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CHARACTERIZATION OF Na*/H* ANTIPORTERS
IN THE CYANOBACTERIUM SYNECHOCYSTIS sp. PCC 6803
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The cyanobacterium Synechocystis sp. PCC 6803 has five genes for putative Na*/H*
antiporters (designated rnhaS1, nhaS2, nhaS3, nhaS4, and ﬁhaSS). In this thesis, their products
were studied by means of functional expression in Escherichia coli, targeted mutagenesis, and
phylogenetic analyses.

Na*/H* antiporters are membrane proteins that exchange Na* for H*, the two most
important ions in cell bioenergetics. Na*/H* antiporters were discovered by Peter Mitchell and his
colleagues in the late 60’s and, since then, it has been found that they are widely distributed
throughout the biological kingdoms. Chapter 1 describes previous studies of Na*/H* antiporters,
which will provide an overview of how these universal devises are used by various organisms. It
should be stressed that no Na’/H* antiporters had been identified in cyanobacteria, despite of
accumulating evidence that Na*/H* antiporters play important roles in the maintenance of
intracellular ion homeostasis during acclimation to changes in environmental conditions.

Chapter 2 describes characterization of Synechocystis Na*/H* antiporters by functional
expression of the nhaS genes in Escherichia coli. The author successfully induced the expression
of nhaS1, nhaS3, and nhaS4 under control of an Na*-dependent promoter in E. coli TO114, a
strain that is deficient in Na*/H*-antiport activity. Inverted membrane vesicles prepared from
rhaS1/TO114 and nhaS3/TO114 cells exhibited Na*(Li*)/H*-antiport activity. Kinetic analysis of
the antiport activity revealed that the nhaS1 gene encodes a low-affinity Na*/H* antiporter with a
. Ky, value of 7.7 mM for Na* ions and a K,, value of 2.5 mM for Li* ions, while the nhaS3 gene
encodes a high-affinity Na*/H* antiporter with a K, value of 0.7 mM for Na* ions and a K, value
of 0.01 mM for Li* ions. Transformation of E. coli TO114 with the nhaSI and nhaS3 genes
increased tolerance to high concentrations of Na* and Li* ions and depletion of K* jons. This is
the first demonstration of functional characterization of Na*/H* antiporters from cyanobacteria.
Inverted membrane vesicles prepared from rkaS4/TO114 cells did not have Na*/H*-antiport
activity, and the cells themselves were as sensitive as the original TO114 cells to Na* and Li* ions.
However, the nhaS4/TO114 cells were tolerant to depletion of K* ions. This result suggested that
the nhaS4 gene might encode a membrane protein that transports Na* and/or K* ions.

Evaluation of effects of targeted inactivation of the nhaS genes on growth phenotypes of
Synechocystis cells is described in Chapter 3. She created single and double mutants of
Synechocystis in which individual rhaS genes were interrupted by insertion of an antibiotic-
resistance gene cartridge. The disruption of the nhaS1, nhaS2, nhaS4, and nhaS5 genes in all
copies of the chromosomal DNA was verified by PCR. She failed to disrupt the nhaS3 gene;
homozygous null mutants were not recovered after the mutagenesis. The single mutants that she
obtained did not show any phenotypic changes in terms of the sensitivity to growth inﬁibition by
NaCl. nhaS1 nhaS2 cells grew slower than wild-type cells both in BG11 medium (the standard
medium), that contained 18 mM Na*, and in a high-salt medium, prepared by adding NaCl, to 0.5
M, to the BG11 medium. The growth retardation of » haSI n haS2 cells appeared to be greater in

the presence of 0.5 M NaCl than in its absence. In contrast, n haS4 n haS5 cells grew as well as
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wild-type cells regardless of the presence or absence of 0.5 M NaCl. These results suggested that
(i) the function of the nhaS1 and nhaS2 genes’ products might be complementary, (ii) the nhaS3
gene is essential for viability of Synechocystis cells, and (iii) products of the nhaS4 and nhaS5
genes may contribute little to high-salt stress tolerance.

Chapter 4 describes phylogenetic analyses of the Na*/H* antiporters and putative
homologues of the Na*/H* antiporters from widely divergent phyla. BLAST search results
indicated that NhaS1 and NhaS2 are similar to NhaP of Pesudomonas aeruginosa and eukaryotic
Na*/H* antiporters, while NhaS3, NhaS4, and NhaS5 are similar to NapA of Enterococcus hirae.
Comparison of deduced amino acid sequences of the NhaS proteins to those of the Na*/H*
antiporters revealed significant similarities within the putative fifth and sixth transmembrane
segments, of the NhaS proteins, and corresponding regions of the Na*/H* antiporters. A
phylogenetic tree based on the evolutionary distances revealed that 127 Na*/H* antiporter
homologues from 53 species, including eukaryotes and prokaryotes, cluster with two groups,
which are named NhaP/NHE and NapA families. The ubiquitous distribution of the members of
the two families throughout the biological kingdoms indicates that the two types of proteins
diverged before the divergence of major lineages in prokaryotes. Na*/H* antiporter homologues
from various cyanobacteria form five distinct groups, namely, NhaS1-5 subfamilies. NhaS3
orthologs exist in all cyanobacteria where the entire genome sequence is available, suggesting
that NhaS3 might be of particular importance to cyanobacteria. This is in agreement with the fact
that the nhaS3 gene is essential for the viability of Synechocystis (Chapter 3). The NhaS1 and
NhaS2 subfamilies belong to the NhaP/NHE family, while the others belong to the NapA family.
The findings that NhaS1 and NhaS3 are low-affinity and high-affinity Na*/H* antiporters,
respectively (Chapter 2), are consistent with the common kinetic properties of each type of
Na‘/H* antiporters. The Arabidopsis proteins cluster with six groups, and two of them (SOS1 and
AtNHX1) belong to the NhaP/NHE family. SOS1 and NhaS1 form a monophyletic group with a
bootstrap value less than 50% and are closely related to NhaS2. These results might indicate the
possibility that the Arabidopsis genes were acquired from the ancestor of plastids, although the

relationship between these proteins are not well resolved.
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Na+/H+ 7o FR—FZ—Z, EHMEYOHMBOEIREL pH OEFEHEEZRETOHEMICL
WTEERBEEZEIEEZONTWS, 78 Synechocystis sp. PCC 6803 (Synechocystis) T
135/ ADLEERFIN 1996 FIZRESN, 520 Nat/H+ FUrFR—F—REQS ORIEF
BDROVWHERTWE, BERIIEYMIEOETNVELT Synechocystis M FHIED, Nat/H+
ToFR—E—DFELEEEMITEIT o7, WM IIROAENDFEREIN TS,

#5132 : General Introduction SEXFLREIFOAY -MBENSD Nat/H+ T FR—F—DIa—
=L FOBE BE BN - BEFREAOHEG . MEANBE. £ABEORENTHOWTEMIZ
HRLAEET. AMEDOEHNZRATNS, :

%5 2% :Functional characterization of Na+/H+ antiporters of Synechocystis by expression in
Eshcerichia coli Synechocystis D& IRNEQT EIEF (nhaSl-86) % KIBEE D Nat/H+ 7ToFKR—
F—BEFREKICEAL MREE OFAMLUEKIEBE/NIO Nat/Ht 7o FR—MNEHEE
FEEICLTHBT AN T o2, TOMER . nhaSl & nhaS3 BENTEH Nat BED Lit 1T LT
B, BBEfMED Nat(Lit)/Ht T FR—F—2a—RFLTNLIEEZHALNIILE,

% 3% :Evaluation of effects of targeted mutagenesis of genes for Na+/H+ antiporter homologues
in Synechocystis nhaSl-5 DEBEZMBRENZOVWTHMREZBIDIC. BB FEERTHEER
BT OBATLoTHEL, K- BERESRMET COMMBBME R 7. nhaSl, nhaS2, nhaSd,
nhaS5 DOREEEY, W HEEICEEBE2 RIEXehofz, nhaS3 IX Synechocystis DY /) LDaE —
DREZE 10% TLOHETHIIENTET ., TD nhaS3 B RKRITIKEIREFHICBOTEHARK
FOLBE IR TE R E AR LT, nhaS] & nhaS2 OW K EME LKL, KERE SR
WCEF AR Z 0 T B MRS B IR E S I O B E R ESL IR E IR0, nhaS4 L
nhaSs5 DW K EEE LRI, BARLAKRTHEMBE L, LEORKERIZ, (1) nhasS3 13X
Synechocystis OETFFIZMNBE THAHAZ L. (2) nhaSl & nhaS2 DPEEM DS Synechocystis IZEBWT
FEM RIS REL . MEME IS 5 L T0BZ L, (3) nhaSe & nhaS5 DEHOTHEME~DBEEIE
WZE ZTRRL TV,

# 4% :Phylogenetic analysis of Na+/H+ antiporter homologues: from cyanobacteria to higher
plants if4E, ZLDEY T /27aV =/ ¥ MTbi, Nat/Ht TV FR—F—FRERS DREF
BRWVHENTWAEEEZEEX T, Nat/Ht TV FR—F—BIOFRERS O ETI/BRESIZ
DSWTERBEDERERHERET -, TORBE ., B% MY (Arabidopsis thaliana) 21X
Synechocystis DEFERTLF LT 7IV—IZB TS5 Nat/H+ TUFR—FZ—FREQsSNEHFE
L. 20550 1-5(SOS1) A NhaSl LEWVERIZHIZENRALNNI o7, ZHiZ, WD S0SI
BRFLERGOELENCERLUETREEEZTRLTND,

B UEOHEREDYLE2-3BOWNAIT J. Bacteriol. EIZHEBINT-,
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ARFTNT. A RRAEMNLIZLH T Nat/Hy TrFH—F—2RAEL. ZOMEEICRITHE
EAAH BRI LI2b O THY, o BEMEY O Nat/Ht 7L FR—F—hEus OMEE %45
T5HECH ARBHREREL TG, LERST, ZMAXLL TN RNEEE THLHEL, &
B EHE L,

FEEEELIT. EMERLEEERCE TSI RRRET o, TORBR. FEEBI—KL
T MEEBZEOMENE. EMOFCE T MM EBRAEMREBORELESCHETLD
EHIELE,

I, BHOKERER CERRLTHY. LR T ORBLE 2bbU T, Bt
LCHRAREEN B 2 TODLH B Lk,
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