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Abstract: The Canopy (CNPY) family consists of four members predicted to be soluble proteins
localized to the endoplasmic reticulum (ER). They are involved in a wide array of processes, including
angiogenesis, cell adhesion, and host defense. CNPYs are thought to do so via regulation of secretory
transport of a diverse group of proteins, such as immunoglobulin M, growth factor receptors, toll-like
receptors, and the low-density lipoprotein receptor. Thus far, a comparative analysis of the mamma-
lian CNPY family is missing. Bioinformatic analysis shows that mammalian CNPYs, except the CNPY1
homolog, have N-terminal signal sequences and C-terminal ER-retention signals and that mammals
have an additional member CNPY5, also known as plasma cell-induced ER protein 1/marginal zone B
cell-specific protein 1. Canopy proteins are particularly homologous in four hydrophobic alpha-helical
regions and contain three conserved disulfide bonds. This sequence signature is characteristic for the
saposin-like superfamily and strongly argues that CNPYs share this common saposin fold. We showed
that CNPY2, 3, 4, and 5 (termed CNPYs) localize to the ER. In radioactive pulse-chase experiments, we
found that CNPYs rapidly form disulfide bonds and fold within minutes into their native forms. Disulfide
bonds in native CNPYs remain sensitive to low concentrations of dithiothreitol (DTT) suggesting that
the cysteine residues forming them are relatively accessible to solutes. Possible roles of CNPYs in the
folding of secretory proteins in the ER are discussed.
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Introduction

The Canopy (CNPY) family was originally defined by the
discovery of CNPY1 in zebrafish. The name derives from
the morphology of zebrafish embryos lacking CNPY1,
which have the appearance of an airplane canopy.>? The
five Canopy proteins belong to the saposin-like protein
(SAPLIP) superfamily whose members include among
others the four saposins, acid sphingomyelinase involved
in CD1 lipid antigen presentation and lipid homeostasis,
and antimicrobial effectors in cytotoxic lymphocytes such
as NK-lysin.! Their defining features include six strictly
conserved cysteines in a characteristic disulfide bond pat-
tern.2 CNPYs are small 21-30 kDa proteins that are
widely distributed and have been implicated in diverse
biological processes. We first review distribution and
function and then zoom in on some of their properties
(Table D).

Published by Wiley © 2019 The Authors. Protein Science
published by Wiley Periodicals, Inc. on behalf of The Protein Society.
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CNPY1 has been studied mainly in the zebrafish in
which it is an endoplasmic reticulum (ER) resident pro-
tein, specifically expressed in the midbrain-hindbrain
boundary. A CNPY1 knockdown negatively influences
maintenance, rather than development, of the midbrain-
hindbrain boundary? and the dorsal forerunner cell clus-
tering that precedes Kuppfer’s vesicle formation.® Both
these processes rely on fibroblast-growth-factor (FGF)
signaling, and CNPY1 interacts with and promotes cell
surface expression of the FGF receptor (FGFR). This sug-
gests that CNPY1, as an ER-resident protein, may be
involved in biosynthesis of FGFR. The observation that
CNPY1 expression is increased by FGF8 indicates a posi-
tive feedback loop that promotes FGF signaling by
increasing the capacity of the cell to synthesize higher
levels of FGFR.2 Remarkably, mammalian CNPY1
homologs do not have the six conserved cysteine signa-
ture nor the leader peptide sequence and are half the size
of zebrafish CNPY1. This suggests that the first exons of
CNPY1 may have been deleted in evolution, resulting in
a smaller protein (not shown). Alternatively, as mamma-
lian ¢cDNAs encoding N-terminal sequences with limited
homology to zebrafish CNPY1 have been described, it is
possible that full length mammalian CNPY1 has not
been cloned yet.

The human protein atlas finds CNPY2 protein in all
tissues, with the highest expression in the liver, gallblad-
der, epididymis, placenta, and several regions of the
brain.* CNPY2 is the most widely studied CNPY protein
and has many different functions attributed to it. CNPY2
has been proposed to interact with myosin regulatory
light chain interacting protein through its predicted
N-terminal signal sequence.? Others showed, however,
that CNPY? is a secreted hormone-like protein.® Over-
expression of CNPY2 increases the number of neurites
on neuronal cells, stimulates angiogenesis, promotes pro-
liferation and migration of smooth muscle cells, and
delays the development of heart failure in cardiomyopa-
thy. CNPY2 knockdown decreases the number of neuro-
nal cells with neurites and diminishes the cell-surface
expression of the low-density lipoprotein receptor in
response to FGF21.” Lower expression of CNPY2 also
activates the p53 pathway and impairs colorectal tumor
growth.®? This is consistent with observations that
CNPY?2 expression provides a poor prognosis in several
cancers including pancreatic neuroendocrine neoplasm,’
renal cancer,'” and colorectal cancer.!!

CNPY3 protein is widely expressed, with highest
levels in neurons, the gastrointestinal (GI) tract, and
other glandular epithelia. Biallelic CNPY3 variants
have reduced expression of the protein and cause early
onset epileptic encephalopathy,'? a collective term for
neurological disorders characterized by developmental
impairments and seizures from early infancy. Expres-
sion of CNPY3 in lymphoblastoid cells of these patients
is severely reduced, and knockout mice show spastic
or dystonic features. Earlier work in CNPY3 knockout
animals already uncovered a role for CNPY3 in
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toll-like receptor (TLR)-dependent innate and adaptive
immunity.!3"®* CNPY3 also may have a broader func-
tion in signaling through an interaction with the tumor
suppressor leucine-rich repeats and immunoglobulin-
like domains 1, which serves as negative regulator of
several receptor tyrosine kinases.®

Database queries with CNPY3 yielded the homolo-
gous protein CNPY4 with 38% identity and the typical
cysteine signature.!” CNPY4 is ubiquitously expressed
with high levels in the GI tract, testis, spleen and thy-
mus. In accord with a role in immune cells, mRNA
expression was particularly high in B-cell lines. CNPY3
and CNPY4 were first described as TLR4-interacting
proteins, and named PRAT4A and PRAT4B, respec-
tively.!”!® Since then they have been shown to be
involved in the cell surface expression of various TLRs in
different cell types. CNPY3 is required for the ER exit of
TLR1, 2, 4, 5, and 9.1° It associates with the ER chaper-
one glucose-regulated protein 94 (Grp94, the ER paralog
of cytoplasmic Hsp90) and with TLR4, and the interac-
tion of both with TLR4 is required for its trafficking to
the cell surface.'* This suggests that CNPY3 is needed
for proper folding of TLR4 or for its release from ER chap-
erones. All TLRs for which CNPY3 is required are also
clients of Grp94; therefore, CNPY3 has been suggested to
be a TLR-specific cochaperone of Grp94.2°

CNPY4 also interacts with newly synthesized TLR4.
Knockdown of CNPY4 decreased the surface expression
of TLR4 when levels of CNPY3 remained the same, indi-
cating that these proteins have nonredundant roles.’” In
accord, CNPY3 and CNPY4 act antagonistically on the
cell surface expression of TLR1: CNPY3 promotes traf-
ficking while CNPY4 blocks it.2! Balance of the two is
likely part of the regulation of TLR1 surface expression
and may also extend to other TLRs.

Recent bioinformatic analysis showed that a
small protein independently cloned as plasma cell-
induced ER protein 1 (pERp1)*2~2® or marginal zone B
cell-specific protein 1 (MZB1)?%27 has the typical fea-
tures of a bona fide CNPY protein and should be
included as CNPY5 in the Canopy family.2® CNPY5 is
expressed mostly in the spleen and bone marrow'% 8
and particularly in cells of the B lymphocyte lineage
and in plasmacytoid dendritic cells.252° We identified
CNPY5 as a protein that is upregulated as a conse-
quence of lipopolysaccharide (LPS)-induced B-cell dif-
ferentiation.?? During this process, B cells expand
their ER and boost expression of many chaperones
and other proteins that are required for proper folding
of the vast number of immunoglobulins (and other pro-
teins) that they secrete during a humoral immune
response. Another clue to CNPY5 function emerged
from studies of the Hendershot lab who characterized
CNPY5 as member of a multiprotein complex in the
ER that is associated with the Hsp70-type chaperone
BiP.2* This complex also contains several other ER
chaperones assisting in oxidative folding such as
Grp94 and ER protein 72.2° Interestingly, CNPY2 and
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CNPY3 have also been found in complexes with
Grp94141531 and BiP,3! suggesting a broader role for
CNPYs in ER protein folding. Consistent with such a
function are the phenotypes arising after reduced
expression of CNPY5, which include folding and se-
cretion defects of immunoglobulin M, and impaired
integrin-mediated cell adhesion and pro- to pre-B-cell
differentiation 242527

Thus far, members of the mammalian CNPY
family have largely been investigated individually.
We here studied the characteristics of CNPYs as a
family with the aim of defining their location, folding,
and role within the mammalian cell. We found that
the CNPYs are a family of ER-resident proteins that
form disulfide bonds, of which at least some remain
sensitive to low concentrations of DTT, suggesting
that the cysteine residues forming them are relatively
accessible to solutes. Possible roles of CNPYs in the
folding of secretory proteins in the ER are discussed.

Results and Discussion

Bioinformatic analysis of CNPY proteins
CNPY proteins range from 182 to 278 amino acids
and share the signature six cysteines that form three
intramolecular disulfide bonds in a very specific pat-
tern, typical for members of the SAPLIP protein fam-
ily.32 The two most N-terminal cysteines resemble
the CXXC motif characteristic of thioredoxin-like oxi-
doreductase active sites [Fig. 1(A)].3% The C-terminal
cysteines in CNPY1 homolog, CNPY2, and CNPY5
form a conserved C(X)gC motif, whereas CNPY3 and
CNPY4 have an additional five residues between
these two cysteines, making redox activity less likely.
Indeed a direct evaluation of thiol reductase activity
of CNPY5 by us and others showed little if any of
such activity.242°

Clearly, the poor alignment and differences in
predicted secondary structures between CNPYs indicate
that each CNPY member is unique in the regions outside
helices H1-H4 [Fig. 1(B)]. In particular, many residues
interspaced between helices H2 and H3 are highly con-
served in, for instance, CNPY3 and CNPY4, yet absent in
CNPY2 and CNPY5. Of note is the unique sequence
LxGPGL of CNPY5, which is not present in the other
CNPYs. Remarkable differences are also present for
the C-terminal regions immediately upstream of the
ER-retention signals, as well as in the retention signals
themselves. CNPY3 contains a stretch of positively
charged (lysine) residues varying in length among the
CNPY3 members, whereas CNPY4 contains a stretch of
negatively charged (glutamate) residues, also varying in
length. These large extensions are absent in both CNPY2
and CNPY5, suggesting that functional differences in
CNPYs most likely arise from the residues shown in
Figure 1(B).

Because the pattern of hydrophobic and hydrophilic
residues in the conserved regions was strikingly similar
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between CNPYs and saposins [Fig. 1(A)], we examined
whether the helices in the CNPY family are also amphi-
pathic, like in the saposin family members. Helical-
wheel presentations are depicted (Fig. 2) for helices H1,
H2, and H3 of saposins, based on the alignment shown
in Figure 1(A). Helical wheels of saposin helices H1, H2,
and H3 (inner wheel) aligned with those of CNPY5 and
CNPY?2 (outer two wheels) revealing that hydrophobic
residues in saposin A (sapA), CNPY5, and CNPY2
match quite well, although the CNPY helices are slightly
less amphipathic than those of sapA. Of note, the cyste-
ine residues in H1 and H3 are located at the hydrophobic
side of the helices.

Although several structures have been published
for SAPLIP proteins,®* structural information of the
Canopy family is lacking. Using the homology of the
amphipathic helices, we checked whether existing
structures reveal information for the Canopy family.
SAPLIPS were first shown to be monomers such as
the antimicrobial peptides NK lysin®2 and caenopore-5,°
both with membrane pore-forming properties. More
recently, however, very different structures were obtained
for two other SAPLIP-family members, galactocere-
brosidase®® and acid sphingomyelinase,®” which show
dimeric species. Through a conformational change
between helices H1 and H2, these structures can open
up, thereby exposing large hydrophobic surfaces. The
two proteins form dimers in different ways that both
involve packing of the exposed hydrophobic surfaces.
Whereas the C and D chains of galactocerebrosidase
pack in parallel fashion,?® the two sphingomyelinase
proteins pack in an antiparallel way.>”

Based on the highly conserved amphipathic helices
and disulfide-bonding patterns, we propose that similar
conformational changes occur in Canopy proteins lead-
ing to dimerization. This is supported by literature
showing that CNPYs can occur as monomeric and
dimeric species. It is unlikely that specific lipid species
are bound to these dimeric species as found for the
sphingolipid processing enzymes discussed above,?%3”
although an interaction with membranes cannot be
excluded.

Full-length CNPYs localize to the ER

CNPYs have N-terminal hydrophobic stretches with a
high propensity to serve as signal sequences, as predicted
by SignalP (Supporting Information Fig. S1). The algo-
rithm we used to predict signal peptides is aimed to dis-
criminate between a transmembrane domain and a
signal peptide that is cleaved.®® Indeed we previously
showed experimentally that CNPY5 is cleaved at the
predicted sites.?? The software predicts cleavage for all
CNPYs, indicating that these N-terminal stretches are
cleaved signal peptides and not transmembrane domains.
Mammalian CNPY1 homolog (but not zebrafish CNPY1)
misses a signal sequence (Supporting Information Fig. S1)
most likely because mammalian CNPY1 homolog is simi-
lar to only the C-terminal half of zebrafish CNPY1 and
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Figure 1. Alignment of CNPY and saposin-like proteins. (A) Amino-acid alignment of partial CNPY sequences and saposin-like
proteins reveal structurally conserved helical regions (H1 to H4). The disulfide bonds connecting the cysteine residues are predicted
to be conserved for all aligned proteins and are shaded gray. For CNPY2, these are cys28-cys171, cys31-cys164, and cys86-cys137
and for CNPY5 cys49-cys177, cys52-cys170, and cys94-cys142. Nonpolar hydrophobic or aromatic residues are shaded yellow, and
highly (>95%) conserved residues are shown in red. The residues indicated with the blue shaded column in helix H3 correspond with
the location of a kink in H3 as found, for example, in the structure of sapA. A indicates, for instance, that residues 93-133in 93A133
are not shown in the alignment. (B) Sequence comparison of residues interspaced between the helical regions H1 and H4 shows
unique sequences for CNPY family members. Red bars denote alpha helical structures H1 through H4 as in panel (A). Predicted alpha
helices and beta strands are shown in green and blue, respectively, and conserved residues within each CNPY are shown in white.
The region C-terminal to predicted H4 of CNPY3 is enriched in lysine residues as indicated with [poly-lys] while this part of CNPY4 is
abundant with glutamic acid residues [poly-glu].
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hydrophobic sides of the helices shown.

lacks the N-terminal half. CNPYs also contain C-terminal
KDEL-type ER-retrieval signals HDEL (CNPY2),
PDEL (CNPY3), PEDL (CNPY4), and REEL (CNPY5)
[Fig. 1(B)]. Nevertheless, localization of CNPY proteins
is incompletely understood, especially because the PDEL
and PEDL sequences are poor retrieval signals®®%°
and as CNPY? also has been found extracellularly.® We
therefore evaluated the localization of CNPYs after
transfection of HA-tagged constructs in HeLa cells. Con-
trol experiments revealed that the C-terminal HA tag
does not interfere with the localization of CNPY5 (com-
pare Fig. 3 and Supporting Information Fig. S4) and the
other CNPYs (not shown) to the ER. Using double-label
confocal immunofluorescence microscopy with antibodies
against HA and PDI, we found that CNPY2, 3, 4, and
5 extensively colocalized with the ER marker (Fig. 3).
Occasional colocalization was seen between CNPY4 (but
not for the other CNPYs) with the cis Golgi marker

Schildknegt et al.

GM130 (Supporting Information Fig. S2). To address the
localization of human CNPY1 homolog, we analyzed the
distribution of GFP tagged human and zebrafish CNPY1
expressed in HeLa cells. Although zebrafish CNPY1
clearly localized to PDI-positive structures (Supporting
Information Fig. S3), human CNPY1 homolog was dif-
fusely present throughout the cytoplasm, in agreement
with the absence of a predicted signal peptide. Taken
together, bioinformatic analysis and immunofluores-
cence microscopy confirm that the full-length CNPYs are
(predominately) resident ER proteins.

CNPYs form disulfide bonds with similar kinetics

We next analyzed disulfide bond formation between the
cysteine residues in the CNPY proteins. We therefore
performed radiolabeling pulse-chase experiments with
35S-methionine/cysteine in HeLa cells expressing
HA-tagged CNPY2, CNPY3, CNPY4, and CNPY5.

PROTEIN SCIENCE | VOL 28:1276-1289 1281



Figure 3. CNPY proteins are localized to the ER. Double-label confocal immunofluorescence microscopy of Hela cells
expressing HA-tagged CNPY labeled with rabbit antibodies against HA (red) and mouse against PDI (green). (A) CNPY2
versus PDI, (B) CNPY3 versus PDI, (C) CNPY4 versus PDI, and (D) CNPY5 versus PDI. Bar denotes 10 um.

Oxidative folding of the CNPYs was followed after syn-
thesis under reducing conditions. Inclusion of 5 mM DTT
during pulse labeling not only prevented cotranslational
disulfide bond formation but also synchronized subse-
quent posttranslational folding in the absence of DTT
[Fig. 4(A)]. In DTT, all CNPYs were synthesized as
reduced species (R), which within 5 minutes of non-
reducing chase started to form disulfide bonds and fold
from R to the native conformation (NT) as shown on non-
reducing sodium dodecyl sulfate-polyacrylamide electro-
phoresis (SDS-PAA) gels [Fig. 4(B), nonreducing panels].
All CNPYs formed not only some NT but also dimers and
aggregates that poorly entered the nonreducing SDS-
PAA gels. As most of those could be reverted upon reduc-
tion of the samples, part of the aggregates must have
been linked by disulfides [Fig. 4(B), reducing panels]. As
even in reducing SDS-PAGE some of the CNPYs were
present in high-molecular-weight aggregates and stable,
incompletely reduced monomers, we concluded that the
CNPYs suffer from significant misfolding and aggrega-
tion under these conditions. Although we have not inter-
rogated the individual disulfide bonds in each CNPY
separately, their similar electrophoretic behaviors in
Figure 4(B) suggest that they share their disulfide bond
pattern with CNPY52® and other SAPLIP proteins.
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The native conformation of CNPYs has
DTT-sensitive disulfide bonds

All CNPY proteins have an N-terminal copy of the
CXXC motif typical for oxidoreductases catalyzing
thiol-disulfide exchange reactions.*' We found CNPY5
to display weak oxidoreductase activity in vitro.2® To
perform their catalytic function, these disulfide bonds
must be solvent accessible in the fully folded protein,
as shown for PDI and Erol, for instance,*>™** and
therefore sensitive to reduction by agents like DTT. In
contrast, structural disulfides are often not reducible
in native, folded proteins.*® To explore functionality of
the disulfide bonds in CNPY proteins, we expressed
HA-tagged CNPYs in HeLa cells and labeled the cells
for 5 minutes with 3°S-methionine/cysteine. After a
chase of 60 minutes, when CNPYs should be fully folded,
the cells were incubated with DTT for 10 minutes, lysed,
and CNPYs were immunoprecipitated with antibodies
against HA [Fig. 5(A,B)].

CNPY2 was relatively resistant to DTT, as the addi-
tion of DTT during the last 10 minutes of the chase period
did not affect the pool of native molecules nor aggregates,
with only a minor fraction of reduced molecules generated
by this treatment [Fig. 5(B)]. The other CNPYs were more
sensitive to DTT treatment, as the band representing the
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Figure 4. Oxidative folding of CNPY proteins. (A) Work flow of the experiment, with example gel. (B) HeLa cells were transfected with
cDNAs encoding HA-tagged CNPY2, CNPY3, CNPY4, or CNPY5. The next day, cells were pulse labeled with 33S-methionine/cysteine
in the presence of 5 mM DTT. After 5 minutes, medium was aspirated and cells were chased for the indicated times without DTT, and
subsequently lysed. CNPY proteins were immunoprecipitated with polyclonal antibody against HA. Samples were resolved by
SDS-PAGE on nonreducing and reducing 15% gels. * denotes background band.

folded form largely shifted to a higher position in the
gel, corresponding to the fully reduced conformation
(CNPY3 and CNPY5) or intermediate forms (CNPY4
and CNPY5). These data show that not all disulfide
bonds in CNPY proteins are buried, which suggests
that some may be functional. A more rigorous assess-
ment of their enzymatic properties, however, is needed
to establish definitively whether there are functional
differences between the CNPYs.

CNPY expression during B-cell activation

ER-resident proteins involved in biosynthesis, folding, or
degradation of secretory proteins are usually upregulated
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during ER stress through an unfolded protein response
(UPR). The UPR is a response to the stress of overloading
the ER with proteins that need to be folded.*® Physiologi-
cal examples of this include pancreatic p cells, which syn-
thesize, fold, and secrete huge amounts of insulin,*” or
thyroglobulin-secreting thyrocytes.*® We showed
before that CNPY5 and ER chaperones are concomi-
tantly upregulated during LPS-induced B-cell differen-
tiation, a process in which the ER greatly expands to
secrete antibodies for a humoral immune response and
the UPR is activated.222>?® Conversely, as CNPY3
and CNPY4 are involved in the regulation of many cell
surface TLRs and TLR responses,'®1? it is imperative
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Figure 5. Native CNPY proteins have DTT-sensitive disulfide bonds. (A) Work flow of the experiment, with example gel.

(B) HeLa cells overexpressing CNPYs 2-5 were pulse labeled with 3°S-methionine/cysteine for 5 minutes, then chased for

0, 60, or 70 minutes. The final 10 minutes of the 70 were in the absence or presence of 5 mM DTT, as indicated. CNPY
proteins were immunoprecipitated via a C-terminal HA tag. Samples were analyzed by reducing and nonreducing SDS-PAGE

as in Figure 4.

to understand whether CNPY expression in general is
regulated during B cell differentiation. We therefore
treated 1.29u* cells for up to 4 days with LPS and first
analyzed XBP1 splicing as readout for the UPR [Fig. 6
(A)]. Tt is clear from Figure 6(A) that the UPR is acti-
vated by LPS as XBP1 was progressively spliced during
the first 3 days. We also verified by immune fluorescence
microscopy that CNPY5 expression in the ER is increased
[Fig. 6(B) and Supporting Information Fig. S4].222325 Tq
assess whether the other family members are regulated
during this response, we studied their expression by
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quantitative polymerase chain reaction (qPCR) [Fig. 6(C)]
and Western blot [Fig. 6(D,E)]. CNPY5 mRNA and pro-
tein increased during activation and reached peak values
on Days 3 and 4, respectively. CNPY5 is a relatively stable
protein [Figs. 4(B) and 5(B)]; for this reason, CNPY5 pro-
tein expression decreases later than its mRNA levels
likely when the 1.29u* cells enter apoptosis. CNPY2
mRNA also increased upon activation, although not to the
extent of CNPY5 mRNA, whereas the mRNAs of CNPY3
and CNPY4 were minimally altered. This suggests that
the CNPYs have different roles in activated B cells.
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Figure 6. CNPY expression in differentiating 1.29u* B cells. Mouse 1.29u™ cells were treated for up to 4 days with LPS. After different
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Mode of action

The sequence homology of the CNPY proteins with
saposins and the structural reorientation of the amphi-
pathic helices noted in dimer formation for saposins may
provide the first insight in the mode of action of CNPY
proteins. The observed conformational change exposes a
hydrophobic surface that facilitates interactions with
partners. In SAPLIPs with antibacterial function such as
NK lysin and caenopore-5, this surface is involved in
interaction with lipids for generating a pore in bacterial
membranes. For CNPY proteins, the exposure of a hydro-
phobic surface may lead to formation of both homo- and
hetero-dimers. In addition, the exposed hydrophobic sur-
face may help to prevent aggregation of incorrectly folded
proteins. In contrast to saposins, CNPY proteins contain
a large number of residues interspaced between the heli-
ces, many of which are highly conserved within a particu-
lar CNPY. These additional structures, particularly
between helices H2 and H3, are not likely to interfere
with the packing of helices H1 and H4. Structural integ-
rity is controlled by the disulfide bond formed by the Cys
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residue at the C-terminal end of H2 and the N-terminal
Cys of H3 as well as by two disulfide bonds formed
between the two N-terminal residues with the CXXC motif
in H1 and the two C-terminal Cys residues [Fig. 1(A)].
When residues in between H2 and H3 interact specifi-
cally with other proteins, then CNPYs may help in
dimerization of—or interaction between—two other
proteins through CNPY dimer formation.

The homology of the Cys residues in CNPYs with
SAPLIP proteins favors a structural role of the Cys resi-
dues in the CXXC motif and argues against a functional
role of these Cys residues. In the thioredoxin family, free
Cys SH groups are present, and the active site Cys resi-
dues in the CXXC motif are linked to each other.*! Nei-
ther of these features is shared with CNPYs. The
comparison of CNPYs with SAPLIP proteins indicates
that most Cys residues are close to hydrophobic residues
and may therefore be shielded from solvent. We found,
however, that CNPYs are sensitive to DTT to various
extents. This again points to the large differences noted
for CNPYs outside of the amphipathic helical regions. It
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also leaves the option of oxidoreductase enzymatic activ-
ity we detect above background activity for CNPY5,2
and which could be unleashed by reduction of regulatory
disulfide bonds, as in Ero1.4°

The diverse functions of the CNPYs may be ex-
plained through a role in the folding of secretory proteins,
perhaps as cochaperones of Grp94. Like CNPY3, CNPY5
interacts with a client of Grp94: immunoglobulin p heavy
chain,24?>%" although an interaction of CNPY5 with
Grp94 has not been shown under physiological conditions,
other than in a multichaperone complex.?* CNPY2 is
involved in the trafficking of the LDL receptor,>® another
Grp94 client, and CNPY4 interacts with some TLRs,
including TLR4 and TLR1. This suggests that the CNPY
family members are good candidates for cochaperones of
Grp94, and both CNPY2 and CNPY4 have been found to
interact with Grp94.3! Each of the CNPYs has a different
client protein or a different effect on client proteins,
and thereby could confer client specificity to Grp94 or
an extra layer of regulation in the case of CNPY3 and
CNPY4, which act antagonistically on the cell surface
expression of TLR1.1%?! In Drosophila, CNPY family
member CNPYDb, shown to be most similar to CNPY3,
is a cochaperone for the Drosophila Grp94 homolog,
gp93. Like CNPY3, it is also involved in TLR folding,
indicating a conservation of CNPY3 action and of the
cochaperone activity of the CNPY family.'®

In summary, we have shown that pERp1/MZB]1,
now renamed CNPY5, belongs in the Canopy family.
These proteins are small, ER-resident SAPLIPs with six
conserved cysteines and a blocked CXXC motif. The
CNPYs all oxidize, meaning that at least some of their
conserved cysteines form disulfide bonds. If all cysteines
form disulfide bonds then the pattern is likely to be the
same as in CNPY5,? saposins, and other SAPLIPs. The
diverse processes that the CNPYs have been shown to
take part in point to functions as client-specific (co)chap-
erones in the ER, possibly working to help Grp94 fold a
diverse set of client proteins.

Materials and Methods

Cells

HeLa cells were maintained in minimum essential
medium (MEM) supplemented with 10% fetal bovine
serum (FBS), nonessential amino acids and 2 mM Glu-
tamax. 1.29u" B cells were maintained in RPMI 1640
medium supplemented with 10% heat inactivated FBS,
1 mM sodium pyruvate, 2 mM Glutamax, and 50 uM
2-mecaptoethanol. 1.29 p™ B cells were activated with
20 pg/mL LPS cells for up to 4 days. All cells were grown
at 37°C with 5% COs.

DNA constructs and transfections

c¢DNAs encoding human CNPY2, mouse CNPY3, CNPY4,
and CNPY5 were obtained from Research Genetics
(Inchinnan, U.K.). CNPY2 and CNPY3 were ligated be-
tween the Ndel and Notl sites of pET28a. CNPY ¢cDNAs
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were ligated between Kpnl and Xhol sites of pcDNAS3.
HA-tagged CNPY cDNAs were generated from CNPY
pcDNAS3.1 by PCR using the primers: 5'-TTGGGGACAA
GTTTGTACAAAAAAGCAGGCTGGTACCGCTACAAC
AAGGCAAGGCTTG-3 (forward cmv primer) in combi-
nation with reverse primers 5-TTGGGGTTGGGGA
CCACTTTGTACAAGAAAGCTGGGTCTCGAGTCAT
AGCTCATCATGAGCGTAATCTGGAACATCGTAT
GGGTACGATATGTGCAGGGCATGGTC-3' (CNPY2),
5-TTGGGGTTGGGGACCACTTTGTACAAGAAAGCT
GGGTCTCGAGTCACAGCTCATCAGGAGCGTAATC
TGGAACATCGTATGGGTAGGGGCTGTGTGGGA
GGGGCG-3' (CNPY3) and 5'-TTGGGGTTGGGGACC
ACTTTGTACAAGAAAGCTGGGTCTCGAGCTAAAG
CTCTTCTCTAGCGTAATCTGGAACATCGTATGGG
TACTGGGCCAGGATCTCCTGTG-3' (CNPY5). HA-CN
PY4 was generated using 5-GGGAATTCATGTGTGGA
CTGCGTTTT-3 (forward) and 5-TGCTGCGGCCGCTC
AAAGATCTTCTGGTGCGTAGTCTGGTACGTCGTAT
GGGTAGTCATGCTTGGGA-3' (reverse). This resulted
in an HA tag directly in front of the last four amino
acids, which allowed detection of all CNPYs with the
same antibody. In control experiments, we established
that the HA tag did not interfere with localization
and function of the proteins (not shown). Human and
codon optimized zebrafish CNPY1 ¢cDNAs were gener-
ated from NM_001103176.1 (hCNPY1 homolog) and
NM_001039497.2 (zfCNPY1) sequences obtained from
the NCBI database and cloned into pEGFP-N1 through
Gibson assembly. For microscopy experiments, we
transfected expression constructs using Lipofectamine
3000 (Thermo Fisher), whereas cells for pulse chase
experiments were transfected using polyethylenimine
(PEI) at a 2.5:1 PEL:DNA ratio. Transfected cells were
washed with Hank’s balanced salt solution after
24 hours and subsequently used in experiments.

Antibodies

Hisg-tagged CNPY2 and CNPY3 expression was induced
for 24 hours at 18°C. Recombinant proteins were affinity
purified on Ni?* NTA agarose according to standard pro-
tocols and used for immunization of rabbits. Antibodies
against HA were generated by immunizing rabbits with
a mixture of the two KLH-linked peptides YYDVPDYA
YPYDVPDYAC and CYPYDVPDYAYPYDVPDYA. The
rabbit antibody against CNPY5 has been described.??
Affinity purified antibody against CNPY4 was from
Sigma, the mouse monoclonal antibody ID3 against
PDI has been described.®’ The mouse monoclonal
against GM130 was from BD Biosciences, and fluores-
cently labeled secondary antibodies were purchased
from Thermo Scientific.

Immunofluorescence microscopy

LPS-activated B cells and HeLa cells expressing
tagged CNPY constructs were fixed with 2% paraformal-
dehyde (PFA) and permeabilized with 0.1% Triton X-
100. HA-tagged CNPY proteins were double labeled with
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rabbit anti HA and mouse ID3 antibodies, whereas B
cells were labeled with rabbit anti CNPY5 and ID3.
After washing with PBS/0.5% bovine serum albumin
(BSA), cells were incubated with goat anti-rabbit
Alexa488 and goat anti-mouse Alexa568 (Thermo Fisher).
Cells were mounted with Prolong GOLD and imaged on a
Zeiss LSM 700 confocal microscope. Images were
processed with Image J and Photoshop.

Radioactive pulse-chase assays and
immunoprecipitation

Radioactive pulse-chase and immunoprecipitation were
performed as described previously.>2 Briefly, cells were
incubated for 15 minutes in MEM without methionine
and cysteine (Thermo Fisher) and then labeled for
5 minutes with 66 uCi 3°S-methionine/cysteine (Perkin
Elmer) per 35 mm dish. For some experiments, we
included 5 mM DTT during labeling. After the pulse,
cells were incubated at 37°C in MEM containing 5%
FBS, 5 mM cysteine, 5 mM methionine, 2 mM Glu-
tamax, and nonessential amino acids (chase medium)
for the indicated times. At the end of the chase, dishes
were transferred onto ice and washed with ice-cold
HBSS containing 20 mM N-ethylmaleimide (NEM).
Cells were lysed in 20 mM MES, 30 mM Tris—HCI
pH 7.5, 100 mM NaCl with 0.5% Triton X-100, and
20mM NEM, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 10 pg/mL of chymostatin, leupeptin,
antipain, and pepstatin (CLAP). CNPY proteins were
immunoprecipitated from detergent lysates with either
HA or specific CNPY antibodies and Protein A-Sephacryl
beads. Immunoprecipitates were washed with 300 mM
NaCl, 10 mM Tris—HCI pH 8.6, 0.05% SDS, and 0.05%
Triton X-100. Beads were resuspended in 10 mM Tris—
HCI pH 8.0 and 1 mM ethylenediaminetetraacetic acid
(EDTA), pH 8.0, and immunoprecipitates were eluted
with Laemmli sample buffer (200 mM Tris—HCI pH 6.8,
3% SDS, 10% glycerol, 1 mM EDTA, and 0.004% brom-
ophenol blue, final concentrations) for 5 minutes at 95°C.
Beads were centrifuged at 16,000g for 1 min and for the
reducing samples 25 mM DTT was added to the superna-
tant before heating again to 95°C. Both nonreducing and
reducing samples were resolved on 15% SDS-PAA gels
and analyzed by phosphor imaging.

Western blot

B cells were activated with 20 pg/mL: LPS for up to
4 days. Cells were harvested by centrifugation, washed
once with Dulbecco’s phosphate buffered saline and sub-
sequently lysed in RIPA buffer (50 mM Tris—HCI pH 8,
150 mM NaCl, 1% Igepal, 0.1% SDS, 0.5% deoxycholate)
containing protease inhibitors (1 mM PMSF and
10 pg/mL. CLAP). Lysates were resolved on 15%
SDS-PAA gels and transferred to polyvinylidene fluoride
(PVDF). Specific rabbit polyclonal antibodies were used
to probe for CNPY2, 3, 4, and 5. Mouse anti-Tubulin
(Synaptic systems) was included as loading control.
Goat-anti-mouse IRDye 800 CW (LI-Cor) and Donkey-
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anti-Rabbit-Alexa Fluor 688 (Thermo Fisher) secondary
antibodies were used and blots were visualized on an
Odyssey® CLx imager.

Quantitative polymerase chain reaction

RNA was extracted using TRI Reagent (Sigma), and
c¢DNA was synthesized by RevertAid Premium Reverse
Transcriptase (Fermentas) using poly-dT primers. To
detect CNPY mRNA changes during B-cell activation,
B cells were cultured with 20 pg/mL LPS for 4 days
with samples taken each day. Cells were lysed in
TRIzol, and mRNA was extracted with Direct-zol RNA
miniprep kit (Zymogen). Real-time PCR (RT-PCR) reac-
tions were performed on the Viia7™ system (Thermo
Fisher) using SYBR green PCR master mix. gPCR reac-
tion efficiencies were analyzed and threshold cycle
values were used to assess the relative expression
levels normalized to actin using the 2(—~AACt) method.
Data represent the mean of three biological replicates
analyzed in triplicate + SEM.

XBP1 splicing

Resting and LPS-activated B cells were lysed in Trizol,
and RNA was extracted (Direct-zol RNA miniprep kit,
Zymogen). cDNA was synthesized using poly-dT oligos
and recombinant M-MuLV RT (RevertAid First Strand
cDNA Synthesis Kit, Thermo Fisher). Spliced and
unspliced XBP1 ¢cDNA were amplified by PCR with
the following forward: ACACGCTTGGGAATGGACAC
and reverse: CCATGGGAAGATGTTCTGGG primers.
Amplicons were analyzed on a 2% agarose gel.

Other methods

Signal peptide predictions were done with SignalP4.0
(38). Alignment of mouse CNPY and other SAPLIP
amino acid sequences was done using ClustalW, and
sequence analysis was completed in Jalview. Helical
wheels were made with http://rzlab.ucr.edu/scripts/
wheel/wheel.cgi. Western blot images were processed
using Image Studio 5.2 (LiCoR).
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