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Abstract

Accurate genome duplication underlies genetic homeostasis. Metazoan Mdm2 binding pro-
tein (MTBP) forms a main regulatory platform for origin firing together with Treslin/TICRR
and TopBP1 (Topoisomerase Il binding protein 1 (TopBP1)—interacting replication stimulat-
ing protein/TopBP1-interacting checkpoint and replication regulator). We report the first
comprehensive analysis of MTBP and reveal conserved and metazoa-specific MTBP func-
tions in replication. This suggests that metazoa have evolved specific molecular mecha-
nisms to adapt replication principles conserved with yeast to the specific requirements of the
more complex metazoan cells. We uncover one such metazoa-specific process: a new repli-
cation factor, cyclin-dependent kinase 8/19—cyclinC (Cdk8/19-cyclin C), binds to a central
domain of MTBP. This interaction is required for complete genome duplication in human
cells. In the absence of MTBP binding to Cdk8/19-cyclin C, cells enter mitosis with incom-
pletely duplicated chromosomes, and subsequent chromosome segregation occurs inaccu-
rately. Using remote homology searches, we identified MTBP as the metazoan orthologue
of yeast synthetic lethal with Dpb11 7 (SId7). This homology finally demonstrates that the
set of yeast core factors sufficient for replication initiation in vitro is conserved in metazoa.
MTBP and SId7 contain two homologous domains that are present in no other protein, one
each in the N and C termini. In MTBP the conserved termini flank the metazoa-specific
Cdk8/19-cyclin C binding region and are required for normal origin firing in human cells. The
N termini of MTBP and SId7 share an essential origin firing function, the interaction with Tre-
slin/TICRR or its yeast orthologue SId3, respectively. The C termini may function as homodi-
merisation domains. Our characterisation of broadly conserved and metazoa-specific
initiation processes sets the basis for further mechanistic dissection of replication initiation

in vertebrates. It is a first step in understanding the distinctions of origin firing in higher
eukaryotes.
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Author summary

Efficient and well-regulated DNA replication origin firing is central to ensure complete
and accurate genome duplication before cell division. We here use bioinformatics and cul-
tured human cells to understand the role of the essential origin firing factor Mdm?2 bind-
ing protein (MTBP). We prove that MTBP is orthologous to yeast SId7. Their
homologous N-terminal domains bind the orthologous firing factors Treslin/TICRR and
S1d3, respectively. The homologous C termini may constitute MTBP/SId7 homodimerisa-
tion domains. Because Sld7 was the only yeast core origin firing factor for which no meta-
zoan orthologue had been found, our work proves that the complement of core firing
factors is conserved from yeast to man. We also find that MTBP contains a central region
that is not found in yeast, and that is important for replication in human cells, showing
that—despite fundamental conservation—higher eukaryotes have also evolved specific
origin firing processes. The Cdk8/19-cyclin C transcription kinase that has not previously
been implicated in DNA replication binds the central MTBP region, and this is required
for complete DNA replication and proper chromosome segregation in human cells. Our
work suggests that MTBP helps integrate universal conserved eukaryotic origin firing pro-
cesses into the complex metazoan cells.

Introduction

Eukaryotic cells must faithfully replicate their genomic DNA exactly once before each cell divi-
sion in order to ensure genetic homeostasis through successive cell generations. Initiation of
DNA replication is a major step of replication control by the cell cycle and the DNA damage
checkpoint, ensuring faithful genome duplication in normal and adverse conditions [1, 2]. In
higher eukaryotic cells, we know little about the molecular mechanisms and regulation of rep-
lication initiation. Yeast cells have served as a model for understanding initiation in eukary-
otes. In the first initiation step, origin licensing, that occurs in the G1 cell cycle phase,
prereplicative complexes (pre-RCs) form dependently on the origin recognition complex
(ORCQ), cell division cycle 6 (Cdc6), and Cdc10-dependent transcript (Cdtl). Pre-RCs are inac-
tive double hexamers of the Mcm?2-7 helicase, comprising the six minichromosome mainte-
nance (Mcm) proteins 2-7, loaded on origin DNA. In S phase, high activity of S phase cyclin-
dependent kinase (S-CDK) and dumbbell former 4 (Dbf4)-dependent kinase (DDK) induces
origin firing, the conversion of pre-RCs into two bidirectional replisomes, each containing a
Mcm2-7 hexamer, Cdc45, and the go-ichi-ni-san (GINS) complex. This Cdc45-Mcm2-
7-GINS (CMG) complex is the active replicative helicase [3]. DDK phosphorylates pre-RCs,
which recruits the synthetic lethal with Dpb11 3/7 (S1d3-Sld7) complex to pre-RCs, which in
turn interacts with and recruits Cdc45 [4-6]. S-CDK facilitates origin firing by phosphorylat-
ing Sld3 and SId2 [7-9]. Phospho-Sld3 interacts with DNA polymerase binding 11 (Dpbl11),
which is part of the preloading complex (pre-LC) [10]. This interaction is thought to locate
pre-LCs at origins. Pre-LCs also contain Sld2, polymerase epsilon, and the GINS tetramer.
Pre-LC formation depends on S-CDK that phosphorylates SId2 to induce the interaction of
Sld2 with Dpb11 [11]. Formation of active replisomes further requires Mcm10, whose function
is less clear [12, 13].

Biochemical reconstitution demonstrated that these yeast core initiation factors are suffi-
cient to initiate bidirectional DNA replication [14-16]. Metazoan orthologues for each of the
yeast core factors have previously been identified, except for Sld7. Sld7-deleted cells are viable
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but have severe replication defects [17]. In vitro replication initiates in the absence of SId7 [6].
Whether the dispensability of SId7 in vitro reflects an indirect role of SId7 in origin firing in
vivo or whether it is a consequence of the special biochemical in vitro conditions is unclear.
S1d7 forms a stable complex with SId3 in vivo and in vitro [17, 18]. Yeast cells require the inter-
action of SId7 with Sld3 to replicate efficiently, because Sld7 binding mutants of SId3 are sensi-
tive to hydroxyurea, just like sld7A cells [17].

Conservation of most, but potentially not all, origin firing factors between yeast and metazoa
suggested that although many fundamental initiation processes are conserved, processes that are
specific for higher eukaryotes might have evolved. All metazoan orthologues of core yeast firing
factors are essential for replication, as studies in Xenopus egg extracts and human cells have
shown, but their molecular functions are largely unexplored [19-24]. The Sld3 orthologue, Tre-
slin/TICRR (Topoisomerase II binding protein 1 (TopBP1)-interacting replication stimulating
protein/TopBP1-interacting checkpoint and replication regulator) [25], utilises conserved
domains for S-CDK-dependent interaction with the Dpb11 orthologue TopBP1 [24, 26, 27].

The Mdm?2 binding protein (MTBP) protein was the last metazoan firing factor identified
and described to be required for firing in human cells [28]. It did not fit a universal model of
eukaryotic replication because, despite our extensive efforts, no homology with yeast initiation
proteins was detected. MTBP is reminiscent of SId7 in its binding to Treslin/TICRR/SId3. This
binding appears essential for replication as MTBP nonbinding Treslin/TICRR mutants did
not facilitate replication. These functional similarities of MTBP and Sld7, and similarities in
protein sequence and structure of the C termini [29] led to the hypothesis that MTBP performs
Sld7-like functions in metazoans. However, no statistically significant evidence for orthology
between MTBP and Sld7 has been provided.

We here employed various approaches to search for remote homologies in the MTBP and
S1d7 proteins. These revealed MTBP to possess two Sld7-homologous regions in its N and C
termini, and a metazoa-specific region separating these two homology domains. We show that
the SId7-homologous domains are required for proper replication origin firing in human cells.
We thus incontrovertibly demonstrate orthology between MTBP and Sld7. This fills the last
gap in the list of metazoan core origin firing factors, establishing a universal framework of
eukaryotic replication initiation. Despite this conservation, metazoa have also evolved specific
initiation processes, because the metazoa-specific middle domain of MTBP proved to be
required for proper DNA replication. This domain apparently harbours more than one activity
important for replication. Cyclin-dependent kinase 8/19-cyclinC (Cdk8/19-cyclin C), a pro-
tein that was not previously implicated in DNA replication, with roles in controlling transcrip-
tion [30], binds the metazoa-specific MTBP domain. This interaction was required for
complete genome replication and, consequently, for normal chromosome segregation. We
hypothesise that the metazoa-specific binding of Cdk8/19-cyclin C to MTBP helps integrate
the conserved initiation principles into the special requirements of the more complex meta-
zoan cells to achieve well-regulated origin firing to guarantee genome stability.

Results
Both termini of MTBP possess Sld7-homologous domains

Human MTBP (hMTBP) is surprisingly devoid of known domain homologues. To identify its
domain architecture, we initiated an exhaustive computational sequence analysis. We identified
three domains that are conserved in MTBP orthologues across most of the animal kingdom.

Two of these domains proved conserved in yeast Sld7 (Fig 1A). For this we employed itera-
tive profile-based sequence similarity searches [31] of the UniRef50 database [32]. Focusing
first on the most C-terminal of these regions, we found that its sequences are statistically
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significantly similar to the C terminus of Saccharomyces cerevisiae Sld7 of known tertiary
structure (protein data bank [PDB] identifier, 3x38) [18] (E-value = 0.012; probability = 94.1%)
(Fig 1B).

This step employed HHpred searches against the PDB70 profile database [33] and a C-ter-
minal conserved region, amino acids 824-896 of hMTBP, as input. Consistent with these
C-terminal domains of MTBP and SId7 being homologous, secondary structure predictions of
a three-helix bundle for the former agree with the published SId7 crystal structure [18, 34].
Thus, the C-terminal domains of MTBP and SId7 have evolved from a common ancestral
sequence. We call them the SId7-MTBP C-terminal domain (S7M-C). Our findings provide
the statistical evidence required to support a recent proposal of MTBP-S1d7 C-terminal
domain homology [29].

Two complementary approaches then provided evidence for MTBP and SId7 sharing an
N-terminal homologous domain. The first approach queried the protein homology/analogy
recognition engine V 2.0 (phyre2) server with MTBP sequences and returned low confidence
alignments with yeast SId7 (S1A Fig) [18]. We term these amino acids the MTBP-phyre2 and
Sld7-phyre2 region. Six amino acids in the Sld7-phyre2 region directly contact SId3 to form
S1d7-S1d3 dimers (L45, V48, 52-KLPL-55 of Zygosaccharomyces rouxii S1d7; S1A Fig, blue
asterisks; S2 Fig) [18], and four of them are conserved in MTBP (V306, 1309, L314, P315) with
respect to their chemical properties. These MTBP amino acids are among the most highly con-
served residues in this region across animals (S1B Fig).

We tested next if these amino acids in the MTBP-phyre2 region are important for binding to
Treslin/TICRR. We deleted the phyre2 region (amino acids V295-T329) of h(MTBP (MTBP-
Aphyr2) and tested its interaction with endogenous Treslin/TICRR in cell lysates after transient
transfection of MTBP-Flag into 293T cells. Flag immunoprecipitation (IP) (see Table 1 for all
antibodies used) of wild-type (WT) MTBP-Flag (MTBP-WT), but not MTBP-Aphyr2, co-puri-
fied Treslin/TICRR (Fig 2A, lanes 1 and 2). A quintuple point mutant (MTBP-5m) exchanging
the MTBP-phyre2 region amino acids V306, [309, D313, L314, and P315 against alanine (D313)
or aspartate (all others) also showed no detectable binding to Treslin/TICRR (lane 3). These five
residues map to Sld3-contacting amino acids in SId7 (Figs 1C and S2). MTBP-Aphyr2 and
MTBP-5m were specifically defective in binding to Treslin/TICRR but bound Cdks8, a new
MTBP interactor, whose function in replication we discuss below, as well as MTBP-WT, sug-
gesting that the mutants are not misfolded. To assess further the folding quality of the MTBP-
5m protein, we tested its migration behaviour in gel filtrations. We found that MTBP-WT and
MTBP-5m eluted indistinguishably from each other as sharp peaks and did not form aggregates
(S3 Fig). MTBP-5m localises predominantly to the nucleus, like MTBP-WT (54 Fig).

We realised that in some gels Treslin/TICRR in samples from cell lysates formed multiple
bands representing different phosphorylation forms, whereas MTBP-bound Treslin/TICRR
usually showed only one band (Fig 2B left panel). To test if MTBP-bound Treslin/TICRR is
phosphorylated we ran lambda phosphatase (PPase)-treated and untreated lysates side by side
with MTBP immunoprecipitates on an SDS polyacrylamide gel to compare gel mobility of Tre-
slin/TICRR. MTBP-bound Treslin/TICRR showed a PPase-dependent mobility shift (S5 Fig).

To fine-map the interaction between MTBP and Treslin/TICRR, we then mutated amino
acids V306 to S316 in the MTBP-phyre2 region individually. MTBP-Flag IP showed that four of
the five amino acids aligning with Sld3-interacting amino acids, V306, 1309, L314, and P315 (S2
Fig), contribute to Treslin/TICRR binding (Fig 2A, lanes 4, 7, 12, 13). Mutating other amino
acids that were not aligned with Sld3-interacting Sld7 amino acids had variable effects. Mutating
the most conserved, L311 (lane 9), showed a considerable reduction of Treslin/TICRR binding.
Mutating the moderately conserved M308 (lane 6) had mild effects, whereas mutating the moder-
ately conserved Q307 (lane 5) and the weakly conserved K310 and S312 (lanes 8 and 10) did not
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Fig 1. h(MTBP and yeast SId7 share two homologous domains, SId7-MTBP-N and -C (S7M-N and -C). (A) Domain architecture of
hMTBP and S.c. SId7. S7M-N, -C, conserved domains; blue oval, metazoa-specific domain. (B,C) Multiple sequence alignments of (B)
S7M-C and (C) S7M-N domains. Sequences from representative metazoa (red) or fungi (purple) presented with Belvu using a colouring
scheme indicating the average BLOSUMS62 scores (that correlate with amino acid conservation): red (>2.5), violet (between 2.5 and 0.8),
and light yellow (between 0.8 and 0.3). Predicted or known secondary structures are indicated: cylinders, o-helices; arrows, B-strands.
Amino acids discussed in the main text are indicated with hMTBP or yeast SId7 numbering (panel C). Blue box (panel C) indicates the
phyre2 region. aa, amino acid; BLOSUMG62, blocks substitution matrix 62; hMTBP, human MTBP; MTBP, Mdm?2 binding protein;
phyre2, protein homology/analogy recognition engine V 2.0; S.c., Saccharomyces cerevisiae; S1d7, synthetic lethal with Dpb11; S7TM-C,
S1d7-MTBP C-terminal domain; S7M-N, Sld7-MTBP N-terminal domain.

https://doi.org/10.1371/journal.pbio.2006767.g001
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Table 1. Specification of the antibodies used.

Name Protein/Peptide Species/Source Distributor

anti-MTBP clone 4H9 hMTBP, amino acids 102-513 rat self-made [28]

anti-MTBP clone 12H7 hMTBP, amino acids 1-284 rat self-made [28]

anti-MTBP (83) hMTBP; amino acids 1-284 rabbit self-made

anti-MTBP (85) hMTBP; amino acids 102-513 rabbit self-made

anti-Treslin clone 30E7 human Treslin/TICRR mouse self-made

anti Treslin DB148 human Treslin/TICRR; amino acids 1566-1910 | rabbit self-made [26]

anti Treslin DB153 human Treslin/TICRR, amino acids 970-1400 | rabbit self-made [26]

anti-BrdU-FITC set BrdU mouse BD 556028

anti-FLAG M2 Monoclonal antibody | FLAG mouse Sigma-Aldrich, F1804-200UG

anti-TopBP1 antibody (DB4) human TopBP1 amino acids 1-360 rabbit self-made [26]

anti-TopBP1 antibody (DB7) human TopBP1 amino acids 430-800 rabbit self-made [26]

anti-cyclin C human cyclin C rabbit Bethyl/Biomol (A301-989A)

anti-Cdk19 human Cdk19 rabbit Sigma (HPA007053)

anti-Cdk8 human Cdk8 goat Santa Cruz (sc-1521)

anti-GFP nanobodies GFP recombinant purified from Escherichia | generous gift from Kirill
coli Alexandrov

anti-GFP (JL-8) GFP mouse Takara (632381)

anti-Med12 Med12 goat Santa Cruz (sc-5374)

anti-Med13 Med13 goat Santa Cruz (sc-12013)

anti-mouse Alexa 488 1gG rabbit Invitrogen, A11059

anti-a tubulin o. tubulin mouse Sigma T5168

anti-Cdc45 clone 3G10 human Cdc45 rat Kind gift of H. Pospiech und F.

Grosse
anti-Mcm5 human Mcm5 rabbit Abcam, ab17967
anti-Sld5 human SId5 rabbit Abcam, ab139683

Abbreviations: BD, Becton Dickinson; BrdU, 5-bromodeoxyuridine; Cdc, cell division cycle; Cdk, cell cycle dependent kinase; GFP, green fluorescent protein; hMTBP,
human MTBP; IgG, immunoglobulin; Mcm, minichromosome maintenance; Med, mediator of transcription; MTBP, Mdm2 binding protein; Sld, synthetic lethal with

Dpb11; TICRR, TopBP1 interacting checkpoint and replication regulator; TopBP1, Topoisomerase II binding protein.

https://doi.org/10.1371/journal.pbio.2006767.t001

alter Treslin/TICRR interaction. All mutants bound Cdk8 normally. These data show that the
phyre2 regions of Sld7 and MTBP have a conserved function, the binding to Sld3/Treslin/TICRR.

To identify homology between MTBP and Sld7 N termini, we then used the newly identi-
fied MTBP-phyre2 region as an anchor point for similarity searches based on amino acid
sequences and secondary structures. This revealed extensive sequence similarities between
amino acids V295 and G426 in the N terminus of MTBP and the full length of the N-terminal
domain of SId7 (Figs 1C and S2A). These similarities are sufficient to predict homology
because their alignment score greatly exceeds those expected from alignments with random
sequences (E = 3.0 x 107°). We term these domains in SId7 and MTBP Sld7-MTBP N-terminal
(S7M-N) domains. Independent evolution of shared domain architectures is rare [35] and
highly unlikely for functionally similar proteins. Our evidence thus strongly indicates that
metazoan MTBP and fungal S1d7 are orthologues.

Regions outside MTBP-phyre2 are also important for interaction with Treslin/TICRR. Itou
and colleagues showed that the S7M-N domain of SId7 contains a second cluster of Sld3-contact-
ing amino acids (Fig 1C) [18]. The corresponding positions in the S7M-N domain of hMTBP are
amino acids C413-G426, and were also required for interaction with Treslin/TICRR (Fig 2B lanes
5-11). MTBP-Q423-G426 (mutated in MTBP-m3-6) and C413 (MTBP-m1) map to positions in
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Fig 2. The N termini of MTBP and Sld7 share a function, interaction with Treslin/TICRR/SId3. (A) C-terminally 3xFlag-tagged
MTBP-WT, deletion (A), or point mutants (m) in the MTBP-phyre2 region were transiently transfected into 293T cells before analysis
by anti-Flag IP and immunoblotting using antibodies against MTBP (12H7) and Treslin/TICRR (30E7). Aphyr2, amino acids
V295-T329 deleted; 5m, amino acid exchanges V306D, 309D, D313A, L314D, P315D. (B) Experiment as in (A) except lanes 1-3:
C-terminally Flag-GFP-tagged MTBP was immunoprecipitated using anti-GFP nanobodies. *, different Treslin/TICRR phosphorylation
forms visible in some immunoblots; point mutations: m1-6, C413A, A415Q, Q423A, 1424Q, N425A, G426Q; m3-6, Q423A, 1424Q,
N425A, G426Q; m1/2, C413A, A415Q; m1, C413A, m2, A415Q. Cdk8, cyclin-dependent kinase 8; GFP, green fluorescent protein; IP,
immunoprecipitation; m, point mutant; MTBP, Mdm?2 binding protein; SId7, Synthetic lethal with Dpb11; TICRR, TopBP1-interacting
checkpoint and replication regulator; WT, wild-type.

https://doi.org/10.1371/journal.pbio.2006767.9002

S1d7 that directly contact Sld3 (S2 Fig). A415 (MTBP-m2) probably affects the stability of its
B-strand (S2 Fig). Finally, deleting amino acids D2 to S55, D2 to S31 or D2 to V8 from the N ter-
minus also resulted in MTBP mutants that failed to bind Treslin/TICRR (Fig 2B lanes 1-5).
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Table 2. Specification of the siRNAs used.

MTBP-AD2-V8 and mutants of the region between amino acids C413 and G426 do not show
signs of protein misfolding. Their Cdk8 binding ability (Fig 2B) and migration behaviour in gel
filtrations were indistinguishable from MTBP-WT (S3 Fig). MTBPm1-6 localises predominantly
to the nucleus, like MTBP-WT (54 Fig). We conclude that various regions in the N terminus of
MTBP contribute to Treslin/TICRR binding, and termed it Treslin/TICRR binding domain
(TresBD).

The S7M-N and -C domains function in DNA replication

We next investigated if the two Sld7-like domains of MTBP, S7M-N and S7M-C, are important
for DNA replication. We used an established RNA interference (RNAI) system [28] (see
Table 2 for all small interfering RNAs [siRNAs] used) to replace MTBP with siRNA-resistant
MTBP-WT or mutant MTBP transgenes (Fig 3A). Relative replication speed was then deter-
mined by 5-bromodeoxyuridine (BrdU) labelling and flow cytometry (Fig 3B and 3C, gating
strategy for all flow cytometry experiments, including raw data for quantification in S1 Data).
In control cells expressing no transgene MTBP-RNAi (siMTBP) reduced the BrdU signal
2.9-fold compared with control RNAI (siCtr) (Fig 3C and S1 Data), indicating effective sup-
pression of replication. siRNA-resistant MTBP-WT rescued replication in siMTBP-treated
cells almost completely (1.2x reduction).

In contrast, Treslin/TICRR nonbinding S7M-N mutants, MTBP-5m (phyre2 region) and
MTBP-m1-6 (amino acid C413-G426 region), did not rescue replication. These mutants’
BrdU-propidium iodide (PI) profiles were indistinguishable from siMTBP-treated control cells.
BrdU signals were reduced 3.0-fold (MTBP-5m) and 2.6-fold (MTBP-m1-6). We sought to use
minimally invasive single point mutations to confirm these conclusions that were drawn from
the MTBP-5m and m1-6 combination mutants. The three non-Treslin/TICRR-binding MTBP
mutants [309D, L314D (both mutated in 5m) and A415Q (mutated in m1-6) did not support
replication over background, whereas cells expressing the Treslin/TICRR-binding proficient
D313A replicated normally (56 Fig and S1 Data).

To test which step of DNA replication was defective in Treslin/TICRR nonbinding MTBP
mutants, we tested if origin licensing and origin firing occurred in cells expressing these
mutants. Immunoblotting of chromatin fractions indicated normal licensing, as judged by
Mcmb5 (pre-RC subunit) signals (Figs 3D and S7 and S1 Data). In contrast, Cdc45 and Sld5
(GINS subunit) antibodies indicated that CMGs did not form in the presence of the MTBP
mutants, unlike with MTBP-WT. Together, we conclude that the Treslin/TICRR-binding
S7M-N region is essential for MTBP function in replication at the origin firing step.

Target Sequence Distributor

MTBP1 GAGAGAAACAGUUAGCUAA J-013953-06-0050 Dharmacon
MTBP2 UCACAUUGUUGGAUGCUAA J-013953-08-0050 Dharmacon
Control/GL2 CGUACGCGGAAUACUUCGAUU CTM-134302 Dharmacon
Med12-1 D-009092-02 Dharmacon
Med12-2 D-009092-04 Dharmacon
Treslin/TICRR GAACAAAGGTTATCACAAA Dharmacon; custom-made
CycC-1 D-003209-06 Dharmacon
CycC-2 D-003209-21 Dharmacon

Abbreviations: CycC, cyclin C; GL2, siRNA against firefly luciferase gene; Med12, mediator of transcription 12; MTBP, Mdm2 binding protein; TICRR, TopBP1 binding

checkpoint and replication regulator.

https://doi.org/10.1371/journal.pbio.2006767.t002
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Fig 3. The S7M-N and -C domains are required for DNA replication in human cells. (A) HeLa Flip-In T-Rex cell lines carrying no transgene,
siRNA-resistant MTBP-WT-3xFlag, deletion (A), or point mutants (m) were treated with siCtr or siMTBP and doxycycline. Whole cell lysates were
immunoblotted using anti-MTBP antibody (12H7). Ponceau (Pon.) staining controlled loading (Load.). Short exp., short exposure; long exp., long
exposure; 5m and m1-6, see Fig 2 for nomenclature. (B) Flow cytometry density plots of cells treated as in (A), stained by BrdU pulse labelling and
PL Relative DNA content before (2C) and after (4C) replication. (C) Histogram overlays of BrdU fluorescence of S phase populations of cells treated
and analysed as in (B). Numbers indicate times reduction of BrdU fluorescence upon siMTBP treatment. (D) The indicated Hela Flp-In cell lines
were siMTBP treated as in (A). Chromatin fractions were tested by immunoblotting using antibodies against Cdc45, SId5, Mcm5. Coomassie
(Coom.) staining of histones controlled equal chromatin preparation and loading. (E, F) Experiment as in (A) and (C). MTBP mutants: AS7M-C, C-
terminal 81 amino acids deleted; AC150, C-terminal 150 amino acids deleted. (G) Quantification of multiple (1) independent experiments with the
indicated cell lines as in (A) and (B). Percent replication rescue represent normalisations to MTBP-WT (100%) and no-transgene cells (0%); error
bars, SEM. AU, arbitrary unit; BrdU, bromodeoxyuridine; Cdc45, cell division cycle 45; Coom., Coomassie; Load., Loading; log, logarithmic scale;
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long exp., long exposure; m, point mutant; Mcm5, minichromosome maintenance 5; MTBP, Mdm2 binding protein; PI, propidium iodide; Pon.,
Ponceau; Short exp., short exposure; siRNA, small interfering RNA; siCtr, control siRNA; siMTBP, MTBP siRNA; SId5, Synthetic lethal with Dpb11
5; S7M-N, Sld7-MTBP N-terminal domain; S7M-C, Sld7-MTBP C-terminal domain; WT, wild-type.

https://doi.org/10.1371/journal.pbio.2006767.g003

These conclusions are consistent with earlier results showing that Treslin/TICRR mutants
that do not bind MTBP are replication incompetent [28]. We reported before that binding of
Treslin/TICRR to MTBP is required for normal cellular levels of MTBP [28] (S8E and S8F Fig
and S1 Data). Consistently, the Treslin/TICRR binding-deficient MTBP-5m and m1-6 trans-
genes, but not other mutants that can bind Treslin/TICRR, expressed to lower levels than
MTBP-WT (Figs 3A and S8A and S6A and S1 Data). Cycloheximide shut-off experiments
with MTBP-5m and m1-6 confirmed that these degrade faster than MTBP-WT (S8B Fig).
Lower MTBP levels cannot be the sole reason for the lack of replication in MTBP-5m and
m1-6 cells because partial siMTBP-mediated knock-down experiments showed that strong
replication defects required suppression of MTBP signals to less than approximately 15%,
whereas the 5m and m1-6 mutants have approximately 40% and 35% of MTBP signals left
compared with endogenous and transgenic MTBP-WT (S8A, S8C and S8D Fig and S1 Data).
We then tested if elevating the expression levels of the MTBP-5m and m1-6 to MTBP-WT lev-
els rescues their replication deficiency. To this end we selected stable Hela-Kyoto cell clones
generated by random transgene integration into the genome that expressed MTBP-5m, m1-6,
or WT at comparable levels. Replication analysis showed very low if any replication activity of
the MTBP mutants (59 Fig and S1 Data), indicating Treslin/TICRR binding to MTBP has
essential roles in replication distinct from or in addition to stabilising MTBP levels.

The S7M-C domain is also important for replication. Two MTBP mutants lacking the
C-terminal 150 (MTBP-AC150) or 81 amino acids (MTBP-AS7M-C) showed defects in rescu-
ing replication. BrdU signals were reduced by 1.7-fold in MTBP-AC150 and 1.8-fold in
MTBP-AS7M-C (Fig 3F and S1 Data). Because these replication defects were milder compared
with the Treslin/TICRR-binding mutants, we quantified replication of these mutants more
thoroughly. Averaging multiple independent experiments confirmed that both mutant cell
lines replicated significantly less than MTBP-WT-expressing lines (39% and 27% of WT) (Fig
3G and S1 Data). Both mutant proteins bound Treslin/TICRR normally (S10A Fig). Moreover,
chromatin immunoblots showed that, whereas licensing occurred normally in cells expressing
MTBP-AS7M-C, origin firing (CMG formation) was impaired, albeit not as much as in Tre-
slin/TICRR-nonbinding MTBP mutants (Figs 3D and S7 Fig and S1 Data). Together, we con-
clude that the S7M-C domain is required for MTBP function in replication origin firing. The
S7M-C function is distinct from Treslin/TICRR binding, consistent with a recent report [29].
The SId7-S1d3 crystal structure suggested that the S7M-C domain of Sld7 mediates Sld7 dimer-
isation [18]. The relevance of Sld7 dimerisation for replication in yeast cells was not tested. If
the S7M-C domain of MTBP mediates replication by homodimerisation, fusing a homodimer-
isation domain to MTBP that lacks the S7M-C domain should rescue the capability of this
MTBP mutant to induce replication. We attached MTBP-AC150 and MTBP-AS7M-C with
their C termini to the homodimerising glutathione S transferase (GST) tag. Cells expressing
MTBP-AC150-GST and MTBP-AS7M-C-GST transgenes replicated to near WT levels, 80%
and 99%, respectively, whereas fusing the nondimerising green fluorescent protein (GFP) tag
had little effect (Figs 3G and S10B and S1 Data). The slightly better replication by the GFP
fusion (49%) over MTBP-AC150 (39%) might stem from its higher expression level. The most
parsimonious explanation of the replication rescue by fusing GST is that GST replaces a
dimerisation activity of the C terminus, and there is no other essential replication function of
the C terminus. However, alternative, more complicated scenarios cannot be excluded.
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MTBP requires the metazoa-specific region to support normal genome
replication

We hypothesised that the Sld7-homologous domains of MTBP confer the core replication
activities common across eukaryotes, whereas the metazoa-specific MTBP middle region may
mediate metazoa-specific roles in replication, or may have nonreplicative functions. To test
the relevance of the MTBP middle domain for replication, we sought to delete the whole mid-
dle domain but retain the activities of the S7M termini. The smallest TresBD fragment of
MTBP that was biochemically well behaved (was soluble and showed no unspecific binding to
control pull-down beads) and retained full Treslin/TICRR binding activity contained amino
acids M1 to Y513 (S11A Fig). We fused to it amino acids L705 to K904, Y770 to K904, or Q810
to K904 (Fig 4A). We call these mutants metazoan Sld7s (mSld7s) because they contain little
more than the Sld7-equivalent MTBP termini. All three mSId7 versions supported replication
poorly compared with MTBP-WT (Fig 4B and S1 Data) but better than cells carrying no trans-
gene, cells expressing the TresBD (amino acids M1-D515) (Fig 4C and 4D and S1 Data), and
cells that lack TresBD activity (Fig 3A-3C and S1 Data).

This shows that the Sld7-equivalent termini cooperate in mSld7s to mediate replication,
albeit to sub-WT levels. Because MTBP-AA516-H769 and AA516-G809 lack an nuclear locali-
sation sequence (NLS) around amino acid D740, a simian virus 40 (SV40)-NLS had been
fused to the C terminus of the C-terminal GFP tag. All mSld7 versions bound Treslin/TICRR.
AA516-P704 and AA516-H769, but not AA516-G809, showed some reduction of Treslin/
TICRR association compared to WT (S11B Fig). Because the C-terminal 388 amino acids of
MTBP (amino acids A516-K904) are dispensable for Treslin/TICRR binding (S11A Fig), this
indicates that the artificial domain boundaries in these two mutants may affect folding of the
N-terminal TresBD to some degree. The relatively weak Treslin/TICRR binding of MTBP-
AA516-P704 is probably the reason for the slightly lower expression of this transgene. We do
not think, however, that lower Treslin/TICRR binding capacity and lower MTBP protein levels
are critical for the low replication in these mutant cells, because the Treslin/TICRR binding
capacities of the mSld7 versions do not correlate with their replication-promoting activities
(Figs 4B and S11B). We conclude that the metazoa-specific middle domain of MTBP and the
Sld7-homologous domains cooperate to support DNA replication in human cells.

Cdk8/19-cyclin C is a novel interactor of the MTBP-Treslin/TICRR-TopBP1
core initiation complex

We found, using purification of MTBP-Flag-GFP and mass spectrometry, that the Cdk8 and
Cdk19 kinases and their activating subunit cyclin C co-purify with MTBP. Cdk8 and Cdk19
show extremely high sequence identity. In our experiments they behaved identically, and we
do not functionally distinguish between them. Endogenous MTBP co-purified Cdk8, cyclin C,
and Cdk19, and anti-cyclin C antibodies precipitated Cdk8, Cdk19, and MTBP (Fig 5A). The
interaction occurred in lysates from asynchronous cells and from cells synchronised in G1, S,
or mitosis (Fig 5B). The slightly lower MTBP amounts in G1 cell lysates suggested that the
interaction with Cdk8/19-cyclin C might require cell cycle CDK kinase activity, but adding
Cdk2-Cyclin A to G1 lysates did not promote the interaction. Treslin/TICRR also co-purified
with anti-Cdk8 antibodies from all cell cycle stages (Fig 5B).

Moreover, transiently transfected Treslin/TICRR-WT and mutants of the Treslin/TICRR ter-
mini, the Sld3/Treslin domain (STD), and the TopBP1 interaction domain coimmunoprecipitated
Cdk8/19-cyclin C (Fig 5C). In contrast, two deletion mutants of the Treslin/TICRR M domain
that are partially (AM1) or strongly (AM2) deficient in MTBP interaction showed proportional
defects in Cdk8 binding. These interaction studies suggested that MTBP, CDK8/19-cyclin C, and
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Fig 4. The metazoa-specific region of MTBP is required for WT levels of DNA replication. (A) Lysates of HeLa
Flip-In T-Rex cells expressing siMTBP-resistant MTBP-WT-3xFlag-TEV2-GFP, MTBP-A516-704-3xFlag-TEV2-GFP
(lacking amino acids A516-P704), MTBP-A516-769-3xFlag-TEV2-GFP-NLS, or MTBP-A516-809-3xFlag-
TEV2-GFP-NLS were analysed by immunoblotting using anti-MTBP (4H9), anti-Treslin (148), and Ponceau (Pon.)
staining. Error bars: SEM. (B) Cell lines of (A) were siMTBP- or siCtr-treated and analysed for replication rescue as
described in Fig 3G. Averages of two (MTBP-A516-704-3xFlag-GEP) or four (all other lines) independent
experiments are shown. (C) Whole cell lysates of HeLa Flip-In T-Rex cells expressing siM TBP-resistant MTBP-TresBD
(amino acids 1-515) or MTBP-A516-769-3xFlag-TEV2-GFP-NLS were siCtr- or siMTBP-treated and analysed by
immunoblotting as in Fig 3A. Crops of the same immunoblot exposure are shown. (D) S phase populations of cells
described in (C) were analysed by BrdU-flow cytometry as in Fig 3C. AU, arbitrary units; BrdU,
5-bromodeoxyuridine; GFP, green fluorescent protein; Load., loading; MTBP, Mdm2 binding protein; Pon., Ponceau;
siCtr, control RNAi; siMTBP, MTBP-RNAI; TresBD, Treslin/TICRR binding domain; WT, wild-type.

https://doi.org/10.1371/journal.pbio.2006767.9004

Treslin/TICRR form a protein complex, with MTBP bridging Treslin/TICRR and the Cdk8 kinase
(Fig 5H). Corroborating this interpretation, a C-terminal MTBP-A516-K904 fragment, but not
the TresBD fragment, interacted with Cdk8/19-cyclin C (S12B(i) Fig), placing the binding site for
the kinase between MTBP amino acids A516 and K904.
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Fig 5. Cdk8/19-cyclin C forms a protein complex with Treslin/TICRR-MTBP-TopBP1 that is independent from mediator of
transcription subunits. (A) Native lysates of HeLa Flip-In T-Rex cells were immunoprecipitated using IgG, anti-MTBP (83), or anti-
cyclin C antibodies. Immunoblots were detected using anti-MTBP (85), anti-cyclin C, anti-Cdk19, and anti-Cdk8. (B) Native cell lysates
of unsynchronised cells or cells in mitosis (M) (nocodazole arrest), G1 phase (4h nocodazole release), G1/S (thymidine arrest), or S (3h
thymidine release) were analysed by IP using anti-Cdk8 or control IgG and immunoblotting with anti-Cdk8, anti-MTBP (4H9), and
anti-Treslin/TICRR (30E7) antibodies. Cell cycle distributions were determined by PI flow cytometry. (C) 293T cells transiently
transfected with GFP-Flag-Treslin-WT or the mutants Treslin-2PM (Fig 5H) (TopBP1 binding deficient), -ACIT, -AM1/2, -ASTD, -ACt
were analysed by anti-GFP IP and immunoblotting using anti-GFP, anti-MTBP (4H9), and anti-Cdk8 antibodies. (D) Native lysates of
293T cells were treated with Cdk2-cyclin A or left untreated before IP with anti-TopBP1 antibodies and immunoblotting using anti-
TopBP1, anti-Treslin (30E7), anti-Cdk8, and anti-Cdk19 antibodies. (E) Native lysates of HeLa-Kyoto cells were immunoprecipitated
with control IgG, anti-MTBP (83), or anti-Cdk8 antibodies. Different relative amounts (1 to 1/64) were analysed by immunoblotting
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with anti-MTBP (4H9), anti-Cdk8, anti-Cdk19, anti-Med12, and anti-Med13 antibodies. Stronger bands were in saturated signal range.
(F) Native lysates of HeLa Flip-In T-Rex cells expressing MTBP-WT-Flag3-GFP or mutants lacking the indicated amino acids were
analysed by anti-GFP IP and immunoblotting using anti-MTBP (4H9), anti-Treslin (30E7), and anti-Cdk8 antibodies. (G) Flag
immunoprecipitates and lysates of HeLa Flip-In T-Rex cells expressing MTBP-WT-Flag3 or indicated mutants were analysed by
immunoblotting using anti-MTBP (4H9), anti-Cdk8, and anti-Treslin (30E7) antibodies. (H) Schematic of the TopBP1-Treslin/
TICRR-MTBP-Cdk8/19-cyclin C protein complex. The Treslin domains (see Materials and methods for definition) CIT, Middle (M)
domain divided into M1 and M2, STD, and C-ter are indicated. ACIT, conserved in Treslins domain deleted; ACt, C terminus deleted;
AM1/2, nonoverlapping M-domain deletion mutants, ASTD, Sld3/Treslin domain deleted; Cdk8/19, cyclin-dependent kinase 8/19; CIT,
conserved in Treslins; C-ter, C terminus; Ctr, control; CycC, cyclin C; exp., exposure; GFP, green fluorescent protein; heavy chain, heavy
antibody chain; IgG, immunoglobulin; IP, immunoprecipitation; MTBP, Mdm?2 binding protein; Myc, myelocytomegalovirus proto
oncogene; PI, propidium iodide; SId3, synthetic lethal with Dpb11; STD, Sld3/Treslin domain; S7M-C, SId7-MTBP C-terminal domain;
S7M-N, SId7-MTBP N-terminal domain; TICRR, TopBP1 interacting checkpoint and replication regulator; TopBP1, Topoisomerase II
binding protein; unsync, unsynchronised; WT, wild-type.

https://doi.org/10.1371/journal.pbio.2006767.g005

TopBP1 is also part of the Treslin/TICRR-MTBP-Cdk8/19-cyclin C complex. IP of endoge-
nous TopBP1 from cell lysates co-purified Treslin/TICRR, MTBP, and a faint but specific sig-
nal for Cdk8 (Fig 5D). Adding Cdk2-cyclin A to the lysate to enhance the binding of Treslin/
TICRR to the N-terminal triple breast cancer type 1 susceptibility protein C terminal repeat
(BRCT) repeat domain of TopBP1 [26] increased the signals for Treslin/TICRR, MTBP, Cdks,
Cdk19, and cyclin C, indicating that TopBP1 indirectly binds MTBP-Cdk8/19-cyclin C via
Treslin/TICRR (Fig 5H).

Cdk8-cyclin C forms the kinase module of the mediator of transcription together with
mediator of transcription subunits 12 and 13 (Med12 and Med13). However, Med12 and -13
do not associate with the MTBP-bound fraction of Cdk8/19-cyclin C: whereas anti-Cdk8 anti-
bodies co-purified MTBP, Med12, and Med13 (Fig 5E), the same amount of Cdk8 purified
with anti-MTBP antibodies did not contain Med12 and Med13 detectably. We conclude that
Cdk8/19-cyclin C forms distinct protein complexes with the mediator of transcription and the
origin firing regulator Treslin/TICRR-MTBP-TopBP1.

Cdk8/19-cyclin C binding to MTBP requires the metazoa-specific MTBP
middle domain

We then mapped the interaction site for Cdk8/19-cyclin C in MTBP-A516-K904. Binding
studies using truncated MTBP fragments in cell lysates showed that amino acids R595 to P704
of MTBP are required and sufficient for binding the Cdk8 kinase (Figs 5F and S12A and
S12B). The R595-P704 region contains a particularly well-conserved metazoa-specific domain
(Fig 5H; blue oval; amino acids 636-693, S12D Fig). Deleting only this domain (MTBP-
AT635-P704) abrogated Cdk8 binding, as did a mutant lacking amino acids R595 to L634 (Fig
5F). A series of MTBP point mutants subsequently showed that amino acids between L601 and
E605 as well as L620 and T635 were important for MTBP binding to Cdk8/19-cyclin C (Fig 5G
and S12C). In order to create a maximally Cdk8/19-cyclin C binding-deficient MTBP mutant
for subsequent functional analyses, we combined seven amino acid exchanges between amino
acids 1620 and T635 to generate MTBP-Cdk8 binding mutant (Cdk8bm) (Fig 5G).
MTBP-Cdk8bm bound Treslin/TICRR normally and behaved like MTBP-WT in gel filtrations
(S3 Fig) and nuclear localisation (S4 Fig).

Cdk8/19-cyclin C binding to MTBP is required for normal DNA
replication in human cells
Next, we asked whether Cdk8/19-cyclin C, which is not amongst the yeast core firing factors, is

a novel replication initiation factor in vertebrate cells. Because Cdk8 and Cdk19 may act redun-
dantly, we knocked down cyclin C (siCycC; cyclin C siRNA) to test an involvement in DNA
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replication. BrdU-flow cytometry analysis revealed a mild reduction of replication speed in
siCycC-treated HeLa-Kyoto and also in U20S cells (S13A-S13C Fig and S1 Data). Because
Cdk8/19-cyclin C regulates the transcription of many genes as part of the mediator complex,
eliminating Cdk8/19-cyclin C from cells will generate complex phenotypes, leading to difficul-
ties in differentiating primary and secondary defects. Therefore, we sought to separate media-
tor-dependent from -independent replication functions of Cdk8/19-cyclin C. To this end we
tested if the binding of the Cdk8/19 kinase to MTBP is required for DNA replication. Because
MTBP does not interact with mediator subunits (Fig 5E), Cdk8 kinase nonbinding MTBP
mutants should reflect mediator-independent functions of the kinase. BrdU-incorporation anal-
ysis of siMTBP-treated cells expressing the Cdk8/19-cyclin C nonbinding MTBP-Cdk8bm and
-AR595-P704 mutants showed a reduction of replication rescue of around 23% to 77% and 17%
to 83%, respectively, compared with MTBP-WT (Fig 6A and 6B and S1 Data). This decrease of
replication was more moderate than in siCycC cells (S13B and S13C Fig and S1 Data).

We sought to confirm this mild replication reduction by a more sensitive method. Compro-
mised replication typically increases the frequency of fragile metaphase chromosome sites
(ES). FS are under-replicated chromosome regions. A control experiment confirmed that FS
frequency can be used to monitor replication defects by lower MTBP activity. HeLa cells
treated with siMTBP, which reduces replication severely, displayed 5.6-fold more FS than
siCtr-treated cells (S13D Fig and S1 Data). siMTBP-treated cells expressing the Cdk8/19-cyclin
C binding-deficient MTBP mutants showed about two times more FS than siCtr-treated cells
and siMTBP-treated cells expressing MTBP-WT (Fig 6C and S13E and S13F and S1 Data). We
conclude that cells expressing Cdk8/19-cyclin C binding-deficient MTBP enter mitosis with
incompletely replicated chromosomes. Such premature mitotic entry should increase aberrant
mitotic figures. We fixed and stained siCtr- or siMTBP-treated MTBP-WT and Cdk8 binding-
deficient cell lines with anti-tubulin antibodies and double stranded DNA (dsDNA) stain to
visualise mitotic spindles and chromosomes. siMTBP-treated MTBP-Cdk8bm and -AR595-
P704 cells showed more anaphases with DNA that was not pulled to the cell poles together
with the remaining chromatin mass (Fig 6D(i) and S1 Data). Subsequent cytokinetic abscission
was delayed, as judged by more cells that had already formed interphase nuclei but that were
still connected by a thin connection containing the spindle midbody (ii). Delayed abscission
upon incomplete replication has been described [36]. Occasionally, these connections con-
tained Hoechst-positive structures. In line with chromosome segregation errors, we also found
a higher frequency of micronuclei in MTBP-Cdk8bm and -AR595-P704 cells (iii). MTBP-
AR595-P704 appears to have slight dominant effects, as suggested by the mutant cell lines
showing a minor increase of aberrant anaphases upon siCtr treatment. We did not observe a
compromised spindle assembly checkpoint response of MTBP-Cdk8bm and -AR595-P704
cells, as was reported for MTBP knock-down cells [37]. Nevertheless, we cannot exclude that a
direct role of MTBP in mitosis contributes to the observed phenotypes.

That the observed DNA replication defect of cells expressing Cdk8/19-cyclin C nonbinding
MTBP was mild was confirmed by the similar cell cycle distributions of siMTBP-treated
MTBP-Cdk8bm and MTBP-WT cells (Fig 6E and S1 Data). Also, the temporal replication pro-
gram was not grossly affected in MTBP-Cdk8bm cells. Classification of replication patterns
using GFP-proliferating cell nuclear antigen (PCNA) in live cells expressing MTBP-WT and
-Cdk8bm showed a normal appearance and order of early, mid-, and late-S phase replication
patterns (Fig 6F and S1 Data). Also, in-detail inspection of mid-and late-S phase patterns
revealed no differences (Fig 6G and S1 Data).

We conclude from Fig 6 that cells expressing Cdk8/19-cyclin C nonbinding MTBP mutants
have moderate defects in genome replication and enter mitosis prematurely with under-repli-
cated chromosomes.
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Fig 6. Cdk8/19-cyclin C binding to MTBP is required for proper genome replication in human cells. (A) Immunoblots of whole cell
lysates of siCtr- or siMTBP-treated HeLa Flip-In T-Rex cells expressing MTBP-WT-Flag3-TEV2-GFP, MTBP-Cdk8bm-
Flag3-TEV2-GFP, or MTBP-AR595-P704-Flag3-TEV2-GFP using anti-MTBP (4H9) and anti-Treslin (30E7). Ponceau (Pon.) staining
controlled for loading. (B) Quantification of replication rescue of cells described in (A). Six (WT, Cdk8bm) or three (AR595-P704)
independent experiments were analysed as in Fig 3G. Error bars: SEM. (C) Quantification of fragile chromosomes frequency in cells
treated as in (A). Three independent experiments were analysed. Error bars: SEM. (D) Quantifications of aberrant anaphase figures,
delays in cytokinetic abscission, and micronucleus frequency are shown. Cells were treated as in (A), fixed, and stained with anti-tubulin
antibodies and dsDNA stain (Hoechst 33258) for fluorescence microscopy. (E) PI flow cytometry histogram plots of cells treated as
described in (A). G1, S, and G2/M indicate fraction of cells in the respective cell cycle phase. (F) Early, mid-, and late-S phase
replication patterns of cells described in (A) that stably expressed GFP-PCNA were quantified using live cell microscopy. (G)
Experiment as in (F) was analysed for the indicated mid-and late-S phase-specific replication structures. AU, arbitrary units; BrdU,
5-bromodeoxyuridine; Cdk8/19, cyclin dependent kinase 8/19; Cdk8bm, Cdk8 binding mutant; dsDNA, double stranded DNA; GFP,
green fluorescent protein; load., loading; MTBP, Mdm?2 binding protein; PCNA, proliferating cell nuclear antigen; P, propidium iodide;
Pon., Ponceau; siCtr, control RNAi; siMTBP, MTBP-RNAi; WT, wild-type.

https://doi.org/10.1371/journal.pbio.2006767.9006
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The metazoa-specific MTBP middle region appears to harbour at least one more activity in
addition to Cdk8/19-cyclin C binding that is required for replication. This activity is situated out-
side amino acids R595 to P704. MTBP-Cdk8bm and -AR595-P704, which are both maximally
Cdk8/19-cyclin C binding deficient, show less severe defects in replication (around 20% reduc-
tion) than the mSId7 mutants (around 70%) that have larger deletions in the middle domain.

Discussion

Our characterisation of MTBP as an origin firing factor that integrates conserved and meta-
zoa-specific initiation processes presents an early step into understanding the specifics of
higher eukaryotic replication in a field that has focused on showing that the principles of
origin firing are conserved with yeast. We establish MTBP as the metazoan orthologue of
yeast Sld7. Furthermore, we describe that MTBP also has metazoa-specific features that are
important for replication. We identified Cdk8/19-cyclin C as a novel interactor of the meta-
zoa-specific middle domain of MTBP and discovered that this binding is required for
proper replication in human cells. Our work suggests that MTBP and its partners Treslin/
TICRR-MTBP and TopBP1 function as a platform that integrates evolutionarily conserved
and metazoa-specific replication-regulating signals to mediate complete and accurate repli-
cation of the genome.

The presence of homologous and metazoa-specific regions implies that
MTBP has conserved and specific replication functions

The orthology between MTBP and SId7 described here is the final proof that all core factors
for origin firing are conserved across fungi and animals (S14 Fig). The set of eukaryotic factors
sufficient for conversion of pre-RCs into bidirectional replisomes with leading and lagging
strand synthesis was defined by biochemical reconstitution with yeast proteins [16, 38, 39].
Whether these factors are also sufficient in higher eukaryotes now requires in vitro reconstitu-
tion of metazoan initiation from purified components.

Despite conservation of the core origin firing factors in eukaryotes, diversions of origin fir-
ing process occur in some species, indicating some evolutionary plasticity. For example, in fis-
sion yeast and Caenorhabditis elegans, SId7/MTBP has not been found. Furthermore, the
TopBP1 equivalent of the BRCT3/4 repeat domain of yeast Dpb11 that facilitates origin firing
by interacting with CDK-phosphorylated Sld2 does not have an essential replication role in
Xenopus egg extracts [24]. Instead, TopBP1-BRCTS3 is essential [24]. Its role is unknown but it
probably does not bind CDK-phosphorylated recombination helicase Q like 4 (RecQ4), meta-
zoan Sld2, because TopBP1-BRCT3 lacks key amino acids for phosphopeptide binding [40].

Metazoan cells are more complex than yeasts and will probably require more sophisticated
regulation of replication initiation. The metazoa-specific domains of MTBP and of other firing
factors like Treslin/TICRR [25] may help integrate the conserved fundamental initiation pro-
cesses into metazoan cells. Metazoa have less precisely defined origins than yeast, but they face
the same problems as any cell with multiple replication start sites. Genome duplication needs
to be complete before mitosis to minimise genome instability. This necessitates that no inter-
origin distance is bigger than the amount of DNA that can be replicated in S phase. To avoid
large random gaps, appropriately located origins must fire with the right timing. The organisa-
tion of metazoan replication in replication factories, in which neighbouring origins fire with
near synchrony, may help prevent large random gaps [41]. The factory organisation may also
help facilitate differential regulation of origin firing between different factories upon DNA
damage. In these circumstances so-called dormant origins (that are inactive in normal growth
conditions) fire in actively replicating factories after DNA damage, whereas origin firing
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becomes inhibited in nonreplicating factories. Both regulations help prevent genetic instability
upon replication stress [42].

MTBP is a promising candidate for mediating some of these regulations, as it forms a main
regulation platform of origin firing in eukaryotes together with Treslin/TICRR/SId3 and TopBP1/
Dpbl11. All complex members are subject to regulations by various pathways to mediate appropri-
ately timed and localised replication initiation. These regulations mediate (1) S phase specificity of
replication via CDK and DDK [5, 8, 9], (2) replication timing of centromeres and other genome
regions [43-45], (3) inhibition of origin firing upon DNA damage by S phase checkpoint kinases
[46-48], and (4) firing inhibition in response to low cellular glucose levels involving the silent
information regulator (SIRT1) deacetylase [49, 50]. These regulations all involve Sld3/Treslin/
TICRR, Dpb11/TopBP1, or Sld2/RecQ4, and at least some are conserved between yeast and man
[26, 27, 51]. How MTBP activity is controlled is unknown. Several posttranslational modification
sites in MTBP were identified by high-throughput approaches but have not been functionally
investigated, among them potential ataxia teleangiectasia mutated related/mutated (ATR/M) and
CDK sites. These are good candidates to mediate cell cycle and checkpoint regulations. Cdk8/
19-cyclin C binding to MTBP could also be involved in mediating firing control (see below).

Roles of the Sld7-homologous MTBP domains

We show that the S7M-N domain of MTBP mediates Treslin/TICRR binding. As with yeast
S1d7 and S1d3, complex formation of MTBP with Treslin/TICRR is important for MTBP’s repli-
cation function, as several nonoverlapping point and deletion mutants of MTBP that are defi-
cient in Treslin/TICRR binding failed to support replication in HeLa cells. The same was true
for MTBP interaction-deficient mutants of Treslin/TICRR [28]. Treslin/TICRR binding-defi-
cient MTBP mutants, for example MTBP-5m and m1-6, showed reduced MTBP levels in cell
lysates and had lower levels of endogenous Treslin/TICRR. The lower levels of the MTBP
mutants were at least partly due to their higher degradation rate compared with MTBP-WT
(S8A and S8B Fig). This corroborates earlier RNAi experiments suggesting that Treslin/TICRR
and MTBP stabilise each other’s cellular levels [28] (S8C and S8F Fig and S1 Data): Treslin/
TICRR RNAi reduced MTBP levels and vice versa, and this was rescued by RNAi-resistant pro-
teins. Mutual stabilisation is also seen with Sld3 and SId7, and it is important for replication in
yeast [17]. Lower Treslin/TICRR levels may make a small contribution to the replication defects
in human cells expressing Treslin/TICRR nonbinding MTBP mutants. However, Treslin/
TICRR stabilisation cannot be the only function of MTBP in replication, because (1) deleting
the MTBP middle and the S7M-C domains results in a fully Treslin/TICRR-binding-proficient
MTBP1-515 protein that is, however, incapable of inducing replication over background, (2)
elevating the expression levels of the non-Treslin/TICRR-binding MTBP mutants to
MTBP-WT did not rescue replication in human cells, (3) restoring Treslin/TICRR levels in the
absence of MTBP binding was insufficient to restore replication in Treslin siRNA (siTreslin)-
treated cells [28] and in MTBP-immunodepleted Xenopus egg extracts [29], and (4) our partial
RNAi-depletion experiments with Treslin/TICRR showed that strong reduction of replication
—as observed in MTBP-5m and m1-6 cell lines—is only achieved by depleting Treslin/TICRR
to levels well below the levels in these MTBP mutant lines (S8A, S8E and S8F Fig and S1 Data).
The S7M-C domain of MTBP—albeit not essential for replication—is required for normal
replication levels in HeLa cells. Its function is distinct from Treslin/TICRR binding because
MTBP-AS7M-C bound Treslin/TICRR as well as MTBP-WT. In yeast, the S7M-C domain
mediated Sld7 dimerisation in the crystal structure to form dimers of Sld3-Sld7 heterodimers
[18]. How important Sld7 dimerisation is for replication in yeasts was not addressed. We
found that attaching an artificial dimerisation domain in the form of GST to S7M-C deletion
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mutants of MTBP rescues the ability of these mutants to induce replication in Hela cells. Sld3/
Treslin-Sld7/MTBP dimerisation could help ensure that both MCM helicases in pre-RCs
become activated, but never only one, which could generate initiation intermediates that jeop-
ardise genetic stability. We cannot formally exclude that GST rescues replication in cells
expressing S7TM-C MTBP deletion mutants by virtues other than homodimerisation that it
does not share with the GFP control tag. We found no biochemical evidence of S7M-C-depen-
dent MTBP dimerisation by binding studies using pulldowns with MTBP fragments expressed
in 293T cells. This indicates that S7M-C-mediated MTBP dimerisation may be weak or spatio-
temporally regulated, e.g., by posttranslational modification.

Role of CDK8/19-cyclin C binding to MTBP in replication

Three lines of evidence support the conclusion that Cdk8/19-cyclin C has a role in genome
replication that requires its binding to the metazoa-specific middle domain of MTBP. (1)
Cdk8/19-cyclin C forms a protein complex with the MTBP-Treslin/TICRR-TopBP1 replica-
tion initiation regulator. (2) Cells expressing deletion or point mutants of MTBP that are defi-
cient in binding to Cdk8/19-cyclin C show compromised replication. (3) RNAi depletion of
cyclin C also compromises replication.

We believe that the function of Cdk8/19-cyclin C in replication is distinct from its classic
role as the kinase module of the mediator of transcription because Cdk8/19-cyclin C forms dis-
tinct complexes with MTBP-Treslin/TICRR-TopBP1, or the kinase module of the mediator
subunits Med12 and Med13. Moreover, in contrast to RNAi depletion of cyclin C knock-
down of Med12, which shares many mediator-related functions with Cdk8/19-cyclin C [52,
53], did not lead to replication defects (S13G and S13H Fig and S1 Data).

The exact role in the replication of Cdk8/19-cyclin C in complex with MTBP-Treslin/
TICRR-TopBP1 is unclear. Cdk8/19-cyclin C nonbinding MTBP mutants replicate slightly
slower than MTBP-WT cells. Apparently, the replication problems in the mutant cell lines are
severe enough to cause unreplicated gaps in the genome that become evident as fragile meta-
phase chromosomes and aberrant mitotic figures. Compromised replication was previously
shown to induce a checkpoint that delays cytokinetic abscission [36]. This checkpoint is
thought to provide cells in which abscission is not possible normally, with an opportunity to
nevertheless achieve division and avoid tetraploidy [54, 55]. Consistently, we find delayed
abscission in our mutant MTBP cell lines.

Due to these phenotypic analyses, we believe that insufficient replication forks are gener-
ated in cells with Cdk8/19-cyclin C binding-deficient MTBP, resulting in replication gaps.
One model is that Cdk8/19-cyclin C binding to MTBP is generally required for maximal activ-
ity of MTBP to promote origin firing. Alternatively, a specific subset of firing events could be
controlled by Cdk8/19-cyclin C. This could be a positive control, so that inefficient firing of
CDK8-activated origins causes replication gaps, or a negative control, so that ectopic firing of
CDK8-inhibited origins causes replication gaps indirectly, for example, by promoting replica-
tion-transcription collisions or by depleting certain genomic regions of dormant origins. We
cannot exclude that Cdk8/19-cyclin C binding to MTBP has roles in transcription or other
processes that contribute to the observed phenotype.

Materials and methods
Cell culture

All cell lines were maintained in DMEM (Life Technologies) supplemented with 10% FBS
(Life Technologies) and 1% penicillin/streptomycin antibiotics (Life Technologies) in 5% CO,
conditions at 37°C.
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Stable MTBP transgene-expressing HeLa Flip-In T-Rex cell lines [56] were generated accord-
ing to the manufacturer’s instructions (Invitrogen) using pcDNA5-FRT-TO-Flag3-Tev2-GFP or
pcDNAS5-FRT-TO-Flag3-Tev2. Cell pools containing at least 50 individual clones were used to
average out clonal variation.

Stable MTBP transgene-expressing HeLa Kyoto cell lines were generated using pIRESpur-
03-Flag-AcGFP.

For cell synchronisations, HeLa-Flp-In T-Rex or U20S cells were treated with 2 mM thymi-
dine for 24 h. For S phase populations, double thymidine-arrested cells were harvested in thy-
midine or released for 3 h before harvesting. G2/M phase populations were released from
thymidine arrest for 10 h and for G1 phase populations for 14 h. For release, cells were washed
twice in PBS before incubation in normal medium. For mitotic blocks, unsynchronised cells
or cells released from thymidine were treated with 0.1 ug/mL nocodazole overnight before har-
vesting by mitotic shake-off. For nocodazole release into G1 phase, mitotically arrested cells
were washed twice in PBS before incubation in medium lacking nocodazole. Only attached
cells were harvested by trypsinisation for G1-synchronised populations.

Transient transfection of 293T cells

Cells (293T) were transfected using standard calcium phosphate transfection. In brief, an
approximately 60%-70% confluent 10-cm dish of 293T cells was transfected with 13 ug plas-
mid DNA using 83 uL 2 M CaCl,, 566 pL sterile H,O, and 667 uL 2xHBS (50 mM HEPES, 10
mM KCl, 2 mM dextrose, 280 mM NaCl, 1.5 mM Na,HPO,). The medium was changed 24 h
after transfection, and cells were cultivated for another 48 h before harvesting.

RNAIi

HeLa Flip-In T-Rex cell lines carrying transgenes or control cells were treated with 1 ug/mL
doxycycline roughly 2 h prior to transfection to induce expression. siRNA transfections were
carried out using RNAiMAX (Life Technologies) according to the manufacturer’s guidelines.
In brief, 1.5 x 10° cell per 6-cm tissue culture dish were transfected with 20 nM control siRNA
(GL2) or siRNA against MTBP (1:1 mix of MTBP1 and MTBP2) using 10 pL RNAIMAX in 5
mL volume.

For MTBP and Treslin/TICRR immunoblots following RNAi, whole cells were boiled in 3x
Laemmli sample buffer, separated by SDS-PAGE, and blotted on nitrocellulose membranes
before detection with anti-MTBP and anti-Treslin/TICRR antibodies.

Cell cycle flow cytometry

Seventy-two hours after RNAIi transfection, cells were pulse labelled using 10 uM BrdU for
30min. Cells were then harvested and fixed with —20°C cold methanol for 24 h. The fixed cells
were treated with 2 M HCI/0.5% Triton X-100 for 30 min before washing extensively with
PBS/0.5% Triton. Incorporated BrdU was detected using FITC-coupled mouse anti-BrdU in
1% BSA/PBS/0.01% Triton X-100 for 1 h according to the manufacturer’s instructions. After
washing once with PBS/0.01% Triton X-100, the DNA was stained with 25 ug/mL PI in the
presence of 100 pg/mL RNaseA. Flow cytometry analysis was performed using a FACSCalibur
flow cytometer (BD Biosciences) with a logarithmic setting of the FL1-H channel for FITC
detection and a linear setting of the FL2-H channel for PI detection. Data analysis was per-
formed using the Kaluza Analysis 1.3 software (Beckman Coulter). Cell aggregates were
excluded based on their high FL2-W signal. BrdU-PI profiles were generated as density plots.
Reduction of BrdU incorporation upon siRNA treatment was analysed by gating S phase cells
in BrdU/PI dot plots and visualised as BrdU histogram overlays. For quantifications of the

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006767 January 29, 2019 20/32


https://doi.org/10.1371/journal.pbio.2006767

@°PLOS ‘ BIOLOGY

Genome replication, Cdk8/19-cyclin C and metazoan Sld7

efficiency of replication rescue by MTBP transgenes, the BrdU signal of BrdU-positive S phase
cells was background-subtracted using the signal intensity of BrdU-negative G1 and G2/M
phase cells to calculate the replication-dependent BrdU signal. This value was divided by the
BrdU replication signal of control siRNA-treated cells. Visualisation as bar diagrams and sta-
tistics was done using GraphPad Prism 5 (GraphPad Software).

Fragile chromosome site analysis

To assess the frequency of fragile chromosomes, cells were treated for 2 h with 0.08 pg/mL col-
cemide. After mitotic shake-off, cells were treated with 1% sodium citrate for 10 min and fixed
by washing three times with methanol/acetic acid (3:1). Droplets of cells in fixation solution
were dropped on glass slides from a height of about 150 cm. After drying at RT for 24 h, cells
were Giemsa stained using 1:20 Giemsa (Merck 109204) in 4 mM NaHPO,, 5 mM KHPO,.
Fragile chromosomes were imaged using conventional light microscopy (40x oil lens) using
the Zeiss ZEN 2.3 software. The fractions of fragile chromosomes were assessed manually. For
quantification, around 8,000 chromosomes per sample were analysed.

Live cell microscopy

HeLa Flip-In T-Rex cell lines stably expressing AcGFP-PCNA were seeded 24 h after siRNA
treatment into 4-well glass bottom plates (ibidi 80427). Imaging was done using an Andor/
Nikon spinning disk confocal microscope at 37°C and 5% CO, in imaging medium (DMEM,
Life Technologies) supplemented with 10% FBS, 1% penicillin/streptomycin antibiotics (Life
Technologies). Excitation was at 475 nm laser wavelength. A frame rate of one image per 30
min was used for each 48-h imaging session. Three Z sections per frame were taken. For image
processing, maximal intensity projections were made, and Fiji software was used to generate
movies. Movies were analysed visually to assess replication patterns. To analyse the temporal
replication program, S phase patterns were classified into early, mid-, and late-S phase pat-
terns and quantified. Early S phases were from the first appearance of replication foci to the
first frame, with mid-S phase patterns defined as nuclear rim and/or perinucleolar replication.
Late patterns were all frames with distinctive large bright replication foci. Quantifications rep-
resent the fraction of early, mid, and late patterns of the total number of S phase frames. For
detailed analysis of mid/late replication patterns, three classes of patterns were defined: (A)
fragmented or complete nuclear rim staining, (B) small intranuclear foci, and (C) bright large
foci in the nuclear interior or at the rim. Frames showing a single pattern or combinations of
patterns were quantified and normalised to the total frame number.

Mitosis analysis using fixed cell fluorescence microscopy

Cells on glass coverslips were fixed with 4% paraformaldehyde for 10 min at RT. After permea-
bilisation and blocking in PBS, 0.1% BSA, 0.1% Triton X-100 for 1 h, anti-tubulin and anti-
mouse Alexa 488 antibodies were used at dilutions of 1:2,000 and 1:100, respectively, in block-
ing buffer (PBS, 0.1% BSA) in distinct 1-h incubation steps to stain tubulin. A total of 1 pg/mL
dsDNA stain (Hoechst 33258; Sigma, B2883) in blocking buffer was used to stain DNA. After
mounting in FluorSave Reagent (Calbiochem, 345789), cells were imaged using a Zeiss Axio
Observer7 microscope. Eleven Z sections were taken and analysed visually using the Fiji soft-
ware. Anaphases were classified as ‘aberrant’ if they showed a DNA signal between the separat-
ing DNA masses. For quantification, aberrant anaphases were normalised to the total number
of anaphases. Cells with cytokinesis delays showed a thin connection containing a spindle mid-
body between two daughter cells that had already formed clear interphase nuclei with decon-
densed chromatin. Micronuclei were defined as DNA masses in interphase cells that were
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clearly distinct from the main nucleus. For quantification of cytokinesis delays and micronu-
clei, their number was normalised to the total number of cells.

Immunofluorescence to determine subcellular MTBP localisation

Hela Flip-In cells were grown on glass coverslips. Transient transfection was performed using
Lipofectamine 2000 (Life Technologies) according to the manufacturer’s instructions. Cells
were fixed 48 h after transfection using 4% paraformaldehyde for 15 min at RT. After three
washing steps with PBS, cells were permeabilised and blocked with PBS, 0.1% BSA, 0.1% Tri-
ton X-100 for 1 h at RT. Subsequently, cells were incubated for 1 h at RT with the primary anti-
bodies (anti-FLAG M2 1:1,000 or anti-GFP 1:250) diluted in blocking buffer. After three
washing steps using PBS with 0.1% BSA, cells were incubated with anti-mouse Alexa 488
(1:250) and 1 pg/mL dsDNA stain (Hoechst 33258; Sigma, B2883) for 1 h at RT. After three
washing steps and mounting using Roti-Mount FluorCare (Carl Roth, HP19.1), image acquisi-
tion was performed using the Zeiss Axio Observer 7.

IP. For coimmunoprecipitations of tagged Treslin/TICRR and MTBP from 293T cells, a
10-cm plate of transiently transfected 293T cells were lysed in 5x pellet volume of lysis buffer
(20 mM HEPES, 150 mM NaCl, 10% glycerol, complete EDTA-free protease inhibitor cocktail
[Roche, 05056489001], 0.1% Triton X-100, 2 mM 2-mercaptoethanol). For flag affinity purifi-
cations 50% of cell lysates was incubated with 1 pg anti-FLAG mouse monoclonal antibody or
1 pg mouse IgG coupled to 150 ug Protein G Dynabeads (Invitrogen, 100-04D). For anti-GFP
pulldowns, lysates from one 10-cm plate of transfected cells were prepared in lysis buffer with
250 mM NaCl and incubated with 20 pg anti-GFP nanobodies covalently coupled to 10 pL
NHS sepharose (GE Healthcare, 10343240). After incubation for 1 h at 4°C, the immunopre-
cipitates were washed with lysis buffer and retained proteins eluted by boiling in Laemmli
sample buffer. The samples were analysed by immunoblotting.

IPs of endogenous MTBP, TopBP1, or Cdk8/19-cyclin C, the respective antibodies, or con-
trol IgGs were coupled to Protein G Dynabeads and incubated in native cell lysates (lysis buffer
20 mM HEPES, 150 mM NaCl, 10% glycerol, complete EDTA-free protease inhibitor cocktail,
0.1% Triton X-100, 2 mM 2-mercaptoethanol, 5 pg/mL cytochalasin D [Sigma, C8273]) for 2 h
at 4°C. After washing, bead-bound proteins were eluted by boiling in Laemmli buffer. For IP
from CDK-treated lysates, native lysates were incubated with CyclinA-Cdk2 (a generous gift of
Tim Hunt) and 5 mM ATP/5 mM MgCl, for 5 min at 25°C before the addition of beads.

Antibodies

For generation of the monoclonal antibody against human Treslin/TICRR (clone 30E7:
N-His-Treslin [amino acids 260-791]), MTBP (clone 12H7: N-His-MTBP [amino acids M1-
1284]), and clone 4H9 (N-His-MTBP [amino acids F102-Y513]), approximately 50 pg of His-
tagged fusion protein dissolved in PBS was emulsified in an equal volume of incomplete
Freund’s adjuvant, and Wistar rats (MTBP antigens) or C57BL/6] mice (Treslin antigen) were
immunised subcutaneously (s.c.) and intraperitoneally (i.p.). Six weeks after immunisation, a
50-pg boost injection was applied i.p. and s.c. 3 d before fusion. Fusion of the splenic B cells
and the myeloma cell line P3X63Ag8.653 was performed using polyethylene glycol 1500
according to standard protocols [57]. Hybridoma supernatants were tested by solid-phase
ELISA using the His-fusion proteins and verified by western blotting. Monoclonal hybridoma
cell lines of the Treslin/TICRR- and MTBP-reactive supernatants were cloned twice by limit-
ing dilution. The IgG subclasses were determined with ELISA assay as MTBP clones 12H7 and
4H9: rat IgG2b and Treslin/TICRR clone 30E7.
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Treslin/TICRR domain mutants

The following nomenclature was used for Treslin/TICRR domain mutants: ACIT, the N-ter-
minal 264 amino acids of Treslin/TICRR were deleted; AM1, amino acids 265-408 were
deleted; AM2, amino acids 409-593 were deleted; ASTD, amino acids 717-792 were deleted;
2PM, the two essential CDK sites (T969A; S1001A) were mutated to alanine; AC-terminal, The
C-terminus was deleted from amino acid 1057.

Gel filtration

Overexpressed Flag-purified MTBP-3Flag was loaded onto a Superdex 200 column (2.4 mL
3.2/300). FPLC was performed at +4°C at a 30 uL/min flow rate with a 100-uL fraction size in
running buffer (20 mM HEPES, pH 8.0, 200 mM NaCl, 0.5 mM TCEP, 10 mM NaF, 0.1% Tri-
tonX-100). A total of 1/15 of each fraction was analyzed via western blot. Gel filtration stan-
dard (1511901, BioRad) was used to determine apparent molecular weights.

Chromatin preparation

Chromatin-enriched fractions were purified from Hela Flp-In cells via lysis in 10 mM HEPES,
pH 7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 0.5% Triton, 5mM 3-mercaptoethanol,
complete EDTA-free protease inhibitor cocktail, and 5 ug/mL cytochalasin D. Chromatin was
harvested by centrifugation at 3,200 rpm for 4 min at 4°C in table-top centrifuge and washing
the chromatin pellet in lysis buffer three times, involving 5 min of incubation in washing buffer.

Supporting information

S1 Fig. A Sld7-homologous region in the N terminus of MTBP identified using phyre2
(MTBP-phyr2 region). (A) The phyre2 server was queried with MTBP sequences from a selec-
tion of metazoan MTBP sequences (human, cow, fish, mouse, frog, octopus). Phyre2 returned
alignments between MTBP from cow and fish (Cyprinodon variegatus) with yeast Sld7 with low
confidence scores of 11.4% and 13.0%. Numbers are amino acid positions. (B) T-coffee alignment
between the indicated MTBPs from selected vertebrates and molluscs, illustrated using Jalview.
Colouring of amino acids indicates similarity according to blocks substitution matrix 62 (BLO-
SUMSG62) score. Amino acid positions 305, 310, and 320 in hMTBP; blue asterisks, amino acids
contacting Sld3 as indicated in (A) [18]; 0-9, +, * indicate relative conservation, with 0 not con-
served and * fully conserved. BLOSUMBS62, blocks substitution matrix 62; hMTBP, human MTBP;
MTBP, Mdm?2 binding protein; phyre2, protein homology/analogy recognition engine; pred, pre-
dicted; Sec. str., secondary structure; Sld7, synthetic lethal with Dpb11 7.

(TIF)

S2 Fig. Sequence homology of the N termini of MTBP and Sld7. (A) Full sequence align-
ment, of which parts are shown in Fig 1C, of the S7M-N domains of MTBP and SId7. In Fig
1C, only the two regions in the S7M of SId7 that interact with Sld3 are shown. Direct compari-
son of the N-terminal domain profiles of metazoan MTBP and fungal SId7 yielded an E-value
of 3.0 x 107 (probability: 78.5%). The phyre2 region and the region containing the second
cluster of Sld3-interacting amino acids (C413-G426) are indicated. Asterisks mark the posi-
tions of Sld3-interacting amino acids in yeast Sld7 and the corresponding positions in MTBP.
(B) Ciritical Treslin/TICRR-binding amino acids in MTBP map to SId7 residues that directly
contact Sld3 in the crystal structure of the Sld7-Sld3 dimer [18]. MTBP, Mdm?2 binding pro-
tein; S1d7, synthetic lethal with Dpb11 7; S7M-N, SId7-MTBP N-terminal domain; TICRR,
TopBP1 interacting checkpoint and replication regulator.

(TTF)
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$3 Fig. Mutant and WT MTBP proteins fractionate similarly in gel filtrations. Flag-tagged
MTBP-WT and indicated mutant MTBP proteins were isolated by Flag IP and Flag peptide
elution from lysates of transiently transfected, and therefore highly overexpressing, 293T cells.
Separation by gel filtration using a Superdex 200 column (3.2/300; 2.4 mL) followed. All
MTBP versions eluted in distinct peaks, and similar fractions of the input were recovered, indi-
cating stable folding. MTBP-A595-704 eluted slightly later from the column due to its smaller
size. MTBP, Mdm?2 binding protein; WT, wild-type.

(TIF)

$4 Fig. Subcellular localisation of mutant MTBP proteins. Hela Flp-In cells were transiently
transfected with the indicated Flag- or GFP-tagged MTBP-WT and mutants, and then
immune-stained with anti-Flag or anti-GFP, as indicated. ‘none’ indicates nontransfected cells.
dsDNA staining (Hoechst 33258) served to mark the nuclear DNA. dsDNA, double stranded
DNA; GFP, green fluorescent protein; MTBP, Mdm2 binding protein; WT, wild-type.

(TIF)

S5 Fig. Treslin/TICRR in cell lysates and the MTBP-bound fraction of Treslin/TICRR are
phosphorylated. Cell lysates of Hela cells (in 20 mM HEPES, 150 mM NaCl, 10% glycerol,
complete EDTA-free protease inhibitor cocktail, 0.1% Triton X-100, 2 mM 2-mercaptoethanol
expressing MTBP-WT-3Flag) were treated with lambda PPase (8,000 units in 1mL lysate; NEB
P0753) or buffer according to the manufacturer’s instructions. Lysates were then used for Flag
IPs with 40 uL slurry of M2 anti-Flag magnetic beads (M8823, Sigma) to isolate MTBP-Flag
and associated Treslin/TICRR. Lysates and IPs were separated on a 3%-8% Tris-acetate Crite-
rion gel (BioRad) for optimal resolution. Immunoblotting for Treslin/TICRR and MTBP
showed that the gel mobility of Treslin/TICRR shifts in PPase treatment in lysates, indicating
phosphorylation. In the absence of PPase, Treslin/TICRR in MTBP-bound Treslin/TICRR
showed indistinguishable running behaviour from Treslin/TICRR in lysates, indicating phos-
phorylation of MTBP-bound Treslin/TICRR. IP, immunoprecipitation; MTBP, Mdm2 bind-
ing protein; PPase, phosphatase; TICRR, TopBP1 interacting checkpoint and replication
regulator; WT, wild-type.

(TIF)

S6 Fig. The replication-inducing activity of several single MTBP point mutants in the
MTBP-S7M-N domain correlates with their Treslin/TICRR-binding capability. (A) Immu-
noblot showing MTBP levels in lysates of siCtr of siMTBP-treated cells expressing siRNA-
resistant MTBP-WT-3Flag or mutants carrying the indicated single amino acid exchanges.
The combination mutants 5m and m1-6, from which the single mutants were derived, are
shown for comparison. In the long exposure, the stronger signals in siCtr lysates were in the
saturated range. (B) Replication was quantified using BrdU incorporation and flow cytometry
after replacing endogenous MTBP with RNAi-resistant MTBP-WT or mutants in stable Hela
Flp-In cell lines. I309D, D313A, and L314D are single point mutations that were also mutated
in the MTBP-5m combination mutant. I309D and L314D were defective in Treslin/TICRR
binding, whereas D313A bound Treslin/TICRR like MTBP-WT (Fig 2A). A415Q, also
mutated in the m1-6 combination mutant, was Treslin/TICRR-binding deficient, as was
MTBP-AD2-V8 (Fig 2B). To show that the cells expressing Treslin/TICRR nonbinding
mutants showed similarly low replication activity as siM TBP-treated cells without a transgene,
the data were not normalised to no-transgene cells for this graph. Error bars: SEM from three
independent experiments. BrdU, 5-bromodeoxyuridine; m, point mutation; MTBP, Mdm?2
binding protein; RNAi, RNA interference; siCtr, control RNAi; siMTBP, MTBP-RNAI;
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siRNA, small interfering RNA; S7M-N, SId7-MTBP N-terminal domain; TICRR, TopBP1
interacting checkpoint and replication regulator; WT, wild-type.
(TIF)

S7 Fig. Control experiments for chromatin fractionation experiments (Fig 3D). (A) Origin
licensing and firing can be assessed by immunoblotting of chromatin isolated from cells. For
(i), chromatin was isolated from cells synchronised in mitosis, in G1 or S phase, using thymi-
dine arrest and release for 3 h (S phase cells), 10 h (G2/M), or 14 h (G1). Mcmb5 signals present
in G1 chromatin, but less in mitosis, showed that licensing can be monitored. Cdc45 and Sld5
(GINS) were detected specifically on S phase chromatin, confirming these are adequate mark-
ers for origin firing. (ii) Shows PI-based cell cycle analysis by flow cytometry of samples used
in (i). (B) Flow cytometry of the PI-stained cells described in Fig 3D showed that the cell cycle
distribution was largely unchanged under the experimental conditions. Cdc45, cell division
cycle 45; GINS, go-ichi-ni-san; Mcm5, minichromosome maintenance 5; PI, propidium
iodide; Sld5, synthetic lethal with Dpbl11 5.

(TIF)

S8 Fig. Strong decreases of MTBP and Treslin/TICRR levels are required to elicit signifi-
cant replication defects. (A) Quantification of immunoblot signals of samples shown in Fig 3A
shows that Treslin/TICRR binding deficient MTBP mutants have only moderately decreased
levels of MTBP and Treslin/TICRR. (B) Treslin binding-deficient MTBP is less stable than
MTBP-WT. HeLa Flp-In T-Rex cells expressing MTBP-3xFlag-W'T or the indicated Treslin/
TICRR binding-deficient mutants were doxycycline induced overnight before shutoff of gene
expression by doxycycline withdrawal and addition of 100 pg/mL cycloheximide for the indi-
cated times. Whole cell lysates were then immunoblotted with anti-MTBP antibodies (4H9).
The Treslin/TICRR binding deficient mutants decreased in levels within 1 h. In contrast, endog-
enous MTBP and MTBP-WT-3xFlag were largely stable for 4 h. (C,D) Strong down-regulation
of MTBP is required to suppress replication. HeLa Flp-In T-Rex control cells were treated with
increasing concentrations of siMTBP. Treslin/TICRR levels decrease moderately in MTBP-
depleted cells. Whole cell lysates were immunoblotted to assess relative levels of MTBP and Tre-
slin/TICRR (C). (D) Shows quantification of the immunoblot signals shown in (C) and of repli-
cation levels, as assessed by BrdU incorporation and flow cytometry. (D) Indicates that MTBP
signals need to decrease by roughly 90% to achieve significant reduction of replication in these
cells. (E,F) Strong down-regulation of Treslin/TICRR is required to suppress replication. MTBP
levels strongly decline upon Treslin/TICRR depletion. The experiment described in (C, D) was
repeated with siRNA against Treslin/TICRR. BrdU, 5-bromodeoxyuridine; MTBP, Mdm?2
binding protein; siMTBP, MTBP-RNAj; siRNA, small interfering RNA; TICRR, TopBP1 inter-
acting checkpoint and replication regulator; WT, wild-type.

(TIF)

S9 Fig. Expression of Treslin/TICRR binding-deficient MTBP mutants at levels compara-
ble to or higher than MTBP-WT does not result in high levels of DNA replication. Hela
Kyoto cell lines with stably integrated siM TBP-resistant MTBP-WT-Flag-GFP, MTBP-5m-
Flag-GFP (clones 1 and 2), or MTBP-m1-6-Flag-GFP in pIRES-puro3 were RNAI treated with
siCtr or siMTBP. (A) Immunoblot showing the relative levels of the transgenes. (B) Replication
was measured by BrdU incorporation and flow cytometry. S phase subpopulations of siCtr-
and siMTBP-treated samples were overlaid and the fold difference of BrdU signal calculated
(1.2-2.5x%; note that numbers are not directly comparable with Fig 3C, F because of the differ-
ent Hela cell lines used). In contrast to MTBP-WT, the -5m and -m1-6 mutants support DNA
replication poorly despite equal (5m clone 1, m1-6) or higher (5m clone 2) expression levels.

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006767 January 29, 2019 25/32


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006767.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006767.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006767.s009
https://doi.org/10.1371/journal.pbio.2006767

@°PLOS ‘ BIOLOGY

Genome replication, Cdk8/19-cyclin C and metazoan Sld7

BrdU, 5-bromodeoxyuridine; GFP, green fluorescent protein; m, point mutation; MTBP,
Mdm?2 binding protein; pIRES, plasmid named internal ribosomal entry site; puro3, puromy-
cin 3; RNAi, RNA interference; siCtr, control RNAj; siMTBP, MTBP-RNAi; TICRR, TopBP1
interacting checkpoint and replication regulator; WT, wild-type.

(TIF)

$10 Fig. Cdk8 binding capacity and expression levels of MTBP-AC mutant proteins. (A)
Mutants in the S7M-C domain of MTBP are proficient in Treslin binding. Native lysates of
HeLa Flp-In T-Rex cells expressing MTBP-WT or mutants lacking the last 81 (AS7M-C) or
150 (AC150) amino acids were used for IP of endogenous Treslin using control IgGs (IgG-IP)
or rabbit anti-Treslin-970-1400 antibodies (Tres-IP). Lysates and bead-bound material were
then analysed in immunoblots using anti-MTBP and anti-Treslin antibodies. B) siMTBP-
treated Hela Flp-In cell lines MTBP-WT-3Flag, MTBPAC150, MTBPAC150-GST, and
MTBPAC150-GFP were lysed in SDS sample buffer and tested by immunoblotting with anti-
hMTBP (83) for expression levels of the transgenes. Cdk8, cyclin dependent kinase 8; GFP,
green fluorescent protein; GST, glutathione S transferase; hAMTBP, human MTBP; IgG, immu-
noglobulin; IP, immunoprecipitation; MTBP, Mdm?2 binding protein; siMTBP, MTBP-RNAi;
S7M-C, SId7-MTBP C-terminal domain; WT, wild-type.

(TIF)

S11 Fig. Treslin/TICRR binding capacity of various fragments and mutants of MTBP. (A)
Treslin/TICRR binding activities of N-terminal MTBP fragments. hMTBP, full length, or the
indicated fragments were translated in SP6 reticulocyte lysates (Promega L2080) in the pres-
ence of >*S-methionine, and HA-Treslin/TICRR-1-671 was translated in lysates without radio-
active methionine. MTBP and Treslin/TICRR lysates were mixed, and IPs with unspecific IgG
or anti-HA antibodies were made. Lysates (Inputs) and bead-bound material (IP) were ana-
lysed by autoradiography and anti-HA immunoblotting. (B) Binding of mSId7s to Treslin/
TICRR. Lysates of Fig 4A were used for IPs with GFP nanobodies or mock-coupled control
beads, and then analysed for bead-bound MTBP and Treslin/TICRR by immunoblotting with
anti-MTBP (4H9) and anti-Treslin (148). GFP, green fluorescent protein; HA, hemagglutinin;
hMTBP, human MTBP; IgG, immunoglobulin; IP, immunoprecipitation; mSld7, metazoan
S1d7; MTBP, Mdm?2 binding protein; SP6, SP6 virus; TICRR, TopBP1 interacting checkpoint
and replication regulator.

(TIF)

$12 Fig. Cdk8/19-cyclin C binds MTBP dependently on the region containing amino acids
R595-P704 in the metazoan-specific MTBP part. (A) Schematic summarising MTBP frag-
ment-based Cdk8/19-cyclin C binding studies shown in (B). (B) MTBP-WT or N- or C-termi-
nal fragments of MTBP containing the indicated amino acids (aa) were transiently transfected
antibodies were analysed by immunoblotting using anti-MTBP (4H9), anti-Cdks8, anti-GFP,
or anti-cyclin C antibodies. Overexp. indicates long exposures in which the stronger signals
were saturated. (C) MTBP-Flag-GFP-WT or the indicated point mutants in the Cdk8/
19-cyclin C binding region mapped in (A,B) were tested for interaction with endogenous
Cdk8/19-cyclin C using transient transfection of MTBP into 293T cells and anti-GFP IP. Sub-
sequent immunoblots were analysed with anti-MTBP (4H9) and anti-cyclin C antibodies. The
indicated amino acid positions of MTBP were exchanged against the amino acid, given in one-
letter format. Overexp. indicates long exposures in which the stronger signals were saturated.
(D) Sequence alignment and conservation of the Cdk8/19-cyclin C binding region of the
MTBP middle domain. T-coffee alignment of the amino acid 595-704 fragment of hMTBP
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that is sufficient to bind Cdk8/19-cyclin C and the corresponding regions from selected verte-
brates, branchiostoma and oyster, illustrated using Jalview. Colouring of amino acids indicates
similarity according to BLOSUMS62 score. BLOSUMS62, blocks substitution matrix 62; Cdk8/
19, cyclin dependent kinase 8/19; GFP, green fluorescent protein; hMTBP, human MTBP; IP,
immunoprecipitation; MTBP, Mdm?2 binding protein; Overexp., long exposure in which the
stronger signals were saturated; WT, wild-type.

(TIF)

$13 Fig. Cyclin C knock-down and Cdk8 binding-deficient MTBP, but not Med12 RNAj,
compromise replication in cultured human cells. (A) Immunoblots of whole cell lysates of
HeLa-Kyoto cells treated with siCtr or two independent siRNAs against cyclin C (siCycC no. 1
and no. 2) showing that both cyclin C siRNAs specifically knock down cyclin C. All lanes were
detected and image processed together from the same immunoblot membrane. (B) HeLa cells
show reduced replication speed specifically upon treatment with siCycC. siCtr- and siCycC-
treated treated HeLa cells were analysed by BrdU incorporation and flow cytometry to mea-
sure BrdU incorporation rates. Replication-specific BrdU signals of S phase cells were normal-
ised to replication signals in siCtr-treated cells. (C) Cyclin C knock-down suppresses
replication in U20S cells. U20S cells were treated and analysed as described in (B). (D) MTBP
knock-down (siMTBP) increases the frequency of fragile chromosomes in HeLa cells. Hela
Flp-In T-Rex cells were treated with siCtr or siMTBP. Metaphase spreads were stained with
Giemsa. The bar diagram shows an increase in fragile chromosomes in MTBP-depleted cells.
This experiment likely underestimates the effect of MTBP depletion on fragile chromosome
frequency, because it will be biased towards the subpopulation of cells that are only mildly
affected by the MTBP siRNA. This is because the strongly siM TBP-affected subpopulation will
not reach mitosis due to their severe replication delay. (E) Expression of Cdk8/19-cyclin C
binding-deficient MTBP-AP595-P704, but not MTBP-WT, increases fragile chromosome fre-
quency to a similar level as that detected in MTBP-Cdk8bm cells (Figs 6C and S13F and S1
Data). Chromosome fragility of cells treated as in Fig 6A was determined using spreading of
metaphase chromosomes. The individual HeLa Flp-In T-Rex cell lines used in this experiment
showed no difference in fragile chromosomes in siCtr conditions. (F) HeLa Flp-In T-Rex cells
expressing MTBP-Cdk8bm treated with siMTBP, but not those treated with siCtr, show an
increase of fragile chromosomes compared with MTBP-WT-expressing cells. Fragile chromo-
some frequencies of the indicated cell lines were determined using spreading of metaphase
chromosomes. MTBP-WT suppresses chromosome fragility to levels found in siCtr cells.
(G-H) Med12 knock-down does not result in reduced DNA replication. (G) Immunoblot with
whole HeLa cell lysates showing specific knock-down of Med12 by two independent siRNAs
(siMed12 no. 1 and no. 2). (H) HeLa cells treated with siMed12 show normal cell cycle profiles
with no detectable decrease of replication. HeLa cells treated as in (A) were analysed for PI
staining and BrdU incorporation by flow cytometry. The top panels show overlays of BrdU sig-
nals of S phase subpopulations of siCtr and siMed12 nos. 1/2-treated cells, indicating no dif-
ferences in replication speeds. The bottom panels show overlays of PI profiles, indicating only
minor differences in cell cycle distribution. BrdU, 5-bromodeoxyuridine; Cdks, cyclin depen-
dent kinase 8; Cdk8bm, Cdk8 binding mutant; long exp., Med12 signal in siCtr sample in satu-
rated range; Med12, mediator of transcription 12; MTBP, Mdm?2 binding protein; no.,
number; PI, propidium iodide; RNAi, RNA interference; siCtr, control siRNA; siCycC, siRNA
against cyclin C; siMed12, siRNA against Med12; siMTBP, MTBP-RNAj; siRNA, small inter-
fering RNA; WT, wild-type.

(TTF)
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S14 Fig. The core origin firing machinery is conserved between yeast and metazoa. Sche-
matic showing all core factors required for initiation as defined by in vitro reconstitution with
purified yeast proteins [16].

(TIF)

S1 Data. Flow cytometry gating and raw data of figures involving quantifications. The
sheet ‘gating strategy’ shows the gating used for flow cytometry analyses. Cell aggregates were
gated out on the basis of F12-H and FL2-W dot plots (singlets: gate A). Cell singlets were then
shown as PI/BrdU density plots or PI histograms. To quantify G1, S, and G2/M phase subpop-
ulations based on PI histograms, marker regions as shown in (D, E, and F) were used (percent
gated events). For analysing DNA replication in detail, PI/BrdU density plots were used to gate
the BrdU-positive and BrdU-negative populations, gates N(4) and M(4), respectively. The geo-
metric mean of the FI1-H channel represented BrdU signal intensity and was used to quantify
replication activity and bar graph representations as detailed in the other sheets of S1 Data.
Alternatively, the BrdU-positive populations (N(4)) were represented as histogram overlays of
the F11-H BrdU channel of MTBP (si2/4)- and control (siGL2)-treated cells. Sheets 3C to S13F
show the raw data for the figures involving quantifications, namely Figs 3C, 3F, 3G, 4B, 6B-6G
and S6B, S7B, S8D, S8F, S9B and S13B-S13F, as indicated in the sheet names. For easy cross-
comparison, the graphs shown in the figures are shown for all data sets. BrdU, 5-bromodeox-
yuridine; CFS, common fragile site; Exp, experiment; FI2-H, fluorescence channel 2-hight;
FL2-W, fluorescence channel 2-width; FS, fragile site; MTBP, Mdm?2 binding protein; PI, pro-
pidium iodide; SD, standard deviation; SEM, standard error of the mean; siGL2, control
siRNA against firefly luciferase.

(XLSX)
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