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The nitrogen assimilation control protein (NAC) binds to a site within the promoter region of the histidine
utilization operon (hutUH) of Klebsiella aerogenes, and NAC bound at this site activates transcription of hutUH.
This NAC-binding site was characterized by a combination of random and directed DNA mutagenesis.
Mutations that abolished or diminished in vivo transcriptional activation by NAC were found to lie within a
15-bp region contained within the 26-bp region protected by NAC from DNase I digestion. This 15-bp core has
the palindromic ends ATA and TAT, and it matches the consensus for LysR family transcriptional regulators.
Protein-binding experiments showed that transcriptional activation in vivo decreased with decreasing binding
in vitro. In contrast to the NAC-binding site from hutUH, the NAC-binding site from the gdhA promoter failed
to activate transcription from a semisynthetic promoter, and this failure was not due to weak binding or greatly
distorted protein-DNA structure. Mutations in the promoter-proximal half-site of the NAC-binding site from
gdhA allowed this site to activate transcription. Similar studies using the NAC-binding site from hut showed
that two mutations in the promoter proximal half-site increased binding but abolished transcriptional acti-
vation. Interestingly, for symmetric mutations in the promoter-distal half-site, loss of transcriptional activa-
tion was always correlated with a decrease in binding. We conclude from these observations that if the binding
in vitro reflects the binding in vivo, then binding of NAC to DNA is not sufficient for transcriptional activation
and that the NAC-binding site can be functionally divided in two half-sites, with related but different functions.

The enteric bacterium Klebsiella aerogenes can use a variety
of organic and inorganic sources of nitrogen, with ammonium
being the preferred source. If the ammonium concentration in
the growth medium is low, several operons are derepressed
(reviewed in reference 20). The protein products of these ni-
trogen-regulated operons allow the catabolism of alternative
nitrogen sources, such as amino acids and urea. The cellular
sensitivity to a variable nitrogen concentration is provided by
the Ntr system, a regulatory network built around a two-com-
ponent system and using an RNA polymerase carrying the
unusual sigma factor 054 (reviewed in reference 34). All ni-
trogen-regulated operons in K. aerogenes require a functional
Ntr system. Some operons need not only the Ntr system but
also an additional transcription factor, the nitrogen assimila-
tion control protein (NAC) (2—-4). The nac gene is under pos-
itive regulation by the Ntr system and couples the o54-depen-
dent regulation of the Ntr system to the expression of ¢70-
dependent operons (11).

The NAC polypeptide is a member of the LysR family of
trans-acting transcriptional regulators (31, 32), and it has been
shown to be both necessary and sufficient for the activation of
several operons that produce ammonia or glutamate through
the catabolism of organic molecules (19, 33). Among these
operons are histidine utilization (hut), proline utilization (put),
urea degradation (ure), and possibly D-amino acid dehydroge-
nase (dad) (16). NAC also represses both its own expression
(12) and the expression of operons that consume ammonia:
glutamate dehydrogenase (gdhA) and glutamate syntethase
(gltBD) (33). The best-characterized example of transcriptional
activation by NAC is the hutU promoter (hutUp). Activation of
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this promoter by NAC has been demonstrated in vitro with
purified components and requires a single binding site located
upstream from the promoter (14). This binding site has been
defined by the gel mobility shift assay and by NAC-mediated
protection of the site from DNase I digestion. These studies
show that NAC binds to a 26-bp fragment at ~utUp. This 26-bp
fragment from hutUp is sufficient to confer regulation by NAC
to a variety of semisynthetic promoters (28). DNase I protec-
tion experiments showed that NAC binds in the promoter
regions of other Ntr-activated promoters. Sequence alignment
of the NAC-protected regions from the hut, put, and ure pro-
moters revealed a 15-bp consensus sequence for NAC binding:
5'-ATAP-N;-WNTYGTAT-3' (P, purine; Y, pyrimidine; W, A
or T) (14). The NAC consensus fits the general LysR family
consensus 5'-A-N,;-T-3" (31). In all promoters activated by
NAC in K. aerogenes, this 15-bp sequence is positioned with its
center at —64 relative to the transcriptional start site.

In this work, we have isolated and characterized mutations in
the DNase I-protected region of AutUp that identify key nucleo-
tides for protein-DNA interaction and transcriptional activation.

MATERIALS AND METHODS

Strains and plasmids. K. aerogenes KC2668 (hutC515 A[bla]-2) was used in all
experiments as a host for wild-type and mutant plasmids. Escherichia coli DH5a
(Gibco BRL) was used as an intermediary host to select ligation products and for
long-term storage of plasmids. The fusion vector pRJ800 (ColE1 replicon, Amp*,
multiple cloning site from pUCI8, promoterless lacZ reporter), a derivative of
pRZ5202 (29), was used to clone all the PCR products. The cloning into the
pRIJB00 polylinker created transcriptional fusions of the PCR products with the
plasmid-borne reporter lacZ gene.

Random mutagenesis of the NAC-binding site of hutUp. The NAC site from
the hutU promoter was mutagenized with degenerate oligonucleotides as PCR
primers by the method of Chiang et al. (9). Briefly, the region to be mutagenized
was synthesized under conditions in which the three non-wild-type deoxynucleo-
side triphosphates were present at a low frequency (9% non-wild-type nucleo-
tides) in order to introduce degeneracy into the oligonucleotides synthesized.
The sequence of the oligonucleotide was GATTACGAATTCGGACGcaatataa
caaaattgtatcattct GTTAAAATCCTG, where a lowercase letter signifies a posi-
tion subjected to mutagenesis. The degenerate oligonucleotides were synthesized
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at the University of Michigan Biomedical Research Core Facilities. These de-
generate oligonucleotides were used as one primer to amplify the AutU promoter
region with pRO80 (26) as the DNA template along with an opposing primer
homologous to vector DNA sequence. PCR conditions are described below. The
resulting PCR product was separated from other material by agarose gel elec-
trophoresis, digested with EcoRI and HindIII, and ligated to pRJ800 digested
with the same enzymes. The resulting plasmids fused the mutagenized hutUp
from position —79 to +59 to the lacZ reporter gene of pRJ800. E. coli DH5a was
transformed with these plasmids, and the DNA sequence of the cloned material
was determined as described below. Mutant plasmids of interest were moved into
K. aerogenes KC2668 by transformation for in vivo analysis.

Oligonucleotide-directed mutagenesis. Single or multiple changes were intro-
duced in the NAC-binding sites contained in plasmids pCB648(hutUp-lacZp
chimera), pCB803 (gdhAp-lacZp chimera), and pCB886 (hutUp) by the amplifi-
cation of template DNA with mutant primers. The PCR-mix contained plasmid
template (0.5 mg), 0.2 mM (each) deoxynucleoside triphosphate, 1.5 mM MgCl,,
and 0.5 U of Tag DNA polymerase (Gibco BRL). Each PCR yielded a major
product that was purified by electroelution from agarose gels or by using Qia-
quick Spin Columns (Qiagen), digested with EcoRI and Xbal, and ligated into
pRJ800. The nucleotide sequences of the cloned PCR products were determined
by the chain termination method by using a kit purchased from United States
Biomedical. Sequenced clones were used to obtain secondary transformants of
KC2668, and these secondary transformants were used for all the in vivo exper-
iments.

DNA manipulation. Plasmid DNA purification by alkaline lysis or Qiaprep
Spin Columns (Qiagen), DNA digestion with restriction endonucleases, DNA
ligation, DNA electrophoresis in agarose and polyacrylamide gels, and cell trans-
formation were performed by standard protocols (21).

Growth conditions. Cell cultures were grown in a roller drum at 30°C to
approximately 50 Klett units in W phosphate medium (1) brought to pH 7.4 with
KOH, supplemented with glucose (0.4%; Sigma) as a carbon source. Freshly
made glutamine (0.2%; Calbiochem) was used as a growth-limiting nitrogen
source. Ammonium sulfate (0.2%; Sigma) was added where indicated as a ni-
trogen-excess condition. Ampicillin (Sigma) was added at a concentration of 100
wg/ml when required.

Enzyme assays. The B-galactosidase assays were performed as described by
Miller (22) except that cells were made permeable with 0.2% hexadecyl trimeth-
ylammonium bromide and 0.02% sodium deoxycholate. Activities were reported
as Miller units or specific activity (units/milligram of protein) by the method of
Lowry et al. (18) to measure protein concentration.

Gel mobility shift assay. The plasmids containing wild-type and mutant NAC
sites were incubated with Xbal, labeled with Klenow fragment and [*°P]dATP,
and digested with EcoRI. The specific activity of labeled plasmids was 5 X 103 =
6 % 10? cpm/fmol (+ standard deviation). Labeled fragments were incubated
with purified NAC or NAC dilution buffer 6 (14) and a 10-fold excess of calf
thymus DNA in a total volume of 5 pl. The binding mixtures were incubated for
20 min at room temperature, and after this time 1 pl of DNA loading buffer was
added. Each reaction was loaded into a Tris-EDTA 4% polyacrylamide gel, and
the fragments were separated at 13.3 V/cm by using a Hoeffer electrophoresis
chamber. The gel was transferred to 3MM filter paper and dried. Autoradio-
grams were obtained by exposing radiographic films at —70°C with an intensi-
fying screen. Films were developed in an X-Omat developer. The radioactivity
associated with a particular band was measured by excising it from the trans-
ferred gels and measuring the radioactivity in a liquid scintillation counter.

DNase I protection assay. The general procedure we followed was described
previously (5). The target DNA fragments were prepared by Qiaprep Spin
Columns, digested with Xbal, labeled with Klenow fragment and [*?P]dATP
(ICN Biomedicals), and digested with HindIII. Labeled fragments were divided
into aliquots containing 3 X 10° cpm for each binding reaction. Binding reactions
were composed of 10 pl of labeled DNA (14 fmol/ul), 10 ul of calf thymus DNA
(0.05 pg/pl), 10 wl of either buffer 6 or NAC protein dilution, and 20 .l of H20
and were incubated at room temperature for 20 min. Each incubated mix was
exposed to DNase I at 37°C for 20 s. The digested products were resolved in an
8% polyacrylamide gel containing 7 M urea.

RESULTS

Randomized oligonucleotide mutagenesis of the hutU pro-
moter defines key residues for activation by NAC. Purified
NAC protects a 26-bp region of the AutU promoter from
DNase I digestion (14). This NAC-protected hutUp sequence
was mutagenized by PCR amplification as described in Mate-
rials and Methods, and the DNA sequence of 100 mutagenized
plasmids was determined. A set of 29 clones containing muta-
tions within the 26-bp NAC-binding site was selected for fur-
ther analysis. A few changes that were absent from the random
mutant set were produced by oligonucleotide-directed mu-
tagenesis (see Materials and Methods). K. aerogenes KC2668
was transformed with each of the mutant clones, and liquid
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cultures of the transformants were grown under nitrogen ex-
cess (+N) or nitrogen starvation (—N) conditions as described
in Materials and Methods. The B-galactosidase activity reflect-
ing the activity of each promoter was measured in both con-
ditions. Figure 1A shows the effect of nucleotide changes out-
side the consensus sequence. The sequence of clone V16
corresponds to the wild-type NAC-binding site and served as
positive control. Mutations that lie to the left or right of the
15-bp sequence had little or no effect on the activated (—N)
levels of transcription from hutUp. In contrast, Fig. 1B shows
that several of the mutations within the 15-bp consensus did
affect the activated levels of transcription from AutUp. Mutants
with changes in the trimers ATA (positions 1, 2, and 3) and
TAT (positions 13, 14, and 15) showed a 3- to 10-fold decrease
in transcriptional activation relative to the wild type (clone
V16). The A4C change in position 4 also caused a decrease in
transcriptional activation (mutant V1). Mutations at positions
5 and 11 caused increased levels of transcriptional activation
(mutants W2 and V7). Mutants with changes at the center of
symmetry (A8G and A8T) did not show significant changes in
activation (mutants W11 and Z1). Finally, changes at positions
6, 7,9, and 12 reduced the degree of transcriptional activation
about twofold.

Several mutants from this set were selected for use in gel
mobility shift assays. A qualitative estimate of the relative
affinity of each mutant binding site was made by measuring the
radioactivity associated with the shifted band as a percentage
of the total target radioactivity (Fig. 2A). The amount of NAC
used in the experiment was adjusted so that about 50% of the
wild-type site was shifted under these conditions. Thus mutant
sites that show less than 50% shifted are assumed to have
weaker affinity than wild type, and those that show more than
50% shifted are assumed to have stronger affinity than wild
type. In all but one of the cases analyzed (mutant W14), the
percentage bound in the gel mobility shift assay was related to
the level of B-galactosidase expression: the greater the per-
centage shifted, the higher the B-galactosidase expression un-
der activating conditions (Fig. 2B). Although these data are
qualitative estimates at best, this relationship seemed to sug-
gest that transcriptional activation by NAC simply requires a
binding site adjacent to RNA polymerase.

Thus, we conclude that the minimal NAC-binding site is a
15-bp fragment with the palindromic ends ATA and TAT. It is
important to remember that none of the changes in the ATA
and TAT trimers occurred in the absence of other changes.
Nevertheless, changes outside this region had small effects on
transcriptional activation, whereas changes within this region
could have considerable effects on transcriptional activation.
Particularly interesting is the A at position 4: a change to C
(mutant V1) decreased binding and activation to levels as low
as mutations in the palindromic ends. Interestingly, changes at
the symmetric position G12 did not have so strong an effect,
suggesting that the two sides of the binding site might be
contacted differently by NAC. Note that the amount of B-ga-
lactosidase expression under activation conditions is nearly the
same for all three mutations at position G12. The differences in
activation ratios resulted from an unexplained effect on the
basal level of expression, which is particularly noticeable for
the mutation G12T.

Binding to DNA by NAC is not sufficient for transcriptional
activation. The low binding affinity of the mutant Z6 (T13G)
was a surprising result, since some NAC-binding sites have the
general form ATA-N,-GAT (14a, 23). Interestingly, the NAC-
binding sites with this sequence pattern are involved in tran-
scriptional repression and do not match the consensus se-
quence deduced from NAC-activated promoters. In order to
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B-~galactosidase Ratio
+N -N
792 £ 216 11,045 + 1,611 14
868 * 106 12,439 £ 2,343 14
819 % 101 12,423 £ 1,210 15
787 * 134 9,100 + 1,411 12
713 £+ 47 11,535 * 759 16
736 £ 83 9,603 £ 310 13
1,310 x 187 12,911 + 2,949 10
511 + 83 12,516 * 1,883 24
+N -N Ratio

792 + 216 11,045 + 1,611 14
1,192 + 125 1,586 * 116 1.3
1,214 = 121 1,756 + 221 1.4
511 + 80 1,072 = 8 2.1
740 + 223 2,799 t 208 3.8
422 + 100 14,399 + 2,018 34
448 * 39 6,946 £ 771 16
484 + 99 4,738 + 823 9.8
418 * 48 10,387 * 390 25
742 * 208 10,369 + 568 14
435 * 48 6,538 + 899 15
457 73 8,813 + 176 19
623 * 183 11,229 = 1,131 18
418 = 8 13,313 + 591 32
735 + 186 7,008 £ 1,127 9.5
955 + 161 6,457 £ 813 6.8
1303 + 163 6,551 * 693 5.0
407 £ 85 2,292 £ 279 5.6
711 + 79 1,381 % 262 1.9
1,183 + 364 3,259 + 461 2.8
597 + 45 3,203 + 381 5.4
292 + 65 955 + 50 3.3

FIG. 1. Nucleotide changes introduced in the NAC-binding site from the hutU promoter and their effects on transcriptional activation. The clone designation is on
the left. The wild-type sequence is shown at the top, and at the right are the B-galactosidase activities expressed in Miller units for each mutant grown under nitrogen
excess (+N) or nitrogen limitation (—N) conditions. Values are the averages and standard deviations of at least three independent experiments. Ratio, —N/+N. Vertical
lines indicate unchanged nucleotides. (A) Changes outside the 15-bp core. (B) Changes inside the 15-bp core.

test whether NAC could bind to a site with this sequence and
activate transcription from a site with this sequence, we con-
structed a chimeric promoter using a NAC-binding site from
the gdhA promoter (gdhAp) placed at position —64 from the
transcriptional start site of the lacPl promoter from E. coli
(pCB803) (30). The construction of pCB803 is sketched in Fig.
3A. As a control, we used a chimeric promoter with the NAC-
binding site from hutUp placed at position —64 from lacP1
(pCB648) (28). Both constructs were used to transform
KC2668 to ampicillin resistance, and cultures of the Amp"
transformants were grown under conditions of nitrogen excess
and nitrogen limitation. Figure 3B shows that while the hutUp-
lacp chimera was activated more than 20-fold, the gdhAp-lacp
chimera was not activated by nitrogen starvation at all.

The lack of activation of the gdhAp-lacp chimera might have
resulted from poor binding of NAC to this particular construct.
To test this possibility, we obtained a qualitative estimate of
the binding of NAC to the gdhAp-lacp and hutUp-lacp chime-

ras by gel mobility shift assay. Figure 4 shows that the mobility
shift profiles of the two constructs were very similar, indicating
that there are no major differences in the in vitro binding
between these two NAC-binding sites. In a control experiment,
a DNA fragment containing the wild-type lac promoter
showed no mobility shift when incubated with the same NAC
concentrations (data not shown).

It has been previously shown that transcriptional activation
by NAC is strongly dependent on correct distance between the
NAC-binding site and the promoter core (28). If NAC were
binding to the gdhAp site in a displaced manner, then tran-
scriptional activation could be hindered. We tested this possi-
bility by performing DNase I protection assays, comparing the
NAC-binding sites from gdhAp and hutUp. The results are
shown in Fig. 5. The NAC footprints on the two constructs
were similar. The regions protected by NAC in both constructs
were of equal length and equal limits. Neither footprint
showed evidence of extensive DNA torsional stress, with the
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FIG. 2. (A) Binding of NAC-binding site mutants from hutUp analyzed by gel mobility shift assay. The mutant NAC-binding sites were labeled with 3P and
incubated with NAC protein (0.28 wM). Bound and unbound fragments were separated by polyacrylamide gel electrophoresis. The radioactivity in each band was
measured as described in Materials and Methods. (B) Correlation between protein binding and transcriptional activation for AutUp NAC-binding site mutants. The
graph plots the activated levels of B-galactosidase (grown under nitrogen limitation) from Fig. 1B, and the binding percentages (normalized to clone V16 which was

49%) for the analyzed NAC binding-site mutants from panel A.

exception of a pair of hypersensitive sites right at the promot-
er-proximal end of the protected region. Therefore, it is un-
likely that NAC is binding “out of register” at the gdhAp site.

We conclude from this set of experiments that the NAC-
binding site from gdhAp did not allow transcriptional activation
even though it seemed to have at least as high an affinity for
NAC as the site from hutUp. Furthermore, the DNase I foot-
prints failed to indicate any major structural differences be-
tween the protein-DNA complexes formed by NAC bound to
the gdhAp site and NAC bound to the hutUp site.

Directed mutagenesis of the NAC-binding site from the
gdhA promoter reveals residues important for transcriptional
activation. To test the hypothesis that the sequence of a NAC-
binding site can modulate the ability of the NAC protein to

A
<+ NAGC»>4+— 35lacPl —_—
'I: 10 4y g
/ \\\
/ S } lacZ

/ T

/ Tl

/ .

/ F» — pCB803
GAATTCCAACCATAAGGGGAACTGATATCTATTAGGCACCCCAGGCTTTAC, /adhap-iaczp)

GAATTCAATATAACAAAATTGTATCATTTCTFGGCACCCCAGGC TTACA pCB648
(hutUp-lacZp)

activate transcription, we constructed a series of mutants of the
gdhAp NAC-binding site. Our rationale was that if a particular
set of nucleotides in the gdhAp binding site blocks activation,
the replacement of these nucleotides with their positional
equivalents from the hutUp NAC-binding site should release
the putative barrier. With pCB803 as template, single or mul-
tiple mutations were introduced into the gdhAp NAC-binding
site by PCR amplification with mutagenic primers. The PCR
products were purified and cloned into pRJ800, and their nu-
cleotide sequences were determined. The confirmed mutants
were used to transform KC2668 to ampicillin resistance, and
cultures of the transformants were grown under nitrogen ex-
cess and nitrogen limitation conditions. The degree of tran-
scriptional activation in each mutant was estimated in vivo by

B
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FIG. 3. Construction and transcriptional activation from two chimeric promoters. (A) Two different NAC-binding sites were placed upstream of the lacZ promoter
(centered at —64). The 15-bp core of each NAC-binding site is indicated in bold type. The EcoRI restriction sites introduced by the mutagenic primers are underlined.
(B) Transcriptional activation from the chimeric hutUp-lacZp and gdhAp-lacZp promoters. The bars indicate the specific activities of B-galactosidase for each construct
under either nitrogen excess (+N) or nitrogen limitation (—N) conditions. Values are the averages of at least three independent experiments.
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FIG. 4. NAC binding to the hutUp-lacZp and gdhAp-lacZp chimeric promot-
ers. Restriction fragments from plasmids containing the NAC-binding sites were
purified, labeled with 32P, and incubated with NAC protein. Bound and unbound
fragments were separated by polyacrylamide gel electrophoresis. The concentra-
tions of purified NAC used were 0, 0.02, 0.04, 0.08, 0.17, 0.34, and 0.67 wM.

the —N/+N ratio of B-galactosidase activities. The results are
shown in Table 1. The ability of each site to bind NAC was
estimated by gel mobility shift assay, and the results are shown
in Fig. 6. The clone pCB830 shows that when the 15-bp core of
the NAC-binding site from gdhAp was altered to match the
NAC-binding site from hutUp, the resulting construct had a
transcriptional activation similar to that provided by the AutUp
NAC-binding site. This similarity shows that the sequence of
the binding site itself regulates the ability of NAC to activate
transcription, and that this regulation requires, but is not lim-
ited to, protein-DNA binding. This result also confirmed that
the essential determinants for activation are contained within
the 15-nucleotide core.

Several other changes showed little or no increase in tran-
scriptional activation compared with pCB803, as in clones
pCB804, -805, and -806. These three mutant sites bound NAC
at least as well as the site in pCB803, but NAC showed virtually
no activation of transcription from these sites. Thus even mu-
tations that increase the binding of NAC to a site do not
necessarily increase the ability of NAC bound there to activate
transcription.

Clone pCB829 showed poor binding, consistent with the
result observed for clone Z6 (T13G) in Fig. 2, and very little
activation of transcription by NAC. Clone pCB850 showed that
the replacement of the nucleotides TG at positions 12 and 13
with the nucleotides GT was sufficient to restore some tran-
scriptional activation capability. Although an additional
change of the GG at positions 5 and 6 with CA did not further
increase transcriptional activation (clone pCB950), a change
from A to T at position 10 (clone pCB951) resulted in the
recovery of even more activation. Clones pCB850, -950, and
-951 had affinities for NAC similar to the affinity of the gdhAp
site, and thus the increased transcriptional activation observed
in these clones compared to pCB803 could not be explained in
terms of increased relative binding.

Mutations at the promoter-proximal half-site from hutUp
uncouple NAC-mediated transcriptional activation and NAC
binding. Mutations that rendered the NAC-binding site from
gdhAp functional without increasing DNA-binding affinity
were clustered on the promoter-proximal side of the binding

J. BACTERIOL.

site. This asymmetry suggests that the binding site contains two
types of determinants. The first type affects binding and was
clustered at the two ends of the binding site (ATA and TAT).
The second type might modulate transcriptional activation in
addition to binding. This second type was located near the pro-
moter-proximal end of the binding site, at positions 10, 11, and 12.

To test the possibility that positions 10, 11, and 12 might
modulate transcriptional activation by a mechanism indepen-
dent of binding, we constructed a series of mutant binding sites
by introducing mutations in the NAC-binding site from AutUp.
The mutations were introduced by oligonucleotide-directed
mutagenic PCR with pCB648 as template. The resulting mu-
tants were cloned into pRJ800, and the plasmids carrying each
mutant chimeric promoter were used to transform KC2668 to
Amp". Transcriptional activation was measured by the —N/+N
ratio of B-galactosidase activity of each culture. The ability of
each clone to bind NAC was determined by gel mobility shift
assay. The results are shown in Table 2 and Fig. 7. The site in
clone pCB831 has the nucleotides at positions 10, 11, and 12
replaced by the positional equivalents from the gdhA NAC-
binding site. Interestingly, it showed more binding than the site
in pCB648 but reduced transcriptional activation more than
fivefold. The site in clone pCB853 is a simple inversion of the
15-bp consensus region from the AutUp NAC site. This muta-
tion reduced the ability of NAC to activate transcription from
22-fold to 2-fold, effectively abolishing activation, even though
NAC bound almost as well to this site as to the site from
pCB648. This result suggested that the NAC-DNA complex is
functionally asymmetric and that the 5’ to 3’ polarity of the site
is important for binding.

The sites in clones pCB899 and pCB900 increase the overall
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FIG. 5. DNase I footprints of NAC on the hutUp-lacZp and gdhAp-lacZp
chimeric promoters. The plasmids containing the NAC-binding sites were puri-
fied, labeled, incubated with NAC protein, incubated with DNase I, and resolved
in a polyacrylamide gel as explained in Materials and Methods. The final NAC
concentrations used were 0, 0.134, and 0.670 .M. The first and last lanes show
the products of Maxam-Gilbert sequencing reactions for the NAC targets on the
hutUp-lacZp and gdhAp-lacZp promoter, respectively. Hypersensitive sites are indi-
cated by arrows. The region protected by NAC in each construct is underlined.
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TABLE 1. Transcriptional activation and binding in gdhA-lacZ chimeric promoters by NAC
. s B-Gal sp act (U/mg of
Clone Nucleotide at position®: protein)? /tzt;;légy t[){lil;ltrll;?,
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 +N -N
803 AT A A G G G G A A T G A T 53 £38 54 +29 1.0 1.0
830 AT A A c a a a A t t A T 93 =35 2,048 + 782 22 1.2
804 A T A A G G G G A A T t A T 46 £21 46 = 17 1.0 1.3
805 A T A A c a a a A A C T G A T 80*22 100 = 20 1.3 14
806 AT A A c a a a A A C T t A T 54 =26 106 + 56 2.0 1.6
829 A T A A G G G G A t t g G A T 49=10 124 + 62 2.5 0.2
850 AT A A G G G G A A g t A T 44=3 303 =18 6.9 1.3
950 AT A A c a G G A A C g t A T 82%+30 355 =53 43 1.0
951 AT A A G G G G A t C g t A T 55%5 807 = 287 15 1.3
¢ Altered nucleotides in the 15-bp core of the NAC-binding site are shown as lowercase letters.
® Values are means * standard deviations from three independent experiments. 3-Gal, B-galactosidase.
¢ Ratio of the activated (—N) to the basal (+N) value.
4 Percentage of shifted counts of each mutant normalized to the percentage of shifted counts in the wild type (pCB803).
No
NAC NAC DISCUSSION
The NAC-binding site from the AutU promoter is a 26-bp
Vector e 1 fragment protected by NAC from DNase I digestion and con-
et - . . ——— e —— tair%s a ISPbp core cht is necessary for transé;riptional activa-
tion by NAC. The key nucleotides that modulate protein bind-
ing all lie within this 15-bp core, between and including the
highly conserved palindromic outer ends ATA and TAT.
These results are consistent with the observation that in vivo
binding of NAC to the put promoter is impaired by mutations
Bound at the ATA and TAT trimers (8) and also with the consensus
Target - - - - - — sequence deduced from three known sites from which NAC
can activate transcription (14). The 15-bp core is also sufficient
for transcriptional activation by NAC, as shown by clone
Free : pCB830, which has the 15-bp core sequence from the hutUp
Target | s e s s S D - but the flanking sequences of gdhAp. The sequences outside
the 15-bp core play at most a minor role in modulating tran-
scriptional activation, since mutations in the flanking regions

Plasmid 803 803 830 804 805 806 829 850 950 951
% Bound 47 57 66 73 77 9 61 49 62

FIG. 6. Transcriptional activation and protein binding in gdhA-lacZ chimeric
promoters by NAC. Protein binding to the gdhAp-lacZp chimeric promoters is
shown. Gel mobility shift assays were performed as described for Fig. 4 with
purified NAC at a concentration of 0.28 pM.

symmetry of the NAC binding site by two nucleotides. Clone
pCB899 (with changes in the promoter-distal half of the site)
lost part of the binding affinity and also lost part of the acti-
vation. In contrast, clone pCB900 (with changes in the pro-
moter-proximal half of the site) gained binding affinity but lost
part of the activation. The constructs pCB901 and pCB902
extend the overall symmetry of the NAC-binding site by only
one nucleotide. As seen with constructs pCB899 and -900, a
change on the promoter-distal side that increased the overall
symmetry caused a decrease in transcriptional activation with a
concurrent loss of binding (pCB902). In contrast, a change on
the promoter-proximal side that increased the overall symme-
try caused a noticeable decrease in transcriptional activation
without a large decrease in binding (pCB901). Finally, three
mutant sites showed a decrease in binding that correlated with
a decrease in activation. These included A8C (pCB952), which
altered the central nucleotide which is conserved in many NAC
sites, a mutant site that scrambled the nucleotides but kept the
same base composition (pCB903, which reversed the sequence
without reversing the 5’ to 3’ orientation), and T10C (pCB953).

did not result in significant changes in the ability of NAC to
activate B-galactosidase expression. We have established here
that the binding of NAC to this site is essential for transcrip-
tional activation. Therefore, differential binding affinity of a
site for NAC probably results in differential sensitivity to in
vivo regulation by NAC. However, an important limitation of
these binding studies is that the binding in vitro might not fully
reflect the binding in vivo. It is possible that the presence of
bound RNA polymerase could modify the binding of NAC for
a given binding site (14).

Several observations argue that the binding of NAC is not
sufficient for transcriptional activation. First, we have demon-
strated that the NAC-binding site from gdhAp does not allow
transcriptional activation by NAC, despite the similarity be-
tween the gdhAp and the hutUp sites in binding affinity and
footprint. The inability of the gdhA site to activate transcrip-
tion upon NAC binding shows that DNA binding is not suffi-
cient for transcriptional activation. Second, changing nucleo-
tides at positions 10, 12, and 13 in the NAC-binding site from
gdhA to their positional equivalents from hutU (pCB951 in
Table 1) renders the gdhAp site functional without increasing
binding affinity. Third, mutations altering the promoter-prox-
imal side of the binding site from AutUp (pCB831 and pCB900)
decreased transcriptional activation but increased binding.
Similarly, the mutant pCB901, with a single substitution
(G12T), showed a 10-fold decrease in transcriptional activa-
tion but a small loss of binding (less than twofold). Our results
are consistent with the observations by Byerly et al. (7), who
found mutations in the binding site for MetR that uncouple
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TABLE 2. Transcriptional activation and binding in AutU-lacZ chimeric promoters by NAC

Nucleotide at position®:

B-Gal sp act

(U/mg of protein)” Activity Relative

Clone .. g
ratio binding
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 +N -N
648 A T A A C A A A A T T G T A T 58x24 1,297 = 137 22 1.0
807 A T A A C A A A A T T G g A T 37x18 58 12 1.6 0.1
808 A T A A g g g g A T T G T A T 52*16 305 = 81 5.9 0.4
831 A T A A C A A A A a c t T A T 59 =36 208 = 34 35 2.0
853 A T A c a A t t t T g T A T 95 =15 172 = 81 1.8 0.7
899 A T A c a A A A A T T G T A T 44=x9 328 = 186 7.5 0.2
902 A T A c C A A A A T T G T A T 6719 287 + 122 43 0.2
901 A T A A C A A A A T T t T A T 57*15 143 + 26 2.5 0.6
900 A T A A C A A A A T g t T A T 65*35 536 = 320 8.2 1.6
903 t a t g t t A A A a c a t a 42 =2 515 1.2 0.1
952 A T A A C A A c A T T G T A T 57x27 437 = 112 7.7 0.2
953 A T A A C A A A A c T G T A T 53+25 856 = 276 16 0.4

¢ Altered nucleotides in the 15-bp core of the NAC-binding site are shown as lowercase letters.
b Values are means * standard deviations from three independent experiments. B-Gal, B-galactosidase.

¢ Ratio of the activated (—N) to the basal (+N) value.

4 Percentage of shifted counts of each mutant normalized to the percentage of shifted counts in the wild type (pCB648).

No
NAC NAC — =
[ - — P o o ]

Yotor| G- - -
Bound
Target - - D e - - -
Free |
Targe| WP EDES S - -

Plasmid 648 648 807 808 831 853 899 900 901 902 903 952 953
% Bound 46 4 20 9 31 11 75 28 9 3 9 18

FIG. 7. Transcriptional activation and protein binding in AutU-lacZ chimeric
promoters. Protein binding to the hutUp-lacZp chimeric promoters is shown. Gel

mobility shift assays were performed as described for Fig. 4 with purified NAC at
a concentration of 0.34 nM.

DNA binding and transcriptional activation of the metH gene.
Gao and Gussin found similar mutations in the binding site for
Trpl at the rpAB operon (13). Interestingly, two of the muta-
tions at the MetR binding site were located in symmetric po-
sitions, adjacent to the trinucleotide ends that determine pro-
tein binding (7). It is important to note that no single
substitution at the AutU NAC-binding site clearly uncoupled
NAC binding and transcriptional activation (Fig. 1B and 2).
The most important conclusion from these data is that the
sequence of the promoter-proximal half of the NAC-binding
site from hutUp is important for transcriptional activation. The
functional importance of the promoter-proximal half-site was
already suggested by the activation consensus ATAP-N;-WNT
YGTAT, deduced before this study. In this consensus se-
quence, the promoter-distal half-site has three conserved
bases, while the promoter-proximal half-site has five conserved
bases. Figure 8 summarizes the key observations relevant to
this point. An inverted NAC site does not allow transcriptional
activation and has only a slight decrease in binding. A NAC-
binding site with two promoter-proximal half-sites is a very
poor binder, while a site with two promoter-distal half-sites
binds better than a wild-type site but shows decreased tran-

scriptional activation. These results show that the two halves of
the binding site have different sequences for different roles: the
promoter-proximal half includes elements necessary for tran-
scriptional activation as well as protein binding, while the pro-
moter-distal half seems dedicated to protein binding.

Clones pCB831, pCB901, and pCBY00 can be thought of as
cis-acting positive control mutants because they contain muta-
tions that leave the ability to form a NAC-DNA complex intact
but reduce the ability to activate transcription efficiently. We
propose that the most likely cause and the simplest explanation
for the inability to activate transcription from the mutant
NAC-binding sites is the blocking or absence of some unknown
but probable contact between NAC and RNA polymerase.
Several independent lines of indirect evidence suggest that
transcriptional activation by NAC involves protein-protein in-
teraction with RNA polymerase. First, the binding of RNA
polymerase and NAC to the hutUp seem to be synergistic (14).
Second, location of the NAC-binding site has shown a strong
face-of-the-helix dependence for transcriptional activation

Binding Activation
1.0 22
7
1 /f/ TAT 7 2.0
0.2 7.5
1.6 8.2

FIG. 8. Functional nonequivalence of the half-sites in the NAC-binding site
from hutUp. Each mutant site is drawn as composed by two half-sites. In the
wild-type site (pCB648), the promoter-distal half-site is shaded and the promot-
er-proximal half-site is not. Each mutant site is a different combination of these
two half-sites. The binding and activation values were taken from Table 2.
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(28). Third, the rpoA mutant E261K shows decreased in vivo
activation of a hutU-lac chimeric promoter in E. coli (28a).
Fourth, transcriptional activation by several other LysR family
proteins (CatR, Trpl, and OxyR) has been shown to be de-
pendent on an intact o subunit of RNA polymerase (10, 15,
and 35 and 36, respectively). If NAC also requires direct phys-
ical contact with RNA polymerase for transcriptional activa-
tion, then a slight variation in NAC conformation might hinder
the proper protein-protein interaction. Conformational changes
induced in the protein in response to DNA binding have been
demonstrated for the restriction enzyme BamHI (24) and the
eukaryotic transcription factor Ets-1 (27).

Extensive genetic and biochemical work involving the catab-
olite activator protein (17) has shown the importance of ex-
posed protein surfaces making contact in transcriptional com-
plexes (25; also reviewed in reference 6). The structure of the
NAC-binding site suggests that although NAC is most proba-
bly a symmetric dimer, the NAC-DNA complex might be
asymmetric, and therefore the exposed surfaces of the NAC
dimer might be somewhat different at either side of the bound
molecule. This simple proposition explains the observations
that an inverted NAC site failed to activate transcription and
that mutations on the promoter-proximal side that increased
the overall symmetry of the NAC-binding site actually de-
creased transcriptional activation by NAC.

Little is known about how NAC represses transcription from
o70-dependent promoters. However, as both activation and
repression require NAC binding to DNA (14a), it is difficult to
ignore the similarities and differences between the NAC sites
involved in activation and the NAC sites involved in repres-
sion. NAC-binding sites involved in repression have the same
promoter-distal half-sites as activation sites (ATAA), while
having different promoter-proximal half-sites (NNtGAT for
repression versus TYGTAT for activation (14a, 23). If the
promoter-proximal half-site modulates the conformation or
orientation of the NAC-DNA complex, then different se-
quences might determine different functions for the NAC-
DNA complex.
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