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Two reprintsand one manuscript-in-preparationareattached.Thesearebrieflystunmarized
below,followedby a descriptionofmore recentwork. Some oftheresultsreportedinthefirsttwo
manuscriptswere obtainedwhiletheapplicationforthepresentgrantwas pending.

Feiler HS and TW Jacobs (1990) Cell division in higher plants - a cdc2 gene, its 34-kDa product,
and histone-H1 kinase activity in pea. Proc Nat Acad Sci (USA) 87:5397-5401

In this paper, we described the existence of a high molecular weight histone H1 kinase activity
from etiolated pea epicotyl hooks, as well as immunological evidence for the existence of a p34 _a
kinase in a variety of higher plants. The pea p34 _a seemed to consist of a rnultiplicity of forms
around 34 kDa. While we suggested at the time that this polymorphism was consistent with
multiple phosphorylated forms of pea p34, more recent work in animal systems leads us to include
now the possiblity that these may represent the products of multiple cdc2-1ike genes (see below).
Work in progress is aimed at resolving this uncertainty. We also reported the amino acid sequence
of our PCR-cloned pea cdc2 gene product. This paper represented the first biochemical evidence
for an MPF-like complex in a higher plant.
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Feiler H, Jacobs T (1991) Cloning of the pea cdc2 homologue by efficient immunological
screening of PCR products. Plant Mol Biol 17:321-333

This paper describes the details and results of a novel method we developed for positively
identifying cdc2 PCR products from pea. The method relied on a p34_a-sp¢cific monoclonal
antibody (from David Beach at Cold Spring Harbor Laboratory) for screening expressed PCR

fragments produced from degenerate cdc2 primers and plant cDNA templates. The method was
100% efficient, permitting us to distinguish between what appears to be an authentic pea cdc2 gene
and a cdc2-1ike gene from this species. Reports from a number of plant and animal laboratories have
since confirmed that higher eukaryotic genomes carry multiple cdc2-1ike genes. The current
nomenclature identifies the products of these cdc2-1ike genes as "CDK2's", for "Cyclin-Dependent
Kinase 2" (the authentic cdc2 being CDK1). Further structural and functional analyses are needed
in order to determine whether either our pea cdc2 or cdc2-1ike genes actually encode cyclin-
dependent protein kinases (see below). We also showed in this paper that, at relatively high

stringency, our partial pea cdc2 clone appeared to represent a maximum of two genes in the pea
genome.

Prewett ME, HS Feller H and TW Jacobs (1992) Developmental expression of MPF in pea (in
preparation for PLANT CELL)

We have begun to ask some developmental questions regarding the distribution of cdc2
transcripts and other aspects of the MPF complex in peas In this manuscript, for which a final
increment of data (see below) and round (s) of revision are still lacking, we describe a developmental
survey of pea cdc2 and cyclin transcript levels as well as a parallel characterization of the levels of
histone H1 kinase activity In order to accurately quantify pea cdc2 transcript levels, we used the _ C_

PCR-generated partial cDNA clone in RNAse protection experiments We surveyed a variety of___'_
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. tissues and found that levels of cdc2 mRNA per microgram total RNA closely reflect the mito tic state
of the tissues: etiolated stem and root tips have more, roots and stems have less, leaves and tendrils
hardly any at all, and seeds, none detectable (Figure 2). It is likely that, were we to dissect out
germinating embryos from imbibed seeds, that we :night see a signal above the massive null
background of the cotyledon. This finding presents an interesting cellular/developmental chal-
lenge: What is the mechanism by which cdc2 transcription is turned offduring seed (esp. cotyledon)
maturation, since one can assume that "t is probably on when cotyledonary cells are dividing during
seed maturation?

We used PCR to obtain a partial pea cyclin clone. Primary structural characterization of this
gene and its product await recovery of a full length clone (see below). Once again, we found that
mitotic tissues display more cyclin transcript, on a per microgram total RNA basis, than their less-
mitotic counterparts (Figure 3).

We used precipitation with p13-Sepharose as a means of affinity purifying the pea "MPF"
complex from a variety of tissues. This method has become the industry standard for p34 _2 kinase
assays and is based on the natural affinity of p13, the fission yeast cell cycle regulator, for the p34-
cyclin coinplex. When this matrix was used to precipitate histone H1 kinase activity from a variety
of pea tissues, a result consistent with that described above was obtained: activity was concentrated
in mitotic tissues, when activity was expressed on a per microgram protein basis (Figure 4).

In order to refine this analysis and eliminate developmental differences from one tissue to the

next, we selected the 10 cm pea root tip as a developmental gradient along whic:h to investigate pea
MPF activity and its components. Five successive 2 mm segments from the pea root tip are collected
and pooled from a population of pea roots. The meristem proper is located in the second segment
(2-4 mm from the tip). We were surprised to find that the levels of cdc2 transcript were relatively
constant along the root gradient (Figure 5), on a per cell basis, whereas the pea cyclin message was

much more abundant, on a per cell basis in the meristematic zone of the root tip. The cyclin profile
was closely paralleled by the p13-precipitable histone H1 kinase activity along the root tip gradient
(Figure 7). These results suggest that, within the pea root tip developmental profile, cyclin and
p34 _2 kinase activity reflect -- and possible control -- mitotic activity of cells, whereas the level of

cdc2 transcription is relatively unregulated on a per cell basis. This may reflect the potential for pea
root cells to re-enter the proliferative state upon stimulation by Rhizobium or other developmental
programs such as lateral root emergence or cambial growth.

Up to now, we have characterized cdc2 and cyclin message levels in addition to p34 _ kinase
enzyme activity. Data on levels of p34 _a protein are still lacking and very much needed. The
original antibody used to identify this clone (see above) is no longer available and only recently have
we generated antisera which can now be used for this assay (see below). It must be noted, however,

that any Conclusions drawn from this experiment's data, as well as those described above, must be
qualified. Recent reports from animal and yeast cell cycle systems suggests that multiple cdc2 and
cyclin genes within an organism are the rule, and that our experiments to date are but a vignette of
much larger, more complex picture. Until we can verify the function of our clones by yeast
complementation tests, we cannot make any assumptions about the in vivo role of their gene
products. And until we have full-length cDNA clones, we cannot perform such tests. Nonetheless,

preliminary quantitative immunoblotting experiments suggest that the level of p34 _2 protein in
our system tends to follow the pattern of its enzyme activity, both along the root tip gradient and
in the tissue/organ survey.

Recent Work

Functional characterization of clones. The accepted diagnostic for the authenticity of a cdc2 or cyclin
clone is a complementation test of the cognate yeast mutant. We have tried unsuccessfully to
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• complement a temperature sensitive fission yeast cdc2 mutant a number of tirnes, under a variety
• of temperature conditions, with the chimeric yeast/pea cdc2 gene which was the product of our cdc2

cloning/verification scheme (described in the second manuscript, above). We can ordy conclude
from this negative result that this chimeric construct does not function in yeast. However, until we
have recovered a flail-length version of this pea cDNA, of which our PCR clone constitutes about
60%, we can draw no firm conclusions about th_ sequence's role in pea, despite its convincing
primary sequence character. It should also be noted that not all heterologous cdc2 genes, when
introduced into mutant fission yeast, are capable of complementation. The past year's revelations
of a large family of cdc2-like genes in essentially ali higher eukaryotes surveyed suggests that this
protein kinase motif has proliferated to fill a number of cellular roles, only some of which may
involve the regulation of the cell cycle.

Pea cyclins and cdc25. As mentioned above, we obtained a -200 bp PCR clone which appears to
represent part of a pea cyclin cDNA. The original PCR products from this experiment included a
diversity of fragment sizes, and Houqi Chen, the postdoctoral associate on this project, has pursued
these signals fi.lrther. Recently, Dr. Chen has obtained two more pea cyclin PCR clones, bringing
our total to three. Thus, we now have a handle on at least some of peas's diversity of these important
regulatory subunits. We await longer clon_s for further characterization and publication of these
genes and their products. Beth my graduate student Heidi Feiler and Dr. Chen have labored
heroically to obtain a PCR cloi_e of a pea cdc25 homologue, but to no avail. Heidi, in particular,
sequenced upwards of 30 PCR ' "c_e,..es, none of which encoded any homology to published cdc25
pro[ein_, lt may well be that this step in the regulatory network (the phosphatase which

dephosphorylates p34 _a, thus triggering M-phase) is a point of evolutionary departure among
yeasts, animals and plants. However, some broadly crossreactive antibodies against evolutionarily
distant cdc25 phosphatases were recently reported and we will try to obtain these for screening our

(awaited, see below) pea cDNA expression library, should a pea root tip immunoblot look
promising with the antisera.

Obtaining full-length clones. Published reports of large families of both cdc2-like genes as well as
cyclins in higher eukaryotes restrict the breadth of conclusions which can be drawn from the data

presented in the manuscript in preparation, above. In these studies, we have assayed the levels of
but one cdc2 transcript and one cyclin transcript, among the many which are likely to be present in
these tissues. In addition, we have used very generic reagents for assaying p34 _2 kinase protein and
enzyme activity levels (an anti-chimeric pea/yeast p34 _2 antibody and p13-Sepharose, respec-
tively, both of which probably detect/precipitate multiple forn_s). We have therefore recently

placed a high priority on obtaining gene- and protein-specific probes for all of the cdc2 and cyclin
PCR clones we have obtained• These would be, respectively, DNA sequences representing the 3'-
untranslated portions of cDNAs and anti-peptide antibodies directed against, most probably, the
carboxy terminus of each putative gene product.

To this end, we purchased two off-the-shelf pea cDNA libraries (from Clontech) and have
constructed one from root tip cDNA. The commercial libraries were screened intensively, only to

yield a single short clone which constituted a subset of our existing pea cdc2 PCR clone. Our
homemade libraries have been too small to merit screening for these very low abundance cDNAs.
A technical blunder at the company with whom we had contracted aborted the first of our

subsequent ventures into custom-made pea root tip cDNA (expression) libraries. A second such
attempt, through a more established company, is currently in progress and should be available for
our screening in about three weeks. When such a library is available to us, we will have five excellent

pea cDNA probes with which to screen it: a cdc2, a cdc2-1ike gene and three cyclins.
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• Immunological tools and experiments. Gene product-specific antisera are absolutely essential for
. progress in the kinds of experiments we wish to perform. Given the assumption now that peas

probably have multiple cdc2 and cyclin gene products, the reagent/technique of choice is immu-
noprecipitation with anti-peptide antibodies directed against the carboxy ten'ninus of each putative

protein. Without 3' terminal cDNA sequence information, we have not been able to raise such
antisera. Instead, we have focused on raising whatever antibodies we can, given the tools available.
Heidi Feiler successfully raised some very useful antisera against the chimeric pea/yeast p34 _a
protein which was the gene product of the clone obtained from our PCR product screening
stragegy. As rnentioned above, we are now using this antiserum to evaluate p34 '_2 levels in a pea
developmental survey and along the root tip gradient.

Since p34 _a is regulated by phosphorylation on a tyrosine in anintal cells and fission yeast (but
not budding yeast, according to two articles in last week's Nature!';, our access to this gene should
provide us with an opportunity to determine whether such a regulatory strategy also occurs in
plants. Such a demonstration has been elusive until now in the plant kingdom. We obtained four
different anti-phosphotyrosine (P-tyr) antisera and tested each of them for ability to detect a
phosphorylated tyrosine in p13-Sepharose precipitates from pea root tip extracts. No positive
signals were seen. At least three interpretations can be offered for this negative result. First, the
amount of phosphotyrosine present in the precipitates may have been too small to be detectable,
either because of rogue phosphatases in the extract or because the extracts simply contained much
more non-phosphorylated than phosphorylated p34 _a. Second, anti-phosphotyrosine antibodies
are notoriously selective for specific P-tyr contexts and perhaps the pea P-tyr's in p34 Cdaare not
appropriate for any of four employed. Third, perhaps pea p34 _a is simply not regulated by tyrosine
phosphorylation. This issue will only be resolved when we can generate some high-affinity, p34_a
antibodies with which the protein can be irnmunoprecipitated quantitatively, for western and
phosphoaminoacid analysis.

Cell Cycle Synchrony Experiments. We are pleased to report that we have been able to establish a
highly reproducible pea root tip synchrony procedure, with which we have begun to observe facets
of cdc2 activity in the higher plant cell cycle. Recall that a synchronous cell system is absolutely
essential for sorting out the roles of these regulators through the various stages of the eukaryotic
cell cycle, G1, S, G2 and M. We were fortunate to receive a protocol from the notebooks of Jack Van't

hof (Brookhaven N.L.), which he had successfully applied to pea root tips many years ago. The
procedure involves arresting hydroponically-grown pea root tip meristems in S phase of cell cycle
by incubating them for 12 hours in 5-aminouracil (5AU), a thymidine analog. When the drug is
washed out, the root tip meristems proceed out of S-phase and through G2, M and G1 in upwards
of 60% synchrony. Heidi Feller has performed such an experiment approximately a dozen times
now, collecting root tip samples at one hour time points following release from 5AU blockage,

assaying their ,:ells' DNA content by flow cytometry. M-phase appears to come at approximately
8 hours following release, and is, as always, the shortest phase. Thus, we can now Obtain material,
from intact plants -- as opposed to cultured plant cells -- highly enriched for any stage of the cell
cycle, for biochemical and molecular analyses.

Using the the 5AU synchrony system, we have examined histone H1 kinase (= p34 _'_2kinase)
activity in p13-Sepharose preciptates, throughout the pea cell cycle. Surprisingly at first, we

observed high activity in S-phase, very low activity in G2 and G1 and moderately high activity in
M. Whereas we had expected the activity to be confined to M-phase, following the animal and yeast
cell paradigms, we now suspect that our generic reagent, p13-Sepharose, was probably precipitat-
ing an S-phase histone H1 kinase which may well be composed of some of the other p34 _a and cyclin
family members described above. The relatively low levels in M phase cells probably reflect the
brevity of this phase of the cycle and the consequent stochastic difficulty in catching cells within it,
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regardless of the efficiency of the synchronization method employed. Indeed, we are examining
• at present another cell cycle blocker which will reportedly arrest cells in M-phase, providing an

enrichment for cells at this critical juncture of the cycle.
We have also examined total cellular proteins across tt_e pea root meristem cell cycle time

course, as weil as total cellular protein kinase phosphorylation products at hourly time points in
syncrhonous populations. We were surprised and delighted to be able to d erect about 7 proteins
on one-dimensional protein gels, whose levels appear to be elevated in eithe3 S-phase and/or in M-
phase. These are excellent candidates for cyclins and, in fact, their behavior formally classifies them
as cyclins, by the original definition of the term. Of equal interest was our finding of a variety of
proteins which show a very distinctive and cell cycle stage-specific pattern of phosphorylation.
None of these corresponds to a known cell cycle regulatory protein. Indeed, some may be
cytoskeletal elements. Nonetheless, their clarity of visualization via one-dimensional electrophore-
sis and autoradiography invites cluestions as to their identity, and no less, the identities of the
protein kinases responsible/or their periodic phosphorylation. Heidi Feller is _urrently writing up
her doctoral dissertation and is, in so doing, preparing a manuscript describing in greater detail the
results obtained from her s)mchrony experiments.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-

ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United Stales Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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' Research Plans - 3rd Year

Our overall objectives remain unchanged since the inception of this project. Some of the details
have evolved due to the many advances in studies of yeast and animal cell division controls over
the past few years. Specifically, the realization that plants probably have several cdc2 and cyclin
genes and gene products now requires that we search carefully for all of these family rnembers that
we can find expressed from the pea genome and use the clones obtained to design gene-specific and
protein-specific probes for the experiments originally described. The p13-Sepharose affinity matrix
and generic anti-p34 _a kinase antibodies turn out to be less revealing reagents than we had
originally anticipated.

Therefore, considerable resources are being devoted to obtaining a complete set of full-length
cDNA clones for cdc2 and cyclin genes from pea root tips° As stated above, a custom-made cDNA

library is on order and five probes are available for screening it. Dr. Chen will also be performing
further cdc2 PCRs on pea cDNA in order to determine whether more expressed cdc2 genes are
present.

We have already used PCR (the "R.A.C.E." procedure) to obtain the 3' ends of our first pea cdc2
cDNA. Once the sequence of this clone is completed, we will use the derived information for the
same two purposes to be served when similar data are obtained from tee rest of our clones. That

is, we will have a carboxy terminal peptide synthesized, conjugate it to a carrier protein and raise
antibodies against the complex. These will be affinity-purified and used to determine where in the

plant, and when in the cell cycle, this protein is present. We will also use immunoprecipitation to
assay the protein's phosphorylation state in tissues in which we initially find the protein to be

present by immunoblotting. Finally, we will design T-untranslated region-specific probes in order
to determine transcript levels for this and each of the other cell cycle regulators for which we obtain
analogous sequence information.

In summary, we have modified and refined our plan of attack, based on the ctlrrent model of

cell cycle regulation and its component parts, as revealed in model yeast and animal cell systems
since the inception of this project.
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Regulation of (ell Division in Higher Plants
T. Jacobs, Department of Plant Biology

Cell division is arguably the most fundamental of ali developmental processes. In higher plants,
mitotic activity is largely confined to foci of patterned cell divisions called meristems. Fromthese
perpetually embryonic tissues arise the plant's essential organsof light capture,support,protection
and reproduction. Once an adequate understanding of plant cell mitotic regulation is attained,
unprecedented opportunities will ensue for analyzing and genetically controlling diverse aspects of
development, includingplant architecture, leafshape,plant height,and rootdepth. The mitoticcycle
in a variety of model eukaryotic systems is under the control of a regulatory network of striking
evolutionary conservation. Homologues of the yeast cdc2gene, its catalytic product,p34, and the
cyclin regulatory subunits of the MPF complex have emerged as ubiquitous mitotic regulators. We
have cloned cdc2, cdc2-1ikeand cyclin genes from pea. As in other eukaryotic modelsystems, p34
of Pisum sativum is a subunit of a high molecularweight complex which binds the fissionyeast p13
protein and displays histone H1 kinase activity in vitro. Our primary objective in this study is to gain
baseline information about the regulation of this higher plant cell division controlcomplex in non-
dividing, differentiated cells as well as in synchronous and asynchronous mitotic cells. We are
investigating cdc2and cyclinexpression at the levels of proteinabundance,proteinphosphorylation
and quaternary associations.
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