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Overexpression of a Gene That Encodes the First Enzyme in
the Biosynthesis of Asparagine-Linked Glycans Makes Plants
Resistant to Tunicamycin and Obviates the Tunicamycin-
Induced Unfolded Protein Response’

Nozomu Koizumi, Tokuko Ujino?, Hiroshi Sano, and Maarten ). Chrispeels*
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The cytotoxic drug tunicamycin kills cells because it is a spe-
cific inhibitor of UDP-N-acetylglucosamine:dolichol phosphate
N-acetylglucosamine-1-P transferase (GPT), an enzyme that catalyzes
the initial step of the biosynthesis of dolichol-linked oligosaccharides.
In the presence of tunicamycin, asparagine-linked glycoproteins made
in the endoplasmic reticulum are not glycosylated with N-linked gly-
cans, and therefore may not fold correctly. Such proteins may be
targeted for breakdown. Cells that are treated with tunicamycin nor-
mally experience an unfolded protein response and induce genes that
encode endoplasmic reticulum chaperones such as the binding protein
(BiP). We isolated a cDNA clone for Arabidopsis GPT and overex-
pressed it in Arabidopsis. The transgenic plants have a 10-fold higher
level of GPT activity and are resistant to 1 pug/mL tunicamycin, a
concentration that kills control plants. Transgenic plants grown in the
presence of tunicamycin have N-glycosylated proteins and the drug
does not induce BiP mRNA levels as it does in control plants. BiP
mRNA levels are highly induced in both control and GPT-expressing
plants by azetidine-2-carboxylate. These observations suggest that ex-
cess GPT activity obviates the normal unfolded protein response that
cells experience when exposed to tunicamycin.

Glycoproteins with Asn-linked glycans occur in all eu-
karyotic cells, and are found extracellularly in the vacu-
oles/lysosomes and as components of the endomembrane
system. The biosynthesis of these glycans and their transfer
to nascent polypeptide chains occurs on the ER; after the
glycans are attached to the polypeptide, essentially all
Asn-linked glycans lose three Glc residues and many are
subsequently modified in the ER, the Golgi, or even later,
after the glycoproteins reach their destinations. These mul-
tiple steps in the biosynthesis of glycans result in the
formation of a multiplicity of complex glycans, all derived
from the original high-Man glycans synthesized in the ER
(for a recent review of N-linked glycan biosynthesis in
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plants, see Lerouge et al., 1998). One of the most important
functions of Asn-linked glycans is that they are needed for
the correct folding of polypeptides by chaperones in the
ER. Correct folding permits oligomer formation and trans-
port of proteins to their proper destination; incorrect fold-
ing targets protein for degradation by the quality control
system in the ER (Hammond and Helenius, 1995; Kopito,
1997).

Degradation of the malfolded proteins probably does not
occur in the ER itself, but in the cytosol by the proteasome
system (Brodsky and McCracken, 1997). Incorrect folding
elicits a stress response known as the unfolded protein
response (UPR), which results in the up-regulation of ER-
resident chaperones such as the binding protein (BiP) (Ko-
zutsumi et al., 1988; for reviews, see Pahl and Bauerle, 1997;
Sidrauski et al., 1998). The UPR is elicited when proteins
are synthesized in the presence of amino acid analogs or
the antibiotic tunicamycin, an inhibitor of Asn-linked gly-
can formation. Although the target of tunicamycin was
identified long ago (see Elbein, 1979), the reason that tuni-
camycin prevents the appearance of extracellular glyco-
proteins (Kuo and Lampen, 1974) was not immediately
apparent. Tunicamycin was thought to inhibit the synthesis
of extracellular glycoproteins or their secretion (Hori and
Elbein, 1981). Actually, it does not inhibit their synthesis,
but for certain proteins prevents their accumulation (Faye
and Chrispeels, 1989), probably by targeting the unglyco-
sylated and malfolded polypeptides for degradation
(Sidrauski et al., 1998).

For other proteins tunicamycin does not prevent the
transport of the polypeptides out of the ER-Golgi system
and to their destination (Bollini et al., 1985). When Asn-
linked glycosylation is inhibited by tunicamycin, the tran-
scription of BiP and genes encoding protein disulfide
isomerase is markedly induced (Denecke et al., 1995; Pe-
drazzini and Vitale, 1996). This induction is a manifestation
of the UPR. In a recent study, Leborgne-Castel et al. (1999)
show that the overexpression of BiP in transgenic plants
alleviates the UPR. Treatment of cells with tunicamycin
leads to an apparent shortage of BiP in the ER, causing a
reduction in the formation of secretory glycoproteins. Ex-
pression of BiP from a transgene relieves the tunicamycin-
induced stress.
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The biosynthesis of Asn-linked glycans starts with the
transfer of GIctNAc1P from UDP-GIcNAc to dolichyl-P to
form GlcNAc-PP-dolichyl, a reaction that is catalyzed by
the enzyme UDP-GIcNAc:dolichol phosphate GlcNAc-1-P
transferase (GPT) (Lehrman, 1991). Subsequently, a second
GlcNAc¢, nine Man residues, and three Glc residues are
added to form a glycan of 14 sugar residues attached to
dolichylpyrophosphate. In yeast and mammals, the struc-
ture, function, and regulation of GPT have been intensively
studied. GPT was shown to be essential for the growth of
yeast cells, since a null mutation of GPT constructed by
gene disruption was lethal (Kukuruzinska et al., 1987). A
mutant with diminished GPT activity had a distinctly se-
vere phenotype, suggesting that GPT activity affects vari-
ous functions in the yeast life cycle (Kukuruzinska and
Lennon, 1995).

Tunicamycin is a potent inhibitor of GPT, the first en-
zyme in the glycan biosynthetic pathway, and in this way
it prevents the synthesis of glycans for subsequent attach-
ment to nascent polypeptides. Tunicamycin does not in-
hibit other GlcNAc transferases (e.g. the second enzyme in
the pathway). Tunicamycin is cytotoxic, but experiments
with animal (Waldman et al., 1987; Lehrman et al., 1988)
and plant (Zeng and Elbein, 1995) cells show that it is
possible to select tissue culture cells that are resistant to
tunicamycin. In such resistant cells GPT is highly ex-
pressed as a result of an increase in the copy number of the
gene caused by amplification. GPT genes have been iso-
lated from Saccharomyces cerevisiae (Hartog and Bishop,
1987), Schizosaccharomyces pombe (Zou et al., 1995), mouse
(Rajput et al., 1992, 1994a), hamster (Scocca and Krag, 1990;
Zhu and Lehrman, 1990; Scocca et al., 1995), and Leishmania
amazonensis (Liu and Chang, 1992). The cloning of cDNAs
that encode GPT has permitted detailed studies of the
regulation of gene expression for this important enzyme in
glycoprotein biosynthesis.

Here we report the cloning of the Arabidopsis cDNA that
encodes GPT and show that its overexpression in Arabi-
dopsis results in plants that are considerably more resistant
to tunicamycin than control plants. In the presence of tu-
nicamycin, these plants synthesize glycoproteins with com-
plex glycans, suggesting normal ER glycan synthesis and
Golgi processing. In control plants, tunicamycin causes a
rapid up-regulation of BiP expression, but in the GPT-
transformed plants such up-regulation does not occur, pre-
sumably because the proteins are glycosylated and the
UPR does not occur.

MATERIALS AND METHODS
Isolation of GPT cDNA

Based on the conserved amino acid sequences NI(LI)
AG(VI)NG(VL)E(VA)GQ for primers 1 and 2 and VFVGD-
(ST)Y(FY)(TC)YFAG(TM)(TV)(MLF) for primers 3 and 4
among GPTs of other organisms, the following degenerate
primers were synthesized: primer 1, 5-AT(ACT)(ACT)
TIGCIGGI(AG)TIAA(CT)GG; primer 2, 5'-GGGGATCCAA
(CT)GGI(CGT)TIGA(AG)G(CT)IGG(ACGT)CA; primer 3,
5'-GGGAATTCAI(CG)(AT)(AG)TCICCIAC(ACGT)AA
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(AG)AC; and primer 4, 5'-A(AGT)[(AG)(CT)I(AG)TICCIG-
C(AG)AA(AG)TA.

The restriction site for BamHI was added at the 5’-end of
primer 2 and that for EcoRI to primer 3. Initially, genomic
DNA of Arabidopsis (ecotype Landsberg erecta) was sub-
jected to PCR with primers 1 and 4, yielding various sizes
of DNA fragments. Subsequently, using this PCR product
as a template, additional amplification was performed with
primers 2 and 3. A 0.4-kb DNA fragment was reproducibly
amplified in the second PCR, cloned into pBluescript II
SK+ (Stratagene, La Jolla, CA), and used as the probe for
screening a Lambda ZAP II (Stratagene) cDNA library
constructed from poly(A)* RNA prepared from the
aboveground part of Arabidopsis plants. Plasmids were
recovered by in vivo excision from positive clones. Dele-
tion clones were produced with exonuclease III and
sequenced with a DNA sequencer (model 373, PE Biosys-
tems, Foster City, CA).

Analysis of the GPT Gene

Genomic DNA of Arabidopsis was prepared by the cetyl-
trimethylammonium bromide precipitation method (Mur-
ray and Thompson, 1980). For genomic Southern analysis,
5 ug of DNA was digested with the appropriate restriction
enzymes, subjected to agarose gel electrophoresis, and
transferred to a nylon membrane by capillary blotting.
After probing with a **P-labeled GPT cDNA, the blot was
washed in 0.2X SSC and 0.1% (w/v) SDS at 65°C and
exposed to x-ray film. To obtain the sequence of the GPT
gene, genomic DNA of Arabidopsis was amplified with the
following primers: primer 5, 5-AAGATGACCCGAAA-
GACG; primer 6, 5'-TGTGACTTCTCTGAGATTGCAG;
primer 7, 5-CAGAGAAGGTATAGATAGAGCG; and
primer 8, 5'-TCGATTCTAATTAACGCGGGG. The region
encoding the structural gene was amplified with primer 5
and primer 6. The 5'-upstream region was amplified by
inverse PCR with primer 7 and primer 8. For inverse PCR,
genomic DNA digested with HindIIl and subsequently self-
ligated was used as a template. Amplified genomic DNAs
were directly sequenced with oligonucleotide primers syn-
thesized corresponding to the sequence of GPT cDNA.

RNA-Blot Hybridization

To examine the expression level of GPT mRNA in vari-
ous organs, total RNA was prepared according to the
method of Fromm et al. (1985) from roots, leaves, stems,
and flowers of mature Arabidopsis plants grown in a
greenhouse for 1 month. Ten micrograms of RNA from
each organ was separated in a formaldehyde agarose gel
and transferred to a nylon membrane by capillary blotting.
The blot was probed with *?P-labeled full-length GPT
cDNA, washed in 0.2X SSC and 0.1% (w/v) SDS at 65°C,
and exposed to x-ray film. To analyze BiP induction, 10-d-
old seedlings of wild-type and GPT-overexpressing Arabi-
dopsis (T3) (ecotype Columbia) were transferred to liquid
medium (Murashige and Skoog salt, Gamborg’s B5 vita-
mins, 1 g/L MES, and 1% [w/v] Suc, pH 5.6) and grown for
4 d at 22°C with gentle shaking. Plants were harvested 5 h
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after the addition of tunicamycin. Isolation of RNA and
RNA blots were performed as described above using Ara-
bidopsis BiP ¢cDNA (Koizumi, 1996) as a probe. Similar
experiments were performed to determine the effect of
azetidine-2-carboxylate using the amino acid analog at a
concentration of 5 mm.

Overexpression of GPT and Tunicamycin Sensitivity

A binary plasmid in which GPT ¢cDNA was inserted
behind the CaMV 35S promoter was constructed. To make
this plasmid, the SacI site of pBI121 (CLONTECH Labora-
tories, Palo Alto, CA) was replaced by an Xhol site using
Klenow fragment and an Xhol linker, and the GUS gene
was removed by cutting with Xbal and Xhol. GPT ¢cDNA
was then amplified by PCR using primer 9 (5'-TCTA-
GAAACGAGCCAACAAATCCGCC) and primer 10 (5'-CT-
CGAGTGACTTCTCTGATTGCAGAC); finally, this GPT
cDNA was ligated into the pBI121 vector and replaced the
GUS gene. This binary plasmid was used for in planta
Agrobacterium tumefaciens-mediated transformation of Ara-
bidopsis (ecotype Columbia) according to standard proce-
dures (Bechtold et al., 1993). To determine the sensitivity of
transgenic Arabidopsis to tunicamycin, T3 seeds of Arabi-
dopsis transformed with this plasmid and seeds of wild-
type and transgenic plants harboring pBI121 were sown on
agar plates (1X Murashige and Skoog salt, 1X Gamborg’s
B5 vitamins, 1 g/L MES, 1% [w/v] Suc, and 0.8% [w/V]
agar, pH 5.6) supplemented with 0, 0.3, and 1.0 pg/mL
tunicamycin and incubated at 22°C.

GPT Assay

To prepare microsome fractions, 4-d-old seedlings of
wild-type and GPT-overexpressing plants were transferred
to liquid medium (1X Murashige and Skoog salt, 1X Gam-
borg’s B5 vitamins, 1 g/L MES, and 1% [w/v] Suc, pH 5.6)
and cultured for 12 d at 22°C in the dark with gentle
shaking. The plants were harvested and homogenized in 3
volumes of 12% (w/v) Suc in buffered medium (80 mm
Tris-HCl, pH 75, 1 mm EDTA, and 10 mm -
mercaptoethanol), and the homogenate was centrifuged at
7,700g for 10 min at 4°C. The supernatant was layered on a
16% (w/v) Suc cushion (Suc in the same buffer) and cen-
trifuged using a rotor (model 50Ti, Beckman Instruments,
Fullerton, CA) at 40,000 rpm X 60 min at 4°C. The super-
natant was discarded and pellet was suspended in the
same buffered medium containing 16% (w/v) Suc and
used as the microsome fraction. The reaction mixture for
GPT activity consisted of 20 wL of microsome fraction, 2 pg
of dolichol-P, and 10 mm MgCl, in 100 uL of TBS (50 mm
Tris-HCl, pH 7.5, and 150 mm NaCl). The reaction was
started by the addition of 0.1 uCi of UDP-[’H]GIcNAc and
stopped by the addition of chloroform after incubation for
different times up to 12 min at 25°C. The lipid phase was
extracted as described by Kaushal and Elbein (1985), and
radioactivity was measured with a liquid scintillation
counter. The activity of NADH Cyt ¢ reductase, a marker
enzyme of the ER, was measured according to the method
of Lord et al. (1973). GPT activity was measured in micro-

somal fractions that contained equal amounts of NADH
Cyt c reductase.

Detection of Complex Glycans

Two-week-old seedlings of wild-type, pBI121-harboring,
and GPT-overexpressing Arabidopsis were homogenized
in 4 volumes of 100 mm Tris-HCI, pH 7.5, containing 10 mm
B-mercaptoethanol. After centrifugation the supernatant
was subjected to SDS-PAGE and immunoblotted using a
serum against complex glycans (Lauriére et al., 1989).

RESULTS
Isolation of GPT cDNA from Arabidopsis

A DNA fragment of approximately 0.4 kb was reproduc-
ibly amplified by PCR using genomic DNA of Arabidopsis
and degenerate primers designed according to the con-
served amino acid sequences of the GPTs of other organ-
isms. This fragment was cloned, sequenced (data not
shown), and used as a probe to screen an Arabidopsis
cDNA library. Three cDNA clones were isolated and
found to have identical restriction maps. The nucleotide
sequence of 1,482 bp (accession no. D88036 in the DDB],
EMBL, and GenBank nucleotide sequence databases) con-
tains an ORF coding for a polypeptide with 431 amino
acids (Fig. 1). This polypeptide has 38%, 33%, and 34%

GGAGTTTGGAGTCAAAATCCAGAGCGCGGGGAAARCGAAACGAGCCAACAAATCCGCCATG 60

M 1
GCAGCTCGTAAGAGAGCTTCATCGATCTCAATTCCCAACARACCGGACCCGTCGGAACCC 120
A A RKURAS S I STI PDNI KU©PDUPSEFP 21
AACTCAGCGCCATCGGAGCAGAAGATGACCCCAAAGACGGTTTCTGCTTCCGGTGAGGAA 180
N S A P S EQ KMTRI KTV S A S G E E 41
TTTCGTCTCGCGCCGCCGARATTAGGAGTGATCTTCGTGATCTCTACTCTTCTCTGTTCG 240
F R L A P P KL GV I F VI S TULULC S 61
CTCTATCTATACCTTCTCTGTTTTCACTACAAGGTTGATAATGAGCTCAAGCGATCGATT 300
L YL YL L ¢CF HY KYVDDNZETZLIZ KIZ RS I 81
CTAATTAACGCGGGGCTTAGCTTGGTTGGGTITTTCGTCACTCTCAAAATGATTCCTGTT 360
L I NAGL S LV GPFVFUVTULI KDMTIUPYV 101
ACTGCCAGATACGTTCTGAGACGTAACATGTTTGGTTTTGATATCAACAAAAGAGGCACG 420
T AR Y VL RZRIDNMPGFDTINZI KT RGT 121
CCTCAAGGAGATATTAAAGTGCCAGAGTCATTGGGTATTGTTGTTGGTATTGTCTITTTG 480
P Q ¢GDTI KV PESILGTIVVYV GTIVTFIL 141
ATCGTGCCGATAATATTTCAGTATTTTAACTTCACTGAAGATTCTAATTGCTTIGTGGAG 540
I v A I I F QY F NV FTUEDSNDNWF V E 161
TATAATGCAGCACTAGCATCTATTTGCTTCATGATTTTGCTTGGATTTGTAGATGATGTC 600
Y N A AL A S I CFMIULULGTFVDDUV 181
CTTGATGTGCCTTGGAGAGTAAAGCTTGTCCTGCCATCTTTTGCTACCCTTCCACTTTTG 660
L DV PWRYV XLVLPSVFATTLUZPTILTL 201
ATGGCTTATGCTGGTCATACAACTATTGTTATACCAAAACCTCTTGTTGCTTATATTGGC 720
M A Y A G HTTIUVIPI XKZPILUVAYTIG 221
TTGGAAGTGCTTAATCTAGGAAGGATATATAAGTTATATATGGGGCTACTTGCTGTCTTT 780
L EV L NLGRTIYZ KUILYMGTULULAUVTF 241
TGTACAAACTCTATTAACATCCACGCTGGTCTGAATGGCCTTGAAATCGGTCAAACAGTT 840
¢ TN S I NTIHAGILNGTLETGTOGQTV 261
GTTATTGCCGCTGCTATCCTGATACACAACGTTATGCARATCGGAGCATCTGTTGATCCC 900
v I A A A I LIUHNVMGQE@ETIGASVDFP 281
GAGTATCACCAAGCTCATGCCTTCTCGATATTTCTTACTCAACCGCTGATGGCCACATCC 960
E Y HQ AHAF S IV FILTZGQPILMATS 301
TTCGCAATGCTTGCTTACAATTGGTATCCTTCTTCAGTCTTCGTCGGCGACACTTACACA 1020
L A ML A Y NWY®P S SV F V GDTZYT 321
GTCTTCGCCGGAATGACTATGGCAGTTGTTGGTATTCTGGGTCACTTCAGTGAAACCCTC 1080
vV F AGMTMAYV V GGIILGIHTFSETTL 341
CTCATCTTCTTTCTTCCTCAAGTTCTGAACTTTCTATTATCGCTTCCTCAGCTTGCTGGG 1140
L I FF L P QV LNV FILILSULUPQLAG 361
ATTGTGAAATGTCCGCGCCATCGTCTCCCAAGGTATGATCCTGCTACCGGATTACTGACC 1200
I VvV K C¢CPRHERILUPI RYTDZPATGTLTLT 381
GGCACARAAAGATGGGACACTCGTCAATGTTTACTTGAGGTIGTTTGGTCCTAAATCAGAR 1260
¢ T K DGTULVNVYVYLIRILTFGTPIZ KSE 401
AAGTCTCTTTGCATCCATCTTCTCGTTTTCCAGGCTCTAGCCTCCGCCTTCTGCTTCATA 1320
K 8 L ¢ I # L L VVF Q2L ACAUFTCTFTI 421
CTTCGACACTTTCTTCCTGGTTGGTATAAATAGTCTGCAATCAGAGAAGTCACAAATACA 1380
L R HF L A G W Y K 431
GGACATTACTTTAGTACCTTGTACAATCGTATATATCAACAATTTTTGTTAACGTGTTGA 1440
AGTATTCTCAAGTAAACAAAGTTCATTCAAARARAAAAAAAA 1482

Figure 1. The nucleotide and deduced amino acid sequences of GPT
cDNA of Arabidopsis.
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Figure 2. Alignment of the GPT amino acid se- Arabid 1SIPNKPDPSE EFRLAPPELGVIFVISTLLCSLYLYLLCPHYKVONELKRSTRINAGLSL 89
. . . Mouse - ==~ MWAFPELPLPLPLLVNLIGSL 21
quences from Arabidopsis, mouse, S. cerevi- Yeast - ------------unhrsm[,mq_.nvsxmgr_.?sn[\.'uU'QFG' i
. . . T I 5 A 7 gl
siae), and L. amazonensis. The alignment was Cafshmaiis et N R R gt
generated by Clustal W, multiple sequence ) } X
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alignment software, and modified manually. Mouse LEFVATVTLIPAFRSHF LAARLOGODLNKLSQ00- - - - -~ - IPESQEVISGAVFL- 1 ILFYFIFRPELN------ 82
Amino acids conserved among more than two Yeast AGYLATOMLIPRVGKSE 1K IGLEGKDLEKPGRFY- -~~~ === === === === LPETIGAIPARVYL-FUMFIYIPFIFYKYMVITT 100
. . Leit VAYVETLRYIFNVARTLLDAN IFGIDINKS TEEQROKFAAKRRAGOTEEKEFOKQAT PESLE I LVGAN Y LEVWWVLTVCLRFLG----- - 115
sequences are shaded. Amino acids also con-
served in mraY are shown with asterisks above bl Sostse i Fgtis s NHEVEYNAREAS TCFHTELE PRVRLYEBS FATERLENAY AgHEd 200
the sequences. Amino acids encoded by trip[ets Mouse - ~CFVEEQ- - ~CKAFPHHEFVALTGALLATCCN T FLGEADDVLNL RWRHKLLLETAASLPLENVYF - -~ - - - - - TNEGNTT 150
H H H H H Yeast SEGGHROVESVVEDRGMNSNIF PHDELSEYLEATLCLESTVLLG IADDLFOLEWRHEFFLPATAR T PLLMVE Y - — - — - — - - - -~ VDFGVTH 179
that are Interrupted by Introns n the ArabldOpSIS Leishmania  --------- GBG——————- LONPYASLPGPLMTITVMLLLGFVDDVLOVIWRHK I ILTALGSLEL INTY¥DGSLESVLMPCAFGREGLST 1389
and mouse genes are double-underlined. B P
Arabidopsis == PLVAY IGLEVLNLGR IYKLYMGLLAVECTNSINIHAGLNGLEIGOTVNIA 264
Mouse ==KPFRWI LpG[:HLDL(_:T.LYWCLM\WWIWIHMSLVIS 204
Yeast }'NBH’H[.KKTSVDLGLEMSMI“PNSmmmEVGQCIm 234
Leishmania MNVMEEWRLGLAAPQGEPTTTFRATAPSTWF SFTVNHR SYVEVTESGAAL I YLAPVYLVYLSMLC TFCTNSINILAGVNGVEVGOSIVIA 279
" P . .
Arabidopsis  AAILIHNVMOIGAS-----------=-=-' VDPEYHOAHAFSIFLTD - PLMATSLANLAYNWYPSSUFVGDTY TVFAGNTHAVVGILGHFE 338
Mouse ASIIVFNLVEL! BE——— DYRDDHIFSLYFMI -PFFFTEGLLYPWSW“P“PW?AWGIWFS 274
Yeast ILALLNDLLYFSMG-—--——-———————-] PL-ATRDSHRFSAVLII-PFLGVSL ATVEVODTYCYF AVVGILGHFS 307
Leishmania VASVVYNLFOMRLDRQLTPDFSSLOARR HOLRALLLLGPET ALWRYNRY PARVEVGDSYTYFAGTVLAVSSITGVYS 369
.
Arabidopsis ~ EPLLIFFLEQULNFLLELBGLACTVKEPRHALERY DRATGLUTG -~ -~ - = - ——— - —— o —ommecmeeceeceooTEDGT 387
Mouse KTHLLFF® LYSLPQLFHIIPC gl TOELEMSY SKFETKNLSFLGTF ILEVAENLRELVTVHOGESEDGRFTECHNMT 264
Yeast KTMLLLFIPQI WIYSCPQLMWCMPKFNEKDGLMYPSRM LHEEPPESIFKPILKLLYCLHLIDLEFDENNE-~-IISTSNMT 335
Leishmania ETLLLFFAPY LISLPQLFS IVPCPRHRVPTWNE QR e e e A e o i e i SHNYT 418
Amﬁﬂopﬁ's L\'MRL:F’GPKSEKSM:HLLVFQRMCRF{:FIL;FHI"WWK ————————— 431
Mouse LINLLLKVPEPIHERNLTLLLLLLGVLSSAATESIRYQEVRLFY IV -————- - 410
Yeast LINLT KLCNTILELQFCIGILALLGRHA IGAT IFGHDNLWTVR ddn
Leishmania ILNVILYLFGOMHEAKLTWAILECQVIACVLGEVVRYVLSAFLY DEVR-——-— 466

sequence identity with mouse (Rajput et al., 1992), Saccha-
romyces cerevisiae (Hartog and Bishop, 1987), and Leishmania
amazonensis GPT (Liu and Chang, 1992), respectively (Fig.
2). Hydrophobicity of the predicted amino acid sequence
according to the algorithm of Kyte and Doolittle (1982)
shows that it is highly hydrophobic with 10 possible mem-
brane spanning domains (data not shown).

Genomic Organization of GPT and Gene Expression

Upon digestion with EcoRI and BgIIl, genomic Arabidop-
sis DNA yielded a single hybridization signal with the GPT
cDNA probe, whereas two signals were observed after
digestion with HindIII (Fig. 3), The GPT probe contains a
HindIII site but does not contain EcoRI or Bg/II sites. The
results shown in Figure 3 are consistent with the conclusion
that GPT is encoded by a single gene in Arabidopsis. To
analyze the structure of the Arabidopsis GPT gene,
genomic DNA was amplified by PCR and directly se-
quenced (accession no. D88037 in the DDBJ, EMBL, and
GenBank nucleotide sequence databases). Sequence com-
parison of the cDNA and genomic DNA indicates that the
Arabidopsis GPT gene consists of 11 exons and 10 introns,
and the junction boundary sequences of the introns satisfy
the GT-AG rule. Total RNA was prepared from roots,
leaves, stems, and flowers of mature plants of Arabidopsis
and used for RNA-blot analysis. All organs were found to
contain GPT mRNA (Fig. 4).

Overexpression of GPT and Tunicamycin Resistance

To confirm that the cDNA encodes an active GPT en-
zyme, we transformed Arabidopsis with a chimeric gene
consisting of the GPT cDNA and the CaMV 35S promoter
and determined GPT enzyme activity in control and trans-

formed plants. Microsome fractions were isolated from
wild-type and transgenic Arabidopsis plants and used to
measure the transfer of [H®]GIcNAc-1-P from UDP-
GlcNAc to chloroform-methanol-extractable molecules
during a 12-min time course (Fig. 5). Microsomes from
transgenic Arabidopsis (GPT — Tm, in Fig. 5) had approx-
imately 10 times higher radioactivity incorporation activity
than those from wild-type plants (WT — Tm in Fig. 5).
These assays were carried out with microsomal fractions
that had equivalent amounts of the ER marker enzyme

5.1-
4.7-

-
3.1-
1.0- -
kb

Figure 3. Genomic DNA-blot analysis of the GPT gene in Arabidop-
sis. Genomic DNA was digested with Bglll (lane 1), EcoRI (lane 2),
and Hindlll (lane 3) prior to electrophoresis.
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1.5 kb

Figure 4. Relative abundance of GPT mRNA in Arabidopsis. Total
RNA was prepared from roots (lane 1), leaves (lane 2), stems (lane 3),
and flowers (lane 4) of mature plants of Arabidopsis, fractionated by
formaldehyde-agarose gel electrophoresis, and transferred to a nylon
membrane. The full-length cDNA was used as the hybridization
probe.

NADH-Cyt ¢ reductase. Tunicamycin almost completely
inhibited the reaction by the wild-type and GPT micro-
somes. The higher incorporation of GIcNAc-P into the lipid
fraction by microsomes from the GPT-transformed plants
and the inhibition by tunicamycin indicate that the GPT
c¢DNA encodes an active transferase.

Cells that express higher levels of GPT are resistant to
tunicamycin, a potent inhibitor of GTP activity (Rine et al.,
1983; Zeng and Elbein, 1995). We therefore checked the
tunicamycin resistance of wild-type and transgenic plants.
As shown in Figure 6, wild-type and mock-transformed
(with pBI121) plants could not grow in presence of 0.3
wng/mL tunicamycin. However, transgenic Arabidopsis ex-
pressing GPT grew even in the presence of 1.0 ug/mL
tunicamycin. This observation provides additional proof
that the cDNA encodes an active enzyme.

N-Linked Glycans of Transgenic Plants

Tunicamycin is lethal because it prevents the synthesis of
Asn-linked glycans, and proteins without such glycans are
thought to be unstable. Do the proteins of the GPT trans-
genic plants grown in the presence of 1.0 ug/mL tunica-
mycin have glycans? To examine this question, proteins
were extracted from GPT-transformed plants and analyzed

700
GPT -Tm
600 |
E
a 500 F
)
§ 40
=
g 300 |
o
S 200F
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£
100 WT -Tm
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reaction time (min)

Figure 5. Activity of GPT in microsomes of wild-type (WT) and
GPT-overexpressing Arabidopsis. The incorporation of radioactivity
from UDP-[*H]GIcNAc into lipid-soluble molecules was measured
after 4, 8, and 12 min. The fractions contained equal amounts of
ER-marker enzyme Cyt c reductase activity. Tunicamycin was added
at 10 pg/mL, with an equivalent amount of ethanol in the controls.
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Figure 6. Tunicamycin sensitivity of wild-type and transgenic Ara-
bidopsis. Seeds of wild-type (WT), pBl121-harboring, and GPT-
overexpressing Arabidopsis were sown on agar plates containing
different concentrations (0, 0.3, and 1.0 ug/mL) of tunicamycin. The
photo was taken 3 weeks after sowing.

by immunoblot using an antiserum specific for the xylosyl
residues of complex glycans found on many plant glyco-
proteins. As shown in Figure 7, proteins extracted from
GPT-expressing transgenic Arabidopsis grown continu-
ously in the presence of tunicamyecin (lanes 4 and 5) had the
same pattern of glycoproteins with complex glycans as
GPT-overexpressing plants grown in the absence of tuni-
camycin (lane 3). This result indicates that the GPT-
expressing plants make glycoproteins with complex gly-
cans in the presence of tunicamycin. We do not know
whether the glycosylation pattern for individual proteins
and the pattern of glycan modification is exactly the same
for both types of plants.

BiP Induction in Transgenic Plants

Tunicamycin induces the expression of the ER resident
molecular chaperones such as BiP as part of the overall
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Figure 7. Immunoblot analysis of complex glycans. Extracts from
3-week-old seedlings of wild-type (lane 1), pBI121-harboring (lane
2), and GPT-overexpressing (lane 3) Arabidopsis. Arabidopsis grown
without tunicamycin and GPT-overexpressing Arabidopsis grown
continuously with 0.3 pg/mL (lane 4) or 1.0 pg/mL (lane 5) of
tunicamycin (see Fig. 6) were subjected to SDS-PAGE (12.5%) and
subsequent immunoblot using an antiserum against complex gly-
cans. Each lane was loaded with 7.5 g of protein.
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Figure 8. Effect of tunicamycin on the relative abundance of BiP
mRNA. Total RNA from wild-type and GPT-expressing Arabidopsis
treated with different concentrations of tunicamycin were subjected
to northern-blot analysis using BiP cDNA as a probe. Ten micrograms
of RNA was loaded in each lane.

UPR of the cells, we examined if BiP induction was
observed in GPT-overexpressed Arabidopsis. Such an in-
duction can only be observed in a short-term experiment
because tunicamycin causes cell death. Wild-type and
GPT-overexpressing Arabidopsis were first grown without
tunicamycin and were then treated with tunicamycin for
5 h before RNA extraction. As shown in Figure 8, in wild-
type plants the accumulation of BiP mRNA was correlated
with the concentration of tunicamycin, and presumably the
severity of the stress. The strongest induction was observed
at concentrations of tunicamycin that are lethal to wild-
type Arabidopsis (see Fig. 6). BiP mRNA was not induced
in GPT-overexpressing plants even at 1.0 ug/mL tunica-
mycin, the highest concentration at which plants can be
grown.

To find out if these plants are capable of a UPR, the
wild-type and GTP-transformed plants were exposed to
either 1.0 pg/mL tunicamycin or a 5 mM concentration of
the amino acid analog azetidine-2-carboxylate. In wild-
type plants azetidine-2-carboxylate induced the accumula-
tion of BiP mRNA well above the level induced by tunica-
mycin, and in the GPT-transformed plants it induced an
equally massive accumulation of BiP mRNA (Fig. 9). This
result indicates that the GPT-transformed plants are capa-
ble of mounting a UPR, but that it is not induced by
tunicamycin. The higher level of GPT apparently obviates
the UPR plants normally experience in the presence of
tunicamycin. It is possible that higher levels of tunicamycin
(above 1 pg/mL) will also induce the UPR in GTP-
expressing plants.

DISCUSSION
The GPT Gene and Its Regulation

To isolate a cDNA that encodes the enzyme GPT, which
catalyzes the initial step of the N-linked glycosylation path-
way, we carried out PCR using amino acid sequences that
are conserved among the GPTs of other organisms. The
deduced amino acid sequence of the cDNA shows low
homology (30%-40%) with other GPTs. However, the
amino acids that are conserved among the other three GPTs
are also conserved in Arabidopsis GPT (see Fig. 2). Con-
served amino acids and motifs are found throughout the
molecule but especially toward the middle of the protein.
The C and N termini of the GPTs are most divergent.

mouse and yeast cDNAs, and in this respect the Arabidop-
sis cDNA resembles yeast and mouse. However, near the C
terminus Arabidopsis and L. amazonensis also share a major
deletion of 40 amino acids compared with mouse and
yeast. All GPTs have similarities with the product of the
bacterial mraY gene (Fig. 2) (Ikeda et al., 1991), which en-
codes a UDP-N-acetylmuramonyl-pentapeptide:undecapre-
nyl-P phospho-N-acetylmuramoyl-pentapeptide trans-
ferase, an enzyme involved in the biosynthesis of the
peptidoglycan of bacterial cell walls. This protein also has
several membrane spanning domains (as do GPTs) and its
enzymatic activity is also inhibited by tunicamycin.

The Arabidopsis GPT gene consists of 11 exons and 10
introns. GPT genes of mouse (Rajput et al., 1994a) and
hamster (Scocca et al., 1995) possess eight introns, whereas
those of S. cerevisiae (Hartog and Bishop, 1987), S. pombe
(Zou et al., 1995), and L. amazonensis (Liu and Chang, 1992)
are intronless. The Arabidopsis GPT gene lacks the intron
corresponding to the seventh intron of mammalian GPT,
while its third, seventh, and eighth introns are missing in
mammalian GPT genes. The locations of the other introns
are well conserved among GPT genes from Arabidopsis
and mammals (Fig. 2). It is noteworthy in an evolutionary
context that introns are present in the GPT genes of higher
plants and mammals at the same positions, but absent from
the genes of lower organisms.

The cDNA and genomic sequences we obtained were
identical except for the presence of introns. After the iso-
lation of the GPT ¢DNA and genomic clones was com-
pleted, the genomic sequence of GPT was also reported as

WT GPT

BiP

GPT

Figure 9. Effect of azetidine 2-carboxylate (AZC) on the relative
abundance of BiP and GPT mRNA. Plants were treated with T ug/mL
tunicamycin (Tm) or 5 mm azetidine-2-carboxylate for 10 h, and the
extracted RNA was probed with BiP or GPT cDNA. Cont, Control.
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part of the Arabidopsis genome project (accession nos.
ACO002510 and AC004625). A comparison of the two
genomic nucleotide sequences showed that they are iden-
tical at all but nine nucleotide positions. Sequencing errors
in three different places resulted in a derived amino acid
sequence that has a two-amino acid deletion, a nine-amino
acid insertion, and a changed and shorter C terminus com-
pared with the derived amino acid sequence we obtained.
Two of these changes result from the erroneous assignment
of intron splice sites. The presence of the 10th intron was
not identified by the computer program used for the Ara-
bidopsis genome project, resulting in a change in the pre-
dicted amino acid sequence at the C terminus with a dif-
ferent stop codon.

The presence of GPT mRNA in all organs of mature
Arabidopsis plants suggests that GPT functions as a house-
keeping gene. This is to be expected, since glycan synthesis
and protein glycosylation occurs in all cells. The expression
of the yeast GPT gene is regulated depending upon cell
proliferation, and is depressed in Gj-arrested cells (Kuku-
rizinska and Lennon, 1994; Lennon et al., 1995; Pretel et al.,
1995). Expression of the GPT gene of hamster was tissue
specific and developmentally regulated (Mota et al., 1994).
Mouse GPT gene was also developmentally and hormon-
ally regulated (Rajput et al., 1994b). Since we used mature
plants in which most cells except meristematic ones are
quiescent, further experiments are needed to clarify
whether similar regulation occurs in Arabidopsis.

Overexpression of Active GPT Obviates the
Tunicamycin-Induced UPR

To determine whether the isolated cDNA encodes an
active GPT, the cDNA was expressed under the control of
the CaMV 35S promoter in Arabidopsis. Microsomes ob-
tained from the transgenic plants had up to 10 times (de-
pending on the experiment) more GPT activity than micro-
somes from wild-type plants. The enzymatic activity in the
microsomes of the wild-type and the GTP-transformed
plants was inhibited by tunicamycin (Fig. 5). Determina-
tions of relative mRNA abundance using northern blot
analysis showed a more than 20-fold difference between
GTP mRNA levels of the GPT-expressing plants and the
controls (Fig. 9 and dilution data not shown). The differ-
ences between the increase in the mRNA levels and the
enzyme activity may be caused by post-transcriptional reg-
ulation of the gene product. We do not know if the enzyme
has the same stability in wild-type plants as in GPT-
expressing plants, and differential enzyme stability may
account in part for the difference in enzyme level between
the two types of plants.

GPT-overexpressing Arabidopsis was more resistant
than the wild type to tunicamycin, a potent and specific
inhibitor of this enzyme (Elbein, 1987). We conclude that
the cDNA encodes an active enzyme that is inhibited by
tunicamycin. The observation that low levels of tunicamy-
cin prevent the growth of Arabidopsis seedlings is in agree-
ment with similar observations with other eukaryotic cells.
Cells exposed to this drug for a prolonged period die
(Lehrman et al., 1988) and the observed effects of tunica-

mycin on cellular metabolism could be the result of a loss
of function of critical glycoproteins that are relatively short
lived. As with other toxins, tunicamycin-resistant cells
have occasionally been obtained from, for example, ham-
ster (Criscuolo and Krag, 1982; Lehrman et al., 1988) and L.
amazonensis (Kink and Chang, 1987). Resistance to tunica-
myecin results from the spontaneous amplification of GPT
genes in cells selected under increasing concentrations of
tunicamycin. In yeast, transformation with a multicopy
plasmid containing the GPT gene resulted in overproduc-
tion of GPT and in tunicamycin resistance (Rine et al.,
1983). Zeng and Elbein (1995) selected tunicamycin-
resistant soybean cells by gradually increasing the tunica-
mycin concentration in the culture medium from 0.5 to 60
wng/mL. These cells had a 40-fold increase in GPT activity
compared with controls, and SDS-PAGE of cellular extracts
revealed a prominent band of 39 kD. Considering that GPT
is an integral membrane protein, this relative molecular
mass could correspond to the size of GPT, which has 431
amino acid and a predicted M, of 47,727 assuming no
proteolytic processing and no glycans.

In plants, as in other organisms, application of tunica-
mycin is lethal, and our results show that Arabidopsis is
unable to grow in 1 ug/mL of this drug. When
N-glycosylation is prevented by tunicamycin, proteins
made in the ER are not correctly folded and remain com-
plexed with BiP and other chaperones. For example,
D’Amico et al. (1992) immunoprecipitated newly synthe-
sized storage glycoproteins (phaseolin, phytohemaggluti-
nin, and amylase inhibitor) made in the presence of tuni-
camycin and found that the ER chaperone BiP/GRP78 (a
78-kD Glc-regulated protein) was co-immunoprecipitated
with each one of these proteins. In addition, tunicamycin
induces the activation of genes encoding chaperones such
as BiP/GRP78 (Denecke et al., 1991; D’Amico et al., 1992).
Our results (Fig. 8) confirm this observation. When GPT is
overexpressed, the plants do not respond in the same way
to tunicamycin at 1 ug/mL. Under these conditions there is
no induction of BiP mRNA, presumably because glycan
synthesis and glycosylation are normal. Thus, the overex-
pression of GPT obviates the UPR normally induced by
tunicamycin by permitting the synthesis of glycans in the
presence of tunicamycin. These results are in agreement
with the recent finding of Leborgne-Castel et al. (1999) that
overexpression of BiP from a transgene also alleviates
tunicamycin-induced stress. The GPT-induced stress miti-
gation appears to be farther upstream in the sequence of
events that leads to stress.
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