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Overexpression of a yeast gene, HAL2, allows the cells to tolerate higher than normal
extracellular salt concentrations. HAL2 encodes a 3'(2’)5'-bisphosphate nucleotidase
that serves to remove the end products of sulfate transfer during cellular metabolism. The
enzyme is inhibited by lithium and sodium and is activated by potassium. Metabolic
systems that are sensitive to salt, as well as those governing osmolyte synthesis and ion
transport, offer routes by which genetic engineering can be used to improve the tolerance

of various organisms to salt.

The progressive salinization of irrigated
land has turned the genetic improvement of
salt tolerance into an urgent need for the
future of agriculture in arid regions (1, 2).
The salt tolerance of some crop plants has
been improved (3, 4), but knowledge of the
molecular basis of salt tolerance will facili-
tate further progress.

Metabolic systems likely to affect salt
tolerance include osmolyte synthesis (5, 6),
ion transport (7, 8) at the vacuolar and
plasma membranes, and any system sensi-
tive to high intracellular concentrations of
salt (2). Cellular targets of salt toxicity in-
clude protein synthesis and some reactions
of sugar metabolism, which are salt-sensi-
tive in vitro (9). However, it remains un-
known what aspect of cellular metabolism is
most sensitive to intracellular salt concen-
trations in vivo.

We have isolated two yeast genes,
HALl and HAL2, that when overex-
pressed improve yeast growth under salt
stress (2, 10). HALI confers salt tolerance
by modulating cation transport systems
(10). HAL2 confers lithium and sodium
tolerance and is required for methionine
biosynthesis (11). These findings suggest-
ed that one step of the methionine bio-
synthetic pathway was especially sensitive
to lithium and sodium and that this met-
abolic route was an important target for
salt toxicity. Accordingly, methionine
supplementation has been shown to im-
prove salt tolerance in yeast (11).

The protein encoded by HAL2 does not
correspond to any of the enzymes required
for methionine biosynthesis (12). It has
homology with inositol phosphatases and
with regulatory proteins of unknown func-
tion (11, 13). However, the HAL2 gene
product is not an inositol phosphatase, as is
demonstrated below.

A hypothesis for the mechanism of ac-
tion of HAL2 was suggested by the thermo-
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dynamic requirements of sulfate activation
(14). The reaction catalyzed by adenosine
5’-triphosphate (ATP) sulfurylase to gener-
ate adenosine-5-phosphosulfate (APS) has
an overall standard free energy change of
+12 kJ/mol, despite the hydrolysis of the
liberated pyrophosphate. Therefore, APS
does not normally accumulate, and an APS
kinase that generates 3'-phosphoadenosine-
5’-phosphosulfate (PAPS) is required to
drive the reaction and generate appreciable
concentrations of activated sulfate. When
PAPS is utilized in either sulfate transfer
reactions or in reduction to sulfite, 3’-phos-
phoadenosine-5’-phosphate (PAP) is gen-
erated. A specific phosphatase is required to
remove the 3’-phosphate and prevent both
the trapping of adenine nucleotides as PAP
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Fig. 1. Expression and purification of the HAL2
gene product. Protein extracts from exponentially
growing RS-1051 cells [containing a disruption of
the HAL2 gene (71)] and from yeast cells overex-
pressing the HAL2 gene were prepared as de-
scribed (25). Purification of HAL2 protein from the
homogenates of HAL2-overexpressing strain was
carried out in a PAP-agarose (Sigma) affinity chro-
matography step as described (20). SDS—poly-
acrylamide gel elecrophoresis (PAGE) in 10%
acrylamide gels and immunoblotting with the al-
kaline phosphatase system were performed by
standard procedures (26). (A) Coomassie blue
staining of proteins. (B) Protein immunoblot anal-
ysis with specific antibody against the HAL2 gene
product (77). Lane 1, total homogenate from RS-
1051 strain (10 n.g); lane 2, total homogenate from
yeast cells overexpressing the HAL2 gene (10 p.g);
and lane 3, purified HAL2 protein (1 ng).
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and the product inhibition of PAPS-utiliz-
ing reactions by this metabolite. We suggest
that HAL2 encodes the 3’,5'-bisphosphate
nucleotidase required for sulfate activation
and that this enzyme might be sensitive to
lithium and sodium inhibition. The homol-
ogy between the HAL2 gene product and
inositol monophosphatase (11) includes the
motifs that form the active site of the latter,
as demonstrated by x-ray crystallography
(15). Given the sensitivity of inositol phos-
phatases to lithium (16), we predicted that
the HAL2 phosphatase would exhibit cat-
ion sensitivity.

We overexpressed the HAL2 gene in
yeast by putting its reading frame under
control of the strong PMAI promoter in a
multicopy plasmid (17). The HAL2 pro-
tein, as detected with specific antibody,
represented 7% of the total protein. Homo-
genates from HAL2-expressing yeast but
not from control cells (hal2 null mutant)
exhibited phosphohydrolytic activity with
PAP as substrate (18). In addition, the
HAL?2 protein could be purified by affinity
chromatography on a PAP-agarose column
(Fig. 1). Analysis of the reaction product by
high-performance liquid chromatography
(HPLC) demonstrated the stoichiometric
conversion of PAP to adenosine monophos-
phate (AMP) by hydrolysis of the 3’-phos-
phate (Fig. 2). The HAL2 phosphatase has
a narrow substrate specificity (Table 1),
with PAP and PAPS serving best as sub-
strates, followed by 2’-phosphoadenosine-
5’-phosphate. The phosphatase has no de-

Table 1. Substrate specificity of the HAL2 phos-
phatase. The activity (78) obtained with different
substrates (concentration, 1 mM; 0.2 mM in the
case of PAPS) is expressed as the percent activity
observed with PAP (2.7 wmol min~" per milligram
of protein). Results are given as the mean of two
independent experiments with values differing by
<10%.

Substrate* Activity
PAP 100
PAPST 100
2'-PAP 23
3'-AMP <1
AMP <1
ADP <1
ATP <1
NADP <1
Ins-1-P <1
Ins-1,4-diP <1
p-Nitrophenylphosphate <1

*PAP: 3’-Phosphoadenosine-5’-phosphate; PAPS: 3'-
phosphoadenosine-5’-phosphosulfate;  2'-PAP:  2'-
phosphoadenosine-5’-phosphate; 3’-AMP: adenosine
3’-monophosphate; AMP: adenosine 5'-monophos-
phate; Ins-1-P: D-myo-inositol 1-monophosphate; Ins-
1,4-diP: D-myo-inositol 1,4-bis-phosphate. tPAPS
(Sigma) is supplied with 2.5 mol of lithium per mole. Given
the instability of this compound, removal of lithium is not
recommended. To correct for lithium inhibition, we as-
sayed the reference substrate PAP with the same quan-
tity of lithium (0.5 mM for 0.2 mM substrate).



tectable effect on inositol mono- and
diphosphates, 3’-AMP, AMP, nicotinamide
adenine dinucleotide phosphate (NADP),
and p-nitrophenylphosphate. Therefore,
the HAL2 gene product qualifies as a
3'(2'),5'-bisphosphate nucleotidase (E.C.
3.1.3.7) (19).

The HAL2 phosphatase is very sensitive
to lithium [half-maximal inhibition con-
centration (ICs,) = 0.1 mM] and moder-
ately sensitive to sodium (ICs, = 20 mM)
(Fig. 3A). Inhibition by lithium and sodium
was not competitive because an excess of
PAP substrate did not reverse the inhibi-
tion. However, we could not discriminate
between uncompetitive and noncompeti-
tive inhibition because the Michaelis con-
stant (K_) for PAP is <20 uM, the sensi-
tivity limit of our assay procedure. Tetra-
methylammonium had no significant effect.
Potassium produced a small activation
(40%), as did rubidium and ammonium.
Magnesium was required for activity, with
an optimal concentration of 0.5 mM, al-
though excess magnesium (>2 mM) was
slightly inhibitory. 3'(2’),5’-Bisphosphate
nucleotidases have been described in liver
(20) and in the alga Chlorella (21), but the
effects of lithium and sodium have not been
reported.

The inhibitory effects of lithium and
sodium were overcome by high concentra-
tions of potassium (Fig. 3B). Inhibition by
lithium or sodium exhibited hyperbolic de-
pendence on concentration, but the activa-
tion effect of potassium followed sigmoidal
kinetics, with a Hill coefficient of about 2.
The reversal of sodium inhibition by potas-
sium is in accordance with physiological
observations suggesting that salt toxicity is
influenced by the intracellular Na*/K™* ra-
tio (9, 10).

Animal inositol phosphatases are also
inhibited by lithium and activated by po-

Fig. 2. Identification by HPLC of the product of
PAP hydrolysis catalyzed by the HAL2 gene prod-
uct. Purified HAL2 protein (200 ng) was incubated
at 30°C in a buffer containing 0.2 M potassium
bicine (pH 8), 0.5 mM magnesium acetate, and 2
mM PAP as substrate. At the indicated times,
20-pl samples were taken from the reaction mix-
ture and subjected to HPLC analysis in a Waters
600E liquid chromatograph. Samples were ultra-
filtered through Millipore (Molsheim, France) HV
filters (0.45 wm), injected onto a reversed-phase
C18 column (LiChrosphere 100, 4 mm by 250
mm, 5-pm particle size, Merck RT), eluted, and
detected as described (27). The results were
quantified with a Waters 746 integrator. (A) Stan-
dards of AMP, PAP, and 3'-AMP. Standards were
dissolved in water (Milli Q plus) at a final concen-
tration of 20 mM each, and 2.5 pl were injected for
analysis. (B) Reaction mixture at time zero. (C)
Reaction mixture at 30 min. (D) Reaction mixture
at 1 hour 30 min. (E) Reaction mixture at 3 hours
30 min.

tassium. Sodium, however, activates inosi-
tol phosphatases in the same way as potas-
sium (16), but inhibits the HAL2 phos-
phatase. The molecular basis for lithium
inhibition in inositol phosphatases remains
unknown because lithium cannot be visu-
alized by x-ray crystallography (15).

We have partially purified 3',5’-bisphos-
phate nucleotidase from tomato leaves (22)
and find that half-maximal inhibition by
lithium and sodium occurs at 0.4 mM and
50 mM, respectively. The enzyme from rat
liver, partially purified by a similar proce-
dure, is also sensitive to lithium (IC5, = 0.4
mM).

Our results identify a target for lithium
and sodium toxicity that is a general par-
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ticipant in cellular metabolism. In the
case of yeast, both overexpression of
HAL2 and methionine supplementation
improve lithium and sodium tolerance
(11). Given the cation sensitivity of the
3')5'-bisphosphate nucleotidase encoded
by HAL2 and its participation in methio-
nine biosynthesis, it can be concluded that
this enzyme is an important determinant
of the growth inhibition produced by lith-
ium and sodium. Accordingly, incubation
of yeast cells with NaCl or LiCl (but not
with KCl) increased the intracellular con-
centration of PAP from <0.1 mM to be-
tween 1 and 1.3 mM. Because this value
represented only 15 to 20% of the total
pool of adenine nucleotides, lithium and
sodium inhibition of 3’,5'-bisphosphate
nucleotidase might be toxic for cells most-
ly as result of the accumulation of PAP,
with the subsequent inhibition of PAPS-
utilizing enzymes (20).

The mechanism of salt toxicity de-
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Fig. 3. Effect of cations on the HAL2 3',5'-
bisphosphate nucleotidase. The standard reac-
tion conditions were as described (718). (A) Inhibi-
tion of HAL2 phosphatase by sodium and lithium.
Increasing amounts of lithium (open circles), sodi-
um (filled circles), tetramethyl ammonium (TMA*,
open squares), and potassium (filled rhombs)
were used. (B) Reversal of lithium and sodium
inhibition by potassium. Activity was assayed in
the absence of inhibitory cations (open circles) or
in the presence of 0.1 mM lithium (filled squares)
or 10 mM sodium (open squares) at different po-
tassium concentrations. The results are ex-
pressed as percent activity observed in the ab-
sence of cations and are the means (+ standard
deviation) of at least three independent experi-
ments, each performed in duplicate. Error bars
correspond to the standard deviation. Cations
were added as chloride salts.
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scribed here may be relevant for under-
standing salt tolerance in crop plants be-
cause plant 3',5'-bisphosphate nucleotidase
is also sensitive to lithium and sodium and
is required for sulfate activation in sulfo-
transferase reactions (23). Lithium therapy
in humans, known to affect inositol phos-
phatases (24), should also be considered in
light of the lithium sensitivity of 3',5'-
bisphosphate nucleotidase and given the
multitude of sulfotransferase reactions in-
volved in detoxification and in modifica-
tion of carbohydrates, peptides, and pro-
teins (23).

REFERENCES AND NOTES

1. W. J. S. Downton, Crit. Rev. Plant Sci. 1, 183 (1984);
R. G. Wyn Jones and J. Gorham, Outlook Agric. 15,
33 (1986).

2. R. Serrano and R. Gaxiola, Crit. Rev. Plant Sci. 13,
121 (1994).

3. E. Epstein et al., Science 210, 399 (1980); M. Tal,
Plant Soil 89, 199 (1985).

4. R. C. Staples and G. H. Toenniessen, Eds., Salinity
Tolerance in Crop Plants. Strategies for Improve-
ment (Wiley-Interscience, New York, 1984).

5. P. H. Yancey, M. E. Clark, S. C. Hand, R. D. Bowlus,
G. N. Somero, Science 217, 1214 (1982); K. F. Mc-
Cue and A. D. Hanson, Trends Biotechnol. 8, 358
(1990).

6. M. C. Tarczynski, R. G. Jensen, H. J. Bohnert, Proc.
Natl. Acad. Sci. U.S.A. 89, 2600 (1992); Science
259, 508 (1993).

7. R. Hedrich and J. I. Schroeder, Annu. Rev. Plant
Physiol. 40, 539 (1989).

8. J. A. Anderson, S. S. Huprikar, L. V. Kochian, W. J.
Lucas, R. F. Gaber, Proc. Natl. Acad. Sci. U.S.A. 89,
3736 (1992); H. Sentenac et al., Science 256, 663
(1992).

9. R. G. Wyn Jones and A. Pollard, in Encyclopaedia of
Plant Physiology, New Series, A. Lalichli and A. Pir-
son, Eds. (Springer, Berlin, 1983), vol. 15B, chap.
IV.3; H. Greenway and R. Munns, Annu. Rev. Plant
Physiol. 31, 149 (1980).

10. R. Gaxiola, I. F. de Larrinoa, J. M. Villalba, R. Ser-
rano, EMBO J. 11, 3157 (1992).

11. H.-U. Glaser et al., ibid. 12, 3105 (1993).

12. D. Thomas, R. Barbey, D. Henry, Y. Surdin-Kerjan, J.
Gen. Microbiol. 138, 2021 (1992).

13. A.F.Neuwald, J. D. York, P. W. Majerus, FEBS Lett.
294, 16 (1991).

14. D. E. Metzler, Biochemistry (Academic Press, New
York, 1977), p. 636.

15. R. Bone, J. P. Springer, J. R. Atack, Proc. Natl.
Acad. Sci. U.S.A. 89, 10031 (1992).

16. L. M. Hallcher and W. R. Sherman, J. Biol. Chem.
255, 10896 (1980); R. C. Inhorn and P. W. Majerus,
ibid. 262, 15946 (1987).

17. J. M. Villalba, M. G. Palmgren, G. E. Berberian, C.
Ferguson, R. Serrano, ibid. 267, 12341 (1992).

18. Phosphatase assays were carried out in a total vol-
ume of 100 pl containing 50 mM tris-MES (pH 7.5),
0.5 mM magnesium acetate, 1 mM PAP, and 0.2 pg
of purified HAL2 protein. After 30 min at 30°C, the
liberated inorganic phosphate was quantified by the
malachite green procedure [A. A. Baykov, O. A. Ev-
tushenko, S. M. Avaeva, Anal. Biochem. 171, 266
(1988)].

19. International Union of Biochemistry and Molecular
Biology, Enzyme Nomenclature (Academic Press,
New York, 1992), p. 318.

20. E. G. Brunngraber, J. Biol. Chem. 233, 472 (1958);
S. G. Ramaswamy and W. B. Jacoby, ibid. 262,
10044 (1987).

21. M. L.-S. Tsang and J. A. Schiff, Eur. J. Biochem. 65,
113 (1976).

22. Fully expanded tomato leaves (30 days old after
sowing) were homogenized in liquid nitrogen at a
ratio of 1 g per 3 ml of 50 mM tris-HCl (pH 7.5)
containing 1 mM phenylmethylsulfony! fluoride and

234

SCIENCE

30 mM B-mercaptoethanol. Insoluble polyvinyl-po-
lipyrrolidone was added to the crude extract at 0.1 g
per gram of tissue to adsorb phenolics and centri-
fuged for 2 hours at 100,000g. The resulting super-
natant was adjusted to 60% saturation with solid
(NH,),SQ,, allowed to stand for 1 hour, and centri-
fuged at 20,000g for 20 min. The pellet was resus-
pended in 50 mM tris-HCI (pH 7.5), 10 mM B-mer-
captoethanol, and 0.5 mM phenylmethylsulfonyl flu-
oride and dialyzed against the same buffer for 24
hours. Affinity chromatography with PAP-agarose
was as described (20). All purification steps were
carried out at 4°C.

23. T. S. Leyh, Crit. Rev. Biochem. Mol. Biol. 28, 515
(1993).

24, S. R. Nahorski, C. . Ragan, R. A. J. Challis, Trends
Pharmacol. Sci. 12, 297 (1991).

25. R. Serrano, Methods Enzymol. 157, 533 (1988).

26. U. K. Laemmli, Nature 227, 680 (1970).

27. C.K. Limand T. J. Peters, J. Chromatogr. 461, 353
(1989).

28. Supported by grants from the Biotechnology Pro-
gram of the Comision Interministerial de Ciencia y
Technologia (Spain) and from the Project of Techno-
logical Priority of the European Union (Brussels).
J.R.M. is a fellow of the Department of Education,
Universities and Research of the autonomous gov-
ernment of the Vasque Country (Spain).

26 July 1994; accepted 1 November 1994

Identification of Bases in 16S rRNA Essential for
tRNA Binding at the 30S Ribosomal P site

Uwe von Ahsen* and Harry F. Noller

Previous studies suggest that the mechanism of action of the ribosome in translation
involves crucial transfer RNA (tRNA)-ribosomal RNA (rRNA) interactions. Here, a selection
scheme was developed to identify bases in 16S rRNA that are essential for tRNA binding
to the P site of the small (30S) ribosomal subunit. Modification of the N-1 and N-2 positions
of 2-methylguanine 966 and of the N-7 position of guanine 1401 interfered with messenger
RNA (mRNA)-dependent binding of tRNA to the P site. Modification of the same positions
as well as of the N-1 and N-2 positions of guanine 926 interfered with mRNA-independent
binding of tRNA at high magnesium ion concentration. These results suggest that these
three bases are involved in intermolecular contacts between ribosomes and tRNA.

Central to the process of translation is the
ribosome-mediated interaction between
mRNA and tRNA. In addition to base pair-
ing to the codon by the tRNA anticodon,
tRNAs also interact with the ribosome it-
self. This is particularly evident at the P site,
where tRNA can be bound, at high Mg?*
concentrations in the absence of mRNA (I,
2). Earlier studies suggested that specific
bases in 16S rRNA participate in this inter-
action (3). Modification with kethoxal of a
limited number of guanine residues in the
16S rRNA of 30S subunits blocks tRNA
binding to the P site. Loss of activity was
prevented when tRNA was bound before
modification, suggesting that the inactiva-
tion was due to modification of the binding
site itself rather than to general disruption of
ribosome structure. More recently, a subset
of the bases in 16S rRNA that react with
chemical probes was found to be protected
from modification by tRNA bound to the
30S P site (2). Most of the protected bases
are located in universally conserved se-
quences in small subunit rRNA, consistent
with a potential role in tRNA binding.

In the experiments described here, we
ask which bases in 16S rRNA are the tar-
gets of functional inactivation by chemical
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probes of all four nucleotide bases. Our
strategy was to chemically modify 30S sub-
units at a low level, so that a subset of the
30S population retains its ability to bind
tRNA at the P site. The binding-competent
subunits are then bound to tRNA derivat-
ized at its 3’ end with biotin and selectively
removed by capture with streptavidin beads
(Fig. 1) (4). This method is made possible
by the fact that only a 15-nucleotide region
of the anticodon stem-loop of tRNA is
involved in 30S P site binding (2, 5, 6),
leaving its 3’ end, which normally interacts
only with the 50S subunit, available for
interaction with streptavidin.

We tested the ability of the streptavidin
beads to capture 30S subunits by means of
their interaction with biotinylated tRNA.
Biotinylated Escherichia coli tRNAFhe or
tRNAL" was bound to 30S ribosomal sub-
units (labeled with [*2P]pCp at the 3’ end of
16S rRNA) in the presence of polyuridylate
[poly(U)] or a random copolymer of U and
C [poly(U,C)], respectively. Magnetic
streptavidin beads were added to the
tRNA-30S complexes, and the captured
complexes were removed (4). Increasing
amounts of small ribosomal subunits were
captured by the streptavidin matrix with
increasing magnesium ion concentration
(Table 1), in accordance with the known
dependence of nonenzymatic P site binding
on Mg?* concentration (I, 7). The similar
behavior of two different tRNA species






