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Genes encoding elements of four amino acid permeases were identified by insertional inactivation of ORFs from
the genomic sequence of the cyanobacterium Synechocystis sp. strain PCC 6803 whose putative products are
homologous to amino acid permease proteins from other bacteria. A transport system for neutral amino acids
and histidine and a transport system for basic amino acids and glutamine were identified as ABC-type
transporters, whereas Na*-dependent transport of glutamate was found to be mediated by at least two systems,
the secondary permease GItS and a TRAP-type transporter. Except for GItS, substrate specificities of the
identified permeases do not match those of previously characterized systems homologous to these permeases.

Availability of sequenced genomes permits new ways of iden-
tifying all of the genes required for a physiological function or
a set of functions in the cell. In the case of membrane trans-
porters, substrate specificity often correlates with phylogeny
(Paulsen et al. 2000) making it possible to attempt the iden-
tification of genes encoding putative transporters for particu-
lar substrates by sequence comparisons (i.e., by homology
searching). However, the number of sequenced bacterial ge-
nomes is outgrowing that of bacteria for which a substantial
number of transporters has been characterized. Thus, it is
common that a protein family including a considerable num-
ber of transporters is defined, with regard to substrate speci-
ficity, based only on one or a few family members that have
been experimentally characterized. To define their substrates,
it is therefore of interest to inactivate genes encoding putative
membrane transporters in other than the most commonly
studied bacteria. In this paper, we present the identification of
ORFs from the genomic sequence of the cyanobacterium Syn-
echocystis sp. strain PCC 6803 that encode elements of amino
acid permeases with particular substrate specificities.

The cyanobacteria are phototrophic prokaryotes that
carry out oxygenic photosynthesis. They mainly use inor-
ganic sources of carbon (CO,) and nitrogen for growth. The
complete sequence of the chromosome of the unicellular cya-
nobacterium Synechocystis sp. strain PCC 6803 has been de-
termined (Kaneko et al. 1996). Consistent with the mostly
inorganic nutrition of cyanobacteria, only a low percentage,
[25%, of the putative transporters that would be encoded in
that sequence are predicted to have organic compounds as
substrates (Paulsen et al. 2000). The cyanobacteria for which
amino acid transport has been investigated generally exhibit
transport activities for neutral and, in some strains, basic
and/or acidic amino acids (Montesinos et al. 1997). Synecho-
cystis sp. strain PCC 6803 shows the highest activity of basic
amino acid transport detected for any cyanobacterium and is
unique in that it exhibits a high activity of glutamate trans-
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port whereas it shows a negligible aspartate transport activity
(Labarre et al. 1987; Montesinos et al. 1997). This cyanobac-
terium has been described to bear three amino acid transport
systems: one for basic amino acids with high affinity for ar-
ginine (K <1 uM; Flores and Muro-Pastor 1990) that would
also transport glutamine with low affinity (Labarre et al. 1987;
Flores and Muro-Pastor 1990); one for neutral (both polar and
hydrophobic) amino acids excluding glutamine (Labarre et al.
1987); and one for glutamate that would also be a high-
affinity glutamine transporter (Labarre et al. 1987). The latter
system was, however, not supported by further data that in-
dicated the presence of a transport system specific for gluta-
mate and different from the high-affinity glutamine transport
system (Montesinos et al. 1997). Among these systems, some
molecular data are available only for the neutral amino acid
transporter for which two genes (natA and natB) encoding
elements, an ATP-binding subunit and a periplasmic sub-
strate-binding protein, respectively, of an ABC-type permease
have been identified (Montesinos et al. 1997). Here we report
the identification of other Synechocystis genes encoding
amino acid transport elements. The Synechocystis sequences
used can be obtained from the CYANOBASE Web page
(Kaneko et al. 1996; http://www.kazusa.or.jp/cyano/cyano.
html).

RESULTS

Neutral Amino Acid Permease

The previously characterized NatA and NatB components of
the neutral amino acid transporter of Synechocystis sp. strain
PCC 6803 (Montesinos et al. 1997) are most similar to the
BraF (ATP-binding subunit) and BraC (periplasmic substrate-
binding protein) components, respectively, of the high-
affinity branched-chain amino acid transport system of Pseu-
domonas aeruginosa (Hoshino and Kose 1990). In the Synecho-
cystis genome, neither natA (slr0467) nor natB (slr0559) is
clustered with other permease genes (Kaneko et al. 1996).
Based on the reported observation that the constituents of
ABC-type permeases appear to have evolved with minimal
shuffling of constituents between systems (Saier 1998), we
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sought the inactivation of those Synechocystis ORFs, slr0949,
slr1881, and sll0146, whose putative products are most similar
to the other subunits of the Bra system, BraD (transmembrane
protein), BraG (ATP-binding subunit), and BraE (transmem-
brane protein), respectively. Inactivation of slr0949, slr1881,
and s/l0146 with gene-cassette C.K3 (see Methods) rendered
strains CSMJ36, CSMJ37, and CSMJ41, respectively. These
mutant strains were severely affected in the uptake of all the
neutral amino acids tested, except glutamine, whereas uptake
of basic (arginine and lysine) or acidic (glutamate) amino ac-
ids was much less affected (Table 1). These results indicate
that the products of the three ORFs are necessary, together
with NatA and NatB, to constitute a functional transporter for
neutral amino acids. We have named s/r0949 as natD, slr1881
as natE, and sll0146 as natC.

Basic Amino acid and Glutamine Permease

The putative product of ORF sll1270 from the Synechocystis
genome resembles a fusion protein between a periplasmic
substrate-binding protein (N-terminal half) most similar to
Escherichia coli GInH (a glutamine-binding protein) and an
integral membrane protein (C-terminal half) most similar to
E. coli GInP (a transmembrane protein of a glutamine ABC-
type transporter). A sll1270::C.C1 mutant, strain CSMJ7, was
constructed. This mutant showed a low activity of uptake of
arginine, histidine, and lysine, whereas uptake of the tested
neutral amino acids (except glutamine) and of glutamate was
much less affected (Table 1). Glutamine uptake was also se-
verely affected. These results identify the product of sll1270 as
an element of the previously described Synechocystis transport
system for basic amino acids and glutamine (Labarre et al.
1987; Flores and Muro-Pastor 1990). The third element, an
ATP-binding subunit, of the E. coli Gln system is GInQ, and
we inactivated the Synechocystis ORF whose putative product
is most similar to GInQ, slr1735. Strain CSMJ8 carrying
slr1735::C.K3 showed a phenotype of amino acid uptake iden-
tical to that of the sll1270 mutant, as did strain CSM]J11, a
slr1735::C.K3 sll11270::C.C1 double mutant (Table 1). These
results imply that the products of the two ORFs encode ele-
ments of the same transporter. We have named slr1735 as
bgtA and sll1270 as bgtB (bgt stands for basic amino acid and
glutamine transport). BgtA would represent an ATP-binding
subunit and BgtB would carry periplasmic substrate-binding
protein and transmembrane protein domains of an ABC-type
permease.

Uptake was also tested for arginine, glutamine, histidine,
and lysine concentrations of 1 pM and 100 puM. For both
strains CSMJ7 and CSMJ8, lysine uptake was always =1% of
the wild-type levels, whereas uptake was <1% and [20% of the
wild-type levels for 1 pM and 100 pM arginine, respectively.
Another arginine transport system, with lower affinity for ar-
ginine than Bgt, appears therefore to be expressed in Synecho-
cystis sp. strain PCC 6803. Consistently, strains CSM]7,
CSMJ8, and CSM]J11 were still able to grow using 5 mM L-
arginine as the nitrogen source, but their growth rate con-
stants (determined as described in Montesinos et al. 1995)
were [20% that of the wild-type strain. Glutamine uptake in
strains CSMJ7 and CSMJ8 was most severely affected at 100
M (5% of the wild-type levels) than at 1 uM ((#0%). These
results are consistent with previously reported data (Labarre et
al. 1987; Flores and Muro-Pastor 1990) and suggest that Bgt,
which is a high-affinity system for basic amino acids, repre-
sents a low-affinity, high-capacity system for glutamine. Up-

take of histidine in the bgt mutants was also more severely
affected at 100 pM ((¥% of the wild-type levels) than at 1 pM
((25%). Therefore, transport system(s) exhibiting a higher af-
finity than Bgt for both glutamine and histidine appear to be
expressed in Synechocystis sp. strain PCC 6803. Transport as-
says carried out with strains CSMJ7 and CSMJ8 for glutamine
concentrations of 1, 5, 10, 15, and 20 pM indicated a K; (glu-
tamine) of (2 pM.

nat bgt Double Mutants

Strains CSX28a (natA::C.K3) and CSX18a (natB::C.K3) (Mon-
tesinos et al. 1997) were transformed with plasmids carrying
bgtA(slr1735)::C.C1 or bgtB(sll1270)::C.C1 constructs, and
natA bgtA (strain CSMJ32), natA bgtB (CSMJ30), natB bgtA
(CSM]J26), and natB bgtB (CSMJ24) double mutants were ob-
tained. Amino acid uptake assays carried out with these
strains (Table 1) indicated that mutation of the two systems
resulted in a very low transport activity of any of the basic or
neutral amino acids tested, whereas the glutamate transport
activity was much less affected. Additionally, uptake of glu-
tamine and histidine was also tested for substrate concentra-
tions of 1 pM and 100 pM, and activities =3% of the wild-type
activities were observed in every case. These results indicate
that the Nat system is responsible for the high-affinity trans-
port activities of glutamine and histidine discussed above and
that the Bgt and Nat transporters together account for most of
the transport activity detected for the tested amino acids ex-
cept glutamate in Synechocystis sp. strain PCC 6803.

Glutamate Permeases

ORF slr1145 of Synechocystis sp. strain PCC 6803 (Kaneko et al.
1996) would encode a protein with 42% identity to the GItS
Na*/glutamate permease of Escherichia coli (Deguchi et al.
1990). Our amino acid uptake assays are normally performed
in the presence of 12.5 mM of Na* ions, and under these
conditions Synechocystis sp. strain PCC 6803 shows a gluta-
mate uptake activity with an apparent K, of 49 pM and a V.,
of 529 nmole/min per mg of Chl (Montesinos et al. 1997). We
have now observed that glutamate uptake in this cyanobac-
terium is dependent on the presence of Na* in the incubation
buffer. When Tricine-KOH substituted for Tricine-NaOH as
the incubation buffer, maximal activity of transport of 10 uM
glutamate was observed when the cells were supplemented
with (50 mM NaCl, =5% of the maximal activity was ob-
served without added NaCl, and [50% of the maximal activity
was observed in the presence of 150 mM NaCl (results not
shown).

A Synechocystis slr1145::C.K3 mutant was generated and
named strain CSMJ6. Assays of uptake of Arg, Lys, Ala, Gln,
Gly, Pro, and Ser indicated that the transport of none of them
was impaired in this mutant (data not shown). However, up-
take of glutamate in Tricine-NaOH buffer (012.5 mM Na*) was
reduced in CSMJ6, depending on the concentration of gluta-
mate used, to 56% to 69% of the values exhibited by the
wild-type strain (4.8 = 0.8 and 8.5 = 2.7 nmole of gluta-
mate/min per mg of Chl for strains CSMJ6 and PCC 6803,
respectively, for 1 pM glutamate; 51.9 = 9.7 and 76.2 + 20.3
for strains CSMJ6 and PCC 6803, respectively, for 10 uM glu-
tamate; and 227.5 + 41.2 and 330.9 + 27.8 for strains CSMJ6
and PCC 6803, respectively, for 100 pM glutamate; data are
the mean and standard deviation from four to seven indepen-
dent determinations). A similar decrease in uptake was found
for the CSMJ6 mutant when glutamate uptake was tested with
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different Na* concentrations (Table 2). Consistent with its
homology to E. coli GItS, we conclude that the ORF sir1145
product is a Na*-dependent glutamate transporter and that
ORF slr1145 represents a Synechocystis sp. strain PCC 6803 gItS
gene. However, at least another glutamate transporter appears
to be expressed in this cyanobacterium.

TRAP permeases are binding protein-dependent second-
ary transport systems that consist of a periplasmic substrate-
binding protein and two different integral membrane pro-
teins (Forward et al. 1997; Rabus et al. 1999). ORFs sll1102 and
sll1103 of Synechocystis sp. strain PCC 6803 (Kaneko et al.
1996) would encode proteins homologous to the membrane
components, DctQ and DctM, respectively, of a Rhodobacter
capsulatus TRAP transporter (Forward et al. 1997), whereas
OREF sll11104 would encode a polypeptide homologous to glu-
tamine (26.7% identity to E. coli GInH), glutamate (24.2%
identity to Corynebacterium glutamicum GluB) and glutamate/
glutamine/aspartate/asparagine (22.7% identity to R. capsula-
tus BztA) binding proteins of ABC-type transporters. Because
sll1102, sll1103, and sl11104 are tightly clustered in the Syn-
echocystis genome, it has been suggested that they might to-
gether encode a TRAP-type glutamine transport system (For-
ward et al. 1997). A sll1102-s111103 mutant, strain CSX67, was
generated in which a 370-bp BamHI fragment, including part
of sll1102 and part of sll1103, was substituted by the C.K3
gene-cassette, and a s/[1104::C.K3 mutant was also generated
and named strain CSX68. Uptake assays with Arg, Lys, Ala,
Gln, Gly, Pro, Ser, and Leu indicated that CSX67 and CSX68
were not impaired in the transport of any of these amino acids
(not shown). Because of the homology of the putative ORF
sll1104 product to glutamine-binding proteins, glutamine up-
take was further tested in the mutants at substrate concentra-
tions of 1, 2, 10, 20, 100, and 200 uM, but no effect on the
uptake rates, as compared with those exhibited by the wild
type, was observed (not shown). However, Na*-dependent
glutamate uptake was reduced in the CSX67 and CSX68 mu-
tants to [70%-80% of the wild-type values (Table 2). These
values represent a small but reproducible decrease in activity.
We suggest that ORFs sl11102, sll1103, and sll1104 encode a
TRAP-type Na*-dependent glutamate transporter and will
name them as gtrA, gtrB, and gtrC, respectively (gtr stands for
glutamate and TRAP).

gltS gtr Double Mutants
Using mutants CSX67 and CSX68 as parental strains, gItS gtr

double mutants were generated. A gltS(slr1145):C.C1 con-
struct was transferred to strains CSX67 and CSX68 and mu-
tant strains CSMJ20 (derivative of CSX67) and CSMJ22 (de-
rivative of CSX68) were obtained. Na*-dependent glutamate
uptake was significantly decreased in the CSMJ20 and
CSMJ22 mutants (Table 2). The effects of the slr1145 and
sll1104 mutations were additive, that is, mutant CSMJ22 ex-
hibited the expected activity for a strain carrying mutations in
the two transporters, GItS and Gtr, if they worked indepen-
dently. No such additive effect was observed for the slr1145
and sl11102/s111103 mutations in strain CSMJ20, although its
glutamate uptake activity was lower than those exhibited by
mutants CSMJ6 and CSX67. The reason for the lack of addi-
tivity of the mutations in strain CSMJ20 was not further in-
vestigated.

DISCUSSION

Synechocystis Amino Acid Permeases

The four amino acid permeases identified in Synechocystis sp.
strain PCC 6803 are summarized in Table 3, where the trans-
porter classification (TC) family (Saier 2000) to which each of
those permeases belongs is also indicated. Nat is a transport
system for neutral amino acids and histidine that seems to be
widespread in cyanobacteria (Montesinos et al. 1997). In con-
trast with earlier suggestions (Labarre et al. 1987), our results
show that Nat also transports glutamine and that it does so
with high affinity (K;, 2 pM). Thus, the high-affinity gluta-
mine transport system described by Labarre et al. (1987) is Nat
itself. Five genes encoding subunits of the Nat permease have
been identified whose putative products would constitute a
typical ABC-type transporter: a periplasmic substrate-binding
protein, two transmembrane subunits, and two ATP-binding
subunits. The Bgt system is an ABC-type permease that corre-
sponds to the high-affinity basic amino acid transport system
that also transports glutamine with low affinity (Labarre et al.
1987; Flores and Muro-Pastor 1990). One of its components,
BgtB, represents an unusual fusion between a periplasmic sub-
strate-binding protein and an integral membrane protein
with five or six putative transmembrane segments. We do not
know whether the functional Bgt permease is made up of
BgtA and BgtB homodimers or whether other genes encode
complementary transmembrane and ATP-binding subunits.
In contrast to the operon structure commonly observed for
genes encoding ABC-type permeases in many bacteria, the nat

Table 2. Na*-Dependent Glutamate Transport in Synechocystis sp. Strain PCC 6803 and g/tS and

gtr Mutants

Glutamate uptake® (nmol - mg Chl~")
Strain Genotype 16 mM NacCl 46 mM NacCl
PCC 6803 Wild type 271 = 99 301 = 86
CsMJ6 glts (slr1145) 164 = 39 184 + 50
CSX67 gtrAB (sll1102/sll1103) 198 + 57 212 + 39
CSX68 gtrC (sll1104) 203 = 47 243 * 66
CSMJ20 gltS gtrAB (slr1145 sll1102/sl1103) 151 + 51 160 + 40
CSM)22 gltS gtrC (slr1145 sll1104) 107 + 28 131 = 39

aThe assays were performed for 10 min with 10 uM ['“C]glutamate in 25 mM Tricine-KOH (pH 8.1) buffer supple-
mented with the indicated NaCl concentrations. The figures shown are the mean and standard deviation of the data
from four or five independent experiments. With no added NaCl, activities were (015 nmol - mg Chl~ for the wild

type and negligible for the mutants.
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Table 3. Identified Amino Acid Permeases of Synechocystis sp. Strain PCC 6803
TC
Permease family® Substrate(s) ORF Gene Putative gene-product
Nat 3.A1 Neutral amino acids and histidine  sIr0467 natA  ATP-binding subunit
sir0559 natB  Periplasmic substrate-binding protein
sll0146  natC  Integral membrane protein
sir0949 natD  Integral membrane protein
sir1881 natE  ATP-binding subunit
Bgt 3.A1 Basic amino acids and glutamine  slIr1735 bgtA  ATP-binding subunit
sll1270  bgtB  Periplasmic substrate-binding and integral membrane protein
GltS 2.A.27  Glutamate sir1145  gitS Monocomponent permease
Gtr 2.A.56  Glutamate slit102  gtrA Integral membrane protein
sll1103  gtrB Integral membrane protein
sll1104 gtrC  Periplasmic substrate-binding protein

“Transporter classification (TC) family according to Saier (2000): 3.A
2.A.56, tripartite ATP-independent periplasmic transporter family.

and bgt genes are spread in the Synechocystis genome (Kaneko
et al. 1996). As pointed out by Tomii and Kanehisa (1998), in
the Synechocystis genome there are less cases of conserved op-
erons, but more cases of multiple components of a transporter
being fused into a single gene, than in other genomes.

The Bgt and Nat systems together account for most of the
transport activities of amino acids (other than glutamate) that
have been observed in Synechocystis sp. strain PCC 6803, al-
though the permease responsible for the low-affinity trans-
port of arginine observed in bgt mutants has not yet been
identified. The Nat system appears to have a role in recapture
of hydrophobic amino acids leaked from the cells (Labarre et
al. 1987; Montesinos et al. 1997), and it might also have a
nutritional role in uptake of amino acids like proline that can
be used as a poor nitrogen source by Synechocystis sp. strain
PCC 6803 (M.]J. Quintero, A. Herrero, and E. Flores, unpubl.).
Bgt can also have a nutritional role, for instance in the uptake
of arginine that can serve as a nitrogen source for this cyano-
bacterium (Flores and Muro-Pastor 1990). Because this perme-
ase shows an affinity much higher for arginine than for any
other amino acid, it has been suggested that it should be con-
sidered to represent an arginine transporter (O. Koster, H. Ull-
rich, and F. Jittner, unpubl.).

We have found that the glutamate transport activity of
Synechocystis sp. strain PCC 6803 is Na*-dependent and have
identified two permeases involved in this activity: GItS, a
monocomponent secondary permease, and GtrABC, a TRAP-
type transporter. Because GItS and GtrABC would together
account for no more than about 60% of the wild-type activity,
other Na*-dependent glutamate transport system(s) must be
present in this cyanobacterium. Some of the nat mutants that
have been analyzed are somewhat affected in glutamate up-
take (Table 1, see also Montesinos et al. 1997), but we do not
know whether the Nat system might represent a significant
way for glutamate uptake in strain PCC 6803. The relatively
high activity of glutamate transport in strain PCC 6803 ap-
pears therefore to result from addition of the activities of sev-
eral independent transporters which, nonetheless, are func-
tionally similar as all of them are Na* dependent and appear
to work with a similar range of glutamate concentrations. In
the genome sequence of Anabaena sp. strain PCC 7120, a cya-
nobacterium that exhibits a glutamate transport activity
much lower (about 1.2%) than that of Synechocystis sp. strain
PCC 6803 (Montesinos et al. 1997), no homologs to gItS or gtr
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.1, ABC-type uptake permeases; 2.A.27, glutamate: Na* symporter family;

are found (Kazusa DNA Research Institute, http://www.
kazusa.or.jp/cyano/anabaena/). The physiological role(s) of
the Synechocystis Na*-dependent glutamate transport activi-
ties are currently unknown.

Apart from the ORFs listed in Table 3, the other ORFs
from the Synechocystis genome that are predicted to encode
amino acid permeases (see I.T. Paulsen, M.K. Sliwinski, and ]J.
Garg, http://www.biology.ucsd.edu/[ipaulsen/transport/) are
a set of ORFs (s1r0447, slr1200, sir1201, sll0764, and sll0374),
which have been found to constitute an ABC-type permease
for urea rather than for amino acids (A. Valladares, M.L. Mon-
tesinos, A. Herrero, and E. Flores, unpubl.).

Permease Substrate Specificities

Homology searches have permitted the identification of ORFs
encoding amino acid permeases in Synechocystis sp. strain
PCC 6803. However, the precise specificity of an identified
transporter did not generally correspond to those of the pre-
viously characterized permeases that are most similar to the
investigated Synechocystis permease. Thus, Bgt is most similar
to GInHPQ of E. coli, a glutamine permease, Nat is most simi-
lar to Bra of P. aeruginosa, a branched-chain amino acid per-
mease, and GtrC, the periplasmic substrate-binding protein of
the TRAP-type Gtr permease, is most similar to GInH. Only
one member of the family of TRAP transporters, the DctPQM
system for transport of C,-dicarboxylates in R. capsulatus (For-
ward et al. 1997), had been previously characterized both mo-
lecularly and functionally. Our results showing that the Syn-
echocystis GtrABC system is involved in glutamate uptake sup-
port the contention that TRAP permeases can mediate
transport of substrates other than C,-dicarboxylates (Jacobs et
al. 1996; Rabus et al. 1999). On the other hand, Synechocystis
GItS, which is the second GItS permease that has been char-
acterized, has the same substrate specificity as E. coli GItS (De-
guchi et al. 1990).

METHODS

Generation of Mutants

The ORFs of the Synechocystis sp. strain PCC 6803 chromo-
some (Kaneko et al. 1996) inactivated in this work are sum-
marized in Table 4. DNA fragments corresponding to those
ORFs were amplified by PCR using primers whose coordinates
in the strain PCC 6803 chromosome are indicated in Table 4.
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Table 4. ORFs of Synechocystis sp. Strain PCC 6803 Inactivated in This Work?

Inserted cassette

ORF ORF coordinates Oligonucleotides coordinates and insertion site
slr1145 809450-810658 809342-809362,810371-810351 C.K3 or C.C1, Ncol (Klenow-filled)
sli1270 1116021-1114429 1116052-1116033,1115052-1115072 C.C1, Kpnl

slr1735 1317712-1318470 1317628-1317647,1318781-1318761 C.K3 or C.C1, Smal
slr0949 2017104-2017964 2017139-2017158,2018372-2018353 C.K3, Hpal

slr1881 1239490-1240212 1239564-1239583,1240494-1240475 C.K3, Stul

sllo146 2192051-2190933 2191877-2191858,2190922-2190941 C.K3, Smal

sli1102, sll1703  1914652-1914113,1914113-1912776 ~ 1914799-1914779,1913403-1913423 C.K3, 2 BamHlI sites
sli1104 1912786-1911896 1912674-1912654,1911573-1911593 C.K3, Xbal

°The names and chromosome coordinates (Kaneko et al. 1996) of the inactivated ORFs are indicated in the first and second columns,
respectively. The coordinates of the oligonucleotides used for PCR amplification of those ORFs are indicated in the third column. The inserted
antibiotic resitance-encoding gene cassette and the restriction endonuclease insertion site(s) are indicated in the last column.

Isolation of genomic DNA from cyanobacteria (Cai and Wolk
1990) and PCR amplification (Quintero et al. 2000) were car-
ried out as described previously. The PCR products were
cloned in vector pGEM-T (Promega). The identity of the
cloned fragment was verified by restriction endonuclease
analysis or by sequencing. Gene-cassette C.K3 or C.C1 (Elhai
and Wolk 1988) was inserted by standard procedures into the
endonuclease restriction site(s) indicated in Table 4 for each
OREF. These restriction sites were unique in the corresponding
DNA fragment except for the two BamHI sites in the insert
carrying part of sl[1102 and sll1103; in this case, a deletion of
370 bp accompanied the insertion of the C.K3 cassette.
Growth of E. coli DHS5q, isolation of plasmid DNA, and DNA
restriction and ligation were carried out by standard methods
(Sambrook et al. 1989).

Transformation of Synechocystis sp. with plasmids carry-
ing the disrupted DNA fragments was carried out as described
previously (Quintero et al. 2000). Transformants were selected
in BG11 solid medium supplemented with 25 ug of kanamy-
cin (Km)/mL for clones carrying the C.K3 cassette or 10 pg of
chloramphenicol (Cm)/mL for those carrying C.C1. To facili-
tate segregation of the mutant chromosomes, individual colo-
nies were re-isolated from Km" or Cm" transformants and
grown in liquid medium supplemented with up to 300 pg of
Km/mL or 20 pug of Cm/mL, respectively. To test whether the
resulting mutant strains were homozygous for the mutant
chromosomes, PCR amplification using the corresponding
primers and genomic DNA from each mutant as template
and/or Southern blot using the corresponding PCR-amplified
DNA fragments as probes were carried out (Quintero et al.
2000). Strains homozygous for the mutated chromosome
were obtained for all the disrupted ORFs. Double mutants
were obtained following the same methodology using a single
mutant as parental strain.

The orientation (direct or inverse) of the inserted cassette
with respect to that of the inactivated Synechocystis ORF was
determined for strains CSMJ6 (sir1145::C.K3, direct), CSMJ8
(slr1735::C.K3, direct), CSMJ36 (slr0949::C.K3, inverse),
CSMJ37 (slr1881::C.K3, inverse), and CSMJ41 (sll0146::C.K3,
direct). For ORFs slr1735 and sll0146, mutants with the cas-
sette inserted in the inverse orientation were also analyzed,
and results identical to those described in this work for the
direct orientation were obtained. In any case, no transport
phenotypes resulting from polar effects are expected for the
mutants generated in this work, because, with the exception
of the sll1102-s111103-s111104 cluster, the inactivated ORFs are
not clustered with other putative transporter-encoding genes
(Kaneko et al. 1996).

Uptake Assays
Cells from shaken cultures grown at 30°C in the light in BG11

medium (supplemented with antibiotics, 25 pg of Km/mL
and/or 10 pg of Cm/mL, in the case of the mutants) were
harvested by low-speed centrifugation at room temperature,
washed twice with 25 mM N-tris(hydroxymethyl)-
methylglycine (Tricine)-NaOH buffer (pH 8.1), and resus-
pended in the same buffer. To test the effect of Na*, Tricine-
KOH buffer was used. The concentration of chlorophyll a
(Chl) in the cell suspension was determined in methanolic
extracts (Mackinney 1941). The uptake assays were performed
for 10 min (1 min in the case of arginine and glutamate),
unless otherwise indicated, at 30°C in the light (white light
from fluorescent lamps) and were started by mixing a suspen-
sion (1.0 mL) of cells containing 4-10 pg of Chl with a solu-
tion (0.1 mL) of L-[U-*C]amino acid (4.5 to 70 uCi/umole)
(radioactive amino acids were from Amersham or New En-
gland Nuclear). Final concentration of amino acid in the assay
was 10 uM unless otherwise indicated. At the end of the in-
cubation, a 1-mL sample was filtered (0.45-um pore size Mil-
lipore HA filters were used) and the cells on the filters were
washed with 5-10 mL Tricine buffer. The filters carrying the
cells were then immersed in a scintillation cocktail, and their
radioactivity was measured. Retention of radioactivity by
boiled cells was used as a blank.
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