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Summary. The nucleotide sequence for the pshb4 gene
from a triazine resistant cultivar of B. napus (cv “Tri-
ton’) has been determined. This gene encodes an open
reading frame of 353 amino acids that is highly homo-
logous to other higher plant psb4 genes at both the
nucleotide and amino acid levels. As has been found
for other triazine resistant psbA genes, the “Triton’ psbA4
contains an A to G nucleotide change which results in a
serine to glycine amino acid substitution at position
264. 'The B. napus psbA gene also has a G insertion at
position —9 resulting in a ribosome binding site se-
quence (AGGA) just before the initial methionine and
suggesting that the entire open reading frame is trans-
lated. A large (72 bp) insertion is also found upstream
of the B. napus psbA gene which resembles a similar
insertion in the mustard psbA. The “uncloneable”
nature of the entire gene is further investigated through
reconstruction experiments and the implications dis-
cussed.
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Introduction

The chloroplast psb4 gene encodes a thylakoid protein
of M; 32,000 (Zurawski etal. 1982) that has been
extensively characterized in many higher plants and
algae (Hoffman-Falk etal. 1982; Delepelaire 1983,
1984; Mattoo et al. 1981). This photosystem II protein is
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abundantly synthesized but does not accumulate due to
a rapid turnover rate (Mattoo et al. 1984; Wettern et al.
1983). It has been shown to be synthesized g5 a M:
33,500-35,000 precursor (Grebanier etal. 1978; Reis-
feld etal. 1982) which is processed at the carboxy
terminus (Marder et al. 1984). Recent evidence suggests
that this protein, with a bound plastoquinone molecule,
functions as the secondary electron acceptor on the
reducing side of the PSII reaction center (Velthuys
1981; Vermaas et al. 1983; Hirschberg et al. 1984). This
protein has been designated the Qg protein (Hirschberg
et al. 1984).
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Fig. 1. Restriction map and sequencing strategy of the B.
napus chloroplast DNA region containing the psbA gene.
Upper portion: map of the pBNEP0.7 insert. Lower portion:
map of the pBNEP1.1 insert. Arrows below each map indicate
the direction and extent of DNA regions analyzed by the
chain termination sequencing procedure. A size scale cali-
brated in base pairs is shown at the upper margin
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Fig. 2. Nucleotide sequence of the B. napus psbA gene. The glycine residue responsible for triazine resistance is boxed. Promoter
regions are underlined. A ribosome binding site sequence is double underlined. The transcription termination structure is shown

by the two arrows. The 72 bp insertion is bracketed

The psbA gene has now been sequenced from a number of
higher plants and algae. Comparison of the deduced amino
acid sequences from spinach, Nicotiana debneyi (Zurawski
etal. 1982), Amaranthus hybridus (Hirschberg and McIntosh
1983), soybean (Spiclmann and Stutz 1983), mustard (Link
and Langridge 1984) and N. tabaccum (Sugita and Sugiura
1984) indicates an exceptionally high degree of conservation,
with no more than three amino acid differences between these
proteins. Algal (Karabin et al. 1984; Keller and Stutz 1984;
Erickson et al. 1984) and cyanobacterial (Curtis and Haselkorn
1984; Mulligan et al. 1984; Golden and Haselkorn 1985) psbA
genes show a similar conservation, having 87 to 93% homology
with the higher plant genes.

The Qg protein has been implicated as the primary target

of several classes of herbicides (Pfister et al. 1981; Steinback
etal. 1981). Presumably these herbicides displace the bound
quinone molecule and thus block electron transport. Recently,
several studies have correlated changes in the pshA gene with
herbicide resistance. In herbicide resistant biotypes of Ama-
ranthus hybridus (Hirschberg and Mclntosh 1983) and So-
lanum nigrum (Hirschberg etal. 1984), a single A to G
nucleotide replacement, which results in a serine to glycine
amino acid change at amino acid 264 has been detected. In
Chlamydomonas reinhardtii (Erickson etal. 1984; Erickson
et al. 1985) and Anacystis nidulans R2 (Golden and Haselkorn
1985), a similar single base change at amino acid 264 (re-
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Fig. 2 (continued)

sulting in a serine to alanine conversion) is associated with
resistance to triazine and diuron herbicides. In addition, in
Chlamydomonas, two other mutations in psbA have been
described at amino acids 219 and 255 which result in in-
creased resistance to diuron and atrazine respectively (Erick-
son etal. 1985). By transforming wild-type Anacystis nidulans
1o herbicide resistance with small DNA fragments which carry
the mutation at amino acid 264, Golden and Haselkorn (1985)
have demonstrated that the mutation is indeed responsible for
herbicide resistance.

In the last 20 years, triazine resistant biotypes of a
number of weed species have developed in fields
regularly treated with atrazine. A triazine resistant

biotype of Brassica campestris (bird’s rape) (Maltais
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and Bouchard 1978) has been used to introduce tria-
zine resistance into agriculturally important Brassica
cultivars (Beversdorf et al. 1980). The ‘Triton’ cultivar
of Brassica napus (oilseed rape) is a triazine resistant
strain of canola that is low in both erucic acid and
thioglucosinolate. The chloroplast genome of this cul-
tivar has been extensively mapped and several genes
(including the psb4 gene) located on the map (Xiao
etal. 1986). In this communication, we report the
nucleotide sequence of the psbA gene from B. napus (cv
“Triton’) and demonstrate that this gene also contains
the serine to glycine amino acid change at position 264.
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Methods

Plasmids pBNP4 and pBNP8 have been previously shown to
contain the entire psbA gene of B. napus (cv ‘Triton”) (Xiao
et al. 1986). Plasmid pBNEPO.7 was constructed by subcloning
a 0.7kb EcoRI/Pst 1 fragment from pBNP4 into the plasmid
pUCY (Viera and Messing 1982). Likewise, pPBNEP1.1 contains
a 1.1kb EcoR1/Pst] subclone from pBNP8. Plasmids were
screened and isolated from E. coli strain JMI03 as described
by Ko et al. (1983). Both EcoR I/Pst I fragments were cloned
into M13mpl8 and mpl9 (Norrander etal. 1983) and a
variety of subclones were generated for DNA sequence analy-
sis. The sequential deletion method (Dale et al. 1985) was used
to produce subclones for sequencing certain regions of these
fragments. Single stranded M13 DNA was isolated according
to Dale etal (1985). Sequencing reactions were carried out
using the dideoxy chain termination method (Sanger etal.
1977) with **S-dATP (Amersham) and a universal primer (PL
Biochemicals). Sequencing reactions were electrophoresed on
0.4 mm thick 7 M urea/8% polyacrylamide gels and the results
analyzed using a series of computer programs created by J.
Pustell (Pustell and Kafatos 1984).

Results and discussion

Using heterologous hybridization with a psb4 probe
from mung bean, the psbA gene of B. napus (cv “Triton’)
was mapped previously (Xiao et al. 1986). This gene is
located in the large single copy region of the chloro-
plast genome, near the end of one of the inverted
repeats. The B. napus psbA gene is contained within
two Pstl fragments, Pst4 (15.9 kb) and Pst8 (2.2 kb).
Subclones of these fragments were constructed in order
to facilitate sequence analysis. Detailed physical maps
of pBNEP0.7 and pBNEP1.1 are shown in Fig. 1, along
with the sequencing strategy used for the analysis of
these fragments.

The nucleotide sequence of the region beginning
with the Sma I site of the pBNEPO.7 insert and ending
at the EcoRI site of pBNEPL.1 is presented in Fig. 2.
This sequence contains an open reading frame of 1,062
nucleotides coding for a 353 amino acid protein with a
calculated molecular weight of approximately 39,000 d.
Comparison of this sequence with those published for
pshA genes from other higher plants reveals that the
nucleotide homology among these genes is greater than
95%. Relative to the nucleotide sequence of the psbA
gene from a closely related plant, white mustard (Link
and Langridge 1984), the B. napus gene contains only
ten nucleotide changes, resulting in two amino acid
changes.

The first of these amino acid changes is the re-
placement of serine with glycine at amino acid 264
which is the result of a single A to G nucleotide change.
An autoradiograph of a sequencing gel containing this
portion of the sequence is shown in Fig. 3. This change
is identical to those found in the triazine resistant
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Fig. 3. Autoradiograph from a sequencing gel showing the A
to G base change (arrow) which results in a GGT codon
(glycine) at amino acid 264 and is responsible for triazine
resistance

biotypes of A. hybridus and S. nigrum (Hirschberg and
Meclntosh 1983; Hirschberg et al. 1984).

The other amino acid difference between B. napus
and mustard occurs at amino acid 348, near the
carboxy terminus of the protein. Here, a serine is found
in mustard, while an alanine is present in B. napus as
well as spinach and tobacco. The mustard gene also
contains two other amino acid changes in the carboxy
portion of the protein when compared to spinach and
tobacco (Link and Langridge 1984), both of which are
present in B. napus. As the precursor protein is ap-
parently processed at the carboxy end (Marder etal
1984), it is likely that these differences are not present
in the mature peptide.

The other eight nucleotide differences between mus-
tard and B. napus are all silent with respect to amino
acid sequence. One of these changes is somewhat
unusual, however, in that it occurs in the first position



of the codon. Amino acid 106 (leucine) is encoded by
TTA in mustard but CTA in B. napus.

Flanking sequences

An examination of the sequences flanking the B. napus psbA
gene reveals the presence of a number of typical prokaryotic
control regions. Centered at positions —120 and —96 are the
sequences TTGACA and TATACT, respectively. Both of these
sequences are highly homologous to the consensus E. coli
promoter sequence (Rosenberg and Court 1979). The position
of these regions suggests that transcription is initiated from
approximately position —89, as has been demonstrated in
spinach, tobacco and mustard (Zurawski etal. 1982; Link and
Langridge 1984). Additionally, the sequence TATATAA (posi-
tions —113 to —107) which resembles the “‘TATA’ box sequence
of the eukaryotic RNA polymerase Il promoter (Breathnach
and Chambon 1981) is present. Link (1984) has shown that
this sequence promotes low levels of psbA transcription in
vitro and has proposed that in etioplasts, in which low levels
of pshA mRNA are found, this promoter, rather than the
typical prokaryotic one, is active.

Centered at position —10 is the sequence AGGA

(Fig. 2) which is homologous to the 3’ end of higher
plant 16S TRNAs (Tohdoh and Sugiura 1982) and is an
apparent ribosome binding site. This sequence is uni-
que among psbA genes sequenced to date and arises
due to the insertion of a G residue at position -9
(Fig. 4). The absence of an obvious ribosome binding
site sequence before the first methionine of the open
reading frame in other psbA genes has led some
authors (Hirschberg and McIntosh 1983) to suggest that
translation initiates at the second methionine (amino
acid 37) with ribosome binding occuring at the se-
quence GGTG (positions 100 to 103). The size of the
putative protein produced from this start site (317
amino acids, calculated molecular weight of 34,600 d) is
in better agreement with that determined for the
precursor protein on SDS polyacrylamide gels. Support
for this hypothesis comes from dipeptide initiation
studies which demonstrate that in pea, tobacco and
maize, initiation begins much more frequently at the
second methionine start site (Cohen et al. 1984). How-
ever, none of these plants contain the AGGA sequence
found in B. napus. It would be interesting to determine
how this sequence affects translation initiation in B.
napus.

On the 3 side of the B. napuspsbA gene is a
sequence (positions 1,100-1,149) capable of forming a
large stem and loop structure. This structure would
consist of a 22 base pair stem and a six base loop, with
the stem ending in a run of six Ts. These characteristics
are typical of a prokaryotic transcription termination
signal (Rosenberg and Court 1979) and similar se-
quences have been found in all psb4 genes sequenced
to date.

Just 5’ to the —35 region of the pshA4 promoter is a
relatively large insertion which is unique to the B.
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Fig. 4. Autoradiograph of a sequencing gel showing the inser-
tion of a G at position -9 (arrow) which generates a typical
ribosome binding site (AGGA)

napus and mustard sequences (Link and Langridge
1984). In B. napus this insertion is 72 base pairs in
length, two bp longer than the mustard insertion which
also differs at five nucleotide positions. These insertions
are capable of forming several stem and loop structures
as demonstrated by Link and Langridge (1984). Since
the expression of the psb4 gene in mustard and
B. napus is not apparently affected by these insertions,
one must conclude that the approximately forty base
pairs 5 to the transcriptional start site contain all the
appropriate regulatory sequences for this gene. This is
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Fig.5. Summary of attempts at cloning the B. napus psbA
gene as a single restriction fragment. Cloning was attempted
by isolating chloroplast DNA fragments from low melting
temperature agarose gels and cloning into pBR322 or pUCSY.
Reconstructions were attempted by first cloning a fragment of
pBNP4 (Bam/Pst, Eco/Pst, Sma/Pst or HinclI/Pst) into the
polylinker of pUC9. The Pst/HindIII fragment of pBNP8 was
then inserted into each of these clones

consistent with the proposal of Link (1984) which
suggests that a promoter switch between the eukaryotic
promoter (TATA box) and the prokaryotic promoter
(=35 and —10 regions) is the mechanism by which this
gene is developmentally regulated.

We have recently described the apparently “un-
cloneable” nature of the B. napus psbA gene (Xiao et al.
1986). Other investigators have noted difficulties in
cloning fragments with the psb4 gene from N. otophora
(Zhu etal. 1982) and Vicia faba (K. Ko, personal
communication), although the psbA4 genes from spinach
and N. debneyi (Zurawski et al. 1982) and A. hybridus
{Hirschberg and MclIntosh 1983) have been cloned
successfully in their entirety. To date, the cloning of
BamHI, Hind III, EcoRI or Smal fragments which
contain the complete B. napuspsbA gene has been
unsuccessful (Fig. 5). Consequently, reconstructions of
the entire gene from the two Pst1 clones (pBNP4 and
pBNP8) were attempted to define the lethal nature of
this gene. It is evident from these experiments that the
entire psbA coding region can be cloned only if the
promoter region is disrupted in the process. The high
degree of homology of the psbA promoter with the
E. coli consensus promoter indicates that it is likely to
be very highly transcribed when cloned into E. coli.
Perhaps the presence of a typical prokaryotic ribosome
binding site also results in increased translational effi-
ciency in E. coli. Thus, in our hands, the destruction of
the promoter region is necessary to clone the B. napus
psbA gene, suggesting that the expression of this gene
in E. coli is lethal to the bacterium.
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