
Mammalian glycoprotein 96 (gp96) and canopy 3 (CNPY3) are both required for
chaperoning (folding) toll-like receptors (TLRs), infection recognition proteins, and integrins,
cell adhesion molecules. Due to sequence similarity, just as gp96 and CNPY3 chaperone TLRs and
integrins in mammals, we believe glycoprotein 93 (gp93) and canopy b (CNPYb) chaperone tolls and
integrins in Drosophila melanogaster (fruit flies). To investigate this, we are constructing and testing
multiple tools to study gp93 biology. First, toll and integrin genes are being cloned with tags to
detect their expression in Drosophila S2* cells, as most do not have commercially available
antibodies. Therefore, genes are being amplified from fly cDNA via polymerase chain reaction (PCR)
and ligated into a cloning vector. Second, RNA interference (RNAi) constructs specific to chaperone
genes must be made to knockdown their expression in cells. Hence, multiple genes are being amplified
via PCR and in vitro transcribed into RNAi. Lastly, integrin-specific antibodies are being tested via flow
cytometry to confirm integrin expression in S2* cells. Thus far, multiple genes have been cloned,
multiple RNAi constructs have been made, and we have verified integrin βPS expression in S2*
cells. Collectively, these tools will enable us to study gp93 biology.
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INTRODUCTION
Two classes of proteins are involved in innate immunity; toll-like receptors (TLRs) which recognize

infection and initiate immune responses, and cell-surface integrins (Itg) which enable cell-to-cell
adhesion (1). In order to function, glycoprotein 96 (gp96) folds (chaperones) mammalian TLRs and
integrins, while canopy 3 (CNPY3) co-chaperones only TLRs (Fig.1, Previous Data; 2,3). As a chaperone
for TLRs and integrins, mammalian gp96 has implications in autoimmunity, sepsis, Bernard-Soulier
Syndrome, colitis, and cancer (4-6).

Given the structural and functional similarities, Drosophila gp93 and CNPYb have been
implicated as the counterparts (orthologs) to mammalian gp96 and CNPY3, respectively (2). Previous
research has shown that Drosophila gp93 can artificially chaperone mammalian TLRs and integrins
while Drosophila CNPYb appears to co-chaperone mammalian TLRs (Figure 1, Previous Data; 2), but it
has yet to be determined whether or not gp93 and CNPYb can chaperone Drosophila tolls and integrins
(Figure 1, Our Hypothesis).

Although related, the mammalian gp96 system is markedly more complex than the Drosophila gp93
system with more genes in each protein family (Table 1). The relative simplicity of the Drosophila
system makes it more efficient for characterization of the gp93 molecular pathway and, by extension,
that of the gp96 system. This understanding will aid development of immunotherapies directed at
gp96-related diseases.

Underlined genes are known gp96 client proteins. * gp96 co-chaperone

Table 1:
TLR/Toll, integrin, and CNPY family members in mammals and Drosophila

Figure 1:
Chaperone interactions with tolls and integrins  

Left: Diagram of previous data regarding mammalian chaperones and clients in mouse cells, as well as 
gp93 rescue data. Right: Diagram of our hypothesis regarding Drosophila chaperones and potential 

clients in fly cells. ER = endoplasmic reticulum, KO = knock out, Itg = integrin, TLR = Toll-like receptor

Our HypothesisPrevious Data

gp96 KO mouse cell

WT mouse cell

gp96 KO mouse cell with gp93 & CNPYb added

Gene PCR Purified RNAi

Rho1 ✓ - -

DIAP ✓ - -

EVMigR1 ✓ - -

Gp93 ✓ - -

CNPYa ✓ ✓ ✓

CNPYb ✓ - -

Toll ✓ - -

Gene Toll-1 Toll-2 Toll-3 Toll-4 Toll-5 Toll-6 Toll-7 Toll-8 Toll-9 Itg αPS1 Itg αPS2 Itg αPS3 Itg αPS4 Itg αPS5 Itg βPS

PCR ✓ ✓ ✓ - ✓ - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Transformations ✓ ✓ ✓ - ✓ - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Sequencing ✓ ✓ - - ✓ - ✓ ✓ ✓ - - - - - ✓

Our main goal is to determine whether gp93 or CNPYb are the endogenous chaperones
for Drosophila Tolls and integrins. To test this, we will take Drosophila S2* cells and transfect them with
the cloned toll and integrin genes. As the genes are being tagged, we will be able to determine their
protein expression using antibodies specific for these tags. Next, cells will be treated with RNAi
to knock down chaperone genes: gp93 and CNPYb. If these chaperones do indeed fold tolls and
integrins, then their protein expression will be lost. We will be able to visualize this with antibodies
for integrin βps, or for the corresponding tags of each client protein. These experiments will help us
identify whether gp93 or CNPYb are chaperones for these clients.

Future Directions

References
1. Yang, Y., Liu, B., Dai, J., Srivastava, P.K., Zammit, D.J., Lefrançois, L., and Li, Z. (2007). Heat shock protein gp96 is a 
master chaperone for toll-like receptors and is important in the innate function of macrophages. Immunity 26, 215-226.
2. Morales, C., Wu, S., Yang, Y., Hao, B., and Li, Z. (2009). Drosophila glycoprotein 93 Is an ortholog of mammalian heat 
shock protein gp96 (grp94, HSP90b1, HSPC4) and retains disulfide bond-independent chaperone function for TLRs and 
integrins. . Journal of Immunology 183, 5121-5128.
3. Morales, C., and Li, Z. (2017). Drosophila canopy b is a cochaperone of glycoprotein 93 The Journal of Biological 
Chemistry 292, 6657-6666.
4. Morales, C., Rachidi, S., Hong, F., Sun, S., Ouyang, X., Wallace, C., Zhang, Y., Garret-Mayer, E., Wu, J., Liu, B., et al. 
(2014). Immune chaperone gp96 drives the contributions of macrophages to inflammatory colon tumorigenesis Cancer 
Research 74, 446-459.
5. Liu, B., Dai, J., Zheng, H., Stoilova, D., Sun, S., and Li, Z. (2003). Cell surface expression of an endoplasmic reticulum 
resident heat shock protein gp96 triggers MyD88-dependent systemic autoimmune diseases Proceedings of the National 
Academy of Sciences 100, 15824-15829.
6. Staron, M., Wu, S., Hong, F., Stojanovic, A., Du, X., Bona, R., Liu, B., and Li, Z. (2011). Heat-shock protein gp96/grp94 is 
an essential chaperone for the platelet glycoprotein Ib-IX-V complex. Blood 117, 7136-7144.

Acknowledgements
Differential tuition and intramural funding was provided by the University of Wisconsin – Eau Claire’s

(UWEC) Office of Research and Sponsored Programs through multiple grants: Summer Research Experience
for Undergraduates and Student Faculty Research Collaboration grants. Additional funding was provided by
the Blugold Fellows Program and the James and Vicki Lord Larson Fellowship for Undergraduate Research,
both in support of RG. The UWEC biology department also provided money in the form of Ralph E. Duxbury
High Impact Practice Scholarships. Special thanks to UW – Madison's Biotechnology Center for
Sanger sequencing, and Drs. Gingerich and Lyman-Gingerich for discussion and consultation.

Conclusions
In order to study Drosophila gp93 biology, we have been creating and testing various tools. Our

first avenue was to clone toll and integrin genes. Thus far, we have successfully cloned multiple genes,
while others are still in the works. Interestingly, Toll-6 was found to be truncated due to an early stop
codon. Next, we have begun to create RNAi constructs. Although only CNPYa RNAi has been made, all
other genes have been successfully amplified via PCR and will be used for RNAi synthesis. Lastly, an
antibody for integrin βps was tested via flow cytometry. Not only do S2* cells express this integrin, but
we were able to get the antibody to work in our hands. Thus, we have been successful in creating
various tools and testing antibodies to study the gp93 molecular pathway.

Mammals Drosophila

TLRs/Toll
TLR1, TLR2,TLR3,TLR4, TLR5, 

TLR6,TLR7, TLR8, TLR9,TLR10, 
TLR11,TLR12, TLR13

Toll, Toll-2, Toll-3, Toll-4, Toll-5, Toll-
6, Toll-7, Toll-8, Toll-9

Alpha
Integrins

α1, α2, α3,α4, α5, α6, α7, α8, α9,α10, 
α11, αIIb, αD, αE, αL, αM, αV, αX

αPS1, αPS2, αPS3, αPS4, αPS5

Beta
Integrins

β1, β2, β3, β4, β5, β6, β7, β8 βPS, βν

CNPYs CNPY1, CNPY2, CNPY3*, CNPY4 CNPYa, CNPYb

RESULTS

Table 2: 
Cloning of Drosophila tolls and integrins 

Table 3: 
Creation of RNAi constructs 

Figure 5: 
DNA gel electrophoresis for RNAi genes
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Genes were amplified via PCR and ran on DNA gels alongside a
molecular weight marker (MWM) to verify length of amplified
genes. These constructs will be used for creating RNAi.

Figure 6:
Testing of β𝐏𝐒 antibody via flow cytometry 

Drosophila S2* cells were left unstained, or stained with anti-
integrin βPS antibody or an isotype negative control antibody. Cells
were analyzed on a flow cytometer. Percent of gated cells indicated.
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Figure 2:
PCR amplification of Toll and integrin genes

The indicated Drosophila Toll and integrin (Itg) genes were amplified
via polymerase chain reaction (PCR) and ran on DNA agarose gels. A
molecular weight marker (MWM) with DNA of known base pair (bp)
lengths was ran alongside samples to verify size of the PCR amplified
genes of interest.

Figure 4:
Representative sequencing data of integrin βPS
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A) Sequencing trace of Integrin βPS. B) Sequencing data from 'A'
(ItgBPST7) was aligned with the known coding sequence of Itg βPS.

Figure 3:
Representative transformation for integrin βPS 

After ligating the genes of interest into the pGEM-Teasy cloning
vector, competent E. coli cells were then transformed with the
vector and spread on Ampicillin + IPTG + X-Gal LB agar plates.
Blue/White color screening was used to identify colonies that
contained vector and insert (white). White colonies were selected
for sequencing to validate the presence of the inserted gene of
interest. Representative plates are shown for integrin βPS with
negative (-) and positive (+) controls.

(+) Control(-) Control Integrin βPS


