www.sciencemag.org/content/354/6312/aag0839/suppl/DC1

RAVAAAS

Supplementary Materials for
Exploring genetic suppression interactions on a global scale

Jolanda van Leeuwen, Carles Pons, Joseph C. Mellor, Takafumi N. Yamaguchi, Helena
Friesen, John Koschwanez, Mojca Mattiazzi USaj, Maria Pechlaner, Mehmet Takar,
Matej Usaj, Benjamin VanderSluis, Kerry Andrusiak, Pritpal Bansal, Anastasia
Baryshnikova, Claire Boone, Jessica Cao, Atina Cote, Marinella Gebbia, Gene Horecka,
Ira Horecka, Elena Kuzmin, Nicole Legro, Wendy Liang, Natascha van Lieshout,
Margaret McNee, Bryan-Joseph San Luis, Fatemeh Shaeri, Ermira Shuteriqi, Song Sun,
Lu Yang, Ji-Young Youn, Michael Yuen, Michael Costanzo, Anne-Claude Gingras,
Patrick Aloy, Chris Oostenbrink, Andrew Murray, Todd R. Graham, Chad L. Myers,*
Brenda J. Andrews,* Frederick P. Roth,* Charles Boone*

*Corresponding author. Email: cmyers@cs.umn.edu (C.L.M.); brenda.andrews@utoronto.ca (B.J.A.);
fritz.roth@utoronto.ca (F.P.R); charlie.boone@utoronto.ca (Ch.B.)

Published 4 November 2016, Science 354, xxx (2016)
DOI: 10.1126/science.aag0839

This PDF file includes

Materials and Methods

Figs. S1to S7

Captions for Tables S1 to S7
References

Other Supplementary Material for this manuscript includes the following:

(available at www.sciencemag.org/content/354/6312/aag0839/suppl/DC1)

Tables S1 to S7 as Excel files


http://www.sciencemag.org/content/354/6312/aag0839/suppl/DC1
http://www.sciencemag.org/content/354/6312/aag0839/suppl/DC1

Materials and Methods

Literature curation and statistical analysis

Literature curation

The Saccharomyces cerevisiae “synthetic rescue” dataset was downloaded from the
BioGRID (9) on November 9, 2012 (version 3.1.49). Only interactions in which both
interactors are yeast genes were considered. This dataset consisted of 4999 interactions
described in 1564 papers. An additional 14 interactions were found and added while
reading the papers. On March 31, 2014 version 3.2.110 of the dataset was downloaded
from the BioGRID, and another 972 interactions were added, bringing the total to 5985
interactions described in 1667 papers. Each paper was read in detail, and an interaction
was considered a suppression interaction if the double mutant grew significantly better
than at least one of the single mutants. Suppressor and query alleles were annotated as
deletion allele, hypomorphic allele (such as temperature sensitive (TS) and DAmP
alleles), specific mutation (such as an activating or phosphorylation mutant),
overexpression of a mutant allele, or spontaneous mutation if no further information was
available. Notes were added for interactions that were identified under specific conditions
(such as a drug or carbon source other than glucose, but not high temperature for TS
alleles). Interactions that were not found in the paper, that were identified in a high-
throughput study, that were not extragenic suppression interactions, in which a specific
phenotype other than growth or survival was suppressed, that included more than two
genes, or that suppressed a growth defect caused by overexpression of a gene, were
removed from the dataset. In a few cases the interaction was annotated in the wrong
direction, and suppressor and query were switched. The final dataset consisted of 1842
unique interactions, involving 1304 genes (Table S1).

Analysis of functional relatedness and overlap with other types of genetic interactions
We used several molecular and functional genome-scale datasets to evaluate the
functional relatedness between suppression interaction pairs. We refer to these datasets as

functional standards and they comprise GO term co-annotation, co-expression, co-
localization, co-complex, and co-pathway relationships. In each case, only gene pairs for
which functional data was available for both the query and the suppressor gene were
considered. GO co-annotation was calculated only on biological process terms as
previously described (6). The co-expression standard was derived from the MEFIT co-
expression network, which integrates data from a collection of microarray experiments
(48). Only gene pairs with a MEFIT score >1 were considered co-expressed. Co-
localization relationships were calculated based on previously described localization data
(49). Two genes whose products were found in at least one shared cellular compartment
were defined as co-localized pairs. In the co-complex standard, which was described
recently (6), gene pairs that were part of the same protein complex were considered as co-
complexed, and gene pairs in distinct non-overlapping protein complexes were
considered not co-complexed. The same approach was used to define the co-pathway
standard using KEGG data (50).



For both the literature and systematic suppression interaction datasets we calculated
the overlap with each of the functional standards. Significance of the overlap was
assessed by Fisher's Exact tests. The expected overlap by chance was calculated by
considering all possible pairs between a background set of queries and suppressors. The
background set of queries consisted of genes found as queries in the suppression
interaction dataset of interest. As background set of suppressors we considered all genes
in the genome. Pairs in the suppression interaction dataset of interest were removed from
the background set. For a given suppression interaction dataset and functional standard,
we defined as fold enrichment the ratio between their overlap and the overlap of the
background set of pairs with that standard.

For analysis of suppression interactions between and the distribution of genes over
different biological processes, genes were assigned to broadly defined functional gene
sets (2)(Table S7). Highly pleiotropic or poorly characterized genes were excluded from
the analysis, as were functional categories to which only very few genes were assigned
(e.g. “peroxisome” or “drug transport”). Significant enrichment was determined by
Fisher’s Exact test, comparing the observed to the expected proportion of genes in each
functional category.

We compared our suppression interaction datasets to five different genetic networks:
a dosage suppression interaction network (/3) and four genetic interaction networks
derived from a recent global genetic interaction dataset (6). By applying the standard cut-
off to the global genetic network we defined the set of negative and positive genetic
interactions, whereas by applying the stringent cut-off we defined the set of strong
negative and positive genetic interactions (6). In the analyses involving the four genetic
interaction networks, a single TS allele per essential gene was randomly selected and
DAmP alleles were disregarded. Overlap of these genetic networks with the functional
standards and with our suppression interaction datasets were calculated as explained
above.

Yeast strains, plasmids, and growth assays

Yeast strains and plasmids

The suppressor strains are listed in Tables S2 and S6. All suppressor strains were
part of either the BY4741 nonessential deletion mutant collection (MATa xxxA::kanMX4
his3A1 leu2A0 ura3A0 met15A0; Euroscarf), the SGA nonessential deletion mutant
collection (MATo xxxA::natMX4 canlA::Ste2pr-Sp_his5 lypIA his3A1 leu2A0 ura3A0
metI5A0; (2)) or the corresponding MATa and MATa collections of DAmP or
temperature sensitive mutants of essential genes (6). For suppressor confirmation
experiments, the suppressor strains were crossed to the appropriate mutant strain of the
opposite mating type from one these collections. For the plasmid complementation
confirmation assays, plasmids from either the MoBY-ORF 2.0 (native promoter, 2u,
LEU2, kanMX4; (13)) or the FLEX (GALI promoter, CEN/ARS, URA3; (51)) collection
were used. All other strains and plasmids used in this study are listed in Table S6.



Spot dilution assays and growth curves

Yeast strains were grown using standard rich (YPD) or minimal (SD) media. For
spot dilution assays, strains were grown in selective media. Ten-fold serial dilutions were
prepared by diluting cultures in water to optical densities (ODggo) of 0.1, 0.01, 0.001 and
0.0001. Five pL aliquots were spotted onto agar plates and incubated at indicated
temperatures. Plates were imaged after 48 h.

For papuamide A (University of British Columbia Depository) and duramycin
(Sigma Aldrich) growth assays, saturated cultures were diluted to an ODggo of 0.1, and
seeded in 96-well plates at different drug concentrations. Plates were incubated at 34°C
for 20 hours and the ODgo9 was measured with a Multimode Plate Reader Synergy HT
(Bio-Tek). Relative growth compared to vehicle-treated wild-type cells was calculated.

For oligomycin (Sigma Aldrich) growth assays, strains were grown overnight in
YPD. The saturated cultures were diluted to an ODggo of 0.1 in YPGly (1% w/v yeast
extract, 2% w/v peptone, 3% v/v glycerol) and grown at 30°C. After 3h, 0-5 uM
oligomycin was added. Growth at 30°C was monitored continuously in an automated
shaker and platereader set-up (S&P robotics). Relative growth compared to wild-type
cells treated with 1% DMSO was calculated.

Serial passaging

To construct deletion mutants expressing fluorescent proteins, 7EF2-promoter
driven E-GFP or tdtomato (RFP) were marked with URA3 and integrated at the 4o locus
in Y7092, as previously described (5). The GFP and RFP strains were crossed with
various strains from the MATa xxxA::kanMX4 deletion collection (Euroscarf) and SGA
(18) was used to select MATa xxxA::kanMX4 strains with either ho:: TEF2pr-GFP::URA3
or ho::TEF2pr-RFP::URA3. Each strain was grown in triplicate to saturation in YPD,
then equal OD units of wild type expressing GFP and mutant expressing RFP, as well as
the reciprocal, were mixed in liquid and pinned from 96 to 768 format on two YPD +
G418 (200 mg/L) plates. Plates were incubated at 30°C for 2 d, then one was imaged
using a Typhoon fluorescence scanner with PMT 400 for GFP and 450 for RFP and the
other was pinned to two YPD + G418 plates. This passaging was repeated five times for a
total of six plates. Median fluorophore fluorescence for each colony was assessed using
GenePix software as previously described (52). Unreliable values (<300 as determined
from colonies of cells expressing no FP) were removed and values were normalized to
the mean for each plate. The ratio of red:green or green:red was determined, and log2
values of the means of each strain were plotted.

Similarly, fluorescently labeled W303 strains were created by integrating yeast
enhanced Cerulean (CFP) or mCherry (RFP) into the Ais3 locus of a W303 wild type or
mutant strain. Strains were competed in liquid minimal media containing 80 mM glucose.
Before each competition, the strains were individually grown to saturation, diluted, and
then grown to log phase. The strains were then diluted and combined for the
competitions. At eight time points, the cell concentration was measured on a Coulter
counter, and fluorescence ratios were measured by FACS.



Systematic suppressor identification

Synthetic genetic array analysis

Synthetic genetic array (SGA) analysis was performed as described previously (6,
18). In short, in a typical SGA screen, a specific natMX-marked query mutation is
crossed to an array of ~5000 kanMX-marked deletion mutants, and in a series of
subsequent pinning steps haploid natMX- and kanMX-marked double mutants are
selected. This not only generates a complete set of double mutants, it also represents a
genome-wide set of two-factor crosses, which enables us to scan the query strain genome
for the presence of an unmarked extragenic suppressor locus (20). When kanMX-marked
deletion alleles derived from the array strains are positioned at a relatively short genetic
distance from the suppressor mutation derived from the query strain, double mutant
meiotic progeny carrying the kanMX-marked deletion tend not to carry the suppressor
allele. Thus, for a collinear series of ~30 array genes in linkage with the suppressor locus,
double-mutant colonies show a reduced size (20)(Fig. S3A). Similarly, kanMX-marked
array strains carrying a suppressor mutation will yield smaller colonies when crossed into
query strains for which the natMX-marked mutant allele is genetically linked to the
suppressor locus. In total, we completed 7056 full-genome SGA screens involving
mutant strains carrying deletion or hypomorphic alleles of 5845 different genes (2, 6).

Potential suppressor loci were detected automatically as follows: genetic interaction
scores were calculated and sorted by chromosomal position of the array mutant. For each
chromosome, the average, normalized standard deviation was calculated using the genetic
interaction scores. Regions in which the rolling median genetic interaction score for 20
adjacent double mutants dropped below 80% of the negative chromosomal average
standard deviation were subjected to visual inspection. This identified 251 strains that
showed a potential suppressor linkage group in SGA (Tables S2 and S3).

Suppression magnitude

In SGA, single and double mutant fitness values are derived from normalized colony
size measurements (6). A genetic interaction is defined using a multiplicative model, in
which the genetic interaction score (¢) is the difference between the observed double
mutant fitness (Wqa), and the multiplication of the query and array single mutant fitness

(WQ X WA).
€= WQA — WQ X WA

In a screen using a query strain that carries a suppressor mutation, the measured
fitness of the query and double mutants will actually be the fitness of the query and
double mutants in presence of the suppressor (Wgqs, Wqas). The exception is within the
suppressor linkage group, where the frequency of the suppressor allele will be low, and
double mutant fitness will be representative of that in the absence of the suppressor
(Wqa). Within each suppressor linkage group identified by SGA, we calculated the
rolling median score for each set of 20 adjacent double mutants. We defined the lowest
rolling median score within the suppressor linkage group as &in, and the median score
amongst all double mutants on the array as &,,. Using the multiplicative model to define
a genetic interaction, the following equations are derived:



Eout — WQAS — WQS X WA and €in — WQA — WQS X WA

As we are looking at averages over a large number of array mutants, and the deletion
of most genes does not affect strain fitness, we assume the effect of the array deletion on
the median scores is negligible (Wqas = Wgs, Woa = Wg and W = 1):

Eout — WQS - WQS =0 and €in = WQ — WQS

This gives an average €, of 0, consistent with most double mutants not showing a
genetic interaction. The suppression magnitude is the difference between the fitness of a
query with a suppressor and without the suppressor, thus:

Suppression = Wqos — Wo = - &€in

A list of &i, values (lowest rolling score within the suppressor linkage group) is
available in Table S4.

Genetic validation of candidate suppressor genes

Each suppressor strain was subjected to three genetic crosses, followed by tetrad
analysis of the meiotic progeny of the resulting diploid: 1) cross to a wild type strain to
test for proper 2:2 segregation of the suppressor mutation, i.e. half of the spores carrying
the query mutation are expected to show a fitness defect, while the other half are
expected to be suppressed and have improved fitness. 2) Cross to a strain deleted for a
gene genetically linked to a suppressor (“neighbor”) to test for proper linkage, i.e. all
spores carrying both the query mutant and the neighbor deletion allele are expected to
have a fitness defect, all spores carrying the query mutation but not the neighbor deletion
are expected to be suppressed. 3) Cross to a strain carrying a deletion or conditional allele
of the suppressor gene. If the suppressor mutation was a loss-of-function mutation, all
spores carrying the query mutation are expected to be suppressed.

Additionally, the suppressor strains were transformed with plasmids carrying the
wild-type allele of either the suppressor gene or of another gene within the suppressor
linkage group. Either high-copy plasmids driving genes from their own promoter (/3), or
low-copy plasmids using the GAL I-promoter (57) were used. If the suppressor mutation
is recessive or semi-dominant, overexpression of the wild type allele of the suppressor
gene is expected to reverse the suppression and reduce the fitness of the suppressor strain.
Each plasmid was transformed into a wild type strain as well, to make sure
overexpression of the gene does not cause dosage lethality.

Lastly, we directly introduced 4 potential loss-of-function and 5 potential gain-of-
function suppressor alleles into a diploid strain that was heterozygous for the
corresponding query mutation. We amplified the genes carrying the suppressor mutation
and a selection marker flanked by appropriate homology regions by PCR, and co-
transformed the PCR-fragments into a diploid strain, in which one copy of the query gene
was deleted. Proper integration of the mutated suppressor gene at its native locus was
confirmed by PCR and Sanger sequencing. The diploids were sporulated and subjected to



tetrad analysis to determine whether the introduced mutations could suppress the growth
defect of the query mutation. As a control, the wild type allele of the suppressor gene was
introduced into the heterozygous diploid and subjected to tetrad analysis as well. Table
S2 contains a summary of the results of each of these assays.

Sequencing and mutation calling

Sequencing, read mapping, and SNP and indel calling

Strains were sequenced on the Illumina HiSeq 2500 platform using paired-end 100-
bp reads. Reads were aligned to the S288C reference genome from SGD
(http://yeastgenome.org) using BWA (53) and SNPs and indels were identified using
SAMtools (54). SNP/indels were called at stringent (Q > 17, read depth >= 10, % high-
quality bases supporting the alternate base >= 90 %) and permissive (Q >= 10, read depth
>= 3, % high-quality bases supporting the alternate base > 50 %) thresholds. Structural
variants (SVs) were detected using Pindel (Version - 0.2.4t)(55). A SV was called when
insertions, deletions, and inversions were detected in 3 or more paired reads. Custom
scripts were used to perform CNV and amino acid substitution analyses. To exclude pre-
existing variants as well as systematic sequencing artifacts, variants were removed from
consideration if they were present in at least 3 other sequenced strains (including the
parental wild-type strain). Candidate suppressor mutations were confirmed by amplifying
the corresponding gene and flanking sequences by PCR, followed by Sanger sequencing
(Table S2). All whole-genome sequencing data is publicly available at NCBI’s
Sequencing Read Archive (http://www.ncbi.nlm.nih.gov/sra), under accession number
SRP067030.

Identification of passenger mutations

For suppressor strains that were sequenced at a coverage of 10x or more, we defined
passenger mutations as all SNPs and indels that were present in the strain, but not located
in the query or in the suppressor gene (Table S5). We focused on SNPs and indels only,
as SV calls had a high false positive rate. Passenger mutations were also identified in a
control set of 72 strains that do not carry a suppressor mutation, but which were
originally sequenced because they were suspected to carry the wrong query mutation.
S375-392 were excluded from this analysis, as for these strains a slightly different
pipeline was used to identify SNPs and indels. Recurrently mutated genes were defined
as those that were mutated in at least 6 strains. 11 genes met this criteria, however, for 5
of those (YNL338W, ASG1, YMRO57W, HSM3, FLOY), all mutations mapped to the same
region of the gene, where either the read depth was low or the sequence was highly
repetitive, suggesting they may be sequencing artifacts. For a subset of passenger
mutations, the corresponding genes and flanking regions were amplified by PCR and
sequenced using Sanger sequencing. The confirmation rate for the potential sequencing
artifact genes was extremely low (0-10%), while the average confirmation rate for
passenger mutations was ~75%, and thus we excluded these 5 genes from further
analyses. Note that we do not expect a 100% confirmation rate using Sanger sequencing,
as the passenger mutations may not be fixed in the strain.



Functional impact of suppressor and passenger mutations

The potential functional impact of suppressor and passenger mutations was assessed
in four ways. 1) The fraction of mutations that occur in essential genes was calculated. 2)
The deleteriousness of mutations was computed by SIFT (56), in which scores below
0.05 are predicted to be deleterious. 3) The fraction of mutations at protein-protein
interaction interfaces was computed. For each protein for which a protein-protein
complex structure was available in version 2015 05 of Interactome3D for S. cerevisiae
(57), which is composed of experimental structures and complete homology models, we
calculated the accessible solvent area (ASA) both when bound to the other protein(s) in
the complex and in unbound form. We defined as interaction interface residues those
showing a difference in ASA between the bound and unbound forms greater than 1 A,
Only mutations that could be mapped to a residue in a structure were considered.
Mutations at an interaction interface are expected to have a relatively high functional
impact. 4) The fraction of mutations that occur in disordered regions was calculated, by
downloading disorder predictions by VSL2b (58) from D2P2 (59). Disordered regions
allow a higher variability in sequence than structured regions, and mutations in
disordered regions are thus expected to have a lower functional impact than those in
structured regions. For each of these analyses only missense mutations were considered.

Importantly, we accounted for the possible bias introduced by suppressor and
passenger genes for which multiple mutations were identified. In the protein-protein
interface and disorder analyses, we randomly selected one mutation per gene and
reported the median result across 1,000 randomizations. In the SIFT analysis, we
computed the median SIFT score per gene.

Additional follow-up experiments

Mitochondrial F-ATP synthase protein structure

Crystal structure 2HLD (60) of the F-domain of the yeast mitochondrial ATP
synthase was downloaded from the Protein Data Bank (http://www.rcsb.org/pdb/) and
visualized using the PyMOL Molecular Graphics System, Version 1.4.1 Schrodinger,
LLC.

Ymr010w topology
Ymr010w membrane topology was predicted using Phobius (6/), and is in
agreement with experimental data (62).

Fluorescence microscopy

Fluorescence microscopy was performed using a spinning-disc confocal (WaveFX,
Quorum Technologies) connected to a DMI 6000B fluorescence microscope (Leica
Microsystems) controlled by Volocity software (PerkinElmer), and equipped with an
ImagEM charge-coupled device camera (Hamamatsu C9100-13, Hamamatsu Photonics)
and a 63x/NA1.4 Oil HCX PL APO objective. Yeast strains were grown to mid-log phase
in appropriate selective synthetic media lacking tryptophan to minimize background
fluorescence. All imaging was done at room temperature. 21 optical sections
encompassing the whole cell were imaged at intervals of 0.3 pm. Images were processed
using ImageJ (NIH, Bethesda, MD, USA; http://imagej.nih.gov/ij/).
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Fig. S1. Distribution of genetic interaction scores and suppression interaction degree. (A) Example of a distribution of genetic interac-
tions of mutant yyyA determined by a genome-wide screen. The genetic interaction score is defined as the difference between the observed
and the expected double mutant fitness (see Fig. 1A). Indicated are standard cut-offs for defining positive and negative interactions (2). Sponta-
neous suppressor mutations often represent the most extreme positive genetic interactions. (B) Degree distribution of suppression interactions.
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the biomedical literature (see Table S1). The number of suppression interactions was plotted against the fraction of query or suppressor genes
showing that number of interactions.
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are essential (right). Enrichments for positive and negative genetic interactions were calculated using either an intermediate or a stringent
cut-off for scoring an interaction (2). (C) Fold enrichment for overlap of the literature-curated suppression interactions with negative genetic
interactions, positive genetic interactions, or dosage suppression interactions considering only gene pairs for which deletion alleles were tested
for suppression under standard laboratory conditions. None of the 45 suppression pairs that were tested for a genetic interaction in SGA
showed a negative genetic interaction. The dosage suppression dataset only contains essential query genes.
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Fig. S3. Systematic identification of spontaneous suppressor mutations. (A) 1) 7056 strains containing different mutant alleles for 5845
ORFs were screened by Synthetic Genetic Array (SGA) analysis. For 251 of these strains (210 unique ORFs), SGA identified both the presence
and the genomic location of a suppressor mutation by identifying a stretch of slow-growing colonies corresponding to mutants that have a
genomic location in close proximity to the suppressor mutation. 2) Whole-genome sequencing of the suppressor strains was used to identify
the suppressor mutation. 3) Suppression interactions were validated using several assays. First, the query strain carrying the suppressor muta-
tion was crossed to a WT strain, a strain deleted for a gene linked to the suppressor, and a strain carrying a deletion or conditional allele of the
suppressor gene, to determine proper segregation, linkage, and loss-of-function suppression, respectively. Next, the query strain carrying the
suppressor mutation was transformed with a high-copy plasmid carrying the WT-allele of either the suppressor gene or a gene genetically
linked to the suppressor, and growth was scored. 221 suppression interactions gave a positive result in at least one of the validation assays.
4) Finally, 9 suppressor genes were cloned directly into a strain heterozygous for the query mutation and sporulated. Tetrad analysis confirmed
proper segregation of the suppression phenotype in all 9 cases. Table S2 contains a summary of the SGA, sequencing, complementation, and
tetrad analysis results. (B,C) Comparison of literature and experimentally derived suppression interactions. Significance was determined using
Fisher’s Exact test. (B) Fold enrichment for co-localization, GO co-annotation, co-expression, same pathway membership, and same complex
membership for gene pairs involved in different types of genetic interactions (Gls). (C) Fold enrichment for overlap with different types of genetic
interactions for suppression gene pairs either identified by literature curation or experimentally-derived in this study. Enrichments for positive
and negative genetic interactions were calculated using either an intermediate or a stringent cut-off for scoring an interaction (2).
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Fig. S5. Suppression of mitochondrial mutants by gain-of-function mutations in the F;-ATP synthase. (A) Query strains carrying ATP
synthase mutations have lost their mitochondrial DNA. Average read depth of the nuclear and mitochondrial genomes as determined by
whole-genome sequencing for strains either carrying a suppressor mutation in one of the mitochondrial ATP synthase subunits (blue), or not
(grey). (B) ATP synthase-dependent suppression of slow growth caused by loss of the mitochondrial genome (p-), in the absence of the query
mutation. Exponentially growing cultures of the indicated strains were diluted to an optical density at 600 nm of 0.1 and a series of ten-fold
dilutions was spotted on YPD agar plates and incubated at 30 °C for 2 days. (C) Loss of mitochondrial translation or transcription is synthetic
lethal with deletion of ATP1 or ATP2. Suppressor strains carrying both the query deletion in a gene involved in mitochondrial transcription or
translation and a spontaneous suppressor mutation in either ATP1 or ATP2 were crossed to a strain deleted for the suppressor gene. The
resulting diploids were sporulated and tetrads were dissected. (D) Suppressor mutations in the F4-ATP synthase decrease ATP synthesis activi-
ty. Growth profiles of ATP synthase mutants, in the absence of the query mutation, in YPGly media with different concentrations of oligomycin.
Increased sensitivity to oligomycin is indicative of limited ATP production. Exponential growth of the mutants was scored relative to WT growth.
Note that some mutants are unable to grow in YPGly media, even in the absence of oligomycin.
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Fig. S6. Characterization of YMRO710W. (A) Co-localization of Ymr010w with Mon2/Dop1/Neo1 complex members. Representative confocal
brightfield and fluorescent micrographs of live, exponentially growing wild type cells with GFP or mCherry integrated at either the C-terminus
of Mon2, Dop1, or Ymr010w, or the N-terminus of Neo1. Scale bar: 5 ym. (B) Suppression of neo7A and dop1A lethality by mutation of
YMRO10W. Top: cultures of the indicated strains, all carrying a URA3-marked plasmid encoding NEO1, were diluted to an optical density at 600
nm of 0.1 and a series of ten-fold dilutions was spotted on agar plates and incubated at 27°C for 2d. Bottom: tetrad dissection analysis of a
strain heterozygous for dop? and ymr010w mutant alleles. (C) Suppression of drs2A mutants. Spot dilutions as in (B) using the indicated
strains.
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Fig. S7. Characterization of passenger mutations. (A) The relative fitness of a strain was plotted against the number of passenger mutations
identified in the strain, either counting all passenger mutations (left), or counting only mutations that occured within coding regions (right). Wild
type fitness is normalized to 1.0. Passenger mutation and strain fitness data is available in Table S5. (B) Fold enrichment for co-localization,
shared GO-annotation, co-expression, same pathway membership, and same complex membership for passenger and query or passenger
and suppressor pairs. Significance was determined using Fisher’s Exact test. None of the passenger and query pairs were members of the
same pathway. (C) Average doubling times and standard deviations (SD) for the indicated mutant strains during exponential growth in YPD
media at 30°C, n=6. (D) Differentially fluorescently labeled cells of the indicated mutants (GFP) and wild type (RFP) were mixed, spotted on
agar plates, and the ratio of GFP to RFP was followed for 6 rounds of serial passaging. Shading represents the SD, n=12. Note that the RFP
and GFP labels are reversed when compared to the data shown in Figure 5D. (E) Tetrad dissection and PCR confirmation of an ira1A::kanMX-
4/IRA1 heterozygous diploid S288c (BY4743) strain. Although deletion of IRAT is thought to be lethal in the S288c background, we were able
to readily obtain viable ira7A haploid cells. (F) Differentially fluorescently labeled cells of the indicated mutants and wild type in the W303
background were mixed, and the ratio of the fluorophores was followed for 44h. Left: mutant-CFP and WT-RFP, right: mutant-RFP and WT-CFP.
Shading represents the SD, n=3.
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Table S1. Suppression interactions curated from the literature. The S. cerevisiae
“synthetic rescue” data set was downloaded from the BioGRID, and further curated to
solely include interactions in which the fitness defect caused by mutation of one gene
was overcome by mutation of one other gene. The file lists the interactions that met our
selection criteria (27), along with the corresponding BioGRID and PubMed IDs, the type
of suppressor mutation (e.g., spontaneous mutation or deletion allele); the type of query
mutation; and the use of specific conditions (e.g., a drug or specialized carbon source).

Table S2. Experimental suppression interactions identified by SGA. The
suppression interactions that were identified experimentally by SGA analysis. It also
contains details on the identification and confirmation of the suppressor mutations,
including a summary of the results from SGA, sequencing, complementation assays,
and tetrad analysis (27).

Table S3. SGA data of strains showing suppressor linkage groups. SGA scores for
all suppressor strains, partitioned by mating type of the suppressor strain. Strains were
either screened against an array of nonessential gene deletion mutants (FG) or an array
of essential gene temperature-sensitive mutants (TS), at either 26° or 30°C. Please note
that these data contain suppressor linkage groups that should be removed when
scoring genetic interactions.

Table S4. Relative magnitude of the experimental suppression interactions. The
relative magnitude of the experimental suppression interactions, measured as the
lowest rolling scores within the suppressor linkage group identified by SGA (27). Strains
were either screened against an array of nonessential gene deletion mutants (FG) or an
array of essential gene temperature-sensitive mutants (TS), at either 26° or 30°C.

Table S5. Identified passenger mutations. A list of all identified passenger mutations
for each sequenced yeast strain, as well as the average read depth and the normalized
fitness of the strain.

Table S6. Yeast strains and plasmids. Details on all yeast strains and plasmids used
in this study, and the source and/or lab from which they can be obtained.

Table S7. Functional categories for all yeast genes. Yeast genes that have been
sufficiently characterized were assigned to 19 broadly defined functional gene sets (2).
Highly pleiotropic genes were assigned to a separate category.
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