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The Rhizobium meliloti nodD1 and nodD3 gene products (NodD1 and NodD3) are members of the lysR-nodD
gene regulator family. They are functionally distinct in that NodD1 transcriptionally activates other nod genes
in the presence of a flavonoid inducer such as luteolin, while NodD3 is capable of activating nod gene expression
at high levels in the absence of inducer. NodD1 and NodD3 are DNA-binding proteins which interact with DNA
sequences situated upstream of the transcription initiation sites of at least three sets of inducible nod genes. We
report the footprinting of NodD1- and NodD3-DNA complexes with both DNase I and the 1,10-phenanthroline-
copper ion reagent. NodD1 and NodD3 both interacted with the nodABC, nodFE, and nodH promoters and
protected from cleavage an extensive piece of DNA, including the nod box, from approximately —20 to —75
from the transcription start site for each of the three promoters. The constitutively activating protein NodD3
displayed an additional hypersensitive cleavage site in its footprint compared with NodD1.

Nitrogen fixation in alfalfa occurs following root infection
by Rhizobium meliloti. A complex interaction, requiring the
function of both plant and bacterial genes, is required in
order to establish a productive symbiosis. We have focused
on several sets of Rhizobium genes involved in the formation
of root nodules (nod genes), which harbor the nitrogen-
fixing Rhizobium bacteroids (28). The common nod genes,
nodABC, found in all Rhizobium species examined to date
9, 24, 41, 45, 46, 52), are required for the initial stages of
nodule development: epidermal root hair deformation, infec-
tion thread formation, cortical cell division, and nodule
morphogenesis (5, 36). Genes which are apparently involved
in nodulation efficiency and the specification of host range,
i.e., the range of plants which a given Rhizobium species is
able to infect, include the divergently transcribed nodFE and
nodH in R. meliloti (6, 7, 14, 22, 23, 45, 48, 50).

While nodABC, nodFE, and nodH are poorly expressed
under free-living conditions, they are induced over 30-fold in
the presence of alfalfa or alfalfa exudates (10, 14, 19, 35, 44;
J. T. Mulligan, Ph.D. thesis, Stanford University, Stanford,
Calif., 1987). The most active inducing compound isolated
from alfalfa seed exudates is luteolin (3',4',5,7-tetrahydrox-
yflavone) (39). This induction requires the expression of
nodDI1 (19, 21, 34), which is transcribed divergently from
nodABC (9, 11) (Fig. 1). Both mutagenesis and genetic
transfer studies have indicated that the nodD gene product
functions in transcriptional activation (19, 34, 42, 49). R.
meliloti harbors two additional alleles of nodD1 (17, 21); the
positions of the nodDI, nodD2, and nodD3 homologs are
shown in Fig. 1. NodD1 is activated when cells are supplied
with a complex plant seed extract or one purified inducer,
luteolin (35). Overexpressed NodD?2 is activated when cells
are supplied with the complex extract, but not with purified
luteolin (35). Overexpressed NodD3 causes high basal (un-
induced) levels of nodC-lacZ expression; NodD3 activation
is unaffected by seed extract or luteolin (35). Evidence has
accumulated in recent years that nodD, the transcription
activator, also plays a role in host specificity by determining
which flavonoid compounds are able to serve as nod gene
inducers and inhibitors (3, 22, 49).
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We have recently demonstrated by gel mobility shift
assays that NodD1 and NodD3 are DNA-binding proteins
which interact specifically with DNA sequences found up-
stream of the inducible nod genes nodABC, nodFE, and
nodH (12). Examination of these promoter sequences shows
that the only element shared by these upstream regions is a
highly conserved 47-base-pair (bp) segment known as the
nodbox (7,11, 14, 43, 45, 46, 48, 49). The specific NodD-nod
promoter binding can be inhibited with a double-stranded
DNA oligomer homologous to a portion of the nod box (12).
Specific binding can also be inhibited by clearing NodD1 and
NodD3 from extracts with an antibody directed against a
LacZ-NodD1 fusion protein (13). The simplest model of nod
gene positive activation predicts that NodD1 and NodD3
function by binding to the nod box and, by some as yet
unknown mechanism, directing RNA polymerase to initiate
transcription from an adjacent site (12, 43, 48). In this report
we use DNase I (16) and 1,10-phenanthroline-copper ion
(oPhen-Cu) (26) footprinting of NodD1- and NodD3-pro-
moter DNA complexes to show that both bind to the
promoters at the nod box. Approximately 55 bp of DNA are
protected, extending ~4 bp on either side of the nod box,
while the center of the nod box is highly prone to DNase I
cleavage, suggesting that the DNA is bent so that this central
portion is more accessible to DNase I. The NodD3 footprint
displays a slightly larger set of hypersensitive cleavage sites.
The oPhen-Cu chemical nuclease produces a footprint
slightly smaller than the DNase I footprint.

MATERIALS AND METHODS

Recombinant plasmid construction and labeling of nod box
fragments. pRmE36 (10) was used as a source of a 210-bp
Hpall-Rsal fragment containing the nod box upstream of
nodA (9). This fragment was ligated with Accl- and Smal-
digested pUC119 (53) to generate pRmF528. A gel-purified
1.1-kilobase (kb) EcoRI-HindIII fragment from pRmF58 (12)
was digested with Sau3A and Hpall, and the 186-bp Sau3A-
Hpall fragment containing the nod box upstream of nodF
(14) was cloned into pUC119 to generate pRmF536. Simi-
larly, the gel-purified 0.5-kb Pvull fragment from pRmF59
(12) was digested with Hpall and Haelll, and the 140-bp
Hpall-Haelll fragment containing the nod box upstream of
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FIG. 1. Physical map of R. meliloti 1021 (SU47 Str) nod gene region. (Top) Map of nod gene regions on pSyma. Vertical lines represent
EcoRlI sites. The gap in the map between the other nod genes and nodD2 is 42 kb. (Middle) Expanded scale, indicating transcripts (arrows)
and their relationships to the nod boxes (black boxes), which lie 26 to 28 bp upstream from the transcription initiation sites. Appropriate
restriction sites are indicated. Note that the nodA nod box also lies within the nodD transcript leader. (Bottom) Restriction fragments used
to make subclones for footprinting. Small boxes with an arrow inside indicate position and relative orientation of nod boxes.

nodH (14) was cloned into pUC119 to generate pRmF569.
This resulted in construction of a set of plasmids containing
the nodA, nodF, and nodH nod boxes located approximately
midway between the vector polylinker EcoRI and HindIII
sites, which were subsequently used to generate specifically
end-labeled substrates for footprinting analysis. Each strand
of each nod box fragment was end labeled at the 3’ end
following an initial digestion with either EcoRI or HindIII,
by filling in with [a-3?P]JdATP and unlabeled dCTP, dGTP,
and dTTP with the Klenow fragment of DNA polymerase I
(30) and then secondarily digesting with HindIIl or EcoRI
(whichever enzyme was not used during the primary diges-
tion) after heat inactivation of the Klenow fragment. The
appropriate 200- to 300-bp fragments were subsequently
purified by polyacrylamide gel electrophoresis (31) for use in
footprinting experiments.

Purification of NodD3. R. meliloti JM96 is a nodDI-lacZ
nodD2-uidA fusion strain whose only intact nodD allele is
nodD3; pRmES6S is a broad-host-range plasmid which over-
expresses nodD3 under control of the Salmonella typhimu-
rium trp promoter (12). R. meliloti JM96(pRmE65) was
grown in Luria broth (32) with 0.2% sucrose to an ODsys of
4.1 in a Biogen 200-liter fermentor and used as a source for
the purification of NodD3. Cells were harvested by centrif-
ugation, flash-frozen in liquid N,, and stored at —80°C.

After suspension in TED (50 mM Tris hydrochloride [pH
8.0], 0.5 mM EDTA, 0.5 mM dithiothreitol) plus 250 mM
NaCl to an ODyys of 175, cells were lysed in a French
pressure cell at 10,000 to 14,000 Ib/in. A mixture of protease
inhibitors (final concentrations: leupeptin, 8 pg/ml; chymo-
statin, 2 pg/ml; pepstatin, 10 pg/ml; and 1 mM phenylmeth-
ylsulfonyl fluoride) was added to the lysate (fraction I),
which was cleared by centrifugation at 30,000 rpm in a
Beckman 45Ti rotor for 1 h at 4°C. Ammonium sulfate was
slowly added to 0.26 g/ml with constant stirring at 4°C. The
precipitated protein pellet was collected by centrifugation at
27,000 X g for 20 min. The pellet was washed once in a
Dounce homogenizer with 0.25 volume of TED-0.1 M
NaCl-0.22 g of ammonium sulfate per ml and twice with 0.1
volume of the same buffer. The remaining insoluble pellet
was redissolved in TED-0.1 M NaCl and dialyzed for 70 min
at 4°C against TED-0.1 M NaCl to give fraction II. Fraction
II (70 mg of protein per ml) was adjusted to 5 mM MgCl, and
0.5 mM ATP and diluted to 7 mg of protein per ml with buffer

A (50 mM Tris hydrochloride [pH 7.4], 25% glycerol, 1 mM
EDTA, 5 mM dithiothreitol, 5 mM MgCl,, and 0.5 mM
ATP). The sample was applied to a 45-ml column of BioRex
70 which was equilibrated with buffer A plus 50 mM NaCl.
The column was washed with 125 ml of buffer A-50 mM
NaCl, and a linear 500-ml gradient of buffer A with 50 mM to
0.6 M NaCl was applied.

NodD3 activity was monitored by assaying for the specific
shift in gel mobility of nod box-containing DNA fragments
during polyacrylamide gel electrophoresis (12, 15, 33). The
peak of NodD3 activity eluted at approximately 250 mM
NaCl. Peak fractions were pooled and dialyzed against
buffer A until a conductivity equivalent to that of buffer A
plus 50 mM NaCl was achieved and then applied to a
previously equilibrated 5-ml heparin-agarose (BioRad Labo-
ratories) column. The column was washed with 2 column
volumes of buffer A-50 mM NaCl, and a 15-column-volume
gradient of buffer A plus 50 mM to 1 M NaCl was applied.
Active fractions were flash-frozen in liquid N, and stored at
—80°C in portions. In the NodD3 preparation used in the
experiments reported here, NodD3 constituted approxi-
mately 25% of the protein in the fraction, as judged by
Coomassie blue staining of sodium dodecyl sulfate (SDS)-
polyacrylamide gels (27). NodD1 was purified by immunoaf-
finity chromatography as described previously (12).

DNase I cleavage within the polyacrylamide gel slice. Foot-
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FIG. 2. Interaction of NodD3 with a nod box fragment. Increas-
ing amounts of the partially purified NodD3 preparation were mixed
with the end-labeled nodF nod box fragment (Fig. 1) as described
previously (12). Lane 1 displays the electrophoretic migration pat-
tern of labeled restriction fragment in the absence of any added
NodD3 material. Lanes 2 to 8 display the same but in the presence
of 16, 32, 64, 80, 160, 320, and 400 ng of the NodD3 preparation,
respectively. The arrow designates the single electrophoretically
retarded complex.
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printing with DNase I was performed on protein-DNA
complexes essentially as described by David C. Straney,
Susan B. Straney, and Donald M. Crothers (personal com-
munication) as follows. All steps were conducted at room
temperature. Following brief autoradiography, the free or
shifted bands were excised in an approximately 30-pl gel
fragment volume and placed in microfuge tubes. Then, 3 ul
of a DNase I solution (10 mM Tris hydrochloride [pH 8.0], 2
mM dithiothreitol, 5% glycerol, 0.5 mg of bovine serum
albumin per ml, and 0.4 pg of DNase I per ml) was spread on
the surface of the gel slices and allowed to incubate for 45
min. Then, 3 ul of a solution containing 50 mM MgCl, and 50
mM CaCl, was spread over the gel slices and allowed to
incubate for 4 min before 15 pl of 0.1 M EDTA was added to
stop the DNase 1. After an additional 4 min, 2.5 pl of 1%
SDS was added. DNA was electroeluted in 150 pl of TBE (89
mM Tris, 89 mM borate, 2.8 mM EDTA) for 1 h at 150 V
(30). Samples were recovered from the dialysis tubing, and
the DNA was ethanol precipitated and dissolved in formam-
ide loading dye (80% [vol/vol] formamide, 10 mM NaOH, 1
mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol)
before being run on sequencing gels. DNA sequencing
ladders of the identical fragments were generated by the
method of Maxam and Gilbert (31). .

Chemical nuclease footprinting within the polyacrylamide
matrix. Chemical cleavage of protein-DNA complexes or
free DNA fragments took advantage of the nuclease activity
of oPhen-Cu (26). Footprinting was conducted exactly as
described before (26) with the following modifications. After
the digestion was quenched with 2,9-dimethyl-1,10-phenan-
throline, gel slices and liquid were placed in dialysis tubing,
70 pl of TBE was added, and the digestion products were
electroeluted at 150 V for 45 min (30). The liquid was
recovered from the tubing, and the DNA was ethanol
precipitated and suspended in formamide loading dye before
samples were run on sequencing gels adjacent to Maxam-
Gilbert (31) sequencing ladders.

2) were subjected to DNase I footprinting
whose position is indicated by the boxes

he nodA nod box,
on start site, and the number of base pairs upstream
unshifted) DNA fragment. Lanes 2 and 7 show the
d contains the nodF nod box. (C) As in panel A,

lanes 4 and 9 display the cleavage patterns obtained after DNA

DNA complexes (see Fig.
ht end, according to the orientation of the sequence in Fig. 4, and the

RESULTS

Positive transcriptional activators bind to unique target
DNA sequences, forming stable, biochemically detectable
protein-DNA complexes which are thought to function by
directing precise transcriptional initiation by RNA polymer-
ase (8, 18, 29, 38, 40). To determine the precise site of action
of NodD1 and NodD3 in the nod gene regulatory regions, we
used both enzymatic and chemical nuclease footprinting of
restriction fragments containing the nodA, nodF, and nodH
promoters. The patterns of cleavage obtained in the pres-
ence and absence of NodD1 or NodD3 are compared on
DNA sequencing gels. A decrease in the intensity of a
cleavage product band results from protection of the cleav-
age site by NodD1 or NodD3, the DNA-binding proteins.
We used both NodD1 and NodD3 to study these interactions
and expected that their footprints would be similar but not
identical, because while NodD3 is able to activate nod gene
transcription in the absence of other known factors, NodD1
requires an inducer from the plant to achieve transcriptional
activation (34, 35). We used the gel mobility shift assay to
enrich for NodD1- and NodD3-promoter DNA complexes.
Figure 2 shows a typical gel mobility shift assay, in which
increasing amounts of partially purified NodD3 are mixed
with an end-labeled restriction fragment that contains the
nodF nod box. In all such assays, we observed only a single
shifted (reduced mobility) band. We subjected the free DNA
fragment (Fig. 2, lower band) and protein-DNA complexes

FIG. 3. DNase I footprint analysis of NodD protection of nod box sequences. Free DNA fragments and protein-
within the polyacrylamide gel slice as described in Materials and Methods. (A) The DNA is a 246-bp fragment that contains t
complexing with NodD1 in the absence and presence of 1 uM luteolin, respectively. (B) As in panel A, except the DNA fragment use

from that site is designated every 10 bp by the small dots. Lanes 1, 5, 6, and 10 present the DNase I cleavage pattern of the free (i.e.,
except the DNA fragment used contains the nodH nod box.

right panel (lanes 6 to 10) shows the results when the bottom strand of Fig. 4 is labeled at the left end. The +1 indicates the transcripti
DNase I cleavage pattern obtained following complex formation of the DNA fragments and NodD3. Lanes 3 and 8 and

to the left of each panel. The left panel (lanes 1 to 5) shows the results when the top strand was labeled at the rig
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(Fig. 2, upper band) to both enzymatic (DNase I) and
chemical nuclease (oPhen-Cu) footprinting in order to deter-
mine precisely where NodD1 and/or NodD3 interacts with
nod promoters. The free DNA fragment is readily resolved
from gel-retarded protein-DNA complexes on native poly-
acrylamide gels, and the separated radiolabeled fragments
are simply excised from the gels. The DNA fragments are
then subjected to limited cleavage as detailed in Materials
and Methods, and the DNA is recovered by electroelution.
The cleavage products are resolved on polyacrylamide gels
adjacent to Maxam-Gilbert (31) sequencing ladders, permit-
ting precise localization of the protected segments of DNA.
The left panels of Fig. 3A through 3C show which bases were
protected on the upper strands of the nodA, nodF, and nodH
nod boxes, respectively, as oriented in Fig. 4. Each of these
fragments was labeled at the EcoRI site of the vector
polylinker. In like fashion, the right panels of Fig. 3A
through C display the bases protected on the lower strands
of the respective nod box fragments, which were labeled at
the HindlIlII site of the vector polylinker. The most striking
feature of the DNase I footprints shown here is the extent of
the protected region; approximately 55 bp of DNA was
protected overall, with the central portion of the nod box
region displaying enhanced cleavage. This has implications
for the structure of NodD1 and NodD?3, as discussed below.
The reduced cleavage by DNase I in the nod box region does
not necessarily indicate that each base in the DNA sequence
is in contact with NodD1 or NodD3; rather, the access of
DNase I to that portion of the DNA strand is simply
reduced, perhaps by steric hindrance due to the presence of
NodD1 or NodD3. The relative positions of the footprint and
nod box are shown in Fig. 4. In the top panel, 13 nod box
sequences are displayed, illustrating the highly conservative
nature of this regulatory sequence. The position of the DNA
footprint and its relationship to the known transcriptional
start sites are shown in the bottom panel.

Both NodD1 and NodD3 displayed this extensive foot-
print. In our earlier work, we showed that the preparation of
NodD1, purified by immunoaffinity chromatography, con-
tains a 59-kilodalton (kDa) contaminant which can be visu-
alized by staining SDS-polyacrylamide gels (12). However,
we determined that the 59-kDa protein was not able to bind
to nod promoter DNA fragments (12). The NodD3 prepara-
tion used in the footprinting experiments described here,
purified by standard ion-exchange chromatography as de-
tailed in Materials and Methods, did not contain detectable
levels of the 59-kDa contaminant which was present in the
NodD1 preparation (data not shown). The fact that both
preparations produced a similar footprint (Fig. 3) also
strongly argues against any significant role for the 59-kDa
protein in generating the footprint at the nod box.

Addition of luteolin to the NodD1-DNA reaction mixture
had virtually no effect on the footprints obtained (Fig. 3,
compare lanes 3 and 8 with lanes 4 and 9, all panels). The
main difference between the footprints generated by NodD1
and NodD3 was that the NodD3-DNA complex displayed an
extra enhanced cleavage in the central portion of the nod box
(left panels in Fig. 3, lane 2 versus lanes 3 and 4). This subtle
difference has implications relating to the potential mecha-
nisms by which NodD3 and NodD1 induce transcription of
the nod genes and also to the role of luteolin in nod gene
induction, as discussed below.

While the overall footprints on the three different nod box
fragments were similar with regard to the extent of the
footprint, they did not have identical cleavage patterns. This
may partially reflect the known sequence specificity of

3). At the bottom,

d boxes. (B) Summary of footprint studies presented in
he hatched pattern.

and Bradyrhizobium japonicum (Bj) (37).
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DNase I cleavage (1, 2). Thus, the segments of diverging
DNA sequence that are interspersed among the different nod
boxes probably affect cleavages by DNase I. The inherent
binding affinities of NodD1 and NodD?3 for the different nod
boxes also probably contribute to the small differences in the
footprints, including the relative weakness of the nodH nod
box footprint.

Because DNase I cleaves only a subset of DNA backbone
positions, we also used the chemical nuclease activity of
oPhen-Cu to further characterize the NodD-DNA interac-
tions (26). Such footprints are generally smaller than DNase
I-directed footprints because DNase I is a bulkier molecule
and is prevented from cleaving the DNA immediately adja-
cent to the protein-binding site due to steric hindrance (26).
Again, we footprinted within the polyacrylamide gel slice
following gel mobility shift enrichment of NodD3-DNA
complexes. With low-molecular-weight, readily diffusible
chemical reagents, oPhen-Cu cleavage occurs within the
polyacrylamide matrix and yields footprints consistent with
those obtained in solution (26). Figure 5 displays the
NodD3-0Phen-Cu footprints of the upper (coding) strands of
the nodA, nodF, and nodH nod boxes shown in Fig. 4B. As
expected, a slightly smaller footprint was observed on all
three nod box fragments than was observed after DNase I
cleavage. A striking feature of each oPhen-Cu footprint was
the appearance of an extremely hypersensitive cleavage
product that mapped to a position at the right edge of the nod
box, as oriented in Fig. 4. The nod box regions protected by
NodD3 as detected by oPhen-Cu footprinting are also sum-
marized in Fig. 4B (hatched bars).

DISCUSSION

Our results show that NodD1 and NodD3, positive acti-
vators required for induction of other nod genes, bind to the
nod boxes located starting 26 to 28 bp upstream of the
transcription start sites of nodA, nodF, and nodH. In an
independent study, Kondorosi et al. (25) used Rhizobium
extracts containing NodD to show protection of the nodA
nod box from DNase I cleavage, which is consistent with the
results presented here.

The two regulatory genes nodD1 and nodD3 differ in their
activating behavior. NodD1 requires the presence of a plant
factor in order to cause nod gene induction in vivo (34).
Overexpressed NodD3, on the other hand, activates nod
gene expression in the absence of any exogenous plant factor
(35). The transcription start sites for nod genes activated by
NodD1 and NodD3 are identical (35) which is consistent
with the similarities in the footprints for NodD1 and NodD3.
The results reported here, along with those of previous
studies with a mobility shift gel system to assay NodD-
promoter interactions (12), and genetic data showing that
different nodD alleles interfere with each other’s activities
(35), all support the model that NodD-promoter binding is
not affected by inducer and is essentially similar for all NodD
proteins.

We studied the interaction of both NodD1 and NodD3 on
three different nod box fragments in order to obtain a
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consensus view of how NodD interacts with nod boxes while
fulfilling its role as a positive activator. It was surprising to
find that such an extensive region of DNA (~50 bp) was
protected by NodD1 and NodD3 from DNase I and oPhen-
Cu cleavage. By contrast, the Escherichia coli catabolite
activator protein (CAP), a 22.5-kDa monomeric protein
which functions as a 45-kDa dimer, only protects ~25 bp of
the gal or lac promoters from DNase I cleavage in the
absence of RNA polymerase (47, 51). When RNA polymer-
ase is added to the gal promoter, cooperative binding of CAP
to a second, upstream site occurs, which lengthens the
protected region (47). To protect more than 20 bp of DNA,
CAP must induce a bent or kinked conformation in the DNA
(47). This suggests that in order to protect such a large
segment in these DNA protection assays, NodD1 and
NodD3, 35-kDa monomeric proteins (9, 10, 12), function as
multimeric proteins, have a very unusual tertiary structure,
or induce bending or kinking of the target DNA. These
properties are not necessarily mutually exclusive. The fact
that the central portion of each nod box studied here displays
hypersensitivity to DNase I (Fig. 4) is consistent with the
formation of a similar kink in the DNA of each of the nod
boxes upon NodD1 or NodD3 binding.

We have noticed elements of twofold rotational symmetry
(data not shown) in the nod boxes and adjacent sequences
reported by Rostas et al. (43). The twofold symmetry in each
individual promoter sequence was not found exclusively in
the conserved nod box sequences. Classically, it could be
predicted that NodD might function as a dimer binding to
symmetrical sites. This model alone, however, would be
insufficient to account for all of the data; the nodF nod box
segment had the weakest twofold rotational symmetry ele-
ments of the six nod boxes in R. meliloti yet yielded the
tightest footprint (Fig. 3B and 5B) of the three nod boxes
examined.

The nodD DNA sequence shows it to be a member of a
newly defined group of procaryotic activator genes, desig-
nated the LysR family (20). These proteins are highly related
to each other but not to other bacterial regulatory proteins.
All of the members of the LysR family are between 30 and 35
kDa in size, and several regulate the expression of an
overlapping promoter on the opposite strand of the template.
One of these, OxyR, is required for the induction of a
regulon of hydrogen peroxide-inducible genes in E. coli and
Salmonella typhimurium (4). Crude extracts of cells over-
producing OxyR yield extensive (~45 bp) footprints on the
S. typhimurium ahpC and E. coli katG promoters, part of the
regulon of hydrogen peroxide-inducible genes (L. Tartaglia,
G. Storz, and B. Ames, J. Mol. Biol., in press). As we found
with NodD, they observed that the central portion of the
footprint contains hypersensitive cleavage sites. In addition,
IlvY activates the divergent ilvC gene in E. coli, the second
enzyme in the parallel isoleucine-valine biosynthetic path-
way (54). Cell extracts enriched for IlvY protect two adja-
cent 27-bp segments upstream of ilvC which are separated
from each other by S bp. Unlike the NodD-rod box interac-
tion, however, the two IlvY-protected segments in the ilvC

FIG. 5. Binding of NodD3 to nod box fragments as determined by oPhen-Cu nuclease footprint analysis. Free and gel-retarded DNA
fragments were subjected to oPhen-Cu footprinting within the polyacrylamide gel matrix as described in Materials and Methods. (A) The top
strand, as oriented in Fig. 4, of the nodA nod box fragment, whose position is indicated by the boxes on the left, was subjected to oPhen-Cu
cleavage in the presence (+) and absence (—) of NodD3. The position of the transcription start site is indicated by +1, and the number of base
pairs upstream from the site is denoted every 10 bp by the small dots. (B) As in panel A, except the DNA fragment used contains the nodF
nod box. (C) As in panel A, except the DNA fragment footprinted contains the nodH nod box. Duplicate gel applications of oPhen-Cu

cleavage products are shown.
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promoter have characteristics of classical procaryotic oper-
ators; the recognition sites contain a nucleotide sequence
that is an inverted repeat. It will be of interest to see whether
the other LysR-type proteins display similarly large foot-
prints and to examine what patterns may be displayed by the
various DNA-binding sites.

Using the footprint assay, we looked for keys to the
luteolin effect and to the difference between the two nodD
alleles nodDI1 and nodD3. Genetic evidence from the R.
leguminosarum biovar viciae nod gene system suggests that
NodD plays a direct role in mediating the response to
various flavonoid compounds during nod gene induction.
Mutation of nodD in R. leguminosarum bv. viciae results in
an altered response to a spectrum of flavonoid inducer
molecules and inhibitors (3). Transfer of native nodD alleles
from diverse species into nodD R. leguminosarum (49) or R.
meliloti (22) mutant backgrounds also alters the response to
various flavonoid inducers. We have shown here that NodD1
is able to protect the nod box region from DNase I cleavage
whether or not luteolin, the most active inducer molecule
from alfalfa seed exudates, is present during the formation of
protein-DNA complexes. In other experiments, we added a
vast excess of luteolin to the shifted NodD1-nod box com-
plexes which had been excised from shift gels prior to DNase
I treatment, and still observed no effect on the footprint
pattern (data not shown). Thus, we found no biochemical
evidence by this assay for a direct interaction between a
flavonoid inducer and NodD1. However, NodD1 may inter-
act directly with luteolin to effect a change at the NodD1-
RNA polymerase interface and not at the level of NodD1
binding to its target, the nod box. We are also unable to rule
out the possibility that some other factor mediates an inter-
action between the inducer molecules and NodD1 during the
induction process.

That luteolin has shown no effect on the footprint in these
assays makes it even more interesting to compare the
behavior of NodD1 and NodD3. When overexpressed in R.
meliloti, nodD3 functions as a naturally occurring constitu-
tive variant of the more typical nodDI-like, inducible acti-
vator which is found as the unique nodD in other systems
(35, 42, 48). In particular, the basal level of an overexpressed
NodD3-induced nodC-lacZ fusion is about 100-fold higher
than background, and addition of plant exudates fails to
significantly elevate expression of the fusion (35). In R.
leguminosarum bv. viciae, either mutation of nodD by as
little as one codon (3) or construction of certain chimeric
nodD genes (55) can result in a nodD which activates nod
gene expression constitutively, although the overall activity
is not as high as that of R. meliloti nodD3.

We observed a potentially significant difference between
the footprints observed with NodD1 and NodD3. Use of
NodD?3 resulted in one or two additional hypersensitive sites
in the central portion of the nod box on each nod box
fragment tested (near bp —47; Fig. 3, compare lanes 2 and 3).
If this extra NodD3-dependent hypersensitivity represents
the positioning of the NodD3-nod box complex into an
activated (for transcription) state, then its absence in the
presence of NodD1 may reflect the need for components
besides luteolin to achieve NodD1-mediated transcriptional
activation. Alternatively, the difference between the NodD1-
and NodD3-generated footprints may simply result from the
different ways they were purified. It is also possible that the
distinctiveness of the NodD3 footprint is due to other
structural differences between the nodD3 and nodDI gene
products which are not related to the functional difference.
We are currently determining the sequence of the nodD3
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gene to see how divergent it is from that of nodDI. In
addition, we plan to distinguish between these possibilities
by combined genetic and molecular analyses.

A functional demonstration of the role of NodD in tran-
scriptional activation itself will require the pursuit of several
goals: mutagenesis of both nodD genes and the target
sequences of their gene products, to define the points of
critical contact, should be carried out in parallel with further
biochemical tests such as methylation protection and an
analysis of in vivo promoter strength and NodD activity.
Finally, faithful in vitro expression from inducible rod
promoters will be required to confirm the identity of essen-
tial components needed for nod gene activation and to
permit an analysis of their mechanism of transcriptional
activation.
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