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Background: Protein O-GlcNAcylation and orthologues of O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) occur
separately or together in all kingdoms of life.
Results: The basal metazoan Trichoplax adhaerens is the simplest organism to possess functional OGT, OGA, and protein
O-GlcNAcylation together.
Conclusion: Reversible protein O-GlcNAcylation is conserved throughout the metazoan lineage.
Significance: T. adhaerens can be used as a reductionist model to identify evolutionarily conserved O-GlcNAc targets.

Protein O-GlcNAcylation is a reversible post-translational
signaling modification of nucleocytoplasmic proteins that is
essential for embryonic development in bilateria. In a search for
a reductionist model to study O-GlcNAc signaling, we discov-
ered the presence of functional O-GlcNAc transferase (OGT),
O-GlcNAcase (OGA), and nucleocytoplasmic protein O-
GlcNAcylation in the most basal extant animal, the placozoan
Trichoplax adhaerens. We show via enzymatic characterization
of Trichoplax OGT/OGA and genetic rescue experiments in
Drosophila melanogaster that these proteins possess activities/
functions similar to their bilaterian counterparts. The acquisi-
tion of O-GlcNAc signaling by metazoa may have facilitated the
rapid and complex signaling mechanisms required for the evo-
lution of multicellular organisms.

Post-translational protein O-GlcNAcylation is the reversible
addition of �-D-N-acetylglucosamine (GlcNAc) to serine and
threonine residues on metazoan nucleocytoplasmic proteins
(1). O-GlcNAc transferase (OGT)2 and O-GlcNAcase (OGA)
are the enzymes responsible for the addition and removal of
O-GlcNAc, respectively. Since it was first described in 1984 (2),
O-GlcNAc has become associated with a range of cellular pro-
cesses (1). There appears to be extensive cross-talk between
O-GlcNAc and Ser/Thr phosphorylation, with the two modifi-
cations occurring at the same or neighboring residues on pro-

teins (3–5). O-GlcNAcylation of several kinases (AMP-acti-
vated protein kinase, CaMKIV, and CaMKII, for example)
regulates their activity, and OGT functionally interacts with
two catalytic subunits of protein phosphatase 1 (6 –9). The dis-
covery of O-GlcNAc on proteasome subunits in Drosophila
implicates a role for this post-translational modification in pro-
tein trafficking and degradation (10). O-GlcNAcylation in-
creases in the presence of stressors like heat and heavy metals
(11, 12), and protects cardiac tissues following ischemia (13).
Reports have emerged of the involvement of O-GlcNAc in gene
expression and epigenetics. The discovery of O-GlcNAc on
RNA polymerase II transcription factors suggested a role for
the modification in transcriptional activation (14). Overex-
pressing OGT in mitotic cells was shown to alter methylation
and phosphorylation of histone H3 (15). In addition, cell cycle-
dependent O-GlcNAc cycling was also found to occur on his-
tones H2A, H2B, and H4 (16). Transcriptional repression by
OGT involving interactions with mSin3A and HDAC1 has been
demonstrated (17). Activation of gene expression downstream
of H2B O-GlcNAcylation has been characterized, as well as
transcriptional changes due to H3K4 trimethylation facilitated
by the TET protein-OGT complex (18, 19). O-GlcNAcylation is
associated with disease conditions like Type II diabetes,
Alzheimer disease, and cancer (1, 20).

Following the identification of OGT and OGA activities (21–
23) and their enzymatic characterization (23, 24), transcripts
have been cloned from humans and other organisms (25, 26)
and found to be highly conserved in animals. In humans, a sin-
gle OGT gene encodes three isoforms of the protein, the lon-
gest, nucleocytoplasmic OGT (ncOGT/hOGT), is a �116 kDa
protein and possesses 13.5 tetratricopeptide repeats (TPRs) at
its N terminus (27, 28). Another isoform possessing 9.5 TPRs
and a mitochondrial localization signal (mOGT �103 kDa) is
targeted to mitochondria. The shortest OGT isoform (sOGT
�78 kDa) contains only 2.5 TPRs and also has nucleocytoplas-
mic localization (27). In Drosophila and Caenorhabditis
elegans, single ogt genes encode a single protein similar to
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human ncOGT (27, 29 –31). Zebrafish is exceptional among
animals to possess two ogt genes encoding six variants of the
protein at different stages of development (32).

In humans, a single gene encodes two isoforms of OGA. The
longer cytoplasmic isoform (hOGA � 130 kDa) possesses an
N-terminal catalytic domain and a C-terminal histone acetyl-
transferase (HAT)-like domain, whereas the shorter nuclear
and lipid-droplet targeted isoform (�75 kDa) lacks the HAT-
like domain (33, 34). In C. elegans, a single oga gene encodes
four major transcripts generated by alternative splicing and in-
frame intron utilization to produce proteins of different
lengths containing both the catalytic and HAT-like domains
(35). Drosophila has a single oga gene encoding a single pro-
tein. Toleman et al. (36) demonstrated HAT activity for
hOGA purified from mammalian cells, which was, however,
not observed in a subsequent study (37). Structural charac-
terizations of putative bacterial acetyltransferases sharing
sequence conservation with the HAT-like domain of hOGA
enforce that hOGA lacks HAT activity (38, 39). Further-
more, the bacterially expressed hOGA HAT-like domain
does not bind acetyl-CoA in vitro (38).

Although strides have been made toward identifying the pro-
cesses regulated by O-GlcNAcylation, uncovering the conse-
quences of O-GlcNAc on individual proteins at an organismal
level remains a challenge. Gene knock-out is a useful strategy to
addressing the challenge by generating animals lacking OGT/
OGA activity. However, the fact that Ogt null mice and Dro-
sophila ogt mutants die at different stages of development and
Oga null mice as neonates (30, 40, 41) limits their use for func-
tional studies. Whereas levels of OGT and OGA have been
manipulated in zebrafish embryos and Xenopus laevis oocytes
to study the roles of O-GlcNAc in development (42, 43), knock-
outs of the enzymes have not been reported in these organisms.
C. elegans is the only known example of an organism that
remains viable and fertile after loss of OGT and OGA activity
(29, 35). ogt and oga null mutants of C. elegans have therefore
been used to study the effects of O-GlcNAc cycling on lifespan
and aging (44 – 46). Accessible reductionist models with
smaller O-GlcNAc proteomes are thus invaluable toward accel-
erating research into understanding the conserved roles and
mechanisms of protein O-GlcNAcylation. The aim of this study
was to find another such model.

Here, we report that the basal metazoan Trichoplax adhae-
rens is the simplest organism to possesses both OGT and OGA
and O-GlcNAcylated proteins. OGT appears to be expressed
throughout the body of Trichoplax under basal conditions.
Trichoplax OGT can rescue pupal lethality of the Drosophila
sxc (ogt) mutant in addition to compensating for the maternal
requirement of OGT. Trichoplax OGA can de-O-GlcNAcylate
human and Drosophila cell lysates. Together, these data imply
that the acquisition of OGA by metazoa at the time of diverging
from their unicellular ancestors facilitated the cycling of
O-GlcNAc on proteins. This acquisition may have expanded
the repertoire of complex signaling mechanisms required for
metazoan-specific features absent in other intracellular OGT-
possessing organisms lacking OGA.

EXPERIMENTAL PROCEDURES

Sequences and Alignments—Orthologues of OGA and OGT
in Trichoplax were identified by using BLAST in the Uniprot
database and the Trichoplax genome database. Query se-
quences were from the following: Homo sapiens, Mus muscu-
lus, Danio rerio, Drosophila melanogaster, and C. elegans.
Sequences were aligned using CLUSTALW, and edited and
annotated with ALINE. XtalPred and sequence alignments with
OgOGA were used to predict regions of structural disorder in
hOGA, DmOGA and the TaOGAs. Surface views of hOGT and
OgOGA were generated and colored by similarity to their
Trichoplax counterparts using PyMOL.

T. adhaerens Culture and Harvest—Starter cultures of
T. adhaerens and the cryptomonad marine red alga Rhodomo-
nas salina, which serves as a food source for Trichoplax, were
obtained from Prof. Leo Buss (Yale University). Trichoplax
were seeded and grown on a mat of monoculture of Rhodomo-
nas in 150-mm glass Petri dishes at 22 °C in artificial seawater
(Reef Crystals, Aquarium Systems) of 36 parts per thousand (4.5
brix %) salinity supplemented with 0.1% (v/v) Micro Algae
Grow (Florida Aqua Farms). To harvest Trichoplax, culture
medium in Petri dishes was gently pipetted up and down several
times to lift adherent animals off the glass surface. The contents
of the dish were then centrifuged at 1000 � g at 4 °C for 10 min.
The algae were removed by washing with unsupplemented arti-
ficial seawater by repeated centrifugation at low speed.

Rapid Amplification of cDNA Ends (RACE)—Trichoplax
total RNA was extracted using TRI reagent (Sigma). cDNA was
synthesized using Precision qScriptTM Reverse Transcription
kit (Primer Design) and an oligo(dT) primer or the First-
Choice� RLM-RACE Kit (Ambion). Full-length coding se-
quences for Trichoplax OGA and OGT were determined using
the FirstChoice� RLM-RACE Kit (Ambion) according to the
manufacturer’s instructions. PCR products were gel purified
and sequenced. Full-length sequences were then amplified
from cDNA and cloned into pCR�-Blunt II-TOPO� (Invitro-
gen) for sequence verification. Two to four colonies were
sequenced using both the M13-F and M13-R primers.

Cloning and Site-directed Mutagenesis—TaOGA53 and
TaOGA54 were cloned into pGEX6P1 and pOPTH, respec-
tively, using a previously described restriction-free method (47)
from TOPO clones after RACE experiments identified start and
end sites. N-terminally truncated TaOGT was initially cloned
through PCR amplification followed by BamHI-SalI digestion
and ligation into pGEX6P1. Following identification of the start
of TaOGT through RACE experiments, a missing segment was
added to the existing construct by the restriction free cloning
method. Site-directed mutations were introduced using the
Stratagene QuikChange Site-directed mutagenesis kit except
KOD Polymerase (Novagen) was used instead of Pfu, and DpnI
was purchased from Fermentas. The presence of the intended
mutations was confirmed by DNA sequencing.

Protein Expression and Purification—Plasmids containing
TaOGT and TaOGA53 were transformed into Escherichia
coli ArcticExpress competent cells (Stratagene), whereas
TaOGA54 and hCK2� were transformed into E. coli
BL21(DE3) pLysS cells. Cells were grown overnight at 37 °C in
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Luria-Bertani medium containing 50 �g/ml of ampicillin (LB-
Amp) and used at 10 ml/liter to inoculate 6 liters of fresh LB-
Amp in the case of BL21(DE3) pLysS cells and 12 liters for
ArcticExpress cells. BL21(DE3) pLysS cells were grown to an
A600 of 0.6 – 0.8, transferred to 18 °C, and induced with 250 �M

isopropyl 1-thio-�-D-galactopyranoside and harvested after
16 h. ArcticExpress cells were grown to an A600 � 1.0, trans-
ferred to 12 °C, and induced with 250 �M isopropyl 1-thio-�-D-
galactopyranoside and harvested after 72 h by centrifugation
for 30 min at 3500 rpm (4 °C). Cell pellets were resuspended in
10 –20 ml/liter of 50 mM Tris, 250 mM NaCl, and 0.5 mM Tris(2-
carboxyethyl)phosphine (lysis buffer) at pH 9.0 for TaOGT and
hCK2� and pH 7.5 for TaOGA53 and TaOGA54. Lysis buffers
for TaOGT and TaOGA53 also contained 5% glycerol and
0.05% Nonidet P-40. All lysis buffers were supplemented with
protease inhibitors (1 mM benzamidine, 0.2 mM PMSF, and 5
�M leupeptin), DNase and lysozyme prior to lysis. Cells were
lysed using a continuous flow cell disrupter (Avestin, 3 passes at
20 kpsi) and the lysate was cleared by centrifugation (30 min,
15,000 rpm, 4 °C). Supernatants were collected and loaded onto
2 ml of glutathione-Sepharose (GE Healthcare Life Sciences)
pre-equilibrated with lysis buffer. TaOGA54 was loaded on to 2
ml of IMAC Sepharose (GE Healthcare) charged with NiSO4
and pre-equilibrated with lysis buffer. Loaded resins were each
washed with 500 ml of lysis buffer or lysis buffer containing 30
mM imidazole in the case of IMAC resin. The ArcticExpress
chaperones were removed from captured GST-tagged proteins
by washing the resin with 1� TBS (25 mM Tris, pH 7.5, 150 mM

NaCl) containing 10 mM ATP and 11 mM MgCl2 (4� washes at
37 °C). GST- tagged proteins were eluted from resin by cleavage
of the GST tag using GST-tagged PreScissionTM protease at
4 °C for 16 h. His6-tagged TaOGA54 was eluted using lysis
buffer containing 250 mM imidazole and dialyzed into 1� TBS
containing 0.5 mM Tris(2-carboxyethyl)phosphine. TaOGA54
and hCK2� were further purified by size exclusion chromatog-
raphy using a Superdex 200, 26/60 column. All proteins were
concentrated using spin concentrators and purity was assessed
by SDS-PAGE followed by Coomassie R-250 staining. Point
mutants of TaOGT, TaOGA53, and TaOGA54 were purified
the same way as their wild type counterparts.

Steady-state Kinetics—Km for UDP-GlcNAc of wild type and
mutant TaOGT was determined as described previously (48).
Briefly, 100 �l reactions contained 100 nM TaOGT in 50 mM

Tris, pH 7.5, 0.1 mg/ml of BSA, 10 �M sodium dithionite, and
100 �M peptide (KKENSPAVTPVSTA) and varying amounts
of UDP-GlcNAc. Reactions were carried out for 75 min at
room temperature and stopped using 200 �l of 37.5 �M fluo-
rophore (48 –50) prepared in 50 mM HEPES, pH 7.5, 10 mM

NaCl, and 50% (v/v) methanol. Fluorescence was measured
using Gemini EM plate reader (Molecular Devices) with exci-
tation and emission wavelengths of 485 and 530 nm, respec-
tively. The IC50 for Goblin 1 was determined using 13 �M

UDP-GlcNAc, 100 �M peptide, and varying concentrations of
the inhibitor. Steady-state kinetics of wild type and mutant
TaOGA54 and TaOGA53 were determined as described (51)
using 4-methylumbelliferyl-N-acetyl-�-D-glucosaminide (4MU-
NAG, Sigma). Reaction mixtures (100 �l) contained 2–100 nM

enzyme in 1� TBS, 0.1 mg/ml of BSA, and varying amounts of

substrate in 1–2% dimethyl sulfoxide. Reactions were per-
formed for 30 –120 min at room temperature and stopped by
the addition of 200 �l of glycine-NaOH, pH 10.3. Fluorescence
of released 4-methylumbelliferone was measured using a Syn-
ergy 2 plate reader (Bio-Tek), with excitation and emission
wavelengths of 360 and 460 nm, respectively. IC50 values were
measured at Km with varying concentrations of inhibitors. All
experiments were performed in triplicate and measurements
were corrected for background emission from reactions con-
taining no peptide (for OGT assays) or no enzyme (for OGA
assays). For all assays performed, substrate turnover was under
10%. Non-linear regression curves were fitted with Prism
(GraphPad).

In Vitro O-GlcNAcylation of hCK2�—Reactions contained
0.25 �g of hCK2�, 3.7 mM UDP-GlcNAc, and 2.5 �M of either
hOGT/GST-hOGT (purified as described previously (52)) or
TaOGT in a total volume of 10 �l of 10 mM Tris, pH 7.5, and 1
mM DTT and incubated at room temperature for 1.5 h. For
subsequent TaOGA treatments, GST-hOGT was pulled out of
the reactions using glutathione-Sepharose and residual hOGT
activity was blocked using 5 mM UDP. Reactions were stopped
by the addition of Laemmli buffer and proteins were separated
by SDS-PAGE and analyzed by Western blotting as described
below.

Drosophila Genetics and Adult Fly Lysates—The following
stocks were used: w1118, sxc1/CyO, sxc6/CyO, and tub::GAL4/
TM6. Transgenic flies were generated by Rainbow Transgenic
Flies Inc., CA, with the attP insertion site at 86F8. 5 anesthe-
tized male adult flies were frozen on dry ice and homogenized
in 50 �l of lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl,
1% Triton X-100, 1 �M GlcNAcstatin C, 5 mM sodium fluoride,
2 mM sodium orthovanadate, 1 mM benzamidine, 0.2 mM

PMSF, 5 �M leupeptin, and 1 mM DTT), following which an
equal volume of 3� SDS Laemmli buffer was added. Lysates
were then boiled for 5 min at 95 °C, centrifuged at 16,000 � g for
10 min, and supernatants were collected. 30 �g of crude lysates
were used for Western blots.

Cell Culture, Lysis, and Protein Extraction—HEK293 cells
were maintained in DMEM (Invitrogen) supplemented with
10% FBS (Gibco) and antibiotics (Gibco) at 37 °C in a humidi-
fied atmosphere. Drosophila S2 cells were cultured in Schne-
ider’s medium supplemented L-glutamine, 10% FBS (Gibco),
and antibiotics (Gibco) at 25 °C. HEK293, S2 cells, and Trichop-
lax were lysed in 10 mM Tris, pH 7.5, 150 mM NaCl, 1% Nonidet
P-40 supplemented with protease inhibitors (1 mM benzami-
dine, 0.2 mM PMSF, and 5 �M leupeptin). Transfected S2 cells
were lysed with 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
Triton, 1 �M GlcNAcstatin C, 1 mM sodium orthovanadate, 5
mM sodium fluoride, and protease inhibitors. Lysates were
cleared by centrifugation. Bradford assay or a Pierce 660-nm
protein assay was used to quantify cell lysates.

Transfections, RNAi, and Enzymatic Treatments of Lysates—
S2 cell transfections were carried out by mixing FuGENE HD
(Roche), DNA (2 �g) at a 3:2 ratio (�l:�g) in 100 �l of sterile
water. The constructs used for transfections were pMT-GAL4,
pUAS-DmOGTWT-HA, pUAS-TaOGTWT-HA, and pUAS-
TaOGTK815M-HA. The metallothionein promoter was induced
with 1 mM CuSO4 24 h after transfection. RNAi was performed
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48 h before DNA transfections by transfecting 4 �g of double-
stranded RNA directed against the 3� UTR of DmOGT tran-
script. Double-stranded RNA was synthesized using a Tran-
scriptAid T7 High Yield Transcription Kit (Thermo) according
to the manufacturer’s instructions from PCR products contain-
ing T7 (indicated in lowercase in the primer sequences) sites
introduced by the following primers: forward, taatacgactcacta-
tagggAAAACGTTTATAATGTCAAT and reverse, taa-
tacgactcactatagggTTCTTATTATATATCGTATA.

20 �g of lysates were subjected to all enzymatic treatments.
PNGase F (New England Biolabs) treatment was performed as
described by the manufacturer. CpNagJ (purified as described
in Ref. 51, but with the GST tag left uncleaved at the N termi-
nus) treatment was performed with 2– 4 �g of the enzyme at
37 °C for 1 h. TaOGA54 and TaOGA53 treatments were per-
formed on lysates and in vitro O-GlcNAcylated hCK2� with 5,
10, or 15 �g of the enzymes for 4 h at room temperature. Label-
ing of lysates with GalT1 (Y289L) was performed according to
the manufacturer’s instructions (Invitrogen).

Western Blotting—Proteins were resolved in SDS-PAGE gels
and blotted onto nitrocellulose or PVDF membranes. Poly-
clonal antibodies were generated by immunizing rabbits
(Dundee Cell Products) with a pair of peptides from each pro-
tein (TaOGT, EYADHYSEKLAFLPNS and TRLRKLQDKI-
WQLRHKC; TaOGA53, HKYGRHSIHLINMARC and TEAT-
KHSSDATDTVDSC; and TaOGA54, LYLSHLEARFDSSVPEK
and CRFILEQLKAKGSYGAS) and affinity purified using a 1:1
mixture of the peptide antigens coupled to NHS-activated aga-
rose (Thermo). The following antibodies were used: anti-
O-GlcNAc CTD110.6 (1:500, Covance), anti-O-GlcNAc RL-2
(1:3,000, Abcam), anti-actin (1:5,000, Sigma), anti-OGT DM-
17 (1:5,000, Sigma), anti-OGT H-300 (1:1,000, Santa Cruz),
anti-HA (12CA5, 1:2,500) and anti-CK2� (1:5,000, Cell Signal-
ing), anti-TaOGT (1:5,000 of �8 �g/ml), anti-TaOGA53
(1:5,000 of �60 �g/ml), and anti-TaOGA54 (1:5,000 of �8
�g/ml). HRP-conjugated anti-mouse IgM and IgG, anti-rabbit
IgG, and ExtrAvidin�-peroxidase were purchased from Sigma.
Biotin-conjugated concanavalin A was also purchased from
Sigma and used as per the manufacturer’s instructions. Anti-
mouse Alexa Fluor� 680 and anti-rabbit Alexa Fluor� 790 were
purchased from Jackson ImmunoResearch. Secondary antibod-
ies were used at dilutions of 1:10,000 or 1:20,000. Blots were
developed using ECL or imaged using the Li-Cor Odyssey infra-
red imaging system (Li-Cor). Blots with Trichoplax lysates were
stained with Coomassie R-250 or Ponceau S for total protein
loading.

In Situ Hybridization—Trichoplax were fixed as described
(53) with slight modifications. Briefly, the animals were fixed
using Lavdovsky’s fixative (20% formaldehyde, 4% glacial acetic
acid, 32% of 10� PBS, and 44% ethanol (v/v) in deionized
water), washed, and permeabilized using PBST (1� PBS con-
taining 0.1% Tween 20). Dioxigenin-labeled probes were syn-
thesized using TranscriptAid T7 High Yield Transcription Kit
(Thermo) according to the manufacturer’s instructions from
PCR products containing T7 (indicated in lowercase in the
primer sequences) sites introduced to the sense or antisense
strands by primers: sense forward, taatacgactcactatagggCGC-
CATGGAAATCTTTGTTT, sense reverse, TCTGCGTATT-

CCATTGGTGA; antisense forward, CGCCATGGAAATCT-
TTGTTT, antisense reverse, taatacgactcactatagggTCT-
GCGTATTCCATTGGTGA.

Prehybridization and hybridization were carried out in 2.5�
SSC buffer containing 50% formamide, 5% dextran sulfate, and
0.1 mg/ml of yeast tRNA. Approximately 0.5 �g of probes were
used per 1 ml of hybridization buffer and hybridizations
were carried out overnight for each probe based on length of the
probe and GC content at the temperature determined by the
following formula,

Thyb � Eff Tm � 20 (Eq. 1)

where Eff Tm � 81.5 � 16.6(log M [Na�]) � 0.41(%G � C) �
0.72(% formamide).
Samples were then washed at low stringency using 100 mM

maleic acid-buffered saline at pH 7.5 containing 0.1% Tween 20
(MABT). High stringency washes were performed with hybrid-
ization buffer at 98% stringency at temperatures determined
using the following formula.

Wash stringency % � 100 � �1 � �Eff Tm � washtemp		

(Eq. 2)

Samples were again washed in MABT, blocked with blocking
buffer (3% BSA in MABT), and incubated in a 1:2000 dilution
(in blocking buffer) of alkaline phosphatase-conjugated anti-
digoxigenin Fab fragments (Roche Diagnostics) for 5 h at room
temperature. Following washes with MABT and deionized
water, the color reaction was carried out using the alkaline
phosphatase substrate BM purple (Roche Diagnostics). Sam-
ples were then mounted on slides with Vectashield medium-set
mountant (Vector Biolabs) and imaged using a Leica DM2000
microscope (Leica Microsystems).

RESULTS

Trichoplax Expresses Orthologues of Metazoan OGT and
OGA—We aimed to identify basal organisms possessing both
OGT and OGA genes in an attempt to identify a reductionist
model to probe O-GlcNAc signaling and shed light on the evo-
lution of reversible intracellular protein O-GlcNAcylation.
Reports have suggested the presence of O-GlcNAcylated pro-
teins in filamentous fungi (54), protists (55, 56), and bacteria
(57, 58). Plants and primitive eukaryotes possessing apparent
OGT orthologues and O-GlcNAcylated proteins appear to lack
OGA (55, 56, 59), suggesting that O-GlcNAcylation is either
irreversible in these organisms, or may be reversed by uniden-
tified enzymes bearing no similarity to metazoan OGA. Con-
versely, in the bacteria in which O-GlcNAc has been found,
bioinformatics searches did not identify OGT-like proteins. We
parsed the CAZy database, which lists a number of other organ-
isms ranging from archaea to man that possess enzymes of the
glycosyltransferase family 41 (GT41) and the glycoside hydro-
lase family 84 (GH84) to which OGT and OGA, respectively,
belong. Upon close examination, it is clear that of all these
organisms, only metazoa possess clear orthologues of both
OGT and OGA (bearing over 40% sequence identity to hOGT
and hOGA) in their genomes. We then searched the genomes
of basal metazoa and identified an OGT gene fragment and two
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candidate OGA gene fragments in the recently sequenced
genome of T. adhaerens (60), the sole member of phylum pla-
cozoa. Trichoplax is a free-living marine organism considered
to be one of the most basal extant multicellular organisms exist-
ing at the boundary between unicellular eukaryotes and meta-
zoa (60 – 62). It contains only six cell types organized in three
cellular layers (61, 63). The presence of putative stem cells at the
periphery of the body of Trichoplax has been hypothesized (53),
but remains unconfirmed (63).

Upon identifying fragments of ogt and oga genes in Trichop-
lax using bioinformatics, we performed 5� and 3� RACE (rapid
amplification of cDNA ends) to obtain full-length sequences of
these genes. It emerged that Trichoplax OGT (TaOGT), apart
from having the catalytic domain, contains 13.5 N-terminal
TPR repeats and a putative bipartite nuclear localization signal
like hOGT (64) (Fig. 1a, supplemental Fig. S1a). It shares 66
and 64% overall amino acid sequence identity with hOGT
and D. melanogaster OGT (DmOGT), respectively (Fig. 1a,
supplemental Fig. S1a). Its active site is conserved with that of
hOGT (supplemental Fig. S1b), and contains the key lysine res-
idue (Lys-815 in TaOGT and Lys-842 in hOGT- Fig. 1a,
supplemental Fig. S1a), shown to be critical for the activity of
hOGT (52). The most variable region is the intervening domain
within the catalytic lobes of the enzyme, whereas the TPRs are
the most conserved (supplemental Fig. S1a). Unlike other
metazoa, which possess a single oga gene, the genome of
Trichoplax encodes for two putative OGAs, TaOGA53 and
TaOGA54 (after their Uniprot IDs B3SB53 and B3SB54).
TaOGA53 resembles the shorter hOGA isoform lacking the
HAT-like domain, whereas TaOGA54 is similar to the full-
length hOGA (Fig. 1b, supplemental Fig. S2a). The glycoside
hydrolase domains of TaOGA53 and TaOGA54 share 60%
sequence identity with each other and are over 50% identical in
amino acid composition to the glycoside hydrolase domain of
hOGA and D. melanogaster OGA (DmOGA). The Asp-Asp
motif shown to be important for hOGA activity (65) is con-
served in the TaOGAs (Fig. 1b, supplemental Fig. S2a). The
TaOGAs are also both about 40% identical to the structurally
characterized bacterial OGA from Oceanicola granulosus
(OgOGA) (66), with which they share a conserved active site
(Fig. 1b, supplemental Fig. S2, b and c). Neither TaOGA53 nor
TaOGA54 appears to have a caspase 3-cleavage site, a feature
present in hOGA (Fig. 1a, supplemental Fig. S2a) (37).

For immunodetection of TaOGT and the TaOGAs, antibod-
ies were raised against two unique peptides within each protein.
However, antigen-purified antibodies could only detect their
respective recombinant proteins and not endogenous TaOGT
or TaOGA53 and TaOGA54 in lysates by Western blotting or
immunoprecipitation. This was probably either due to low
expression levels of these proteins or weak affinity of the anti-
bodies toward them. Nevertheless, analysis of published high-
resolution proteomics reveals the presence of TaOGT and
TaOGA54 in the Trichoplax proteome when the organism is
cultured under standard culture conditions (67).

Reports have suggested the existence of a ring of putative
stem cells at the periphery of the body of Trichoplax (53), where
specific orthologues of the developmental genes Hox, T-box,
and Pax have been shown to be expressed (53, 67–70). Given

that Ogt is part of the polycomb group of developmental genes
in Drosophila (30) and has been shown to be essential for stem
cell viability in mice (40), we wanted to investigate localization
of OGT in Trichoplax to explore its potential function in this
basal metazoan. In the absence of a robust antibody for immu-
nofluorescence staining, we performed in situ hybridization to
localize OGT transcripts in Trichoplax whole mounts. Dioxi-
genin-labeled antisense probes were used and sense controls
were performed in parallel. To detect hybridized probes, we
used alkaline phosphatase-conjugated anti-dioxigenin antibod-
ies and a substrate that turns purple upon reacting with alkaline
phosphatase. In contrast to the transcripts of the aforemen-
tioned developmental genes, OGT transcripts were not
restricted to the periphery of the organism. Instead, we ob-
served that OGT transcripts were distributed evenly in the
organism in samples probed with antisense RNA (n � 12) with
negligible staining in those probed with the sense control (n �
12) (Fig. 1c). This pattern is similar to the expression of the
ubiquitous actin (53) and suggests that OGT, which is
expressed in several tissues in higher organisms (71), may also
be expressed and have functions in the different cell types of a
basal organism like Trichoplax.

TaOGT Is a Functional O-GlcNAc Transferase—We cloned,
recombinantly expressed, and purified the putative TaOGT to
investigate its activity and elucidate its biochemical properties.
The negative control for this experiment was the Lys-815
(TaOGTK815M) mutated to Met because the equivalent Lys-842
residue in hOGT is indispensable for catalysis (52). Steady-state
kinetics were performed employing a recently published fluo-
rescence assay (48). The Km for UDP-GlcNAc was measured in
the presence of excess peptide substrate (KKENSPAVT-
PVSTA, previously used as a substrate to measure the activity of
hOGT (48)) and was found to be 13 
 2 �M, within the range
reported for hOGT (24, 72–74) (Fig. 2a). TaOGT activity is
inhibited by the OGT bisubstrate inhibitor Goblin 1 (48) with
an IC50 (27 �M) comparable with that reported for hOGT
(Fig. 2b). Furthermore, TaOGTWT, but not the inactive mutant
TaOGTK815M, could O-GlcNAc modify human CK2� (hCK2�),
a well characterized hOGT substrate (75–77) in vitro, thus val-
idating it as a true OGT orthologue (Fig. 2c). This experiment
also revealed that TaOGTWT, like its full-length human coun-
terpart (75), undergoes autoglycosylation as evidenced by the
reactivity of the anti-O-GlcNAc antibody RL-2 toward
TaOGTWT but not TaOGTK815M (Fig. 2c).

TaOGT Rescues Drosophila supersex combs (sxc) Lethality—
Drosophila OGT mutants, also known as supersex combs (sxc)
mutants, die as pharate adults and this lethality can be rescued
by ubiquitous expression of transgenic wild type DmOGT in sxc
transheterozygotes (31). We used this approach to investigate
the functional equivalence of TaOGT and DmOGT. Initial
experiments were performed in S2 cells where endogenous
OGT was knocked down using RNAi directed towards the 3�
UTR of DmOGT and cells were transfected with plasmids
carrying either TaOGTWT or the catalytically inactive
TaOGTK815M. O-GlcNAc levels in cells transfected with
TaOGTWT, but not TaOGTK815M, were restored to levels com-
parable with cells transfected with DmOGT (Fig. 3a). Strik-
ingly, in the context of the whole organism, the number of sxc
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transheterozygotes recovered on rescue with TaOGT (13% of
total progeny) was comparable with that of the DmOGT (26%
of total progeny). The level of rescue with DmOGT is twice as
that of TaOGTWT because the transgenic line used in the case
of DmOGT was homozygous (Fig. 3b, Table 1). In the control
crosses lacking either the driver or the transgene, no adult sxc1/

sxc6 transheterozygotes were recovered. sxc is a maternal effect
gene and the rescue by TaOGT to produce F1 progeny is the
rescue of the zygotic requirement of OGT. To assess whether
the maternal OGT function could also be rescued by TaOGT,
the rescued F1 males were crossed with rescued F1 females. The
only completely functional OGT in this cross is the TaOGTWT
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driven by tubulin::GAL4. Fertile F2 progeny were recovered
from this cross establishing that TaOGT could also substitute
for the maternal requirement of sxc in early Drosophila devel-
opment. The catalytically inactive TaOGTK815M, on the other
hand, does not rescue the sxc lethality phenotype. The level of
rescue of the catalytic activity of TaOGT was investigated by
performing Western blots against total O-GlcNAc using adult
fly lysates. The level of total O-GlcNAc both in F1 and F2
TaOGTWT rescued sxc adults is comparable with that of
DmOGT rescued sxc mutants (Fig. 3c), implying that TaOGT is
a fully functional OGT orthologue.

TaOGA53 and TaOGA54 Are Functional O-GlcNAcases—
To test whether the putative TaOGA53 and TaOGA54 are
active enzymes, we recombinantly expressed and purified

them from E. coli. The negative controls were the Ala
mutants of the predicted catalytic residues in the Asp-Asp
motif (65) of the enzymes (Asp120, TaOGA53D120A and Asp121,
TaOGA54D121A). Steady-state kinetics experiments were per-
formed using the fluorogenic pseudo-substrate 4MU-NAG. A
Michaelis constant Km of 78 
 5 �M and a turnover number kcat
of 3 � 10�3 s�1, were obtained for TaOGA53, the shorter of the
TaOGAs (Fig. 4a), whereas TaOGA54, the longer enzyme con-
taining the HAT-like domain, was found to have a Km of 2.0 
 0.1
mM and a turnover number kcat of 1 s�1 (Fig. 4b). In contrast, the
long hOGA isoform has been reported to have a lower Km than the
shorter isoform (78, 79). The catalytic efficiency (kcat/Km) of
TaOGA54 (5 � 102 M�1 s�1) is 12.5-fold higher than that of
TaOGA53 (40 M�1 s�1). The reduced catalytic activity indicated

FIGURE 1. Trichoplax possesses OGT and OGA orthologues. a, schematic showing the domains of TaOGT compared with hOGT and DmOGT. The TPR region
of the proteins is shown in green, the N- and C-terminal catalytic lobes (GT41-N and GT41-C) in purple, and the intervening domain (Int-D) in peach. The
conserved lysine residue required for catalytic activity of the OGTs is shown, as is the conserved nuclear localization signal (NLS) in the proteins. b, schematic
showing the domain architecture of the TaOGAs compared with hOGA, DmOGA, and OgOGA (a structurally characterized bacterial OGA with high sequence
conservation with hOGA (66)). The catalytic domain with glycoside hydrolase activity (GH84) is shown in blue, the middle domain in yellow, and the HAT-like
domain (HAT) in orange. The Asp-Asp motif (DD motif) required for activity and the catalytic residue within it are depicted. The caspase 3 cleavage site of hOGA
is also shown. Regions of predicted structural disorder within the proteins are shown in pale salmon. c, localization of TaOGT transcripts analyzed by whole
mount in situ hybridization using dioxigenin-labeled probes. Hybridized probes detected using alkaline phosphatase (AP)-conjugated anti-dioxigenin anti-
body and the AP substrate BM purple. Purple staining throughout the organism shows ubiquitous presence of TaOGT transcripts. Scale bars: top panels, 100 �m;
bottom panels, 20 �m.

FIGURE 2. TaOGT is a functional O-GlcNAc transferase. a, Michaelis-Menten kinetics of TaOGT measured using the peptide substrate KKENSPAVTPVSTA and
varying amounts of UDP-GlcNAc. Reactions were carried out for 75 min at room temperature and read after the addition of a compound that fluoresces upon
binding to the reaction product UDP (48 –50). Data points were fitted to the Michaelis-Menten equation using Prism (GraphPad). Experiments were performed
in triplicate and error bars represent mean 
 S.E. b, IC50 of the bisubstrate inhibitor Goblin 1 for TaOGT. IC50 was measured using UDP-GlcNAc at a concentration
equal to the Km and varying amounts of the inhibitor. Highest activity in the absence of inhibitors is arbitrarily set as 100%. Data points were fitted to a
three-parameter equation for dose-dependent inhibition using Prism (GraphPad). Experiments were performed in triplicate and error bars represent mean 

S.E. c, in vitro O-GlcNAcylation of hCK2� by TaOGT and autoglycosylation of TaOGT detected by Western blotting using the anti-O-GlcNAc antibody RL-2. hCK2�
was incubated with TaOGT and a molar excess of UDP-GlcNAc at room temperature for 1.5 h. Negative controls include hCK2� treated with the catalytically
inactive TaOGTK815M or with TaOGTWT in the absence of the donor substrate UDP-GlcNAc. hCK2� treated with hOGT(312–1031) was used as a positive control.
WB, Western blot.
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FIGURE 3. TaOGT can rescue the lethality of Drosophila supersex combs (sxc) mutants. a, TaOGTWT restores O-GlcNAc levels in S2 cells lacking
endogenous OGT. RNAi was used to knockdown endogenous OGT in S2 cells. GFP RNAi was used as a control. Cells were then transfected with plasmids
carrying HA-tagged DmOGT, TaOGTWT, or catalytically inactive TaOGTK815M. Cells were lysed and total lysates were probed by Western blotting using the
specified antibodies. b, quantification of rescue to adulthood on driving DmOGT, TaOGTWT, or TaOGTK815M transgenes in sxc1/sxc6 mutants. The number
of sxc transheterozygotes recovered on rescue with TaOGTWT is comparable with that of the DmOGT. The level of rescue with DmOGT is twice as that of
TaOGTWT because the transgenic line used in the case of DmOGT was homozygous. c, O-GlcNAc levels in flies expressing TaOGTWT are comparable with
those expressing DmOGT. Total lysates from w1118 (wt), rescued F1 sxc1/sxc6 transheterozygotes, or F2 sxc/sxc flies expressing HA-tagged UAS::DmOGT
or UAS::TaOGTWT under the control of tubulin::GAL4 were probed by Western blotting using the specified antibodies. WB, Western blot.

TABLE 1
Rescue of sxc lethality by TaOGT
Crosses were setup up with flies of the indicated genotypes and transferred into fresh vials every 3– 4 days. Adults emerging from the crosses were scored for
the presence of second and third chromosome balancers/marker, CyO and MKRS or TM6. Flies that did not possess any of the balancers/markers (�; �)
were the rescued sxc1/sxc6 transheterozygotes. Control crosses with flies lacking either the driver (tubulin::GAL4) or any of the OGT transgenes do not yield any
non-CyO adults.

Parental cross Total adults CyO; TM6 CyO; MKRS CyO; MKRS/TM6 CyO;� �; �

sxc6/CyO; tub::GAL4/TM6� � sxc1/CyO;MKRS/TM6� 119 26 54 39 NAa 0
sxc6/CyO;MKRS/TM6� � sxc1/CyO;UAS::TaOGTWT/TM6 � 195 54 97 44 NA 0
sxc6/CyO;tub::GAL4/TM6� � sxc1/CyO;UAS::DmOGTWT � 174 76 NA NA 52 46
sxc6/CyO;tub::GAL4/TM6� � sxc1/CyO;UAS::TaOGTWT/TM6 � 203 120 NA NA 50 27
sxc6/CyO;tub::GAL4/TM6� � sxc1/CyO;UAS::TaOGTK815M/TM6 � 131 94 NA NA 37 0

a NA, not applicable.
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by the �300-fold decrease in kcat of TaOGA53 compared with
TaOGA54 is comparable with the reduced catalytic activity
of the short versus full-length isoforms of hOGA reported previ-
ously (78, 79). The activities of both TaOGA53 and TaOGA54 are
inhibited by the well characterized OGA inhibitors
GlcNAcstatin C (80, 81) and Thiamet G (82) (Fig. 4, c and d).

To further confirm that TaOGA53 and TaOGA54 are active,
in vitro O-GlcNAcylated hCK2� and HEK293/Drosophila S2
cell lysates were treated with increasing amounts of the
enzymes and probed for O-GlcNAc using the RL-2 antibody.
Samples were also treated with the catalytically inactive
TaOGA53D120A and TaOGA54D121A. Treatment of samples
with TaOGA53WT did not lead to a noticeable decrease in
O-GlcNAc signal (Fig. 5, a and c). Under the same experimental

conditions, treatment with TaOGA54WT, but not its inactive
counterpart TaOGA54D121A, resulted in a dose-dependent
decrease in O-GlcNAc signal obtained in comparison to
untreated controls (Fig. 5, b and d). To determine specificity of
RL-2 to O-GlcNAc, lysates were also independently probed
with RL-2 antibody preincubated with 0.5 M GlcNAc or second-
ary antibody alone. The difference in activity observed for
TaOGA53 and TaOGA54 on lysates is not unexpected given
the kinetic parameters of these enzymes. The ability of
TaOGA54 to de-O-GlcNAcylate HEK293 and S2 cell lysates
demonstrates that Trichoplax possesses a functional ortho-
logue of metazoan OGA.

Trichoplax Possesses O-GlcNAcylated Proteins—Having
established that Trichoplax expresses functional orthologues

FIGURE 4. TaOGA53 and TaOGA54 are functional O-GlcNAcases. a, Michaelis-Menten kinetics of TaOGA53 using varying amounts of 4MU-NAG. Reactions
were carried out for 120 min at room temperature. Data points were fitted to the Michaelis-Menten equation using Prism (GraphPad). Experiments were
performed in triplicate and error bars represent mean 
 S.E. b, Michaelis-Menten kinetics of TaOGA54 measured using varying amounts of the fluorescent
substrate 4MU-NAG. Reactions were carried out for 30 min at room temperature. Data points were fitted to the Michaelis-Menten equation using Prism
(GraphPad). Experiments were performed in triplicate and error bars represent mean 
 S.E. c, IC50 of Thiamet G and GlcNAcstatin C for TaOGA53. IC50 values
were measured using 4MU-NAG at a concentration equal to the Km and varying amounts of inhibitors. Highest activity in the absence of inhibitors is arbitrarily
set as 100%. Data points were fitted to a three-parameter equation for dose-dependent inhibition using Prism (GraphPad). Experiments were performed in
triplicate and error bars represent mean 
 S.E. d, IC50 of Thiamet G and GlcNAcstatin C for TaOGA54. IC50 values were measured using 4MU-NAG at a
concentration equal to the Km and varying amounts of inhibitors. Highest activity in the absence of inhibitors is arbitrarily set as 100%. Data points were fitted
to a three-parameter equation for dose-dependent inhibition using Prism (GraphPad). Experiments were performed in triplicate and error bars represent
mean 
 S.E.
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of OGT and OGA, we investigated the presence of O-
GlcNAcylated proteins in the organism by Western blotting
using the anti-O-GlcNAc antibody CTD110.6. Trichoplax
lysates were probed for O-GlcNAc alongside lysates of
R. salina, the algal food source used to culture Trichoplax, as a
negative control. Trichoplax lysates showed reactivity toward
the antibody, whereas Rhodomonas lysates did not, confirming
that CTD110.6 reactive proteins were exclusively of Trichoplax
origin (Fig. 6a). Specificity of the signal toward O-GlcNAc was

determined by preincubating CTD110.6 with 0.5 M GlcNAc,
which competed away CTD110.6 reactivity (Fig. 6b). The pres-
ence of O-GlcNAcylated proteins in Trichoplax was further
confirmed using the alternative “Click-It” approach,
whereby O-GlcNAc residues are labeled using a mutant
galactosyltransferase (Gal-T1Y289L) (83) with azido-modi-
fied galactose, which is then reacted with biotin-alkyne via
copper-dependent cycloaddition and detected by Western
blotting using peroxidase-conjugated streptavidin (84).

FIGURE 5. In vitro activity of TaOGA53 and TaOGA54. a, activity of TaOGA53 (5, 10, and 15 �g) on in vitro O-GlcNAcylated hCK2� detected by Western blotting
using the anti-O-GlcNAc antibody RL-2. Reactions were carried out at room temperature for 4 h. A sample treated with 15 �g of the inactive mutant
TaOGA53D120A was included as a negative control. Non-O-GlcNAcylated hCK2� (first lane) was also included as a negative control. b, activity of TaOGA54 (5, 10,
and 15 �g) on in vitro O-GlcNAcylated hCK2� detected by Western blotting using the anti-O-GlcNAc antibody RL-2. Reactions were carried out at room
temperature for 4 h. A sample treated with 15 �g of the inactive mutant TaOGA53D120A was included as a negative control. Non-O-GlcNAcylated hCK2� (first
lane) was also included as a negative control. c, activity of TaOGA53 (5, 10, and 15 �g) on 20 �g of S2 and HEK293 cell lysates detected by Western blotting using
the anti-O-GlcNAc antibody RL-2. Reactions were carried out at room temperature for 4 h. Lysates treated with the inactive mutant TaOGA53D120A were
included as a negative control. d, activity of TaOGA54 (5, 10, and 15 �g) on 20 �g of S2 and HEK293 cell lysates detected by Western blotting using the
anti-O-GlcNAc antibody RL-2. Reactions were carried out at room temperature for 4 h. Lysates treated with the inactive mutant TaOGA54D121A were included
as a negative control. Reduction in specific O-GlcNAc signal as a consequence of treatment with TaOGA54WT is indicated by lines to the right of the RL-2 blots.
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However, the Click-It method could potentially identify
any glycosylated protein containing a terminal GlcNAc.
Trichoplax lysates were therefore treated with PNGase F or
CpNagJ, a bacterial OGA (51), to specifically remove
N-linked glycans or O-GlcNAc, respectively, prior to per-
forming the Click-It reactions, to ensure specific detection
of O-GlcNAc. Although PNGase F treatment did not result
in significant reduction in signal obtained with streptavidin-
HRP, CpNagJ treatment led to a reduction in signal, estab-
lishing the specificity of the results obtained with the
Click-It method (Fig. 6c). PNGase F-treated lysates were also

probed with the lectin concanavalin A (ConA) to ensure
N-linked glycans were successfully stripped (Fig. 6d).

DISCUSSION

Our data show that the basal metazoan Trichoplax expresses
functional OGT and OGA and also possesses O-GlcNAcylated
proteins. Our results suggest that OGT may have a ubiquitous
role in Trichoplax because its transcripts do not exclusively
localize at specific regions of the organism. It is remarkable,
given the minimalistic morphology of Trichoplax, that TaOGT
is able to rescue the lethality of Drosophila OGT null mutants.

FIGURE 6. Trichoplax possesses O-GlcNAc-modified proteins. a, Trichoplax total lysates were subjected to Western blotting using the anti O-GlcNAc
antibody CTD110.6. HEK293 cell lysates were used as a positive control and Rhodomonas lysates were used to ensure the O-GlcNAc signal from
Trichoplax lysates were specific to Trichoplax proteins and not contaminating algal proteins in the lysate. b, lysates probed with anti-O-GlcNAc antibody
preincubated with 0.5 M GlcNAc to show specificity of CTD110.6 antibody to GlcNAc. c, Trichoplax lysates treated with GalT1Y289L to label O-GlcNAc
residues with azido-modified galactose (GalNAz), which in turn is attached to biotin via click chemistry and probed with peroxidase-conjugated
streptavidin (strep-HRP) to detect O-GlcNAcylated proteins. Lysates were treated with the bacterial O-GlcNAcase CpNagJ and/or PNGase F prior to
labeling with GalNAz for specific detection of O-GlcNAcylated proteins. d, Trichoplax lysates subjected to PNGase F treatment were probed with
concanavalin A (ConA) to confirm activity of PNGase F on the N-glycans of Trichoplax. The specificity of ConA was assessed by competing it with 0.5 M

�-methyl mannose pyranoside.
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This suggests roles for OGT and protein O-GlcNAcylation in
evolutionarily conserved processes in Trichoplax.

Trichoplax is unusual among metazoa in that it encodes two
orthologues of OGA. It is possible given the biochemical prop-
erties of the shorter TaOGA53 that this is an inactive enzyme
with regulatory or scaffolding functions. Although the Km for
TaOGA54 toward the pseudosubstrate 4MU-NAG is about
25-fold higher compared with hOGA (85), its activity on human
cell lysates is comparable with that reported for hOGA previ-
ously (78), indicating functional conservation of OGA activity
throughout metazoan evolution.

The phylogenetic position of Trichoplax at the base of meta-
zoa has allowed it to be used in studies investigating the evolu-
tion of human cellular pathways and proteins (86, 87). A recent
study used comparative genomics to identify metazoan-specific
genes defined on the basis of being present in all metazoans
including Trichoplax, but being absent in other eukaryotes (88).
Its presence in Trichoplax but not in protists, adds oga to this
repertoire of metazoan-specific genes. Although the presence
of active OGT and O-GlcNAcylated proteins in plants and pro-
tists (55, 89) implies a eukaryote-specific role for intracellular
O-GlcNAcylation, it is possible that the post-translational
modification is dynamic and reversible only in metazoa. Alter-
natively, an as yet undiscovered enzyme with low sequence
homology to OGA may be responsible for O-GlcNAc hydroly-
sis in protists and plants.

Signal transduction, in part through some types of post-
translational modifications of proteins is thought to be one of
the prerequisites for multicellularity in metazoa (88, 89). A
recent study found higher levels of tyrosine phosphorylation in
the proteome of Trichoplax than present in more basal or com-
plex organisms, and ascribed it to the appearance of dedicated
tyrosine kinases at the onset of metazoan multicellularity (67).
Similarly, the acquisition of OGA by Trichoplax (and other
metazoa) may have enabled the fine-tuning of signal transduc-
tion partly via facilitating interplay between O-GlcNAcylation
and phosphorylation that is known to exist in other organisms
(3–5).

We show that T. adhaerens, the simplest known animal, is a
suitable reductionist model, as it is the most basal organism to
possess the machinery required for reversible protein O-
GlcNAcylation. Despite lacking the genetic tractability of
other model systems, Trichoplax presents as a useful system to
identify conserved O-GlcNAc proteins and help shape our
understanding of the evolutionary roles for reversible O-
GlcNAcylation.
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66. Schimpl, M., Schüttelkopf, A. W., Borodkin, V. S., and van Aalten, D. M.
(2010) Human OGA binds substrates in a conserved peptide recognition
groove. Biochem. J. 432, 1–7

67. Ringrose, J. H., van den Toorn, H. W., Eitel, M., Post, H., Neerincx, P.,
Schierwater, B., Altelaar, A. F., and Heck, A. J. (2013) Deep proteome
profiling of Trichoplax adhaerens reveals remarkable features at the origin
of metazoan multicellularity. Nat. Commun. 4, 1408

68. Martinelli, C., and Spring, J. (2003) Distinct expression patterns of the two
T-box homologues Brachyury and Tbx2/3 in the placozoan Trichoplax
adhaerens. Dev. Genes Evol. 213, 492– 499

69. Martinelli, C., and Spring, J. (2004) Expression pattern of the homeobox
gene Not in the basal metazoan Trichoplax adhaerens. Gene Expr. Pat-
terns 4, 443– 447

70. Hadrys, T., DeSalle, R., Sagasser, S., Fischer, N., and Schierwater, B. (2005)
The Trichoplax PaxB gene: a putative Proto-PaxA/B/C gene predating the
origin of nerve and sensory cells. Mol. Biol. Evol. 22, 1569 –1578

71. Kreppel, L. K., Blomberg, M. A., and Hart, G. W. (1997) Dynamic glyco-
sylation of nuclear and cytosolic proteins: cloning and characterization of
a unique O-GlcNAc transferase with multiple tetratricopeptide repeats.
J. Biol. Chem. 272, 9308 –9315

72. Kreppel, L. K., and Hart, G. W. (1999) Regulation of a cytosolic and nuclear
O-GlcNAc transferase: role of the tetratricopeptide repeats. J. Biol. Chem.
274, 32015–32022

73. Shen, D. L., Gloster, T. M., Yuzwa, S. A., and Vocadlo, D. J. (2012)
Insights into O-linked N-acetylglucosamine ((0 –9)O-GlcNAc) pro-
cessing and dynamics through kinetic analysis of O-GlcNAc transfer-
ase and O-GlcNAcase activity on protein substrates. J. Biol. Chem. 287,
15395–15408

74. Lazarus, B. D., Roos, M. D., and Hanover, J. A. (2005) Mutational analysis
of the catalytic domain of O-linked N-acetylglucosaminyl transferase.

J. Biol. Chem. 280, 35537–35544
75. Lubas, W. A., and Hanover, J. A. (2000) Functional expression of O-linked

GlcNAc transferase: domain structure and substrate specificity. J. Biol.
Chem. 275, 10983–10988

76. Lazarus, M. B., Nam, Y., Jiang, J., Sliz, P., and Walker, S. (2011) Structure of
human O-GlcNAc transferase and its complex with a peptide substrate.
Nature 469, 564 –567

77. Tarrant, M. K., Rho, H. S., Xie, Z., Jiang, Y. L., Gross, C., Culhane, J. C., Yan,
G., Qian, J., Ichikawa, Y., Matsuoka, T., Zachara, N., Etzkorn, F. A., Hart,
G. W., Jeong, J. S., Blackshaw, S., Zhu, H., and Cole, P. A. (2012) Regulation
of CK2 by phosphorylation and O-GlcNAcylation revealed by semisyn-
thesis. Nat. Chem. Biol. 8, 262–269

78. Kim, E. J., Kang, D. O., Love, D. C., and Hanover, J. A. (2006) Enzymatic
characterization of O-GlcNAcase isoforms using a fluorogenic GlcNAc
substrate. Carbohydr. Res. 341, 971–982

79. Macauley, M. S., and Vocadlo, D. J. (2009) Enzymatic characterization and
inhibition of the nuclear variant of human O-GlcNAcase. Carbohydr. Res.
344, 1079 –1084

80. Dorfmueller, H. C., Borodkin, V. S., Schimpl, M., Shepherd, S. M., Shpiro,
N. A., van and Aalten, D. M. (2006) GlcNAcstatin: a picomolar, selective
O-GlcNAcase inhibitor that modulates intracellular O-GlcNAcylation
levels. J. Am. Chem. Soc. 128, 16484 –16485

81. Dorfmueller, H. C., Borodkin, V. S., Schimpl, M., and van Aalten, D. M.
(2009) GlcNAcstatins are nanomolar inhibitors of human O-GlcNAcase
inducing cellular hyper-O-GlcNAcylation. Biochem. J. 420, 221–227

82. Yuzwa, S. A., Macauley, M. S., Heinonen, J. E., Shan, X., Dennis, R. J., He,
Y., Whitworth, G. E., Stubbs, K. A., McEachern, E. J., Davies, G. J., and
Vocadlo, D. J. (2008) A potent mechanism-inspired O-GlcNAcase inhib-
itor that blocks phosphorylation of tau in vivo. Nat. Chem. Biol. 4,
483– 490

83. Ramakrishnan, B., and Qasba, P. K. (2002) Structure-based design of �1,4-
galactosyltransferase I (�4Gal-T1) with equally efficient N-acetylgalac-
tosaminyltransferase activity: point mutation broadens �4Gal-T1 donor
specificity. J. Biol. Chem. 277, 20833–20839

84. Khidekel, N., Arndt, S., Lamarre-Vincent, N., Lippert, A., Poulin-Kerstien,
K. G., Ramakrishnan, B., Qasba, P. K., and Hsieh-Wilson, L. C. (2003) A
chemoenzymatic approach toward the rapid and sensitive detection of
O-GlcNAc posttranslational modifications. J. Am. Chem. Soc. 125,
16162–16163

85. Dorfmueller, H. C., and van Aalten, D. M. (2010) Screening-based discov-
ery of drug-like O-GlcNAcase inhibitor scaffolds. FEBS Lett. 584,
694 –700

86. Loenarz, C., Coleman, M. L., Boleininger, A., Schierwater, B., Holland,
P. W., Ratcliffe, P. J., and Schofield, C. J. (2011) The hypoxia-inducible
transcription factor pathway regulates oxygen sensing in the simplest an-
imal, Trichoplax adhaerens. EMBO Rep. 12, 63–70

87. von der Chevallerie, K., Rolfes, S., and Schierwater, B. (2014) Inhibitors of
the p53-Mdm2 interaction increase programmed cell death and produce
abnormal phenotypes in the placozoon Trichoplax adhaerens (F.E.
Schulze). Dev. Genes Evol. 224, 79 – 85

88. Frédéric, M. Y., Lundin, V. F., Whiteside, M. D., Cueva, J. G., Tu, D. K.,
Kang, S. Y., Singh, H., Baillie, D. L., Hutter, H., Goodman, M. B., Brinkman,
F. S., and Leroux, M. R. (2013) Identification of 526 conserved metazoan
genetic innovations exposes a new role for cofactor E-like in neuronal
microtubule homeostasis. PLoS Genet. 9, e1003804

89. Lim, W. A., and Pawson, T. (2010) Phosphotyrosine signaling: evolving a
new cellular communication system. Cell 142, 661– 667

O-GlcNAc in the Simplest Known Animal

11982 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 19 • MAY 8, 2015

 at U
niversiteitsbibliotheek U

trecht on June 29, 2015
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Ferenbach and Daan M. F. van Aalten
van den Toorn, Albert J. R. Heck, Andrew T. 
Nithya Selvan, Daniel Mariappa, Henk W. P.
  

-GlcNAc SystemOPossesses a Functional 
Trichoplax adhaerensThe Early Metazoan 

Glycobiology and Extracellular Matrices:

doi: 10.1074/jbc.M114.628750 originally published online March 16, 2015
2015, 290:11969-11982.J. Biol. Chem. 

  
 10.1074/jbc.M114.628750Access the most updated version of this article at doi: 

  
.JBC Affinity SitesFind articles, minireviews, Reflections and Classics on similar topics on the 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

Supplemental material:

  
 http://www.jbc.org/content/suppl/2015/03/16/M114.628750.DC1.html

  
 http://www.jbc.org/content/290/19/11969.full.html#ref-list-1

This article cites 89 references, 45 of which can be accessed free at

 at U
niversiteitsbibliotheek U

trecht on June 29, 2015
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://affinity.jbc.org/
http://glyco.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.M114.628750
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;290/19/11969&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/290/19/11969
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=290/19/11969&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/290/19/11969
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/suppl/2015/03/16/M114.628750.DC1.html
http://www.jbc.org/content/290/19/11969.full.html#ref-list-1
http://www.jbc.org/

