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Biogenesis of secretory immunoglobulin M requires
intermediate non-native disulfide bonds and
engagement of the protein disulfide isomerase

ERp44
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Abstract

Antibodies of the immunoglobulin M (IgM) class represent the
frontline of humoral immune responses. They are secreted as
planar polymers in which flanking p,L, “monomeric” subunits are
linked by two disulfide bonds, one formed by the penultimate
cysteine (C575) in the tailpiece of secretory p chains (ustp) and the
second by C414 in the Cu3. The latter bond is not present in
membrane IgM. Here, we show that C575 forms a non-native,
intra-subunit disulfide bond as a key step in the biogenesis of
secretory IgM. The abundance of this unexpected intermediate
correlates with the onset and extent of polymerization. The rear-
rangement of the C-terminal tails into a native quaternary struc-
ture is guaranteed by the engagement of protein disulfide
isomerase ERp44, which attacks the non-native C575 bonds. The
resulting conformational changes promote polymerization and
formation of C414 disulfide linkages. This unusual assembly path-
way allows secretory polymers to form without the risk of
disturbing the role of membrane IgM as part of the B cell antigen
receptor.
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Introduction

IgM antibodies are the first defense to infections in humoral immune
responses (Boes, 2000). As in all antibody classes, two heavy (H)
and two light (L) chains assemble to form p,L, subunits, often

called “monomers” in the immunological jargon (Wiersma & Shul-
man, 1995). In B cells, IgM antibodies are produced in a membrane-
bound form (n,,) and assembled with accessory molecules to serve
as antigen receptors (BCR) (Reth, 1989). Upon antigen stimulation, B
cells shift to the production of secreted IgM polymers that act as
effector molecules (Sidman, 1981; Alberini et al, 1987). H chains dif-
fering in their C-terminal regions (u, and ps) are produced by alterna-
tive RNA processing (Alt et al, 1980; Kehry et al, 1980; Rogers &
Wall, 1980). p, contains a stretch of hydrophobic amino acids that
allows membrane insertion, while ps possesses a highly conserved
peptide extension of 18 amino acid residues (Davis & Shulman, 1989;
Sitia et al, 1990; Pasalic et al, 2017). This tailpiece (ustp) mediates the
formation of planar IgM polymers (Li et al, 2020). Multivalence
confers high avidity for antigen and compensates for the low affinity
of each monomer, whose variable regions are generally in the germ-
line configuration (Thomas & Morgan-Capner, 1990).

Ig secreting cells produce an additional protein, the J chain (Cha-
puis & Koshland, 1974). A single J chain is assembled with five
us2Lo subunits (Mihaesco et al, 1973). J-containing pentamers bind
to the polymeric Ig receptors, which mediate transcytosis across
epithelia for mucosal immunity (Brandtzaeg & Prydz, 1984). In the
absence of J chains, six psL, subunits associate into hexamers
(Fig 1A) (Cattaneo & Neuberger, 1987; Hendrickson et al, 1995;
Brewer & Corley, 1997; Kallberg & Leanderson, 2006), which are
particularly efficient in activating complement-dependent cytotoxic-
ity (Feinstein & Munn, 1969; Davis et al, 1988; Taylor et al, 1994).

Several inter-chain disulfide bonds confer stability to IgM poly-
mers (Milstein et al, 1975; Wiersma & Shulman, 1995). C337 in the
Cp2 domain links the two p chains within one p,L, subunit
(Fig 1B). Key inter-subunit bonds are formed by C575, a conserved
residue occupying the penultimate position in the pstp (Davis &
Shulman, 1989; Sitia et al, 1990); C414 in the Cu3 domain forms a
second inter-subunit bond. The presence of two bonds that link the
Cp3 and Cu4 domains of flanking ps,L, subunits (Fig. 1A) confers
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Figure 1. Secretion of pg,L, subunits with different electrophoretic mobilities upon mutation of key pstp residues.

A Schematic representation of an IgM hexamer. Six pg,L, "monomeric” subunits are arranged in planar polymers stabilized by inter-subunit disulfide bonds via C414 in
the Cpu3 and C575 in the pstp (yellow lines).

B Schematic representation of an IgM "monomer”. C337 links two p chains within a pg,L, subunit. The conserved high mannose N-glycans which become inaccessible
to Golgi enzymes in polymers are depicted as blue squares, while the hydrophobic stretch is in red. The amino acidic sequence of the murine pstp is shown in the
lower panel. C575 is highlighted in purple and the hydrophobic residue L566 in red.

C Aliquots of the supernatants of the indicated HEK293T transfectants (all expressing A chains) were resolved under non-reducing conditions and blotted with anti-p
antibodies. Wild-type ps chains are secreted only as pentamers and hexamers, while mutants lacking C575 release mostly ps,L, subunits (indicated with a red arrow)
as does the double C414A-C575A. L566A releases instead mainly ps,L, subunits of faster migration (blue arrow). C414 mutants release no hexamers, but smaller
assemblies, including fast migrating ps,L, subunits.

D Schematic view of the organization of p,L, subunits secreted by L566A and C575A mutants. For simplicity, only the tailpieces and the last constant domain (Cu4) are
shown. The L566A mutant has a disulfide bond that links two C575 in the same subunit. The open conformation of the tailpieces in C575A likely causes its slow
electrophoretic mobility. The N563-glycans are processed in both mutants (see E below).

E Aliquots of the supernatants were treated with or without Endo-H and electrophoresed under reducing conditions. The blot was decorated with anti-p antibodies.
N563-glycans acquire Endo-H resistance in usL566A and p,C575A, but remain largely sensitive in wild-type ps.
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rigidity to IgM polymers, facilitating complement fixation (Davis &
Shulman, 1989; Brewer & Corley, 1997; Czajkowsky & Shao, 2009).
However, C414 does not form inter-subunits bonds in membrane
IgM, as only pny,L, are found in BCRs (Venkitaraman et al, 1991).

Structural insights on the structure of this complex molecule
have been obtained by X-ray crystallography and NMR—for individ-
ual IgM constant domains (Muller et al, 2013), negative stain elec-
tron microscopy (EM)—for the Fc portion of secreted IgM polymers
(Hiramoto et al, 2018), and more recently by cryo-EM for J chain
containing pentamers bound to the secretory component (Li et al,
2020). The latter structure reveals that the pgtps covalently connect
distinct subunits in the oligomer via disulfide bonds. In addition,
the beta strands formed by residues 562-568 in the pgtp are part of
an antiparallel beta sandwich at the core of the polymer. Interest-
ingly, five of these extremely conserved hydrophobic residues
(Y562, L564, L566, 1567, and M568) are essential for polymerization
(Pasalic et al, 2017). Also, invariable in the pstp is a mannose-rich
glycan linked to N563 that contributes to limiting the size of poly-
mers (Giannone et al, 2017).

C575 plays an important role in mediating assembly, retention,
and degradation of unpolymerized subunits (Fra et al, 1993). Secre-
tion of incompletely assembled IgM subunits is prevented by thiol-
mediated quality control (Tempio & Anelli, 2020). A key role is
played by ERp44, a PDI family member that forms mixed disulfides
with C575 on the ustp (Anelli, 2003). Also, ERGIC-53, a polymeric
lectin that cycles in the early secretory compartment in association
with ERp44 (Tempio et al, 2021) and binds the N563-glycans (Cor-
tini & Sitia, 2010), promotes IgM polymerization (Anelli et al, 2007).
Thus, the pstp contains most of the information dictating the biogen-
esis of IgM polymers (Pasalic et al, 2017). However, the cellular
mechanisms that allow the formation of these elegant structures are
still undefined.

We have shown previously that C575 plays an essential role in
the assembly of polymeric structures in vivo as well as in vitro cova-
lently linking two ps chains from different subunits (Sitia et al,
1990; Pasalic et al, 2017). Here, we investigated how C575 triggers
polymerization. Intuitively, one would predict that mechanisms are
in place to prevent the formation of disulfide bonds between two
C575 within the same pg,L, subunit. In fact, our results reveal that,
surprisingly, such a non-native disulfide bond is essential for the
efficient polymerization of secretory IgM.

Results

A non-native disulfide bond linking C575 in the same subunit
during IgM polymerization

To investigate the mechanisms of IgM polymerization, we co-
expressed nitrophenol (NP)-specific secretory p (ps) variants and A
chains in different cell types (Neuberger et al, 1984). As shown in
Fig 1C, HEK293T cells secreted high-molecular-weight complexes
likely corresponding to (us2lz)s “hexamers” and, in smaller
amounts, (us;L;)s “pentamers” (Hiramoto et al, 2018; Li et al,
2020). As previously described (Sitia et al, 1990), alanine replace-
ment of C575 induced secretion of mostly ps,L, “monomers”: Few
covalently linked hexamers were formed via C414 in Cp3 (Fig 1C,
lane 3). In the absence of C414, instead, abundant pentamers and
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tetramers and few monomers, but virtually no hexamers were
secreted, confirming the leading role of C575 in triggering polymeriza-
tion (Fig 1C, lane 4). As expected, only ps;L, monomers were secreted
upon replacement of both C414 and C575 (Fig 1C lane 5). Notewor-
thy, a similar phenotype was observed upon replacement of
hydrophobic residues in the pgtp such as L566A (Fig 1C, lane 2), in
line with previous results (Pasalic et al, 2017). Unexpectedly, there-
fore, reducing the overall hydrophobicity of the pstp drastically
reduced the propensity of C414 and C575 to form inter-subunit bonds.

We noticed that the pg,L, species secreted by the L566A variant
displayed faster electrophoretic mobility than C575A monomers
(compare blue and red arrows in Fig 1C, lanes 2 and 3). A similar
pattern was observed for other hydrophobic mutants (Pasalic et al,
2017). Differential glycan processing was not the cause of the dif-
ferent gel mobility, as their complete removal by PNGase-F did not
abolish the differences between L566A and C575A (Fig EV1C). The
N563-glycans are sensitive to Endo-H in wild-type IgM polymers,
because polymerization hinders them from Golgi processing
enzymes (Cals et al, 1996). In contrast, L566A and C575A were
largely resistant to Endo-H, confirming that both mutants proceed
through the Golgi with accessible N-glycans, such as C575A (Fig 1E)
as does the double mutant C575AC414A (Fig EV1B).

Having excluded glycan processing, the faster migration of
LS66A could be explained by the formation of an intra-subunit
C575-C575 disulfide bond. Such a linkage would secure the two
ustps within the same subunit together, yielding a more compact
conformation of the Fc region, with faster electrophoretic mobility
(Fig 1D). Accordingly, unassembled wild-type and mutant p chains
migrated similarly upon deglycosylation with PNGase-F and
complete reduction with DTT (Fig EV1D). Importantly, also mild
reduction under non-denaturing conditions abolished the mobility
differences (Fig EV1E). Thus, an intra-monomeric disulfide bond
between two C575 is formed when one of the pstp hydrophobic
amino acids is missing (Fig 1D). Interestingly, this compact confor-
mation limits also the reactivity of C414 (compare lanes 3 and 4 in
Fig 1C). Taken together, these results identify a non-native covalent
linkage that involves C575 in the tailpieces of pg,L, subunits and
suggest that hydrophobic cues present in the ptps govern disulfide
bond rearrangements during IgM biogenesis.

C575 forms non-native intra-subunit disulfides also in cells of the
B lineage

To confirm that the formation of hyperoxidized pgL, subunits
containing a C575 disulfide (ps;L,C5754) is part of the physiological
polymerization process, we analyzed J558L plasma cells expressing
endogenous Ig-A chains transfected with wild type or C575A ps
(Fig 2A). A faster migrating pgs,;L, band was detectable (blue arrow)
in the lysates of myeloma transfectants producing wild-type ps but
not the C575A mutant. The mobility shift was not abolished upon
removal of the sugars by PNGase F (compare the two right lanes in
panel A), implying different pstp conformations.

The presence of ps;L,C575,« was confirmed by nano-scale liquid
chromatographic electrospray ionization tandem mass spectrometry
(nLC-ESI-MS/MS). psL, subunits were affinity purified from the
lysates of B1.8, a murine hybridoma secreting NP-specific IgM (Reth
et al, 1978) and analyzed by sequential alkylation as described in
Fig 2B. In this assay, ps;L,C5750x present in cells would yield
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Figure 2. Formation of p,L,-C5750x intermediates in myelomas and hybridomas.

A Aliquots of the lysates from J558L transfectants expressing wild-type s or psC575A chains were resolved under non-reducing conditions before or after removal of
N-glycans by PNGase-F. Blots were decorated with anti-p antibodies. Blue and red arrows point to the closed (oxidized) and open ps,L, species respectively.

B, C Intracellular ps,L, species purified from the murine hybridoma B1.8 were subjected to the sequential alkylation protocol described in panel B and analyzed by mass
spectrometry (panel C). In the MS/MS spectrum, Y and B ions are shown in blue and red, respectively.

peptides with C575 bound to iodoacetamide (IAA), as the residues
would be unavailable to N-ethyl maleimide (NEM) during lysis. IAA
would be bound after reduction and alkylation in vitro. In contrast,
NEM binding to peptides would reflect an accessible thiol or thiolate
groups at lysis. The detection of both species in similar amounts
(Fig 2C) demonstrated that pg,L,C575,« is not an artifact observed
in non-lymphoid cells. Fragmentation table of the reported mass
spectrometry analyses is reported in Fig EV2A. Considering that
NEM binding could be partly reversible, the experiment was
repeated inverting the order of alkylants, to confirm that C575 was
indeed oxidized at the moment of lysis. Thus, IAA was added before
detergent lysis to irreversibly block cysteine thiols, and NEM used
after reduction with DTT to label cystines (Fig EV2B). Also in this
case, C575 was found bound to both IAA and NEM (Fig EV2B),
making the possibility of post-lytical modifications unlikely. Thus,
C575 forms non-native, intra-subunit disulfide bonds also in IgM
secreting plasma cells.

Formation of intra-subunit C575 bonds correlates with the
extent of IgM secretion

To further investigate the role of C575 non-native disulfide bond
and to test its involvement in IgM polymerization, we analyzed cells
from the inducible 1.29u" B lymphoma. When grown in the absence
of mitogens, these cells express membrane IgM on their surface and
degrade most secretory p chains. Upon stimulation with lipopolysac-
charide (LPS), however, they lose their BCR and switch toward IgM
secretion (van Anken et al, 2003; Cenci et al, 2006).

We reasoned that if the formation of non-native C575 intra-
subunit disulfides was indeed a step in IgM polymerization, then
ws2L2C5750« should be more abundant upon LPS stimulation, when
1.29u" cells begin to secrete IgM. To avoid confusion with
membrane p,,L,, we fractionated lysates in the presence of Triton
X-114 (Fig 3A), which allows separation of membrane (detergent
fraction) from soluble proteins (aqueous fraction). As expected,
4 days after LPS stimulation, large amounts of polymers were
present only in the soluble fraction, while membrane-bound IgM
markedly decreased in the detergent fraction. Noteworthy, only
umaLo species were detected in the detergent fraction. Therefore—
unlike in secreted polymers—C414 does not form disulfide bonds
between subunit in membrane IgM.

Next, the Triton X-114 soluble material obtained by 1.29u™ cells
treated with or without LPS was fractionated by density sucrose
gradients. The fractions enriched in gL, subunits and devoid of
polymers and were subjected to a two-step alkylation protocol
(Fig 3B) to assess the redox state of C575. In this case, the second
step entailed alkylation with 4’-acetamido-4’-maleimidylstilbene-
2,2'-disulfonic acid (AMS), the binding of which increases the
protein mass by about 500 Da. With this strategy, alkylation with
AMS implies that C575 was protected from NEM during cell lysis

© 2021 The Authors

and hence oxidized. As can be seen in Fig 3C, clearly, a consider-
able fraction of g chains isolated from LPS-treated cells migrated
more slowly, suggesting that C575 oxidation increased when IgM
secretion ensues. Further quantitative analyses by nLC-ESI-MS/MS
confirmed that the abundance of intra-subunit C575 disulfides in
1.29u + cells correlates with IgM polymerization. At day 3, the frac-
tion of oxidized C575 doubled compared with unstimulated cells
(Fig 3D). Notably, an opposite trend was detected for C414 after
induction with LPS. Contrary to C575, the fraction of oxidized C414
was decreased by twofold at day 3 of LPS stimulation, further
underscoring the specificity of the redox modifications described.

ERp44 attacks oxidized C575 and favors IgM polymerization

The above data indicated that IgM assembly entails an unexpected
intermediate in which a non-native disulfide bond covalently links
two pstps within the same subunit. This species can no longer
participate in the covalent assembly of IgM oligomers. However,
only small amounts of unpolymerized IgM are secreted, implying
that the non-native disulfide bond is isomerized into inter-subunit
linkages. We have shown previously that ERp44 prevents the secre-
tion of unpolymerized IgM (Anelli, 2003; Anelli et al, 2007). ERp44
uses a cysteine in its active site (C29) to form mixed disulfides with
its clients (Tempio & Anelli, 2020). Recent findings indicate that
monomeric ERp44 preferentially attacks non-native or regulatory
disulfides when in suitable pH and ionic conditions (Yang et al,
2016; Watanabe et al, 2017). To test whether ERp44 targets the non-
native disulfide bond in ps,L,C575.,%, we generated ERp44Ko HelLa
cells by CRISPR and reconstituted them with different Halo-tagged
ERp44 variants (Fig 4). ERp44¥© HeLa secreted mainly ps,L, subu-
nits (panel A, see blue arrow), confirming the key role of ERp44 in
IgM quality control (Anelli, 2003). Only traces of polymers were
detectable in the supernatants. The expression of wild-type ERp44
prevented the secretion of pg,L, subunits and promoted polymeriza-
tion (Fig 4A, see black arrow). Also, an ERp44 mutant unable to
bind zinc (3HA) (Watanabe et al, 2019) and mostly localized in the
Golgi (Sannino et al, 2014), efficiently retained intracellularly IgM
intermediates (Fig EV3). In contrast, neither secretion nor polymer-
ization was affected by ERp44 mutants lacking the active cysteine or
the RDEL sequence for client binding and ER retrieval (C29S and
ARDEL), respectively (Fig EV3 and Fig 4). ERp44ARDEL formed
very few covalent complexes with IgM (Fig 4A and B, black aster-
isks, Fig EV4B), suggesting that client binding by ERp44 could be
promoted by interactions with KDEL receptors.

ERp44 retained also the L566A mutant, although with much
lower efficiency than wild-type ps,L, (Figs 4A and EV4A). However,
it failed to induce polymerization of the mutant (Fig 4B). Covalent
complexes between L566A and ERp44, likely containing a p,L, and
one or more Halo-ERp44 molecules, were detected serologically in
ERp44X© cells after co-expression of the two proteins (Fig 4C). The

The EMBO journal 41:e108518]2022 5 of 14



The EMBO Journal Chiara Giannone et al

A TX114 1.29u+ Lysates B
1 2 3 4 5

6
4 P 05750)( CSTSRED

Pol 1 F" Intracellular

Mgol, from 1.29
aqueous phase

Y

+ NEM ¢

*. o+ S-8
¢ “ —_—
HSZLE!'E u e Hmalo s
) O

AN 7 N /7 N-Glycan
‘ removal

Y

s
- J ( + Ans@)
psO 2 4 0 2 4

Aqueous  Detergent

Anti-p
c D
C575
2 12 2 ca14
225 5
120~ £59 1,5
oy HCS75 + AMS = 6 1
= h—4
65: WC575 + NEM -% E
50 g3, 05
40 w— a
MW MK 0 3 DaylLPS & 0 0
KDa m day0 day3 day 0 day 3

Figure 3. The levels of pg,L,-C5750x intermediates correlate with IgM secretion.

A 1.29u+ B lymphoma cells were treated with LPS to induce differentiation toward IgM secretion. At the indicated times, cells were lysed in Triton X-114 to separate
soluble and integral membrane proteins (aqueous and detergent phases, respectively). Aliquots from the two phases were resolved electrophoretically, and the blot
was decorated by anti-u antibodies. The blue arrow points at a band likely corresponding to ps,L,C5750, the intensity of which increases upon LPS stimulation.

B After sucrose gradient fractionation, us,L, extracted from the aqueous phases of 1.29u+ cells were sequentially alkylated with NEM and AMS as described in the
scheme.

C p-chains with oxidized C575 bind AMS after reduction and migrate more slowly than those which were reduced at the time of lysis and hence alkylated by NEM.

D The bar graphs show the levels of C575 and C414 oxidation, expressed as the ratio between IAA and NEM modified peptides. These analyses confirm the increase of
Ws2LC5750x species during B-cell differentiation observed biochemically in panels A and C.
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Figure 4. ERp44 attacks the non-native disulfide bond formed by two C575 within single subunits.
ERp44'© Hela cells expressing Ig-A chains were transfected with wild type (u), L566A or C575A mutant p, chains and Halo-ERp44, or Halo-ERp44ARDEL, as indicated.

Empty vectors (- or EV) served as controls.

A Aliguots from the spent media (Extracellular) were blotted under non-reducing conditions and decorated with anti-u antibodies. The blue arrow points at the faster
migrating ps,L, released by cells expressing wild-type ps or L566A chains. Expression of Halo-ERp44 restores C575-dependent retention, and wild-type us are secreted
only as polymers (black arrow). Traces of covalent Halo-ERp44-p,L, complexes (black asterisks) are detected in the media of cells expressing Halo-ERp44ARDEL and
s or L566A. The slightly faster mobility of us,L, and psL complexes released by cells expressing ERp44ARDEL suggests that the latter inhibits processing of the N563

glycan, likely hindering it to the Golgi enzymes upon non-covalent binding.

B The corresponding cell lysates are shown in this panel. The short black arrow points at the polymers formed in ERp44*° Hela cells upon expression of wild-type
Halo-ERp44. The black asterisks indicate covalent complexes that this transgene forms with C575 containing L. Traces of intracellular ps,L,-ERp44ARDEL

complexes are visible in us and L566A but absent from C575A expressing cells.

C Lysates of the ERp44*© transfectants were precipitated with NP-sepharose, resolved under non-reducing conditions and the blot decorated sequentially with anti-p,
anti-ERp44 or anti-Halo. The two black asterisks point at bands corresponding to covalent complexes containing ps,L, and endogenous or Halo-tagged ERp44.

Data information: All membranes were decorated with anti-p antibodies. Black roundish spots seen in the left panels are artifacts that formed during blotting

procedures and signal acquisition.

absence of similar complexes with the mutant C575A (Fig EV5B)
and their formation with wild-type ps (Fig EVSA) confirmed that
ERp44 binds preferentially C575 in the tailpiece. Despite its interac-
tions with ERp44, the L566A mutant did not form polymers. More-
over, the secreted L566A pg,L, displayed the fast mobility typical of
subunits with oxidized C575 (Fig 4A), which was found as oxidized
by mass spectrometry analyses (Fig EV6). Taken together, these
findings indicated that the non-native C575 bond is attacked by
ERp44. ERp44 inhibits secretion of ps,L,C575,4 and promotes their
polymerization. Most L566A mutants escape ERp44-dependent qual-
ity control and are secreted as ps;L,C575,¢x subunits, although
ERp44 can recognize its non-native disulfide. The conserved
hydrophobic cues in the pstp may thus make the non-native bond
less stable and/or favor ERp44 binding, facilitating its isomerization
into inter-subunit linkages.

Abundant pgL. subunits were detected in the supernatants of
ERp44X® transfectants that express mutants lacking C575
(Fig EV7B). These psL species were barely detectable in C414A
mutant (see Fig EV7B). Also, the compactness of the pg,L, bands
released by these mutants argues in favor of the presence of two
intra-subunit covalent linkages, involving C337 in the Cu2 and C575
in the pgtp. Thus, the non-native C575 bonds seem to favor the
formation of both C414-C414 inter-subunit and C337-C337 intra-
subunit disulfide bonds.

An obligatory step in IgM polymerization
To determine whether these non-native disulfides were an obliga-

tory step in IgM biogenesis, or rather part of a parallel or off-
pathway, we took advantage of the possibility of co-expressing

differently tagged p chains (Fig 5). The rationale of the experiment
was that if the intra-monomeric bond was an essential step, hybrid
us2Ly subunits containing only one C575, should not be able to effi-
ciently associate into (us;L,), species connected by inter-subunit
C575-C575 linkages (Fig SA). Thus, we co-expressed wild-type ps
and a C575A variant extended with a Halo-tag to allow easy discrim-
ination of the two chains. To eliminate any confounding effects due
to C414-dependent associations, we replaced it with alanine
(C414A). As expected, abundant polymers and some pg,L, were
secreted by cells expressing p chains with a cysteine at position 575
but lacking C414 (Fig 5B lane 5). In contrast, Halo-uC575A was
secreted only as ps,L, and psL subunits (lane 4). Notably, two addi-
tional bands were detectable in the lysates of cells co-expressing
both wild-type and C575 pg chains (lane 3). These bands displayed
the intermediate mobility and immunoreactivity expected for a
hybrid psC575-Halo-psA575L,;. Even if they contained a C575 in one
of the two pstps, however, they did not form higher order assem-
blies. Their identity was confirmed by precipitation with sepharose-
conjugated NP, which binds only properly folded psL assemblies
(right panel in Fig 5B, lane 9). Clearly, the hybrid-
Wscszs-HalopsaszsL, species did not polymerize further via the avail-
able C575. Thus, in cells overexpressing different p chains, psL
formed hybrid dimers, albeit with low efficiency. Importantly, the
single C575 in these hybrids showed limited reactivity, and no poly-
meric intermediates could be detected.

To determine whether ERp44 can bind the unpaired C575 in
hybrid ps,L, subunits (Fig 5C) Halo-ERp44 was co-expressed in
ERp44%© cells producing both psC575 and Halo-psA575. Covalent
complexes were observed, as expected, between psC575,L, and
Halo-ERp44 (Fig 5C, lanes 4 and 10, black asterisks), but no bands

Figure 5. Formation of intra-subunit C575 bonds is needed for efficient polymerization.

A Schematic view of the mutants generated to evaluate the functional role of the C575 intra-subunit bonds. HEK293T cells expressing A chains were transfected with
uHaloC575A-C414A (HC575A, depicted in red in the figure), uC414A (u, in blue) or both mutants together.

B To selectively label intracellular HC575A, cells were treated with 1 nM Halo-tag TMR Direct Ligand for 24 h. The left panel shows aliquots of the lysates of the
indicated transfectants, resolved under non-reducing conditions, and decorated with anti-A antibodies. In the two right panels, samples were precipitated with NP-
Sepharose and electrophoresed under non-reducing conditions. The signal for the Halo-tag TMR was checked directly in the gel. The arrows point at the various

assemblies between p, HC575A and A chains.

C The experiment shown aims to determine whether ERp44 can bind also to a single C575, or rather to non-native bonds. Aliquots of the lysates from the indicated
ERp44*© transfectants were precipitated with NP-Sepharose, resolved under non-reducing conditions and the blot decorated with anti-A antibodies or anti-ERp44 as

indicated. Black asterisks point to covalent complexes of Halo-ERp44 with pgL;.
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Figure 6. A model for IgM polymerization.

wsL (in blue) dimerization likely proceeds via C337 in Cu2 (top arrow) though
C575 intra-subunit bonds (in pink) may favor covalent binding via C337 (in
yellow). Compact ps,L,C5750x subunits are then formed which are attacked by
ERp44 (depicted in green). Polymerization proceeds by sequential recruitment
of mixed ERp44- pg,L, complexes, until fully oxidized hexamers are formed. A
reduced ERp44 is released at each step. It is also possible that oxidized ps,L,
subunits (in red) bind directly to an ERp44- pg,L, complex.

were detected that could correspond to complexes between Halo-
ERp44 and hybrid monomers (Fig 5C, lanes 6 and 12). These results
suggest that a free C575 does not react stably with ERp44 (Fig 5C)
and the non-native intra-subunit bond is important for ERp44 and
binding and subsequent polymerization. Moreover, our data suggest
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that psL can assemble also post-translationally, when overexpressed
in non-lymphoid cells. In B cells, few psuy,L, were seen (Fig 3),
suggesting that co-translational dimerization prevails, and/or hybrid
species promptly rearrange.

Discussion

Considering the structure of IgM, one would think that for polymer-
ization to occur, the two C575 present in a single psL, subunit
should never form intra-subunit bonds, as this would impede their
pairing with residues from an adjacent subunit or a J chain that
stabilize native oligomers (Hiramoto et al, 2018; Li et al, 2020). The
abundance of non-native, intra-subunit disulfide bonds involving
C575 in IgM secreting cells came hence as a great surprise. Their
presence was confirmed by rigorous biochemical and mass spec-
trometry analyses. Importantly, their abundance correlated with the
efficiency of IgM polymerization in differentiating B cells. Cells
secreting wild-type IgM contain similar amounts of reduced ps,L,
and compact ps,L,C5750x, but they release only pentamers and
hexamers. In contrast, predominantly ps,L,C5750x subunits are
secreted by cells that lack ERp44.

In our model, the proximity of the two pstps in newly made pg,L,
species could be the reason of the formation of the non-native intra-
subunit C575 disulfide bond. The bond is then attacked by ERp44
and a covalent complex is formed between a C575 in gL, and C29
of ERp44 (Fig 6). The interaction may occur in the ER or—perhaps
more likely—in downstream compartments, where the lower pH
and higher zinc concentration induce rearrangements of the ERp44
C-tail (Watanabe et al, 2019). Exposure of C29 can favor covalent
client binding at an unfavorable pH. Reduced formation of the
native, inter-subunit C575 disulfide releases reduced ERp44, which
is then ready for another cycle of interaction making its function in
IgM assembly catalytic.

ERp44 probably induces conformational changes in psg,L,, favor-
ing the exposure and/or reactivity of C414. Inter-subunit bonds via
C414 stabilize nascent assemblies, favoring their growth in a planar
configuration until hexameric structures are formed (Wiersma &
Shulman, 1995). Lack of C414 linkages may explain the few penta-
mers formed in the absence of J chains in HEK cells.

Notably, C575 oxidation is essential also to initiate polymeriza-
tion of purified Cp4-tp fragments in vitro. When C575 is replaced or
alkylated, Cu4-tp fragments remain in the monomeric state (Pasalic
et al, 2017), implying that the C575 bond causes structural changes
in the pstp and/or in the Cp4 domain that trigger oligomerization.
These changes require the presence of four hydrophobic residues in
the pstp. Replacing L566 (or any other of them) inhibits polymeriza-
tion of covalent Cp4-tp dimers in vitro. In living cells, the constrains
imposed by the local hydrophobicity make the intra-subunit bond
more accessible to ERp44, whose CRFS active motif recognizes pref-
erentially non-native disulfides (Yang et al, 2016; Hampe et al,
2017; Watanabe et al, 2017). In its absence, ERp44KO cells massively
secrete compact ps;L,C5750x. Expression of active ERp44 rescues
retention and allows polymerization. Thus, ERp44 attacks the non-
native bond in ps,L,C5750x, triggering polymerization. ERp44 binds
also to pgL,C5750x in which the pgtp hydrophobic mutants are
mutated. However, it neither retains them completely, nor does it
induce their polymerization. The absence of hydrophobic cues could

© 2021 The Authors
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make it more difficult for individual subunits to get close to each
other and form non-covalent interactions. It might also reduce the
affinity for ERp44. The result is the secretion of compact ps,L,
species. ERp44 may help polymerization also by increasing the
concentration of pg,L, subunits in a suitable environment, possibly
favoring their interactions with ERGIC-53 and/or Erol (Anelli et al,
2007; Tempio et al, 2021).

The “conflict of interest” of C575 in IgM assembly is only appar-
ent. Dimerization brings the pstp peptides into close proximity, and
non-native disulfide bonds form because of the high local concentra-
tion. These bonds might allow ps,L,C5750x subunits to avoid cova-
lent interactions with the ER protein matrix (Reddy et al, 1996;
Meunier et al, 2002), reach ER exit sites, and enter COPII vesicles
with the help of ERGIC-53 (Anelli et al, 2007; Tempio et al, 2021).
Then, post-ER disulfide quality control comes into play. Exploiting
its mobility along the early secretory compartment (Tempio et al,
2021), ERp44 attacks non-native disulfides with its C29 favoring
attainment of the native conformation. This system allows the
perfect timing of IgM biogenesis along the early secretory compart-
ment, ensuring that only correctly assembled oligomers are
secreted.

Non-native disulfides are often formed and isomerized during
oxidative protein folding (Darby & Creighton, 1993; Weissman &
Kim, 1993; Cho & Collet, 2013). They can be also important steps in
the biogenesis of secretory proteins, as in the case of low-density
lipoprotein receptors (Jansens et al, 2002; Oka et al, 2013). The
remarkable conservation of C575 and hydrophobic residues in the
ustp implies a strong evolutionary pressure for the mechanism we
describe herein. C414 bonds do not form in secretory IgM when
ERp44 is absent or when the hydrophobic motif in the pgstp is
mutated. Thus, the attack of the non-native 575-575 bond by ERp44
promotes processive polymerization ultimately favoring C414 reac-
tivity. It is tempting to speculate that this complex assembly path-
way evolved to allow efficient production of secretory IgM while
reducing the risk that membrane IgM antibodies form inter-subunit
disulfides via C414, which would be detrimental for BCR signaling.
Our preliminary data indicate that B splenocytes from mice lacking
ERp44 in the B-cell compartment express surface IgM, respond to
mitogenic stimulation and—as expected—secrete abundant unpoly-
merized IgM (TA et al, in preparation). Competing with BCR recog-
nition for antigen, premature IgM secretion would be detrimental
for primary immune responses. It is not surprising that also post-
translational mechanisms prevent IgM secretion in B cells. No
plasma-cell-specific factors have been identified so far, apart from J
chains and pERp1/MZB. However, their absence does not preclude
formation of the non-native bond and polymerization in HEK cells.
It will be of great interest to dissect the mechanisms that mediate
the differential redox fate of C575 and C414 in resting and activated
B cells.

Materials and Methods
Cells
HEK293 cells, obtained from ATCC, and HeLa ERp44%° cells,

obtained as described below, were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum

© 2021 The Authors
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(FCS; EuroClone), penicillin—streptomycin (5 mg/ml) (Lonza), and
glutamine (2mM). J558L myeloma transfectants (Sitia et al, 1990)
and the B1.8 mouse hybridoma (Reth et al, 1978) were maintained
in RPMI supplemented with 10% FCS, 2 mM glutamine, 1 mM Na-
pyruvate, and penicillin—streptomycin 5 mg/ml. 1.29u + cells (Stav-
nezer et al, 1984) were cultured in RPMI supplemented with 10%
mitogen-free FCS, penicillin—streptomycin (5 mg/ml), non-essential
amino acids (1 mM) glutamine (2 mM), sodium pyruvate (1 mM),
and 50 puM 2-mercaptoethanol.

Generation of ERp44 '~ Hela cells by CRISPR-Cas9

The cloning protocol by the Zhang lab (https://www.addgene.org/
crispr/zhang/) was followed to generate CRISPR plasmids for
ERp44. gRNA guiding sequence #218 (ATCTGAGGTCGGG-
TAAGGAT) was designed with CRISPOR algorithm (http://crispor.
tefor.net/crispor.py) to target exon 1 of human ERp44 genomic
sequence (nucleotides 21-40 from initial ATG) generating a frame-
shift within the signal peptide sequence of pro-ERp44. The following
pairs of oligonucleotides (sense and antisense with suitable over-
hangs) were purchased by Metabion: CAC CGA TCT GAG GTC GGG
TAA GGAT (gRNA218_sense); AAA CAT CCT TAC CCG ACC TCA
GATC (gRNA218 antisense). Oligos were annealed and cloned into
pX459 v2.0 vector (Addgene #62988) as described in (https://www.
addgene.org/crispr/zhang/). This vector drives the expression of
both desired gRNA and Cas9-GFP. Following antibiotic selection
with puromycin cells were cloned by limiting dilution, and clone
218B1 was selected.

Cell transfection and secretion

HEK293T and ERp44X© cells were transfected with jetPEI (Polyplus-
transfection) following the manufacturer’s recommendations. After
transfection, cells were cultured for 48 h before biochemical analy-
ses.

To analyze IgM secretion, 48 h after transfection, cells were incu-
bated with minimal essential medium (Opti-MEM) for 4 h. Cell
culture supernatants were supplemented with protease inhibitors
(Roche) and treated with 10 mM N-ethylmaleimide (NEM; Sigma-
Aldrich) to block disulfide interchange.

Cell lysis and protein precipitation

Spent media were collected and concentrated with 10% v/v TCA.
Cells were washed in PBS with 10 mM NEM. Cells were then lysed
in radioimmunoprecipitation assay (RIPA) buffer [150 mM NaCl,
1% 4-hydroxy-3-nitrophenyl acetyl (Nonidet P-40; Sigma—Aldrich),
0.1% SDS, 50 mM Tris—HCIl (pH 8.0)] supplemented with 10 mM
NEM and protease inhibitors (Roche)] for 20 min on ice and postnu-
clear supernatants collected after centrifugation. Aliquots from cell
lysates or supernatants were resolved by SDS/PAGE under reducing
or non-reducing conditions, transferred to nitrocellulose, and blotted
with different antibodies (i.e., goat anti-mouse IgM (p chain) Alexa
Fluor 647 (Invitrogen Molecular Probes); goat anti-mouse A-HRP
(Southern Biotech) anti-ERp44: anti-Halo-tag pAb (Promega) or
Halo-tag TMR DirectLigand (Promega). Signals were acquired by
Typhoon FLA 9000 (Fuyjifilm) and Chemidoc Imaging System
(UVITEC).
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Deglycosylation of proteins

Samples were treated with endoglycosidase H (Endo-H) or PNGase-
F (New England Biolabs) following the manufacturer’s instructions.
When non-reducing gels were to be used, DTT was omitted from all
digestion buffers.

Protein digestion and mass spectrometry analyses

To analyze the oxidative state of C575 in pg,L, subunits, lysates
from B1.8 cells were concentrated by affinity chromatography with
Sepharose-bound 4-hydroxy-3-nitrophenylacetyl (NP). 1.29u+ cell
lysates were immunoprecipitated with rabbit anti-mouse anti-p
(Thermo Fisher) crosslinked to protein G Sepharose resin.

Purified IgM antibodies were resolved by preparative gels and
stained with Coomassie blue.

Bands of interest were excised from the gel and first treated with
55 mM N-ethylmaleimide (NEM) to alkylate cysteine-free thiols;
then, disulfide bonds were reduced with 10mM DTT and alkylated
with 55 mM Iodoacetamide (IAA). To remove N-linked oligosaccha-
rides was used PNGase-F and after that proteins were digested over-
night with Trypsin.

Peptides were desalted on a StageTip C18 and analyzed by nLC-
ESI-MS/MS on a quadrupole Orbitrap QExactive mass spectrometer
(Thermo Fisher Scientific) coupled with an Easy-nL.C 1000 (Thermo
Fisher Scientific) with a 25 cm, 75 pm ID n-column packed in-house
with ReproSil-Pur C18-AQ beads, 1.9 um (Dr. Maisch Gmbh,
Ammerbuch, Germany).

Peptide separation was achieved with a linear gradient from 95%
solvent A (2% ACN, 0.1% formic acid) to 50% solvent B (80% acetoni-
trile, 0.1% formic acid) over 23 min and from 50% to 100% solvent B
in 2 min at a constant flow rate of 0.25 pl/min, with a single run time
of 33 min. MS data were acquired using a DDA top 15 method, and the
survey full scan MS spectra (300-1,750 Th) were acquired in the Orbi-
trap with 60000 resolution, AGC target 1€°, IT 120 ms. For HCD spec-
tra, resolution was set to 15,000, AGC target 1e°, IT 120 ms;
normalized collision energy 28% and isolation width of 3.0 m/z.

MS data analysis

For protein identification and analysis of cysteine modifications in
IgM, the. Raw data were processed using Proteome Discoverer (ver-
sion 1.4, Thermo Fischer Scientific). MS/MS spectra were searched
with Mascot engine (version 2.6.0, Matrix Science) against the data-
base uniprot_cp_mouse setting the parameters: enzyme: trypsin;
maximum  missed cleavage: 2; variable modifications:
carbamidomethylation(C), oxidation (M), protein N-terminal acety-
lation, N-ethylmalelmide (C), N-ethylmaleimide + water (C), and
deamidation (N); peptide mass tolerance: 10 ppm; MS/MS toler-
ance: 20 mmu. Scaffold (version Scaffold_4.3.3, Proteome Software
Inc., Portland, OR) was used to validate MS/MS-based peptide and
protein identifications. Peptide identifications were accepted if they
could be established at greater than 95.0% probability by the Scaf-
fold Local FDR algorithm. Protein identifications were accepted if
they could be established at > 99.0% probability and contained at
least 2 identified peptides. Protein probabilities were assigned by
the Protein Prophet algorithm (Nesvizhskii, Al et al Anal. Chem.
2003;75(17):4646-58).
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Data analysis by MaxQuant

To measure the intensity of peptides. Raw files were processed
using MaxQuant (version 1.6.0.16) searching against the database
uniprot_cp_mouse in which trypsin enzyme specificity and up to
two missed cleavages were allowed; cysteine alkylation by Iodoac-
etamide or N-ethylmaleimide or N-ethylmaleimide + water, protein
N-terminal acetylation, asparagine deamidation, and methionine
oxidation were set as variable modifications. Mass deviation for
MS/MS peaks was 20 ppm. The peptides and protein false discovery
rates (FDR) were set to 0.01; the minimal length required for a
peptide identification was six amino acids; a minimum of two
peptides and at least one unique peptide were required for high-
confidence protein identification.

The derived intensities of peptides with C575 of IgM in reduced
form (alkylated by NEM) and in oxidized form (alkylated by IAA),
normalized by IgM protein intensity were used for a rough estima-
tion of relative peptide abundances.

Separation of soluble IgM from membrane IgM in lysate of 1.29u+
cells

[.29u + cells were treated with or without 20 pg/ml LPS (Sigma)
and lysed with Triton X-114 to separate membrane and soluble
proteins. Cells were collected, washed in PBS with 10 mM NEM,
and then kept for 10 min at 0°C in lysis buffer [Tris/HCl 10 mM
(pH7.5), NaCl 150 mM, Triton X-114 1%, NEM 10 mM, protease
inhibitors]. The postnuclear supernatant was collected after
centrifugation at 0°C and incubated at 37°C for 3 min. The deter-
gent (containing the membrane IgM) and the aqueous (contain-
ing the soluble IgM) phases were separated after a first
centrifugation at room temperature for 2 min at 9,600 g in a
benchtop centrifuge. Cold lysis buffer was added to the detergent
and the aqueous phases. The two phases were left on a rotating
wheel for 5 min at 0°C, then incubated other 3 min at 37°C, and
centrifuged again at 9,600 g for 2 min at room temperature. The
two phases were again separated and collected in two different
tubes.

AMS alkylation

The TX114 aqueous phases obtained from 10*10° 1.29u+ cells at
days 0 and 4 of LPS stimulation were fractionated on discontinuous
sucrose gradients (0-5-7.5-10-12.5-15-17.5-20%) by centrifugation at
375,000 g for 3 h in Beckman SWS55Ti rotor. Fractions containing
the IgM intermediate of interest were collected, reduced with DTT,
precipitated with TCA, and subjected to AMS alkylation, by resus-
pending the pellet in 200 mM Tris/HCl pH 8, 3% SDS, and 15mM
AMS. Samples were incubated for 15 min at 37°C and then 20 min
at room temperature. Alkylated ps chains were analyzed by Western
blotting or mass spectrometry.

Data availability
This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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