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Supplementary Fig 1. Gating strategies and percentage of cells in each population of FACS. 

a. Figure illustrating the sequential gating strategies used in FACS analysis. Standard FSC/SSC
gate was applied to starting population, followed by PI-Area against PI-Width gate to identify PI
-stained singlets.

 b. Table showing percentage of G1, S or G2M phase cells (derived from FACS analysis in Fig.
2c) in WT and Orc4-IH∆ cells at asynchronous culture, G1 arrest, and 15 minute intervals post
release from G1 arrest, alpha factor was added back at 75 minute post G1 release.
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Supplementary Fig 2. In vivo and in vitro MCM loading promoted by Orc4-IH∆.

c. The assembled MCM double hexamers were visualized by negative staining EM. 

d. Scatter plots show pairwise comparisons of averaged MCM ChIP-seq normalized signal
(RPKM) between each replicate of WT and Orc4-IH∆. The genome is segmented into 5kb bins for
analysis. Pearson correlation coefficient for each pair is shown.

e. Aggregation plots and heatmaps show the MCM enrichment patterns in WT and Orc4-IH∆. We
integrated a published WT MCM ChIP-seq dataset1 to validate the quality of our MCM ChIP-seq.
At MCM peaks defined from this reference dataset (top), we observed similar MCM ChIP-seq
signals (RPKM) in WT but dramatically reduced binding in Orc4-IH∆. Number- and size-matched
shuffled genome loci (middle) were included as controls. In addition, MCM enrichment patterns at
ATAC-seq peaks were included to indicate enrichment of MCM at open chromatin. Line plots
aggregate the signal of each cluster, while heatmaps show the signal at each locus in individual
row.

Micrographs
shown are representative of n=2 biological replicates.

a. Chromatin association of MCM and ORC in G1 and G2M phase of WT and mutant cells.
Chromatin fractions of the indicated cells were analysed by SDS–PAGE and immunoblotting of
Mcm2 and Orc3. Histone H3 served as loading control. Blots shown are representative of n=2
biological replicates. Source data are provided as source data file.

b. In vitro pre-RC assembly assays were performed in reactions containing Cdc6 and Cdt1-
Mcm2-7 with either ORC or ORC-IH∆. LSW (low salt wash) and HSW (high salt wash) were
performed to remove unbound proteins. DNA bound proteins were analysed by silver staining
and labelled as indicated. Blots shown are representative of n=2 biological replicates. Source
data are provided as source data file.
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Supplementary Fig 3. Comparison of ORC ChIP-seq datasets.
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a. Venn diagram showing the high degree of overlap between ORC ChIP-seq peaks defined in
WT from this study (n=618) (blue) and from a previously published dataset (n=266) (green)2. Of these,
283 and 236 peaks overlapped by at least 1 bp between our dataset and the reference dataset,
respectively (cyan). Overlapping peaks within a region may or may not align.

b. Boxplot showing ORC ChIP-seq enrichment (RPKM) at ACS containing regions (n=249) and
shuffled genomic loci (n=249) of WT from this study (blue) and from a previously published
dataset (green). Pairwise quantitative comparisons show consistent trends of significantly higher ORC
binding at ACS-containing regions than shuffled controls in both datasets.  P-values were calculated by
two-sided Wilcoxon rank sum test. The upper and the lower bound of the box denotes the 75th and
25th  percentiles of the data, respectively. The black lines in the box denotes the median.

c. Scatter plots show pairwise comparisons of averaged ORC ChIP-seq normalized signals
(RPKM) between each replicate of WT from this study and WT from a previously published
study2. The genome is segmented into 5kb bins for analysis. Pearson correlation coefficient for
each pair is shown.

d. Scatter plots show pairwise comparisons of averaged ORC ChIP-seq normalized signal
(RPKM) between each replicate of WT and Orc4-IH∆. The genome is segmented into 5kb bins for
analysis. Pearson correlation coefficient for each pair is shown.

e. Aggregation plots and heatmaps show the ORC and MCM enrichment patterns in WT and
Orc4-IH∆. At OriDB annotated ARS (±1kb), we detected about half of these loci with concordantly high
ORC and MCM ChIP-seq signal (RPKM) in WT. However, little to no ORC and MCM binding was
found in the Orc4-IH∆. Line plots aggregate the signal of all ARSs, while heatmaps show the signal at
each element in individual rows.
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Supplementary Fig 4. Enrichment of ORC and ORC-IH∆ binding sites at intergenic 
regions. 

Overlaps between intergenic regions (sacCer2) and a) all ORC peaks (n=618) and b) all 
Orc4-IH∆ peaks (n=2,219). Histograms/density curves illustrate the distribution (counts) of 
number-matched, randomly sampled regions, which were selected 10,000 times. This 
distribution represents the probability of finding a given number of peaks in intergenic regions 
by chance.  The red line indicates the actual number of peaks that overlap with intergenic 
definitions. P-value were calculated by two-sided Wilcoxon Signed Rank Test.
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Supplementary Fig 5. WT and mutant ORC binding motifs show statistically significant 
enrichment of polyA/T.

The statistical significance of the A/T enrichment at top motifs within WT and Orc4-IH∆ ORC ChIP-seq 
peaks (±250bp). Position 0 denotes the first base of the particular motif, which corresponds to the 
positions shown in Figure 4a. To calculate the significance of A/T enrichment at each position, 
number- and size- matched shuffle genomic loci were sampled from the reference genome 300 times. 
For each position, the distribution of base composition of these randomly shuffled regions were used 
to perform one-tailed Student’s t-test against the base composition generated from the top motif within 
WT and Orc4-IH∆ ORC ChIP-seq peaks. The scores were calculated by -log(p-value). p-values have 
been adjusted by Benjamini-Hochberg method. 
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Supplementary Fig 6. WT and mutant ORC have differential binding affinities to ACS and 
polyT tract substrates. 

a. EMSA analysis of WT or mutant ORC using 30 bp dsDNA substrates containing ACS

(TTTATATTTAG) or polyT tract (TTTTTTTCCGCG) derived from ORC ChIP-seq analyses.

Protein concentrations are indicated. Source data are provided as source data file.

b. Line plots with data points correspond to mean value of Sybr Safe signal intensity of free

probe and band shift + SD from n=3 replicates. Source data are provided as source data file._ 
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Supplementary Fig 7. Three different views of rebuilt DNA structures and their 
bend angles for core motif sites. 

Structures are aligned based on their core motif sites (10 bp in the center). The x- and y-axes 
were generated based on the highest and second-highest principal components of all atoms in 
the aligned structures. Bend angles are calculated using Curves 5.3 for their core motif sites. 
Bend angles represent the angles between two vectors formed between two bp at each end of 
the core motif (bp 1 and 2, and bp n-1 and n, respectively) of the core motif sites, where the 
vector is defined between a reference point from one bp and the equivalent reference point on 
another bp.  For definition of nucleic acid reference system, see Lavery et al. (1989)3. 
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Supplementary Fig 8. Orc4-IH∆ shows global perturbation of BrdU-seq signal.

Chromosome-wide genome browser screenshots show the normalized BrdU-seq signal for 
WT (blue) and Orc4-IH∆  (red) for all chromosomes.  Centromeres are denoted with a dotted 
line. While punctate peaks were observed in WT, dramatically altered patterns were seen in 
the mutant. Y-axis for all tracks were adjusted to the same scale (0-1).
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Supplementary Fig 9. WT and mutant ORC binding is enriched at sites of open chromatin.

Overlaps between ATAC-sea peaks and all ORC peaks (n=618) or all Orc4-IH∆ peaks 
(n=2,219). Histograms/density curves illustrate the distribution (counts) of number-matched, 
randomly sampled regions, which were selected 10,000 times. This distribution represents the 
probability of finding a given number of ORC peaks that overlap with ATAC-seq peaks by 
chance. The red line indicates the actual number of ATAC-seq peaks that overlap with ORC 
ChIP-seq peaks defined in a) WT (n=198) and b) Orc4-IH∆ (n=1469). P-value were calculated 
by two-sided  Wilcoxon Signed Rank Test.  
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Yeast Strain Genotype

W303-1a MATa ade2-1 ura3-1 his3-11, 15 trp1-1 leu2-3, 112 can1-100

CL_WT_O6_MYC

CL_MUT_O6_MYC

CL_WT_M7_FLAG

CL_MUT_M7_FLAG

ySD-ORC

ySD-ORC-MutORC4

CL_GALS_ORC1_WT

CL_GALS_ORC1_MUT

BrdU_WT

BrdU_MUT

W303-1a bar::Hyg pep4::KanMX TRP1 Gal1-10 ORC5, ORC6 
HIS3 Gal1-10 ORC3, ORC4 URA3 Gal1-10 CBP-ORC1, ORC2

W303-1a GALS-ORC4-KanMX4 ura3-1::ORC4-URA3 ORC6-MYC-hphNT1

W303-1a GALS-ORC4-KanMX4 ura3-1::orc4-IH   -URA3 ORC6-MYC-hphNT1

∆W303-1a GALS-ORC4-KanMX4 ura3-1::orc4-IH   -URA3 MCM7-FLAG-hphNT1

∆

W303-1a GALS-ORC4-KanMX4 ura3-1::ORC4-URA3 MCM7-FLAG-hphNT1

ySD-ORC LEU2 Gal1-10 FLAG-orc4-IH

W303-1a GALS-ORC1-KanMX4 ura3-1::ORC1-URA3 

W303-1a GALS-ORC1-KanMX4 ura3-1::orc1-BP4   -URA3 ∆

CL_WT_O6_MYC trp1-1::BrdU-Inc-TRP1

CL_MUT_O6_MYC trp1-1::BrdU-Inc-TRP1

 GALS-ORC1

GALS-ORC4 W303-1a GALS-ORC4-KanMX4 

W303-1a GALS-ORC1-KanMX4 

∆

Plasmid Description

pYM-N30

pRS406

pRS406-orc4-IH

pRS406-ORC4

pYM20

pTF272

pRS405-GAL-Sc-orc4-IH

pRS404-BrdU-Inc

Cassette for endogenous ORC1 and ORC4 promoter modification.

Plasmid for integration in GALS-ORC4 strain.

Plasmid for integration and expression of WT Orc4 in GALS-ORC4 strain.

Plasmid for integration and expression of mutant Orc4 in GALS-ORC4 strain.

Cassette for C terminal fusion of MYC tag to Orc6 in GALS-ORC4 strain.

Cassette for C terminal fusion of FLAG tag to Mcm7 in GALS-ORC4 strain.

Plasmid for integration in ySD-ORC strain.

Plasmid for integration of BrdU incorporation cassette.

∆

∆

Supplementary Table 1. Yeast strains and plasmids used in this study.
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Supplementary Table 2. Primers used in this study.
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Orc1_GALS_tag TCATTCCCTATTGATTAATACTCAT
TACAAAAACCACAATAGAGTAGAT
AAGATGCGTACGCTGCAGGTCGA
C 

CCTGCTCATCAGTTGTTATTATC
TCCCAACCCTGTAAATCCTTCA
ACGTTTTTGCCATCGATGAATTC
TCTGTCG 

Primers for N-terminal 
replacement of endogenous 
ORC1 promoter to GALS 
promoter

promoter to 

Orc4_GALS_tag TAGAAATATCAAATATAAACTACTA
ATATCGGTAATATTCAAAAGAAGA
AGCATGCGTACGCTGCAGGTCGA
C 

GCCTCTTTATTGGGAGAAGATT
GACTTGCGGTGATAGACGAGCT
TCGCTTATAGTCATCGATGAATT
CTCTGTCG 

Primers for N-terminal 
replacement of endogenous 
ORC4 GALS 
promoter

promoter to

Orc6_MYC_tag TGGAAGAAAAGAATTGAAATGGAT
TTGGCATTAACAGAACCTTTACGT 
ACGCTGCAGGTCGAC

AAGATATGTCAGGTATTGGTCAA
ATATATACTTTTAGTTAATACTGG
ATATGTTAATCGATGAATTCGAG
CTCG 

Primers for C-terminal 
tagging of endogenous Orc6 
with MYC tag

Mcm7_FLAG_tag CTAATGTGAGCGCCCAAGATTCT
GATATCGATCTACAAGACGCTCGT
ACGCTGCAGGTCG

AGTTACAGAAGGTAAATTTGAAT
GTGCAGCTATATGGAAATGATC
GATGAATTCGAGCTC 

Primers for C-terminal 
tagging of endogenous 
Mcm7 with FLAG tag

Orc4_FL AAATTAGAGCTTCAATTTAATTATA
TCAGTTATTACAAAACTGCTCAAT
TGACTGTTG

CCTTACGCATCTGTGCGGTATTT
CACACCGCATAGGTCACTCATA
TTATTTTACTG 

Primers for cloning of full-
length ORC4 into pRS406

Orc4_del_IH GAGAAATCAGCCGTTGGTTTGAG
ACCGTTTGACTTGA

TCAAGTCAAACGGTCTCAAACC
AACGGCTGATTTCTC

Primers for cloning of orc4-
IH  into pRS406

ARS_1 GGTGAAATGGTAAAAGTCAACCC
CCTGCG

GCTGGTGGACTGACGCCAGAA
AATGTT

ChIP primers for ARS1 
positive loci

Con_1 CATCAATTGTGCACTCGGAC GAACACGGCAATTGTAGGTGG ChIP primers for negative loci

ARS_607 CAGAGAAACTATTACATTGTACAT
TCTCC 

TGTGCCGAATAATGTGTAAGTCT
C 

ChIP primers for ARS607 
positive loci

Con_607 TGGTCAACCTCAACTTTCACA GATTTCTTGCGCATGACTCA ChIP primers for negative loci

Primer Name Forward primer (5’ to 3’) Reverse primer (5’ to 3’) Description



Bioinformatic Analysis 

ChIP-seq and BrdU-IP-seq data processing  
Raw sequencing reads were mapped against yeast reference genome sacCer2 (UCSC) using 
Bowtie (version 1.2.2) (parameters “--phred33-quals -v 3 -m 1 -p 24 --best --strata”). PCR 
duplicates were marked and removed using Picard tools MarkDuplicates (version 2.9.0-1-
gf5b9f50-SNAPSHOT). Only uniquely mapped reads were kept. Unless specifically stated, raw 
sequencing reads from different replicates (If any) of the same sample were merged and 
mapped as described above. Mapped reads were visualized using samtools (version 1.3.1) and 
bedtools (version 2.27.1). RPKM for every merged sample is calculated per 100bp non-
overlapping window across the genome. Deeptools (version 3.0.1) was used to generate 
heatmaps and profiles4-9. 
For BrdU-IP-seq tracks, the mapped reads were binned into 100bp non overlapping bins. Each 
bin from the IP library was divided to its corresponding input bin, yielding an IP:Input ration for 
each bin. The bins were median smoothed over a 500bp window. In each library, the bin with 
the highest value was assigned a value of 1 and the remaining bins are scaled to that bin by 
dividing with the highest value10. 

Peak calling and ACS definition 
For WT and Orc4-IHD ChIP-seq datasets, peaks were defined with each replicate using MACS2 
(version 2.1.1.20160309) (parameters “--nomodel --extsize 147 -q 0.005 -g 12.07e6”). Only 
those peaks that were called in both replicates of a sample and did not overlap with tRNA genes 
(GtRNAdb) were kept for downstream analysis. For ATAC-seq peak calling, MACS2 (version 
2.1.1.20160309) was used wtiht the following parameters “-g 12100000 --keep-dup all -B  --
SPMR --nomodel --shift -75 --extsize 150 -p 0.01”. Reference ACS locations were obtained from 
GSM4244942. Genome coordinates were converted to sacCer2 form sacCer1 using LiftOver 
(UCSC). ACSs locate 1,000 bp or less near chromosome ends were filtered.  Deeptools 
(version 3.0.1) were used to generate heatmaps and profiles11. 

For reference publically available datasets, the same manner of processing were applied as our 
own data. Peaks were defined with each replicate using MACS2 (version 2.1.1.20160309) 
(parameters “--nomodel --extsize 147 -q 0.0005 -g 12.07e6”). 

Number-matched shuffled loci refer to a set of randomly picked regions in the genome that have 
the same number of events and share the same length as the original set. For instance, for the 
618 WT Orc peaks, we randomly picked 618 regions by shuffling the genomic coordinates of the 
of peaks, whilst keeping the peak size constant. The result would be the same number of peaks 
that are scattered throughout the genome but share the same lengths as the test set. We would 
subsequently use this number-matched and size-matched shuffled set as a representative of 
the genome background. 

RNA-seq data processing and integration 
A public RNA-seq data is used to determine transcriptional strength in WT yeast. SRR363968 is 
used because the data was generated using the same strain W303-1A as in our study. The data 
obtained is mapped against sacCer2 using STAR aligner (version 2.7.5a). The gene transcript 
annotation was obtained from Ensembl Genomes. Gene level expressions, in transcript per 
million (TPM), were quantified using RSEM (version 1.3.3). Heatmaps of WT and Orc4-IHD Orc 
ChIP-seq signal were plotted, where each row represents one transcript. These rows are ranked 
and sorted by TPM in descending order. From the Orc4-IHD heatmap, a positive association 
between transcriptional strength and Orc4-IHD binding was discovered. 
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De novo motif search  
Homer (version 4.9.1-5) findMotifsGenome.pl was used to search for motifs enriched in WT and 
Orc4-IHD ChIP-seq peaks. (parameters “-size 200”)12 

ATAC-seq and MNase-seq data processing 
Raw sequencing reads were mapped against yeast reference genome sacCer2 (UCSC) using 
Bowtie2 (version 2.3.4.1) (parameters ” -t -q -p 24 -N 1 -L 25 -X 2000 --no-discordant --no-mixed 
--un-conc”). PCR duplicates were marked and removed using Picard tools MarkDuplicates 
(version 2.9.0-1-gf5b9f50-SNAPSHOT). Reads mapped to chrM were removed13.  
For MNase-seq, RPKM of 100bp non-overlapping windowed genome is calculated. 

Nucleosome positioning index 
Similar to the nucleosome positioning analysis done previously by Ishii et al., fragments 
between 141bp and 190bp were extracted from the mapped reads, the middle 60 base pair of 
each fragment was assigned a value of 1. For each position, the sum of values is normalized by 
dividing by the genomic average. Genomic average was calculated as the total number of reads 
with fragment sizes between 141bp and 190bp, multiplied by 60 and divided by the yeast 
reference genome size14.  

Base composition analysis 
The top motif identified in each peak set was used in the subsequent analysis. The motif used 
for WT is TTTATGTTTAGK, while the motif used for Orc4-IHD is TTTTTYSS. The presence and 
location of each motif was identified in the reference genome. The list of locations was then 
compared to Orc ChIP-seq peaks. Locations that do not overlap with any peak or were too close 
to the end of chromosome were filtered out. For the remaining locations, using the first base of 
motif as position 0, we analyzed 250bp upstream and downstream. The base composition of 
each base was calculated for each position and the curves, representing each base, were 
smoothed using rolling-average of 9 bases window with step-size of 1 base. 

To calculate the significance of A/T enrichment at each position, number- and size-matched 
shuffle genomic loci were sampled from the reference genome 300 times. For each position, the 
distribution of base composition of these random shuffled regions were used to perform one-
tailed Student’s t-test against the base composition generated from the top motif within WT and 
Orc4-IHD ORC ChIP-seq peaks. The scores were calculated by –log(p-value). 
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