
JOURNAL OF I3ACTERIOLOGY, May 1986, p. 545-551
0021-9193/86/050545-07$02.00/0
Copyright C) 1986, American Society for Microbiology

Deletion Analysis of the Klebsiella pneumoniae Nitrogenase
Promoter: Importance of Spacing between Conserved Sequences
around Positions -12 and -24 for Activation by the nifA and ntrC

(glnG) Products
MARTIN BUCK

Unit of Nitrogen Fixation, Agricultural and Food Research Council, University of Sussex, Brighton BNJ 9RQ, England

Received 12 October 1985/Accepted 21 January 1986

The nitrogen fixation promoters of Klebsiella pneumoniae are atypical procaryotic promoters lacking the
usual -10 and -35 elements, requiring instead conserved sequences around -12 and -24 for transcriptional
activation. By constructing a set of five deletions between the -12 and -24 elements in the nifi promoter, the
spacing between the conserved GC and GG motifs at -12 and -24, respectively, has been reduced from the
wild-type 10 bases to 9, 8, 6, 5, and 4 bases. The deletion of a single nonconserved nucleotide was sufficient to
eliminate transcriptional activation by either nifA or ntrC (glnG). All deletions relieved the multicopy inhibition
of chromosomal nif expression normally shown by the nipI promoter. These results demonstrate a stringent
requirement for the 10-base spacing found in ntr-activated promoters. In addition, specific sequences around
the invariant GG at -24 were shown to be necessary for activation by either nifA or ntrC, with a minimal
requirement for nucleotides through to position -27 for this activation.

Two features of Escherichia coli promoters are known to
be important for transcriptional activity: (i) the two
hexanucleotide sequences centered around positions -35
and -10 and (ii) the distance between these two sequences
(36). The most frequently occurring sequences at -35 and
-10 are TTGACA and TATAAT, respectively, referred to
as the -35,-10 consensus sequence. Point mutations in
these sequences often lead to a promoter down phenotype.
Promoters which are relatively active in transcription tend to
conform to the consensus sequence, whereas weaker pro-
moters tend to deviate from the consensus sequence. The
strength of a promoter conforming to the -35,-10 consen-
sus sequence is also markedly influenced by the spacing
between the regions of sequence conservation. Naturally
occurring E. coli promoters typically display a spacing of 17
± 1 base pairs (bp) (20). Deletions which reduce this spacing
have been shown to reduce the activity of promoters (2, 4,
27, 34), whereas the efficiency of the ampC promoter was
improved by increasing the spacing to 17 bp, but was
reduced by further increasing the spacing to 18 bp (21).
Increasing the spacing in the lac promoter from 18 to 20 bp
similarly reduced expression (24; see also reference 32).
Thus, a considerable body of evidence suggests an optimal
spacing of 17 bp, but it should be recalled that the strong
rRNA promoters have a 16-bp spacing (20), indicating that
additional DNA sequences and proteins other than RNA
polymerase can modulate promoter activity.

Recently a new class of procaryotic promoter was identi-
fied. These promoters lack the usual consensus sequences
and instead show sequence conservation around positions
-12 and -24 (Table 1). Included in this new promoter class
are the nitrogen fixation (nif) promoters of Klebsiella pneu-
moniae (5).Transcription from the nifpromoters is positively
activated and requires that the ntrA (glnF) gene product act
in concert with either the nif-specific activator nifA or the
functionally related ntrC (glnG) gene product (17). The
glutamine synthetase (ginA) promoter (RNA1) is also regu-
lated by the ntr system [as is the expression of a number of
other genes involved in the utilization of poor nitrogen

sources, including put (proline), aut (arginine), and hut
(histidine) utilization, respectively (28)], and the sequence of
this promoter shows the typical -12,-24 sequence conser-
vation of an ntr-regulated promoter (18), as do the nif
promoters of many rhizobia (1, 3).

Analysis of point mutations has shown that nucleotides
recognized as conserved around positions -12 and -24 are
necessary for activation of the nifH and nifL promoters (7,
10, 29). Thus, the sequences at -12 and -24 constitute
functionally important elements of an ntr-regulated pro-
moter. In addition to these elements, efficient expression of
certain K. pneumoniae nif promoters requires specific se-
quences (characterized by a TGT N1o ACA motif) located
more than 100 bp upstream of the transcription start (see Fig.
1) (11). The spacing between the -12 and -24 elemnents is
invariant in all ntr-regulated promoters thus far sequenced,
in contrast to the variation in spacing found in naturally
occurring promoters of the -10,-35 form. In this study the
influence of spacer length between the -12 and -24 ele-
ments in nifH promoter function is examined. Since the nifH
promoter is activated by ntrC, albeit weakly with respect to
nifA activation, and since this activation is independent of
the upstream element required for efficient nifA activation of

TABLE 1. ntrA-activated K. pneumoniae promoters
Promoter Promoter sequence Reference

-24 - 12
nifF CTGGCACAGCCTTCGCT 5
ORF CTGGCACAGGCTGCGCA 33
nifL AGGGCGCACGGTTTGCA 19
nijB CTGGTACAGCATTTGCA 5
nifM CTGGCCGGAAATTTGCA S
nifU CTGGTATCGCAATTGCT 5
nifE CTGGAGCGCGAATTGCA 5
nfifH CTGGTATGTTCCCTGCA 35
Consensus CTGGCAC N5 TTGCA

glnA, RNA1 TTGGCACAGATTTCGCT 18
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FIG. 1. The K. pneumoniae nifH promoter cloned into
pMC1403. Relevant restriction sites are E, EcoRI; S, SmaI; and B,
BamHI. Boxes at -12 and -26 refer to the downstream promoter
elements shown in Table 1, and the box at -136 refers to the
upstream TGT-ACA promoter element. The PstI site used in cloning
promoter fragments for sequencing is upstream of the EcoRl site in

the P-lactamase gene. Plasmid pMB1 and its derivatives carry 17
amino acids of nifH before the in-frame junction with lacZ' at the
SmaI site in pMC1403 (10).

this promoter (10, 11), it was possible to distinguish between
effects which result from changing the spacing between
sequences around position -136 (Fig. 1) and the -12 ele-
ment of the promoter (to which nifA activation may be
sensitive) on the one hand, and those effects which result
from changes in spacer length between the two downstream
elements on the other (to which ntrC and nifA activation are

both shown to be sensitive).

MATERIALS AND METHODS

Bacterial strains and plasmids. These are listed in Table 2.
UNF932 is a spontaneous his' revertant of UNF931 (10).
Media. Complete medium was L broth (22). Nitrogen-free

medium (NFDM) and minimal medium were as described
previously (16). Plasmid selection was maintained with the
appropriate antibiotic supplement: kanamycin (Km, 30
p.g/ml), chloramphenicol (Cm, 15 ,ug/ml), carbenicillin (Cb,
100 jig/ml for E. coli) or carbenicillin plus ampicillin (200
pug/ml each for K. pneumoniae). L-Histidine (50 jg/ml),
L-aspartate (100 ,ug ml), L-leucine (25 p.g/ml), L-glutamine
(200 ,ug/ml), vitamin B1 (2.5 ,g/ml), and NH4SO4 (2 mg/ml)
were added where appropriate. X-Gal (5-bromo-4-chloro-3-
indolyl-P-D-galactoside, 20 ,ug/ml) was used to detect Lac'
colonies.

Cloning and sequencing. All enzymes were obtained from
commercial sources and used according to the manufactur-
ers' instructions. For sequencing, fragments were cloned
into M13 mp9 (26) and dideoxy sequencing reactions were

performed using [x-35S]dATP as the label (6). Transforma-
tion was as described, except 50 mM CaCl2 was used (14).

Plasmid construction. The spacer mutation plasmids de-
scribed were derivatives of pMB3, a nifH-lacZ translational
fusion in the vector pMC1403 (12). Plasmid pMB3 carries a
silent point mutation at -18 which creates a unique RsaI
restriction site within the nifH promoter fragment (10) and is
itself a derivative of the niWH-lacZ translational fusion plas-
mid pMB1 which carries the wild-type promoter sequence
(Fig. 1 and Table 1). Plasmids pMB340 and pMB355, 1- and
2-bp deletion derivatives, respectively, of pMB3, were iso-
lated in the following manner. The EcoRI-BamHI nifH
promoter fragment (Fig. 1) from pMB3 was isolated, di-
gested with RsaI (Bethesda Research Laboratories, Inc.)
and religated into EcoRI-BamHI-digested pMC1403 vector
DNA using T4 DNA ligase (Bethesda Research Laborato-
ries). The ligated DNA was used to transform E. coli
MC1061, carbenicillin resistance was selected for, and cells

were passaged twice in L broth plus carbenicillin from a

1:200 inoculum. Plasmid DNA was prepared from the final
cell culture, and the cycle of restriction with RsaI, ligation
into pMC1403, transformation, and growth in the presence
of carbenicillin was repeated twice more. Cells were finally
plated on minimal medium with aspartate as the nitrogen
source (to permit ntrC activation of the nifH promoter), and
colonies displaying a Lac' phenotype different from that of
pMB3 were chosen, checked for the nifH promoter fragment
by restriction analysis, and then screened by dot-blot hybrid-
ization to determine the presence of a deletion (see below).
As a result of the deletion creating pMB355, a unique AccI

restriction site was created in the nifH promoter between the
-12 and -24 elements. Plasmid pMB303 was generated by
digesting pMB355 with AccI, filling in the site using the
Klenow fragment of DNA polymerase in the presence of all
four deoxynucleotide triphosphates, restricting with EcoRI-
BamHI, and ligating this material into EcoRI-BamHI-
digested pMC1403. Plasmids pMB322, -323, -324, and
-325 were generated in a similar manner except that AccI-
digested pMB355 was treated with Si nuclease under con-
ditions in which either its single- or double-stranded exonu-
clease activity was present (37). The nucleotide sequence of
the promoter region of each plasmid was determined by
cloning the PstI-BamHI fragment carrying the nifH pro-
moter into M13 mp9 for DNA sequencing. The sequences
delineating the deletion intervals generated in the nifH
promoter are given in Table 3.

Plasmids pMB41 and pSM11 were constructed by digest-
ing the EcoRI-BamHI nifH promoter fragments from pMB4
and pMB3 with HaeIII and RsaI, respectively, and ligating
this material into SmaI-BamHI digested pMC1403 to yield
nifH'-IacZ fusions which are subclones of the nifl promoter
retaining nucleotides through to -27 (pMB41) and -18
(pSMM11), respectively. The niWH promoter fragment of
pMB4 differs from the wild-type promoter sequence by the
presence of a cytosine residue at -26 rather than thymine

TABLE 2. Bacterial strains and plasmids
Strains and Characteristics Reference
plasmids

K. pneumoniae
UNF926 A(his-nif)2632 Alac-2001 recA hsdRI 10

sbl-300: :TnJO
UNF932 Alac-2001 recA hsdRI sbl-300::TnlO This study

E. coli
MC1061 araD139 A(ara leu)7697 Alac-74 galU 13

galK rpsL hsdR hsdM+
ET8000 rbs gyrA hutCKC lacZ::ISI Mu cts62 23
ET8894 A(rhaA ginA ntrB ntrC)1703 rbs gyrA 23

hutCKc lacZ::ISI Mu cts62
ET8045 ntrA208::TnIO rbs gyrA hutCKc 23

lacZ::ISI Mu cts62
Plasmids
pMC1403 Translational fusion vector, Cbr; 12

pBR322 derivative
pMC71A nifAc Cmr, Sall insert in pACYC184 8
pMM14 ntrCc Kmr, SmaI insert in 25

pACYC177
pMB1 nifH-lacZ' translational fusion in 10

pMC1403
pMB3 T to A transversion at position -18 10

in pMB1
pMB4 T to C transition at -26 in pMB1 10
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TABLE 3. Spacer mutations in the nifH promoter
Plasmid Relevant promoter sequencea Method of construction

-24 -12

pMB1 ACGGCT GGTATG TT CCCTGCACTT Wild type
pMB3 ACGGCT GGTATG TA*C CCT GCACTT Oligonucleotide mutagenesis (10)
pMB340 ACGGCT GGTATG T- CCCTGCACTT Spontaneous deletion
pMB355 ACGGCT GGT AT- - A*C CCT GCACTT Spontaneous deletion
pMB323 ACGGCT GGT--- -A*CCCTGCACTT S1 nuclease digestion
pMB325 ACGGCT GGT--- -- CCCTGCACTT Si nuclease digestion
pMB324 ACGGCT GG---- -- CCCTGCACTT Si nuclease digestion

-24 -10

pMB322 ACGGCT GGT A CTT Si nuclease digestion
pMB303 ACGGCT GGTATA*TA*CCCTGCACTT Kienow fill-in

-24 -12

pMB4 ACGGCC*GGTATG TT CCCTGCACTT Oligonucleotide mutagenesis (10)
pMB41 CC*GGT ATG TT CCCTGCACTT HaeIII restriction
pSMM11 A*CCCTGCACTT RsaI restriction

a Each mutant nifH promoter sequence is aligned below the wild-type sequence, where + 1 denotes the transcription start. Asterisks indicate single base pair
changes present with respect to the wild-type sequence. Nucleotides recognized as conserved among K. pneumoniae nifpromoters are underlined in the wild-type
sequence.

(Table 3), thus creating the HaeIII site used in the construc-
tion of pMB41 (10).

Dot-blot hybridization. Spontaneous deletions in the nifH
promoter resulting from RsaI restriction and religation were
screened for by hybridizing plasmid DNA preparations of
putative deletion mutants with the 5'-32P-labeled oligonucle-
otide: 5'-TGCAGGGTACATACCAG (ca. 5 x 106 cpm per
hybridization). This oligonucleotide is fully complementary
to the nifH promoter fragment in pMB3 and has a single
mismatch with pMB1 at -18 (10). Hybridization products
were washed at increasing temperatures, and DNA prepara-
tions showing a weaker signal than either plasmids pMB3 or
pMB1 were chosen for further analysis by DNA sequencing.

P-Galactosidase assays. Bacteria were grown anaerobically
at 28°C in NFDM. K. pneumoniae strains and E. coli ET8000
were grown with aspartic acid (-N) or NH4SO4 (+N). All E.
coli ET8894 derivatives and E. coli ET8045 were grown in
the presence of L-glutamine. Promoter activity was mea-
sured as P-galactosidase units determined by the method of
Putnam and Koch (30). Activation by nifA was determined in
UNF932 (nif+ ntr+) and activation by ntrC in UNF926
[A(his-ni]) ntr+]. All P-galactosidase assays were performed
at least twice on duplicate cultures.

Acetylene reduction assays. Whole-cell nitrogenase assays
(16) were done on cells grown in NFDM after 20 h of
derepression. Reduction of acetylene to ethylene was mea-
sured after 1 h of incubation.

RESULTS

Spacer mutations in the nipH promoter. The nifH promoter
clone pMB3 carries a point mutation at -18 which is silent
with respect to nifA activation, distinguishes it from the
wild-type promoter (pMB1), and creates a unique RsaI
restriction site within the nifH promoter fragment. Restric-
tion of the nifH promoter fragment from pMB3 with RsaI
and subsequent religation resulted in 30 of the 38 promoter
clones screened displaying a hybridization signal weaker
than that displayed by plasmid pMB1, which has a single
base pair mismatch to the oligonucleotide used in the screen-
ing. This was interpreted as a destabilization of the plasmid
DNA-oligonucleotide duplex resulting from the deletion of
bases within the region of complementarity between the
oligonucleotide and the nifH promoter fragment. This pre-

sumably reflects low levels of exonuclease present in the
RsaI enzyme or T4 DNA ligase preparation. DNA sequenc-
ing revealed in pMB340 the loss of the nucleotide at -18 (a
nonconserved base which distinguishes pMB3 from the
wild-type nifH-lacZ promoter clone pMB1) and in pMB355
the deletion of nucleotides at -20 and -21 (Table 3).
Plasmid pMB303 was derived from pMB355 by filling in the
AccI site and differs from pMB3 by the presence of an
adenine residue at -20 rather than the guanine residue found
in this position in pMB3 and in the wild-type nifHl promoter
(Table 3). Plasmid pMB303 therefore permitted an assess-
ment of the role of the base at -20 in nipH protnoter
function. Treatment of plasmid pMB355 with Si nuclease
generated a set of deletions between the -12 and -24
promoter elements by removing bases from -19 through
-22 (pMB323), from -18 through -22 (pMB325), and from
-18 through -23 (pMB324). In addition, an extensive dele-
tion removing bases -11 through -22 was also isolated
(pMB322). Thus, 1-, 2-, 4-, and 5-, and 6-bp deletions
between the -12 -24 npII promoter elements were obtained
(Table 3).

Activities of mutant nifH promoters. Transcriptional acti-
vation in vivo by the ntrC gene product was measured in K.
pneumoniae UNF926 and activation by nifA in K. pneumo-
niae UNF932. In addition, multicopy inhibition by the
mutant promoters was assessed in UNF932. Multiple copies
of the nifH promoter are known to prevent chromosomal nif
expression; thus when a nif+ strain harbors a multicopy
plasmid bearing the nifH promoter, a Nif- phenotype is the
result (9). It has been suggested that this is due to titration of
activator (31) (i.e., nifA or ntrA products), and mutations
which relieve inhibition are known to map in both the
upstream and downstream promoter elements recognized as
necessary for transcriptional activation of nif promoters (7,
10, 11, 29).

(i) Activation by nifA. Each internal deletion of the nifH
promoter resulted in a strong promoter down phenotype
when nifA activation was assayed (Table 4). Deletion of a
single base (pMB340) produced as strong a down phenotype
as larger deletions, indicating a strict requirement for a 10-bp
spacing between the invariant GG (-24) and GC (-12)
dinucleotides characteristic of nif and other ntr-activated
promoters. The activity of pMB340 was found to be compa-
rable to pMB322 which had been deleted through the -12
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TABLE 4. Activation of deleted pnifH by nifA or ntrC
,B-Galactoside (U)M Multicopy

Plasmid Deletion nifA activation in UNF932 ntrC activation in UNF926 inhibition (%(bp) ~~~~~~~~~~~~~~~~~~~~~~~~nitrogenase
+NH4+ -NH4+ +NH4+ -NH44+ activity)

pMB1 (wild type) 0 20 24,700 14 800 1
pMB3 (T - A, -18) 0 19 25,300 7 260 6
pMB340 1 1 50 2 9 76
pMB355 2 99 930 115 738 102
pMB323 4 109 70 285 558 80
pMB325 5 3 15 4 12 93
pMB324 6 5 14 9 39 86
pMB322 12 3 10 5 11 116
pMB303 0 6 12,100 23 186 7

a Activation by nifA (in UNF932) or by ntrC (in UNF926) was assayed after 20 h of growth in NFDM. Nitrogenase activity of UNF932 harboring pMB plasmids
is expressed as a percentage of UNF932 harboring the vector pMC1403.

sequence (Table 3), confirming the severe promoter down
effect of the single base deletion. Plasmid pMB303 differs
from the parent plasmid pMB3 by the presence of an adenine
rather than a guanine residue at -20, but it is still efficiently
activated by nifA. Examination of the nucleotides present at
position -20 in other K. pneumoniae nifpromoters (Table 1)
indicates this is a conservative substitution, as only the nifU
promoter has a pyrimidine at -20. Plasmid pMB323 is of
interest, since a GG dinucleotide is present in this deletion at
position -24 by virtue of the 4-bp deletion moving sequence:
ACGGTC downstream. However, the level of activation of
pMB323 by nifA is very low and is below that of deletions
which lack the upstream activator sequence necessary for
the efficient expression of nifjH (10, 11). The derepressed
activity of pMB323 in UNF932 can be accounted for by the
low level of constitutive expression from this plasmid and is
described in more detail below together with pMB355.

(ii) Activation by ntrC. Results obtained with ntrC activa-
tion of the niJf promoter parallel those obtained for nifA
activation as the single base pair deletion (pMB340) elimi-
nates activation (Table 4). The behavior of plasmids pMB355
and pMB323, which both display some constitutive expres-
sion, is described below. Plasmid pMB303 is activated by
ntrC, but to a slightly lesser extent than is the parent plasmid
pMB3. The down phenotype of pMB303 with respect to ntrC
activation can be largely attributed to the base change at -18
(compare plasmids pMB1 and pMB3) rather than the base
change at -20 (compare plasmids pMB3 and pMB303). This
agrees well with previous findings which demonstrated ntrC
activation of pnifH was more sensitive to certain base
changes than was nifA activation (10).

(iii) Multicopy inhibition by mutant pnifH. All deletions
which changed the spacing of the -12 and -24 elements
relieved the inhibition of chromosomal nif expression seen
with pMj33 (Table 4). This is fully consistent with the finding
that each deletion strongly decreases nifA-mediated tran-
scription and presumably increases the availability of acti-
vator allowihg expression of chromosomal nif. The efficient
expression from pMB303 presumably reflects activator
titration which results in the inhibition of chromosomal nif
expression shown by this plasmid.

Activation by ntrC requires only the downstream consensus

sequence. Upstream deletions in the nifH promoter have
been shown to diminish activation by nifA but not ntrC (10).
However, the possibility that nucleotides downstream of
position -72 were involved in ntrC activation was not
discounted (10, 11). Clearly, the results of ntrC activation

given in Table 4 could be interpreted to mean that the
deletions internal to the -12,-24 elements change not only
the spatial relationship between these elements, but also the
relationship between the -12 element and sequences down-
stream of position -72 which could be necessary for ntrC
activation. Evidence that sequences between -72 and -27
are silent with respect to ntrC activation is given in Table 5.
Deletion of nucleotides upstream of position -27 (pMB41)
did not significantly alter expression in response to ntrC
activation relative to the control nifH promoter clone pMB4.
In addition, activation by ntrC was shown to be dependent
upon the presence of the pMB24 element, as deletion of this
sequence (pSMM11) reduced expression to the basal
unactivated level. Results obtained with pMB41 clearly
demonstrate that sequences at -35 are not necessary for
activation by ntrC and that only the recognized downstreamn
elements are needed.

Analysis of constitutive expression from pMB355 and
pMB323. Both plasmids pMB355 and pMB323 showed a low
level of constitutive expression in the presence of NH4' in
strains UNF932 and UNF926 (Table 4). In the case of
pMB323 this was adequate to account for the level of activity
in derepressing conditions in UNF932, indicating this mutant
promoter was not activated by nifA. Plasmid pMB355 dif-
fered in this respect, since an apparent activation by nifA
and ntrC was observed in K. pneumoniae above the level of
constitutive expression (Table 4). Therefore, expression
from plasmids pMB323 and pMB355 was further examined
in several defined genetic backgrounds distinguished by the
presenice or absence of nifA, ntrC, and ntrA (Table 6). As
with K. pneumoniae UNF926, results with the 2-bp deletion
(pMB355) in E. coli ET8000 clearly showed that growth
under nitrogen limitation was required to obtain an increase

TABLE 5. Activation of upstreamn-deleted pnifH by ntrCa

Plasmid Deletion 13-Galactosidase (U)
endpoint +NH4+ -NH4+

pMB1 (wild type) - 14 800
pMB4 (T-C, -26) - 19 200
pMB41 -27 30 300
pSMM11 -18 30 60

0 Activation by ntrC in UNF926 was assayed as described in Table 4. The
slightly lower activity of pMB4 with respect to pMB1 and pMB3 can be
atttibuted to the T -. C transition at -26 in pMB4 (10).
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TABLE 6. Constitutive promoter activities of pMB355 and pMB323a

Promoter activity (P-galactosidase [U]) in strain:

Plasmid ET8000 ntr+ ET8894 ET8894(pMC71A) ET8894(pMM14) ET8045
ntrBC- nifA' -NH4+ ntrCc -NH4' ntrA -

+NH4+-NH4+-NH4+-NH4-

pMB355 290 496 680 270 455 625
pMB323 117 131 131 40 86 25

a The dependence upon the ntrC, ntrA, and nifA gene products for expression was examined in E. coli, growth and assays of activity being performed as
described in Materials and Methods.

in expression with respect to an ammonia-replete culture.
However, the presence of nifA or ntrC (expressed constitu-
tively) did not activate this mutant promoter, in contrast to
results obtained with wild-type nif promoters (10). The 4-bp
deletion pMB323 showed no increase in expression in nitro-
gen-limited E. coli ET8000 or in response to nifA or ntrC.
For both pMB323 and pMB325, constitutive expression was
shown to be ntrA independent as demonstrated by assays in
E. coli ET8045. In conclusion, plasmids pMB355 and
pMB323 do not carry functional nifH promoters.

DISCUSSION

Down phenotype of spacer mutants. The K. pneumoniae nif
promoters are characterized by a 10-bp spacing between the
conserved dinucleotides GG at -24 and GC at -12. In this
study results are presented which demonstrate that this
spatial relationship is an absolute requirement for activation
of the nifH promoter by ntrC or nifA. This is exemplified by
plasmid pMB340, in which the nifH promoter is deleted for
the nucleotide at -18, a nonconserved base among K.
pneumoniae nif promoters (Table 1). This mutant promoter
shows very little transcriptional activity. It therefore seems
likely that the origin of the promoter down phenotype is due
to the change in the spatial relationship between the -24 and
-12 promoter elements rather than the loss of a base (at
-18) which interacts directly with proteins necessary for
transcription. As mentioned earlier, the nifH promoter re-
quires sequences upstream for nifA but not ntrC activation,
the latter observation being extended in this study. Two
points support the argument that the down phenotype of
pMB340 with respect to nifA activation is due to the altered
relationship between -24 and -12 sequences rather than the
relationship between the -12 element and upstream se-
quences. First, this mutant promoter shows a 20-fold lower
activity in response to nifA activation than does a nifH
promoter deleted for the upstream nifA-specific activator
sequence (10, 11). Second, two mutant nifH promoters have
been constructed in which the position of the upstream
activator sequence differs by a single base pair. Both of these
mutants were activated to equal extents by nifA and to a
level comparable to that of the wild-type nifH promoter in
which the upstream sequence is located at -136 rather than
at -155 or -156, as it is in the two upstream sequence
spacer mutants considered above. Interpretation of the
down phenotype of pMB340 with respect to ntrC activation
does not require consideration of sequences upstream of
position -27, since deletions extending to this position were
shown not to affect activation by ntrC. Similar arguments
can be applied to the interpretation of results obtained with
all other deletion mutants, although the two deletions
(pMB355 and pMB323) resulting in a low constitutive level
of expression are considered in more detail below. It has

been shown recently that mutations in nucleotides at -15
and -17 lead to an increased activation of the nifH promoter
by ntrC (29). These bases are retained in the spacer mutants
analyzed; therefore their down phenotype with respect to
ntrC activation cannot be accounted for by the deletion of
bases which may interact with ntrC.

Expression from plasmids pMB355 and pMB323. Expres-
sion from plasmids pMB323 and pMB355 was seen to be ntr
independent, but to increase slightly and reproducibly when
bacteria were grown under nitrogen limitation. It is possible
that physiological changes associated with nitrogen-limited
growth give rise to this apparent increase in expression. The
constitutive expression observed with pMB355 may be due
to the sequence AAGAAT-17 bp-TGGTAT created by the
2-bp deletion acting as a conventional promoter. This se-
quence may also be responsible for constitutive expression
from pMB323.

Relief of multicopy inhibition. Each deletion mutation
analyzed here relieved the multicopy inhibition of chromo-
somal nif displayed by the wild-type niJH promoter. Since
the upstream and downstream elements act in cis to elicit the
multicopy effect (11), changing the structure of any one
promoter element results in a loss of inhibition. For the
mutations described here it is probably the change in struc-
ture of the downstream promoter element which is respon-
sible for the relief of inhibition. The molecular basis for the
cis action of the promoter elements is not yet well under-
stood, but it is possible that proteins which interact with the
-12,-24 sequences (possibly RNA polymerase and ntrA)
are required to be present so that activator can be titrated
out by the upstream sequences (11). Presumably, this pro-
tein interaction at the downstream element is defective or
absent in the spacer mutants. Alternatively, the promoter
may need to be transcriptionally active to titrate out activa-
tor.

Possible basis of the down phenotype. Activation of tran-
scription of nif promoters requires an activator (nifA or
ntrC), ntrA, and RNA polymerase (17). Altering the optimal
10-bp spatial arrangement of the nifH promoter results in an
equivalent down phenotype for both nifA and ntrC activa-
tion, indicating that some common step in activation or
transcription initiation is changed in the deletion mutants. It
is possible that the deletions change an interaction of RNA
polymerase or activator with the entire spacer region se-
quence. However, as mentioned above, a point mutation at
-18 in the spacer region is relatively silent and there is little
conservation of sequences in this region, indicating that
these nucleotides may not have a major role per se in directly
interacting with the transcription apparatus. It is more likely
that the deletion of bases in the spacer region disrupts a
protein-DNA interaction which involves the simultaneous
recognition of bases around the -12 and -24 promoter
elements by complementary hydrogen bond donors and
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acceptors, the complementarity being lost by the closer
proximity of these sequences in the deletions (36).
The fact that the down phenotype of the internal deletion

mutants is much more severe than that of the mutant nifW
promoters which lack the proposed upstream nifA binding
site (11) could be interpreted to mean that a protein-DNA
interaction other than the one involving nifA is altered in
these mutants. Should ntrC and nifA interact with RNA
polymerase to activate transcription, then the down pheno-
type of the internal deletions could be explained by the
disruption of an RNA polymerase-DNA interaction at the
downstream promoter element. It has been proposed that
ntrA may be an alternative sigma factor, facilitating recog-
nition of the atypical ntr-activated promoters (15). If this is
so then the spacer mutations may disrupt this aspect of RNA
polymerase interaction with the nifH promoter if ntrA nor-
mally contacts both the -12 and -24 elements. Elucidation
of the mechanism of transcriptional activation by ntrA acting
in concert with either nifA or ntrC will no doubt clarify
which of the alternatives discussed above accounts for the
phenotype of the deletions described here.

ACKNOWLEDGMENTS

I thank Wendy Cannon for skilled technical assistance, Stephen
Miller for constructing plasmid pSMM11, and Ray Dixon, Martin
Drummond, and Mike Merrick for valuable discussions. I also thank
Beryl Scutt for typing the manuscript and John Postgate for his
support and critical reading of this paper.

LITERATURE CITED
1. Alvarez-Morales, A., and H. Hennecke. 1985. Expression of

Rhizobiumjaponicum nifH and nifDK operons can be activated
by the Klebsiella pneumoniae nifA protein but not by the
product of ntrC. Mol. Gen. Genet. 199:306-314.

2. Aoyama, T., M. Takanani, E. Ohtsuka, Y. Taniyama, R.
Marumato, H. Sato, and M. Ikehara. 1983. Essential structure of
E. coli promoter: effect of spacer length between the two
consensus sequences on promoter function. Nucleic Acids Res.
11:5855-5864.

3. Ausubel, F. M. 1984. Regulation of nitrogen fixation genes. Cell
37:5-6.

4. Berman, M. L., and A. Landy. 1979. Promoter mutations in the
transfer RNA gene tyrT of Escherichia coli. Proc. Natl. Acad.
Sci. USA 76:4303-4307.

5. Beynon, J., M. Cannon, V. Buchanan-Wollaston, and F. Cannon.
1983. The nif promoters of Klebsiella pneumoniae have a
characteristic primary structure. Cell 34:665-671.

6. Biggin, M. D., T. J. Gibson, and G. F. Hong. 1983. Buffer
gradient gels and 35S label as an aid to rapid DNA sequence
determination. Proc. Natl. Acad. Sci. USA 80:3963-3965.

7. Brown, S. E., and F. M. Ausubel. 1984. Mutations affecting
regulation of the Klebsiella pneumoniae nifH (nitrogenase
reductase) promoter. J. Bacteriol. 157:143-147.

8. Buchanan-Wollaston, V., M. C. Cannon, J. L. Beynon, and F. C.
Cannon. 1981. Role of the nifA gene product in the regulation of
nif expression in Klebsiella pneumoniae. Nature (London)
294:776-778.

9. Buchanan-Wollaston, V., M. C. Cannon, and F. C. Cannon.
1981. The use of cloned nif (nitrogen fixation) DNA to investi-
gate transcriptional regulation of nif expression in Klebsiella
pneumoniae. Mol. Gen. Genet. 184:102-106.

10. Buck, M., H. Khan, and R. Dixon. 1985. Site directed mutagen-
esis of the Klebsiella pneumoniae nifL and nifH promoters and
in vivo analysis of promoter activities. Nucleic Acids Res.
13:7621-7638.

11. Buck, M., S. Miller, H. Khan, M. Drummond, and R. Dixon.
1986. Upstream activator sequences are present in the promot-
ers of nitrogen fixation genes. Nature (London) 320:374-378.

12. Casadaban, M. J., J. Chou, and S. N. Cohen. 1980. In vitro gene

fusions that join an enzymatically active P-galactosidase seg-
ment to amino-terminal fragments of exogenous proteins: Esch-
erichia coli plasmid vectors for the detection and cloning of
translation initiation signals. J. Bacteriol. 143:971-980.

13. Casadaban, M., and S. N. Cohen. 1980. Analysis of gene control
signals by DNA fusion and cloning in Escherichia coli. J. Mol.
Biol. 138:179-207.

14. Cohen, S. N., A. C. Y. Chang, and L. Hsu. 1972. Non-
chromosomal antibiotic resistance in bacteria: genetic transfor-
mation of Escherichia coli by R-factor DNA. Proc. Natl. Acad.
Sci. USA 69:2110-2114.

15. De Bruijn, F. J., and F. M. Ausubel. 1983. The cloning and
characterisation of the glnF (ntrA) gene of Klebsiella pneumo-
niae: role of glnF (ntrA) in the regulation of nitrogen fixation
(nif) and other nitrogen assimilation genes. Mol. Gen. Genet.
192:342-353.

16. Dixon, R., C. Kennedy, A. Kondorosi, V. Krishnapillai, and M.
Merrick. 1977. Complementation analysis of Klebsiella pneu-
moniae mutants defective in nitrogen fixation. Mol. Gen. Genet.
157:189-198.

17. Dixon, R. A. 1984. The genetic complexity of nitrogen fixation.
J. Gen. Microbiol. 130:2745-2755.

18. Dixon, R. A. 1984. Tandem promoters determine regulation of
the Klebsiella pneumoniae glutamine synthetase (gInA) gene.
Nucleic Acids Res. 12:7811-7830.

19. Drummond, M., J. Clements, M. Merrick, and R. Dixon. 1983.
Positive control and autogenous regulation of the nifLA pro-
moter in Klebsiella pneumoniae. Nature (London) 301:302-307.

20. Hawley, D. K., and W. R. McClure. 1983. Compilation and
analysis of Escherichia coli promoter DNA sequences. Nucleic
Acids Res. 11:2237-2255.

21. Jaurin, B., T. Grandstrom, T. Edlund, and S. Normark. 1981.
The E. coli ,B-lactamase attenuator mediates growth rate-
dependent regulation. Nature (London) 290:221-225.

22. Kennedy, C. 1977. Linkage map of nitrogen fixation (nif) genes
in Klebsiella pneumoniae. Mol. Gen. Genet. 157:199-204.

23. MacNeil, T., G. P. Roberts, D. MacNeil, and B. Tyler. 1982. The
products of glnL and gInG are bifunctional regulatory proteins.
Mol. Gen. Genet. 188:325-333.

24. Mandecki, W., and W. S. Reznikoff. 1982. A lac promoter with
a changed distance between -10 and -35 regions. Nucleic
Acids Res. 10:903-912.

25. Merrick, M. 1983. Nitrogen control of the nif regulon in Kleb-
siella pneumoniae: involvement of the ntrA gene and analogies
between ntrC and nifA. EMBO J. 2:39-44.

26. Messing, J. 1982. New M13 vectors for cloning. Methods
Enzymol. 101:20-78.

27. Mulligan, M. E., J. Brosius, and W. R. McClure. 1985.
Characterisation in vitro of the effect of spacer length on the
activity of Escherichia coli RNA polymerase at the TAC pro-
moter. J. Biol. Chem. 260:3529-3538.

28. Ow, D. W., and F. M. Ausubel. 1983. Regulation of nitrogen
metabolism by the nifA gene product in Klebsiella pneumoniae.
Nature (London) 301:307-313.

29. Ow, D. W., Y. Xiong, Q. Gu, and S.-C. Shen. 1985. Mutational
analysis of the Klebsiella pneumoniae nitrogenase promoter:
sequences essential for positive control by nifA and ntrC (glnG)
products. J. Bacteriol. 161:868-874.

30. Putnam, S. L., and A. L. Koch. 1975. Complications in the
simplest cellular enzyme assay: lysis of Escherichia coli for the
assay of f-galactosidase. Anal. Biochem. 63:350-360.

31. Reidel, G. E., S. E. Brown, and F. M. Ausubel. 1983. Nitrogen
fixation by Klebsiella pneumoniae is inhibited by certain
multicopy hybrid nif plasmids. J. Bacteriol. 153:45-56.

32. Russell, D. R., and G. N. Bennett. 1982. Construction and
analysis of in vivo activity of E. coli promoter hybrids and
promoter mutants that alter the -35 to -10 spacing. Gene
20:231-243.

33. Shen, S. C., Z.-T. Xue, Q-T. Kong, and Q-I. Wu. 1983. An
opening reading frame upstream from the nifH gene of Kleb-
siella pneumoniae. Nucleic Acids Res. 11:4241-4250.

34. Stefano, J. E., and J. D. Gralla. 1980. Mutation-induced changes
in RNA polymerase-lac Ps promoter interactions. J. Biol. Chem.

J. BACTERIOL.



VOL. 166, 1986 ANALYSIS OF K. PNEUMONIAE NITROGENASE PROMOTER

257:13924-13929.
35. Sundaresan, V., J. D. G. Jones, D. W. Ow, and F. M. Ausubel.

1983. Conservation of nitrogenase promoters from Rhizobium
meliloti and Klebsiella pneumoniae. Nature (London)
301:728-732.

36. von Hippel, P. H., D. G. Bear, W. D. Morgan, and J. A.

McSwiggen. 1984. Protein-nucleic acid interactions in transcrip-
tion: a molecular analysis. Annu. Rev. Biochem. 53:389-
446.

37. Yu, X.-M., and W. S. Reznikoff. 1984. Deletion analysis of the
CAP-cAMP binding site of the Escherichia coli lactose pro-
moter. Nucleic Acids Res. 12:5449-5464.

551


