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Abstract Autophagy is an intracellular process for
vacuolar degradation of cytoplasmic components.
The molecular machinery responsible for yeast and
mammalian autophagy has begun to be elucidated at
the cellular level. A genome-wide search revealed
significant conservation among autophagy genes in
yeast and Arabidopsis. Up till now, however, there is
no report about rice autophagy associated genes.
Here we cloned OsAtg8 and OsAtg4 from
Oryza sativa and detected their expression patterns
in various tissues. Immunoblotting analysis showed
that carboxyl terminus of OsAtg8 can be cleaved in
yeast cell. Mutation analysis revealed that the con-
served Glyl117 residue of OsAtg8 was essential for its
characteristic C-terminal cleavage as similar to that
found in mammalian and yeast Atg8. We further
proved that OsAtg8 interacted with OsAtg4, and this
interaction was not affected by the conserved Gly117
mutation. Our results demonstrate that Atg8 conju-
gation pathway is conserved in rice and may play
important roles in rice autophagy.
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Introduction

Autophagy is a highly regulated process for bulk
degradation of proteins and organelles, and it has been
shown to be essential for differentiation and develop-
ment as well as for cellular maintenance [1]. With the
advantages of yeast genetics, the molecular components
of autophagy have been revealed and the autophagy is
well characterized in yeast [2-6]. An essential protein in
the yeast autophagic pathway is Atg8. After a series of
post-translational modification including the character-
istic C-terminal cleavage, Atg8 is covalently conjugated
to phosphatidylethanolamine (PE) and localizes to
autophagosome membranes, which promotes the for-
mation of autophagosome and their delivery to the
vacuole for subsequent degradation [6-11]. One of the
proteins involved in the post-translational modification
of yeast Atg8is Atg4, which is a cysteine protease that
cleaves off the C-terminal amino acid of Atg8 to expose
a C-terminal glycine [11]. The C-terminal glycine of
yeast Atg8 is strictly conserved in all mammalian and
Arabidopsis homologues [12-15].

For plant, protein degradation is important to adapt
to various severe environmental conditions, such as
nutrient deprivation [16]. A recent genome-wide
search revealed significant conservation among auto-
phagy genes (Atgs) in yeast and Arabidopsis, indicat-
ing that the molecular basis of autophagy is well
conserved in yeast and plants. In Arabidopsis, 25 Atg
genes that are homologous to 12 of yeast Atg genes
were found [15, 17-19]. Among them, AtAtg7 and
AtAtg9 have been shown to be involved in Arabidopsis
autophagy [17], AtAtg8 and AtAtg4 are essential for
Arabidopsis autophagy [18-21]. Up till now, however,
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there are no reports about rice autophagy associated
genes.

In this report, we isolated OsAtg8 and OsAtg4,
two autophagy associated genes in rice, and detect
their expression patterns in several tissues. Immu-
noblotting analysis showed that carboxyl terminus of
OsAtg8 can be cleaved in yeast cell, but mutation of
Gly-117 into Ala of OsAtg8 results in the abrogation
of C-terminal cleavage. We further proved that
OsAtg8 interacted with OsAtg4, and this interaction
was not affected by the conserved Glyl17 mutation.
Our results demonstrate that Atg8 conjugation
pathway is conserved in rice and may play important
roles in rice autophagy.

Materials and methods
Plant materials

Rice (Oryza sativa, cv Zhenxian 97B) was grown under
white fluorescent light (wavelength 390-500 nm,
150 uEm-2s-1, 12 h photoperiod) at 25°C and 70%
relative humidity. Young leaves, young roots and leaf
sheaths were prepared from 2-week-old seedlings, and
mature leaves, mature roots and spikes were taken
from mature plants grown in the field. All materials
were frozen in liquid nitrogen and stored at —-80°C
before the operation.

Semi-quantitative RT-PCR analysis
Total RN As were extracted from mature leaves, young

leaves, mature roots, young roots, leaf sheaths and
spikes using TRIZOL reagent (GIBCO BRL, USA).

First-strand cDNA was generated using Superscript 11
reverse transcriptase (Invitrogen). Two pairs of prim-
ers (named OsAtg8-a/b and OsAtg4-a/b; see Table 1)
were designed for OsAtg4 and OsAtgS8 tissue expres-
sion pattern analysis. The templates were amplified at
95°C for 5 min, followed by 28 cycles of amplification
(94°C for 30 s, 58°C for 30 s, 72°C for 30 s), then 72°C
for 10 min. The rice Actin gene (Genebank Acc. No.:
X16280) using specific primers Actin-a/b (Table 1) was
also amplified as control. PCR products were analyzed
on 1% agarose gels.

Plasmid construction and site-directed mutagenesis

We subcloned OsAtg8 to pGBKT7 vector (Clontech)
by adding a 6 x His tag (CATCATCACCATCAC-
CAT) to their C terminus using the primers pGBKT7-
OsAtg8-a and pGBKT7-OsAtg8-b. To construct
pGBKT7-OsAtg8-G117A-His, we used site-directed
mutagenesis (QuikChange Site-Directed Mutagenesis
Kit was from Stratagene) according to the manufac-
turer’s protocol using desired mutation primers and
templates. The full-length ORF of ATG4 was ampli-
fied by PCR and subcloned into pGADT?7 vector
(Clontech). All names of the primers and the mutants
of amino acids are given in Table 1. All plasmids were
confirmed by sequencing.

Yeast transformation and western blotting

pGBKT7-OsAtg8-His and pGBKT7-OsAtg8-G117A-
His were introduced to the Saccharomyces cerevisiae
strain AH109 via the lithium acetate transformation
method according to the manufacturer’s instructions.
The transformant was grown at 30°C in 5 ml SD media

Table 1 Nucleotide sequences of primers used for the cloning and expression analyses of OSATGS8, OsATG4 and the construction of

wild type and mutant OsATGS8, OsATG4 cDNAs

Primers Sequences

cDNA cloning and RT-PCR analysis primers
OsATGS-a
OsATGS-b
OsATG4-a
OsATG4-b
OsATG4-c
OsATG4-d
Actin-a
Actin-b

Plasmid construction primers
pGBKT7-OsATGS-a
pGBKT7-OsATGS8-His-b
pGADT7-OsATG4-a
pGADT7-OsATG4-b
pGBKT7-OsATGS8-G117A-His-a
pGBKT7-OsATG8-G117A-His-b

5-TCGATCGGTTGGAGATGG-3’
5-GATGAATTACGCAGAGCCG-3’
5-GCACACGTGCGTTGTTAG-3’
5-GCAACGTTTTCTGTACCTC-3’
5-GTTGCTGCTCAGCTTTGCT-3'
5-GATGTTGCCATCCCCTGAG-3’
5-CCATTGGTGCTGAGCGTT-3’

5 TAGGAATGGAAGCTGCGGG-3’

5-GGCCATGGAGATGGCCAGGACTTC-3
5-GCGTCGACTTAATGGTGATGGTGATGATGCGCAGAGCCGAATG-3’
5-GCGAATTCATGACGAGCTTGCCTG-3’
5-GCCTCGAGTCACTAAAGAATCTGCC-3

5’- CATGACTTACAGTGGCGAGAACACATTCGCCTCTGCG-3

5’- CGCAGAGGCGAATGTGTTCTCGCCACTGTAAGTCATG-3’
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Fig. 1 Genomic structure of OsAtg8 and OsAtg4. (A) The
genomic structure of OsAtg8. (B) The genomic structure of
OsAtg4. Exons are denoted as gray boxes, introns are shown as
straight horizontal lines

lacking both tryptophan and leucin with shaking (250
rpm). Yeast whole-cell lysates were prepared by
breaking the cells in 0.2 M NaOH and 1% (v/v)
2-mercaptoethanol. Then proteins were precipitated by
addition of trichloroacetic acid; and after centrifuga-
tion, samples were washed with cold acetone and

resuspended for immunoblotting analysis [15]. The
proteins were resolved by 12% SDS-PAGE and
transferred to a nitrocellulose membrane. After
blocking with phosphate-buffered saline containing
0.2% Tween 20 and 5% non-fat dry milk for 1 h, the
membrane was probed with a specific mouse anti-Myc
antibody (1:1000) or anti-His antibody (1:1000) for 2 h
and then washed and exposed to horseradish peroxi-
dase-conjugated goat anti-mouse IgG antibodies
(1:10000) for 1 h. The bound antibodies were visual-
ized with a Photope-HRP Western detection kit
according to the manufacturer’s instructions (Cell
Signaling Technology).

Yeast two-hybrid interaction analysis
pGADT7-OsAtgd and pGBKT7-OsAtg8-His or

pGBKT7-OsAtg8-G120A-His were co-transformated
into AH109 as above. Transformants were growth on

Fig. 2 Sequence comparison A
of OsAtgs and their 0sATGE |
homologues. (A) Sequence AWUTG 1
comparison of OsAtg8 SeATGE 1
(ABB77258) and its =
Arabidopsis (NP_567642, * 03
. . AATGEs 63
84% identity), yeast .
) . AT 62
(AAT92889, 73% identity)
homologues; (B) Sequence B
comparison of OsAtg4 A
(ABB77259) and its & 1 HTSL:EI:SSSSSDP-LCEGHI!PC?ZSEQ!EDCSLKQSKPSILS FNSPFNIFEAHQD 61
. . o AtATGb | MKAICDRFVPSKCSSSSTSEKRDISSPTHLVSDSASSDNKSHLTLC ASSSPVSQLCRE 62
Arabidopsis (BABS8384, 56% SeATGA 1 QLVKMDLYQKVSHGYFEGSH- - -EEPAALMNHDYIVLGEQYPERDEESGAEQC S5
identity), yeast (P53867, 26%
identity) homologues. 0sATG4 62  SZANKSPKSSSGSYDUSRVLR-RIVCHGSMURFLG------- TSKVLTSSDVWFLGKCYKLS 115
Identical residues are shaded AWATGS 63  ASTSGHNPVCTTHSSVUTVILKT. GMFR!’ODRHGPSRTGISSST‘S:MLGVC“CIS 124
in black, similarity residues SeATG4 56 EQDCRYRGEAVSDGFLSSLFG-RE ;| J— VQSR---VNFTYRTRFVP 104
are Shadzd in-iray' Theb d 0:ATG4 116 SEESSSDSPSESGHATFLEDFSSRIVITYRRGFDAISHES 177
conserved residues are boxe AATGS® 125 EGESSE LAAFRQDFSSLILTYRRGFERT g 186
ScATG4 105 IARAP---QGPS--PLSLNLLVRTNPISTIEDYIAN 160
0sATO4 178 I LEKPYNPEYIGI C 238
AATGH 187 L SEPADEKYLEII-EL 247
scATos 161 Q -SLERE 221
OsATG4 239 HEVVDGNESFPHAL EDGERBGAPVVCIDVAAQLCCDFNEGQS 300
AWATGH, 248 --ETDDFHKSFSHA SEDGI APILCIEDYTKTCLEFSEGET 307
SeATO4 222 AQSIQSRIYGFPR---------- CGIDDCIN@VSS----f-------~ DIYENEVEKVFAEN 261
0sATO4 301 TW PREIPLLKETFTFP DRAI. 362
AATCS 308 EW RVNPREIPSLIATFTFP 369
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OsATOS 363 Imm: -------------- 409
aaToa 370 BOVEOVETVIGENQDVDTSEYHCNTLRYVPRE SLOBSLALEFYCO-HR------------= 416
seatos 324 JIPAPANEDS------ sz l. VQQVKLEVAESAI 379
0sATG4 410 e SRATELVD LFTVVQSVQPS 441
AtATGay 417 - IRATKLAGDS LFTVTQSHR-~- 446
SeATGq 380 DVESVSSHSMKKDASNNENLGVLEGDYVDIGRIFPHTTNTEDVD 441

0sATG4 442

KQ ---
AATG®% 447 ----RHB---------- CBTAETSSSTETSTEISEEE
SeATG4 442 EYDCFOBTHCKKQKI LTDYEVEGVL

----- ISGDGNIRVEDLD. QIL 478
DWQLL 477
IHSPIDEKC 494
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SD media lacking both tryptophan and leucine at
30°C for 72 h. Interactions between BD and AD
constructs were then assessed by selection upon
media additionally lacking both adenine and histidine.
The addition of 40 uM x-o-gal (Glycosynth, War-
rington, UK) to the media also allowed the activity of
a-galactosidase to be assessed via production of a blue
precipitate. Yeast selection was performed over a
period of 72 h at 30°C.

Results and discussion
Identification and isolation of OsAtg8 and OsAtg4

In this report, we use the amino acid sequence of
AtAtg8a (GenBank acc. No.. NMI118319) and
AtAtg4b (GenBank acc. No.: AB073171) to search the
rice nr database (http://www.ncbi.nlm.nih.gov), and
two cDNA sequences were obtained, respectively. Two
pairs of primers (named OsAtg8/4-A and B; see
Table 1) were designed based on two cDNA sequences
and used for PCR amplification, cDNAs reverse tran-
scribed from rice total RNAs used as templates. The
PCR products were cloned into the pGEM-T vector
(Promega) and sequenced using the BigDye terminator
sequencing kit and ABI377 sequencer (PerkinElmer
Life Sciences) according to the manufacturer’s
instructions. According the Arabidopsis homologues,
the two novel cDNAs were named OsAtg8 and sub-
mitted to GenBank (GenBank acc. No.: DQ269983)
and OsAtg4 (GenBank acc. No.: DQ269984), respec-
tively. OsAtg8 localizes to chromosome 7 and consists
of five exons and four introns (Fig. 1A). Sequence
comparison indicates that OsAtg8 shows 84% and 73%
amino acid identities with the Arabidopsis and yeast
homologues, respectively, and all members contain the
conserved C-terminal Gly residue (Fig. 2A). OsAtg4
localizes to chromosome 4 and consists of eight exons
and seven introns (Fig. 1B). OsAtg4 shows low simi-
larity to yeast and Arabidopsis Atg4, but the Cys-164,
Asp-361 and His-361 of OsAtg4 are strictly conserved
in all homologues (Fig. 2B), which constitute the con-
served geometry observed in the canonical catalytic
triad of cysteine protease [22]. These results demon-
strated the autophagy associated genes are conserved
in rice.

Expression analysis
Multi-tissue RT-PCR was performed to examine the

tissue distribution of OsAtg8 and OsAtg4. As showed
in Fig. 3, OsAtg8 and OsAtg4 could be detected from

@ Springer

Fig. 3 Expression pattern analyses of OsAtg8 and OsAtg4 in
various tissues. Multi-tissue RT-PCR was performed to examine
the tissue distribution of OsAtg8 and OsAtg4. The tissues are
indicated above the panels and rice actin gene was used as an
internal control to show the consistent amount of beginning
RNA for RT-PCR
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Fig. 4 Expression of OsAtg8 and its mutant in yeast. Yeast
AHI109 was transformed with expression vectors pGBKT?7 (lane
1), pGBKT7-OsAtg8-His (lane 2) or pGBKT7-OsAtg8-G117A-
His (lane 3), respectively. Cell lysates were analyzed by Western
blotting with anti-Myc antibodies or anti-His antibodies

mature leaves, young leaves, mature roots, young
roots, leaf sheaths, and spikes which indicated they are
constitutive expressed gene and maybe have important
role in rice.
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Fig. 5 OsAtg8 and its mutant
interact with OsAtg4 in a
yeast two-hybrid analysis.
Yeast strain AH109 co-
transformed with the
indicated pGBKT7 and
pGADT?7 plasmids. Yeast was
grown on the -Leu-Trp media
(A) or -Leu/-Trp/-His/-Ade
addition of 40 pM x-a-gal
media (B)

pGADT?
-OsATG4

pGADT7

Expression of OsAtg8 and its mutant in yeast

Carboxyl terminus of mammalian LC3, which is the
homologues of yeast Atg8, can be cleaved by a cysteine
protease—ATG4, and the cleavage leads to the expo-
sition of Glyl20 [22-25]. To investigate whether
OsAtg8 also undergoes the C-terminal cleavage in
yeast cells, we constructed pGBKT7-OsAtg8-His,
which produced fusion proteins containing an N-ter-
minal c-Myc epitope tag and a C-terminal 6xHis tag.
When pGBKT7-OsAtg8-His protein was expressed in
yeast, a band was recognized by immunoblotting with
anti-Myc antibody, but not with anti-His antibody
(Fig. 4, lane 2). These results demonstrated that the C-
terminal His6 tag was removed from fusion proteins
upon expression and the C-terminal cleavage occurred
in OsAtg8, consistent with the observation in mam-
malian LC3 [12]. Yeast Atg8 and OsAtg8 may have
similar structure and the C-terminal of OsAtg8 was
hydrolyzed by yeast Atg4 because AH109 is not an
Atg4 deficient strain.

The only known residue for post-translational
modifications of yeast Atg8 and rat LC3 is the con-
served Gly-120, which is conserved in OsAtg8
(Fig. 2A). It has been shown that mutation of Gly-120
into Ala of LC3 resulted in the abrogation of a serial of
post-translational modifications [11, 12]. To clarify in a
straightforward manner whether cleavage of the car-
boxyl terminus of OsAtg8 in yeast requires Glyl17, we
constructed pGBKT7-OsAtg8-G117A -His to deter-
mine the effect of this mutation on their processing.
Expression of mutant pGBKT7-OsAtg8-G117A-His,
in which Gly117 of OsAtg8 were changed to Ala, re-
sulted in a single band that was recognized by both
anti-Myc and anti-His antibodies (Fig. 4, lane 3), which
is in agreement with the obligatory role of conserved
Gly-117 residue for the C-terminal cleavage of
OsAtg8. These results demonstrated that the Atg8
post-translational modification pathway is conserved in
rice.

-Lew-Trp

-Ade/-His/-Lew-Trp+ a -gal

OsAtgS8 and its mutant interact with OsAtg4
in a yeast two-hybrid analysis

Atg4 interacts with Atg8 and hydrolyzes its C-terminal
in yeast, a direct interaction between their rice homo-
logues would strengthen the hypothesis that both rice
genes are in the autophagy pathway. Mutation of Gly-
117 into Ala of OsAtg8 resulted in the abrogation of its
C-terminal cleavage, but we did not know whether this
mutation affected the interaction between OsAtg4 and
OsAtgS8. To identify any interaction between OsAtg4
and OsAtg8 or its mutants, we performed a two-hybrid
assay. As showed in Fig. 5, Atg4 interacts with Atg8
and its mutants, indicating the conserved Gly117
mutation does not affect this interaction. This cleavage
reaction may include two-step mechanism involving
the recognition of the OsAtg8 core and the subsequent
recognition of the OsAtg8 tail by OsAtg4. The tail
region of OsAtg8 is crucial for hydrolysis, but it is
not indispensable to the interaction between the core
region of OsAtg8 and OsAtg4.
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