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Abstract

Plants store a significant amount of their nitrogen, sulfur and carbon reserves as
storage proteins in seed tissues. The major proteins present in rice seeds are the
glutelins. Glutelins are initially synthesized at 4-6 days postanthesis and deposited
into protein bodies via Golgi apparatus. Based on nucleic acid sequences and
Southern blot analysis, the three isolated glutelin genomic clones were
represcntative members of three gene subfamilies each containing 5 to 8 copies. A
comparison of DNA sequences displayed by relevant regions of these genomic
clones showed that two subfamilies, represented by clones, Gtl and Gt2, werc
closcly related and probably evolved by more recent gene duplication events.
The 5° flanking and coding sequences of Gtl and Gt2 displayed at least 87%
homolgy. In contrast, Gt3 showed little or no homology in the 5 flanking
sequences upstream of the putative CAAT boxes and exhibited significant
divergence in all other portions of the gene. Conserved sequences in the 5’
flanking regions of these genes were identified and discussed in light of their
potential regulatory role. The derived primary sequences of all three glutelin
genomic clones showed significant homology to the legume 115 storage proteins
indicating a common gene origin. A comparison of the derived glutelin primary
sequences showed that mutations were clustered in three peptide regions. One
peptide region corresponded to the highly rautable hypervariable region of legume
11S storage proteins, a potential target area for protein modification. Expression
studies indicated that glutelin mRNA  transcripts are differentially
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accumulated during endosperm development. Promoters of Gt2 and Gt3 were
functional as they direct transient expression of chloramphenicol
acetyltransferase in cultured plant cell.

A 2

A7 A7 Aanlehe R 9% 19 tone & AT U3 o] F T0%E A €A
HEl 94X flci(Tanaka 1983). & el AHA wWHoli: AF i3 My
St AER FElY FE SuE A% HFo] Yol AE Bl FEH Y
AAFE #1808 ¢ WS VeI oEE 24 olt. AE uw3y
go® W% 5 57 F3E& o]} (Derbyshire 1976) &4, 2, 44 T Hoj Y=
TA dEE FaF i fdez AdAHHT Yu(Okita 1982, 1985). e
saAVRe) 74 AFE V4HES FTRoAN Q49T Yoit, HolE Hx
@2 e o] Exn Yo dEHe g AR T ¥ £ dd. wF
o] WA wFo] diF 9%E 29 12%e] wld TFL Yol o YojNE
L 54T 9 B 28 Aoz 4A Y. oY olf wEA ¢5%

27l A% ez HRA BF T4 9 gPopred Aol 5
ol A% A% Fuold @ A7t =] ghek(Tanaka 1983). 221
HA7tA] 4004 d7ke] ko2 Efam $Ft4L glo] R Tyl &
MAAZIE SHY Wil AAsl" £4 = QAd(Ann. Rep. IRRI 1968). 4E)

2

B

FAE B3 A4, 4% 4 G2F P2 o) DU Yoz BEHT Yow oS
AR FA7 dolddl Rag s PRI o]yl A, FA Wl (seed
protein)& &) WAel wal 484 albumin, 4elel] Laisl: globulin,
o4 &34 prolamine, <F alkali g4 glutelin 5 47}4= FEHAH(Osbome

1924). o]§% albuming A& ezl 3Fs AL K3 F4 Il A(storage
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protein) £ FE3ted 2w olF2 FA wolAd YR YT o]LHE FuHelr.
} T
gluteline] Z wfd 3] 80%E Axsts WEH F4 P A o] prolamine 5%
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rin
4

do

%, 9 %) & polamines) FF& wujHoh} 4o A=

rleke. 2 EAcH(Kim 1988). ERolAE o)F 4 T4 @A Foll 53] gluteline)]

o] FHHe R Eo3tnA .

1. & glutelin A4

A& glutelin® % A%77 %71 F MHE(post-authesis) 4-6U7 HE
estEo] Falel HHE AFsmdd w24 A4 =7 AR (Yamagata
1982, Luthe 1983). 9% ribosomeel]4} 449 glutelin® w4 2 ¥ (protein body)&
Agsed 1 59 AP A2 B9 gsker}t HT ook Krishnan Hof
ofs @Azl A% Wel(2h1-5). FAH gluteling prolaming] FAE olB3te
AAn Aoz DY A glutelin® ribosoHeol X gAsie] 2wt Golgixol
AYH F oA 272 mPel @A (protein body)Z FHetE Aol LR
slgh= t2Ho g prolamined GolgidlE o]-§stA] ghx ul2 2 F¥(large spherical)
AN o AHes Aoz ¥eiZn. glutelin P F2 FHF oy AR
SDS-PAGE #7|4% A#E 29 gluteling 51kD, 34-37kD g 21-22kD % 3719
band2 F&=]o}x)&0) 51kDE glutelin precursoe]n 34-37kDE « subunit® 18 =

21-22kD¥ B subunit® R} (Krishnan 1986, Wen 1986). & glutelin
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Fig. 1. Low-magnification view of 14-DAF rice endosperm showing the
presence of three types of protein bodies. Extensive rough ER was
routinely observed (arrows). L, large spherical protein body; §, small
spherical protein bedy; GL, irregularly-shaped protein body. Bar=1 pm;
x14,000.

Fig. 2. Crenulate body in rice endosperm cell. Note lack of a distinet
membrane. Bar=0.5 pm; x22,000.

Fig. 3. Densely packed lipid bodies (L:B) present in the aleurone layers of
rice endosperm. Bar=0.5 um; x28,000.

Fig. 4. Micrograph showing the specificity of the glulelin antibody
employed in this study. Protein-A gold particles specifically bind to the
irregularly-shaped protein bodies but not the spherical protein bodies in
rice endosperm. Note the presence of crenulate bodies. The arrows  point to
rough ER. Bar=1 pm; x15,000.

Fig. 5. Subaleurone layer of rice endosperm showing gold-labeled glutelin
protein deposited in the vacuoles. Bar=1 um; x13,000.
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Fig. 6. SDS-PAGE analysis of rice glutelins. Lanes a and f are mol wt
markers. Lane b is a crude glutelin fraction. Lane ¢, d and e are 51 kD,
34-36 kD, and 21-22 kD, respectively (Krishnan and Okita, 1986).
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Fig. 7. Western blot showing the specificity of the o- and P-glutelin

subunit antibodies.  The nitrocellulose paper was incubated with antisera
rised against either the purified o subunits (lane b) or B  subunits

polypeptides (lane a) (Krishnan and Qkita, 1986).
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polypeptide#] #+Z& #3l71 ¥ glutelin precursor ¥ 2714 subunit® 747}
FAE TE AE® A3} (¥ 7) o 9 B subunitE 72 9] subunityolr]z}
precursor9}=  ZstA @@, £ precursor?] HME o g B subunitg=
Agsle] o]F o , B subunitz} glutelinprecursor2 < RE $HES
#olst o (Krishnan 1986). #¥ precursor2 e o ¥ 1 B subunit 7} ¥egl=ls
#HL Fwlo(posttranslation) F}Aoll ojs] 2709 subunitz R Haw7 ol
oojun] o]E 2s4¢] subuniti cysteine®] disulfide bondz HEgsle] Zr). Frjgle
AL glutelin B subunit= 7] 2] globuline]u} %3} 118 protein® aminoAl 24 e) wj$-

§AL8be] F-F amino4t sequence® 71X Q= Ao 2 o# Hoh(Higuchi 1987).

2. Glutelin 3=z} 4yt

1) cDNA clone £+

2 glutelin §ARE & $A49 22 U2 HAe] FAAT Uejut Bz
#34 282 27 Hol4de sAlzm U W AE F4 H4ET dF A
FAE e AFEH FolHez W= ’-‘F&t}ml Zt FEoA B 477t
o]FolA ftv}. Bt &2 v} AFoll wlal =9 HAl dFol A =HQAAR, 7E
ATE wigeox HZH A7 F ZHo) H3u Y. glutelin  cDNAE Takaiwa
Sl (2% 8 43¥E 4-10d A FANM 22 mRNAz RE cDNAE
HAeted cloning st3l.em cDNA 7|4 EE 2/ o type [at 12 27 ¥ 4 Y=
-k vH(Takaiwa 1987, Wang 1987). &y} ®A5se] <dFella= 27 group

o] gJoE E t}E cDNA d7]xde] EA%E FA#RcH(ad 11).
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Fig. 8. Nucleotide sequences of glutelin ¢cDNA clones
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2) Genomic clone 4y}

BAFL glutelin §H28 cDNAE Eaa7] A8 $HF 20259 A
+5E F4 25gez Be] mRNAF Felstd AMV reverse transcriptase @ DNA
polymerase I5-& ol§ &o] cDNAE =& #F A gtllol 49 cDNA libraryS =4
st%lc}. o] library & 3¥| glutelin acidic subunitz =tE FHS o] glutelin
¢cDNA clone pG225 <giv}. o] pG22 cloned Takaiwa%o] W& 3+ 27 typed}&=
@@ mahte) cDNA typedd o] ¥lEt. $5 xo4 #-e DNAE EcoR
Ioju} BamH 1o g gdsted genomic libraryE whe ¥ 94 #2t" cDNA probeE
o]-§sted 332 glutelin genomic clone(Gtl, Gt2, Gt3)& «glewn] Southern blot
Wie2 A A Gtld G2e MY A& RYESp L Stul, 9 Sph I 52
TEHLE Hfda o] v §4 4oy Gi3: Gtl g G2g: gy

Ecohl 5ml5‘||l|5ﬂ|l Hnd Ml Hind Il Xba) Eeofl
]

G ' - —

Hd M Sehl Spel Swi soht e 0 Pru it Hind
G2 { o
Ecofl Xbw) MNde |ExRV  Seel Nee | Ecoft 20
G3 LL 1 | ot 2=
ancidic subunk bnicmbum-

Fig. 9. Physical maps of restriction endonuclecase sites in subclones of
gluiclin genes. A 4.2 kb Eco RI fragment from a A genomic clonc containing

Gtl and a 2.7 kb genomic DNA Eco RI fragment containing Gt3 were
subcloned into the Bluescript M13-vector. The rectangular boxes indicate
the approximate position of the coding sequences. Dotted boxes indicate the
signal peptide sequences while shaded boxes depict the three introns
observed in these genes.
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Fig. 10. Reconstruction Southern blot analysis of glutelin genes. About 5
pLg of rice DNA was digested with either BamH I (B), Eco RI (E), or Hind I

(H). The gel was hybridized to 32p_jabeled 4.2 kb Eco RI fragment of Gtl
(panel A), 3.4 kb Hind III fragment of Gt2 (panel B), or 2.7 kb Eco RI
fragment of Gt3 (panel C). Panel D depicts the copy number standards of
representing 1, 2, 5, 10 and 20 gene copies per haploid genome.

HAH (1 9). ol% 370 genomic DNAE probex #hof 92 Southern blotE H
(z¥ 10) A=A ol w2} bande} 927 zH7 Fen Grle 42kb, G2 3.4kb
2R G3E 2.7kboflA] band7t el Hict. olald AAE 2olZ o] of= 3
FAAE 2 T2 74 ol glutelin §HAF(mutigene family) o] ¥ Bk
band FEE M §4% 2% wigsigen] 72 $A=e) gene copy number: ®3
gene copy number F%9} Blag 2 5842 2 =HoiFd. olF HARE =nlike]
Hol ol HolE 3z o]y glutelin $HAFLZ FAsle] e Aoz @b
ozl
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3. 4 glutelin M= L2
1) Glutelin ¢-#x2] DNA 7] A4 £4

Glutelin ¢cDNA 9 genomic DNA 7492 Sanger 98¢l dideoxy chain
termination’j @ 2 ¥4sto] 29 110 Je} W} glutelin genomic DNA =7
A7) A 4 (translational  initiation  site)®  RE] HT¥ez uiF -900bbpei A
Alzbated @A coding B8 9 polyadenylation signal % poly o 2 ¢j7}=] <f 2920bp
A7|ex genomic cloned Gt carboxyl Z¢t ¥ 1 3’ flanking o] &z
A2 swEglo} cDNA pG229= 98%9 § 24 (homology)E Hol:= Aoz
Hol &2 #AA d& He FRI olF {§EA B2 72 479 exond 3¢
introne.® FA=lo] 2Iglr}. glutelin®] introng o2 A el =277} Bz
#ol 84-95bpE olAL & AE$HALe introne] B AN AU, 7+

Fig. 11. The DNA sequences of glutelin genomic clones Gtl, Gt2, and Gi3
and a cDNA clones, pG22. The complete 5'- and 3'-flanking and coding
sequences are shown for Gtl and Grt2, whereas Gt3 is missing a portion of
the coding sequence and accompanying 3'-flanking region. Numbering is
based on the translational initiation codon for Gtl which is shaded.
Nucleotide replacements are depicted, whereas as asterik denotes
conservation. Gaps have been .introduced to achieve the best alignment of

the glutelin genes and its cDNA. The transcriptional initiation site is
indicaled by an arrow begining
with nucleotide -39. Conserved sequences around the putative TATA and

CAAT boxes are shaded. The bold single-headed arrows rtcpresent repeat
units that are shared in the 5'-flanking sequences of Gtl and Gt2. Small
double-headed arrows depict the RY repeat eclements present in the
promoter regions of all three gemes. Small single-headed arrows indicate
the small border repeats evident in the DNA insertions in the Gt2 promoter

region. The three introns and their respective borders are labeled below
the DNA sequences. The termination codon is located at nucleotide 1798.
Consensus polyadenylation signal sequences are indicated with overhead
Iines. The polyadenylation addition sites for Gil and Gt2 are indicated with
arrow  heads. GT-rich regions immediately downstream of the
polyadenlydation sites are shown with wavy lines.
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F84 59 F24 (X g vadnd Gtl $AAY G2 §$H2= e 14 0]
Ester} 267 -399bpojj A= Gtlel gl sequencest o] FHAJo] wgtei} E3)

o

| ¥ fdze] Gl coding R91& 95% o4k FUAE Hod 2R Gtl S AR
Gt3 A A= Sflanking 9 intron $-9j9} 3’ flanking B-#ojl s Agd HolE Mo
Fer}t 5 flankingF: -1 -180bp7iA& A3t homologys Hed Fgixm whwya

coding H-5-5 B-9of] u}e} 86-89%2] ¥ RBAE Ko St}

2) 5" 9 3 flanking §Hx ¢@=H

FAA ¢ 24 Regm <4ej3 5 flanking XYl 3% A4 2E

translational initiation codon Rl olF HL FAHAYL HoZ} distal

F-HeliAls F24e] glslch. S nuclease mapping (2 q 12)ei14 -39bpell 7%

e o) N

::-ﬁ—lc‘:zl—-l—ir-

‘€ en,

Fig. 12. Mung bean nuclease analysis of the glutelin transcriptional
initiation site. Lanes a and b depict the mobility of the mung bean nuclease
resistant fragments, lane b containing 3 times as much sample as lane a.
Lane ¢ and d contain products of the 3Z2P-labeled Eco RI-Spe I fragment
which have been subjected to the purine and pyrimidine reactions of Maxam
and Gibert.  The arrow head indicates the predominant sized fragment
protected by nuclease treatment. The nucleotide sequence around the
transcriptional initiation site is depicted on the right.
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743 bandE HojFof o]3Te] transcriptional initiation site2 ¥3] H.o] W) <%
band7} &l Aez Mo}l glutelin §A 2+ multiple transcriptional initiation
site2 ¥o] = Aoz 4zhsl. RNA polymerase Zeo] SAlsb= TATA
boxi= transcriptional initiation site2 -] -28bp $IFell 4] wA®) o §a} CAAT
box EAHRet G FH ¥ FHANY E 5 Q& uig Lo] LR
CAAT boxe]Eal 3¢l &= gstd. Gtl $HAY G2 §AA72 5 flanking
Booxe] TEAQ Aele G2 Az Gtl $AFE gl DNA ¢7]4d0)

>

FlE G EUdd o] 449 €71 %do inverted sequences} o] o] AL ojnix
transposable elemento]] 2j3 DNA 44 *Hez o3ARG. 2z A} =A
%1741 d(potential transcriptional regulatory sequences) & #HE(L44, ¥ g
2) T3 vlaWg SV40 enhancer core ¥¥g &= Aoz Z2Fsl= *-300bp
clement’®] consensus sequence [TG(T/A/C)AAA(G/A)G/TE zZF | Az o
EA= Aol BHAN(E 2). ®xlolra} *-300bp element’ BTl Exjst= RY
sequence repeat® E4= 29ir}. o] RY repeat sequence: Fx} ol Aojlaal

SAYOR EAWdE o) ALY 2 J1%e ofF Wzl gld. 3 flanking

Table 2. Conserved repetitive sequence elements in the 5 flanking region
of the Gt genes

Gt1/G2 -695 TGCAAAGT

Gl 674 TGACATAATGCAAAATAAGA
G -674 CGACATAATGCAAAAGAACGA
Gt1/Ge2  -$45 TGACATAG .

Gl -482 DECARDT

G2 -482 AGCARAG

Gl -486 TGTCATATTGCAAAAAG
G2 -486 TGTCATGTTGCGARRAAG
&2 -233 AGCAMDAG

Gl -253 TGTCATATTGCARAAGAG
G2 | 7233 TGTCATATTGCAAAAGAG
G3 -249 TGRARAAT
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Kol A= t}F polyadenlation signal #-9j7} Gtl g Gt2 §HAA4dA #Q =R
gz poly(A) R7AES bl2 thdol HAEA 43X (transcription termination
signal) 2 A5 G/T clusters el =gic. E7) ¥ AL glutelin § A A Fojl &

polyademylation signale] 3 a4 3-5 copy7} d&H o2 EAfsa 2

3) Glutelin polypeptide®] 14 2 &34

DNA sequenced o]&3e] Gt §H2E2 aminodt IS Wisconsin A&
programe. 2 &A% ¥ 28 130) A glutelin $HAE 24509 signal
peptided 7}A5 9= Ao| von Heijne o2 g3]3 3 acidic subunit$} basic
subunit 25t R2= basic subunit®) aminodt 714 d 3 vz HEHeHZhao
1983) 308¥i(Asn)a} 3099(Gly) Alol2 wr#lZ e}l 3] 118 globulin®& 30-35%
Ax 2] homologyE HoiFxm 53] B subunité}: homologys} =j$ o} %

.

GEl Iy S THRETVFFTVCLFLLCDGSTAQOLLEOS T S0M0S SRAGSPRGCRFDRLOA EP T RSVRSQAGTTEF FOVSNELF QUIGVSVVRRVIEPRGLLLEHYT 100

. e Eeew Q........................
cr3 PR ol s TTRT U e e P Ty T T £ T b
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c:z
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o
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Gtl IORDFLLAG-] mmmrmmmmmv-zmyummmmwwms 300

Gt2 Laveg -+ R [}
Gt3 N N**1G0* Lo+ YE*RDN*K*V* G 56 =SRTARTeas QE*V* “*DYG*TQYQ*KQ
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00

GLd Lo L ey K v ®
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< .
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Fig. 13. Derived primary sequences of the polypeptides encoded by Gtl,
Gt2, Gt3 and pG22. The two arrow heads indicate the proteolytic cleavage
site for the signal peptide (between residues 24 and 25) and
post-translational cleavage sites (between residues 308 and 309) which
results in the formation of acidic and basic subunits. The hybervariable
(HVR) and variable (VR) regions, segments prone to mutation among the
legume 11§ storage protein genes, are indicated with overhead lines. The
two cysteine residues responsible for interchain-linkage are circled.
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Fig. 14. Temporal accumulation patterns of Gtl and Gt3 mRNA transcipts

during seed development.. Poly(A1)-RNA samples were obtained from
developing rice seeds at 5, 10, 15, 20 and 25 days post-anthesis.
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Fig. 15. Transicnt expression of glutelin  promoter-chloramphenicol
acetyltransferase (CAT) fusion in tobacco cells. Two translational fusions
to CAT were constructed containing the 5' flanking region of Git3 and either
1332 bp (a) or 72 bp (b) of the coding sequences of Gt3.  Physical
restriction enzyme maps are depicted. Lanes a and b are duplicate CAT
acitivity reactions of construct a and b, respectively. Lane ¢ is the result
obtained for extracts obtained from protoplasts subject to electroporation
condilions without any DNA.
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