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The SLENDER Gene of Pea Encodes a Gibberellin 2-Oxidase’
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The amount of active gibberellin (GA) in plant tissues is deter-
mined in part by its rate of catabolism through oxidation at C-2. In
pea (Pisum sativum L.) seeds, GA 2-oxidation is controlled by the
SLN (SLENDER) gene, a mutation of which produces seedlings
characterized by a slender or hyper-elongated phenotype. We
cloned a GA 2-oxidase cDNA from immature pea seeds by screening
an expression library for enzyme activity. The clone contained a
full-length open reading frame encoding a protein of 327 amino
acids. Lysate of bacterial cultures expressing the protein converted
the C,4,-GAs, GA,, GA,, GA,, and GA,, to the corresponding 2p-
hydroxy products. GA4 and GA,, were also converted to GA;, and
GA,q catabolites, respectively. The gene appeared to be one mem-
ber of a small family of GA 2-oxidases in pea. Transcript was found
predominantly in roots, flowers, young fruits, and testae of seeds.
The corresponding transcript from sin pea contained a point muta-
tion and did not produce active enzyme when expressed heterolo-
gously. RFLP analysis of a seedling population segregating for SLN
and sin alleles showed the homozygous mutant allele co-segregating
with the characteristic slender phenotype. We conclude that SLN
encodes GA 2-oxidase.

Gibberellins (GAs) are involved in many aspects of plant
development, particularly stem elongation. GA,, which is
biosynthesized by the early 13-hydroxylation pathway
(Fig. 1), is the principal GA regulating stem length in pea
(Ingram et al., 1984). The amount of hormone available and
the plant’s response to it determine the extent of elongation.

GA, content depends on its relative rate of synthesis and
catabolism in plant tissue. The net result hinges in part on
two reactions at the end of the pathway: 3-oxidation, which
converts GA,, to GA,, and 2-oxidation, which inactivates
both precursor and hormone. The /e (length) and sln (slen-
der) mutants illustrate the effect of these reactions on stem
length. LE encodes a 3-oxidase in pea shoots (Lester et al.,
1997; Martin et al., 1997), and SLN controls 2-oxidation in
seeds (Ross et al., 1995). Generally, mutations in LE pro-
duce dwarf plants and mutations in SLN produce hyper-
elongated plants. In a double mutant, /e is epistatic to sin.
The sln mutation should not be confused with la crys®, also
known as slender, which exhibits an overgrowth of inter-
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nodes due to constitutive expression of the GA signaling
pathway (Potts et al., 1985).

The original slender mutant in pea was produced by
y-radiation. It was first described by Jaranowski (1976) as
being “characterized by a very rapid growth rate, espe-
cially at the initial period of development. . . stems are thin,
the internodes are long. ... With the passage of time the
plants assimilated to normal ones.” Explaining the genetics
of slender was complicated by an unusual pattern of in-
heritance. In crosses, the trait did not appear until the F;
generation, because of an epistatic effect of the maternal
testa on seeds. Jaranowski attributed the trait to a combi-
nation of two recessive genes, cel and cres, whereas Reid et
al. (1992) attributed it to a single recessive gene, sln. Sub-
sequent experiments revealed the effect on GA metabolism.
In feeds of radiolabeled GAs to seed, the mutation(s)
blocked conversion of GA,, to GA,, in cotyledons, and
conversion of GA,, to GA,, and GA,, to GA,,-catabolite in
testae, suggesting that two genes were involved after all
(Ross et al., 1993, 1995). To reconcile this observation and
the genetic data, Ross et al. (1995) suggested that SLN was
a regulatory gene controlling both metabolic steps.

These experiments provided the basis for understanding
the slender phenotype. Pea seeds contain micrograms of
GA,y, GA,y, and GA,g-catabolite during development, al-
though at maturity only GA,,-catabolite remains in quan-
tity (Frydman et al., 1974; Sponsel, 1983). The presence of
such large amounts of GAs is unusual and their function in
seeds is unknown. When the slender mutation disrupts
normal catabolism, mature seeds retain large amounts of
GA,, which, on germination, is metabolized to excess GA,,
producing plants with a characteristic slender or hyper-
elongated phenotype. The effect dissipates as the supply of
GA,, declines and normal growth resumes.

We cloned a GA 2-oxidase from pea seed and present
evidence to show that it is encoded by Sln. Recently,
cDNAs encoding similar GA 2-oxidases were cloned from
runner bean and Arabidopsis (Thomas et al., 1999).

MATERIALS AND METHODS
Plant Material

Seedlings of pea (Pisum sativum L.) were grown as de-
scribed previously (Martin et al.,, 1996). Lines used in ex-
periments were Progress No. 9 (le, SLN); I (a selection of cv
Alaska; LE, SLN) from the late G.A. Marx (New York
Agricultural Experiment Station, Geneva); NGB6074 (LE,
sln) from the Nordic GenBank (Alnarp, Sweden); and line
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Figure 1. GA-biosynthetic pathways from GA,,
showing the non-13- and early-13-hydroxylation
pathways.

pathway

Early-13-hydroxylation L
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178 (la, cry®, SLN) from I.C. Murfet (Department of Plant
Sciences, University of Tasmania, Hobart, Australia).

In Vitro Translation

Poly(A™) RNA was translated in vitro using a Rabbit
Reticulocyte Lysate System (Promega, Madison, WI) ac-
cording to the supplier’s instructions. Reactions consisted
of 4 pg of poly(A™*) RNA, 1 uL of RNasin (40 units/uL), 1
uL of a complete amino acid mixture (1 mm), 35 uL of
reticulocyte lysate, and water to 50 uL total volume. Sam-
ples were incubated for 2 h at 30°C and subsequently
assayed for enzyme activity as described below, substitut-
ing 20 pL of in vitro translation reaction and 65 pL of water
for 85 uL of bacterial lysate.

c¢DNA Library Construction

An expression library was constructed using the Super-
Script Plasmid System for cDNA Synthesis and Plasmid
Cloning (GIBCO-BRL, Grand Island, NY). Poly(A ") RNA
was isolated as described previously (Martin et al., 1997)
from fresh, whole seed of line 178 (la cry®) 20 d after
flowering (DAF). cDNA was prepared according to the
kit’s instructions, with one exception: Microcon-100 con-
centration units (Amicon, Beverly, MA) were used to
change buffers between reactions to circumvent sample
losses associated with phenol extraction and ethanol pre-
cipitation. Poly(A™) RNA (5 ng) yielded 2.3 ug of cDNA, as
measured with a TKO 100 fluorometer (Hoefer, San Fran-
cisco) using calf thymus DNA as a standard. cDNA was
collected in six fractions from the kit’s sizing column; only
c¢DNA from the first fraction was used for ligation and
cloning.

c¢DNA was ligated directionally into the Sall-NotI site of
expression vector pET23a (Novagen, Madison, WI). Plas-
mid (approximately 20 ng) was introduced to host bacteria
by electroporation using 40 uL of DHI12S cells (GIBCO-
BRL; competency >1.0 X 10') and a TransPorator Plus
(BTX, San Diego; 16.6 kV/cm). The transformation pro-
duced 2.1 X 10° independent colony-forming units, which
were amplified once in 2 L of semi-solid SeaPrep agarose
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(FMC BioProducts, Rockland, ME). Amplified plasmid was
isolated from bacteria using a Plasmid Midi Kit (Qiagen,
Valencia, CA); total yield, 50 ug of DNA. In an analysis of
16 clones from the unamplified library, insert sizes ranged
from 1 to 4.5 kb (average 1.9 kb), and one clone had no
insert.

Library Screening

The library screening protocol was adapted from Lange
(1997). Electrocompetent BL21(DE3) cells were prepared as
described by Miller (1994) using superbroth. Their trans-
formation efficiency was 10° transformants/ ug of plasmid
using 10 pg of pUC19 monomer, 20 pL of cells, I-mm
cuvettes, and a setting of 1.5 kV on the transporator. Volt-
ages higher than 1.5 kV were detrimental. Growth of trans-
formants on 2X yeast-tryptone (2YT) medium was superior
to growth on 2X Luria-Bertani medium.

Competent cells (40 nL) were transformed with 20 ng of
amplified library plasmid by electroporation. A typical
transformation produced 107 colony-forming units, a num-
ber somewhat higher than expected from the efficiency
rating. A single transformation reaction could be kept in a
1.5-mL microfuge tube on ice for up to 1 week for use in
several experiments; the number of cells surviving after 1
week’s storage was about one-third the initial number.

The transformation reaction was titered and a portion
was diluted to 100 colony-forming units/mL in 2YT and
100 wg/mL carbenicillin. Pools of 100 clones (1-mL ali-
quots) were pipetted into 12- X 75-mm glass culture tubes,
grown overnight at 37°C, with shaking, and stored at 4°C
until used. Overnight cultures were stable for 2 to 3 weeks.
For analysis of expression products, overnight cultures
were organized in groups of six tubes; 600 uL from each
group (100 uL from each tube) was used to inoculate
250-mL flasks containing 50 mL of 2YT and 100 ug/mL of
carbenicillin. Cultures were grown at 30°C and 275 rpm,
and expression was induced at Aqy, 0.6 by the addition of
isopropyl-p-p-thiogalactopyranoside to 0.4 mM. Bacterial
lysates were prepared from cultures as described previ-
ously (Martin et al., 1997).
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1 GATCTTTAAT CTTTTAAAAT TAAATTATAA TTTTTTATTT AATTTATATT
51 TAGTATTCCC TCCAAAAAAT ATCTTTTTCT TTTGTATTAA AATAATTATC
101 TCTTTACAAA ATAGTAGTAA TAAAATATTT ATTATTGTTT TACTATTATA
151 TCATTATTTA TTAATTTTCA CTTATTTAAT TACTCTATTA ATTATAATTA
201 ATAAAAATAT TATAATAAAT TATATTAATT TTATTATTAA AATTAATACT
251  AGTATATCTA ATTTTTTTITA TAACGTGTAT AACTCAAATT AGACCTATAT
301 TATATACTAT GACAAGGAGG TAGATCTCTT AAAGATGTAA TTTATTTATA
351 AAARAAATTC AAARACACTIT TTCACCCTAT TTATTGAAAT TAATCTGCGT
401 TTAAAATGAT AGATATTCCA AATAAATACC AGTATACTCT AATGTTATGT
451 AGACCACTTT TATGTTGTTA ATACTTGTGG TTTTCATATA CTGTAAAAAA
501 TGTCAACCTC TATARACTAT TTTAATGTCC TATTTTTTCA ACTTAAGATT
551 TGAGTTTTCC CCAAAATCAT GATTAATTCT TCTTTTTCTC TGTACCTTTC
601 TCACTCTACC CCACCAATTT TCTGTATAAA TACCCAAGAA ACTCAACCGT
651 TTTTCTCAAA CTCTTCTCTIT TTCTTCTTTC ACTTTCTTCC AAACACAAGC
701 TCAAATGGTG TTACTATCCA AACCAACTTC AGAACAATAC ACCTATGTTA
MV L L § K P TS EQ Y T Y V R 16
751 GGAACAACAT GCCAATCACA TTTTCTTCAT CAATCCCTCT CGTTGACCTA
N NM P I T F S S5 I PL V DL 32
801 TCAAARCCAG ATGCAAAAAC CCTCATAGTA AAAGCTTGTG AAGATTTTGG
S K PD A KT L I V KACE D F G 48
851 ATTCITCAAA GTTATARACC ATGGTATCCC TTTGGATGCT ATCTCCCAAT
F FP K VI NH G I P L DA I S Q L 66
901 TGGAATCCGA GGCCTTCAAA TTCTTCTCTC TCCCTCAAAC AGAGAAAGAA
E S E A F K F F S L P QT E K E 82
951 AAAGCAGGGC CTGCAAATCC TITTGGCTAT GGTAACAAAC GTATTGGACT
K A G P A NUP F GY G N KU R I G L 99
1001 CAATGGTGAT ATTGGTTGGA TTGAATATCT TCTCCTCACA ACCAATCAAG
N GD I G W I E Y L L L T T N Q D116
1051 ATCACAATTT CTCTCTTTAT GGAGAAGACA TAGACAAATT TAGGTAAARA
H N F 8§ L Y G EDI DK F R 130
1101 AAATGATATA TATTTTTTAT TTATTTTAAC TCTACTGRAT GATCTGACTC
1151 AACTATCTCA ACTTCAGAAA TAAAACCCTA AATCCGAAAC CCTAAATATA
1201 ATAGTTGACT GAGAATAAAT TTATTAAATA TTTTTTTTGT AGGGGTTTGT
G L L 133
1251 TGAAAGATTA TAAGTGTGCA ATGAGGAATA TGGCATGTGA GATACTTGAT
K p Y K CA M R NM A CE I L D 149
1301 TTGATGGCAG AAGGGTTAAA GATACAACCA AAGAATGTGT TTAGCAAGCT
L M A E G L K I Q P KNV F S K L 166
1351 TGTGATGGAT AAACAGAGTG ACTGTCTTTT TAGGGTTAAT CATTACCCTG
v D KQ S D CL F RV N H Y P A 183
1401 CTTGCCCTGA ATTAGCTATC AATGGTGAGA ATTTGATTGG CTTTGGAGAA
¢ P E L A I NGEN L I G F G E 199
1451 CACACTGACC CTCAAATTAT TTCAATTTTG AGGTCAAATA ATACTTCAGG
H T b P Q I I § I L R S NN T S G 216
1501 CTTTCAAATT TCTCTTAGAG ATGGTAGCTG GATTTCAGTT CCTCCTGATC
F QI &L R D G S W I S$§ V P P D H233
1551 ATAGCTCCTIT CTTTATCAAT GTTGGTGATT CTCTTCAGGT ACAACACAAA
s S F F I N Vv G D s L Q 245
1601 TTAATCATCA TACTTTTCAT ACATAGCTCA AATAATAAAA TAATTATACA
1651 ACARATTGCTA AGTTTTATTC CGCTAAATAA AATTTCTTAG AGTGTGTTTG
1701 GTAATCTGAT TGGAGACCAT TTATCAAATG CGCGTTTTTT TTATAACGTA
1751 AAAATAAACA GAGATTTTGT CGAATATATT TGAACATCGA ACACATTTTT
1801 TTATTATATA GAGATAAAAA AAATTGTCTC TTGATTTTGA TGTCATTATC
1851 TTTGTTTCTA GACTAGCACT CTAACTTIGTT TTTTTTTTGG TTTGGTCGGT
1901 GCATGAACAA AGGTTATGAC TAATGGGAGG TTCAAAEGTG TGAGACATAG
vV T N GR F K S V R H R 258
1951 AGTTTTGGCA AATGGCATAG ACCCAAGGCT GTCTATGATT TACTTTTGTG
VL A NGID PRIL S MTI Y F C G275
2001 GACCACCTTT GAGTGAGAAA ATAGCACCAT TACCTTCACT CATGAAAGGA
P P L S8 EK I A PL P S L MK G 291
2051 AMAGAAAGTT TGTATAAAGA ATTTACATGG TTTGAGTACA AGAGTTCAAC
K B L Y KE F T W F E Y K S S T 308
2101 TTATGGTTCA AGGTTGGCTG ATAATAGGCT TGGAAATTAT GAAAGGATTG
Yy 6§ R L AD NRL G N Y E R I A2325
2151 CTGCCACTTA ATATTGGAGG ATCATAGTGT TGTTCAATTG TCAATAGAAA
A T ~* 327
2201 TGGGGATACA ATATATATCT ATAATTCAAT CAAAATCAAC TTCAAARATAC
2251 AATGTTTGTT AAGATAGAGT TGTATGTAGT ATAACTATGA TAAGTTTTTT
2301 TTTATGTATT TTTCTTTATG GTACTTTAAG GTTACATTTA TTAATTATGA
2351 GGTGTCATAT AGATATGATA GTATTTATTC CCCTTTTGCA TCAACACTCA
2401 TGTAAGTACT TTTCTAAGTA TATGAAATAT TTCATATGTT TGTGTTAAAT
2451 ATGTACCATG TGATTGATTT GGGTCTAGTA TTTTTCTAAT AATTTTTTTT
2501 AGTGGTTCTT TTAAGITTTT GTTAATTGAT TATTATGTTA TGTTATGCTT
2551 CTATTGCACT ATTTCTCACA AATAAAATGT ATGACATTTT AATATCTATT
2601 AATCACAATT TATATTAAAG ATAAATAATC TATTATTACG AGTTTGTGRA
2651 TTCGGATTAT TAAGTATAAC TTTTAAATTT ATAAAAARAT ATTAGTGCCA
2701 AATCTAACAT GTTTTTGTGA ATAATATTAA CAATTTTTTA AACAAAATTT
2751 TATACATAAA AAGACTAACT TACGTATGCA TAATTTACAT TAACTCTNAA
2801 TTAGTGGATA TATAA... (not sequenced)

Figure 2. GA 2-oxidase genomic clone from cv Alaska pea. cDNA
sequence is shown in bold type; the deduced amino acid sequence
is shown in italics. The missing nucleotide in s/n cDNA is shaded.
Primers used in PCR and two restriction sites for enzymes used in the
Southern analysis are underlined. Sequences are registered under
GenBank accession nos. AF101383 (SLN genomic clone), AF056935
(SLN cDNA), and AF101382 (sIn cDNA).

Lysates were assayed for enzyme activity to identify
pools with GA 2-oxidase clones. Assays consisted of 85 uL
of lysate, 5 nL of 20X cofactors (MacMillan et al., 1997), and
10 pL of [2,3-°H,]GA, (166 Bg, 1.74 X 10'° Bq/mol in 100
mM Tris, pH 7.6) in capped 1.5-mL tubes. After incubating
overnight at room temperature, 1 mL of charcoal slurry
(5%, w/v) was added to each reaction, vortexed, and ad-
sorbed for 10 min. (Allowing the sample time to equilibrate
produced more consistent results.) Samples were centri-
fuged for 5 min, and 0.5 mL of supernatant counted in a
liquid scintillation counter. GA 2-oxidase activity was de-
tected as liberated *H,O in the supernatant (Smith and
MacMillan, 1984).

Positive clones were purified from overnight cultures by
repeated subdivision and assay of smaller and smaller
clone pools, using the same technique. Intervening vector
and 5’ untranslated sequence was removed from pure
clones prior to enzyme analyses using a Chameleon
Double-Stranded, Site-Directed Mutagenesis Kit (Strat-
agene, La Jolla, CA) according to the kit’s instructions.
Oligonucleotides (Ransom Hill Biosciences, Ramona, CA)
for the procedure were reverse phase desalted and used
without further purification. Changes effected by site-
directed mutagenesis were confirmed by sequencing.

Identification of Products

Recombinant enzyme was characterized by incubations
with a range of ?H substrates. Each incubation contained one
of the following substrate pairs: 500 ng of [17-H,]GA, and
800 Bq of [1,2-°H,]JGA,; (1.39 X 10'° Bq mol™'); 500 ng of
[17-°H,]GA, and 300 Bq of [1,2°H,]JGA, (1.24 x 10" Bq
mol '); 500 ng of [15,17-°H,]GA, and 666 Bq of [17-"*C]GA,
(2.10 X 10" Bq mol™"); 500 ng of [17-*H,]GA,, and 666 Bq
of [1,2,3-°H;]GA,, (1.11 X 10" Bq mol ™). Substrate in meth-
anol was evaporated to dryness and resuspended in 95 uL of
lysate from recombinant clones and 5 uL of 20X cofactors as
described previously (Martin et al., 1997). Samples were
incubated overnight at 20°C. Products were separated by
HPLC and identified by gas chromatography-mass spec-
trometry (Gaskin and MacMillan, 1992).

Genomic Clones

A full-length ¢cDNA clone (our no. 170) was used to
screen an EMBL3 genomic library of the pea cv Alaska
(CLONTECH, Palo Alto, CA) according to the supplier’s
instructions. Twenty 100-mm plates of 20,000 plaques each
were screened. Plaque lifts were made in duplicate onto
nitrocellulose membranes (Protran, Schleicher & Schuell,
Keene, NH). Lifts were hybridized overnight at 42°C in
hybridization solution (50% [v/v] formamide, 0.25 m NaCl,
7% [w/v] SDS, and 0.12 M sodium phosphate, pH 6.5),
washed 10 min each in 5%, 1X, and 0.2X SSC plus 0.1%
(w/v) SDS at 42°C, and autoradiographed. Two positive
clones were isolated and subcloned in pBluescript II (Strat-
agene) for sequencing.
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Isolation of 2-Oxidase Clone from NGB6074 (LE, sin)

The GA 2-oxidase transcript from slender mutants was
cloned by PCR using primers based on the sequence of the
clone from line 178. PCR consisted of 1 uL of reverse-
transcribed poly(A™) RNA from roots of NGB6074, 0.5 uL
of 5" primer (CTAGAATGGTGTTACTATCCAA) (50 um),
0.5 uL of 3’ primer (GAACAACACTATGATCCTCCAA)
(50 um), 1 L of ANTPs (10 mm), 0.2 nL of Tag polymerase
(5 units/pL), 5 uL of 10X buffer (Promega), water to 50 uL,
plus two drops of mineral oil. Sample was denatured 5 min
at 94°C, cycled 40 times for 30 s at 94°C, 30 s at 60°C, and
3 min at 72°C, and extended for 10 min at 72°C. Products
were cloned initially in pBluescript II and subcloned in
pET23a for enzyme analyses. These manipulations added
three residues (Met-Ala-Arg) to the beginning of the plant
protein when expressed in pET23a.

Sequence Analysis

DNA was sequenced at the Center for Gene Research
and Biotechnology at Oregon State University (Corvallis)
on an automated sequencer (model 370, Applied Biosys-
tems, Foster City, CA) using dye terminator chemistry.
Plasmid for sequencing was prepared with QIAprep Spin
Miniprep and Plasmid Mini Kits (Qiagen). Sequences were
analyzed with Wisconsin Sequence Analysis Package 9
software (Genetics Computer Group, Madison, WI).

Southern- and Northern-Blot Analysis

Genomic DNA was isolated by the method of Doyle and
Doyle (1990); poly(A™) RNA was isolated by the method
described previously (Martin et al., 1997). Blots were pre-
pared with Hybond-N nylon membranes (Amersham, Ar-
lington Heights, IL) (Sambrook et al., 1989). Radiolabeled
probe was made from cloned, full-length, 1.2-kb 2-oxidase
c¢DNA using Ready-To-Go DNA Labeling Beads (-dCTP)
(Pharmacia, Alameda, CA) and [a->P][dCTP (NEN Life
Science Products, Boston). Southern blots were hybridized
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overnight at 60°C in hybridization solution (probe, 5X SSC,
5X Denhardt’s solution, 0.5% (w/v) SDS, and 100 ug/mL
fish sperm DNA) and washed at both low and high strin-
gencies to detect related sequences (Phillips et al., 1995).
Northern and RNA slot blots were hybridized overnight at
68°C in hybridization solution, washed 10 min each in 5X
and 1X SSC plus 0.1% (w/v) SDS at 42°C and 10 min in
0.1X SSC plus 0.1% (w/v) SDS at 68°C. Blots were sealed in
4-mil polyethylene bags and exposed to X-OMAT AR film
(Kodak, Rochester, NY) with intensifying screens at —80°C.
Some results were quantified using a phosphor imager and
imaging software (ImageQuaNT, Molecular Dynamics,
Sunnyvale, CA).

RESULTS
Cloning GA 2-Oxidase from Pea Seeds

Because pea seeds contain microgram quantities of GA,q
and GA,y-catabolite, products of 2-oxidation of GA,, we
surmised that 2-oxidase transcript would be abundant in
this tissue. In vitro translation products of poly(A™) RNA
from seeds of line 178 (20 DAF) and Progress No. 9 (28
DAF) pea exhibited weak 2-oxidase activity (about 3-fold
over background), as measured by the release of *H from
[PH,IG Ay,

In a modification of the protocol described by Lange
(1997), clones from a cDNA expression library prepared
from seed were divided into pools and screened for GA
2-oxidase activity, using the >H-release assay with
[’H,]GA, as substrate. This assay was capable of detecting
activity equivalent to one clone in 6,000 in preliminary
trials with a GA 3-oxidase clone (Martin et al., 1997). In
practice it was less sensitive and detection was limited at
most to one positive in an initial pool of 600 to 800 clones.
Approximately 4 X 10* library clones were screened; one to
two positives were encountered per 10* clones.

Several positives were purified and sequenced; they ap-
peared to be full-length with 5’ leaders. cDNA from the
longest clones was 1,324 bp long and the longest ORF
encoded a protein of 327 amino acids, M, 36,800, and pl

Table 1. Identification of products from incubation of GA 2-oxidase with C,4-GAs

Substrate Product

Mass Spectra of Products

[PH,1GA, GAyzg

GA,q-catabolite®
[2H,1GA, GAs,

GA;;-catabolite®

[’H,]GA, GAg

[H,IGA, GA,,

m/z (% relative abundance)

M™ 508(100), 493(8), 479(5), 449(7), 391(8), 377(9),
305(21), 237(6), 209(33), 169(14)

M* 520(100), 477(89), 447(7), 431(32), 311(10)

M™ 422(13), 407(11), 390(35), 374(9), 332(45),
300(31), 289(93), 288(95), 272(55), 242(37),
229(100), 228(92), 202(22), 184(32)

M™ 434(100), 419(4), 390(9), 375(13), 357(9),
343(3), 315(35), 285(7), 269(12), 244(10), 225(3)

M™ 596(100), 581(7), 538(6), 506(3), 450(16),
381(7), 379(7), 331(3), 313(5), 283(5), 240(18),
209(20)

M™ 508(100), 476(30), 461(2), 388(5), 376(7),
357(10), 315(10), 290(13)

? As the trimethylsilyl enol.
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Table Il. Effect of enzyme concentration on metabolism of ["*CIGA,,

Lysate of bacteria expressing GA 2-oxidase was diluted with in-
active control lysate and incubated overnight at 20°C with substrate
and cofactors. Products were separated by HPLC. Results are ex-
pressed as percentages of total counts in substrate and product
fractions.

Relative Enzyme Concentration

Fraction

100X 10X X
GA,q 6.4 6.9 24.5
GAg 66.6 79.5 74.0
GA,q-catabolite 26.4 13.6 1.4

7.38. The protein sequence was similar to GA 2-oxidases
from runner bean (67% similarity) and Arabidopsis (62%,
63%, and 65% similarity) (Thomas et al., 1999). One of the
c¢DNA clones was used to isolate a genomic clone from an
EMBL3 library (Fig. 2).

Function of PsGA20x1

Uncertainty about the site of translation initiation
prompted construction of two new expression clones, with
translation beginning at the first and second in-frame Met
codons. Both clones possessed 2-oxidase activity when ex-
pressed in Escherichia coli and, surprisingly, catalyzed not
one reaction but two. In heterologous expression assays
each clone converted GA,, to GA,, and GA,, catabolite.
The shorter clone converted GA,, to GA,, catabolite only
half as well as the longer one (data not shown). We pre-
sumed the longer clone (PsGA20x1) encoded the native
protein. In additional assays, PsGA20x1 converted the C, -
GAs, GA,, GA,, GA,, and GA, to the corresponding 2-
hydroxy products (Table I). GA, and GA,, were also con-
verted to GAg;- and GA,,-catabolite, respectively.

Size (kb)
12.2—-

8.1—
6.1—
5.1—
s1- 8

1 B

Figure 3. Southern analysis of Progress No. 9 pea. The blot was
probed with a PsGA20x1 cDNA clone and washed sequentially at
low (left) and high (right) stringency.

The formation of catabolite depended strongly on en-
zyme concentration catabolite and was adversely affected
by dilution. For example, dilutions of recombinant enzyme
up to 100-fold reduced GA,q-catabolite formation 20-fold,
but had a much smaller effect on GA,, formation (Table II).

Southern- and Northern-Blot Analysis

A number of bands appeared on a Southern blot probed
with PsGA2ox1 and washed at low stringency (Fig. 3).
Higher stringency washes left only one band in most lanes.
PsGA20x1 transcript was detected in a variety of organs,
including young roots, flowers, fruits, and seeds (Fig. 4A),
and was particularly abundant in testae, which accounted
for most of the signal detected in seed (Fig. 4B). In Progress
No. 9 seeds, the expression of transcript increased as the
seed matured, peaking around 30 DAF (Fig. 4B).

The slender Phenotype Is Caused by a Point Mutation
in PsGA20x1

We cloned and sequenced the corresponding cDNA from
seeds of sln plants, because of the attenuated 2-oxidase
activity associated with this mutation. Compared with
PsGA2ox1, the sequence contained a single base deletion
(Fig. 2) and encoded a truncated product. GA 2-oxidase
cloned from sln seeds did not metabolize GA,, GA,,, or
GA,, in vitro. We could distinguish the wild-type and
mutant genes in pea seedlings by a Nsil RFLP. In a sln X
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Figure 4. RNA analysis of Progress No. 9 pea. A, Northern blot of
poly(A™) RNA isolated from various organs (3 ug/lane). B, Slot blot of
poly(A™) RNA from dissected seed 26 DAF (top) and whole seed
(bottom) (1 pg/slot). Relative intensities were corrected for back-
ground and quantified on a phosphor imager. Band intensities for
cotyledons and testae differed by 1,000-fold.
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Figure 5. RFLP analysis of slender backcross NGB6074 X (NGB6074 X 13). Progeny are arranged by size and segregate into
two groups based on the length of stem between the first bract and first true leaf (shown in millimeters above each lane).
Wild-type (tall) progeny are heterozygous for both alleles; slender progeny are homozygous for the mutant allele. Figure is
a composite of two Southern blots probed with PsGA20x1 cDNA.

(sIn X SIn) backcross, the slender phenotype co-segregated
with the homozygous mutant allele (Fig. 5).

DISCUSSION

Several factors made cloning of the 2-oxidase practical.
Foremost was the publication of a technique in which pools
of clones from an expression library were screened for
enzyme activity (Lange, 1997). Our adaptation of the tech-
nique was less sensitive than the original and assays were
limited to smaller pools of clones. Choice of vector (pET23a
versus pMOSE1lox) and changes in culture conditions (e.g.
induction at Ay, 0.6 versus 0.8) may have been the cause.
However, the lower sensitivity was offset by the abun-
dance of GA 2-oxidase message in pea seed and the use of
a simple °H release assay (Smith and MacMillan, 1984) that
facilitated screening.

GA 2-oxidase from pea seed is a multifunctional enzyme
catalyzing 2B-hydroxylation and 2-ketone formation of the
C,o-GA substrates GAy and GA,, GAs A; and A, were also
2B-hydroxylated by the recombinant enzyme but were not
oxidized further. The enzyme is homologous to GA
2-oxidases from runner bean and Arabidopsis, which have
similar substrate specificities but do not produce GA,q
catabolite (Thomas et al., 1999). In our experiments, GA,,
catabolite formation was attenuated when the first 18
amino acids were removed from PsGA2o0x1, and transla-
tion was initiated at the second in-frame Met codon. Al-
though not shown here, one distinct difference in
PsGA20x1 occurs in a highly conserved region of these GA
2-oxidases, where Pro, is found in place of Ser. Pro is
associated with kinks and bends in proteins. The residue is
just downstream of His,s,, one of the three iron-binding
residues conserved among dioxygenases. The calculated
molecular mass of PsGA2o0x1, 36.8 kD, is lower than the 45
kD determined by gel filtration for the partially purified
2-oxidase activity from pea seeds (Smith and MacMillan,
1986), although the plI of 7.38 calculated for the gene prod-
uct is similar.

Southern analysis and the cloning of a second GA
2-oxidase cDNA from pea (J.L. Garcia-Martinez, personal
communication) indicate that PsGA20x1 is a member of a
small family of GA 2-oxidase genes in pea. Three GA
2-oxidase genes have been identified in Arabidopsis
(Thomas et al., 1999). Like GA 20-oxidase genes from pea
(GenBank accession no. AF138704) and Arabidopsis (Gen-

Bank accession no. U20873; Xu et al., 1995), PsGA20x1 has
two introns. Interestingly, they occur at the same relative
positions in all three genes. Furthermore, the single intron
in a GA 3-oxidase gene from pea (GenBank accession no.
U93210; Lester et al., 1997) is located at the same position as
the first intron in the other genes. All of these genes belong
to a class of enzymes known as 2-oxoglutarate-dependent
dioxygenases.

The sln mutation apparently arose from a base deletion
in the 2-oxidase gene. There has been some confusion in the
past over the number of mutated genes involved. Jara-
nowski (1976) concluded, “A test cross with the initial
form, in F, segregated in the ratio 15:1, so the [trait was
determined] by two recessive genes.” However, in crosses
with other lines the trait “began to segregate only from the
F; generation” (Jaranowski, 1977). Indeed, the original mu-
tant appeared first in M, the third generation after mu-
tagenesis, where mutations initially obscured by the ma-
ternal genotype in M, would surface. This unusual
inheritance pattern is consistent with data published by
others (Reid et al., 1992). Our data support the single gene
hypothesis. Evidence comes from the apparent mutation in
PsGA20x1 cDNA from sln, inactivity of the mutant enzyme
expressed in E. coli, and RFLP analysis of a population
segregating for slender and wild-type alleles. Barring tight
linkage to a second mutation, we conclude that the trait is
determined by mutation of a single gene, PsGA20x1.

PsGA2o0x1 transcript is found predominantly in roots,
flowers, young fruits, and testae of seeds. The change in
message abundance in developing seeds resembles the
change in major GA metabolites. The amount of message
peaks at about 30 DAF. Relative to earlier data (Frydman et
al., 1974; Sponsel, 1983), this is after the peak in GA,,
content (24-27 DAF) and before the peak in the GA,
catabolite (36 DAF). The high level of expression in testae
relative to cotyledons may explain why testae produce
mainly GA,,-catabolite and cotyledons produce mainly
GA,, (Sponsel, 1983). This and other findings led Ross et al.
(1995) to suggest that two distinct enzymes were involved.
However, what appears to be the action of two different
enzymes may in fact be due to one enzyme present at much
higher concentration in testae than in cotyledons. As we
have shown (Table II), catabolite formation requires a high
enzyme concentration. If transcript abundance is any indi-
cation, the concentration of 2-oxidase in these tissues could
differ by two to three orders of magnitude, which would
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explain the low catabolite content of cotyledons (Sponsel,
1983; Ross et al., 1995). Natural desiccation would increase
the concentration of enzyme in maturing seed and favor
catabolite formation. GA,, may be drawn to the testa by
both biochemical and moisture gradients established be-
tween testa and cotyledon.

Expression of PsGA20x1 is high in roots, as is that of GA
3-oxidase (PsGA30x1) (Martin et al.,, 1997). Ingram et al.
(1985) measured large amounts of GA,,- and GAg-
catabolite in pea roots and suggested that their accumula-
tion in roots was analogous to that in testae. By feeding
labeled GA,, and GA,, to leaves, Ross et al. (1995) ob-
served only small effects of sln on 2-oxidation products
found in roots. The mutation had no effect on the conver-
sion of GA,q4 to GA,,-catabolite or of GA; to GAg in shoots,
although it reduced the conversion of GA,, to GA,, (Ross
et al., 1995). These results and the fact that sln plants revert
to normal growth over time suggest that other GA
2-oxidases are active in vegetative tissues. The accumula-
tion of GA,, in seeds of sln plants suggests that PsGA2ox1
is the only GA 2-oxidase active in seed. Furthermore, it is
clear from the physiological effects of sln that germinating
seeds cannot control the effect of large quantities of GA,,.
Because of its dual action at the end of the biosynthetic
pathway, PsGA20x1 plays a pivotal role in maintaining
active GAs and their C,, precursors at appropriate levels.
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