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Materials and Methods
Constructing human gene expression clones in yeEssination vectors

Human clones in Gateway entry vectors were procfroed the human ORFeome
library (15, 16) distributed by Open Biosystems (GE Dharmacond. GRFeome clones
corresponding to 469 human genes (and 80 additi@r&lnts of these genes) that have
1:1 essential orthologs in yeast [based on orthodmgignments from InParanoi8)(
were sub-cloned into yeast destination vect28} sing LR clonase Il (Invitrogen9).
Three sets of human gene expression clones weatedre

1) pAG415GAL-ccdB (+Leu; CEN) clones; human genesxpression vectors
under an inducible GAL promoter with a stop codontdbuted by the vector
backbone resulting in a 52 residue C-terminal Eok. a subset of human genes
(e.g.,Fig. S18, the C-terminal extension blocks complementative.therefore
additionally sub-cloned all non-replacing humanegefiom set 1 into a
redesigned “short-tail” Gateway destination ve¢iable S5 to make clone set
2.

2) pAG415GAL-ccdB +5 Stop (+Leu; CEN) clones; humanegein expression
vectors under an inducible GAL promoter with a stodon contributed by the
vector backbone resulting in a short +5 residuer@iinal tail.

3) pAG416GPD-ccdB +6 Stop (+Ura; CEN) clones; humamegen expression
vectors under a constitutive GPD promoter. The stjpn was positioned such
that it resulted in a short +6 residue C-termiadl t

Sequencing confirmed that ~90% of the subclones w@rect, while ~10% carried
either a substitution or deletion mutation withne ORF. Erroneous clones were re-
cloned from cDNA obtained from Open Biosystemsmitted from subsequent
analyses.

Screening for human genes that complement essgetial function in yeast

Yeast strains were inoculated in 96 well platesdlective medium (YPD +
Geneticin [20@g/ml] for all three strain collections), transfordheith human gene
expression or control vectors as appropriate inveBformat, and assayed as described
below for each assay type:

A. Yeast Tet-down collection(17), comprising yeast strains with ~800 essential
genes controlled by expression from a tetracyalegtatable promoter. We
obtained the yeast Tet-promoter strain set (Hugb#sction) from Open
Biosystems (GE Dharmacon). In principle, these tystagins should not grow
or grow poorly in the presence of doxycycline@bnl), which represses
expression from the Tet promoter. This allows @wntification of human
complementing clones that support growth on selegilates containing
galactose + doxycycline. Medium containing dextrésixycycline served as
negative control. Control plasmid transformatioresevcarried out to verify the
behavior of strains across all conditions testedjrss not showing the



confirmed lethality/slow growth phenotype using tohplasmids were
discarded from subsequent analyses.

After transformation with the pGAL:hORF plasmidgrsformants were
distributed equally on four 96 well test platesngoised of:

1. -Leu dextrose medium, serving as a control fortthesformation
efficiency. This condition mimics the wild-type s@io in that only the
yeast gene under investigation is expected todmesdtribed while the human
gene is not.

2. —Leu galactose medium. In this case both the yawabsthe human gene are
expected to be expressed, allowing us to the eegbdpression-induced
toxicity of the human gene.

3. —Leu dextrose + doxycycline (jt§/ml), down-regulating the yeast gene and
repressing the human gene. This condition sholdavdbr no growth,
except where leaky expression from the Gal promedtewed for
complementation, serving as a complementation aeslayv expression
levels. In these cases, empty vector transfornmseriged as controls to
verify a lack of growth.

4. -Leu galactose + doxycycline ([1&/ml), assaying for the human gene
functional replacement when expressed at higheldavhile the
corresponding yeast gene is down regulated. In s@ses, we observed
complementation at low expression levels (dextiodex medium), but
toxicity at higher levels (galactose + dox or gedae medium).

. Yeast temperature sensitive (TS) collectio(il8), comprising yeast strains
with ~1300 genes carrying a temperature sensitivation. The strains grow at
permissive temperatures (22°29 but not restrictive temperatures (35°GY.
Growth at restrictive temperatures thus allowstfigridentification of human
clones that complement the yeast defect on seéeptates.

Assays were carried out essentially as above, imtigpGAL:hORF (-Leu
selection) & pGPD:hORF (-Ura selection) expressiectors to test for
complementation. Cases were also identified in whitiluman gene expressed
at low levels (dextrose medium, pGAL promoter) sedviunctional
replacement. As was described above, we carriedropty vector plasmid
transformations for all strains to test the stramall four growth conditions.

For human genes under the GAL promoter, transforsnaare plated on the
following conditions:

1. -Leu dextrose medium at the permissive temperdf%€), serving as a
control for transformation efficiency. This conditi mimics the wild-type



scenario since the yeast gene under investigatierpected to be functional
while the human gene is not (or only minimally) eegsed.

2. —Leu galactose medium at the permissive temperé®#€). In this case
both the yeast and the human gene are expreskeuingl us to the test for
toxicity of the human gene.

3. —Leu dextrose at the non-permissive temperaturdC{3which renders the
yeast gene non-functional in the absence of hureae gxpression. This
condition was generally expected to allow for novgih. In several cases,
the human gene was sufficiently expressed to dbmweomplementation (as
compared to empty vector control transformants).

4. -Leu galactose at the non-permissive temperattE3testing for human
gene functional replacement under conditions incivitine corresponding
yeast gene is non-functional. In several caseghserved complementation
at low expression levels (dextrose at@)7 but toxicity at high expression
higher levels (galactose at’®5or galactose at 3C).

In the case of human genes expressed under GPagriransformants were
plated on the following conditions:

1. —Ura dextrose medium at the permissive temperdQ%€), serving as a
control for transformation efficiency and/or toxicsince both the yeast and
the human gene are expressed.

2. -Ura dextrose medium at the non-permissive temperg87C), testing for
human gene functional replacement under condifiomgich the
corresponding yeast gene is non-functional.

. Yeast Magic Marker heterozygous diploid deletion cltection (13, 19),
comprising diploid yeast strains with one alleléetisd and replaced by a
KanMX kanamycin-resistance cassette, allowing éecion on G418
(200ug/ml). We obtained the collection from ATCC. Wenséormed human
expression clones or an empty control vector ipfarapriate strains and
selected on —Ura G418 medium in 96 well formatx{€ity was inferred as a
repeated failure to obtain transformants.) Tramséots were re-plated on
GNA-rich pre-sporulation medium containing G418 @nag/L histidine.
Individual colonies were then inoculated in ligsigorulation medium
containing 0.1% potassium acetate, 0.005% Zinateeand incubated with
vigorous shaking at 26 for 3-5 days, after which sporulation efficienggs
estimated by microscopy, and the mixture then spsended in water and
equally plated on two assay conditions:

1. “G418 minus” magic marker dextrose medium (—His gAteu +Can
-Ura), incubated at 3Q. The haploid spores that carry the wild-typelalle
grow in this medium providing us with the controt §porulation
efficiency. This condition also assays for toxidityhe haploid spores fail to
grow.



2. "G418 plus” magic marker dextrose medium (—His —Atgeu +Can -Ura)
containing 20Qg/ml G418. In the absence of the human gene (asofurol
transformants), the resulting haploid knockoutistig expected not to
grow, providing an assay of replaceability for stsacarrying the human
gene expression clone. Cases with approximatelglegunbers of cells
growing in the absence or presence of G418 wersidered functional
replacements. For cases with ambiguous growth (@aaoy moderate
numbers of isolated colonies growing on the +G4&8liom relative to
—-G418 medium), we screened varying quantities efsforulation mixtures
to test for leaky histidine selection (his3 is eegsed under the sporulation
specific promoter pMfal) and confirmed complemeatatising tetrad
analysis Table SJ), as described below.

Confirming complementation of yeast mutants by miiasexpression of yeast genes

As positive controls for the assay pipeline, wegésvhether plasmid-born yeast
genes could rescue the corresponding chromosomeléted strains using the magic
marker collection. For 29 randomly chosen genesamplified open reading frames
from genomic DNA of the wild-type BY4741 yeast strasub-cloning them into the
same vector (pAG416GPD-ccdB;URA;CEN) used for thgression of human cDNA
clones. Genes were sequence-verified and testemifioplementationTable S2. In all
cases tested, the yeast genes rescued the comegpderletion Table S9. Analysis was
carried out in the magic marker heterozygous knotkackground as described above.

Confirming individual segregant analysis by tetdiskection

Individual tetrad dissection and replica-platinglgsis G0) were used to further test
the complementation results previously obtainethldi« spore analysis of Magic Marker
strains Table S1). Magic Marker strains with complementing plasmigsre individually
sporulated and at least ten tetrads of each siraie dissected and scored for the
presence of all segregating markers and the congpieng plasmid carrying a human
gene. Marker segregation was used to determinehehtte viability of spores with a
given gene deletion was plasmid-dependent or intgre. When necessary, the plasmid
dependence of complementation was further testedica-plating to SC —Ura + 5-
FOA plates 81) to determine whether forced plasmid loss wasaleth

Investigation of proteasome subunits across organis

We obtained cDNAs of. elegans proteasome alphadsl-5, pas7) & beta @bsl-3,
pbs5-7) subunits from GE Dharmacon. cDNAs forelegans pas6, pbs4 an&. laevis
PSVIB5, PSVIB6 andPSMBY7 were custom synthesized as g-blocks from IDT. Gevere
PCR amplified to add attL1 and L2 to the 5’ ane&Bds of the DNA, respectively, and
the purified PCR product sub-cloned using the L&ttien into the pAG416GPD-ccdB
URA CEN vector. All clones were sequence-verifieddoe transformation into an
appropriate yeast strain to test functional repteer. TheSaccharomyces kluyveri
orthologs of proteasome genes were cloned as gerfoagments under the regulation of
the nativeS. kluyveri promoters and terminators. Complementation wsayasl by the
ability of theS. kluyveri gene on a CEN-ARS plasmid to confer viability @ploidS.
cerevisiae cells with the corresponding gene deletion.




Replacing yeast proteasome alpha subunits with hwrthologs vs. non-orthologous
alpha subunits

To test whether yeast proteasome alpha subunit leomeptation was specific for
cognate human orthologs versus non-orthologousaadphbunits, each of five human
proteasome alpha subunits cloned under the GPDgatenr(in pAG416GPD-CEN Ura+,
as described above) and the empty vector contra wansformed into five
heterozygous diploid magic marker yeast strainsh) éarboring a deletion (replacement
by the KanMX cassette) in a distinct alpha sub(Fig. S9. Transformants were
inoculated in sporulation medium (described aboael sporulation mix spotted (3
on magic-marker medium (2% Dextrose —Ura —Arg —Higu +Can) with or without
G418 (20@g/ml).

Confirmation_of human protein expression via Westdotting

To verify human gene expression, we sub-clonedtsstd of 8 human clonesg
Gateway cloningd9) from ORFeome entry vectors into plasmid pAG415G&dB-HA
in order to obtain HA-tagged fusion proteins uncamtrol of the inducible GAL
promoter. Clones were sequence-verified and tramsfd into wild-type BY4741 yeast
for assay. Cells were grown in 2% Galactose meditiB0°C, and ~1 ml of cells at OD
1.0 were pelleted, washed with 2%i0of 0.2M NaOH, and whole cell lysates analyzed
for protein expression by Western blotting withbalpolyclonal anti-HA antibody
(Abcam) and HRP conjugated goat anti-rabbit secgnaiatibody Fig. S5. Bands were
visualized using luminol (Santa Cruz Biotechnology)

Predictive features

Sequence features

Features for human genes obtained from the ORFeotteetion were calculated
based on the ORFeome 715,16) fasta file, downloaded from
http://horfdb.dfci.harvard.edu/hv7/docs/human_omfe@1.tar.gz. For clones not obtained
from the human ORFeome collection, we calculategisece features using the longest
annotated transcript or its translation from Enslevebsion 74, available at
http://Dec2013.archive.ensembl.org/index.html. Yasagjuence features were calculated
using Ensembl version 74.

Sequence length:

Sc_Length

Hs_Length

ScHs_LengthDifference
ScHs_AbsLengthDifference
HsORF-HsEns74_LengthDifference
HsORF-HsEns74_AbsLengthDifference



The length of each protein was calculated fromfaiséa files described above.
Length difference was calculated as human proeigth subtracted from yeast protein
length, AbsLengthDifference is the absolute valtithis difference. HSORF-HSEns74
was calculated as the length of the longest anedtaiman protein for a given gene in
Ensembl version 74 subtracted from the ORFeomeedenquence given in the ORFeome
7.1 fasta.

Sequence similarity:

ScHs_PercentIDLongest
ScHs_PercentIDAligned
ScHs_PercentSimLongest
ScHs_PercentSimAligned

Identity and similarity were calculated from gloladignments using NWalign
(http://zhanglab.ccmb.med.umich.edu/NW-align/) vBibhOSUM62 and gap open
penalty of —11 and extension —1. Orthologous paegse calculated by InParanoigRy.
Longest refers to identity or similarity calculatasl a fraction of the longer of the two
orthologs. Aligned refers to calculating identitysamilarity calculated as a fraction of
the length of the aligned region of the sequences.

Codon usage:

Sc_CAl
Sc_CBI
Sc_FOP
Hs_CAI
Hs_CBI
Hs FOP

Calculated from the above fasta entries using Cdéflon
(http://sourceforge.net/projects/codonw/). The hnrfeatures were calculated using
yeast optimal codons as a measure of divergenoe yeast optimality.

Human transcript features:

HsEns74_AveragelLength
HsEns74_TranscriptCount
HsSEns74_Longest
HsEns74_Shortest

Averagelength is the average length of all anndtanscripts for a given gene in
human Ensembl v74. TranscriptCount is the numbé&raoficripts annotated for a given
gene in human Ensembl v74. Longest is the lengtheofongest transcript for a given
gene in human Ensembl v74. Shortest is the lergiecshortest transcript for a given
gene in human Ensembl v74.



Sequence features:

Sc_UpstreamConservation
Sc_UpstreamNonCoding
Sc_Underwrapping
Sc_KaKs

Sc_Aromaticity
Sc_3'UTRLength
Sc_5'UTRLength
Sc_RecombinationRate

Values were obtained from Vavoutial. (33)
Aggregation propensity:

Sc_TANGO
Hs_TANGO

Calculated using the TANGO algorithr®4), which estimates the inherent
aggregation propensity of a given protein sequence.

Additional features

Network properties

When applicable (e.g. HumanNet, YeastNet), actwiats of interactions were
taken into account when calculating these feat@éserwise, a default weight of 1.0
was used. Network features were defined as foll@egree represents the count of
interaction partners for a node in a given netw8étweenness represents betweenness
centrality, a measure of how central in a netwogkvan node is, calculated as the
number of shortest paths between all node paasnetwork that pass through a given
node. Clustering represents the node clusterinfiiceat, calculated as the fraction of
edges that could possibly be present in a nodeghberhood that are actually present.
FracComp represents the fraction complementingjsatiee fraction of interaction
partners observed to complement. TestedComp regsetes count of interaction
partners observed to complement. TestedDegreesesigethe count of interaction
partners that were tested in our assays.

BIOGRID:

(Hs|Sc)_BIOGRID_(Degree|Betweenness|Clustering{Franp|TestedComp|TestedDegree)
(Hs|Sc)_BIOGRID-LT_(Degree|Betweenness|ClusterimagfEomp|TestedComp|TestedDegree)



Calculated from interactions present in BIOGRID.G3135). The feature
BIOGRID was calculated using only those interactiannotated as ‘physical
interactions’, while BIOGRID-LT was calculated ugithe subset of physical
interactions found by low-throughput experiments.

Complexes:
(Hs|Sc)_Complexes_(Degree|Betweenness|Clusteraag}bmp|TestedComp|TestedDegree)

Human complex features were calculated using thR@X@ database3g). Yeast
complexes were calculated using protein compleréiaed in Hartet al. (37)

KEGG:
(Hs|Sc)_KEGG_(FracComp|TestedComp|TestedDegree)
KEGG features were calculated using the KEGG dam@8). To create the KEGG

network, a given pathway was represented as ae;lgpch that all proteins annotated as
belonging to the same pathway were connected to @her by pairwise edges.

Functional Networks:
(Hs|Sc)_*Net_(Degree|Betweenness|Clustering|FrapfieeatedComp|TestedDegree)

Human and yeast functional network features welutzted based on HumanNet
(39) and YeastNetdQ), respectively. The final sum log-likelihood scoeported for each
interaction was employed as an edge weight foutations.

Genetic interactions:
Sc_SGA_(Degree|Betweenness|Clustering)

Genetic interaction features were calculated froenSynthetic Genetic Array data
of Costanzaeet al. (41) using the reported intermediate cutoff for intti@ns.

Abundance:

(Hs|Sc)_ProteinAbundance
(Hs|Sc)_TranscriptAbundance
(Hs|Sc)_RPFAbundance
(Hs|Sc)_TranslationEfficiency

Protein abundances were used as reported by ku&k(42). Transcript
abundance, RPF (Ribosome Protected Fragments) ahcednd Translation were
calculated from Guet al. (Human) 43) and Ingoliaet al. (Yeast) 44). Translation
efficiency was calculated as the ratio of RPF redadaRNA reads.



Yeast expression features:

Sc_ProteinHalfLife
Sc_TransriptionRate
Sc_TranslationRate
Sc_mRNAHalfLife
Sc_Noise
Sc_ExpressionDivergence
Sc_Responsiveness

All values were obtained from Vavouet al. (33)

Calculating predictive strength of features

The predictive power of each feature was calculatethe area under the receiver-
operator characteristic curve (AUC) while treateagh feature as an individual classifier.
Each feature was sorted in both ascending and discedirections, retaining the
direction providing an AUC > 0.5. To assess sigaifice, a shuffling procedure was
performed as follows: For each feature, the replalegnon replaceable status of each
ortholog pair was shuffled (retaining the originatio of replaceable to non-replaceable
assignments), and the AUC was calculated. The lglgifirocedure was carried out
1,000 times for each feature, and the mean AUCesgadund their standard deviations
reported.

To construct the integrated classifier, a subsatformative features was selected
using a greedy bi-directional hill-climbing algdmm (BestFirst), limited to 10
consecutive non-improving node additions. Subsetewvaluated by considering the
predictive ability of individual features and thegilee of redundancy between them
(CfsSubsetEvalTable S3. A Bayes net classifier was constructed withdékected
features and evaluated by 10-fold cross-validafidre network was constructed using
the K2 network search algorithm, initializing walrandom order of features and
restricting the maximum number of parents allowednode to two. Conditional
probability tables of the network were learned gssimpleEstimator with alpha=0.5. All
calculations were performed with the Weka data-ngriool @5). Supplementdfiles S1
andS2provide the Weka input (.arff format) files fortffull gene set and withheld 10
literature cases, respectivehile S3provides the trained BayesNet, in Weka .xml
format.

Isolation of complementinBSMB7 mutants

We mutagenized the hum&SMVIB7 gene by error-prone PCR (Gene Morph II
random mutagenesis kit, Agilent) to a rate of ~2utations per kbp and screened for
complementing mutant$ig. S11A). Briefly, PCR primers included a 15 bp 3’ region
complementary to the human gene, and a 100 bpt&hsion incorporating the attL1 or
attL2 site. The human gene was PCR-mutagenizedhangel-purified PCR fragment
sub-cloned into the pAG416GPD-ccdB URA CEN vecting the LR reaction. The
resulting plasmid pool d?SMB7 variants was amplified and electroporated intoysest

magic marker heterozygous knockout stiip1/4Pupl::KanMX, selecting
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transformants on —Ura G418 (3aGml). Transformants were replica-plated onto
sporulation medium agar (0.1% potassium acetad@sinc acetate, 2% agar) and
incubated at Z& for 3 days. Sporulation plates were replica-plateto magic marker
medium (-Arg—His-Leu-Ura+Can+G418, 2% Dex, 2% agaq incubated at 30.
Colonies were sub-cultured into magic marker medium
(-Arg-His—Leu-Ura+Can+G418, 2% Dex) and grown ishaking incubator at 8G.
Plasmid DNA was isolated and re-transformed ineoltaterozygous diploid parent test
strain to re-test for functional replacement ofstgdJP1 and control for suppressor
mutations at other locations. Two clones succegstoimplemented thpupl deletion
strain growth defectHig. S11B; these were confirmed by tetrad analysig(S11B

and sequenced to identify mutations. One clonedaatthree amino acid substitutions
(S214G, G211C, and K127Q); the second clone exddlztD71N mutation and a
nonsense mutation resulting in a truncated protgtim a 14-residue deletion at the C-
terminus. Each individual mutation was subsequentgpendently regeneratebaple
SH and analyzed for rescue: The (S214G), (S214G1GRID71N, premature-Stop)
mutants were each able to rescuepinEl deletion Fig. S19. Because several mutations
clustered around the active site, we also creatadadytically dead mutant (T44A) to
assay whether catalysis was required for replacenméroducing the T44A mutation
into the wild typePSVIB7 background as well as into the other rescuing nmuta
backgrounds. The (S214G, T44A), (G211C, T44A), 6821G211C, T44A) and (D71N,
pre-Stop, T44A) each rescued thel deletion whereas the T44A mutation alone did
not (Fig. S12, indicating that complementation 4Pupl by PSVIB7 did not require a
catalytically active protein.

Analyzing SNPs in the human mevalonate kin&4¢K) gene

To examine the effects of natural human geneti@tian on humanization, we
considered in depth the case of mevalonate kifd%& (n humans &ERG12 in yeast),
which phosphorylates a key intermediate, mevalqmateng sterol synthesis. In humans,
mevalonate kinase deficiency (MKD) caused by matetiof this gene results in
mevalonate aciduria (MVA) and hyperimmunoglobulimée D with periodic fever
(HIDS).

We tested the effects both of disease-associattd@nmonMVK variants as
follows: We observed humaviVK to functionally replace the yeast ortholeBG12 in
both the Tet-repressible and heterozygous dipleldtibn yeast strains; we employed the
Tet-repressible strain for these experimelfgK mutants were generated by site-
specific oligonucleotide-directed mutagenesis ustagdard protocols and sequence
verifying all clones. Wild type and mutalMiVK genes were cloned into yeast expression
vector pAG415GAL-CEN Leu+.

Humanized yeast strains were initially culturegymthetic defined medium —-Leu
+2% dextrose. (Independent assays culturing aeltid eu +2% raffinose showed similar
results.) Cultures were grown to ~2.0 OD and diluted1 x 18 cells/ml before spotting
(3ul) with serial dilutions on media containing doxgtipe and incubating at 30°C. We
surveyed a range of galactose:glucose ratios tplsaghifferent degrees of activation of
the Gal promoter4g), allowing us to distinguish relative rates of qiementation
conferred by different humaiVVK mutants Fig. S7). Independent assays culturing cells
at 37°C showed no evidence for additional tempesatansitivity of the phenotypes.
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Independent assays in media containing 2% raffiaoskeconcentrations of galactose
varying from 0.005-0.1% gave qualitatively simitasults.

Yeast liquid growth assays

Liquid growth assays were carried out using a Bistgergy HT incubating
photospectrometer in 96-well format. All culturdslé0ul were seeded with an initial
cell density of 2.5 - 5 x Pacells/ml.

Molecular modeling of evolving interaction partners

We implemented an atomistic model of a pair ofrextéing proteins that evolve and
diverge from their ancestral state. We used thidehto systematically address under
what conditions the evolved proteins could stiidto their respective ancestral partners.

Evolutionary model. We developed an efficient implementation of theletronary
process described by Sella and HiréR)(This process models an evolving,
monomorphic population, which can be represented single genotype at each point in
time. A new mutation relative to this represen&ijenotype is tested in each time step,
and it is either accepted (in which it becomesriwe representative genotype) or
rejected (in which case the representative genagpains unchanged). In this model,
time is proportional to the number of mutationse¢dsThe model accurately reflects the
population genetics of an evolving population unitierassumption that the product of
population size and mutation rate is smaifl, < 1.

In our model, genotypes corresponded to molecwarptexes. For each compléx
we calculated a fithesg based on the complex’s energetics (see next stidisedNVe
accepted a mutation from complieto j according to the Metropolis criterion, with
probability

1 for x; > x;,

Paccept = {e—ZN(xi—xj) for xj < x;.
Thus, a mutation that increases fitness is alwagsed, and a mutation that
decreases fithess may get accepted but is expaltgninlikely to do so. The Markov
process defined in this way converges to a Boltzdistnibution inx;, which is the

distribution expected by population genetics acewydo the theory of Sella and Hirsh.

Fitness function.The fitness of a complex was calculated from tlegrttodynamic
stabilities of the two proteins and from their iimgienergy. The total fithess of complex
i was calculated as a sum over individual componehts; = ¥, x¥, where the index
runs over the three energy contributions we catedlfor each complex, two protein
stabilities and one binding energy. The correspuménergylG* was converted into a
fithness component via a soft threshold potentisthshat sufficiently stable proteins
and/or sufficiently strongly bound complexes allithe same (maximal) fitness, while
less stable proteins and/or less strongly boundptexas had increasingly lower fitness:

= —log[eﬂ(AGk threshold) + 1]
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Here,AGY ....01q IS the energy barrier on the sigmoidal curve Arislan arbitrary
scaling constant that determines the softnesseathiteshold.

Simulation setup.We based our model of a protein complex on the B ture
of a yeast complex, ubiquitin-like protein Smt3 hduo SUMO-conjugating enzyme
Ubc9 (PDB id: 2EKE). Prior to simulation, we cledrtbe model in the PDB file: We
removed one of the two complexes in the asymmenitcof the solved structure and
removed all of the water molecules. The resultiogpplex had two chains, chain A
(SUMO-conjugating enzyme Ubc9) and chain C (ubigdike protein Smt3). From
chain C, we further removed the N-terminal 18 anaomls. These residues appeared in
an unstructured, extended conformation; they wetenvolved in the binding interface
and did not appear to be in a physiologically ratféwxconformation.

Throughout all of the simulations, the FoldX enefgiyction was used both to
minimize the energy and calculate the energy ottmeplex. Each of the simulations
was started using the same initial minimized stmectTo test a new mutation in the
evolutionary trajectory, a site was selected atloam from the full sequence of amino
acids in the minimized structure. That site wasated to a random, non-synonymous
amino acid, and minimized with FoldX. After mininaizon, the stability of each of the
two chains and the binding interaction energy vealeulated. We then calculated the
probability of acceptance as described above, amdomly accepted or rejected the
mutation based on that probability. In all simwas, we seN = 1000 andg = 10.

In total, we tested three simulation treatmentsgfch one4Gr .., ..q was the only
modified parameter. We considered scenarios inlwégtection maintained protein
stability, stable binding between the extant pagner both. The corresponding
treatments are called “Non-Bound”, “Low Stabilitgnd “Wild Type” (Table S§. We
chose thelGY ... .qvalues for these treatments as follows. For “Wijghd”, we wanted
all energies to remain near their starting valhesughout evolution. Therefore, the
threshold for the stability of each extant chaid &r binding to the extant partner was
set to its initial value minus/N. In addition, the evolved energies were monitdced
ensure minimal deviations from their starting (estcd) values. For the treatment “Non-
Bound”, the stabilities for each chain were the sa® for wild type, binding was not
enforced during evolution. For the treatment “Lotal$lity”, binding was enforced
between the extant partners at the wild type lduall the stability threshold was set to
zero for both chains.

For each treatment, we performed 80 replicatesnanchn each replicate for 1000
time steps (equating to 1000 tested mutations).

Analysis of ancestral binding.For each replicate, we tested whether evolved shain
could still bind their respective ancestral parttier which binding was never selected in
the simulations) by computationally building comyde between evolved and ancestral
chains. To make the reconstruction computatiortedigtable, we only tested proteins
yielded by every fifth accepted mutation rathemntleaery accepted mutation. For each
time point that we analyzed, we took the chain bzt just been mutated and placed it
into a complex with the ancestral version of itgtper. Again, the energy was minimized
using FoldX, and the binding energy value was r@edr In addition, to determine the
identity between the evolved and ancestral stianaligned the sequences and
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computed site-wise identities. From 1000 attemptethtions, the final analysis yielded
approximately 100 ancestral energy calculationsepelutionary trajectory. For
subsequent analysis each chain was analyzed indilyd

To assess successful binding between evolved ara$tmal proteins, we set a hard
ancestral binding energy threshold-61.5, above which we considered binding to be
impossible. Our qualitative results did not dependhe specific choice of this cutoff.
We calculated successful binding as a functioreglience divergence, and for each
replicate we identified the largest divergence hic the evolved protein still bound its
ancestor. The resulting data have the form of @iwalrdata set, and we analyzed them
using the R package “survival”.

We identified interfacial and non-interfacial mubais using biopython’s PDB
package. To determine whether or not a mutationinvdse interface, we computed the
distance from each-carbon on the test chain to the nearest atoneirfrtbn-self) partner
chain. If there was any atom of the partner wigknof thea-carbon, then the site of the
a-carbon was called an interface site. To calculaeodds of non-interface vs. interface
mutations, we first divided the number of mutatiahiterface sites by the total number
of interface sites; likewise, the number of norerfdce mutations was divided by the
number of non-interface sites. Then, the odds o¢ptance of a mutation at a non-
interface versus an interface site was calculasgti@ratio of these two quantities. These
odds were calculated for all replicates for eaeatiment group, yielding an odds
distribution for each treatment.

Analysis of humanizing vs. random mutationsWe aligned human and yeast
orthologs for both Ubc9 and Smt3 proteins using MAR48), and identified 68 amino
acid substitutions for Ubc9 and 35 for Smt3. Wenthienulated step-wise humanization
of the yeast genes by directly introducing the riioiteal differences, one by one and in
random order, into each chain one at a time. Tlous, single trajectory of a chain, a
mutation was randomly introduced from the pool iffiedences of that chain, the
structure was minimized with FoldX, and the bindinghe yeast partner was
computationally assessed. The trajectory was coediruntil all of the differences in that
chain had been introduced. Therefore, at the erideofiumanizing trajectory, the
mutating chain was composed of the human protejuoesece and its binding partner
remained as the yeast protein. To compare thigsisab the case of random mutations,
we performed the same simulation, but picked randonmo acid substitutions for each
trajectory of the relevant chain; for the conttbe number of random mutations
introduced was the same as for the humanizing &8 &r Ubc9 and 35 for Smt3. For
both chains, we performed 256 independent trajestdor each of the computational
humanization and control runs.
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Flow chart of the experimental approach utilized totest functional
complementation.Yeast strains were grown in 96-well plates in seteanedium (YPD
+ 200pg/ml G418). The matched orthologous human geneesgn clones in 96-well
plates were transformed into the appropriate ystaains followed by selection on the
appropriate dropout medium. The resulting transéorts were spotted onto selective
medium with appropriate markers to assay compleatient In the case of the yeast
Magic Marker heterozygous knockout collection, aggiment was further verified by
carrying out tetrad dissection followed by testiogplasmid dependency.

15



e} = < -

> Q Q = & S X

T 4 5 3 = & 8 & 2

s 3 2 @ g ¢ o o =

A T 3 3 5 5 3 3 5 4 B

2 3 & 3 2 8§ 3 5 ¢ | |
[0} o < [0} [0) Sc:pTET:Rpt2 /HS:pGAL:PSMC1

o o o (0] e a o 2 - XTROSE

a » £ : a £ » 1) £ 1.2,— 2% DEXTROSE + DOXYCYCLINE (15ug/m})

(] I = T (7] I I = *£]— 2% GALACTOSE

T = 5 = I s s = S — 2% GALACTOSE + DOXYCYCLINE (15ug/ml)

$ 3 S §S % % 3 % t

T 3 5§ &8 & § 8 o 3 —

[ [ - E08

E B K E B OB B E v [ Yeast | Human ]

2 2 & @& & a @2 a @ Plasmid = e

O ) 3} 3] [} [} 3] 3} O gene gene S

(2] (2 (2 2] (2] (2] (2 2] (2

vector /
0.0 e
- Em, 0 10 20 30 40 50 60
[Sc:pTET:Nmd3 /HS:pGAL:NMD3|
-Leu DEXTROSE + OFF OFF Empty 1.2
DOXYCYCLINE vector
-Leu GALACTOSE + \ Em),
DOXYCYCLINE . ' ki OFF vecf;:zyr

vector
vector

0.0
-Leu DEXTROSE +

0 1/0 20 30 40 50 60
DOXYCYCLINE OFF | OFF [Exbression e
-Leu GALACTOSE +

vector
DOXYCYCLINE

OD 600nm
o
o

e
>

OFF ON Expression
vector

Compl tation stat

OD 600nm

"0 10 20 30 40 50 60
Time (h)

Fig. S2

Example complementation assays with Tet-repressiblgeast strains.(A)Yeast strains

carrying either a plasmid with a human gene unde!GAL promoter or the empty vector

control were initially grown in —Leu Dextrose mediwithout doxycycline (yeast gene ON).
Cultures were diluted to ~1 x 46ells/ml and spotted (B on media with either dextrose

(human gene OFF) or galactose (human gene ONgadan source in the presence (yeast gene
OFF) or absence (yeast gene ON) of doxycyclingga®l). Complementation status was
determined as follows: (NI) non-informative if teepty vector control strain grows in the

presence of doxycycline (yeast gene OF¥),domplementing if the yeast grow better with the
expression vector (either ON or OFF; certain claggzessed at low levels even in the presence
of dextrose) than the corresponding empty vectatrobin the presence of doxycycline (yeast
gene OFF), X) non-complementing if the yeast strain fails towgbetter with the human gene
expression plasmid (either ON or OFF, as descrdiede) than the corresponding empty vector
control in the presence of doxycycline (yeast geR€), and (Toxic) if the strains with the
expression vector don’t groB) Qualitative plate-based growth was broadly coaatsivith
quantitative growth curves (each curve mean »f3) in liquid media, shown for three
examples. Strains were grown at 30 °C in four cioonk: 2% dextrose without doxycycline
(orange curve; yeast gene ON, human gene OFF)e2¥%#ode with doxycycline (grey; yeast
gene OFF, human gene OFF), 2% galactose withoycgokne (blue; yeast gene ON, human
gene ON) and 2% galactose with doxycycline (redsygene OFF, human gene ON).
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Example complementation assays with temperature-ssitive yeast strains. (A)Yeast strains

carrying either an empty vector (human gene OFR) glasmid harboring a human gene under the GPD
promoter (human gene ON) were initially grown inralDextrose medium at a permissive temperature
24°C (yeast gene ON). The cultures were dilutedllta 16 cells/ml and spotted (B on SD -Ura
dextrose medium. Plates were incubated eitheregbénmissive temperature of 24°C (yeast gene ON) or
the restrictive temperature of 37°C (yeast gene)OE&mplementation status was determined as
follows: (NI) non-informative if the yeast straiarcying an empty vector grows at the restrictive
temperature of 37°C (yeast gene OFF), ¢omplementing if the yeast grows at restrictemperature

of 37°C only when human gene is expressgd,non-complementing when the particular yeaststrai
cannot grow or grows poorly at restrictive tempearabof 37°C with either the empty vector or human
gene containing plasmid, (Toxic) if the yeast str@dmesn’t grow at either the restrictive or periness
temperature in the presence of the human ¢&)exeast strains in liquid culture show qualitatively
similar trends, e.g. as for 37°C growth curvestrdiss with either the empty vector (black line)tloe
human gene under the GPD promoter (red line) (eanle mean on=3).
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Fig. S4

Example complementation assays by sporulation of texozygous diploid strains.
Heterozygous diploid yeast strains carrying eitmeempty vector (human gene OFF) or
a plasmid harboring a human gene under GPD pror{lutenan gene ON) were initially
grown in —Ura Dextrose medium with G418 (200ml) (yeast gene ON, human gene
ON). After sporulation, the sporulation mix was t&pd (3u) on the magic marker

medium (2% Dextrose —Ura —Arg —His —Leu +Can) ia fitesence (yeast gene OFF) or
absence (yeast gene ON) of G418. Complementatabussis determined as follows: (NI)
non-informative when the yeast strain carrying mp#y vector grows in the presence of
G418 (yeast gene OFF)/\ complementing when the yeast grows in the presehc
G418 only when human gene is expressgd,non-complementing when the particular
yeast strain cannot grow in the presence of G418 eviher empty vector or human gene
containing plasmid, or (Toxic) when the yeast stdoesn’t grow in the presence or
absence of G418 when the human gene is expresséatedd colonies in the G418+
haploid selection condition ©3ow) generally corresponded to aneuploid cells gisca
selection (as determined by tetrad analysis oepdasentative strains) and were ignored.
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Confirmation of human protein expression by Westerrblotting for a random subset
of ORFeome subclonegduman proteins were expressed as fusions withriGital HA
epitope tags. Lanes are labeled with gene nantasg@=Complementing, NC=Non-
complementing), and expected size including epitageServing as a negative control,
the left-most gel lane contains protein extractedifcells grown without galactose
induction of the GAL promoter, using the same stes in the right-most lane.
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Diagram of the BayesNet algorithm for predicting conplementation. Nodes represent
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Fig. S7

Disease-specific variants of human mevalonate kinagMVK) show reduced ability

to replace the orthologous yeast gene. (Aerial dilution of yeast strain (pTERG12)
carrying either an empty vector, wild typ®/K or variants oMVK gene were spotted on
a medium containing doxycycline (yeast gene OF) different ratios of dextrose and
galactose. Wild typ&VK and commorMVK variants S52N, H20P and V37725 50)

did not show any marked difference in their abitdycomplement the yeast gene
function, while disease-specific variants Y11@1)( S135L 62) and G335S53) did so
at a lower efficiency(B) Growth curves (mean of= 3) of the yeast strain (pTERG12)
carrying different plasmids in SD —Leu medium walbxycycline. Varying ratios of
dextrose and galactose were used to distinguishliiey to functionally replace yeast
gene among variants MVK gene. 2% dextrose (orange), 1.5% dextrose/0.58cmale
(pink), 1% dextrose/1% galactose (blue) and 2%agase (black). All strains exhibited
comparable growth rates in the absence of doxywogcli
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Fig. S8

Sequence identity between human and yeast 20S pragome subunits for each
subunit and subunit-subunit interface.(A) Each subunit is represented by a circle
whose central value denotes that subunit’s glataatibnal amino acid sequence identity.
A value at the edge of a circle denotes the fraaliamino acid identity for residues at
the indicated interface, defined as residues fawitiain 5A of the interacting subunit in
the yeast 20S proteasome struct@d).((B) Distributions of whole protein average
dN/dSratios for human alpha and beta proteasome subiaailculated relative to mouse)

as reported by Bayést al. (54).
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Fig. S9

Five human proteasome alpha subunits specificallyeplace their orthologs; non-
orthologous subunits fail to replaceFive human proteasome alpha subunits were
expressed in each of five heterozygous diploid tystagins, harboring deletions of the
corresponding five yeast proteasome alpha sub(rigts panel). Out of all 25 tested
combinations, only orthologous human sequences lemngnted the yeast growth
defects upon sporulation (left panel). Orthologslabeled with matching colors. As in
Fig. S4 isolated colonies in the G418+ haploid selectiondition (left panel)
corresponded to cells escaping selection, modylitkeough aneuploidy, and were
ignored. We observed ti 1 strain to generally exhibit a higher rate of lgokind
colony formation, potentially reflecting higher aipdoidy rates. Théa5 strain exhibited
haploid-specific toxicity upon expression of thenrarthologous human genBSMAG,
PSMA7, PSMA1, andPSMAS3, as indicated by strong growth defects even iratisence
of G418 (middle panel).
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B
Human PSMB7 mutant rescuers tested for replaceablity in pup7 deletion background with selection
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Fig. S10

Summary of mutational screen for humanPSMB7 variants complementing loss of
the yeast orthologpupl. (A) An error pronéPSMB7 expression clone library was
transformed into the magic marker yeast heterozyglypioid knockout
Pupl/Apupl::KanMX strain. Transformants were replica platetioosporulation medium
and plates incubated for 3-5 days at@5Spores were replica plated on magic marker
medium with 20Qug/ml G418. Plasmids were isolated from survivintpoes and re-
transformed into thapupl strain to confirm functional replacement and colnftor non-
plasmid based mutation®) Two clones were isolated capable of complementieg t
Apupl defect and were further verified by tetrad dissectStrain F10 harbored S214G,
G211C, and K127Q mutations; strain G3 harbored Daddla premature stop codon
truncating 14 C-terminal residues.
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Fig. S11

Mutations in human PSMB?7 allow functional replaceability. Each individual

mutation was tested for functional complementatiomagic marker yeast heterozygous
diploid knockoutPupl/Apupl::KanMX strain.(A) Wild-type human Psmb7 @A)
catalytically inactive Psmb7 (T44A) were unabledscue th@upl deletion.(B) Psmb7
(G211C) on its own wasn't able to complementgbpel deletion buiB’) with a T44A
mutation rescued growth moderately. Other mutatinoriee PSMB7 gene capable of
complementing the yeaBUUP1 growth defect include@C) S214G(C’) S214G, T44A,
(D) G211C, S214GD’) G211C, S214G, T44AE) D71N, premature stop arig’)

D71N, premature stop, T44A.
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Fig. S12

Mutations enabling complementation with Psmb7, thévuman 32 proteasome
subunit, fall near the active site threonine (T44and the interface with the nearby

yeastf6 subunit. Structure: PDB 1IRUSb).
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Binding energy between evolved and ancestral chains. time,for the three
simulation treatments we considered (“Wild TypdZotv Stability”, “Non-Bound”, see
alsoTable S§. Time is proportional to the total number of ntittas attempted during
evolution. Dots represent individual accepted misténom all 80 replicates for each
treatment, and the solid lines show the medianibgdnergy at that time. The ability to
bind to the ancestral sequence decays rapidly Wieeproteins evolve without any
selection pressure for successful binding (treatrfidéan-Bound”), but it decays only
very slowly when the proteins are selected for iometd binding (treatments “Wild
Type” and “Low Stability”). A) Evolved chain A binding to ancestral chain B) (
Evolved chain C binding to ancestral chain A.
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Fig. S14

Survival analysis of ancestral binding vs. sequenaivergence.Solid lines indicate the
percent of replicates for which the evolved chaiained the ability to bind to its
ancestral binding partner up to the given amourseguence divergence. We considered
an evolved chain to be successfully bound to tlestral partner if the binding energy
fell below —7.5 (se&ig. S13for reference). Solid dots indicate right-censaegulicates,
for which the evolved chain could successfully bindts ancestral binding partner up to
the maximum observed sequence divergence. Seqdemcgence was calculated for the
entire sequencé\( B), for the binding interface onl\C({ D), and for all sites except those
in the binding interfacel, F). In all cases, binding is typically lost by 40%e&fgence in
the “Non-Bound” treatment but survives in the miyoof replicates to 70% divergence
or more in the other two treatment&, C, E) Evolved chain A binding to ancestral chain
C. B, D, F) Evolved chain C binding to ancestral chain A.
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Odds of acceptlng Non—lnterface Vs Interface Mutatlons

Odds of accepting non-interface vs. interface mutains, over all replicates.The odds

distribution has a mode near 1 for the “Non-Bouttdatment, i.e.,

interface and non-

interface mutations are accepted equally frequentlizat treatment. For the other two
treatments, the odds distribution is significarsthyfted towards the right, indicating that
interface mutations are accepted less frequerdly tion-interface mutations in these
treatments.A) Chain A. 8) Chain C.
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Fig. S16

Simulations suggest humanizing mutations are highlypon-random within the Ubc9-
Smt3 protein complex.Results are plotted for computationally humanizjpanelsA,

C) chain A (protein ScUbc9) of the yeast ScUbc9-S8Sramplex as compared to
random mutations (panes D) in chain A, plotting the computed binding enefggnels
A, B) and stability (panel€, D) of a mutated chain A bound to the yeast chaim@he
left column (panelé\, C), we started from the yeast protein—protein compled
introduced, in random order, all 68 mutations wlseparate yeast chain A from its
human ortholog. Chain C was left as the yeast proBots represent mutants from 256
independent trajectories; the solid line showsntleglian of the distribution. In the right
column (panel8, D), we repeated the analysis using 68 randomly chosdations.
Introducing mutations from the human sequence presehain stability and binding to
the orthologous partner, relative to random murestio

30



Humanizing Random

10 10
5 5
> >
o o
1 S
2 g
w 0 w 07
o o
£ £
B k-]
£ 5] £ ;]
o o

0 10 20 30 0 10 20 30
Number of iiutations Number of iiutations

404 404

Stability
8

Stability
3

0 10 20 30 0 10 20 30
Number of Mutations Number of Mutations

Fig. S17
Simulations suggest humanizing mutations are highlypon-random within the Ubc9-
Smt3 protein complex.Results are plotted for computationally humaniZipanelsA,
C) chain C (protein ScSmt3) of the yeast ScUbc9-38%awmplex as compared to
random mutations (paneBs D) in chain C, plotting the computed binding enefggnels
A, B) and stability (panel€, D) of a mutated chain C bound to the yeast chaiallA.
labels and analyses are performed d&&gnS16 but considering the 35 mutations which
separate yeast chain C from its human orthologgls#nC), versus 35 randomly chosen
mutations (panelB, D). As inFig S16 introducing mutations taken from the human
SMIT3 ortholog preserves chain stability and bindinghi orthologous partner (ScUbc9),
relative to introducing random mutations.
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Fig. S18

Effects of Gateway-vector contributed C-terminal tals on complementation by
PSMC1. Growth curves for the yeast strains expressing mPSMC1 gene with native
stop codon or with +5, +9, or +52 amino acid tatithe C-terminus indicate successful
replacement by the wild-type and +5-aa tail cortstrand poor or no complementation
by the +9 or +52-aa constructs. Assays were caougdh the yeast strain pTERPT2 in
the presence of doxycycline {@g'ml). Growth curves are the means of 3 independent
experiments.
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Table S2.

Yeast genes tested for replaceability of the corrpsnding deletion at the genomic
locus.Yeast genes were cloned as in human expressiomiplasllection #3.

Yeast
systematic
name

YPR180W
YBR155W
YPR105C
YPL266W
YPR183W
YKRO71C
YDL205C
YKRO0O63C
YOL135C
YLR116W
YERO12W
YOR362C
YPR103W
YJLOO1W
YFRO50C
YMR314W
YOLO38W
YBLO41W
YIR008C
YDLO30W
YOR157C
YGR253C
YERO094C
YERO21W
YGLO11C
YDR292C
YDR246W
YERO093C
YGLO98W

Yeast
gene
name

AOS1
CNS1
COG4
DIM1
DPM1
DRE2
HEMS3
LAS1
MED7
MSL5
PRE1
PRE10
PRE2
PRE3
PRE4
PRES
PREG6
PRE7
PRI1
PRP9
PUP1
PUP2
PUP3
RPN3
SCL1
SRP101
TRS23
TSC11
USE1

Human ORF status

Non complement
Complement
Non complement
Complement
Complement
Complement
Complement
Non complement
Non complement
Non complement
Complement
Complement
Non complement
Non complement
Non complement
Complement
Complement
Non complement
Non complement
Non complement
Non complement
Complement
Complement
Non complement
Complement
Complement
Non complement
Non complement
Non complement

Toxic
Toxic
Toxic

Toxic

Toxic

Toxic

Toxic

Toxic

Yeast ORF
status

Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
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Table S4.

Summary of BayesNet performance on withheld literaire test set.

Yeast gene
YHR143W-A
YJROO7W
YGR267C
YGL040C
YDLO97C
YORO57W
YHRO069C
YOR335C
YALO35W
YHRO27C

HSENSP74
ENSP00000430106
ENSP00000256383
ENSP00000419045
ENSP00000386284
ENSP00000261712
ENSP00000367208
ENSP00000361433
ENSP00000261772
ENSP00000289371
ENSP00000310129

5440
1965
2643
210
5717
10910
23404
16
9669
5708

Literature

HsEntrezStatus

Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement

Predicted Status Correct

Complement
Complement
Complement
Complement
Complement
Complement
Complement
Complement

Non complement
Non complement

cCoRRPRRPRRRERRRER
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P(Complement)

0.998
0.993
0.963
0.942
0.857
0.732
0.731
0.518
0.377
0.319



Table S6.

Values of AGE .. 14 for the three simulation treatments consideredEach treatment is
defined by thred Gk ., .4 values, one for chain A stability, one for chairst@bility,
and one for the binding energy between the twonshaihed G, .q,.14 Values for the

“Wild Type” treatment were chosen such that theespondingdG¥ values remained
stationary in that treatment.

k
i Gthreshold

Simulation treatment Chain A stability Chain C siab Binding energy
Wild Type -23.0 -5.0 -9.7
Low Stability 0.0 0.0 -9.7
Non-Bound -23.0 -5.0 of-
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Additional Data Table S1 (separate file)
Summary of complementation results.

Additional Data Table S3 (separate file)
Summary of features and prediction performance.

Additional Data Table S5 (separate file)
Oligonucleotide primers used in this study.

Additional Data File S1 (separate file)
Weka machine learning feature file for the main gea set (.arff format).

Additional Data File S2 (separate file)
Weka machine learning feature file for the withheldliterature test set (.arff format).

Additional Data File S3 (separate file)
BayesNet classifier (Weka .xml format).
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