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Materials and methods

Microarray expression timecourses

In this study, we analyze microarray expres-
sion timecourses from four different organisms,
namely H. sapiens, S. cerevisiae, S. pombe, and
A. thaliana. The datasets are summarized in Ta-
ble S1.

Two microarray studies have been published
on the human cell cycle. The earliest dataset by
Cho et al. studied the gene expression in hu-
man fibroblasts®. It has since been shown that
the number of periodically expressed genes in this
dataset is no higher than what is obtained for
shuffled expression profiles, strongly suggesting
that the cells were in fact not properly synchro-
nized?. We thus excluded this dataset from our
analysis. We instead use the data published by
Whitfield et al. which contain four timecourses
on HeLa cells synchronized by a double thymidine
block or a thymidine-nocodazole block®.

For S. cerevisiae, we based our analysis on
the three microarray timecourses from the sem-
inal papers by Cho et al.? and Spellman et al.2.
In these experiments, the yeast cells were syn-
chronized using three different synchronization
methods, namely alpha-factor, Cdcl5, and Cdc28
block-and-release. Spellman et al. also published
a fourth timecourse in which a synchronized cell
culture had been obtained using the elutriation
protocol; however, the authors excluded this time-
course from their combined analysis?. Indeed, it
spans only a single cell cycle, and many of the
genes which change in expression appear to be in-
volved in stress response rather than the cell cy-
cle!?. For these reasons we too decided to exclude
the elutriation timecourse from our analysis.

No less than 10 microarray timecourses on the
S. pombe cell cycle have been published by three
research groups® . The first and largest dataset
was published by Rustici et al.* and includes
five timecourses. Peng et al.® and Oliva et al.b
have since published another two and three time-
courses, respectively. All three research groups
synchronized their cell cultures by two different
methods, namely block-and-release using a tem-
perature sensitive cdc25 mutant and elutriation.
Here, we use the combined evidence from all ten
experiments (see below).

Finally, we use two short timecourses (by
Menges et al.) from Arabidopsis thaliana cell sus-
pensions, which had been synchronized by aphidi-
colin block (APH) and sucrose starvation (SUC),
respectively ”. Both of these timecourses are very
short compared to those of the other organisms,
the longest covering only a single cell division cy-
cle. The plant data is therefore by far the smallest
data set, both in terms of the number of cycles

covered and in terms of the number of indepen-
dent experiments.

Identification of cell cycle regulated
genes

To enable a comparison of the subset of cell cycle
regulated genes in the four organisms, we rean-
alyzed all available microarray expression time-
courses to obtain the best possible list of peri-
odically expressed genes for each organism. Im-
portantly, using the same methodology to analyze
the datasets for all four organisms also ensures
that any observed differences between the organ-
isms cannot be attributed to differences in choice
of analysis method. For this purpose, we used a
permutation-based method, which combines two
statistical tests (one for regulation and one for pe-
riodicity) in a score for each gene!!.

The significance of regulation, py.q, was es-
timated by comparing the observed variance for
each expression profile to a background distri-
bution, which was estimated based on 1,000,000
random profiles, each constructed by selecting for
each timepoint the expression value of a random
profile. The fraction of random profiles with a
variance greater than or equal to that observed
for the real expression profile was reported as the
p-value for regulation.

To estimate the significance of periodicity,
Dper, We first calculated the Fourier score for each
expression profile:

F = \/[Z sin(wt) - x2(t)]? + [Z cos(wt) - x(t)]?

where w = 27/T, with T being the interdivision
time. The p-value was estimated by comparing
the observed score to that of 1,000,000 artificial
profiles constructed by random shuffling of the
data points from the expression profile in ques-
tion. To compensate for interdependencies among
the timepoints in an expression profile, p-values
were scaled to a genome-wide median of 1 within
each timecourse. For each expression profile, a
combined p-value of regulation was calculated by
multiplying the separate p-values of regulation
from each of the timecourse. Analogously, a com-
bined p-value of periodicity was calculated. Fi-
nally, a combined score was calculated for each
expression profile:

S = DPreg * Pper * (1 + /\Teg 'preg)Q . (1 + )\per 'pper)Q

where Ar¢y and \pe, are organism-specific param-
eters, used to favor genes which display both high
amplitude and strong periodicity.

This method was applied to microarray data
for the four organisms. The analysis of the S. cere-
visisiae data sets has previously been published
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Table S1: Summary of cell cycle microarray experiments used in this study. The table summarizes who
did the experiments, the type of microarrays used, and the length of each experiment. Two fundamentally different
microarray platforms have been used, namely single-channel Affymetrix GeneChips (“Affymetrix”) and two-channel

spotted cDNA microarrays (“Spotted”).

The “Experiment” column specifies the method used to synchronize the cell

culture and provides a unique identifier for each timecourse used throughout this supplement. “Time offset” specifies
the value that was subtracted from the peak times obtained from each experiment in order to align the timecourses so
that the zero timepoint always corresponds to the time of cell division (M/G1).

Organism Group Microarray ~ Experiment Time  Interdivision Cell  Time
platform points time  cycles  offset

H. sapiens Whitfield et al.?  Spotted Thy-Thy 1 11 15.5 hr 2 55%
Thy-Thy 2 26 15.5 hr 3 46%

Thy-Thy 3 47 15.4 hr 3 51%

Thy-Noc 19 18.5 hr 2 3%

S. cerevisiae  Spellman et al.? Spotted Alpha 18 58 min 2 78%
Cdclb 24 115 min 21/ 84%

Cho et al.® Affymetrix =~ Cdc28 17 85 min 2 93%

S. pombe Rustici et al.* Spotted Cdc25 1 20 142 min 2 1%
Cde25 2 18 137 min 2 63%

Elutriation 1 20 158 min 2 78%

Elutriation 2 20 154 min 2 69%

Elutriation 3 20 144 min 2 57%

Peng et al.’® Spotted Cdc25 37 182 min 2 55%

Elutriation 32 155 min 2 46%

Oliva et al.® Spotted Cdc25 52 172 min 3 10%

Elutriation 1 50 152 min 21/ 47%

Elutriation 2 33 156 min 3 4%

A. thaliana Menges et al.” Affymetrix ~ APH 10 22 hr 1 56%
SUC 6 22 hr 1/ —

and the present analysis is based on the 600 most
periodically expressed genes!''. For S. pombe, we
recently reanalyzed and combined the evidence
from all ten experiments using the method de-
scribed above'2. We here use the list of 500 pe-
riodically expressed genes, which was proposed
based on this reanalysis. For A. thaliana, the
raw Affymetrix probe set intensity values were
log transformed and in the few cases where mul-
tiple probe sets existed for a single locus, these
values were subsequently averaged for each time-
point. Furthermore, each expression profile was
normlized to a mean expression of zero. Follow-
ing these data transformations, the data were an-
alyzed using the scoring scheme described above
(with Areg = 10 and Ape, = 100) to obtain a score
for each gene in the data set. Based on a bench-
marking procedure (described below) we propose
a list of 400 cell cycle regulated genes that we used
in this work.

In each of the four H. sapiens experiments the
expression values were averaged in the few cases
where measurements were in duplicates. Expres-
sion profiles were subsequently normalized to a
mean of zero and analyzed as described above. A
combined score (with Ayeq = 0 and Ape, = 0) was
calculated for each probe in the data set. Probes
were, if possible, mapped to Ensembl genes and
the highest score retained in the case of multiple
entries for the same gene. We used the 600 most
cell cycle regulated genes in the present analysis,
based on the benchmark procedure described be-
low.

Benchmarking the gene lists

For quality assessment and control, we used a
benchmarking procedure where each list of peri-
odic genes is compared to various sets of genes for
which there is independent evidence or indication
of cell cycle regulation. Most of these benchmark
sets consist of genes identified either as periodi-
cally in classical small scale studies or as targets
of known cell cycle transcription factors in ChIP—
chip studies %', although it should be noted that
such sets can contain false positives.

The S. cerevisiae and S. pombe gene lists
were benchmarked in earlier publications and
were shown to be of better or equal quality as
previously published lists of cell cycle regulated
genes 112, Our reanalysis correctly identified 90%
of the S. cerevisiae genes and 80% of the S. pombe
genes that are known to be periodically expressed
from small-scale studies, and we thus estimate the
sensitivity of the S. cerevisiae and S. pombe gene
lists to be at least 90% and 80%, respectively. In
both yeasts, the evidence supporting some of the
“known cell cycle regulated genes” is questionably
and the sensitivity is thus likely better than what
we estimate when assuming that all these are cor-
rectly assigned.

As with the two yeasts, the quality of the gene
lists proposed for H. sapiens and A. thaliana was
evaluated by their consistency with two bench-
mark sets for each organism. The primary
H. sapiens benchmark set (B1l) was based on
a previously published list of genes, which are
known from small-scale experiments to be peri-
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Figure S1: Benchmarking of the H. sapiens and A. thaliana gene lists. For each organism, the periodically

expressed genes identified by our reanalysis were compared to each of two benchmark sets.

The fraction of each

benchmark set correctly identified is plottted as a function of the number of genes suggested to be periodically expressed.
The gene lists proposed by Whitfield et al.! and Menges et al.” are shown for comparison. Similar benchmark plots for

S. cerevisiae and S. pombe have been published elsewhere

odically expressed (including all histone genes)!.
A secondary benchmark set (B2) was compiled
based on two lists of proposed E2F transcription
factor targets'®16. After mapping to Ensembl
genes, the two H. sapiens benchmark sets con-
sist of 63 and 439 genes, respectively. The two
A. thaliana benchmark sets consist of 61 core
cell cycle genes'” and 176 genes proposed to be
regulated by E2F transcription factors'®, respec-
tively. These lists should contain a large frac-
tion of truly cell cycle regulated genes, although
one should expect some false positives among the
transcription factor targets. So, while the bench-
mark sets are well-suited for comparing the qual-
ity of the gene lists that various methods propose
as cell cycle regulated, the fraction of a bench-
mark set that is identified only gives a lower
bound on the sensitivity. The benchmark sets
for all four organisms can be downloaded from
http://www.cbs.dtu.dk/cellcycle.

Figure S1 shows the fraction of each bench-
mark identified as a function of the number of
genes suggested to be periodically expressed. For
comparison, we also show the performance of the
original analyses by Whitfield et al.! and Menges
et al.” as well as the performance that would re-
sult from selecting genes at random (dashed line).
Based on where the curves break and/or show no
further enrichment over random expectation, we
selected the top-600 H. sapiens genes and the top-
400 A. thaliana genes for use in our analysis.

Our reanalysis of the HeLa data results in a
list of periodically expressed genes that is of very
similar quality to the list proposed by Whitfield
et al.!. This was to be expected since Whitfield
et al. used a Fourier-based analysis; such methods

11;12

generally give results that are only slightly worse
than those obtained using our method!!i'2. The
top-600 list has an estimated sensitivity of 81%
based on benchmark set B1, which is a conser-
vative estimate since many of the histone genes
included in benchmark set B1 have in fact never
been shown to be periodically expressed!.

Remarkably, our A. thaliana list contains
about the same number of genes from the bench-
mark sets as the original list by Menges et al.”,
although they proposed 2.7 times as many peri-
odically expressed genes as us. This shows that
our list has similar sensitivity but far better speci-

Thy-Thy 2

Thy-Thy 3

Thy-Thy 1 Thy-Noc

170

Figure S2: Agreement across experiments. The top-
300 ranking genes identified based on each of the four hu-
man timecourses are compared in a Venn diagram. The
highest overlap is obtained for the Thy-Thy 2 and Thy-
Thy 3, whereas the Thy-Thy 1 gives the least overlap with
other timecourses. These results are fully consistent with
our benchmark (Figure S1).
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ficity compared to the original list. The top-400
genes encompass 25% of the “core cell cycle genes”
(B1), however, the sensitivity is expected to be
about twice as high since many cell cycle genes
are known to be static'?. A sensitivity in the or-
der of 50% is also consistent with what was ob-
served for individual time courses from the other
three organism. Moreover, it agrees well with the
fact that five of the eight orthologous groups that
contain a dynamic protein from each of the three
other organisms also contain a dynamic protein
from A. thaliana (Figure 1).

In addition to comparing the proposed gene
lists to an external reference, the quality of the
lists can also be assessed by comparing the high-
est ranking genes in each experiment internally.
The Venn diagram in Figure S2 show such a com-
parison of the top-300 ranking genes based on
each of the four individual H. sapiens timecourses.
The best agreement is obtained between the Thy-
Thy 2 and Thy-Thy 3 timecourses; indeed, these
two timecourses also gave the best performance
relative to external benchmark sets. Conversely,
the Thy-Thy 1 timecourse shows the worst overlap
in Figure S2 and also gave the worst performance
on external benchmark sets. The results of in-
ternal and external benchmarking are thus fully
consistent with each other.

The possible influence of synchronization
methods on periodic gene expression has been
intensely debated?°2*. In brief, a minority
viewpoint is that different synchronization meth-
ods lead to widely different and spurious re-
sults2%2523 The fact that Thy-Thy 1 rather
than Thy-Noc stands out among the human time
courses hints that the discrepancies observed be-
tween different time courses are not primarily due
to different synchronization methods being used
(Figure S2). Recently, analyses of data in both
budding and fission yeast have demonstrated that,
although the level of noise is considerable, the ex-
periments generally yield a consistent picture of
the identity and transcriptional timing of cell cy-
cle regulated genes, even though different synchro-
nization methods release the cells from different
points in the cell cycle!'i'2. Most importantly,
a pairwise comparisons of the ten microarray ex-
pression timecourses on the fission yeast cell cycle
shows that the data produced with different syn-
chronization techniques in the same laboratory are
no more different than those generated with the

same technique in different laboratories 2.

Assignment of peak times

The temporal profile of a periodically expressed
gene can be summarized as a single number, the
time of peak expression, which specifies at which
point during the cell cycle the gene is maximally
expressed. We report this peak time as a percent-
age of the cell cycle to compensate for the dif-

ference in interdivision time between the experi-
ments.

Within a single experiment, the time of peak
expression for a gene is determined by fitting its
expression profile with a sine wave. Because dif-
ferent synchronization methods release cells at dif-
ferent points in the cell cycle, the timescales need
to be aligned before peak times can be compared
between experiments. To find the optimal align-
ment, we used a simulated annealing heuristic to
minimize the total peak time difference between
experiments for the top-ranking genes in each or-
ganism. A combined peak time was calculated for
each gene as the weighted average (on a circle) of
the peak time obtained in each of experiments (for
details, see reference!!).

Aligning the time scales to each other still
leaves one free paramater, namely the definition of
“time zero”. In each organism, we arbitrarily de-
fined the zero timepoint as the median peak time
of genes believed to be expressed during cytokine-
sis (the M/Gy transition). For this, we used the
M/G1 cluster from Whitfield et al.! for H. sapi-
ens, the M/G cluster from Spellman et al.? for
S. cerevisiae, cluster 2 from Rustici et al.? for
S. pombe, and three periodically expressed cy-
tokinesis genes (AT3G60840, AT4G32830, and
AT5G67270) for A. thaliana. Although the latter
number is based on just three genes, it should be
noted that the result is consistent with Figure 3
in the paper by Menges et al.”. This definition
of “time zero” in conjunction with the alignment
procedure results in the time offsets listed in Ta-
ble S1, which were subtracted from the peak times
obtained from each individual timecourse.

To ensure that it is meaningful to calculate
combined peak times across experiments, it is im-
portant to verify that each phase occupies ap-
proximately the same fraction of the cell cycle
in each experiment. Figure S3 shows that this
is indeed the case for the four H. sapiens time-
courses. Similar consistency checks have been
published for S. cerevisiae'' and S. pombe 2, and
no consistency check is needed for A. thaliana as
the peak times are determined from a single time
course only. The final, combined peak times for
all peridically expressed genes from each of the
four organisms are available at http://www.cbs.
dtu.dk/cellcycle/.

To show that the peak time of a gene accu-
rately summarizes its temporal expression in mul-
tiple time courses, we plotted the actual expres-
sion profiles of the periodically expressed genes,
coloring each profile according to its combined
peak time (Figure S4). These plots confirm
that the genes with similar peak times indeed
show similar expression patterns within each time-
course.
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Figure S3: Expression of human phase-specific
genes. The distribution of peak times in each experiment
is shown for each of the phase-specific gene clusters iden-
tified by Whitfield et al.!. The mode of the peak time
distribution for the M/G1 cluster was chosen to define the
zero timepoint in each experiment. Equivalent figures for
S. cerevisiae and S. pombe are available elsewhere 11:12,

Time warping

Although peak times are measured in percent of
a cell cycle, they cannot be directly compared be-
tween organisms since the different phases do not
have the same relative length in each organism.
Especially G; and Gg vary greatly in length; in
S. pombe, Go accounts for around 60% of the cell
cycle and Gp is nearly non-existent whereas the
two phases are about equally long in S. cerevisiae.
To correct for this, we devised a time warping ap-
proach to align the time scales of the four organ-
isms. Traditional time warping methods for mi-
croarray expression time courses rely on globally
minimizing the peak time difference of individual
genes between organisms?%2¢. However, because
of the small number of genes which are periodic in
multiple species, and because many of these have
changed peak times during evolution, such meth-
ods are not applicable.

Instead, we identified two well-defined time-
points during the cell cycle, which can be identi-
fied from expresson profiles. One is the time of
cell division (M/Gy), which was used to define
the zero timepoint as described above. The other
fixpoint is the middle of S phase, which was es-
timated based on the peak times of periodically
expressed histone genes. Relative to the time of
cell division, the histone genes are maximally ex-
pressed 62% (H. sapiens), 39% (S. cerevisiae),
18% (S. pombe), and 55% (A. thaliana) into the
cell cycle. Between the two fixpoints, linear in-
terpolation was used to transform the S. pombe,
H. sapiens, and A. thaliana timescales to match
that of S. cerevisiae. The latter was chosen as
the reference timescale to allow direct comparison

with our earlier study'®, and because each phase
conveniently occupies roughly the same fraction
of the S. cerevisiae cell cycle.

Detection of orthologous genes

Orthology assignment between genes in the four
organisms is essential for any comparative study.
We assembled proteins into orthologous groups us-
ing an automatic procedure similar to the origi-
nal COG procedure?”?8. First, we compute all-
against—all Smith-Waterman similarities for the
proteins, using the longest isoform from each lo-
cus. We then group recently duplicated sequences
within genomes into “in-paralogous groups”, to
be treated as single sequences subsequently. For
this, there is no fixed cutoff in similarity, but in-
stead we start with a stringent similarity cutoff
and relax it step-wise, until all in-paralogous pro-
teins are joined, satisfying the following criteria:
all members of a group have to be more similar to
each other than to any other protein in any other
species (very similar species are treated as one),
and all members of the group have to have hits
that overlap by at least 20 residues. After group-
ing paralogous proteins, we start assigning orthol-
ogy between proteins, by joining triangles of re-
ciprocal best hits involving three different species
(here, paralogous groups were represented by their
best-matching member). Again, a stringent sim-
ilarity cutoff is used first and relaxed step-wise,
and all proteins in a group are required to have
hits overlapping by at least 20 residues. Finally,
we join any remaining nodes by requiring only re-
ciprocal pairs instead of triangles. This procedure
resulted in 4631 orthologous groups containing a
total of 21198 proteins.

Curation of protein complexes

For the detailed analysis of DNA replication and
sister chromatid cohesion, we manually curated
a set of protein complexes. The H. sapiens pro-
tein complexes were primarily obtained from Re-
actome?® and were supplemented with informa-
tion from Ensembl®’ and UniProt3!. The Sac-
charomyces Genome Database (SGD)3? was used
for curation of the S. cerevisiae version of the
same complexes. The orthologous groups de-
scribed above were used to identify orthologous
genes in 5. pombe and A. thaliana. We subse-
quently checked the functional annotation of these
proteins in GeneDB?? and The Arabidopsis In-
formation Resource (TAIR)3* to ensure that the
proteins are not just sequence homologs but also
functional homologs. Finally, the curated com-
plexes were verified against the combined infor-
mation obtained from several recent review pa-
pers3544,
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Thy-Thy 1

Figure S4: Expression profiles of periodically expressed genes. For the 600 and 400 periodically expressed genes
from human and A. thaliana, respectively, the individual expression profiles are plotted. The profiles for each gene are
colored according to its combined peak time using the same color scale as in Figure 2. As expected, the plots show that
genes with similar peak time have similar expression profiles in each microarray timecourse.

Quality assessment of sequence-
based orthology assignments

The curated DNA replication complexes described
above consist of a total of 53 orthologous groups
that contain proteins from all four species. We
used these manually curated orthology relations
to assess the quality of the orthologous groups
that were automatically derived from sequence
similarity. In only two cases did our automated
procedure assign wrong proteins to an orthologous
group, corresponding to a specificity of over 95%.

In an additional eight cases, the procedure failed
to identify the orthologous protein in one or more
organisms, which leads to an estimated sensitiv-
ity of 85%. We thus conclude that over 80% of
the orthologous groups constructed by our auto-
matic procedure are entirely correct, containing
the functionally equivalent proteins from all four
organisms.
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Figure S5: Benchmark of methods for sequence-
based prediction of CDK phosphorylation sites.
Three different methods for predicting CDK phosphory-
lation sites from sequence were benchmarked against the
Phospho.ELM database®®. Each method was applied to
all human phosphorylation in the database, and the pre-
dictions were sorted by their score. The fraction of known
CDK phosphorylation sites identified by each method was
plotted as function of the total number of such sites sug-
gested by the method. According to this benchmark, the
NetPhosK cdk5 prediction method yields the best results.

Known and predicted substrates of
cyclin-dependent kinases

For our analyses, we made use of several types
of phosphorylation data as well as sequence-based
prediction. A list of 60 human CDK substrates
identified in low-throughput experiments were ob-
tained from the Phospho.ELM database®®. The
human proteins shown in Figure 2 were further-
more checked in the PhosphoSite database; this
did not reveal any additional CDK substrates. A
possible caveat of this source is that known CDK
substrates may be biased towards proteins, which
are known to play a role in the cell cycle. A second
set consisting of 454 human S/T-phosphoproteins
was thus compiled from four mass spectrome-
try studies*”°? available from the Phospho.ELM
database®®. Although tyrosine phosphorylation
sites identified in these studies were specifically
excluded, it should be noted that many of the 454
proteins are unlikely to be phosphorylated by a
cyclin-dependent kinase but by some other S/T-
kinase. A list of 340 S. cerevisiae substrates of
the cyclin-dependent kinase Cdc28 was compiled
based on two high-throughput screens®'i®2. To
the best of our knowledge, no databases or screens
have been made for S. pombe and A. thaliana
phosphoproteins. For these two organisms, we
thus had to rely solely on sequence-based predic-
tions.

We tested three different methods for predict-
ing CDK phosphorylation sites from sequence,
namely the cdc2 and cdkb predictors from Net-

PhosK®? and the cdc2 predictor from Scansite®.
To benchmark these methods, we applied each
method to all phosphorylation sites in the Phos-
pho.ELM database, sorted the predictions by
score, and plotted the fraction of known CDK
sites identified as a function of the total number of
CDK sites suggested (Figure S5). The NetPhosK
cdkb predictor clearly outperforms both cdc2
predictors, which is surprising considering that
CDK1 (also known as cdc2) substrates make up
the majority of known CDK substrates. Based on
the results of this benchmark, we chose NetPhosK
cdkb as our primary CDK prediction method and
raised its threshold score from 0.5 to 0.6, since
this considerably improves the specificity without
noteably affecting the sensitivity. Scansite cdc2
was used as a secondary prediction method to
support the correlations observed using NetPhosK
cdkb.

Prediction of ubiquitinated proteins

Ubiquitination is another posttranslational mod-
ification that regulates many proteins involved in
the cell cycle; in particular in the form of polyu-
biquitination, which targets proteins for degra-
dation by the proteasome. Two distinct ubiqg-
uitin ligase complexes are involved in regulat-
ing the cell cycle, namely the Skpl/Cullin/F-box
protein complex (SCF) and the anaphase pro-
moting complex/cyclosome (APC/C). SCF rec-
ognizes so-called PEST regions, which are only
ubiquitinated once they have been phosphory-
lated® 58, PEST regions were predicted using
the PEST find program®®. The substrate recogni-
tion by APC/C is less well understood, with nu-
merous different recognition motifs having been
published7*. We based our prediction of possi-
bly APC/C substrates on the two most prominent
such motifs, namely the D box and the KEN box,
which were predicted using the regular expressions
R..L....N and KEN, respectively. It should be
noted, however, that several functional D boxes
are known, which do not conform to the consen-
sus sequence®’ .
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Global analyses and statistics

Conservation of cell cycle genes

It is generally accepted that the mitotic cell cycle
is a highly conserved process throughout Eukarya.
To quantify the conservation of the cell cycle, we
first calculated the fraction of dynamic proteins
for which orthologs could be identified in all four
organisms. Of the 600 + 600 + 500 + 400 = 2100
dynamic proteins, only 550 (26.2%) fulfill this
requirement. This number is in line with the
genome-wide fractions of orthology assignments,
which vary from 16.2% of the A. thaliana proteins
to 43.6% of the fission yeast proteins. A periodi-
cally expressed gene would thus appear to be just
as likely to be lost or gained during evolution as
any other gene.

The 550 dynamic proteins with orthologs in all
four organisms fall into 381 orthologous groups
of which only 128 (33.6%) are 1:1:1:1 orthologs,
that is the orthologous group contain exactly one
protein from each organism. For comparison,
a genome-wide analysis reveals 1:1:1:1 relations
for 774 (38.9%) of 1991 orthologous groups with
members from all four organisms. Similar re-
sults were obtained when comparing the number
of 1:1 orthologs to the total number of ortholo-
gous groups for each pair of organisms (Table S2).
This suggests that cell cycle-related genes are no
less likely to undergo gene duplication than other
genes. In summary, we find no signs of cell cycle
genes being more highly conserved than the rest
of the genome.

Periodicity is rarely conserved

Most people would probably expect the cell cy-
cle to involve at least 200 groups of ortholo-
gous proteins with conserved dynamic expres-
sion throughout Eukarya. In accordance with
our benchmarks, we assume that 80% of the or-
thologous groups are entirely correct and that
the lists of dynamic proteins have sensitivities
of 80% (H. sapiens), 90% (S. cerevisiae), 80%
(S. pombe), and 50% (A. thaliana). Given this,
200-0.8-0.8-0.9-0.8-0.5 = 46 of the 200 orthol-
ogous groups would be expected to occur in the
overlap of our sets, that is almost an order of mag-
nitude more than the five orthologous groups that
we actually observe in Figure 1. Conversely, our
observed overlap suggests that the actual num-
ber of conserved dynamic orthologous groups is
only 5/(0.8-0.8-0.9-0.8-0.5) = 22. Given that
each organism has 400-600 periodically expressed
genes, we can thus conclude that periodicity is
very poorly conserved at the level of individual or-
thologous genes. Although the true overlap may
be larger than what is observed (5 orthologous

Table S2: Orthology relations for pairs of organisms.
The number of 1:1 orthologs and the total number of or-
thologous groups is shown for each pair of organisms; these
numbers are reported separately for orthologous groups
that contain at least one dynamic protein (dynamic) and
other orthologous groups (static). The numbers suggest
that cell cycle genes are as likely to undergo gene duplica-
tion as other genes.

Organisms Dynamic Static
1:1/all 1:1/all
H. sapiens, S. cerevisiae ~ 153/313  1489/2451
H. sapiens, S. pombe 190/367  1626/2602
H. sapiens, A.thaliana 99/278  1422/3343
S. cerevisiae, S. pombe 300/462  2424/2984
S. cerevisiae, A. thaliana ~ 81/246  1138/2407
S. pombe, A. thaliana 106/269  1276/2550

groups), the general lack of conservation of cell
cycle regulated transcription cannot be explained
by the qualitity of the data, even when our most
conservative sensitivity estimates are used.

Figure 1 only considers orthologous groups
that contain proteins from all four species, and it
thus does not encompass all the periodically ex-
pressed genes in each organism. To get a more
complete picture of the conservation of periodic-
ity, we constructed separate Venn diagrams for
each of the six pairs of organisms (Figure S6). No-
tably, A. thaliana gives equally good overlap with
each of the three other organisms, suggesting that
the lists of periodically expressed genes in human
and the two yeasts are of similar quality, which is
consistent with the results of our benchmarks de-
scribed above. These pairwise comparisons also
confirm that periodic expression is indeed very
poorly conserved at the level of single genes, also
when taking into consideration the genes excluded
in Figure 1. The only exception is, not surpris-
ingly, a set of 42 orthologous groups that contain
dynamic proteins from both yeasts but lack or-
thologs in H. sapiens and/or A. thaliana.

To summarize the functional similarities and
differences between the organisms, we used the
GOstat program® to search for overrepresented
Gene Ontology terms among the genes that are
periodically expressed in only one or two organ-
isms. This revealed that many of the 75 orthol-
ogous groups that contain dynamic proteins from
the two yeasts only are indeed involved in yeast-
specific cell cycle processes, in particular related
to the cell wall. Similarly, many of the conserved
proteins that are dynamic only in S. cerevisiae are
localized to the bud or involved in protein glyco-
sylation or methionine metabolism. In contrast,
the proteins that are dynamic only in human tend
to localize to the nucleus where they are involved
in DNA metabolism, in particular DNA repair.
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Figure S6: Comparison of periodically expressed genes between pairs of organisms. To assess the conservation
of periodic gene expression in more detail than done in Figure 1, the Venn diagrams were constructed for each pair
of organisms. The two colored circles in each diagram shows the number of orthologous groups that contain dynamic
proteins from one or both organisms, and which have at least one member from each of the two organisms. The numbers
inside the black line refer to the subset of orthologous groups shown in Figure 1, that is the ones which have members
from all four organisms. The dashed extensions of each circle account for the additional orthologous groups that contain
a dynamic protein from one organism but no proteins from the other organism. The analysis confirms that periodic
gene expression is poorly conserved between orthologs, but also reveals a set of 42 yeast-specific orthologous groups that

contain dynamic proteins from both yeasts.

Each organism also contains a considerable
number of dynamic proteins for which no or-
thologs could be identified in any of the three or-
ganisms. The GOstat program® was again used
to identify overrepresented Gene Ontology terms.
Interestingly, many of the dynamic proteins only
present in human are involved in regulation of cell
proliferation, which makes biological sense since
the proliferation of human cells, in contrast to
yeast cells, is subject to regulation by external
growth factors. Cell wall-related proteins are over-
represented among the dynamic proteins unique
to the two yeasts and to A. thaliana, which is not
surprising considering that the cell walls of the
three organisms differ greatly. Moreover, many
of the dynamic proteins unique to budding yeast
localize to the site of polarized growth and are
involved in budding.

Timing of expression

It is not only the identity of the dynamic proteins
that varies between organisms; even when peri-

odic expression as such is conserved, the timing
of expression has in many cases changed dramati-
cally. This point is illustrated by the pie charts in
Figure 1, which show the fraction of orthologous
groups for which the timing of expression can be
considered to be conserved. While this shows the
general trend, it does not show the full picture
because only the proteins that have orthologs in
all for organisms are included in Figure 1, because
conserved timing is required across all organisms
in which a dynamic ortholog could be found, and
because conservation is assessed at the level of or-
thologous groups rather than individual pairs of
orthologous proteins.

These caveats are all addressed by the much
more detailed Figure S7. This visualization also
avoids the use of an arbitrary cutoff on when
the timing is considered “conserved” and shows
when in the cell cycle the genes are maximally
expressed. The pairwise comparison of S. pombe
and A. thaliana reveals that many genes are ex-
pressed during the same phase of the cell cycle
in these two organisms. Conversely, large differ-
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Figure S7: Comparison of the timing of expression of orthologous and paralogous genes. The large black
circles compare the timing of expression for paralogous gene pairs within each of the four organisms, whereas the large
gray circles show the results when comparing orthologous gene pairs from the two organisms specified by the gray
lines. Each pair of periodically expressed orthologs or paralogs is represented by a symbol, which is placed at the
middle of the straight line that connects the warped peak times of the two genes. For the orthologous gene pairs, the
shape of the symbol specifies if the genes are 1:1 orthologs (filled squares), orthologs which have only one periodic
gene from each organism (filled circles), or orthologs with multiple periodic paralogs in one or both organisms (open
circles). Paralogous gene pairs are similarly classified based on whether there are two (filled circles) or more (open
circles) periodically expressed paralogs in the organism in question. For each orthologous or paralogous pair, the color
of the symbol signifies whether the protein sequence conservation is high (bits per residue > 1.4, red), medium (bits per
residue > 1.2, magenta), or low (bits per residue < 1.2, blue). Many of these details are only visible if zooming.
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ences in the timing of expression is observed for all
orther pairs of organisms. Consistent with these
observations, paralogous genes typically have sim-
ilar peak times in fission yeast or A. thaliana but
not in budding yeast or human. This supports
and extends the results by Maslov et al.%!, who
used protein—-DNA interaction data (ChIP—chip)
to show that the transcriptional regulation of par-
alogous genes diverges rapidly in budding yeast.

Phosphorylation

We show in the present study that the extensive
changes in the transcriptional regulation of genes
involved in the eukaryotic cell cycle are often mir-
rored by corresponding changes in protein phos-
phorylation by cyclin-dependent kinases. This
correlation was shown to be statistically signifi-
cant for several sets of known and predicted phos-
phoproteins in several species (Figure 3).

Table S3 elaborates on the results shown
in Figure 3 by showing the counts underly-
ing each statistical test, by including results for
A. thaliana, and by adding additional sets of
phosphoproteins. A. thaliana was excluded from
Figure 3 because our benchmarks have revealed
that the set of periodically expressed genes is of
lower quality than for the other three organisms
(Figure S1) and may be biased towards particu-
lar phases of the cell cycle (Figures S4 and S7).
Despite these caveats, the tests show that CDK
substrates are indeed overrepresented among dy-
namic proteins in A. thaliana as well as in the
three other organisms, although we were not able
to prove that transcriptional and posttransla-
tional regulation has co-evolved in the A. thaliana
lineage (Table S3). It should be noted that all
but one of the correlations that are statistically
insignificant involve either A. thaliana, for which
we have very limited expression data, or sequence-
based predictions of phosphorylation sites, which
are inherently less reliable than experimental evi-
dence. Conversely, the best P-values are obtained
when analysing sets of experimentally determined
CDK substrates.

Additional sets of known and predicted phos-
phoproteins are also included in Table S3. From
the protein chip study by Ptacek et al.%?, we ex-
tracted a set of 60 Cdc28 substrates. Reassur-
ingly, this dataset confirms most of the correla-
tions observed based on the datasets by Ubersax
et al.®! and Loog et al.??, although the statisti-
cal support is far worse due to the much smaller
size of this dataset. To not base the S. pombe and
A. thaliana correlation analyses on a single predic-
tion method, tests were performed based on pre-
dictions by Scansite cdc2 as well as by NetPhosK
cdkb. Scansite cdc2 confirms most of the corre-
lations observed with NetPhosK cdkb, although
it generally gives worse P-values as should be ex-
pected given the relative predictive performance
of the two methods (Figure S5).

As noted in the main paper, the co-evolution
test is much stricter and consequently leads to
much lower counts—in some cases less than five
proteins in a category (Table S3). Neverthe-
less, the fraction of phosphoproteins among the
dynamic versus the static proteins is compara-
ble between the first and the second test, mean-
ing that the less significant p-values in the co-
evolution mainly reflect the low counts. FEach
type of phosphorylation data used has its own
strengths and weaknesses: low-throughput stud-
ies are highly accurate but are prone to study
biases, high-throughput studies may suffer from
biases towards highly expressed proteins, whereas
sequence-based predictions are free of biases but
have much lower accuracy. Importantly, all of
these data types support the discovery that tran-
scriptional regulation and CDK-dependent phos-
phorylation have co-evolved.

Targeted protein degradation

Transcriptional regulation can only control when
a protein is synthesized; to fully control when in
the cell cycle a protein is present, it must also
be degraded at the appropriate timepoint. Pro-
tein degradation during the cell cycle is performed
by the proteasome, which specifically targets pro-
teins that have been polyubiquitinated by ei-
ther the anaphase promoting complex/cyclosome
(APC/C) or the Skpl/Cullin/F-box protein com-
plex (SCF). The former complex targets proteins
with D box and KEN box motifs37:°?, whereas the
latter targets phosphorylated PEST regions®® 8.

Since many proteins are likely tightly regu-
lated during the mitotic cell cycle, one would
expect the ubiquitin ligases described to prefer-
entially target the dynamic proteins in each or-
ganism. To test this hypothesis, we checked if
PEST regions, D boxes, or KEN boxes are signif-
icantly overrepresented among dynamic proteins
compared to static ones (Table S4). These corre-
lation analyses reveal that PEST regions are in-
deed significantly overrepresented among the dy-
namic proteins in human, budding yeast, and fis-
sion yeast; this observation has earlier been made
for budding yeast only!?. Similarly, many more of
the dynamic proteins from human and A. thaliana
contain KEN boxes than would be expected by
chance. In case of D-boxes, only weak correlations
are observed, which is not surprising since the D-
box motif is less well defined than the two other
recognition sequences. Our correlation analysis
thus support the hypothesis that ubiquitin ligases
preferentially target dynamic proteins, which are
thus subject to targeted protein degradation.

We went on to test if degradation motifs have
co-evolved with periodic expression, however, we
were not able to show that this is the case. We see
two possible reasons for this: either co-evolution
has simply not taken place or we are unable to
detect it due to the limited predictive power of
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Table S3: Cyclin-dependent kinases preferentially phosphorylate dynamic proteins. The tables provide
additional details for the tests presented in Figure 3. Moreover, we here include results for A. thaliana as well as
additional phosphorylation evidence. For each individual test, the number of phosphorylated proteins and the total
number of proteins is listed for both the set dynamic and static proteins. Fisher’s exact test was used to calculate P-
values, which are shown if only if they are below 20%. Several sets of phosphoproteins were used: known CDK substrates
from low-throughput experiments (LTP CDK %), S/T phosphoproteins from high-throughput mass-spectrometry studies
(HTP S/T%%), CDK substrates from systematic screens (HTP CDK51i%2) in vitro CDK substrates identified by a
protein chip study (Chip CDK 62), CDK phophoproteins predicted by two computational methods (NetPhosK 53 and
Scansite ).

Organism Data source Dynamic proteins Static proteins P-value
H. sapiens LTP CDK 16,/600 40/11497 7-107°
HTP S/T 55/600 351/11497 410716
NetPhosK 278 /600 4642/11497 2.1073
Scansite 276 /600 4489/11497 4-10-4
S. cerevisiae HTP CDK 116/600 224/5637 2-1075°
Chip CDK 11/600 47/5637 0.02
NetPhosK 189/600 1231/5637 6-1078
Scansite 186,/600 1320/5637 3.10°°
S. pombe NetPhosK 185/500 1060/4498 4-10711
Scansite 167/500 1119/4498 3.10°°
A. thaliana  NetPhosK 129/400 5724/20610 0.03
Scansite 126,/400 5605/20610 0.04
Organism 1 Data source Organism 2  Dynamic proteins Static proteins with  P-value
with static orthologs dynamic orthologs
H. sapiens LTP CDK S. cerevisiae 5/136 0/292 4-1073
S. pombe 5/157 1/355 0.02
A. thaliana 5/189 0/144 0.06
HTP S/T S. cerevisiae ~ 12/136 13/292 0.07
S. pombe 20/157 15/355 7-1074
A. thaliana 22/189 3/144 61074
NetPhosK S. cerevisiae  45/136 81/292 0.2
S. pombe 49/157 125/355 —
A. thaliana 68189 40/144 0.08
Scansite S. cerevisiae ~ 50/136 87/292 0.1
S. pombe 54/157 129/355 —
A. thaliana 79/189 39/144 41073
S. cerevisiae HTP CDK  H. sapiens 32/171 10/147 21073
S. pombe 36,197 22/246 41073
A. thaliana  29/186 3/70 9.1073
Chip CDK  H. sapiens 2/171 1/147 —
S. pombe 5/197 2/246 0.2
A. thaliana 4/186 2/70
NetPhosK  H. sapiens 47/171 35/147 —
S. pombe 54/197 71/246 —
A. thaliana  42/186 10/70 0.1
Scansite H. sapiens 50/171 37/147 —
S. pombe 56/197 72/246 —
A. thaliana 45/186 15/70 —
S. pombe NetPhosK H. sapiens 66,/205 40/162 0.08
S. cerevisiae 76/214 71/205 0.02
A. thaliana 67/205 16/62 0.2
Scansite H. sapiens 56,/205 48/162 —
S. cerevisiae  68/214 58/205 —
A. thaliana 64205 15/62 0.2
A. thaliana  NetPhosK H. sapiens 15/71 102/358
S. cerevisiae  13/56 94/433 —
S. pombe 15/59 138/454 —
Scansite H. sapiens 18/71 117/358 —
S. cerevisiae  12/56 99/433 —
S. pombe 15/59 129/454 —
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Table S4: Dynamic proteins are preferentially ubiquitinated and targeted for degradation. Using the same
statistical test shown in Figure 3A, dynamic proteins were shown to be enriched for sequence motifs recognizhed by the
APC/C and SCF ubiquitin ligases. Fisher’s exact test was used to calculate P-values, which are shown if only if they

are below 20%.

Organism Sequence Dynamic Static P-value
motif proteins proteins

H. sapiens PEST region 248 /600 4355/11497 2-1073
D box 75/600 1244/11497 0.04
KEN box 136/600 1423/11497 7-10718

S. cerevisiae PEST region 220/600 1579/5637 21071
D box 72/600 682/5637 0.2
KEN box 89/600 859/5637 —

S. pombe PEST region 154/500 1221/4498 3-1074
D box 60/500 532/4498 0.2
KEN box 56/500 544,/4498

A. thaliana PEST region 91/400 5082/20610 —
D box 46,/400 1892/20610 0.05
KEN box 58/400 1640/20610 4-1077

the sequence motifs. The latter may very well be
the explanation, considering that the co-evolution
of phosphorylation and transcriptional regulation
could in several cases also not be detected through
correlation analysis of sequence-based predictions
of phosphorylation sites. Until sufficient exper-
imental evidence on ubiquitination has been ac-
cumulated, it is thus difficult to say if the se-
quence motifs governing transcriptional regulation
and targeted protein degradation have in fact co-
evolved.

Evolution of protein regulation

The four eukaryotes for which cell cycle microar-
ray expression data are available are very distantly
related: animals, fungi, and plants are all be-
lieved to have diverged more than 1 billion years
ago%. While the budding and fission yeast are
more closely related, the two yeasts are as differ-
ent from each other as either is from animals, pre-
sumably due to a higher evolutionary rate among
fungi®®. As our analysis reveals, the detailed reg-
ulation of cell cycle proteins has changed dramat-
ically over these long time spans.

To get a more fine-grained view of how rapidly
protein regulation changes during the course of
evolution, we studied two known CDK phosphory-
lation sites in more detail, namely serine-20 in the
RRM2 subunit of human ribonucleotide reductase
and serine-144 in the DPB2 of budding yeast DNA
polymerase €. Both human RRM2 and budding
yeast DPB2 are periodically transcribed accord-
ing to our analysis, and their protein products are
known from small-scale experiments to be phos-
phorylated by CDK1 on a particular residue4:65,
Moreover, their orthologs in the three other or-
ganisms studied are static, not known to be phos-
phorylated, and the CDK phosphorylation sites
are absent as shown by sequence alignments. Hu-
man RRM2 and budding yeast DPB2 are the only

two examples that fulfill all of these requirements.
The most parsimonious explanation is thus that
the transcriptional and posttranslational cell cycle
regulation of RRM2 and DPB2 have evolved in the
human and budding yeast lineages, respectively.
To pinpoint when during evolution each of these
phosphorylation sites arose, we aligned the full-
length sequences of orthologous proteins from or-
ganisms at increasing evolutionary distances from
human and budding yeast, respectively:

RRM2:

Homo sapiens LQLSPLKG
Pan troglodytes LQLSPLKG
Macaca mulatta LQLSPLKG
Bos taurus QQLSPLKG
Canis familiaris LQOLSPLKG
Mus musculus LQLSPLKR
Rattus norvegius LHLSPLKR
Monodelphis domestica LRLSPLKS
Gallus gallus PRLSPLKN
Danio rerio TISTKMNN
Takifugu rubripes TLISDVTK
Tetraodon nigroviridis TLVSDVRQ
DPB2:

Saccharomyces cerevisiae SLSSPMRQ
Candida glabrata QISSPARD
Kluyveromyces lactis DSHSPMML
Lachancea kluyveri VSISPVQD
Eremothecium gossypii TATEPMDE
Candida albicans SFEDKNME
Schizosaccharomyces pombe  SFSGSFSQ

For a CDK phosphorylation site to be con-
served, the two highlighted residues in the align-
ment must be either SP or TP. From the RRM2
alignment, we thus conclude that CDK1 phos-
phorylation of RRM2 is conserved at least within
amniotes, which encompasses mammals, reptiles,
and birds. We further speculate that the tran-
scriptional cell cycle regulation of RRM2 is also
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conserved within this group of animals, which di-
verged 288338 million years ago%S. Similarly, we
conclude that the CDK1 phosphorylation site in
DPB2 was present in the last common ancestor of
Saccharomycetaceae, from which Saccharomyces
cerevisiae, Candida glabrata, Kluyveromyces lac-
tis, and Lachancea kluyveri diverged about 100
million years®7.

Based on these two examples, we tentatively
suggest that evolutionary changes in the regula-
tion of proteins can take place on a time scale
in the order of only a hundred million years. This
has major implications for the use of model organ-
isms to unravel complex regulatory networks in
humans, since even vertebrates such as zebrafish
are too distantly related to humans for regulatory
mechanisms to be inferred.
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Details on individual protein complexes

In this section, we review the literature
on individual complexes involved in DNA
replication, sister chromatid cohesion,
and mitotic protein degradation (by the
APC/C). As most of the complexes are
visualized in Figure 2 of the main paper,
we encourage you to look at this figure
while reading. The section focuses on
the evolutionary differences in regulation,
known or unknown, which are revealed
by our analysis. It documents that the
regulation does indeed happens through
different components in each organism,
and in the few cases where no subunits of
a complex are dynamic, the transcriptional
regulation acts through other complexes
involved in the same process.

DNA Replication

In eukaryotes, DNA replication is a tightly con-
trolled process that involves a large number of
protein complexes and regulators that assemble
on the DNA in a sequential manner. Many of
these components are conserved through evolu-
tion, however, their regulation differs between or-
ganisms.

What is first noticed when looking at the left
half of Figure 2, is that although only a subset of
the subunits are dynamic in human, these all peak
in expression just prior to S phase. The only ma-
jor exception is MCM4, which surprisingly peaks
during M phase. Budding yeast displays a pat-
tern of expression similar to that of human cells,
except that the pre-replication complex (Cdc6 and
Mcm2-7) is expressed already in late M phase
(Figure 2). In fission yeast, the entire machinery
is expressed in late M phase, which is consistent
with the finding that rapidly growing S. pombe
cells are capable of initiating DNA replication be-
fore having completed cytokinesis®%:%. This phe-
nomenon is likely caused by the very short short
short G; phase in this organism, which creates a
need to start the synthesis earlier in order to have
the components ready for S phase.

Pre-replication complex (pre-RC)

A large protein assembly known as the pre-
replication complex (pre-RC) is required to recruit
the replication machinery to specific locations on
the DNA where they assemble in a step-wise fash-
ion and initiate replication. Although the order in
which the subcomplexes are assembled appears to
be similar in all model organisms, the regulation
differs between organisms®”. The pre-RC is thus
an example of a very large protein complex that

is conserved throughout Eukarya but has changed
a lot at the regulatory level.

Origin of replication complex (ORC). As the
name suggests, the ORC is six-subunit protein
complex which assembles at specific locations on
the DNA, namely the origins of replication 3642,
The ORC complexes thus select the sites from
which replication is later initiated. ORC can
bind and hydrolyze ATP; a function important
for binding to both DNA and other factors?3°.

In S. cerevisiae and S. pombe, the ORC com-
plex appears to be constitutively associated with
the origins of replication throughout the entire
cell cycle®. In accordance with this, none of the
ORC subunits are transcribed in a periodic fash-
ion in the two yeasts (see Figure 2). In budding
yeast, it is known that Orc2 and Orc6 are phos-
phorylated by CDK and that this is one mecha-
nism which prevents reinitiation of DNA replica-
tion9%70, Fission yeast Orc2 is phosphorylated by
Cdc2 (Cdk1)35, as is Orcl in budding yeast. The
ORC complex in the two yeasts is thus one of the
exceptions from the general trend that phosphory-
lation preferentially affects the dynamic proteins.

In mammals, the composition of ORC seems to
change during the cell cycle, mainly through Orcl,
which is phosphorylated by CDK and believed
to be targeted for ubiquitin-mediated degrada-
tion 3938, The degradation is controversial®’, but
in our analysis we find Orcl (from human HeLa
cells) to be dynamic with peak expression in G /S
phase (Figure 2). The re-synthesis thus supports
a model in which Orcl is “the limiting factor” that
controls pre-RC assembly”", whereas the other
subunits seem to be stably associated with the
origins 2. The only other dynamic subunit in hu-
man is Orc3, which also peaks in G /S phase (Fig-
ure 2). This does not seem to have been noticed
before and it is tempting to speculate that the
regulation of ORC3 could reflect a special role for
this subunit in humans. In many cases, we have
observed that such periodic transcription is linked
to posttranslational regulation the protein prod-
uct, although we have not been able to find any
information on CDK phosphorylation or degrada-
tion of human Orc3.

In summary, the mapping in Figure 2 reflects
what is known from detailed biochemical studies:
the ORC complex in the two yeasts is constitu-
tively associated with the origins (they are static
in Figure 2), whereas the human ORC composi-
tion changes (it has 2 dynamic subunits, which
peak just prior to S phase).

Cdc6. Although the precise molecular mecha-
nism is presently not clear, the protein Cdc6 as-
sociates with the ORC complex once it is assem-
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bled on DNA and is required for subsequent load-
ing of the Mcm2-7 complex 3642737 In the two
yeasts, Cdc6/Cdcl8 is phosphorylated by CDK,
which marks it for ubiquitin-mediated degrada-
tion36:3875  In human cells, the phosphoryla-
tion instead leads to nuclear export; only later is
Cdc6 degraded by APC/C36. In fact, CDK phos-
phorylation protects human Cdc6 from APC/C-
dependent degradation 7.

The mapping of dynamics in Figure 2 fits
perfectly with the patterns of degradation and
the timing of Cdc6 association with the ORC
and MCM complexes. In human, CDC6 is co-
expressed with the dynamic subunits MCMZ2,
MCM3, MCM5, and MCM6 just prior to S
phase, in agreement with other evidence on its
re-synthesis 2. Similarly, S. cerevisiae CDC6 is
co-expressed with all six subunits of MCM (see
below), albeit the expression occurs at the M/Gq
transition. Similar to in human, the CDCG6 or-
tholog in S. pombe, cdcl8, peaks at the same time
as the rest of the replication machinery; however,
the expression of the entire machinery is shifted
to late M phase. Also, the Mcm2-7 complex is
not subject to transcriptional regulation in fis-
sion yeast (Figure 2), which suggests that cdcl8
and cdtl (see below) may control the assembly
of the pre-replication complex. Consistent with
this view, overexpression of Cdc6/Cdcl8 has been
shown to induce re-replication in fission yeast, but
not in budding yeast®. This illustrates that our
analysis of transcriptional regulation and phos-
phorylation can help to pinpoint the components
in each organism responsible for regulating com-
plex assembly.

Cdt1. The implication of Cdtl in pre-
replication complex assembly was first discovered
in S. pombe”, where the protein level peaks in
G1 and decays in S phase®0. The gene expres-
sion of Cdtl follows that of the rest of the repli-
cation machinery in our analysis (Figure 2) and
the seemingly conflicting timing therefore prob-
ably just reflect that the rapidly growing fission
yeast cells shift expression from G /S to M phase.
Also, the co-expression of cdcl8 and cdtl (Fig-
ure 2) is consistent with the finding that they are
both targets of the cdc10 transcription factor re-
sponsible for M/G1 transcription®.

The regulation of human Cdt1 is presently not
well understood and only recently was a functional
homolog, Tahll, identified in budding yeast3°.
Whereas S. pombe Cdtl is subject to transcrip-
tional control, the regulation of human CDT1
appears to be through proteolysis, CDK phos-
phorylation and ubiquitination by SCFSkP2 i
S phase™ 8. The orthologous Tahll protein in
S. cerevisiae does not seem to be controlled nei-
ther transcriptionally nor through proteolysis3®.
Its protein level is constant throughout the cell
cycle. Similar to the Mcm2-7 complex, however,
it is localized to the nucleus in G; and to cyto-

plasm later on36:69,

What is described above agrees well with what
we observe in our anlysis: human CDT1 contains
a PEST degradation signal, S. pombe cdtl is regu-
lated at the mRNA level, and S. cerevisiae Tahl1
is neither periodically expressed nor does it con-
tain a PEST degradation signal.

An additional layer of Cdtl control is present
in metazoans through the inhibitor geminin,
which has no ortholog in yeasts38. The binding
of geminin is believed to stabilize Cdtl by pro-
tecting it from ubiquitin-mediated proteolysis .
The protein level of geminin increases during S
phase and accumulates until late M phase when
geminin is degraded via APC/C35. The net ef-
fect is that most Cdtl is kept in a protected, but
inactive, state from S phase until M phase? (Fig-
ure 2). Consistent with this, both overexpression
of the Cdt1 protein itself and loss of geminin lead
to re-replication”®. Metazoans thus have a spe-
cial mechanism that prevents unwanted assembly
of pre-replication complexes through tight regula-
tion of Cdtl.

Mcm2-7 complex. The final step in the as-
sembly of the pre-replication complex is the load-
ing of the hexameric, ring-shaped Mcm2—-7 com-
plex. The loading is mediated by Cdc6 and Cdt1,
although the detailed mechanism is unknown?3°.
The composition the complex appears to be con-
served across all eukaryotes, however, the precise
function of MCM is unclear, although it has been
to act as a helicase36:42,

In budding yeast, Mcm2-7 enters the nucleus
at the end of mitosis and remains nuclear in Gy
and S phase until it is exported to the cytoplasm
in Gy and M366%7  This mechanism fits per-
fectly with the observed expression of the MCM2-
7 genes during M phase (Figure 2). It should be
noted that although MCMG6 falls just below the
treshold for inclusion as a periodic gene, its peak
time is similar to that of the other MCM genes,
indicating that it too should be considered dy-
namic; to be stringent, however, we display it as
static in Figure 2. The nuclear import appears to
require the entire six-subunit complex3® and to be
independent of Cdc6%, which indicates that the
localization of the Mcm2-7 complex is indepen-
dent of its loading onto DNA. The export is pro-
moted by CDK activity, although it is presently
unclear whether this is directly caused by phos-
phorylation3S. This is in our view likely to be the
case, considering that four out of six subunits of
the complex are phosphorylated by Cdc28.

In fission yeast, the evidence on Mcm2-7 com-
plex regulation is less clear. Although the com-
plex is presumably able to shuttle between the cy-
toplasm and the nucleus (mediated by the Crml
nuclear export factor), the bulk of the MCM pro-
teins appear to be constitutively nuclear3®. These
findings are consistent with our analysis in which
none of the six subunits in S. pombe are transcrip-
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tionally regulated.

In mammals, the Mcm proteins are located in
the nucleus throughout the cell cycle, however,
their association with chromatin becomes progres-
sively weaker as cells proceed through S phase3°.
The literature is vague on the issue of transcrip-
tional regulation of the complex. We find that
although MCMY is static, the majority of the sub-
units of the human Mcm2-7 complex (MCM2,
MCM3, MCM5, and MCMG6) are dynamic with
peak times similar to those of the other pre-RC
components. The regulation in human thus dif-
fers from both budding yeast (where all six com-
ponents are dynamic) and fission yeast (where all
subunits are static). In humans, MCM4 is also dy-
namic, however, its expression in late M phase is
distinct from the rest of the complex. This timing
of expression is highly surprising and suggests that
Mcm4 has a central role in controlling the assem-
bly of the human pre-RC, which is indeed known
to assemble during telophase (late M phase) 8283,
In accordance with this, recent data have shown
that Mcm4 is phosphorylated at multiple sites,
most likely by Cdk2, and that the phosphoryla-
tion inhibits the association of Mcm4 with chro-
matin® 86, DNA replication in humans seems to
be dictated by the phosphorylation level of Mcm4,
which appears to be the rate-limiting step in the
loading of the other Mcm subunits onto chro-
matin®4 36, This model is in perfect agreement
with our results, and again demonstrate that the
timing of expression is closely linked to the time of
action. To the best of our knowledge the unique
pattern of expression of the human MCM genes,
and in particular of MCM4, has not been reported
by others.

Dbf4-dependent kinase (DDK)

Once the pre-replication complex (ORC, Cdtl,
Cdc6 and MCM) has assembled, recruitment of
the rest of the replisome and initiation of DNA
replication is dependent on the action on a num-
ber of factors known as the pre-initiation com-
plex (see below), as well as on the action of CDKs
and another kinase called the Dbf4-dependent ki-
nase (DDK). Like CDKs, DDK consists of a reg-
ulatory subunit (Dbf4/D1fpl), which regulates the
activitiy of the kinase (Cdc7/Hskl). The regula-
tory subunit in S. pombe, dfpl, peaks in late M
phase like the rest of the replication machinery.
The human ortholog, DBF4, was not measured in
the experiments used in our analysis, and S. cere-
visiae DBF4 appears to be static in our analysis,
although it has been found in other analysis to
be periodic with peak expression in late G1, both
at the transcriptional level®7®® and at the pro-
tein level®®. The evidence is thus conflicting, al-
though the fluctuations at the protein level could
be caused by SCF-mediated proteolysis after S
phase, since Dbf4 is a Cdc28 substrate and also
contains a PEST region.

The kinase subunit CDCT7 is static in hu-
man and budding yeast, but dynamic in fission
yeast with peak expression similar to dfpl, cdtl,
cdcl8, and the rest of the replication machinery
(Figure 2). The DDK complex is thus clearly
regulated in fission yeast through both subunits
and possibly regulated in budding yeast through
DBF4, whereas the regulation of the human com-
plex remains unknown due to the lack of experi-
mental data.

Pre-initiation complex (pre-IC)

Apart from the activities of CDK and DDK, Ini-
tiation of DNA replication is dependent on a
number of factors collectively known as the pre-
initiation complex (pre-IC). Relatively little is
known about the order of assembly of these factors
and their individual functions. The majority of
these components were omitted in Figure 2 in or-
der to restrict ourselves to well characterized com-
plexes with independent evidence from all species.
Most of the evidence on pre-IC stems from yeast
and the components currently believed to be part
of the initiation are shown in Figure S8.
Dpb11-S1ld2. This complex binds DNA poly-
merases € and a*?. Formation of the complex and
initiation of DNA replication requires CDK phos-
phorylation of Sld2 in budding yeast®%". Both
proteins exist in fission yeast, but SLD2 appears
to have no ortholog in human. In human both
subunits are dynamic with peak expression in late
G1/S, whereas only SLD2 is dynamic in bud-
ding yeast with maximal expression during G,
and both subunits are static in fission yeast (Fig-
ure S8).

Mcm10. Mcml0 seems to play a in stabilizing
DNA polymerase o and targeting it to chromatin,
at least in S. cerevisiae **°'. Mcm10 has also been
shown to interact with Cdc45 and has been con-
sidered a component of the pre-IC*%4%1 . Although
phosphorylated by CDK in S. cerevisiae, Mcm10
is static in both yeasts and has not been measured
in the human experiments (Figure S8).
Cdc45-S1d3. The best characterized component
of the pre-IC, Cdc45, is required for loading of
one or more of the polymerases prior to DNA un-
winding. Evidence from budding yeast shows that
Cdc45 throughout the cell cycle forms a complex
with S1d392, which according to our analysis is
static in both yeasts (Figure S8); no human or-
tholog of Sld3 has been identified. Cdc45 and S1d3
are released from chromatin in late S phase like
the MCM proteins3S, but only Cdc45 is incorpo-
rated in the replication fork%%°%). Consistent with
this, we detect CDC45 to be maximally expressed
in G1/S phase in human as well as budding yeast.
Interestingly, in fission yeast, where both subunits
of DDK are dynamic, the cdc45 gene is static.
Data from S. cerevisiae suggest that the protein
level of Cdc45 is constant through the cell cycle?.
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Figure S8 The pre-initiation complex (pre-IC). A
number of largely uncharacterized proteins and complexes
known to be important for recruitment of the replication
machinery and initiation of DNA replication. Only the
relatively well characterized Cdc45/Sld3 complex was in-
cluded in Figure 2 of the main paper.

This seemingly conflicting observation can be ex-
plained by simultaneous degradation of the modi-
fied form and synthesis of new, unmodified Cdc45,
or alternatively by excess of Cdc45, which could
cause only minor fluctuations in the protein con-
centration that may have gone undetected.

GINS complex. The GINS (go ichi ni san) com-
plex consists of four subunits (Sld5, Psfl, Psf2,
and Psf3). GINS is required to maintain associ-
ation of Cdc45 with moving replication forks %394
and also appears to interact with CMCMs, and
DNA polymerase €42, but its role is presently not
clear. Two of the subunits of the GINS complex
(Psf2 and Psf3) are dynamic with peak expression
right before S phase, whereas the entire complex
is static in both yeasts (Figure S8). A recent pro-
tein interaction screen in budding yeast identified
Ctf4 as a possibly fifth subunit of the GINS com-
plex?%; this interaction has also been identified
in a targeted screen for GINS interaction part-
ners?). CTF4 is periodically expressed with a
peak time in late G; and has static orthologs in
human as well as fission yeast (Figure S8. Its
protein product is known to interact with DNA
polymerase « and to be involved in both DNA
replication and sister chromatid cohesionn 739798,

In summary, none of the pre-IC components
are regulated in fisison yeast and only Cdc4b is
periodic in budding yeast. In contrast, all com-
plexes and factors except Mcm10 are influenced
by transcriptional control in human, where they
all peak at the Gy /S transition.

DNA replication factor A (RFA)

For DNA replication to take place, the two strands
of DNA must be separated at the replication ori-
gins and at the replication forks. RFA (also known
as replication protein A, RPA) binds to the result-
ing single-stranded DNA (ssDNA) in order to pro-
tect it and possibly also to prevent it from form-
ing secondary structure elements3%99. In addition
to these generic ssDNA-binding functions, RFA is
required for loading of DNA polymerase o3¢ and
hence for assembly of the replication fork. The
RFA complex is a prime example of the evolution
of transcriptional regulation: All three subunits
are regulated in S. cerevisiae, whereas only Ssbl is
regulated in S. pombe and only Rpa?2 is regulated
in human (Figure 2). In all three organisms, the
dynamic subunits of RPA are synthesized right
before S phase.

DNA polymerase ¢

Although it is clear that DNA polymerase € is
part of the replisomal particle, there is conflicting
genetic evidence as to whether it is directly in-
volved in DNA replication, serves as a checkpoint
protein, or simply holds together other subcom-
plexes??.  The complex is not transcriptionally
regulated in humans, but controlled by this mech-
anism in both yeasts (Figure 2). Fission yeast only
regulates cdc20, whereas budding yeast regulates
both POL2 (the ortholog of ¢cdc20) and DPB2. In
addition to the two dynamic subunits identified in
our analysis (Figure 2), budding yeast DPB3 has
been found to be periodically expressed in a small-
scale study'%°. The S. cerevisiae DPB2 subunit
is periodically expressed and has also been shown
to be phosphorylated by Cdc28 in both large-
scale®%2 and small-scale studies®® (Figure 2). In
contrast, the orthologs of DPB2 are static, and
alignments reveal that the Cdc28 phosphorylation
site, which has been mapped to serine-144%°, is
absent in the orthologous proteins. DPB2 thus ex-
emplifies that periodic expression and CDK phos-
phorylation have co-evolved.

DNA polymerase «

Although originally believed to be the primary
polymerase responsible for DNA replication in eu-
karyotes, it is today clear that DNA polymerase
a only serves to synthesize primers that are sub-
sequently extended by DNA polymerase §36:42,
The complex consists of four subunits, of which at
least one is dynamic in each of the three organisms
shown in Figure 2; however, there is not a single
subunit that is periodically expressed in all three
organisms. The dynamic subunits are maximally
expressed at the time when DNA replication is
initiated in the each organism. DNA polymerase
« is a good example of how just-in-time assembly
can be achieved in many different ways and thus
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Figure S9: DNA replication factor C (RFC) com-
plexes. Four variations of the RFC complex are visualized
as described in Figure 2. The RFC1 subunit of the stan-
dard RFC have been replaced in the alternative complexes
by RAD24/rad17, ELG1, and the CTF18-DCC1-CTF8
trimer, respectively. Notably, human DCC1 as well as
S. cerevisiae ELG1 and CTF18 are periodically expressed
with peak times similar to other DNA replication genes.

allows for great evolutionary flexibility in the de-
tailed regulation.

DNA replication factor C (RFC)

The RFC protein complex is a so-called clamp
loader, which is responsible for loading the PCNA
clamp onto the DNA*2. This protein complex
consists of five subunits, RFC1-5, all of which
are static in the two yeasts, whereas RFC2-4
(and possibly also RFC5) are dynamic in hu-
man. In addition to this clamp loader complex, at
least three other forms of RFC exist (Figure S9),
each of which consists of the RFC2-5 subunit
and an alternative RFC1 subunit, which is either
RAD24/radl7, ELG1, or CTF18. The latter form
of RFC also contains two extra subunits, namely
DCC1 and CTF8, and is known to be important
for sister chromatid cohesion?®1%1. However, the
function of these alternative RFC complexes is
still largely unknown, although they all appear to
be involved in DNA replication and/or repair 192,
Human DCCI1 is dynamic with a peak time simi-
lar to Rfc2-4. In budding yeast, ELG1 and CTF18
are periodically expressed, peaking in late G; like

many other genes involved in DNA replication.
This is a strong indication that these alternative
forms of RFC may play a role in the mitotic cell
cycle of S. cerevisiae. Elgl is particularly inter-
esting, because this protein is both dynamic with
expression just prior to DNA replication and phos-
phorylated by CDK in budding yeast (Figure S9).

Proliferating cell
(PCNA)

The PCNA protein forms a homo-trimer, which
encircles a single strand of DNA and serves as a
sliding clamp, which holds DNA polymerase ¢ in
place and enables it to replicate long stretches of
DNA“2, PCNA is periodically expressed in bud-
ding yeast and human, being maximally expressed
at the same time as the dynamic subunits of the
DNA polymerases (Figure 2). In fission yeast,
neither the clamp (PCNA) nor the clamp loader
(RFC) are controlled transcriptionally.

nuclear antigen

DNA polymerase ¢

This protein complex is the primary polymerase
responsible for the DNA replication in eukary-
otes3%42, Although DNA polymerase § consists of
four subunits in most organisms, the S. cerevisiae
version of the complex has only three subunits*2.
DNA polymerase § can only assemble once the
PCNA clamp has been loaded onto the DNA 36:42
and this crucial subcomplex is thus one of the last
to join the replisomal particle3®. The clamp is be-
lieved to be positioned behind the polymerase?2.
As is the case for DNA polymerase «, the com-
plex contains at least one dynamic subunit in each
organism, yet no subunit is dynamic in all three
organisms (Figure 2).

Ribonucleotide-diphosphate reduc-

tase (RNR)

The ribonucleotide-diphosphate reductase (RNR)
complex is a tetramer consisting of two large and
two small subunits. It is important for maintain-
ing the proper dNTP pool for DNA replication
and repair %3, and the RNR activity is maximal in
S phase in most, if not all, organisms'°*. Our re-
sults suggest that this regulation is primarily me-
diated through the large subunits, which are pe-
riodically expressed in all the four organisms that
we have analyzed. The large subunits of RNR
thus constitute one of the just five orthologous
groups in Figure 1 for which periodic expression
is fully conserved. Although periodicity as such
is conserved, the time of peak expression differs
greatly between organisms, as is evident from Fig-
ures 2 and S10. Notably, the S. pombe cdc22 gene
is strictly speaking not expressed in S phase but
at the M/G; transition; this makes sense since it
implies that the RNR activity is maximal during
DNA replication.
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Figure S10: Ribonucleotide-diphosphate reductase
(RNR) and associated proteins. The RNR complex
is one of the most tightly regulated cell cycle complexes.
Its large subunit is transcriptionally regulated in all organ-
isms, and in human its small subunit is regulated both at
the transcriptional level and through CDK phosphoryla-
tion. In the yeasts, the RNR complex is further controlled
by inhibitors and through subcellular relocalization of its
small subunit.

The human RRM2 subunit is the only small
subunit of RNR to be periodically expressed ac-
cording to our analysis. It is maximally ex-
pressed during S phase, which is consistent with
what has been observed in mouse!®®, and its
peak time differs from that of the large subunit
by only 3% of a cell cycle. Notably, RRM2 is
not just the only RNR small subunit to tran-
scriptionally regulated—it is also the only one
to phosphorylated by cyclin-dependent kinase 1
(CDK1). RRM2 has been shown to be phospho-
rylated by CDK1 on serine-20%4, which may regu-
late APC/C-mediated proteolysis of RRM2 since
a KEN box is located close to serine-2019°. A
multiple alignment reveals that this phosphoryla-
tion site does not exist in the RNR small subunits
from any of the three other organisms. Consistent
with this, none of the large-scale screens in S. cere-
visiae have suggested Rnr2 or Rnr4 to be Cdc28
substrates®!®2, The small subunit of RNR is thus
a clear example of co-evolution of transcriptional
and posttranslational regulation.

To prevent large amounts of ANTP from ac-
cumulating once DNA replication has been com-
pleted, the RNR complex must be deactivated
shortly thereafter. In mammals, this is accom-
plished through allosteric inhibition by dATP 106
and presumably also through APC/C-mediated
proteolysis of the RMM2 subunit as described
above. In contrast, budding and fission yeast
primarily rely on the non-homologous RNR in-
hibitors SML11'97 109 and spd1 01 which are
both expressed in early G, phase as should be
expected given their function (Figure S10). Inter-
estingly, spdl has a putative ortholog in budding

yeast, YLR437C, which according to our analy-
sis is expressed at exactly the same timepoint in
the cell cycle as spd1 itself (Figure S10). We thus
propose that YLR437C is indeed a functional ho-
molog of spd1, which together with SML1 ensures
that RNR activity is suppressed after DNA repli-
cation has been completed.

In the two yeasts, RNR activity is further pre-
vented by relocalizing the small subunit of RNR
to the nucleus. WTMI1 and KAP122 have re-
cently been shown to be required for nuclear im-
port and anchoring of budding yeast RNR2 and
RNR4 112113 1t is currently not known if kap111,
the fission yeast ortholog of KAP122, is also in-
volved in nuclear localization of suc22; however,
it is tempting to speculate that this is the case
considering that kap111, like WTM1, is expressed
at the M/Gy transition.

Cohesin

To facilitate proper alignment and separation of
sister chromatids into two cells, the sister chro-
matids are glued together by cohesin complexes,
which consist of the four subunits Sccl, Scc3,
Smcl, and Smc3. The nomenclature of the Scc
subunits is unfortunately rather confusing: Sccl is
called Rad21 in human and fission yeast and Mcd1
in budding yeast, whereas Scc3 is called SA1/2 in
human, Irrl in budding yeast, and Psc3 in fission
yeast.

As was observed for many of the protein com-
plexes involved in DNA replication, our analysis
shows that the expression of cohesin subunits dif-
fers between organisms, both in terms of the iden-
tity of the dynamic subunits and their time of
peak expression (Figure 2). Human and fission
yeast each have two dynamic cohesin subunits,
which are expressed during M phase; in contrast
all four subunits are expressed at the G; tran-
sition in budding yeast. The latter is known to
be the case for the Sccl subunit, and it is con-
sistent with the fact that cohesin assembles onto
the chromosomes shortly before the initiation of
DNA replication in budding yeast*®. Notably, the
Sccl subunit is resynthesized in all three organ-
isms after having been cleaved to allow the sister
chromatids to separate (see below).

In addition to the mitotic cohesin complex just
described, meiotic cohesin complexes also exist
in which an alternative Sccl subunit, Rec8, re-
places the Sccl subunit of mitotic cohesin. More-
over, the SMC1L1 subunit is replaced by SMC1L2
in human and the Scc3 subunit is replaced by
STAG3/recll in human and fission yeast*®. Re-
assuringly, none of these meiosis-specific cohesin
subunits are cell cycle regulated according to our
analysis.

Similar to Scc3, the protein Pds5 binds to the
Sccl cohesin subunit. Although the binding of
Pdsb is too weak for it to copurify with cohesin, it
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is necessary for maintaining sister chromatid co-
hesion and thus should possibly be considered a
cohesin subunit 43114115 Pds5 is periodically ex-
pressed in budding and fission yeast with peak
times matching perfectly to those of the dynamic
cohesin subunits. Our analysis thus supports the
view that Pds5 should be considered a fifth sub-
unit of the mitotic cohesin complex and possibly
of the meiotic cohesion complexes as well.

Separase and securin

Once the sister chromatids have been properly
aligned, they must be released from the cohesin
complex to allow them to separate. This is
accomplished by the protease separase (Espl),
which cleaves the Sccl subunit of cohesin. Sepa-
rase is constitutively expressed in the two yeasts,
whereas our analysis suggests that it is expressed
at the Go/M transition in human. The latter is
to the best of our knowledge a new discovery, and
may well be related to the observation that hu-
man separase is activated through autocatalytic
self-cleavage 116,

To prevent premature Sccl cleavage by sep-
arase, it is bound by an inhibitor called securin
(Pds1) through most of the cell cycle. Securing is
also required in order to localize separase to the
nucleus''6.  Sister chromatid separation is con-
trolled by APC/C degradation of securin, hence
allowing separase to cleave Sccl. Our analysis re-
veals that securin is resynthesized very shortly af-
ter it has been degradated in human and fission
yeast; in contrast, it is known that budding yeast
waits until the following S phase before resyn-
thesizing securin®®. Either solution implies that
securin is present to inhibit separase during the
time when the sister chromatids should be held
together by cohesin. While the timing of separase
expression in human agrees well with its time of
action, the self-cleavage and resynthesis of human
separase most likely only serves as an additional
layer of control, which may improve the robust-
ness of the system.

Shugoshin

The shugoshin (Sgol) protein is best known
for its role in protecting centromeric Rec8 from
the separase during meiosis?3. However, recent
experiments suggest that shugoshin is also re-
quired during mitosis to sense tension between
sister chromatids'!'” and to protect the Scc3 sub-
unit (STAG2, TRR1, psc3) of centromeric co-
hesin complexes from phosphorylation and sub-
sequent cleavage!!®; the latter has very recently
been shown to be achieved through recruitment
of protein phosphatase 2A 119120 Indeed, the
microarray expression data reveals it periodically
expressed in both budding and fission yeast; in
both organisms, shugoshin is maximally expressed
shortly after securin. This observation supports

the idea that shugoshin, like securin, is involved
in protecting the mitotic cohesin complexes from
premature degradation.

Anaphase promoting complex/cyclo-
some (APC/C)

As its two names suggests, the anaphase pro-
moting complex/cyclosome is both important for
controlling the onset of anaphase, which it initi-
ates by targeting securin for degradation by the
proteasome, and for driving the cell cycle clock
by mediating the degradation of cyclins*!i43i121,
The APC/C is a ubiquitin E3 ligase consisting
of at least 11 core subunits that are conserved
through eukaryote evolution as well as several ad-
ditional subunits that appear to be present in
only some organisms (Figure 2)3741121i122 " [ jke
other multi-subunit E3 complexes, APC/C con-
tains a RING subunit (Apcll) and a cullin sub-
unit (Apc2), which are are responsible for the ac-
tual transfer of ubiquitin to the substrates3®37.
In fact, it has been shown that Apc2-Apcll can
assemble poly-ubiquitin chains in wvitro, however,
with no substrate specificity>7:4°. Little is know
about the molecular function of the other APC/C
subunits.

The activity and substrate recognition of
APC/C is regulated through binding of the reg-
ulatory proteins, Cdc20 and Cdh137:121i123 Ip
budding yeast, Cdc20 is known to be transcrip-
tionally upregulated in S or Gy phase?!; indeed,
our anlysis shows that Cdc20 is maximally ex-
pressed during G phase in budding yeast whereas
its expression peaks during early M phase in
human and fission yeast (Figure 2). The lat-
ter is consistent with the timepoint from which
Cdc20 is known to bind to the APC/C core com-
plex until it is eventually targeted for degrada-
tion by ApcCdhl izt Moreover, Cdkl has been
shown to phosphorylate Cdhl in all three organ-
isms 1124125 and Cde20 in human'?® and bud-
ding yeast®1:52,

Surprisingly, our analysis reveals that it is not
only the substrate recognition subunits of APC/C
that are subject to transcriptional regulation dur-
ing the cell cycle; some of the core subunits are
regulated as well. In human, the Apc3 (CDC27)
subunit is periodically expressed, whereas the cru-
cial cullin subunit, Apc2, and another core sub-
unit, Apclb, are both periodically expressed in
fission yeast. Notably, the three genes have very
similar peak times that coincide with the onset
of APC/C activity at the Go/M transition. As
is the case for most of the complexes described
above, the APC/C thus appears to be subject
to transcriptional regulation mediated by differ-
ent subunits in each organism. To the best of our
knowledge, this is the first time that transcrip-
tional regulation of the core APC/C complex has
been proposed.
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Figure S11: Protein kinase A (PKA). Several alterna-
tive PKA complexes exist, each consisting of a catalytic
(top row) and a regulatory (bottom row) subunit. PKA
has been shown to regulate APC/C activity during the cell
cycle through phosphorylation of ACP/C core subunits3”.
Mutations in the human regulatory subunit PRKARIA
have been associated with inherited disposition to certain
cancers (Carney complex) 127:128,

Protein kinase A (PKA)

In addition to the regulatory mechanisms de-
scribed above, APC/C is also regulated by protein
kinase A (PKA, also known as cAMP-dependent
protein kinase), which consists of a catalytic and
a regulatory subunit37'29, In budding yeast and
human, however, several alternative PKA com-
plexes can be formed due to the existence of par-
alogous catalytic and regulatory subunits (Fig-
ure S11), the latter being expressed in different
human tissues 128130,

PKA has been shown to inhibit APC/C ac-
tivity in both budding and fission yeast and to
phosphorylate core subunits of APC/C in human
and mouse cell lines®”. Our analysis shows that
PKA indeed has one periodically expressed sub-
unit in each organism, whereas the identity of the
dynamic subunit varies between organisms as is
the case for most complexes. Consistent with the
function as an APC/C inhibitor, the PKA ac-
tivity in HeLa cells increases rapidly when the
cells enter mitosis and falls sharply when they
reach metaphase®”13!1. We suggest that this is
controlled via the regulatory subunit PRKARIA,
which is periodically expressed with a peak time
in early M phase (Figure S11). Intriguingly, muta-
tions in the PRKARIA gene have been associated
with Carney complex, a genetic condition lead-
ing to benign tumours in various tissues, whereas
none of the other subunits of PKA have been as-
sociated with this or other forms of cancer 127128,

Cyclin-dependent kinases (CDKs)

The cyclins, CDKs, and their related regulatory
proteins are at the core of the eukaryotic cell cy-
cle. The two yeasts have only a single cell cycle-
related CDK, which serves multiple functions by
interacting with different cyclins during different
phases of the cell cycle. As with many proteins
discovered in the early days of molecular biology,
the nomenclature of this kinase is slightly confus-
ing: while it is typically referred to as Cdkl, it

is officially named Cdc28 in budding yeast and
Cdc2 in fission yeast and human. The two yeasts
have two classes of cyclins, namely the Gi-type
cyclins, which as the name suggests are active in
G phase, and the B-type cyclins, some of which
are active during mitosis and others during G;
and S phase. In mammals, including human, the
situation is more complex, involving several CDKs
that associate with different sets of cyclins: cyclin
D-Cdk4/6 is involved in G progression, cyclin
E-Cdk2 in the G;/S transition, cyclin A-Cdk2 in
S phase progression, and cyclin A/B-Cdc2 in the
G2 /M transition and intra-M control 1327135,

Budding yeast Cln3 (together with Cdc28)
is responsible for progression through G; phase.
In late G; phase, it activates SBF and MBF
transcription factors, and thereby induces tran-
scription of the cyclins Clnl, CIn2, Clb5, and
Clb6 1367139 Although Clb5/6 are expressed at
this early timepoint, they are inhibited by Sicl
until S phase when they trigger DNA replica-
tion, whereas the Cln cyclins are unaffected by
Sic1 138140 The timing of expression observed in
our analysis (Figure S12) is thus in perfect agree-
ment with what is known about these five cyclins.

Fission yeast has only a single G;-type cyclin,
pucl, which is most similar to budding yeast Cln3
(formerly known as Whil)*! and is likewise in-
volved in progression through G; phase!4? 144,
The primary cyclin reponsible for promoting S
phase is cig2, which like budding yeast Clb5/6 is
a B-type cyclin regulated by MBF 42145 Our
analysis shows that it is expressed already during
cytokinesis (Figure S12), which may at first seem
surprising. However, it makes perfect sense since
it implies that cig2 is expressed at the same time
as the replication machinery, as is the case for
Clb5/6 in budding yeast. This support the view
that cig2 is functionally equivalent to Clb5/642.

The mammalian cyclin D1 (CCND1) was dis-
covered in a screen using a budding yeast strain
conditionally deficient for Cln3 function'4%; this
together with sequence similarity suggests that cy-
clin D-Cdk4/6 complexes are the human equiva-
lents of the budding yeast Cln3-Cdc28 complex.
Similarly, the cyclin E-Cdk2 complexes can be
considered equivalent to Clnl/2-Cdc28 complexes
in budding yeasts. Indeed, our analysis shows that
cyclin E1 (CCNE1) is maximally expressed at the
G1/S transition, whereas cyclin E2 (CCNE2) is
static (Figure S12). Knockout of the latter results
in germ defects 13°, and we thus speculate that cy-
clin E1 (CCNE1) may be the primary cyclin E
in the mitotic cell cycle. The entry into S phase
is further regulated by the phosphatase Cdc25A,
which is an activator of Cdk2 and is expressed
at the G1/S transition. Curiously, CDC25A is
in several databases wrongly annotated as an “M
phase inducer phosphatase” due to its homology
with other Cdc25 phosphatases, although the ex-
pression data clearly shows that it acts during S
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Figure S12: Cyclin—-CDK complexes and their acti-
vators/inhibitors.. Only the subset of cyclin-CDK com-
plexes known to be involved in the mitotic cell cycle are
shown. Functionally equivalent cyclins in the different or-
ganisms are placed next to eachother, whereas dotted lines
signify sequence homology.

phase, as is also known.

All three organisms have cyclins that accumu-
late during S phase, reaching their maximal ex-
pression level during Go; these are Clb3/4, cigl,
and cyclin A. In the two yeasts, Clb4 and cigl
are both dynamic with the expected peaktimes,
whereas Clb3 appears static in our analysis (Fig-
ure S12). The latter may be due to problems with
the microarray data, as earlier studies report that
both Clb3 and Clb4 are periodic with a similar
pattern of expression3%147: however, ChIP-—chip
data suggest that the CLB3 promoter is indeed
not bound by known cell cycle transcription fac-
tors 1314, The situation is slightly more compli-
cated in mammals, where the dynamic cyclin A2
(CCNA2) forms complexes with Cdk2 and Cdc2
during S phase and Go/M, respectively. Simi-
lar to cyclin E2 (CCNE2), knockout of cyclin Al
(CCNAT1) leads to germ defects, and its expres-

sion is normally restricted to germ cells3%; it is

thus no surprise that we observe it as static, since
it is presumably not expressed at all in the cells
studied.

The regulation of entry into M phase is the
most well-conserved part of cyclin-CDK regula-
tion across the three organisms studied. It is in all
three organisms mediated by orthologous B-type
cyclins that form complexes with Cdkl: Clbl/2—
Cdc28 in budding yeast 32135138 ¢dcl13—cdc2 in
fission yeast ¥, and cyclin B1/2-Cdc2 in human.
The fission yeast and human cyclins all peak in ex-
pression during mitosis, while Clbl and Clb2 are
expressed already during Go phase (Figure S12).
Since human Cdc2 is only active during late Go
and M phase, it is, in contrast to its yeast or-
thologs, free from the evolutionary constraint that
it must be static. Indeed, our analysis suggests
that Cdc2 is expressed in Go phase, which offers
an explanation why cyclin A2-Cdk2 changes to
cyclin A2—-Cdc2 at this point in the cell cycle.

The Weel kinases (WEE1/MYT1 in human,
SWE1 in budding yeast, and weel /mik] in fission
yeast) cause inhibitory phosphorylation of the
Cdk1 kinases, which are countered by the Cdc25
phosphatases (CDC25B/C in human, MIH1 in
budding yeast, cdc25 in fission yeast) 133138 In
human, the Weel kinases are static and thus by
default inhibit Cdkl activity, whereas the Cdc25
phosphatases are specifically expressed during M
phase, thereby activating Cdkl. The same is true
in fission yeast, except that the mikl paralog of
weel is expressed shortly before S-phase 49150 In
contrast, our analysis shows that budding yeast
MIH1 is static, which is compensated by dynamic
expression of SWE1 during G; and S phase, when
high Cdk1 activity is unwanted (Figure S12). This
budding yeast-specific difference in the core reg-
ulation of the cell cycle is yet another example
of compensatory evolutionary changes in gene ex-
pression and is to the best of our knowledge not
known. Moreover, Swel was recently discovered
to be directly phosphorylated by Cdc281°!, and
thus also exemplifies co-evolution of transcrip-
tional regulation and phosphorylation.
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