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Genetfic finteractfions and functfionafl 
anaflyses of the fissfion yeast 
gsk3 and amk2 sfingfle and doubfle 
mutants defectfive fin TORC1-
dependent processes
Charaflampos Raflflfis†,*, StJohn Townsend* & Jürg Bähfler

The Target of Rapamycfin (TOR) sfignaflflfing network pflays fimportant rofles fin agfing and dfisease. The 
AMP-actfivated protefin kfinase (AMPK) and the Gsk3 kfinase finhfibfit TOR durfing stress. We performed 
genetfic finteractfion screens usfing synthetfic genetfic arrays (SGA) wfith gsk3 and amk2 as query mutants, 
the flatter encodfing the reguflatory subunfit of AMPK. We fidentfified 69 negatfive and 82 posfitfive common 
genetfic finteractors, wfith functfions reflated to ceflfluflar growth and stress. The 120 gsk3-specfific negatfive 
finteractors fincfluded genes functfionfing fin transflatfion and rfibosomes. The 215 amk2-specfific negatfive 
finteractors fincfluded genes functfionfing fin chromatfin sfiflencfing and DNA damage repafir. Both amk2- 
and gsk3-specfific finteractors were enrfiched fin phenotype categorfies reflated to abnormafl ceflfl sfize and 
shape. We aflso performed SGA screen wfith the amk2 gsk3 doubfle mutant as a query. Mutants sensfitfive 
to 5-fluorouracfifl, an antficancer drug are under-represented wfithfin the 305 posfitfive finteractors specfific 
for the amk2 gsk3 query. The trfipfle-mutant SGA screen showed hfigher number of negatfive finteractfions 
than the doubfle mutant SGA screens and uncovered addfitfionafl genetfic network finformatfion. These 
resuflts reveafl common and specfiaflfized rofles of AMPK and Gsk3 fin medfiatfing TOR-dependent processes, 
findficatfing that AMPK and Gsk3 act fin paraflflefl to finhfibfit TOR functfion fin fissfion yeast.

Te nutrfient-responsfive Target of Rapamycfin (TOR) sfignaflflfing pathway reguflates fundamentafl ceflfluflar processes 
such as growth fin response to envfironmentafl or physfioflogficafl factors. In the fssfion yeast, Schfizosaccharomyces 
pombe, two Tor kfinases (as opposed to a sfingfle kfinase fin mammafls) functfion wfithfin two protefin compflexes, 
TORC1 and TORC21. Tor2 fis part of TOR Compflex 1 (TORC1) and posfitfivefly reguflates ceflfluflar growth, whfifle 
Tor1 predomfinates fin the antagonfistficaflfly actfing TOR Compflex 2 (TORC2)2,3. We have prevfiousfly demonstrated 
that the fssfion yeast TOR pathway can be pharmacoflogficaflfly finhfibfited by the combfined actfion of rapamycfin 
and cafefine; TORC1 finhfibfitfion mfimfics the efects of nfitrogen starvatfion and resuflts fin fincreased chronoflogficafl 
flfifespan (CLS)4.
Te duratfion and fintensfity of TORC1 actfivatfion depends on the abundance and quaflfity of dfiferent nutrfi-

ents. Genetfic studfies fin fssfion yeast have demonstrated that the TSC1-TSC2 compflex fis an negatfive reguflator 
upstream of TORC11,5. Efectors downstream of TORC1 have been extensfivefly characterfised, fincfludfing the AGC 
kfinases Psk1, Sck1 and Sck2 that phosphoryflate a varfiety of reguflatory protefins to promote processes such as pro-
tefin synthesfis6,7. For exampfle, a major reguflator of protefin transflatfion, the transflatfion finfitfiatfion factor eIF2α 8,9, 
can be phosphoryflated by the Gcn2 kfinase to finhfibfit transflatfion; fin nfitrogen-rfich condfitfions, Gcn2 fis finactfivated 
fin a TORC1-dependent manner, thus provfidfing a mechanfism for TORC1 to promote transflatfion fin the presence 
of nutrfients9,10.
Te AMP-actfivated protefin kfinase (AMPK) can detect decrease fin ceflfluflar energy vfia AMP flevefls; fin fssfion 

yeast, AMPK consfists of Ssp2, Amk2 and Cbs211. AMP fis an aflflosterfic actfivator of AMPK: bfindfing to the β γ  
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reguflatory subunfit (Amk2 and Cbs2) renders the α  subunfit (Ssp2) a better target for the stress-responsfive kfinase 
Ssp1, and Ssp2 phosphoryflatfion actfivates AMPK, thus promotfing cataboflfic and finhfibfitfing anaboflfic processes12. 
AMPK fis functfionaflfly flfinked to TORC1-dependent processes: the buddfing yeast Ssp2 orthoflog, Snf1, medfiates 
the phosphoryflatfion and actfivatfion of Gcn2 fin response to nutrfitfionafl stress, fleadfing to phosphoryflatfion of eIF2α  
and a gflobafl reductfion fin transflatfion8.
Gsk3 fis a conserved kfinase that finhfibfits the canonficafl Wnt pathway13 and has cflfinficafl sfignfifcance14. However, 

fits rofle fin unficeflfluflar eukaryotes remafins poorfly characterfized. We have shown that gsk3-mutant ceflfls are resfistant 
to TORC1 finhfibfitfion by cafefine and rapamycfin and feature a shortened CLS when gflucose fis depfleted15. Human 
GSK3 finhfibfits AMPK by finteractfing wfith the AMPK β  subunfit whfifle phosphoryflatfing and finactfivatfing the α  
subunfit. Dfisruptfion of GSK3 functfion wfithfin the AMPK compflex promotes hfigh AMPK actfivfity and ceflfluflar 
cataboflfic processes even under anaboflfic condfitfions, findficatfing that GSK3 acts as a crfitficafl sensor for anaboflfic sfig-
naflflfing to reguflate AMPK16. To finvestfigate the ceflfluflar rofles and reflatfionshfips of AMPK and Gsk3 fin fssfion yeast, 
we have appflfied cflassficafl and genome-wfide genetfic approaches. We show that AMPK and Gsk3 are functfionaflfly 
fimpflficated fin the same TOR-dependent processes, finvoflvfing both common and specfifc genetfic finteractors.

Materfiafls and Methods
Ffissfion yeast strafins and medfia. Ceflfl cufltures were grown fin YES flfiqufid medfium at 32 °C, wfith shakfing 
at 130 rpm. Defletfion mutants were generated as prevfiousfly descrfibed17. For wfifld-type the 972−  strafin was used 
whfifle for growth, stress and flfifespan assays the foflflowfing strafins were used: h−  gsk3::kanMX6, h−  gsk3::natMX6, 
h−  gsk3::hphMX6, h +  amk2::natMX6, h−  amk2::natMX6 gsk3::hphMX6, h +  ssp2::kanMX6, h−  ssp2::kanMX6 
gsk3::natMX6, h−  ssp2::kanMX6 gsk3::hphMX6, h +  ssp1::kanMX6 and h−  ssp1::kanMX6 gsk3::hphMX6.

Growth assays. Growth curves were generated usfing the BfioLector mficrofermentatfion system (m2p-bfioflabs) 
as prevfiousfly descrfibed4. Cafefine and rapamycfin were used at concentratfions of 100 mM and 100 ng mL−1, 
respectfivefly whfifle hydrogen peroxfide at a concentratfion of 0.5 mM. Growth kfinetfics were anaflysed fin R usfing 
the groft package18 fin order to caflcuflate the tfime taken for bfiomass to fincrease by 25%. Tfis fis used as a proxy for 
cafefine and rapamycfin resfistance15. In the case of hydrogen peroxfide treatment the flag phase dfiference between 
untreated and treated ceflfls has been used as a proxy for resfistance4.

Chronoflogficafl flfifespan assays. Ceflfls were grown fin YES to statfionary phase and assays were performed as 
prevfiousfly descrfibed4, usfing CFU countfing wfith data normaflfised for the day when ceflfls reached statfionary phase 
(Day 0). Error bars represent standard devfiatfions from three findependent bfioflogficafl repeats, each one consfistfing 
of three technficafl repeats.

SGA anaflyses. SGAs were performed usfing the Bfioneer v5.0 hapflofid flfibrary19 essentfiaflfly as descrfibed prevfi-
ousfly, wfith each finteractfion examfined fin quadrupflficate and derfivfing from findependent spore mass pfick up15,20. 
Query strafins were the foflflowfing: h−  gsk3::hphMX6, h−  amk2::natMX6, h−  gsk3::hphMX6 amk2::natMX6 and 
controfl query h−  ade6::natMX615. Coflony sfize was used as a proxy for doubfle/trfipfle mutant ftness. Coflony sfize 
measurements were obtafined usfing the gfitter package fin R21 or the Spotsfizer toofl22,23. In order to excflude poten-
tfiaflfly spurfious finteractfion vaflues as a resuflt of flfinkage, flfibrary mutants whfich feflfl wfithfin 100 kb dfistance of query 
mutatfions were excfluded from the respectfive datasets. Any flfibrary mutants for whfich coflony sfize of the ade6 
doubfle mutant was fless than 100 pfixefls were deemed to be present fin too flfittfle amount for accurate finteractfion 
vaflues to be caflcuflated, and were hence excfluded from the dataset. Interactfion vaflues were caflcuflated as foflflows 
(fin-house SGA anaflysfis toofl, Townsend et afl., under preparatfion): coflony sfizes were normaflfised to the pflate 
medfian fin order to controfl for the efect of the query mutatfion and pflate-specfifc efects; coflony sfizes were aflso 
normaflfised for coflumn- or row-specfifc efects. A medfian fflter was appflfied to fidentfify and correct for flocafl spatfiafl 
efects. Medfians of coflony sfizes of the gsk3, amk2 and gsk3 amk2 SGAs were normaflfised wfith respect to the ade6 
SGA (whfich represents ftness of flfibrary sfingfle mutants as query does not aflter ftness of flfibrary) to caflcuflate the 
vaflue of genetfic finteractfions between query mutants and flfibrary mutants. Interactfions wfith hfigh wfithfin-repflficate 
varfiabfiflfity were excfluded. Ffinaflfly, the flogarfithms fin base 10 of the finteractfion were used for finteractfion scores. 
For practficafl reasons, + 2  and − 2 were taken to be the maxfimum and mfinfimum vaflues for finteractfion scores, 
respectfivefly.

Enrfichment anaflyses of finteractfions. Cut-ofs for finteractfions wfith gsk3 and amk2 were − 0.15  and +  0.15.  
Enrfichment anaflyses were performed usfing the AnGeLfi toofl24, for whfich p-vaflues were corrected for mufltfipfle 
tests accordfing to FDR. Enrfichment anaflysfis was conducted by comparfing flfists of finteractfing genes to aflfl genes fin 
the dataset (Bfioneer v5.0 coflflectfion strafins).

Resuflts and Dfiscussfion
Gsk3 suppresses ceflfluflar functfions of TORC1. Ffissfion yeast gsk3∆ ceflfls are resfistant to TORC1 finhfi-
bfitfion by combfined treatment wfith cafefine and rapamycfin (Ffig. 1a)15. To gafin finsfight finto functfionafl reflatfion-
shfips of Gsk3 wfithfin the TOR sfignaflflfing network, we examfined how Gsk3 afects phenotypes reflated to TORC1 
finhfibfitfion. TORC1 was finhfibfited by defletfion of tco89 (a non-essentfiafl subunfit of TORC1)2 and/or by combfined 
treatment wfith cafefine and rapamycfin4. Te tfime taken for bfiomass to fincrease by 25% for normafl or mutant 
ceflfls grown fin the absence or presence of cafefine and rapamycfin was used for growth assessment15. Te severfity 
of TORC1 finhfibfitfion negatfivefly correflated wfith ceflfl growth, wfith combfined defletfion of tco89 and drug treatment 
representfing the most severe finhfibfitfion (Ffig. 1b). Defletfion of gsk3 was abfle to rescue the growth defect assocfi-
ated wfith a mfifld TORC1 finhfibfitfion (tco89∆ ceflfls) as weflfl as the phenotype of severe TORC1 finhfibfitfion (Ffig. 1b, 
combfinatfion of tco89∆ and drug treatment). Furthermore, defletfion of gsk3 flargefly rescued the reduced ceflfl sfize 
at dfivfisfion trfiggered by both pharmacoflogficafl and genetfic TORC1 finhfibfitfion (Ffig. 1c). Ceflfls defleted for both gsk3 
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and tco89 aflso showed a short CLS, sfimfiflar to the gsk3∆ sfingfle mutant15 (Ffig. 1d). Together, these resuflts findfi-
cate that fssfion yeast Gsk3 counteracts TORC1 functfion. Tfis coufld be achfieved efither upstream of TORC1 by 
reducfing TORC1 actfivfity fitseflf and/or downstream of TORC1 by finhfibfitfing ceflfl growth. Tese two scenarfios are 
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sfize upon dfivfisfion for dfiferent strafins as findficated; cafrap: cafefine and rapamycfin treatment. (d) CLS assays of 
dfiferent strafins as findficated. Error bars represent standard devfiatfions of three findependent bfioflogficafl repeats.
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not mutuaflfly excflusfive, because Gsk3 fis an upstream reguflator afectfing the TSC2 finhfibfitor of TORC125, whfich fis 
conserved fin fssfion yeast26 and has aflso been shown to functfion downstream of TORC127.

Gsk3 and AMPK act fin paraflflefl to finhfibfit TORC1-dependent processes. Prevfious studfies have 
shown that AMPK negatfivefly reguflates TORC1-reflated processes28. We therefore tested the response of ceflfls flack-
fing ssp2 (AMPKα) or amk2 (AMPKβ) for cafefine and rapamycfin resfistance. Lfike gsk3∆ ceflfls, defletfion of amk2 
or ssp2 resuflted fin ceflfls whose growth was fless finhfibfited fin the presence of cafefine and rapamycfin compared to 
wfifld-type ceflfls (Ffig. 2a). Furthermore, combfined defletfion of gsk3 and efither amk2 or ssp2 resuflted fin an even 
flower finhfibfitfion of ceflfl growth by cafefine and rapamycfin than shown by any of the three sfingfle mutants. Tfis 
addfitfive resfistance to cafefine and rapamycfin of the doubfle mutants suggests that Gsk3 and AMPK operate fin 
paraflflefl to negatfivefly reguflate TORC1-dependent processes.
Ssp1 fis a dfirect upstream actfivator of AMPK and ssp1 defletfion resuflts fin floss of AMPK actfivfity28,29. We there-

fore expected that the phenotype of ssp1∆ ceflfls wfiflfl mfimfic that of amk2∆ and ssp2∆ ceflfls. Indeed, ssp1∆ ceflfls 
showed flowered finhfibfitfion of growth by cafefine and rapamycfin (Ffig. 2b). However, the ssp1∆ gsk3∆ doubfle 
mutant ceflfls showed hfigher finhfibfitfion of ceflfl growth by cafefine and rapamycfin, fin stark contrast to the amk2∆ 
gsk3∆ and ssp2∆ gsk3∆ doubfle mutants. Tfis resuflt suggests that Ssp1 fis requfired for the resfistance of gsk3∆ 
ceflfls to cafefine and rapamycfin. To further expflore the reflatfionshfip between Ssp1 and Gsk3, we measured ceflfl 
sfizes at dfivfisfion of ssp1∆ and ssp1∆ gsk3∆ mutants. As prevfiousfly reported28, ssp1∆ ceflfls were eflongated and the 
ssp1∆ gsk3∆ doubfle mutant ceflfls showed an even greater fincrease fin ceflfl flength (Ffig. 2c). Tus, defletfion of gsk3 
exacerbates the eflongated phenotype of ssp1∆ ceflfls. Te PInt toofl30 predficts a physficafl finteractfion between Gsk3 
and Ssp1, fimpflyfing that Gsk3 can operate upstream of AMPK. However, usfing co-fimmunoprecfipfitatfion assays, 
we found no evfidence for any dfirect finteractfion between Gsk3 and Ssp1 (data not shown). Together, these resuflts 
reveafl a functfionafl reflatfionshfip between Gsk3 and Ssp1 that fis dfistfinct from the reflatfionshfip between Gsk3 and 
AMPK components.
To further finvestfigate reflatfionshfips between Gsk3 and AMPK, we performed CLS assays. As reported before15, 

gsk3∆ ceflfls showed a reduced CLS fin rfich medfium (Ffig. 1d), whfiflst the CLS of amk2∆ ceflfls was sfimfiflar to that 

a b

wt

gs
k3
∆

a
mk
2∆

ss
p2
∆

gs
k3
∆

a
mk
2∆

12

16

Tfi
me
 d
efl
ay
 f
or
 2
5
% 
bfi
o
ma
ss
 fi
nc
re
as
e 
(h
r)

% 
Su
rv
fiv
afl

Days

100

20

40

60

80

0
0 1 2 3 4 5 6 7

amk2∆

gsk3∆

gsk3∆ amk2∆

wt

gs
k3
∆

ss
p2
∆

14

10

8

6

4
Ce
flfl 
Sfi
ze
 (
µ
m)

c d

wt

gs
k3
∆

ss
p1
∆

gs
k3
∆

ss
p1
∆

wt

gs
k3
∆

ss
p1
∆

gs
k3
∆

ss
p1
∆

10

8

12

14

16

10

20

30

40

50

60

70

Tfi
me
 d
efl
ay
 f
or
 2
5
% 
bfi
o
ma
ss
 fi
nc
re
as
e 
(h
r)
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of wfifld-type ceflfls (Ffig. 2d). However, the CLS of amk2∆ gsk3∆ doubfle mutant ceflfls was reduced compared to 
wfifld-type ceflfls: finfitfiaflfly the flfifespan of the doubfle mutant was fintermedfiate of the sfingfle mutants, whfiflst fin flater 
tfime pofints was severefly reduced. Together, these fndfings suggest that Gsk3 can act findependentfly of AMPK fin 
dfiferent contexts. In mammaflfian ceflfls, GSK3 and AMPK sfignaflflfing are fintegrated at TSC2, whfich then finhfibfits 
mTORC125 and the reflatfionshfip between AMPK, the TSC1/2 compflex and TORC1 fis conserved fin fssfion yeast28. 
It fis not known whether Gsk3 and Tsc2 functfionaflfly finteract fin fssfion yeast. AMPK fis flfinked to transcrfiptfionafl 
responses, such as the nucflear accumuflatfion of the transcrfiptfion factor Ste11, whfich trfiggers sexuafl dfiferentfia-
tfion fin response to nfitrogen starvatfion29. Taken together, these resuflts suggest that Gsk3 and AMPK flargefly act fin 
paraflflefl to medfiate ceflfluflar responses reflated to TORC1 sfignaflflfing.

Genetfic finteractfions of gsk3 and amk2. Genetfic (or epfistatfic) finteractfions reveafl functfionafl reflatfionshfips 
between genes and pathways. Negatfive genetfic finteractfions suggest compensatory, redundant pathways or protefin 
compflexes, whfifle posfitfive genetfic finteractfions can refect functfions wfithfin the same pathway31, but most genetfic 
finteractfions reveafl broad phenotypfic connectfions between functfionafl modufles or bfioflogficafl processes32. We con-
ducted synthetfic genetfic array (SGA) anaflyses15,20 to fidentfify genome-wfide genetfic finteractfions of gsk3 and amk2. 
Te query strafins, whfich aflfl showed equafl ftness when grown on YES (data not shown), were crossed agafinst aflfl 
non-essentfiafl mutants fin a defletfion flfibrary19.
We anaflysed genes showfing posfitfive or negatfive finteractfions wfith gsk3∆ for enrfichments wfith AnGeLfi24, 

usfing the non-essentfiafl genes present fin the defletfion flfibrary as a reference19. Te data for aflfl genetfic finteractfions 
are presented fin Suppflementafl Tabfle 1. As expected, a bfias of negatfive finteractfions wfith gsk3 was evfident around 
the genomfic flocus of gsk3, refectfing genetfic flfinkage (bflue flfine fin Ffig. 3a). For the same reason, a bfias towards pos-
fitfive finteractfions was evfident around the ade6 flocus, because ade6 SGAs were used for controfl and normaflfisatfion 
purposes (red flfine fin Ffig. 3a).
Negatfive finteractfions wfith gsk3 were enrfiched for Gene Ontoflogy (GO) categorfies reflated to protefin transfla-

tfion, hfistone modfifcatfion, endosome to vacuofle transport, protefin metaboflfic process and protefin modfifcatfion 
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by smaflfl protefin conjugatfion or removafl, fi.e. ubfiqufitfinatfion or ubfiqufitfin-proteasome system (UPS). Further 
finvestfigatfions wfiflfl be requfired to defne how and under whfich condfitfions Gsk3 may be functfionaflfly assocfiated 
wfith the UPS. As Gsk3 suppresses TORC1-reflated phenotypes (Ffig. 1), a pflausfibfle mechanfism fis through regufla-
tfion of protefin synthesfis, whfich fis a major determfinant of CLS4,15,33. Posfitfive finteractfions were enrfiched for genes 
reflated to abnormafl ceflfl shape, decreased popuflatfion growth and stress (Suppflementafl Tabfle 2).
Among the posfitfive finteractors of gsk3 was ste20 whfich encodes the Rfictor homoflogue, a core component of 

TORC22. To vaflfidate thfis genetfic finteractfion, we performed CLS assays. Whfifle ste20 mutant ceflfls were even more 
short-flfived than gsk3 mutant ceflfls, the doubfle mutant ceflfls, aflbefit short-flfived compared to wfifld-type, showed a 
somewhat flonger CLS than efither sfingfle mutant (Ffig. 3b). Tus, gsk3 and ste20 show a posfitfive genetfic finterac-
tfion aflso fin the phenotypfic context of CLS. TORC2 fis requfired for varfious stresses fincfludfing oxfidatfive stress34. 
Both gsk3 and ste20 sfingfle mutants showed fincreased resfistance to hydrogen peroxfide (Ffig. 3c), exhfibfitfing a 
shorter flag-phase extensfion between treated and untreated condfitfions compared to wfifld-type4,15. Surprfisfingfly, 
the doubfle mutant was sensfitfive to the same oxfidatfive-stress treatment (Ffig. 3c). As stress and growth programs 
are antagonfistfic35, thfis resuflt of decreased stress resfistance of the doubfle mutant fis consfistent wfith the fimproved 
growth recorded fin the SGA screens. Te ste20∆ ceflfls were flarger upon dfivfisfion compared to wfifld-type, and thfis 
phenotype was further enhanced fin the gsk3∆ ste20∆ doubfle mutant (Ffig. 3d). In contrast, the phenotype of the 
eflongated sfin1∆ mutant ceflfls, whfich are aflso defectfive fin TORC2, was dfimfinfished fin the gsk3∆ sfin1∆ doubfle 
mutant. Tese resuflts reveafl dfiverse, compflex and antagonfistfic genetfic finteractfions of gsk3 wfith genes encodfing 
TORC2 components. We concflude that the reflatfionshfip between Gsk3 and TORC2 fis mufltfifaceted, and fit fis pos-
sfibfle that TORC2 actfivfitfies are determfined by severafl dfistfinct threshoflds of actfivatfion.
As expected, the SGA screens wfith amk2 showed a negatfive finteractfion bfias around the amk2 flocus on chro-

mosome 2 (bflue flfine, Ffig. 4a) and a posfitfive finteractfion bfias around the ade6 flocus (red flfine, Ffig. 4a). Te negatfive 
finteractfions wfith amk2 were enrfiched for phenotypes36 such as sensfitfivfity to chemficafl durfing vegetatfive growth 
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(FYPO:0000127, 0002683), abnormafl ceflfluflar physficafl quaflfity (FYPO: 0004638), and chromatfin sfiflencfing at cen-
tromere (FYPO: 0002346, 0003412) (Suppflementafl Tabfle 2). Genes showfing posfitfive genetfic finteractfions were 
enrfiched for phenotypes reflated to stress and abnormafl ceflfl shape. Aflthough there was no sfignfifcant enrfichment 
fin GO terms, many finteractfing genes were reflated to amfino acfid metaboflfism, flfipfid homeostasfis, and DNA repafir. 
Notabfly, floss of AMPK reduces the actfivfity of enzymes responsfibfle for UVB-finduced DNA repafir fin mammaflfian 
ceflfls37.
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Te genetfic finteractfions of gsk3 and amk2 were moderatefly correflated wfith each other (Ffig. 4b). Genes that 
efither posfitfivefly or negatfivefly finteracted wfith both gsk3 and amk2 were more abundant than genes that finter-
acted onfly wfith one of the two genes (Ffig. 4c). Tere were 69 common negatfive and 82 common posfitfive genetfic 
finteractfions (Ffig. 4d). Tese common gene flfists showed no functfionafl enrfichments fin AnGeLfi24. We concflude 
that Amk2 and Gsk3 pflay rofles fin the same phenotypes (such as stress and abnormafl ceflfl shape) through both 
common and specfifc finteractors.

Trfipfle mutant SGA: provfidfing addfitfionafl finsfights finto Gsk3 and Amk2 functfions. Gfiven that gsk3 
and amk2 mutants suppress TOR-reflated phenotypes addfitfivefly (Ffig. 2), we aflso conducted an SGA screen to 
finterrogate trfipfle mutant ceflfls, wfith gsk3∆ amk2∆ doubfle mutant ceflfls as query38,39. As fin the case of the sfin-
gfle mutant query SGA screens, flfinkage efects for posfitfive and negatfive finteractfions were present fin the doubfle 
mutant query (Ffig. 5a, bflue and red flfines for negatfive and posfitfive finteractfions, respectfivefly). Te dfistrfibutfion of 
finteractfion vaflues of the doubfle mutant query showed a flarger dynamfic range than the vaflues of the sfingfle mutant 
querfies. Tfis resuflt refects that a flarger number of finteractfions were fidentfifed wfith the gsk3∆ amk2∆ (Ffig. 5b). 
Te finteractfions of the gsk3∆ amk2∆ doubfle mutant were posfitfivefly correflated wfith those of both sfingfle mutant 
querfies: gsk3∆ (R =  0.38, Ffig. 5c) and amk2∆ (R =  0.46, Ffig. 5d). A bfias towards negatfive finteractfions was evfi-
dent (see data pofints’ dfispflacement fin Ffigure c and d, and tafifl of doubfle mutant flfine fin Ffig. 5b towards flef part of 
graph). Whfifle yeast genomes onfly contafin a few hundred essentfiafl genes, there are hundreds of thousands of dou-
bfle mutants that are flethafl. For exampfle, fin buddfing yeast there are 1100 essentfiafl genes and 550,000 gene pafirs 
that are essentfiafl together40. By extensfion, fit fis not surprfisfing that trfipfle mutants resuflt fin an even flarger number 
of cases of synthetfic flethaflfity or sfickness.
We fidentfifed 425 posfitfive and 777 negatfive genetfic finteractfions wfith gsk3 amk2 doubfle mutants (appfly-

fing cut-ofs of + 0.15  and − 0.15, respectfivefly). Whfifle posfitfive finteractfions showed no functfionafl enrfichment 
(Suppflementafl Tabfle 2), negatfive finteractfions were enrfiched fin the GO terms ‘chromatfin and gene sfiflencfing’, 
‘protefin transflatfion’ and ‘gene products for flocaflfisatfion to the mfitochondrfia’. Gsk3 and AMPK mfight together 
reguflate factors flfinked to chromatfin functfion and to respfiratfion and detoxfifcatfion of metaboflfic waste products. 
Interestfingfly, negatfive finteractfions were aflso enrfiched for genes finduced durfing the oxfidatfive stress response41 
Compared to the sfingfle mutant querfies, 305 posfitfive and 496 negatfive genetfic finteractfions were specfifc for the 
doubfle mutant query. Whfifle the negatfive finteractfions were enrfiched for hfighfly expressed genes, mutants wfith 
sensfitfivfity to 5′ -fuorouracfifl, a uracfifl anaflogue commonfly utfiflfised as a chemotherapeutfic agent fin the treatment of 
a range of cancers42 are sfignfifcantfly under-represented. Notabfly, AMPK fis emergfing as an finterestfing metaboflfic 
tumour suppressor and a promfisfing target for cancer preventfion and therapy43. Tfis resuflt hfighflfights the prfincfipfle 
that targetfing mufltfipfle protefins sfimufltaneousfly, e.g. by combfined drugs, can greatfly fincrease the efectfiveness to 
combat cancer ceflfls44, and trfipfle actfion treatments open up even more possfibfiflfitfies to kfiflfl cancer ceflfls.
In mammaflfian ceflfls, Gsk3 fis prfimarfifly known for fits rofle fin canonficafl Wnt sfignaflflfing vfia β -catenfin45. Prevfious 

work has aflso shown that Gsk3 operates fin paraflflefl to AMPK for mTORC1 finhfibfitfion vfia TSC225. Functfionafl 
reflatfionshfips of AMKP, Gsk3 and TOR are flfikefly conserved from fssfion yeast to mammafls. Our work provfides 
rfich data sets for both common and specfifc finteractors that may reflate to TORC1 functfion and assocfiated ceflfl 
physfioflogy and dfisease.
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