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The genes aroA and trnQ are located upstream of psbO in the
chromosome of Synechocystis 6803
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We have identified the existence of two genes, rrnQ and aroA, located upstream of the psbO gene in Synechocystis sp. PCC 6803. The trnQ gene

encodes a glutamine-specific transfer RNA (tRNAY") and the sequence given is the first reported for any cyanobacterium. The gene seems to exist

as a single copy since 1ts deletion results in non-viable mutation. The aro4 gene encodes for 5-enolpyruvylshikimate 3-phosphate synthase and its

discovery in the genome of Synechocystis 6803 is the first genetic evidence for the existence of the shikimate biosynthetic pathway in cyanobacteria.
Interestingly, the partial sequence shares close homologies with the sequences of aro4 from Gram-positive bacteria.

5-Enolpyruvylshikimate 3-phosphate synthase; aro4 gene; Shikimate pathway: Transfer ribonucleic acid; #nQ gene; Photosystem 1I; pshO gene:
Synechocystis 6303

1. INTRODUCTION

The psbO gene encodes the so-called ‘33-kDa extrin-
sic protein’ of photosystem II (PSII), also known as the
‘manganese-stabilising protein’ (MSP). The PsbO pro-
tein is an important component of the multi-subunit
PSII complex, binding in close proximity to the Mn
cluster on the lumenal side of the thylakoid membrane
in both cyanobacteria and oxygenic photosynthetic
eukaryotes [1].

The cyanobacterium Synechocystis spp. PCC 6803
has proved particularly useful in the study of PSII func-
tion, owing to the relative ease with which targeted
mutations may be introduced into genes encoding sub-
units of PSII in this organism. Previously we determined
that the pshO gene occurs as a single copy in Synecho-
cystis 6803, and reported the in vivo inactivation of this
gene to generate the insertion mutant IC1 and the dele-
tion mutant IC2 [2]. These mutants were then character-
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ised for their phenotypic properties [2,3]. Together with
other researchers [4,5], we found that the PsbO protein
optimises PSII-driven oxygen evolution, but is not ab-
solutely required for PSII activity. Similar results con-
cerning the function of the PsbO protein were reported
for another cyanobacterium, Synechococcus spp. PCC
7942 [6].

In this paper, we firstly describe attempts to delete a
larger region of the Synechocystis 6803 chromosome
containing psbO than was successfully achieved in mu-
tant strain IC2. This experiment led to the discovery of
trnQ and aroA genes upstream of pshO. In particular
the identification of an aroA gene in Synechocystis 6803
is significant as it is the first genetic evidence for the
existence of the shikimate biosynthetic pathway in cya-
nobacteria. We also report a physical map of 24 kb of
the Synechocystis 6803 chromosome containing aroA.
trnQ and psbO.

2. MATERIALS AND METHODS

Routine DNA manipulations were carried out as outhined in [2]. The
glucose-tolerant strain, Synechocystis 6803-G [50], was used through-
out these studies and 1s referred to as Synechocystis 6803 or the wild-
type. This strain of Synechocystis spp PCC 6803 was kindly provided
by Dr. J.G.K. Williams (DuPont, Wilmington, DE). The routine
maintenance of this strain on BG-11-based medium on agar plates and
in liquid culture was as described in [2].

Transformation of Synechocystis 6803 with psbO deletion construct
pSMOS8 was performed as described by Mayes et al. [2]. After transfor-
mation, kanamycin-resistant cell lines were subjected to multiple
rounds of re-streaking from single colonies onto BG-11 agar plates
supplemented with S mM glucose, 100 4g - ml™* kanamycin and 20 uM
atrazine.

32p_Labelling of DNA probes used in Southern analysis was accom-
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Fig 1. Restriction map of 5 5-kb of the Synechocystis 6803 chromosome containing psbO. Gene positions are indicated by boxed regions. The

hatched part of pshO encodes the transit peptide. Also indicated is the attempted replacement of the 2.4-kb HincIl-Xbal fragment by the Km’

cartridge that is described m the text. Dashed lines above the map show the extent of the inserts of plasmids pSMO6 and pSMO7. Arrowed

horizontal lines beneath the map show the orientation and extent of sequencing data. Dashed lines indicate preliminary sequencing runs from one

DNA strand. Named solid lines correspond to data sequenced from both strands and submitted to the EMBL database. The region sequenced

by Phulbrick and Zilinskas [33] is denoted "Z". The sequenced region of the putative aroA4 gene 1s shown by a solid box. The shaded box region
shows the predicted extent of the aroA gene, assuming that it is the same length as the aro4 gene of B subtilis [14].

plished by extension of random oligonucleotide primers, essentially as
described by Feinberg and Vogelstein [7]. For the Southern blot shown
m Fig. 1, samples of genomic DNA were isolated by the mimprep
method for Synechocystis 6803 reported in [2]. Restricted DNA was
fractionated on a 0.8% agarose gel and capillary-transferred to BA 85
nitrocellulose (Schleicher and Schuell, 0.45 um pore size) Prehy-
bridisation for 2 h, and then overnight hybridisation, were performed
in 10 ml of 5x SSC, 5x Denhardt’s, 0 5% SDS, 100 gg - ml™" calf
thymus DNA (solutions defined in [2]) at 65°C. The filter was then
washed to a final stringency of 0.1 x SSC, 0.1% SDS at 65°C DNA
to be sequenced was subcloned into M13 mp18 and mp19 vectors [8]
Dideoxy DNA sequencing of single-stranded template was performed
using the Sequenase cloning kit (United States Biochemical Corp.})
using either the universal sequencing primer or custom-made primers
synthesised on a Pharmacia LKB Gene Assembler Plus machine.
DNA and deduced protein sequences were analysed using the PC/
Gene microcomputer software (formerly Genofit. now Intelligenetics
Inc.). Homology searches of the EMBL, Genbank and SwissProt
nucleic acid/protein databases were performed using the University of
Wisconsin Computing Group (UWGCG, Devereux et al.. 1984)
FASTA programme (which employs the algorithm of Lipmann and
Pearson, 1985) running on the AFRC VAX Computer Service (Har-
penden, UK). Multiple sequence alignments were assembled using the
CLUSTAL programme [9], also installed on the AFRC VAX Com-
puter.

The phage clones used to map DNA surrounding psbO were 1so-
lated from a genomic library constructed by Stratagene (USA) for Dr.
J.G.K. Williams. The library (previously described mn [2,10,20]) was
constructed by ligating Synechocystis 6803 genomic DNA partially cut
by Suu3Al into the BamHI site of the AEMBL3 cloning vector [11].

3. RESULTS

We have previously reported a restriction map of
plasmid pSMOI1 which contains a 5.5 kb fragment of
Synechocystis 6803 containing the entire psbO gene plus
upstream and downstream flanking DNA. Early on in
our studies on psbO, before the successful generation of
psbO deletion mutant IC2 (see [2]). we attempted to
replace the 2.4 kb Hincll-Xbal fragment containing
psbO with the kanamycin resistance (Km") cartridge
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from pUC4K (variant described in [12]). The plasmids
pSMO6 and pSMO7 were used as the starting points for
making the pshO deletion construct pSMOS. Plasmid
pSMO6 consisted of the 1.2 kb Hincll-Hincll fragment
upstream of psbO ligated into plasmid vector pUC13;
plasmid pSMO7 consisted of the 0.5 kb Xbal-HindlIl
fragment downstream of pshO inserted into vector pBS*
(Stratagene, USA). The extent of the pSMO6 and
pSMO7 inserts are shown in Fig. 1. In a series of cloning

+ I 1] m 1w vV VI +
o T o Y s O e O I O i A
HEHEHEHEHEHEHEHE
I R O A I
kb
>18 — W ow o = W 8
55 — [ - o -
3.2 - o -
13 =

Fig. 2. Southern analysis of genomic DNA from wild-type Synecho-
cystis 6803 and from six independent cell lines transformed with plas-
mid pSMOS8 (I-IV) after seven segregation rounds. The filter was
hybridised at high stringency with a radiolabelled DNA probe consist-
ing of a 1.1:1 molar mixture of the isolated inserts from plasmids
pSMO6, pSMOT7 (see Fig. 1) and pUC4K (the Km" cartridge). The
figure shows the resulting autoradiogram after exposure for 14 h at
room temperature.
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Fig. 3. (A) Nucleotide sequence X60715 which includes the trnQ gene
of Synechocystis 6803. The position and orientation of X60715 are
shown in Fig. 1. The first strand was sequenced away from the Hincll
site as also shown in Fig. 1. The second strand was then sequenced
using the oligonucleotide 5-CACCTCAGGACCCCCTTA-3 to
prime DNA synthesis from the single-stranded template of an appro-
priate M13 clone. The predicted extent of the tRNA®™ sequence is
shown in lower case letters, Sequence elements similar to the ‘-35" and
*-10" consensus regions of the E. coli 6™ promoter are underlined. A
hexanucleotide region sharing some identity with the consensus se-
quence of stringent response elements from B. subtilis (GT(C/T)G(C/
T)(T/Pu), see [27]) is overlined. In addition, the extent of a downstream
inverted repeat is arrowed. (B) Secondary structure prediction for the
tRNA"™ molecule of Synechocystis 6803. This prediction, showing a
typical cloverleaf tRNA structure, was made by comparison to the
predicted tobacco tRNA®™ structure [34] and application of the PC
Gene TRNASRCH programme. The figure shows the primary se-
quence and no attempt has been made to indicate the probable posi-
tions of minor or rare bases arising from post-transcriptional modifi-
cation. The 5-CCA-3" glutaminy! attachment site is not encoded by
trnQ and must therefore be added post-transcriptionally. G-C and
A-T base pairs are indicated by filled circles and the anticodon wobble
position is marked with an asterisk.

steps, plasmid pSMO8 was constructed so that the Km"
cartridge was placed between the Synechocystis 6803
inserts of pPSMOG6 and pSMO7, with the whole construct
housed in pUCI18. Plasmid pSMOS8 was then trans-
ferred into Synechocystis 6803 with the intention of gen-
erating the psbO deletion strain, [C9.

Since Synechocystis 6803 contains about 12 copies of
a single circular chromosome per cell [13] an attempt
was made to segregate IC9 as a strain homozygous for
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the introduced deletion. Fig. 2 shows the results of
Southern analysis of six independent kanamycin-resis-
tant cell lines (denoted I-VI) following seven rounds of
streaking from single isolated colonies on selective
media. It can be seen that each transformed cell line
contains copies of both the wild-type pshO locus, which
is visible as the 5.5 kb HindIII-HindlII fragment, and
the intended deletion product which is manifested as the
3.2 and 1.3 kb HindIlI-HindIll fragments. Two signals
arise from the deletion product in this experiment as the
introduced Km" cartridge contains an internal HindIII
restriction site. Additional signals from the HindIII di-
gests of IV and V are due to incomplete enzyme diges-
tion. It can be concluded that transformed lines I-IV are
all merodiploids, there being in each cell a mixed popu-
lation of chromosome containing the wild-type psbO
locus or the intended deletion. Streaking was continued
through further rounds on selective media, but homozy-
gous deletion mutant segregation was never achieved.
In a final Southern analysis performed after more than
20 segregation rounds, it was observed that in lines
I-1V, either the merodiploid state persisted or there had
been a rearrangement of the Synechocystis 6803 chro-
mosome in the vicinity of psbO (data not shown).

Since the 1.5 kb Srul-Xbal fragment containing the
entire pshO gene was subsequently successfully deleted
in vivo to generate pshbO deletion strain IC2 [2], it was
concluded that the 0.9 kb HinclI-Stul fragment up-
stream of psbO contains DNA that is essentiai for the
viability of Synechocystis 6803 and which therefore can-
not be deleted. To investigate this possibility further, the
DNA sequencing indicated in Fig. 1 was then per-
formed. Initially sequence data were collected from only
one of the two possible strands and then compared to
entries in the EMBL and Genbank nucleic acid data-
bases using the FASTA programme. Once regions of
sequence identity with database entries had been deter-
mined, data from the complementary DNA strand were
established using custom-made oligonucleotide se-
quencing primers. This approach led to the sequencing
of an entire trnQ gene and a portion of an aroA gene
the locations of which are documented in Fig. 1.

The ##nQ gene encodes a glutamine-specific transfer
RNA (tRNA®™) and is located upstream of psbO on the
same DNA strand. The region sequenced in both orien-
tations is shown in Fig. 3A. Based on data for tRNA%
sequences from other species. the coding region of the
Synechocystis 6803 trnQ gene is predicted to consist of
72 nucleotides (Fig. 3). The predicted secondary struc-
ture of the tRNA®"™ molecule, which is the typical clo-
verleaf structure, is shown in Fig. 3B.

Sequence data from a region further upstream of
psbO (see Fig. 1) that was determined from both DNA
strands is shown in Fig. 4A and has been assigned
EMBL Database Accession no. X72784. Database
searches revealed that this DNA sequence shares 58%
sequence identity along its entire length with the aro4

257



Volume 325, number 3

A

10 20 30 40 50 60 70

1 i } | 1 | 1
TTGGATGCGGGGAACTCTGGCACCACCATGCGCTTAATGTTGGGCTTGCTAGCCGGGCARARAGATIGTTTA
LeuAspAlaGlyAsnSerGlyThrThrMETArgLeuMETLeuGlyLeuLeuAlaGlyGlnLysAspCysLeu

80 90 100 110 120 130 140

| | i | i | i
TTCACCGTCACCGGCGATGATTCCCTCCGTCACCGCCCCATGTCCCGGGTAATTCAACCCTTGCAACARATG
PheThrValThrGlyAspAspSerLeuArgHisArgProMETSerArgVallleGlnProLeuGlnGLlnMET

150 160 170 180 130 200 210

t | i | | | |
GGGGCARARAATTTGGGCCCGGAGTARCGGCAAGTTTGCGCCGCTGGCAGTCCAGGGTAGCCARTTAARAACCG
GlyAlaLysIleTrpAlaArgSerAsnGlyLysPheAlaProleuAlaValGlnGlySerGlnLeulysPro

220 230 240 250 260 270

| | | | | |
ATCCATTACCATTCCCCCATTGCTTCAGCCCAGGTARAGTCCTGCCTSTTGCTAGCGGGGTT
IleHisTyrHisSerProIleAlaSerAlaGlnvallysSerCysLeuleuLeuAlaGly

B

90 100 110 120 130

i | | | |

5.6803 LDAGNSGTTMRLMLGLLAGQKDCLFT-VTGDDSLRHRPMSRVIQPLQQ

B.subtilis LDVGNSGTTIRLMLGILAGRP-—F YSAVAGDESIAKRPMKRVTEPLKK
Con.1 Kk R kkkkk KAAK Kk T ke x waw kL wk

E.coli LFLGNAGTAMRPLARALCL--GSNDIVLTGEPRMKERP IGHLVDALRL
K.pneumoniae LFLGNAGTAMRPLABALCL—-GSND IVLTGEPRMKERP IGHLVDALRQ
S.typhimurium  LFLGNAGTAMRPLARALCL--GQNEIVLTGEPRMKERP IGHLVDSLRQ
A.thaliana LYLGNAGTAMRPLTAAVTARGGNAS YVLDGVP RMRERP IGDLVVGLKQ
L.esculentum LFLGNAGTAMRPLTAAVTVAGGHSRYVLDGVPRMRERP IGDLVDGLKQ

Con.Z * x‘k.x*.‘* .. * . L . *
|——«———G— —————— [
140 150 160 170
| ! | |
S.6803 MGAKIWARSNGKFAPLAVQG-SQLKP--IHYHSPIASAQVKSCLLLAG

B.subtilis MGAKIDGRAGGEFTPLSVSG-ASLKG--IDYVSPVASAQIKSAVLLAG
Con.l KEkKKK kK ok xk ok x K% Kok kk kkkk kk  Akkk

E.coli GGAKITYLEQENYPPLRL--QGGFTGGNVDVDGSVSSQFLTALLMTAP
K.pneumoniae GGAQIDYLEQENYPPLRL--~RGGFTGGDVEVDGSVSSQFLTALLMASP
S.typhimurium GGANIDYLEQENYPPLRL-~RGGFTGGDIEVDGSVSSQFLTALLMTAP
A.thaliana LGADVECTLGTNCPPVRVNANGGLPGGKVKLSGSISSQYLTALLMSAP
L.esculentum LGAEVDCSLGTNCPPVRIVSKGGLPGGKVKLSGSISSQYLTALLMAAP
Con.2 kx * . . . S e

Fig. 4. (A) Nucleotide sequence X72784 and deduced amino acid
sequence corresponding to part of the putative aro4 gene of Synecho-
cystis 6803. The map location and orientation of this sequence 1s
shown 1n Fig. 1. (B) Alignment of the putative aro4 gene product from
sequence X72784 (S. 6803) with a number of other deduced EPSP
synthase sequences. The alignment was generated with CLUSTAL
(PAM250, Gap fixed = 10; Gap vary = 10). The sequences displayed
are from: Bacillus subtilis [14). Escherichia coli [35): Klebsiella pneumo-
niae [19); Salmonella typhimurium [18}; Arabuwlopsis thahuna (36];
Lycopersicon esculentum [17]. Numbering refers to the B. subulis se-
quence. Con. 1 1s the consensus match between the Synechocystis 6803
and B. subuilis sequences; Con. 2 1s the consensus match across all the
sequences. Asterisks denote identical amino actds; dots denote conser-
vative amino acids (defined as scoring 8 or more in the Dayhoff matrix
[37]). There is evidence that the domain labelled 'G’ interacts with the
herbicide, glycophosphate (see text).

gene of Bacillus subtilis [14], the gene encoding 5-
enolpyruvylshikimate 3-phosphate synthase (EPSP syn-
thase, also known as 3-phosphoshikimate 1-carbovi-
nyltransferase; EC 2.5.1.19) which catalyses the conden-
sation of phosphoenolpyruvate (PEP) and shikimate 3-
phosphate in the shikimate biosynthetic pathway (see
[15]). (Originally the EPSP synthase gene of B. subtilis
was named aroFE [14], but there is now consensus that
this gene should be called aroA4.)

Fig. 4B shows the deduced translation product
aligned against the analogous region of other EPSP
synthase protein sequences. Over the span shown in Fig.
4B the Syrechocystis 6803 sequence shares amino acid
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identities of 56%, 23%. 23% and 22%. respectively, with
the corresponding sequences from B. subtilis, E. coli,
Klebsiella pneumoniae and from Lycopersicon esculen-
tum. It can therefore be concluded that the sequence
determined represents a portion of an aro4 gene of
Synechocystis 6803. The complete aroA sequences listed
in Fig. 4B comprise 427 or 428 amino acids. By assum-
ing that this length is conserved in Synechocystis 6803,
the extent of the aro4 gene has been predicted in Fig.
1.

Bacterial and plant EPSP synthases are inhibited by
the herbicide glycophospate (reviewed in [16]), known
commercially as ‘Roundup’ (Monsanto). As indicated
in Fig. 4B, the region of EPSP synthase aligned includes
a domain implicated in the glycophosphate interaction
[17]. and the mapping of point mutations conferring
glycophosphate resistance [18,19].

Fig. 5 shows the location of the psbO and trnQ genes,
as well as the predicted extent of the aro4 gene. within
a mapped 24 kb region of the Synechocystis chromo-
some. The restriction map was generated by digesting
four phage clones isolated from a genomic library con-
structed in AEMBL3 [20] with combinations of restric-
tion enzymes and then subjecting the digestion products
to Southern analysis using the psbO gene from
Synechococcus spp. PCC 7942 [21] as a radiolabelled
probe.

4. DISCUSSION

4.1. The trnQ gene of Synechocystis 6803

The sequencing of trnQ from Synechocystis 6803 rep-
resents the first rrnQ sequence to be reported from a
cyanobacteriura. There are only two Gln codons in the
universal genetic code, CAA and CAG, and the anti-
codon of tRNA®" (the unmodified anticodon sequence
is UUG) would be expected to interact with both of
these through wobble in the first anticodon/third codon
position. The amino acid attachment site 5-CCAq-3’,
invariant at the 3" end of tRNA molecules and essential
for the charging of the tRNA via the terminal adenosine
residue, is not present in the trnQ sequence and must
therefore be added post-transcriptionally by the enzyme
nucleotidyl transferase. Thus the mature Svnechocystis
6803 tRNA™ is 75 nucleotides in length. Alignment of
available. unmodified tRNA®" sequences from other
species demonstrates that this length is conserved across
bacteria, mitochondria and chloroplasts (data not
shown).

Normally trr genes are transcribed as larger precur-
sor molecules. The RNA is then trimmed to its mature
size by nucleases and a number of bases in the sequence
become modified [22,23]. Presumably these events also
occur during expression of the Synechocystis 6803 trnQ
gene.

A DNA sequence element showing a high degree of
similarity to the E. coli 67 promoter consensus defined
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Fig. 5. Restriction map of 24-kb of the Synechocystis 6803 chromosome containing aroA, trnQ and psbO. All the restriction sites within this region
for: B, BamHI; E, EcoRI; H, HindIIL; K, Kpnl; S, Sall; are shown. The filled boxes on the two chromosomal DNA strands indicate, respectively,
the extent of coding regions of trnQ and psbO (including presequence), and the sequenced region of the putative aro4 gene. The predicted extent
of the aroA gene (see Fig. 1) is shown by the hatched box. Phage library clones 13SM-03, 13SM-06, 13SM-0O8 and 13SM-O11. were analysed
to generate the map. The AEMBL3 vector right and left arms are denoted, respectively, by Ay and A, , and the numbers estimate restriction fragment
sizes (kb). Both insert-vector junctions in A3SM-O11 form reconstituted BamHI sites and are accordingly labelled *B’. The linear orders of pairs
of restriction fragments within the two stippled regions of the HindIIl map have not been established. *? indicates an uncertain HindIII site.

by Harley and Reynolds [24] is located immediately
upstream of #rnQ (Fig. 3). A putative ‘-35’ promoter
element (TTGACA) is separated from a putative *-10°
element (TAGAAT) by 19 bp. This spacing compares
reasonably well with the gap of 16-18 bp most fre-
quently observed between these elements in E. coli. The
mature trnQ sequence commences 17 bp downstream of
the °-10" element. Although Synechocystis 6803 promot-
ers are not well-defined, there is reason to suppose that
¢"°-type promoters do exist in this cyanobacterium
[10,25]. Consequently this 6™-type element appears to
be the prime candidate for the rrnQ promoter. Support-
ing this speculation, it has been noted that trnE, which
is the only other #rn gene so far sequenced from
Synechocystis 6803, also possesses an upstream o’-like
sequence motif [26].

Further comparison of the Syrnechocystis 6803 trnQ
and 7rnE genes reveals that the regions immediately
downstream of the putative -10° elements of trnQ and
trnE are also somewhat similar. Both regions contain a
short A-rich domain, followed by a region with some
similarity to the hexanucleotide consensus sequence of
the stringent response element of B. subtilis [27]. Possi-
bly these DNA elements mediate a stringent response
in Synechocystis 6803 in a manner similar to that ob-
served in B. subtilis, as well as E. coli [28]. An inverted
repeat located downstream of trnQ (see Fig. 3) might
also have functional significance in trnQ expression.

4.2. Anintact trnQ gene appears essential for the viabil-
ity of Synechocystis 6803

As discussed above, the failure to generate a homozy-

gous IC9 strain indicates that some part of the 0.9 kb

HinclI-Stul region upstream of psbO is essential for the

viability of Synechocystis 6803. All this region, except
for approximately 0.1 kb, has now been sequenced on
at least one DNA strand (see Fig. 1) and the only candi-
date coding sequence that has been identified is rnQ.
It is therefore reasonable to conclude that this 1reQ gene
is absolutely required by Synechocystis 6803, almost
certainly because its role in protein biosynthesis cannot
be assumed by any other trn gene in the Synechocystis
6803 genome. This in turn means that trnQ is highly
likely to be single-copy in Synechocystis 6803, which is
the same situation as for the trnE gene in this same
cyanobacterium [29].

Synechocystis 6803 does not appear to possess any
glutaminyl-tRNA synthetase. Instead the organism em-
ploys an alternative pathway to charge tRNAY" with
glutamine and form GIn-tRNA®"" [30]. This alternative
pathway is also apparently the sole pathway for forming
GIn-tRNA®" in chloroplasts, the mitochondria of
plants and animals and Gram-positive bacteria, such as
B. subrilis [30]. In these organelles and bacteria,
tRNAS" is firstly ‘mischarged’ with glutamate to form
Glu-tRNA®", which is then converted to Gln-tRNAS"
by a specific amidotransferase that requires ATP, Mg**
and a suitable amide donor, such as glutamine or aspar-
agine [31]. Two distinct Glu-tRNAS" species (tRNAY"
and tRNAS") have been resolved from Synechocystis
6803 by reverse-phase chromatography [26,29]. There-
fore the conclusion that trnQ is single-copy in Synecho-
cystis 6803 argues that in this organism both resolvable
tRNAS" species are likely to be derived from the same
trnQ gene by post-transcriptional modification. Indeed,
there are existing precedents for such a situation. Both
the tRNASM and tRNAS" isoacceptors of Synechocystis
6803 are derived from the same trnE gene [29]. Further-
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Table I

Percentage nucleotide identities between the tRNA®™ sequences from
Synechocystis 6803 and other species
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Identities between the primary, unmodified sequences, which all con-
sist of 72 nucleotides, excluding the 5-CAA glutaminyl attachment
site, are listed. MIT, mitochondria; CP, chloroplasts. Gene sequences
used in the comparison are from: Escherichiu coli, where two tRNAS"
genes have been sequenced [38); Bactllus subulis [39). cpDNA-like
DNA of Astasia longa [40); Mycoplasma capricolum [41}: mitochon-
drial DNA of the green alga. Chlamydomonas remhardin [42); wheat
(Triticum aestivum) mitochondrial DNA, where genes for two 1soac-
ceptors, tRNA{™ [43] and tRNAF™ [44] have been 1dentified and se-
quenced; cpDNA of Euglenu gracilis [45]: cpDNA of Marchantia poly-
morpha [46]; cpDNA of tobacco (Nicotiana tabacum, [47); cpDNA
of mustard (Sinapis alba; [48], cpDNA of rice (Oryza sativa; [49]). The
unmodified sequences of the two distinguishable tRNA®™ 1soaccep-
tors of barley (Hordeum vulgare) chloroplasts have been determined
directly and were found to be 1dentical [30].

more, two barley chloroplast tRNA®™ isoacceptors are
chromatographically distinguishable yet, since they
possess the same primary sequence and differ only in
their post-transcriptional modification, they are pre-
sumably encoded by the same frrnQ gene [30].

Table I shows that the rnQ gene of Synechocystis
6803 does not share appreciably more sequence identity
with trrQ genes of chloroplasts than it does with homo-
logues encoded in wheat mitochondrial DNA, or in E.
coli. The significance of this observation in terms of
drawing phylogenetic inferences and assessing the con-
straints on evolution of trnQ genes is unclear; however,
this pattern of homologies is markedly different from
that observed for the trnE gene of Synechocystis 6803
the high sequence identity of which with chloroplast
trnE sequences was interpreted as further evidence for
the endosymbiotic origin of chloroplasts from an ances-
tral cyanobacterial species [26].

4.3. The putative aroA gene of Synechocystis 6803
The mapping and partial sequencing of the aroA gene
from Synechocystis 6803 provides the first genetic evi-
dence for the existence of the shikimate biosynthetic
pathway in cyanobacteria. In other prokaryotes and in
plants this pathway produces chorismate, an essential
intermediate in the synthesis of many aromatic com-
pounds, including the aromatic amino acids and qui-
nones [15,17]. As plastoquinone molecules are key elec-
tron acceptors within PSII it is an interesting observa-
tion that aroA, a gene involved in quinone biosynthesis,
should map close to the PSII gene. It remains to be
established whether this gene association is fortuitous
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or functional, e.g. co-regulation of aro4 and psbO gene
expression might permit some coordination of quinone
biosynthesis and PSII assembly.

In light of speculation that plant chloroplasts evolved
from the endosymbiosis of ancestral cyanobacteria into
eukaryotic cells (e.g. [32]) it is curious that the se-
quenced region of the putative Synechocystis 6803 aroA
gene shares more sequence identity with the Gram-pos-
itive bacterium B. subtilis than with available sequences
from either plants or Gram-negative bacteria. Clearly,
a detailed phylogenetic analysis will be of interest when
the full aro4 sequence from Symnechocystis 6803 has
been established.
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