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position —25 of the nif consensus promoter sequence. It resulted in a 929, decrease of promoter activity
when tested in an enterobacterial NtrA*NifA* system that was known to activate Rhizobium japonicum
nitrogenase promoters. Two other mutations, in regions that were previously speculated to be of potential
importance for nifH expression [(1984) Mol. Gen. Genet. 196, 35-42; (1984) J. Mol. Appl. Genet. 2, 395~

405), were without
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1. INTRODUCTION

A new class of eubacterial promoters was

detectad within the lact 2 years which governs the
“Mwivwivue VVltlllll Lilvw 10V & A YYAiiiwia ¥ wi 1A kll\!

expression of nitrogen flxatlon (nif) genes and a
few other genes subject to nitrogen control [3-5,9].
Unlike typical Escherichia coli promoters with the
known —10 and — 35 canonical DNA regions [6],
the nif promoters have a characteristic overali con-
sensus sequence 5'-CTGGCAC-5bp-TTGCA-3’.

According to a recent nproposal of Dixon l(] the
Accorqing recent propo ne

first stretch of conserved nucleotides (CTGG(,AC)
is called the — 24 region, whereas the second con-
sensus sequence (TTGCA) is the — 12 region. The
nif consensus sequence was first found in Kleb-

Abbreviations: bp, base pair(s); nif, nitrogen fixation
gene; nir, niirogen regulation gene; JlacZ, G-
galactosidase gene _

* To whom correspondence should be addressed

Published by Elsevier Science Publishers B.V. (Biomedical Division)

siella pneumoniae [3,7-9], and was soon also
discovered in a number of fast- and slow-growing
symbiotic, nitrogen-fixing Rhizobium species
[1,2,9-16].

In K. pneumoniae transcription from the nif
promoters is positively activated by the concerted
action of the products of nif4 plus ntrA, whereas
the nifA gene itself (being the promoter-distal gene
of the nifLA operon) is activated by the products
of ntrC plus ntrA similar to other operons that are

under general nitrogen control {review [4.5. 171
il sviitic: IMIOECHl CONICr (ICVIC T ly1 i)

Once induced, the nifd product can also
autogenously activate its own nifLA promoter,
which led to the discovery that the nzrC and nifA
genes and products are structurally and functional-

iy reiated [18,19], and perhaps only a few dif-
ferences in the nif consensus sequence may decide

on whether the promoter is activated hv the pro-
llllllll LW AW l»ll

ducts of either ntrC or nifA, or by both. The nif
control system unraveled in K. pneumoniae seems
to be conserved across species, as it was shown that
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nif genes of Azotobacter vinelandii [20],
Azospirillum brasilense [32), Rhizobium meliloti
[9,21] and R. japonicum [22] were subject to nifA-
mediated activation. Interestingly, the R. meliloti
nifHDK promoter was also activated by the prod-
uct of ntrC [23], in contrast to the R. japonicum
nifH and nifDK promoters [22]). A nifA or ntrC-
like gene was recently found in R. meliloti [26].
A first step towards an understanding of the
molecular mechanism of this type of promoter ac-
tivation was the selection of 3 single point muta-
tions at — 14 and - 12 of the K. pneumoniae
nifHDK promoter [24], and another single base-
pair change at — 12 of the nifLA promoter [25].
All mutations apparently acted as strong ‘pro-
moter down’ mutations emphasizing the impor-
tance of the conserved — 12 region for nif pro-
moter activity. The aim of this work was to in-
troduce a mutation into the conserved — 24 region,
to obtain possible functional evidence for this
region as well. The target DNA was the R.
Japonicum nifH promoter of which we had
previously characterized the structure and regula-
tion [12,22]. Besides the consensus sequence com-
mon to all nif promoters, the R. japonicum nifH
control region has two additional features: (i) im-
mediately upstream from the -—24 consensus
region there is a pentameric sequence AGACC
which is identically present in the R. japonicum
nifDK promoter [1}; (ii) due to short inverted
repeats downstream of the transcriptional start
site, the 5’ -untranslated mRNA region may poten-
tially form reasonably stable stem-and-loop struc-
tures [2]. We wished to introduce mutations into
those 2 regions to obtain evidence for or against
their possible functional role in nifH expression.

2. MATERIALS AND METHODS

2.1. Strains, plasmids, and phages
These are listed in Table 1.

2.2. DNA biochemistry

Standard techniques for molecular cloning and
analysis of recombinant DNA were used [33].
Dideoxy sequencing [34] was performed using
clones prepared in M13mp8 [29]). The M13-specific
primer (15-mer) was purchased from New England
Biolabs (Boston, MA). Other oligonucleotides
were synthesized in a DNA synthesizer (model
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Table 1

Bacterial strains, phages, and plasmids

Relevant characteristics Reference
E. coli
strains
ET8000 lacZ::1S1 ntrA* ntrC* 271
MC1601 AlacZYA hsdR™ [28])
IM103 Alac-pro hsdR~ (F' traD~
proAB* lacPFZAMI1S5) [29]
Plasmids
pMC1403 lac'ZYA bla* [28]
pMC71A Kp-nifA© cat* (301
pMM14 Kp-ntrC® bla::TnS [18]
pRJ1009 Rj-®(nifH'-'LacZ)hyb bla* [22]
pRJ1050* as pRJ1009, with mutation
1050 this work
pRJ1051% as pRJ1009, with mutation
1051 this work
pRI1074° as pRJ1009, deleted 63 bp
Hhal fragment this work
Phage
M13mp8 29}

# Point mutations are shown in fig. 3
b Deleted region is indicated in fig. 2
Kp, K. pneumoniae; Rj, R. japonicum

380A; Applied Biosystems, Foster City, CA) and
purified by polyacrylamide gel electrophoresis.

2.3. Site-specific mutagenesis of M13-derived
clones using synthetic oligonucleotides

The techniques described in detail by Zoller and
Smith [35] were exactly followed. These included
the following steps. Mutagenic oligonucleotides
were annealed to single-stranded MI3-derived
clones. The 2 individual mutagenic primers that we
used for this purpose had the following sequences
(note that these sequences are complementary to
the nifH promoter sequence shown in fig.3 except
for the altered nucleotides indicated by asterisks):

primer 1050: 3’-CCATCCGGAACCGT-5’
primer 1051: 3'-ATCTGGAAACGTGCCG-5'

Double-stranded DNA was then synthesized using
E. coli DNA polymerase I (large fragment), ligated
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with T4 DNA ligase, enriched for covalently closed
circular DNA by alkaline sucrose gradient cen-
trifugation, and transfected into E. coli JM103. In-
dividual plaques were picked for propagation of
phages, and for single-stranded DNA isolation.
These DNA preparations were screened by dot-
blot hybridization at two different regimes of
stringency [35]. The mutagenic oligonucleotide
served as radioactive probe (phosphorylated with
T4 polynucleotide kinase and [y-3?2P]JATP). The
more strongly hybridizing DNAs were sequenced
by the chain termination method [34] as a final
proof for the successful base-pair replacement. As
an example, the nucleotide exchange introduced by
primer 1051 is shown in fig.1 (cf. C and A reac-
tions of the wild-type with those of the mutant). In
addition sequencing has been extended up to posi-
tion — 180 with respect to the nifH transcriptional
start site, and there were no accidental mutations
other than the desired ones.

2.4. Biological assay for R. japonicum nifH
promoter activity

The assay was described recently [22]. It makes
use of a translational nifH'-'lacZ fusion in
plasmid pRJ1009. This plasmid is present in an
E. coli NtrA*NtrC*Lac~ background (strain
ET8000) together with another compatible plasmid
pMC71A [30] which constitutively expresses the K.
pneumoniae nifA gene product. Expression of G-
galactosidase activity [31] from the R. japonicum
nif promoter is thus mediated through positive ac-
tivation by the ntrA plus nifA gene products [22].

3. RESULTS AND DISCUSSION

3.1. Construction of a 63 bp deletion affecting
the 5 '-untranslated nifh mRNA region

The recombinant plasmid pRJ1009 which con-
tains the R. japonicum nifH'-'lacZ translational
fusion plus approx. 880 bp of upstream DNA is
shown in fig.2. The 5'-untranslated nifH mRNA
region between the transcription start site (+1)
and the translation initiation codon (+ 154) may
potentially form stem-and-loop structures. One of
two possible alternatives, as proposed by Adams
and Chelm [2], is illustrated in fig.2. To test
whether this region is functionally involved in nifH
expression (perhaps by stabilizing mRNA and in-
fluencing translation) we deleted 63 bp between the
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Fig.1. Sequencing the nifH promotor mutation 1051.
The EcoRI-BamHI inserts of wild-type plasmid pRJ1009
and mutant plasmid pRJ1051 were cloned into M13mpS8.
‘Dideoxy-sequencing’ was primed with a pentadecameric
MI13 primer (New England Biolabs). The autoradiogram
of a section of the gel run is shown. The nucleotide se-
quences in the margins (3 to 5’ from top) are directly
complementary to the nifH promoter sequence shown in
fig.3. The wild-type (left) and mutant (right) nucleotide
bases are encricled.

two Hhal sites at positions + 55 and + 118 (fig.2).
This was done by purifying the 227 bp HindIII-
BamHI fragment from pRJ1009; the remaining
larger HindIII-BamHI fragment was also purified.
The 227 bp fragment was then cut with Hhal,
religated with the large HindI1I-BamHI fragment,
and transformed into E. coli. DNAs of transfor-
mants were screened (first by restriction analysis,
and finally by sequencing) for clones which lacked
the 63 bp Hhal fragment. The clone that was
found was named pRJ1074.
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The nifA-mediated expression of G-
galactosidase activity from pRJ1074 was measured
in E. coli ET8000, and the values obtained were
compared to those from the wild-type plasmid
pRJI1009 (table 2). Expression from pRJ1074 was
found to be only moderately reduced. This may
allow the conclusion that the 5'-untranslated nifH
mRNA region is not critical for the expression of
the R. japonicum nifH gene. It should be recalled,
however, that expression was tested in a
heterologous E. coli background. Hence, it cannot
be excluded completely that the deletion mutation

pRJ1009
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has a different effect on nifH expression in R.
Japonicum.

3.2, Base-pair exchanges in the — 24 consensus
region, and in an upstream pentameric
sequence common to both nif DK and nifH

The R. japonicum nifH promoter sequence [12]
is shown in fig.3, in comparison to the nifDK pro-
moter sequence [1] and the overall nif consensus
promotor sequence {3,22). The aim was to obtain
evidence, by mutational analysis, for or against the
functional involvement of the — 24 region and the
upstream AGACC sequence which was found only
in nifDK and nifH.

The 880 bp nifH promoter-containing EcoRI-
BamHI fragment of pRJ1009 was cloned into
M13mp8 for oligonucleotide primer-directed
mutagenesis.

The mutations were generated as outlined in sec-
tion 2.3. Primer 1051 introduced a G to T transver-
sion at position —25 of the nif consensus se-
quence, whereas primer 1050 introduced an A to G
transition at position —30 in the upstream pen-
tameric sequence (see fig.3). After mutagenesis the
EcoRI-BamHI fragments were cloned out of the
M13 derivatives back into PMC1403 [28] to obtain
the nifH'-'lacZ fusion plasmids pRJ1050 and
pRI1051.

The effect of these mutations on the expression
of F-galactosidase activity was tested in E. coli in
the presence of the constitutively synthesized nifA
gene product encoded by pMC714A. The results

B s

Fig.2. Transcriptional organization of the R. japonicum
nifH’-'lacZ fusion plasmid pRJ1009. The top line
shows the EcoRI-BamHI insert containing the nifH pro-
moter region,; it is cloned into vector pMC1403 of which
only the beginning of the /acZ gene (hatched bar) is
shown. p, promoter; tsc, transcription start site, rbs,
ribosome binding site {on the mRNA level); ATG,
translation initiation codon. Numbers in parentheses in-
dicate nucleotide positions relative to the transcription
start (site (+ 1). Restriction sites: E, EcoRI; H, HindIll;
B, BamHI. The cruciform structure below indicates the
potential stem-and-loop formation by the 5'-untrans-
lated nifH mRNA region as proposed by Adams and
Chelm {2]. The two Hhal sites mark the positions be-
tween which (on the DNA level) 63 nucleotides were
removed resulting in the deletion mutation 1074.
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Table 2

Expression, in E. coli strain ET8000, of the lacZ gene
fused to wild-type and mutant R. japonicum nifH con-
trol regions

B-Galactosidase activity®
(Miller units [31])

Presence of plasmids

pRI1009 47
pRJ1050 30
pRI1051 35
pRJ1074 21
pRJ1009 + pMC71A 10691 (100%)
pRJ1050 + pMC71A 10228 ( 96%)
pRJ1051 + pMCT1A 853 ( 8%)
pRJ1074+ pMC71A 7751 ( 73%)
pRJ1009 + pMM 14 62
pRJ1050 + pMM 14 49
pRJ1051 + pMM14 46
pRJ1074 + pMM14 n.d.

# Mean values of at least 3 independent experiments;
n.d., experiment not done

are shown in table 2. Mutation 1050 had no effect
indicating that the pentameric sequence around
— 30 is probably not important for nifH or nifDK
promoter activity. This is consistent with the fact
that the AGACC sequence is absent in all other nif
or fix promoter sequences, including the R.
Japonicum fixA promoter [16]. Mutation 1051
drastically reduced nifH promoter activity down to
8% of the wild-type level of expression. This em-
phasizes the importance of the conserved -—24
region, just like the —12 region, for expression

Overall -?4 -}2 ’]
consensus 5. ... CITGGICAC ., . ... TTecC
Ry n1fDK AGACCCITGGICATGCCGGT|TGC
R) mfH AGACCTITGGICACGGCTETITGC

A
T

mutation G T
(1050) (1051)

Fig.3. nif promoter sequences, and R. japonicum nifH
promoter mutations. The top line shows the overall nif
consensus promoter sequence based on a total of 21 XK.
pneumonige and Rhizobium nif and fix promoters
[3,22]. Below this are the R. japonicum nifDK and nifH
promoter sequences, together with the exchanged single
base pairs of mutants 1050 and 1051. The 3 nucleotides
between vertical lines in the — 12 and — 24 regions are in-
variant in almost all nif promotor sequences.
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from nif promoters in response to positive activa-
tion by the ntrA plus nifA products. No expression
other than background activity was observed when
wild-type and mutant nifH promoter activities
were assayed in response to the constitutively syn-
thesized ntrC gene produce encoded by pMM14
(table 2).

The topology of —12 and — 24 regions within
the DNA molecule might explain why both sites
are likewise important as targets for positive ac-
tivation: the 100% invariant G residues (at — 13
and —24/—25) come to lie almost on top of each
other, separated by one turn of the helix, on the
same side of the DNA, and could thus be recog-
nized by a single, specific protein molecule involv-
ed in transcription from nif consensus promoters.
In this context it is interesting to note that the G to
T transversion at — 25, which still allows for some
residual nifH activation, may not drastically
disrupt potential hydrogen donor/acceptor pro-
perties in the nucleic acid/protein interface formed
by the —24 region (based on the model for
DNA/protein interaction as proposed by Von Hip-
pel et al. [36]). No quantitative expression data
were given for the previously reported promoter
mutants affecting the — 12 region [24,25].

After this work was completed we learned that
in a very recent publication Ow et al. [37] reported
on a mutational analysis of the K. pneumoniae
nifHDK promoter. These authors also obtained
promoter down mutations in the —24 region, but
could not exclude the possibility that further muta-
tions may have occurred in an upstream region
(around — 136) which has been shown to be re-
quired for maximal nifH promoter activity in K.
Dbneumoniae [24].
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