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A Calcium Sensor Homolog Required 
for Plant Salt Tolerance 
Jiping Liu and Jian-Kang Zhu* 

Excessive sodium (Na~.) in salinized soils inhibits plant growth and development. A 
mutation in the SOS3 gene renders Arabidopsis thaliana plants hypersensitive to Na~' - -  
induced growth inhibition. SOS3 encodes a protein that shares significant sequence 
similarity with the calcineurin B subunit from yeast and neuronal calcium sensors from 
animals. The results suggest that intracellular calcium signaling through a calcineurin-like 
pathway mediates the beneficial effect of calcium on plant salt tolerance. 

Soi l  salinity stresses plant growth and agri- 
cultural productivity (1 ). For inany salt-sen- 
sttive plants, glycophytes, rv111ch include 
most crop plants, a inajor part of the growth 
inhibitton is caused by excess Na- (2) .  High 
N a  dtsrupts potassium (K-) nutrition and, 
when accumulated in the cytoplasm, inhibits 
many enzymes (3-5). Adding calciutn 
(Ca2-) to root growth medium enhances salt 
tolerance t11 glycopllytic plants (6-8). Ca2- 
sustains K transport and K+-Nat selectiv- 
ity in Na+-challenged plants (8) .  

In Arabidopsis thalinna, the recessive sos3 
mutant ts hypersensitive to Na+ and atlother 
alkali ion, L i  (9). Under salt stress, sos3 

vlants accumulate more Na+ and retain less 
K t  than the wild type. sos3 mutant plants are 
also incapable of gro~l-ing under low-Kt con- 
ditions. Increased C a 2  in the culture medi- 
um can partially suppress the N a  hypersen- 
sitivity of sos3 plants and completely suppress 
the defect in K L  nutrition (9). These pheno- 
types suggest that the SOS3 gene p r o d ~ ~ c t  is 
part of a crucial pathway for medlating the 
beneficial effect of CaL- during salt stress (9).  

The SO53 locus is on  cl~romosome V 
between the molecular markers ngn139 and 
CDPK9 (9). hlapping of yeast artificial 
chrotnosome (YAC) clones containing 
nga139 or CDPK9 (or both) (10) placed 
SOS3 betnleen the left end of YAC 

Department of Plant Sciences, Unversty of Arzona, Tuc- EG20H2 (20H2L) and the left end of YAC 
son, AZ 85721. USA CIC12F2 (12F2L) (Fig. 1A).  Bacterial arti- 
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ed, and their end fragments were mapped 
genetically (Fig. 1A). A binary cosmid clone 
(COS21-1) hybridizing to the left end of 
BAC TAMUlE7 (1E7L) and the right end 
of BAC TAMU2Dl (2DlR) was identified 
that complements the sos3 mutant (11). 
1E7L and 2D1R were sequenced, and the 
sequences match the MOP9 p l  clone se- 
quenced by the Japanese KAZUSA genome 

sequencing center (12). Genomic DNA 
fragments corresponding to putative open 
reading frames (ORFs) between 1E7L and 
2D1R were amplified from sos3 mutant 
plants and sequenced. The analysis revealed 
a 9-base pair (bp) deletion in the hypothet- 
ical P3 gene. The deletion is consistent with 
the sos3 mutation having been generated by 
fast neutron bombardment (9). Genomic 

YAC clones 

ORight end 

1 Lelt end 

Recombinants 

94556 

nga139 

BAC clones TAMu1E7 -- - - TAMUZDI 

- - - - IGF B122P1211 
Cosmld clone -cos21-I 

P I  clone MOPS 

12FZL KG10 

I CDPKS 

B 
BamHl Kpnl 

Hindlll (-1071) 

I 
Xbal (1855) 

I 
+ ATG TAA 

6063 1404 
759, A9 bp 

SOS3 

Fig. 1. Cloning and sequence analysis of the SOS3 gene. (A) Summary of positional cloning. Molecular 
markers nga139 and CDPK9 were used as the starting points for identifying the overlapping YAC clones 
(10). RFLP analysis delimited the SOS3 locus to a 120-kilobase (kb) region between the left ends of 
EG20H2 and CIC12F2 (10). A BAC contig was assembled within this region (10). The left end of TAMU1 E7 
was used as a probe to isolate cosmid clones for transformation into sos3 mutant plants. The cosmid 
COS21-1 rescued sos3 mutant phenotypes (1 1). Facilitated by the release of the genomic sequence of the 
entire MOP9 PI clone (12), the SOS3 gene within the complementing cosmid was identitied through 
sequencing candidate genes from thesos3 mutant plants; cM, centimorgans. (B) Gene structure of SOS3 
and position of the sos3 mutation. Positions are relative to the initiation codon. Horizontal arrows indicate 
the left and right borders of the genomic fragment that complemented sos3 mutant phenotypes. 

Fig. 2. Complementation of sos3 - 
by the wild-type .SOS3 gene. (A) 
Wild type. (B) sos3. (C) Transgenic 
sos3 containing the wild-type 
SOS3 gene. Four-day-old seed- 
lings grown on MS nutrient medium 
were transferred to a Murashige- 
Skoog medium supplemented with 
100 mM NaCI. The picture was tak- 
en 10 days after the transfer to 100 
mM NaCI. The plants were grown 
upside down for observation of root 
growth after the root-bending as- 
say (5). The wild-type, sos3, and 
complemented sos3 plants did not show any difference when grown on MS medium without supple- 
mentation of NaCl (27). 

DNA covering the predicted P3 ORF was 
amplified from wild-type plants and cloned 
into the pBIN19 binary vector to comple- 
ment the sos3 mutant (13). Fifty indepen- 
dent transformants were tested, and all com- 
plemented the sos3 phenotype (Fig. 2). 

The transcribed sequence of the SOS3 
gene was determined by sequencing several 
overlapping cDNAs obtained by library 
screening and by reverse transcriptase poly- 
merase chain reaction (RT-PCR) (14). The 
deduced amino acid sequence of the SOS3 
gene is similar to that of a large number of 
EF hand calcium-binding proteins (15). 
The protein SOS3 is predicted to contain 
three potential Ca2+-binding sites (15) 
(Fig. 3). The deletion in the sod mutant 
occurred in a highly conserved region and 
likely disables Ca2+ binding of the second 
putative EF hand (Fig. 3). 

The proteins most similar to the SOS3 
gene product are the B subunit of calcineurin 
(CnB) (16) and animal neuronal calcium 
sensors (NCS) (1 7-1 9). Like CnB (1 6) and 
NCS (18), SOS3 also contains a putative 
myristoylation motif [MGXXXSF(K)] (20, 
21 ) at the NH2-terminus. The deduced ami- 
no acid sequence of SOS3 shows 27 to 31% 
identity and 49 to 51% similarity with CnB 
from various organisms. Although a cal- 
cineurin-like protein has been implicated to 
be involved in several plant processes (22), 
its biochemical or molecular identity has 
been elusive. In animal cells, calcineurin 
plays a key role in diverse cellular functions, 
including T cell activation, neurotransmis- 
sion, neutrophil migration, and Na+ ho- 
meostasis (23). In the yeast Saccharomyces 
cereuisiae, calcineurin is required to switch 
K+ transport from low- to high-affinity mode 
for improved K+-Na+ selectivity during Na+ 
stress (24). It is also essential for the tran- 
scriptional induction of the ENAl gene en- 
coding a Na+-adenosine triphosphatase that 
pumps Na+ out of the cell (24). Loss-of- 
function mutations in CnB confer increased 
sensitivity of yeast cells to Na+ inhibition 
(24). The functional and sequence similari- 
ties between SOS3 and yeast CnB indicate 
that SOS3 may be part of a plant calcineurin. 

With animal NCS, SOS3 shares 30 to 
31% identity and 49 to 50% similarity in 
amino acid sequence. NCS belongs to the 
recoverin subfamily of EF hand calcium- 
binding proteins that are expressed mainly 
in the brain or in photoreceptor cells (1 7- 
19). Proteins in this subfamily may function 
either by stimulating protein phosphatases 
(17) or by inhibiting protein kinases (25). 

Salt stiess, like drought, elicits a rapid 
rise in the cytosolic Ca2+ concentration (7, 
26). This rise in Ca2+ presumably initiates a 
signaling cascade, resulting in plant adap- 
tive responses. The sequence similarity be- 
tween SOS3 and CnB and NCS suggests 
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Fig. 3. Sequence comparison of S0S3 (GenBank accession number AF060553) with yeast CnB 
subunit (76) and frog NCS (79). Dots indicate gaps introduced to maximize the sequence alignment. 
Residues identical or similar in at least two of the three sequences are shaded dark or light, respectively. 
The three predicted EF hands (75) of SOS3 are underlined. Asterisks indicate the basic residues in the 
Ca2+-binding sites of SOS3 where conserved acidic residues are found in other EF hand proteins (75). 
The double line marks residues deleted in the sos3-1 allele (27). 

that SOS3 responds to the Ca2 + signal by 
activating a protein phosphatase or inhib­
iting a protein kinase (or by doing both) 
that then regulates K+ and Na + transport 
systems. Although there do not appear to be 
conspicuous differences between the cyto-
solic Ca2 + signals elicited by drought and 
salinity (26), subtle differences in their ki­
netics and subcellular spatial arrangement 
could result in drought- or salinity-specific 
responses. The specific role of SOS3 in the 
tolerance of the ionic but not the osmotic 
component of salt stress (9) strongly sup­
ports the existence of ionic stress-specific 
calcium signaling. 

For plants, the amount and interactions 
of three abundant soil cations, Ca2 + , K+, 
and Na+ , are essential determinants of po­
tassium nutrition and salt tolerance and 
therefore greatly affect plant productivity. 
Our evidence suggests that SOS3 mediates 
the interaction of K+, Na+ , and Ca2 + . 

REFERENCES AND NOTES 

1. E. Epstein et al., Science 210, 399 (1980). 
2. H. Greenway and R. Munns, Annu. Rev. Plant Physiol. 

31, 149 (1980); X. Niu, R. A. Bressan, P. M. Hase-
gawa, J. M. Pardo, Plant Physiol. 109, 735 (1995). 

3. E. Epstein, Mineral Nutrition of Plants: Principles and 
Perspectives (Wiley, New York, 1972). 

4. J. R. Murguia, J. M. Belles, R. Serrano, Science 267, 
232(1995). 

5. S.-J. Wu, L Ding, J.-K. Zhu, Plant Cell 8, 617 (1996). 
6. P. A. LaHaye and E. Epstein, Science 166, 395 (1969). 
7. J. Lynch, V. S. Polito, A. Lauchli, Plant Physiol. 90, 

1271 (1989). 
8. A. Lauchli, in Calcium in Plant Growth and Develop­

ment, vol. 4 of American Society of Plant Physiolo­
gists Symposium Series, R. T. Leonard and P. K. 
Hepler, Eds. (American Society of Plant Physiolo­
gists, Rockville, MD, 1990), pp. 26-35. 

9. J. Liu and J.-K. Zhu, Proc. Natl. Acad. Sci. U.S.A. 94, 
14960(1997). 
Overlapping YAC clones were isolated from YAC librar­
ies of Arabidopsis [E. R. Ward and G. C. Jen, Plant Mol. 
Biol. 14, 561 (1990); J. R. Ecker, Methods 1, 186 
(1990); E. Grill and C. Somerville, Mol. Gen. Genet. 226, 
484 (1991)]. Overlapping BAC clones were isolated 
from BAC libraries of Arabidopsis [S. Choi, R. A. Creel-
man, J. E. Mullet, R. A. Wing, Weeds World 2, 17 
(1995)]. End probes were isolated from the YAC and 
BAC clones by inverse PCR. Restriction fragment 
length polymorphism (RFLP) analysis was performed 
with F2 sos3 plants with recombination break points in 

10 

either the ngal39-SOS3 region (four recombinants) or 
the SOS3-CDPK9 region (14 recombinants). 

11. Cosmid clones were isolated from an Arabidopsis 
genomic library [N. Olszewski, F. Martin, F. Ausubel, 
Nucleic Acids Res. 16, 10765 (1988)] by hybridiza­
tion with the 1E7L BAC end probe. Cosmid DNAs 
were transformed into sos3-1 plants by a modified 
vacuum infiltration method [N. Bechtold, J. Ellis, G. 
Pelletier, C. R. Acad. Sci. Paris 316, 1194 (1993)]. 

12. GenBank accession number AB006701. 
13. A genomic DNA fragment spanning from 1100 bp 

upstream of the initiation codon to 1587 bp down­
stream of the initiation codon was cloned into the 
pBIN19 vector between the Hind III and Xba I sites. 
The construct was transformed into sos3 plants by a 
modified vacuum infiltration method. Primary trans-
formants and their progeny were tested for NaCI 
tolerance with the root-bending assay (5). 

14. A labeled Bam Hl-Kpn I fragment of SOS3 genomic 
DNA (Fig. 1B) was used as probe to screen an Arabi­
dopsis cDNA library [J. J. Kieber, M. Rothenburg, G. 
Roman, K. A. Feldmann, J. R. Ecker, Cell 72, 427 

(1993)]. RT-PCR was performed with mRNA from Ara­
bidopsis leaves. 

15. N. D. Moncrief, R. H. Kretsinger, M. Goodman, J. 
Mol. Evol. 30,522(1990). 

16. M. S. Cyert and J. Thorner, Mol. Cell. Biol. 12, 3460 
(1992). 

17. N. C. Schaad et al., Proc. Natl. Acad. Sci. U.S.A. 93, 
9253(1996). 

18. A. M. Dizhoor et al., Science 251, 915 (1991); D. K-
F. Teng, C.-K. Chen, J. B. Hurley, J. Biol. Chem. 
269,31900(1994). 

19. P. Olafsson, T. Wang, B. Lu, Proc. Natl. Acad. Sci. 
U.S.A. 92, 8001 (1995). 

20. D. A. Towler, J. I. Gordon, S. P. Adams, L. Glaser, 
Annu. Rev. Biochem. 57, 69 (1988). 

21. Single-letter abbreviations for the amino acid residues 
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; 
G, Gly; H, His; I, lie; K, Lys; L, Leu; M, Met; N, Asn; P, 
Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; X, 
any amino acid; and Y, Tyr. 

22. S. Luan, W. U, F. Rusnak, S. M. Assmann, S. L 
Schreiber, Proc. Natl. Acad. Sci. USA. 90, 2202 
(1993); G. J. Allen and D. Sanders, Plant Cell 7, 1473 
(1995). 

23. N. A. Clipstone and G. R. Crabtree, Nature 357, 695 
(1992); G. Tong, D. Shepherd, C. E. Jahr, Science 
267, 1510 (1995); M. A. Lawson and F. R. Maxfield, 
Nature 377, 75 (1995); A. Aperia, F. Ibarra, L.-B. 
Svensson, C. Klee, P. Greengard, Proc. Natl. Acad. 
Sci. USA. 89, 7394(1992). 

24. T. Nakamura et al., EMBO J. 12, 4063 (1993); I. 
Mendoza, F. Rubio, A. Rodriguez-Navarro, J. M. 
Pardo, J. Biol. Chem. 269, 8792 (1994). 

25. S. Kawamura, O. Hisatomi, S. Kayada, F. Tokunaga, 
C.-H. Kuo, J. Biol. Chem. 268, 14579 (1993). 

26. H. Knight, A. J. Trewavas, M. R. Knight, Plant J. 12, 
1067(1997). 

27. J. Liu and J.-K. Zhu, data not shown. 
28. We sincerely thank R. T. Leonard, H. Bohnert, F. 

Tax, Z. Liu, and P. M. Hasegawa for helpful discus­
sions; M. Ishitani, B. Stevenson, and J. Ma for tech­
nical assistance; and X. Lin for DNA sequence anal­
ysis. Supported by U.S. Department of Agriculture. 

3 March 1998; accepted 23 April 1998 

Stabilization of lnterleukin-2 mRNA by the 
c-Jun NH2-Terminal Kinase Pathway 

Ching-Yi Chen, Fabienne Del Gatto-Konczak, Zhenguo Wu, 
Michael Karin* 

Signaling pathways that stabilize interleukin-2 (IL-2) messenger RNA(mRNA) in activated 
T cells were examined. IL-2 mRNA contains at least two cis elements that mediated its 
stabilization in response to different signals, including activation of c-Jun amino-terminal 
kinase (JNK). This response was mediated through a cis element encompassing the 5' 
untranslated region (UTR) and the beginning of the coding region. IL-2 transcripts lacking 
this 5' element no longer responded to JNK activation but were still responsive to other 
signals generated during T cell activation, which were probably sensed through the 3' 
UTR. Thus, multiple elements within IL-2 mRNA modulate its stability in a combinatorial 
manner, and the JNK pathway controls turnover as well as synthesis of IL-2 mRNA. 

(jFene expression is controlled at the tran­
scriptional and posttranscriptional levels. 
Posttranscriptional regulation of gene ex­
pression in eukaryotic cells includes mRNA 
processing, turnover, and translation. Al­
though control of gene transcription by ex-
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tracellular stimuli through DNA-binding 
proteins has been widely studied (I), rela­
tively little is known about regulation of 
mRNA turnover (2). Stability of mRNA is 
determined by cis-acting elements within 
the mRNA molecule, believed to be recog­
nized by regulatory proteins (2). Such cis 
elements positively or negatively modulate 
mRNA stability and are present throughout 
the mRNA, including the coding region 
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