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The cyclin-dependent kinase Cdc28p regulates distinct modes of
Cdc6p proteolysis during the budding yeast cell cycle
Lucy S. Drury, Gordon Perkins* and John F.X. Diffley

Background: Cdc28p, the major cyclin-dependent kinase in budding yeast,
prevents re-replication within each cell cycle by preventing the reassembly of
Cdc6p-dependent pre-replicative complexes (pre-RCs) once origins have fired.
Cdc6p is a rapidly degraded protein that must be synthesised in each cell cycle
and is present only during the G1 phase.

Results: We found that, at different times in the cell cycle, there are distinct
modes of Cdc6p proteolysis. Before Start, Cdc6p proteolysis did not require
either the anaphase-promoting complex (APC/C) or the SCF complex, which
mediate the major cell cycle regulated ubiquitination pathways, nor did it require
Cdc28p activity or any of the potential Cdc28p phosphorylation sites in Cdc6p.
In fact, the activation of B cyclin (Clb)-Cdc28p kinase inactivated this pathway
of Cdc6p degradation later in the cell cycle. Activation of the G1 cyclins (Clns)
caused Cdc6p degradation to become extremely rapid. This degradation
required the SCFCPC4 and Cdc28p consensus sites in Cdc6p, but did not
require Clb5 and CIb6. Later in the cell cycle, SCFCPC4-dependent Cdc6p
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proteolysis remained active but became less rapid.

Conclusions: Levels of Cdc6p are regulated in several ways by the Cdc28p
cyclin-dependent kinase. The Cln-dependent elimination of Cdc6p, which does
not require the S-phase-promoting cyclins Clb5 and CIb6, suggests that the
abilitv to assemble ore-RCs is lost before. not concomitant with. oriain firina.

metadata, citation and similar papers at core.ac.uk

ackgroun
In eukaryotic cells, DNA replication initiates from large
numbers of replication origins on multiple chromosomes
throughout S phase of the cell cycle. Mechanisms ensur-
ing that replication origins fire just once in each cell cycle
have been intensively investigated in recent years [1,2].
One of the keys to preventing reinitiation of DNA replica-
tion involves the regulated assembly of pre-replicative
complexes (pre-RCs) at replication origins [3-5]. During
pre-RC assembly, the Mcm2-7 family of proteins are
loaded onto DNA in a reaction that requires the origin-
recognition complex (ORC) and Cdc6p [6-12].

Once an origin fires, the pre-RC is lost from the origin and
does not reassemble until the end of the following mitosis [3].
Pre-RCs normally assemble during G1 phase and cannot
assemble later in the cell cycle because the major cyclin-
dependent kinase (Cdk) Cdc28p, together with B cyclin
(Clb), prevents pre-RC  formation [4,5,13,14]. As
Clb—Cdc28p kinase is also essential for initiating DNA
replication [15], pre-RC assembly and origin firing are
mutually exclusive events. Pre-RC assembly is prevented
from the onset of S phase until the end of mitosis.

Cdc6p appears to be a key player in preventing re-replica-
tion. Overexpression of Cdcl18, the fission yeast Cdcobp

homologue, drives multiple rounds of DNA re-replication
without mitosis [16-22]. Moreover, a budding yeast ¢dc6
mutation that causes limited re-replication has been
described [7]. In both budding and fission yeast, Cdc6p
(and c¢dc18) are unstable proteins that must be synthesised
in each cell cycle for DNA replication [16,23]. These pro-
teins are present during G1 and disappear around the time
of S-phase entry. In human cells, Cdc6p appears to be
present throughout most of the cell cycle in proliferating
cells but is lost when cells enter quiescence [24-26]. In
budding yeast, Cdk phosphorylation of Cdc6p is required
for ubiquitination 7z vitro, and mutation of Cdk consensus
phosphorylation sites in Cdc6p stabilises it [27], suggest-
ing a role for Cdks in Cdc6p degradation 7z vivoe.

In both budding and fission yeast, the SCF complex plays
a role in Cdc6p (cdcl8) degradation [5,28,29]. In budding
yeast, SCF is a multisubunit protein complex required to
target a number of key cell-cycle regulators for ubiquitin-
mediated degradation [30]. SCF contains Skpl, the E2
ubiquitin ligase Cdc34 and the cullin Cdc53 along with
one of a number of F-box-containing proteins. In the case
of Cdc6p degradation, the F-box protein Cdc4p appears to
be the most important component [5,29]; ¢dc4 mutants,
along with ¢dc34 and ¢dc53 mutants, are unable to degrade
Cdcop in cells arrested in mitosis. Cdc4 interacts with
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Figure 1

Cdc6p degradation in G1 is not dependent on SCF, APC, active Clns
or consensus phosphorylation sites. (a) Wild-type (WT, lanes 1-4),
cdc4 (lanes 5-8), cdc34 (lanes 9-12) and cdc53 (lanes 13-16) cells
containing GAL1,70-CDC6 were grown at 24°C in YP medium
containing raffinose (YP-Raf) and blocked in G1 with a factor. The
cultures were transferred to medium containing galactose at 37°C to
induce Cdc6p. After 30 min, Cdc6p expression was repressed.
Samples were taken at the time of repression and after, at the
indicated times, to be processed for immunoblotting with a monoclonal
raised against Cdc6p. LC, loading control (a section of the membrane
between the 66 kDa and 45 kDa markers, stained with amido black
after ECL detection of the proteins). (b) (i) A similar experiment was
performed on temperature-sensitive cdc16 (lanes 1-4) and cdc23
(lanes 5-8) cells. (i) The stability of Cdc6p and of a fusion protein
between Clb2p and Myc (Clb2p—Myc), both expressed from the
GAL1,10 promoter, was examined in a wild-type or a cdc16 mutant
background as described above. The band below Clb2p-Myc
(asterisk) is a non-specific band also seen in extracts from untagged
strains (data not shown). (¢) Logarithmically growing YLD38 cells
(CLN1-34, MET-CLN2) were blocked in G1 by the addition of
methionine to the medium. Cdc6p expression was induced and
repressed as described above and samples were taken at the times
indicated and processed for immunoblotting. (d) FACS analysis of a
strain (YLD53) expressing GAL1,10-CDC6-5/;P(1-8)Ap as the only
copy of CDC6, compared with a congenic strain expressing only
GAL-CDC6 (YLD52). DNA content is indicated as haploid (1C) or
diploid (2C). (e,f) Cdc6-5/;P(1-8)Ap is unstable after transcriptional
and translational repression in (e) a-factor-blocked cells (YLD35) but is
(f) stabilised in the same cells blocked in nocodazole (NOC). In
(a,b,c,e,f) the arrow indicates Cdc6p.

multiple elements in the amino-terminal 47 amino acids of
Cdc6p. This amino-terminal domain is not essential for
the biochemical activity of Cdc6p in loading of minichro-
mosome-maintenance proteins (Mcms) but is required for
Cdc6p degradation throughout the cell cycle [29].

Here, we have examined the role of Cdc28p in the degra-
dation of Cdcb6p 7 vive. Cdcop degradation was found to
be surprisingly complex. Before the activation of Cdc28p
at Start, Cdc6p was targeted for degradation by a pathway
that did not involve SCF. This SCF-independent pathway
was inactivated by Clb—Cdc28p later in the cell cycle.
Late in G1, Cdc28p caused the rapid degradation of
Cdcop by SCF. The rapid degradation of Cdc6bp was
driven by the G1 cyclin (Cln) form of Cdc28p. Later in the
cell cycle, Clb—Cdc28p also drove SCF-dependent degra-
dation of Cdc6p, although at a slower rate.

Results

Cdc6p proteolysis before Start does not require SCF

We showed previously, using the yeast two-hybrid system,
that Cdc6p interacts with Cdc4p, a component of SCF [29].
Moreover, the degradation of Cdc6p in nocodazole-
arrested cells completely depends on the SCF compo-
nents Cdcs 4, 34 and 53, and requires the amino-terminal
47 amino acids of Cdcop which interact with Cdc4p
in vivo. Surprisingly, however, Cdc6p is equally unstable
in cells arrested with either o factor or nocodazole. This

cocd

(@) WT
| ll il [ |
Time (min) 0 153060 0 153060 0 153060 0 153060

cdcl3d cdch3

— — — —

12345678 9810111213141516

(b) () cdc16 cdc23
[ [ |
lime (min) O 15 30 60 0O 15 30 60
e — —
-, | ————
LC . )
— e ——
1 2 3 4 5 6 7 8B
{ii) ; WT ; cdol @
O 153060 015 30 60
Cdchp = == —_—

Clh20-MYO . e e ——

(c) + methiorine  (d)
Time (min) ' 0 15 30 60

- —— J"‘- |I
mmeare e A

Cdeép  Cdeb-5/P(1-8)Ap

LG —— — Jl' \J (AR
—— s — i s [ | RS
1 2 3 4 1020 1Co0
(e) o factor ) NOC

CdcB-5/;P{1-8B)Ap Cdcs-5/P(1-8]Ap

| e |
0 15 30 60

Time (mun) O 15 30 60 Time (min)
-BERE  <BEEE
 BERR -4

1 2 3 4 1 2 3 4

Current Biclogy

contrasts sharply with one of the best-characterised SCF
substrates, Siclp, which is stable in a-factor-arrested cells
but is highly unstable in nocodazole-arrested cells [15].

We set out to investigate this paradox by examining the
genetic requirements for Cdc6p degradation in a-factor-
arrested cells. First, we examined the role of SCF in this
degradation. In the experiment shown in Figure la,
wild-type or SCF temperature-sensitive mutant cells
(cdc4, cdc34, cdc53) containing an additional copy of the
wild-type CDC6 gene under the control of the GALZ,10
promoter were first arrested with o factor in raffinose-con-
taining medium at the permissive temperature (24°C).
Cdc6p was then expressed and SCF was inactivated by
transferring the cells to galactose-containing medium at
the restrictive temperature (37OC) for 30 minutes. New
Cdc6p synthesis was then blocked by addition of glucose to
the medium (to repress transcription) and cycloheximide
(to prevent translation of any remaining CDC6 mRNA).
Samples were taken at the indicated times and Cdc6p
levels were determined by immunoblotting with a mono-
clonal antibody to Cdc6p. Figure 1a shows that, in 0-factor-
arrested cells, Cdcop was rapidly degraded, not only in



Figure 2
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SCFCDPC4 s required for the rapid degradation
of Cdc6p in late G1. (a) YCD4 (cdc4-1,
SIC14, GAL-CDCE#) cells were blocked in
G1 with a factor in YP-Raf at 24°C. The cells
were then transferred to YP medium
containing raffinose and galactose
(YP-Raf,Gal) and o factor at 37°C. After

30 min, the cells were released into the cell
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cycle in YP-Raf,Gal at 37°C. Samples were
taken at the indicated times for FACS analysis
(bottom panels) and to determine the budding
index (upper panels). Samples were also
taken and processed for immunoblotting to
detect Cdc6p (middle panels). LC, loading
control (see legend to Figure 1). Lanes 1-10
correspond to the times at which the samples
were taken, in 10 min intervals from 0 to 90
min. (b) A second, similar, experiment using
YCD8 cells (cdc4-1, SIC14) was performed.
In this case, Cdc6p was expressed from its
own promoter and the cells were kept in YP-
Raf for the duration of the experiment.
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wild-type cells (lanes 1-4), but also in ¢dc4, cdec34 and cdc53
mutants at the restrictive temperature (lanes 5-16). Under
otherwise identical conditions in the same strains, Cdc6p
became highly stabilised in the SCF mutants in nocoda-
zole-arrested cells. Therefore, Cdc6p degradation during
pre-Start G1, in contrast to mitosis, does not require SCF.

"T'he anaphase-promoting complex, also known as the cyclo-
some (APC/C), mediates the second major pathway for the
regulated proteolysis of key cell-cycle constituents. The
APC/C is responsible for targeting a number of proteins
including the B cyclins for ubiquitin-mediated degrada-
tion [30]. As the APC/C remains active in O-factor-arrested
cells [31], we considered the possibility that it might be
required for the pre-Start degradation of Cdc6p. Figure 1b(i)
shows an experiment essentially identical to that in
Figure 1a except that two APC/C mutants, dc16 and cde23,
were tested. Cdcop remained as unstable in these APC/C
mutants as it was in wild-type cells. These strains have pre-
viously been shown to be defective in degradation of the
APC/C substrate Dbf4p [32]. To ensure that the APC/C is
inactive, we constructed wild-type and ¢#c16 mutant strains
in which both Cdc6p and Clb2p were expressed from the
GAL1,10 promoter. Figure 1b(ii) shows that, in wild-type
cells arrested in O factor, both Cdc6p and Clb2p were highly
unstable. In the /6 mutant, Cdc6p was equally unstable,
but CIb2 was significantly stabilised. From these experi-
ments, we conclude that neither the APC/C nor SCF is
required for Cdc6p proteolysis during pre-Start G1.

The proteolysis of Cdcbp seen in a-factor-arrested cells
might be a response to mating pheromone that is unrelated

to the cell cycle. Alternatively, this degradation may be
due to the mating-pheromone-induced inhibition of G1
Cln activity. To test this, we examined Cdc6p degradation
in cells that have been arrested in pre-Start G1 by G1 Cln
depletion. Cells in which two CLN genes (CLNI and
CIL.N3) were deleted and the third (C1.V2) placed under the
repressible MET3 promoter were arrested in G1 by addi-
tion of methionine to the medium. After arrest, Cdcop was
induced for 30 minutes and repressed as above. As in Q-
factor-arrested cells, Cdcbp was unstable in Cln-depleted
cells (Figure 1c). Therefore, Cln-Cdc28p kinase is not
required for degradation of Cdc6p in these pre-Start
arrested cells.

The Cdc6p protein contains eight SP or TP motifs that
might act /z vivo as sites for phosphorylation by Cdks. As
an alternative approach to examine the role of Cdc28p in
Cdcbp degradation, we constructed a ¢DC6 gene in
which the phospho-accepting amino-acid residue (S or T,
in the single-letter amino-acid code) in all eight sites was
mutated to A (Cdc6-5/;P(1-8)A). When we replaced the
endogenous CD(6 gene with this mutant by plasmid
shuffle, we found that, when this was the only copy of
Cdcop, cells were viable, had apparently normal cell-
cycle kinetics and showed no evidence of re-replication,
as determined by flow cytometry, indicating that this
mutant Cdc6p protein is functional for regulated DNA
replication (Figure 1d). Both wild-type Cdc6p and
Cdcé-S/TP(l—S)A were degraded at the same rate in
a-factor-arrested cells (Figure 1le). Therefore, neither
Cdc28p nor any of the potential Cdk consensus sites in
Cdc6p are required for degradation of Cdc6p before
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Start. We designate this pre-Start degradation of Cdc6p as
‘mode 1°, which is independent of SCF and CIn—-Cdc28p.

This contrasts with the SCF-dependent degradation of
Cdc6p in nocodazole-arrested cells. Although the wild-
type Cdebp is rapidly degraded [29], Cdc6-5/P(1-8)A was
stabilised in these nocodazole-arrested cells (Figure 1f).
"T'herefore, one or more of the potential CdcZ28p phosphoryl-
ation sites is important for the degradation of Cdc6p
during mitosis.

Degradation of Cdcép in late G1 phase requires SCF

Although Cdc6p was degraded moderately rapidly in cells
arrested in either O factor or nocodazole, we have previ-
ously shown several lines of evidence that Cdc6p is much
more rapidly degraded during late G1/early S phase [29].
First, when Cdcbp is constitutively expressed from the
GAL1,10 promoter, it disappears soon after release from o
factor and does not appear again until later in the cell cycle,
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Cdc6p degradation in late G1 requires Cln activity. A logarithmically
growing culture of YLD38 cells (CLN1-34, MET-CLN2, GAL-CDC6)
was arrested in G1 by the addition of methionine. Cdc6p (arrow) was
induced for 45 min, following which the cells were released into the
cell cycle in methionine-free medium containing galactose. Samples
(lanes 1-10) were taken at the indicated times to determine the
budding index (upper panel), for FACS analysis (bottom panel) and to
be processed for immunoblotting (middle panel).

showing that Cdcobp cannot accumulate to high levels
during S phase even when it is transcribed at high levels.
Second, Cdc6p is so unstable in ¢dc7-arrested cells (late
G1) that we have not been able to determine a half life.
Finally, in hydroxyurea-arrested cells (early S phase), we
are unable to detect Cdcbp even when expressed from the
strong GAL1,10 promoter. In the absence of SCFEPC# func-
tion, however, Cdc6p is present at high levels and is stable
in hydroxyurea-arrested cells. Together, these experiments
indicate that Cdc6p is very rapidly degraded during late
Gl/early S phase by the SCF pathway. To examine the
role of SCF in this late Gl/early S phase degradation of
Cdc6p in unblocked cells, we exploited the fact that Cdc4p
is not essential for S-phase entry in cells in which $7C7 has
been deleted [15]. We arrested a culture of a cac4, SICIA
double mutant at 24°C and released the cells at 37°C to
inactivate Cdc4p. In the absence of SCFEPCH activity, the
rapid degradation of Cdc6p in late G1 did not occur and
Cdc6p continued to accumulate during the remainder of
the cell cycle (Figure 2a). The lower levels of Cdc6p at the
beginning of the experiment are likely to be due to the fact
that mode 1 degradation is active in the O-factor-arrested
cells and that induction of the GALZ,10 promoter is less
efficient at 37°C. Even when Cdc6p was expressed from
its own promoter, it was not degraded before S-phase entry
(Figure 2b) as it is in wild-type cells ([29] and see below).
Taken with results previously published, this shows that
the post-Start degradation of Cdc6p during late G1/early S
phase is dependent on SCFEPC4 We designate this rapid,
SCF-dependent degradation of Cdcop in late G1 as
‘mode 2’ and the less rapid SCF-dependent degradation
seen in nocodazole-arrested cells as ‘mode 3.

Mode 2 proteolysis requires Cin but not Clb5,6 activity

As this rapid Cdc6p destruction occurred after o-factor-
release and is, therefore, downstream of Start, we were
interested in testing the requirement for Cdc28p. To
begin to examine this, we arrested a population of cells
expressing Cdc6p from the GALZ,10 promoter in pre-Start
G1 by Cln depletion as above (Figure 1¢). Cdc6p could be
readily detected in these arrested cells (Figure 3, lane 1),
consistent with the experiment in Figure 1c. The culture
was then released from the G1 arrest by transferring to
methionine-free medium to induce Cln expression. This
medium also contained galactose to ensure continued
Cdc6p expression. After release and concomitant with
budding, Cdc6p disappeared and reappeared later in the
cell cycle (Figure 3, lanes 1-9). Therefore, activation of
CIn2-Cdc28p is sufficient to activate the rapid degrada-
tion of Cdc6p in late G1/early S phase.

SCF substrates, such as Siclp, must be phosphorylated in
order to be recognised for polyubiquitination. Therefore,
we determined whether the potential Cdk phosphorylation
sites on Cdcop were required for the rapid, SCF-dependent
degradation of Cdc6p downstream of Start. Cells containing



GAL~Cdc6-3/,P(1-8)A were arrested in a factor and released
into galactose-containing medium. Figure 4 shows that,
although the Sicl protein was rapidly degraded as buds
emerged in cells expressing either wild-type Cdc6p or
Cdc6-5/P(1-8)Ap, Cdc6-5/P(1-8)Ap was not rapidly
degraded as cells entered S phase. Thus, at least a subset of
Cdk sites is required for the rapid degradation of Cdc6p.

Clns drive S phase by promoting the accumulation of
B cyclin (Clb)-Cdc28p. This is accomplished in three
ways: by targeting the Clb—Cdc28p inhibitor Siclp for
degradation by the SCFCPC* pathway; by inactivating the
APC/C, thus stabilising the B cyclins; and by inducing
transcription of the first set of Clbs, Clb5 and CIb6. Thus,
Clns might trigger rapid Cdc6p degradation either directly
or indirectly, by activating CIb5 and CIb6, which in turn
might phosphorylate Cdc6p, targeting it for degradation.
These two possibilities can be distinguished because Clb5
and Clb6, which normally trigger the initiation of DNA
replication, are non-essential. In their absence, other Clbs
can support DNA replication. Nevertheless, because there
is a delay before other Clbs are activated, the onset of
DNA replication is significantly delayed in strains lacking
CIb5 and CIb6 (¢/b5,64). If rapid Cdcop degradation is trig-
gered by Clbs, then, in the absence of Clb5 and Clb6, rapid
degradation should either be alleviated or delayed until the
other Clbs are expressed. Alternatively, if Clns directly
target Cdc6p for degradation, rapid degradation should not
be delayed in the ¢/65,6A strain. In Figure 5a, cells express-
ing wild-type Cdcbp from the GAL 1,10 promoter in either
a wild-type or a ¢/65,6AA mutant background were arrested

Figure 4
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in G1 with a factor and released. Flow cytometry showed
that, as expected, entry into S phase was delayed by
approximately 45 minutes in the ¢/5,6A mutant whereas
budding (a Cln-, not Clb-, dependent process) occurred at
approximately the same time in the two strains.
Immunoblot analysis showed that rapid Cdcop degrada-
tion, like budding, occurred at the same time in the two
strains. Moreover, Cdcop degradation occurred at the same
time as Cln-dependent Siclp degradation. T'aken together
with the experiment shown in Figure 3, these results
demonstrate that the rapid degradation of Cdc6p at the
end of G1 phase is dependent on Clns but is not depen-
dent on CIb5 and CIb6.

The experiments described above used Cdcbp expressed
from the GAL/,10 promoter. We were interested in deter-
mining whether the degradation of Cdc6p expressed from
its own promoter was also independent of CIb5 and Clb6
activation. After cells are released from o factor arrest,
there is a burst of ¢DC6 transcription [23,33-35] and syn-
thesis [23,29] before entry into S phase. Therefore, we
examined Cdc6p levels after release from an o factor
arrest in either wild-type cells or a ¢/65,6A mutant contain-
ing just the endogenous CDC6 gene. Figure 5b shows that
both the appearance and disappearance of Cdcbp soon
after release from o factor occurred at the same time in the
wild type and in ¢/65,6A mutants. There was a delay in
Cdc6p appearance in the next cell cycle in the ¢/b5,6A
mutant. This was presumably due to a delay in entering
mitosis, in response to the delay in S-phase completion.
"T'his shows that the degradation of Cdc6p expressed from

The SP/TP motifs are required for rapid
degradation of Cdc6p in late G1.
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Figure 5
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Clb5 and Clb6 are not required for degradation of Cdc6p in late G1.
(a) Wild-type (WT; CLB5,6+, GAL-CDC®6) and YKL125 (clb5,64,
GAL-CDC6) cells were grown in YP medium containing galactose
(YP-Gal) and arrested in G1 with a factor. They were then released
into the cell cycle in YP-Gal. Samples were taken at the indicated
times for FACS analysis (left) and to be processed for immunoblotting
(right). (b) A similar experiment as in (a) was performed with wild-type
(CLB5,6+) and YKL124 (c/b5,64) cells. After release from an o factor
block in YPD, samples were taken at the times indicated for FACS
(bottom panels), to determine the budding index (upper panel) and to
be processed for immunoblotting (middle panels). Lanes 1-10 and
11-20 correspond to the times at which the samples were taken, in
10 min intervals from 0 to 90 min.

its own promoter occurs downstream of Start but does not
require activation by CIb5 and CIb6. Taken together,
these experiments show that mode 2 activation requires

Cln—Cdc28 but does not require Clb5 and Clbb6.

Pre-Start degradation of Cdc6p is inhibited by Cdc28p
In nocodazole-arrested cells, Cdcbp degradation was
entirely dependent on SCFCPC4, Thus, mode 1 appears to

be unable to degrade Cdc6p later in the cell cycle. We were,
therefore, interested in testing the possibility that mode 1 is
inhibited by Cdc28p. To begin to address this, we exploited
the fact that mode 1 was capable of rapidly degrading Cdc6-
S/TP(I—S)Ap while modes 2 and 3 were not. Figure 6a shows
that Cdc6-5/P(1-8)Ap was rapidly degraded in 4 cells
arrested at the restrictive temperature. As ¢de4 mutants
arrest with high levels of Cln-Cdc28p kinase, low levels of
Clb-Cdc28p kinase and inactive SCFCPC4 we conclude
that mode 1 is still active after Cln—-Cdc28p kinase activa-
tion but before Clb—Cdc28p kinase activation.

We next tested whether inactivation of Cdc28p later in
the cell cycle could activate mode 1. We arrested cells in
nocodazole then inactivated all forms of Cdc28p using the
temperature-sensitive @28 degron mutant [36,37]. This
treatment is sufficient to promote re-entry of Mcm4 into
the nucleus [36] and to promote the assembly of pre-RCs
at origins [13]. Figure 6b shows that, after Cdc28p inacti-
vation in nocodazole-arrested cells, both wild type and
Cdc6-5/P(1-8)Ap were degraded at the same rate. There-
fore, inactivation of Cdc28p promotes reactivation of
mode 1 degradation in mitosis.

Finally, we determined whether activation of Clb kinase is
sufficient to inactivate mode 1 degradation during G1. Cells
were arrested in d factor and CIb2A1-102 was expressed.
CIb2A1-102 is a form of Clb2 in which the destruction box,
required for APC/C-mediated degradation, has been
removed. Expression of Clb2A1-102 can induce S phase in
o-factor-arrested cells but does not induce budding, a Cln-
dependent phenomenon. Figure 6¢ shows that, after
Clb2A1-102 expression, Cdc6-S/TP(1—8)Ap became sta-
bilised relative to wild-type Cdc6p. Therefore, Clb expres-
sion is sufficient to inactivate mode 1 during G1.

Mode 1 cannot degrade Cdcép made in the previous

cell cycle

The finding that Cdc6p degradation before Start does not
require SCEF does not appear consistent with the results
of an experiment we previously published showing that
¢de4 mutant cells are defective in degrading Cdcop if
released from a nocodazole block into an a-factor block at
the restrictive temperature [29]. In this experiment,
Cdc6p, expressed from its own promoter, first appears in
both mutant and wild-type cells late in mitosis. Most of
the Cdc6p in wild-type cells is degraded soon afterwards.
In cde4 mutant cells however, Cdc6p levels do not signifi-
cantly decline. One possible explanation for this is that
Cdc6bp, which is synthesised before exit from mitosis, is
normally degraded by SCFCPC4 and cannot be degraded
by the mode 1 pathway. To test this, wild-type and cdc4
mutant cells containing GAL-CDC6 were first arrested in
mitosis with nocodazole in raffinose-containing medium,
transferred to 37°C for 15 minutes and galactose was then
added for a further 15 minutes to induce Cdc6p. The
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Clb—Cdc28 kinase inactivates mode 1 of
Cdc6p degradation. (a) cdc4-1 cells were
grown in YP-Raf at 24°C, blocked in G1 with a
factor and then transferred to 37°C in
YP-Raf,Gal for 30 min. The cells were
subsequently released into the cell cycle in
YP-Raf,Gal at 37°C, causing them to block at
the cdc4-1 restriction point; 2 h after release
from a factor, CDC6 expression was
repressed. Samples were taken and processed

for immunoblotting. The arrow indicates Cdc6p.

(b) Cells containing GAL-Ubr1/Cdc28-td
(YLD44 and YLD46) or GAL-Ubr1 alone
(YLD47 and YLD49) as a control were grown
in YP-Raf at 24°C and subsequently blocked in
G2 with nocodazole. Both Ubr1 and either
Cdc6p or Cdc6-5/;P(1-8)Ap were induced by
the addition of galactose. After 30 min, the
cultures were shifted to 37°C to inactivate
Cdc28p. After a further 30 min, Cdc6p or
Cdc6-5/;P(1-8)Ap expression was repressed.
Samples were taken at the time of
transcriptional repression and at the
subsequent times indicated and processed for
immunoblotting. Lane numbers correspond to
the times at the top of the immunoblot; arrows
indicate Cdc6p. (c) Strains containing
GAL-CLB2A1-102 and either GAL-CDC6
(YLD50) or GAL-CDC6-5/P(1-8)A (YLD51)
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were grown in YP-Raf and blocked with a
factor. Both CIb2A1-102p (lower arrows) and
Cdc6p or Cdc6-5/7P(1-8)Ap (upper arrows)
were induced by the addition of galactose.
After 30 min, expression of Cdc6p and

Cdc6-5/{P(1-8)Ap was repressed. Samples
were taken and processed for immunoblotting
(upper panels) and FACS analysis (lower
panels). Lane numbers correspond to the times
at the top of the immunoblot.

cells were then transferred to 37°C in medium lacking
nocodazole but containing glucose and o factor. Thus, a
pulse of Cdc6p was made in mitosis and its fate followed as
cells exited mitosis and entered G1. Figure 7a shows that,
while Cdc6p rapidly disappeared from wild-type cells, it
persisted in the ¢de4 mutant cells for a long period of time.

Although this suggests that mode 1 degradation cannot
operate on Cdcbp made in the previous cell cycle, it is also
possible that Cdc4p is required at some point between the
nocodazole-and O factor arrest to activate mode 1. To test
this, wild-type and c#e4 mutant cells were released from
the nocodazole block into o factor at 37°C as in Figure 7a
except that CDC6 transcription was transiently induced
after cells had passed through mitosis. Figure 7b shows
that, in contrast to Figure 7a, Cdc6p synthesised after cells
had passed through mitosis was rapidly degraded in the
cde4 mutant. This result is most consistent with the idea
that Cdc6p made before exit from mitosis must be
degraded by SCFCDPC4 and cannot be degraded by the
SCFCDPC4independent pre-Start mode of degradation.

Discussion

In this paper, we have defined three modes of Cdc6p prote-
olysis that can be distinguished on the basis of rates and cis-
and #ans-acting mutations. These are summarised in
Figure 8. Before Start, we found that Cdcop was degraded
through mode 1. Mode 1 degradation was moderately rapid

and characterised by two major features. First, it was inde-
pendent of SCF and APC/C and, second, it did not require
any of the potential Cdc28p phosphorylation sites in Cdc6p.
We do not know how mode 1 degradation works but,
Cdc6ANTp, a mutant in which the amino-terminal
47 amino acids of Cdc6p are deleted, was stable in G1-
arrested cells, arguing that signals required for mode 1
degradation reside in the amino terminus. Although the
experiments used to define mode 1 degradation presented
here involved expression of Cdc6p from the GAL 1,10 pro-
moter, our previous experiments showed that Cdc6p
expressed from its own promoter is synthesised and then
degraded during pre-Start G1 in wild-type cells ([29];
Figure 3a), showing that Cdc6p proteolysis is active during
pre-Start G1. Mode 2 degradation was extremely rapid and
characterised by the fact that it required SCFCPC4 and at
least some of the potential Cdc28p phosphorylation sites in
Cdcop. It is likely that this mode of degradation requires
multiple phosphorylation sites as neither Cdc6-5/.P(1-4)Ap
nor Cdc6-5/P(5-8)Ap was completely stable during S phase
(data not shown). Finally, later in the cell cycle, Cdc6p
degradation slowed down. 'This degradation remained
dependent on SCFCPC* and Cde28p phosphorylation sites.
Modes 2 and 3 differed not only in rate but also in the form
of Cdc28p kinase required for their activation (see below).

Each mode of Cdc6p degradation was regulated by Cdc28p.
Several lines of evidence suggest that SCF-independent
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CDC4 is required for the degradation of Cdc6p made in G2 but not
for the Cdc6p made in G1. (a) A pulse of Cdc6p was given in
mitosis to wild-type (WT, YLD15) and cdc4 (YLD16) cells (see text).
The cells were subsequently released into G1 at 37°C without
further Cdc6p expression. Samples were taken at the indicated times
to measure the budding index (upper panel) and to be processed for
immunoblotting (middle and lower panel). Lanes 1-9 and 10-18
correspond to the times at which the samples were taken, in 10 min
intervals from 0 to 80 min. (b) This experiment was performed in a
manner similar to that in (a) except that Cdc6 was induced for

30 min in G1 (a-factor block) at 37°C and then repressed rather
than in mitosis. Samples were taken at the time of repression and at
the indicated times to be processed for immunoblotting.

mode 1 degradation is inhibited by Cdc28p. First, wild-type
Cdcbp was almost completely stable in nocodazole-arrested
cells in which SCF had been inactivated. Second, Cdc6-
8/, P(1-8)Ap, which could be degraded by mode 1, was
considerably more stable in G2 than in G1. Third, expres-
sion of CIb2A1-102 in o-factor-arrested cells caused the
stabilisation of Cdc6-5/P(1-8)Ap. Finally, inactivation of
Cdc28p in mitosis-arrested cells caused Cde6-5/P(1-8)Ap
to become unstable. The inhibition of mode 1 by Cdc28p
appeared to be Clb specific as it was still active in cdc4-
arrested cells. We suggest that mode 1 becomes activated
when Clb-Cdc28p kinase is inactivated at the end of
mitosis. Mode 1 is then inactivated by one or more of the
Clb-Cdc28p kinases later in the cell cycle. At present we

inactivate modes 1 and 2 and activate mode 3.

do not know how Clb—Cdc28p inhibits mode 1 degrada-
tion. The fact that Cdc6-5/P(1-8)Ap, which presumably
cannot be phosphorylated by Cdc28p, is stable in mitosis
suggests that Cdc28p may be acting by inhibiting the
degradation machinery itself rather than through Cdc6p.
Nevertheless, the fact that wild-type Cdc6p made in the
previous cell cycle cannot be degraded during pre-Start G1
suggests that Cdc28p acts directly on Cdc6bp. It is possible
that Cdc28p inhibits mode 1 both by inhibiting the degra-
dation machinery and by modifying the substrate at a non-
consensus phosphorylation site. It is interesting to note
that, although human Cdc6 levels do not fluctuate dramati-
cally during the cell cycle, Cdc6p is degraded upon entry
into quiescence [24-26]. Perhaps this degradation occurs
by a pathway related to mode 1.

The rapid SCF-dependent mode 2 degradation of Cdc6p
was activated by Cln—Cdc28p kinase in late G1. As activation
of mode 2 degradation did not require CIb5 and Clb6 and
was not delayed in ¢/65,6 mutants, and as Cdc6-s/TP(1—8)Ap
was resistant to mode 2 degradation, we suggest that
CIn—-Cdc28p kinase acts directly on Cdcbp. Recent bio-
chemical analysis has suggested that CIb5-Cdc28p kinase
is more efficient than Cln2-Cdc28p kinase in promoting
SCFCEDC4_dependent polyubiquitination iz wvitro [27].



Our results 72 vivo clearly demonstrate that Clb5 and CIb6
are completely dispensable for timely degradation of
Cdc6p before S-phase entry. The reason for the discrep-
ancy is not clear but it is possible that some modification
of Cdc6p in addition to Cln-Cdc28p phosphorylation, or
some additional factor missing from the 7z vitro reactions,
is required for full activity of mode 2.

CD(C6 is transcribed at the end of mitosis in rapidly
growing cells; there is, however, also a burst of CDC6
transcription and synthesis after cells are released from a
G1 arrest [23,33-35] (see Figure 8). Interestingly,
although C'D(6 transcription occurs downstream of Start in
such conditions, it occurs well before the transcription of
CLNI and CLNZ. Our results suggest that this may be
important to allow time for Cdc6p to act in Mcm loading
before full Cln activation and rapid Cdc6p degradation.

As Cln activation must occur before Clb activation, our
results suggest that a cell’s capacity to form pre-RCs is
diminished — in this case by Cdc6p degradation — before,
not concomitant with, S-phase entry. The nuclear localisa-
tion of Mcm proteins is regulated in a similar manner [36].
Mcm4 becomes excluded from the nucleus as it is displaced
from chromatin during S phase. Mcm4 which is not chro-
matin bound is, however, exported much earlier, at the end
of G1 phase. This exclusion of the free Mcm proteins
requires active Cln-Cdc28p kinase but, like mode 2 degra-
dation, is not delayed in the ¢/05,6 mutant. Together, these
results suggest that CIn—-Cdc28p acts through several inde-
pendent pathways to downregulate pre-RC assembly, inde-
pendent of its ability to promote S phase via Clb activation.

Many details of Cdcop proteolysis are unresolved. What
factors are involved in mode 1 degradation? Do the
different modes of degradation target different pools of
Cdc6p (for example, chromatin-bound versus free Cdcop,
nuclear versus cytoplasmic, etc.)? What is the functional
significance of degrading different pools of Cdc6p? The
results presented here provide a framework for under-
standing the proteolysis of this key cell-cycle regulator.

Materials and methods

Strains and media

The strains (see Supplementary material) were all derived from W303-1a.
Cell cycle blocks with nocodazole or o factor were as previously
described [3]. FACS analysis was as previously described [38]. The
strains YLD52 and YLD53 contain a single copy of CDC6 or
CDC6-5/P(1-8)A (for a description of this allele, see below) under the
control of the GAL1,70 promoter and were made by plasmid shuffle [39]
in a strain in which the endogenous CDC6 gene was deleted.

Plasmid constructs

The plasmids containing GAL7,70-CDC6 have been described previ-
ously [29]. To make the GAL7,10-CDC6-5/;P(1-8)A allele, site-
directed mutagenesis was performed using a QuikChangel
site-directed mutagenesis kit (Stratagene).The starting template was
GAL1,10-CDC6 in pRS303 [40] and sites were mutated sequentially
with the oligonucleotide primers listed in the Supplementary material. The
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final product was sequenced to ensure that only the directed mutations
were present. The fragment containing GAL1,10-CDC6-5/:P(1-8)A
was subsequently subcloned using flanking Notl and Sall restriction sites
in the polylinker into the same acceptor sites in pRS303 (pLD14) and
pRS306 (pLD15). The construct expressing GAL1,10-CLB2-Myc will
be described elsewhere (K. Bousset, personal communication). The
construct expressing GAL1,70-CLB2A1-102 (pKB19) was made by
subcloning a fragment containing GAL7,10-CLB2A1-102 from
pKL145 [36] into pRS304.

GAL1,10 promoter induction, repression and protein

stability experiments.

For induction of the GAL7,70 promoter, cells were grown in YP
medium containing raffinose as a carbon source, or synthetic medium
containing sucrose. Galactose was added to a final concentration of
2%. The time of induction was generally 30 minutes but, in the case of
cells grown in sucrose, the induction period was 45 minutes. Transcrip-
tional repression was achieved by the addition of glucose to a final
concentration of 2% to the cell suspension. At the same time, cyclo-
heximide was added to a final concentration of 1 mg/ml to prevent
further translation of any mRNA.

Cell extracts and immunoblotting

Protein extracts from harvested yeast cells were made by TCA precipi-
tation after glass bead lysis [41]. Immunoblots were performed as
described [29]. Detection of Sic1p was with a polyclonal antibody (a
gift from L. Johnston), and detection of Myc-tagged Clb2 and Clb2A1-
102p was with 9E10. After processing for immunoblotting, the mem-
brane was stained with amido black [32,42] to detect total proteins
and ensure equal sample loading and even transfer from the polyacryl-
amide gel to the membrane.

Supplementary material

Two tables listing the genotypes of the strains used in this study and
oligonucleotide primers used for site-directed mutagenesis are avail-
able at http://current-biology.com/supmat/supmatin.htm.

Acknowledgements

We gratefully acknowledge discussions with Karim Labib and we thank
Karim and Takashi Toda for reading this manuscript. We thank Lee Johnston
for the gift of anti-Sic1p antibody.

References

1. Leatherwood J: Emerging mechanisms of eukaryotic DNA
replication initiation. Curr Opin Cell Biol 1998, 10:742-748.

2. Donaldson AD, Blow JJ: The regulation of replication origin
activation. Curr Opin Genet Dev 1999, 9:62-68.

3. Diffley JFX, Cocker JH, Dowell SJ, Rowley A: Two steps in the
assembly of complexes at yeast replication origins in vivo. Cell
1994, 78:303-316.

4. Dahmann C, Diffley JFX, Nasmyth KA: S-phase-promoting cyclin-
dependent kinases prevent re-replication by inhibiting the transition
of origins to a pre-replicative state. Curr Bio/ 1995, 5:1257-1269.

5. Piatti S, Bohm T, Cocker JH, Diffley JFX, Nasmyth K: Activation of
S-phase promoting CDKs in late G1 defines a ‘point of no return’
after which Cdc6 synthesis cannot promote DNA replication in
yeast. Genes Dev 1996, 10:1516-1531.

6. Cocker JH, Piatti S, Santocanale C, Nasmyth K, Diffley JFX: An
essential role for the Cdc6 protein in forming the pre-replicative
complexes of budding yeast. Nature 1996, 379:180-182.

7. Liang C, Stillman B: Persistent initiation of DNA replication and
chromatin-bound MCM proteins during the cell cycle in cdc6
mutants. Genes Dev 1997, 11:3375-3386.

8. Aparicio OM, Weinstein DM, Bell SP: Components and dynamics of
DNA replication complexes in S. cerevisiae: redistribution of MCM
complexes and Cdc45p during S phase. Cel// 1997, 91:59-69.

9. Detweiler CS, Li JJ: Cdc6p establishes and maintains a state of
replication competence during G1 phase. J Cell Sci 1997,
110:753-763.

10. Santocanale C, Diffley JFX: ORC- and Cdc6-dependent complexes
at active and inactive chromosomal replication origins in
Saccharomyces cerevisiae. EMBO J 1996, 15:6671-6679.



240 Current Biology Vol 10 No 5

20.

21.

22.

23.

24,

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

Donovan S, Harwood J, Drury LS, Diffley JFX: Cdc6-dependent
loading of Mcm proteins onto pre-replicative chromatin in
budding yeast. Proc Nat/ Acad Sci USA 1997, 94:5611-5616.
Tanaka T, Knapp D, Nasmyth K: Loading of an Mcm protein onto
DNA-replication origins is regulated by Cdc6p and CDKs. Cel/
1997, 90:649-660.

Noton EA, Diffley JFEX: CDK inactivation is the only essential function
of the anaphase promoting complex and the mitotic exit network
proteins for origin resetting during mitosis. Mo/ Cell 2000, 5:85-95.
Detweiler CS, Li JJ: Ectopic induction of Clb2 in early G1 phase is
sufficient to block prereplicative complex formation in
Saccharomyces cerevisiae. Proc Natl Acad Sci USA 1998,
95:2384-2389.

Schwob E, Bohm T, Mendenhall MD, Nasmyth K: The B-type cyclin
kinase inhibitor p40S/C? controls the G1 to S transition in

S. cerevisiae. Cell 1994, 79:233-244.

Kelly TJ, Martin GS, Forsburg SL, Stephen RJ, Russo A, Nurse P: The
fission yeast cdc18+* gene product couples S phase to START and
mitosis. Cell 1993, 74:371-382.

Jallepalli PV, Kelly TJ: Rum1 and Cdc18 link inhibition of
cyclin-dependent kinase to the initiation of DNA replication in
Schizosaccharomyces pombe. Genes Dev 1996, 10:541-552.
Brown GW, Jallepalli PV, Huneycutt BJ, Kelly TJ: Interaction of the
S phase regulator cdc18 with cyclin-dependent kinase in fission
yeast. Proc Natl Acad Sci USA 1997, 94:6142-6147.

Muzi-Falconi M, Brown GW, Kelly TJ: Cdc18* regulates initiation of
DNA replication in Schizosaccharomyces pombe. Proc Natl Acad
Sci USA 1996, 93:1566-1570.

Lopez-Girona A, Mondesert O, Leatherwood J, Russell P: Negative
regulation of cdc18 DNA replication protein by cdc2. Mo/ Biol Cell
1998, 9:63-73.

Nishitani H, Nurse P: p65°9c’8 plays a major role controlling the
initiation of DNA replication in fission yeast. Ce/l 1995,
83:397-405.

Greenwood E, Nishitani H, Nurse P: Cdc18p can block mitosis by
two independent mechanisms. J Cell Sci 1998, 111:3101-3108.
Piatti S, Lengauer C, Nasmyth K: Cdc6 is an unstable protein whose
de novo synthesis in G1 is important for the onset of S phase and
for preventing a ‘reductional’ anaphase in the budding yeast
Saccharomyces cerevisiae. EMBO J 1995, 14:3788-3799.

Williams RS, Shohet RV, Stillman B: A human protein related to
yeast Cdc6p. Proc Natl Acad Sci USA 1997, 94:142-147.

Stoeber K, Mills AD, Kubota Y, Krude T, Romanowski P, Marheineke
K, et al.: Cdc6 protein causes premature entry into S phase in a
mammalian cell-free system. EMBO J 1998, 17:7219-7229.
Williams GH, Romanowski P, Morris L, Madine M, Mills AD, Stoeber K,
et al.: Improved cervical smear assessment using antibodies
against proteins that regulate DNA replication. Proc Nat/ Acad Sci
USA 1998, 95:14932-14937.

Elsasser S, Chi Y, Yang P, Campbell JL: Phosphorylation controls
timing of Cdc6p destruction: a biochemical analysis. Mo/ Biol Cell
1999, 10:3263-3277.

Kominami K, Toda T: Fission yeast WD-repeat protein pop1
regulates genome ploidy through ubiquitin-proteasome-mediated
degradation of the CDK inhibitor Rum1 and the S-phase initiator
Cdc18. Genes Dev 1997, 11:1548-1560.

Drury LS, Perkins G, Diffley JFX: The Cdc4/34/53 pathway targets
Cdc6p for proteolysis in budding yeast. EMBO J 1997,
16:5966-5976.

Peters JM: SCF and APC: the yin and yang of cell cycle regulated
proteolysis. Curr Opin Cell Biol 1998, 10:759-768.

Amon A, Imiger S, Nasmyth K: Closing the cell cycle circle in yeast:
G2 cyclin proteolysis initiated at mitosis persists until the activation
of G1 cyclins in the next cycle. Cell 1994, 77:1037-1050.

Godinho Ferreira M, Santocanale C, Drury LS, Diffley JFX: Dbf4p, an
essential S phase promoting factor, is targeted for degradation by
the anaphase promoting complex. Mo/ Cell Biol 2000, 20:242-248.
Mclnerny CJ, Partridge JF, Mikesell GE, Creemer DP, Breeden LL:

A novel Mcm1-dependent element in the SWI4, CLN3, CDC6, and
CDC47 promoters activates M/G1-specific transcription. Genes
Dev 1997, 11:1277-1288.

Zwerschke W, Rottjakob H-W, Kiintzel H: The Saccharomyces
cerevisiae CDC6 gene is transcribed at late mitosis and encodes
a ATP/GTPase controlling S phase initiation. J Bio/ Chem 1994,
269:23351-23356.

Zhou C, Jong A: CDC6 mRNA fluctuates periodically in the yeast
cell cycle. J Biol Chem 1990, 265:19904-19909.

36.

37.

38.

39.

40.

41.

42.

Labib K, Diffley JFX, Kearsey SE: G1-phase and B-type cyclins
exclude the DNA-replication factor Mcm4 from the nucleus. Nat
Cell Biol 1999, 1:415-422,

Dohmen RJ, Wu P, Varshavsky A: Heat-inducible degron: a method
for constructing temperature-sensitive mutants. Science 1994,
263:1273-1276.

Santocanale C, Neecke H, Longhese MP, Lucchini G, Plevani P:
Mutations in the gene encoding the 34 kDa subunit of yeast
replication protein A cause defective S phase progression. J Mo/
Biol 1995, 254:595-607.

Boeke JD, LaCroute F, Fink GR: A positive selection for mutants
lacking orotidine-5'-phosphate decarboxylase activity in yeast:
5-fluoro-orotic acid resistance. Mo/ Gen Genet 1984, 197:345-346.
Sikorski RS, Hieter P: A system of shuttle vectors and yeast host
strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiae. Genetics 1989, 122:19-27.

Foiani M, Marini F, Gamba D, Lucchini G, Plevani P: The B subunit of
the DNA polymerase alpha-primase complex in Saccharomyces
cerevisiae executes an essential function at the initial stage of
DNA replication. Mo/ Cell Biol 1994, 14:923-933.

Harlow E, Lane D: Antibodies: A Laboratory Manual. Cold Spring
Harbor: Cold Spring Harbor Laboratory Press; 1988.

Because Current Biology operates a ‘Continuous Publication
System’ for Research Papers, this paper has been published
on the internet before being printed. The paper can be
accessed from http://biomednet.com/cbiology/cub - for
further information, see the explanation on the contents page.



