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Firing of replication origins frees Dbf4-Cdc7 to target Eco1 for 
destruction

Agustin I. Seoane and David O. Morgan*

Departments of Physiology and Biochemistry & Biophysics, University of California, San 
Francisco, CA 94158, USA

Summary

Robust progression through the cell-division cycle depends on the precisely ordered 

phosphorylation of hundreds of different proteins by cyclin-dependent kinases (CDKs) and other 

kinases. The order of CDK substrate phosphorylation depends on rising CDK activity, coupled 

with variations in substrate affinities for different CDK-cyclin complexes and the opposing 

phosphatases [1–4]. Here we address the ordering of substrate phosphorylation by a second major 

cell-cycle kinase, Cdc7-Dbf4 or Dbf4-dependent kinase (DDK). The primary function of DDK is 

to initiate DNA replication by phosphorylating the Mcm2-7 replicative helicase [5–7]. DDK also 

phosphorylates the cohesin acetyltransferase, Eco1 [8]. Sequential phosphorylations of Eco1 by 

CDK, DDK, and Mck1 create a phosphodegron that is recognized by the ubiquitin ligase SCFCdc4. 

DDK, despite being activated in early S phase, does not phosphorylate Eco1 to trigger its 

degradation until late S phase [8]. DDK associates with docking sites on loaded Mcm double 

hexamers at unfired replication origins [9, 10]. We hypothesized that these docking interactions 

sequester limiting amounts of DDK, delaying Eco1 phosphorylation by DDK until replication is 

complete. Consistent with this hypothesis, we find that overproduction of DDK leads to premature 

Eco1 degradation. Eco1 degradation also occurs prematurely if Mcm complex loading at origins is 

prevented by depletion of Cdc6, and Eco1 is stabilized if loaded Mcm complexes are prevented 

from firing by a Cdc45 mutant. We propose that the timing of Eco1 phosphorylation, and 

potentially that of other DDK substrates, is determined in part by sequestration of DDK at unfired 

replication origins during S phase.
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Results

Eco1 degradation coincides with the rise in Dbf4 levels

In the budding yeast, Saccharomyces cerevisiae, Eco1 is regulated by an unusually complex 

mechanism that promotes Eco1 degradation via the ubiquitin ligase SCFCdc4 [8, 11]. To 

create a diphosphodegron motif that is recognized by the Cdc4 subunit of SCFCdc4, Eco1 is 

phosphorylated in sequence by 3 different protein kinases. First, Cdk1 phosphorylates serine 

99. This primes the protein for phosphorylation at an adjacent site (S98) by DDK, which 

primes Eco1 for phosphorylation at T94 by a third kinase, Mck1 (a homolog of GSK-3 in S. 
cerevisiae). Phosphorylation by Mck1 results in a diphosphorylated sequence (pT94-x-x-x-

pS98) that is recognized by Cdc4, resulting in ubiquitination by SCFCdc4 and destruction by 

the proteasome (Figure 1A) [8, 11].

Eco1 is degraded in late S phase, despite the fact that all the kinases that regulate it are 

active at the beginning of S phase. Previous work [8] demonstrated that Cdk1-dependent 

phosphorylation of S99 occurs in late G1 or early S phase, but subsequent phosphorylation 

by DDK is delayed until late S phase. A mutation in Eco1 (ΔN97) that allows degradation in 

the absence of DDK leads to its degradation in early S phase. Thus DDK, despite being 

active in early S phase, does not target Eco1 until late S phase.

In our previous work [8, 11], the timing of Eco1 degradation in the cell cycle was estimated 

by western blotting of lysates from cells released from a G1 arrest. Here, we extended this 

analysis to determine the timing of Eco1 degradation relative to that of the DDK activator, 

Dbf4. A yeast strain expressing Eco1-TAP and Dbf4-6HA at endogenous loci was arrested 

in G1 with alpha factor mating pheromone and then released (Figure 1B). As seen 

previously, Eco1 levels rose as the cell entered the cell cycle (as indicated by budding) and 

peaked about 30 minutes after release, after which its levels declined gradually before rising 

again after mitosis. Dbf4 levels began to rise at cell-cycle entry and peaked after 60 minutes.

To more precisely determine the timing of Eco1 degradation, we used a single-cell method 

to monitor Eco1 levels during a normal cell cycle. For comparison, we analyzed Dbf4 levels 

as in our previous work [12]. Eco1 or Dbf4 were each tagged at the endogenous locus with a 

C-terminal eGFP. Analysis of eGFP-tagged proteins provides an accurate measure of the 

timing of degradation; however, because eGFP requires 15–30 minutes to fold, the rise in 

fluorescence signal from these proteins is delayed relative to the synthesis of the protein [13, 

14]. A spindle pole body (SPB) component, Spc42, was tagged in these strains with a C-

terminal mCherry. SPB behavior provides a way to track the timing of events during the cell 

cycle: the SPB is duplicated in early S phase, and the two SPBs separate to initiate spindle 

assembly in early mitosis. The SPBs then separate further as the spindle elongates at 

anaphase, which coincides with segregation of sister chromatids [12, 15–17]. Initial SPB 

separation occurs at about the time that S phase is completed [18, 19].

Our single-cell analysis revealed that Eco1-GFP reached peak levels about 10 minutes 

before SPB separation and began to decline at the same time as SPB separation (Figure 1C 

and 1D). Thus, the onset of Eco1 degradation coincides roughly with the completion of S 

phase and initiation of mitosis. As seen in our previous work [12], Dbf4-GFP levels peaked 
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after SPB separation and then declined rapidly 30 minutes after SPB separation (Figure 1C 

and 1D), due to its APC/CCdc20-mediated degradation. Thus, Eco1 levels declined at about 

the time that Dbf4 reached maximal levels. Note that in the single-cell assay, as in the 

western blotting results, Eco1 levels dropped gradually relative to the steep decline of the 

APC/C substrate Dbf4.

High levels of Dbf4 cause DDK to target Eco1 more efficiently

The delay in Eco1 degradation until late S phase could be due to a combination of factors: 

Dbf4 levels are initially low in early S phase, and DDK could be sequestered by the 

abundant Mcm double hexamers loaded at licensed origins. To directly test whether Dbf4 is 

limiting during S phase, we analyzed Eco1 degradation timing in cells overexpressing a 

stabilized Dbf4 mutant lacking its amino-terminal APC/C recognition sequences (ΔN2-64) 

[20].

We expressed 3HA-ΔN-DBF4 from the galactose-inducible GAL1 promoter and analyzed 

Eco1 levels in cells released from a G1 arrest in galactose-containing medium. In wild-type 

cells, growth in galactose reduced the amount of Eco1 in G1-arrested cells and also delayed 

cell cycle entry, such that Eco1 levels peaked 40–50 minutes after release (Figure 2, top 

panel). In cells with overexpressed Dbf4, Eco1 levels were very low and peaked about 30 

minutes after release from G1, at about the time of early S phase (Figure 2, bottom panel; 

Figure S1). Overall, the levels of Eco1 were significantly reduced throughout the cell cycle. 

These results suggest that phosphorylation of Eco1 is normally restrained by limiting Dbf4 

levels in S phase.

Eco1 degradation is not dependent on nuclear export of Mcms or disassembly of the 
replication complex

Although Dbf4 is limiting for Eco1 phosphorylation during early S phase, there is clearly 

sufficient kinase activity to target Mcm2-7 complexes at early replication origins. A 

potential explanation is that the small amount of DDK is docked on loaded Mcm double 

hexamers at replication origins, thereby preventing DDK from phosphorylating Eco1. It is 

also possible that DDK interacts with Mcm2-7 complexes that exist in solution. We tested 

this possibility by measuring the timing of Eco1 degradation in cells with abnormally high 

levels of Mcm2-7 complexes in the nucleus.

Soluble Mcm2-7 complexes are exported from the nucleus during S phase, greatly reducing 

their nuclear concentration. To artificially maintain Mcm2-7 complex levels in the nucleus, 

we used a previously described Mcm2 subunit carrying two extra nuclear localization 

sequences in its C-terminal region. This mutation makes all Mcm proteins constitutively 

nuclear throughout S phase [21]. We used fluorescence microscopy to track single cells (as 

in Figure 1C, D) containing Eco1-GFP with or without the Mcm2-2xNLS mutation. We also 

analyzed an Mcm2-GFP-2xNLS-expressing strain to verify that this mutant protein remains 

in the nucleus throughout the cell cycle (data not shown). The timing of Eco1 degradation 

was not affected by high levels of Mcm2-7 complexes in the nucleus, arguing that high 

levels of soluble Mcm2-7 complexes do not prevent DDK from targeting Eco1 (Figure 3A).
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We next tested whether Mcm2-7 single hexamers on DNA sequester DDK activity and 

thereby delay Eco1 phosphorylation. We depleted cells of the F-box protein Dia2, which is 

required for the disassembly of the replication fork CMG (Cdc45-Mcm-GINS) complex 

when replication is completed [22, 23]. In the absence of Dia2, Mcm2-7 single hexamers 

and other CMG components remain associated with chromatin. We found that depletion of 

Dia2 had no effect on Eco1 levels or degradation timing (Figure 3B). These results suggest 

that DDK is not sequestered away from Eco1 by interactions with soluble Mcm2-7 or with 

single hexamers at the replication fork.

Preventing Mcm2-7 loading allows premature Eco1 degradation

Numerous lines of evidence suggest that DDK docks primarily to the double-hexamer 

Mcm2-7 complex that is loaded at unfired origins of replication, and DDK does not interact 

productively with Mcm2-7 complexes in solution or with Mcm single hexamers after origin 

firing [9, 10]. Further evidence [9, 24–29] supports the idea that DDK is targeted to licensed 

origins by interacting with a compound docking site that is formed by the double Mcm2-7 

hexamer. Since the majority of origins in yeast do not fire until the middle of S phase [30], 

we hypothesized that Eco1 is not phosphorylated until late S phase because DDK is 

restrained before then by its docking interactions at origins. We tested this hypothesis by 

disrupting the timing of Mcm complex loading and origin firing.

The protein Cdc6 collaborates with the Origin Recognition Complex (ORC) during G1 to 

load Mcm complexes on origin DNA [31–33]. In the absence of Cdc6, Mcm complexes are 

not loaded, and the cell enters the cell cycle but fails to initiate DNA replication, eventually 

arresting in mitosis due to a spindle assembly checkpoint response. We reasoned that the 

absence of loaded Mcm complexes would prevent sequestration of DDK, allowing it to 

phosphorylate Eco1 and thereby trigger premature Eco1 degradation. We depleted yeast 

cells of Cdc6 by placing CDC6 under the control of the GAL1 promoter and shutting off 

transcription by growth in glucose medium prior to G1 arrest [34, 35]. Strikingly, in cells 

depleted of Cdc6, Eco1 levels remained very low and peaked early, 20 minutes after G1 

release (Figures 4A, S2A). Thus, when the Mcm complex is not loaded at replication 

origins, DDK is able to target Eco1 upon entry into S phase.

We devised a complementary experiment in a strain in which the Mcm complex is loaded 

but held in the inactive double-hexamer form at origins when the cell enters S phase. If these 

complexes sequester DDK away from Eco1, then preventing Mcm activation should reduce 

the rate of Eco1 degradation. For this purpose, we depleted cells of Cdc45, which is required 

for the recruitment of Sld3, GINS, and ultimately for the firing of origins [36–39]. CDC45 
was placed under the control of the GAL1 promoter, and its expression was repressed by 

growth in glucose medium prior to G1 arrest. Upon release from G1 in cells lacking Cdc45, 

Eco1 rose to abnormally high levels, and its degradation was greatly delayed (Figures 4B, 

S2B). These results are consistent with our hypothesis that in wild-type cells, DDK is 

sequestered during S phase by unfired origins and is therefore unable to target Eco1.

Following depletion of CDC6 or CDC45, Dbf4 levels rose normally and gradually 

accumulated to high levels, presumably due to the spindle assembly checkpoint response 
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(Figure S2). Thus, abnormal Eco1 levels in these experiments were not the indirect result of 

changes in the amounts of Dbf4.

Our previous work showed that DNA damage increases Eco1 stability, due to inhibitory 

Rad53-dependent phosphorylation of Dbf4 [8, 40]. Mutation of the phosphorylation sites 

(the Dbf4-m25 mutant) prevents Eco1 stabilization by DNA damage. It was therefore 

possible that Eco1 stabilization in cells lacking Cdc45 was due to DNA damage. However, 

Eco1 was stabilized following CDC45 shutoff in the dbf4-m25 mutant strain, suggesting that 

stabilization is not due to a DNA damage response (Figure S3).

Discussion

For a cell to divide successfully, a series of carefully orchestrated events must occur at the 

correct time and in the correct sequence. The timing of cell-cycle events depends in large 

part on the timing of phosphorylation of numerous proteins that govern those events. Here 

we explored the mechanism underlying the unusual late S-phase timing of Eco1 

phosphorylation by DDK. Our results argue that sequestration of DDK by unfired 

replication origins limits DDK activity toward Eco1 until late S phase.

The essential function of Eco1 is to acetylate the cohesin subunit Smc3 during S phase to 

ensure proper sister-chromatid cohesion [41–43]. Premature Eco1 degradation can cause 

lethal defects in chromosome segregation, whereas stabilization of Eco1 beyond S phase 

leads to levels of cohesion that can delay anaphase progression [11]. Thus, there is an 

optimal S-phase window during which Eco1 must act. However, because Eco1 degradation 

is triggered by the same kinase that triggers DNA replication, achieving the optimal window 

of Eco1 function requires a mechanism to keep the kinase away from Eco1 until replication 

is complete. Our results suggest a possible mechanism.

This mechanism depends on quantitative features of the system. There are several hundred 

origins of replication in S. cerevisiae [30, 44–48], resulting in several hundred loaded double 

Mcm hexamers in early S phase. Recent global studies suggest that there are roughly 25 

molecules/cell of Dbf4 and 66 molecules/cell of Eco1 [49]. Western blotting also suggests 

that Dbf4 amounts are far lower than the number of origins [50]. Thus, Mcm double 

hexamers greatly outnumber DDK complexes. In addition, docking interactions between 

DDK and the Mcm double hexamer enhance binding and kinase activity [26, 27]. 

Considering these factors, it seems likely that Dbf4-Cdc7 is occupied primarily with Mcm 

complexes at unfired origins during S phase. Once S phase nears completion and the number 

of loaded Mcm double hexamers declines, rising levels of Dbf4 (and DDK activity) would 

then be free to target Eco1.

Eco1 is thought to interact with the clamp loader PCNA at the replication fork [51]. It is 

conceivable that this interaction, which depends on a putative PCNA-Interacting-Protein box 

(PIP box), places Eco1 within range of DDK during early S phase. However, we found that 

mutation of the PIP box does not affect the timing of Eco1 degradation (data not shown).

Our evidence supports a novel mechanism for timing phosphorylation events at the end of S 

phase. This cell cycle transition is not governed by a major regulatory switch like those that 
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trigger progression through Start, the G2/M transition, or the metaphase-anaphase transition. 

This mechanism might provide a way to time the phosphorylation of other DDK targets 

involved in later cell-cycle functions. There is evidence that DDK activity helps control 

other cell-cycle processes, including homologous recombination in meiosis [52–54] and 

rDNA segregation in mitosis [20]. We speculate that the timing of these and other DDK-

dependent processes might be governed, at least in part, by the mechanisms we describe.

STAR METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Peroxidase Anti-Peroxidase (PAP) Soluble Complex Antibody, 
Rabbit

Sigma Cat# P1291; 
RRID: 
AB_1079562

Mouse monoclonal anti-HA (clone 12CA5) Roche Cat# 
11583816001; 
RRID: AB_514505

Mouse monoclonal anti-Pgk1 (clone 22C5D8) Invitrogen Cat# 459250

Rabbit polyclonal anti-Clb2 (y-180) Santa Cruz Biotech Cat# sc-9071

Goat polyclonal anti-Dbf4 (yN-15) Santa Cruz Biotech Cat# sc-5705

Donkey anti-goat HRP-linked secondary antibody Santa Cruz Biotech Cat# sc-2020

Sheep anti-mouse HRP-linked secondary antibody GE Healthcare Cat# NA931; 
RRID: AB_772210

Donkey anti-rabbit HRP-linked secondary antibody GE Healthcare Cat# NA934; 
RRID: AB_772206

Chemicals, Peptides, and Recombinant Proteins

Yeast Extract BD Biosciences Cat# 212720

Peptone BD Biosciences Cat# 211820

Dextrose US Biological Cat# G3050

Galactose US Biological Cat# G1030

Alpha Factor Peptide Sigma Cat# T6901

Concanamycin A Sigma Cat# C9705

SuperSignal West Dura Extended Duration Substrate ThermoFisher Cat# 34075

Experimental Models: Organisms/Strains

WT S288C (BY4741): MATa, his3Δ1, ura3Δ0, leu2Δ0, met15Δ0, 
bar1+

ATCC 201388

ECO1-TAP:HIS3 MATa Lab strain DOM1091

ECO1-TAP:HIS3 DBF4-6HA:natN2 MATa This work AS033

ECO1-TAP:HIS3 natN2:pGAL-3HA-(Δ2-64)DBF4 MATa This work AS027

ECO1-GFP:kanMX SPC42-mCHERRY:URA3 MATa This work AS030

DBF4-GFP:kanMX SPC42-mCHERRY:URA3 MATa This work AS036

ECO1-GFP:kanMX SPC42-mCHERRY:URA3 MCM2-2xNLS:HIS3 
MATa

This work AS037

ECO1-TAP:HIS3 natN2:pGAL-3HA-DIA2 MATa This work AS040

ECO1-TAP:HIS3 natN2:pGAL-3HA-CDC6 MATa This work AS006
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REAGENT or RESOURCE SOURCE IDENTIFIER

ECO1-TAP:HIS3 natN2:pGAL-3HA-CDC45 MATa This work AS020

ECO1-TAP:HIS3 dbf4-m25::LEU2::dbf4Δ::KanMx MATa Lab strain DOM1196

ECO1-TAP:HIS3 dbf4-m25::LEU2::dbf4Δ::KanMx 
natN2:pGAL-3HA-CDC45 MATa

This work AS029

Oligonucleotides

Primers for PCR-based gene modification (see Table S1) This work N/A

Software and Algorithms

MATLAB 5.0 MathWorks N/A

ImageJ 1.7 https://imagej.nih.gov/ij/ N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, David Morgan (david.morgan@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All strains were derivatives of the S288C strain BY4741 and are listed in the Key Resources 

Table. All strains were constructed by conventional PCR-based homologous recombination 

techniques [55, 56], using oligonucleotide primers listed in Table S1. For most experiments, 

cells were grown in Yeast Peptone Dextrose (YPD; 1.0% yeast extract, 2.0% peptone, 2.0% 

dextrose). For experiments involving galactose-induced gene expression, cells were grown in 

Yeast Extract Peptone (YEP; 1.0% yeast extract, 2.0% peptone) supplemented with either 

2.0% dextrose or 2.0% galactose. For all experiments, cells were grown at 30°C and 

progressed through a minimum of two doubling times in log phase before any experiments 

were performed.

METHOD DETAILS

Cell Cycle Time Courses—For cell cycle experiments, cells were arrested in G1 with 15 

μg/ml alpha factor (Sigma). Cells grown in the presence of dextrose were arrested for 3 hr, 

and G1 arrest was verified by light microscopy (>95% shmoo). Cells grown in the presence 

of galactose were arrested for 4 hr and verified by light microscopy (>95% shmoo). To 

completely shut off pGAL1-3HA-CDC6 expression, cells were first grown in 2% galactose 

media and then arrested in alpha factor for 4 hr. Cells were released and after 40 min were 

harvested and resuspended in 2% dextrose media and alpha factor. After 3 hr, cells were 

released, and samples were taken every 10 min.

Western blotting—Samples were run on 10% SDS-PAGE gels for 60 min at 180V. 

Proteins were transferred to nitrocellulose at 4°C for 60 min at 300 mA. Nitrocellulose was 

blocked in 5% milk in TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween-20) 

for 30 min. For detection of Eco1-TAP, membranes were incubated with Peroxidase Anti-

Peroxidase complex (PAP) (P1291, Sigma, 1:10,000). Other antigens were detected as 

indicated with anti-HA (12CA5, Roche, 1:2500), anti-Pgk1 (22C5D8, Invitrogen 1:15,000), 

anti-Clb2 (y-180, Santa Cruz Biotech, 1:400), or anti-Dbf4 (yN-15, Santa Cruz Biotech, 
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1:300). Blots were then incubated with secondary anti-mouse or anti-rabbit antibodies 

coupled to horseradish peroxidase (HRP) (GE Healthcare, 1:10,000), except the anti-Dbf4 

blot, which was incubated with HRP-linked anti-goat secondary antibody (Santa Cruz 

Biotech, 1:35,000). West Dura enhanced chemiluminescence (ECL) substrate (GE 

Healthcare) was added to each blot for 60 s and wicked off, followed by film exposure in a 

darkroom.

For time courses in which two strains were compared (Figs 2–4), the two cultures were 

grown in parallel, and samples from the two strains were analyzed on two polyacrylamide 

gels run in parallel and transferred to nitrocellulose in the same transfer apparatus. The 

nitrocellulose was cut into strips for each antigen, and the two strips for each antigen were 

incubated in the same dish with primary and then secondary antibodies, and then incubated 

with ECL reagent together and exposed to the same piece of film. For some experiments 

(Figures S1–S3), samples from two strains were analyzed together on 26-well Criterion 

TGX Precast Gels (Bio-Rad Laboratories) (15 μl wells), run for 60 min at 180V and 

transferred to nitrocellulose at 4°C for 60 min at 300 mA.

Fluorescence Microscopy—All images were taken with a spinning-disk confocal 

microscope at the UCSF Nikon Imaging Center with a 60X/1.4 NA oil immersion objective 

lens, under the control of μManager [57]. The microscope was an inverted microscope (Ti-E; 

Nikon) equipped with a scanner unit (CSU-22; Yokogawa) and a camera (Evolve EMCCD; 

Photometrics). Illumination was provided by a 50-mW, 491-nm laser and a 50-mW, 561-nm 

laser. Imaging sessions were generally 70 min with 30-s time intervals. Z stacks were taken 

across 4 μm of distance with 0.5 μm steps for each time point and each channel. Exposure 

times for mCherry and GFP channels were <75 ms for each z slice. All yeast cultures were 

grown and imaged at 30°C. Before imaging, yeast cells were grown in synthetic complete 

media with 2% glucose (SD) for 24 hr with serial dilution to maintain OD <0.4. For 

imaging, cells were plated onto MatTek 35mm petri dishes (14 mm Microwell) that were 

pre-treated with 1 mg/ml Concanamycin A. 300 μl of culture was added onto the dish for 5 

min and washed twice with 3 ml SD media.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image Processing—To quantify GFP intensity at each time point, we used ImageJ [58] 

and its plugin Image5D (http://rsb.info.nih.gov/ij/plugins/image5d.html) to average across 

each z stack and flatten it to 2D. GFP intensity was then quantified using MATLAB 

(MathWorks, Inc.) code developed in the Tang laboratory [59]. Because Eco1 is localized to 

the nucleus, we measured the brightest square of 5×5 pixels in the nucleus as an estimate of 

the protein concentration. Timing of SPB events was determined based on the temporal 3D 

positions of the SPB using the mCherry images. SPB separation was defined as the time 

point when one SPB split into two distinct foci.

Data Processing—The time point of 50% substrate degradation in each cell was defined 

as when GFP intensity was halfway between the maximum and the minimum intensity on a 

smoothed trace of a degradation event. Determination of the timing of the 50% drop of GFP 

signal, or the level of GFP at each time point, was performed with MATLAB code 
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developed by Lu et al. [12]. Statistical analysis and plotting were performed in MATLAB 

and Python [60, 61].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Oscillations of Eco1 and Dbf4 during the cell cycle
(A) Diagram of Eco1 primary structure, depicting the three phosphorylation sites that govern 

Eco1 degradation. (B) Cells carrying epitope-tagged Eco1 and Dbf4 were arrested in G1 

with alpha factor (αF) and released. At the indicated times after release, budding index was 

determined and cell lysates were analyzed by western blotting. Clb2 was used as a cell cycle 

marker and Pgk1 was used as a loading control. (C) Asynchronous cells, expressing either 

Eco1-GFP or Dbf4-GFP, were analyzed by spinning disk confocal microscopy. Images were 

taken every 30 seconds for 70 minutes. Maximum intensity projections were used to create 

single cell traces of Eco1-GFP (n=45) or Dbf4-GFP (n=49), aligned in silico to SPB 

separation. Fluorescence signals were normalized to maximum intensity. Before 

normalization, peak intensity of Dbf4-GFP was 2.5-fold greater than that of Eco1-GFP. (D) 

Averaged traces of the single-cell data in (C).
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Figure 2. Overexpression of Dbf4 causes premature Eco1 degradation
(Top) A wild-type strain containing Eco1-TAP was grown in galactose-containing medium 

and arrested in G1 with alpha factor (αF). Following release from G1, cells were sampled at 

the indicated times for analysis by western blotting. Asynchronous cells (AS) were also 

analyzed. (Bottom) In parallel, a strain containing 3HA-ΔN-DBF4 under the control of the 

GAL1 promoter was treated and analyzed as in the top panel. Lysates from the two strains 

were run on parallel polyacrylamide gels, transferred to nitrocellulose together, and 

processed together for antibody incubations and film exposure. Results are representative of 

three separate experiments. Similar results were obtained when samples were run on the 

same gel (see Figure S1).
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Figure 3. Increased Mcm complex in the nucleus or depletion of Dia2 has no impact on Eco1 
degradation
(A) Strains containing Eco1-GFP or Eco1-GFP in an Mcm2-2xNLS background were grown 

under normal conditions and visualized with a spinning disk confocal microscope as in 

Figure 1C, D. (Top) Single cell traces were averaged, normalized, and aligned to SPB 

separation. (Bottom) Each dot represents the time at which the Eco1-GFP signal was 

reduced by 50% in a single cell. The central bar indicates the median, and error bars indicate 

the 25th and 75th percentiles (n=13 for Eco1-GFP and n=12 for the Mcm2-2xNLS 

background). (B) (Top) A wild-type strain containing Eco1-TAP was grown in galactose 

medium, arrested with alpha factor (αF)and switched to dextrose medium before release 
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from G1. Cells were sampled at the indicated times after release for analysis by western 

blotting. Asynchronous cells (AS) were also analyzed. (Bottom) Cells containing Eco1-TAP 

and DIA2 under the control of the GAL1 promoter were arrested in alpha factor and 

switched to dextrose medium to shut off DIA2 expression before release from G1. Lysates 

from the two strains were run on parallel polyacrylamide gels, transferred to nitrocellulose 

together, and processed together for antibody incubations and film exposure. Results are 

representative of three separate experiments.
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Figure 4. Defects in Mcm complex loading or activation alter the timing of Eco1 degradation
(A) (Top) A wild-type strain containing Eco1-TAP was arrested with alpha factor (αF) in 

galactose medium, released for 40 min and then rearrested with alpha factor in dextrose 

medium. Following release, cells were sampled at the indicated times for analysis by 

western blotting. Asynchronous cells (AS) were also analyzed. (Bottom) Cells containing 

CDC6 under the control of the GAL1 promoter were treated and analyzed as in the top 

panel. (B) (Top) A wild-type strain containing Eco1-TAP was grown in galactose medium, 

arrested with alpha factor and switched to dextrose medium. Cells were released and 

sampled at the indicated times for analysis by western blotting. (Bottom) Cells containing 

CDC45 under the control of the GAL1 promoter were treated and analyzed as in the top 

panel. In both panels (A) and (B), lysates from the two compared strains were run on 

parallel polyacrylamide gels, transferred to nitrocellulose together, and processed together 
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for antibody incubations and film exposure. Results are representative of three separate 

experiments. Similar results were obtained when samples were run on the same gel (see 

Figures S2 and S3).
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