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The potential for two complementary fragments of
NA from a clone from the ruminal bacterium Pre-
otella albensis to encode sequences with homology to
t least part of functional proteins is described. One
trand contains a sequence with high homology to
naK, a member of the hsp70 family, and the other
trand contains a sequence with some homology to
lutamate dehydrogenase genes. Overlapping of these
wo genes on opposite strands has been reported in
ukaryotic species, and is now reported for the first
ime in a bacterial species. Further investigation of
reviously described dnaK genes demonstrates that it

s more widespread than might be anticipated, with all
hirty other dnaK genes investigated also retaining
ong sequences encoding at least part of a sequence
ith high homology to a glutamate dehydrogenase
ene. © 1999 Academic Press

The existence of open reading frames (ORFs) on the
ntisense strand of a message encoding a functional
rotein is well documented. Initially it was thought
hat the role of antisense messages was associated
ith genomes which adopt a minimalistic approach to

eplication. These genomes manage to encode mes-
ages on both strands of the DNA, or in an overlapping
ut different reading frame, of the same strand of
NA. This phenomenon is most widely described in
xtremely small genomes such as those of viruses or
mall plasmids.
More recently, the use of long antisense reading

rames has been described as being more common than
rst expected (1, 2, 3). Merino et al. (1) demonstrate
hat overlapping antisense ORFs were found in every
enome investigated in their experimental work. They
ttribute this to a non-random phenomenon, which is
rimarily dependent on codon usage, but also to an

1 To whom correspondence should be addressed. Fax: 1 44 1224
15349. E-mail: n.mcewan@rri.sari.ac.uk.
58006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ene with the antisense counterpart.
An example of two genes being encoding on opposite

trands is illustrated by a 70 kDa heat shock protein
nd an NAD-specific glutamate dehydrogenase being
ound on opposite strands of the DNA in the fresh-
ater mould Achlya klebsiana (4, 5). In this organism
oth genes have been shown to be functional on the
asis of enzymatic studies. In a similar manner, a long,
ntiparallel, coupled open reading frame (LAC ORF)
as been described in the antisense strand of a 70K
eat shock gene from Drosophila auraria (6) and an
RF has been described on the antisense strand in
chizosaccharomyces pombe (7). In prokaryotes, Silke

3) reports a long antisense open reading frame (aORF)
n the antisense strand of the dnaK homologue of E.
oli but does not indicate the frequency of this se-
uence in other bacterial species, nor does he assign a
unction to this ORF. He also suggests that it is one of
he few hsp70s which contains an aORFs.

This work identifies the presence of a sequence with
ome homology to a glutamate dehydrogenase (GDH)
ene lying on the complementary strand of a DNA
equence encoding dnaK, a member of the heat shock
rotein family which have a molecular weight of
round 70K. Further investigation demonstrates that
number of other bacterial species also encode se-

uences with some homology to GDH on their anti-
ense strand. In many cases the antisense sequence
ontains a number of stop codons, and so is unlikely to
e functional. The implications of this discovery are
iscussed from the perspective of gene evolution.

ATERIALS AND METHODS

Growth of Prevotella albensis and isolation of DNA. P. albensis
384 was grown in Hobson’s medium (8). DNA was isolated from P.

lbensis M384 using a microwaving technique (9). Cells were pel-
eted by centrifugation at 13000g for 10 min. The pellet was resus-
ended in 66.7 mM Tris.HCl (pH 8.0), 6.7 mM EDTA, 3.3% (w/v) SDS
nd incubated at 65°C for 2 h. The cells were lysed further by
icrowaving for 2 min on ice at 430W. DNA was collected by phenol:
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hloroform extraction and ethanol precipitation (10). DNA was re-
uspended in sterile distilled water.

PCR amplification of DNA and cloning of PCR products. PCR
as performed using the primers ATGACNCCNCARYTNCAR-
ARGCNAT and RTCRTCRTCNACNACCCA (where R 5 A or G,
5 C or T and N 5 any one of the four nucleotides). These primers
ere designed on the basis of amino acid sequences which are con-

erved in proteins involved in nitrogen regulation in a number of
acterial species. 35 cycles of DNA amplification were performed
sing a melt temperature of 94°C for 30 s, an annealing temperature
f 42°C for 2 min and an amplification temperature of 68°C for 6 min.
he reaction cocktail used followed the instructions of the manufac-
urers for the enzyme eLONGase (Life Technologies, Paisley, Scot-
and).

Amplification products were checked by electrophoresis prior to
loning. A number of different bands in excess of 1 kb were observed
n an agarose gel, suggesting the primers had recognised a number
f sites within the genome. Amplified products were cloned into the
A Cloning Kit (Invitrogen), following the manufacturers specifica-
ions.

Sequencing of DNA and characterisation of clones. Plasmid DNA
as isolated using the method of Birnboim and Doly (11) and purified
sing a Wizard column (Promega) following the manufacturer’s instruc-

FIG. 1. The DNA sequence of the PCR product and its derived
mino acid sequence in frame one of the sense strand.
59
77XL DNA sequencer, using an ABI Prism BigDye terminator se-
uencing ready reaction kit, following the manufacturer’s specifica-
ions. Due to the clone being longer than the limits of accuracy for the
NA sequencer, a second round of sequencing was necessary to verify

he DNA sequence at either end of the clone. This was performed using
wo complementary primers which are within the DNA sequence; CCT-
GGTGGTGGTACTTTCG and CGAAAGTACCACCACCAAGG. Se-
uences were translated using the Protein Machine translation facility
URL: http://www.ebi.ac.uk/contrib/tommaso/translate.html). Homol-
gy to putative ORFs was established using BLASTP searches (URL:
ttp://www.blast.genome.ad.jp/).

ESULTS AND DISCUSSION

The clone was found to contain a large long ORF
Fig. 1) which showed high homology to the hsp70
rotein encoded by the gene dnaK (P 5 9.4 3 102168)
his sequence has been deposited in the EBI database
ith Accession Number AJ243536. In addition to its

FIG. 2. The DNA sequence of the PCR product and its derived
mino acid sequence in frame one of the antisense strand.
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imilarity to dnaK, it was observed that a fragment of
he DNA on the antisense strand had the potential to
ncode amino acids corresponding to the gene for glu-
amate dehydrogenase (P 5 3.3 3 10224). This sequence
n the antisense strand was interrupted at several
laces by stop codons, suggesting that although it had
arge domains which possess the capacity to encode
mino acids found in glutamate dehydrogenase, it does
ot encode a functional gene. This is an interesting
bservation in the light of the work of LeJohn et al. on
chlya klebsiana (4, 5), where both sequences were
escribed as having the capacity to encode proteins
Fig. 2).

It should also be noted that the two sequences are
lso encoded by DNA in the opposite but same frames
n the two strands (i.e. in the first reading frame of
oth the sense and antisense strands). This is in keep-
ng with the prediction of Silke (3), where he suggests
hat duel-stranded potential of encoding two messages
ould be maximised in the case of sequences which
ave a tendency to preferentially use codons with the
onsensus RNY. This bias may be measured as follows:

Species Accession No.

grobacterium tumefaciens X87113
acillus sphaericus Y17157
acillus subtilis M84964
radyrhizobium japonicum Y09633
rucella ovis* M95799
uchnera sp. D88673
urkholderia pseudomallei AF016711
aulobacter crescentus M55224
lostridium acetobutylicum M74569
lostridium perfringens X62915
aemophilus influenzae U32803
egionella pneumophila D89498
eptospira interrogans AF007813
ethanosarcina mazei X60265
ethylovorus sp. AF106835
ycobacterium tuberculosis Z95324
yxococcus xanthus U83800
itrosomonas europaea AB018706
orphyra purpurea X62240
orphyromonas gingivalis AB015879
seudomonas cepacia L36603
alstonia eutropha AJ001727
hizobium leguminosarum Y14649
hizobium meliloti L36602
hodobacter capsulatus U57637
hodopseudomonas sp. D78133
almonella typhimurium plasmid U58360
taphylococcus aureus D30690
ynechococcus sp. D28551
ynechocystis sp. M57518
reponema pallidum AE001203
ibrio harveyi AF055368

* Duplicate gene in different reading frames (100%).
60
RNY 5

ThrACC 1 ThrACT 1 SerAGC 1 SerAGT 1 ValGTC

1 ValGTT 1 AlaGCC 1 AlaGCT

ThrACN 1 SerAGC 1 SerAGT 1 ArgAGA

1 ArgAGG 1 ValGTN 1 AlaGCN

n the case of this sequence, the RNY index value is
.68, and hence shows a bias deviating from 50% for
he 70 codons using ACN, AGN, GTN or GCN.

To our knowledge, only the work of LeJohn et al.
reviously described dnaK and gdh existing on oppo-
ite strands of DNA, although others have described
he presence of an ORF on the strand complementary
o the dnaK gene. In prokaryotes, this appears to be
he first time that the homology to a gdh gene has been
ecorded in a genome.
It was unknown how widespread a phenomenon do-
ains having the capacity encoding parts of the dnaK

nd gdh genes was likely to be, and so we extended the
nvestigation to the top 30 hits generated on a BLASTP
earch for the dnaK sequence. Details of sequences
sed in this work, and the level of homology their
mino acids in their complementary strand showed to

Score Best P value Reference

676 3.2e-63 12
139 4.2e-15 13
139 4.2e-15 14
808 2.8e-77 15
648* 6.7e-60* 16
179 1.8e-16 17
572 3.2e-52 18
680 9.2e-64 19
55 3.0e-06 20
54 3.0e-06 21

106 1.0e-21 22
121 3.0e-26 23
64 8.0e-10 24

106 2.0e-22 25
192 9.0e-48 26
118 7.0e-26 27
140 6.0e-32 28
130 7.0e-29 29

64 4.0e-09 30
73 3.0e-12 31
62 1.0e-08 32

124 2.0e-27 33
156 3.0e-37 34
156 3.0e-37 32
213 2.0e-54 35
196 3.0e-49 36
206 3.0e-52 37
63 2.0e-08 38

208 2.0e-52 39
115 3.0e-24 40
151 2.0e-35 41
56 2.0e-06 42
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equences on the complementary strand contained stop
odons. Thus, the investigation is being carried out on
hat would appear to be at best a relic of a former
ene, rather than a functional gene per se.
Clearly, a number of other organisms also possess at

east partial homology to a glutamate dehydrogenase
ene on the strand complementary to the dnaK
ene. In some cases, the length of the putative ORF
s extremely long e.g. Pseudomonas cepacia (679
mino acids), Ralstonia eutropha (694 amino acids),
hodobacter capsulatus (686 amino acids), Bradyrhi-
obium japonicum (793 amino acids), Brucella ovis
1134 amino acids – two copies) and Burkholderia
seudomallei (651 amino acids – entire sequence of
naK gene).
Given the length of these sequences on the antisense

trand, it might seem likely that they would be func-
ional. This would be in keeping with the proposal that
f an antisense non-stop reading frame (aNRF) cannot
e easily explained by codon usage, then it is likely to
e present for the purposes of translation (3). In this
ase, there are a number of sequences which are inter-
upted by the presence of stop codons. Clearly it is
nlikely that these are being translated, and so it
ould appear more likely that they are arising due to a

elic from evolution. Alternatively, it may be possible
hat the one sequence which has been shown to have
oth heat shock and gdh functions (4, 5) is actually the
ore highly evolved sequence, by virtue of it being able

o maintain two genes at the expense of only one por-
ion of double stranded DNA. In the absence of addi-
ional evidence, it is not clear which of these two hy-
otheses is correct–although the former does seem
ore likely for organisms which have a functional gdh

ene elsewhere in the genome.
As already stated, we were unable to identify any

ublications which document coexistence of the hsp70
nd gdh genes on parallel strands in bacteria. Further-
ore, a number of publications dealing with the hsp70

enes describe ORFs solely on the sense strand (i.e. on
he strand encoding hsp70), including genes such as
naJ and grpE, and do not report any sequence on the
omplementary strand. Only one of these papers iden-
ifies an ORF on the opposite strand, present in E. coli
3)–and this paper does not assign a function to this
RF.
In many cases, the partial homology to the gdh gene

s easy to miss. Firstly, the longer ORFs on this strand
ften does not contain a likely start codon 39 of the
revious stop codon. As such, they would be discounted
s being functional. Secondly, a BLASTX search using
he P. albensis M384 DNA sequence, with a cut-off
alue of 500 sequences gives proteins with a probabil-
ty of P 5 8.0 3 10248 or less. Since the value of the best
equence with gdh-like homology is P 5 3.3 3 10224,
one of the gdh-like sequences on the complementary
61
f these two circumstances makes it probable that the
pparent relic of a gdh gene would remain undetected
n the majority of cases.

In conclusion, we have demonstrated that there are
ufficiently long aNRFs in a number of prokaryotic
pecies, which often lack a readily identifiable start
odon, but which still retain sufficient homology to
egments of the protein encoding gdh in the water
ould Achlya klebsiana. The frequent absence of obvi-

us start codons, and the regularity of stop codons
ithin this strand leads us to postulate that the obser-
ation is the result of an evolutionary relic, rather a
unctional gdh gene.
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