDB: STCX) as the template.

Generation of CD81-knockout 293T cells

The pre-validated sgRNA coding sequence of CD81 was cloned into
all-in-one  vector containing enhanced specificity SpCas9
(GenScript). The plasmid (3 pg) was transfected into HEK293T cells
on a 6-well plate by using Lipofectamine 3000. After 2 days, the
cells were transferred to 96-well plates and diluted. Single cell
clones were isolated after 10 days. The CD81 knockouts were identi-
fied by Western blot with a CD81 antibody (Thermo 17-0819-42).

CD19 maturation analyses

The coding sequence of human CD81 with a V5-tag and CD19 with
a FLAG-tag at C-terminus was cloned into a pCMV6-Entry vector.
Site-directed mutagenesis of CD81 was performed by QuikChange™,
and the nucleotide sequences of all the constructs were verified by
DNA sequencing. The CD81 and CD19 constructs were transfected
into the CD81-knockout HEK-293T cells grown in DMEM and 10%
FBS. After 48 h of transfection, cells were lysed for 30 min in a
buffer containing 2% DDM, 150 mM NaCl, 20 mM Tris-HCI pH 7.5,
and protease inhibitor cocktail. The cell lysates were centrifuged at
20,000 g for 20 min at 4°C. The supernatant was boiled with loading
buffer before applying to SDS-PAGE. Western blot was performed
with anti-V5 (Thermo MA532053), anti-actin (Santa Cruz sc-1616
HRP), or anti-FLAG M2 antibodies (Sigma F2555).

For the deglycosylation of CD19 species, supernatant of the cell
lysate was digested with PNGase F or Endo H (NEB) following the
manufacturer’s instructions. Trypsin digestion of CD19 (Invitrogen)
was performed on intact cells, and the incubation was at 37°C for
different times.

Mice

Cd537/~ mice were generated via CRISPR/Cas9 technology and
maintained on a C57BL/6J background, as previously described
(Greenberg et al, 2020), with wild-type (WT) C57BL/6J mice used
as controls. Sex-matched 6- to 8-week-old mice were used for each
experiment in accordance with the guidelines of the Washington
University Animal Studies Committee.

Retroviral transduction

The coding sequence of Mus musculus CD53 with a C-terminal GFP
tag was cloned into a MigR1 vector. The vectors containing wild-
type and mutant CD53 were transfected into Platinum-E cells
(CellBio Labs) using polyethylenimine. Viral supernatants were
collected 48 h after transfection.

Primary pre-B-cell (B2207CD19 CD43™) cultures were generated
by culturing bone marrow from 6- to 8-week-old Cd53~/~ or C57BL/
6J mice. The cells were grown in DMEM/FBS media with 5 ng/ml
IL-7 (PeproTech) for 7-10 days until the cell density reached 2 x 10°
cells/ml (Soodgupta et al, 2019). The cultures were > 90% pre-B
cells (B220" CD19" CD43™) in both WT and CD53/~ cultures.
The purity of cell population was assessed by flow cytometry with
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the staining of pre-B cells by all three antibodies to confirm that the
cells used were phenotypic pre-B cells.

For viral transduction, 2 ml viral supernatants were applied to
RetroNectin coated 6-well plates (Takara) and centrifuged at 2,500 g
for 90 min at 32°C. Supernatants were subsequently removed, and
pre-B-cell cultures were added and centrifuged at 185 g for 7 min.
The transduced pre-B cells were maintained in the same media with
5 ng/ml IL-7 and cultured for 2-3 days until GFP signal was
detected by flow cytometry.

Transwell migration assay

A total of 0.5 x 10° cells/100 pl GFP* pre-B cells (transduction effi-
ciency confirmed by flow cytometry) were placed in the upper
compartment of a transwell chamber (5 pm pore size, Corning), and
600 ul of pre-warmed IL-7 medium + 100 ng/ml CXCL12 (Pepro-
Tech) in the well below. Cells were cultured at 37°C in a 5% CO,
humidified incubator for 2 h. Transwells were removed, and
migrated cells were measured by fixed-volume flow cytometry.
Percent migration was recorded as [(# of cells migrated)/(# of cells
input)]x100.

Data availability

Structure factors and coordinates have been deposited in the Protein
Data Bank with identification numbers PDB: 6WVG.

Expanded View for this article is available online.
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