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Domain within the helicase subunit Mcm4 integrates
multiple kinase signals to control DNA replication
initiation and fork progression
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Eukaryotic DNA synthesis initiates from multiple replication origins
and progresses through bidirectional replication forks to ensure
efficient duplication of the genome. Temporal control of initiation
from origins and regulation of replication fork functions are
important aspects for maintaining genome stability. Multiple
kinase-signaling pathways are involved in these processes. The
Dbf4-dependent Cdc7 kinase (DDK), cyclin-dependent kinase
(CDK), and Mec1, the yeast Ataxia telangiectasia mutated/Ataxia
telangiectasia mutated Rad3-related checkpoint regulator, all tar-
get the structurally disordered N-terminal serine/threonine-rich
domain (NSD) of mini-chromosome maintenance subunit 4 (Mcm4),
a subunit of the mini-chromosome maintenance (MCM) replicative
helicase complex. Using whole-genome replication profile analy-
sis and single-molecule DNA fiber analysis, we show that under
replication stress the temporal pattern of origin activation and
DNA replication fork progression are altered in cells with muta-
tions within two separate segments of the Mcm4 NSD. The prox-
imal segment of the NSD residing next to the DDK-docking domain
mediates repression of late-origin firing by checkpoint signals be-
cause in its absence late origins become active despite an elevated
DNA damage-checkpoint response. In contrast, the distal segment
of the NSD at the N terminus plays no role in the temporal pattern
of origin firing but has a strong influence on replication fork pro-
gression and on checkpoint signaling. Both fork progression and
checkpoint response are regulated by the phosphorylation of the
canonical CDK sites at the distal NSD. Together, our data suggest
that the eukaryotic MCM helicase contains an intrinsic regulatory
domain that integrates multiple signals to coordinate origin acti-
vation and replication fork progression under stress conditions.

DNA helicase | MCM2-7 | Cdc7-Dbf4 kinase

E ukaryotic DNA replication initiates from multiple replication
origins within each chromosome to duplicate the large ge-
nome efficiently. To ensure DNA synthesis occurs once and only
once across the genome, cells adopt a two-step process to acti-
vate replication origins during two separate stages of the cell-
division cycle. The first step is licensing of replication origins,
which occurs only when cyclin-dependent kinase (CDK) activity
is low. In Saccharomyces cerevisiae, origins of DNA replication
are licensed in G1 by the formation of a prereplicative complex
(pre-RC). The process begins with the origin recognition com-
plex binding to replication origins and recruiting the licensing
factor Cdc6, which facilitates loading of the Cdtl-bound mini-
chromosome maintenance (MCM) complex composed of Mcm2-
Mcm7 (Mcm2-7). The hexameric Mcm2-7 is the core of the
replicative helicase that unwinds DNA during replication. Within
the pre-RC Mcm?2-7 is loaded as an inactive double hexamer. The
next step, activation of licensed origins (origin firing), occurs
throughout the S phase and requires the continuous presence of
two kinases, the S phase CDKs and the Dbf4-dependent Cdc7
kinase (DDK). CDK phosphorylates Sld2 and SId3 to allow their
binding to Dpbll (1, 2), facilitating recruitment of Cdc45 and
GINS (composed of protein subunits Sld5, Psf1, Psf2 and Pst3; Go,
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Ichi, Nii, and San stand for five, one, two, and three in Japanese,
respectively) to Mcm2-7 to create an active helicase. DDK phos-
phorylates Mcm2-7 and blocks an intrinsic initiation inhibitory
activity residing in the N terminus of the Mcm4 subunit (3). The
concerted action of these S-phase kinases transforms the inactive
Mcm2-7 double hexamer into the active helicase complex com-
posed of Cdc45, Mcm2-7, and GINS (the CMG complex) (4-6).
Upon initiation, DNA polymerases and other components of the
replication machinery are recruited to form replisomes and establish
replication forks, where DNA synthesis ensues.

Kinase-signaling pathways target various components of the
replication machinery. Both CDK and DDK target replication
proteins in addition to their essential targets described above.
Furthermore, Ataxia telangiectasia mutated/Ataxia telangiecta-
sia mutated Rad3-related (ATM/ATR) signaling targets com-
ponents of the CMG helicase complex under replication stress
(7-10). In the yeast S. cerevisiae, DNA damage activates the
checkpoint kinase Rad53, which phosphorylates both Sld3 and
Dbf4 to inhibit late origin firing (11, 12). The yeast ATM/ATR
homolog Mecl also targets Mcm4 (13). The stress-activated
protein kinase Hogl targets an auxiliary replisome component
Mrcl to regulate both origin firing and fork progression (14).
Although we now have a better understanding of the essential
functions of protein kinases in controlling the initiation of rep-
lication, we do not completely understand how the separate ki-
nase signaling pathways are coordinated to regulate both initiation
and replication fork progression.

Significance

During each cell-division cycle, eukaryotic cells initiate DNA
synthesis from multiple replication origins on chromosomes to
duplicate the entire genome once and only once. Spatial and
temporal control of initiation and subsequent DNA synthesis
at replication forks is important for maintaining genome in-
tegrity. Here we present a comprehensive analysis of patterns
of origin activation, replication fork progression, and check-
point responses in cells under replication stress. Our studies
showed that a domain intrinsic to the replicative helicase, which
unwinds DNA during replication, integrates multiple kinase-
signaling pathways to control various aspects of the genome
duplication process. Our work suggests a mechanism by which
eukaryotic cells modulate the pattern of replication in response
to environmental conditions through the replicative helicase.
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The structurally disordered N-terminal serine/threonine-rich
domain (NSD) of Mcm4 is a target of multiple kinases, including
DDK, CDK, and Mecl (3, 13, 15, 16). Within this region we have
identified two functionally distinct domains that exert different
functions and are regulated by different kinase systems even
though they overlap extensively in primary amino acid sequen-
ces. The segment of the Mcm4 NSD proximal to the DDK-
docking domain (DDD) (15), and hence termed “proximal
NSD,” blocks initiation until it is phosphorylated by DDK. In
contrast, the distal segment of the NSD at the N terminus, away
from the DDD, is targeted by additional kinases and contributes
positively to promote S-phase progression. In this study we
present a comprehensive analysis of the pattern of origin acti-
vation, replication fork progression, and the checkpoint response
in cells under replication stress caused by the inhibition of ri-
bonucleotide reductase (RNR). We show that the distal and
proximal NSD segments contribute differently to origin activa-
tion and DNA replication fork progression. Furthermore, they
exert opposing effects on checkpoint signaling under replication
stress. All these effects are regulated by phosphorylation. We
suggest that the Mcm4 NSD, a regulatory domain intrinsic to the
replicative helicase, mediates the control of multiple aspects of
DNA replication. Our data reveal a sophisticated mechanism
to fine-tune S-phase progression in response to changing
environments.

Results

Analysis of the Whole-Genome Replication Profile. To gain a ge-
nome-wide view of patterns of origin activation and replication
fork progression, we developed a procedure to isolate and ana-
lyze newly synthesized DNA from synchronized yeast cell culture
by combining the azide-alkyne Huisgen cycloaddition reaction
(the “Click” reaction) and high-throughput sequencing (S/
Materials and Methods). We verified that yeast cells harboring
a BrdU-Inc cassette (17) were able to incorporate 5-ethynyl-2’-
deoxyuridine (EdU) (18) as well as BrdU. Exponentially growing
yeast cells were arrested in G1 using a-factor and were released
into fresh medium containing hydroxyurea (HU), EdU, and pro-
nase E to degrade remaining a-factor. Cells were collected 90 min
or 180 min after release. Genomic DNA prepared from these cells
was fragmented and barcoded. To capture the newly synthesized
DNA incorporated with EdU, biotin was coupled to EAU-DNA
using Click chemistry, and the biotinylated EAJU-DNA samples
were isolated using streptavidin beads. These beads did not pull
down unlabeled genomic DNA or EdU-DNA without bio-
tinylation. The purified DNA then was examined by high-
throughput DNA sequencing. The sequence reads at each ge-
nomic locus collectively produced an abundance profile of newly
synthesized DNA across the genome. In the 90-min sample, the
center of each peak in the profile coincided with annotated origins
in the DNA Replication Origin Database (OriDB) (Fig. S1) (19).
Thus, the profile provided a picture of the relative frequency of
each origin firing within the population of cells and of the distances
of bidirectional replication from each origin. DNA synthesis spread
further from the origins at 180 min (Fig. S1). The 90-min time
point was more informative for analysis of origin firing and fork
progression because at 180 min many adjacent peaks merged with
each other, as is consistent with a previous finding that DNA
synthesis continued in HU, albeit at a slower rate (20). We there-
fore chose the 90-min time point for further experiments.

The replication profiles of the same yeast strain were highly
reproducible in different experiments (Fig. S24), indicating the
utility of this protocol. The patterns of DNA replication were
analyzed further computationally to measure the observed peak
width at the half maximum of the peak height for each origin in
the profile (Computational Analyses of Sequencing Data in SI
Materials and Methods). The observed peak width was plotted
against the peak height (Fig. S2B). From these plots, it is apparent
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that the observed width for most of the peaks, and thus the av-
erage fork progression from any active origin, was very similar for
all origins in the same yeast strain, regardless of the peak height.
Furthermore, peak widths for any given strain, and hence the fork
progression rate, was highly reproducible in different experiments
(Fig. S2C and Table 1).

Proximal NSD Affects Patterns of Origin Activation. The Mcm4 NSD
encompasses amino acids 1-174 at the N terminus of the protein
(see Fig. 4 below). We have shown previously that the proximal
NSD (amino acids 74-174) serves as an intrinsic inhibitor of
origin activation (3). In contrast, the distal portion of the NSD
(amino acids 2-145) contributes positively to promote S-phase
progression. To gain insight into which aspect of DNA replica-
tion is affected by each NSD segment, we examined the repli-
cation profiles of the wild-type cells and various mcm4 mutants
containing specific truncations within the NSD and compared
their patterns of origin firing. In wild-type cells, only origins that
were active early during an unperturbed S phase (early origins)
fire in HU (Fig. 14, profile 1). Interestingly, in contrast to wild-
type cells, cells that lacked the proximal NSD (mcm4*”*/7#) not
only activated early origins but also fired late origins in HU
despite an elevated checkpoint response (see below) (Fig. 14,
profile 3, red arrows). These same late origins did not fire in the
mem4~1% cells, suggesting that the distal NSD plays little role
in the temporal pattern of origin firing (Fig. 14, profile 2). Thus,
the inhibitory domain of NSD contributes to the repression of
late origin firing when cells are under replication stress.

Distal NSD Functions to Restrict Replication Fork Progression. Al-
though the distal NSD plays little role in the pattern of origin
firing, we found that this domain has a strong influence on rep-
lication fork progression. In Fig. 14, profile 2, the profile of
mem4*>™'# that lacks the distal NSD segment is plotted in red
above the wild-type profile (shown in blue). It is evident that,
across the genome, the peaks from the mem4*2* mutant spread
out more than those from the wild-type cells. Where several ad-
jacent origins fire (e.g., Fig. 14, near the centromere), multiple
peaks from this mutant merge with each other. The more spread-
out peaks suggest faster DNA synthesis from origins and thus faster-
moving replication forks. In contrast, the peaks from cells lacking
the proximal NSD segment (mcm4*”*'7#) are more restricted in
fork progression overall than those in wild-type cells; computational
analyses show an evident, although subtle, difference (Fig. 1 B and
C). Consistent with a slower fork progression in the mcm4*”*'7*
mutant, we also observed in the time course experiment that the
peak widths from 90-180 min change less in this mutant than in
the wild type (Fig. S3). Furthermore, removal of the remainir}/g
distal NSD segment from mem4*7*~ 7 (e.g., as in mem44?~'7%)
results in more fork progression than in mem4*”*!7 (Fig. 14,
profile 5, and Fig. 1B). Nevertheless, late origins fire efficiently

Table 1. Peak width of sites of initiation of DNA replication

Mean peak width + error in kb (number of peaks

s | recorded)

ample

description Experiment 1  Experiment 2  Experiment 3
MCMA4 11.1 + 1.4 (114) 10.8 + 1.6 (100) 9.7 + 1.5 (106)
mcm442142 — 19.2 +7.1(44) 19.1 £ 5.3 (39)
mcm442174 11 +2.4(163) 11.3+2(167) 11.1 + 1.5 (164)
mcm4474174 8.2+ 0.7 (191) 8.2+ 1(169) —

mcm4A747174 4(SP=AP) — 14.7 + 2.4 (85) —

mem — 10.1 + 1.4 (117) —
mem — 18.7 + 4.1 (42) 16.2 + 4.1 (51)
mcm4>P—PP) — — 13.2 + 1.4 (67)

(4A74-174, 4(SP—~DF)
45(SP—AP)

Error stated uncertainties indicate 95% confidence interval.
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Replication profile analyses of wild-type cells and mcm4 NSD mutants reveal patterns of origin activation and replication fork progression. YS2571,

YS2574, YS2585, and YS2758 cells were synchronized in G1 phase and released into YPD containing 0.2 M HU and 0.5 mM EdU for 90 min. (A) Replication profiles
of chromosome IV for wild-type cells and mcm4 mutants with truncated NSD segments. Gray bars under the profiles indicate annotated replication origins
according to the OriDB database. Orange bars indicate the location of centromeres. Red arrows indicate late origins that in HU are not active in wild-type cells but
fire in the mutants lacking proximal NSD. Each profile was generated with mapped reads ranging from 0.69-1.68 million sequences. (B) Comparative distribution
of the relative peak height versus peak width for origins from the replication profiles. Only peaks that colocalized with origins annotated in OriDB were recorded.
(C) Pairwise comparisons of peak widths for individual origins in the mutant and the wild-type or indicated reference strains.

in the mcm4A2’1 7 mutant. The difference in fork progression

between mcm4“?~7# and the wild type appears less pronounced,
likely because multiple regulatory pathways are affected simul-
taneously in this mutant that lacks the entire NSD. Together,
these data show that distal NSD segment plays an active role in
restricting fork progression in HU.

Computational analysis of the peak widths clearly shows
that forks progress further in mcm4*?~'# (mean, 19.2 kb) than
in the wild type (mean, 10.8 kb) (Fig. 1B and Table 1, Experiment 2).
In contrast, forks progress less in the mcm4*7*~* 74 cells that lack
the proximal NSD segment (mean, 8.2 kb). Pairwise comparisons
of the fork progression from the same origins in mutants and
wild-type cells (or the appropriate reference strain) (i.e., compari-
son of ARSI from one strain vs. ARSI from the other) revealed that
the changes in fork progression are similar among all active origins,
because the data cluster at a similar position on the plot (Fig. 1C).
Together, these analyses clearly show that different parts of the
NSD have different effects on replication fork progression.

Single-Molecule DNA Fiber Analyses Reveal an Important Role for the
NSD in Replication Fork Progression. Analysis of the genome-wide
replication profile reveals the average pattern of replication in
a synchronized population of cells. To gain insight into the effect

Sheu et al.

of NSD mutants on DNA synthesis at the level of single origins,
we used a molecular-combing technique (21). The same yeast
strains used in the replication profile analysis were synchronized
in G1 and released into HU and BrdU for 90 min. Chromosomal
DNA from these cells was captured, stretched onto silanized
coverslips, stained with anti-BrdU antibody, and visualized with
fluorescent microscopy (Fig. 24). The lengths of BrdU tracks
were measured from many images similar to those shown here
(Fig. 2B). The median track length for the wild type was 15 kb,
versus 23.8 kb for mem4*?~'# (in which the distal NSD segment
was deleted). This finding is consistent with the observation in
whole-genome analyses that replication forks move further in
mem4°>1* than in the wild-type cells (7F1g 1). In contrast, the
median track length for the mem427*17# cells was 10.9 kb, in-
dicating slower fork progression in this mutant than in the wild
type. Interestingly, removal of the entire NSD results in a median
track length of 23 kb, similar to the track length when the distal
NSD segment alone was removed. The median track length of
the mem4*%77# mutant in the DNA fiber analysis appears to be
much longer than the mean fork progression computed in the
DNA profile analysis. This discrepancy might result from the
different limitations of these two completely different methods

PNAS | Published online April 16, 2014 | E1901
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Fig. 2. Analyses of origin firing and replication fork progression in wild-type
cells and mem4 mutants using DNA combing and chromatin fractionation. (A-
C) Cells were synchronized in G1 phase and released into S phase in the
presence of 0.2 M HU and 400 pg/mL of BrdU for 90 min. (A) Representative
images of DNA fiber analyzed. BrdU is labeled with an anti-BrdU antibody
(green), and DNA is counterstained with an antibody against ssDNA (red).
(Scale bar: 50 kb.) (B and C) Box plots depict the length of BrdU-labeled tracks
(track length) or the distance between two consecutive BrdU-labeled tracks
(IOD). Boxes and whiskers indicate 25-75 and 10-90 percentiles, respectively.
The statistical test is a Mann-Whitney test (nonparametric); *P < 0.05; **P <
0.001; ***P < 0.0001. (B) Distribution of BrdU track length. (C) Distribution of
10D. (D) Analysis of chromatin-bound proteins. Cells synchronized in G1 were
released into 0.2 M HU and collected at the indicated time point. Chromatin-
bound proteins were extracted from cells and analyzed by Western blot.

of analysis and the fact that the phenotype for this mutant is
more complex by nature because it lacks both distal and proximal

E1902 | www.pnas.org/cgi/doi/10.1073/pnas.1404063111

NSDs that would exert opposing functions. Nevertheless, both
analyses support the idea that the distal NSD segment plays an
important role in controlling replication fork progression.

Proximal and Distal NSD Segments Have Opposing Effects on the
Efficiency of Origin Firing in HU. DNA fiber analysis also allows
measurement of the interorigin distance (IOD), which reveals
the density of activated origins (Fig. 2C). We calculated the
number of BrdU tracks per megabase of combed DNA, which
indicates the overall efficiengy of origin firing. The median IOD
is shorter in for mcm4*7* 17 cells [47 kilobases (kb)] than in
wild-type cells (56 kb), suggesting more origins fire in the ab-
sence of the proximal NSD segment (Fig. 2C). Consistently, the
number of BrdU tracks per megabase of DNA for memd4*7#17*
and for wild-type cells were 15.9 and 13.2, respectively, sup-
porting the idea that mcm4*”*"7# cells fire more efficiently than
the wild-type cells, most likely because the ability of mcm4*7*17
cells to fire late origins in the presence of HU (Fig. 14). Simi-
larly, the median 10D for mcm4*~17* cells was 64.5 kb, signifi-
cantly shorter than the 83-kb median IOD for mem44%# cells,
which possesses a small portion of the proximal NSD segment
and do not fire late origins in HU (Fig. 14 and Fig. 2C). DNA
fiber analysis also showed that removal of the distal NSD seg-
ment results in greater IOD and fewer BrdU tracks per mega-
base of DNA (Fig. 2C; compare the mcm4*?~* mutant with the
wild type and compare the mcm4*?~7* mutant with the mem4*7#7#
mutant). These results suggest that the distal NSD segment is
important for efficient origin firing and that the proximal NSD
segment controls the temporal pattern of origin activation by
restricting origin firing in HU.

We also examined loading of the helicase-associated protein
Cdc45 onto chromatin, a hallmark for origin activation (22).
Cells were synchronized in G1, released into HU, and collected
after 30 or 60 min. Chromatin-bound proteins were extracted
from these samples and analyzed (Fig. 2D and Fig. S4). A
slight increase in chromatin-bound Cdc45 in the mem447*~17*
mutant, and a decrease in Cdc45 loading in the mem422~1%
mutant, both compared with wild type, was consistent with the
idea that the proximal NSD functions to inhibit origin firing and
that the distal NSD contributes positively to the same process.
The mcm4*?7# mutant, which lacks both proximal and distal
NSD, has less Cdc45 on S-phase chromatin than the mem447# 17
mutant and has more than the mem44?~# mutant. However, we
consistently observed a subtle increase in Cdc45 on the Gl
chromatin in this mutant. Nevertheless, the G1-to-S progression
appears identical among all the strains in this experiment, as
shown by the pattern of Orc6 phosphorylation, a marker for
S-CDK activity (Fig. 2D, Bottom Lane). Together with the DNA
fiber analyses, this chromatin fractionation experiment suggests
that the proximal and distal NSD execute opposing effects on the
efficiency of origin firing in HU.

Differential Effects of the Distal and Proximal NSDs on Checkpoint
Signaling. Under replication stress and DNA-damaging con-
ditions, the checkpoint-signaling pathway becomes activated and
triggers several downstream responses, which include preventing
late origin firing and inducing dNTP synthesis by RNR (Fig. 34)
(23-25). Although the mcm4“7*17* mutant fires late origins
in HU (Fig. 14), our previous study showed that this mutant is
proficient in checkpoint activation (3). To gain a better picture of
the checkpoint signaling in the NSD mutants, we conducted
a comprehensive investigation of checkpoint responses in the wild
type and various NSD mutants. Cells were synchronized in Gl,
released into HU, and collected at different time points. Protein
extracts from these cells were analyzed by Western blot (Fig. 3 B—
D). The checkpoint response indeed is more robust in the
mem4*™17 cells than in the wild type, as revealed by higher levels
of hyperphosphorylated Rad53 (the yeast Chk2 homolog) and

Sheu et al.
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damage checkpoint-signaling pathway. (B-D) Cells from the indicated strains
were synchronized in G1, released into 0.2 M HU, and collected at the indicated
time points. Protein samples were prepared using TCA extraction and were an-
alyzed by Western blot. Yeast cells YS2534, YS2754, and YS2261 were used in C,
and YS$2261 and YS$2263 (m2-m4°%'74 = mem2'2%°-mcm4%77%) were used in D.

increased levels of yYH2A (phosphorylation of histone H2A at
S129 in yeast). Both Rad53 and H2A are direct targets of the
Mecl kinase, the yeast ATM/ATR kinase (26, 27). Thus, despite
an elevated checkpoint response, mem427 174 cells are able to
fire late origins in HU, suggesting that the proximal NSD plays an
important role in mediating the inhibition of late origin firing
under replication stress. Furthermore, the Sml1 inhibitor of RNR
activity is degraded, and Rnr4, the damage-induced RNR subunit,
is increased; both findings are consistent with intact check-
point signaling in the mcem4*7*~*7* mutant (Fig. 3B). In con-
trast, both Rad53 hyperphosphorylation and YH2A are greatly
diminished in the mcm4*?~'* cells. The slowest-migrating
form of Rad53 was not detectable, although certain faster-
migrating, hypophosphorylated forms of Rad53 could still be
detected. YH2A was barely detectable in this mutant. In-
terestingly, other aspects of checkpoint signaling, such as Smll
degradation and Rnr4 induction, appear normal in the mem4*%~#
mutant that lacks the distal NSD (Fig. 3B).

We next asked what happens to the hyperactive checkpoint
signaling in mcm4“7*17  the strain that had no proximal NSD,
when it loses the distal NSD as well. Removal of the distal
NSD entirely (mcm4“>~'7#) or partially (mcm4**%-!7#) from the
mem4*7*7* mutant causes weakening of the checkpoint response,
as monitored by phosphorylation of Rad53 and H2A (Fig. 3C).
Previously, we had shown that the acidic N-terminal domain
(NTD) of Mcm?2, another subunit of the MCM complex, could
replace the distal NSD to support cell growth and to bypass the
requirement for DDK efficiently (3, 15). The Mcm2 NTD also
can be phosphorylated by DDK (13, 28). However, this domain
failed to restore the checkpoint activation level, as shown by
the reduced level of Rad53 hyperphosphorylation and YH2A in
the m2-m4*?~'7 mutant (short form for mem2’2%-mem4*>-17%)
as compared with the mcm4*”*!7# mutant (Fig. 3D). Together,
these results suggest that a specific feature of the distal NSD
is important for a complete checkpoint response under replica-
tion stress. Specifically, in the absence of the distal NSD of
Mcmd4, checkpoint signaling is initiated and propagated normally
to at least some of the downstream effectors to boost RNR
activity and dNTP levels, but other aspects of checkpoint sig-
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naling directly downstream of Mecl, such as Rad53 hyper-
phosphorylation and H2A phosphorylation, are reduced
or absent.

Phosphorylation of Serine-Proline Sites Within the Distal NSD Is
Important for its Function in the Checkpoint Response and Replication
Fork Progression. Although the NSD is structurally disordered and
partly redundant within its subregions for cell growth, it appears
to be organized in such way that the phospho-acceptor sites with
signatures for particular types of kinases tend to cluster close to
each other (Fig. 44). For example, the serine-proline (SP) sites,
which are targeted by CDK (16), are mostly found within the distal
NSD segment. The SP sites in human Mcm4 also are concentrated
within its distal NSD. Similarly, the serine-glutamine (SQ)
sites, targeted by ATM/ATR, are concentrated mostly near the
center of the NSD. Further, the serine-aspartic acid (SD)/serine-
glutamic acid (SE) sites, preferred sites for DDK, are found
mostly within the proximal NSD segment. Because the SP sites
that are targeted by CDK lie within the distal NSD and might
impact the function of this domain, we mutated the phospho-
acceptors at all five SP sites into alanine (A) [S(SP—AP)] or
phospho-mimetic aspartic acid (D) [S(SP—-DP)] residues. The
mem4® SP=4P) mutant exhibited reduced phosphorylation of
Rad53 and H2A under replication stress induced by HU [Fig.
4B, 5(SP—AP)], indicating limited checkpoint signaling. How-
ever, other Rad53-dependent responses, such as Smll degrada-
tion and induction of Rnr4, were normal, as they were in NSD
distal domain-deletion mutants (Fig. 3B). Mutation of these sites
to phospho-mimetic aspartic acids (i.e., mem4°>SP=PF) did not
restore the normal HU-induced phosphorylation of Rad53 and
H2A [Fig. 4B, 5(SP-DP)].

As seen with deletion of the distal NSD segment (mcm ,
the 5(SP—AP) mutant exhibits increased fork progression in DNA
replication profiles (Fig. 4 C-E), with a mean peak width of 16.2
kb, compared with 9.7 kb for the wild type in the same experiment
(Table 1). In the replication profile analysis, fork progression of
the mem4° P ~PP) mutant (mean peak width, 13.2 kb) is less than
in the mem4°SP=4P) mutant but still is greater than in the wild
type. Thus, the CDK-targeted SP sites within the NSD are im-
portant for control of replication fork progression.

One of the five SP sites also resides in the proximal NSD,
which opposes the effect of the distal NSD on origin firing,
checkpoint response, and fork progression (Figs. 1-3). Thus, the
results we observed in the mcm4’ P~ and mem4*SP=PP)
mutants might combine the effects of mutating two opposing
subdomains. Therefore we deliberately deleted the proximal
NSD domain and examined the effect of the remaining SP—AP
and SP—AD mutants in this background (mcm4*7*~'7*)_ In the
absence of the proximal NSD, mem427+17% cells exhibit a robust
checkpoint response as indicated by hyperphosphorylation
of Rad53 and H2A (Figs. 3 and 54). However, the levels of
Rad53 hyperphosphorylation and H2A phosphorylation in the
mem4A74174 4SP=AP) cells are very low (Fig. 54). In contrast,
the hyperphosphorylation levels of Rad53 and yH2A in the
memd427H17% 4SP=DE) o5 are comparable to those in mcm427*17#
cells. Thus, phosphorylation at the four SP sites in the distal
NSD controls checkpoint signaling.

Analysis of replication profiles showed that, like the mcm4*7* 7
mutant, the mem427+174 HSP=AP) 41 emgA 74174 4(SP=DP)
mutants still fire late origins in HU (Fig. 5B), suggesting that SP
sites at the distal NSD do not control late origin firing under
this condition.

This result is consistent with our earlier finding that the distal
NSD plays little role in the pattern of origin firing (Fig. 14).
In contrast, we found that forks progress further in the
memd4A7+174 4SP=AP) mutant than in the mem427* 7% mutant,
but the rates of fork progression in the memd4*7#17% #SP=DP) ;.
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are YS2571, YS2755, and YS2813. (B) Different aspects of checkpoint signaling were assessed by Western blotting as described in Fig. 3. (C-E) Whole-genome
DNA replication profile analysis. (C) Replication profiles from chromosome IV. Each profile was generated with mapped reads ranging from 4.80-7.32 million
reads. Red arrows indicate late origins as in Fig. 1A. Note that these origins, which are active in the wild-type cells, are not active in these mutants. (D)
Distribution of width and relative height of peaks in the replication profiles. (E) Pairwise comparison of peak widths for individual origins. (F) Cells syn-
chronized in G1 and released into 0.2 M HU were collected, and chromatin-bound proteins were extracted and analyzed as described in Fig. 2D.

tant are similar to those in the mcm4*”*”* mutant. Computational

analysis of the replication profiles showed that the Eeak widths for
the memd®™ 17 memd® 7174 HP=AP) a0 epmdgd 74174 4HSP=DP)
mutants are 8.2, 14.7, and 10.1 kb, respectively (Table 1). Con-
sistent with the replication profile analysis, DNA combing
showed that the mem4?7# /7% #(SP=AP) ‘mytant has a median
BrdU track length of 22.5 kb, significantly longer than the 10.9 kb
and 10.0 kb of the mem4* ™7 mutant and the mcmd4*7#17% #SP=DF)
mutant, respectively (Fig. SE and Fig. S5). Together, these results
demonstrate that phosphorylation of SP sites in the distal NSD
mediates control of both the checkpoint response and replication
fork progression but does not participate in controlling the pattern
of origin firing.

The Effect of SP Site Phosphorylation on the Efficiency of Origin
Firing. Although the pattern of late origin firing is not affected
by the phosphorylation of SP sites in the distal NSD, the effi-
ciency of origin firing is affected. DNA fiber analysis showed the
median IODs for the mcm4*”* 7 mem427+ 174 4(SP=AP) and
mem42 7174 HSP=DP) rytants were 47, 68, and 53 kb, respectively,
and the number of tracks per megabase of DNA are 15.9, 10.1,
and 12.8, respectively (Fig. SF). However, the effect does not appear
to be as strong as that seen with fork progression or checkpoint
response. Furthermore, we found that Cdc45 loading on chromatin
is decreased only slightly in both mcm4d7# 17 #SP=AP) apnq
mem4*7174 4SP=DP) mutants, as compared with the mem4* 7174
mutant (Fig. 5G). We also saw a slight decrease of Cdc45 on

E1904 | www.pnas.org/cgi/doi/10.1073/pnas.1404063111

chromatin in both alanine and aspartic mutants in the full-length
context (Fig. 4F).

Distal NSD and Its Phosphorylation Are Important for Cell Growth
Under Replication Stress. We have shown previously that simul-
taneous removal of both the proximal and distal NSD segments
from Mcm4, as in the case of mem42?>77# leads to cold sensi-
tivity, lethality in HU, and moderate delay in S-phase pro-
gression and slow growth at 30 °C (15). However, removal of only
a portion of the NSD did not cause obvious growth defects.
Previous studies also found little defect in cells with all SP sites
mutated when the mutation of SP sites was not combined with
additional mutations in other replication proteins (16). Thus, the
NSD is dispensable when cells are grown under standard labo-
ratory conditions (i.e., in rich medium at 30 °C). However, it is
possible that the NSD evolved to allow cells to deal with stress
conditions and to prevent genomic instability. In the presence of
HU, which depletes dNTP pools and results in replication stress,
cells lacking the distal NSD (i.e., mem4**'7* and mem4**'*
cells) do not grow or grow poorly (Fig. 6). In contrast, cells
lacking only the proximal NSD (mcm4*7*!7* cells) are able, like
wild-type cells, to grow in HU. Cells in which he serine in SP sites
has been changed to alanine within the NSD [e.g., mcm4°SF=4P)
and mem427+17% 4SP=AP) e]|5] grow poorly in HU, although not
as poorly as the mutant lacking the entire distal NSD. Impor-
tantly, mutation of these same sites to the phopho-mimetic aspartic
acid residues [in mem4’ =P and mem4?7174 #SP=DP)- cellg)
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Fig. 5. Phosphorylation of SP sites within the distal NSD affects replication fork progression and checkpoint signaling. Yeast cells YS2574, YS2761, and YS2764 were
used for the analyses in this figure. (A) Synchronized cells were collected, and various aspects of checkpoint signaling were analyzed as described in Fig. 3. (B-D)
Whole-genome DNA replication profile analyses. Each profile was generated with reads ranging from 0.69-1.30 million reads. (B) Replication profiles from
chromosome IV. Red arrows indicate late origins as in Fig. 1A. Note that late origins fire in all these mutants, which lack proximal NSD. (C) Distribution of width and
relative height of peaks from the replication profiles. (D) Pairwise comparison of peak widths for individual origins. (E and F) DNA fiber analysis. (E) Distribution of
BrdU track lengths. The statistical test is a Mann-Whitney test (nonparametric); *P < 0.05; **P < 0.001; ***P < 0.0001. (F) Distribution of IOD. (G) Cells synchronized
in G1 and released into 0.2 M HU were collected, and chromatin-bound proteins were extracted and analyzed as described in Fig. 2D.

allows growth in HU similar to that of wild type. Thus, the distal
NSD segment plays an important role in cell growth under repli-
cation stress in a phosphorylation-dependent manner.

Discussion

Eukaryotic cells fire many origins during S phase with a distinct,
spatial, and temporal pattern that often correlates with tran-
scription activity and chromatin structures (29, 30). The timing
pattern is influenced by chromosomal position and organization
and by transacting factors. In this study, we developed a protocol
to generate comprehensive and reproducible profiles of DNA
replication patterns across the entire genome. Using simple
computational analyses of these replication profiles, we assessed
both origin utilization and replication fork progression from in-
dividual origins. DNA fiber analysis on single DNA molecules
provides a complementary view, because the whole-genome
profiles reflect the average patterns of DNA replication from
a large number of cells. The two sets of data are congruent.
This and our previous studies (3, 15) have allowed us to at-
tribute distinct functions within the N terminus of Mcm4 to the
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proximal and distal NSDs (Fig. 7). We found that the proximal
and distal NSDs overlap extensively in primary amino acid
sequences, as is consistent with the property of a structurally
disordered domain being multifunctional. Previously, we defined
the proximal NSD (amino acids 74-174) as the domain whose
removal is necessary for bypassing the essential regulation of
DDK (3). Smaller deletions of only residues 146174 or residues
98-174, are not sufficient to bypass DDK. In contrast, we found
that a small portion of the proximal NSD (amino acids 146-174)
encompasses the minimal domain that is sufficient to confer its
inhibitory function that can be mitigated by DDK. Here, we
further define the distal NSD (amino acids 2-145) as the domain
whose removal is necessary to abolish the distal NSD functions in
controlling fork progression and checkpoint responses. Deletion
of only amino acids 2-74 was not sufficient to eliminate the
function of the distal NSD. However, a smaller distal NSD do-
main comprising amino acids 2-74 is sufficient to confer the
function of distal NSD and its regulation by CDK, as demon-
strated using the set of mutants with deletion of residues 74-174

PNAS | Published online April 16, 2014 | E1905

wv
=2
=
a
w
<
=
o

GENETICS



g

YPD 200 mM HU

200 mM HU

MCMA4 allele
wT
5(SP>AP)
5(SP>DP)
wT

A74-174
A2-145
A2-174

wr
5(SP>AP)
5(SP>DP)

wr

A74-174

A74-174, 4(SPDAP)
A74-174, 4(SP>DP)

Day 6, 30°C

Day 6, 25°C

Day 2, 30°C

Fig. 6. NSD and its phosphorylation state play an important role in cell
growth under replication stress. Shown are the results of serial 10-fold di-
lution of 10* wild-type or NSD mutant cells on YPD or YPD + 0.2 M HU at the
indicated temperature for the indicated number of days.

(Fig. 5). The diagram in Fig. 7 summarizes the functional domains
within the Mcm4 NSD.

In this study we show that deletion of the proximal NSD
causes late origins to fire, albeit inefficiently, in the presence of
HU, despite a robust checkpoint response that normally should
prevent late origin firing (23). The activation of late firing origins
in HU in the absence of the Mcm4 proximal NSD might be
anticipated because of the elimination of its initiation inhibitory
activity (3). In yeast, DNA damage activates Mecl kinase, which
in turn activates Rad53 kinase to phosphorylate and inhibit the
activities of Sld3 and Dbf4, thereby preventing late origin firing
(11, 12). Because DDK targets the proximal NSD of Mcm4,
inhibition of DDK by the checkpoint signaling has no conse-
quence in the absence of this domain. The increased firing from
late origins may contribute to the increased checkpoint activity in
this mutant. That the late origins in this mutant fire at all indi-
cates that the initiation-inhibiting activity of the proximal NSD
mediates checkpoint signaling to block late origin firing. How-
ever, the extent of late origin firing is limited in its absence, likely
because the other target of Rad53, SId3, still is inhibited and thus
prevents robust firing of late origins.

The distal segment of the Mcm4 NSD does not affect the
overall temporal pattern of origin firing in HU. However, it is
needed for efficient firing. The level of chromatin-bound Cdc45
is lower in the mutants than in the wild-type cells. The number of
BrdU tracks per megabase of combed DNA decreases even more
dramatically. However, we suggest that DNA fiber analysis might
underestimate the efficiency of origin firing in this mutant, be-
cause some of the long track might result from fusion of adjacent
tracks. Indeed merging of many adjacent replicons was observed
in the whole-genome profile of mcm4*?# particularly near cen-
tromeres (Fig. 14). Interestingly, when the entire NSD is removed
(i.e., in mem4*?"7 cells), late origin firing still is apparent, and the
overall firing rate is higher than in the mcm4*?~* mutant (although
still lower than in the wild-type cells). We suggest that this pheno-
type is caused by the combined effects of the removal of both the
distal and proximal NSD segments. To address specifically the
role of the distal NSD in origin firing efficiency, we compared
mem4°> 17 and mem47*17# cells. The data suggest that the distal
NSD contributes to the efficient firing of early origins in HU. Thus,
our data suggest that the NSD has a complex in the control of origin
firing, with the distal NSD being important for efficient firing of
early origins and the proximal NSD mediating the inhibition of
origin firing.

E1906 | www.pnas.org/cgi/doi/10.1073/pnas.1404063111

The Mcm4 NSD also plays an important role in controlling
DNA replication fork progression in a phosphorylation-dependent
manner. Removal of the proximal NSD segment that is targeted
by DDK results in a consistent decrease in fork progression. In
contrast, deletion of the distal segment of the NSD (as in the
mem4*%~'* mutant) or mutation of the known CDK sites in this
segment causes extensive replication fork progression from all
origins across the genome. Interestingly, most of the SP sites are
clustered within the distal segment of the Mcm4 NSD and are
known to be targeted by CDK (16). Thus, it is likely the effect we
observed depends on CDK activity. However, this possibility does
not preclude the involvement of other types of kinase, in particular
MAP kinases, which often are activated by environmental stress
and also target the SP sites (31).

Surprisingly, deletion of the Mcm4 NSD distal segment or
mutation of the SP sites causes a defect in only some aspects of
the checkpoint signaling pathway. In these mutants, Rad53 is
hypophosphorylated, and H2A is not phosphorylated in the
presence of HU. However, other aspects of checkpoint signaling
are normal, including up-regulation of Rnr4 and Smll degra-
dation, both of which contribute to increased RNR activity and
higher dNTP levels. Thus, we suggest that the Mcm4 NSD
influences checkpoint signaling only on specific effectors near
the replication forks. We found that the Mec1/Ddc2 complex is
associated with the MCM complex on chromatin throughout the
cell-division cycle in wild-type cells and NSD mutants. Thus, the
NSD does not tether the Mec1/Ddc2 complex to MCM. Rather,
it might affect the activity of the Mecl1 kinase toward a subset of
its substrates, such as Rad53 and H2A.

For both distal and proximal segment deletion, the results
revealed an interesting inverse correlation between checkpoint
signaling and DNA replication fork progression, raising the
possibility that one process controls the other. In addition to
inhibiting late origin firing, checkpoint signaling is thought to
play an important role in stabilizing the DNA replication inter-
mediates at the forks. Thus it is tempting to speculate that the
checkpoint slows down fork progression while stabilizing it. In
Drosophila, Chk2 (the homolog of Rad53) interferes with the
helicase activity by targeting multiple components of the CMG,
including Mcm4, and inhibits the activity of the helicase complex
(10). In human cells, HU induces hyperphosphorylation of
Mcm4 involving the consecutive action of ATR-CHKI1 and
CDK?2 kinases (7). It has been shown that CDK phosphorylation
at the NTD of human Mcm4 inhibit the helicase activity of the
Mcm4,6,7 complex (32). Interestingly, the CDK sites in human
Mcm4 also are most concentrated at the distal portion of its
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Fig. 7. Summary of functional domains within the Mcm4 NSD.
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NTD. Thus, it is likely that phosphorylation of SP sites at distal
NSD slows down fork progression under stress conditions by
modulating the activity of the replicative helicase. The ability to
slow down the replication fork may be important for cell viability
under replication stress. Consistent with this idea, we found that
mutants without the distal NSD or with SP sites mutated to
alanine, which cannot be phosphorylated, exhibit a slow-growth
phenotype in the presence of HU.

In addition to clusters of SP sites, the yeast NSD of Mcm4 also
possesses a cluster of SQ sites (Fig. 44). This cluster, which is tar-
geted by Mecl, also may be important for the function of distal
NSD. Consistent with this possibility, we found that the ncm4*3%-7
mutant, in which several SQ sites also have been removed, exhibits
a weakened checkpoint response (Fig. 3B). We are investigating the
role of these sites in regulating of the Mcm4 NSD function.

It has been shown that dNTP levels influence the rate of
replication fork progression (33). However, because the pathway
that leads to up-regulation of dNTP pools is not affected in the
NSD mutants, NSD likely regulates fork progression by through
alternative mechanisms, such as control of the replicative heli-
case. Another attractive possibility is the involvement of Mrcl,
which is required for normal fork progression (34). Mrcl inter-
acts with MCM (4) and, under replication stress, forms a stable
pausing complex with the replisome to facilitate repair (35).
Moreover, Mrcl is a target of Mecl and facilitates phosphory-
lation of Rad53 under replication stress (36). Mrcl also facili-
tates phosphorylation of chromatin-bound Mcm4 by Mecl
during S phase or in HU (13). Furthermore, Mrcl interacts with
Pol2 in a checkpoint-dependent manner, and it has been pro-
posed that Mrcl mediates DNA synthesis and unwinding at the
replication fork (37). It remains to be resolved whether Mrcl
promotes or restricts fork progression. We suggest that the
function of Mrcl may be tightly linked to the NSD of Mcm4 and,
similarly, may exert a more complex effect than simply blocking
or promoting fork progression.

Control of spatial and temporal patterns of initiation and
regulation of replication fork progression in response to the
environment are important aspects in maintaining genome sta-
bility. Our studies reveal that the proximal and distal NSD seg-
ments in Mcm4 execute differential effects on many aspect of
DNA replication, such as origin use, firing efficiency, replication
fork progression, and checkpoint signaling. The ability of this
domain to regulate a process both positively and negatively allows
more subtle and sophisticated control in the face of changing
environments. Our work suggests that cells modulate the pattern
of replication in response to environmental conditions through
regulation of the multifunctional NSD.

Materials and Methods

Yeast Strains and Methods. Yeast strains generated in this study were derived
from W303-1a (MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1)
and are described in Table S1. A two-step gene-replacement method was
used to replace the endogenous MCM4 with mcm4 mutants as described (3).
All the yeast strains used for the whole-genome DNA replication profile
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analyses and DNA fiber analyses have a copy of the BrdU-Inc cassette
inserted into the URAS3 locus (17).

For G1 arrest, exponentially growing bar14 yeast cells (~107 cells/mL) were
synchronized in G1 with 25 ng/mL of a-factor for 150 min at 30 °C. To release
cells from G1 arrest, cells were collected by filtration and promptly washed
twice on a filter (55-Plus Monitor filter unit, 0.45 um, Millipore) using one
culture volume of H,O and then were resuspended in yeast extract/peptone/
dextrose (YPD) medium containing 0.2 mg/mL pronase E (Sigma).

Protein Sample Preparation and Immunoblot Analysis. Trichloroacetic acid
(TCA) extraction of yeast proteins was performed as previously described (3).
For chromatin fractionation, chromatin pellets were prepared from ~5 x 10®
yeast cells, and chromatin-bound proteins were released using DNase | using
a procedure scaled down from a protocol described previously (15). For
immunoblot analysis, protein samples were fractionated by SDS/PAGE and
transferred to nitrocellulose membrane. Immunoblot analysis for Mcm3,
Cdc45, and Orc6 was performed as described (3, 38). For detection of Mcm4,
antibody Mcm4 (yC-19) (sc-6685; Santa Cruz Biotechnology, Inc.) was used at
a 1:1,000 dilution. For analysis of Rad53, TCA-extracted yeast proteins were
fractionated in 10% SDS/PAGE according to ref. 39. Rad53 (yC-19) antibody
sc-6749 (Santa Cruz Biotechnology, Inc.) was used at a 1:1,000 dilution, and
TBS + 0.1% Tween 20 was used for preparing blocking and washing sol-
utions. Rabbit anti-S129 (catalog no. ab15083; Abcam) was used at a 1:1,000
dilution to detect y-H2A. Rat antibodies YL1/2 were used at 1:2,500 to detect
Rnr4, and rabbit anti-smI1 was used at 1:5,000 to detect Sml1.

Isolation and Preparation of DNA for Whole-Genome Replication Profile
Analysis. The protocol is described in detail in SI Materials and Methods,
Isolation and Preparation of DNA for Whole-Genome Replication Profile
Analysis. Briefly, yeast cells were synchronized in G1 with a-factor and were
released into medium containing 0.2 mg/mL pronase E, 0.2 M HU, and 0.5
mM EdU. At the indicated time points, cells were collected by centrifugation
for preparation of genomic DNA. The genomic DNA was fragmented and
then ligated to adaptors containing custom barcodes (Table S2). The bar-
coded EdU-genomic DNA then was biotinylated using the Click reaction and
purified using Streptavidin T1 magnetic beads (Invitrogen). The purified,
barcoded, biotinylated DNA was PCR-amplified for 14 cycles, quantified,
pooled, and submitted for sequencing. Computational analyses of se-
quencing data are described in detail in S/ Materials and Methods, Com-
putational Analyses of Sequencing Data. DNA sequencing data were
submitted to the Sequence Read Archive database [www.ncbi.nlm.nih.gov/sra
(accession no. SRP040450)].

DNA Fiber Analysis. DNA combing was performed as previously described (21).
Cells were synchronized in G1 with o-factor at 30 °C and released with 50
pg/mL of pronase into S phase in the presence of 0.2 M HU and 400 pg/mL
BrdU for 90 min. Box plots depict the length of BrdU-labeled tracks (track
length) or the distance between two consecutive BrdU-labeled tracks (I0D).
Boxes and whiskers indicate 25-75 and 10-90 percentiles, respectively.
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