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Drosophila gp93 was identified as the ortholog of the mam-
malian endoplasmic reticulum-resident chaperone gp96. gp93
was found capable of rescuing gp96 client proteins, such as Toll-
like receptors (TLRs) and integrins, in a gp96-deficient murine
cell line. Mammalian gp96 was further found to require the
cochaperone canopy 3 (CNPY3) for proper folding and expres-
sion of TLRs, but not integrins. In Drosophila, two possible
CNPY family members have been identified but have not yet
been characterized. Therefore, we sought to determine the role
of Drosophila CNPYa and CNPYb in gp93 biology. Because of
higher similarities between CNPY3 and CNPYb, we postulated
that CNPYb would be a TLR-specific cochaperone of gp93.
Indeed, CNPYb addition in gp93-expressing cells improved
TLR expression. CNPYb and gp93 were further found to physi-
cally interact. Mutational analysis of cysteine residues in CNPYb
identified differential dependence of these cysteines in chap-
erone function. Our study is the first to characterize Drosoph-
ila CNPY molecules. We further uncover more gp93 biology
by identifying CNPYb as a cochaperone. A better understand-
ing of this simpler Drosophila system will enable application to
the mammalian system, such as has been done with Escherichia
coli, yeast, and mammalian HSP90.

There exists a small family of canopy (CNPY)2 molecules that
are highly conserved across animal kingdoms. There are four
mammalian members (CNPY1, CNPY2, CNPY3, and CNPY4)
but only two Drosophila members (CNPYa and CNPYb), which
have yet to be characterized. Mammalian CNPY1 and CNPY2
have short C-terminal sequences as compared with CNPY3 and
CNPY4 and are thus divided into two subgroups. CNPY mole-
cules all share a similar pattern of six cysteine residues, which is
characteristic of the saposin-like proteins. All CNPY molecules
are further targeted to the endoplasmic reticulum (ER) via a
signal peptide and ER retention sequence. Additionally, CNPY3
has a highly basic C-terminal region rich in lysine residues.
CNPYs are assumed to form saposin-like dimers because of
their cysteine residues and because CNPY1 harbors self-bind-
ing properties (1).

CNPY3 was found to be a Toll-like receptor (TLR)-specific
cochaperone of mammalian gp96 (glycoprotein of 96 kilodal-
tons) (2). Also known as PRAT4A (protein associated with
TLR4 A), CNPY3 can regulate TLR4 signaling and cell surface
expression (3). Its role in regulating TLR1, TLR2, TLR5, TLR7,
and TLR9 was also later uncovered (4, 5). Curiously, similar to
gp96, CNPY3 does not appear to play a role in TLR3 regulation
(4). The characterization of three single-nucleotide polymor-
phisms (R95L, S231I, and M145K) in CNPY3 led to the discov-
ery that M145K could alter function (6). As expected of a
cochaperone, CNPY3 and gp96 have been determined to phys-
ically interact, although the complex is dissociated with ATP.
CNPY3 presumably promotes client loading, because it binds
the ATP-sensitive form of gp96 (2). Additionally, IFN� appears
to induce CNPY3 expression in human monocytes (7).

Although CNPY3 is the most studied CNPY family member,
some information has been uncovered about the other CNPY
members. Similar to CNPY3 for instance, CNPY4 can also reg-
ulate TLR4 cell surface expression and has thus been called
PRAT4B (protein associated with TLR4 B). It is ubiquitously
expressed in various leukocytes and tissues, and it is conserved
among different vertebrate species (8). Contrary to the compli-
mentary roles of CNPY3 and CNPY4 in TLR4 regulation, these
CNPY molecules have contradictory roles in TLR1 biology.
Although CNPY3 aids cell surface trafficking of TLR1, CNPY4
negatively impacts it, demonstrating both positive and negative
regulatory roles of CNPYs in TLR biology (7).

CNPY1 appears to be the most unique family member in
terms of expression. Instead of being ubiquitously expressed,
this molecule appears to be restricted to the nervous system.
CNPY1 has been found to interact with FGFR1 to regulate FGF
signaling in zebrafish along the midbrain-hindbrain boundary
(1). This positive feedback was found to control dorsal forerun-
ner cell clustering, which generates the Kupffer’s vesicle organ,
responsible for left-right body plan asymmetry in zebrafish
development (9). Additionally, FGF21 was found to enhance
CNPY2 expression. CPNY2 can interact with Idol/Mylip, an E3
ubiquitin ligase that degrades LDL receptors, and overexpres-
sion of CNPY2 can increase LDL receptors, which are critical in
regulating blood cholesterol levels (10).

We previously identified Drosophila gp93 as the ortholog of
mammalian gp96. Utilizing a mutant gp96 cell line, we deter-
mined that gp93 was capable of interacting with and rescuing
various gp96 client proteins (integrins and TLRs) (11). Later,
Maynard et al. (12) found that gp93 knock-out in Drosophila is
late-larval lethal. Specifically, defects were seen in the midgut
with abnormal copper cell and septate junction structures,
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decreased motility, reduced acidification, deficient nutrient
uptake, depressed insulin signaling, and suppressed triglyceride
and amino acid mobilization. Collectively, mutant flies exhib-
ited a starvation-like phenotype (12).

Because gp96 chaperones mammalian TLRs and integrins,
we thought that gp93 might chaperone the various Tolls and
integrins in Drosophila (13–15). We further postulate that gp93
requires a CNPY cochaperone; for example, gp96 requires
CNPY3 for TLR expression (2). We therefore sought to uncover
the role of Drosophila CNPYa and CNPYb in gp93 biology.
Biochemical analysis reveals that gp93 can interact with
CNPYb and CNPY3, and that CNPYb improves TLR expres-
sion in gp93-expressing cells. Furthermore, cysteine residues in
CNPYb were proven to be important for chaperoning TLR4,
whereas Cys-39 and Cys-183 were also required for TLR2
expression. Moving to a Drosophila system using RNAi, we
were unable to determine whether or not gp93 plays a role in
Toll signaling, although this warrants further examination.
This study is the first to characterize the Drosophila CNPY
molecules and uncovers a possible cochaperone for gp93.

Results

Murine gp96 and Drosophila gp93 can dimerize

Mammalian gp96 chaperone function is highly conserved,
such that Drosophila gp93 is able to rescue gp96 client proteins
(TLRs and integrins) in a gp96 mutant murine pre-B cell line
(11). Upon a closer look, the gp96 dimerization domain, amino
acids 697–740, is highly conserved in gp93 with 24 of 44 resi-
dues the same (55%; Fig. 1A). Because of this high level of con-
servation coupled with the fact that gp96 normally functions as
a homodimer, we hypothesized that gp96 and gp93 might
dimerize. We therefore utilized wild-type murine pre-B cells
(14.GFP) already containing endogenous gp96 and further
transduced these cells with Flag-tagged Drosophila gp93 or
Flag-tagged murine gp96 as a control. Transgene expression
was verified by GFP and Flag intracellular staining. The cells
were also analyzed for gp96 expression, which remained similar
between the two cell lines (Fig. 1B). Gp96 and Flag expression
were further verified by Western blotting analysis, where �-ac-
tin expression was used as an endogenous loading control (Fig.
1C). We then performed immunoprecipitation experiments on
these cells, either pulling down gp96 or using an isotype control
antibody, and then performing Western blotting analysis for
both gp96 and Flag expression. Expectedly, dimerization can be
seen in WT cells with gp96-Flag. Furthermore, we found that
gp93 can indeed interact with gp96 under cross-linking condi-
tions (Fig. 1D). To verify this data, we then performed the
reverse immunoprecipitation, pulling down Flag and blotting
for gp96. In this scenario, gp93 was found to interact with gp96
in both cross-linking and non-cross-linking conditions (Fig.
1E). To note, the gp96 antibody does not recognize gp93, and
the gp96 antibody used for Western blotting does not recognize
gp96-Flag because of disruption of the epitope by Flag insertion
(data not shown). By demonstrating that gp96 and gp93 can
dimerize, we unveil further conserved characteristics between
the two molecules.

CNPY conservation

Mammalian gp96 was found to require the cochaperone
CNPY3 for proper folding of various TLRs (2). Although mam-
mals have four CNPY family members (CNPY1– 4), two such
family members have been identified in Drosophila: CNPYa
and CNPYb (1). Similar to their mammalian counterparts, both
Drosophila CNPYs contain a signal peptide, an ER-retention
signal, and six characteristic cysteine residues similar to the
saposin family. CNPYb further contains a small basic region of
amino acids at its C terminus, similar to that found in mamma-
lian CNPY3 (Fig. 2A). Structurally, these CNPYs are proposed
to fold upon themselves in a clam shape, where corresponding
cysteine residues are able to form disulfide bonds (Fig. 2B).
However, it is also possible that these residues form intermo-
lecular bonds of either CNPY homo- or heterodimers.
Although not as highly conserved as gp96-gp93, we still observe
a high degree of amino acid conservation between CNPYb and
CNPY3 or CNPY4 (50.2 and 49.3%, respectively). The amino

Figure 1. Drosophila gp93 can dimerize with murine gp96. A, amino acid
sequence alignment of murine gp96 697–740 and Drosophila gp93 694 –737,
corresponding to the known gp96 dimerization domain. B, gp96-sufficient
WT pre-B cells were retrovirally transduced with either gp96Flag or gp93Flag.
Transgene expression was analyzed via flow cytometry for GFP and intracel-
lular staining for Flag expression. gp96 expression was further probed. Gray
histograms correspond to isotype controls. C, Western blotting analysis of the
cells in B alongside parent WT pre-B cells. The membranes were probed for
gp96, Flag, and �-actin. D, lysates from WT�gp96Flag or WT�gp93Flag cells
were immunoprecipitated with either the gp96 or isotype (Iso) control anti-
body in the presence or absence of DSP and then resolved on a SDS-PAGE.
Membranes were then blotted for Flag and gp96 expression. E, the reverse of
D. Lysates were immunoprecipitated with Flag or isotype control antibody
and then probed for gp96 expression.
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acid sequence alignment demonstrates that the most conserved
residues are located in the middle region (Fig. 2C and supple-
mental Fig. S1). Because of this high degree of conservation, and
in particular the presence of the basic region, we hypothesize
that CNPYb may serve as an ortholog of CNPY3 and hence as a
cochaperone for gp93. In comparison, CNPYb is only 12.2%
conserved compared with CNPY1, and 21.7% to CNPY2. Addi-
tionally, conservation numbers for CNPYa are 9% to CNPY1,
25.4% to CNPY2, 24.3% to CNPY3, and 26.5% to CNPY4 (sup-
plemental Fig. S1). A phylogenetic tree further indicates simi-
larities among canopy 3, 4, and b, and 1, 2, and a (Fig. 2D).

CNPYb improves TLR expression

To study the role of CNPYa and CNPYb in gp93 biology, we
again used a gp96 mutant murine pre-B cell line. CNPYa or
CNPYb, both Myc-tagged, were retrovirally transduced into
cells with or without gp93-Flag. Transgene expression was
demonstrated by analysis of GFP reporter expression by Flow
cytometry (Fig. 3A). Transgene expression was further verified
by Western blotting for Flag and Myc expression, using �-actin
as a loading control (Fig. 3B). Each cell line was then assayed for
gp96-client expression. First, we show gp96 for comparison
with gp93-expressing cells, the results of which have been pre-
viously discussed (11). Interestingly, CNPYa cells without gp93
had partial rescue of �2 integrin, yet the addition of gp93 had no
effect. CNPYa did not improve any other client examined (Fig.
3C). Similarly, CNPYb alone increased expression of �2 integ-

rin. Additionally, CNPYa decreased �4, �L, TLR2, and TLR4
expression in gp93-expressing cells. Further, cells expressing
gp93 and CNPYb exhibited decreased �4 and �L yet increased
�2, TLR2, and TLR4 expression (Fig. 3C). Therefore, CNPYb
appears to be similar to CNPY3 in improving TLR expression,
whereas CNPYa negatively impacts TLR expression. However,
we see additional gp93-independent effects of CNPYa/b on
integrin expression.

CNPY3 and CNPYb bind both gp96 and gp93

By definition, a cochaperone should physically bind to a
chaperone to perform its function. Therefore, we sought to
determine whether CNPYb interacts with gp93. We took gp96
mutant pre-B cells already transduced with either gp96-Flag
or gp93-Flag and then further transduced them with either
CNPY3-Myc or CNPYb-Myc. Transgene expression was veri-
fied by Western blotting analysis for myc. CNPY3 is �37 kDa,
but CNPYb is �25 kDa in size. In cells with CNPYb, there
appeared a second band at 50 kDa, which we presumed to be
homodimers (Fig. 4A). We next performed Flag immunopre-
cipitation of gp96-Flag and gp93-Flag cells with CNPYb, fol-
lowed by Western blotting for Myc. Under cross-linking con-
ditions, not only did we see gp93 interact with CNPYb, but we
even saw gp96 interact with CNPYb. We then probed the blots
for Flag, demonstrating high pulldown efficiency (Fig. 4B). We
next performed the reverse immunoprecipitation with all cells
by pulling down Myc and blotting for Flag. Not only did we
confirm that both gp96 and gp93 interact with CNPYb, but we
further demonstrate that gp93 also interacts with CNPY3 (Fig.
4C). These differential interactions further demonstrate the
high level of conservation in this system.

Conserved cysteine residues in CNPYb are important for
cochaperone function

Although CNPYb is only �50% homologous to CNPY3,
there must be some important conserved residues that main-
tain cochaperone function. Because the six cysteine residues
are conserved, we decided to determine whether these residues
were in fact important for function. Furthermore, if the pro-
posed clam shape structure is correct, then mutating the first
cysteine should phenocopy a mutation in the last cysteine (Fig.
2B). Therefore, we first performed mutational analysis on only
the first three cysteine residues in CNPYb: at positions 36, 39,
and 92. Using site-directed mutagenesis, these cysteines were
mutated to alanine residues, and the Myc-tagged constructs
were then transduced into gp96 mutant pre-B cells containing
gp93-Flag. GFP reporter expression was first analyzed via flow
cytometry (Fig. 5A). Transgene expression was then verified by
Western blotting for Myc expression. Here, not only do we see
dimers with WT CNPYb, but we also see dimers with the
CNPYb mutants C36A and C39A. Although no dimers were
seen with CNPYb C92A, the expression level in these cells was
substantially lower and therefore easier to reduce (Fig. 5B).
Next, we sought to determine whether or not these mutations
would affect TLR expression. Via flow cytometry, TLR4 expres-
sion was reduced in cells containing gp93 and any of the CNPYb
mutants. However, only CNPYb C39A had decreased TLR2
expression (Fig. 5C). These data imply the usage of different

Figure 2. Drosophila CNPYb resembles murine CNPY3. A, schematic rep-
resentation of Drosophila CNPYa and CNPYb. SP, signal peptide; C, cysteine
residue. BR, basic region; ER, ER retention signal. B, schematic of the postu-
lated folding structure of CNPYb and interacting cysteine residues. Numbers
denote amino acid positions. C, amino acid sequence alignment of Drosophila
CNPYb and murine CNPY3. Red residues are conserved, whereas blue residues
are similar. Cysteine residues are highlighted in yellow. Numbers denote
amino acid positions. D, phylogenetic tree comparing the indicated CNPY
members.
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CNPYb cysteine residues for cochaperoning different client
proteins.

Because only CNPYb C39A had the most severe phenotype
of decreased TLR2 and TLR4 expression and because this res-
idue is postulated to interact with Cys-183, we therefore
decided to make the new construct CNPYb C183A. Again, we
transduced the mutant CNPYb into gp96 mutant pre-B cells
containing gp93-Flag. Increased GFP reporter expression was
verified by flow cytometry (Fig. 6A), and transgene expression
was demonstrated by Western blotting analysis of myc. This
mutant also displayed a dimer at 50 kDa (Fig. 6B). Flow cytom-
etry then confirmed a phenocopy of gp93-Flag � CNPYb C39A
cells, with reduced TLR2 and TLR4 expression as compared
with cells with gp93-Flag alone (Fig. 6C). This implies that
Cys-39 and Cys-183 of CNPYb may indeed form a disulfide
bridge important for cochaperone function.

Do gp93 and CNPYb chaperone Drosophila Toll?

Because gp93 and CNPYb have the ability to cooperatively
chaperone murine TLR2 and TLR4, we hypothesized that gp93
and CNPYb would work together endogenously in Drosophila
to chaperone Toll. To this end, we switched to a Drosophila
system utilizing the Drosophila hemacyte cell line S2*. We then
used two different RNAi constructs to knockdown gp93
expression: gp93N, N terminus, and gp93M, middle domain.
We also used RNAi constructs specific for Toll, CNPYa, and
CNPYb. As a negative control, we utilized an RNAi construct
specific to a retroviral vector, with no sequence homology to
the Drosophila genome. To verify efficient knockdown of the
different molecules, we performed qRT-PCR analysis of the
cells. Moderate mRNA knockdown of Toll was observed,
whereas knockdown of gp93, CNPYa, and CNPYb were near

Figure 3. Increased TLR expression with CNPYb. A, gp96-deficient pre-B cells were retrovirally transduced with gp93Flag, CNPYaMyc, CNPYbMyc, or combi-
nations as indicated. Transgene expression was analyzed via flow cytometry for GFP expression. B, lysates from the cells in A were resolved on a SDS-PAGE and
probed for Flag, Myc, and �-actin expression. C, cells from A were analyzed for �4, �L, �2, TLR2, and TLR4 expression via flow cytometry. The cells with gp96Flag

were shown for comparison. Shaded histograms indicate isotype controls. Numbers denote mean fluorescence intensity.
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complete (Fig. 7A). To determine whether loss of gp93, CNPYa, or
CNPYb affected Toll expression, we probed for Toll function.
RNAi-treated cells were treated with recombinant spatzle (rSPZ),
the endogenous Toll ligand. The cells were then analyzed for the
downstream production of the antimicrobial peptide drosomycin
by qRT-PCR. In cells treated with the negative control MigR1
RNAi construct, drosomycin production was induced with rSPZ
addition. Furthermore, cells treated with Toll RNAi did in fact lose
drosomycin induction. However, drosomycin induction was not
altered in cells receiving gp93, CNPYa, or CNPYb RNAi (Fig. 7B).
However, because no specific antibodies exist for gp93, CNPYa, or
CNPYb, we are unable to determine whether or not protein levels
are in fact knocked down. Because gp96 has a long half-life, it is
therefore plausible that gp93 will also have a long half-life. Also, it
is possible that CNPYa or CNPYb could compensate for loss of the
other. Therefore, further experimentation is warranted to defini-
tively prove the role of gp93, CNPYa, and CNPYb in Drosophila
Toll biology.

Discussion

Further supporting our report of gp93 being the ortholog of
gp96 and highlighting the high level of sequence conservation,
we find that gp93 and gp96 can dimerize (11). Turning our
attention to the CNPY family, we discover �50% sequence ho-
mology between CNPY3 and CNPYb, with a similar pattern of 6
cysteines and a C-terminal basic region. Utilizing our previously
published model, we find that the addition of CNPYb in gp93-
expressing cells, but not CNPYa, improves TLR expression. Unex-
pectedly, the presence of either CNPYa or CNPYb diminishes �
integrin expression yet improves � integrin expression, even in the

absence of gp93. Biochemical analysis finds that both gp96 and
gp93 can bind both CNPY3 and CNPYb, highlighting further sim-
ilarities between the mammalian and Drosophila systems.

Because gp93 and CNPYb can interact and because CNPYb
improves TLR expression, we believe that CNPYb is acting as a
cochaperone. Furthermore, because both CNPYa and CNPYb
can improve �2 integrin expression in the absence of gp93, they
appear to positively regulate its expression in a more dominant
manner than gp93 itself. Conversely, both Drosophila CNPYs
seem to negatively regulate �L and �4 expression. It is possible
that these CNPYs are chaperones for � integrins and negative
regulators for � integrins, perhaps via inhibiting ATPase activ-
ity or the client-binding domain of gp93. This would be com-
parable with the various cochaperones for HSP90, which can
either inhibit or activate ATP hydrolysis to differentially affect
chaperone function of specific client proteins (16).

Cysteine analysis determines that Cys-36, Cys-39, Cys-92,
and Cys-183 in CNPYb are all important for TLR4 expression;
yet only Cys-39 and Cys-183 play a role in TLR2 expression.
These data suggest that Cys-39 and Cys-183 may interact via a
disulfide bridge and that this interaction may be important for
general cochaperone function. Thus, ablation of either residue
disrupts the interaction and hence phenocopies the other. This
further supports the idea of a folded clam structure and even mir-
rors the investigation of single nucleotide polymorphisms in
CNPY3 where differential dependence of a residue was seen for
various TLRs (6). This may indeed be the same case with CNPYb.

Moving to a Drosophila system utilizing S2* cells, RNAi
administration was effective at knocking down RNA expression

Figure 4. gp93 and CNPYb dimerize. A, gp96-deficient pre-B cells were retrovirally transduced with gp96Flag or gp93Flag alone or in combination with
CNPY3Myc or CNPYbMyc. Lysate was resolved on a SDS-PAGE and probed for Myc and �-actin expression. B, lysate from cells expressing CNPYb and either gp96
or gp93 were immunoprecipitated (IP) with Flag (F) or isotype (iso) control antibody in the presence of DSP, resolved on a SDS-PAGE, and blotted for Myc
followed by Flag. C, lysate from cells coexpressing either gp96 or gp93 with CNPY3 or CNPYb were immunoprecipitated with Myc (M) or isotype control
antibody in the presence of DSP, resolved on a SDS-PAGE, and probed for Flag expression.
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of gp93, CNPYa, and CNPYb. However, with the addition of the
Toll ligand SPZ to the cells, we did not see diminished Toll
signaling as evidenced by drosomycin expression. Although
gp93 and CNPYb can chaperone mammalian TLRs, it is possi-
ble that they do not chaperone Drosophila Toll. However, we
are unable to make a conclusion because we technically cannot
verify protein knockdown. Because gp96 has a long half-life, it is
quite possible that gp93 also has a long half-life. Therefore,
although RNA levels are affected, protein levels may not be
affected. Furthermore, it is possible that CNPYa or CNPYb can
compensate for loss of the other or that gp93 and CNPYb may
chaperone the other Drosophila Toll members. Although we
looked specifically at Toll-1, there is also Toll-2 to Toll-9. How-
ever, TLR4 is the most similar to Toll-1 and only Toll-5 and
Toll-9 may also be involved in immunity (17). Therefore, it
seems unlikely to us that gp93 would not chaperone Toll-1.
Unfortunately, this delineation requires further investigation.

In addition to Drosophila Toll molecules, it is also possible
that gp93 may chaperone any or all of the seven Drosophila
integrins, because supporting evidence exists in the literature.
Specifically, several Drosophila integrins are expressed in the
midgut (�PS1, �PS3, �PS, and ��) (18 –21). Furthermore, migra-
tion of the primordial midgut cells is defected in �PS KO flies.
This phenotype is then exacerbated in �PS/�� double KO flies
where migration of the midgut cells is completely blocked (19).
Similarly, gp93 KO flies have severe defects in larval midgut

development (12). Because gp93 KO and �PS/�� double KO
flies seem to phenocopy each other, we believe that gp93 must
chaperone some or all of the Drosophila integrins similar to
how gp96 chaperones various mammalian integrins (13, 15).

From our data contained herein and previously published, we
have started to uncover gp93 biology. We find that gp93 alone is
required for � and � integrin expression; yet gp93 and CNPYb
together are required for optimal TLR expression. We also find
that CNPYa and CNPYb alone can rescue �2 expression (Fig.
8). In Drosophila, there exists only five � integrins (�PS1, �PS2,
�PS3, �PS4, and �PS5) and two � integrins (�PS and ��) (22).
Future studies should focus on a Drosophila system to identify
the endogenous role of gp93, CNPYa, and CNPYb in relation to
the nine Tolls and seven integrin subunits. We believe that gp93
will be found to chaperone one or all of the Drosophila Tolls along
with CNPYb and that CNPYa and CNPYb will further play a role
in � and � integrin regulation. Uncovering the relationship among
these molecules will shed light on the function of the mammalian
gp96, a molecule implicated in various diseases.

Experimental procedures

Sequence alignment

The sequences for murine gp96 (NP_035761), CNPY1
(NM_175651), CNPY2 (NM_019953), CNPY3 (NM_028065),
and CNPY4 (NM_178612) and Drosophila gp93 (NP_651601),

Figure 5. Differential cysteine dependence of CNPYb for TLR expression. A, gp96-deficient pre-B cells expressing gp93Flag were further transduced with
various CNPYb mutants: C36A, C39A, or C92A. CNPY transgene expression was analyzed via increased GFP expression by flow cytometry. B, the indicated cell
lysates were resolved on SDS-PAGE and probed for Myc and �-actin expression. Numbers denote kilodaltons. C, flow cytometry of the indicated cells was
preformed to analyze TLR2 and TLR4 expression. Shaded histograms indicate isotype control staining.
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CNPYa (NM_136703), and CNPYb (NM_140832) were ob-
tained from the National Center for Biotechnology Information
database. Vector NTI (Invitrogen) software was used to align
gene sequences and generate a phylogenetic tree.

Cloning constructs

Murine gp96 and Drosophila gp93 were cloned into the
MigR1 retrovector as previously described (11). The vector
contains a GFP reporter, which is expressed in a bicistronic
fashion, and both constructs were engineered with C-terminal
Flag tags (DYKDDDDK). Murine CNPY3 was amplified from
murine genomic cDNA using the following primers: CNPY3
Not1 forward, catgcggccgcgccaccatggagtccatgtctgag; and CNPY3
myc Not1 reverse, tagcggccgcctacagttcatctttcagatcctcttctgaga-
tgagtttttgttcggggctgtgtgggaggggcga. Drosophila CNPYa and
CNPYb were amplified from S2 cDNA using the following
primers: CNPYa Not1 forward, tagcggccgcgccaccatgctgacgaa-
ggcgcttatc; CNPYa myc Not1 reverse, tagcggccgcctacagttcatc-
tttcagatcctcttctgagatgagtttttgttcgccatcaaagtcatactcctc; CNPYb
Not1 forward, tagcggccgcgccaccatgctcctcaaaagactgcct; and
CNPYb myc Not1 reverse, tagcggccgctcacagctcatccttcagatcc-
tcttctgagatgagtttttgttcgtcgcccttggctttttccct. All CNPY constructs
were designed with C-terminal Myc tags (EQKLISEEDL) and
directly cloned into the MigR1 vector.

Site-directed mutagenesis

A Stratagene QuikChange II XL site-directed mutagenesis
kit was used to create all CNPYb mutants, following the man-
ufacturer’s protocol. Primers were designed with the Strat-
agene online primer design program, and mutants were PCR-
amplified from wild-type CNPYb myc-MigR1. The following
are the primer sequences: CNPYb C36A forward, tcgctacg-
caaaccgcgccgaagcctgcaaaatc; CNPYb C36A reverse, gattttgcag-
gcttcggcgcggtttgcgtagcga; CNPYb C39A forward, aaccgctgcg-
aagccgccaaaatcctggccac; CNPYb C39A reverse, gtggccaggat-
tttggcggcttcgcagcggtt; CNPYb C92A forward, ccctggagaacgtg-
gccgagcgagtgttgg; CNPYb C92A reverse, ccaacactcgctcggc-
cacgttctccaggg; CNPYb C183A forward, cactgaagaagcatctcgc-
cgaggaccatgtgctca; and CNPYb C183A reverse, tgagcacatgg-
tcctcggcgagatgcttcttcagtg. All retrovectors were transfected
into Phoenix-Eco cells for virus production, and virus was then
spin-transduced into the cell line of interest as previously
described (11).

Cell culture

Phoenix Eco cells were grown in 5% CO2 at 37 °C in a humid-
ified incubator. The cells were cultured in DMEM (Sigma) sup-
plemented with 100 units/ml penicillin, 100 �g/ml streptomy-
cin, and 10% FBS (Atlas Biologicals). Wild-type 14.GFP and
gp96 mutant (KO) E4.126 murine pre-B cells harboring an
inducible NF-�B-controlled GFP reporter were a gift from
Randow and Seed (Harvard University) (13). They created the
KO cells via mutagenesis with ICR191. The cells were grown in
5% CO2 at 37 °C in a humidified incubator. The cells were cul-
tured in RPMI 1640 medium (Sigma) supplemented with 0.055
mM 2-mercaptoethanol (Life Technologies), 100 units/ml pen-
icillin, 100 �g/ml streptomycin, and 10% FBS (Atlas Biologi-
cals). The Drosophila hemocyte cell line S2* was a gift from Dr.
Neal Silverman (University of Massachusetts). The cells were
grown at 27 °C without shaking. The cells were cultured in
Schneider’s Drosophila medium (PromoCell) supplemented
with 12.33 mM L-glutamine, 1% GlutaMAX (Gibco), 20
units/ml penicillin, 20 �g/ml streptomycin, and 10% FBS. Ster-
ile technique was used for all cells.

Flow cytometry

Flow cytometry of cells was performed as previously
described (11). Briefly, the cells were blocked and then stained
sequentially with primary and secondary antibodies. Propidium
iodine was added for dead cell exclusion. For intracellular stain-
ing, the cells were fixed with 4% formaldehyde and permeabi-
lized with methanol. The cells were then blocked with serum
alone, followed by antibody staining. Stained cells were then ran
on a FACSCalibur (BD Biosciences) with Cell Quest and ana-
lyzed by FlowJo software.

Western blotting and immunoprecipitation

Western blotting analysis of cells was performed as previ-
ously described (11). Cell lysates were obtained, quantified,
resolved on 10% SDS-PAGE, and then transferred to a polyvi-
nylidene difluoride membrane. The membranes were then
blocked with 5% milk, followed by primary and secondary anti-

Figure 6. CNPYbC183A phenocopies the C39A mutant. A, gp93Flag express-
ing gp96-deficient pre-B cells were further transduced with CNPYbC183A.
CNPYb transgene expression was verified by improved GFP expression ana-
lyzed via flow cytometry. B, lysates from the indicated cells were resolved on
a SDS-PAGE and blotted for Flag, Myc, and �-actin. Numbers denote kilodal-
tons. C, TLR2 and TLR4 expression was analyzed via flow cytometry of the
indicated cells. Shaded histograms indicate isotype control staining.
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body application. Chemiluminescent substrate (Pierce) was
added, and the membrane was exposed to film for visualization.
For immunoprecipitation, the cells were treated with or with-
out DSP cross-linker, as previously described (11), and then
lysed. Lysates were then precleared with protein G beads and

incubated with antibody. Fresh protein G beads were then
added, and the mixture was washed after incubation. Protein
was eluted from the beads and then resolved on 10% SDS-PAGE
as above.

RNAi and Toll signaling

RNAi primers were designed to span 600 – 800 bp of the gene
of interest and all primers contain a T7 promoter site. As a
negative control, one primer set was designed to amplify a
region of the MigR1 vector that, upon BLAST verification,
would not recognize anything within the Drosophila genome.
The following primers were used: CNPYa T7 forward, taatac-
gactcactataggaacgctgacccagacccactga; CNPYa T7 reverse, taa-
tacgactcactataggaccggcgattcgtcgcagtag; CNPYb T7 forward, taa-
tacgactcactataggaataccggcgcagcgaactgcv; CNPYb T7 reverse,
taatacgactcactataggtaagccaatggccccaggcgaa; gp93N T7 for-
ward, taatacgactcactatagggaggccgccacaacggagac; gp93N T7
reverse, taatacgactcactataggggcacctcctcctcgacggt; gp93M T7
forward, taatacgactcactataggaagtactcgcagttcatcaactt; gp93M
T7 reverse, taatacgactcactataggatgtagtagatgtgctcctgctt; MigR1
T7 forward, taatacgactcactataggacctaaaacagttcccgcct; MigR1 T7
reverse, taatacgactcactataggaggaactgcttccttcacga; Toll T7
forward, taatacgactcactataggatatattcagcaacttgggcaac; and Toll

Figure 7. Knockdown of neither gp93, CNPYa, nor CNPYb alone decreases Toll signaling. A, Drosophila S2* cells were treated with RNAi constructs
targeting the N terminus of gp93 (gp93N), the middle region of gp93 (gp93M), Toll, CNPYa, or CNPYb. A MigR1 negative control RNAi construct was also
included. The cells were then analyzed for gp93, Toll, CNPYa, and CNPYb RNA expression via qRT-PCR. B, cells from A were treated with rSPZ, and drosomycin
induction was analyzed via qRT-PCR. Samples were run in duplicate. The data are representative of two independent experiments.

Figure 8. Model of Drosophila chaperone function. Both CNPYa and
CNPYb alone can rescue �2 expression, whereas gp93 alone can rescue �2,
�4, and �L expression. However, gp93 together with CNPYb is required for
optimal TLR2 and TLR4 expression.
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T7 reverse, taatacgactcactataggccaagtgaagttccattaattgc. CNPYa,
CNPYb, and Toll RNAi constructs were PCR-amplified from
S2 cDNA and then cloned into the pGEM-T easy vector (Pro-
mega). These vectors, along with an empty vector MigR1 and
gp93-MigR1, were then used as templates for RNAi production.
After PCR amplification, products were purified and then in
vitro transcribed into RNA using an Epicenter kit and T7 poly-
merase. RNA was incubated at 75 °C for 15 min to anneal sense
and antisense strands and then allowed to cool to room tem-
perature. To digest the remaining DNA, DNase was added to
RNA and incubated at 37 °C for 15 min. Final RNAi prepara-
tions were then purified with Centri Spin-20 columns (Prince-
ton Separations). RNAi was either used immediately or frozen
at �80 °C.

At day �1, S2* cells were split to a density of 1 million cells/
ml. At day 0, the cells were seeded in a 6-well plate at a density
of 2 million cells in 3 ml of medium. Then at day 1, 6 �g of
annealed RNAi in PBS with 125 mM CaCl2 was vortexed, incu-
bated for 15 min, and then added dropwise to cells. The wells
were mixed by gently swirling the plates and left overnight. At
day 2, the cells were again split to 1 million cells/ml to dilute out
the CaCl2. On day 4, an aliquot of cells was taken for determi-
nation of RNAi efficiency by qRT-PCR.

On day 6 after RNAi addition, 1 �M 20-hydroxyecdysone
(Sigma) was added to cells and incubated for 24 h to amplify
Toll signaling as previously described (23). On day 7, 2.4 nM of
recombinant Spaetzle C106 was added to induce the Toll path-
way. After 6 h, mRNA was isolated from cells, and qRT-PCR
was performed to analyze drosomycin induction.

qRT-PCR

qRT-PCR was performed as previously described (11).
Briefly, mRNA was isolated from cells using TRIzol reagent and
then reverse transcribed to cDNA. SYBR Green supermix and a
Bio-Rad iCyler were used for qRT-PCRs. The data were ana-
lyzed on Microsoft Excel using the dCT method, and Drosoph-
ila Rp49 was used as an internal control. The following primers
were utilized: CNPYa forward, tgcagagcatcaagaaccac; CNPYa
reverse, gtgaagctgtaaccttgggc; CNPYb forward, ggaggtcaccc-
aaatgaaga; CNPYb reverse, gctcacagctcctccttgtc; drosomycin
forward, gcagatcaagtacttgttcgccc; drosomycin reverse, cttcg-
caccagcacttcagactgg; Gp93 forward, actacctgagcttcattcgtgg;
Gp93 reverse, atcctccatcacgcccaatttg; Rp49 forward, agatcgt-
gaagaagcgcaccaag; Rp49 reverse, caccaggaacttcttgaatccgg; Toll
forward, gccggtttcacagcggcact; and Toll reverse, gtgctccag-
ttgcggcacca.
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