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The plant oncogene rolD stimulates the reproductive phase tran-
sition in plants. We define here the function of its gene product. We
show that the RolD protein bears sequence homology with orni-
thine cyclodeaminase, an uncommon enzyme of specialized-niche
eubacteria and archaea that catalyzes the unusual NAD*-depen-
dent conversion of ornithine to proline. To confirm the prediction
of the bioinformatic analysis, the RolD protein was expressed in
Escherichia coli and purified. An ornithine-dependent NAD* reduc-
tion that can be ascribed only to ornithine cyclodeaminase (OCD)
activity was detected both in bacterial extracts containing RolD
and in assays on the purified RolD protein. Furthermore, OCD
activity was observed in soluble extracts from plants overexpress-
ing rolD. The role of rolD in plant pathogenesis and its effect on
plant reproductive development are discussed in light of the newly
demonstrated enzymatic activity of its gene product.

he neoplastic disease hairy root of dicotyledonous plants, an

abundant ectopic growth of adventitious roots, is because of
transfer of transferred DNA (T-DNA) from the Ri plasmid of
the infecting Agrobacterium rhizogenes to plant cells (1-4). Of the
18 ORF localized in the Ri T-DNA (5), four coincide with
genetic loci (rolA, B, C, D) identified by transposon mutagenesis
from the effects of their inactivation on the virulence properties
of A. rhizogenes (6). When individually inserted in plants, the rol
oncogenes affect plant growth and development, each in its
characteristic and distinctive way. Transgenic plants containing
rolA show wrinkled leaves and reduced internodal distance (7, 8).
Plants expressing rolB show flower heterostyly and abundant
adventitious rooting (7, 9, 10). rolC results in reduced apical
dominance, altered leaf morphology, and reduced seed produc-
tion (7). More recently, the effects of rolD have been shown to
consist primarily in a strong acceleration and stimulation of
flowering both in tobacco plants and cultured tissues (11) and
Arabidopsis (M. L. Mauro and M. M. Altamura, personal
communication). So far, nothing is known on the biochemical
function of the RolD protein. Of the other Rol proteins, RolA
has been suggested to be involved in the metabolism of gibberel-
lins (12) and RolC in the deconjugation of cytokinins (13). RolB
increases the sensitivity of transformed cells to auxin (14, 15) by
perturbing the hormone’s signal transduction, possibly through
its protein tyrosine phosphatase activity (16). Where deter-
mined, the intracellular localization of the proteins encoded by
the rol genes is consistent with and supportive of their biochem-
ical functions. The RolB oncoprotein, apparently involved in
signal transduction, has been localized in the plasma membrane
fraction of transformed cells (16), whereas RolC, a B-glucosi-
dase, is a cytoplasmic protein (13). In this paper, we demonstrate
that rolD encodes a functional OCD converting ornithine into
proline and NH, localized in the cytoplasm of transformed
plant cells. We discuss the origin and effects of the oncogene in
light of this enzymatic activity.

Materials and Methods

Plasmid Constructs. The 35S::rolD construct was derived from
PBin-rolD (11) by amplifying the rolD coding region with
suitable primers. The resulting fragment was cloned in pBI121
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(CLONTECH). Gene fusions 6 xXHis-rolD and 6 XHis-dhfr-rolD
for expression in Escherichia coli M15(Rep4) were prepared by
cloning the rolD coding region in the vectors pQE30 and,
respectively, pQE13 (Qiagen, Chatsworth, CA).

Purification of RolD and Antibody Production. Purification of dena-
tured 6XHis-DHFR-RolD (DHFR, dihydrofolate reductase)
and 6XxHis-RolD proteins was performed on a Ni?>"-chelate
column according to Qiagen specifications. Rabbit polyclonal
antibodies were raised against 6 X His-DHFR-RolD and purified.
For Western blot analysis, proteins were separated on 12%
SDS/PAGE and electroblotted into Hybond C-plus membrane
(Amersham Pharmacia). Anti-RolD antibodies were used at
1:1,000 dilution; commercial anti-6>XHis monoclonals (Amer-
sham Pharmacia) were used according to the supplier’s specifi-
cations. Nitro-blue tetrazolium/5-bromo-4-chloro-indolyl phos-
phate was used for visualization. Refolding of the denatured
6xHis-RolD protein was performed on a PD10 gel filtration
column (Amersham Pharmacia). Elution was performed in a
refolding buffer containing 100 mM Tris-HCI (pH 7.5), 10%
(vol/vol) glycerol, 10 mM KCI, 5 mM MgCl,, 20 mM B-
mercaptoethanol, and 0.1 mM NAD™.

Preparation of Plant Extracts. SR1 (17) transformed tobacco plants
were obtained and grown as previously described (11). Eight
PCR-positive 35S::rolD transformants (T1) were propagated in
the growth chamber and transferred to the greenhouse with a
comparable number of controls. T1 plants were selfed and the T2
progeny used for further analysis.

Leaves from greenhouse-grown T2 35S:rolD and control
plants (untransformed SR1 plants and plants transformed with
the vector alone) were frozen in liquid nitrogen and homoge-
nized in 100 mM Tris'HCl, pH 7.5/10% (vol/vol) glycerol/10
mM KCI/5 mM MgCl,/100 mM B-mercaptoethanol/400 mM
sucrose/1 mM phenylmethylsulfonyl fluoride (extraction
buffer). Crude homogenates were filtered through Miracloth
(Calbiochem) and centrifuged at 10,000 X g for 10 min. The
supernatant was centrifuged at 100,000 X g for 60 min and the
resulting soluble fraction collected and dialyzed against several
changes of extraction buffer in the presence of 10 uM NAD™*. All
purification steps were carried out at 4°C.

Enzymatic Assays. Enzymatic activity was assayed on soluble
protein extracts (typically 50-100 g protein) from E. coli and
from plant leaves and on purified RolD protein (50-100 ng) in
10 mM Hepes, pH 8.2/1 mM EDTA/2 mM NAD*/10 mM
DTT/1 mM ornithine (reaction solution). The accumulation of
NADH as a reaction product was measured by recording the
increase of the absorbance at 340 nm as a function of time, with
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The RolD protein bears strong similarity to OCDs from different organisms. cLusTALw multiple alignment of the amino acid sequence of RolD and
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Fig. 1.

sp: Q14894), and Kangaroo (Macropus, pir: $27950); OCD from Archeoglobus fulgidus (Archeo-

sp:054983), human (homo,
OCD from Corynebacterium glutamicum (Corynebacterium, emb: CAA07634); OCD from Methanobacterium thermoautotrophicum

J

sp: P09773); OCD from Sinorhizobium melitoti (Sinorhi-
OCD from octopine A. tumefaciens plasmid AGRT5 (AGRTS5, gi:95109);
OCD from Brucella abortus (Brucella, sp:059175). The numbers identify protein sequences in the

Pir (pir), European Molecular Biology Laboratory (emb), and GenBank (gi) databases. The amino acid residues are colored according to their

, 9i:2622612); OCD from nopaline A. tumefaciens plasmid pTic58 (Agrobacterium,

OCD from octopine A. tumefaciens plasmid R10 (octopine, gi:1066073);

OCD from Rhodobacter capsulatus (Rhodobacter, gi:3128286);

'

SwissProt (sp),

hydrophilic (STNQ), green; positively charged (RK), red; negatively charged (ED),

glycine (G), orange.

r

blue;

physicochemical properties. Aliphatic/hydrophobic (ILVAMWEFC),

magenta; tyrosine and histidine (YH),

v

light blue; proline (P), yellow;
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Fig. 2. Expression of the RolD protein in E. coli. (A) PAGE of total protein
extracts from uninduced (lane1) and IPTG-induced (lane 2) E. coli harboring
the 6XHis-rolD construct, and of purified denatured (lane 3) and refolded
(lane 4) 6XHis-RolD protein. (B and C) Immunoblot detection of the 6XxHis-
RolD protein in extracts from E. coli expressing the 6XxHis-ro/D construct with
polyclonal anti-RolD antibodies (B) and monoclonal anti-6 X His antibodies (C).

a Shimadzu UV-160A spectrophotometer. For proline detec-
tion, 2 mg of dialyzed soluble extract was dialyzed overnight at
room temperature against 10 ml of reaction buffer. After
dialysis, the 10-ml reaction buffer was loaded onto a DOWEX
2 column (Sigma), washed with 0.1 M ammonium bicarbonate
(pH 8.2), and eluted with 30 ml 0.1 M HCIL. The eluate was
lyophilized and amino acid analysis performed monitoring the
ninhydrin derivative at 440 nm by using a Beckman model 168
diode array detector.

Results

The RolD Protein Has Strong Sequence Homology with OCDs. By
means of the Smith—-Waterman algorithm as implemented by the
SSEARCH interface (http://sss.berkeley.edu/), a significant sim-
ilarity (25% amino acid identity over 90% of the protein; E
value = 0.0014) was found between the protein RolD and the
OCD from Archeoglobus fulgidus. To confirm this indication, a
similarity profile was built by first identifying OCD homologues
by means of the BLASTP program (http://www.ncbi.nlm.nih.gov)
and subsequently aligning them to RolD with cCLUSTALW (http://
www.ebi.ac.uk/). As can be seen in Fig. 1, there is strong
similarity between RolD and a number of different OCDs. All
proteins share similar length ranging between 313 and 362 amino
acids, and conservative amino acid substitutions as well as strictly
conserved amino acid residues are present throughout the
multialignment. Furthermore, a similarity profile between RolD
and different OCDs was confirmed by using the iterative pro-
gram PSI-BLAST. The extremely low E values of the matches in the
similarity profile, ranging between 1 X 10732 and 1 X 17%4
warrant the high significance of these results.

RolD Expressed in E. coli Has OCD Activity. To verify the OCD
activity predicted by the bioinformatic analysis, a histidine-
tagged RolD protein was expressed in E. coli, as shown in Fig.
24. The 6 XHis-RolD protein was detected in bacterial protein
extracts with polyclonal anti-RolD antibodies raised from a
purified 6XHis-dihydrofolate reductase-RolD fusion protein,
and with commercial monoclonal anti-6XHis antibodies (Fig. 2
B and C). Because OCD converts ornithine to proline and
specifically requires NAD™ as cofactor, bacterial protein extracts
were incubated in the presence of ornithine and NAD™. The
formation of NADH as reaction product was monitored through
the kinetics of increase of absorbance at 340 nm (the absorbance
maximum of NADH). As shown in the spectrophotometric
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Fig.3. TheRolD protein expressed in E. colihas OCD activity. The absorbance
at 340 nm of the reaction mixture was spectrophotometrically monitored in
continuum and converted in NADH produced per milligram of protein. (A)
Activity of total protein extracts from E. coli expressing the 6xHis-ro/D con-
struct (Upper) and the same in the absence of ornithine (Lower). (B) Activity of
the purified refolded 6 X His-RolD protein (Upper) and the same in the absence
of ornithine (Lower).

tracings reported in Fig. 34, NAD™ is indeed reduced to NADH
in an ornithine-dependent fashion, because in the absence of
ornithine, no activity is observed. No activity was detected in
control extracts from E. coli expressing the vector alone (not
shown).

The presence of the N-terminal histidine tag allowed purifi-
cation of 6xXHis-RolD by affinity chromatography. Most of the
6XHis-RolD protein accumulates in the bacteria in the insoluble
form. We thus purified the denatured recombinant protein (Fig.
24, lane 3) and subsequently recovered a small amount of it in
the native soluble form through a refolding protocol (Fig. 24,
lane 4). As shown in Fig. 3B, the refolded RolD protein has
ornithine-dependent OCD activity.

Extracts from Plants Overexpressing rolD Have OCD Activity. To
achieve a high level of expression of the oncogene in plants, SR1
tobacco plants (17) were transformed with a construct carrying
rolD under the control of the strong constitutive CaMV35S
promoter (35S:rolD plants). Protein blot experiments with
anti-RolD antibodies revealed the presence of the RolD protein
in extracts from leaves of the 35S::rolD plants, as shown in Fig.
44, lane 2. No signal was detected in leaves from untransformed
SR1 plants (Fig. 44, lane 1), plants transformed with the empty
vector (not shown), or in leaves presented with preimmune
antiserum (not shown). By means of differential centrifugation,
we localized RolD in the cytosolic fraction of cells from leaves
of the 35S::rolD plants, as shown in Fig. 44, lane 4.

Soluble extracts from leaves of 35S::r0olD and of control plants

PNAS | November 6,2001 | vol.98 | no.23 | 13451
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Fig. 4. Extracts from plants overexpressing ro/D have OCD activity. (A)
Immunoblot detection of the RolD protein in soluble extracts from leaves of
SR1 (lane 1) and 35S::rolD plants (lane 2), and from subcellular 10,000 X g
pellet (lane 3), 100,000 X g supernatant (lane 4) and 100,000 X g pellet (lane
5) from leaves of 35S::rolD plants. All samples are equivalent to 50 mg of leaves
(fresh weight). (B) Activity (see legend to Fig. 3) of protein extracts from leaves
of 35S::rolD plants (Upper) and the same in the absence of ornithine (Lower).
(C) Amino acid analyzer tracings showing the production of more abundant
proline (arrows) in the extracts from leaves of 35S::rolD plants than of SR1
plants. The effluents are monitored at 440 nm, and amino acids are identified
by coelution with an internal standard (not shown).

were extensively dialyzed (see Materials and Methods) and then
tested for enzymatic activity. The results obtained with extracts
from different 35S::rolD plants were qualitatively similar, and a
typical assay on one of them is reported in Fig. 4B. As shown,
NAD is reduced to NADH and in the absence of ornithine, no
activity is observed. The NAD*-reducing activity is proportional
to enzyme concentration and is subjected to product inhibition
as described for the OCD of Agrobacterium tumefaciens (18). The
product responsible for inhibition is NADH, as addition of
proline does not affect NAD* reduction, whereas addition of 1
mM NADH results in total inhibition (not shown). NAD™* is
specifically required and neither NADP* nor FAD can substi-
tute for it (not shown). The OCD of extracts from 35S::rolD
plants is active only under reducing conditions, as also reported
for other OCDs (19). None of the extracts from control plants
showed any comparable activity.

13452 | www.pnas.org/cgi/doi/10.1073/pnas.231320398

To assess the production of proline as a result of OCD activity,
the enzymatic analysis was performed on a bulk amount of
dialyzed soluble extracts (about 2 mg of protein) from 35S::rolD
plants and from SR1 controls. To allow accumulation of proline
as reaction product but relieve product inhibition by NADH, the
enzymatic assay was performed by dialyzing overnight the
extracts against a 10-fold excess of the reaction solution. After a
subsequent ion-exchange purification, significantly higher
amounts of proline were detected in extracts from the 35S::roD
plant than in SR1 control extracts, as shown in Fig. 4. No
differences in other amino acid acids were observed (not shown).

Discussion

The RolD Protein Is a Functional OCD. In this work, we show by way
of biochemical assays based on a bioinformatic prediction that
the plant oncogene rolD from A. rhizogenes encodes a functional
OCD. The similarity profile between RolD and different OCDs
built by means of a combination of iterative and noniterative
methods provided a high statistical significance of the alignment
and a high level of confidence in the similarity proposed. The
prediction on the biochemical function of the RolD protein was
experimentally confirmed by enzymatic assays on RolD as
expressed in, and purified from, E. coli, and on soluble extracts
from plants overexpressing the oncogene. The enzymatic assays
revealed a specific ornithine-dependent NAD* reduction with
production of proline that can only be accounted for by OCD
activity.

No OCD has been described in plants, where ornithine can be
converted to proline only via pyridoxal phosphate-dependent
reactions. OCD has been characterized best in A. tumefaciens
where this enzymatic activity is involved in the catabolism of the
arginine-derived opines that are produced by tumor cells and
used as carbon and nitrogen source by the bacterium. In A.
tumefaciens, OCD is encoded by genes localized in the non-T-
DNA region of the Ti plasmid, i.e., the part that is not inserted
in infected plant cells (18, 20, 21). Interestingly, in the closely
related A. rhizogenes, OCD is not used by the bacterium for opine
catabolism and the encoding gene has become part of the
T-DNA, has acquired eukaryotic cis regulatory elements, and is
expressed only in plant cells. OCD is also present in the legume
bacterial symbiont Sinorhizobium meliloti, where its activity
increases the efficiency of root nodulation (22, 23). The presence
of OCD in only a limited number of other very particular
prokaryotes such as light harvesting (Rhodobacterium) or par-
asite (Brucella) bacteria or in extremophyle archaea (Archeoglo-
bus, Methanobacterium) further testifies to the specialized-niche
character of this unusual enzyme. In animals, the only OCD-
related proteins are mu-crystallins (24). This is not surprising,
because often eye lens proteins have been recruited among
metabolic enzymes (25).

Possible Role of RolD/OCD in Hairy Root Induction and in Flowering.
In light of the enzymatic activity demonstrated for the RolD
protein, its developmental effects in hairy root induction and in
floral transition of transformed plants could be because of either
the accumulation of its reaction product (proline) or the deple-
tion of its substrate (ornithine).

Transposon inactivation of rolD in the Ri plasmid T-DNA was
shown to impair the virulence of agropine-type A. rhizogenes. On
infection with a rolD-mutated strain, root initiation still occurs
but subsequent root growth is impaired (6), pointing to a role of
rolD in root elongation. The proline produced by the OCD
enzymatic activity of RolD may prompt an explanation for the
role of this protein in hairy root growth. A substantial increase
of proline concentration in the growing region of maize primary
roots at low water potential has in fact been reported, a finding
that suggests a role for proline biosynthesis in sustaining root
growth under these conditions (26). An increase in the amount

Trovato et al.



of proline could affect the rate of biosynthesis of hydroxyproline-
rich glycoproteins (HRGPs, extensins, and arabinogalactan pro-
teins). These proteins are structural constituents of the plant cell
wall and are thought to play a key role in the regulation of cell
division, cell wall self assembly, and cell extension (27). Alter-
natively, stimulation of root growth by rolD could be related to
the depletion of ornithine and consequent possible alterations of
the polyamine pool, of which ornithine is a precursor. Overex-
pression of arginine decarboxylase—arginine is another precur-
sor of polyamines, resulting in an increased level of putrescine,
was shown to impair root growth in tobacco plants (28).
When individually inserted in plants, the oncogene rolD has a
remarkable effect on development. Tobacco plants expressing
rolD under the control of its promoter set earlier and more
abundant flowers than untransformed controls (11). More re-
cently, we observed stimulation of flowering also in rolD-
Arabidopsis plants (M. L. Mauro and M. M. Altamura, personal
communication). This intriguing effect of the oncogene on plant
reproductive transition may also be related to the production of
proline because of the OCD activity. In addition to its role as
stress-related osmoprotectant, evidence is accumulating that
may point to a role of proline in flower transition. Analysis of the
free amino acid composition in tomato revealed that proline
content in flowers is 60 times higher than in any other organ. It
has been suggested that proline is imported via a specific
transporter from vegetative tissues to the flower, where in-
creased proline levels were correlated with flower formation
(29). Support for this hypothesis may also come from work on the
Arabidopsis gene encoding 1-pyrroline-5-carboxylate syntethase,
a key enzyme in proline biosynthesis. Arabidopsis plants express-
ing an antisense to P5SCS show a defective inflorescence elon-
gation and a role for proline in morphogenesis has been sug-
gested (30). Accordingly, Arabidopsis plants overexpressing
P5CS produce much more abundant flowers than controls under
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saline stress (31). In addition, the same P5CS proline biosyn-
thetic gene has been identified among the targets of CON-
STANS, a transcriptional activator that controls flowering time
in Arabidopsis (32).

As discussed above for root growth, also the effects of
overproduction of proline on reproductive transition may be
because of stimulation of hydroxyproline-rich glycoproteins bio-
synthesis, as extensins are developmentally regulated and their
occurrence correlates with changes in cell morphology and with
the formation of anatomical patterns (33, 34). Accumulation of
proline in specific developmental stages may, instead, act as a
signal in analogy with the recognized role of amino acids as
regulators in yeast and animals (35, 36).

Alternatively, depletion of the ornithine pool may underlie the
effect of RolD in flower transition. As mentioned, ornithine is
a precursor of polyamines, and there is evidence suggesting an
involvement of both free and conjugated polyamines in flower-
ing (37-39).

The promoter of the rolD oncogene is developmentally reg-
ulated and is very active in elongating and differentiating tissues
and in organs with determinate growth—cotyledons, leaves, and
flowers—rolD expression parallels the age gradient of the tissues
(40). It will be interesting to assess whether and how the
accumulation of proline and/or the depletion of ornithine in
specific developmental stages could affect the reproductive
phase transition in plants. The finding reported in this work
provides a powerful tool to investigate in this direction.
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