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Abstract

Systematic genetic interaction studies have illuminated many cellular processes. Here we
quantitatively examine genetic interactions among 26 Saccharomyces cerevisiae genes conferring
resistance to the DNA-damaging agent methyl methanesulfonate (MMS), as determined by
chemogenomic fitness profiling of pooled deletion strains. We constructed 650 double-deletion
strains, corresponding to all pairings of these 26 deletions. The fitness of single- and double-deletion
strains were measured in the presence and absence of MMS. Genetic interactions were defined by
combining principles from both statistical and classical genetics. The resulting network predicts that
the Mphl helicase has a role in resolving homologous recombination—derived DNA intermediates
that is similar to (but distinct from) that of the Sgs1 helicase. Our results emphasize the utility of
small molecules and multifactorial deletion mutants in uncovering functional relationships and
pathway order.
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Complicating the relationship between genotype and phenotype is the fact that individual
alleles sometimes combine to produce surprising phenotypes. The word ‘epistasis’ has been
used in distinct ways, in both classical and statistical genetics, to describe this phenomenon!.
Theoretical statistical-genetic arguments support the expectation that deleterious fitness effects
of mutant alleles in independently functioning genes should combine multiplicatively; in other
words, the double-mutant fitness is expected to be the product of the single-mutant fitness
values?. The frequency with which this relationship occurs in nature is consequential to theories
regarding evolution and the origins of sexual reproduction?, but it remains unresolved after
limited study*~. Departure from the multiplicative model suggests that the corresponding gene
products have a functional relationship, the nature of which depends on the ‘direction’ of the
departure. Aggravating interactions, or ‘negative epistasis’ (in which the double-mutant fitness
is lower than expected; synthetic lethality, in the extreme case), often reflect activities operating
in separate but compensatory pathways’. Alleviating interactions, or ‘positive epistasis’ (in
which the double-mutant fitness is greater than expected), often result when gene products
operate in concert or in series within the same pathway. These interactions (also called
‘diminishing- returns’ interactions?) arise, for example, when a mutation in one gene impairs
the function of a whole pathway, thereby concealing the consequence of additional mutations
in other members of that pathway.

Several experimental studies and their analyses in Saccharomyces cerevisiae have illustrated
the value of genome-scale screens for genetic interactions3~20, Screens for synthetic sick or
lethal genetic interactions have uncovered numerous functional relationships, identified
compensatory protein complexes and pathways, and offered insight into the nature of genetic
robustness$~17. Most large-scale genetic interaction screens, however, have been restricted to
the discovery of synthetic sick or lethal interactions and have defined such interactions by
departure from the expectation that double-mutant strains will have the fitness of the least fit
single mutant8:10-12,14,15

Although recent studies have expanded to include the measurement of alleviating interactions,
these interactions have not been defined in a consistent way. In one case, a range of interaction
types was defined by enumerating all possible ‘greater than’, ‘less than’ and ‘equal to’
relationships among single- and double-mutant invasive growth phenotypes!8. In another case,
epistasis was defined with the S-score!3, which identifies interactions from double mutants
whose growth deviates from the median growth of all evaluated double mutants involving a
given gene?Y. A theoretical study!® defined interaction under the multiplicative neutral
model? by using predicted growth rates, but ultimately favored an alternative measure (‘scaled
epsilon’). Neither of the latter two measures was evaluated experimentally.

Here we have conducted a comprehensive and quantitative analysis of genetic interactions
among a target set of genes, focusing on non-essential genes that confer resistance to the DNA-
damaging agent MMS. Quantitative fitness analysis identified both aggravating and alleviating
interactions on the basis of deviation from a multiplicative model. Because of the quantitative
nature of our assay, we could also differentiate among ‘classical genetic’ subclasses of
alleviating interactions on the basis of the relative MMS sensitivity of single-and double-
deletion strains. We used a systematic, objective and automated analysis of the genetic evidence
to derive an interaction network that recapitulates many known features of DNA repair
pathways. This interaction network also makes predictions, including a role for the Mphl
helicase in resolving DNA intermediates resulting from homologous recombination.
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RESULTS

Selection, construction and fitness of double-deletion mutants

We systematically assessed genetic interactions among a target subset of genes that confer
resistance to the compound MMS. These genes were selected on the basis of the results of a
chemogenomic fitness screen of pooled homozygous yeast deletion strains?!+22 (Fig. 1 and
Supplementary Table 1 online). Deletion strains that were among the most sensitive to MMS
(Fig. 1) were used to construct all possible combinations of double-deletion strains for
quantitative fitness analysis (see Methods). To facilitate construction of these mutants, each
gene was deleted in haploid strains of both mating types. In MATa haploids (BY4741), genes
were replaced with a gene encoding the kanamycin resistance marker gene (Kan"). In the
MATa haploid strain (Y5563), genes were replaced with a gene encoding the nourseothricin
resistance marker gene (Nat"). Y5563 contains the canlA::MFApr-HIS3 marker necessary for
the selection of double-deletion haploid mutants!4. The doubling time (D) of all single-deletion
strains in rich growth medium (YPD) with and without 0.002% MMS was measured by using
a highly quantitative growth assay (Methods and Fig. 2a). Deletion strains for which the
doubling time of the Kan' strain was inconsistent with that of the Nat® strain were either
reconstructed and verified to eliminate inconsistencies or omitted from further analysis (data
not shown).

The doubling times of single mutants (with and without MMS) ranged from 1.3 h to 8 h, and
the average coefficient of variation (CV), calculated from not fewer than five replicates, was
5.2%. Only a modest increase in CV was observed for strains with the most severe growth
defects (Supplementary Fig. 1 online). This method provided the sensitivity and precision
necessary for distinguishing small differences in growth rate, which were essential for our
subsequent analysis (Supplementary Fig. 1). The fitness of each deletion strain was defined
by its growth rate relative to that of wild type (calculated as the doubling time of the parental
wild-type strain divided by that of the mutant). The average fitness values of single-deletion
strains used for further analysis are shown in Figure 2b. Notably, all 26 gene deletions resulted
in reduced fitness relative to the wild-type control.

We used the 26 Kan" haploid deletion strains and 26 Nat" haploid deletion strains to construct
650 double-deletion strains. Four of these strains could not be constructed because of genetic
linkage between genes. Ten other strains were nonviable (synthetically lethal) and were
assigned a fitness of zero. The fitness of the remaining 636 double-deletion strains was
measured in YPD media both with and without MMS (see Methods). A benefit of this approach
is that each gene pair is represented by two independently constructed double-deletion strains
(referred to as the ‘Kan'-Nat" and ‘Nat' - Kan" strains). To quantify the robustness of our
strain construction and fitness assay, we plotted the fitness (calculated in both the presence and
the absence of MMS) of the Kan'-Nat" double-deletion strains against that of the Nat'-Kan®
deletion strains (Fig. 2c). We obtained a highly significant correlation (R =0.981) with a slope
near to 1, consistent with the idea that strain construction contributed negligibly to fitness.

Quantitative genetic interactions predict shared function

If the deleterious effects of two distinct mutations are truly independent of one another, then
their fitness defects are predicted to combine multiplicatively2. In other words, if a strain
deleted for gene x has a fitness W, and a strain deleted for gene y has a fitness Wy, then the
fitness of the double mutant strain Wy, is expected to be W, x W), Using the double- and single-
deletion fitness values calculated in Figure 2, we measured the deviation € from this expectation
(where gy, = Wy, — W, x W) and found that ¢ values were highly correlated between reciprocal
double-deletion pairs (R = 0.896; data not shown). The ¢ values derived from averaging the
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fitness of the Kan"-Nat" and Nat"™-Kan" mutants are given in Supplementary Table 2 online
and are represented as a heat map in Figure 3a.

Given that deviation from neutrality (nonzero €) suggests a functional relationship, we assessed
how well current knowledge of these genes was reflected in the € values. We examined the
distribution of ¢ value for gene pairs with or without a specific functional link—in other words,
gene pairs that either do or do not share a specific gene ontology (GO) term?3. Whereas the
distribution of ¢ values for genes without a specific functional link is centered near zero, the
€ values of the 35 functionally linked gene pairs are clearly centered away from zero and are
predominantly positive (Fig. 3b).

Prediction of specific functional linkage on the basis of the € value alone achieved a sensitivity
of 80% at a false-positive rate of 20% (Fig. 3c), as assessed by cross-validation. Hierarchical
clustering of genes by genetic congruence (that is, correlation of ¢ profiles'>+24; see Methods)
showed that the similarity between the spectrum of genetic interactions of two genes was also
a robust predictor of functional links (Fig. 3c). This is consistent with the observation that
genetic congruence can predict shared function!3:24, We found that a combination of &, genetic
congruence, and a measure of the difference between the MMS sensitivity of the double mutant
and each single mutant (described in more detail below) was the most robust predictor of
specific functional links. Using the combined predictor, we achieve a sensitivity of 84% at a
false-positive rate of 20%. Moreover, at a lower false-positive rate of 2%, the combined
predictor achieves 54% sensitivity, as compared with 20% achieved with € alone (Fig. 3c). We
also note that ‘scaled epsilon’, a previously proposed measure of genetic interaction!?, was not
as effective at predicting functional links (Supplementary Fig. 2 online).

Identification of significant genetic interactions

Because two gene pairs with the same € value may have different susceptibilities to
measurement error, we used a Z-test based on estimated errors in fitness measurements of
single- and double-deletion strains to detect significant departure (P < 0.01) of each gene pair
from the multiplicative model (see Methods). We applied this method to fitness measurements
obtained both with and without MMS, and found that the addition of MMS increased the
number of both aggravating and alleviating interactions (Fig. 4). In the presence of MMS, 113
out of 323 pairs were found to deviate significantly from the multiplicative model. Of these,
45 were classified as alleviating interactions (significantly positive €) and 68 were classified
as aggravating interactions (significantly negative €). Classification results for all 323 gene
pairs are given in Supplementary Table 2.

Of the 45 gene pairs with significantly positive € (see below), 24 had a functional link. Of the
21 alleviating interactions that did not have a functional link, many have well-documented
interactions including MUS81-MMS4 (ref. 25), SGS1-SHU1,SGS1-SHU2 and SGS1-PSY3 (ref.
26): HPR5-RADI8 and HPR5-RADS (ref. 27); RAD5-RADIS8 (ref. 28); and SHUI-SHU?2 (ref.
29). Most gene pairs in our data set were classified as neutral, even when cells were grown in
the presence of MMS. The limited connectivity of alleviating interactions was marked given
that the genes studied were already enriched for a common function (conferring resistance to
MMS). This observation suggests that the functional information provided by alleviating
interactions is specific rather than general.

Subclassification of alleviating interactions

We focused further on the 45 gene pairs classified as alleviating in MMS, dividing them into
five distinct categories based on the relative MMS sensitivity (S; see Methods) of single- and
double-deletion strains (Fig. 5a). Restricting these analyses to MMS-induced growth defects
enabled us to focus on pathways responding specifically to MMS-induced lesions, which was
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important because approximately half of the deletion strains studied showed fitness defects
even in the absence of MMS (data not shown). Fourteen pairs showed ‘masking

epistasis’ (Sy, = Sy > Sy), whereas four showed partial masking epistasis (Syy > Sy > S)). This
scenario may be intuitively viewed as the deletion in gene x ‘masking’ the effects of the deletion
in gene y. In addition, 2 gene pairs showed complete suppression (Sy, =Sy, < S,) and 15 showed
partial suppression (S, < Sy, <Sy). In this scenario the deletion in gene y improves the phenotype
associated with the gene x deletion. Lastly, we observed ten gene pairs for which the MMS
sensitivity of the single- and double-deletion strains was statistically indistinguishable (S, =
Sy = Sy). These interactions, which we call ‘coequal’, are related to ‘complementary gene
action’, ‘complementary epistasis’ or ‘asynthetic’ relationship types that have been previously
described!8-30:31,

Coequal relationships suggest that the genes function as cohesive units. For example, if two
genes encode distinct subunits of a given protein complex, then we would expect these genes
to show a coequal relationship (if neither gene has an additional function and if the protein
complex requires both subunits for its function). Nine of the ten coequal interactions that we
detected (all but PSY3-HPRS5) encode, or are predicted to encode, physically interacting
proteins23-26-28.32.33 (Fig_ 5b). This suggests that disruption of each gene alone is sufficient to
disrupt the function of the protein complex to which it contributes, and that neither gene has a
separate function under the conditions examined. Apart from the PSY3-HPRS pair, the coequal
interacting pairs tended to have the highest congruence scores (Fig. 3a).

Asymmetric alleviating interactions (where S, # Sy) can be used to infer the order of
biochemical events in a pathway34. For example, the phenotype of an xAyA mutant resembling
that of xA, but not yA, could be explained by protein X operating upstream of protein Y in a
pathway (under the positive regulatory model of Avery and Wasserman34). We found that the
genetic interactions among five genes central to homologous recombination (RAD51, RADS52,
RAD54, RADS55 and RADS57; hereafter termed ‘homologous recombination genes’) can
recapitulate the current model for the biochemical steps carried out by their encoded proteins
(Fig. 5¢). The first step of this process involves recruitment of the Rad51 protein to single-
stranded DNA by Rad52. Extension of the resulting Rad51-nucleoprotein filament is then
mediated by the Rad55-Rad57 heterodimer. Subsequent strand displacement at a region of
homology is mediated by interactions with Rad54 (reviewed in ref. 3%). This order is also
consistent with the genetic dependencies for relocalization of these proteins to sites of DNA
damage?°.

The most highly connected module of alleviating interactions involved four genes (SHUI,
SHU2, CSM2 and PSY3) that encode members of a protein complex collectively referred to
hereafter as the ‘Shu complex’. Notably, we found coequal interactions between all pairs of
Shu complex genes. Consistent with a previous report, deletions in each of these four genes
partially suppressed the MMS sensitivity of the sgs/A strain?®. We found that these four
deletions also partially suppressed the rad54A deletion phenotype (Fig. 5d) and rescued the
synthetic lethality between rad54A and hpr5A (Supplementary Fig. 3 online). These results
extend previous findings supporting the idea that the Shu complex has a role in homologous
recombination®® and place it upstream of Rad54.

Predicted role of Mph1 in resolving DNA repair intermediates

SGS1 encodes a highly conserved member of the bacterial RecQ helicase family and shares
homology with human BLM, which has mutations associated with Bloom’s syndrome>’. Sgs1
has been proposed to function closely with the homologous recombination machinery. The
synthetic lethality of sgs/Amus814 and sgslAmms44 double-deletion strains can be rescued
by eliminating early steps in homologous recombination (for example, the triple mutant
sgslAmms4Arad514 is viable3®). This observation has led to the hypothesis that the helicase
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activity of Sgs1 and the endo-nuclease activity of the Mus81-Mms4 complex? are each
important for resolving a common cytotoxic homologous recombination-generated DNA
intermediate38. Consistent with this hypothesis, recombination-dependent cruciform structures
have been found to accumulate in sgs/A cells and to be actively resolved when SGS1 is
overexpressed>?.

Hierarchical clustering of € values showed that the sgs/A strain and the mphiA strain share a
similar pattern of € values (Fig. 3a). This similarity, which includes aggravating interactions
with both mus81A and mms4A, is emphasized in Figure 6a. Mphl, similar to Sgs1, possesses
3’ to 5" helicase activity*?, shows alleviating interactions with components of homologous
recombination®!, and has a human ortholog implicated in a disorder associated with genomic
instability*2. We therefore tested whether the aggravating phenotype of mphlA mus814 and
mphlAmms44 double-deletion strains could be suppressed by mutations in homologous
recombination—associated or other genes in our data set. Triple-deletion strains were created
by crossing both the ‘Kan'™-Nat” and ‘Nat" -Kan" variants of mphiA mus814 and
mphlAmms44 double-deletion strains to each of the remaining 24 MATa haploids in which
genes were replaced with a hygB" selectable marker (see Methods). The fitness of each triple-
deletion strain was then measured in the presence of MMS.

The expected fitness deviated from expectation for several triple-deletion strains, and the sign
of the observed deviation tended to be same in the mphlA mms4A and mphlAmus8iA
backgrounds (Fig. 6b). Of the 24 gene deletions, 10 were found to show alleviating interactions
on both backgrounds. These ten genes are the core factors in homologous recombination
(RADS51, RAD52, RAD54, RADS5 and RADS57), members of the Shu complex (SHUI, SHU?2,
CSM2 and PSY3) and RAD59, a homolog of RAD5?2 that functions in a Rad51-independent
homologous recombination pathway*3. In addition, all ten deletions (apart from rad52A)
improved the fitness of both of the mphlAmus814 and the mphlAmms44 double-deletion
strains in the presence of MMS (data not shown and Supplementary Fig. 4 online). Consistent
with previous reports, each of these deletions (with the notable exception of rad59A) rescued
the synthetic lethality of both sgs/Amus814 and sgsIAmms4A (ref. 3® and Supplementary Fig.
5 online). Collectively, these results suggest that Mph1 has a role in resolving homologous
recombination—dependent and Shu complex—dependent toxic DNA intermediates (Fig. 6¢).

Our analysis of double mutants did not identify previously reported interactions between
MPH 1 and homologous recombination genes*!, between MPH1 and Shu complex genes?!, or
between homologous recombination genes and Shu complex gene326. Even though the ¢ values
for these pairs were consistently positive (Fig. 6a and Supplementary Table 2), significant
deviation from the multiplicative model was rarely observed. When we aggregated the € scores
for the four Shu complex genes, we detected significant positive deviation from expectation
between this complex and both MPHI and the homologous recombination genes; however,
these deviations were significantly weaker than those measured for pairs of Shu complex genes
(Supplementary Fig. 6 online). These differences in € magnitude cannot be explained by
variations in single-deletion fitness defects. Thus, although our results are consistent with the
idea that Mph1, homologous recombination proteins and the Shu complex operate in acommon
pathway, they suggest that Mph1, homologous recombination proteins and the Shu complex
also have cellular roles that are independent of one another. Capturing such partially
overlapping relationships in future systematic studies of alleviating interactions will prove
challenging.

DISCUSSION

We have described a comprehensive and quantitative analysis of genetic interactions among
26 non-essential genes involved in resistance to MMS-induced DNA damage. A conceptually
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simple multiplicative model was used to define genetic interactions between these genes. The
validity of this model is supported here by the fact that the fitness defects of gene pairs without
functional links usually combine multiplicatively, and that deviation from this model is
predictive of shared function. This model has not been applied in previous large-scale genetic
interaction studies®10-12,14:15.18 ' A5 3 result, some gene pairs might have been previously
misinterpreted as being in common or compensatory pathways if the multiplicative neutral
model adopted here is correct.

In the absence of MMS, our methods classified 12% of gene pairs as aggravating interactions
and 6% as alleviating interactions (Fig. 4). Genome-wide screens have estimated the frequency
of aggravating genetic interactions (synthetic lethality and synthetic sickness) to be ~0.5%
among non-essential genes!>. The ~24-fold enrichment in aggravating interaction frequency
that we observed in the absence of MMS illustrates the utility of chemogenomic fitness screens
inidentifying functionally related subsets of genes and in quantitatively measuring their genetic
interactions. Notably, we further enriched the number of alleviating and aggravating
interactions to 21% and 14%, respectively, by growing deletion strains in the presence of MMS.
The enrichment of functional links among alleviating gene pairs further underscores the value
of systematic screens that can capture such interactions!3:18,

The adaptive value of the sexual mode of reproduction has been much debated. The
deterministic theory argues that, if aggravating epistasis is prevalent, then sexual reproduction
is selective because it enables deleterious mutations to be purged from genomes?. Previous
studies aimed at measuring the relative frequencies of alleviating and aggravating interactions
have yielded conflicting results*—. Here, all single-gene deletions produced a quantifiable
phenotype relative to wild type (Fig. 1b); thus, every gene pair in our data set was interrogated
for both alleviating and aggravating interactions. The observation that aggravating interactions
occurred more frequently than alleviating interactions (Fig. 4; both with and without MMS) is
consistent with the deterministic theory. An important caveat, however, is that the genes that
we studied were not chosen randomly.

The relative MMS sensitivities of single and double mutants were used to distinguish distinct
subtypes of alleviating genetic interactions. We found that coequal interactions (where S, =
Sy = Sy) occur between gene pairs that typically have the highest genetic congruence scores
(Fig. 3a and Fig 5b) and coequality is generally indicative of protein complexes that function
as cohesive units220:28:32,33 gy stematically discovered alleviating interactions (where S, #
Sy) accurately predicted the order of previously characterized biochemical processes. In
addition, we found that shulA, shu2A, psy3A and csm2A could partially suppress the MMS
sensitivity of rad54 (Fig. 5b) and, similar to deletions in homologous recombination genes**,
rescue the synthetic lethality of an hpr54rad544 double-deletion mutant (Supplementary Fig.
3). These data extend previous findings linking the Shu complex to homologous
recombination®® and place this complex upstream of Rad54 in homologous recombination—
mediated repair of both MMS-induced and spontaneous DNA damage.

Genetic congruence between MPHI and SGS1 led to the hypothesis and observation that the
fitness of mphlAmus814 and mphlAmms44 double-deletion strains in MMS can be improved
by deleting genes important for homologous recombination and is consistent with the idea that
the Mphl1 helicase is involved in resolving homologous recombination-dependent toxic DNA
intermediates (Fig. 6). Even though the Mphl protein shows similar substrate specificity to
Sgsl in vitro*®, whether it has the same substrate specificity as Sgs1 in vivo remains to be
determined. Two of our results argue against this possibility: first, we did not observe any
interaction between these two genes, as might be expected if they resolve the same
intermediate; and second, although the rad59A deletion suppressed the sensitivity of
mphlAmus814 and mphlAmms4A, it did not rescue the synthetic lethality of sgs/Amus814 or
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sgslAmms4A. This observation suggests that Mph1 may distinguish itself from Sgs1 by acting
on substrates generated by a RAD59-dependent mechanism*3.

Of the roughly 6,000 genes in the yeast genome, fewer than 1,200 are essential for viability
under optimal growth conditions (rich medium at 30 °C)22:46, Consistent with studies involving
random mutations*> and computational studies of yeast metabolism!?, most of our gene pairs
followed a multiplicative relationship (Fig. 4). This level of robustness will undoubtedly hinder
efforts to understand the functional organization of the cell on a systems level. Our results
emphasize the utility of systematic and quantitative double-deletion studies, but they also show
that additional perturbations, either genetic or chemical, will be necessary to reveal the full
architecture of cellular pathways.

METHODS

Strains and media

All strains were maintained on YPD media*’+#®. Antibiotic-resistant strains were selected with
200 pg/ml of genetecin (Agri-Bio), 100 pg/ml of nourseothricin (Werner Bioagents) and/or
300 pug/ml of hygromycin B (Agri-Bio). Single-deletion strains were obtained from the yeast
deletion collection or were constructed de novo by PCR-based gene replacement*®. Double-
deletion strains were constructed by the synthetic genetic array (SGA) protocol'* with minor
modifications. Cells were transferred manually with a 96-head pin tool and subjected to three
rounds of selection before being pinned onto YPD/agar plates, grown for 2 d, and stored at 4
°C. Triple-deletion strains were constructed essentially as above, by crossing single-deletion
HygB" MATa haploids to double-deletion Kan'-Nat' MATa haploids and by selecting
sporulated diploids on double-deletion selection media supplemented with hygromycin B.

Double- and triple-deletion strains were reconstructed by sporulating diploid heterozygotes
and dissecting tetrads, or by selecting random spores if they met one of the following three
criteria: (i) a viable colony was not obtained, (ii) the strain fitness was found to be higher than
that of both starting strains (W, — max(W,, Wy) > 0.05), or (iii) the fitness of Kan'-Nat" double-

deletion strains differed from that of the Nat'-Kan" deletion strains (|[Wyy — Wyy|/ V2>0. 15).
rad574rad614 and rad554shu24 double-deletion strains were not constructed because of
genetic linkage between their respective gene pairs. Ten double-deletion mutants involving
five confirmed synthetic lethal pairs (sgslAmus814, sgslAmms4A, sgslAslx44,
rad544hpr54 and sgslAhpr54) were assigned a fitness of zero.

Growth assay

Individual deletion strains arrayed on YPD/agar were inoculated into 80 ul of YPD using a 96-
head pin tool. Cultures were grown to saturation for 20 h at 30 °C and then stored at 4 °C for
4-48 h. The cells were then resuspended by shaking for 15 min, and the optical density at 600
nm (ODgy) of cultures was determined using a Tecan GENios microplate reader (Tecan). Cell
concentrations were normalized by diluting each culture to a final ODg of 0.02 with YPD
using a Biomek FX Laboratory Automation Workstation (Beckman Coulter). Normalized
cultures were grown in 100-ul volumes in 96-well plates in Tecan GENios microplate readers
for 24 h. The growth rate of each culture was monitored by measuring the ODgg every 15 min.

The doubling time (D) was calculated from the difference between the time 7y at an arbitrary
maximum ODg(y (OD,,) and the time ¢#; at a point three generations earlier, divided by the
number of generations: D = (i~ 1;)/3). The ODy, is usually in the exponential growth regime
and is approximately the ODg after five doublings from the beginning of the run. OD, is
divided iteratively by 2 to calculate the OD,,,—3 point at three generations earlier. For growth
curves that do not reach saturation or ODy,, during the growth run, ODy,, is reassigned to the
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maximum ODg of the curve. The fitness (W) of a strain deleted for a given gene x was defined
as the ratio of the doubling time (D) of the wild-type strain to the deletion strain (W = D,/
D,).

Classification of genetic interactions

Genetic interaction between a pair of genes (x,y) was defined if the fitness phenotype of the
double mutant (Wy,) deviated significantly from that predicted for non-interacting gene pairs
(W, x Wy) under the multiplicative model. For each gene pair, the test used estimates of the
mean and s.d. of W, derived by treating Kan"-Nat" and Nat'-Kan' strains as replicates. In
addition, the delta method was used to compute the mean and s.d. of the product Wy x Wy, on
the basis of the means and s.d. of W, and W), obtained with the replicates in the single-deletion
growth analysis. Gene pairs for which the multiplicative model hypothesis could be rejected
(Z-test, a.= 0.01) were categorized as genetic interactions. Interacting pairs were further
classified as aggravating or alleviating depending on whether the double-deletion fitness
phenotype was lesser or greater, respectively, than the product of the single-deletion fitness
measurements.

Subclassification of alleviating interactions

Alleviating interactions were subdivided into five unique categories depending on their MMS
sensitivity S, where S = D vms/D-mms- Z-scores were used to measure the proximity of the
MMS sensitivity of a double mutant to the sensitivities of the corresponding single mutants,
x and y, with the respective formulae:

(P:Sx_\ - #S\J’f \'II (Ti\_\' +(T§\

And

(#Sx_\ _#S_\- ]’I{ (1-2 +(r3:"3

Say

where u and o represent, respectively, the mean and estimated error of replicate measures of
the variable indicated in the subscript. Z-scores under 0.75 were judged to be roughly equal
for the purposes of subclassifying alleviating interactions. Directionality was assigned to
asymmetric alleviating interactions (where S, > S) as follows: for masking interactions (both
partial and complete), network arrows originate from the masking locus (x); for suppressing
interactions (both partial and complete), network arrows originate from the suppressing locus

).

Prediction of shared function

Gene ontology (GO) links (‘specific functional links’) were assigned to each gene pair with a
specific biological process GO term in common. A GO term was considered to be specific if
itis associated with fewer than 30 genes. To assess the value of quantitative genetic interactions
in predicting functional links, we used several predictors: €, genetic congruence (Pearson

correlation between ¢ profiles, calculation for genes x and y excluding €,y, and undefined &,
and g,y values), and Z-scores measuring proximity of the double-deletion MMS sensitivity to
the nearest single-deletion MMS sensitivity. The final model combined all of these predictors
through a single logistic regression scheme. Regression equations were calculated by using the
glmfit and glmval functions in MATLAB (MathWorks). Each model was assessed for its ability
to predict functional links by using sixfold cross-validation. The prediction sensitivity or true-
positive rate (defined here as the fraction of functionally linked gene pairs correctly predicted
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have functional links) and false-positive rate (defined here as the fraction of non-functionally

linked gene pairs incorrectly predicted to have functional links) are measured at a series of

SC

ore thresholds (Fig. 3c).
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4,758 deletion strains

Figure 1.

Identification of genes that confer resistance to MMS. Chemogenomic profiling of the
homozygous diploid (BY4743) collection of deletion mutants with MMS. Fitness defect
scores, based on barcode microarray hybridization and calculated as described?!, are plotted
on the y axis for 4,758 deletion strains arranged alphabetically across the x axis. Twenty-six
deletion strains that were analyzed further are highlighted in yellow. MMS-sensitive strains
showing severe growth defects in the absence of MMS, or corresponding to deletions that
overlapped other genes in the selected set, were not pursued further.
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Figure 2.

Fitness measurement of single- and double-deletion strains. (a) Calculation of the doubling
time (D) of individual deletion strains during exponential growth. D is the difference between
the time 77 at an arbitrary maximum OD (ODy,) and the time 7; at a point three generations
earlier (ODy,-3), divided by the number of generations (D =(7— £;)/3). (b) Mean fitness of 26
single-deletion strains in 0.002% MMS. Fitness (W) for a strain with gene x deleted was
calculated by dividing the average D of wild type (Y5563) by that of the deletion strain (W
=D,,; ID\f, ). Fitness values were averaged from MATa Kan' (BY4741) and MATa Nat
(BY4742) deletion strains; error bars represent the s.d. from no fewer than seven replicate
measurements. (c) Fitness correlation between reciprocal double-deletion mutants for each
unique gene pair in the presence and absence of MMS. The fitness of Kan"-Nat" double-deletion
strains is plotted on the y axis and the Nat'-Kan' fitness is plotted on the x axis. The correlation
coefficient (R) and best-fitting line are shown.
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Figure 3.

Quantitative genetic interactions predict shared function. (a) Genes clustered according to
similar patterns of deviation (g) of double-deletion fitness (W,,) from the expectation for non-
interacting loci (W) x W,). Fitness values were obtained from growth in the presence of 0.002%
MMS. Hierarchical clustering of genes was performed on the basis of genetic congruence
(Pearson correlation of ¢ profiles). (b) Distribution of € values for all gene pairs grown in the
presence of MMS (bin size 0.025). Gene pairs with specific functional links are in red (GO-
linked pairs); gene pairs not sharing specific functional links are in black (non-GO-linked
pairs). (¢) Comparison of the ability to predict functional links of € values, genetic congruence
of ¢ profiles, and Z-scores assessing the proximity of the MMS sensitivity of double-deletion
strains to the sensitivity of single-deletion strains. The combination of each of these is also
assessed (‘Combined’ ). For each predictor, the true-positive rate or ‘sensitivity’ (defined here
as the fraction of gene pairs correctly predicted to have functional links) and false-positive rate
or ‘1 — specificity’ (defined here as the fraction of non-functionally linked gene pairs
incorrectly predicted to have functional links) are shown at a series of score thresholds.
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Figure 4.

Identification of significant genetic interactions. Significant departure (P < 0.01) from a
multiplicative model in which Wy, = W, x W, is used to define aggravating and alleviating
genetic interactions. The percentage of aggravating (red), alleviating (blue) and neutral (gray)
gene pairs identified are compared in the presence and absence of MMS.

Nat Genet. Author manuscript; available in PMC 2009 July 28.

14%



1duosnuely Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuey Joyiny Vd-HIN

St Onge et al. Page 17

a b Pie - hES
4 SHUZ2 SHU1 \\
RADS1 RADS2 === - \
e P S~ !
"O—0 %y |
1 y |
N RADsS RAD57 ! \ ;
RADS57, RAD18 See o __- -7 \ Psy3 csmz #
~ v
Rads1 nucleoprotein filament extension T
HPAS
Unknown
SWCs RTT101 P S~ =TT -
7 ~ e ~
1 \ 1
SHUZ, . \_ mMs4  musst ' \_ RADIS Raps !
RTT107 e - e -
MMS4 - - - e e - -
4 RADS59 MMS1 Structure-specific endonuclease Ubiquitin-mediated proteclysis
SHU1 c RADS2 d SHUT
csme O O fapst N SHuz
MUS81 MAGT C5M3
CsMz
Ax Ay WT Ay = Ax WT
I ! ! I ! RADS7 RADSS O RADS4
MMS sensitivity (S) MMS sensitivity (S) PSY3
RADS4 sGst
Figure 5.

Subclassification of alleviating interactions. (a) Subclassification of 45 alleviating interactions
on the basis of similarity of MMS sensitivity (S = D vms/D-mms) of each double-deletion
strain (Syy) to its corresponding single-deletion strains (S, and Sy), as measured by Z-scores
(see Methods). Genes are represented by nodes. Arrows represent five alleviating interaction
subtypes: coequal (green), partial masking (light blue), masking (dark blue), partial suppression
(purple), suppression (pink). These interaction types are shown below (red arrowheads indicate
single-deletion MMS sensitivities; colored circles represent double-deletion sensitivities). (b)
Ten coequal interactions identify functionally cohesive units. Nine correspond to known or
predicted protein interactions, as indicated by the broken circles. (¢) Asymmetric alleviating
interactions (Sy > Sy) between core members of the homologous recombination pathway
(RAD51, RAD52, RAD54, RADS5 and RAD57). For masking interactions (both partial and
complete), arrows are drawn from the masking locus (x); for suppressing interactions (both
partial and complete), arrows are drawn from the suppressing locus (y). (d) Partial suppression
of the MMS sensitivities of sgs/A and rad54A by deletions in Shu complex genes (SHUI,
SHU2, CSM?2 and PSY3).
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Figure 6.

Predicted role of Mphl in resolving homologous recombination—generated DNA
intermediates. (a) Line graph emphasizing the similarity in € profiles of sgs/A (red) and
mphlA (blue). Deviation from multiplicative expectation (g) is plotted on the y axis and genes
are arranged alphabetically on the x axis. (b) Heat map representing the effect of 26 gene
deletions (vertical axis) on the fitness of mphlAmms4A and mphlAmus8I1A double-deletion
strains (horizontal axis). Raw ¢ values (where € = Wy, — W,,, x W) are shown on the left;
significant deviations (P < 0.01) from expectation are represented on the right. Ten genes found
to be consistently alleviating (arrows) were analyzed further (Supplementary Fig. 5). (¢)
Model of the potential role of MPH1 in resolving homologous recombination-dependent DNA
intermediates (@, undamaged DNA; &, MMS-damaged DNA;®, toxic DNA intermediates).
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