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Essential steps in the uptake and catabolism of the plant tumor metabolites nopaline and octopine in
Agrobacterium spp. are performed by proteins encoded in the nopaline catabolic (noc) and octopine catabolic
(occ) regions of Ti plasmids. We investigated the opine activation of the genes by using (i) promoter studies of
Agrobacterium spp. and (ii) analysis of the promoter interaction with the regulatory proteins NocR (noc) and
OccR (occ). The noc region contained two nopaline-induced promoters (Pil[noc] and Pi2[noc]) and one
autogenously regulated promoter (Pr [control of NocR expression]). Pi2 and Pr overlapped and were

divergently oriented (Pi2/Pr[nocJ). DNA binding studies and DNase I footprints indicated that NocR bound
specifically to single binding sites in Pil[nocd and Pi2/Pr[noc] and that Pi2 and Pr were regulated from the
same binding site. The binding was independent of the inducer nopaline, and nopaline caused small changes
in the footprint. The promoters in the noc and occ regions shared sequence motifs and contained the sequence
T-N11-A, which is characteristic for LysR-type-regulated promoters. The occ region contained one octopine-
induced and one autogenously regulated promoter (PiIPr[occ]) in the same arrangement as Pi2/Pr[noc] in the
noc region. Promoter deletions indicated that sequences flanking the OccR binding site determined the extent
of induction, although they did not bind OccR. The promoter bound OccR in the absence and presence of
octopine. The opine caused a change in the mobility of the DNA-protein complex with the complete promoter.
The resected fragments did not reveal this opine-induced shift, and it was also not detectable with the
DNA-NocR complexes with the two promoters of the noc region.

Agrobacterium tumefaciens induces tumors on a wide range
of gymnosperms and dicotyledonous angiosperms by transfer
of a part of the tumor-inducing (Ti) plasmid DNA into the
plant cells (see references 13, 38, and 42 for recent reviews).
Genes in the transferred DNA are responsible for the neoplas-
tic properties of the transformed cells and for the synthesis of
unusual substances (opines), which can serve as growth sub-
strates for the bacteria. That benefit was the driving force in
the evolution of this unusual plant-microbe interaction (11).
The utilization of the opines nopaline [N2-(1,3-D-dicar-

boxypropyl)-L-arginine; nopaline-type Ti plasmids] and octo-
pine [N2-(1-D-carboxyethyl)-L-arginine; octopine-type Ti plas-
mids] has been well investigated (see reference 31 for a
review). Ti plasmid functions are required in both cases, and
Fig. 1 summarizes the genetic and functional organization of
the catabolic regions. The nopaline catabolic (noc) region in
pTiC58 is split into two parts separated by several kilobase
pairs with unknown functions. The genes identified in the left
part code for catabolic enzymes, and those in the right part
encode four polypeptides involved in opine uptake. Expression
of the genes is regulated by one nopaline-induced promoter in
each region (Pil[noc] and Pi2[noc]). Both are controlled by a
positive regulator (NocR) encoded in the right part of the noc
region (nocR). The octopine catabolic (occ) region contains a
single octopine-induced promoter (Pi[occ]) controlling the
expression of all catabolic functions (Fig. 1). The regulation is
mediated by occR, which is transcribed divergently to Pi[occ].
Our previous results showed that the regulatory proteins

NocR and OccR are related to each other (35) and to a family
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of other positive regulators (LysR type) (12). Here, we de-
scribe the identification of the promoter sequences and their
interaction with the regulatory proteins. The results show that
NocR binds to both promoters in the noc region in the absence
and presence of nopaline and that the opine induces small
changes in DNase I footprints. The binding sites share signif-
icant similarities to each other and to the previously identified
(36) OccR binding site in Pi[occ]. The promoter assays in
Agrobacterium strains indicated that sequences flanking the
binding sites influenced the induction. This was investigated
with Pi[occ] in the occ region by promoter deletion analysis
and gel retardation analysis of the OccR-DNA interactions.
The results indicated that the OccR binding site was necessary
for induction but that the flanking sequences determined the
extent of induction, although they revealed no binding of
OccR.

MATERIALS AND METHODS

Agrobacterium strains and plasmids. APF2 is a plasmid-free
derivative of LBA275 (also known as C58C1) (15). pGV3850
(41) was derived from nopaline plasmid pTiC58 and contains
the complete noc region. Plasmid pGV2260 (6), which contains
the complete occ region, was a derivative from octopine-type
plasmid pTiB6S3.

Escherichia coli strains and plasmids. The pTZ18R/19R
vector system (40), E. coli JM109 and JM105 (39), and the
expression vectors pKK233-2 (2) and pINIIA2 (22) have been
described previously. E. coli S17-1 was used for the conjugation
of plasmids to the Agrobacterium strains; it contains the
trans-acting mobilization factors of plasmid RP4 integrated in
the chromosome (32). pFDY180, a vector containing multiple
cloning sites, a promoterless lacZ reporter gene, and a univer-
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FIG. 1. Organization of the noc region in nopaline plasmid pTiC58

(two parts, separated by sequences with unknown functions) and the
occ region of octopine plasmid pTiAch5. The map coordinates refer to
an SmaI site conserved in the DNA regions transferred to the plant
cells (7). Abbreviations: ocd, ornithine cyclodeaminase; ?, gene for a
40-kDa protein with an unknown function; arc, arginase; nox4A/noxB
and ooxAlcoxB, two proteins necessary for nopaline and octopine
oxidase activities, respectively; M, Q, P, and T, coding regions for four
proteins necessary for opine uptake; nocR and occR, regulatory
proteins necessary for activation of the inducible promoters (<Pi)
which control the expression of the catabolic functions; Pr>, promoter
for expression of occR or nocR.
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FIG. 2. (A) Promoter region of Pil[noc], subfragments cloned in

broad-host-range vector pCB303, and activity in promoter test assays

(0-galactosidase units ± standard error of the mean [see Materials
and Methods]). Arrows with the subfragments indicate the position
and orientation of the lacZ reporter gene. E, EcoRI; K, KpnI; Hi,
Hinfl. (B) Gel retardation assays with the 184-bp EcoRI-Hinfl pro-
moter fragment and NocR expressed in E. coli. Lanes: 1, DNA
fragment; 2, plus 2 ,ug of protein from NocR-free extract; 3, like lane
2, but plus 0.1 mM nopaline; 4, 2 ,ug of NocR extract (pNocEx
expressed in E. coli); 5, like lane 4, but plus 0.1 mM nopaline; 6, like
lane 4, but plus 200-fold excess of unlabelled EcoRI-Hinfl fragment
(Pil[noc]); 7, like lane 4, but plus a 200-fold excess of the unlabelled
HindIII-NaeI fragment from the Pi2/Pr[noc] region (Fig. 3A); 8, like
lane 4, but plus 0.8 mM nopaline.

sal primer site, was a gift from B. Rak (University of Freiburg,
Freiburg, Germany).
Growth media. The bacteria were grown in Luria-Bertani

medium (1% Bacto tryptone, 0.5% Bacto yeast extract, 0.5%
NaCl, 0.2% glycerol, 0.02% MgSO4 [pH 7.5]) at 28°C (A.
tumefaciens) or 37°C (E. coli) with the appropriate antibiotics
(A. tumefaciens, 100 ,ug of rifampin per ml, 100 p,g of carben-
icillin per ml, 2 ,ug of tetracycline per ml; E. coli, 15 ,ug of
tetracycline per ml, 50 pLg of ampicillin per ml).
Promoter test plasmids for Agrobacterium strains. The con-

structs were based on pCB303, a broad-host-range vector
containing a small polylinker and the promoterless lacZ re-

porter gene (28). The Ti plasmid fragments were inserted into
the unique cloning sites (XbaI, PstI, BamHI), and suitable sites
for unidirectional insertion were usually obtained via inter-
mediate plasmids in the vectors pTZ18RI19R and pINIIA2.
The plasmids were conjugated (1) from E. coli S17-1 to the
Agrobacterium strains APF2, C58Cl(pGV3850), and C58C1
(pGV2260). The presence of plasmids inAgrobacterium strains
was routinely confirmed by miniscale isolation of the plasmids,
retransformation of E. coli JM109, and restriction analysis.

Determination of promoter activities in Agrobacterium
strains. Liquid cultures were grown overnight in Luria-Bertani
medium at 28°C and harvested by centrifugation, and the cells
were resuspended to an A6. of 0.4 in AB glucose medium
(0.3% K2HPO4, 0.1% NaH2PO4, 0.1% NH4CI, 0.03% MgSO4,

0.02% KCl, 0.001% CaCl2, 0.0003% FeSO4, 0.5% glucose [pH
7.0]) with (0.4 mM) or without the opines. The cultures were
incubated for 6 h on a rotary shaker (200 rpm) at 28°C. They
were harvested by centrifugation and resuspended to an A6.
of 0.5 to 0.7 in buffer containing 60 mM Na2HPO4, 40 mM
NaH2PO4, 10 mM KCI, 1 mM MgSO4, and 50 mM 2-mercap-
toethanol. The cells were broken by vortexing after addition of
30 ,ul of 0.05% sodium dodecyl sulfate (SDS) and 30 ,ul of
chloroform. The 3-galactosidase assays have been described
previously (35). The enzyme units are defined as 1,000 x
A41Jtime (min) x A6. of the culture (28). The analysis was
routinely performed with cultures from four independent
colonies.
Primer extension analysis. The experiments for Pil[noc]

were performed with pNocllO (35) maintained in A. tumefa-
ciens C58Cl(pGV3850). The plasmid pNocllO contains a
3.2-kbp BamHI-SmaI fragment from the upstream region of
noxB cloned in pCB303. The assays for Pi2[noc] were carried
out with pNoclO5 (35) in A. tumefaciens APF2. The plasmid
harbors a 1.6-kbp PstI-XbaI fragment from the right end of the
noc region cloned in pCB303; it contains nocR and 592 bp
upstream of the start ATG. Duplicate cultures were grown
overnight in Luria-Bertani medium, diluted 1:50 into the same
medium, and allowed to grow to an A6. of 0.3. Nopaline (0.4
mM) was then added to one of the duplicates, and the cultures

promoter activity
in Agrobacteriun

C58C1(pGV3850) APF2
nopatine nopaline
+ - + -

297±15 8±3 7±2 5±3
410±50 5t2 11 17±3
198±26 13±7 19±1 8±1
8 9 16 7
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FIG. 3. (A) Promoter region of Pi2/Pr[noc], subfragments cloned in pCB303, and activity in promoter test assays (P-galactosidase units ±

standard error of the mean [see Materials and Methods]). Arrows with the subfragments indicate the position and orientation of the lacZ reporter
gene. Ha, HaeIII; H, HindIII; N, NaeI; P, PstI; X, XbaI. (B) Gel retardation assays with the 444-bp HaeIII-NaeI fragment and NocR expressed
in E. coli. Lanes: 1, DNA fragment; 2, plus control extract (NocR free [2 ,ug]); 3, like lane 2, but plus 0.1 mM nopaline; 4, NocR extract (2 jig);
5, like lane 4, but plus 0.1 mM nopaline; 6, like lane 4, but with 200-fold excess of unlabelled DNA fragment. (C) Comparison of gel retardation
assays performed with extracts from Agrobacterium strains and E. coli. Lanes 1 to 5 were run with the 172-bp HindIII-NaeI fragment from
Pi2Pr[noc] (Fig. 3A); lanes 6 to 10 were run with the 184-bp EcoRI-Hinfl fragment from Pil[noc] (Fig. 2A). Lanes: 1 and 6, extract from NocR-free
Agrobacterium strain (APF2 [8 ,ug of protein]); 2 and 7, like lane 1, but plus 0.1 mM nopaline; 3 and 8, extract fromAgrobacterium strain expressing
NocR (pNoclO5 in APF2 [8 ,ug]); 4 and 9, like lane 3, but plus 0.1 mM nopaline; 5 and 10, extract with NocR expressed in E. coli (pNocEx [2 ,ug]).

were incubated for another 5 h. Total RNA was prepared
according to the method of van der Meer et al. (34). The cells
were harvested by centrifugation, resuspended in buffer (20
mM Na-acetate, 1 mM EDTA, 0.5% SDS [pH 5.5]), and
extracted twice at 60°C with phenol saturated with 20 mM
Na-acetate (pH 5.5). The nucleic acids were purified by three
precipitations with ethanol. The oligonucleotide 5'-CGGCC
AAGTllTTGAGGAGG-3' was used to detect noxB tran-
scripts (Pil[noc]), and 5'-CGGGACAGCCGAAAATGAC
GCC-3' was used to identify nocP transcripts (Pi2[noc]). The
primers were end labeled with [-y-32P]ATP (110 TBq/mmol
[Amersham Buchler, Braunschweig, Germany]) and annealed
to approximately 50 jig of RNA. The rest of the procedure has
been described previously (24). Sequence ladders from the
same regions were obtained with the same oligonucleotides,
and the subfragments were cloned in pTZ18R.

Resection of the Pi [occ] promoter with exonuclease III. The
deletions were performed with a 433-bp HindIII-PstI fragment
containing the Pi/Pr[occ] region. Restriction sites suitable for
the deletions were obtained via an intermediate clone in
pTZ18R. The digestions were performed with the fragment
cloned in vector pFDY180, and the restriction site configura-
tion is shown in Fig. 7A (pOcc200), which also summarizes the

results. The deletions were performed from both sides with the
double-stranded Nested Deletion Kit (Pharmacia LKB Bio-
technology) according to the manufacturer's recommenda-
tions. The mutants were transformed into E. coli JM109, and
the extent of the deletions was determined by DNA sequence
analysis. The fragments were recloned into pCB303 for the
promoter assays of the Agrobacterium strains.

Plasmids for expression of OccR and NocR. The plasmids
for expression of the regulators in Agrobacterium strains have
been described before (pNoclO5 for nocR, pOcc265 for occR)
(35). The proteins were expressed in both cases from their own
promoters. The expression in E. coli required additional
cloning steps because it was desirable to express the proteins
from their deduced start ATGs. The same strategy was used
for expression of NocR and OccR. DNA fragments containing
the coding regions were subcloned in vector pTZ19R, and the
nucleotides next to the start ATGs were modified by site-
directed mutagenesis to create an NcoI site. The mutagenesis
was performed with single-stranded DNA produced with
helper phage M13K07 in E. coli RZ1032 (16) as described
before (19). NocR was mutagenized with the oligonucleotide
5'-GGAGAAAGCCATGGTTCAATCGCG-3', and occR was
mutagenized with 5'-GATGTTATGGTGCCATGGTGAAT

prouoter activity
ain u

CS8C1(pGV3850) APF2
nopailino nopaline
+ _+-.

i 657±20 18±6 818±21 18±5
C 311±15 16±4 47±12 32±19
1 454±21 16±1 54±1 71±8
L 9±3 10±2 14±3 13±3

21±1 20±4 210±17 162±4
40±2 37±1 30±3 33±2

L 12±1 10±3 6±1 3±2
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CTCAGGC-3' (the created NcoI site is boldfaced and under-
lined). The mutations were verified with restriction digests and
DNA sequence analysis. To eliminate the possibility of arti-
facts occurring during the mutagenesis, the nonsequenced
regions were exchanged as far as possible against fragnents
from the parent plasmids with help of suitable restriction sites.
The fragments were then recloned with NcoI and Hindlll into
expression vector pKK233-2. This fused the protein start ATG
directly to the inducible trc promoter of the vector. The
plasmids were named pNoxEx (NocR) and pOcc411 (OccR).
Test experiments showed that overexpression ofOccR with the
pKK233-2-based plasmid was lethal to E. coli. It was therefore
necessary to reclone the expression unit (vector promoter plus
occR coding region) as a BamHI-XbaI fragment into the
low-copy-number vector pCB303. This plasmid was named
pOcc410. The expression of the proteins was confirmed by
labelling experiments with minicells (E. coli DS410) (26).

Extracts for DNA binding assays. The cultures with pNocEx
(in E. coli JM105), pOcc410 (in E. coli JM109), or vector
plasmids were grown overnight in Luria-Bertani medium with
the appropriate antibiotics. They were diluted 1:50 into the
same medium, allowed to grow to anA6. of 0.8, and then were
induced with 1 mM IPTG (isopropyl-o-D-thiogalactopyrano-
side) for protein expression. After 3 h, the cultures were
harvested by centrifugation and resuspended in buffer (50 mM
Tris-HCl [pH 7.5], 1 mM EDTA, 12.5 mM MgCl2, 1 mM
3-mercaptoethanol), and the cells were broken by sonication.

NaCl was added to a final concentration of 0.44 M, and the
lysates were incubated on ice for 1 h. Cellular debris was
removed by centrifugation, and the supematants were dialyzed
for at least 3 h against the same buffer. The dialyzed extracts
were centrifuged, brought to a final glycerol concentration of
20%, and stored at -70°C. Protein concentrations were
determined according to the method of Lowry et al. (21). The
Agrobacterium experiments were performed with extracts from
strain APF2 transformed with either pCB303 (control),
pNocl05 (nocR), or pOcc265 (occR). The growth of the
cultures and the extract preparation were as described for E.
coli, except for the omission of IPTG and harvest of the
cultures after they reached an A6. of 2 to 3.
Promoter fragments for gel retardation assays. The probe

for Pil[noc] was a 184-bp EcoRI-Hinfl fragment (Fig. 2), and
for Pi2/Pr[noc], we used a 444-bp HaeIII-NaeI fragment (re-
striction sites suitable for the labelling were obtained from
subclones in the polylinker of vector pTZ19R). For the occ
promoter region Pi/Pr[occ], we employed the EcoRI-HindlIl
fragment isolated from pOcc200 (see Fig. 7A) and various
resected fragments from the exonuclease III deletions of
pOcc200. The fragments were labelled by filling in with the
Klenow subunit of DNA polymerase and [a-32P]dATP (24).
The DNA was precipitated with isopropanol, washed twice
with 70% ethanol, and redissolved in Tris-EDTA buffer.

Gel retardation assays. Gel retardation assays were carried
out according to published procedures (8). The incubations
(final volume, 25 jl) contained buffer (10 mM Tris-HCl [pH
7.5], 50 mM NaCl, 3 mM MgC12, 1 mM EDTA, 10% glycerol),
1 ,ig of calf thymus DNA, approximately 10,000 cpm of
labelled promoter fragment, and protein extract as indicated in
the figure legends. The samples were analyzed after 10 to 15
min by electrophoresis in 5% polyacrylamide gels (buffer, 50
mM Tris-HCl [pH 8]-0.38 M glycine-1 mM EDTA; condi-
tions, 4 h, 40 mA, 4°C).
DNase I footprint analysis. DNase I footprint analysis was

performed with published techniques (9). The incubation
mixtures contained approximately 100,000 cpm of end-labelled
promoter fragment, 5 ,ug of calf thymus DNA, and 30 jLg of
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FIG. 4. Primer extension analysis of noxB (left, Pil[noc]) and nocP
(right, Pi2[noc]). The DNA sequences are shown in the 5'-to-3'
direction, and the transcription start sites are marked by arrows. Lanes
T, C, G, and A show sequencing reactions from the same DNA
sequence. Nopaline + or -, analysis with RNA (50 ,ug) from A.
tumefaciens cultures incubated with (+) or without (-) 0.4 mM
nopaline for 5 h.

crude extract with NocR. The mixtures were preincubated with
or without 0.1 mM nopaline for 15 min at 4°C in buffer (10 mM
Tris-HCl [pH 7.5], 50 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol, 5% glycerol). After addition of 2 jil of 250 mM
MgCl2 and 1 U of DNase I (Amersham Buchler), the digestion
was allowed to proceed for 3 min at 4°C. It was stopped by
addition of 4 jil of 0.5 M EDTA and heating for 10 min at
65°C. The mixtures were extracted twice with phenol-chloro-
form (50:50 [vol/vol]), and the DNA was precipitated with
ethanol. The dried DNA was redissolved in formamide, and
portions (20,000 cpm) were analyzed in a 5% denaturing
long-range sequencing gel (U.S. Biochemical Corp.). The
Maxam-Gilbert sequencing reactions were performed as de-
scribed previously (30).

Miscellaneous methods. DNA sequence analysis was per-
formed with the dideoxy nucleotide chain termination tech-
nique as described previously (35, 43), either with single-
stranded DNA (pTZ18R/19R clones) or with double-stranded
DNA (pFDY180-based deletion clones) and the universal
sequence primer site in pFDY180. The DNA polymerization
reactions were carried out with [a-35S]dATP (>37 TBq/mmol
[Amersham Buchler]) and modified T7 DNA polymerase
(Sequenase [U.S. Biochemical Corp.]). Standard molecular
analysis techniques were performed according to published
procedures (24).

RESULTS

Pil[noc] and binding of NocR. The nopaline-induced pro-
moter Pil[noc] is located upstream of the catabolic genes in
the left part of the noc region (Fig. 1), and its activation is
strictly dependent on the presence of nocR (35). Assays with
several fragments cloned into the promoter test vector pCB303
showed that a 184-bp EcoRI-Hinfl subfragment was sufficient
for inducibility (Fig. 2A [pNocl9O]). The data with larger
fragments were variable, suggesting that the flanking se-
quences influenced the promoter activity (pNoclO8, pNoclO9).
The 184-bp fragment was used for gel retardation assays with
NocR expressed in E. coli and with control extracts (Fig. 2B).
The results indicated that NocR bound specifically to the
promoter, because a protein-DNA complex was observed only
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TGATTTTCGAACGGAAGGTATAGCGTTCCCGTCATTATCCGTACGCGGGTACACATA ACAATAC CTCTTTCGTTACTAAGTT

FIG. 5. (A) Alignment of the Pil[noc], Pi2[noc], and Pi[occ] sequences containing the binding sites for the regulators NocR and OccR. The
arrows indicate the direction of opine-inducible transcription. Transcription start sites are boxed (data for Pi[occ] are from Wang et al. [36]). The
- 10 and - 35 regions of the inducible promoters and start ATGs of NocR and OccR (in the sequences of Pi2[noc] and Pi[occ], respectively) are
underlined. Double dots indicate sequence identity. Plus signs below the Pi[occ] sequence indicate sequences identical in all three promoters; the
7-bp motif common to all three promoter regions is boxed. Small dots indicate the region protected in Pi/Pr[occ] by OccR (from Wang et al. [36]).
(B) Regions protected (large dots) by NocR in the promoters Pil[noc] and Pi2/Pr[noc] in the absence (-) and presence (+) of nopaline.

in the presence of NocR-containing extracts and because the
complex formation was strongly reduced by an excess of
unlabelled fragment. The binding was independent of nopa-
line, and there was no significant difference in the migration of
the protein-DNA complex in the absence or presence of the
opine (Fig. 2B, lanes 4 and 5). The same result was obtained
with up to 0.8 mM nopaline. No complex was observed after
addition of a HindIII-NaeI fragment containing Pi2[noc], the
second inducible promoter from the right part of the noc
region (Fig. 1), indicating that the two promoters competed for
NocR.

Pi2/Pr[noc] and binding of NocR. We have previously dem-
onstrated (35, 43) that a 1.6-kbp PstI-XbaI fragment (pNoclO5)
from the right part of the noc region contains the regulatory
gene nocR and two divergent promoters which control nocR
(Pr[noc]) and the inducible expression of the genes for opine
transport proteins (Pi2[noc]) (Fig. 1). Experiments with
smaller fragments located Pi2[noc] in a 444-bp HaeIII-NaeI
fragment (Fig. 3A [pNocl84]). The additional removal of 172
bp at the right end of pNocl84 abolished the promoter activity
completely (pNocl5l), indicating that the sequences between
the HindIlI and NaeI sites were essential. This placed Pi2[noc]
very close to the start of the nocR coding region.
The regulation of Pr[noc] was investigated with plasmids

which contained fragments in the opposite orientation with
respect to the lacZ reporter gene (Fig. 3A). Interestingly,
pNocl73 revealed high levels of promoter activity in APF2 but
not in C58Cl(pGV3850). The only known difference between
the two strains was Ti plasmid pGV3850, which expressed

nocR from its noc region, and therefore this result indicated
that NocR repressed its own expression. This conclusion was
supported by pNocl31 (Pr[noc] plus complete nocR) because it
had very low activity not only in C58Cl(pGV3850) but also in
APF2. The same type of regulation had been suggested for
OccR (36). As with Pi2[noc], removal of the sequences be-
tween the HindlIl and NaeI sites abolished the promoter
activity of Pr[noc] (pNoclSO). Taken together, the results
indicated that essential elements of the two divergent promot-
ers were located in the 172-bp HindIII-NaeI fragment which
covered the sequences directly in front of the nocR coding
region.
Gel retardation assays were performed with the 444-bp

HaeIII-NaeI fragment from pNocl84 and NocR expressed in
E. coli. The results (Fig. 3B) showed the formation of a specific
NocR-DNA complex in the absence and presence of nopaline,
and, as with Pl[noc], there was no significant difference in the
migration of the protein-DNA complex in the absence or
presence of the opine. The same results were obtained with the
172-bp HindIII-NaeI subfragment (data not shown).
The noc region promoters are not active or induced by

nopaline in E. coli (data not shown), and therefore it was an
interesting question whether Agrobacterium functions contrib-
uted to the protein-DNA complex. This was investigated with
extracts from control APF2 and APF2(pNoclO5), which ex-
pressed NocR from its own promoter inAgrobacterium strains.
The labelled fragments were from Pi[noc] (184-bp EcoRI-
Hinfl fragment, pNocl90 [Fig. 2a]) and from Pi2/Pr[noc]
(172-bp HindIII-NaeI fragment [Fig. 3A]). The results in Fig.
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3C showed that a protein-DNA complex was detectable only
with extracts from APF2(pNoclOS) and that the complexes
migrated to the same positions, regardless of the NocR
expression in E. coli or Agrobacterium strains. This suggested
that other Agrobacterium factors did not significantly contrib-
ute to the DNA-protein complex. The experiments were also
carried out with extracts from APF2(pNoclOS), which had
been incubated in vivo for 6 h with 0.4 mM nopaline. The
NocR-DNA complexes migrated to the same position as
before (data not shown), suggesting that NocR and its binding
to the DNA were not modified in the presence of the opine to
such an extent that differences were detectable in the assay
system. The noninducibility of the noc region promoters in vivo
in E. coli may indicate that NocR cannot activate transcription
by the E. coli RNA polymerase. Alternatively, it cannot be

excluded that the uptake of the inducer nopaline is so low that
the intracellular concentration is not sufficient for promoter
induction.

noc region: transcription start sites and DNase I footprints.
The primer extension analysis of the two nopaline-induced
promoters is shown in Fig. 4 (left, Pil[noc]; right, Pi2[noc]). In
both cases, extension products were obtained only with RNA
from A. tumefaciens induced with nopaline. The presence of
two bands with Pil[noc] suggested two potential transcription
start sites, but the extensive overall similarity between the
opine-induced promoters (discussed below [see Fig. 5A for a
summary]) supported the notion that the shorter transcript
represented a degradation product or a truncated version of
the longer transcript.
Comparison of the Pil[noc] and Pi2/Pr[noc] promoter re-

gions showed that the 70 bp preceding the start ATG of NocR
had extensive similarities to sequences in the Pil[noc] frag-
ment (Fig. 5A). The similarity to Pi[occ] was less pronounced,
but all three promoters shared the 7-bp motif TGTTATG,
which is part of the region protected by OccR in Pi[occ] (36).
The motif is unique in the occ and noc regions (total sequence,
19 kbp [references 25, 27, 29, 35 and 43 and unpublished
data]).
The footprint analysis (Fig. 6 [see Fig. SB for the detailed

sequences]) showed that NocR bound to the conserved regions
and that the protected sequences were slightly different in the
absence and presence of nopaline. A comparison with OccR/
Pi[occ] (36) indicated that NocR covered a larger sequence
stretch than OccR. The binding sites for OccR/PiPr[occ] and
NocR/Pi2Pr[noc] were very close to the start of the coding
regions for the regulators, and the binding site of NocR
included its own start ATG (Fig. 5B). Taken together, the
results indicated that the induction of the nopaline-induced
promoter Pi2[noc] and the repression of Pr[noc] by NocR were
mediated from the same binding site.

Resection analysis of Pi[occ] and binding of OccR. The
binding site of OccR to Pi/Pr[occ] had been defined previously
(Fig. SA [36]). Experiments in our laboratory indicated that the
flanking sequences played an important role in the induction,
and therefore we decided to analyze the region of the inducible
promoter Pi[occ] in more detail. This was performed with
exonuclease III deletions from both sides of the 433-bp occ
region fragment that contained the OccR binding site and
parts of the coding sequences for occQ and occR (Fig. 7A). The
data with strain APF2 showed basic levels of promoter activity
and no stimulation in the presence of octopine. This was
expected, because occR was truncated in all cases and because
APF2 has no functional occR equivalent encoded in the
chromosome.
A 50-bp deletion upstream of Pi[occ] reduced the inducible

promoter activity sixfold in strain C58C1(pGV2260) (pOcc300
versus pOcc301a [Fig. 7A]). This was unexpected, because the
deleted sequences were within the occR coding region and
were not part of the OccR binding site. More extensive
deletions within the occR coding region had no additional
drastic effects (pOcc332a, pOcc329a, pOcc3O3a). The deletion
of further sequences (OccR binding) led to a complete loss of
the inducible promoter activity (pOcc363a, pOcc3l7a). The
results indicated that the OccR binding site was essential but
that the 5' end of the occR coding region was required for
optimal induction of Pi[occ].
The deletions from the opposite side were performed with

pOcc3O3a, which contained the shortest fragment with induc-
ible promoter activity. The removal of 96 bp from the coding
region for OccQ increased the activity sixfold (pOcc3O7), and
the values were comparable to those of the complete promoter
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FIG. 7. (A) Pi/Pr[occ] promoter region, resected fragments, and promoter activities in Agrobacterium strains. (Top left) Restriction site
configuration for the exonuclease III resections. B, BamHI; E, EcoRI; H, HindIII; K, KpnI; N, NaeI; P, PstI; Sa, Sall; Sp, SphI; Su, Sau3A1; X,
XbaI. The figure also shows the translation starts of occQ and occR, the -10 and - 35 regions (i) of Pi[occ] and Pr[occ], respectively, and the OccR
binding region with the DNA bend center (x l x) (36). (Bottom left) Position of the resected fragments and the lacZ reporter gene (<-). Dots
represent deleted occ region sequences, and the numbers indicate the lengths in base pairs. (Right) Promoter activities (± standard error of the
mean) in plasmid-free APF2 and in C58C1(pGV2260) in the absence and presence of octopine. n.t. or -, not tested. (B) Gel retardation assays
with OccR expressed in E. coli (pOcc410) and the labelled 500-bp EcoRI-HindIII fragment from pOcc300 (Fig. 7A). Lanes: 1, DNA fragment; 2,
plus control extract from E. coli (OccR free [2 ,ug]); 3, like lane 2, but plus 0.1 mM octopine; 4, OccR extract (2 ,ug) plus 0.1 mM octopine plus
200-fold excess unlabelled promoter fragment; 5, OccR extract (2 ,ug) without octopine; 6, like lane 5, but plus 0.1 mM octopine. (C) Comparison
of gel retardation assays performed with OccR expressed in E. coli (lanes 1 to 5) and Agrobacterium strains (lanes 6 to 8) and the 1 16-bp resected
fragment from pOcc328 (Fig. 7A). Lanes: 1, DNA fragment; 2, plus E. coli control extract (2 ,ug); 3, like lane 2, but plus 0.1 mM octopine; 4, extract
with OccR (2 ,ug); 5, like lane 4, but with 0.1 mM octopine. Lane 6, control Agrobacterium extract (APF2 [15 jig]); 7, OccR expressed in
Agrobacterium strain from pOcc265 (15 jig); 8, like lane 7, but plus 0.1 mM octopine.

fragment in pOcc300 (Fig. 7A). Extending the deletions up to
a total of 200 bp led to variable results (compare pOcc315,
pOcc331, pOcc328), but all of the fragments revealed much
higher values for induced activity than those of the starter
fragment in pOcc3O3a. The differences showed no correlation
with the length of the fragments, indicating that the high values
were not simply a result of shortening the distance between the
promoter and reporter genes. This notion is supported by the
results with pOcc3O2. This plasmid contained the Sau3Al-PstI
fragment in the right half of the fragment in pOcc300 (Fig.
7A), with the left end in a position intermediate between the

ends of pOcc331 and pOcc328, which both revealed very high
levels of promoter activity. pOcc3O2, however, had only about
50% of that activity, although it also contained the upstream
sequences which were required for optimal inducibility, as
suggested by the data with the 5'-resected fragments. A further
deletion of 30 bp abolished the activity completely (pOcc327),
and inspection of the DNA sequences showed that they
contained the -10 region of Pi[occ] (36).
Taken together, the results indicated that sequences to the

right and the left of the OccR binding site strongly influenced
the promoter activity, and therefore the binding of OccR was

B-galactosidase activity (U)
in Agrobacterium

C58C1(pGV2260) APF2
octopine octopine

+ . +

749t43 34±4 15t8 11±3
122± 9 10t5 9t2 7±1
117± 1 21t8 18±6 14±3
155t 5 18±6 11±5 11±5
157± 4 19±7 13t6 12t4
24± 6 21t8 17±3 16±8
21t 8 16±8 15±2 14±4

745±31 29±14 49± 3 41± 6
303±43 31±16 36t10 29± 7
634±28 30± 2 38±23 49±10
686±63 31±17 33±14 26±12
16±5 11± 3 60± 7 68t 5

318±25 14± 2 24± 5 30± 6
n.t. n.t. - -
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FIG. 8. Sequence comparison of promoters regulated by different
LysR-type proteins. The invariant T-N11-A motif is boxed. Short
inverted repeats around the conserved T and A residues are under-
lined. Sequence sources: CynR, E. coli (33); INY, E. coli (37); AmpR,
Escherichia cloacae and Citrobacterffreundii (20); NahR, Pseudomonas
putida (14); CatR, P. putida (23); ClcR, P. putida (5); TrpI, Pseudo-
monas aeruginosa (4); TcbR, Pseudomonas sp. strain P51 (34); RbcR,
Thiobacillus ferrooxidans (17); MetR, Salmonella typhimurium (3);
NodD, Azorhizobium caulinodans (10).

also investigated. The first experiments were performed with
the 500-bp EcoRI-HindIII fragment from pOcc300 (complete
433-bp Pi/Pr[occ] promoter region) and OccR expressed from
pOcc410 in E. coli. Figure 7B shows that the labelled DNA
fragment migrated more slowly after incubation with OccR,
indicating the presence of a DNA-protein complex. The for-
mation of the complex was dependent on OccR (no DNA
retardation with control extracts), and it was abolished by
addition of an excess of unlabelled DNA fragment. This
indicated that the binding was specific. OccR bound to the
DNA in the presence and absence of octopine. However, the
complexes migrated differently (Fig. 7B, lanes 5 and 6), and the
amount of bound radioactivity was lower in the presence of
octopine than in its absence. This octopine-induced migration
change had been described before, and it had been proposed
that it was caused by relaxation of an OccR-induced DNA
bend in the presence of the opine (36). Experiments with the
resected promoters (data not shown) revealed that OccR was
bound by fragments containing the complete OccR binding site
(pOcc3O3a, pOcc328, pOcc327 [see Fig. 7A for the positions of
the fragments]), but there was no detectable DNA-OccR
complex formation with fragments containing only parts of the
binding site (pOcc363a) or the flanking sequences to the left
(pOcc3l7a) or to the right (pOcc312).
Gel retardation assays were also performed with OccR

expressed in Agrobacterium $.train APF2(p0cc265) and the
resected fragments. Figure 7C shows, as orie example, the
results with the promoter fragment from pOcc328 and dem-
onstrates that there were no significant differences between the
mobilities of the complexes obtained with OccR expressed in
A. tumefaciens or E. coli (compare lanes 4 and 5 with lanes 7
and 8). A significant octopine-induced mobility change of the
complex was not observed with pOcc328 (Fig. 7C) or with any
of the resected fragments, regardless of the OccR expression in
A. tumefaciens or E. coli (data not shown).

DISCUSSION
NocR and OccR belong to the LysR-type regulators by

sequence similarity and type of regulation (35). Both bind to
the promoters in the absence and presence of the inductors
nopaline and octopine. NocR binds to a single site in the two
nopaline-induced promoters, and the presence of the opine
induces a small change in the footprint. Similarly small changes

have been reported for OccR (36), but a comparison shows
that NocR covers a larger stretch of DNA than OccR. This is
particularly pronounced with Pi2/Pr[noc], for which the pro-
tected region covers the first few bases of the NocR coding
region (Fig. 5). The sequence comparison indicates that the
NocR binding sites of the two noc region promoters are very
similar, and the sites compete for NocR. Both regions share
motifs with the OccR binding site, and these are probably
important for the binding, because OccR binds to Pil [noc] and
Pi2/Pr[noc] and NocR binds to Pi/Pr[occ] (unpublished re-
sults). LysR-type-regulated promoters contain the characteris-
tic sequence T-Nll-A (10). This motif is also present in the
NocR and OccR binding sites, and the presence of short
inverted repeats around the conserved T and A residues
appears to be typical for these promoters (Fig. 8). These results
show that the regulation of the opine-induced promoters by
OccR or NocR shares extensive similarities with other LysR-
type regulations.
The results with the occ region as well as with the noc region

indicated that the sequences flanking the binding sites for the
regulators determine the extent of induction. The study of the
Pi/Pr[occ] region showed that the 5' end of the OccR coding
region was necessary for optimal induction and that the
absence of the 5' end was compensated for by sequences
downstream of the inducible promoter (Fig. 7A). The mecha-
nisms of this regulation remain unclear, because the gel
retardation assays revealed no binding of OccR or other
Agrobacterium proteins to the sequences flanking the OccR
binding site.
The gel retardation assays with the 433-bp promoter frag-

ment from the occ region showed that octopine caused a
change in the mobility of the OccR-Pi-Pr[occ] complex. This
had been reported before by Wang et al. (36), who proposed
that the relaxation of an OccR-induced DNA bend by the
opine played an important role in the promoter activation.
Interestingly, no such mobility change was observed with the
resected occ region fragments which revealed high levels of
inducible promoter activity in Agmbacterium strains. One
possible explanation is that the extent of the activator-induced
mobility change depends on the distance of the center of the
DNA bend from the end of the fragments and on the length of
the fragments (18) and that the resected fragments were not
suitable to demonstrate the shift. However, a significant opine-
induced shift was also not detected with NocR and the two noc
region promoters Pil[noc] and Pi2/Pr[noc], although the NocR
binding sites were in or close to the center of the labelled DNA
fragments. Preliminary experiments suggested that the binding
of. NocR induces a DNA bend (unpublished data), and our
results shoWed that nopaline induced a change in the footprint
pattern, but it remains to be investigated whether nopaline
leads to significant relaxation of the bend. This question is of
general interest, because it concerns one of the central mech-
anisms of action of LysR-type regulators.
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