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ABSTRACT 

Studies on the Roles of Translationally Recoded Proteins from  
Cyclooxygenase-1 and Nucleobindin Genes in Autophagy 

Jonathan J. Lee 
Department of Chemistry and Biochemistry, BYU 

Doctor of Philosophy  

Advances in next-generation sequencing and ribosomal profiling methods highlight that 
the proteome is likely orders of magnitude larger than previously thought. This expansion 
potentially occurs through translational recoding, a process that results in the expression of 
multiple variations of a protein from a single messenger RNA. Our laboratory demonstrated that 
cyclooxygenase-3/1b (COX-3/1b), a frameshifted, intron-1-retaining, alternative splice variant 
from the COX-1 gene, is multiply recoded, which results in the translation of at least seven 
different COX-3 proteins. 

Two of the recoded COX-3 proteins that we identified are active prostaglandin synthases 
and are inhibited by non-steroidal anti-inflammatory drugs (NSAIDs). Here we show that the 
other non-prostaglandin-generating recoded COX-3 proteins perform new roles in innate 
immunity, a process in which COX are known to generally function. Our analyses determined 
that these recoded COX-3 proteins bind at or near the amino-terminal region of ATG9a, a critical 
regulator of both canonical (i.e. digestive autophagy associated with mTORc inhibition and 
nutrient deprivation) and non-canonical (i.e. xenophagy involved in the innate immune response 
to invading organisms) autophagy. We further show that this process requires mTORc signaling 
activity, which opposes the digestive pathway. As a final confirmation of the biological 
relevance of these recoded COX-3 proteins and their central role in xenophagy, we demonstrate 
that expression of these COX-3 proteins in an encephalomyocarditis virus infection model 
system differentially affects infectious virion production. 

These COX-3 proteins also associate with recoded cytosolic nucleobindin around large, 
innate immune-related, large LC3-II positive structures (LLPSs). Through mutagenizing 
catalytic residues of recoded COX-3 proteins and drug assays, we determine LLPS formation is 
dependent on oxylipin generation.  

Keywords: Cyclooxygenase, COX-3, Oxylipin, Autophagy, Xenophagy, Non-canonical 
autophagy, Nucleobindin 
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Chapter 1 

Autophagy, recoded cyclooxygenases, and oxylipins 

Abstract 

Autophagy is a catabolic process by which large amounts of cellular biomass are 

engulfed in specialized double-membrane structures, denoted autophagosomes, which then fuse 

with lysosomes to digest cargo for energy and building material.1  Macroautophagy, or canonical 

autophagy, is stimulated by nutrient deprivation and provides a means for cellular survival.  

However, cells may also utilize autophagic machinery for other purposes in the process in non-

canonical autophagy.  For example, cells may use autophagic structures to degrade or isolate 

foreign pathogens in a form of innate immunity known as xenophagy.4 

   An important aspect of autophagy that is yet poorly defined is how the cell chooses 

between target and non-target proteins, organelles, and pathogens.  Or in other words, how does 

the cell create autophagosome structures specific for its appropriate tasks, whether they be in 

canonical or non-canonical autophagy.  Clearly, selective autophagy must employ both protein 

and membrane components, and lipid metabolizing enzymes have been found to be critical in 

both the development of autophagosomes and in cargo selection.1,3 

 Recent work has shown that autophagy is induced by arachidonic acid (AA) liberated by 

cytosolic phospholipase A2 (cPLA2).2  This polyunsaturated fatty acid is the substrate of the 

COXs and other critical signaling enzymes. Whether COX activity is required for AA induction 

of autophagy, however, has not been determined.  Recently, our laboratory has discovered that 

seven proteins are translated from a transcript of the COX-1 gene using alternative translational 

methods (referred to as translational recoding).  These mechanisms include the use of alternative 

start sites, ribosomal frame-shifting, and internal ribosomal entry sites.3  In this dissertation, we 
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report that three of these proteins are binding partners of the vital autophagic regulator, 

autophagic-related protein 9a (ATG9a), and also localize with the auto-immune-associated 

protein nucleobindin (Nuc) around LLPSs. 

Background 

Macroautophagy 

Macroautophagy is well understood in S. cerevisea; but over the past decade intense 

interest has focused on the more poorly understood process of mammalian macroautophagy due 

to its link to innate immunity,4,5 cancer,6 and many other pathological disorders.7 In yeast and in 

mammals, macroautophagy is stimulated by stresses, such as nutrient deprivation8 and hypoxia,9 

where large amounts of biomass are non-selectively engulfed and degraded to produce energy 

and substrates for metabolism.  Under these conditions, the kinase mTOR (target of rapamycin) 

is inhibited, leading to release of the ATG13/ATG17 containing ULK1 complex from mTOR.  

The ULK1 complex then begins the nucleation step of autophagy through its activation of the 

Beclin-1 associated phosphatidylinositol-3 kinase class 3 (PI3KIII) complex.  In the nucleation 

step, Beclin/PI3KIII complex metabolizes phosphatidylinositol-3-phosphate (PI(3)P) at or near 

the endoplasmic reticulum (ER) that evaginates the ER to form the omegasome, which becomes 

the site for autophagosome formation.  Then PI(3)P recruits FYVE domain containing 

proteins/enzymes such as Double FYVE-domain containing protein 1 (DFCP1) and the ATG2-

ATG18 complex.  The E3-like ATG5-ATG12-ATG16L complex is then recruited to the 
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omegasome where it lipidates LC3-I to form phosphatidylethanolamine (PE) conjugated LC3-II.  

LC3-II coats the cup-shaped omegasome, at this stage of maturation termed a phagophore, and is 

essential for phagophore closure to form an autophagosome.  Maturation of phagophore to 

autophagosomes occurs through elongation of the phagophore by incorporating membranes from 

multiple sources such as Golgi, ER, plasma, and mitochondria.  ATG9a, a seven transmembrane 

protein, plays a critical role in recruiting these membranes to phagophore and autophagosomes.   

Figure 1: Pathway and critical components of macroautophagy.  A schematic of the 

macroautophagy pathway with critical components.  Upon stimulation of macroautophagy through 

inhibition of mTOR by starvation, PI3KIII metabolizes PI(3)P which recruits DFCP1 to the 

omegasome.  The omegasome then develops into a phagophore where it is coated by LC3-II 

which aids in closure of the phagophore.  Endosomes then fuse with the autophagosome to 

become an amphisome, LAMP-1 positive.  The amphisome then fuses with a cathepsin D positive 

lysosome which is referred to as an autolysosome.  At this stage, cargo within the autophagosome 

is digested for material and energy.  Elements evaluated in this dissertation are highlighted with an 

orange background. 
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Cargo to be contained in autophagosomes and ultimately digested may be added to the 

phagophore prior to closure.  Alternatively, once autophagosomes have matured into double-

membrane vesicles they fuse with cargo-carrying endosomes to form an amphisome.  

Amphisomes then fuse with lysosomes where cargo is digested by lysosomal enzymes.  A 

diagram illustrating macroautophagy stimulated by nutrient deprivation and the important 

markers used to detect each step of the macroautophagic process used throughout this 

dissertation are shown in Figure 1. 

Macroautophagic machinery is also employed in innate immunity by autophagosomes 

enveloping and digesting invading pathogens.  Reference 10 provides an excellent overview of 

macroautophagy and provides examples of macroautophagic machinery used in innate immunity. 

Non-canonical autophagy and innate immunity 

 In its strictest sense, xenophagy is a process by which invading microbes are engulfed by 

autophagosomes then fuse with lysosomes, for degradation.11  This, therefore, is a type of 

autophagy.  In a larger sense, xenophagy is an autophagic process associated with host defense 

whether through digestive (canonical) or non-digestive (non-canonical) mechanisms.  The first 

evidence of this process was found when pathogen-associated molecular patterns (PAMPs) were 

reported to activate autophagy via Beclin-1 signaling.12  Moreover, innate immune signals 

activated by invading organisms, such as interferon-γ (IFNγ),13 were found to regulate autophagy 

by suppressing NFκB signaling.14  A large body of work now shows microbe pathogenicity 

being effected by autophagy and these data are reviewed extensively by Deretic, V. et. al.12   

With autophagy playing an important role in host defense, many microbes have evolved 

to counter or to even utilize autophagy for replication.  In these processes, microbes often 

manipulate digestive macroautophagy to avoid destruction.  For example, Herpesvirus counters 
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autophagic host defense by blocking autophagic induction through inhibiting Beclin-1 function 

by its viral protein ICP34.5.15  Coxsackievirus B3 (CVB3) also blocks autophagic flux before 

autolysosome formation and uses non-digestive autophagosomes for viral assembly.16  These 

autophagosomes become engorged with CVB3 viruses and form unique large structures termed 

megaphagosomes a type of LLPS.  In contrast, Encephalomyocarditis virus (EMCV) actually 

induces autophagy, although this autophagy does not destroy the virus but acts as a means of 

delivery from the host cell.17   

 

 

Figure 2: Salmonella evokes lipid remodeling in xenophagy. When Salmonella enters a host 

cell it forms a Salmonella-containing vacuole.  In response to Salmonella binding, lipids of the 

vacuole remodel; phospholipase D (PLD) metabolizes phosphatidylcholine (PC) into phosphatidic 

acid (PA) that is then further modified by phosphatidic acid phosphatase (PAP) into 

diacylglycerol (DAG).  DAG activates xenophagy through PKCδ stimulation.  ATG9a is recruited 

to form the double membrane autophagosome that degrades the bacterium. 
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Cargo selection and lipid’s role in autophagy 

Just as in adaptive immunity, it is important for cells to distinguish between self and 

foreign invaders and to have precise systems to select subcellular components, including 

intracellular pathogens, for elimination. The most well-defined player in cargo selection is the 

autophagy receptor sequestrosome-1 (p62).  This protein binds polyubiquitinated polypeptides 

and directs these proteins for degradation by tethering itself with its attached cargo to LC3-II 

situated on the membrane of phagophores.18  When the phagophore closes cargo continues 

through amphisome formation and lysosome fusion to form autolysosomes, where complex and 

cargo are digested.  This process is termed autophagic flux.  Other autophagic cargo receptors 

are being identified for specific sub-forms of autophagy, such as the autophagic receptor Nix 

which is important for mitophagy (digestion of mitochondria).19  Additionally, lipids are 

important for each step of the autophagic process by recruiting and/or regulating autophagic 

machinery.20   

As mentioned above, metabolism of the lipid PI(3)P is critical in omegasome 

development through recruitment of autophagic proteins to the nucleation site.  However, it is 

now clear that phosphatidyl inositol in its various phosphorylated forms plays multiple roles in 

autophagy.  For example, class I PI3K (PI3KI) phosphorylates PI(4,5)P2 to PI(3,4,5)P3 that 

recruits activated protein kinase B (Akt) to activate the mTOR pathway.21,8   

Non-inositol containing lipids are also important regulators of xenophagy.  Phospholipase 

D (PLD) and phosphatidic acid phosphatase (PAP) sequentially produce the critical xenophagic 

lipid against Salmonella Typhimurium infection, diacyglycerol (DAG).8  DAG generation 

activates protein kinase C isoform δ (PKCδ), which induces xenophagy through its downstream 

targets c-Jun N-terminal kinases (JNK) and NADPH oxidase (Figure 2). 
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Unsaturated fatty acids also appear to be critical for autophagy.  Arachidonic acid is 

cleaved from the membrane by cytosolic phospholipase A2 (cPLA2) to induce autophagy in the 

rat macrophage cell line RAW246.7 and in primary human peripheral blood monocytes.2 

Additionally, overexpression of cPLA2 induces autophagy by expressing IFNγ – an important 

signaling protein for xenophagy.  Some specific downstream AA metabolites that induce 

autophagy were the lipoxygenase products leukotriene D4 (LTD4) and leukotriene E4 (LTE4) as 

well as the COX product prostaglandin D2 (PGD2).  Oxygenated lipids, of which leukotrienes 

and prostaglandins are types, collectively are termed oxylipins.  Oxylipins and the enzymes that 

generate them increasingly are being found to play roles in autophagy.2 

Recently, our laboratory showed that the intron-1-retaining COX-1 splice variant, COX-

3/COX-1b, is translationally recoded to produce multiple protein products.2 Two of these 

products synthesize prostaglandins and have similar kinetics and pharmacological properties to 

COX-1.  Three other products are un-glycosylated, do not participate in prostaglandin synthesis, 

and are detected in multiple rat tissues via Western blot (Appendix C).   Figure 3 illustrates the 

protein products and their translational start sites described by our work, which is described in 

more detail in Appendix C.  

In this dissertation, we demonstrate that the translationally recoded un-glycosylated 

forms of COX-3 proteins (denoted as rc57, rc50, and rc44 for their electrophoretic mobility) 

exhibit specific sub-cellular localizations and form a complex with the membrane organizing 

protein ATG9a at or near its N-terminus.  This association is lost upon autophagy stimulation 

with rapamycin, indicating that the rcCOX/ATG9a complex is independent of macroautophagy.  

Moreover, this interaction is never found associated with the omegasome of macroautophagy.  

These, and other data, evaluating autophagic flux confirm that rcCOXs affect non-canonical  
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autophagy.  Since this pathway is frequently associated with xenophagy we tested whether 

rcCOXs affect virus replication.  We demonstrate that viral replication is differentially affected 

by rc57, rc50, and rc44, thus implicating rcCOXs in xenophagy. 

Finally, we studied the biochemical effect of co-expressing rcCOX proteins with 

cytosolic nucleobindin (Nuc), which is also produced by recoding.  Co-expression drives 

formation of LLPSs and this process is dependent on intrinsic oxylipin oxygenase activity of the 

rcCOX proteins as well as other factors we define. 

 

 

Figure 3: Diagram of recoded enzymes/proteins from COX-3 mRNA.  Our laboratory 

previously determined that seven proteins were translationally recoded from rat COX-3 mRNA 

and that two of these are prostaglandin synthases.  The rc72 kDa COX-3 proteins synthesize 

prostaglandins.  Three of these recoded proteins--rc57, rc50, and rc44--are the main subjects of 

this research.  Note the rc47 is translationally recoded from human COX-3. Image is from Dr. 

John Hunter.3  Analogues of these proteins are also encoded by human COX-3 mRNA. 
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Chapter 2 

Recoded COXs complex with ATG9a, a vital component of autophagy 

Abstract 

 Many components induce the development and progression of autophagosomes in their 

role of degrading target biomass.  Lipids are one of these components vital to autophagosomes’ 

development. One way lipids aid in autophagosomal development is in recruitment of autophagic 

machinery.  The autophagic-related protein 9a (ATG9a) is a multi-transmembrane protein known 

to escort autophagic machinery and membrane to autophagosomes and is thus critical in 

autophagy.1  Because of ATG9a’s vital role in autophagy, others have intensively investigated its 

regulation and have identified binding partners and post-translational modifications of ATG9a.8-9 

 Through co-immunoprecipitations, confocal microscopy, and FRET techniques we show 

that rcCOX proteins (denoted as rc57, rc50, and rc44) form a complex with ATG9a at or near the 

amino terminus.  This interaction is dependent on active target of rapamycin (mTOR), 

suggesting that it is important for non-canonical autophagic processes.  We then show that 

rcCOXs are possibly involved in xenophagy by evoking differential effects on replication of 

encephalomyocarditis virus (EMCV).   

Background 

ATG9a is a transmembrane protein that shuttles between Golgi and autophagic structures 

 As stated in Chapter One, lipid composition of autophagosomes plays a critical role in 

both the recruitment of autophagic machinery and in the selection of cargo.  Thus, enzymes that 

metabolize specific fatty acids, such as PI(3)P by PI3KIII, are important in the process of 

autophagy.  Another important element in influencing membrane composition of 
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autophagosomes is the transport of lipids from Golgi, mitochondria, plasma membrane, and ER.  

This transport is performed by ATG9a.1 

Currently, ATG9a is the only known autophagic protein with multiple transmembrane 

domains.  In mammals, ATG9a contains six transmembrane domains and a glycosylation site at 

Arg99.  Additionally, the amino terminus (first 67 amino acids) and carboxy terminus (last 343 

amino acids) of ATG9a are both cytosolic.2  In 2005, Yamada et. al. first identified two forms of 

human ATG9, designated as ATG9L1 and ATG9L2, and showed ATG9L1 to be ubiquitously 

transcribed in all tissues, whereas ATG9L2 was only expressed in placenta and pituitary gland.3  

When transiently transfected into COS7 cells, these forms were found perinuclear under normal 

cellular growth conditions; however, when cells were nutrient deprived, thus activating 

macroautophagy, ATG9a was in a cytosolic pattern and co-localized with LC3.  Also, 

knockdown of ATG9a in HeLa cells decreased the number of autophagosomes under nutrient 

deprivation, suggesting a critical role for ATG9a in autophagy.3 

 Later confocal work demonstrated ATG9a localized specifically to trans-Golgi in 

HEK293 cells under basal conditions.1 Upon activation of autophagy, ATG9a translocated from 

trans-Golgi and transiently interacted with the early endosomal marker Rab7, autophagosomal 

marker LC3, and phagophore marker DFCP1.1,4  This transient interaction indicates that the 

action of ATG9a is in initiating and maturing the phagophore into autophagosomes and not as a 

structural component such as LC3-II. 

Regulation of ATG9a is dependent on both protein binding and post-translational modifications 

 Through depletion experiments, it was shown that ULK1 is a major mobilizer of ATG9a. 

5,1  It has been proposed that ULK1 initiates a pathway that activates ATG9a trafficking where 

the essential component to ATG9a lipid vesicle movement appears to be the motor protein 
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myosin II.6  The method by which ATG9a removes membrane from cellular organelles may be  

accomplished through the membrane-curvature driving protein Bif-1.7  Upon autophagy 

activation, Bif-1 co-localizes with ATG9a, ATG5, and LC3 in cytosol.8,6  Knocking down Bif-1 

in HeLa cells (specifically through its N-BAR domain) has been shown to cause fragmentation 

of Golgi in ATG9a trafficking and autophagosomal formation.6 

An interesting form of regulation is by p38IP and p38α.9  Binding of p38IP on the C 

terminus of ATG9a in starvation conditions causes ATG9a to translocate to the periphery of the 

cell.  In complete medium, MAPK phosphorylates p38α, causing p38α to bind strongly to p38IP, 

which decreases its interaction with ATG9a.  Thus MAPK activity plays a key role in preventing 

ATG9a translocation to the phagophore.  Recently, ATG9a was also shown to be phosphorylated 

on the cytosolic C terminus at Ser761 by ULK1 and AMPK.10  Phosphorylation of ATG9a 

occurred at low levels under rich medium conditions whereas it is phosphorylated by AMPK 

(independently of ULK1) under hypoxic and nutrient-deprived conditions.  Phosphorylation, 

either under basal or hypoxic/nutrient-deprived conditions, causes 14-3-3ζ to bind to ATG9a.  

When this interaction is lost due to mutation of Ser761 to Ala autophagy is impeded in cells 

under hypoxic/nutrient deprived conditions illustrating the importance of 14-3-3ζ binding of 

ATG9a in autophagy.10 

ATG9a is involved in innate immunity 

 Xenophagy is a very well documented process by which autophagic machinery (such as 

ATG9a) is utilized in innate immune host cell defense.  In 2009, ATG9a was shown to be a 

suppressor of the anti-viral dsDNA response.11  Studies with ATG9a knockout mice revealed that 

ATG9a suppressed stimulator of IFN genes (STING) from translocating from the ER to Golgi 

where STING assembles into a complex with TANK-binding kinase 1 (TBK1), activating genes 
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that promote innate immunity.  Later, Kageyama et. al. showed ATG9a played a critical role in 

host cell defense in mouse embryonic fibroblasts (MEFs) infected with the bacterium Salmonella 

typhimurium.12  S. typhyimurium develop in unique structures known as Salmonella-containing 

vacuoles (SCVs).  LC3 then envelopes the SCV, independent of PI3KIII activity, indicating that 

in xenophagy LC3 recruitment does not require the macroautophagy lipid, PI(3)P.  LC3 

recruitment is also independent of ATG9a.  Even though LC3 localization to SCV is independent 

of ATG9a and PI3KIII, ATG9a still played a critical role in the suppression of S. typhimurium 

growth.  This is due to ATG9a’s role in forming the autophagic double membrane around the 

SCV in the periphery of the cell.  The authors concluded that recruitment of LC3 in certain 

xenophagic responses was independent of the formation of a canonical phagophore membrane, 

and that LC3 may in fact be recruited to “alternative target membrane”12 but ATG9a is still 

required in the innate immune response through recruitment of autophagic machinery to the 

pathogen.  The alternative target membrane was later found to be enriched in diacylglycerol 

(DAG).13  Additionally, phospholipase D (PLD) and phosphatidic acid phosphatase (PAP) were 

shown to be required for DAG generation and xenophagy; hence, increasing the number of lipid 

metabolizing enzymes that influence autophagy. 

 In the present research, we describe a novel interactor of ATG9a that functions 

independently of macroautophagy.  We further demonstrate via confocal microscopy that 

rcCOXs localize to cytosol, nucleus, Golgi, ATG9a vesicles, and autophagosomes but not to the 

macroautophagy related ER derived phagophores (omegasomes), endosomes, or lysosomes.  We 

find that rcCOXs interact with the N terminus of ATG9a, an interaction abolished when 

macroautophagy is activated with rapamycin.  We then show rcCOXs differentially effect 

EMCV replication indicating their role in innate immunity. 
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Materials and Methods 

Materials 

 Antibodies used throughout this study are listed in Appendix B and primers used in this 

study are listed in Appendix A. 

Cell culture 

 Chinese hamster ovary (CHO) cells were obtained from ATCC and grown in DMEM/F12 

50:50 medium (Corning) with 10% fetal bovine serum (FBS [Gibco]) and 1% 

penicillin/streptomycin (Gibco) at 37° C and 5% CO2 and used at passages below 20.  Cells were 

passaged by washing the cells twice in phosphate buffered saline (10.4 mM Na2HPO4, 1.7 mM 

KH2PO4, 2.7 mM KCl, 136 mM NaCl pH: 7.4 [PBS]) and trypsinized (0.05% trypsin from 

Sigma-Aldrich) until cells detached and were seeded onto new plates.   

Plasmid DNA purifiction 

 We used a Genelute plasmid mini-prep kit (Sigma-Aldrich) according to the instructions 

of the manufacturer for purification of plasmid DNA from transformed DH5  E. coli cells 

(Invitrogen).  Transformed cells were grown in LB broth (Prepared by adding 10 g Bacto-

Tryptone [BD], 5 g Bacto-Yeast Extract [BD], 10 g NaCl, and 100 mg Ampicillin [Fischer] into 

1 L of water and sterilized by autoclave) overnight at 37° C with agitation at 250 rpm.  After 

incubation, cells were pelleted at 3,000xg for 10 minutes.  The LB broth was removed and 

pellets were resuspended in 200 µL of resuspension buffer (provided by kit).  Cells were lysed 

by the addition 200 µL of lysis buffer (provided by kit).  After inverting tubes twice 350 µL of 

neutralization buffer (provided by kit) was added and samples were again inverted.  Cell debri 

was pelleted in a microcentrifuge for 10 minutes at 14,000 rpm.  Supernatant was removed and 

transferred to mini-prep column provided by the kit (Sigma-Aldrich) and centrifuged again for 1 
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minute at 14,000 rpm.  Then 750 µL of wash buffer was added to the column and centrifuged 

again as before.  The column was dried by centrifugation for 2 minutes at 14,000 rpm.  Elution 

buffer was added to dried columns and centrifuged at 14.000 rpm for 1 minute.  DNA 

concentration was measured using Take3 module for the Synergy H4 Hybrid plate reader.   

DC protein assay 

 DC protein assay kit was obtained from Bio-Rad.  In this process, 5 µL sample was 

placed into wells of a 96-well plate.  Then 25 µL of Reagent A, prepared by addition of 20 µL of 

reagent S into 1 mL of reagent A, was added to each sample and the reaction started by the 

addition of 200 µL of reagent B and allowed to incubate for 15 minutes at room temperature.  

Protein was measured at an absorbance of 750 nm using a Synergy H4 Hybrid plate reader.  The 

measurements were compared to protein standards prepared by serial dilution of 2 mg/mL of 

BSA (Bio-Rad) to 0.05 mg/mL and then measured as described above.  

Transient transfection 

 Transient transfections were performed using CHO cells which were seeded onto 6-well 

plates at a confluency of 70% in DMEM/F12 media with 10% FBS and allowed to incubate 

overnight at 37° C and 5% CO2.  After incubation, DNA was prepared by adding 1500 ng of 

DNA to DMEM/F12 to a total volume of 100 µL.  Then 100 µL of lipofectamine solution (10 µL 

of lipofectamine [Invitrogen] into 90 µL of DMEM/F12) was added and rotated room 

temperature for 20 minutes.  Cells were washed with DMEM/F12 and 600 µL of media was 

added to cells.  Prepared lipofectamin/DNA solution was added to cells, to a total volume of 800 

µL, and allowed to incubate for 2 hours at 37° C and 5% CO2 in incubator.  After incubation, 

800 µL of DMEM/F12 media with 20% FBS was added, and cells were left to incubate at 37° C 

for an additional 22 hours. 
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Site-directed mutagenesis 

 Site-directed mutagenesis experiments were done using the Invitrogen Geneart site-

directed mutagenesis kit.  Primers (listed in Appendix A) were prepared for homologous 

recombination in which the forward primer contained the desired mutation and the reverse 

primer contained at its 5’ end at least 12 nucleotides overlapping the 5’ end of the forward 

primer.  The PCR reaction was performed using platinum Pfx (Invitrogen) following the protocol 

provided, with 100 ng of DNA as template.  Amplification was performed using a GeneAMP 

9700 PCR system thermocycler (Applied Biosystems).  After the polymerase was heat-activated 

at 94° C for 5 minutes, samples were amplified for 18 cycles, in which each cycle was the 

following: 30 seconds at 94° C, 30 seconds at melting temperature of the primers (usually 57° 

C), and amplicons extended at 68° C for 1 minute for every 1000 bp of DNA template.  After 18 

cycles, complete synthesis was assured by an extra 5 minutes of reaction at 68° C.  Amplicons 

were then separated from template by DpnI digestion (New England Bio) for 1 hour at 37° C, 

heat inactivated at 80° C, electrophoresed on a 1% agarose gel in TBE buffer (0.18 M Tris, 0.1 

M boric acid, 2 mM EDTA) with 0.0024% ethidium bromide, and visualized using UV light.  

Amplicons of the appropriate size were then excised from the gel and purified using a Qiagen 

Gel Extraction kit. 

 Purified amplicons were then circularized by homologous recombination using the 

Geneart site-directed mutagenesis module (Invitrogen) where amplicon was added to 5x reaction 

buffer, 10x recombination enzyme, and Dnase/Rnase free water to a final volume of 10 µL.  The 

reaction was allowed to run for 10 minutes at room temperature.  After the reaction, circularized 

amplicon was then transformed into chemical competent DH5α E. coli cells (Invitrogen). 
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 Transformation of amplicons into E. coli was performed according to the protocol 

provided by Invitrogen.  Briefly, DNA was incubated with the competent cells for 30 minutes on 

ice.  After 30 minutes, cells were heat shocked at 42° C for 22 seconds and placed back on ice 

for 2 minutes.  SOC media, provided by the Invitrogen kit, was added at 250 µL for every 50 µL 

of E. coli cells.  Cells were then incubated for 1 hour at 37° C agitating at 250 rpm.  After 1 hour 

incubation, bacteria were inoculated onto LB plates with 100 mg/L ampicillin and cultured at 37° 

C overnight.  The following day, single colonies were picked and cultured in LB broth overnight 

at 37° C.  DNA plasmids were then purified from bacteria. 

Co-immunoprecipitation of ectopic ATG9a and rc57 

 CHO cells were transfected with a N-terminally hemagglutinin (HA)-tagged ATG9a 

(graciously provided by Dr. Tooze’s laboratory at Cancer Research United Kingdom London 

Research Institute)2 and Myc-tagged rc57 and then incubated for 24 hours.  Cells were washed 

twice with 250 µL of TBS (100 mM Tris HCl, 150 mM NaCl pH 7.4) and cells were scraped into 

500 µL of TBS with a cocktail of protease inhibitors (Roche).  Cells on ice were then lysed by 

sonicating until cells were properly lysed (typically between 1-2 minutes) using a Heat Systems-

Ultrasonics W-385 sonicator.  Unlysed cells and nuclei were pelleted by centrifuging samples for 

5 minutes at 4° C and 500xg.  Supernatant was transferred to new Eppendorf tubes with or 

without digitonin (Sigma Aldrich) at a final concentration of 0.05%, and samples were 

solubilized via rotation at 4° C for 15 minutes.  Protein was measured using BC assay as 

described above and equal amounts of protein were added into their respective Eppendorf tubes 

and diluted to 250 µL using wash buffer (100 mM Tris HCl, 150 mM NaCl pH 7.4 with protease 

inhibitors and 0.05% digitonin).  Samples were incubated with 5 µL bead volumes of magnetic 

A/G beads (Thermo Scientific) coated with 2 µg of antibody against HA (Santa Cruz) or non-
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specific antibody, such as against glutathione S transferase (GST) or Myc (Abcam).  Samples, 

antibodies, and beads and were incubated together for 1 hour at 4° C on rotator.  After 

incubation, beads were pelleted with a magnet and supernatant was removed.  Beads were then 

washed twice with 25 bead volumes of TBS and electrophoresis sample buffer (50 mM Tris-

HCl, 0.1% SDS [w/v], 0.4% glycerol [v/v], 0.01% bromophenol blue [w/v]) was added to elute 

protein from the beads.  Polyacrylamide gel electrophoresis and immune-blotting was then 

performed. 

Immunoblot analysis 

Samples were incubated in sample buffer for 10 minutes at 65° C.  Samples were then 

loaded onto 10% polyacrylamide/0.47% bis-acrylamide gels and electrophoresed in running 

buffer (100 mM Tris, 750 mM glycine, 1% [w/v] SDS) at 15 mAmp.  Gels were then transferred 

onto nitrocellulose membrane (0.2 µm, BioRad) in transfer buffer (100 mM Tris, 750 mM 

glycine, 20% [v/v] MeOH) for 1 hour and 15 minutes at 100 V.  Membranes were blocked in 

2.5% milk in PBS for 1 hour at room temperature with gentle agitation and then incubated with 

primary antibody solution (primary antibodies in PBS and 0.1% milk) overnight at 4° C on a 

rotator.  After overnight incubation, membranes were washed three times for 5 minutes each with 

PBST (PBS with 0.1% Tween 20) at room temperature with gentle agitation.  Membranes were 

then incubated with secondary antibody (Li-Cor) in PBS for 1 hour with gentle agitation.  After 

incubation, membranes were again washed 3 times in PBST and scanned by Odyssey Infrared 

Imaging Systems (Li-Cor Biosciences) and visualized using Odyssey software. 

Collagenizing glass slides 

Cover glass slides were collagenized by incubating 2 mL of collagen buffer (0.03 mg/mL 

of rat tail collagen I (Gibco) in MQ water with 0.115% glacial acetic acid v/v) for 1 hour in the 
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dark at room temperature.  After hour incubation, collagen buffer was removed and glass slides 

were washed 3 times with 2 mL of PBS.  Slides were allow to dry and stored in the dark at 4° C.   

Confocal microscopy 

 Cells were washed three times in warm sterile filtered PBS and then fixed by 4% 

paraformaldehyde (Sigma Aldrich) in PBS for 15 minutes gently rocking at room temperature.  

After fixation, samples were washed three times in 1 mL of PBS and blocked for at least 30 

minutes in PBST with 1% goat serum (Sigma Aldrich).  After a 30 minute incubation, samples 

were again washed three times with 1 mL of PBS and incubated for at least 20 hours with 500 

µL of primary antibody in PBST with 1% goat serum.  After incubation, primary antibody 

solution was removed and cells were washed three times for 5 minutes each by gently rocking in 

warm PBS.  Samples then incubated with 500 µL of secondary antibody against mouse, rabbit, 

or chicken IgG antibody and DAPI (Invitrogen) in PBST for 2 hours at room temperature in the 

dark.  After the 2 hour incubation, secondary antibody was removed and samples were washed 

three times, 10 minutes each wash, in PBS gently rocked in the dark.  After washes, slides were 

mounted with ProLong Gold antifade reagent (Life Technologies) and allowed to incubate in the 

dark over night at room temperature.  Confocal micrographs were taken with an Olympus 

Fluoview 1000 confocal microscope mounted on an Olympus IX81 inverted microscope at 60x 

magnification. Sequential scans were taken with filter settings specific for the respective 

secondary antibodies utilized. 

Acceptor photobleach FRET analysis 

 FRET was performed on cells in which ATG9a was tagged at its N-terminus with 

monomeric RFP (mRFP) which was kindly donated to us from Dr. Tooze’s laboratory at Cancer 

Research United Kingdom London Research Institute and rc57 was tagged on a solvent exposed 
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internal loop with enhanced GFP (eGFP).  Sample preparation followed the protocol outlined in 

the confocal microscopy section, without the addition of primary or secondary antibodies. FRET 

calculations were performed on an Olympus Fluoview 1000 confocal microscope mounted on an 

Olympus IX81 inverted microscope at 60x magnification. Acceptor photobleach FRET settings 

followed the manufacturer’s presets utilizing the acceptor photobleach wizard for eGFP-mRFP 

pairing as donor and acceptor, respectively. After regions were assigned, acceptor fluorescence 

was bleached to 25% intensity and distances and efficiencies calculated by Olympus software. 

Förster distances were set to Ro = 4.7 nm, per Peter et al.14 FRET efficiencies were calculated by 

	 	 1 . Distances were calculated by 	

	 ∗ 1 .  Averages for both distance and efficiencies were taken per region as reported, 

n = 10. 

EMCV infection 

 CHO cells were transfected as described above and after 24 hours transfected cells were 

washed twice with 500 µL warm DMEM F-12.  Then 200 µL of DMEM/F12 with EMCV at 

MOI of 1 was added and virus allowed to adsorb for 1 hour with gentle agitation every ten 

minutes.  After adsorption, cells were washed twice with 500 µL of DMEM/F12 and cells were 

incubated with 2 mL of DMEM/F12 with 10% FBS for 36 hours in incubator at 37° C and 5% 

CO2.   After incubation, media was removed and filtered with 0.45 µm sterile filters (Thermo 

Scientific).  Virus-containing media were stored in liquid nitrogen until plaque forming assays 

were performed. 

Plaque forming assay 

 Cells were seeded onto 6-well plates for at least 12 hours with DMEM/F12 with 10% 

FBS and 1% Pen/Strep and were washed twice with DMEM/F12 with 10% FBS.  Then 200 µL 
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of thawed virus serially diluted into sterile PBS was added to cells and allowed to adsorb for 1 

hour with gentle agitation every 10 minutes.  Afterwards, cells were washed twice with 500 µL 

of DMEM/F12 with 10% FBS and then 1% low melting point agarose in DMEM/F12 with 10% 

FBS was overlaid on the cells and agarose was allowed to solidify.  One percent low melting 

point agarose was prepared by melting 2% low-melting point agarose in PBS and rapidly mixing 

it with an equal volume of DMEM/F12 with 20% FBS and immediately overlaying the solution 

onto the cells.  Cells were allowed to incubate at 37° C in incubator for 36 hours.  After 

incubation, plaques caused by virus infection were visualized by adding 200 µL of PBS with 5 

mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), incubated for 1 

hour at 37° C and counted. 

Results 

Confocal microscopy of rcCOXs identifies a role in autophagy 

The rcCOXs investigated in this study do not contain N-terminal signal peptides, we 

therefore hypothesized that they localize to cytosol and we tested this through confocal 

microscopy by imaging CHO cells transiently transfected with C-terminally FLAG-tagged rat 

rcCOX constructs labeled with anti-FLAG antibodies.   

Confocal micrographs showed cells transfected with rc57 or rc50 to exhibit cytosolic 

distribution as well as a punctate pattern of localization, indicative of localizing to organelle 

structures (Figure 4A).  We found two main populations of rcCOX puncta, one form was found 

near or around the nucleus, suggesting a Golgi-like pattern and the other found in the periphery 

suggesting non-Golgi organelles.  We therefore dually-labeled CHO cells transiently transfected 

with rc57 or rc50 with antibodies against rcCOX, anti-FLAG antibody, and antibodies against 

lipid bodies (ADRP), mitochondria (Mitotracker), Golgi (mannosidase-II), or autophagosomes 
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(LC3-II) and imaged using confocal microscopy.  We found the rc57 and rc50 puncta near the 

nucleus were positive for Golgi markers and puncta at the periphery were positive for the 

autophagosome marker. 

   

A 

B 

Figure 4: Sub-cellular localization of rc57, rc50, and rc44. A) FLAG-tagged rcCOX transcripts 

were transfected into CHO cells and visualized by confocal microscopy using antibodies against 

the FLAG tag.  A) The rc57 and rc50 are punctate and cytosolic, while rc44 is found in the 

nucleus and cytosol. B) The rc57 and rc50 FLAG-tagged constructs were again transfected into 

CHO cells and cells were dually labeled with antibodies against FLAG peptide (rcCOX) and 

against either cis-Golgi (ACBD), intermediate Golgi (mannosidase-II), trans-Golgi (TGN46) or 

autophagosome (LC3-II) and imaged by confocal microscope. Purple: Nucleus (DAPI); Red: 

rcCOX; Green: Golgi, autophagosomes; and Yellow: rcCOX and marker co-localization. 
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We next tested for Golgi sidedness by dual-labeling CHO cells transfected with FLAG-

tagged rc57 or rc50 with probes against the rcCOX proteins in combination with markers 

targeting either cis-Golgi (ACBD), intermediate Golgi (mannosidase II), or trans-Golgi (TGN46) 

apparati.  Very little rc57 co-localized with cis-Golgi marker (Pearson’s coefficient: 0.059).  

However, rc57 co-localized strongly with intermediate and trans-Golgi markers (Pearson’s 

coefficient: 0.695 and 0.559 respectively).  In contrast, rc50 co-localized with cis and 

intermediate Golgi markers (Pearson’s coefficient: 0.58 and 0.863 respectively) more than trans-

Golgi (Pearson’s coefficient: 0.127) (Figure 4B).  Unlike rc57 and rc50, rc44 did not exhibit a 

punctate pattern or localize to Golgi and autophagosomes but instead exhibited a cytosolic and 

intranuclear pattern (Figure 4A). 

rcCOXs do not localize to amphisomes but rc50 associates with autolysosomes 

Because rcCOXs co-localized with autophagosomes, we next determined if rcCOXs 

interacted with other autophagic organelles such as amphisomes or autolysosomes.  We again 

transiently transfected CHO cells with FLAG-tagged rc57 or rc50 and dually labeled cells with 

antibodies against FLAG peptide or with antibodies against either LAMP-1 (amphisome marker) 

or cathepsin D (autolysosome marker) and imaged these via confocal microscopy.  Neither rc57 

nor rc50 co-localize with amphisomes (Figure 5).  Similarly, rc57 did not co-localize with 

autolysosomes whereas rc50 did. 

Permeabilization of cells shows rcCOXs are not intraluminal autophagosomal cargo 

 We next determined whether rc57 and rc50 were either intraluminal or on the cytosolic 

surface of Golgi and autophagosomes by permeabilizing the plasma membrane with digitonin 

which causes cytosolic proteins to leak from the cell.  CHO cells were transfected with FLAG-

tagged rc57, rc50, or rc44 for 24 hours and before being prepared for confocal imaging the cells 
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were treated with 20 µM digitonin in PBS for 10 minutes and washed three times with PBS.15  

We labeled cells with the cytosolic marker GAPDH, the intraluminal/membrane bound Golgi 

markers TGN46 or mannosidase-II, or the autophagosome marker LC3-II.  We found digitonin 

treatment washed GAPDH from cytosol of CHO cells while the intraluminal/membrane bound 

Golgi markers continued localizing near the nucleus in a Golgi-like pattern and LC3-II in a 

punctate pattern, indicating digitonin permeabilized cells without disrupting organelle structure. 

Figure 5: Recoded 57 and 50 do not localize to amphisomes while only rc50 localizes to 

autolysosomes.  CHO cells transfected with either FLAG-tagged rc57 or rc50 and dually labeled 

with antibodies against the amphisome marker LAMP-1 or the autolysosome marker cathepsin D 

and imaged using confocal microscope.  Purple: Nucleus (DAPI); Red: rcCOX; Green: LAMP-1 

or cathepsin D; and Yellow: rcCOX and marker co-localization. 
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 The same digitonin treatment removed rc57, rc50, and rc44 from cytosol along with 

cytosolic GAPDH indicating that rc57, rc50, and rc44 are associated with the cytosolic surface of 

Golgi.  This treatment also removed most of the punctate localized rc57 and rc50; however, a 

few punctate structures remained (Figure 6).   

We next determined whether these remaining punctate structures were Golgi or 

autophagosomes by dually labeling CHO cells transfected with rcCOXs against Golgi markers 

TGN46, mannosidase-II, autophagosome marker LC3-II, or autolysosomal marker cathepsin D.  

When these cells were treated with digitonin, we found that rc57 and rc50 ceased to co-localize 

with any Golgi markers.  Similarly, digitonin treatment removed nearly all rc57 and rc50 from 

autophagosomes with only a few rc57 or rc50 positive autophagosomes surviving this treatment.  

Recoded 50 was also nearly all removed from autolysosomes (Figure 7).  We concluded that 

these few instances where rc57 and rc50 co-localized to autophagosomes or autolysosome may 

represent rare examples where rcCOXs are autophagosomal cargo.  Alternatively, these 

structures may represent a minority subset where rc57 and rc50 are more firmly attached to the 

cytosolic surface of membrane.  Additionally, there were some punctate structures of rc57 and 

rc50 that survived digitonin treatment that did not co-localize with either Golgi or 

autophagosome markers.  Together these results indicate that rc57 and rc50 are weakly bound to 

the cytosolic surface of Golgi and autophagosomes probably through interacting with either a 

membrane bound protein or membrane component on the surfaces of those structures.  

Additionally, rc57 and rc50 associate more strongly with a subset of autophagosomes and other 

non-autophagosomal vesicles. 
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Figure 6: Cellular permeabilization shows rc57 and rc50 reside mainly on cytosolic surface 

of Golgi, autophagosomes, and autolysosomes.  CHO cells transfected with rc57 or rc50 were 

permeabilized with digitonin and washed which removed cytosolic GAPDH, rc57, rc50, or rc44 

from cells while organelle bound proteins LC3-II or mannosidase-II were retained.  Purple: 

Nucleus (DAPI); Red: rcCOX; Green: GAPDH, LC3-II, mannosidase-II, or cathepsin D; Yellow: 

rcCOX and protein marker co-localization. 

Figure 7: Digitonin treatment removes rc50 from autolysosomes.  CHO cells transiently 

transfected with FLAG-tagged rc50 were treated with digitonin and dually probed against FLAG 

tag and cathepsin D. Purple: Nucleus (DAPI); Red: rcCOX and Green: cathepsin D. 
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rcCOXs co-localize with ATG9a vesicles 

As the ATG9a, rc57, and rc50 localization pattern were similar, we hypothesized that 

rc57 and rc50 would localize to ATG9a.  We co-transfected FLAG-tagged rc57, rc50, or rc44 

with N-terminal mRFP labeled ATG9a, hereafter referred to as mRFP-ATG9a, and monitored 

co-localization by confocal microscopy.  Near complete overlap of expression between rcCOXs 

and ATG9a was observed with Pearson’s coefficients equal to 0.973, 0.954, and 0.928 for rc57, 

rc50, and rc44 respectively.  The mRFP-ATG9a co-localized with rc57 and rc50 was particularly 

intense at two sites: near the nucleus (indicating accumulation at the Golgi) and at the periphery 

of the cell.  The mRFP-ATG9a only co-localized with rc44 in the periphery of the cell when rc44 

was cytosolic, but did not co-localize with rc44 when the latter protein was intranuclear (Figure 

8A). 

These results were further replicated when we assessed the localization of rc57, rc50, and 

rc44 with endogenous ATG9a using an anti-ATG9a antibody (Figure 8B).  Again, a very high 

degree of overlap between rcCOXs and endogenous ATG9a was observed (Pearson’s 

coefficient: rc57 = 0.74, rc50 = 0.73, rc44 = 0.66); however, when rc44 was nuclear, endogenous 

ATG9a was found in a punctate pattern in the periphery of the cell and no overlap occurred with 

rc44 (Pearson’s coefficient: -0.13).   

We next determined whether these ATG9a positive vesicles represent the digitonin 

insensitive vesicles observed in our previous digitonin experiment due to previous studies 

showing ATG9a is not washed from permeabilized cells.2  We again permeabilized FLAG-

tagged rcCOX transiently-transfected CHO cells with digitonin and dually labeled cells with 

antibodies against ATG9a and FLAG peptide.  As observed before, the cytosolic pool of rc57 

and rc50 washed from cells with digitonin treatment but a punctate pool persisted.  These rcCOX  
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B 

Figure 8: rcCOXs co-localize with ATG9a.  A) mRFP-ATG9a was co-transfected with either 

FLAG-tagged rc57, rc50, or rc44 into CHO cells and labeled with antibodies against FLAG 

peptide, then visualized using a confocal microscope.  B) FLAG-tagged rcCOX transcripts were 

transfected into CHO cells and co-localization between rcCOXs and endogenous ATG9a were 

visualized by confocal microscopy.  * Images of rc44 in the nucleus.  Purple: Nucleus (DAPI); 

Red: rcCOX; Green: ATG9a; and Yellow: rcCOX and ATG9a co-localization. 

A 
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punctate structures co-localized with ATG9a, which demonstrates that the punctate structures are 

ATG9a vesicles and that the interaction between rc57 and rc50 with ATG9a is strong (Figure 9). 

 rcCOX binds near the N-terminus of ATG9a 

Because confocal microscopy could not distinguish between a general co-localization and 

direct interaction between rcCOXs and ATG9a, we performed co-immunoprecipitation 

experiments to assess ATG9a binding.  This was done by co-transfecting FLAG-tagged rc57 

with N-terminal HA-tagged ATG9a and immuno-precipitating the ATG9a complex using anti-

HA antibody.  We found that rc57 co-immunoprecipitated with HA-ATG9a, demonstrating that 

these proteins, if not binding partners, are in the same protein complex (Figure 10). 

We next examined the binding site of the rcCOX complex on ATG9a.  Due to rcCOXs 

presence in cytosol, we hypothesized that rcCOX would form a complex either to the cytosolic 

amino or carboxyl terminus of ATG9a.  We therefore truncated the last 343 amino acids of the 

Figure 9: Digitonin treatment does not remove rcCOX from ATG9a.  We again performed 

digitonin treatment of CHO cells transiently transfected with either FLAG-tagged rc57 or rc50 and 

dually labeled cells with antibodies against rcCOX (anti-FLAG) and against endogenous ATG9a.  

Purple: Nucleus (DAPI); Red: rcCOX; Green: ATG9a; and Yellow: rcCOX and ATG9a co-

localization. 
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C-terminus of HA-tagged ATG9a (ATG9aΔC) and co-transfected this with FLAG-tagged rc57 

into CHO cells which was subjected to HA antibody immunoprecipitating ATG9aΔC.  Inspite of 

truncation of its C-terminus ATG9a continued to co-immunoprecipitate with rc57 (Figure 11).  

We attempted to confirm that the N-terminus was the rc57 binding site by truncating this region.  

However, after multiple attempts we were unable to achieve ATG9a expression when the 

cytosolic N-terminus was removed (data not shown). 

Next we tested whether the rcCOX binding site on ATG9a was cytosolic or intra-

vesicular by permeabilizing CHO cells transiently transfected with internally eGFP-tagged 

rcCOX and mRFP-ATG9a and then adding trypsin to digest any cytosolic exposed peptide.  

Cells were live-imaged, and any fluorescence signal lost within one minute after addition of 

trypsin was considered to represent cytosolic location of the fluorochrome.15  As previously 

reported by Young et. al.,2 the mRFP signal of mRFP-ATG9a was lost after adding trypsin to 

permeabilized cells indicating the amino terminus of ATG9a is cytosolic.  We replicated this 

Figure 10: Recoded 57 co-immunoprecipitates with ATG9a.  HA-tagged ATG9a was co-

transfected with Myc-tagged rc57 in CHO cells and immunoprecipitated using antibodies against 

HA.  Images are immunoblots probed using primary antibodies against HA (ATG9) and Myc 

(rc57) and visualized using secondary antibodies against mouse IgG (ATG9) and rabbit IgG 

(rc57).  * denotes the Myc-tagged rc57.  This is 1 image out of 3 experiments. 
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result when mRFP-ATG9a was transfected into CHO cells and subjected to trypsin treatment 

(Figure 12).  However, when mRFP-ATG9a is co-transfected with rcCOXs, we found the N-

terminal mRFP signal on ATG9a was largely protected from trypsin digestion, again suggesting 

rcCOX binds near the N terminus of ATG9a. 

To confirm ATG9a-rcCOX complex formation, we then performed photobleach FRET 

confocal microscopy between ATG9a tagged at the N-terminus with mRFP and rcCOXs labeled 

with eGFP at an internal, solvent accessible loop.  Energy transfer efficiency between the mRFP 

and eGFP was strong (rc57/ATG9a: 28%+/-4%; rc50/ATG9a: 27%+/-6%; and rc44/ATG9a: 

38%+/-6%).14,16  We also calculated the distance between the eGPF on rcCOXs and the mRFP 

Figure 11: Recoded 57 co-immunoprecipitates with C-terminally truncated ATG9a.  C 

terminally truncated HA-tagged ATG9a was co-transfected with rc57 into CHO cells with rc57 

and immunoprecipitated by antibodies against HA.  Lysates and elutions were immunobloted 

using antibodies against FLAG-tagged rc57 and HA-tagged ATG9. * denotes the rc57. 
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on ATG9a to be 7.0+/-0.6 nm (rc57/ATG9a), 7.0+/-0.5 nm (r50/ATG9a), and 7.3+/-0.4 nm 

(rc44/ATG9a).  These data suggest binding of ATG9a to be located at or near the amino 

terminus (Figure 13). 

rcCOXs do not co-localize with macroautophagic omegasomes 

 ATG9a transiently interacts with a host of autophagic components such as 

autophagosomes and omegasomes and is known to be required for omegasome formation.  After 

our results showed rcCOXs’ interaction with ATG9a, we next determined whether rcCOXs co- 

 

Figure 12: Recoded COXs protects cytosolic N-terminal mRFP tagged ATG9a from trypsin 

digestion.  CHO cells were transfected with internally eGFP tagged rcCOX and N-terminally 

mRFP tagged ATG9a.  Cells were live imaged using confocal microscopy and then permeabilized 

with digitonin solution and imaged after a minute of treatment.  Then trypsin was added at a final 

concentration of 4 mM and again imaged after a minute of incubation with trypsin.15  Green: 

eGFP-rcCOX; Red: mRFP-ATG9a; and Yellow: rcCOX and ATG9a co-localization. 
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Figure 13: Photobleach FRET analysis reveals rcCOXs form a complex with ATG9a at or 

near the N terminus.  CHO cells were co-transfected with internally eGFP-tagged rc57, rc50, or 

rc44 with N-terminally tagged mRFP ATG9a.  Images are one example out of 10 illustrating the 

efficiency and calculation of distance between eGFP on rcCOX and mRFP on ATG9a.  To the 

right of each image is a scale indicating either the distance or efficiency for each fluorescent 

signal.  Table shows the average efficiencies and distances of 10 cells between the eGFP signal on 

rcCOXs and the mRFP signal on ATG9a. 
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localized with omegasomes.  We co-transfected FLAG-tagged rc57 or rc50 transcipts with the 

GFP-tagged omegasome marker DFCP1 construct (graciously provided by Dr. Andersen at  

Brigham Young University, Provo, UT)10 and labeled rcCOXs with antibodies against FLAG 

peptide, which was imaged by confocal microscopy.  GFP-DFCP1 was found to be perinuclear 

as described by others, but rc57 and rc50 did not co-localize with GFP-DFCP1 (Figure 14).  

These data indicate that rcCOX translocation to autophagosome is not mediated through the 

omegasome or macroautophagic pathway, but may go instead to non-ER derived autophagosome 

organizing structures. 

The rcCOX/ATG9a complex does not require COX catalytic residues 

 Because ATG9a is critical for membrane delivery and rcCOXs are potential oxylipin-

synthesizing enzymes, we determined if rcCOX activity was important for ATG9a/rcCOX 

complex formation.  We, therefore, mutagenized important catalytic residues and transiently  

 

Figure 14: rcCOXs do not co-localize with DFCP1. CHO cells were co-transfected with GFP-

labeled DFCP1 with either FLAG-tagged rc57 or rc50.  Cells were prepped and viewed using 

confocal microscopy.  Purple: Nucleus (DAPI); Red: rcCOXs and Green: GFP-DFCP1. 
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Figure 15: Recoded COX/ATG9a complex is independent of rcCOX activity.  A) FLAG-

tagged rc50 catalytic residues were mutated (H207Q, Y385F, H388Q, or H207/388Q) and these 

constructs were co-transfected with mRFP-ATG9a into CHO cells and probed with antibodies 

against FLAG peptide and imaged by confocal microscopy.  Purple: Nucleus (DAPI); Red: rc50; 

Green: mRFP-ATG9a; and Yellow: rcCOX and ATG9a co-localization. B) FLAG-tagged rc57 

with catalytic residues mutated were co-transfected with HA-ATG9a and immunoprecipitated 

using anti-HA antibodies.  Lysates and elutions were immunoblotted using probes against FLAG 

and HA peptide. 

A 

B 
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co-transfected these constructs with either HA-ATG9a for immunoprecipitation or with mRFP-

ATG9a for confocal imaging.   

 As described in more detail in Chapter 4, residues important for COX oxygenase activity 

are His388, His207, and Tyr385.  We made the following four constructs: 1 - His388 was  

mutated to Gln (H388Q-rcCOX), 2 - His207 was mutated to Gln (H207Q-rcCOX), 3 - both 

His388 and His207 were mutated to Gln (H207/388Q-rcCOX), and 4 - Tyr385 was mutated to 

Phe (Y385F-rcCOX).24, 25  Because rc44 does not contain a His207 only the His388 was mutated 

to Gln.  These constructs were each co-transfected with mRFP-ATG9a and visualized by first 

probing with anti-FLAG antibodies and then imaging the cells with confocal microscopy. 

All of the mutants – H388Q-rcCOXs, H207Q-rcCOXs, H207/388Q-rcCOXs, and Y385F-

rcCOXs – continued to co-localize with mRFP-ATG9a in confocal microscopy images (Figure 

15A).  Furthermore, each mutated rcCOX construct also co-immunoprecipated with HA-ATG9a 

(Figure 15B).  These data illustrate that rcCOX interaction with ATG9a is not dependent upon 

rcCOX activity. 

mTOR inhibitor blocks rcCOX/ATG9a complex 

 Our DFCP1 results suggested that the rcCOX/ATG9a complex is formed for non-

canonical autophagy and is independent of macroautophagy.  We therefore transiently co-

transfected FLAG-tagged rcCOXs with mRFP-ATG9a for 22 hours.  Two hours before 

preparing cells for confocal microscopy we added 1 µM of the macroautophagy stimulating  

small molecule rapamycin.  As reported, we observed upon addition of rapamycin that ATG9a 

mobilized to a cytosolic pattern indicative of macroautophagy activation (Figure 16).10  

However, rapamycin treatment abolished rc57, rc50, or rc44 co-localization with mRFP-ATG9a 

indicating the rcCOX/ATG9a complex is formed in a converse fashion to macroautophagy.  
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Interestingly, rapamycin treatment also caused rc44 to mobilize to a punctate pattern in the 

nucleus. 

rcCOXs’ differential effect on EMCV replication 

 Due to the connection of rcCOXs to the critical membrane chaperone ATG9a and its 

disassociation from ATG9a during rapamycin treatment we hypothesized that rcCOX may play a 

role in non-canonical autophagy such as that associated with innate immunity against viral 

infection.  We tested this by infecting CHO cells that had been transiently transfected with either 

rc57, rc50, rc44 or COX-3 with EMCV.  After 36 hours post-infection the media was removed 

Figure 16: mTOR activity is important for rcCOX/ATG9a association.  CHO cells transfected 

with mRFP-ATG9a and with either FLAG-tagged rc57, rc50, or rc44 were treated with 1 µM 

rapamycin for 2 hours before being prepared for confocal microscopy.  Cells were labeled against 

FLAG peptide.  * denotes cells where rc44 is nuclear and interestingly find rc44 is punctate.  

Purple: Nucleus (DAPI); Red: rcCOX and Green: mRFP-ATG9a. 
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and plaque-forming assay was performed to determine the number of cell-released virions.  Virus 

replication from COX-3 transfected cells did not statistically change compared to empty vector 

transfected cells (Figure 17).  However, we found that rc57 transfected CHO cells statistically 

impeded EMCV replication by ~40% (p-value=0.003) while rc50 statistically increased virion 

replication by ~50% (p-value=0.0002) and rc44 increased EMCV replication by 2-fold (p-

value=0.004).  These results support rcCOXs role in the innate immune response xenophagy. 

Discussion 

Despite containing overlapping portions of the primary sequence of COX-1; rc57, rc50, 

and rc44 each localize to distinct and separate sites in the cytoplasmic/nucleoplasmic 

compartment of the cell. Two of them target different domains of the cytoplasmic face of the 

Figure 17: EMCV replication is affected by rcCOXs overexpression: Cells were transfected 

with rcCOX constructs for 24 hours and then infected with EMCV with a MOI of 1 and allowed 

to grow for 36 hours.  Then media was removed and analyzed via plaque forming assays, arrow 

bars are averages and SEMS based on 2 experiments with 3 data points each.  * = p-value<0.05; 

** =  p-value<0.01; and *** = p-value<0.001 
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Golgi apparatus, with rc57 residing on the trans-medial face and rc50 on the cis-medial.  Each 

protein additionally can be found in the cytosol.  Likewise, rc44 resides in two locations: the 

cytosol and intranuclear compartment.  This cytosolic/intranuclear pattern is similar to many 

transcription factors, which is intriguing since we previously showed that the carboxy-terminal 

region of COX-1 found in rc44 acts as a strong transcriptional transactivator in a yeast two-

hybrid study.17 

From one or both of their respective compartments (except for the intranuclear form of 

rc44), these proteins access and bind to the membrane-transporting protein ATG9a and 

eventually transit to the cytoplasmic surface of autophagosomes.  This occurs independent of any 

oxylipin oxygenase activity possessed by these proteins.  Furthermore, the autophagosomes 

formed through rcCOX/ATG9a transfer of membrane are destined for non-canonical autophagy 

as demonstrated by the facts that they are dependent on mTOR activity and they do not use the 

DFCP1-containing phagophore structure of macroautophagy.  Yet, the autophagosomes 

associated with each rcCOX, while non-canonical, appear to be distinct in character as 

demonstrated by the fact that those associated with rc57 are non-digestive, whereas rc50-

associated autophagosomes mature into autolysosomes with rc50 on their cytosolic surface. 

The role of the Golgi residence of rc57 and rc50 is particularly relevant to non-canonical 

autophagy given the Golgi apparatus’ association with xenophagy.  For example, murine 

immunity-related GTPase family M (IRGM) is a cis-Golgi resident protein under basal 

conditions18 but when RAW 264.7 cells are infected with pathogens such as Mycobacterium 

tuberculosis, IRGM translocates to localize with the M. tuberculosis and enhances mycobacterial 

phagosome maturation.19  This translocation is dependent on the lipid mediators PI(3,4)P and 
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PI(3,4,5)P.20  Although the autophagic machinery aided IRGM mycobacterial phagosome 

maturation, IRGM remained critical for degradation of bacteria in autophagy.14 

Confocal microscopy, co-immunoprecipitation, and photobleach FRET results showed 

rcCOX binds to ATG9a at or near the cytosolic amino terminus.  This binding occurred even in 

the presence of high concentrations of digitonin that solubilizes yet also stabilizes the 

confirmation of membrane proteins.21   

These results provide a new type of binding partner are the most intriguing compared to 

the binding of other molecules to ATG9a since most ATG9a protein interactions occur at the C-

terminus.  For example, p38IP9 and 14-3-3ζ10, both interact with ATG9a’s C-terminal region 

either under basal conditions and even more so when cells are undergoing macroautophagy due 

to nutrient deprivation and/or hypoxia.  Yet we find that activation of macroautophagy through 

rapamycin causes the rcCOX/ATG9a complex to disassociate, indicating that the formation of 

this complex is not involved in macroautophagy, but is instead involved in other forms of 

autophagy such as xenophagy.   

Other results supporting the notion that rcCOX-associated autophagosomes are involved 

with non-canonical autophagy is that we did not find rc57 and rc50 co-localizing with the 

amphisome marker LAMP-1.  Instead, autophagosomes formed by rcCOX may be derived from 

Golgi or are seeded from other membrane in the cell’s periphery.  In either case, each has been 

shown to be a property of xenophagy.  One possibility is that ATG9a, which has been known to 

recruit complexes and membrane to specific autophagic related structures,12 is recruiting rc57 

and rc50 to autophagosomes that may lack membrane or machinery important for fusion with 

endosomes, such as soluble NSF attachment protein receptor (SNARE).22 
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Non-canonical autophagy is frequently evoked by invading organisms and we tested 

whether rcCOXs function in xenophagy by infecting CHO cells transiently transfected with rc57, 

rc50, or rc44 with EMCV and quantifying viral replication.  We found that rc57 impedes viral 

replication while the rc50 and rc44 promotes it.  We believe the fold-differences in viral 

replication caused by the various rcCOXs are a significant under-representation of their effects.  

Our estimates are limited by our transfection efficiency.  Furthermore, we were unable to 

measure virus background caused by virus remaining from the initial infection done on the 

transfected cells.  EMCV replication has been shown to be reliant on autophagy stimulation for 

delivery from the host cell.23  We postulate that rc57 inhibits EMCV replication by forming 

autophagic structures that sequester EMCV within the cell, and the cell may die without EMCV 

fully assembling to an infectable virion.  Recoded 50, in contrast, is shown to co-localize with 

cathepsin D indicating the rc50-formed autophagosomes may continue through autophagic flux, 

which could explain why we see a statistical increase in EMCV replication.20  How rc44 

positively influences viral replication is presently unknown, but is assumed to be through a 

mechanism separate from rc57 and rc50 since it does not localize to autophagosomes.  Thus 

rcCOX proteins provide the cell with a potential repertoire of response proteins to invading 

organisms.  The roles of rcCOXs’ in autophagy provide a previously unexplored area of 

research.  Paramount is our finding that rc57 and rc50 evoke the formation of non-canonical 

autophagosomes and may act as effectors of this critical process; such as involved in innate 

immunity and other physiologic phenomena. 
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Chapter 3 

 Recoded COXs and nucleobindin induce large LC3-II positive structures (LLPSs) 

Abstract 

 Nucleobindin is a multi-domain protein associated with the auto-immune disease 

systemic lupus erythematosus (SLE).6  One of these domains, an N-terminal signal peptide, 

directs Nuc translation into the ER where it is then further processed and secreted from the cell 

through the ER/Golgi pathway.  Studies by Farquhar et. al. reported finding a cytosolic pool of 

Nuc1 that was later shown to be involved in a host of physiological2 and pathosphysiological3 

conditions.  The manner in which cytosolic Nuc is translated into the cytosol has yet to be 

elucidated.   

 Past work in our laboratory has shown Nuc to interact with hypo/un-glycosylated COX 

but at the time of our work unglycosylated COX had yet to be identified.4  Recently, we 

discovered unglycosylated proteins translationally recoded from the COX-1 splice variant, COX-

3.  This chapter focuses on the interaction between recoded COX proteins (rc57, rc50, and rc44) 

and recoded cytosolic Nuc.  Furthermore, we determined through mutagenesis and confocal 

microscopy that translational recoding, which produces recoded COX proteins, also creates a 

cytosolic Nuc (cNuc) described by others.  This cytosolic Nuc drives the production of large 

LC3-II positive structures (LLPSs), which is accentuated by co-transfection with rc57, rc50, or 

rc44.  We also find that cNuc blocks autophagic flux at a point prior to amphisome formation. 

Background 

In 1998, our laboratory found that the C-terminus of non-glycosylated COX proteins 

interacts with an auto-immune associated protein, nucleobindin (Nuc).  This was determined 

using yeast two-hybrid, co-immunoprecipitation, and pull-down assay studies.4  However, non-
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glycosylated COXs were unknown until Hunter et al., in our laboratory, found them in rat tissues 

and demonstrated that proteins of identical size were produced by translational recoding.5  

Because the rcCOX proteins contain potential Nuc interaction domains, we postulated that they 

may act as binding partners of Nuc.  However, determining this required that we resolve a long-

standing paradox regarding nucleobindin: how are nucleobindin proteins targeted to both the 

lumen of the ER/Golgi and to the cytosol?  Solving this problem was essential to testing our 

hypothesis because only the cytosolic form of Nuc could interact with the cytosolic recoded 

COX proteins that Dr. Hunter5 had identified. 

Nucleobindin is a multi-domain protein with many physiological roles and two subcellular 

locations 

 Nucleobindin was identified as a protein bound to DNA in the extracellular matrix of 

mice (lpr/lpr) with the auto-immune disorder systemic lupus erythematosus (SLE).6  It was 

further shown that DNA-bound Nuc elicited a SLE-like phenotype in mice when injected 

peritoneally.7  Sequence analysis and protein structural studies found that Nuc contains a leucine 

zipper DNA binding domain8 and two high affinity, calcium-binding EF-hands,9 preceded by an 

N-terminal, cleavable signal peptide, which directs translation of the protein into the ER/Golgi 

secretory pathway.  Indeed, confocal and subcellular fractionation experiments confirmed Nuc to 

reside in Golgi from where it is secreted.10  These studies lead Farquhar and colleagues to 

postulate that Golgi-resident Nuc,10 via its Ca2+-binding EF hands regulates Ca2+ homeostasis in 

the Golgi lumen.1 However, later studies found robust levels of Nuc in the cytosol where it binds 

Gαi proteins,11,2 regulating their activity by inhibiting Gαi1’s release of GDP.12    Additionally, 

cytosolic Nuc also contains a serine protease active site at its C-terminus that is allosterically 

regulated by Zn2+ ions binding to sites near its N-terminus.13   
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Cytosolic Nuc has been found to regulate a number of pathways and physiological 

phenomena.  For example, cytosolic Nuc negatively regulates the unfolded protein response 

(UPR) by inhibiting site-1-protease (S1P) cleavage of activating transcription factor 6 (ATF6).14  

The C-terminus of cytosolic Nuc also binds amyloid precursor protein (APP), leading to a 

decrease in APP levels in neuroblastoma cells.15  Levels of Nuc in brains of those afflicted with 

Alzheimer’s disease were shown to be substantially lower than those without Alzheimer’s 

disease of the same age.3  Thus Nuc’s multiple domains help it to be utilized in multiple roles in 

cellular signaling and immunity. 

Cytosolic nucleobindin occurs through translational recoding 

Cytosolic Nuc found in AtT-20, NRK, and REF cells constituted 20%, 50%, and 10%, 

respectively,10 of total Nuc in these cells; whereas CHO cells stably expressing Nuc exhibited 

over 60% of Nuc in cytosol and 40% in membrane (i.e. ER/Golgi).2  Therefore, the question we 

faced was how these cytosolic pools are created given Nuc’s consensus N-terminal signal 

peptide, which should shunt its translation into the lumen of ER. 

We show here that a cytosolic Nuc (cNuc) is translationally recoded at an internal 

initiation site located near the cleavage site of the signal peptide, producing a protein of the 

correct size of cytosolic Nuc observed in cells and tissues.  Remarkably, expression of transiently 

transfected cNuc in CHO cells induces the formation of large LC3-II positive structures (LLPSs)  

We refer to these structures as LLPSs due to their similarity to structures induced by 

coxsackievirus B3 (CVB3) in rat acinar cells.16  Expression of rcCOXs with cNuc potentiates the 

creation of LLPSs, resulting in the co-localization of rcCOX and Nuc onto these large structures. 
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Materials and Methods 

 Cell culture, site-directed mutagenesis, transient transfection, confocal imaging, DC 

protein assay, and immunoblot analysis are described in the Materials and Methods section of 

Chapter 2. 

Sample preparation for p62 immunoblot analysis 

 Cells transiently transfected with constructs of interest were washed in 500 µL of PBS 

and then scrapped into RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% 

deoxycholate, 0.1% SDS).  Cells were lysed by triggering the samples with a 25-gauge needle 11 

times.  Material was pelleted in microcentrifuge at 4° C for 15 minutes at 14,000 rpm.  

Supernatant was placed into a fresh Eppendorf and protein measured using DC assay and 

prepared for immunoblot analysis.  

Results 

Site-directed mutagenesis demonstrates that cNuc is a recoded form of Nuc 

 We performed site-directed mutagenesis on Nuc to determine whether cNuc is formed by 

recoding mechanisms similar to rcCOXs.  Due to reports of cNuc having electrophoretic 

mobility essentially identical to fully processed Nuc, we focused on possible recoding codons 

near the cleavage site of the signal peptide.  Within the signal peptide region, an AUG two 

codons away from the signal peptide cleavage site is conserved in both mouse and rat Nuc but 

not in human.  Myc-tagged Nuc constructs were prepared by mutating the initiating AUG (M1K-

Nuc) and/or the signal peptide AUG to AAA (M1/19K-Nuc, M19K-Nuc).  These constructs 

were compared to a construct utilized in past studies to represent cNuc where the signal peptide 

is removed and an artificial AUG is placed before the cleavage site.  These constructs were 
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transiently transfected into CHO cells and protein products’ electrophoretic mobility were 

analyzed using Western blot (Figure 18). 

 Mutation of the initiating Met (M1K-Nuc) produced a highly expressed doublet of the 

approximate size of fully process wild type Nuc (wtNuc).  This finding suggested two potential 

start sites immediately downstream of the initiating Met.  When we mutated both the initiating 

Met and Met19 (M1/19K-Nuc), protein expression was reduced and only a single protein 

remained.  As expected, mutations of Met19 continued to produce a protein with similar size to 

wtNuc.  Together, these data suggest two potential translational recoding start sites, Met19 and 

another nearby non-AUG codon which are efficiently translated to create cNuc. 

Figure 18: Mutagenesis reveals Nuc is recoded near the N-terminus.  An illustration showing 

the different domains of Nuc (S.P.=signal peptide; B.R.=COX binding region ; E.F.=EF hand; 

L.Z.=leucine zipper) and the nucleotide sequence of the N-terminus of mouse Nuc (wtNuc) with a 

possible ATG codon (green) within the signal peptide where recoding could produce a cytosolic 

Nuc.  We therefore made constructs where the initiating Met (M1K-Nuc), the internal ATG codon 

found in the signal peptide (M19K-Nuc), or both Met codons (M1/19K-Nuc) of Myc-tagged Nuc 

were mutated to AAA and transiently transfected into CHO cells and immunoblots were probed 

with antibodies against Myc tag and actin.  Translated products of the mutants were compared to 

wtNuc and cNuc. 



53 
 

 We next analyzed localization patterns for each of the constructs using confocal 

microscopy.  We found wtNuc in a punctate pattern and cNuc in the cytosol as described by 

Miura et. al. (Figure 19A).8, 9 Interestingly, we also found cNuc co-localized with LC3-II around 

LLPSs in 30% of transfected cells but we never detected these LLPSs in wtNuc transfected cells 

(Figure 19B).  We also noted that both the M1K-Nuc and M1/19K-Nuc constructs had similar 

cytosolic localization patterns and similar induction of LLPSs (around 30% each) as cNuc 

(Figure 20).  We also found smaller LLPSs formed in M19K-Nuc transfected cells but only 

Figure 19: Localization pattern of cNuc and wtNuc.  Myc-tagged wtNuc and cNuc constructs 

were transiently transfected into CHO cells and localization patterns were probed using antibodies 

against Myc, A) mannosidase-II (Golgi), and B) LC3-II (autophagosomes) then imaged using 

confocal microscopy.  White arrows point toward LLPS.  Purple: Nucleus (DAPI); Red: cNuc; 

Green: LC3-II and mannosidase-II; and Yellow: cNuc and protein marker co-localization. 

A 

B 
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~10% of transfected cells contained dysmorphic LLPSs.  These results indicate that a cytosolic 

pool of Nuc described by others can be formed through recoding mechanisms similar to rcCOXs. 

Recoded COXs translocate with cNuc to LLPSs and act synergistically to drive their formation 

Previously, we showed COX and Nuc interaction was dependent on COX being hypo/un-

glycosylated.4  We, therefore, hypothesized that rc57, rc50, and rc44, being unglycosylated and 

cytosolic, would co-localize and/or interact with cNuc.  We confirmed this by co-expressing 

Myc-tagged cNuc with FLAG-tagged rcCOXs, rc57 and rc50, both translocated from Golgi to 

co-localize with cNuc around LLPSs (Figure 21-22).  Likewise, rc44 co-localized with cNuc 

around LLPSs.  While 30% of cNuc transfected cells developed a LLPS, 60% of rcCOX/cNuc 

Figure 20: Recoded Nuc drive LLPS production.  Myc-tagged M1K-Nuc, M19K-Nuc, and 

M1/19K-Nuc were transiently transfected into CHO cells and dually probed with antibodies 

against Myc peptide and LC3-II.  White arrows point to LLPSs.  Purple: Nucleus (DAPI); Red: 

cNuc; Green: LC3-II; and Yellow: cNuc and LC3 co-localization. 
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co-transfected cells contained a LLPS.  LLPSs were usually found near the plasma membrane 

when cNuc was co-expressed with rc57 or rc50 while rc44/cNuc-formed LLPSs were situated 

near the nucleus.  In each transfection experiment, only a subset of cells take up and express 

DNA; however, LLPSs never formed in non-transfected cells within the experiments or in empty 

vector-transfected cells, suggesting that LLPS formation by cNuc or rcCOX with cNuc is 

dependent on cell autonomous activity of these proteins. 

Figure 21: Recoded COXs translocate from Golgi to co-localize with cNuc at LLPSs.  We co-

transfected rcCOXs and cNuc into CHO cells and labeled with antibodies against FLAG (rcCOX), 

Myc (cNuc), and Golgi (mannosidase-II) and imaged using confocal microscopy.  White arrows 

point to LLPSs.  Purple: Nucleus (DAPI); Red: cNuc; Green: rcCOX; Blue: Golgi; and Yellow: 

cNuc and rcCOX co-localization. 



56 
 

Co-transfection of cNuc abolishes interaction between rcCOX and ATG9a 

 In seeing rc57 and rc50 relocate from Golgi to co-reside with cNuc around LLPSs, 

spurred us to investigate whether interaction between rcCOX and ATG9a continued at LLPSs.  

Therefore, we transiently transfected Myc-tagged cNuc and FLAG-tagged rcCOXs into CHO 

cells – labeled cells with antibodies against cNuc, rcCOX, and endogenous ATG9a – and imaged 

the cells using confocal microscopy.  We found that rc57, rc50, and rc44 co-localized with cNuc  

Figure 22: rcCOXs and cNuc co-localize with LC3-II at LLPSs.  We confirmed the large 

vesicles were LLPSs by co-transfecting rcCOXs with cNuc into CHO cells and labeling them with 

antibodies against FLAG (rcCOX), Myc (cNuc), and LC3-II (autophagosomes).  These were 

imaged using confocal microscopy.  White arrows point to LLPSs.  Purple: Nucleus (DAPI); Red: 

cNuc; Green: LC3-II; Blue: rcCOX; Yellow: co-localization between Nuc and rcCOX; and White: 

co-localization between LC3-II, rcCOX, and cNuc. 
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around LLPSs as reported above, but endogenous ATG9a did not co-localize to rcCOX/cNuc-

formed LLPSs (Figure 23). 

cNuc blocks autophagic flux before amphisome formation 

Because autophagic flux is disrupted in LLPSs associated with CVB3 infection of rat 

pancreatic acinar cells, we assessed autophagic flux in rcCOX/cNuc transfected cells.  Because 

Figure 23: ATG9a does not co-localize with cNuc or rcCOX/cNuc formed LLPSs.  We 

transiently transfected CHO cells with Myc-tagged cNuc or Myc-tagged cNuc with FLAG-tagged 

rcCOXs and after 24 hours fixed the cells and labeled cells against ATG9a, Myc, and FLAG 

peptide.  White arrows indicate LLPSs.  Purple: Nucleus (DAPI); Red: cNuc; Green: rcCOX; 

Blue: ATG9a; and Yellow: cNuc and rcCOX co-localizaion. 
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p62 is typically digested in canonical autophagy, accumulation of p62 is a marker for autophagic 

flux disruption.  Analysis of p62 revealed that, 24 hours after transfection, p62 accumulation 

occurred in CHO cells overexpressing cNuc alone and cNuc with rc57, rc50, or rc44 (Figure 24) 

but p62 accumulation did not occur in cells overexpressing rc57, rc50, or rc44. 

We next determined if autophagic flux is blocked before autolysosome formation by 

transfecting Myc-tagged cNuc with FLAG-tagged rcCOXs into CHO cells and probing the cells 

with antibodies against Myc peptide, FLAG peptide, and the autolysosome marker cathepsin D.  

Cathepsin D was found in a punctate fashion throughout the cells but did not co-localize with 

cNuc/rcCOX-formed LLPSs, indicating that flux is blocked before autolysosome formation 

(Figure 25).  We also observed LAMP-1 in a punctate pattern throughout the cell but LAMP-1 

also did not co-localize around LLPSs.  Combined, these data indicate that autophagic flux 

disruption occurs before amphisome formation (Figure 26). 

Because a lack of fusion of LAMP-1 positive endosomes could result from defects in 

endosome formation, we then checked to see if endocytosis was disrupted by cNuc/rcCOX co-

transfection, by co-transfecting cells as described above and incubating cells with 1 µm 

FluoSpheres® carboxylate-modified (540/560) beads (Life Technologies) for 22 hours.  We 

washed the cells twice with PBS and prepared cells for confocal imaging as described earlier.  

Figure 24: Cytosolic Nuc causes accumulation of p62.  Western blot of rcCOX and/or cNuc 

transiently transfected CHO cell lysates probed with antibodies against p62 and actin, loading 

control marker. 
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We found that cells co-transfected with cNuc and rcCOX contain beads indicating that 

endocytosis is unabated. However, we did not find the beads within the LLPSs.  The lack of 

beads within LLPSs again shows that they do not fuse with beads containing endosomes, 

supporting our results with LAMP-1 that endosome fusion to these structures is blocked (Figure 

27). 

 

 

Figure 25: Autophagic flux is blocked before autolysosome formation.  We tested whether 

autophagic flux is disrupted before autolysosome by transiently transfecting rcCOXs with cNuc 

and imaging the cells using confocal microscopy with antibodies probed against cNuc (Myc), 

rcCOX (FLAG), and the autolysosome marker cathepsin-D.  Purple: Nucleus (DAPI); Red: cNuc; 

Green: rcCOX; Blue: cathepsin D; and Yellow: cNuc and LC3 co-localization. 



60 
 

Discussion 

Since the development of ribosomal profiling (a technique wherein ribosomes are stalled 

on the mRNA either during translation initiation or elongation) our understanding has 

dramatically increased regarding the extent to which mRNA is translationally recoded.17  

Translational recoding, through ribosomal frameshifting or an alternative start codon, translates 

modified proteins which may have different functions or localizations from the cap-dependent 

translated product.  This increases protein diversity.  One important example is fibroblast growth 

Figure 26: Autophagic flux is blocked before amphisome formation.  Confocal images of 

CHO cells transiently transfected with FLAG-tagged rcCOXs and Myc-tagged cNuc and probed 

with antibodies against FLAG peptide, Myc peptide, and the amphisome marker LAMP-1.  White 

arrow points to LLPSs.  Purple: Nucleus (DAPI); Red: cNuc; Green: rcCOX; Blue: LAMP-1; and 

Yellow: cNuc and rcCOX co-localization. 
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factor 2 (FGF2)18 where there are five translationally recoded products.19,20,21  Fully translated 

FGF2 contains a nuclear localization signal (NLS) that four of the alternatively translated 

isoforms retain and is therefore localized to the nucleus where it activates genes in an intracrine 

manner.22  The fifth and smallest isoform lacks the NLS and activates its target genes in an 

autocrine or paracrine fashion.  Thus, removing a specific polypeptide signal (in this case the 

NLS) by translational recoding, caused FGF2 gene products to not only localize to different 

compartments of the cell but also to function differently. 

Here we document another instance where an mRNA, Nuc, is translationally recoded to 

produce proteins with differing localization and function compared to cap-dependent translated 

Nuc. 

We provide evidence that the mechanism for generating cytosolic Nuc occurs via 

translational recoding.  Surprisingly, we discovered that cNuc but not wtNuc evoked LLPS 

production.  These structures were also produced by M1K-Nuc, M19K-Nuc, and M1/19K-Nuc 

constructs.  We speculate that the mutation of Met19 to Lys may induce some translation of 

cNuc resulting in a low, but detectable production of LLPSs that are smaller than those driven by 

robust cNuc expression.  Further work is needed to define the precise initiation sequence that 

produces the cNuc proteins, as the M1K and M1/19K-Nuc constructs indicate there are two 

potential sites in close proximity.  Recoding of COX proteins, have demonstrated that in some 

instances a short region of RNA sequence rather than a specific codon, acts as the initiation of 

translocation.  Also, the cellular signal/environment that induces translation of recoded Nuc 

proteins needs to be defined. 
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Our laboratory previously found the immunity-associated protein Nuc to be a binding 

partner of COX and here we show that a recoded form of Nuc, cNuc, co-localizes with rcCOXs 

around LLPSs.  Recoded COXs also cause an increase in the number of transfected cells to form 

LLPSs.  Until recently, LLPSs were found to occur during coxsackieviral infection16 and other 

non-canonical phenomena.23  Here we are able to observe the formation LLPSs in the absence of 

infectious agents, thus providing another system for studying the molecular mechanisms of 

Figure 27: Endocytosed beads are not found within LLPSs.  We used another technique to 

determine if autophagic flux disruption occurred before amphisome formation.  We transfected 

CHO cells with rcCOXs and/or cNuc and incubated the cells with 1.0 µm diameter FluoSpheres 

(Life Technologies) for 22 hours.  White arrows point to LLPSs.  Red: cNuc; Blue: rcCOX; 

Green: beads; and Purple: cNuc and rcCOX co-localization. 
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LLPS formation.  Whether mammalian cells utilize this phenomenon for other biological 

processes has yet to be determined. 

It is also important to consider the correlation between LLPSs and autophagic flux 

disruption.  We found cNuc both formed LLPSs and blocked autophagic flux; however, LLPSs 

lacked both the autolysosome marker cathepsin-D and the amphisome marker LAMP-1.  This 

indicates that autophagic flux is blocked before amphisome formation.  The mechanism by 

which cNuc blocks autophagic flux needs further investigation.  Recently, Jaenisch’s group 

showed that defective amphisome formation in Niemann-Pick type C1 (NPC1) disease is due to 

mutations of NPC1 gene that impede SNARE complex formation, which is important for 

autophagosome/endosome fusion, the step that appears to be disrupted in our studies.24  One 

possibility is that cNuc interacts with SNARE proteins directly and impedes their role in 

organelle fusion.  Due to cNuc’s interaction with Gαi,11, 2 another possibility is that 

activation/inhibition of signaling pathways would lead to the expression of enzymes/effectors 

that produce LLPSs.  Finally, we have discovered another function for the Nuc gene in the 

blockage of digestive autophagy which results in accumulation of p62.   
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Chapter 4 

Large LC3-II positive structure (LLPS) formation is affected by rcCOX redox activity and 

requires oxylipin metabolism 

Abstract 

 Early in evolutionary history cells acquired iron-containing enzymes to deactivate radical 

oxygen species.  These enzymes then evolved to be major components of innate immunity, such 

as cyclooxygenases and lipoxygenases.  The manner in which these enzymes activate innate 

immune responses is through the oxygenation of unsaturated fatty acids, which in turn act as 

signaling molecules.  Cyclooxygenase-mediated oxygenation of unsaturated fatty acids is 

accomplished through radical chemistry in which important catalytic residues Tyr385, His388, 

and His207 are critical (residue numbering based upon ovine COX-1).2  

 We utilize site-directed mutagenesis and prostaglandin synthesis activity assays to show 

that most methionines (Mets) that encode the translation of rcCOXs are not essential for 

cyclooxygenase activity of COX-1.  Through molecular modeling, we also find that rcCOXs 

resemble peroxidase-cyclooxygenase enzymes from plants in that they lack dimerization 

domains and are non-glycosylated.  We demonstrate that rcCOXs are oxylipin generating 

enzymes by mutating important catalytic residues of the COX gene which, in turn, inhibits 

rcCOX/cNuc formation of LLPSs. 

To determine the substrate source for rcCOX activity we found that cPLA2, an enzyme 

that releases COX substrate arachidonic acid (AA) from membrane, is vital for LLPS formation.  

Additionally, one or more endogenous oxygenase enzymes appear to act in place of rcCOX, but 

to a lesser degree when cNuc is expressed in the absence of rcCOXs.  Using LLPS as a marker 

for intracellular rcCOX oxygenase activity, we tested a variety of drugs and show acetaminophen 
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and LOX5 specific inhibitors blocked rc57/cNuc LLPS formation but not LLPS formation 

potentiated by the endogenous oxygenase.  However, a LOX15 specific inhibitor inhibited both 

rc57/cNuc and endogenous oxygenase stimulated LLPS formation.  Combined, these results 

indicate rcCOXs possess unique oxylipin enzymatic capabilities relative to the endogenous 

enzyme and that LLPS formation evoked by rcCOXs or the endogenous enzyme, depend on 

LOX15. 

Background 

Early earth’s highly oxygenated environment led organisms to evolve enzymes that 

deactivate highly reactive oxygen species (ROSs) for survival.  These early enzymes diversified 

and evolved into multiple superfamilies, one such is the peroxidase-cyclooxygenase superfamily, 

which spans both prokaryotic and eukaryotic domains and is involved in a host of cellular 

processes from embryonic development to its major role in innate immunity.  Recent 

construction of phylogenetic relationships reveals that the peroxidase-cyclooxygenase 

superfamily follows the birth-and-death model of evolution.3  In this model, organisms develop 

gene duplications of oxygenase gene precursors (birth) resulting in functional genes and genes 

that are inactive or not expressed (pseudogenes or death).  Peroxidase-cyclooxygenases utilize 

heme as a cofactor that is creviced in conserved alpha helices denoted as the peroxidase site.  

Utilizing the heme, they oxygenate substrates through chemistry producing a substrate radical.  

The oxygenation active site for these enzymes typically are distinct from, but relies upon the 

peroxidase site.  Oxygenated lipids created at the oxygenation site are then reduced at the 

peroxidase site to form the final product.  This reductive step is important for priming oxygenase 

activity.2  Key residues conserved in the peroxidase site, histidine ligands which coordinate with 

heme, are essential for the redox chemistry that occurs at both the oxygenation and peroxidase 
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sites.  The oxygenase site is where substrate, typically an unsaturated fatty acid, is activated to a 

lipid radical.  This site contains an invariant Tyr that is converted into a tyrosyl radical, 

generating the lipid radical that reacts with O2 resulting in oxygenation of the substrate. 

Using genome sequencing, prokaryotic cyclooxygenase like-peroxidases (CLPs) have 

been discovered in Mycobacterium vanbaalenii, Nitrosomas europeaea, and Streptomyces 

avaermitilis.4,5  These CLPs are described from ancestral genes of Homo sapien COX.3  Very 

little is known about the structure of bacterial CLPs and the role they play in cellular survival.  

However, whole-genome sequencing techniques showed N. europeaea CLP mRNA expression is 

induced when the bacterium is stressed, such as by toxic levels of cyanide.5 

Currently, CLPs have also been discovered in an array of plant and fungal species where 

their main role has been defense against invading pathogens,11 but their expression is also 

important for development.12  The CLP, pathogen-inducible oxygenase (PIOX), is induced in 

tobacco leaves when the bacteria Erwinia amylovora invades a host cell.6  The flowering plant 

Arabidopsis thaliana contains a CLP, α-dioxygenase (Ata-DiOx), which is well characterized 

and shown through crystallography to have high secondary structure homology to mammalian 

COX.7  The CLP from Ata-DiOx contains peroxidase and oxygenase sites, but it lacks both the 

epithelial growth factor (EGF) domain necessary for dimerization, and a signal peptide, 

important for translation into the endoplasmic reticulum (ER), found in mammalian COX.  

Interestingly, cytosolic Ata-DiOx CLP is active in an array of different expression systems (such 

as E. coli) and is not dependent upon glycosylation, a mammalian COX post-translational 

modification required for activity.8   

CLPs are also formed in fungi in which take-all fungi (fungi that cause root rot in plants) 

have a CLP denoted as 7,8-linoleate diol synthase (7,8-LDS) that has been cloned,9 
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characterized,10 and shown to form oxylipins like mammalian COX.11  These oxylipins are 

important for both the development and the pathogenicity of take-all fungi.12,13 

Thus, in unicellular and multicellular organisms CLPs are being discovered that bear 

structural similarity to COXs even though they are cytosolic in nature.  Their roles appear to be 

diverse, but frequently involve functions in innate immunity and development.  The roles COX 

performs in mammals extend beyond innate immunity and reproduction.  There are two isoforms 

denoted as COX-1 and COX-2.14  COX-1 plays a role in innate immunity by inducing 

thrombosis15 upon injury which encloses and facilitates the elimination of invading pathogens.16  

COX-2 the inducible form, is involved in a number of physiological roles including but not 

limited to angiogenesis,17 follicle release,18 pyresis,19 and inflammation.20  COX-2 has also been 

implicated in a number of pathophysiological disorders such as arthritis21 and cancer,22,23 in 

which COX-2 regulation is impaired and is overexpressed causing chronic inflammation. 

In addition to containing cyclooxygenases, eukaryotes and prokaryotes also possess other 

oxylipin-generating enzymes. One of these is the iron containing peroxidase family of 

lipoxygenases.  Lipoxygenases (LOXs) are found in unicellular organisms such as Chlorella24 

but also in an array of plants, fungi, and animals.25  In many instances, organisms will contain 

multiple genes that encode different lipoxygenases that are designated by the carbon number of 

arachidonic acid that each oxygenates.26,27  For instance, LOX5 gene encodes a lipoxygenase that 

typically oxygenates carbon 5 on arachidonic acid while LOX15 typically oxygenates carbon 15.   

Oxygenation of lipid substrate in LOX metabolism begins when the iron is oxidized to 

the ferric state.  At this point ferric iron radicalizes the substrate whereupon the ferric iron is 

reduced to the ferrous state.28  Oxygen then reacts with the radicalized substrate to form a 

peroxyl group that forms the intermediate product, hydroperoxy eicosatetraenoic acid (HPETE).  
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The peroxyl group is then reduced by the LOX ferrous iron to form either the final product, 

hydroxyl eicosatetraenoic acid (HETE) or an intermediate product that is further isomerized by 

downstream enzymes.  Due to the use of reactive radical chemistry in LOX product synthesis, 

LOX enzymes, especially reticulocyte LOX15, are shown to self-deactivate similar to COX.29,30   

LOX substrates include free fatty acids such as arachidonic acid and esterified membrane 

bound lipids.  Oxygenation of free fatty acids are sometimes conjugated to peptides (such as in 

generation of cysteinyl leukotrienes) that cause bronchoconstriction and are a source of the 

pathological disorder asthma.31  However, LOXs can also act on esterified fatty acid in 

membranes to cause membrane reorganization rather than creating a diffusible signaling 

molecule.  For example, LOX15 peroxidizes esterified membrane lipids, such as glycero-

phospholipids and cholesteryl-esters, which induces structural changes that causes both red cell 

maturation32 and oxidation of low density lipoprotein in atherosclerosis.33  Membrane 

modifications by LOX15 have also been connected to mitochondrial cargo loading in 

autophagy.45 

Biological roles of lipoxygenases have been difficult to ascertain due to lack of obvious 

phenotypic changes in LOX gene knockout mice.34  These results indicate pathway redundancy 

where multiple enzymes catalyze specific lipoxygenase products or may even play their roles.  

Like COXs and cytochrome P-450, LOXs react to physiological and pathological stresses and 

are shown to be involved in but not limited to inflammation,35,36 cell adhesion,37 and processes 

involving development49 and innate immunity.48 

Materials and Methods 

 Cell culture, site-directed mutagenesis, transient transfection, and confocal microscopy 

procedures used in this chapter are discussed in the Materials and Methods section in Chapter 2. 
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Prostaglandin Synthesis Activity Assay 

 CHO cells were transiently transfected with constructs as described above and allowed to 

incubate at 37° C and 5% CO2 for 24 hours.  After 24 hours, cells were washed twice with 500 

µL of DMEM F/12 media and 500 µL of reaction solution (30 µM arachidonic acid in DMEM F-

12) and incubated at 37° C and 5% CO2 for 30 minutes.  PGE2 synthesis was then measured by 

anti-PGE2 radioimmunoassay.  Cellular media (100 µL) was placed into 10 mL glass tubes with 

100 µL of 50 mM Tris HCl pH 7.5.  Then 100 µL of antibody solution (1 vial of anti-PGE2 

antibody (Sigma) was dissolved into 10 mL of 50 mM Tris HCl, pH 7.4), 100 µL of tracer 

solution (7.5 µL of tritiated PGE2 from Perkin Elmer placed into 10 mL of 50 mM Tris HCl, pH 

7.4) and 100 µL of 50 mM Tris HCl, pH 7.5 was added to each sample tube.  Each sample was 

measured in triplicate.  A standard curve was prepared by serially diluting PGE2 (Sigma Aldrich) 

into 50 mM Tris HCl, pH 7.4, to concentrations between 200 ng/mL to 0.098 ng/mL.  Then 100 

µL of standard was placed into a 10 mL glass vial with 100 µL of tracer, 100 µL of antibody 

solution, 100 µL of DMEM F/12 and 100 µL of 50 mM Tris HCl pH 7.4.  Samples and standards 

were vortexed and allowed to incubate overnight at 4° C. 

 The next day, 200 µL of charcoal solution (0.1 g of dextran and 0.5 g of charcoal added 

and mixed in 25 mL of 50 mM Tris HCl pH 7.4) was added to each sample and standard, 

vortexed, and incubated for 10 minutes at 4° C.  Charcoal was then sedimented via centrifugation 

for 10 minutes at 4° C and 1000xg.  Then 400 µL of the supernatant was transferred to 3 mL of 

Ecoscint A scintillation cocktail (National Diagnostic) in scintillation vials (Perkin Elmer), 

mixed, and counted by a Tri-carb counter (Perkin Elmer).  Data were analyzed using GraphPad 

(Prism) by calculating a best fit dose-response curve using standards prepared above and 

calculating the concentration of PGE2 in each sample. 



74 
 

Cellular drug assay 

 Stock concentration of drugs were prepared in DMSO and stored at -80° C.  On the day 

of treatment, drugs were thawed and added to CHO cells that were transiently transfected as 

described in Chapter 2 at the 20% FBS addition step.  Cells were incubated with drugs for 22 

hours at 37° C.  Cells were then washed three times with PBS and prepared for confocal 

microscopy and imaged as described in Chapter 2. 

Results 

Evolutionary evaluation of methionines responsible for rcCOX recoding and their roles in 

cyclooxygenase catalysis 

 Initiating Mets of rc57, rc50, and rc44 proteins in the COX-1 primary sequence are 

highly conserved in multiple species (Figure 28), indicating these Met are important for COX 

gene function.  To test whether the evolutionary conservation of the initiating Met for rc57, rc50, 

and rc44 is due to their requirement for prostaglandin synthesis, we mutated each rat COX-1 Met 

to Ala (constructs denoted as M57A-COX-1, M50A-COX-1, and M44A-COX-1).  Then we 

transiently transfected these constructs into CHO cells and measured COX-1 activity (by PGE2 

production) using radio-immunoassay.  The results are shown in Figure 29.  There is a ~60% 

decrease in activity in the M57A-COX-1 construct compared to wild type COX-1 (p-

value=1.986E-8), but no statistical difference in activity between wild type COX-1 and the 

M50A-COX-1 and M44A-COX-1 constructs.  To test whether the inhibition in M57A-COX-1 

activity was due to loss of rc57 protein, which can be recoded from COX-1 mRNA,38 we titrated 

a construct that only produces the rc57 with the M57A-COX-1 construct and performed an 

activity assay to determine if activity is restored.  We found that activity was not restored with 

titration of the rc57 construct with the M57A-COX-1 transcript.  This indicates the initiating Met 
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of rc57 is important for COX-1 activity and that some of its conservation is due to a structural 

role that affects catalysis.  The initiating Met of the rc50 and rc44 are not important for COX-1 

activity and, therefore, their evolutionary conservation may be due to other functions, including 

being the translational initiation Met codon for rc50 and rc44. 

 

Structural comparison of CLPs and rcCOXs reveals evolutionary similarities  

 The tertiary structure prediction program I-TASSER generates 3D structures based upon 

a threading/fold recognition methodology.39  As a first step to understand rcCOX structure, we 

used this program to predict structures for rc57, rc50, and rc44.40  These predicted structures 

were then compared to known or predicted Protein Data Base (PDB) crystal structures of non-

mammalian CLP/COX enzymes.41  

Figure 28: Evolutionary conservation of 

initiating Met of rc57, rc50, and rc44.  

Most species contain Met codons that 

initiate translation of the rc57, rc50, and 

rc44.  Met codons are highlighted in green 

showing high conservation.  Image was 

prepared by Dr. John Hunter23 and edited by 

me. 
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The top ten templates utilized by I-TASSER for predicting the tertiary structure of the 

rcCOXs are listed in Table 1.  Predictably all 10 templates used were of COX-1 or COX-2 PDB 

files, due primarily to sequence homology to rcCOXs.  Table 1 also illustrates the proteins I-

Figure 29: Initiating Met of rc57 is important for COX-1 activity.  We mutagenized the 

initiating Met of the rc57, rc50, and rc44 to an alanine and transfected these into CHO cells for 24 

hours.  Cells were then incubated with media containing 30 µM AA 30 minutes before harvesting 

the cells.  PGE2 synthesis into the media was corrected based upon the level of ectopic COX-1 

expression.  A) Western blot of FLAG-tagged COX-1and the rc57, rc50, and rc44 proteins where 

* indicates COX-1 translated proteins.  B) Graphs are averages of 3 experiments each performed 

in triplicate. * p-value < 0.05; ** p-value < 0.01; *** is p-value<0.001. 

A 

B 



77 
 

TASSER identified as having highly similar structures to rcCOXs.  Among these, rcCOXs 

showed similarity to members of the peroxidase-cyclooxygenase superfamily such as plant α- 

dioxygenases, goat lactoperoxidase, and human myeloperoxidase.  C-scores, which measure the 

quality of the predicted model, can range from -5 to 2, and the rc57, rc50, and rc44 models were 

1.85, 1.63, and 1.61 respectively.  The RMSD scores, which measures the average distance 

between 2 atoms, were good for the predicted models of the rc57, rc50, and rc44 which were 

3.4+/-2.4 Å, 3.7+/-2.5 Å, and 3.4+/-2.4 Å respectively. 

 

 

Figure 30: Co-expressing rc57 with M57A-COX-1 does not rescue loss activity.  We titrated 

the rc57 transcript with M57A-COX-1 to test if COX activity was restored by rc57 protein.  Graph 

is an average and SEM of 3 experiments each done in triplicate.  T tests were done by comparing 

the titrations of rc57 and COX1M57A against COX1M57A/Empty. 
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Similar to most non-animal CLPs including the Ata-Dioxs, rcCOXs do not contain a 

dimerization domain and are not glycosylated.  Like these proteins, however, the predicted 

structures for both rc57 and rc50 have globular peroxidase sites formed by alpha helices 

(numbering from N-terminus) four, twelve, and seventeen.  The peroxidase site for rc44 is 

overall well conserved even though it is missing alpha helix 4 (Figure 31).  Recoded 44 still 

Figure 31: I-TASSER predicted structure of rc57, rc50, and rc44.  Image of I-TASSER 

predicted structures of rc57, rc50 and rc44.  On the left column is the side view of the rcCOXs and 

the right column is the top view of the rcCOXs specifically looking into the peroxidase site.  The 

dark blue His residues are the His388 and His207 that are important for heme binding and the red 

Tyr is Tyr385, important for oxygenase activity.  Images generated using UCSF Chimera package 

that was developed by the Resource for Biocomputing, Visualization, and informatics at the 

University of California, San Fanscisco (supported by NIGMS P41-GM103311).1 
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contains H388, the predicted proximal ligand to heme, but not His207, a potential distal ligand to 

heme.  It also has an appropriately oriented Tyr385. 

For rc57 and rc50, potential heme binding residues His207 and His388 are situated within 

a cleft that would coordinate the iron atom of heme.  In contrast, rc44 lacks His207.  Each 

rcCOX contains a predicted active tyrosyl residue (Tyr385) situated on the opposite side of the 

heme plane located at the base of the peroxidase site cleft (similarly found in COX-1 and COX-

2), which would be indicative of an ability to oxygenate lipids.  Unlike rc50 and rc44, rc57 also 

contains the Arg120 residue important for coordinating the carboxyl group of fatty acids, which 

directs the hydrophobic portion of the acyl-chain into the oxygenase site of COX.  Together 

these data suggested that rcCOXs may possess peroxidase activity and potential oxylipin 

generating activity.  Also, differences in each proteins’ active site (e.g. retention of Arg120 in 

rc57, which is absent in rc50 and rc44) raises the potential for synthesis of differing products.  

Site-directed mutagenesis of catalytic residues of rcCOXs influence localization 

From our I-TASSER data we hypothesized the rcCOX effect on LLPS formation is by a 

heme mediated peroxidase or oxygenase activity.  To test this, we first mutagenized important 

catalytic residues Tyr385, His388, and His207 to a Phe,42 Gln, and Gln43 respectively. We also 

made a construct wherein we mutated both His388 and His207 to Gln.  We next co-transfected 

these constructs with cNuc and visualized LLPS formation using confocal microscopy.  In these 

experiments we also used probes against Myc-tagged cNuc, FLAG-tagged rcCOX, and LC3-II 

and examined the localization pattern of the rcCOX constructs described above for possible  
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rc57 

Templates used by I‐TASSER     Proteins with similar structure 

Rank  PDB Hit  Protein  Z score     Rank  PDB Hit  Protein  TM‐score  RMSD 

1  1cqeB  COX1  3.12     1  1prhA2  COX1  0.965  0.7 

2  1cqeB  COX1  3.28     2  1cqeB  COX1  0.962  0.47 

3  1cqeB  COX1  6.02     3  3nt1A2  COX2  0.953  0.9 

4  1cqeB  COX1  5.49     4  4hhrA  αDIOX  0.824  2.92 

5  1cqeB  COX1  3.41     5  2ehaB  LPO  0.823  3.46 

6  2ay1A  COX1  3.24     6  4kvjA  αDIOX  0.82  2.96 

7  1eqgA  COX1  8.99     7  1fe2A3  COX1  0.738  0.56 

8  3nt1A  COX2  5.83     8  1mhlC  MPO  0.659  3.45 

9  1eqgA  COX1  5.2     9  3k07A  CusA  0.363  7.19 

10  3n8zA  COX1  6.33     10  3kk6A2  COX1  0.225  0.83 

           

rc50 

Templates used by I‐TASSER     Proteins with similar structure 

Rank  PDB Hit  Protein  Z score     Rank  PDB Hit  Protein  TM‐score  RMSD 

1  1cqeB  COX1  2.72     1  1prhA2  COX1  0.962  0.68 

2  1cqeB  COX1  2.83     2  1cqeB  COX1  0.959  0.36 

3  1cqeB  COX1  5.31     3  1pxxD  COX2  0.95  0.83 

4  1cqeB  COX1  4.82     4  2ehaB  LPO  0.864  3.28 

5  1cqeB  COX1  3.04     5  4hhrA  αDIOX  0.85  2.61 

6  2ay1A  COX1  3.12     6  4kvjA  αDIOX  0.844  2.57 

7  1cvuA  COX2  8.74     7  1mhIC  MPO  0.767  3.49 

8  3nt1A  COX2  5.67     8  1fe2A3  COX1  0.71  0.48 

9  1cvuA  COX2  4.83     9  3ne5A  CusBA  0.379  6.52 

10  3n8zA  COX1  6.11     10  3kk6A2  COX1  0.251  0.75 

           

rc44 

Templates used by I‐TASSER     Proteins with similar structure 

Rank  PDB Hit  Protein  Z score     Rank  PDB Hit  Protein  TM‐score  RMSD 

1  1cqeB  COX1  2.85     1  1prhA2  COX1  0.955  0.85 

2  1cqeB  COX1  2.3     2  1cqeB  COX1  0.952  0.57 

3  1cqeB  COX1  4.49     3  1pxxD  COX2  0.941  0.91 

4  1mh1C  MPO  4.18     4  2gjmA  LPO  0.863  3.03 

5  1cqeB  COX1  2.6     5  1mhlC  MPO  0.862  2.97 

6  2ay1A  COX1  2.88     6  4hhrA  αDIOX  0.843  2.31 

7  1eqgA  COX1  8.25     7  4kvjA2  αDIOX  0.836  2.33 

8  3nt1A  COX2  5.48     8  1fe2A3  COX1  0.668  0.57 

9  1eqgA  COX1  4.34     9  4djiA  GadC  0.407  5.54 

10  3n8zA  COX1  5.89     10  3kk6A2  COX1  0.285  0.75 
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disruption of cNuc and rcCOX co-localization.  The H388Q-rc57, H388Q-rc50, and H388Q-rc44 

constructs continued to co-localize with cNuc at LC3-II-positive punctate structures  

(autophagosomes) at the periphery of the cell (Figure 32A).  Also, the H207Q-rc57 and H207Q-

rc50 constructs continued to co-localize with cNuc around LLPSs similar to wild type 

rcCOX/cNuc transiently transfected cells (Figure 32B). However, constructs H388/207Q-rc57 

and H388/207Q-rc50 blocked rcCOX co-localization with cNuc; rcCOXs were instead localized 

in large patches around the nucleus.  Cytosolic Nuc remained at the periphery of the cell and 

associated with autophagosomes (Figure 33A-B).  

Most striking were the effects of Y385F-rc57 or Y385F-rc50 mutants co-transfected with 

cNuc, which showed no co-localization with cNuc.  Here, however, Y385F-rc57 and Y385F-

rc50 produced prominent membrane structures situated near the nucleus that were LC3-II 

negative.  Mutation of the Tyr did not affect cNuc targeting to autophagosomes at the periphery 

of the cell.  Mutation of the Tyr in rc44 (Y385F-rc44) also had an effect on its subcellular 

distribution, causing it to localize to autophagosomes in addition to having a diffuse cytosolic 

expression.  Nuclear localization of rc44, seen in some cells, was unaffected by Tyr mutations 

(Figure 33B). 

 

 

 

Table 1 on previous page: Table of both PDB templates for rcCOX construction and PDB 

templates with similar structure.  Tables of PDB templates used for rcCOX construction are in 

the right column and show I-TASSER utilized mainly COX PDB templates for tertiary structure 

prediction due to amino acid sequence similarity.  The left column shows PDB structures similar 

to rcCOXs. 
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Figure 32: H388Q- and H207Q-rcCOXs continue co-localizing with cNuc.  CHO cells were 

co-transfected with FLAG-tagged A) H388Q-rcCOX or B) H207Q-rcCOX and Myc-tagged cNuc 

and probed with anti-Myc, anti-FLAG, and anti-LC3-II antibodies and visualized using confocal 

microscope.  Purple: Nucleus (DAPI); Red: cNuc; Blue: rcCOX; Green: LC3-II; Yellow: cNuc 

and rcCOX co-localization and White: LC3-II, cNuc, and rcCOX co-localization. 

B 

A 
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Figure 33: H388/207Q-rcCOX and Y385F-rcCOX constructs cease co-localizing with 

cNuc.  Confocal images of CHO cells transfected with cNuc and either H388/207Q-rcCOX 

or Y385F-rcCOX and probed with antibodies against Myc tag, FLAG tag, and/or LC3-II 

A) Images of H388/207Q-rcCOX and cNuc.  Purple: Nucleus (DAPI); Red: cNuc; Blue: 

rcCOX; Green: LC3-II; and Yellow: cNuc and LC3 co-localization.  B) Images of cNuc 

transfected with Y385F-rcCOXs.  Purple: Nucleus (DAPI); Red: cNuc and Green: rcCOX. 

B

A
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Site-directed mutagenesis of important catalytic COX residues influence LLPS formation. 

We found cNuc induced LLPS formation in 30% of transfected cells while co-

transfection with rcCOXs doubles (~60%) the percentage of transfected cells containing LLPSs.  

LLPSs are not found in non-transfected cells or cells transfected with empty vector.  Mutation of  

His388 as well as the predicted catalytic Tyr385 caused LLPS production to drop precipitously, 

while the double mutation (His207, His388) gave an intermediate effect, and His207, alone, had 

no effect.  Because Tyr385, and His388 are essential for oxygenase activity, whereas His207 is 

optional (particularly in CLPs), these results suggest rcCOXs possess catalytic activity to form 

LLPSs (Figure 34). 

Analysis of rcCOX oxygenase activity through cPLA2 inhibition 

 Cytosolic PLA2 (cPLA2) is an enzyme that cleaves arachidonic acid from membranes to 

initiate lipid oxygenase mediated pathways such as those producing prostaglandin and certain 

leukotrienes.  Recently, Qi et. al. showed autophagy was induced in murine macrophage cell line 

RAW264.7 by overexpression of cPLA2.44  The authors concluded that interferon-γ-induced 

xenophagy involves activation of cPLA2 and liberation of unsaturated fatty acids.  From this 

report and our results showing that mutagenizing active residues of rcCOX decreases LLPS, we 

hypothesized that arachidonic acid-derived oxylipins drive LLPS formation.  We tested this idea 

by incubating 100 nM of cPLA2 specific inhibitor, N-{(2S,4R)-4-(Biphenyl-2-ylmethyl-isobutyl-

amino)-1-[2-(2,4-difluorobenzoyl)-benzoyl]-pyrrolidin-2-ylmethyl}-3-[4-(2,4-dioxothiazolidin-

5-ylidenemethyl)-phenyl]acrylamide (Calbiochem) with CHO cells transiently transfected with 

either rc57/cNuc or cNuc/Empty for 22 hours.  We then counted LLPSs via confocal microscopy 

and compared these numbers with non-treated samples.  We found both the rc57/cNuc and cNuc 

alone transfected samples only had 10-15% of transfected cells containing a LLPS (Figure 35), a 
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substantial decrease in LLPS formation compared to non-treated cells (p-values = 0.0002 and 

0.02 respectively).  These results indicate cPLA2-generated arachidonic acid is vital for 

formation of LLPSs. 

 

 

Figure 34: Mutation of catalytic residues of rcCOX affects LLPS formation.  CHO cells were 

transfected with Myc-tagged cNuc and either empty vector or FLAG-tagged rcCOX construct, 

probed with anti-Myc, anti-FLAG and anti-LC3-II antibodies and LLPSs counted with a confocal 

microscope.  Graph is the average of two to three experiments where over 150 transfected cells 

were counted each experiment.  * p-value<0.05 and ** is p-value<0.01 and is compared to 

cNuc/Empty samples. 
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Sample  p‐value 

wt rc57/cNuc  0.009998 

Y385F‐rc57/cNuc  0.038835 

H388Q‐rc57/cNuc  0.012447 

H207Q‐rc57/cNuc  0.014169 

H207/388Q‐rc57/cNuc  0.369635 

wt rc50/cNuc  0.008424 

Y385F‐rc50/cNuc  0.018844 

H388Q‐rc50/cNuc  0.004339 

H207Q‐rc50/cNuc  0.012263 

H207/388Q‐rc50/cNuc  0.706801 

wt rc44/cNuc  0.007914 

Y385F‐rc44/cNuc  0.017473 

H388Q‐rc44/cNuc  0.007207 

 

Lipid specific oxygenase inhibitors against LOX and other drugs affect LLPS formation 

 Cytosolic PLA2 inhibition of LLPS production in cNuc transfected cells indicated that 

there is an endogenous enzyme which utilizes a cPLA2 product as a substrate.  It has also been 

reported that a COX product, prostaglandin D2 (PGD2), and LOX products, leukotriene E4 

(LTE4) and leukotriene D4 (LTD4), induce autophagy,44 therefore, we tested whether the 

endogenous enzyme may either be a LOX or COX enzyme.  

We tested this by incubating the inhibitors indomethacin (COX-1 and COX-2), 

acetaminophen (COX-3), PD146176 (LOX15), and the LOX5 specific inhibitor cinnamyl-3, 4-

dihydroxy-α-cyanocinnimate (CDC) and counted the number of transfected cells with a LLPS.   

The results are shown in Figure 36.  We did not see any difference between 5 nM indomethacin-

treated cells and non-treated cells with either cNuc or rc57/cNuc transfected cells (data not 

shown).  However, acetaminophen, LOX5, and LOX15 inhibitors each inhibited rc57/cNuc 

transfected cells in forming LLPS (p-values=0.0008, 0.001, and 1.62E-05 respectively, Figure 

36).  Acetaminophen and LOX5 inhibitor showed selectivity in their inhibition in that they did 

not affect the percentage of cNuc transfected cells with a LLPS while LOX15 inhibitor did (p-

Table 2: List of p-values comparing LLPS formation 

between cNuc and cNuc and mutated rcCOX constructs.  

The left column lists the sample name while the right column 

lists p-values comparing cNuc against cNuc/rcCOX 

constructs’ LLPS formation. 
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values=0.8, 0.94, and 0.02 respectively, Figure 37).  These data indicate that a CHO endogenous 

enzyme provides lipids to cNuc-induced LLPSs in a LOX15 dependent fashion.  In contrast, the 

c57/cNuc system that provides lipids for LLPSs is selectively sensitive to acetaminophen, LOX5 

and is also dependent on LOX15. 

Discussion 

 The initiating Mets of rc57, rc50 and rc44 are highly evolutionarily conserved in the 

COX-1 gene in multiple species, with the highest conservation of the Met codon that initiates 

translation of rc57.  The initiating Met of rc57 is found within the cyclooxygenase active site 

Figure 35: cPLA2 inhibitor blocks LLPS formation.  We transfected CHO cells with either 

rc57/cNuc or cNuc/Empty and incubated these cells for 22 hours with 100 nM cPLA2 specific 

inhibitor.  We then fixed the cells and prepared them for viewing via confocal microscopy.  We 

counted the number of transfected cells that formed a LLPS.  These results are averages and SEMs 

of 3 experiments where we counted between 100-150 cells per experiment.  Two-tailed T tests 

was performed between non-treated samples and cPLA2 treated samples. * p-value<0.05 and ** p-

value<0.01. 
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where COX-1’s substrate, AA, binds and is then oxygenated by Tyr385.2  The initiating Met of 

the rc50 and rc44 are solvent accessible residues on the surface of the globular catalytic domain 

of COX-1 away from the cyclooxygenase active site.  We find for the first time through activity 

assays of COX-1 constructs in which we mutagenize the rc57, rc50, and rc44 initiating Met that 

the initiating Met of rc57 plays a role in prostaglandin synthesis.  The initiating Met of rc50 and 

rc44 do not, hence, their evolutionary conservation may be due their translation of recoded 

proteins that functions in cellular processes.  Further work is needed to determine the role the 

initiating Met of the rc57 plays in prostaglandin synthesis. 

Heretofore, we have demonstrated that rcCOXs, under the influence of cNuc, help effect 

the creation of LLPSs.  Yet the mechanism by which they exerted this unusual intracellular 

membrane remodeling was unknown.  The biological importance of these structures has only 

recently emerged with regard to non-canonical autophagy in cells infected with pathogens such 

as coxsackievirus and T. Salmonella. 

Our studies are the first finding that oxylipin generating activity promotes LLPS 

generation.  We show through mutagenesis that LLPS formation is dependent on the COX gene 

oxygenase catalytic residues Tyr385 and His388 while His207 (the distal ligand to heme) plays 

an insignificant role.  Tyr385 is invariably necessary in oxygenating lipids at carbon-carbon 

double bonds within cyclooxygenase and CLP active sites and is also essential in LLPS creation 

by rcCOX.  The His388 is predicted to coordinate with the iron atom of heme, which is 

important for both priming Tyr385 and reducing oxygenated lipids to form the final product.  

However, even in COX-1 itself, His207 is less important to heme coordination than His388,43 the 

proximal ligand histidine, and in rcCOXs it appears to be unimportant.  Together these data  
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indicate that the peroxidase sites of rcCOXs are different from COX-1 where His207 plays a 

greater role. 

That a heme-mediated, tyrosyl radical-dependent catalytic activity of rcCOXs is 

important for LLPS formation in rcCOX/cNuc co-transfected cells is further buttressed by 

inhibition of LLPS formation by inhibitors of lipid oxygenation.  The results from these 

inhibitors, in addition to supporting the redox-mediated catalytic activity of rcCOXs and the 

Figure 36: Recoded 57/cNuc-induced LLPSs are sensitive to acetaminophen, LOX5, and 

LOX15 inhibitors.  We transfected CHO cells with Myc-tagged cNuc and FLAG-tagged rc57 

transcripts and incubated various drugs with the cells for 22 hours.  We then fixed the cells and 

prepared them for visualization using a confocal microscope by probing them with anti-Myc, anti-

FLAG, and anti-LC3-II.  The graph represents averages and SEM of 3 experiments where we 

counted between 80-140 cells per experiment. Two-tailed T tests were performed comparing non-

treated samples against treated samples.  * p-value<0.05; ** p-value<0.01; *** p-value<0.001. 
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mutagenesis studies, suggest, that rcCOXs are part of a protein complex.  Thus, inhibiting 

rcCOXs, either by selective mutations or drug inhibition creates a dominant negative effect.  

Figure 38 provides a model that is consistent with our data. 

 

For example, we find that two selective redox inhibitors, acetaminophen and CDC, target 

rcCOX/cNuc-induced LLPS formation but not cNuc-induced LLPS formation.  As selective anti-

oxidants, acetaminophen and CDC likely inhibit rcCOX targets by reducing heme iron, blocking 

the oxygenase ability to prime the Tyr important for oxygenizing substrate.  This inhibition is by 

Figure 37: Only the LOX15 inhibitor PD146176 inhibited cNuc-induced LLPSs.  We 

transfected CHO cells with Myc-tagged cNuc transcript and Empty vector and incubated various 

drugs with the cells for 22 hours.  We then fixed the cells and prepared them for visualization 

using a confocal microscope by probing them with anti-Myc and anti-LC3-II.  The graph 

represents averages and SEM of two to three experiments where we counted between 80-140 cells 

per experiment.  * p-value<0.05. 
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selective redox targeting, not general ROSs scavenging, because the concentrations of 

acetaminophen and CDC (micromolar and nanomolar)53 used are far below the concentrations by 

which they act as general antioxidants (millimolar and high micromolar concentrations).52   

Both these inhibitors reduce rc57-created LLPS formation levels, but in the case of 

acetaminophen, LLPS levels were reduced to below that observed in cNuc-transfected cells 

where only the putative endogenous enzyme(s) are operative.  Acetaminophen, therefore, has an 

effect similar to Tyr385 or His388 mutants in which they exert a dominant negative effect.  

Together these data are consistent with the notion that overexpression of rc57 causes it to 

supplant an endogenous enzyme from interacting in an LLPS effector complex, and that 

inhibition of rcCOXs – either by mutation or by drug inhibition – thus causes the observed 

dominant negative effect.  ATG9a, from our experiments reported in Chapters 2 and 3 is a 

candidate as a member of this LLPS effector complex. 

The mechanisms by which inhibitors of LLPS formation act upon their targets are 

important in interpreting our data.  Inhibitors of COX and LOX that act either as competitor or 

redox inhibitors of these enzymes’ active sites often do so by mimicking arachidonic acid.  When 

these inhibit rcCOX they reinforce the concept that the substrate for rcCOX is likely derived 

from free arachidonic acid or is arachidonic acid itself.  Even though they are frequently 

aromatic in structure, they mimic the resonance of a contorted arachidonic acid in the oxygenase 

sites of these enzymes.  Inhibition by the LOX5 redox-acting inhibitor, CDC, could be 

interpreted as either the peroxidase or oxygenase site of rc57 is sufficiently similar to LOX5 that 

this arachidonic acid mimic is bound and quenches the heme or Tyr radical.  This concept is 

buttressed by the finding that cPLA2 inhibition blocks LLPS formation. 



92 
 

Inhibition by the LOX15 specific inhibitor PD146176 provided unexpected insights into 

the nature on the oxylipin-generating system involved in LLPS formation.  This compound is a 

potent, non-competitive, non-redox affecting, highly selective inhibitor of LOX15.51  Both rc57 

and the putative endogenous enzyme were inhibited by this selective inhibitor.  While it is 

theoretically possible that both rc57 and the endogenous enzyme are directly inhibited by the 

compound, it is unlikely.  Although LOX15 is expressed at modest levels in CHO cells50 and 

therefore could be our postulated endogenous enzyme in the LLPS effector complex, such a 

hypothesis would require rc57 to have the structural features of LOX15 that allow selective, non-

competitive binding of the drug resulting in inhibition.  More attractive is that both rc57 and the 

endogenous enzyme(s) both rely upon LOX15 for some part of their function.  For example, they 

may both rely on a LOX15 product, such as 15HPETE to prime their catalytic activities (Figure 

38). 

Finally, inhibition of cPLA2, which provides COX arachidonic acid substrate, shows 

rcCOX’s catalytic activity and specifically metabolism of arachidonic acid is important for LLPS 

formation and that free fatty acids are likely involved in LLPS formation.  We also found that 

inhibition of cPLA2 blocked LLPS formation in cNuc transfected cells suggesting that the 

putative endogenous enzyme(s) likely utilizes cPLA2 product, since cPLA2 is selective for the 

SN2 position of phospholipids and acts selectively to liberate this fatty acid.54  Free arachidonic 

acid is, therefore, a critical player in LLPS formation.  

Our studies are consistent with the fact that LOX products such as leukotriene also induce 

autophagy.45  Because LOX15 is important for LLPS formation in both cNuc and rc57/cNuc 

transfected cells, we propose it will have specific importance in autophagy and particularly non-

canonical autophagy such as observed in these studies where significant membrane remodeling 
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occurs.  LOX15’s connection to membrane remodeling has been established in a host of cellular 

pathways including autophagy.46,47 

Despite the above observations showing oxygenase activity of rcCOXs to be critical to 

LLPS formation, it is paradoxical that mutation of Tyr385 or His388 of rcCOXs, both necessary 

for lipid oxygenase activity, caused incomplete inhibition of LLPS formation in rcCOX/cNuc 

transfected cells.  Residual LLPSs could occur because rcCOX incompletely competed with the 

putative endogenous enzyme for binding to the LLPS effector complex, thus leaving some 

endogenous activity associated with it.  However, careful examination of the morphology of the 

LLPSs created in the presence of these mutations showed that they were all small and 

Figure 38: Model of LLPS formation in CHO cells.  From our experiments, we propose LLPS 

formation is through a 2 step system similarly seen in autophagosome development.  First, cNuc 

signaling activates an endogenous LLPS-generating system whereby autophagosomal membrane 

is remodeled to form a precursor LLPS.  The LLPS effectors act at a LLPS effector complex 

(LEC) site whereupon the precursor LLPS is expanded to form a normal LLPS. 
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dysmorphic.  That is, the size of LLPSs in almost all cells transfected with either cNuc or cNuc 

with rcCOX were large (5-10 µm) and their morphology was distinctly circular.  In contrast, the 

residual LLPSs in the Tyr385 or His388 mutant transfections were significantly smaller and were 

ringlets, partial ringlets or small patches of LC3-positive membrane that were larger than typical 

autophagosomes. 

We questioned whether these structures were due to an incomplete dominant negative 

effect by rcCOX mutants, versus another model in which two separate cNuc-activated, LLPS –

generating pathways exist – one that is similar to rc57 in nature, and in which mutants of rcCOX 

act in a dominant negative way, and another enzyme system responsible for the small structures.  

To address this, we analyzed the effects of other mutations and treatments on LLPS size.  

Acetaminophen, LOX5, cPLA2, and LOX15 inhibitors completely blocked (>99%) the 

formation of LLPSs in rcCOX/Nuc transfectants, leaving only smaller, dysmorphic LLPSs.  

However, this phenomenon was also seen in cells transfected with cNuc alone treated with 

cPLA2 or LOX15 inhibitors (Figure 36-37).  If blockade by these inhibitors of their respective 

enzymes is complete, which at the concentrations used should be the case, residual dysmorphic 

LLPSs in cNuc transfected cells do not require cPLA2 or LOX15, unlike rcCOX.  This leads us 

to favor that these dysmorphic LLPSs form through a separate enzyme system that does not 

compete with rcCOX overexpression.  This separate system, from our data, is cPLA2 and 

LOX15 independent. 

We have speculated that this system may initiate the formation of small, incomplete 

LLPSs that are precursors to fully formed LLPSs.  The large structures would be promoted by 

rcCOX or similar endogenous enzyme activity – both dependent on cPLA2 and LOX15 activity –
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- to elongate or expand the small structures.  Such a two-step process, initiation and elongation, 

occurs in autophagosome formation as described in Chapter 1, above. 

Thus, in the two-enzyme model, our Tyr385 or His388 mutants, in addition to 

acetaminophen, LOX15, LOX5 and cPLA2 inhibition, block the “expansion” phase of LLPS 

formation, indicating that rcCOX is a potent competitor of the putative endogenous LOX15, 

cPLA2-dependent, LLPS “expansion” enzyme seen in cells transfected with cNuc alone.   

However, if this is true, a contradictory observation is why cells transfected with the 

Tyr385 or His388 mutants of rcCOX and cNuc do not exhibit 60% of cells possessing 

dysmorphic LLPSs, when rcCOX/cNuc-transfected cells exhibit that percentage of normal 

LLPSs.  We conclude that this discrepancy may be due to our inability to distinguish all incipient 

LLPSs.  For example, those that were not distinctly larger than autophagosomes, would not have 

been detected in our assay.  

Analysis of LLPS size also explained the enigmatic finding that mutation of His388 

strongly suppressed LLPS formation while mutation of His388 along with His207 caused an 

increase (rather than a further decrease) in LLPS formation.  Subsequent examination of LLPS 

size showed that the double mutant did not produce dysmorphic LLPSs as observed with the 

Tyr385 or His388 mutants but instead formed normal LLPS structures at a frequency similar to 

cNuc-transfected cells.  In other words, the double mutant does not exert a dominant negative 

effect.  We hypothesize that its inability to do so results from a structural change evoked by the 

double mutation that disallowed the resulting protein to competitively bind the LLPS effector 

complex.   

 The above studies show that rcCOXs have function.  They interact with ATG9a in non-

canonical autophagy.  With recoded cNuc they drive the formation of novel membrane 
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structures, LLPS, which depend on oxygenase catalytic residues of rcCOXs for their formation.  

These studies establish COX-3 as a paradigm for a multiply recoded mRNA. 
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Appendix A: Table of Primers 
Gene Rat COX1 

Primer Directio Sequence (5' to 3') Tm Description 

30 For CATCCGAGAAGTACTCGCGCGCCTGGTACTCACGG 5 57 ATG to GCG 

30 Rev CCGTGAGTACCAGGCGCGCGAGTACTTCTCGGATG 5 57 ATG to GCG 

30 For AAAGACTGTCCCACACCCGCGGGAACCAAAGGGAAG 5 50 ATG to GCG 

30 Rev CTTCTTCCCTTTGGTTCCCGCGGGTGTGGGACAGTCTTT 5 50 ATG to GCG 
 

306
 
For 

TTCTTCAAGACCTCTGGAAAGGCGGGTCCTGGCTTTA
CCAAGGC C 

 
5

 
44 ATG to GCG 

 
306

 
Rev 

GGCCTTGGTAAAGCCAGGACCCGCCTTTCCAGAGGTC
TTGAAG 

 
5

 
44 ATG to GCG 

DLS1 For ATGCCAGAACCAGGGTGT 5 Sequencing 

DLS1 Rev ACACCCTGGTTCTGGCAT 5 Sequencing 

DLS1 For AGTACCACCTGCGGCT 5 Sequencing 

DLS1 For GAGTTGGAGGAGCTATATGGTG 5 Sequencing 

DLS1 For CGTGTACGGTGGGAGGTCTA 5 Seq pcDNA 3.1 

48 For CACCTCTATCACTGGCAACCGCTCATGCCTGATTCCTT 6 Mutates His 388 to Gln 

48 Rev AGTGATAGAGGTGGTTGAATTCCAAGGCGAT 6 Mutates His 388 to Gln 

DLS For ATTCAACCACCTCTTTCACT 5 Mutate Tyr to Phe 

DLS Rev AGGTGGTTGAATTCCAAGGC 5 Mutate Tyr to Phe 

2014 For GCACAACACTTCACCCAACAGTTCTTCAAGACCTCTG 5 Mutate Dist His COX-1 

2014 Rev GGTGAAGTGTTGTGCAAAGA 5 Mutate Dist His COX-1 

 
2014 

 
For 

CATCATCATCATGAAGATCAGGTGGATCCTCGTCTTAT
TGATG GGAAATAGGGGCTCTTCTGGAGGGA 

 
5

 
Place HPC4 tag 

2014 Rev ATGATGATGATGATGATGCC 5 Place HPC4 tag 

Gene ATG9a 

Primer Directio Sequence (5' to 3') Tm Description 

2014 For TGAGCTACCCCCTCAGGT 5 Sequencing 

2014 Rev AGGCCTCTAGGCGCTG 5 Sequencing 

2014 For AGGGGAGGAGGACCTGTT 5 Sequencing 

2014 Rev AAGGTAGTGAAGGCAACCACA 5 Sequencing 

2014 For CTACTGGGAGATCCACTCCT 5 Sequencing 

2014 For ATCCTCGCTCACATCCACTA 5 Sequencing 

2014 For AAGGACAGCTGCAGAGCC 5 Sequencing 

2014 For CATCTTCTGCCTGCGCCCATAGAGAGGAATTTGGGGC 5 Truncate C-terminus 

2014 Rev CGCAGGCAGAAGATGAGGAT 5 Truncate C-terminus 

Gene Mouse NUCB1 

Primer Directio Sequence (5' to 3') Tm Description 
2014 For GGGGGGGGGGGGGGGGATATCGGGATGGCCTCCTCCG 5 PCR RFP from RFP-

2014 Rev GGGGGGGGGGGGGGGGATATCCTAGCCGAATTCGCCG 5 PCR RFP from RFP-

2014 Rev TTCTAAATGCTGGGAATCCA 5 Remove Myc add RFP 

2014 For TCCCAGCATTTAGAAGGCGCCTCCTCCGAGGACG 5 Remove Myc add RFP 

For GGGGGGGCTAGCCTTTGCAGGGCTGGCAA 5 Clone from pGEX 

Rev GGGGGGCCTAGGGCTGCATGTGTCAGAGGTTTT 5 Clone from pGEX 

 
 
Rev 

CCCCCCCCCTAGGCTAGGTTAGAATTCCAGGTCTTCC
TCACTGA 

 
5

Clone from 
pGEX add 



104 
 

45 For GTG GAATTGCCCTTGTGCCCGTGGACCG 5 Removes SP Nuc 

For GTGGAATTGCCCTTATGGTGCCCGTGGACCG 5 Removes SP adds ATG 

45 Rev AAGGGCAATTCCACCACACT 5 Removes Signal Peptide 

47 For TACCACCTCTACTGAAACTGTCTGCTGTGCTGGCAGTG 6 M19L 

47 Rev CAGTAGAGGTGGTAGGAGAAGAAAAGGG 6 M19L 

For AAGGGCAATTCCACCACACT 5 M1 removed 

Rev CCTACCTCGGTGCCCCGCGGGGCCCCTTT 5 M1 removed 

38 For ATGCCTACCTCGGTGCC 5 Sequence 

38 Rev CCAGCACAGCAGACAGCA 5 Sequence 

38 For AAAGTCAATGTTCCTGGCAG 5 Sequence 

39 For AGCAGGTGACCAGAAAGAT 5 Sequence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



105 
 

Appendix B: Antibodies used for this research 
 

Antibodies Used for Confocal Imaging 
 

Monoclonal Anti-LC3B antibody produced in mouse SAB4200361-200UL 
Sigma- 

UH1 LAMP-1 CHO 1.0mL SUPERNATANT mouse UH-1 

Anti-Cathepsin D antibody [EPR3057Y] (ab75852) Rabbit monoclonal ab75852 ABCAM 
Anti-Myc tag antibody (ab172) Chicken polyclonal ab172 ABCAM 
Anti-Mannosidase II antibody [53FC3] - Golgi Marker (ab24565) mouse ab24565 ABCAM 

Anti-TGN46 [2F7.1] antibody (ab2809) mouse monoclonal ab2809 ABCAM 

Anti- ACBD3 Antibody (2G2) mouse monoclonal 
 

MCA3923Z, AbD Serotec 

OctA-Probe Antibody (D-8): sc-807 rabbit polyclonal sc-807, Santa 
Cruz 

Monoclonal mouse ANTI-FLAG® M2 antibody produced in mouse clone 
M2, purified immunoglobulin, buffered aqueous solution 

 

F3165, Sigma-Aldrich 

GAPDH Antibody (6C5) sc-
32233 Mouse monoclonal 

sc-32233, Santa 
Cruz 

 

Secondary Antibodies purchased from Molecular Probes 
Alexa Fluor® 633 Goat Anti-Chicken IgG (H+L) A-21103 
Alexa Fluor® 546 Goat Anti-Rabbit IgG (H+L), highly cross-adsorbed A-
Alexa Fluor® 488 Goat Anti-Mouse IgG (H+L) Antibody, highly cross-adsorbed A-11029 
DAPI D1306 

 

Antibodies used for Western Blotting 
Anti-FLAG sc-807 Santa Cruz 
Anti-Myc ab9106 ABCAM 
Anti-Hemagglutinin sc-7392 Santa Cruz 
Anti-GST ab6613 ABCAM 
Anti-p62 610832 BD Transduction 
Anti-Actin ab3280 ABCAM 

 

Secondary Antibodies purchased from Li-COR Biosciences 
IRDye® 800CW Goat anti-rabbit IgG 926-32211 
IRDye® 680CW Goat anti-mouse IgG 926-68070 
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Frameshift Containing COX-3/COX-1b Transcripts are Extensively Recoded to 
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Abstract: 
 
Significant progress has been made in expanding our understanding of eukaryotic 

translation mechanisms over recent decades. Advances in next-generation sequencing 

and ribosomal profiling methods have brought into focus the fact that the proteome is 

likely orders of magnitude larger than previously thought. Much of this expansion could 

occur through recoding processes, which result in translation of multiple variations of a 

protein from a single messenger RNA. Here we show that COX-3/COX-1b, an intron-1 

retaining alternative splice variant of COX-1, is extensively recoded through multiple 

recoding mechanisms including alternative translation initiation and ribosomal frame- 

shifting. Expression of COX-3 cDNA in multiple cell lines results in translation of at least 

seven different COX-3 proteins, two of which are active prostaglandin synthases and 

are inhibited by non-steroidal anti-inflammatory drugs (NSAIDs).  The other, non- 

prostaglandin generating recoded COX-3 proteins localize to the cytosolic surfaces of 

distinct domains of the golgi apparatus as well as adjacent autophagosomes, 

suggesting roles in golgi-mediated vesicle formation, trafficking and autophagy. 

Proteins of the same size and non-glycosylated character are detected by Western blot 

in rats in a tissue specific fashion. Potential roles for these COX-3 proteins in 

physiological and pathophysiological processes are broadly discussed.  To our 

knowledge this represents the first example of a multiply recoded eukaryotic mRNA 

where each recoding event has been thoroughly studied and confirmed biochemically. 

The COX-3/COX-1b mRNA may serve as a paradigm for multiple recoding of other 

eukaryotic mRNAs, including those with interrupted reading frames that currently 

appear to be nonfunctional. 
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Introduction 
 

Cyclooxygenase (COX) is a signaling enzyme that catalyzes the first step of 

prostaglandins synthesis and is involved in a wide range of processes including 

inflammation, nociception, thermoregulation, parturition, thrombosis, and cancer [1-6]. In 

2002, our laboratory discovered a COX-1 alternative splice variant, COX-3 or COX-1b, 

in canine brain tissue [7]. This variant retains intron-1 (90bp long) in its fully processed 

transcript, inserting 30 amino acids into the N-terminal signal peptide region of the 

protein. Expression of this canine variant in Sf9 cells produced an active prostaglandin 

synthase enzyme that retains a signal peptide and has modified enzymatic activity 

compared to COX-1. 

Northern blot analysis of multiple human tissues found significant levels of COX- 

3 mRNA in humans with highest expression in cerebral cortex, heart, and skeletal 

muscle [7]. However, intron-1 is 94 and 98 base pairs long in human and rodents 

respectively, and introduces a translational reading frame-shift beginning at exon-2. 

Uncorrected, the scanning model of translation predicts the synthesis of a small (~8kD) 

COX-3 polypeptide with little similarity to COX-1. 

Some studies by others supported this hypothesis and proposed that COX-3 

mRNA in these species does not encode cyclooxygenase-like proteins. However, 

because they did not clone and express the entire COX-3 mRNA these reports did not 

adequately investigate whether high molecular weight proteins are expressed from the 

COX-3 transcript. In some cases authors used clones that only contained a truncated 

portion of the putative coding region preventing a thorough analysis of the translational 

products [8,9]. Other studies have indicated that at least one high molecular weight 
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protein is synthesized from the human COX-3 mRNA through RNA editing, which 

corrects the frame-shift [10]. We, however, have been unable to detect edited COX-3 

transcripts to verify these findings. 

As knowledge of the mechanisms behind eukaryotic translation initiation has 

expanded over the past decade, a number of exceptions to the standard scanning 

model of translation have been documented [11-17]. While many of the first 

documented examples of recoding were originally discovered in the context of viral RNA 

translation, a growing number of reports suggest that recoding processes such as 

ribosomal frameshifting and alternative translation initiation site selection including the 

use of upstream and downstream initiation sites, are widely used in the translation of 

cellular messages as well[18-20]. We, therefore, hypothesized that similar recoding 

mechanisms could function to rectify the frame-shift in COX-3 and produce full-length 

cyclooxygenase-like proteins in vivo [7]. 

Here we demonstrate that at least three different recoding mechanisms are used 

to produce a minimum of 7 higher molecular weight proteins from the COX-3 mRNA. 

Two of these proteins, each around 72kD in size, are similar to COX-1 and are active 

cyclooxygenase enzymes. Confocal microscopy of the other COX-3 forms demonstrate 

that these proteins specifically localize to both the cytosol and the cystolic face of golgi- 

associated vesicles, suggesting potential new roles of COX-gene products in 

intracellular vesicle trafficking.  At a high level, we suggest that the COX-3 mRNA may 

constitute a validated and reliable model system for future research towards elucidating 

the molecular mechanisms driving eukaryotic recoding processes. 
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Results 
 
Detection of high molecular weight COX-3 proteins 
 

In order to ascertain whether the COX-3 message is translated to form a COX- 

like protein, we cloned full-length rat COX-3 cDNA, including 5’ and 3’ untranslated 

regions into a mammalian expression plasmid. To prevent the intron from being spliced 

out upon ectopic expression we mutated the intron-1 splice acceptor site from AGGA to 

AAGA. RT-PCR analysis confirmed that intron-1 was retained unprocessed in the 

expressed mRNA transcript (Fig. S2). To facilitate detection of any high molecular 

weight COX-3 proteins encoded by the COX-3 cDNA we inserted green-fluorescent 

protein (GFP) into the C-terminal region of the protein in the COX-1 reading frame (Fig. 

S1-S2).  Upon expression of GFP-COX-3 in CHO cells and subsequent analysis by 

fluorescence microscopy, we detected a high percentage of GFP positive cells, 

confirming that one or more mechanisms result in translation of COX-3 from its long 

open reading frame (Fig. 1A). 

Immunoblot analysis of CHO cells transfected with a C-terminal Flag-tagged rat 

COX-3 construct (without GFP) detected a series of five COX-3 proteins of 

approximately 72, 68, 57, 50 and 44kD in size (Fig. 1B).  Analysis of the relative band 

intensities of each of the rat COX-3 forms from anti-Flag Western blots demonstrated 

that the COX-3 forms are expressed at roughly one tenth the level of COX-1 in 

transiently transfected cells. Specifically, the 72, 68, 57, 50, and 44kD forms were 

expressed at 7, 12, 7, 10, and 6% of the level of COX-1 protein respectively. 
 

Both COX-1 and COX-2 are glycosylated with N-linked, high-mannose 

oligosaccharides [6]. To determine whether any COX-3 protein(s) were glycosylated, we 
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treated the COX-3 proteins with endoglycosidase F (N-glycanase) and observed an 

increase in the electrophoretic mobility of the 72kD COX-3 protein, confirming that it is 

glycosylated in a manner similar to COX-1 (Fig. 1C). However, N-glycanase treatment 

had no effect on the 68, 57, 50 and 44kD COX-3 proteins, indicating that they are not 

glycosylated, are not processed through the ER-Golgi and, therefore, are not 

degradation products of the larger 72kD COX-3 form, but distinct translation products. 

We next generated stable transfectants of the Flag-tagged COX-3 construct in 

order to determine whether high-level expression of COX-3 mRNA in transient 

transfection was artifactually causing expression of these five COX-3 proteins, driven by 

potentially high plasmid copy numbers in individual cells. While all of the colonies stably 

expressing COX-1 produced only a 72kD protein and Tunicamycin-sensitive 

degradation products, two clonally isolated stable COX-3 colonies showed differential 

expression of the COX-3 proteins. Both COX-3 colonies expressed the non- 

glycosylated 57, 50, and 44kD proteins, while only one colony showed expression of 

full-length, glycosylated 72kD COX-3 protein indicating that not all cells contain the 

ability to translate this COX-3 protein (Fig. 1E). We also note that none of these 

colonies expressed the 68kD protein, again indicating that cell-specific factors, signals, 

or mechanisms are required for expression of some COX-3 encoded proteins. To 

determine whether any of the COX-3 proteins are active peroxide synthases, we 

assayed these colonies for PGE2 production and observed a statistically significant 

increase in prostaglandins from the colony expressing 72kD COX-3 (Fig. 1F). 

Transient expression of a human COX-3 clone in multiple cell lines showed 

expression of multiple high molecular weight proteins similar to those seen for rat COX- 
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3 (Fig. S1B). Seven proteins are produced in A549 cells with molecular weights of 

approximately 72, 62, 57, 50, 49, and 44kD. However, HeLa and 293 cells only express 

the non-glycosylated lower molecular weight forms, again indicating that expression of 

some COX-3 proteins rely on processes expressed in a cell-type dependent manner. As 

a test for over-expression artifacts in these cells, we generated A549 cells stably 

expressing a human COX-3 construct and verified expression of the same proteins by 

anti-Flag Western blot (Fig. 1D). 

Identification of putative COX-3 proteins in vivo 
 

To study the in vivo expression of human COX-3, we screened 8 human cell 

lines for COX-3 expression by RT-PCR and by Western blot. As shown in figure 2, 

COX-3 mRNA is expressed widely in the majority of the cell types, with highest 

expression in K562 cells and MEG-01 cells. Immunoblot analysis with an anti-COX- 

1/COX-3 non-specific antibody detected immunoreactive proteins of approximately 72, 

68, and 57kD in size in many of these cell lines (Fig. 2B). Expression levels of the 72kD 

protein correlated generally well with the level of COX-1 mRNA while expression of the 

68kd and 57kD proteins correlated generally well with COX-3 mRNA expression. 

To confirm that these proteins were derived from COX mRNA, we treated MEG- 

01 cells with siRNAs targeting exons 10 and 11 of the COX-1 and COX-3 mRNAs. RT- 

PCR analysis demonstrated that the siRNAs knockdown both COX-1 mRNA and COX-3 

mRNA at about 90% efficiency. Immunoblotting of these cells 48 hours after transfection 

demonstrated a statistically significant ~50% decrease in the 72kD, 68kD, and 57kD 

proteins indicating these are derived from either the COX-1 or COX-3 transcripts (Fig. 

3). We attempted to generate COX-3 specific siRNAs to definitively determine whether 
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the 68 and 57kD forms were derived from the COX-1 or COX-3 message, however due 

to the limited number of siRNA recognition sites in the short, 94bp, intron-1 we were 

unable to achieve a meaningful knockdown of the COX-3 mRNA. 

To further study the expression of these proteins in vivo, we used a COX-3 

induction model developed by Nurmi et. al. [21] and treated Caco-2 cells with 100mM 

NaCl (hypertonic) for 22 hours to induce both COX-3 and COX-1 (Fig. 4). RT-PCR 

analysis of these cells qualitatively demonstrated a significant increase in COX-1 mRNA 

and a more modest increase in COX-3 mRNA expression. Western blots analysis of 

these same cells detected a concomitant 11-fold increase in a 72kD protein, as well as 

a ~3 fold increase in 68kD, and 57kD proteins, corresponding in size with full-length 

COX-1 and two of the COX-3 derived proteins respectively. The relative fold induction 

in the 72kD protein compared with 68 and 57kD proteins correlates generally well with 

the relative increase in the expression level of COX-1 and COX-3 mRNA respectively 

and together with the fact that cells stably expressing COX-1 mRNA make only the full- 

length 72kD COX-1 protein indicates that the 68, 57, 50, and 44kD proteins are derived 

predominantly from the COX-3 or intron-1 containing mRNA. However, the data is not 

conclusive and we can not exclude the possibility that under certain conditions these 

lower molecular weight proteins can be translated from the COX-1 mRNA as well. 

We next sought to determine whether we could detect translation of any putative 

COX-3 proteins in vivo in whole tissue samples. Polysome profiling of rat spleen tissue 

demonstrated that some COX-3 mRNA co-sediments with heavy polysomes, 

suggesting that at least a portion of the COX-3 message is actively translated in a 

similar manner as COX-1 and glyceraldehyde dehydrogenase (GAPDH) mRNAs, each 
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of which have long, actively translated open-reading frames (Fig. S3A-B). COX-3 mRNA 

was additionally detected co-sedimenting with monosomes and short reading frame 

mRNAs including fatty-acid binding protein-7(FABP), phospho-neuro protein-14 (PNP- 

14), and histone protein 2a (H2A). Western blot analysis of various rat tissues detected 

modest levels of 50kD and 44kD COX reactive proteins in multiple tissues with the 

highest levels seen in platelet, pancreas, testes and heart (Fig. S3C). These were 

shown to be N-glycanase insensitive, a signature of 50kD and 44kD COX-3 encoded 

proteins, but not of degradation products of COX-1. 

Non-glycosylated COX-3 proteins are translated through internal initiation 
 

We used site-directed mutagenesis to probe the mechanism(s) resulting in 

expression of high molecular weight COX-3 encoded proteins. Our initial hypothesis 

was that alternative translational initiation sites downstream of the consensus AUG start 

codon may be used to produce the shorter 57, 50, 47(human), and 44kD forms of COX- 

3 based on the identification of four highly conserved in-frame AUG codons at positions 

441, 591, 693(human), and 750bp downstream from the consensus AUG codon (Fig. 

5). Mutation of these AUG codons to non-initiating GCG (ala) codons in both the human 

and rat constructs prevented translation of each COX-3 protein respectively, confirming 

that these forms are translated through internal translation initiation (Fig. 6 A-B). The 

57kD form of human COX-3 appears as a doublet on Western blot, and our analysis 

demonstrates that there are in fact two AUG codons in the human COX-3 sequence. 

Mutation of AUG-435, reduced expression of the 57kD protein by ~80%, while mutation 

of the second AUG-441 reduced expression by ~20%. Mutation of both codons 
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completely eliminated expression of this doublet indicating that either site can be used, 

but that AUG-435 is preferentially used for initiation. 

CHO cells transiently transfected with rat COX-3 express a 68kD form, which is 

not expressed from the human cDNA. Based on the electrophoretic migration we 

hypothesized that this protein was also translated through initiation at a downstream 

initiation site. However, the cDNA does not contain any in frame-AUG codons in the 

region predicted to contain the start codon based on the apparent molecular weight. 

Therefore, to identify the region of translation initiation we introduced stop codons at 

various positions in the rat COX-3 cDNA. We reasoned that stop codons downstream of 

the translation initiation site would lead to premature truncation of the nascent peptide 

and a corresponding loss of the 68kD band on the Western blot. Conversely, stop 

codons placed upstream of the internal initiation site should have no effect on 

expression of the 68kD form. We observed that stop codons placed at nucleotides 231, 

240 and 252 completely eliminated expression of the 68kD protein. However, stop 

codons introduced upstream of this at position 216 had no significant effect on 

expression indicating that translation initiates at some point between codons 216 and 

231 (Fig. 6C). Because this region does not contain any in-frame cognate AUG initiation 

codons, we hypothesized that translation initiation must be occurring at a non-standard 

codon in this region. To identify the codon(s) required for translation initiation we used 

site-directed mutagenesis to sequentially change each codon between 204 and 237 to 

AAA codons. Mutation of codons 210, 213, 216, 219, 222, and 228 eliminated 

expression, or in the case of codon 228 significantly decreased expression of the 68kD 

protein, while the other mutations had no significant effect on the translation. Together 
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this data indicates that translation initiation of the 68kD form of rat COX-3 is dependent 

upon a long 21-nucleotide element (Fig. 6D). 

We recognized the possibility that translation of these lower molecular weight 

forms could be the result of translation of truncated COX-3 mRNAs produced through 

cryptic promoter sites or broken mRNAs missing the 5’ upstream region. However, 

5’RACE analysis of the COX-3 mRNA following transient transfection in CHO cells 

found only full-length COX-3 transcripts, confirming that these lower molecular weight 

proteins are translated from the full-length COX-3 mRNA (Fig. S2D). 

These recoding processes, therefore, produce a series of COX-3 proteins each 

missing progressively larger portions of the N-terminus. Because the N-terminus 

encodes the signal peptide, dimerization, and the membrane binding domains the 

resulting proteins may be expected to have significantly different properties from full- 

length COX-1 (Fig. 7). 

Translation of full-length, glycosylated 72kD COX-3 proteins 
 

Based on the apparent molecular weight of the 72kD COX-3 form(s), we 

hypothesized that the protein may be translated through initiation at the consensus 

AUG-1 initiation codon, the same codon that is utilized for translation of COX-1. Due to 

retention of intron-1 in the COX-3 message this codon is out of frame with the 

downstream COX-3 coding sequence and the C-terminal Flag-tag. Therefore, 

translation initiation at this codon would require a ribosomal frame-shift later in the 

transcript to rectify the reading frame. To test this we mutated AUG-1 to a non-initiating 

CCC and determined the effect on translation by anti-Flag Western blot. Mutation of this 

codon resulted in a ~50% decrease in the expression level of the 72kD COX-3 protein, 
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indicating that there may be at least two different translation mechanisms producing 

72kD COX-3 proteins, one of which relies on this AUG-1 codon (Fig. 8D). 

We next introduced TAA (stop) codons at different locations downstream of this 

AUG codon. Stop codons at positions 13 and 19 in the same reading frame as the 

initiating AUG-1 (+1 relative to the downstream coding sequence) eliminated expression 

of ~50% of the protein whereas stop codons further downstream in this same +1 

reading frame, at 34 and 46, had no effect on translation levels. Concordantly, TAA stop 

codons introduced in the +0 reading frame at positions 18 and 27 had no effect on 

expression, but stop codons further downstream at positions 36 and 48 in the +0 

reading frame eliminated ~50% of the expression of the 72kD COX-3 protein (Fig 7A,B). 

These results are consistent with one 72kD protein being translated by ribosomes which 

initiate at AUG-1 in the +1 reading frame, and continue to translate in the +1 reading 

frame until some point between nucleotides 27 and 34. At this point (a sequence of 

CCCCCACG) the ribosome appears to perform a -1 or +2 frame-shift, placing it into the 

correct, +0 reading frame allowing it to translate the rest of the COX coding sequence 

and C-terminal Flag-tag. 

Expression of the remaining 50% of the 72kD protein was eliminated by 

introduction of TAA stop codons into the +0 reading frame at position 63, 72, and 84 

(Fig. 8A) consistent with the presence of a second 72kD COX-3 protein which initiates 

at a site between nucleotides 48 and 63. Point mutation of each codon between these 

two nucleotides demonstrated that mutation of only one, TGC-57 to AAA or TGG, 

consistently and significantly lead to a ~50% decrease in the expression of the 72kD 
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band, indicating that the second 72kD COX-3 protein is translated by initiation at this in- 

frame cysteine codon (Fig. 8C). 

Together this data suggests a model whereby two distinct 72kD COX-3 proteins 

are expressed. The first relies on initiation at the consensus AUG-1 in the mRNA 

sequence and a concomitant -1 or +2 ribosomal frame-shift at position between 

nucleotides 27-34 to correct the reading frame. Expression of the second relies on an 

in-frame TGC codon located within intron-1, which our data suggests is utilized as the 

translation initiation codon. As confirmation of this model we generated a double 

mutant, AUG-1 to GCG to prevent expression of the frame-shifted form, and TGC-57 to 

AAA to prevent expression of the cysteine-initiated form. These two mutations 

eliminated expression of essentially all of the 72kD protein (Fig. 8D). 

Following the nomenclature suggested by the human genome variation society, 

we propose these two recoded COX-3 proteins be named COX-3 p.del19(cys) for the 

TGC (cys) initiated 72kD form and COX-3 p.tyr11fs for the frame-shifted 72kD COX-3 

form. Consequently, following this convention, the 57, 50, 47, and 44kD COX-3 

proteins derived through alternative initiation would be named COX-3 p.del142, 

p.del192, p.del226, and p.del245 respectively to signify the number of amino-acid 

residues missing from the N-terminus relative to the putative full-length COX-3 protein. 

However, for simplicity in this manuscript we will refer to them as recoded or rc- 

72kD(cys) and rc-72kD(fs), rc-57kD, rc-50kD, rc-47kD, and rc-44kD COX-3 in this 

manuscript. Likewise and acknowledging our inability to define the initiation site of the 

68kD COX-3 protein we will to refer to it as rc-68kD COX-3. 

Analysis of COX-3 translation products by Mass Spectrometry 
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Toward confirmation of our general mechanism, Flag- and 6Xhis-tagged COX-3 

protein was doubly-purified from transiently transfected CHO cells by anti-Flag 

immunoprecipitation followed by Flag peptide elution and subsequent purification over 

an immobilized metal affinity column. The purified COX-3 protein was subjected to SDS- 

PAGE and in-gel tryptic digestion. To the extracted peptides were added 5 synthetic 

tryptic COX-3 peptides harboring stable isotopes of carbon and nitrogen to distinguish 

them from the tryptic peptides of COX-3 derived from the CHO cells. The peptide 

mixtures were subjected to liquid chromatography tandem mass spectrometry (LC- 

MS/MS) in a linear ion trap-orbitrap hybrid mass spectrometer. Importantly, the  

synthetic peptides co-elute and show nearly identical MS/MS spectra with the cellular- 

derived tryptic peptides. The synthetic peptides were chosen as they would directly test 

for the presence of 5 different peptides from the +0 and +1 reading frames of COX-3 

(Fig. S4). Following LC-MS/MS, two of the five tryptic peptides from the purified cellular 

COX-3 were not identified. These two peptides resided at the N-termini of either of the 

two glycosylated forms of COX-3. Their absence was later shown to be due to the fact 

that like COX-1, the N-terminal region of both of these forms encodes a signal-peptide 

that is cleaved from the fully processed protein (Fig. S6). 

We did however, detect two peptides from the +1 reading frame as well as a third 

peptide from the +0 reading frame (Fig. S4), consistent with expression of a third 

Tunicamycin insensitive COX-3 protein, which is translated in the +1 reading frame, 

before a -1 or +2 ribosomal frame-shift at some point in the last 19 codons of the +1 

open reading frame (Fig. S4). We note that treatment with N-glycanase consistently 

caused a mobility shift for about 90% of the 72kD protein(s), the remaining 10% of N- 
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glycanase resistant, non-glycosylated 72kD COX-3 protein is likely this third 72kD COX- 

3 protein which does not contain a signal peptide because the frameshift occurs 

downstream of this domain. 

 

 
 

Pharmacological analysis of COX-3 proteins 
 

As stated earlier, cells stably expressing the authentic COX-3 cDNA exhibited an 

increase in PGE2 synthesis indicating that at least one COX-3 form is an enzymatically 

active prostaglandin synthase. Given the similarities between the two 72kD glycosylated 

forms of COX-3 with COX-1, we hypothesized that these may be the active forms. To 

test this we prepared clones designed to efficiently express either the rat rc-72kD frame- 

shifted or cys-initiated forms. For the frame-shifted form we artificially corrected the 

reading-frame by inserting an additional cytosine at the identified frame-shift site, 

position 27 (CCC to CCCC). For the cysteine-initiated form we replaced the initiating 

TGC codon at position 57 with an AUG codon. We additionally mutated the upstream 

AUG-1 codon to a GCG to prevent expression of the other forms. Both of these clones 

efficiently expressed a 72kD glycosylated protein of the same apparent molecular 

weight as that produced by the authentic COX-3 clone. Cells transiently expressing 

each of these 72kD COX-3 proteins showed a high level of cyclooxygenase activity with 

a similar specific activity as COX-1 (Fig. S5A). Indomethacin and the COX-1 specific 

inhibitor SC-560 inhibited both 72kD COX-3 forms with IC50 values around 0.1 to 1.0 

M, near that seen for COX-1. The analgesic/antipyretic drug acetaminophen weakly 
 
stimulated the activity of both COX-3 forms with an EC50 near that of COX-1 (Fig. S5B- 

D). 
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Recoded forms of COX-3 localize to distinct organelles 
 

Confocal micrographs of cells transfected with constructs expressing rc-68kD 

COX-3 demonstrated that it localizes to the endoplasmic reticulum like COX-1 and both 

rc-72kD COX-3 proteins (Fig. S7).  In contrast, rc-44kD COX-3 exhibited a diffuse 

cytosolic and intranuclear localization while rc-57kD and rc-50kD COX-3 proteins 

displayed both a cytosolic and punctate localization within the cells with some cells 

exhibiting predominantly a diffuse staining consistent with cytosolic localization while in 

other cells the protein localized to discrete puncta, near or around the nucleus (Figs. 9A 

and S7). To determine precise localization, we co-stained the cells with cis-golgi, 

intermediate golgi, or trans-golgi apparati markers and assessed the level of 

colocalization.  Rc-57kD COX-3 colocalized strongly with intermediate and trans-golgi 

(Pearson’s coefficient: 0.695 and 0.559 respectively), but not with cis-golgi (Pearson’s 

coefficient: 0.059). Additional puncta were found adjacent to these golgi, suggesting 

they may be vesicles derived from golgi.  In contrast, rc-50kD COX-3 co-localized with 

cis and intermediate golgi (Pearsons’ coefficient: 0.58 and 0.863 respectively) and less 

so with trans-golgi (Pearsons’ coefficient: 0.127).  However, not all of the punctate 

structures observed for rc-57 and rc-50 colocalized with golgi.  In a subset of cells we 

observed that both proteins localized to microtubule-associated protein 1A/1B-light 

chain 3 (LC3-II) containing autophagosomes (Fig 9A). 

Given that rc-57 and rc-50kD COX-3 appear to localize to both the cytosolic 

fraction as well as the golgi and autophagosomes we wondered whether the proteins 

associate with the cytosolic or luminal face of the membrane.  We therefore 
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permeabilized the plasma membrane with digitonin prior to imaging the cells. As a 

control we verified that digitonin treatment eliminated GAPDH, a cytosolic enzyme, 

staining while intraluminal golgi proteins (TGN46 & mannosidase-II) and 

autophagosome proteins (LC3-II) were unaffected. Digitonin eliminated the cytosolic, 

golgi, and autophagosome localized forms of 57, 50, and 44 kD COX-3 indicating that 

they are located on the cytosolic surface of golgi and autophagosomes (Fig. 9B). We 

note that, while the majority of rc-57 and rc-50kD COX-3 fluorescence disappeared 

upon digitonin treatment, some punctate signal remained.  By in large, this residual 

staining was not localized to golgi or autophagosomes, suggesting additional vesicles 

where rc-57 and rc-50kD binding differs from these structures. 

 

 
 

Discussion 
 

In total our data indicate that COX-3 mRNA is translated through multiple 

recoding mechanisms to produce at least five cyclooxygenase-related proteins whose 

individual expression depends upon specific tissue and cellular conditions. This is 

consistent with prior reports of other eukaryotic mRNAs which give rise to multiple 

versions of a protein by alternative translation initiation (reviewed by [22]). Ingolia, et al. 

[18,19] recently demonstrated, using ribosomal profiling, that 65% of all transcripts in 

mouse embryonic stem cells contain more than one translational initiation site that is 

used at a relatively high level. Notably, 16% of messages contain four or more start 

sites producing either N-terminal extended or N-terminal truncated proteins [19]. 

In support of our findings, Lee et. al. recently reported the independent 

identification of additional translation initiation sites for a large number of mRNAs, 
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including COX-1/COX-3, in mouse embryonic fibroblast cells using a modified ribosome 

profiling method. An analysis of their data shows that while the overall signal for COX- 

1/COX-3 mRNA is low, they are able to identify four previously unreported downstream 

translation initiation sites for COX-1 (or COX-3) in addition to the annotated AUG-1 

codon [20] confirming that the mRNA is heavily recoded. One of the initiation sites they 

identified in these mouse cells (155bp) is very close to the position of the initiation site 

we identified for rc-68kD COX-3. 

The precise mechanism by which internal translation start sites are selected, in 

light of the scanning model, is not currently well understood, but likely involves one of 

two processes. The first, leaky scanning, requires the ribosome to scan from the 5’ cap 

site and skip over the first AUG codon to instead initiate at a down-stream AUG codon 

[17,23]. Often this occurs when the nucleotides surrounding the first AUG codon (known 

as the Kozak consensus sequence) are sub-optimal. The second mechanism relies on 

cap-independent translation. In this process the ribosome is recruited directly to internal 

portions of the mRNA, usually through the action of structurally complex RNA motifs 

known as internal ribosomal entry sites (IRES) or related RNA sequences known as 

cap-independent translation enhancer sequences (CITEs)[24]. Both contain high-affinity 

binding sites for either the ribosome itself or eukaryotic initiation factors which lead to 

internal translation initiation [25]. It is worth noting here that human COX-1 mRNA 

contains an out-of frame upstream AUG codon; and therefore, classical COX-1 protein 

itself is likely translated through a process of leaky scanning. 

Our data indicate efficient translation of rc-68kD COX-3 depends on a ~22 

nucleotide-long region near the initiation site perhaps suggesting that it is translated 
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through a cap-independent mechanism. Whether a similar large region is necessary for 

translation of rc-57, 50, 47, or 44kD COX-3 has not been directly assessed, and the 

mechanism of initiation site selection for these forms will require further research. 

However, if the lower molecular weight forms of COX-3 are produced through cap- 

independent initiation mechanisms, this may suggest the expressed proteins play a role 

in processes such as viral infection response, hypoxia, cancer, and other conditions in 

which cap-dependent translation is shut down and cap-independent translation 

predominates [26-28]. 

One of the COX-3 proteins we identified appears to initiate on a non-consensus 

cys (TGC) codon. Although often associated with prokaryotes, eukaryotic translation 

initiation can occur at non-AUG codons, and reportedly accounts for as much as 55% of 

all initiation events [19,22]. Near-cognate codons are often used, but translation can 

initiate at other codons as well. Recently, Anaganti et. al. reported the cloning of a short 

CAPC (a tumor suppressor and inhibitor of NF-B signaling, also known as leucine rich 

repeat containing 26, LRRC26) variant from human cancer cell lines that lacked any 

AUG codons [29]. Upon expression it was determined, using mass spectrometry, that a 

44 amino-acid polypeptide is efficiently expressed through translation initiation at a 

cysteine encoded by a TGC codon. Analysis of the mRNA sequence at the initiating 

TGC codon for this S-CPAC variant (GCC TGC CGT) shows some similarity with the 

start site identified in our study for the 72kD TGC-initiated COX-3 form (GCC TGC 

AGG) perhaps indicating a role for surrounding nucleotides in initiation at TGC or other 

non-cognate codons. 
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Sequence alignment between COX-1 and COX-2 suggest the possibility of 

recoding of the COX-2 mRNA as well. The details of the mechanisms by which 

translation, splicing and recoding of COX-3 are coordinated are being further 

investigated, however, we have previously shown for COX-2 that the retention of a 

portion of intron-1 is exquisitely regulated in response to mitogenic stimulation [30]. The 

final translational product of the intron-1 retained COX-2 mRNA has never been 

determined due to the presence of multiple stop codons within the intron, but in light of 

our results showing extensive recoding of intron-1 retained COX-1 (COX-3 mRNA) we 

propose that a careful analysis of this alternatively spliced COX-2 mRNA will 

demonstrate similar recoding mechanisms result in translation of COX related proteins 

from this mRNA as well. 

Role of COX-3 proteins 
 

The functions of the lower molecular weight COX-3 encoded proteins are 

intriguing because rc-57, 50, 47, and 44kD COX-3 are missing signal peptides, 

preventing translocation of these proteins to the ER lumen for glycosylation. 

Glycosylation has previously been shown to be necessary for folding of the COX 

enzyme to its catalytically active form; however, if the carbohydrate residues are 

removed post-translationally the enzyme retains peroxidase activity [31]. Due to the fact 

that the entire peroxidase active site region is still present in these truncated proteins it 

is possible that even without glycosylation these proteins may fold into active 

peroxidase enzymes. Notably rc-68kD COX-3 lacks only the first ~11 amino acids 

compared with fully processed COX-1, and retains the entire dimerization, membrane 
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binding, peroxidase and cyclooxygenase active site domains and localizes to the 

endoplasmic reticulum. 

The fact that rc-68kD COX-3 specifically localizes to the ER whereas rc-57kD 

and rc-50kD COX-3 localize to separate domains of the golgi body and adjacent 

vesicular structures, and rc-44kD COX-3 is cytosolic/intranuclear suggests specific and 

distinct roles for each protein. These functions are clearly different from that of either 

COX-1 or COX-2, which generate prostaglandin H2 from their locations in the lumen of 

the nuclear envelope/ER and which only transiently passage through the lumen of the 

golgi apparatus. The exquisite location of these recoded COX proteins is exemplified 

by the fact that rc-57kD COX-3 localizes primarily to medial/trans-golgi and associated 

structures, whereas rc-50kD COX-3 associates with cis/medial golgi and associated 

structures. Furthermore, these COX-3 recoded proteins, as shown by their lack of N- 

glycosylation and their digitonin-mediated release, are on the cytosolic surface of their 

respective membranes (or are potentially associated with chromatin, nucleoplasm, or 

cytosol in the case of rc44KD).  In each instance, however, the recoded COX-3 proteins 

retain sequence that enable them to bind heme and catalyze redox reactions via a 

reactive tyrosyl radical, which is conserved in each of the recoded proteins. 

Further investigation will be required to demonstrate enzymatic activities, binding 

partners or other biochemical functions of recoded COX-3 proteins specific to their 

unusual cytosolic subcellular locations. Such roles do not involve classical 

prostaglandin synthesis typically associated with proteins from cyclooxygenase genes, 

but may involve or result in other oxylipin products. Furthermore, the finding of rc-57kD 

and rc-50kD colocalizing with LC3-II on autophagosomes clearly suggests a role of 
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these proteins in autophagy, a process critical to innate immunity [32-34]. This finding 

is fully consistent with the well-known function of cyclooxygenases as pivotal controllers 

of the innate immune response in eukaryotes – but suggests new previously unknown 

roles in this process. 

The fact that COX-3 mRNA is expressed at significantly high levels in a tissue 

and cell-specific fashion further suggest a role in physiology. We initially found COX-3 

mRNA expressed in specific regions of brain and heart [7]. Kis et. al. further looked at 

expression of COX-3 mRNA in various brain cell populations by RT-PCR and 

determined that COX-3 mRNA in the brain is strongly expressed in endothelial cells, but 

at much lower levels in neurons, astrocytes, pericytes and choroidal epithelial cells [35]. 

This is corroborated by Northern blot studies demonstrating the highest levels of COX-3 

mRNA expression in highly vascularized tissues including heart, skeletal muscle, 

placenta, liver, spleen and stomach [10]. Taken together these data suggest that COX-3 

may play a role in vascular function, perhaps in processes including vasodilatation, 

clotting, or remodeling, or in immune surveillance. 

With regard to acetaminophen, we determined that unlike canine COX-3, which  

is selectively inhibited by acetaminophen, the 72kD forms of COX-3 were both 

stimulated in the presence of micromolar concentrations of acetaminophen in our assay. 

Stable expression of COX-3 demonstrated that the 72kD forms of COX-3 require cell- 

specific conditions to be efficiently expressed. It is likely that in our over-expressed 

COX-3 assay we are not fully mimicking the cellular conditions required for 

acetaminophen inhibition, which is highly dependent upon intracellular oxidant tone. 

Alternatively, this could also represent an authentic difference between canine and 
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rodent COX-3 enzymes. Further research will be needed to fully elucidate the 

contribution of COX-3 to acetaminophen-induced analgesia and antipyresis. 

Cyclooxygenases function at the heart of critical physiological processes 

including nociception, pyresis, thrombosis, inflammation, regulation of vascular tone, 

ovulation, implantation, angiogenesis, parturition and pathophysiological processes 

such as neoplasia and inflammatory diseases. These results lay groundwork for 

additional studies that will further explain how the cyclooxygenase enzyme system 

regulates aspects of these dynamic processes. 
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Experimental Procedures 
 

Detailed experimental methods are available in supplemental material. 
 
Cell Culture and protein expression 
 

Low passage number cells were grown under standard culture conditions 

outlined in supplemental methods. For salt treatment, Caco-2 cells were incubated in 

media supplemented with or without 100mM NaCl for 22 hours at 37 °C. 

Transient transfection of COX-3 was performed using lipofectamine reagent 

(Invitrogen) following the recommended procedure. Stable transfectants were selected 

from standard growth medium containing 750 μg/mL Geneticin (Gibco). Single cells 

were isolated and screened for COX expression by immunoblot using an anti-Flag and 

an anti-COX-1 antibody. Protein expression was quantified by Western blot analysis 

using densitometry. N-glycanase treatment was performed using enzyme purchased 

from Prozyme following the recommended protocol. 

Anti-Flag immunoprecipitation was performed using an anti-Flag resin (Sigma) 

and his-tagged proteins were purified over a cobalt resin column (Thermo Scientific) 

following standard protocols. 5’ and 3’ RACE analysis on transiently transfected CHO 

cells was performed using GeneRacer kit (Invitrogen) following the recommended 

procedures. 

Cyclooxygenase activity assays 
 

CHO cells transfected with COX-1, COX-3, or empty vector constructs were 

treated with exogenous arachidonic acid (5 μM) for 15 minutes at 37 °C and the media 

was subsequently assayed for PGE2 levels via dextran coated charcoal based 

competitive radioimmunoassay (RIA) using an anti-PGE2 antibody (Sigma-Aldrich) and 
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tritiated PGE2 (Perkin Elmer) following the antibody manufacturer’s recommended 

protocol. For inhibition studies, cells were pretreated with drug for 30 minutes at 37 °C. 

Whole cell lysates of COX-3 stable transfectants were analyzed in the same manner, 

except that cells were first lysed into PBS containing protease inhibitors. 

siRNA knock-down of COX-3 expression 
 

Anti-COX-1/COX-3 siRNAs (Dharmacon, 100 nanomoles/150,000 cells) were 

transfected into MEG-01 and K562 cells using Lipofectamine RNAiMAX reagent 

(Invitrogen) using the recommended transfection protocol. After 72 hours cells were 

harvested and analyzed by RT-PCR and immunoblot. As a negative control, cells were 

transfected with 100 nanomoles of Dharmacon’s non-targeting siRNA #2. 

Rat tissue screen 
 

All animal studies were reviewed and approved by the institutional animal care 

and use committee at Brigham Young University. Organs and tissues were obtained 

from a male long evans rat. Polysome profiling was performed following the protocol of 

Zhu et. al.[36]. For Western blot, tissues were homogenized into PBS with protease 

inhibitor cocktail (Roche). Protein was electrophoresed, transferred to a nitrocellulose 

membrane, and probed using either an anti-COX-1 antibody (Cayman) or purified non- 

immune rabbit IgG’s at a 1:1000 dilution. 

Site-directed mutagenesis 
 

All mutagenesis was performed using the Geneart site-directed mutagenesis kit 

(Invitrogen). A forward primer was prepared which overlapped the mutation site and 

contained the desired mutation. A reverse primer was also prepared so that there were 

at least 12 nucleotides of overlap between the 5’ end of the reverse primer and the 5’ 



132 
 

end of the forward primer. PCR amplification was performed using platinum Pfx 

(Invitrogen). The reaction mixture was subjected to overnight DpnI digestion followed by 

in vitro recombination to circularize the amplicon prior to transformation into DH5cells. 

Confocal Microscopy 

Cells were seeded onto collagen coated glass cover slips and transfected with the 

indicated plasmid, fixed in a PBS solution with 4% paraformaldehyde, blocked with a 

solution of 1% goat serum in PBS with 0.1% Tween 20 (PBS-T), and stained with 

respective antibodies overnight before being mounted on a glass slide in ProLong® 

Gold antifade reagent (Molecular Probes).  In the case of GFP fusion proteins, the 

blocking and antibody staining procedure was omitted. Cells were imaged using an 

Olympus FluoView FV 1000 confocal laser-scanning microscope and final images 

prepared using ImageJ software [37]. Pearson’s Correlation Coefficients were 

calculated using FluoView Viewer software (Olympus). 

Mass spectrometry 
 
Flag- and His6-tagged COX-3 cDNA was transiently expressed in CHO cells and its 

encoded proteins were immunoprecipitated using an anti-Flag resin. This was followed 

by elution using the Flag peptide and a second round of affinity purification using cobalt 

resin chromatography. The purified proteins were subjected to SDS-PAGE using a 10% 

acrylamide gel and were stained with coomassie blue (Pierce). Proteins with an 

electrophorectic mobility between 50-80 kDa were subjected to in-gel tryptic digestion 

and peptide extraction as described previously [38]. To the dried, extracted peptides 

were added approximately 250 fmol each of five synthetic, stable isotope-containing 

tryptic peptides (Cell Signaling Technology). Liquid chromatography tandem mass 



133 
 

spectrometry using a linear ion trap-orbitrap (LTQ-Orbitrap, Thermo Electron) was set 

up and run as described previously [39], except that instead of a top ten data-dependent 

analysis cycle, one data-dependent MS/MS scan was followed by targeted MS/MS 

scans on the calculated average m/z values (+/- 1.6) of each of the doubly-charged 

precursors for the synthetic peptides and their cell-derived counterparts. 
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Figure 1: Expression of COX-3 cDNA. 
 
A) CHO cells were transfected with GFP-COX-3 cDNA and co-stained with the nuclear 

stain TOPRO (blue). Cells were imaged using a laser scanning confocal microscope at 

60X magnification. Image is representative of more than 3 experiments. 

B) Anti-Flag immunoblot of CHO cells transiently expressing either a rat COX-3, COX-1 

or empty pcDNA 3.1 expression clone. Five immunoreactive bands at 72, 68, 57, 50, 

and 44kD were detected in COX-3 transfected cells. 

C) N-glycanase treatment of COX-3 proteins demonstrates that only one, the 72kD 

form, is N-glycosylated as indicated by an increase in the electrophoretic mobility. The 

four lower molecular weight COX-3 encoded proteins are not affected. 
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D) Human COX-3 and COX-1 cDNAs were stably expressed in A549 cells. Single 

colonies were isolated and analyzed for COX expression by anti-Flag immunoblot. 

E) CHO cells were stably transfected with either empty pcDNA3.1 vector, rat COX-3 or 

rat COX-1. Single colonies were isolated and screened for COX expression by anti-Flag 

IP and immunoblot following treatment with Tunicamycin or DMSO. Colony #2 

expresses only the 57kD, 50kD and 44kD COX-3 forms whereas colony #17 expresses 

predominantly the 72kD glycosylated COX-3 form in addition to the lower three forms. 

COX-1 positive colonies only expressed the 72kD full-length COX-1 form as well as 

lower molecular weight breakdown products as demonstrated by Tunicamycin 

treatment. 

F) PGE2 synthesis by stable transfectants. Colonies stably expressing an empty vector, 

rat COX-3 or rat COX-1 were tested for cyclooxygenase activity by anti-PGE2 

radioimmunoassay. COX-3 colony #17 and COX-1 colony #10 had a significant 

increase in cyclooxygenase activity over the background level detected in cells 

expressing empty vector control. Data is a meta-analysis of 3 separate experiments +/- 

SE. 
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Figure 2: In vivo screen for COX-3 expression. 
 
Human cells lines were screened for expression of COX-3 and COX-1 by reverse 

transcription-PCR (A) and immunoblot (B) with either an anti-COX-1/3 antibody or a 

non-immune rabbit antibody. Expression of 68kD and 57kD COX proteins generally 

correlates with expression of the COX-3 mRNA. 
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Figure 3: COX-1 siRNAs downregulate COX-1 and putative COX-3 proteins in 

MEG-01 cells. 

MEG-01 cells were transfected with siRNA targeting both COX-1 & COX-3 mRNA 

(exons 10 and 11) or non-targeting control siRNA. COX-1 and COX-3 mRNA (A) and 

protein (B) was quantified by RT-PCR and anti-COX immunoblot. 

C) The mean band intensity of the 72kD, 68kD, and 57kD Western blot bands from 3 

separate experiments are plotted, normalized to cells treated with non-targeting siRNA 

and actin +/- SE. A significant decrease (P-value less than 0.05) was observed in the 

level of all three proteins indicating that they are encoded by the COX-1 and COX-3 

transcripts. 
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Figure 4: COX-3 induction in Caco-2 cells. 
 
Caco-2 cells were treated for 22 hours in isotonic (Serum Free Media) or hypertonic 

(100mM NaCl) conditions or to induce COX-1 and COX-3 expression. An increase in 

the expression levels of COX-1 and COX-3 mRNA (A) and protein (B) was observed by 

RT-PCR and immunoblot respectively. 

C) The intensity of the 72kD, 68kD, and 57kD proteins from 3 separate experiments 

were plotted and normalized to control cells and actin +/- SE. A significant (P-value less 

than 0.05) ~3 fold increase in the expression of the 68kD and 57kD proteins was 
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observed in response to hypertonic treatment. A larger 11.3 fold increase in the 

expression of a 72kD protein was also observed in these cells. 
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Figure 5: Conservation of downstream in-frame AUG codons. 
 
Comparison of COX mRNA sequences from a selection of vertebrate species 

demonstrates that all four of the internal initiation sites used by COX-3 are highly 

conserved. The 57, 50 and 47kD initiation sites are also conserved in COX-2. 
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Figure 6: Site directed mutagenesis of non-glycosylated COX-3 forms. 
 
Site-directed mutagenesis was used to mutate four in-frame AUG codons to GCG (ala) 

at positions 441bp, 591bp, and 693, and 750bp in the human (A) and rat (B) COX-3 

cDNA. Mutated cDNAs were transiently expressed in CHO cells and protein expression 

analyzed by anti-Flag immunoblot. Mutation of each codon prevented translation of the 

57kD, 50kD, 47kD, and 44kD COX-3 proteins respectively, indicating that these COX-3 

proteins are translated through translation initiation at these downstream codons. 

In order to understand the translation of the 68kD COX-3 protein, site-directed 

mutagenesis was used to introduce TAA stop codons into the +0 reading frame (C) or to 

mutate each codon from 204 to 237 (D). Mutated clones were transiently expressed in 

CHO cells and the level of 68kD COX-3 protein expression was determined by anti-Flag 
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immunoblot. Results indicate that translation initiation of the 68kD form is dependent on 

a 21nt region from 210 to 222, and codon 228. 

Mean intensity data is from 3 separate experiments +/-SE, normalized to cells 

expressing the non-mutated COX-3 control and neomycin transferase to control for 

differences in transfection efficiency. 
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Figure 7. COX-3 mRNA is translated through multiple recoding mechanisms to 

produce a series of high molecular-weight proteins. Seven different translation initiation 

sites were identified resulting in expression of a series of N-terminally truncated 

cyclooxygenase-like proteins. 
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Figure 8: Site directed mutagenesis of 72kD COX-3 forms. 
 
Site-directed mutagenesis was used to introduce TAA stop codons into the +0 (A) and 
 
+1 (B) reading frames of COX-3 at the indicated nucleotide positions (relative to the 

consensus start codon). Stop codon insertional results indicate the presence of two 

separate initiation sites. The first one in the +1 reading frame upstream of codon 34,  

and a second one in the +0 reading frame between codons 48 and 63. Translation of 

the first appears to progress in the +1 reading frame until a point between codons 19 

and 34. In this region translation appears to shift to the +0 reading frame as indicated by 

the stop codon inserted at position 36. 
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C) Site-directed mutagenesis of each codon between 51 and 60 in the +0 reading frame 

indicates that codon 57TGC is required for efficient expression of the second 72kD 

COX-3 form, suggesting that this codon is used for translation initiation. 

D) Point mutation of AUG-1 to CCC and TGC57 to AAA confirm that these are the 

translational start sites for each COX-3 form. Mutated clones were transiently expressed 

in CHO cells and the level of 72kD COX-3 protein expression determined by anti-Flag 

immunoblot. Mean band intensity is plotted relative to unmutated COX-3 control and 

normalized to neomycin transferase to control for differences in transfection efficiency. 

Data is the average of 3 or more experiments +/- SE. 
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Figure 9: Confocal microscopy. 
 
A) Rc-57kD and rc-50kD Flag-tagged constructs were each transfected into CHO cells 

and dually labeled using antibodies against Flag and either cis-golgi (ACBD), 

intermediate golgi (mannosidase), trans-golgi (TGN46) or autophagosomes (LC3-II) 

markers and visualized by confocal microscopy.  COX-3 rc-57kD predominantly 

localizes to intermediate golgi, trans-golgi and autophagosomes with little localization to 

cis-golgi. In contrast, rc-50kD COX-3 is localized to cis-golgi, intermediate golgi, and 

autophagosomes. 
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B) CHO cells transfected with either rc-57 or rc-50 COX-3-Flag were permeabilized 

using digitonin and dually labeled with antibodies against Flag peptide (red) and either 

cytosolic marker GAPDH, golgi markers mannosidase-II, or autophagosome marker 

LC3-II (green). With digitonin treatment rc-57 and rc-50kD COX-3 staining is almost 

entirely lost confirming that rc-50kD and rc-57kD COX-3 reside on cytosolic surface of 

golgi and autophagosomes. Some residual staining for these COX-3 forms is found on 

punctate structures that do not co-localize with autophagosome or golgi. 


