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Unlike mammalian and yeast cells, little is known about how plants regulate G, progression and entry into
the S phase of the cell cycle. In mammalian cells, a key regulator of this process is the retinoblastoma tumor
suppressor protein (RB). In contrast, G, control in Saccharomyces cerevisiae does not utilize an RB-like protein.
We report here the cloning of cDNAs from two Zea mays genes, RRB1 and RRB2, that encode RB-related
proteins. Further, RRB2 transcripts are alternatively spliced to yield two proteins with different C termini. At
least one RRB gene is expressed in all the tissues examined, with the highest levels seen in the shoot apex. RRB1
is a 96-kDa nuclear protein that can physically interact with two mammalian DNA tumor virus oncoproteins,
simian virus 40 large-T antigen and adenovirus E1A, and with a plant D-type cyclin. These associations are
abolished by mutation of a conserved cysteine residue in RRB1 that is also essential for RB function. RRB1
binding potential is also sensitive to deletions in the conserved A and B domains, although differences exist in
these effects compared to those of human RB. RRB1 can also bind to the AL1 protein from tomato golden
mosaic virus (TGMYV), a protein which is essential for TGMV DNA replication. These results suggest that G,
regulation in plant cells is controlled by a mechanism which is much more similar to that found in mammalian

cells than that in yeast.

Progression through the G, phase of the eukaryotic cell
cycle is tightly regulated, allowing cells to integrate internal
and external cues before initiating DNA replication and com-
mitting to a round of cell division. This process is governed by
both positive- and negative-acting regulatory factors. Although
substantial progress has been made in understanding the
mechanisms that govern these events in yeast and mammals
(reviewed in reference 61), relatively little is known about G,
regulation in plants. The existence of cyclin-dependent kinases
(Cdks) and their associated cyclin subunits in plants (reviewed
in reference 14) suggests that at least some of the basic mech-
anisms which regulate the cell cycle have been conserved
throughout eukaryotic evolution. However, identification of
additional regulatory components of the plant cell cycle is
clearly essential for understanding plant growth and develop-
ment.

In the yeast Saccharomyces cerevisiae, progression through
the G, phase is regulated by the Cdk Cdc28 (50), which in
conjunction with G, cyclins activates the heterodimeric Swi4/
Swib transcription factor (40), resulting in the transcriptional
activation of genes necessary for G, progression and S-phase
entry (12, 61). In mammalian cells, G, progression also de-
pends upon a Cdk-cyclin-activated transcriptional control
pathway. However, a major regulatory protein in this pathway,
the retinoblastoma protein (RB), has not been found in yeast.
RB is the 110-kDa product of the retinoblastoma susceptibility
tumor suppressor gene and plays key roles in regulating both
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cell cycle progression through the G, phase and cellular dif-
ferentiation (reviewed in references 7 and 69). RB appears to
function through complex formation with a variety of proteins
involved in G, progression (reviewed in reference 7). Of par-
ticular importance are the interactions of RB with three mem-
bers of the E2F transcription factor family, which result in the
inhibition of transcriptional activation by these factors (re-
viewed in reference 41). E2F sites are found in the promoters
of several genes required for G, progression and S-phase entry
(11), and the repression of these genes is thought to be a
critical aspect of RB function.

RB activity is regulated by phosphorylation in a cell cycle-
dependent manner (reviewed in reference 69). At or near the
restriction point, RB becomes phosphorylated by Cdk4 and
Cdké kinases in conjunction with D-type cyclins (16, 21, 38)
and by the Cdk2-cyclin E complex (32). The cyclin D family
can also physically interact with RB (16, 21, 38). Because all
known RB-interacting proteins preferentially bind to the hy-
pophosphorylated form of the protein (reviewed in reference
7), phosphorylation serves to functionally inactivate RB. For
example, phosphorylation disrupts RB-E2F complexes, allow-
ing transcription of E2F-activated genes and subsequent cell
cycle progression.

The function of RB can also be abrogated by the binding of
oncoproteins from several mammalian DNA tumor viruses,
including the simian virus 40 (SV40) large-T antigen and the
adenovirus E1A protein (6, 72). These proteins bind to RB via
a conserved motif, LXCXE, which is also found in the D
cyclins (16, 21, 23). Viral oncoprotein binding requires two
large regions of RB, the A and B domains, which are conserved
in the other two members of the mammalian RB family, p107
and p130 (22, 28). These domains are generally required for
most associated proteins to bind pRb and are proposed to form
a binding “pocket.” The binding by viral oncoproteins is
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thought to mimic RB phosphorylation by releasing associated
proteins, including E2F, and thus allowing cell cycle progres-
sion.

Recent evidence suggests that G, control in plants involves
an RB-like protein. First, several plant D-type cyclin homologs,
which are expressed during the G, phase and contain LXCXE
motifs in their N termini, have been isolated (10, 62). Second,
a DNA replication protein from a plant geminivirus binds to
human RB (9) and p130 (70). While this paper was in prepa-
ration, partial cDNAs for a protein with homology to the A
and B domains of human RB were also isolated from maize
(25, 71). Here we show that maize has two genes, RRBI and
RRB2, which encode RB-related proteins. A full-length cDNA
from RRBI encodes a protein with a predicted molecular mass
of 96 kDa. At least one of these genes is expressed in all
tissues, with the highest levels in the shoot apex. The RRBI1
protein can bind to both plant and mammalian LXCXE-con-
taining proteins and to a geminivirus replication protein that
has been shown to induce the expression of cellular prolifer-
ating cell nuclear antigen (PCNA) but does not contain an
LXCXE motif. These findings indicate that despite the signif-
icant differences in cell growth and development between
plants and animals, their mechanisms for regulation of the G,
phase of the cell cycle may be strikingly similar.

MATERIALS AND METHODS

Plant materials. Maize genomic DNAs and RNAs were from the Zea mays
inbred line B73. Maize vegetative-meristem and immature-ear cDNA libraries,
constructed with a Stratagene Uni-ZAP XR kit, were gifts from Bruce Veit and
Sarah Hake (USDA-UC Berkeley Plant Gene Expression Center).

Isolation of RRB ¢cDNAs. Two oligonucleotides corresponding to nucleotides
64 to 93 and 189 to 219 of the 232-bp maize expressed sequence tag (EST)
6c¢02¢02 (GenBank accession no. T18395) were constructed (60). PCR with these
primers was performed with an aliquot of a maize vegetative-meristem cDNA
library as previously described (1). A 155-bp amplified fragment homologous to
the EST was gel purified and labelled with *?P by random priming (Prime-It kit;
Stratagene). This probe was used to screen maize vegetative-meristem and im-
mature-ear cDNA libraries as previously described (3). Positive phage were
plaque purified, and phage DNA was excised in vivo to recover pBluescript
plasmid according to Stratagene’s protocol.

RNA blot analysis. Total RNAs were isolated from various maize tissues (3).
Samples of 15 pg were electrophoresed on an 0.8% agarose—formaldehyde gel,
blotted, and hybridized (49) with a 2,065-bp radiolabelled RRBI probe corre-
sponding to the region encoding the C-terminal 582 amino acids. After autora-
diography, the filter was stripped and reprobed with a pea 18S nuclear rRNA
gene probe (1).

Immunolocalization of RRB1. The myc-tagged RRB1 expression plasmid
PA6M/RRBI was constructed by digesting p28/ZmRb.2 with Ndel, blunting with
Klenow fragment, and then digesting with Xhol. The resulting 2.1-kb fragment
was ligated to EcoRV- and XholI-cut pCANGIu2 (kindly provided by Ali Fattaey,
ONYX Pharmaceuticals). The 2.2-kb Ncol-Xbal fragment from the resulting
plasmid was cloned into pA6M (19a). This vector introduces an in-frame ATG
and a five-myc epitope tag upstream of the cloned RRBI under the control of the
cauliflower mosaic virus (CaMV) 35S promoter.

Nicotiana tabacum (line XD) suspension cultures were grown as previously
described (47), and protoplasts were prepared (33). After electroporation (47),
cells were grown at 22°C in suspension medium (33) supplemented with 0.4%
mannitol for 16 to 24 h. Cells were fixed with 3.7% (wt/vol) formaldehyde in
fixation buffer containing 100 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic
acid)] (pH 6.9), 10 mM EGTA, 5 mM MgSO,, 10% dimethyl sulfoxide, and 100
mg of phenylmethyl sulfonyl fluoride per ml for 45 min at room temperature.
Fixed cells were permeabilized with 0.5% Triton X-100 in fixation buffer for 5
min. All antibody and washing steps were performed in blocking buffer (100 mM
Tris-HCI [pH 7.4], 150 mM NaCl, 0.1% Tween 20, 5% [wt/vol] dry milk).
myc-epitope-tagged proteins were detected with monoclonal antibody 9E10
(BAbCO) and goat anti-mouse fluorescein isothiocyanate (FITC)-conjugated
secondary antibody (Calbiochem). Cells were resuspended in Citifluor (Ted
Pella, Inc.) prior to visualization. Digital images of FITC and DAPI (4',6-
diamidino-2-phenylindole) fluorescence and Normarski differential interference
contrast were obtained by using a Zeiss Axiophot fluorescence microscope with
a charge coupled device camera.

Yeast two-hybrid assays. Fusions with the Gal4 DNA-binding domain and the
Gal4 activation domain were created in plasmids pAS1 and pACT (19), respec-
tively. All sequences generated by PCR were verified by sequencing. A precursor
to several of the deletion constructs, pZmRb.2, was constructed as follows. The

MoL. CELL. BIOL.

HindIII-EcoRI fragment (encoding amino acids 285 to 866 of RRB1) from
pZmRb.3.1.1, a partial RRBI clone, was ligated into pLITMUS28 (New England
Biolabs) to create pZmRb.1. An in-frame Ndel site was introduced upstream of
the coding sequence by PCR with the forward primer 5'-GCTGAGCTCCATAT
GTTAAACTGCCCCCAATTTTTA-3' and a reverse primer corresponding to
nucleotides 1056 to 1035 of RRBI. The PCR product was digested with Sacl and
HindIII and ligated to pZmRb.1 to create pZmRb.2.

The RRBI deletion series was constructed in pAS1 as follows. 214C was
constructed by ligating the 1.95-kb B¢/l fragment from the longest RRB1 clone,
RRBI1 (V.1.1.1), to pAS1 digested with BamHI. 290C was constructed by ligating
the 2.1-kb EcoRV-Xhol fragment from pZmRb.2 into pAS1. 413C was built by
fusing the 1.7-kb BspHI-Xhol fragment from pZmRb.2 into pAS1 digested with
Ncol and Sall. To construct 290C/A563-586 and 290C/A483-586, Spel sites were
introduced at the 3’ end of the A domain and the 5" end of the B domain by PCR
to create pB/zRb-A and pB/zRb-B, respectively. These sites were positioned so
as to be in frame with each other and the Spel site in the spacer. The 920-bp
Sacl-Spel fragment from pZmRb.2 was ligated into pB/zRb-B to create pB/A563-
586. The EcoRV-Xhol fragment from this plasmid was ligated to pAS1 to create
290C/A563-586. The Spel-Xhol fragment from pB/zRb-B was fused to pB/zZRb-A
digested with the same enzymes, creating pB/A483-586. The EcoRV-Xhol frag-
ment from this plasmid was ligated to pAS1, generating 290C/A483-586. 290-850
was built by ligating the EcoRV-BamHI fragment from pZmRb.2 into pAS1. To
construct 290-794, pZmRb.2 was first digested with Sacl and Nsil and the re-
sulting 1.55-kb fragment was fused to pLITMUS28 cut with Sacl and PstI. The
resultant plasmid was cut with EcoRV and Xhol and ligated into pAS1. 290-648
was built by first introducing the 1.1-kb EcoRI-Clal fragment from pZmRb.2 into
pBluescript KS and then ligating the EcoRV-Sall fragment from the resultant
plasmid into pAS1. Finally, the C653F mutation was introduced into the RRB1
coding sequence by PCR with the forward primer 5'-CACATCGATCAACTTA
TCCTTTTCTGTC-3" and a primer in the 3’ untranslated region which also
introduces a new Xhol site. The PCR product was digested with Clal and Xhol
and ligated into pBluescript KS, generating pB/C653F. The EcoRI-Clal fragment
from pZmRb.2 was ligated to pB/C653F, creating pC653F.2, which was subse-
quently cut with EcoRV and Xhol and cloned into pASI1.

pASl-cyclinD (46) and YIpPTG10 (19) were previously described. To con-
struct pACT-33 and pACT-cyclAt, the coding regions of the Arabidopsis 83
cyclin (62) and cyclAt cyclin (30) genes were amplified via PCR with the fol-
lowing primers: for 83, 5-CGGGATCCGGAAGGAGGAAGAAAGTAG-3’
and 5'-CCGGAATTCGATTATGGAGTGGCTACG-3'; for cyclAt, 5'-CGGG
ATCCACACTAAGATGATGACTTCTCG-3' and 5'-CCGGAATTCCTAAC
TCCTAAGCAGATTCAG-3'. Amplified fragments were digested with EcoRI
and BamHI and cloned into pACT. The resulting plasmids were digested with
Xhol, and the large fragments containing the pACT vector and the cyclin N-
terminal coding regions were gel purified and self ligated to create pACT-83 and
pACT-cyclAt. pACT-RRBI1 was constructed by ligating the 2.2-kb EcoRI frag-
ment from pZmRb.3.1.1 into pACT.

Yeast transformations were done with S. cerevisiae Y153 (19) as previously
described (56), and B-galactosidase assays were performed by established pro-
tocols (19).

GST fusion constructs and in vitro binding assays. Glutathione S-transferase
(GST)-33 and GST-cyclAt expression vectors were constructed by digesting
pACT-33 and pACT-cyclAt with Xmal and EcoRI and ligating the insert with
pGEX2TK cut with Xmal and EcoRI. The GST-T,,, expression plasmid was
constructed by digesting pJ-T™* (17a) with BamHI and Sall, filling the ends with
Klenow fragment (36), and cloning the insert into pGEX2TK digested with
Smal. GST-E1A-12S- and GST-E1A-13S-expressing plasmids were gifts from Ali
Fattaecy (ONYX Pharmaceuticals).

35S-labelled RRB1 protein was prepared by in vitro transcription with T7 RNA
polymerase (2) and in vitro translation with [>S]methionine (Amersham) by
using a rabbit reticulocyte kit (Promega) according to the manufacturer’s in-
structions. Binding assays were performed by washing purified GST fusion pro-
teins bound to glutathione-Sepharose beads three times in phosphate-buffered
saline and once in buffer A (50 mM HEPES [pH 7.7], 300 mM NaCl, 0.1%
Nonidet P-40). Labelled RRB1 protein was added and incubated for 30 min at
room temperature in buffer A supplemented with 10 mg of bovine serum albu-
min per ml. Beads were washed five times in buffer A without bovine serum
albumin, boiled in sodium dodecyl sulfate (SDS) loading buffer, and fractionated
by SDS-polyacrylamide gel electrophoresis (PAGE), followed by autoradiogra-
phy.

Baculovirus expression and AL1-binding assays. Recombinant baculoviruses
that express tomato golden mosaic virus (TGMV) ALL1 protein and GST have
been described previously (52). A baculovirus that expresses chloramphenicol
acetyltransferase (CAT) was provided by Verne Luckow (Monsanto). The re-
combinant baculovirus for GST-RRB1 was constructed by digesting pZmRb.2
with Ndel, filling with Klenow fragment, and digesting with X#ol. The RRBI-
containing Ndel-Xhol fragment was fused in frame to the 3’ end of the GST
coding sequence in pNSB310 (52) previously digested with BamHI, repaired with
Klenow fragment, and recut with Xhol. This GST-RRBI fusion was inserted as
a Sacl fragment into pMON27025 downstream of the polyhedrin promoter,
transferred to the bacmid vector bMON14242 by Tn7-mediated transposition,
and transfected into Spodoptera frugiperda Sf9 cells as previously described (44).

Sf9 cells were infected with recombinant baculoviruses at a multiplicity of
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FIG. 1. Structures of maize RRB cDNAs. Shown are schematic diagrams of the two types of RRBI cDNAs and the RRB2a and RRB2b partial cDNAs, indicating
alternative polyadenylation sites and alternative splicing. White boxes indicate noncoding regions, speckled boxes indicate coding regions with little or no homology
to mammalian RB proteins, and black boxes indicate coding regions with high homology to the mammalian RB protein family. The lengths of cDNA clones are

indicated.

infection of 5 and harvested at 72 h postinfection. Protein extracts were prepared
and analyzed in GST-binding assays as described previously (58), except that 250
mM NaCl was included in the extraction buffer. Proteins were resolved by
SDS-PAGE, transferred to nitrocellulose membranes (Schleicher and Schuell),
and analyzed by immunoblotting with an enhanced chemiluminescence detection
system (Amersham). Primary antibodies were a mouse polyclonal anti-RRB1
serum and rabbit polyclonal anti-AL1 (27), anti-CAT (5'-3' Inc.), and anti-GST
(Upstate Biotechnology Inc.) sera.

To produce the anti-RRB1 serum, sequences that encode RRB1 amino acids
721 to 866 were fused to GST in pGEX-5X3 to create pGST/zRb-C. Protein was
produced in Escherichia coli and purified by glutathione-affinity chromatography
(2). Antisera were raised in mice injected subcutaneously with 50 pg of GST-
zRb-C and given booster injections after 1 and 3 weeks, followed by induction of
ascites by injection of T-180 sarcoma cells.

Nucleotide sequence accession number. The nucleotide sequences of RRBI,
RRB2a, and RRB2b have been submitted to GenBank under accession numbers
AF007793, AF007794, and AF007795, respectively.

RESULTS

The maize genome contains at least two genes encoding
RB-related proteins. A partial maize cDNA that encodes a
protein with homology to the B domain of the human RB
protein family was previously identified in an EST sequencing
project (60). This sequence was used to probe maize vegeta-
tive-meristem and immature-ear cDNA libraries for full-length
clones. Two classes of cDNAs, corresponding to transcripts
from two genes, RRBI and RRB2 (for related to RB), were
obtained (Fig. 1).

The two longest RRBI cDNAs were 4,367 and 2,977 bp long
due to the use of alternate polyadenylation sites. RRBI tran-
scripts contain a long open reading frame that encodes an
866-amino-acid (96-kDa) protein with homology to both the A
and B domains of the mammalian RB protein family. 5’ rapid
amplification of cDNA ends reverse transcription-PCR analy-
sis of immature-ear RNA revealed several in-frame stop
codons at the 5’ end of the RRBI mRNA (data not shown),
indicating that the isolated cDNAs encode the full-length pro-
tein. We also isolated two partial cDNAs from the RRB2 gene.
These cDNAs are derived from alternatively spliced tran-
scripts, with two regions of the RRB2a transcript spliced out of
the RRB2b transcript. One of these splicing events occurs
within the coding region, resulting in RRB2a and RRB2b
proteins with different C termini.

The RRB1 and RRB2 proteins (Fig. 2A) are approximately
90% identical across the 611-amino-acid region for which
RRB?2 protein sequence is available. The RRB2 proteins are
identical except at the C terminus, where RRB2b is 27 amino
acids shorter and differs in its last 8 amino acids from RRB1
and RRB2a as a result of alternative splicing.

The maize RRB proteins have several regions of homology
with the metazoan RB protein family. Most notable are the A
and B domains, which make up the E1A- and T-antigen-bind-
ing pocket region (34, 35, 37) conserved among all metazoan
RB protein family members (17). The sequences of the maize
RRB proteins are approximately 35% identical to the human
and Drosophila proteins in the A domain (Fig. 2B) and ap-
proximately 25% identical in the B domain (Fig. 2C). The
maize proteins have a shorter B domain than do the human
p107 and p130 proteins, similar to the human RB and Dro-
sophila RBF proteins (Fig. 2C). The RRB B domains also
contain a cysteine residue in a position equivalent to the crit-
ical Cys706 of human RB, which results in the loss of protein
function when it is mutated (5, 39).

In addition to the A and B domains, there is a leucine-rich
domain in the N-terminal region of mammalian and Drosoph-
ila RB-related proteins (17, 22, 28) which is also conserved in
the maize RRBI1 protein (Fig. 2D). Although the role of this
sequence is unknown, its conservation among plants and ani-
mals strongly suggests that it is functionally significant.

There are a number of potential Cdk phosphorylation sites
in the maize RRB proteins, with the highest concentration
found in the C termini (Fig. 2A). A similar placement of Cdk
phosphorylation sites is found in the mammalian RB, p107,
and p130 proteins. The alternative splicing of RRB2 removes
the most C-terminal site from RRB2b, which could potentially
alter regulation of the protein.

We believe that these genes represent most, if not all, of the
immediate RRB gene family in maize for two reasons. First,
extensive screening of maize cDNA libraries from several tis-
sues yielded only RRBI and RRB2 cDNAs. Second, Southern
blot analysis of maize genomic DNA with a probe which hy-
bridizes to both RRBI and RRB2 under stringent conditions
detected only one to three strongly hybridizing bands in several
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FIG. 2. Maize RRB proteins. (A) Complete amino acid sequence of the RRBI1 protein and partial sequences of the RRB2a and RRB2b proteins. Dashes in the
RRB2 sequences indicate amino acid identities with RRB1, and boxes indicate domains conserved between maize and human RB family members. The start of the
RRB2a protein sequence is indicated by a black triangle, and an arrow designates the site in RRB2b that corresponds to the alternate splice junction in the mRNA.
Potential Cdk phosphorylation sites are labelled by thick overlines, and a potential bipartite nuclear localization signal is marked by a thin overline. (B) Comparison
of A domains of maize RRB1 and RRB2, human RB, p107, and p130, and Drosophila RBF proteins. Amino acid identities are boxed, and dashes indicate gaps in the
sequences. (C) Comparison of the B domains of the proteins from panel B. An asterisk denotes the conserved cysteine residue corresponding to Cys706 of human RB
(5, 39). (D) N-terminal homology domain.

digests (data not shown). PCR with maize genomic DNA am-

plified a sequence closely related to RRB1 and RRB2, poten- active RRB gene or a pseudogene.

tially encoding a third RRB protein (data not shown). How-
ever, cDNAs corresponding to this sequence were not isolated

and we do not know whether this fragment represents another

RRB expression is ubiquitous and is highest in the shoot
apex. In mammals, the RB gene is expressed in all the tissues
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FIG. 2—Continued.

examined and is generally transcribed at high levels (4). To
examine RRB expression in maize, a blot of total RNAs from
various tissues was probed with an RRBI sequence that cross-
hybridizes to both RRBI and RRB?2 transcripts (Fig. 3). In all
the tissues examined, a transcript of approximately 3.2 kb was
detected; a fainter, more diffuse band of 4.5 kb was also seen
in some tissues. These transcript sizes correspond closely to the
alternatively polyadenylated 4.4- and 3.0-kb RRBI cDNAs
(Fig. 1). The highest level of RRB expression was seen in the
shoot apex, in which cells undergo rapid division. Although the
RNA blot analysis could not distinguish between RRBI and
RRB?2 expression due to the extensive homology between the
two transcripts, in an RNase protection assay mRNAs from the
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FIG. 3. Expression analysis of RRB mRNAs. Total RNAs (15 pg) from the
indicated tissues were electrophoresed through an 0.8% agarose-formaldehyde
gel, blotted onto nylon, and probed with a 3?P-labelled RRBI probe which
hybridizes to both RRBI and RRB?2 transcripts. After autoradiography, the blot
was stripped and reprobed with an 18S rRNA probe.

RRB

two genes were expressed at similar levels in the shoot apical
meristem (data not shown). These results demonstrate that the
maize RRB genes, like the mammalian RB gene, are ubiqui-
tously expressed.

RRBI1 is a nuclear protein in plant cells. To examine the
subcellular localization of RRBI in plant cells, a plasmid that
expresses the C-terminal 581 amino acids of RRB1 fused to a
myc epitope tag was constructed. This plasmid was electropo-
rated into tobacco protoplasts, and the tagged RRB1 protein
was localized by immunofluorescence with an anti-myc mono-
clonal antibody, 9E10. Like RB localization in mammalian
cells, RRB1 was found exclusively in the nuclei of transfected
protoplasts (Fig. 4A). Localization in the nucleus was con-
firmed by DAPI staining (Fig. 4B) and bright-field microscopy
(Fig. 4C). This localization of RRBI is possibly conferred by a
consensus bipartite nuclear localization signal in the spacer
region of the protein (Fig. 2A).

RRBI1 can bind to mammalian DNA tumor virus oncopro-
teins and a plant D-type cyclin. The mammalian RB protein
family binds to a large number of viral and cellular proteins
(reviewed in references 7, 45, and 69), including DNA tumor
virus oncoproteins (such as SV40 large-T antigen and adeno-
virus E1A), the E2F transcription factor family, and D-type
cyclins. The ability of RB to bind to viral oncoproteins is
conferred exclusively by the A and B pocket domains (34, 35,
37), although E2F and cyclin D binding also require sequences
in the RB C-terminal region (31, 54). The conservation of the
pocket domain in the RRB proteins suggests that they bind a
set of proteins similar to those bound by RB. To test this
prediction, the ability of RRB1 to bind various RB-associating
proteins was tested by both yeast two-hybrid and in vitro bind-
ing assays.

For two-hybrid assays, a plasmid (214C) that expresses the
maize RRB1 pocket-C-terminal region (amino acids 214 to
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FIG. 4. RRB1 is nuclear localized in plant cells. Tobacco protoplasts were electroporated with a construct that expresses myc-epitope-tagged RRB1, and expression
was analyzed after 24 h by immunoflourescence. (A) Tobacco protoplast transiently expressing myc-tagged RRB1 immunostained with anti-myc monoclonal antibody
and FITC-conjugated secondary antibody. (B) DAPI staining of the same cell as in panel A. (C) Bright-field micrograph of panel A. In tobacco protoplasts, the vacuole
(v) occupies most of the cell, with the cytoplasm restricted to a thin layer around the periphery of the vacuole and the region surrounding the nucleus (n). Magnification,

X900.

8606) fused to the yeast Gal4 DNA-binding domain was con-
structed. 214C together with plasmids that express various pro-
teins fused to the Gal4 activation domain were used to trans-
form a yeast strain, Y153 (19), which harbors a GALI-lacZ
reporter gene. Transformants were assayed for 3-galactosidase
activity to detect any protein-protein interactions (Table 1). As
a control, we also tested a plasmid which expresses a fusion of
the human RB pocket and C-terminal regions to the Gal4
DNA-binding domain (19). Both RRB1 and RB bound to
full-length SV40 large-T antigen, as well as to a 10-amino-acid
peptide derived from large-T antigen which contains the LX-
CXE motif. This indicates that the sequences necessary for
interacting with this critical binding motif have been conserved
between the maize and human RB proteins. In contrast, RRB1
interaction with E2F-1 was only slightly above background in
this assay (Table 1). In addition, a peptide corresponding to
the RB-binding domain of E2F-1 (amino acids 409 to 426) (59)
was also unable to bind RRB1. Thus, the precise sequences
and/or structure for binding E2F-1 has not been conserved in
RRBI. This is not unexpected, given that the C-terminal do-
main of RB is required for E2F binding (31, 54) and RRB1 has
little sequence homology with RB in that region.

The abilities of RRB1 and RB to bind to plant G, and
mitotic cyclins were also tested in the two-hybrid assay. The
Arabidopsis 83 cyclin is expressed at the G,/S transition and is
induced by the plant growth regulator cytokinin (62). This
cyclin contains the canonical LXCXE RB-binding motif (16,

TABLE 1. RRBI binding in the two-hybrid assay”

B-Galactosidase activity

Activation domain fusion

RRB1 Human RB
(214-866) (301-928)
Large-T antigen (1-273) 31.6 39.1
T peptide (105-115) 354 48.0
E2F-1 (284-437) 2.4 16.2
E2F-1 peptide (409-426) 1.8 11.9
Cyclin cyclAt (1-428) 10.7 <1
Cyclin cyclAt-N (1-114) 7.5 1.8
Cyclin 83 (1-376) 31 8.8
Cyclin 83-N (1-183) 20.2 44.8

“ Y153 cells transformed with the indicated plasmids were assayed for B-
galactosidase activity by chlorophenyl-red-p-p-galactopyranoside assay. Data
are the averages of three independent transformants.

21). The N-terminal half of the 83 cyclin, which contains the
LXCXE motif, interacted strongly with both RRB1 and RB in
this assay (Table 1). In contrast, full-length 83 interacted very
weakly, if at all, with either protein; this could be due to the
improper folding of the fusion or the presence of an inhibitory
domain. The Arabidopsis cyclAt cyclin is expressed predomi-
nantly in the G, phase of the cell cycle and lacks the LXCXE
motif (30). This cyclin interacted weakly with RRB1 and not at
all with human RB in this assay (Table 1). Together, these
results indicate that the RB-related protein—D-type cyclin in-
teraction is conserved between plants and mammals.

To confirm the results of the two-hybrid assay, we performed
in vitro binding experiments. A *>S-labelled RRB1 protein
(amino acids 285 to 866) produced by in vitro transcription and
translation was incubated with several GST fusion proteins
bound to glutathione-Sepharose beads. After extensive wash-
ing, bound RRB1 was detected by SDS-PAGE, followed by
autoradiography (Fig. 5). RRB1 bound strongly to the adeno-
virus 12S and 13S E1A proteins fused to GST, again demon-
strating the ability of this maize protein to bind mammalian
DNA tumor virus antigens. However, in contrast to the two-
hybrid result, RRB1 did not bind to the 10-amino-acid T pep-
tide fused to the C terminus of GST, possibly due to steric
hindrance caused by GST. RRB1 bound strongly to the Ara-
bidopsis 83 cyclin, consistent with the two-hybrid results, al-

GST-Tpep
GST-cyc1At
GST-53

GST
] GST-E1A-13S

RRB1

| ] GST-E1A-12S

FIG. 5. Invitro binding of RRB1 protein to mammalian tumor virus antigens
and plant cyclins. In vitro-translated 3S-labelled RRB1 protein was incubated
with the indicated GST fusion proteins bound to glutathione-Sepharose resin.
Beads were washed extensively, and bound proteins were resolved by electro-
phoresis through an SDS-10% polyacrylamide gel, followed by autoradiography.
Tpep corresponds to amino acids 105 to 115 of SV40 large-T antigen, E1A-12S
and E1A-13S are the products of the adenovirus E1A gene, cyclAt is an Arabi-
dopsis mitotic cyclin (30), and 83 is an Arabidopsis D-like cyclin (62).
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FIG. 6. Two-hybrid assay of binding abilities of RRB1 deletion mutants. Schematic drawings of the various deletion mutants of RRB1 are shown. Plasmids that
express these mutants as Gal4 DNA-binding domain fusions were transformed pairwise into Y153 yeast cells along with plasmids that express Gal4 activation domain
fusions of large-T antigen (T), T peptide, and cyclins cyc1At and 83. B-Galactosidase activity was quantitated by a chlorophenyl-red-B-p-galactopyranoside assay (19).

Three independent transformants were used in quantitation.

though it did not bind to the mitotic cyclin cycl1At. RRB1 did
not bind to GST alone in this assay.

The A domain is less critical for binding large-T antigen and
83 cyclin than is the B domain. To determine the regions of
the RRB protein critical for binding large-T antigen and cyc-
lins, a series of RRB1 deletions were constructed in the Gal4
DNA-binding domain vector. This deletion series was used to
cotransform Y153 with plasmids that express the activation
domain-tagged large-T antigen and cyclin fusions. Western
analysis demonstrated that all deletion proteins were expressed
at comparable levels (data not shown). Transformants were
subsequently assayed for B-galactosidase activities (Fig. 6). A
deletion mutant with the first 16 amino acids of the A domain
removed, 290C, still bound to large T-antigen, T peptide, and
the 33 cyclin, although T binding was quantitatively reduced.
290C showed virtually no binding to cyclAt, indicating that the
N terminus of the A domain is necessary for the low level of
binding to this cyclin. N-terminal deletion of over half of the A
domain (413C) did not significantly decrease the binding to
large-T antigen or the 33 cyclin compared to that of 290C; in
fact, the binding to 83 cyclin was enhanced. The ability to
delete a large portion of the A domain and still retain binding
is in sharp contrast to human RB, where an intact A domain is
essential for virtually all protein interactions, including binding
to large-T antigen (34, 35, 37).

Small internal deletions in the RB spacer region do not
dramatically affect protein binding, although complete removal
of this region blocks associated protein binding (34, 35). Sim-
ilarly, deletion of 23 amino acids of the RRBI1 spacer (290C/
A563-586) resulted in a partial loss of binding to large-T anti-
gen and the 83 cyclin and removal of the entire spacer (290C/
A483-586) completely blocked binding. Thus, the spacer is
required for protein interaction.

A mutant with a C-terminal deletion of the last 16 amino
acids of the protein (290-850) still retained the ability to bind
to large-T antigen and the 83 cyclin and also showed low-level
cyclAt binding. In contrast, removal of the C-terminal 72
amino acids of RRB1 (290-794) greatly decreased the ability to
bind to both large-T antigen and the 83 cyclin, although some

residual binding was observed. A deletion of the entire C-
terminal domain and 74 amino acids of the B domain resulted
in the loss of all binding activity. Thus, analogous to RB, RRB1
requires an intact B domain for protein association. Interest-
ingly, the C-terminal domain is critical not only for binding the
83 cyclin, as is this region of RB, but also for large-T-antigen
interaction.

We also constructed a point mutant of RRB1 in which the
cysteine at position 653 is changed to phenylalanine. This mu-
tation is analogous to a naturally occurring mutation in human
RB at position 706, which results in a total loss of protein
function (5, 39). When this mutant was tested in the two-hybrid
assay (Fig. 6), no binding was observed to any of the large-T-
antigen or cyclin constructs, indicating that this conserved res-
idue is also critical for maize RRB function.

RRB1 binds to a plant DNA virus replication protein. Gemi-
niviruses are a group of plant viruses with single-stranded,
circular DNA genomes that replicate in plant nuclei (reviewed
in references 42 and 68). They encode only a few proteins
necessary for replication (20, 27, 55, 63, 67) and are dependent
upon the host cell DNA replication machinery. Recent exper-
iments have shown that one geminivirus, TGMV, induces the
accumulation of PCNA, a DNA polymerase accessory factor,
in infected plant cells (48). Furthermore, the expression of one
TGMV protein, AL, is sufficient for the induction of PCNA
expression in transgenic plants (48). This finding is reminiscent
of the accumulation of mammalian cell replication factors in
response to the expression of DNA tumor virus oncoproteins
(51). Because the mammalian tumor virus oncoproteins exert
their effects in part by binding to RB, we tested whether the
geminivirus AL1 protein could interact with the maize RRB1
protein.

GST-RRBI1 fusion protein and AL1 were coexpressed in
insect cells by using a baculovirus expression system (Fig. 7,
input, lane 1). Extracts from cotransfected cells were incubated
with glutathione resin, and bound fractions were separated by
SDS-PAGE and immunoblotted. Both proteins were detected
in the bound fraction (Fig. 7, bound, lane 1), indicating that
GST-RRBI1 and ALI1 form a complex. Two control experi-
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FIG. 7. RRBI interacts with a plant geminivirus replication protein. Insect
cells were coinfected with baculoviruses that express GST-RRB1 and the TGMV
AL1 protein (lanes 1), GST-RRB1 and CAT (lanes 2), or GST and ALI (lanes
3). Protein extracts from infected cells (input) were incubated with glutathione-
Sepharose resin and eluted with glutathione (bound). Equivalent amounts of
input and bound fractions were resolved on an SDS-16% polyacrylamide gel and
analyzed by immunoblotting with antisera against RRB1, AL1, CAT, and GST.
The identities of immunoreactive proteins are given on the left. The positions of
prestained molecular mass (in kilodaltons) markers (New England Biolabs) are
indicated on the right.

ments verified the specificity of this interaction. First, when
extracts from insect cells coinfected with baculoviruses that
express GST and AL1 (Fig. 7, input, lane 3) were incubated
with glutathione resin, only GST was detected in the bound
fraction (bound, lane 3), indicating AL1 does not bind to GST.
Second, when extracts from cells that express both GST-RRB1
and CAT (Fig. 7, input, lane 2) were tested, only GST-RRB1
bound to glutathione resin (bound, lane 2). This indicates that
GST-RRBI1 does not aggregate nonspecifically with any coex-
pressed recombinant protein. Thus, RRB1 can specifically
complex with the TGMV ALl protein.

DISCUSSION

The genes and regulatory pathways involved in the control of
G, progression in plants are largely unknown. The discovery of
RB-like proteins in maize suggests that regulation of G, pro-
gression and S-phase entry during the plant cell cycle may be
more closely related to the regulatory pathways in animal cells,
where RB plays a central role, than to those in yeast, where no
RB homologs have been found. Here we report the cloning of
cDNAs from two maize genes, RRBI and RRB2, that encode
proteins clearly related to the mammalian RB protein family.
In addition, RRB2 is alternatively spliced to yield two proteins
that have different C termini. Unlike the sequence divergence
seen in the mammalian RB, p107, and p130 proteins, however,
the maize proteins have >90% amino acid identity. This sim-
ilarity most likely reflects the pseudotetraploid origin of maize
and suggests that the plant proteins are functionally more
equivalent than are the three mammalian RB family members.
While this paper was in preparation, two reports describing the
cloning of partial RRBI cDNAs were published (25, 71). The C
terminus of the RRBI protein reported by Grafi et al. (25)
differs from that reported here due to a frameshift caused by
the absence of a G residue after position 1333 in their pub-
lished sequence.

There are three regions conserved between RRB1 and the
metazoan RB protein family, the A and B pocket domains and
a short N-terminal domain. The arrangement of these regions,
as well as the positioning of multiple potential Cdk phosphor-
ylation sites throughout the protein, has also been conserved.
The finding that a small region of the N-terminal domain is
conserved among the maize and metazoan proteins is partic-
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ularly intriguing, since the function of the N terminus is largely
unknown. Although removal of the N-terminal domain from
human RB results in a functional protein (24, 54), small dele-
tions within this region abrogate the activity of the full-length
protein (53). Binding studies have shown that the N terminus
of human RB interacts with a nuclear matrix protein (18) and
associates with a novel kinase activity (64). The RRB1 N-
terminal domain (amino acids 1 to 290), however, was unable
to interact with this mammalian nuclear matrix protein (17b).
Construction of RRB mutants that lack either the N-terminal
domain or the short conserved region will be needed to eluci-
date the functional roles of this region.

The A and B domains are essential for RB protein function
in mammals, as all inactivating RB mutations isolated from
tumors affect these domains (34, 35). The high degree of ho-
mology maintained in these domains throughout evolution fur-
ther emphasizes their critical role and suggests that the maize
proteins function similarly to their mammalian counterparts.
The sequence homology also appears to confer similar bio-
chemical properties to both plant and mammalian proteins.
The A and B domains of RB were originally identified as
regions essential for the binding of mammalian DNA tumor
virus oncoproteins (34, 35, 37). These oncoproteins induce
cellular DNA synthesis in part by binding to and thus inacti-
vating RB (reviewed in reference 51). We have shown that
RRB1 also has the ability to bind these oncoproteins, despite
the significant sequence differences between the maize and
human RB proteins. More importantly, the finding that certain
geminiviruses encode proteins required for viral DNA replica-
tion that bind RRBI1 strongly suggests that these plant patho-
gens use a similar mechanism to initiate DNA synthesis. Gemi-
niviruses, like DNA tumor viruses, rely on their hosts to
provide the DNA replication machinery necessary for their
propagation. The ability of the TGMV ALL1 protein to bind
RRBI1 suggests by analogy to the mammalian DNA tumor
viruses, that this is an essential step in the induction of PCNA
accumulation in differentiated plant cells that express ALl
(48). RRB1 also interacts with the equivalent C1 protein from
wheat dwarf virus (WDV) (25, 71), possibly through an LX-
CXE motif in C1 (70). However, this motif is found only in a
subset of C1 proteins from monocot-infecting geminiviruses
and is absent in all AL1 and C1 proteins from dicot-infecting
viruses, indicating that it is not generally required for gemini-
virus replication. It is presently unknown whether the WDV C1
protein has a role in the accumulation of host replication
enzymes in infected cells. Xie et al. (71) reported that expres-
sion of RRB1 in cultured wheat cells under the control of the
CaMV 35S promoter resulted in a reduction of WDV DNA
replication. However, in similar experiments, we have found
that RRB1 expression in tobacco protoplasts alters the activi-
ties of both the CaMV 35S and TGMV ALl promoters (47a).
Thus, RRB1 may have reduced viral replication in the wheat
cell transfection assay by altering WDV C1 expression rather
than through direct interaction with the C1 protein.

The maize RRB1 protein can also bind strongly to the Ara-
bidopsis 83 cyclin. The Arabidopsis 83 cyclins are expressed in
G, and S phases (62) and appear to be homologs of the human
D cyclins that are essential for the inhibitory phosphorylation
of RB during the G, phase (21, 38). The human D cyclins
physically bind to RB (16, 21) and can also associate with
RRB1 (17b). This conserved physical interaction, together
with the presence of multiple potential Cdk phosphorylation
sites in RRB1, argues that RRB1 is regulated by Cdk-D-type
cyclin phosphorylation during G, progression. This idea is fur-
ther supported by the finding that RRB1 is phosphorylated
during maize endosperm development, a process characterized
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by a G, transition into a repeated series of S phases (25).
RRBI can also bind to a mitotic cyclin, cyclAt, although at a
much lower level than that of the 83 cyclin. Although it is not
known whether this weak interaction has functional relevance,
it may indicate that the plant RB-like proteins also play a role
in the entry into mitosis.

Despite the conservation in sequence and binding abilities,
deletions in the pocket—C-terminal domain of the RRB1 pro-
tein differ somewhat in their binding properties compared to
those of similar deletions in RB. Although the B domain is
sensitive to deletion, a large portion of the A domain of RRB1
can be removed and still retain binding activity. The RRB1
C-terminal domain also appears to enhance large-T-antigen
binding, a property not observed with RB. Thus, although the
binding properties of RRB1 and RB are similar, structural
differences between the two proteins obviously exist. These
differences, together with the inability of RRB1 to bind human
E2F-1, likely explain why the C-terminal 576 amino acids of
RRBI are unable to substitute functionally for RB in the flat
cell growth suppression assay (16, 23a).

Like the mammalian RB gene (4), the maize RRB genes are
ubiquitously expressed. Interestingly, the highest RRB mRNA
levels were seen in the shoot apex, an organ with a large
population of rapidly dividing cells. It is unclear why RRB
mRNA levels are elevated in this tissue if the RRB proteins act
as negative regulators of G, progression. It is possible that
RRB proteins perform cell-cycle-regulatory roles other than
negative regulation of G, progression and are thus required in
higher amounts in cycling plant cells. In mammals, RB is also
involved in inducing and maintaining a terminally differenti-
ated state in at least some cell types (8, 26, 36, 43, 57). The
presence of RRB mRNAs in organs with mostly differentiated,
nondividing cells suggests that RRB also plays a role in the
maintenance of the differentiated state in plant cells. However,
plant cell differentiation is remarkably plastic, and unlike fully
differentiated mammalian cells, plant cells can readily dedif-
ferentiate and reenter the cell cycle (65, 66). Thus, if RRB does
play a role in differentiation in plant cells, its exact function
and regulation may be quite different.

While the loss of RB in mammalian cells appears to be a
critical step in the development of many cancers (reviewed in
reference 69), plants do not develop tumors outside of special-
ized responses to certain pathogens (reviewed in reference 15).
Thus, in plant cells, the loss of an RRB gene may not have the
same neoplastic consequence as it does in animal cells. This
may simply be due to the multigenic nature of the RRB gene
family (at least in maize). In addition, because overexpression
of a G, cyclin in Arabidopsis thaliana increases the rate of cell
division, G, phase rather than G, phase may be a rate-limiting
step in certain plant cell cycles (14). Perhaps most importantly,
plant development is surprisingly tolerant of changes in the
control of cellular proliferation. In Arabidopsis, plants that
overexpress a G, cyclin have longer roots with significantly
more cells (13). However, these cells are incorporated into the
normal body plan of the plant. Similarly, although transgenic
tobacco plants that express a dominant negative mutant of
cdc2 have significantly fewer cells than do wild-type plants, the
wild-type plant size is maintained due to a compensatory in-
crease in cell size (29). Because of this remarkable tolerance of
plant development to changes in cell number, mutations of
plant RRB may have entirely different consequences from
those of mutations of RB in mammalian cells. The use of
transgenic plants in overexpression and antisense experiments
and transposon-tagged mutagenesis should help to elucidate
the role(s) of the RRB proteins in regulating the cell cycle
during plant development and cellular differentiation.
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