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The molecular networks regulating the G1-S transition in budding yeast and mammals are strik-
ingly similar in network structure. However, many of the individual proteins performing similar
network roles appear to have unrelated amino acid sequences, suggesting either extremely rapid
sequence evolution, or true polyphyly of proteins carrying out identical network roles. A yeast/
mammal comparison suggests that network topology, and its associated dynamic properties,
rather than regulatory proteins themselves may be the most important elements conserved through
evolution. However, recent deep phylogenetic studies show that fungal and animal lineages are rela-
tively closely related in the opisthokont branch of eukaryotes. The presence in plants of cell cycle
regulators such as Rb, E2F and cyclins A and D, that appear lost in yeast, suggests cell cycle control
in the last common ancestor of the eukaryotes was implemented with this set of regulatory proteins.
Forward genetics in non-opisthokonts, such as plants or their green algal relatives, will provide
direct information on cell cycle control in these organisms, and may elucidate the potentially
more complex cell cycle control network of the last common eukaryotic ancestor.
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1. INTRODUCTION

Progress in understanding eukaryotic cell cycle control
over the past 40 years was largely initiated from two
very different approaches. A biochemical line of inquiry
was carried out in the embryos of marine invertebrates
and Xenopus frogs. Independently, researchers applied
microbial genetics to ascomycete fungi, especially
Saccharomyces cerevisiae and Schizosaccharomyces pombe
(budding and fission yeast, respectively), to identify
genes with essential functions attributed specifically to
cell cycle control or execution. These lines of research
converged in the late 1980s. Cyclins, first identified in
marine invertebrates, were found to periodically activate
cyclin-dependent protein kinases (Cdks), identified
as central to cell cycle regulation in yeast screens.
Cdk—cyclin complexes and oscillation of Cdk kinase
activity were subsequently found to be at the core of
all eukaryotic cell cycle control.

Further work showed that other cell cycle regulators
identified in yeast screens were present and functioning
in highly similar ways in animal systems. Indeed, con-
servation of structure and function was frequently
sufficient to allow for cross-kingdom genetic com-
plementation [1]. Cross-species methods based on
complementation in budding yeast were also used to
identify many different fission yeast and mammalian
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cyclins [2—-6]. This body of work also placed a molecu-
lar interpretation on the cell fusion experiments carried
out decades earlier that suggested cis- and mrans-acting
regulators of cell cycle progression in cultured animal
cells [7].

In addition to cyclin— Cdk complexes, the anaphase-
promoting complex (APC; cyclosome) is another
central and highly conserved controlling element that
was independently identified by both biochemical and
yeast genetic approaches. Active APC is an E3 ubiquitin
ligase that targets many cyclins for degradation, so that
in general, high APC activity correlates with low cyclin—
Cdk activity. Conversely, high cyclin—Cdk is thought
to promote initial activation of the APC driven by
the Cdc20 co-activator. Later, after removal of cyclin
by Cdc20-APC-driven degradation, APC activity is
maintained by the Cdhl co-activator. Reciprocally,
Cdh1-APC is antagonized by cyclin—Cdk activity at
the G1-S transition, so that cyclin—Cdk and APC activity
oscillate, approximately out of phase with each other.
The high Cdk/low APC condition approximately corre-
lates with the conventional S, G2 and early M phases
(i.e. cells in the process of cell duplication), while the
converse condition correlates with late M—-G1 (.e.
newborn cells). Studies across diverse organisms suggest
that both molecular and dynamic functional aspects of
this reciprocal Cdk—APC regulation may be conserved.

The conservation of molecular functions strongly
argued for a conserved core of eukaryotic cell cycle
control machinery. However, as more details emerged
in animals and yeast, it became clear that some core
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regulatory proteins were frequently reapportioned for
different uses. For example, budding yeast, fission
yeast and animals share a highly similar checkpoint sur-
veillance system monitoring DNA replication and
integrity, but this system impinges on cell cycle control
by entirely different mechanisms in budding yeast com-
pared with other organisms [8]. As another example,
re-initiation of DNA replication within a single S
phase is blocked because cyclin—Cdk activity antagon-
izes loading of the ‘pre-replication complex’ including
the Mcm replicative helicase at origins of replication.
However, different organisms exhibit strikingly different
mechanisms for this inhibition [9].

The central cyclin—CDXK interaction has remained
intact, despite extensive growth of eukaryotic cyclin
and Cdk families through gene duplication. Functional
overlap of gene duplicates runs the gamut from largely,
if not completely, indistinguishable biological roles to
almost complete separation of function. This rampant
gene duplication results in ambiguity with respect to
monophyly (unique line of descent) of some key cell
cycle functions. For example, while cyclins E and A pro-
mote initiation of DNA replication in animals, they are
absent in yeasts, where instead, B-type cyclins promote
DNA replication [10]. A plausible interpretation of this
observation is that control of replication was acquired by
B cyclins in the yeast lineage after loss of cyclins E and A.

Other molecules central to mammalian G1 regulation,
such as the retinoblastoma protein and Cip—Kip inhibi-
tors, have no obvious sequence homologues in yeast
[11]. Thus, important aspects of cell cycle control are
not conserved between yeast and animals, and in some
cases differ even within the fungal lineage. Here, we
examine conserved and diverged features of eukaryotic
cell cycle regulation. Our analysis leads to new ideas
about cell cycle regulation in the last common ancestor
(LCA) of eukaryotes. We propose that in some cases, net-
work topology, and its associated dynamic properties,
rather than regulatory proteins themselves may be the
most important elements conserved through evolution.

2. THE G1-S REGULATORY NETWORK

IN BUDDING YEAST AND ANIMALS HAS A
REMARKABLY SIMILAR TOPOLOGY, BUT LITTLE
SEQUENCE SIMILARITY AMONG NETWORK
COMPONENTS

The molecular networks regulating the G1-S transition
in budding yeast and animals, shown schematically in
figure 1, exhibit a diverse set of molecular interactions
arranged in remarkably similar network structures
[11,12]. In both cases, the most likely model requires
Cdk activity to reach a threshold at which an inhibitor
of cell cycle progression is inactivated. Then, a positive
feedback mechanism is activated to ensure switch-like,
irreversible commitment to the next phase of the cell
cycle (DNA replication, ultimately followed by cell
division). However, many of the individual proteins per-
forming network-similar or identical network roles
appear to have unrelated sequences (table 1), suggesting
either monophyly followed by extremely accelerated
sequence evolution, or true polyphyly (i.e. convergent
evolution) of unrelated proteins carrying out identical
network roles.
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Globally, the cell cycle ‘step’ controlled by the bud-
ding yeast network in figure 1 is the ‘Start’ transition
of cell cycle commitment [15]. Prior to Start, a cell inte-
grates various internal and external signals, such as
those arising from cell size, nutrients and mating phero-
mone, to produce an all-or-none decision to enter the
mitotic cell cycle. G1 regulation proceeds in two steps
separated by a rapid positive feedback-driven transition:
the first step, dependent on the upstream cyclin Cln3,
yields cell size control and initial inactivation of Whi5,
while the second, cell size-independent step pertains
to the activation of the cell division machinery by the
rapidly increasing CDK activity arising from a tran-
scriptional positive feedback loop in which Clnl,2
complete Whi5 inactivation and yield full and coherent
expression of the entire regulon activated by the SBF
(Swid—Swi6) and MBF (Mbpl-Swi6) transcription
factors [16—19]. The transition point (i.e. Start)
between these two steps corresponds to cell cycle com-
mitment arising from the abrupt feedback-driven
increase in G1 cyclin transcription rate [19,20].

The animal cell transition illustrated in figure 1 has
been called the ‘restriction point’ (R) since it corre-
sponds to transition to independence from extracellular
growth factors. Insightful time-lapse microscopy analysis
[21] demonstrated that passage of R occurred in a sharp
time-window about 3 h after division. Later events in G1
required a variable (0—10 h) period, but were growth
factor-independent. Although the precise alignment of
R with the events diagrammed in figure 1 remains some-
what unclear, it is possible that R consists primarily of
induction of cyclin D and initial inactivation of Rb,
with the growth factor-independent part of this transi-
tion corresponding to cyclin E-E2F-positive feedback
leading ultimately to progression to DNA replication
(reviewed by Foster er al. [22]).

These observations suggest a hypothetical alignment
of R in animal cells and at least the first step of Start
in yeast, with subsequent growth factor- or cell size-
independent events in the two systems occurring after
the induction of transcriptional-positive feedback.
Whether this alignment reflects conserved network
functions is difficult to determine at this time as cell
size control in animal cells has been a contentious
subject [23-25].

We begin by reviewing the similarities in G1-S regu-
latory network topology and molecular function of its
constituent parts [12]. Cell cycle entry in mammalian
cells is initiated by cyclin D (three variants D1/2/3)
targeting CDK4 or CDK6 to phosphorylate the tran-
scriptional-inhibitor pRb, the retinoblastoma protein.
Phosphorylation of pRb inhibits its pocket domain
from binding the transactivating domain of an activat-
ing E2F transcription factor. In budding yeast, the
Cln3 cyclin phosphorylates the Whi5 transcriptional
inhibitor preventing Whi5 from binding and inacti-
vating the SBF transcription factor. Both pRb and
Whi5 recruit HDAC (histone deacetylases) proteins
to the promoter that inhibits transcription [26-—28],
and both proteins have multiple (approx. 10) CDK
phosphorylation sites, suggesting that multi-site phos-
phorylation is a conserved or convergent feature of
their inhibition [29-31]. However, the sequences of
pRb and Whi5 are completely different.
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Figure 1. Schematic of (¢) mammalian and () budding yeast G1-S control circuits indicates a common feedback-driven regu-
latory architecture. Shapes correspond to the type of protein (e.g. upward triangles denote cyclin-dependent kinases). Colour
implies that the G1-S8 regulator has high sequence similarity (indicating homology, table 1) to the same regulator in another
kingdom (animal, fungi, plant). The G1-S circuit in mammals is colourful (compared with budding yeast) because there are
many identifiable sequence homologues between plants and animals.

Activity of the upstream cyclin—CDK complex that
initiates the cell cycle is regulated through transcrip-
tion, translation and localization [32-35]. Both Cln3
and cyclin D are unstable, which serves to make this
network structure rapidly responsive to changes in
environmental conditions [36—39].

In budding yeast and mammals, the upstream cyclin
initiates multiple transcriptional-positive feedback
loops. Cyclin D initiates the transcription of cyclin E
(two variants E1/2), which also target pRb for
phosphorylation and inhibition [40—-42]. In mitotic
cell cycles, cyclin E transcription and p27 degradation
correlate with increased phosphorylation of pRb, con-
sistent with this feedback-driven transition [31,43].
A similar process occurs in yeast, where Cln3 initia-
tes a transcriptional-positive feedback loop of two
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downstream G1 cyclins, CLN1 and CLN2, which com-
plete the inactivation of Whi5 [18]. This network
structure probably results in bistability and hysteresis,
both in animals and in yeast [42,44].

A complexity in both budding yeast and animals
is that the activating transcription factors SBF and
E2F represent distinct proteins. ‘SBF’ as illustrated in
figure 1 actually is a stand-in for two related transcrip-
tion factors, SBF and MBF, owing to a relatively recent
gene duplication event in the budding yeast lineage,
while E2F is a stand-in for E2F1, E2F2 and E2F3.
The yeast factors are largely overlapping in function
and can substitute for each other to a large extent
[45], but they are distinct both with respect to upstream
regulators and downstream targets [46]. For simplicity,
however, we will treat them as one entity here.
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Table 1. Quantifying the sequence similarity and homology between known regulators of G1-S control. List of functionally
similar G1-S regulators (figure 1) in animals (Homo sapiens) and fungi (Saccharomyces cerevisiae). For comparison, we also
include putative G1-S regulators from plants (Arabidopsis thaliana) [13]. Two proteins are classified as homologues (i.e.
descent from a common ancestral protein) if they have high-sequence similarity (NCBI BLASTP E-value lower than 1E-5;
bold) [14]. Note that two proteins can be true homologues, yet not have any detectable sequence similarity.

animal gene E-value

G1-S regulator (fungi and plant)

fungal gene E-value
(animal and plant)

plant gene E-value
(animal and fungi)

G1 cyclin CycD1 (2E-02, SE-18)

G1 Cdk Cdk4/6 (2E-59, 3E-66)
G1-S8 cyclin CycEl (>1, 2E-10)

G1-S Cdk Cdk2 (2E-109, 1E-117)

S cyclin CycAl (1E-27, 8E-09)
G1-S TF E2F1 (>1, 8E-31)

G1-S TF inhibitor Rbl (>1, 3E-45)

Cdk inhibitor p27/Kipl (>1, 2E-03)
Cdh1 inhibitor Emil (>1, >1)

Cdhl Cdh1/Frzl (3E-95, SE-133)

Cln3 (>1, >1)

Cdk1 (3E-58, 1E-105)
Cln2 (>1, >1)

Cdkl (1E-108, 1E-105)
Clb5 (4E-27, 2E-08)
Swid (>1, >1)

Whi5 (>1, >1)

Sicl (>1, >1)

Acml (>1,>1)

Cdhl (2E-94, 7E-91)

CycD4 (5E-13, >1)
CdkA (3E-65, 2E-106)
CycD4 (2E-10, >1)
CdkA (1E-117, 2E-106)
CycD4 (6E-11, 2E-09)
E2FB (2E-30, >1)
Rbrl (9E-45, >1)
Krpl/Ickl (1E-04, >1)

Fzrl (3E-135, 4E-95)

As well as cyclins D and E, cyclin A is capable of
phosphorylating and inactivating pRb [47]. Since
cyclin A is activated later in the cell cycle, this network
motif results in an ‘initiation versus maintenance’ con-
trol structure. Budding yeast lack cyclin E and A
homologues; however, Whi5 inactivation is maintained
by phosphorylation by B-type cyclin—Cdk complexes
that are activated later in the cell cycle. So again, net-
work structure is similar without evidence of
monophyly of the controlling proteins.

A major role in the animal and the yeast systems is
relief of inhibition of cyclin B—Cdk complexes (as well
as of cyclin A in animal systems). These complexes are
inhibited because of APC—-Cdhl activity and because
of accumulation of stoichiometric inhibitors (Sicl in
budding yeast, Kip—Cip in animals). Cdhl is inhibited
in all systems by cyclin—Cdk phosphorylation, and is
also inhibited by stoichiometric-binding proteins
(Emil and Acml). In animals, Emil is an E2F tran-
scriptional target, which binds and inhibits Cdhl [48];
in yeast, Acm1 similarly binds and inhibits Cdhl [49]
and is expressed specifically at G1-S, probably under
SBF control [50]. However, Acml and Emil lack
detectable sequence similarity [51]. Sicl and Kip-Cip
are both tight-binding stoichiometric inhibitors of
cyclin—Cdk complexes, and Cdkl phosphorylation tar-
gets both Sicl and Kip for degradation via the SCF
complexes ubiquitin ligase. Despite these biochemical
similarities, there is no detectable sequence similarity
between Sicl and Kip-Cip, although similar secondary
structure over a region of about 20 amino acids was
suggested based on modelling [52]. Similarly, no
obvious sequence similarity exists between SBF and
E2F components.

The positive feedback in the network has been
demonstrated in budding yeast to result in an irrevers-
ible transition [44]. In budding yeast and in fission
yeast, activation of B-type cyclins resets the system
by inactivating the SBF-related G1-S-specific tran-
scription factors, in collaboration with the Nrml
repressor [46,53,54]. Nrm1 lacks known animal hom-
ologues; however, a parallel negative control of E2F by
cyclin A—Cdk complexes does occur in animal cells
[55]. As noted above, cyclin A appears to carry out
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multiple roles carried out by B-type cyclins in yeast,
including initiation of DNA replication and inacti-
vation of Cdhl, as well as inactivation of G1-S
transcription.

Taken together, these data indicate an extraordinarily
similar network topology and mechanism in yeast and
mammals, often without detectable sequence similarity,
or (as in the cyclin A/cyclin B divergences noted above)
with plausibly polyphyletic acquisition of network roles
by distinct members of the cyclin superfamily.

3. MAMMALIAN G1-S REGULATION IS

MORE COMPLEX

When there are significant differences between the
yeast and mammalian G1 control network, it is typically
owing to additional regulation in mammals [12].
Examples include microRNA regulation of CDK
inhibitors in mammals [56] and a G1 role for the
Cdc25 phosphatase [57].

Notably, the animal system contains additional
positive feedback loops affecting G1 control. The
animal F-box protein Skp2 targets p27 for degra-
dation. Skp2 is a direct E2F transcription target and
its stability (required for timely S phase entry) is regu-
lated by the APC“®"!. Thus, as CDK activity increases
through G1, Skp2 is both transcribed and stabilized,
which is required to avoid premature S phase [58].
A second transcriptional positive feedback loop that
is unique to mammalian cells is the regulation of
E2F1 by E2F1-3 [59]. This animal-specific regulatory
loop clearly reinforces the same regulatory themes
provided by the network structure described above.

In mammals, multiple cyclin-dependent kinases
play complementary roles in cell cycle progression.
The most notable are CDK4 and CDK®6, which pre-
ferentially bind cyclin D, while CDK2 and CDKI1
preferentially bind the downstream cyclins E, A and
B [60]. Nevertheless, there is significant cross-binding
of cyclins and CDKs, as most strikingly evidenced by
the fact that Cdk2—/— Cdk4—-/— Cdk6—/— embryos
undergo organogenesis and develop to mid-gestation
[61]. Additionally, the E2F (1-8) and the pocket
protein (pRb, pl107 and pl130) families are greatly
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expanded in mammals. These animal-specific regulat-
ory expansions clearly reinforce the same regulatory
themes provided by the network structures described
above. This might be expected to avoid novel regulatory
mechanisms operating at odds with an established
system. An interesting consequence, developed below,
is that if the novel regulatory mechanisms become suffi-
ciently strong, they could ultimately replace the original
components without disrupting the network structure.
Perhaps similarly, budding yeast contain an
additional Cdk in addition to the major Cdkl1/
Cdc28, called Pho85. Pho85 is activated by the Pcl
class of cyclins, which appear specific to the yeast lin-
eage. At least some Pcl cyclins overlap with G1 cyclins
ClInl and Cln2 in function and transcriptional regu-
lation [62,63]. Intriguingly, animals contain a
possible Pho85 homologue, Cdk5, which appears to
have neuronal, non-cell cycle roles, and is activated
by proteins (p25 and p35) with no evident sequence
relationship to Pcls or to other cyclins; strikingly,
though, Cdk5 and Pho85 cross-complement and are
cross-activated by Pcls and p25/p35 [64].

4. G1—-S CONTROL IN YEAST AND ANIMALS:
DIVERGED SEQUENCE WITH CONSERVED
FUNCTION, OR INDEPENDENT CONVERGENCE
ONTO THE IDENTICAL NETWORK?

As discussed above, the very similar G1-S network
structures in mammals and budding yeast are surpris-
ing when sequence similarity of the key proteins is
considered. Rb and Whi5, E2F and SBF, Emil and
Acml, p27-Kipl and Sicl all have no detectable
sequence homology. Cln3 and cyclin D both share
core structural features of the cyclin superfamily, as
do Clnl, 2 and cyclins E, A, but detailed phylogenetic
analysis (N. E. Buchler er al. 2011, unpublished data)
has so far not demonstrated close affinity of any yeast
G1 cyclins to any specific animal G1 cyclins. Similarly,
the B-type cyclin CIb5 in budding yeast carries out a
very similar network role to cyclin A in animals (see
above), but Clb5 has greater sequence similarity to
animal B-type cyclins than to cyclin A, and yeasts
lack any clear cyclin A homologue.

We can propose three possible general explanations
for this apparent lack of molecular conservation (sche-
matized for a simple network element in figure 2).
(i) The LCA had the mammalian/yeast network struc-
ture. Highly accelerated sequence evolution along
one or both lineages resulted in enough sequence diver-
gence to make homology unrecognizable. (ii) The LCA
had a different (possibly simpler) network structure,
which convergently evolved to the structure shown in
figure 1, independently in fungal and animal lineages.
(ii1) The LCA of budding yeast and animals had the
mammalian/yeast network structure comprising either
the yeast or the animal versions of the proteins. Then,
other proteins, originally with different functions,
evolved functional overlap with some original network
components. As is noted above, selection for consistent
regulatory function in novel evolved circuits could
ultimately result in redundancy of the original com-
ponents. This would then allow loss of the original
components without loss of the network.

Phil. Trans. R. Soc. B (2011)

These possibilities are difficult to evaluate at present.
Discovery of a ‘missing link’ organism with hybrid con-
trols would be revealing, as would be in-depth analysis
of G1-S control in other organisms among yeasts or
animals, to determine the degree of similarity of network
topology and physiological function.

5. CONSERVATION OF SEQUENCE DOES

NOT IMPLY CONSERVATION OF NETWORK
ARCHITECTURE

We argued above that network topology can be strik-
ingly similar despite lack of detectable sequence
similarity of most of the controlling components, and
suggested three potential mechanisms by which this
could have come about. We note that it is well docu-
mented that network topology can change while the
underlying molecules are conserved. Very similar,
almost certainly monophyletic molecules can be
found in diverse networks playing even more diverse
biological roles.

Although close sequence homologues frequently
have conserved nearest-neighbour interacting partners,
the likelihood of continued conservation of interacting
proteins falls off steeply as a function of the number of
degrees of separation. Examples of neighbour conserva-
tion include the Cdk activation by cyclin binding and
the Ras— GEF-GAP module [65]. A clear example of
network rearrangement is found in DNA damage
response. In budding yeast and fission yeasts, a similar
machinery from the point of damage to the activation
of downstream Kkinases (upstream: 9-1-1 complex,
MRN complex; downstream: Chkl, Chk2) is followed
by different interfaces with the core cell cycle. In fission
yeast, Cdc25 is targeted to block mitosis, while in bud-
ding yeast, the primary target is likely Pdsl, resulting
primarily in a block to cohesin cleavage despite high
cyclin—Cdk activity levels) [8]. Similarly, the Cdcl4
phosphatase drives the high-to-low CDK transition
(M-G@G1) in budding yeast, yet has a much less central
role in other organisms [66].

6. MOST ANALYSIS OF EUKARYOTIC CELL
CYCLE CONTROL HAS BEEN CARRIED OUT

IN THE OPISTHOKONT BRANCH

In the 1970s and 1980s, when cell cycle research in yeast
model organisms provided key insights into widely
conserved mechanisms, broad eukaryotic phylogenetics
was not well resolved, leading to the concept of yeast as a
‘universal cell’ [67], exhibiting a ‘universal M-phase
control mechanism’ [68]. Budding yeast and fission
yeast appeared to be very highly diverged from each
other, and both appeared very highly diverged from ani-
mals. Since by standard evolutionary logic, a trait shared
by two distantly related organisms is likely to have been
present in their LCA, it was hoped that common find-
ings among these organisms would triangulate to
include essentially all eukaryotes.

However, it has become clear that budding yeast
and fission yeast are much more closely related to
each other than either is to animals [69]. The appar-
ently similar distance between the two yeasts and
between yeast and animals in earlier sequence
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Figure 2. Schematic of possibilities for network evolution. (a) A simple network is conserved in two lineages, but along one or
both lineages, highly accelerated sequence evolution results in loss of detectable homology in modern descendants (e.g. A’ and
A are direct sequence descendants of A in the ancestor, and have carried out the same network role throughout evolution, but
A and A’ are no longer sequence-alignable). In this case, both network and sequences are monophyletic: from a single origin,
the network has retained the same topology, and all sequences have kept the same network role. (b) A simple network inde-
pendently recruits new elements to elaborate the network (note that the ‘sense’ of the network remains the same, with A still
activating the downstream C). In this case, the enhanced network is polyphyletic, as are the new sequences B and D. (¢) Along
one lineage, the network acquires an independent loop redundant with the B loop, allowing subsequent loss of B along this
lineage, without losing network function at any step. In such a case, we consider the network monophyletic, even though
the sequences are polyphyletic. Note that in the case of recruitment, B and D could be ancient relatives. Provided D did
not carry out the indicated network role in precursor organisms, this still constitutes sequence polyphyly for this network.

comparisons is likely due to rapid evolution along the
fungal branches (N. E. Buchler et al. unpublished
data). Further, recent work shows that fungi and
metazoans (collectively, the ‘opisthokonts’) share a
more recent LCA relative to all other eukaryotic
groups (figure 3). This consensus view is derived
from analysis of slowly evolving phylogenetic charac-
ters including 18S rRNA, proteins encoded in
mitochondrial genomes, ‘RGC-CAMs’ (rare genomic
changes after conserved amino acids multiple substi-
tutions), and an ensemble of highly conserved,
slowly evolving proteins (EF-1a, actin, b-tubulin and
HSP70) [70-73]. While these studies differ on relative
divergence of eukaryotes other than metazoans and
fungi, the conclusion that metazoans and fungi
diverged most recently is uniformly supported by
these analyses.

The proximal fungal/animal evolutionary relation-
ship indicates that the massive enterprise to
understand cell cycle control in yeasts and animals
emphatically does not provide triangulation for all
eukaryotes, because analysis is restricted to two
branches within the opisthokonts: the fungal branch
(represented primarily by two ascomycete twigs,
budding and fission yeast), and the metazoan
branch. Although this information is highly informa-
tive for opisthokonts, the unsettling implication is
that cell cycle control could be significantly different
in other eukaryotes. These other eukaryotes represent
most eukaryotic genomic diversity. Among them are
many medically significant parasites, and also the
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land plants, which form the basis of all terrestrial
ecosystems and provide us with food and oxygen.
Thus, this systematic gap in knowledge about cell
cycle control provides grounds for academic and
practical concern.

7. CELL CYCLE ANALYSIS IN PLANTS AND
PROTISTS: EVOLUTIONARY PERSPECTIVE
BEYOND OPISTHOKONTS
The availability of genome sequences for a broad range
of eukaryotes shows that many molecular aspects of
cell cycle control may be conserved beyond the
opisthokont lineage. All eukaryotic genomes contain
sequences for core elements of the opisthokont cell
cycle programme, including cyclins, Cdks and the
APC, which are uniformly missing from archaeal and
bacterial genomes. Thus, at least some key functional
relationships are likely to be conserved, such as the
requirement for cyclins to activate Cdk enzymatic
activity, and the role of the APC in degrading cyclins.
Outside of the opisthokonts, a significant amount of
cell cycle research has focused on plants. Based on
sequence comparisons, plants appear to contain most
‘standard’ opisthokont cell cycle regulatory com-
ponents. In fact, considering the overall evolutionary
relationships (figure 3), plant genomes contain a sur-
prising number of very likely homologues for many
of the proteins shown in figure 1 that are present in
animals but missing in yeast. These include Rb, E2F,
cyclin A, cyclin D and p27-related proteins (Kip-
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Figure 3. A current phylogeny of the eukaryotic supergroups, adapted from Rogozin et al. [69]. Branch lengths are not drawn
to scale. Phylogenetic data support the idea that plants, fungi and animals are monophyletic (solid lines), that fungi and ani-
mals are part of a larger group known as the opisthokonts, and that plants diverged from the opisthokonts at an early point in
eukaryotic evolution. However, the root of the eukaryotic tree and the relative placement of other supergroups (excavates,
chromalveolata) with respect to each other, and the eukaryotic ancestor is still under debate.

related protein; KRP) [74]. This suggests that animal
cell cycle regulators were present in the LCA of ani-
mals and plants, but were either replaced or
subjected to rapid sequence evolution (to unrecogniz-
ability) in fungi. Sequence conservation of cell cycle
regulators between plants and animals is especially
remarkable considering that a recent study suggested
that the divergence of plants concomitant with chloro-
plast acquisition was the most ancient divergence in
the eukaryotic tree [70].

8. LOOKING WHERE THE LIGHT IS IN THE
PLANT CELL CYCLE

Despite the reassuring presence of familiar sequences,
the frequent discovery of strong sequence conservation
embedded in very distinct circuits, as well as the con-
verse case (see above), means that, in principle, rather
little can be assumed from sequence conservation
alone. Direct experimental analysis is required.

Much experimental analysis of the cell cycle in
plants relies significantly on prior discovery of opistho-
kont cell cycle control genes for which similar
sequences (likely homologues) were then identified in
plants, for example, generation of antibodies and
transcriptional reporters to determine if the basic be-
haviour is similar (e.g. B-type cyclins are degraded in
mitosis in plants [75]). Functionally, overexpression
of the homologues can show whether roughly similar
biological function is noted (e.g. overexpression of
the Kip—CIP-like KRP family of Cdk inhibitors inhi-
biting mitosis [76]). Loss-of-function analysis (by
dominant-negatives, by siRNA, or by identification
and testing of T-DNA insertion null alleles) of the
homologues provides complementary functional infor-
mation (e.g. requirement for cdka;1, the most likely
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Cdc2 homologue in Arabidopsis, for early cell cycles
in gametogenesis [77]).

While such studies do provide insight into the plant
cell cycle, and provide support for the validity of the
opisthokont model in plants, significant discrepancies
have been noted. Some of these may be due to in-
complete knowledge, while others may reflect real
differences. For example, plants contain clear homol-
ogues of the ATM and ATR kinases. In yeast and
animals, these kinases are essential for responses to
DNA damage and to replicative stress, respectively.
In Arabidopsis, as in opisthokonts, ATM is required
for DNA damage response, while ATR is required for
response to replicative stress (hydroxyurea treatment)
[13]. However, the well-documented mechanism for
ATM and ATR activity absolutely requires the ‘down-
stream’ kinases Chkl and Chk2 [8], which are missing
in plant genomes [13]. Chkl or Chk2 candidate
homologues in plant genomes identified by BLAST
(F. Cross 2011, unpublished data) appear to be selected
on the basis of protein kinase similarity, rather than by
any of the well-defined domain features of Chkl and
Chk?2 [78]. If plants genuinely lack Chk1/2 equivalents,
then the downstream interface of ATM/ATR with the
cell cycle must be significantly different.

Similarly, in fission yeast and in animals (though not
in budding yeast), ATM—-ATR activation results in inhi-
bition of Cdc2—cyclin B, by inhibition of the Cdc25
phosphatase and/or by activation of the Mikl (and per-
haps Weel) kinases [8]. Weel—-Mikl phosphorylate
and inhibit Cdc2—cyclin B, while Cdc25 phosphatase
removes this inhibitory phosphorylation. This mechan-
ism ensures that cells will not enter mitosis with
damaged or incompletely replicated DNA. Null alleles
in Arabidopsis Weel are viable, but exhibit defective
response to replicative stress [79]. However, this Weel
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functional activity was definitively shown to NOT
require inhibitory phosphorylation of CDKA;l, the
most likely cdc2 homologue in Arabidopsis [80]. Other
potentially non-opisthokont-like observations from
plants include suggestions that D-type cyclins might
be directly involved in mitotic control [81]; and the
plant-specific CDKB family, which is synthesized in
G2 and degraded in mitosis [74].

9. UNBIASED DISCOVERY REQUIRED

OUTSIDE OPISTHOKONTS

The major discovery path to date for the plant cell cycle
has involved examination of molecules already known
from opisthokonts. Any aspect of cell cycle control
that is prominent in plants, but cryptic or absent in
opisthokonts cannot be identified by such approaches.
This includes regulatory innovation along the plant
branch, and mechanisms present in the LCA of plants
and opisthokonts, but lost in the early opisthokont lin-
eage. Thus, the further elucidation of cell cycle
evolution requires a forward unbiased discovery strategy
that can be applied outside the opisthokonts.

A central line of inquiry in the opisthokonts was
loss-of-function genetics to identify cell cycle control
molecules, initially in yeast and subsequently in
Drosophila, Caenorhabditis elegans, and mice with the avail-
ability of siRNA and gene knock-out/knock-in methods.
Although loss-of-function genetics has been central to
plant biology, it can be highly challenging owing to the
frequent presence of enormous numbers of gene dupli-
cates (e.g. in Arabidopsis, there are eight cyclin A, 6
Cdc20, 5 Cdhl, 7 Kip—CIP-related (KRP) genes).

Even in the face of this challenge, some forward
genetics has been successful. For example, the Siamese
family of CDK inhibitors, which is only found in the
plant kingdom, was discovered in a sensitive forward-
genetic screen owing to a loss-of-function phenotype
for SIA in one specific cell type (the Arabidopsis
trichome), despite the presence of multiple Siamese-
related, highly similar proteins [82]. As an alternative
forward discovery method, recent work on protein
interaction networks in the plant cell cycle [83] has
identified a number of molecules not recognizable
as having opisthokont homologues involved in cell
cycle control.

Another means of forward discovery could revisit
the screening techniques so successfully applied in
yeast. The single-celled alga Chlamydomonas reinhardtii
grows as a haploid, has well-established experimental
genetics, and has a sequenced genome revealing two
key features: a generally ‘plant-like’ suite of genes,
but with most of these genes present in single copy
[84]. These features extend specifically to the cell
cycle control molecules known from opisthokonts
[85]. It should, therefore, be possible to identify cell
cycle control genes in an unbiased mutant hunt.
Such an approach was taken in the past [86], but
was not taken to completion, probably because of
the great challenge of identifying the mutated genes.
Advances in sequencing technology should minimize
this difficulty, allowing a comprehensive approach.

Previous work has laid an interesting physiological
foundation for thinking about the Chlamydomonas
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cell cycle as controlled by cell ‘sizers’ and ‘timers’
[87]. Mat3 null mutations led to an extreme disrup-
tion of ‘sizer’ control, with resulting extremely tiny
cells [88]. The mat3 gene was shown to be a clear
Rb homologue, including the LxCxE motif implicated
in cyclin D interaction [88]. Remarkably, a small-cell
phenotype is also observed in animal cells lacking all
Rb family members [89,90]. Mutations in an E2F
homologue as well as in a DP homologue (essential
partner of E2F) suppressed the mat3 phenotype
[91], exactly as would be expected from the canonical
animal pathway in which Rb inhibits E2F-Dp.
However, mat3 nulls showed no detectable change in
cell cycle-regulated transcription of multiple plausi-
ble E2F target genes, suggesting that Rb function in
the plant kingdom cannot be simply determined by
an opisthokont overlay. Chlamydomonas Rb exhibits
cell cycle-regulated phosphorylation-like animal Rb,
but unlike the case in animals, no change in chro-
matin association could be detected through the cell
cycle [92].

Arabidopsis Rb inactivation results in gametophyte
lethality [93], and broad defects in differentiation and
organ development. It is likely that analysis in the simpler
Chlamydomonas system will provide testable hypotheses
for Rb function in higher plants. A similar programme
could be envisaged generally for a suitably comprehen-
sive collection of sequence-identified Chlamydomonas
cell cycle mutants.

10. WERE RB, E2F, KIP1, CYCLINS D AND E
PRESENT IN THE EUKARYOTIC LAST

COMMON ANCESTOR?

It has been proposed that the ancestral eukaryotic cell
cycle consisted of a single B-type cyclin—Cdk com-
plex, alternating in activity with the APC [94].
Strong justification for this view was the finding that
these components and no others are common to
yeast and animals, and at that time, the full eukaryotic
phylogeny (figure 3) was unclear.

The current placement of the divergence of plants
significantly before divergence of yeast and animals
(figure 3) combined with the presence in plants of Rb,
E2F and cyclins A and D, suggests instead that the
eukaryotic LCA had cell cycle control carried out in
some manner by all of these components, along with
the universal eukaryotic APC—Cdc20—-Cdhl system.
According to this view, many of these components
were lost early in the fungal lineage, replaced in some
still-mysterious way by other components playing
identical network roles (figure 1).

It is important to emphasize that Rb homology, for
example, is unambiguous when looking at the plant or
Chlamydomonas sequences aligned with the animal
sequences [88]. Even more distantly related homologues,
such as the KRP homologues of animal Kip—Cip Cdk
inhibitors, show quite clear sequence similarity over key
regions known from structural biology to be central to
cyclin—Cdk inhibition by p27 and known from detailed
mapping studies to be critical for Cdk inhibition by
KRP [95-97]. Figure 4 shows sequence alignments of
this critical region of KRP from maize [95] and moss
with animal p27, along with a presumably best-case


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org on November 15, 2011

3540 F. R. Cross et al. Review. Cell cycle evolution

10 20 30 40
1 1 1 1
Hsap_p27 HelEirBoLE ku/ér DMEE ASQR FDFEoNHK P HG- - - QENE
Cele_Cki2 P EEVSROLNS SILE EM YK KDBIR EDEs/G6 vp 1V Gs rRE FES/S
Zmay_Krpl SIREMNE Y FA AEQR RQ@QD FII EDPANDCPLPG- - - REEEW VK LD
Ppat_Ppls148 PADVEBFILS EL EQ STQQREID FDP VKEKPLPG- - - REEW sP LR
Spom_Rum| QL LISRKK RKPTPPPSGDLYNVFRGKRIKKS F- - - - - - - PGT DLIST
Scer_Sicl AT@E 1 BN ER KRAM LRENP DI EBV 1 vV Nkk/G ENV EX - - RIR LIEDE EK
22432633321231435134333544534230200---63363134
aualiy ‘_-_IHJ_HHLLI-A

PEEV- R- L- K- - R-M+Q-+ I+KYNFD+- K- KPL+G- - - R+ EWDE L-

Figure 4. A sequence alignment of animal p27 from human (Homo sapiens) and C. elegans (nematode) [98], plant KRP1 [95]
from Zea mays (maize) and P patens (moss), along with a best-case alignment of Rum1 from fission yeast (Schizosaccharomyces
pombe) and Sicl from budding yeast (Saccharomyces cerevisiae) to the same region based on structural considerations and mod-
elling [52,98,99]. The homology between the plant KRP1 and animal p27 is likely indicative of monophyly; it is not clear that

the Sicl/Ruml alignment to KRP1/p27 is any better than would be expected by chance.

alignment of budding yeast Sicl and the homologous
Ruml from fission yeast [99] to the same region, based
on structural considerations and modelling [52]. The
alignment between the plant and animal protein is
obvious and almost sure to indicate monophyly; while
Sicl and Ruml align with each other, they do not
obviously align to the p27/KRP family any better than
would be expected by chance (note that even the few
possibly conserved residues between Sicl and KRDPs
are not generally conserved in Rum1). While it is imposs-
ible to prove that any two proteins are truly unrelated
(since in principle, sequential nucleotide substitution
combined with deletion/insertion could transit between
any two arbitrary sequences), it is logical and indeed fre-
quently observed that sequence homology persists in a
restricted ‘active site’ region. The KRP versus Sicl/
Rum1 comparison is, therefore, a particularly clear case
for arguing polyphyly because deletion mapping and
structural studies restrict the key functional region to a
very short stretch lacking any detectable alignment
(figure 4).

For animal E2F/Dp compared with yeast Swi4/
Mbpl, the lack of detectable sequence alignment is
reinforced by structural studies showing a significantly
different fold in the DNA-binding domain between
E2F/DP and yeast Mbp1 [100—-102]. While structures
of plant E2F are not available, sequence alignment to
animal E2F is clear, and conservation is especially
clear in residues involved in DNA binding. Thus, the
ancestral transcription factor, as the CDK inhibitor,
may have been replaced in the fungal lineage.

The surprising degree of conservation of the opistho-
kont G1/S network topology, taken together with
sequence divergence implying possible replacement
of central controlling molecules with polyphyletic
substitutes, suggests network structure is the key

Phil. Trans. R. Soc. B (2011)

conserved feature. This structure clearly has many
favourable dynamical features that we have documented
in recent work in the yeast system: cell size control [16],
positive feedback-driven coherent cell cycle entry
[18,19] and irreversibility [20,44]. Many of these fea-
tures have been attributed to the animal system as well
[40,42]. If similar analysis suggests the same network
features in the plant superkingdom, or in other highly
diverged eukaryotes, it is likely that the opisthokont net-
work topology originated in the LLCA of the eukaryotes,
and persists in modern yeast despite the possible near-
complete replacement of key proteins with polyphyletic
substitutes.

Compared with G1-S control proteins, mitotic
control proteins appear to show greater sequence con-
servation, as key elements such as cyclin B, Cdk, APC,
Polo kinase, Cdc20 and Cdhl1 are recognizable in most
or all eukaryotic genomes. However, the network top-
ology and its associated dynamic properties are less
well understood and may be quite complex. Significant
differences clearly exist even among relatively closely
related organisms. For example, Weel/Cdc25 is cen-
tral to mitotic control in fission yeast but not in
budding yeast. The nimA Kkinase is essential for mitosis
in Aspergillus, but nimA relatives have more peripheral
mitotic role in other eukaryotes [103]. Strikingly,
despite a highly similar genome, there may be signifi-
cant differences in mitotic control in Ashbya gossypii
compared with budding yeast [104,105]. We expect
that a properly grounded comparative phylogenetic
approach will be central to extracting essential
elements of mitotic control and their conservation or
divergence through eukaryotic evolution.

Recent comparative genomics of protists implies
that the LCA had a remarkably sophisticated and ver-
satile signalling, metabolic, cytoskeletal repertoire
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[106]. Any novel and initially simple circuit will prob-
ably have undergone substantial evolution prior to its
more elaborate implementation in the LCA of multiple
descendant lines. Consistent with this idea, our analy-
sis suggests that ancestral cell cycle control may not
have been equivalent to the minimal essential circuit,
but rather had complexities and redundancies similar
to those found in modern organisms.
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