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Abstract

The NarL response regulatory protein of Escherichia coli has been engineered by covalent modification with
1,10-phenanthroline (OP) to create a set of site-specific DNA-cleaving agents. This was accomplished by
introducing single cysteine amino acid replacements at selected locations within the carboxy-terminal
DNA-binding domain in or nearby the helix 8 to helix 9 region of the NarL protein using site-directed
mutagenesis. Of 18 modified NarL-OP proteins made, 13 retained the ability to bind DNA as evidenced by
gel mobility assays, whereas 10 of the 1,10-phenanthroline-modified proteins also exhibited specific cleav-
age activity for a synthetic NarL recognition sequence. These DNA-cleaving agents were divided into two
groups based on the location of the cleavage sites. The first class set cleaved the DNA nearby the center of
a synthetic 7–2–7 sequence composed of two NarL heptamer sites separated by a 2-bp spacer element. The
second class cut the DNA at the periphery of the 7–2–7 sequence. The cleavage data are consistent with the
ability of two NarL monomers to recognize and bind to the DNA in a head-to-head orientation. A second
set of DNA-cleaving agents was constructed using the carboxy-terminal domain of NarL called NarLC.
Similar cleavage patterns were observed whether full-length NarL or NarLC was used. The availability of
1,10-phenanthroline-modified NarL and NarLC proteins opens up the possibility to explore the position,
orientation, and number of NarL recognition sites at E. coli promoters predicted to contain multiple and
complex arrangements of NarL-binding sites.
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The NarL DNA-binding protein of Escherichia coli is a
prototypical response regulatory protein involved in nitrate-
dependent global control of gene expression during anaero-
bic cell growth conditions. NarL is representative of a large

class of bacterial DNA-binding proteins called response
regulators, which along with their cognate sensor transmit-
ter proteins, make up distinct two-component regulatory
systems (Parkinson and Kofoid 1992; Parkinson 1993).
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NarL operates along with a companion response regulator
called NarP, and two sensor transmitters, NarX and NarQ
(Stewart and Rabin 1995),that can independently detect the
presence of submicromolar levels of nitrate if present in the
cell environment (Lee et al. 1999; Wang et al. 1999). When
the respiratory substrate is present, NarX and NarQ auto-
phosphorylate, and in turn activate NarL by the transfer of
phosphate to aspartic acid located at position 59. This co-
valent modification somehow alters the conformation of
NarL to allow it to recognize and bind DNA. NarL-phos-
phate then acts to modulate gene expression by either the
positive or negative control of transcription.

The genes targeted by NarL include those involved in
anaerobic respiration to a variety of substrates, and genes
needed for the fermentation of simple organic compounds
(Gunsalus 1992; Gunsalus and Park 1994; Darwin and
Stewart 1996). The NarL protein subfamily, also called the
FixJ subfamily of response regulators, consists of ∼ 170 ho-
mologs across the bacterial domain. Because NarL is the
only response regulator in this family for which the three-
dimensional structure is known (Baikalov et al. 1996), it
provides a prototype for examining the nature of these pro-
tein–DNA interactions.

The E. coli NarL response regulator binds to a poorly
conserved heptameric consensus sequence defined as
TACYNMT (where Y � C or T, M � A or C, and
N � any nucleotide) on the basis of DNase I footprinting
experiments and several genetic experiments (Tyson et al.
1994). However, the number, arrangement, and orientation
of NarL molecules on the DNA at various NarL-regulated
promoters varies (Li et al. 1994), and has not been exten-
sively explored by other approaches.

In many cases, protein-targeted DNA scission has been
used to determine the location and orientation of protein on
its DNA recognition sequences (Mack et al. 1988; Ebright et
al. 1990; Pan et al. 1994; Landgraf et al. 1996;, Murakami
et al. 1997). In the present study we have covalently at-
tached a DNA-cleaving agent, 1,10-phenanthroline (OP)–
copper complex, to NarL to evaluate its ability to bind and
cut at a synthetic NarL recognition sequence. A comple-
mentary set of site-specific DNA-cutting reagents is defined
herein, which should have application in resolving these
issues of NarL site arrangements. The results of these stud-
ies should also provide useful approaches to the investiga-
tion of related response regulatory proteins of the NarL
subfamily.

Results

OP modification of the NarL protein

With the goal of creating NarL-OP-based DNA-cleaving
agents to examine the interaction of NarL with DNA, we
have used site-directed mutagenesis to introduce single cys-

teine replacements at selected locations in NarL to attach
the OP moiety. The locations of these amino acid substitu-
tions were based on the crystal structure of the nonphos-
phorylated form of NarL (i.e., inactive for DNA binding), as
this is currently the only relevant structure available (Bai-
kalov et al. 1996). For a DNA template, we used a template
containing a synthetic NarL DNA 7–2–7 recognition se-
quence that is bound by NarL as evidenced by gel mobility
shift and by DNase I footprinting methods (S. Bearson,
unpubl.). This DNA contains two consensus NarL heptamer
sites TACYNMT (Tyson et al. 1994) oriented in an inverted
symmetrical arrangement and separated by a 2-bp spacer,
TACCCCTaaAGGGGTA. NarL-phosphate and NarLC

have been shown to bind this DNA with nearly equal affin-
ity, whereas NarL binds with a 10-fold weaker affinity (S.
Bearson, unpubl.). The initial chemical modification experi-
ments were also performed using the carboxy-terminal do-
main of NarL (NarLC) as this protein binds DNA in a con-
stitutive fashion (i.e., independent of the phosphorylation-
dependent activation of the NarLN domain). Eleven amino
acids at positions nearby or within the DNA recognition
helix 8 and helix 9 within NarLC were individually replaced
with cysteine (Fig. 1A). After narL mutagenesis, each mu-
tant NarLC protein was overexpressed, and purified to ho-
mogeneity (see Materials and Methods). Each intended mu-
tation was confirmed by DNA sequence analysis (data not
shown). Of the 11 modifications tested, each mutant protein
was produced in a soluble form that could then be cova-
lently modified using the 5-iodoacetylamido-1, 10-phenan-
throline (IOP) or 5-iodoacetylglycylamido-1, 10-phenan-
throline (IAOP) reagents depicted in Figure 2 (see Materials
and Methods).

Ability of OP-modified NarLC proteins to bind DNA

To test whether the OP-modified NarLC proteins (Fig. 1A)
retained the ability to bind DNA, a standard gel mobility
assay was performed with the synthetic 7–2–7 DNA se-
quence. Of the 11 OP-modified proteins tested, 6 retained
the ability to bind DNA like the wild-type NarLC protein
(data not shown). They were NarLC R161C-OP, NarLC

K174C-OP, NarLC D181C-OP, NarLC K201C-OP, NarLC

V204C-OP, and NarLC H211C-OP. In addition, the
NarLC G170C-OP, NarLC L171C-OP, and NarLC I182C-
OP proteins also bound DNA but did so with somewhat
weaker affinity than wild-type NarLC (data not shown). The
two remaining mutant NarLC proteins, NarLC T157C-OP
and NarLC R159C-OP, did not bind DNA under the stan-
dard assay conditions. Because the unmodified form of each
protein (i.e., T157C and R159C) also failed to bind DNA
(data not shown), the OP side group was not responsible for
the observed interference in DNA binding.
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DNA cleavage by OP-modified -NarLC proteins

The ability of each modified NarLC protein that retained
ability to bind DNA was then tested for cleavage activity
using the synthetic NarL 7–2–7 sequence as a DNA sub-
strate (Fig. 3). After gel separation, both the retarded and the
free DNA bands were isolated and immersed in a standard
reaction buffer. The DNA scission reaction was initiated by
the addition of CuSO4, mercaptopropionic acid (MPA), and
H2O2, and the reaction was allowed to proceed for 30 min
at room temperature. The reaction was quenced and the
32P-labeled products were analyzed on an 8% denaturing
acrylamide gel. The cleavage data for the top strand of DNA
is shown in Figure 3A. Two chimera NarLC proteins dem-
onstrated strong cutting efficiency, NarLC K201C-OP and
NarLC H211C-OP. Four NarLC mutant proteins, R161C-
OP, K174C-OP, D181C-OP, and V204C-OP, cleaved DNA
moderately relative to the above two proteins. Finally, al-

though NarLC G170C-OP retained DNA-binding activity, it
failed to cleave DNA (data not shown). Each NarLC-OP
protein that exhibited cleavage activity also demonstrated
site-specific cleavage: NarLC K201C-OP cleaved the DNA
near the center of the 7–2–7 motif (lanes 7 and 8), whereas
the other NarLC-OP chimera proteins cleaved DNA two
bases upstream of the 7–2–7 motif (Fig. 3, lanes 1–6, 9–12).

The ability of the OP-modified NarLC proteins to cleave
the bottom strand of DNA is shown in Figure 3B. As with
the top strand, NarLC K201C-OP cleavage occurred near the
center of the 7–2–7 DNA motif (lanes 7 and 8). As also seen
with the top strand, NarLC H211C-OP cut two bases outside
the heptamer sequence in the downstream flanking region
on the bottom strand. The sites of DNA cleavage for the
other remaining NarLC-OP chimeric proteins were also lo-
cated two bases downstream from the 7–2–7 motif (Fig. 3B,
lanes 1–6, 9–12). Thus, the cutting patterns for both strands
show an equal-spaced twofold axis of symmetry.

When the mutated NarLC proteins were modified with
IAOP (see Fig. 2) rather than with IOP, a nearly identical
DNA cleavage pattern was seen, except in the case of NarLC

K201C where a delocalized DNA scission pattern occurred
on the bottom strand (Fig. 3B, lanes 7 and 8). This NarLC

K201C-AOP protein possesses a 4-Å longer linker arm than
does the NarLC K201C -OP protein (see Fig. 2; Pan et al.
1996). The extended reach apparently provides increased
rotational freedom of the OP–Cu+ complex, and thus the
ability to cut at adjacent bases on the DNA. In control

Fig. 2. Structure of the OP-copper reagents used for protein modification:
5-iodoacetamido-1, 10-phenanthroline (IOP) and 5-iodoacetylglycyl-
amido-1,10-phenanthroline (IAOP). Syntheses of these two compounds
were described previously (Sigman et al. 1991; Shang et al. 1994).

Fig. 1. The location of individual cysteine residues in the full-length NarL
and the carboxy-terminal NarL domain (NarLC) used for copper phenan-
throline attachment. The amino acids chosen for replacement in A, NarLC

(top) and B, NarL (bottom) are numbered relative to the amino-terminal
methionine as residue number 1.

NarL copper phenanthroline cleaving agent
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Fig. 3. Gel matrix DNA scission patterns by the NarLC mutant proteins modified with either IOP or IAOP. The 171-bp (top strand)
and 180-bp (bottom strand) DNA fragments were 32P labeled on the 3� ends as described in Materials and Methods. (A) Top strand
DNA scissions. (Lane 1) NarLC R161C-OP; (lane 2) NarLC R161C-AOP; (lane 3) NarLC K174C-OP; (lane 4) NarLC K174C-AOP;
(lane 5) NarLC D181C-OP; (lane 6) NarLC D181C-AOP; (lane 7) NarLC K201C-OP; (lane 8) NarLC K201C-AOP; (lane 9) NarLC

V204C-OP; (lane 10) NarLC V204C-AOP; (lane 11) NarLC H211C-OP; (lane 12) NarLC H211C-AOP; (lane 13) control without
protein; (lane 14) Maxam Gilbert G + A reaction. (B) Bottom strand DNA scissions. (Lane 1) NarLC R161C-OP; (lane 2) NarLC

R161C-AOP; (lane 3) NarLC K174C-OP; (lane 4) NarLC K174C-AOP; (lane 5) NarLC D181C-OP; (lane 6) NarLC D181C-AOP; (lane
7) NarLC K201C-OP; (lane 8) NarLC K201C-AOP; (lane 9) NarLC V204C-OP; (lane 10) NarLC V204C-AOP; (lane 11) NarLC

H211C-OP; (lane 12) NarLC H211C-AOP; (lane 13) control without protein; (lane 14) Maxam Gilbert G + A reaction. The lettering
shown on the side of each panel in boldface type indicates the sites of DNA cleavage. Upper case letters indicate the heptamer
sequences and the lower case letters are flanking sequences.
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experiments performed without added NarLC protein, lim-
ited scission was seen when the DNA was treated with
cleavage reagents Cu++, MPA, and H2O2 (Fig. 3A,B, lane
13). These nonspecific cleavages were not included in the
NarL-specific data analysis.

Ability of OP-modified full-length NarL proteins to
bind DNA

To examine if the full-length form of NarL could also be
converted into a DNA-cleaving agent by OP modification,
seven individual cysteine mutations were introduced into
narL at positions 161,174,181,192, 201,204, and 211 as was
described for NarLC (see Fig. 1B). All of the mutated pro-
teins were successfully overproduced, purified, and subse-
quently modified with IOP as done with NarLC. The stan-
dard gel mobility-shift assay was then used to evaluate
which of these full-length OP-modified proteins were able
to bind DNA and what effect protein phosphorylation had
on their binding ability. Protein phosphorylation was carried
out in the presence of 50 mM acetyl phosphate as previously
described (Schroeder et al. 1994). This procedure was dem-
onstrated to cause phosphorylation of 90%–100% of the
wild-type NarL protein. Of the seven proteins examined,
four bound the DNA fragment like the wild-type NarL pro-
tein (NarL D181C-OP, NarL K201C-OP, NarL V204C-OP,
and NarL H211C-OP). The three remaining proteins, NarL
R161C-OP, NarL K174C-OP, and NarL K192C-OP showed
loss of DNA binding under standard assay conditions. The
nonphosphorylated proteins also bound DNA but migrated
as slower species than the corresponding phosphorylated
ones (data not shown).

DNA cleavage by OP-modified -NarL proteins

DNA scission reactions using full-length NarL proteins
were performed in the same manner as those with NarLC.
Figure 4A shows the cleavage data for the top strand. Pro-
tein chimeras were tested with or without phosphorylation
before binding. Phosphorylated NarL K201C-OP showed
significant DNA cleavage at the position located two bases
downstream from the center of the 7–2–7 motif. The
H211C-OP phospho-protein cleaved DNA two bases up-
stream of the 7–2–7 motif. Protein chimeras without phos-
phorylation cleaved DNA at a reduced efficiency (lanes 1
and 3). Although the cleavage pattern for NarLH211C-OP
was independent of protein phosphorylation, the results dif-
fered for NarL K201C-OP (lanes 2 and 4). The nonphos-
phorylated K201C-OP protein cleaved at the center rather
than two bases downstream from the center of the 7–2–7
sequence when the chimera protein was phosphorylated.
These findings suggest that the phosphorylated and non-
phosphorylated forms of the protein may recognize or bind
DNA slightly differently.

Fig. 4. Gel matrix DNA scissions by full-length mutant NarL-OP proteins.
(A) Top strand DNA scissions. All proteins were phosphorylated. (Lane 1)
NarL D181C-OP (+PO4); (lane 2) NarL K201C-OP (+PO4); (lane 3) NarL
V204C-OP (+PO4); (lane 4) NarL H211C-OP (+PO4); (lane 5) control with
no protein. (B) Bottom strand DNA scissions. The experiments using phos-
phorylated NarL are marked with (+PO4), and the ones lacking phosphate
are marked without (+PO4). (Lane 1) NarL K201-OP; (lane 2) NarL
K201C-OP (+PO4); (lane 3) NarL H211C-OP; (lane 4) NarL H211C-OP
(+PO4); (lane 5) control with no protein. Proteins were phosphorylated as
described in Materials and Methods as is the DNA cleavage procedure. The
boldface letters at the side of the DNA ladder indicate the sites of cleavage.

NarL copper phenanthroline cleaving agent
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The DNA cleavage data for the bottom strand is shown in
Figure 4B. Two proteins, NarL K201C-OP and NarL
H211C-OP, exhibited strong DNA-cutting efficiency. Two
other OP-modified proteins, NarL D181C-OP and NarL
V204C-OP, cut the DNA weakly. The cleavage patterns
from full-length K201C-OP and H211C-OP are almost
identical to those from the carboxyl terminus, with K201C-
OP cleaving at the center and H211C-OP cleaving at two
bases downstream from the side of the 7–2–7 motif.

Summary of DNA cleavage patterns for OP-modified
NarLC and NarL proteins

The DNA scission patterns for both the NarLC-OP and
NarLC-AOP proteins (see Fig. 3) and for the full-length
NarL-OP proteins (Fig. 4) are depicted as histograms in
panels A, B, C, and D of Figure 5, respectively. The patterns
are highly conserved among the various protein reagents
(discussed below).

Discussion

Previous studies have demonstrated that many DNA-bind-
ing proteins can be readily converted into site-specific
DNA-cleaving agents (Chen et al. 2001). This conversion is
achieved by linking OP to a native cysteine within a DNA-
binding protein, or to an introduced cysteine. In the pres-
ence of CuSO4 and mercaptopropionic acid, these modified
DNA-binding proteins cleave DNA by oxidatively attacking
the deoxyribose moiety. This strategy has been successfully
used to study the orientation of protein-binding sites on
DNA. The proteins studied using this approach include Fis
(Pan et al., 1994, 1996), TrpR (Sutton et al. 1993; Landgraf
et al. 1996), Engrailed (Pan et al. 1995), Cro (Bruice et al.
1991), CAP (Ebright et al. 1990; Pendergrast et al. 1994),
OmpR (Harrison-McMonagle et al. 1999), Msx-1 (Shang et
al. 1994), and LexA (Dumoulin et al. 1996). In this study we
were able to successfully construct a family of complemen-
tary protein reagents for NarL and NarLC that recognize and
bind specifically to DNA target sequences composed of two
NarL heptamers organized in a 7–2–7 arrangement. The
DNA cleavage data are consistent with two molecules of
NarL (or NarLC) protein bound in a head-to-head arrange-
ment on the synthetic 7–2–7 NarL recognition sequence
(Fig. 5). Although the binding of full-length NarL to DNA
normally occurs in a phosphorylation-dependent fashion,
the present studies were done at elevated protein levels
where nonphosphorylated NarL also binds DNA (S. Bear-
son, unpubl.). This was necessary due to the requirements of
the OP Cu+ assay.

DNA-binding affinities of NarL mutant proteins

Full-length NarL protein consists of a carboxy-terminal do-
main (9 kD) that recognizes and binds DNA and an amino- Fig. 5. (Legend on facing page.)
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terminal domain (15 kD) that can be activated through phos-
phorylation at aspartic acid residue 59. As shown previously
by gel retardation assay, the binding abilities of wild-type
NarL

C

and full-length NarL protein upon phosphorylation to
DNA were equivalent. Not all OP-modified NarL mutants
behaved the same; although NarLC R161C-OP and NarLC

K174C-OP maintain their binding ability, the corresponding
full-length NarL mutants were unable to bind DNA. This
suggests a subtle difference of conformation of the carboxy-
terminal domain relative to the amino-terminal domain in
the full-length NarL protein. NarL K192C is located on �
helix 9, the recognition helix where the protein and DNA
are proposed to contact (Baikalov et al. 1996). This protein
also failed to bind. It is also noted that although the non-
phosphorylated NarL mutant proteins were able to bind
DNA, the mobility of their protein–DNA complexes is no-
ticeably slower than that of the phosphorylated samples.
The difference in mobility could be due to (1) increase of
negative charge in the phosphorylated protein, or (2) con-
formation changes in NarL induced by phosphorylation of
D59.

Analysis of DNA cleavage

The substrate DNA used in this study is a synthetic se-
quence containing two NarL consensus heptamers orga-
nized in a 7–2–7 arrangement similar to that found in the
nirB promoter (cgTACCCATtaATGGGTAcg) (Tyson et al.
1993; Wu et al. 1998). Previous studies have shown that the
binding of NarL to DNA containing a half-site is signifi-
cantly weaker by ∼ 8- to 10-fold (S. Bearson, unpubl.),
which suggests that NarL assembles onto the DNA to form
a homodimer. Although a head-to-head arrangement of
monomers in the dimeric complex is suggested by DNase I
footprinting, there is no direct evidence to substantiate this
arrangement. The targeted scission data generated by NarL-
OP conjugates provides a means to confirm this proposal.

Among the chimeric NarL mutant proteins examined
(i.e., either full-length or the carboxy-terminal domain), the
K201C-OP and H211C-OP reagents are the most efficient
DNA cutters. This indicates that amino acid 201 on the �
helix 9 to � helix 10 loop and amino acid 211 on the car-

boxy-terminal end of � helix 10 where OP is tethered must
be properly positioned and accessible to the deoxyribose
bond where DNA cleavage occurs.

In general, the overall cleavage patterns generated by
NarLC-OP, NarL-OP(+PO4), or NarL-OP are similar to one
another (Figs. 3 and 4). Only the NarL mutant K201C-OP
shows cleavage in the center and also on both strands of the
DNA. Cleavage patterns from the rest of mutant-OP pro-
teins show two clusters of cleavage on specific strands of
the DNA, equally spaced from the center of twofold sym-
metry. The only scenario that can account for this result is
that two NarL monomers positioned on the DNA in a head-
to-head fashion with a dyad symmetry.

A closer examination of the cleavage patterns among
NarLC-OP, NarL-OP with phosphorylation, and NarL-OP
without phosphorylation revealed some minor differences.
NarL K201C-OP cleaves the bottom strand DNA with two
different features from NarLC K201C-OP where (1) the
cleavage site is shifted two nucleotides downstream from
the center where NarLC-OP cuts, and (2) an additional
cleavage site is seen at four nucleotides downstream from
the dyad center. No cutting at this site occurs in the
NarLCK201C-OP cleavage pattern. This difference in cut-
ting ability could be due to the positioning of the 15 kD
amino-terminal domain (NarLN) in the full-length NarL mu-
tant. As noted by Baikalov, the NarLN and NarLC domains
of NarL must adopt a different conformation relative to each
other when bound to DNA versus when in the uncomplexed
state (Baikalov et al. 1996). A distinct conformation for
NarL versus NarL-phosphate on the DNA may account for
the slightly different cutting patterns where the monomers
are orientated somewhat differently (Fig. 5). Finally, both
monomers on the DNA are apparently each phosphorylated,
as the cutting patterns for NarL versus NarL-PO4 were dis-
tinct.

Model of NarL–DNA complex

A model shown in Figure 6 was constructed using linear B
form DNA, and the NarLC domain coordinates obtained
from the protein data bank (file #1RNL) to illustrate the
OP–Cu+ cleavage data. Two NarLC monomers are placed
on the DNA in a symmetrical arrangement. The NarL �
helix 9, one of the two DNA recognition helices, is placed
close to the major groove of the DNA, with residue 192
contacting the DNA. This arrangement would be in agree-
ment with the loss of DNA binding when NarL residue 192
is mutated from lysine to cysteine. Each monomer is posi-
tioned such that residue 201 is located toward the minor
groove and on either side of the 7–2–7 dyad axis. They are
also juxtaposed with the resulting distances between the
cysteine of residue 201 and the C1� atoms of the DNA
cleavage sites ∼ 13–14 Å. This distance is well within the

Fig. 5. Summary of the DNA scission patterns for the 7–2–7 NarL rec-
ognition site by NarL-OP and NarLC -OP proteins. The DNA histograms
show the cleavage of the top and bottom strands of the DNA. The sequence
of the top strand is shown on the top of each panel, and the sequence of the
bottom strand is shown on the bottom of each panel. The mutant proteins
used for the cleavage experiments are indicated on the left. The upward
bars indicate the cleavage pattern for the top strand and the downward ones
indicate the cleavage pattern for the bottom strand. The bar size reflects the
intensity of the cleavage. (A) Histogram showing cleavage by NarLC-OP.
(B) Histogram showing cleavage by NarLC-AOP. (C) Histogram showing
cleavage by NarL-OP-phosphate. (D) Histogram showing cleavage by
NarL-OP (nonphosphorylated form).

NarL copper phenanthroline cleaving agent
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range of the length of OP linker segment, thus allowing the
cleavage of deoxyribose to occur.

The crystal structure of a NarLC–DNA complex indicates
that � helix 10 may serve a role in NarL dimerization (A.
Maris, pers. comm.). This model would position residue 211
of the NarL protein too far from the observed DNA cleav-
age sites. For the cleavage to occur, DNA flanking the core
region has to wrap around a NarL homo-dimer. Due to
possible structural differences between the NarL crystalline
and liquid states, and the length of DNA used, a significant
bending within the DNA recognition sequence beyond that
observed in the crystalline state may occur. In fact, DNA
cleavage by NarL H211C-OP on the top strand DNA occurs
only upstream from the core binding site, whereas on the
bottom strand cleavage occurs only downstream from the
core. The difference in the chemical reactivity toward the
top and bottom strand of DNA may be attributed to this
bending of DNA, or to the narrowing of minor groove,
which makes the deoxyribose on only one strand of DNA
accessible to OP–Cu+.

In conclusion, tethering OP–Cu+ at amino acid residues
201 and 211 in the NarL protein yield efficient and specific
DNA cleavage reagents. Relatively minor differences were
observed in the cleavage patterns whether full-length NarL
or the carboxy-terminal domain of NarL was used. This
suggests that the geometry of the NarL molecule orientation
on the DNA is essentially identical. DNase I footprinting
studies support this proposal (S. Bearson, unpubl.). Thus,
the carboxy-terminal domain NarL proteins K201C-OP and
H211C-OP should be attractive reagents to study the inter-

actions of NarL-regulated promoters where the NarL con-
sensus recognition sequences are partially defined (e.g.,
narK, narG, nirB, frfA, napF, and frdA (Li et al. 1994), or
for those where no data are currently available. The number,
position, and orientation of NarL monomers on these pro-
moters can then be experimentally addressed. The approach
described herein for NarL may also have application for
other NarL subfamily response regulators, including UhpA,
BvgA, DegU, and ComA (Parkinson 1993).

Materials and methods

Materials

Oligonucleotides used for mutagenesis, subcloning, and sequenc-
ing were purchased from GIBCO-BRL (Gaithersburg, MD.). Hi-
Trap Chelating HP column (1 mL) was purchased from Amersham
Pharmacia Biotech. All restriction endonucleases, polymerases,
and other enzymes were purchased from New England Biolabs
(Cambridge, MA). 5-iodoacetylamido-1,10-phenanthroline (IOP)
(Sigman et al. 1991) and 5-iodoacetylglycylamido-1,10-phenanth-
roline (IAOP) (Shang et al. 1994) were synthesized according to
the published procedure.

Bacterial strains and plasmids

E. coli strain JM109 and plasmid pQE9 (Qiagen, Chatsworth, CA)
were used for protein expression experiments.

Site-directed mutagenesis and subcloning

The Kunkel mutagenesis method with the M13MK1 template was
used for site-directed mutagenesis as described previously (Kunkel

Fig. 6. Model of the NarLC–DNA complex showing the locations of residues 201 and 211 in each NarLC monomer. Two molecules
of NarLC are positioned above the major grooves of linear DNA at the 7–2–7 motif. The down arrows indicate the positions of DNA
cleavage on the top strand and the up arrows indicate cleavage on the bottom strand. The positions of amino acids 201 and 211 are
indicated on the ribbon structure by the small spheres.
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1985). Double-stranded M13MK1 containing the mutations were
amplified using PCR with two primers, GX41 (CCATCACGGA
TCCAGTAATCAGGAACCGGCTA) and GX42 (CTGGGAAA
AGCTTTCAGAAAATGCGCTCCTGAT), for the full-length
NarL mutants. For the NarL carboxy-terminal domain mutants
starting from residue A147, the primer GX47 (CTGGGAAAA
GCTTCCGTAATCAGAAAATGCGCTCC) instead of GX41 was
used. The amplified fragments were digested with BamHI and
HindIII restriction enzymes, and then subcloned into the vector
pQE9 digested with the same enzymes. Thus, each overexpressed
NarL or NarLC protein contains the MRGSHHHHHHGS sequence
at the amino terminus. The host strain JM109 was used for over-
expression of the NarL mutant proteins. The intended mutagenesis
and subcloning events were confirmed by DNA sequencing.

Overexpression and purification of (His)6-tagged NarL
mutant proteins

E. coli JM109 cells containing the indicated overexpression plas-
mid were grown in 10 mL of LB broth with 100 �g/mL ampicillin
overnight at 37°C. The cells were transferred to 500 mL of LB
broth containing 100 �g/mL ampicillin and grown at 37°C until an
OD600 of 0.7–1.0. Isopropyl-�-D-thiogalactopyranoside (IPTG)
was added to a final concentration of 2 mM. The cultures were
incubated for 3 additional h, chilled to 4°C, and cells were har-
vested by centrifugation at 4000 rpm. Cell pellets were stored at
−70°C, or directly resuspended for protein purification. Cell ma-
terial ( ∼ 1.5 g wet weight) was resuspended with 12 mL of resus-
pension buffer (20 mM phosphate buffer at pH 7.8, 10 mM imid-
azole, 1 M NaCl, 2 mM MgCl2) containing 14 �L of DNase I and
RNase A solution (10 mg/mL RNase A, 5 mg/mL DNase I), and
then passed through a French Pressure Cell four times at 14,000
psi. Cell disruption was monitored microscopically to confirm
>90% cell breakage. The cell suspension was centrifuged at 15,000
rpm for 0.5 h at 4°C, and the supernatant fraction was decanted and
applied to a Pharmacia HiTrap Chelating HP column (1 mL). For
FPLC chromatography, all buffers were filtered and then degassed
for 15 min immediately before use. The Hi-Trap chelating column
(1 mL) was washed and eluted at a flow rate of 1 mL/ min. Nickel
sulfate or nickel chloride was preloaded onto the column before
protein samples were applied. The wash buffer was 20 mM phos-
phate buffer at pH 7.8, 10 mM imidazole, 1 M NaCl, and the
elution buffer was 20 mM phosphate buffer at pH 7.8, 500 mM
imidazole, 0.1 M NaCl. The column was washed with 20% elution
buffer until the OD280 was restored to baseline. The (His)6-tagged
NarL proteins were typically eluted at a 60%-to-40% ratio of
wash-to-elution buffer. The NarL carboxy-terminal domain protein
was concentrated using a Centricon-3 filter (Amicon), whereas the
full-length NarL protein was concentrated using a Centricon-10
filter. The protein was dialyzed with storage buffer (20 mM Tris-
HCl at pH 7.0, 500 mM NaCl, 10% glycerol), and quickly frozen
in a dry ice/ethanol bath.

Phosphorylation of NarL proteins

NarL and mutant proteins were phosphorylated by acetyl phos-
phate at a ratio of 1,280:1 acetyl phosphate/protein in 50 mM
MOPS at pH 7.0, 50 mM CaCl2, 0.5 mM EDTA, and 20 mM
MgCl

2
as previously described (Schroeder et al. 1994). The protein

concentration was typically 200 �M.

Preparation of DNA

The 263-bp DNA fragment containing the synthetic NarL 7–2–7
sequence was obtained by PCR of plasmid pIS69 (S. Bearson,

unpubl.). The 3�-labeling of the top strand was achieved by re-
stricting the PCR product with HindIII, and then end-filled with
[�-32P]dATP to give a 171-bp DNA fragment. To 3�-label the
bottom strand, the PCR fragment was restricted with EcoRI, and
then end-filled with [�-32P]-labeled dATP to give a 180-bp DNA
fragment. Both labeled fragments were subsequently purified by
8% nondenaturing acrylamide gel.

Derivatization of NarL mutant proteins

For standard derivatization (Sutton et al. 1993) of both full-length
and carboxy-terminal NarL mutant proteins (NarLC), 20 �L of
protein (200 �M) in 20 mM Tris at pH 8.0, 1 mM EDTA, 500 mM
NaCl, 10% glycerol, and 1 mM DTT was incubated with 5-iodo-
acetamido-1,10 phenanthroline (IOP) or 5-iodoacetylglycylamido-
1,10 phenanthroline (IAOP) in dimethyl formamide (20 mM) at
4°C overnight. The amount of OP reagent used was 10 times the
amount of protein used plus 40 nmoles for DTT. Derivatized pro-
tein was analyzed by mass spectrometry: the OP-labeling effi-
ciency was demonstrated to be 95% to 100% with one OP mol-
ecule per protein monomer.

Gel shift assay for DNA binding

The 32P-labeled DNA fragment containing the 7–2–7 NarL bind-
ing site ( ∼ 40,000–50,000 cpm) was dissolved in 12.5 �L of buffer
with a final concentration of 10 mM Tris at pH 7.5, 50 mM KCl,
7 mM CaCl2, 500 ng of poly[d(I-C)] and 10% glycerol (v/v). The
indicated NarLC-OP (2.5 �L or 0.12 �g of protein), or the NarL-
OP (2.5 �L or 0.18 �g of protein) in either the phosphorylated or
nonphosphorylated protein in 50 mM MOPS at pH 7.0, 50 mM
CaCl2, 0.5 mM EDTA, and 20 mM MgCl2 was then added. The
final protein concentration was 1 �M for NarLC, and 500 nM for
full-length NarL. After incubating at room temperature for 10 min,
the protein–DNA mixture was loaded onto a native 6%, 0.5× TB
polyacrylamide gel with 2% glycerol. The EDTA was omitted
from both the gel and gel-running buffer to prevent chelating the
copper, which would inhibit DNA cleavage by NarL-OP in sub-
sequent steps. The gel was run at 250 V at 4°C.

DNA cleavage

The cleavage reactions were carried out within the gel matrix as
described (Sutton et al. 1993). After gel separation, slices contain-
ing the DNA–protein complex were immersed in 100 �L of buffer
(20 mM Tris-Cl at pH 7.5, 100 mM KCl, 14 mM CaCl2). The
OP-Cu+ scission reaction was initiated with the addition of 1 �L of
9 mM CuSO4, 10 �L of 58 mM 3-mercatopropionic acid, and 1�L
of 0.92 M H2O2. The reaction proceeded for 30 min at room
temperature. The scission products were analyzed on an 8% de-
naturing polyacrylamide gel.

Molecular modeling

The modeling of the NarLC–DNA complex was performed using
the Insight II software (Molecular Simulations). The same DNA
sequence used for gel shift and DNA cutting experiments was used
for the linear B DNA fragment.

NarL copper phenanthroline cleaving agent
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