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Abstract

A cDNA library was derived from the poly(A)* RNA of young tomato leaves. The library was cloned in a
Agtll system and screened by synthetic oligonucleotide probes having sequences that match the codes of con-
served regions of amino acid sequences of Cu,Zn superoxide dismutase (SOD) proteins from a wide range of
eukaryotic organisms. Two cDNAs were isolated, cloned and sequenced. One of the cDNAs, P31, had a full-size
open reading frame of 456 bp with a deduced amino acid sequence having an 80% homology with the deduced
amino acid sequence of the cytosolic SOD-2 ¢cDNA of maize. The other cDNA, T10 (extended by T1), had
a 651 bp open reading frame that revealed, upon computer translation, 90% homology to the amino acid se-
quence of mature spinach chloroplast SOD. The 5’ end of the reading frame seems to code for a putative transit
peptide. This work thus suggests for the first time an amino acid sequence for the transit peptide of chloroplast
SOD. Northern hybridizations indicated that each of the P31 and T10 clones hybridized to a blotted poly(A)™*
RNA species. These two species are differentially expressed in the plant organs: e.g., the species having the
T10 sequence was detected in the leaves but not in roots, while the one with the P31 sequence was expressed
in both leaves and roots. The cDNA clones P31 and T10 were also hybridized to Southern blots of endonuclease
fragmented tomato DNA. The clones hybridized to specific fragments and no cross hybridization between the
two clones was revealed under stringent hybridization conditions; the hybridization pattern indicated that, most
probably, only one locus is coding for each of the two mRNA species.

Introduction Plants contain three types of SOD: Cu,Zn-, Mn-

and Fe-containing enzymes [1, 25]. The three types

Superoxide dismutase (SOD; EC 1.15.1.1) is a house-
keeping metalloenzyme of aerobic organisms. It
catalyzes the disproportionation of superoxide radi-
cals (O5*) in the following general equation;

02-' + 02" + 2H* — H202 + 02

(see [11] for review).

of SOD catalyze the same reaction with similar rates,
but the amino acid sequence of Cu,Zn SOD differs
substantially from the respective sequences of Mn
SOD and Fe SOD. The latter are considered to differ
from the former in phylogeny. There are at least two
Cu,Zn SOD isozymes, one being imported into the
chloroplasts and another remaining in the cytosol.
In the chloroplast stroma, SOD constitutes the first
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link in a cascade of enzymes and antioxidants which
protect the photosynthetic apparatus from noxious
oxygen derivatives [25]. In maize, two cytosolic
(Cu,Zn SOD), one chloroplastic (Cu,Zn SOD) and
one mitochondrial (Mn SOD) enzymes have been
described [4, 5, 6], all of which are coded by nuclear
genes. Antibodies against purified Cu,Zn SOD iso-
zymes of maize were raised and a cDNA clone cod-
ing for the cytosolic SOD-2 was isolated and se-
quenced from this plant [7]. SOD enzymes from
several other plants have been purified, such as spin-
ach [2] and pea [10]. Spinach chloroplast Cu,Zn
SOD has been isolated and its amino acid sequence
reported [16].

We used the amino acid sequence information
available for mammalian, fish, insect, yeast and
spinach Cu,Zn SOD proteins to construct
oligonucleotide probes covering the most conserved
regions of these enzymes, to isolate SOD sequences
from a tomato (Lycopersicon esculentum) cDNA li-
brary. Two different cDNA clones were identified,
which most probably contain the coding sequences
for the cytosolic and the chloroplast forms of Cu,Zn
SOD.

Materials and methods
Plant material

Tomato seedlings of a cherry-type cultivar (E.C., an
inbred maintained in our laboratory) were grown in
the greenhouse. For the cDNA library preparation,
RNA was extracted from two-week-old seedlings.

Plant RNA extraction and fractionation

We used mainly two protocols. The first was a
modification of method 2 in [15]. Leaves (95 g) were
blended and homogenized for 10 min in 100 ml of
6% sodium-4-amino salicylate and 100 ml phenol-
cresol mix. In total, four extractions with the organic
mix and (after ethanol precipitation) three extrac-
tions with 3 M sodium acetate were performed, to
yield 90 mg of undegraded RNA. The second meth-
od, used both for large quantities and minipreps of

total RNA, is from Logemann et al. [18]. After sodi-
um acetate extraction, a LiCl extraction was added
[23]. RNA fractionation on oligo-dT cellulose
(Pharmacia) was according to Aviv and Leder [3].

Construction of a cDNA library

Materials for cDNA synthesis were from the Amers-
ham ¢DNA synthesis kit, other enzymes from New
England Biolabs. Phosphatased Agtll arms and
packaging extracts were from Promega.
First-strand synthesis was according to the
“Amersham 5 pug protocol” with 10 ug of
poly(A)*-enriched RNA as starting material, and
the addition of 2 ug actinomycin D. Phenol-
chloroform extractions, followed by ammonium
acetate and ethanol precipitation, were performed
between enzymatic steps [12]; the total Cerenkov
counts in the pellet were then measured.
Second-strand synthesis was according to the
Okayama and Berg [22] and Gubler and Hoffman
[12], followed by T4 DNA polymerase treatment (6
units in 50 mM Tris pH 8, 6 mM MgCl,, 25 mM
KCl, 0.1 ug/ml bovine serum albumin (BSA),
0.1 mM each dNTP in 20 ul, 30 min at 37°C).
Eco RI methylase was applied (10 units in 80 uM S-
adenosyl methionine, 0.4 mg/ml BSA, 100 mM Tris
pH 8,1 mM EDTA in 10 ul, 20 min at 37 °C). Phos-
phatased Eco Rl linkers (Pharmacia) were ligated to
cDNA and cut 3 times with excess Eco RI. Cut
linkers were removed by passage through an S-300
Sephacryl column. The cDNA (200 ng) was ligated
to 5 pug Agtll arms and packaged with two portions
of packaging extract, resulting in about 10° plaque-
forming units, of which 65% were recombinants.

Origins and use of probes

A human SOD-1 ¢cDNA clone (h-SOD) in pBR322
was a gift of Prof. Y. Groner (Dept. of Virology,
Weizmann Institute of Science). Nick translation
reactions were according to Maniatis et al. [20].
Oligonucleotides were synthesized using an Ap-
plied Biosystems machine, model 380B and labelled
with T4 kinase (NEN) [20]. Free ATP was removed



by a DEAE 52 column; the eulate was frozen and
used for 3 —4 weeks. Radioactivity of 100000 cpm
(Cerenkov) per ml of hybridization reaction were
found to be sufficient.

Screening the cDNA library by plague
hybridization

The cDNA library in the vector Agtll (460000
recombinants, non amplified) was grown on Es-
cherichia coli strain Y1090 in LB medium with am-
picillin. Duplicate nitrocellulose filters were pre-
pared [20]. Prehybridization was done for at least
3 hin 6 SSC, 5x Denhardt’s solution, 0.5% SDS
and 50-100 ug of denatured, sonicated salmon
DNA. The probe was then added without buffer
change and hybridization was performed overnight
with agitation. The temperatures of prehybridiza-
tion and hybridization were 37°C (and down to
25°C) for h-SOD and oligonucleotides B and D, and
45 °C for oligonucleotides P and T. After hybridiza-
tion, a few washes in 2x SSC, 0.25% SDS at
37—-42°C were applied. The same nitrocellulose
filters were used for screens with different probes up
to 4 times, the old probe being washed off by 40 min
in 0.1x SSC, 0.25% SDS at 70—80°C. After
hybridization, positive plaques were picked, diluted,
replated and rehybridized; 3—4 such cycles were
done to purify library-isolates.

Sequence analysis of cDNA clones

Eco RI (and Eco RI-Xba I) fragments from Agtll
were subcloned into the Bluescript KS-minus vector
(Stratagene). VCS-M13 Helper Phage (Stratagene)
was added to logarithmic-phase cultures and, after
overnight co-culture, single-strand DNA for Sanger
sequencing was prepared [26]. An IBI Sequel kit was
used for sequencing. Sequence data were analyzed
using UWGCG computer programs [9]. Nested dele-
tion clones were prepared by exonuclease-III diges-
tion using the “Erase a Base” kit of Promega.
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RNA gels and Northern blots

RNA samples (and control DNA markers) were
glyoxylated [8] and run on 1.2% agarose gels in cir-
culating 12.5 mM buffer phosphate pH 6.5. Blot-
ting to GeneScreen Plus (Du Pont) and hybridiza-
tion were according to the supplier (50% formamide
method), with the application of UV irradiation af-
ter blotting [14].

Tomato DNA extraction

Total DNA extraction from young tomato leaves was
performed according to Pazkowski and Saul [24].

Southern blots and hybridization

DNA separation was performed on 1% agarose gels
in TAE buffer [20]. Restriction endonucleases were
from New England Biolabs or Pharmacia. Gels were
blotted to GeneScreen Plus membrane (Du Pont,
blotting and hybridization protocols of supplier).
Following blotting, the DNA was fixed by UV irradi-
ation [14].

Results

Strategy for the isolation of Cu,Zn SOD coding
sequences from tomato

We based our search for Cu,Zn SOD genes in tomato
on the information that has become available in re-
cent years on the amino acid sequences of Cu,Zn
SOD:s in a wide range of eukaryotes. This informa-
tion includes the full sequences of bovine, human,
equine, fish, fly, yeast and spinach enzymes [16], as
well as the amino acid sequence deduced from maize
cytosolic SOD-2 cDNA [7]. Four single-stranded
DNA probes of anti-mRNA orientation measuring
17 to 23 bases were thus constructed to match the
codes for highly conserved amino acid sequences.
Where specific amino acids varied among these con-
served sequences, we prepared the oligonucleotides
according the the spinach amino acid sequence be-
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cause of its phylogenetic relatedness to tomato. For
codons that had several possibilities at the 3rd posi-
tion we either inserted deoxiinosine or split the syn-
thesis into 2 or 4 parts, so that a compound mixture
of oligonucleotides was generated. These probes, as
well as a human SOD-1 ¢cDNA probe, were then used
to screen the tomato cDNA library.

The ¢cDNA library and its screening

RNA from the foliage of two-week-old tomato seed-
lings was fractionated on an oligo-dT column, and
10 pg of the poly(A)* fraction were used, yielding
600 ng cDNA; 200 ng were cloned in Agtll. The

original library containing 460000 transformants
was screened by hybridization with the human SOD-
1 clone (applied to the whole library at 37°C, 6X
SSC), as well as with each of the four synthetic
oligonucleotide probes (T, P, B, D), each applied to
half of the library.

All 4 oligonucleotides were tested and shown to
hybridize with the human SOD (h-SOD) plasmid,
but only two of them, P and T, succeeded to select
clones from the cDNA library. These two are shown
in Table 1, together with the corresponding sequence
in maize, spinach and human SODs, as well as in the
two clones they selected from the tomato library.

The thermal conditions for the oligonucleotide
hybridization were based on the expected CG and

Table 1. Oligonucleotide probes used in this study and the corresponding amino acid sequences in various SODs.

Probe P

Amino acid sequence T G P H F N P
Synthesized sequence 3’ TGI CCI GGI GTg AAR TTA GG 5’
Human SOD-1 A * * * * * *

(CGI)
Spinach chloroplast SOD * * * * * * *
Maize cytosolic SOD-2 * * * * * * *
Clone T10 * * A * * * *

(CGD
Clone P31 * * * * Y * *
(ATS)
Probe T

Amino acid sequence T T G N A G G R
Synthesized sequence 3’ TGI TGI CCE TT4 CG; CCI CCIl LC 5’
Human SOD-1 K * * ® * * S *

(TTH (TC8)
Spinach chloroplast SOD * * * * * * * *
Maize cytosolic SOD-2 S * * * * * * *

(TC®
Clone T10 * * * * * * * *
Clone P31 S * * * * * * *

(TC)

The nucleotide sequences of the synthetic probes P and T are presented. The synthesized strand was anti-mRNA; the corresponding
amino acids are shown above it. The corresponding amino acid sequence of spinach SOD [16], and the deduced sequences from human
SOD-1 [27] and maize SOD-2 [7] and the T10 and P31 tomato cDNA clones are shown below. When the reaction was split into 2 or

4 parts, the added nucleotides are written vertically.

* Amino acids of the different sequences that conform to the corresponding sequences in the probes; only triplets that differ from the

probe were written explicitly. I = deoxiinosine.



613

9.0

o

‘spueq Ioyeam jlew

. b H . H L ﬁ 1p pasoys yaygm
$9, M-.—N:w Joe e SYSL T 9GqOJ 98 9 uonezr —‘-Q‘m: SSOID MOYS pIp 1€d pue QI I.L Seuopd A uQ mDQOHQ M1 07 EOSNN—U—.:TAS Jo 539159 BLC2E)
H 4 4
! 19 P 1915€ ATY M 3G d puod Y101 (Y
) A4 -0 Y p p- '} P 1€ | . P ‘m qX P Iy 0957 Y4 NJ Sem [, SII3SUl Y 0JF 9se3fal 10U pIp ||, pue —mv
S]o due ol uepuwn D—wuw— FLY 1IM 9 1sguofe [98 asoreSe ue uo unl pue D ae 0. 1M ] .
S1RsuUl J3ISEII O 0xqd M @Dﬁwvw——v SBM S —M_CMT%HNHD: VN{? 01eu10] ~ﬂu0>0m woll YNA mOQC.—Q 0@500—0550@——0 qum w0~m~0m—»%.~ﬂ.~£—— VYNJ? %O GOSMN—U:Q%E 4 Mn& ,
H b v H H H : ¢ B 1 E

o~
I

0w - .

dapyf )

B e SR

I
OLL
01d
9d
1ed
0zd
old
1ed
I
OLI
01d
d
Z
ol
1ed
1
OLL
ord
9d
12d
o

—NIVIS 333
¥ i - A d d490¥d

L J904d



614

AT pairing between the probes and the respective
cDNA sequence to which they should hybridize [21].
Thus the 7, estimates for the hybrids with probes
P and T were 50 °C and 60 °C respectively (calculat-
ed as 4°C for every GC pair and 2 °C for AT pairs,
assuming no mismatches). These probes were thus
hybridized at 44—46°C in 6 x SSC. The expected
Ty, of probes B and D were 48 °C and 50°C, but no
positive hybridization was detected with either of
these probes (even at low stringencies of 37°C to
25°C), nor with the h-SOD probe.

Two clones strongly hybridized to probe T and 5
clones hybridized, at varying strengths, to probe P
(Fig. 1). Five of these clones were further analyzed:
clones T1 and T10 strongly hybridized with probe T
and weakly with probe P; clone P31 showed medium
and weak hybridizations with probes P and T,
respectively; clones P12 and P20 hybridized strongly
with probe P only. Under the above conditions,
almost no hybridization of these clones with the h-
SOD probe could be detected (not shown).

—

Sequencing of cDNA clones

The inserts from the Agtll clones P12, P20, P31, Tl
and T10 were subcloned into Bluescript plasmids.
Single-stranded DNA was prepared for sequencing.
Subclones containing the two opposite orientations
of the inserts were identified for most clones. The
suffix designations A and B (¢.g. TIOA and T10B)
refer, respectively, to clones yielding mRNA-like
reading, starting at the 5’ end of the cDNA, and to
clones which yield the complementary reading se-
quences.

The sequences read were computer-translated in
all possible frames and the derived amino-acid se-
quences were compared to those of spinach chlo-
roplast Cu,Zn SOD and of maize cytosolic Cu,Zn
SOD-2. Clones T10 and P31 readily showed strong
resemblance to the respective SODs. Such a resem-
blance was not detected in clones P10 and P12, upon
partial sequencing.

The sequencing strategy for reading the base se-
quences of clones T1 and TI10 is summarized in
Fig. 2; a similar strategy was used for sequencing

EcoRI Sacl

®
- ®

EcoRI

®

T10 NSQD krkekodjing fromew J

O—

O———
100bp &
—

EcoRI Sacl

W_soow
reading frame

T (SAC)[LT
o

Fig. 2. Sequencing schemes of the T1 and T10 clones. Bluescript plasmids containing EZco Rl inserts of T10, in both orientations (denoted
as A and B), were used. T1 had an Eco RI-Xba I insert and was subcloned by Sac 1 cleavage to produce the T1 (SAC) subclone having
a sequence which was identical to TI10A except for a 44 bp extension at the former’s 5’ end. The shaded box is the coding region for
the putative mature SOD protein. This box is preceded by a putative leader sequence. Arrows define the direction and length of the reading
performed. Numbers in circles on the rear of arrows describe the clones and the primers used for sequence reading. 1, clone T10A with
primer T3 (primer of the Bluescript vector); 2, clone T10A with primer X; 3, a T10A deletion-clone with primer T3; 4, a TI0A deletion-clone
with primer T3; 5, clone T10B with primer T3; 6, a TI0B deletion-clone with primer T3; 7, clone T10B with primer Y; 8, clone T10B
with primer T (probe T); 9, clone T1 and its sub-clone T1 (SAC) with primer T3.



clone P31. We used exonuclease-III digestions to
read further into the cDNA inserts, by generating
subclones with various deleted sizes. Furthermore,
to bridge remaining gaps we synthesized 17 base
oligonucleotides, (denoted in Figs. 2, 3, 4 as X, Y
and W) to prime the borders of the gaps so that the
readings could be completed and confirmed.

The inserts of clones P31 and T10 measured 860
and 1020 bp, respectively. The base sequences of T10
and T1 appeared to be identical but the latter’s insert
extended 44 bp, at the 5’ end, beyond the T10 se-
quence. Upon Sac I cleavage of T1, a sub-clone (T1-
SAC) was obtained, which included the 5’ extension
and a precise overlap with the T10 clone. Figures 3
and 4 show the complete sequences of the two
cDNAs.

Northern and Southern blot hybridizations

The inserts of the plasmids containing the cDNA
clones P31 and T10 were labelled and used as probes
in blot hybridizations.

Total RNA, poly(A)* RNA and poly(A)~ RNA
from young tomato leaves were glyoxylated and ap-
plied to agarose gels for Northern blot hybridiza-
tion. Eco RI digests of P31 and T10 (100 pg of in-
sert) were also applied to the same gel as internal
control. Stringent hybridization conditions (50%
formamide, 42 °C) were applied (Fig. 5). The inter-
nal controls indicated that the two probes did not
cross-hybridize. Each probe recognized an abundant
mRNA species from the poly(A)* fraction. The
sizes of these RNAs were similar to those of the
clones inserts, i.e. about 1 kb. It was difficult to
differentiate between these poly(A)* RNAs on the
basis of their migration on such gels.

Total-RNA samples (20 ug) from different plant
organs were similarly blotted and hybridized with
each of thetwo cDNA probes (Fig. 6). Both RNA spe-
cies were revealed in appreciable amounts in young
leaves, as well as in young and full-size fruits, and
in flowers (not shown). In roots and stems the T10
type RNA was undetected while the P31 type was
abundant. This, and additional blots (not shown),
indicated a quick diminution of SOD mRNAs with
the expansion of the leaves.
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For Southern blot hybridization about 10 ug total
tomato DNA was digested by endonucleases and run
on agarose gels. Internal control lanes contained
Eco RI digests of P31 and T10 as in the Northern
blots. The blots were hybridized with either of the
two labelled probes P31 and T10 (Fig. 7). The two
probes did not recognize each other but did hybrid-
ize to discrete tomato DNA fragments. Under strin-
gent conditions, the hybridization pattern with
many enzymes was of two bands. We believe these
do not represent two loci because upon hybridiza-
tion with a shorter probe (half of the cDNA insert)
some of the fragments disappeared (not shown). Re-
striction sites that are not present in the cDNA indi-
cate the existence of introns in the genes. Signal
strength, as compared to dilutions of the plasmid
controls, did not suggest more than one copy on the
genomic fragments.

Discussion
Use of oligonucleotides as heterologous probes

Clone P31 had one nucleotide mismatch with respect
to the synthetic probe P, while clones T1 and T10 had
a perfect match with probe T. In Table 1 and Fig. 1
actual hybridization signals can be compared to the
sequence homology between probes and target se-
quences. It is apparent that choice of proper strin-
gency conditions was critical; the data also indicated
that it is important to use a set of such probes in par-
allel.

Identification and comparison of the two tomato
c¢DNA clones

Figure 8 shows the amino acid sequence alignment
of four SOD enzymes: maize SOD-2 ¢cDNA, the two
tomato clones (this work), and spinach chloroplast
SOD. The latter [16] was derived by sequencing the
chloroplast SOD protein (K. Asada, personal com-
munication) and represents therefore the mature
protein, while the one from maize represents a cyto-
solic Cu,Zn SOD [7].

By counting the amino-acid substitutions between
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721 AAC TAGACMTTTAGATéAATTTGCAGI:\TTACAGTGC(:‘,TGCAGTTTTTGTTCATA“ 777

Fig. 3. The complete sequence of the cDNA clone P31. The nucleotide sequence and the deduced amino acid sequence of P31 are shown.
The open reading frame consists of 152 amino acids and the total length of the cloned insert is 863 bp. The sites corresponding to the

10 30 50
CAAAAATGGTGAAGGCCGTCGCCGTCCTTAACAGCAGTGAAGGTGTTAGTGGCACCTACC
M V K AV A VL NS GSETGTYV S G T Y L

70 90 110
TCTTCACTCAAGTAGGAGTAGCTCCAACCACAGTTAATGGARATATTTCTGGCCTARAAC
F T Q VGV AUPTTVDNGNTITSGTL XK P

130 150 170

CTGGACTTCZZXTGGCTTCCA'i‘GTCCATGCCéTTGGTGATACCACAAATGGCTGTATGTCAJ'\
G L. H G F H VvV HA L GD T TNGTCM S T

P 190 210 230

CAGGACCACATTACAATCCTGCTGGTAAGGAGCATGGTGCTCCTGAAGATGAGGTGCGTC
G P H Y N P A G K E H G A P E D E V R H

250 270 290

ATGCTGGTGATCTTGG’I‘AACATCACAGTTGGAGAAGATGGTACTGCATC&‘TTTACTATTZ.\
A G DL G N I T V G ED G T A S F T I T

310 330 350
CCGACAAGCAGATTCCTCTéACTGGTCCAéAGTCCATCA’}.‘TGGAAGAGC'i‘GTTGTTGTTé

D K ¢ I P L T G P Q 8 I I G R A V V V H

370 390 410 T

ATGCTGATCCTGATGATCTTGGARAGGGAGGACATGAGCTCAGTAAAAGCACCGGAAATG

A D P DDUL G K G G HETUL S K S T G N A
430 450 470
CTGGCGGAAGGATTGCTTGTGGTATTATTGGCCTCCAGGéTTAACTGCTéCGGTGAGGTC:‘-

G G R I A C G I I G L Q G *

490 510 530

AAGATTCAGCAACTAGCGGTGGTGTCTGTCTTAGAATAAAGTTATAT TGéAGCTGCTGAé

550 570 590

CCTTGTTTTéTATGTATTTZ‘&TCAT'I‘TGACéCCTTTTGAATTGGGGTTGA.ZACCATTCATAA

610 630 650

TACATGACTGTAGTGCTGCTTTTCAGTGGATGTTGTACTAGTTTTTGCCGATCATTAACC

670 W 690 710

ATAAAAAAACAGGGCTGTG'i‘TAGCTTTGCTGGTTTCTTAAATTTGAGTGGATGGTTTGAJZX

730 750 770

oligonucleotide probes T and P as well as to the primer W are shown as lines above the nucleotide sequence.
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10 30 50
CATTTTATCAATTCATCATTGTGGCAGCAGCATGGCCGCCCACTCAATCTTCACCACAAC
M A A H S I F T T T
70 90 110
CAGCACTACCAATTCTTTCTTATACCCAATTTCTTCTTCTTCTTCTTCCCCTAACATTAA
s T T NS F L Y P I S S 8 S 8 8 P NTIN
130 150 170
CTCTTCTTTCCTAGGTGTTTCACTTAATGT TAATGCAAAATTTGGCCAATCTTTGACCCT
S S F L G Vv S L N VvV N A K F G Q S L T L
190 210 230
TTATGCTGTCACTACCCCTARACCCCTTACTGTTTTTGCTGCTACTAAGAAAGCTGTTGC

Y A VvV T T P K P L T V F A A T K K A V A

250 X 270 290

TGTCCTTAAéGGCAACTCTAATGTTGAGGGGGTTGTCACTCTATCTCAAéATGATGATGé
v L K G N S NV E GV V T L 8 Q D D D G

310 330 350
GCCAACTACéGTTAATGTTéGTATAACTGéACTTGCTCCTGGACTTCACéGGTTTCATT&

P T T vV N v R I T G L A P G L H G F H L

370 390 P 410

ACATGAATATGGTGACACTACAAACGGATGTATGTCTACAGGAGCCCAT&TTAATCCGAA
H E ¥ G b T TNGUCMS5 T G A HUPF N P N

430 450 Y 470

TAAATTGACACATGGAGCTCCTGGAGATGAAATCCGTCATGCGGGTGACCTGGGAAACAT

K L T HGA@®PGDTETIT RTEHA AT GT DTELTGN I
490 510 530

AGTGGCCAATGCCGATGGCGTGGCTGAAGTGACACTTGTAGATAATCAGATACCATTGAC

vV A NADGT YV ATETUTVTTLUVDUNGTITPTULT
550 570 590

CGGTCCAAACTCAGTTGTTGGACGAGCACTTGTGGTTCATGAGCTTGAGGATGACCTCGG
G P N S VVGRALTVVYVHTETLTETDTDTL G

610 630 T 650

AAAGGGTGGéCATGAACTCAGTCTTACCAéTGGCAATGC&GGTGGACGA&TGGCATGCGé
K G G H EL 8 L T T G N A G G R L A C G
670 690 710

TGTGGTTGGTTTGACTCCAATATGAAGTAAATGCAGCAGCAACAACAGCTCTTTTGTCGG
v v G L T P I *

60

120

180

240

300

360

420

480

540

600

660

720

617
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721

781

841

901

961

1021

730 750 770

AATTATAATéAGTGAACGTATTTACCCTCCTCTCCGGGTTGCCAATAAA(:?CTCTACATGA

790 810 830

ATTTGTACTéAGAAATTCTTTGATGAACTAAATTTGAACTTGTATGTACACACTTGCCAA

850 870 890

CACTTTTTTGCTTCAAAACTGTAATTGGAGTTGGCTATTTACCTTCCTTTGTGTTTTGGC

910 930 950

TATCTAAAG'i‘TACACTCAGTTAACTAAGTGTTGTCTTGGATTTTGAACTCCTGTCATGTA

970 990 1010

TAGTTTCCTCGAGACGAGGTCTATCAGAAACAACAATCTGTCATTGATTAAGATCAGATT

1030

AGTTTA’J.‘CAéTTCA‘9 1034

780

840

900

960

1020

Fig. 4. The complete sequence of the cDNA clone T10 (extended by clone T1). The nucleotide sequence and the deduced amino acid
sequence are based on T10 as well as on T1. As shown in Fig. 2, T1 extends towards the 5’ end, by 44 nucleotides, beyond T10; from
nucleotide 45 the sequences of T10 and T1 are identical. Lines above the sequence show the corresponding sites of probes P and T and

primers X and Y.

PROBE: 510 PROBE: P31
28 5 9
= a. T - + + = T o -

- ——

Fig. 5. Northern blot hybridization of tomato RNA to cDNA clones. Samples of tomato leaf RNA, before and after oligo-dT fractiona-
tion, were glyoxylated and run on agarose gels. Glyoxylated plasmid DNA was also applied to the gels as internal controls. Lane designa-
tions: +, 12.5 ug poly(A)* RNA; —, 20 ug poly(A)~ RNA; T, 20 ug unfractionated leaf RNA; P31, 0.5 ng of P31 plasmid digested
with Eco RI and mixed with 10 ug sonicated salmon sperm DNA; T10, 0.5 ng of T10 plasmid digested with Eco RI and mixed with 10 ug
sonicated salmon sperm DNA. The blots were hybridized with nick-translated probes (either P31 or T10 inserts).
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Fig. 6. Northern blot hybridization of RNA from different plant
organs to cDNA clones. Total RNA samples (20 ug) from various
organs were glyoxylated and electrophoresed. Northern blots
were prepared and hybridized with either P31 or T10inserts. Con-
trol DNA lanes contain 0.5 ng of Eco Rl-digested P31 and T10
plasmids, mixed with 20 pg of poly(A) ~ tomato RNA and glyox-
ylated. Fruit, S — small (1 cm diameter) tomato fruits; Fruit, L
— full-size, green fruits; Leaf, Y — top two youngest leaves of
a mature plant; Leaf, M — fully expanded leaf of mature plant;
root and stem samples were also from mature plants grown in
pots.

the four sequences we concluded that T10 is related
to spinach SOD (16 different amino acids out of 154,
or 90% homology). P31 is related to maize SOD-2
(30 different amino acids out of 152, or 80% homol-
ogy). All other pairwise combinations indicate 52 to
57 (34— 37%) differences. If we design an evolution-
ary dendrogram with these substitutions, more than
30 substitutions will group the amino acid sequences
of P31 and maize SOD together with respect to the
other two sequences, whereas only 6 substitutions
would divide them otherwise. Furthermore, most of
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the substitutions within a pair are conservative
(judged either from polarity/charge considerations
or by the genetic code, i.e. whether one or more point
mutations are required to change the codon). The
differences between the two pairs are, however, big-
ger because most are nonconservative changes. This
only contributes to increase the estimated divergence
between the two pairs.

We conclude therefore that T10 must be the chlo-
roplast SOD and P31 the cytoplasmic SOD homolo-
gous to maize SOD-2. The two tomato sequences are
not more interrelated than spinach SOD and maize
SOD-2 (because they come from different, analo-
gous genes). Northern hybridization data indicating
that both P31 and T10 are expressed in leaves, but
only P31 in roots (Fig. 6) seem to support our iden-
tification.

The different distances (i.e., amino acid substitu-
tions) between maize SOD and P31 and between T10
and spinach SOD (20% and 10% respectively) can
be attributed to the larger phylogenetic distance in
the first pair. The distance between all four plant
SODs and human SOD is still larger (61— 72 differ-
ences, 40—47%).

Another interesting feature that results from the
comparison of all four sequences shown in Fig. 8 is
that the first 24 amino acids (on the scale of Fig. 8)
are the most variable ones; these are followed by a
long conserved region. Between residues 88 and 103
there is another rather variable region; the carboxy
end of the amino acid sequence is again highly con-
served.

Putative transit peptide in clone TI0

The P31 SOD-like sequence starts as expected with
a methionine as translation start signal (as in maize
SOD-2). The short sequence preceding the AUG in
P31 is AAAA, which is in good agreement with the
common translation initiation sequences of plants
in this position [19]. The T10 mature SOD-like se-
quence (see Fig. 8) does not start with a methionine;
a methionine is however found upstream, followed
by 63 amino acids that precede the mature SOD se-
quence. This could be the transit polypeptide which
would be necessary for the import of the enzyme
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Fig. 7. Southern blot hybridization of tomato leaf DNA to cDNA clones. Total DNA (10 ug) from tomato leaves was digested with en-
donucleases and run on agarose gels. Eco RI digests of either P31 or T10 plasmids (250 and 50 pg, which is, respectively, equivalent to
5 and 1 gene doses in the genomic DNA lanes) were mixed with 10 ug salmon sperm DNA and run on the same gels as internal controls.
The blots were hybridized with nick-translated probes (either P31 or T10 inserts) at 60 °C, 6 x SSC, followed by washes at 55°C, 2x SSC.

through the chloroplast double membrane into the
stroma. The sequence immediately preceding this
AUG is CAGC, which — except for the rarely occur-
ring G — agrees with bases commonly found at this
position [19]. This, together with our results which
showed that on Northern blots the mRNA species is
of about the same size as the cDNA, suggests that
the 63 amino acids probably represent the full-size
leader peptide. It could be, however, that another
methionine, not included in our clone, exists further
upstream.

Transit peptide sequences of 6 chloroplast pro-
teins have been published ([28, 17], and reviews in
[13, 29]). These sequences are quite variable, even
when comparing the same protein among species.

Nevertheless, both Karlin-Neumann and Tobin [13]
and Weisbeek er al. [29] describe some blocks of
loose homology. The putative SOD transit peptide
shows some of the described features: it starts with
the amino acid sequence MAA like the light-
harvesting chlorophyll a/b protein [13] and
acetolactate synthase {17], and is processed between
2 alanines like plastocyanin. Its amino terminal half
is unusually rich in serine and threonine. Negatively
charged amino acids are absent; the only charged
ones are 2 lysines. The AVITPKPLT sequence near
the carboxy-end resembles the VATPRMS sequence
in Silene which was claimed to be a functional ana-
log of the “GRV block” [29].
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CLONE T10 MAAHSIFTTTSTTNSFLYPISSSSSSP
CLONE T10 NINSSFLGVSLNVNAKFGQSLTLYAVT
63/ 1 10 20
CLONE T10O TPKPLTVFA ATKKAVAVLKGNSNVEGVVT
SPINACH ATKKAVAVLKGTSNVEGVVT
CLONE P31 MVKAVAVLNSSEGVSGTYL
MAIZE MVKAVAVLAGTDVK GTIF
30 40 50
CLONE T10 LSQ DDDGPTTVNVRITGLAPGLHGFHLHE
SPINACH LTQLEDDGPTTVNVRISGLAPGKHGFHLHE
CLONE P31 FTAQ VGVAPTTVNGNISGLKPGLHGFHVHA
MAIZE F SsQ EGDGPTTVTESISGLAPGLHEGHVHA
60 70 80
CLONE Ti10 YGDTTNGCMSTGAHFNPNEKLTHGAPGDETITR
SPINACH FGDTTNGCMSTGPHFNPDEKEKTHGAPEDETVR
CLONE P31 LGDTTNGCMSTGPHYNPAGEKEHGAPEDEVR
MAIZE LGDTTNGCMSTGPHFNPVGKEHGAPEDETDR
90 100 110
CLONE T10 HAGDLGNIVANADGVAEVTLVDNQIPLTGP
SPINACH HAGDLGNIVANTDGVAEATIVDNQIPLTGP
CLONE P31 HAGDLGNITVGEDGTASFTITDEKRQIPLTGP
MAIZE HAGDLGNVTAGEDGVVNVNITDSQIPLAGP
120 130 140
CLONE T10 NSVVGRALVVHELEDDLGKGGHELSLTTGN
SPINACH NSVVGRALVVHELEDDLGKGGHELSPTTGN
CL.ONE P31 QR SIIGRAVVVHADPDDLGKGGHELGSKSTGN
MAIZE HSIIGRAVVVHADPDDLGKGGHELSLSTGN
150
CLONE T10 AGGRLACGVVGLTPI
SPINACH AGGRLACGVVGLTPYV
CLONE P31 AGGRIACGIIGLAQG
MAIZE AGGRVACGIIGLAQG

Fig. 8. Comparison of P31 and T10 to plant SOD sequences. The amino acid sequence of spinach chloroplast SOD [16] and the deduced
amino acid sequences of maize cytosolic SOD-2 [7] as well as of clones T10 and P31, were aligned (“Clone T10” stands for the complete
sequence derived from both T1 and T10 clones). The T10 sequence extends 63 amino acids upstream of the corresponding three other
SOD sequences, starting with methionine; we consider this 63 amino acids sequence as a putative leader polypeptide.
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Expression of the two Cu,Zn SOD genes

Our expression data refer to relative transcript abun-
dance in total RNA samples. We found that tran-
script abundance of P31 and T10 decreases upon leaf
maturation. Only P31 type RNA was detected in
roots (and stems). The RNA that hybridized with
P31 — which we identify as the cytoplasmic SOD —
is apparently more abundant in the samples checked
by us. In maize, the chloroplast isozyme was seen
also in root samples [5]. This discrepancy may be ex-
plained by the use of maize seedlings which were ger-
minated on filter paper where the roots were exposed
to light, while our root samples were from under the
soil surface.
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