Dissecting tail-anchored protein localization signals

with iPAL (imaging pooled-to-array library) scanning

Dissertation

zur Erlangung des Grades

Doktor der Naturwissenschaften

am Fachbereich Biologie

der Johannes Gutenberg-Universitdat Mainz

vorgelegt von
Elena Ivanova
geboren am 27.06.1994

in Sankt Petersburg, Russland

Mainz, August 2022



Dekan:
1. Gutachter:
2. Gutachter:

Tag der mindlichen Prifung: 18.10.2022



Preface






Table of content

TABLE OF CONTENT

1 TabIE Of CONEENT .ottt st e b e s bt s bt e s bt e e s bbe s bt e e sbbe s bt e e sbbeenbeeesaneeneas i
2 SUIMIMATY oottt ettt ettt s et e s e e e s e be et et sb e e e s s b e e e s e b bt e e s sb e e e e s bb e e e e a b e e e s e b et e e s bbb e e e a b e e et e nn e e e snrne s iii
3 ZUSAMMENTASSUNE ..eeiiiiiiiiieiteeit ettt ettt ettt et e sttt e s b et e bt e e s bt e e bee e sbb e e bt e e sb s e e bt e e sabeeeabeesabeesnseesabeenaneesabeesnneesas v
N [ 014 e Yo [W ot d o] o ISP PSP P P OPROP 1
4.1 Protein targeting in the Cell. ... e s et 1
4.1.1  Protein targeting SiBNalS.......oo i st enee s 2
4.1.2  Transmembrane dOMAINS ..c...cceerierieiirieneeree ettt st ettt bee b e e s e e reseresaeesbeesreesreenneenneene 5
4.1.3  Co-translational targeting of membrane proteins to the ER.......cc.ceeeiiiiiiiniiiiiiin e 9
4.1.4  Post-translational targeting of membrane proteins to the ER.........coociiiiiiiiiiiiiiiiee, 10

4.2 Cellular quality control mechanisms ensuring protein homeostasis..........ccceeeiiiieeciieecccveee e 13
4.2.1  Quality control factors in the CytoSOl.......coouii i 14
4.2.2  Quality control factors at the MEeMbBIanes.........coouiiiiiiiiiiiiee e 15

4.3 Protein mislocalization and diSEaSES ......c..eerieririirieree et 18
4.4 Modern methods to study Visual PheNOTYPES.......coiciiiieiiiecee e e e e 20
4.5 ATM OF TS STUAY c..eviieiiiit e e e st e e e st e e e s ate e e s aaaeeessbaeeeesteeesnnsaeeesseeeeans 22

D RBSUIES ettt h et a e e e b s b e bt bt et ae e bt e b e e Rt e b e e et e sabesheesbeenbe e be e bt eneeene 23
5.1 iPAL scanning is reproducible and effiCient .........ccvii i 23
5.1.1  Creating aCCePTOr STFAiN .ociiiii ittt ettt e e e e s sttt e e e e e s seabataeeeeessesanbaeeeeeesanans 24
5.1.2  Optimizing transformation effiCiENCY .......coociiiieiiiie e e e 28
5.1.3  Optimizing colony picking ProCRAUIE.........cccuiieeeiiiee ettt ettt e tee e et e e e sare e e e eaae e e sbaeaeens 31
5.1.4  Optimizing barcoding ProCEAUIE. ......cccccuiiiiiieeeectee ettt e e e e e e e e e st e e e e sre e e ssnaaeeesneeeeens 31
5.1.5  Library preparation for SEQUENCING.......c.ueiiiiiiieeeiiiee ettt et e e tte e e et e e et eeestaeeeeateeeeeasaeeeebseeaans 33
5.1.6  Library design and proof of principle eXperiment...........ccocueieeciiieeciiee e e 34
5.1.7  Establishing automated image analysis .......cccceeriiieieiiir e e e e e 36
5.1.8  Microscopy validation with co-localization markers........cccueeeiieieciiii e 38

5.2 mNG-TMD fusions are recognized by the targeting and QC systems of TA proteins..........cccccceuveeen. 39
5.3 MNG-TMD fusions localize at different membrane-bound compartments .........cccceeeveiveieciereicieenn. 43
5.4 Importance of positively charged flanking residues for localization ..........ccccceeeiiiiieciiiic e, 44
5.5 Importance of TMD length and hydrophobicity for localization .........cccceeeeeiiiiiiiiiieeciee e, 47
5.6 Genetic validation of PM 10Calization .......c.cccovevieiiiiiiiieeeeere e 52
5.7 Deep mutational scanning of cysteine-rich transmembrane module .........cccccoooiiiiieciiiiecciee e, 53
5.8 Tail-anchored proteins can carry more than one localization signal..........cccoveeiiiiiiiiiee e, 55

B DISCUSSION ...ttt e e a e st aa e s e e aae s 57
6.1 iPAL has a wide range of appliCatioNns ........cccuiiiiiiiiii ittt et 57
6.2 mNG-TMD fusions can be used to study TMD properties important for the localization................... 58



Table of content

6.3 Doal0 and Spfl are important for maintaining ER homeostasis ........ccccveeeieeiiiiiieee e 58
6.4 Biophysical properties of the TMDs ensure correct targeting of TA proteins.......cccceeecvveeecveeevciveenn. 60
6.5 The CYSTM module is important for PM 10€alization .........coovcveiiiiiiieiniiii e 62
6.6 CONCIUAING FEMAIKS ..ttt ettt b e sbe e s bt e sbte s bt e sabesabe e e sbbesbeeenneeeaneas 63
7 Material and MELROUS. ...cc..oiiiieee et s s e sr e r e eaee e 64
7.1 Yeast Methods and Plasmids ......eee it s e e st e e s s abe e e s eaae e e sareeeens 64
7.2 ConStruction Of IPAL lIDIaries ...c..eiiuieiiie ittt et ne e saneenees 65
7.3 L= 1= o oYl <T=T o PP 66
7.4 FIUOIESCENCE MICTOSCOPY .eeiuriiiueieiiieeniteeriteeeite e sttt e sttt e suteesateessbeesueeesabeesabeesabeesaseesabeesaseesabeensseesareennneens 67
7.5 Automated image segmentation and classification ..........ccoceieiieiiiiiieii e 68
7.6 ANAIYSiS Of TMD PrOPEITIES ..vveeeiiiieeeiiiieeetee sttt e e et e e esere e e srtaeeeesataeeesssaeesessaeeesssseeeassssesasseeesnssenaans 69
S Y o o 1T Vo [ [ OO PO PO P PRSPPSO ORI PP OPPTRPPOP 71
8.1 SUPPIEMENTANY .ttt ettt st e et e st e et e e sabe e e st e sabeesabeesabeesseesabeesneenane 71
8.2 List OF @DDreVIAtioNS ....cc.eeiuiiiieiieeee e sttt b e 107
S 0CY =Y  <T o ol Y USRS 110
9.1 References in alphabetical Order.......o...i oo 110
10 PN o] 01T Yo | | TSR 126
O T A Yo g T 1V 1= Fed T o V=T o | U USPURSNt 126
10.2  CUITICUIUM VITAE «.eeiiiiiiiii ettt ettt ettt ettt e st e e st e s ab e e s at e e sabeesab e e sabeesnseesabeesaneesabeennneens 127



Summary

2  SUMMARY

Most proteins in a eukaryotic cell are synthesized by ribosomes in the cytosol and then
need to be selectively targeted to different subcellular compartments to fulfill their functions.
The core of protein targeting is the recognition of a targeting signal within the nascent protein
by a targeting factor for the destination organelle. It is a complex process that involves
multiple overlapping pathways and errors in protein targeting occur even under optimal
conditions, leading to protein mislocalization. Mutations in localization signals can also result
in protein mislocalization and cause severe genetic disorders. Thus, it is important to
understand the nature of localization signals, the mechanisms of protein targeting, and the
systems involved in the quality control (QC) of protein targeting.

In this study, | describe iPAL scanning (imaging pooled-to-arrayed libraries), a deep
mutational scanning approach to dissect protein localization signals. In iPAL, pooled libraries
of protein variants with alterations in a potential localization signal are constructed by
homologous recombination. Each protein variant is fused to a fluorescent protein
(mNeonGreen) to read out its localization with fluorescence microscopy. Using in vivo
barcoding and deep sequencing, pooled libraries are converted into verified arrayed libraries,
followed by high-throughput fluorescence microscopy to determine the localization of each
variant. Importantly, iPAL is not limited by the number of phenotypic bins and thus can be
used to dissect complex localization signals. Due to the arrayed library format, all generated
protein variants can be directly used for downstream applications, e.g., co-localization
experiments or genetic screens.

| applied iPAL scanning to investigate localization determinants of tail-anchored (TA)
proteins in budding yeast. TA proteins carry a single a-helical transmembrane domain (TMD)
at their C-terminus, which enables them to localize to the endoplasmic reticulum (ER),
mitochondria, Golgi, nuclear envelope, vacuole and plasma membrane (PM). However, the
features of these TMDs crucial for targeting specificity are not well defined. Using iPAL, |
generated 1350 unique TMDs with variations in amino acid composition, TMD length and
charge of the flanking residues. By analyzing the localization and biophysical properties of
TMD variants, | found that TMDs of most ER-resident TA proteins of average hydrophobicity
are alone sufficient for correct localization. In contrast, a combination of properties ensures
mitochondrial and PM localization. Mitochondrial localization requires low hydrophobicity of
the TMD and a high positive charge at the C-terminal extension. Two different types of
features lead to PM localization: long TMDs of very high hydrophobicity flanked with positively
charged residues at the N-terminus or short cysteine-rich transmembrane modules (CYSTM)
of low hydrophobicity. Long length and high hydrophobicity of the TMDs from the first group
might be related to the greater thickness of the PM and positively charge flanking residues
might be required for the electrostatic interaction with phosphatidylinositides at the PM. It is
possible that cysteine residues are important for the oligomerization of CYSTM proteins or for
their interaction with TMDs from other PM proteins in the bilayer. However, it remains a
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possibility that CYSTM proteins are not integrated into the PM but are associated only
peripherally.

In a second line of research, | combined iPAL with genetic screens to demonstrate the
downstream application of iPAL and investigate which TMD features are recognized by protein
targeting and QC systems. | performed a screen for protein turnover factors by introducing
the knockouts of Get3 and Emc3 targeting factors Tull, Hrd1, Asil and Doal0 E3 ligases and
Mspl and Spfl protein dislocases into an mNeonGreen-TMD library. | observed that
substrates of ER and mitochondrial protein QC, namely of Doal0, Msp1 and Spf1, tend to have
TMDs of low hydrophobicity. TMDs of low hydrophobicity are generally not recognized by the
SRP (signal recognition particle) and GET (guided entry of TA protein) targeting factors and,
thus, might be more frequently subjected to QC.

Altogether, my work reveals that different combinations of TMD properties, including
hydrophobicity, length and presence of positively charged flanking residues, provide the
targeting specificity for ER, mitochondrial and plasma membranes. | anticipate that the iPAL
approach will have a wide range of applications and help to understand the interplay between
protein sequence and visual phenotypes.
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3 ZUSAMMENFASSUNG

Die meisten Proteine in einer eukaryontischen Zelle werden von Ribosomen im Zytosol
synthetisiert und muissen dann selektiv in verschiedene subzellulare Kompartimente gelenkt
werden, um ihre Funktionen zu erfiillen. Die Grundlage der Protein Targeting ist die Erkennung
eines Lokalisierungssignal im naszierenden Protein durch einen Targeting-Faktor fiir die
Zielorganelle. Es handelt sich um einen komplexen Prozess, an dem mehrere sich
Uberschneidende Wege beteiligt sind, und selbst unter optimalen Bedingungen kénnen Fehler
bei der Proteinlokalisierung auftreten, die zu einer Fehllokalisierung von Proteinen fiihren.
Mutationen in Lokalisierungssignalen kénnen ebenfalls zu einer Fehllokalisierung von
Proteinen flihren und schwere genetische Stérungen verursachen. Daher ist es wichtig, die
Natur der Lokalisierungssignale, die Mechanismen der Proteinlokalisierung und die Systeme
zu verstehen, die an der Qualitatskontrolle der Proteinlokalisierung beteiligt sind.

In dieser Studie beschreibe ich das iPAL-Scanning (Imaging Pooled-to-Arrayed
Libraries), einen hochauflésenden Mutationsscan-Ansatz zur Untersuchung von
Proteinlokalisierungssignalen. Bei iPAL werden gepoolte Bibliotheken von Proteinvarianten
mit Veranderungen in einem potenziellen Lokalisierungssignal durch homologe
Rekombination erstellt. Jede Proteinvariante wird mit einem fluoreszierenden Protein
(mNeonGreen) fusioniert, um ihre Lokalisierung mit Fluoreszenzmikroskopie auszulesen.
Mittels In-vivo-Strichkodierung und hochauflésender Sequenzierung werden gepoolte
Bibliotheken in verifizierte Array-Bibliotheken umgewandelt, gefolgt von Hochdurchsatz-
Fluoreszenzmikroskopie zur Bestimmung der Lokalisierung jeder Variante. Wichtig ist, dass
iPAL nicht durch die Anzahl der phanotypischen Bins begrenzt ist und daher zur
Aufschlisselung komplexer Lokalisierungssignale verwendet werden kann. Aufgrund des
Formats der Array-Bibliothek koénnen alle erzeugten Proteinvarianten direkt fir
nachgeschaltete Anwendungen verwendet werden, z. B. fir Ko-Lokalisierungsexperimente
oder genetische Screens.

Ich habe iPAL-Scanning angewandt, um die Lokalisierungsdeterminanten von
schwanzverankerten (TA) Proteinen in knospenden Hefen zu untersuchen. TA-Proteine tragen
an ihrem C-Terminus eine einzelne a-helikale Transmembrandomane (TMD), die es ihnen
ermoglicht, sich im endoplasmatischen Retikulum (ER), in den Mitochondrien, im Golgi, in der
Kernhille, in der Vakuole und in der Plasmamembran (PM) zu lokalisieren. Die Merkmale
dieser TMDs, die fiir die Spezifitat der Zielstruktur entscheidend sind, sind jedoch nicht gut
definiert. Mit iPAL habe ich 1350 einzigartige TMDs mit Variationen in der
Aminosdaurezusammensetzung, der TMD-Lange und der Ladung der flankierenden Reste
erzeugt. Durch die Analyse der Lokalisierung und der biophysikalischen Eigenschaften der
TMD-Varianten fand ich heraus, dass TMDs der meisten ER-residenten TA-Proteine mit
durchschnittlicher Hydrophobizitdt allein fiir eine korrekte Lokalisierung ausreichen. Im
Gegensatz dazu gewidhrleistet eine Kombination von Eigenschaften die mitochondriale und
PM-Lokalisierung. Die mitochondriale Lokalisierung erfordert eine geringe Hydrophobizitat
der TMD und eine hohe positive Ladung an der C-terminalen Verlangerung. Zwei verschiedene
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Arten von Merkmalen fihren zur PM-Lokalisierung: lange TMDs mit sehr hoher
Hydrophobizitdt, die von positiv geladenen Resten am N-Terminus flankiert werden, oder
kurze cysteinreiche Transmembranmodule (CYSTM) mit geringer Hydrophobizitdt. Die groRe
Lange und hohe Hydrophobizitdt der TMDs der ersten Gruppe konnte mit der gréReren Dicke
der PM zusammenhdngen, und die positiv geladene flankierende Reste kdnnten fir die
elektrostatische Wechselwirkung mit Phosphatidylinositiden an der PM erforderlich sein. Es
ist moglich, dass Cysteinreste fiir die Oligomerisierung von CYSTM-Proteinen oder fir ihre
Interaktion mit TMDs von anderen PM-Proteinen in der Doppelschicht wichtig sind. Es besteht
jedoch auch die Moglichkeit, dass CYSTM-Proteine nicht in die PM integriert sind, sondern
periphdr assoziiert anliegen.

In einem zweiten Forschungsstrang habe ich iPAL mit genetischen Screens kombiniert,
um die nachgeschaltete Anwendung von iPAL zu demonstrieren und zu untersuchen, welche
TMD-Merkmale von Protein-Zielbestimmung und Qualitatskontrollsystemen erkannt werden.
Ich flihrte ein Screening nach Faktoren fiir den Proteinumsatz durch, indem ich Knockouts der
Zielbestimmung-Faktoren Get3 und Emc3, der E3-Ligasen Tull, Hrd1, Asil und Doal0 sowie
der Proteindislokasen Msp1 und Spfl in die mNeonGreen-TMD-Bibliothek einfiihrte. Ich habe
festgestellt, dass die Substrate der ER- und mitochondrialen Protein-Qualitatskontrolle, d.h.
von Doal0, Msp1 und Spfl, in der Regel TMDs mit geringer Hydrophobizitat aufweisen. TMDs
mit geringer Hydrophobizitat werden im Allgemeinen nicht von den SRP (signal recognition
particle)- und GET (guided entry of TA protein)-Zielbestimmung-Faktoren erkannt und
kdnnten daher eher der Qualitatskontrolle unterworfen werden.

Zusammengenommen, zeigt meine Arbeit, dass verschiedene Kombinationen von
TMD Eigenschaften, inklusive der Hydrophobizitat, der Lange und dem Vorhandensein positiv
geladener flankierender Reste die Zielbestimmungsspezifitat fir Membranen des ER, der
Mitochondrien und der PM ausmachen. Ich antizipiere, dass der iPAL-Ansatz ein breites
Anwendungsspektrum haben und dazu beitragen wird, das Zusammenspiel zwischen
Proteinsequenz und visuellen Phanotypen zu verstehen.

Vi
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4 INTRODUCTION

4.1 PROTEIN TARGETING IN THE CELL

In eukaryotic cells about two-thirds of nascent proteins are selectively targeted from
the cytosol to different subcellular compartments, where they are typically translocated
across or embedded into a membrane to fulfill their functions (Hegde and Zavodszky, 2019).
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Figure 1. Protein targeting pathways in the cell: co-translational transport, post-translational and vesicular trafficking.
Proteins with the N-terminal and internal localization signals are targeted to the ER during translation. Once the localization
signal emerges from the ribosome it is recognized by the targeting factor and the ribosome with the nascent chain is brought
to ER where the translation is coupled with translocation. Proteins with the C-terminal targeting signals are targeted to the
ER post-translationally by the interactions with specific chaperons. A fraction of proteins destined for residence at the PM,
endosomes or lysosomes migrate from the ER to these organelles by a vesicular trafficking route. Proteins destined to the
nucleus, peroxisome, and mitochondria are targeted to these destinations post-translationally.

Although there are different ways of targeting proteins to their final destination,
including co-translational transport, post-translational transport and vesicular trafficking
(Figure 1) (Guna et al., 2018; Hegde and Keenan, 2011; Shurtleff et al., 2018), the core of each
protein targeting mechanism is the recognition of a targeting signal within the protein by a
targeting factor for the destination organelle. The targeting signals for different subcellular
compartments may share common features and hence, the recognition by the targeting
protein can be imperfect leading to mislocalization even under optimal physiological
conditions. Mutations in localization signals can also result in protein mislocalization and
cause severe genetic disorders. For instance, mutations in the signal peptides, which lead to
the reduced presence of a protein in the correct compartment and the loss of their functions,
have been shown to cause familial hypocalciuric hypercalcemia (FHH), neonatal severe
hyperparathyroidism (NSHPT) and dentine dysplasia type Il (Pidasheva et al., 2005; Rajpar et
al., 2002). On the other hand, mutation of the preproinsulin signal sequence has been shown

to cause toxicity due to spontaneous gain-of-function of the preproinsulin in the wrong place
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promoting B cell death and diabetes (Guo et al., 2014). Thus, it is important to understand the
nature of localization signals, the mechanisms of protein targeting, and the systems involved
in the quality control of protein targeting. A better understanding of localization signals would
help in determining the functional impact of disease-causing mutations and potentially open
new therapeutic strategies.

In this section, | will first describe the targeting signals and pathways for transport into
different organelles (4.1.1), followed by the features of transmembrane domains important
for correct targeting, which is a focus of this study (4.1.2). Co-translational (4.1.3) and post-
translational (4.1.4) pathways targeting transmembrane proteins to the ER will be specifically
discussed in detail. Some transmembrane proteins destined for residence at the plasma
membrane (PM), endosomes or lysosomes migrate from the ER to these organelles by a
vesicular trafficking route. The molecular mechanisms of vesicular trafficking have been
extensively reviewed elsewhere and will not be described in this work (Bonifacino and Glick,
2004; Liu, 2016; Marshansky and Futai, 2008; Symons and Rusk, 2003; Yorimitsu et al., 2014).

4.1.1 PROTEIN TARGETING SIGNALS

Proteins can contain targeting information within their polypeptide sequence that
directs them to the different subcellular compartments. Overall, these localization signals are
incompletely understood and diverse but may contain similar features such as positively
charged and hydrophobic amino acids (Figure 2). In this chapter, | describe the properties of
some types of localization signals and the associated targeting pathways.

Nucleus N— 90000 _ —C NLS

ER N— —— @®DE®C ERretention signal
Mitochondria N— 0000000000 —C  MTS

Peroxisome N— W— S . b—cC PTS1

Peroxisome N— . L H @ N - C PTS2

ER N— W —C N-terminal signal peptide

cleavage site
hydrophobic AA
. positively charged AA
Figure 2. Examples of the different positions of the localization signals within a protein sequence. C, carboxy terminus; N,
amino terminus; AA — amino acid. The destinations are listed on the left and targeting signal are listed on the right.
Hydrophobic amino acids are indicated in blue and positively charged amino acids in red. NLS — nuclear localization signal;
MTS - mitochondrial targeting sequence; PTS - peroxisomal targeting signal.

Nuclear localization signals (NLSs) are one of the best studied targeting signals. NLSs
are short peptides that usually consist of lysine and arginine repeats (K/R motif), and target
proteins to the nucleus (Kalderon et al., 1984). An NLS is recognized by an importin-a subunit,
which in turn is recognized by an importin-B subunit. This complex of the cargo, importin-a
and importin-B is then imported to the nucleus after a series of enzymatic steps (Nguyen Ba
et al., 2009). Often NLSs are located at protein N-termini. The correct function of proteins with
nuclear localization such as transcription factors, DNA repair proteins or chromatin-associated
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proteins depends on their NLSs. In the last decades, large-scale experimental datasets were
used to develop different prediction tools for NLS identification (Brameier et al., 2007; Lin and
Hu, 2013; Nguyen Ba et al., 2009; Requido et al., 2017). This helped to understand that NLSs
can be located not only at the N-terminus of the protein (Requido et al., 2017). One example
would be nuclear membrane protein Prm3, which has an NLS rather in between C- and N-
terminus. Using a deep mutational scanning (DMS) approach Hasle and colleagues performed
an analysis of hundreds of NLS variants, which led to an improved NLS predictor and an NLS
variant with greatly enhanced nuclear localization (Hasle et al., 2020). This enhanced NLS
variant might find broad application in synthetic biology (Hasle et al., 2020). The counterpart
of the NLS would be the nuclear export signal, which targets proteins out of the nucleus.

Mitochondrial proteins are mostly synthesized at cytosolic ribosomes and become
functional after their insertion into the outer mitochondrial membrane or translocation into
the mitochondrion. After translocation via the translocase of the outer membrane (TOM)
complex, the proteins can either remain in the intermembrane space or be targeted to the
inner mitochondrial membrane or the mitochondrial matrix by translocase of the inner
membrane (TIM) complex (Neupert and Herrmann, 2007). A well-studied mitochondria-
targeting sequence (MTS) is the matrix targeting sequence of approximately 10-60 amino
acids destined for the matrix or the inner mitochondrial membrane. The sequence consists of
an alternating pattern of hydrophobic and positively charged amino acids and is located at the
N-terminus of the protein. The crucial role of positively-charged residues within the MTS for
mitochondrial targeting was discovered using site-directed mutagenesis (Kumamoto et al.,
1987). MTS has the potential to form a positively charged amphiphilic a-helix with the
segregation of positively charged and hydrophobic residues on opposite faces of the helix.
Based on these properties a spectrum of various bioinformatics and experimental tools is
available for MTS prediction and analysis (Habib et al., 2007). The MTS is recognized in the
cytoplasm by the mitochondrial import stimulation factor (MSF), a cytoplasmic molecular
chaperone, which transfers the protein to the mitochondrial translocation machinery. After
the MTS-containing protein has been translocated the mitochondrial processing peptidase
(MPP) in the mitochondrial matrix may cleave the MTS, which results in a mature
mitochondrial protein (Omura, 1998). It has been shown that an ER surface retrieval pathway
(ER-SURF) safeguards the import of mitochondrial inner membrane proteins with N-terminal
MTS (Hansen et al., 2018). This ER-SURF pathway retrieves mitochondrial proteins from the
ER surface and reroutes them to mitochondria with the help of the ER-localized chaperone
Djp1, which probably offers an alternative import route for mitochondrial proteins when
direct import fails. An additional study demonstrated that the targeting of non-imported
mitochondrial carrier proteins is dependent on the guided entry of tail-anchored protein (GET)
pathway (Xiao et al., 2021). Upon disruption of GET pathway non-imported mitochondrial
proteins are sequestered into protein foci and prevented from the re-targeting from the ER to
mitochondria via the ER-SURF pathway.

Interestingly, structural and proteomic data analysis and computational predictions
showed that 25% of mitochondrial ribosomal proteins (MRPs), a big class of mitochondrial
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proteins, lack an MTS at the N-terminus. A recent experimental study revealed the presence
of unconventional inner MTSs for some of the MRPs (Bykov et al., 2022). Similar to a
conventional MTS, this inner signal consists of alternating hydrophobic and positively charged
amino acids but is localized closer to the core of the protein and cannot be cleaved after the
translocation. This inner MTS mediates the binding of MRP to the TOM complex (Bykov et al.,
2022). This observation shows that protein targeting is more versatile than expected and
further studies are required to complete the map of protein targeting routes in the cell.

Two peroxisomal targeting signals (PTS), namely PTS1 and PTS2, are responsible for
directing proteins to the peroxisome. PTS1 consists of three amino acids located at the C-
terminus of the protein and can be recognized by the Pex5 receptor (Brocard and Hartig, 2006;
El Magraoui et al., 2019; Neuberger et al., 2003). Pex5 can trap PTS1 through the remodeling
of its tetratricopeptide repeat (TPR)-domain. Initially, the tripeptide Serine—Lysine—Leucine
(SKL) at the extreme C-terminus was identified by site-directed mutagenesis. Further
mutagenesis studies resulted in the extended definition of the PTS1-consensus sequence:
amino acids at the first position contain a small uncharged side chain (S/A/C), at the
penultimate position a positively charged residue (K/R/H) and at the extreme C-terminal
position a leucine (L) (Brocard and Hartig, 2006). Further studies on the interaction between
Pex5 and PTS1 as well as sequence profile analysis revealed the importance of some amino
acids upstream from the tripeptide. Now PTS1 is defined as a dodecamer sequence at the C-
terminal end of peroxisomal proteins important for the binding with Pex5 (Brocard and Hartig,
2006).

PTS2 consists of a nine amino acid sequence often present at the N-terminus of the
protein and is recognized by the Pex7 receptor (Lazarow, 2006). Initially, a conserved
nonapeptide, RLxxxxx(H/Q)L (x=any amino acids), was identified in thiolases and shown to be
necessary for the import of these enzymes into peroxisomes (De Hoop and Ab, 1992). Further
studies led to the broadening of the PTS2 consensus to (R/K)-(L/V/I)-xxxxx-(H/Q)-(L/A) with
the most common PTS2 consensus being R-(L/V/1/Q)-xx-(L/V/I/H)-(L/S/G/A)-x-(H/Q)-(L/A)
(Waterham et al., 1994). Pex7, a soluble hydrophilic protein without transmembrane domains,
binds the PTS2 nonapeptide and targets proteins to peroxisomes. Cells lacking Pex7 show
impaired import of PTS2-containing proteins into peroxisomes (Lazarow, 2006).

The majority of membrane or secretory proteins that are targeted to the ER have N-
terminal hydrophobic targeting signals recognized by the signal recognition particle (SRP)
during translation (Jomaa et al., 2022). These signals share no obvious amino acid sequence
homology but have common biophysical properties. Signal sequences may have different
lengths with a hydrophobic core of approximately 8-12 residues flanked by short stretches of
polar residues (von Heijne and Abrahmsén, 1989; Nyathi et al., 2013). They are cleaved by the
signal peptidase complex (SPC) during or after protein insertion into the membrane (Paetzel
et al., 2002). The translocation pathways targeting these proteins to the ER are described in
detail in section 4.1.3. Another type of targeting signal important for ER localization is the
four amino acids carboxy-terminal signal HDEL (KDEL in mammals). The presence of KDEL
sequence maintains the ER residence of soluble proteins by dynamic retrieval from
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downstream compartments of the secretory pathway by the retrograde transport
mechanisms. This process is mediated by the p26 KDEL receptor and by the proteins forming
the COPI coatomer structure (Stornaiuolo et al., 2003).

4.1.2 TRANSMEMBRANE DOMAINS

Proteins that are permanently attached to the membrane are called integral
membrane proteins. Integral membrane proteins with TMDs that span across the lipid bilayer
are called transmembrane proteins. TMDs represent a separate class of localization signals.
TMDs are not cleavable and provide stable anchoring of the protein in the lipid bilayer as they
mostly consist of 16-30 hydrophobic amino acids forming an a-helical structure. The TMD
properties ensuring the targeting specificity are the focus of this study and in this chapter
(4.1.2) 1 would like to describe the latest findings about this group of localization signals.

Different types of transmembrane proteins exist (Figure 3). Transmembrane proteins
that use their first TMD as both a signal sequence for membrane targeting and a stop-transfer
sequence for termination of translocation are called signal-anchored proteins. Their N-
terminal TMDs can be recognized during protein synthesis by the SRP and inserted into the ER
co-translationally. Type | signal-anchored proteins have cleavable N-terminal signal peptide in
addition to the TMD. Type Il signal-anchored proteins have TMD located in the middle of the
protein sequence, while type Ill proteins have N-terminal TMD. TMD proteins with small or
short cytoplasmic tails at both termini are called correspondingly, small or short TMD proteins.
Multipass TMD proteins can have several TMD domains. Transmembrane proteins with a
signal-anchored domain at the extreme C- terminus are called C-terminally anchored proteins
or TA proteins (Ott and Lingappa, 2002).

Post-translational
insertion

GET/TRC40
EMC

Typel Typelll Typelll C-terminal Small Multipass
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Figure 3. The major classes of transmembrane proteins according to their topology. Type | proteins with the cleavable N-
terminal signal peptides; Type Il proteins with the TMDs located in the middle of the protein sequence; Type Il proteins with
the N-terminal TMDs; TA proteins with the TMDs located at the very C-terminus; Small or short transmembrane proteins with
very short cytosolic ends; multipass membrane proteins with several TMDs. C, carboxy terminus; N, amino terminus.
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TA proteins play roles in various cellular processes, including membrane fusion,
protein translocation and apoptosis regulation (Antonsson, 2001; Beilharz et al., 2003). Two
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main destinations of TA proteins are ER and mitochondria, although some of them anchor to
the Golgi apparatus, nuclear envelope (NE), peroxisome, PM or vacuole (Burri and Lithgow,
2004). C-terminal TMDs of TA proteins are targeted to ER by the GET pathway in yeast and
the TRC40/GET pathway in mammals (Denic, 2012; Schuldiner et al., 2008). In mammalian
cells a second pathway to insert TA proteins into the ER exists, which is the ER-membrane
protein complex (EMC)-dependent pathway (Guna et al., 2018; Hegde and Keenan, 2011). The
EMC-dependent pathway also exists in yeast but only a few TA protein substrates were
identified (Bai et al., 2020; Gingor et al., 2022; Miller-Vedam et al., 2020). Some TA proteins
destined for residence at the plasma membrane (PM), endosomes or lysosomes migrate from
the ER to these organelles by a vesicular trafficking route. The mechanisms of TA protein
targeting to the mitochondria remain unclear. Details about the ER targeting machinery for
signal-anchored and TA proteins can be found in sections 4.1.3 and 4.1.4 respectively.

High hydrophobicity of the C-terminal TMD is required for proper membrane insertion
of ER-destined TA proteins (Wang et al., 2010). TMDs of mitochondrial TA proteins tend to
have low hydrophobicity and low helical content and are usually flanked by positively-charged
arginine and lysine residues (Costello et al., 2017). It has been shown for the mitochondrial TA
protein Fisl that positively charged residues C-terminal to the TMD are important for
mitochondrial localization, as in the absence of these residues protein tends to mislocalize to
the ER (Habib et al., 2003; Keskin et al., 2017; Rao et al., 2016). Adding positively charged
residues to the C-terminal side of the TMD of Bos1, an ER-resident TA protein, slowed its
insertion into ER, suggesting in this case that the GET pathway can differentiate and disfavor
TMDs with positively-charged C-terminal flanks (Rao et al., 2016). In mammalian cells, adding
a very high positive charge to the C-terminal part of the mitochondrial TMD with moderate
hydrophobicity directed the protein to peroxisomes, and removing the C-terminal positive
charge directed the protein to the ER (Costello et al., 2017). These results suggest an interplay
between tail charge and TMD hydrophobicity in organelle targeting. However, not all
mitochondrial TA proteins possess a positive C-terminal charge and it is not clear if there are
any additional features required for the correct targeting to mitochondria.

Computational analysis of the TMDs from all single-span transmembrane proteins
revealed that TMDs have organelle-specific properties, most likely related to the differences
in membrane composition (Figure 4) (Sharpe et al.,, 2010). Thus, plasma membrane (PM)
proteins have longer TMDs, which correlates with the greater thickness of the PM compared
to the other compartments (Figure 4). It has been shown that the thickness of a membrane
depends on the presence of lipids such as sterols or sphingolipids, which increase acyl chain
order and thus thicken the bilayer (Brown and London, 1998; Lewis and Engelman, 1983).
Compared to the ER and Golgi, the PM is enriched in sterols and sphingolipids and thus, is
expected to have a greater thickness (Holthuis et al., 2001). Sharpe and colleagues
demonstrated that the TMDs of PM proteins have an asymmetry in the distribution of valine,
glycine, and leucine, with valine and glycine being favored in more exoplasmic positions,
whereas leucine shows the asymmetry towards the cytosolic end (Figure 4). This asymmetry
in the amino acid composition is linked to the residue volume. Several studies of individual
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proteins demonstrated that the alterations of the TMD sequence lead to changes in
localization. For instance, the elongation of the TMD of the ER-resident TA protein Ubc6 from
17 to 21 amino acids led to a change in localization from ER to Golgi, and further elongation
from 17 to 26 amino acids allowed the modified protein to be localized to the PM and vacuoles
(Yang et al., 1997). In another study, swapping the TMD of the ER-resident TA protein Ufel
with the longer TMD from the PM resident TA protein Ssol resulted in the localization of the
chimeric protein at the PM (Rayner and Pelham, 1997). By creating chimeric TMDs with
different exoplasmic residue volumes, Quiroga and colleagues observed that short TMDs with
high-volume exoplasmic hemi-TMDs confer Golgi membrane residence, whereas TMDs with
low-volume exoplasmic hemi-TMDs, either short or long, confer plasma membrane residence
to these proteins (Quiroga et al., 2013). Increasing the residue volume of the exoplasmic hemi-
TMD from the PM TA protein Ssol leads to the polarized distribution of the chimeric protein
at the PM. TMD-dependent sorting in the endocytic pathway was also observed for the vesicle
membrane receptor protein (v-SNARE) Sncl (Lewis et al., 2000).
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Figure 4. A comprehensive comparison of TMD’s sequences from fungi and vertebrates transmembrane proteins [modified
from (Sharpe et al., 2010)]. The initial datasets contained the sequences of all single TMD proteins from S. cerevisiae and H.
sapiens. Literature searches and cross-referencing between databases were used to identify those proteins with a known
organelle of residence and topology. Orthologues were added to the subset of the proteins with the single TMD and known
localization. Afterwards, sequence alignment and computational analysis of the biophysical properties and AA composition
were performed. The analysis revealed a dichotomy in TMD length between the early and late parts of the secretory pathway.
TMDs from post-ER organelles show striking asymmetries in amino acid compositions across the bilayer that is linked to
residue size and varies between organelles.

In 2010 a novel class of C-terminal signals was identified computationally. Previously
the S. cerevisiae uncharacterized open reading frames (ORFs) YDLO12C, YBRO16W and
YDR034W-B were shown to localize at the PM and were proposed to belong to the tail-
anchored protein group (Beilharz et al., 2003; Huh et al., 2003). By using sensitive sequence
profile analysis, Venancio and Aravind observed the enrichment in cysteine residues at the C-
terminus for these PM-localized proteins and named it cysteine-rich transmembrane (TM)
module (CYSTM) (Venancio and Aravind, 2010). This short cysteine domain with low
hydrophobicity flanked with proline and glutamine at the N-terminal part is conserved across
eukaryotes (Figure 5). Proteins with a CYSTM domain are reported to be involved in stress
response and the deletion of the CYSTM domain disrupts PM localization of these proteins

(Andreeva et al., 2017; Joshi et al., 2020; Mir and Ledn, 2014; Pereira Mendes et al., 2021; Xu
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et al., 2018). Whether or not the CYSTM is a TMD has not been confirmed experimentally.
Previously identified PM-localized TA proteins Sso1, Sso2, Sncl and Snc2 have long TMDs with
very high hydrophobicity which correlates with the properties of the PM (Sharpe et al., 2010).
It will be important to check if a short CYSTM module with very low hydrophobicity can anchor
at the PM or CYSTM proteins are actually associated with the cell periphery via interactions
with other PM proteins.

SECONDARY STRUCTURE

S.cerevisiae YBRO16W 6319490 92 HQOPVYVQQOPEQ 128
S.cerevisiae YDLO12C 6320192 71 POOPIYVQOQOP 107
S.cerevisiae_YDR210W_6320415 39 QOOPVYVORGOP- 13

S.cerevisiae YDRO34W-B 6320239 12 QQOPVYVOQPPP—- 48

S.cerevisiae YBROG6W-A KAG2518812.1 16 QPQPIYIQQGPPPP ] G 60

K.lactis KLLADL04446Q 50304881 82 QQOPIYVORPAQS- 3) T 5 T ' 118
K.lactis_KLLAOF18766¢g_ 50311785 27 POQPVYVORQAPP- 5 62

A.gossypii AGOS_AER212W_45190815 16 POOPIYVOQPA-- B T " 113
C.glabrata CAGLOI04510g_ 50290027 80 116
C.glabrata CAGLOK01903g 50291751 65 00 ) 101
M.domestica LOC100026106 126290763 99 PKTTVYVVEDQ-- S 137
S.pombe uvil5 19112015 51 AQOPMYVOQPQO-—— G 87

5.japonicus_SJAG_02333_213405539 47 POOPMYVOQPPE- 5 83

C.dubliniensis_CD36_53680_223644005 85 QQOPMYVOROP-- 3G 5 A 121
C.albicans Ca019.10727 68490432 93 QOOPMYVOQOP A 129
Y.lllethCa YAL10U18722q 210075769 82 PPQPVYVORO- 3G 3 CLF 118
L.bicolor LACBIDRAFT 294804 170105096 111 QPOTVYVOQPPE- Gl 5 149
A.blsporus _dag8 | 7413501 67 GPQTVYVOEQ- A 105
P.troglodytes LOC462111 114602246 187 A 225
H.sapiens_CS5orf32 14165278 59 A 97

H.sapiens ORF1- FL49 119582478 59 A 97

R.|1orveq1cug7]..0(_6828887109507150 63 A 101
M.musculus 0610010012Rik 26389968 66 A 104
T.quttata LOC100228669 224068254 71 A 109
X.laevis MGC130851_ 148227622 114 A 152
X.tropicalis LOC549193_ 62858327 72 A 110
D.rerio CSorf32 189534083 66 A 107
B.Taurus C7H50rf32 118151446 65 PKTTVYVVEDQ A 103
R.norvegluu rcG_ 49?25 149017238 63 PKTTVYILERER- A 103
D.rerio_zgc:165573 148022868 79 PTNTVYVVEQG A 118
D.rerio LOC792922 189534083 66 A 107
S.purpuratus LOC576215 72006952 81 A 119
C.intestinalis LOC100178013 198431545 121 157
D.grimshawi_ GH22766 195057046 49 QPQTVYVEQ- 83

C.elegans_ F49D11.7 17507481 35 IAQPVYVHDT S 67

C.briggsae 7CBG04664713 i'1e5z218 28 QOQQPIYVVQOQOPQPT - SCCSLET 70

C.elegans F14D7.11_71989527 26 GQOPIYVVQOQPQON SCCSLET 68

H. vulgaris_LOC100214274_221121100 109 144
M.brevicollis MONBRDRAFT 22769 167517289 240 291
M.brevicollis | ~ MONBRDRAFT . 25954 167523982 73 ) Q0 8} 117
C.reinhardtii CHLREDRAFT 193002 159479914 98 YAQPVYIQGPGPSGPSHHYNQ LMLD-- 148
H. vulqarlsiLOClOOEO5)133722112].230 50 HEPGVOVVEVREN-- J L*IACF 9z

P.marneffel PMAR023682 239900067 74 PPQTVIINSGPA-- QSPSARADAAGS. ALGQACG 117
B.chrysogenum Pcl6g12700 211586192 80 POOQGYYAND GN--SGGGAGGICA--GI L-JiLF 118
N.fischeri NFIA 011270 119495096 81 QODOGYYPED- -58GGGICA--GI TLF 117
A.nidulans ANOTSQ 2 67516945 77 PPQOGYYAEEQ S L ILF 114
A.thaliana F13K23.6 8698728 154 PPPONYDHEHHDHHHY - CC 197
P.sitchensis ABK22401.1 116782188 26 APPPQYAESSGPV- CF 66

P.sitchensis ABK22787.1 116783083 26 APPPOYAESSGPV- CF 66

S.stapfianus CAAT1756.1 1808688 49 GYPPPYAQAARAQ- ACF 86

7.mays ACF81459.1 194694750 40 MAAGGYPPPPQODS CF 78

O.sativa OsJ 11366 222625178 50 GYPPPYAQPPPPQ- )0 56 ; Bacr 91

S.sclerotiorum 851G 03103 156061915 96 GYQQGYGQRPYGQQQ LLF 136
R.communis RCOM_ 0581020 223535442 500 YPPQGYPPRGYAQOPP- ) ) ] 539
R.communis RCOM_ 1437800 223548603 a4 YYQDYFYPPPPPPPPODN--~ 89

A.thaliana AT4G33660 18418262 20 PPPPVGVPPQYYPPPPPPPPPPPP 67

D.ClllarlsiDCCDTl 165972258 (] PPODMSYYEHCQ- a4

O.sativa 0sCDT1 55295808 6 AQODMSYYDHCT- 44

G.zeae FG0O5064.1 46121371 76 PPPQGYYPHDDQ G 115
P.marneffei PMAA_001510_212544278 45 YPPQGYQQPPPPOOYQQEQ- “WESC 89

A.oryzae A0090012000297 169762874 42 PPPGOYAPGPOMGY PQOQPAPQQE- 89

P.anserine PODANSg5978 171688005 38 PPQQGYYPPQGPMOYQQQAPPT B WEGC 85

B.fuckeliana BClG 02962 154317958 28 PPOOGYYQQGPPPOOMQYEQQPPE- 3 > 18

P.patens PHYPADRAFT 166241 168032630 31 YPOOGYYQGPPVMGPPQGY Q- 75

A.thaliana AT5G67600_ 18425209 a7 YPPPOYSQAPQQ- 82

A.thaliana At3g49840_ 110737747 71 PPPPHYGOAPPKN- 111
A.thaliana AT1G56060 15222831 36 PQTVQOPPHEGOS 71

A.thaliana PCC1 18403306 31 PTRDAVVGDPPAAAVETNS -~ 18

A.thaliana AT1G05340 18390510 39 72

A.thaliana_AT2G32210_18402900 38 71

consensus/80% . ...sChs....hhCCCCh.-.h.

Figure 5. Multiple sequence alignment of the CYSTM domain superfamily [modified from (Venancio and Aravind, 2010)]. The
columns were colored according to the consensus shown below the alignment (hydrophobic (h), polar (p), positively charged
(+), small volume (s), negatively charged (-), and the predicted secondary structure is shown on top (E- extended confirmation
(B-strand), H - helical). The numbers indicate the start (left) and end (right) of CYSTM module. The sequences are labeled
using the species name, gene name, and GenBank gi number and sequence identifiers.
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Different targeting and sorting pathways recognize specific TMD features but a
systematic analysis of these features is required to dissect this group of localization signals. In
the following chapters, | will describe what is known up to date about the targeting pathways
for ER membrane proteins.

4.1.3 CO-TRANSLATIONAL TARGETING OF MEMBRANE PROTEINS TO THE ER

To ensure correct and balanced protein targeting to subcellular compartments
multiple cascades of cytosolic chaperones, membrane receptors and protein translocons are
working in parallel.

The first co-translationally acting targeting factor that was discovered was the SRP,
which has an important role in targeting type |, type Il and type Il signal-anchored proteins
into the ER (Figure 6).

ribosome NAC

N
cytosol
SRP
receptor
ER lumen

Figure 6. The co-translational SRP pathway. The nascent polypeptide-associated complex (NAC) prevents SRP from binding to
the ribosome. Once a hydrophobic targeting sequence (signal peptide or TMD) is released from the ribosome, NAC is
exchanged for SRP. Then SRP interacts with the SRP receptor at the ER membrane and brings the ribosome to the ER surface
where the translation is coupled with the translocation into the ER lumen. N, amino terminus.

Once an N-terminal targeting signal emerges from the ribosomal exit tunnel, it is
recognized by SRP that pauses translation and directs the ribosome-nascent chain complex
(RNC) with the help of the cognate SRP receptor (SR) to the ER membrane (Gilmore et al.,
1982; Rapoport, 2007; Walter et al., 1981; Zimmermann et al., 2011). Next, the ribosome and
signal sequence are transferred to the Sec61 channel, protein synthesis resumes, and the
nascent chain translocates into the ER lumen or ER membrane. The N-terminal targeting
sequence can be a cleavable signal peptide of variable length or the first TMD within the
polypeptide. SRP has a dual function - protecting the hydrophobic polypeptide during
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translation and targeting the RNC to the ER. The targeting sequence has to be located in a
distance of at least 65 amino acids from the polypeptide C-terminus as the site of targeting
sequence recognition by SRP is positioned about 35 amino acids from the peptidyl transferase
center inside the ribosome (Hegde and Keenan, 2021; Nyathi et al., 2013; Zhang and Shan,
2014). After recognition, SRP-mediated targeting to the ER takes about 5—7 seconds, allowing
the synthesis of roughly 30 amino acids (Goder et al., 2000; Hegde and Keenan, 2021). If
translation terminates during this time, co-translational targeting cannot happen. GTP
hydrolysis by two universally conserved GTPases, the SRP54 - subunit of SRP and the other in
the a- subunit of SRP receptor, provides the energy for substrate recognition by SRP, targeting
the RNC to the SRP receptor and to recycle SRP to the cytosol (Hegde and Keenan, 2021).

Recently, by combining rapid auxin-induced SRP degradation with proximity-specific
ribosome profiling Costa and colleagues showed that, in addition to the targeting of N-
terminal signal peptides and N-terminal TMDs, SRP is generally essential for targeting TMDs
regardless of their position relative to the amino terminus with the exception of TA proteins
(Costa et al., 2018). Proteins with internal targeting signals universally depended on SRP and
were susceptible to aberrant mitochondrial targeting in its absence. Together with work in
bacteria, these findings suggest that the main function of SRP is to engage TMDs across the
length of the nascent chain (Costa et al., 2018; Schibich et al., 2016). In addition, the discovery
of an unexpected class of proteins that become mistargeted to mitochondria in the absence
of SRP reveals an unanticipated role for SRP in maintaining the specificity of organelle
targeting (Costa et al., 2018; Ingolia et al., 2019).

4.1.4 POST-TRANSLATIONAL TARGETING OF MEMBRANE PROTEINS TO THE ER

Membrane proteins with a single TMD at the very C-terminus are called TA proteins
and are targeted to the ER post-translationally using either general or specialized chaperones
in the cytosol (Hegde and Keenan, 2021).

TA proteins with TMDs of high hydrophobicity are typically targeted to the ER by the
GET pathway in yeast or the TRC40/GET pathway in mammals (Denic, 2012; Guna and Hegde,
2018; Schuldiner et al., 2008; Wang et al., 2010) (Figure 7-a). In the yeast GET pathway, the
TMD of a newly synthesized TA protein is captured by the chaperone Sgt2 (SGTA in mammals)
near the ribosome surface. Next, the Get4/5 scaffolding complex recruits the Sgt2-TA complex
via Get5, while Get4 recruits the central targeting factor, Get3, a homodimeric ATP-dependent
chaperone. The Get3 dimer has a TMD-binding site in the middle that represents a~ 35 A long
hydrophobic groove for an a-helix accommodation. An Sgt2-Get3 handover reaction is
mediated by the Get4/5 complex. Get3 then targets the TA protein to the ER by a receptor
composed of Getl and Get2. At the membrane, Get1/2 disrupts the TA protein binding site in
Get3, releasing the TA protein for insertion into the membrane. In the end, Get3 is recycled
to the cytosol to initiate a new round of targeting (Hegde and Keenan, 2021; Mateja and
Keenan, 2018).
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Figure 7. Post-translational targeting of TA proteins to the ER membrane. a - TA proteins with the TMDs of high hydrophobicity
are captured by chaperone SGTA with the help of the GET4/5 complex (which in mammals also contains BAG6). From SGTA
TA proteins are transferred to GET3. GET3 interacts with the GET1/2 complex. b - TMDs of low hydrophobicity are kept soluble
in the cytosol by cycles of binding and release from any of several chaperones. Upon the release from the chaperon, the TMD
engages the cytosolic domain of the EMC. C, carboxy terminus; N, amino terminus.

Recently, it has been demonstrated in mammalian cells that TA proteins are
ubiquitinated as soon as they are synthesized in the cell (Culver and Mariappan, 2021;
McQuown et al., 2021). The ubiquitinated TA proteins are directed to the targeting factor
GET3 and inserted to the ER (Figure 8). After the insertion, the ER-associated deubiquitinases
(DUBs), USP20 and USP33, remove ubiquitin chains from TA proteins (Culver and Mariappan,
2021). This finding suggests that TA protein biogenesis is a highly regulated process and that
ubiquitination of nascent TA proteins could potentially protect their soluble domains from
promiscuous interactions or prevent enzymatic activity until the proteins reach their target
sites in the cell (McQuown et al., 2021). Another potential reason for ubiquitination of the
nascent proteins could be that it may recruit ubiquitin-dependent chaperones and unfolding
enzymes, such as p97 ATPase, to facilitate their folding and maturation (Culver et al., 2022). It
has been shown that TA proteins carry a K48-linked polyubiquitin chain, which is typically a
signal for proteasomal degradation. Interestingly, the TA proteins are not degraded, raising
the question how they escape the degradation pathway (Culver and Mariappan, 2021). To
complete the picture of TA protein biogenesis, it is necessary to identify the E3 ligases, DUBs,
potential ubiquitin-dependent chaperones and unfolding enzymes.
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Figure 8. Ubiquitination and deubiquitination of TA proteins during protein biogenesis. TA proteins are ubiquitinated in the
cytosol and captured by chaperone SGTA with the help of the GET4/5 complex (which in mammals also contains BAG6). TMDs
with high hydrophobicity are transferred to GET3. GET3 interacts with the GET1/2 complex. TA protein is deubiquitinated at
the ER membrane by USP20 and USP33. C, carboxy terminus; N, amino terminus.

TMDs of ER-localized TA proteins vary in length and hydrophobicity. GET/TRC40
substrates appear to have TMDs of high hydrophobicity. For a long time, it has been unclear
how the ER-resident TA proteins with TMDs of moderate hydrophobicity are inserted into the
membrane. Recent work in mammalian cells revealed that TA proteins with TMDs of moderate
hydrophobicity are targeted to the ER by cytosolic chaperones and the EMC (Guna et al., 2018;
Tian et al., 2019) (Figure 7-b). Such TMDs can also be captured by SGTA as it has a broad range
of substrates. However, they are not transferred to GET3 (Lin et al., 2021). These TA proteins
are kept soluble in the cytosol, with their aggregation prevented by dynamic binding and
release from SGTA or other TMD-binding chaperones, including heat shock proteins such as
HSP70, ubiquilin family proteins (UBQLNs) and calmodulin (Hegde and Keenan, 2021). Upon
the release from chaperones, the TMD of these TA proteins is directly recognized by EMC at
the ER membrane (Bai et al., 2020; Guna et al., 2018; Miller-Vedam et al., 2020; Pleiner et al.,
2020).
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Figure 9. SRP-independent (SND) targeting of proteins to the ER membrane. SND1 binds to the ribosomes and then interacts
with SND2 and SND3 receptors at the ER membrane. N, amino terminus.

In addition to the above-described pathways, there is a poorly understood SRP-
independent (SND) targeting route to the ER (Figure 9). It has been observed that some SRP
substrates can reach the ER even when SRP and GET pathways are compromised (Hegde and
Keenan, 2021). In particular, it has been shown in yeast that glycosylphosphatidylinositol
(GPI)-anchored proteins undergo SRP-independent targeting and translocation with the help
of three proteins: Snd1, Snd2 (Tmem208 in humans) and Snd3 (Ast et al., 2013; Aviram et al.,
2016). Snd1 interacts with the ribosome in the cytosol and then binds to ER-localized Snd2
and Snd3. SND-targeted proteins are translocated to the ER lumen through the Sec61 channel.
The SND pathway has a broad substrate range and, probably, acts as a functional backup for
the other targeting routes (Aviram et al., 2016; HaRdenteufel et al., 2017). It has been
proposed that the SND is involved in the targeting of the transmembrane proteins with TMDs
located far from N- and C-terminus. It is not clear if recognition of these substrates by SND
happens co- or post-translationally.

4.2 CELLULAR QUALITY CONTROL MECHANISMS ENSURING PROTEIN HOMEOSTASIS

Correct localization of proteins ensures their functionality. The specificity and
efficiency by which localization signals are recognized by their corresponding targeting factors
are crucial for the fidelity of spatial organization of proteins within cells. Protein targeting is a
complex process, which involves multiple overlapping pathways, and limits on specific binding
might lead to inefficient targeting or mistargeting. Most protein targeting pathways face the
additional problem that localization signals are degenerate and often depend on the
biophysical properties (charge, hydrophobicity, helical content) rather than the amino acid
sequence. In addition, properties of protein secondary and tertiary structures play a role as
well. Furthermore, the localization signals for different destinations can share some degree of
similarity, risking inappropriate recognition (especially in the case of TMDs) (Hegde and
Zavodszky, 2019). Even under optimal conditions errors in protein targeting occur. Proteins
inserted into the wrong compartment may become orphan due to lack of binding partners, or
misfold and form aggregates due to changes in folding environment, which can potentially
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lead to toxicity (Figure 10). This is underlined by the fact that just a single missense mutation
in a localization signal can cause severe genetic disorders (Arnold et al., 1990; Cassanelli et al.,
1998; Guo et al., 2014; Hung and Link, 2011; Hussain et al., 2013; Jarjanazi et al., 2007; Karaplis
et al., 1995; Seppen et al., 1996). For example, it has been shown that the loss of a positive
charge in the n region of preproinsulin signal sequence leads to impaired translocation across
the ER membrane. Untranslocated preproinsulin accumulates in a juxtanuclear compartment
distinct from the Golgi complex, induces the expression of heat shock protein 70 (HSP70), and
promotes B cell death and diabetes (Guo et al., 2014). This is a clear example how the presence
of protein in the wrong compartment leads to the toxicity.
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Figure 10. Multiple fates of the ER-resident TA protein. The TA protein can be inserted into the wrong compartment, form
aggregates in the cytoplasm or be degraded.

To avoid the dramatic consequences of protein mislocalization cells have evolved
protein quality control systems for maintaining proteome homeostasis through prevention,
detection and removal of abnormal proteins. Translation, targeting, insertion, folding and
assembly are monitored by a combination of cytosolic and membrane quality control factors.

4.2.1 QUALITY CONTROL FACTORS IN THE CYTOSOL

Due to the failure in targeting or insertion into the membrane, proteins can mislocalize
to the cytosol. Some of the proteins in the wrong environment become misfolded. Their
hydrophobic regions, which are normally buried inside the protein structure, start being
exposed to the cytosol (Kong et al., 2021b). Many transmembrane proteins with hydrophobic
TMDs are also at risk of degradation in the cytosolic environment, as well as the proteins with
non-cleaved hydrophobic signal sequences. These hydrophobic regions are recognized by
substrate-specific ubiquitin-protein ligases (E3) and targeted for degradation.

Misfolded proteins in the cytosol can be recognized by different chaperones that
initiate chaperone-mediated refolding or in the case of irreparably damaged proteins (when
the damage is caused by oxidation, carbonylation or nitrosylation) recruit E3 ligases
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(Buchberger et al., 2010). Two chaperone families Hsp70 and Hsp90 are involved in
chaperone-assisted degradation in mammalian cells. The engagement of Hsp70 or Hsp90 in a
specific cellular process depends on its cooperation with a distinct set of co-chaperones (Arndt
et al., 2007). One example is the carboxyl-terminus of Hsc70 interacting protein (CHIP) that
interacts via a TPR domain with both Hsp70 and Hsp90 and possesses a U-box domain
conferring ubiquitin ligase activity mediating substrates for degradation (Buchberger et al.,
2010). CHIP initiates the ubiquitination of a wide range of Hsp70 and Hsp90 substrates,
including steroid hormone receptors, transcription factors, and cystic fibrosis transmembrane
conductance regulator (CFTR) (Arndt et al., 2007). In yeast the ER-resident carboxypeptidase
Y and the vacuolar proteinase A become misfolded when they mislocalize to the cytosol. These
misfolded proteins are recognized by the chaperones Ssal and Ydj1, which then initiate their
degradation by recruiting the E3 ligase Ubrl (Hegde and Zavodszky, 2019; Kong et al., 2021b).

Due to the failures in targeting pathways or limitations of targeting factors, proteins
with hydrophobic signal sequences or TMDs can accumulate in the cytosol. Different quality
control factors recognize exposed hydrophobic signal sequences and TMDs and facilitate
substrate ubiquitination and degradation by the proteasome. It has been shown that the Bag6b
complex can protect TA proteins from aggregation and that the E3 ubiquitin ligase RNF126 can
be recruited to the N-terminal Ubl domain of Bagb6 to ubiquitinate Bag6-associated substrates
(Rodrigo-Brenni et al., 2014). The Bagb complex has a dual function and is able to mediate the
TA substrate transfer from SGTA to Get3 chaperone and to facilitate the efficient targeting of
TA proteins to the ER in mammalian cells. Interestingly, not all ubiquitinated Bag6-associated
substrates are sent for proteasomal degradation, which suggests the existence of other E3
ligases for a different ubiquitin modification (Culver and Mariappan, 2021). The ubiquilin
family represents another group of cytosolic TMD-binding chaperones. It has been
demonstrated that ubiquilins can bind TA and non-TA mitochondrial proteins and target them
for proteasomal degradation (Itakura et al., 2016). However, the E3 ligases involved in this
process remain unknown. In contrast, for the ER-destined transmembrane proteins, ubiquilins
were shown to be involved in protein targeting (Hegde and Keenan, 2021). A possible
explanation for such diverse functions lies in the mechanisms of ubiquilin interaction with the
substrates. It is a dynamic process of constant binding and release cycles, which precludes
membrane protein aggregation and, for a short period, allows the engagement of the
targeting factors. If the interaction with the targeting factor does not happen, ubiquilins may
recruit other E3 ligases and target membrane proteins for proteasomal degradation (Guna
and Hegde, 2018).

4.2.2 QUALITY CONTROL FACTORS AT THE MEMBRANES

In yeast different E3 ligases such as Hrd1, Asi, Doal0 and Tull function directly at the
membranes of their respective organelles. They target misfolded membrane proteins for
proteasomal degradation and, additionally, control the abundance of some membrane
proteins (Bays et al., 2000; Deak and Wolf, 2001; Swanson, Locher and Hochstrasser, 2001;
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Reggiori and Pelham, 2002; Carvalho, Goder and Rapoport, 2006; Khmelinskii et al., 2014;
Dederer et al., 2019) (Figure 11).

The polytopic E3 ubiquitin ligases Hrd1, Asil and Doal0 are the components of the ER-
associated degradation (ERAD) pathway. Hrd1 contains a RING-H2 domain at the C-terminus
that is required for Hrd1 activity. Hrd1 in complex with other proteins, including Ubcl and
Ubc7, the E2 ubiquitin-conjugating enzymes, acts at the ER membrane by recognizing exposed
hydrophobic and charged residues of the misfolded proteins (Bays et al., 2000; Carvalho et al.,
2006; Deak and Wolf, 2001). Another E3 ligase, Doal0 (MARCH6/TEB4 in mammals), a
multipass membrane protein with a cytosolic RING finger domain, triggers the degradation of
proteins with TMDs at N- and C-terminus and has been reported to be involved in the
degradation of mistargeted mitochondrial proteins (Carvalho et al., 2006; Dederer et al.,
2019). Misfolded or mislocalized proteins at the inner nuclear membrane are removed by the
Asil/3 complex (Foresti et al., 2014; Khmelinskii et al., 2014; Natarajan et al., 2020).
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Figure 11. TA protein targeting and QC factors. TA proteins are targeted to the ER by GET/TRC40 or EMC pathway. In yeast
different E3 ligases such as Hrdl, Asil, Doal0 and Tull target misfolded transmembrane proteins for proteasomal
degradation. Two protein dislocases, Mspl and Spfl, remove mislocalized transmembrane proteins from the mitochondrial
and ER membranes.

The Tull ubiquitin ligase functions in Golgi quality control. It is an integral Golgi
membrane protein with a C-terminal RING domain that binds and functions with the E2
ubiquitin-conjugating enzyme Ubc4. Tull has been reported to target mutant SNARE proteins

Pep12 and Tlgl for degradation and, in later studies, a wider range of substrates was identified
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(Reggiori and Pelham, 2002; Tong et al., 2014; Valdez-Taubas and Pelham, 2005). Recently
Yang and colleagues showed that Tull performs protein regulation and quality control at the
endosome and vacuole in addition to the Golgi (Yang et al., 2018).

A similar quality control system with E3 ligases Rsp5, Mdm30 and Ltn1 (Listerin in
mammals) exists at the mitochondrial membrane and is called mitochondria-associated
degradation (MAD) (Ravanelli et al., 2020). Both MAD and ERAD use the energy provided by
the ATPase associated with diverse cellular activities (AAA) Cdc48 (p97 in mammals) (Dederer
and Lemberg, 2021).

Two recently-discovered protein dislocases, Mspl and Spfl (ATAD1 and ATP13A1 in
mammals), remove mislocalized proteins from the mitochondrial and ER membranes,
respectively (Krumpe et al., 2012; Matsumoto et al., 2019; Mckenna et al., 2020; Okreglak and
Walter, 2014; Qin et al., 2020) (Figure 11). Msp1l is a type | AAA-ATPase with an N-terminal
extension encoding a TMD that removes mislocalized single-spanning membrane proteins
from mitochondria and peroxisomes (Dederer and Lemberg, 2021). In Msp1l-deficient cells
Msp1 substrates such as Pex15, Fmp32 and Gem1 accumulate at mitochondria (Dederer et
al., 2019; Okreglak and Walter, 2014; Weir et al., 2017). In addition to the extraction of
mislocalized proteins, Msp1 dislocates orphan proteins, which failed to assemble into stable
protein complexes (Dederer and Lemberg, 2021). Extracted proteins have different fates,
some undergo proteasomal degradation, whereas others can be returned to the targeting
cycle (Matsumoto et al., 2019). Spfl is a P5-type ATPase with four domains: the N-domain,
responsible for nucleotide binding; the catalytic core, referred to as the P-domain; an actuator
A-domain; and the membrane-spanning M-domain responsible for ligand binding and
transport across the membrane (Dederer and Lemberg, 2021; Mckenna et al., 2020). Spfl
deletion leads to the accumulation of mitochondrial proteins at the ER membrane and defects
in lipid and sterol metabolism (Krumpe et al., 2012; Mckenna et al., 2020). Spfl directly
interacts with the TMD of mislocalized mitochondrial TMD proteins and extracts them into the
cytosol potentially opening the route for retargeting (Mckenna et al., 2020).

The fate of a mislocalized TA protein after its dislocase-dependent extraction from a
membrane for a long time remained a mystery. Is the TA protein directly recognized by the
ubiquitin-proteasome system (UPS) in the cytosol and targeted for degradation or is it
captured by a targeting factor and offered a second chance for correct targeting? Matsumoto
and colleagues revealed that mislocalized TA proteins move from mitochondria to the ER in a
manner strictly dependent on Mspl expression (Matsumoto et al., 2019, 2022). Msp1l
recognizes substrate TA proteins, extracts them from the mitochondrial membrane and
facilitates their transfer to the ER. The ER-localized E3 ligase Doal0 ubiquitinates them with
Ubc6 and Ubc7. Then, the AAA-ATPase Cdc48 extracts the ubiquitinated substrates from the
ER membrane for proteasomal degradation in the cytosol (Matsumoto et al., 2019). Recently,
using a time-lapse microscopy-based approach Matsumoto and colleagues demonstrated that
this mitochondria-ER transfer of mislocalized TA proteins is disrupted upon knocking out the
GET pathway components, which proves the involvement of the GET pathway in the transfer
of mislocalized TA proteins from mitochondria to the ER (Matsumoto et al., 2022).
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It seems that the tight collaboration of protein targeting and protein quality control
systems is necessary to maintain protein homeostasis and correct targeting, but further
studies are required for a better understanding of these processes.

4.3 PROTEIN MISLOCALIZATION AND DISEASES

Even though different quality control systems efficiently maintain protein
homeostasis, it can be overloaded with the excess of mislocalized proteins upon the
interruptions of the targeting pathways, environmental stress or mutations in localization
signals.

Proteins that fail to be targeted to the correct compartment can have different fates —
degradation, aggregation or localization to a wrong compartment (Figure 10). In addition to
the loss of function or unregulated function, protein mislocalization increases the risk of
inappropriate interactions with important cellular proteins such as protein quality control and
nucleocytoplasmic transport factors, or damage to the integrity of membrane structures
(Kong et al., 2021b; Lashuel et al., 2002; Milanesi et al., 2012; Olzscha et al., 2011; Park et al.,
2013; Woerner et al., 2016).

It has been demonstrated that blocking of protein targeting pathways results in
extensive protein aggregation and mislocalization (Costa et al., 2018; Guna and Hegde, 2018;
Schuldiner et al., 2008). For example, upon the disruption of the GET pathway, TA proteins
that are normally destined to ER form aggregates in the cytosol or get mislocalized to
mitochondria (Costa et al., 2018; Schuldiner et al., 2008). Mutations in the human peroxisomal
targeting factor PEX7 impair the import of PTS2-containing proteins into peroxisomes,
resulting in the lethal inherited disease, rhizomelic chondrodysplasia punctata (Lazarow,
2006).

The protein targeting machinery is sensitive to environmental perturbations. During
ER stress protein importinto the ER lumen is attenuated which leads to protein mislocalization
and aggregation. However, the attenuation is substrate-selective and proteins that are
required for stress alleviation, are not affected by the attenuation of protein import (Hegde
and Zavodszky, 2019). Upon mitochondrial stress, protein import into mitochondria is
attenuated as well. This initiates a stress response for stress alleviation but increases the load
on the UPS, which has to deal with the mistargeted proteins in the cytosol. In this case, even
a minor compromise of the degradation machinery might lead to disease.

Just a single missense mutation in a localization signal can cause severe genetic
disorders (Arnold et al., 1990; Cassanelli et al., 1998; Guo et al., 2014; Hung and Link, 2011;
Hussain et al., 2013; Jarjanazi et al., 2007; Karaplis et al., 1995; Seppen et al., 1996). Several
examples of mutations in N-terminal signal peptides, NLSs and nucleolar localization signals
(NoSs) are represented in Table 1 (Hung and Link, 2011; Jarjanazi et al., 2008).
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Table 1. Genetic alterations in localization signal domains associated with human genetic

disorders.
Gene Disease Mechanism Mislocalization Reference
CASR  Familial hypocalciuric- Mutation of Impaired protein (zlz)lgg)sheva etal,
hypercalcemia; signal peptide transportation to

Neonatal
hyperparahyroidism

cellular membrane

(Rajpar et al., 2002)

DSPP  Dentinogenesis Mutation of Failure of protein
Imperfecta signal peptide translocation into the
ER
GP9 Bernard-Soulier Mutation of Improper signal (Lanza et al., 2002)
syndrome signal peptide peptide cleavage and
reduced
transportation to the
cellular membrane
SRY Swyer syndrome Mutation of Loss of nuclear (zl\(;lglg.ane and Corbett,
NLS localization )
SHOX  Léri-Weill Mutation of Cytoplasmic retention (zsc;alol::ll‘;erwal etal,
dyschondrosteosis NLS
FOXP2 Speech—-language Mutation of Loss of nuclear (Mizutani et al., 2007)
disorder NLS localization
RPS19 Diamond-Blackfan Mutation of Loss of nucleolar (Da Costa et al., 2003)
anemia NoS localization
AGT Primary hyperoxaluria Polymorphism Mitochondrial (Djordjevic et al.,

type 1

and/or
mutation

mislocalization

2010)

These mutations result in impaired translocation, transportation or secretion of the
protein leading to severe diseases. For instance, mutations in the N-terminal signal peptide of
CASR, a cell surface glycoprotein expressed in the parathyroid gland and kidney lead to its
reduced intracellular and plasma membrane abundance. The mislocalization in this case
disrupts the maintenance of extracellular calcium homeostasis leading to familial
hypocalciuric hypercalcemia (FHH) and neonatal severe hyperparathyroidism (NSHPT)
(Pidasheva et al., 2005). Another example how the reduced presence of a protein in the
correct compartment leads to the toxicity is the mutation of the signal peptide region in the

bicistronic dentine sialophosphoprotein gene (DSPP). This mutation affects translocation of
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the respective protein into the ER. This causes a loss of function of the dentine sialoprotein
and the dentine phosphoprotein, which results in defective dentine biomineralization (Rajpar
et al., 2002).

On the other hand, the presence of a protein in the wrong place can lead to the toxicity
due to spontaneous gain-of-function. It has been reported that an altered localization of
transcription factors such as NF- kB, activating transcription factor 2 (ATF2), cAMP response
element-binding (CREB), p53, E2F transcription factor and NF-E2-related factor 2 (NRF2) might
contribute to cell death commitment in several neurodegenerative diseases (Chu et al., 2007;
Hung and Link, 2011).

4.4 MODERN METHODS TO STUDY VISUAL PHENOTYPES

High-content screening, which consists of high-throughput microscopy and automated
image analysis, was developed to understand the interplay between protein sequence and
visual phenotypes (Boutros et al., 2015; Mattiazzi Usaj et al., 2016).

A typical high-content screen is performed in an arrayed format such that different
perturbations are tested in parallel but in separate wells in the array. This approach has
yielded major insights into cellular organization and function in different model systems
(Mattiazzi Usaj et al., 2016). But it is both costly and laborious, making it challenging to apply
to a large number (10%-10°) of perturbations.

In contrast, screens performed in a pooled format are considerably more cost-effective
and high-throughput. In this format, genetic perturbations are applied as a pool and cells with
the desired phenotype are subsequently selected. For that, the phenotype of interest is
typically linked to a selectable readout such as cell viability or expression of a fluorescent
reporter, which can be used to collect the desired cell population using fluorescence-activated
cell sorting. Targeted DNA or RNA sequencing is then used to identify the perturbations
enriched in the selected cells.

Applications of pooled screening have increased dramatically over the last ten years.
This is particularly prominent with genetic screens using CRISPR (clustered regularly-
interspaced short palindromic repeats), which rely on Cas proteins and guide RNAs to interfere
with gene function in high throughput (Hanna and Doench, 2020; Shalem et al., 2015), and
with deep mutational scanning (DMS) experiments, designed to determine the functional
consequences of sequence variation (Fowler and Fields, 2014). Both types of experiments take
advantage of inexpensive synthesis of pooled oligonucleotide libraries, which are used to
generate libraries of guide RNAs required for CRISPR screens or libraries of sequence variants
that form the basis of a DMS experiment. However, applying pooled screening to phenotypes
such as cell or organelle morphology, or even protein localization, has not been trivial due to
the difficulty of linking visual phenotypes to an easily selectable readout.

Recently, various approaches that enable high-content pooled screens, which
completely bypass the need to link visual phenotypes to a selectable readout, have been
developed. Some of these rely on sequential hybridization of fluorescent oligonucleotide
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probes (FISH) (Chen et al., 2015; Emanuel et al., 2017; Eng et al., 2019; Wang et al., 2019) or
use in situ sequencing (Feldman et al., 2019; Lee et al., 2014) to read out genetic perturbations
on single-cell level following imaging-based phenotyping. Another important advance was the
development of an instrument capable of image-activated cell sorting (IACS), which combines
high-throughput imaging with real-time image analysis and cell sorting (Nitta et al., 2018;
Schraivogel et al., 2022). However, despite their potential, these methods are difficult to
implement because they involve complex methodology or custom-built equipment.

Newly developed screening methods based on selective photoconversion partially
address these limitations (Hasle et al., 2020; Kanfer et al., 2021; Yan et al., 2021). Thus, in
Visual Cell Sorting approach (Hasle et al., 2020) cells are first engineered to express a
photoconvertible fluorescent protein, such as Dendra2, that will serve as a phenotypic marker.
Following automated imaging and image analysis, the microscope is directed to photoconvert
Dendra2 from the green-fluorescent to the red-fluorescent state specifically in cells with the
desired phenotype and the entire cell population is subsequently sorted according to the
photoconversion state using fluorescence-activated cell sorting. Visual Cell Sorting makes use
of readily available instrumentation and with a throughput of ~4 cells/s (although below the
speed of ~100 cells/s in IACS (Nitta et al., 2018)). In principle up to ~10%-10° perturbations can
be analyzed with this method, making it suitable for large visual DMS experiments or visual
CRISPR screens. However, the method is limited to four phenotypic bins and it is important to
consider the dilution of the photoconverted signal over time due to cell division, especially in
rapidly dividing organisms such as bacteria and yeast.

For some protein localization studies, the best option would be to have an array of
variants of a localization signal (or different localization signals), but dealing with arrayed
libraries is usually very laborious. The development of a straightforward screening approach
in arrayed format would address the limitations of the number of phenotypic bins and allow
using generated protein variants for downstream applications.
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4.5 AIM OF THIS STUDY

The main goal of this study was to expand the high-content screening toolbox by
developing iPAL (imaging pooled-to-arrayed libraries) scanning, a deep mutational scanning
approach to dissect protein localization signals.

| applied iPAL scanning to investigate localization determinants of TA proteins. TA
proteins carry a single a-helical TMD at their C-terminus, which enables them to localize to
the ER, mitochondria, Golgi, NE, vacuole and PM. TMDs appear to have organelle-specific
properties: hydrophobicity, length, charge and helical content (Beilharz et al., 2003; Borgese
et al., 2019; Fry et al., 2021; Kaufmann et al., 2003; Keskin et al., 2017; Nguyen et al., 2018,
1993; Pedrazzini et al., 2000; Rao et al., 2016; Sharpe et al., 2010; De Silvestris et al., 1995).
Additionally, it has been shown for a few individual proteins that mutations in the TMD can
lead to degradation or aggregation and also to protein mislocalization (Figueiredo Costa et al.,
2018; Keskin et al., 2017; Okreglak and Walter, 2014; Vitali et al.,, 2018). So far, a
comprehensive analysis of TMD sequences has been conducted only computationally,
therefore it was exciting to see — are these differences in TMD properties really important for
localization in vivo?

In this study, for the first time in a high-throughput in vivo experiment, | demonstrated
that the TMD alone acts as a localization signal and systematically dissected the features of
the TMD important for targeting fidelity. In addition, by combining iPAL with genetic screens
| identified several new substrates of membrane quality control components.
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5 RESULTS

5.1 IPAL SCANNING IS REPRODUCIBLE AND EFFICIENT

How to better investigate the properties of localization signals? For some protein
localization studies, the best option would be to have an array of variants of a localization
signal (or different localization signals), but dealing with arrayed libraries is usually very
laborious. The initial aim of my PhD project was to develop iPAL (imaging pooled-to-arrayed
libraries) scanning, a deep mutational scanning approach to dissect protein localization
signals, in which pooled libraries can be converted into verified arrayed libraries.
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Figure 12. Experimental workflow of iPAL scanning. An acceptor strain has mNeonGreen (mNG) under the strong GPD
promoter, followed by the selection marker FCY1, flanked by Scel cut sites, and a short synthetic terminator. Library
construction: transformation of an acceptor strain with an oligo pool; transformants are selected on 5-FC plates for the loss
of the FCY1 marker; arraying of transformants in 1536 format. In vivo barcoding: mating with a MATa barcoding library,
induction of Cre-recombination (both strains (MATalpha and MATa) contain loxP site for recombination); selection of diploid
recombinants on SC-URA media (both strains (MATalpha and MATa) contain a part of URA3 gene and a part of artificial intron
and after mating functional URA3 gene is formed as a result of splicing). Library validation: sequencing of barcoded variable
regions; consolidation of the validated variants of interest from the starting haploid library into a new array; high-throughput
fluorescence microscopy of mMNG-TMD variants.
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In iPAL, pooled libraries of protein variants with alterations in a potential localization
signal are constructed by integrating oligo pools into an acceptor locus. For that, | created an
acceptor strain, which has a fluorescent reporter (mNG), followed by the selection marker
FCY1, flanked by Scel cut sites, and a terminator (Figure 12 - acceptor strain). Oligo pool,
encoding localization signals, such as TMDs, is amplified by PCR with specific primers to extend
homologous arms for genome integration. Then, the acceptor strain is transformed with an
oligo pool and a plasmid encoding Scel endonuclease, which induces double-strand breaks
(DSBs) at the integration locus. Then selection marker in the acceptor strain is efficiently
replaced with the oligos encoding TMDs by homologous recombination (HR), leading to the
expression of mNG-TMD fusions (Figure 12 - library construction). Using in vivo barcoding
(Figure 12 - in vivo barcoding) and deep sequencing (Figure 12-library validation), pooled
libraries are converted into verified arrayed libraries (Smith et al., 2017), followed by high-
throughput fluorescence microscopy to determine the localization of each variant.

It has been shown that the TMDs of TA proteins are important for the correct
localization of some TA proteins, but the TMD features crucial for targeting fidelity are not
well defined. In order to define the localization determinants for all 59 yeast TA proteins,
microscopy analysis of how their TMDs alone may affect localization is required. This is a good
starting experiment for me to establish iPAL. Therefore, | decided to follow the above-
described steps of iPAL to construct a library of TMDs from all 59 TA proteins (Figure 15) with
the alterations of the TMD sequence and the flanking regions and fuse them with mNG to
analyze their localization. The list of TA proteins used in this study contained TA proteins
reported in the literature (Burri and Lithgow, 2004; Schuldiner et al., 2008) as well as several
predicted potential TA proteins (Venancio and Aravind, 2010).

In the following subchapters, | will describe the steps of establishing iPAL in detail.

5.1.1 CREATING ACCEPTOR STRAIN

| have designed an acceptor strain that has mNG under the strong GPD promoter,
followed by the selection marker FCY1, flanked by Scel cut sites, and a short synthetic
terminator (Curran et al., 2015) (Figure 12 - acceptor strain). Fluorescent reporter (mNG) in
the acceptor strain is separated from TMD integration locus with the short flexible linker to
allow proper folding of the fluorophore. | have chosen mNG over sfGFP as mNG is the brightest
monomeric green or yellow fluorescent protein yet described with exceptionally good
performance as a fusion tag for traditional imaging (Shaner et al., 2013). Expressing mNG tag
alone results in cytosolic localization and there is no evidence that free mNG is engaged in any
translocation pathways. Another important feature of the acceptor strain is a short synthetic
terminator T8 used in other studies to enhance protein expression (Curran et al., 2015). The
advantages of using short synthetic terminators instead of commonly used CYC1 or TEF1
terminators are higher expression level and very short length (49 bp for the T8 terminator
compared to 300 bp length for CYC1 terminator). Thus, with T8 terminator | would be able to
keep the DNA amplicon size under 900 bp, which is important for the efficient next-generation
sequencing (NGS) reaction for the library validation (Figure 12-library validation).
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Fcyl is a cytosine deaminase, and it is required for S. cerevisiae to utilize cytosine as
the sole nitrogen or sole pyrimidine source (Ear and Michnick, 2009; Hartzog et al., 2005). This
marker is also counter-selectable. In the cell, cytosine deaminase converts 5-fluorocytosine
(5-FC) to the toxic compound 5-fluorouracil (5-FU). This property allows me to select the
transformants in which FCY1 was replaced by an oligo encoding TMD variant. Flanking the
FCY1 cassette with Scel cut sites allows co-transforming the acceptor strain with Scel
endonuclease, which induces DSBs. The replacement of the FCY1 with the TMD oligo becomes
more efficient, as DSBs are repaired by HR.

100 mg/L cytosine 50 mg/L cytosine 25 mg/L cytosine 15 mg/L cytosine 10 mg/L cytosine

Figure 13. Optimizing a concentration of cytosine for FCY1 positive selection. SC-ADE/URA agar plates supplemented with
100, 50, 25, 15 and 10 mg/L cytosine. 1 — JHY650; 2 - SHA349; 3 - SHA345; 4 - #2797; 5 - #2836; 6 - #2849 (Table S 1). Strains
with FCY1 (1, 2, 3, 4, 6) and without FCY1 (5 - fey1A::HphMX) were streaked on cytosine plates to find out the optimal cytosine
concentration for FCY1 positive selection.

To construct the desired acceptor strain, | first needed to integrate FCY1 selection
marker into the ybr209wA locus of the starting strain yEIO001. As a first step | optimized the
working concentration of 5-FC and cytosine (Figure 13) for the selection of the FCY1 cassette
in my experiment. To determine cytosine concentration for FCY1 positive selection, which is
required for the acceptor strain construction, | streaked the strains with FCY1 (1, 2, 3, 4, 6) and
without FCY1 (5) on SC-ADE/URA plates (prepared with yeast nitrogen base without amino
acids and ammonium sulfate to exclude all nitrogen sources) supplemented with different
amount of cytosine. 15 mg/L and 10 mg/L are optimal for FCY1 positive selection as fcylA
strain (5) did not grow on these plates. Thus, to create the acceptor strain, | transformed the
strain yEIOOO1 with GPDpr-mNeonGreen-(GA)x5-Scel®“tsite-FCY1-ScelUtsite-T8term cassette
and selected successful transformants on SC-ADE/URA+10 mg/L of cytosine. For FCY1 negative
selection, which is required for the replacement of the marker with the oligo encoding TMD
variant, | tested 0.1 g/L, 0.5 g/L and 1 g/L 5-FC and SC plates supplemented with 1 g/L 5-FC
showed the cleanest selection.

To test if FCY1 in the acceptor strain can be efficiently replaced with the TMD oligos, |
chose TMDs from 6 TA proteins with different localizations (Fis1 — mitochondria, Ubc6 — ER,
Prm3 — NE, Tlgl — Golgi, Nyv1 — vacuolar membrane, Ssol — PM) (Figure 14-a). | transformed
the acceptor strain with individual oligos encoding different TMDs and selected the
transformants on 5-FC. The validation by Sanger sequencing showed that 90% of randomly
picked clones carried the correct TMD sequence, which demonstrates that the transformation
is working.

Microscopy of individually transformed strains with correct sequences showed that
MNG->TMD>(Fis1), mMNG-"TMD>(Ubc6), mNG-"TMD>(Nyv1) fusion proteins showed expected
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localization corresponding to full-length mNG-tagged proteins (Figure 14-a, b), whereas mNG-
>TMD>(Sso1), mMNG-"TMD>(Prm3), mNG-"TMD>(Tlgl) fusions localized to multiple
compartments or differently from full-length mNG-tagged proteins (Figure 14-b). The
differences in localization for mNG-"TMD>(Sso1), mNG-"TMD>(Prm3), mNG->TMD>(Tlg1)
fusions compared to full-length mNG-tagged proteins (Figure 16-b) could be caused by
overexpression of synthetic construct, the effect of linker sequence (5 times GA repeat was
used to separate fluorescent reporter and TMD) on TMD properties or it can be the evidence
that TMD is not the only localization signal required for correct membrane targeting.

a Fisl Ubc6 Prm3 Nyv1 Tlgl Ssol

MNG-TMD?® mNG-TA
GPD

Promoter strength
TEF1

ADH1

M 5089

GPD

mNG-"TMD?

Promoter strength
TEF1

ADH1
.
(o]
~

Figure 14. Testing different promoters for the acceptor strain.

a, b - Microscopy images of N-terminally mNG-tagged full-length TA proteins expressed under endogenous promoter (a) and
corresponding mNG-TMD fusions expressed under different promoters (b). All strains were imaged with the same settings.
Each image was scaled individually for optimal visualization. Localization class is indicated in the top left corner; the yellow
dashed outlines indicate cell boundaries.

¢ - Microscopy images of mMNG-TMD fusions expressed under different promoters. Fluorescence intensities are color-coded
from black (lowest signal intensity 87) to white (highest signal intensity 5089). All strains were imaged with the same settings.
For each mNG-TMD variant all images were scaled equally. Scale bar, 5 um. ER, endoplasmic reticulum; mito, mitochondria;
mixed, several compartments; PM, plasma membrane; vac, vacuole; NE, nuclear envelope.
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To test whether overexpression has an impact on protein localization | created a set of
strains with TEF1 and ADH1 promoters, which are weaker than the GPD promoter. Microscopy
analysis did not show any change in localization pattern (Figure 14-b), although expression
levels differ significantly, meaning that overexpression conditions, in this case, do not affect
the localization (Figure 14-c).
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Figure 15. Linker selection for the mNG-TMD reporter.

a—TMDs and flanking residues of 59 yeast TA proteins, ordered by TMD length. TMD start and end positions were determined
using full-length protein sequences and the Phobius predictor (Kall et al., 2004) except for 9 proteins marked with an asterisk.
b, c — Influence of the linker between mNG and TMDs on predictions of TMD boundaries. Sequences of mNG-linker-TMD
fusions using TMDs from (a), with the indicated number of native residues flanking the TMD (a single residue after the TMD
(TMD?, b) or a single residue before and after the TMD (*TMD?, ¢)) and three different linkers were analyzed using the Phobius
predictor. Predicted TMD start and length are relative to predictions of full-length TA proteins in (a). Centerlines mark the
medians, box limits indicate the 25th and 75th percentiles, and whiskers are the 95% confidence interval and any outliers are
shown as circles. n — number of TMDs from (a) used in the analysis. np — number of mNG-linker-TMD fusions for which a TMD
was not detected by the Phobius predictor.

To test if the GA linker sequence between reporter and TMD might affect the
hydrophobic properties of TMD, | compared 50 yeast TA proteins’ full-length sequences
(Figure 15-a) (Burri and Lithgow, 2004) and corresponding mNG-TMD fusions using Phobius
prediction tool (Kall et al., 2004), which can identify TMDs inside protein sequence. | have
tested the TMD sequences with 1 flanking residue at the C-terminus (TMD?!) and with 1
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flanking residue at N- and C-terminus (TMD?). Relative start and length of TMD identified by
Phobius for the mNG-(GA)x5-TMD? (Figure 15-b) and mNG-(GA)x5-'TMD? (Figure 15-c) were
very different from the expected start and length based on full-length protein set. The TMD
predictions were lost for 10 mMNG-(GA)x5-TMD? variants (Figure 15-b) and for 14 mNG-(GA)x5-
ITMD! variants (Figure 15-c). For 11 mNG-(GA)x5-'TMD!? variants (Figure 15-c) the difference
in the predicted TMD start was more than 3 AA. For example, for mMNG-(GA)x5-'TMD?*(Prm3)
the TMD was not predicted and for mNG-(GA)x5-'TMD?*(Scs2), mNG-(GA)x5-'TMD*(HIj1),
MNG-(GA)x5-1TMD(Gos1) and mNG-(GA)x5-TMD*(Snc1) the difference in the predicted TMD
start was more than 9 AA, which is a significant change. Thus, there is a possibility that the
differences in localization for mNG-"TMD>(Sso1), mNG-"TMD>(Prm3), mNG->TMD>(Tlg1)
fusions compared to full-length mNG-tagged proteins are caused by the effect of GA linker
sequence.

In contrast, variants with GGPG sequence, used in other studies for the separation of
multiple TMDs from each other (Hessa et al., 2005, 2007), showed a minor difference in the
predictions for the relative start and length (Figure 15-b, c). The TMD predictions were lost for
8 mMNG-GGPG-TMD! variants (Figure 15-b) and for 6 mMNG-GGPG-TMD? variants (Figure 15-c).
And only for 2 mMNG-GGPG-TMD? variants (Figure 15-c) the difference in the predicted TMD
start was more than 3 AA. To minimize linker influence on TMDs properties | have tried to
identify a more neutral linker computationally and performed the additional analysis for Myc-
(GS)x3 linker sequence. The TMD predictions were lost only for 6 mNG-Myc-(GS)x3-TMD?
variants (Figure 15-b) and for 5 mNG-Myc-(GS)x3-'TMD? variants (Figure 15-c). Only for 2
mNG-Myc-(GS)x3-TMD!? variants (Figure 15-c) the difference in the predicted TMD start was
more than 3 AA. Both mNG-GGPG-'TMD?*(Prm3) and mNG-Myc-(GS)x3-'TMDY(Prm3) variants
did not show any change in the TMD position prediction compared to the full-length Prm3
sequence. These results show that GGPG and Myc-(GS)x3 have more neutral properties than
(GA)X5 linker and are more suitable for separating fluorescent reporter and TMD. For my
further screens | exchanged (GA)x5 linker in the acceptor strain to Myc-(GS)x3 sequence and
created a subset of the variants with GGPG sequence to compare Myc-(GS)x3 and GGPG
linkers.

The final acceptor strain for iPAL yEIO038 (GPDpr-mNeonGreen-linker-Sceltste-FCY1-
Scel®Utsite_T8term) has mNG under the strong GPD promoter, followed by the selection marker
FCY1, flanked by Scel cut sites, and a short synthetic terminator T8 (Figure 12-acceptor strain).
mNG in the acceptor strain is separated from TMD integration locus with the Myc-(GS)x3 linker
to allow proper folding of the fluorophore.

5.1.2 OPTIMIZING TRANSFORMATION EFFICIENCY

To ensure the efficient integration of several hundreds of different TMDs into the
acceptor strain, | optimized transformation efficiency. The selection marker FCY1 in the
acceptor strain is flanked by two Scel cut sites (Figure 12-acceptor strain). Upon the expression
of Scel enzyme in the cells, DSBs are induced and the repair of the locus with homologous
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fragments (Fis1 TMD with 45 bp homologous arms) is more efficient (Figure 16-b) compared
to the experiment without Scel expression (Figure 16-a).

6 h b

+ Scel

STMD3(Fis1) oligo
STMD3(Fis1) oligo + Scel

Figure 16. Optimizing transformation efficiency.

Testing transformation efficiency of the yEIO038 with STMD>(Fis1) oligo without the expression of Scel endonuclease (a) and
with the expression of Scel endonuclease (b). Cells were plated on 5-FC media directly (0 h) or after recovery in YPD (6 h). n
— number of colonies.

| amplified a trial oligo pool (containing just 6 oligos encoding different TMDs that
previously showed membrane localization in fusion with mNG) by PCR with specific primers
to extend homologous arms for genome integration from 18 and 22 bp to 45 and 45 bp. The
minimum length of homologous arms of 45 bp is required for the efficient integration. Then |
transformed the acceptor strain yEIO038 with the PCR product and the plasmid p413TEF-NLS-
SCEI, encoding Scel enzyme, to induce DSBs. | plated the cells directly on 5-FC media or let
them recover for 3 or 6 h in YPD (Figure 17-a). The recovery would allow the yeast to repair
their cell walls and to completely lose already expressed Fcyl protein. The results show that
6h recovery in YPD gives the highest amount of the transformants (1160 colonies) compared
to 3 h recovery (953 colonies) and to direct plating (827 colonies). | also performed the
transformation with freshly prepared competent cells (Figure 17-a) and competent cells
stored at -80°C (Figure 17-b). Plates with freshly prepared competent cells had a six-fold
higher number of colonies (1160 colonies) than competent cells stored at -80°C (175 colonies).
Therefore, it is extremely important to use freshly prepared competent cells for library
preparation.

Interestingly, there were always 30-70 colonies on the control plates (acceptor strain
transformed with Scel enzyme without an oligo pool). These colonies most likely arise from
spontaneous mutations in the FCY1, which make cytosine deaminize non-functional, and from
non-homologous end joining (NHEJ) of the DSB. After 6 h recovery in YPD, the number of
colonies on the transformation plates was fifteen-fold higher than on the control plates, but
it is not clear how many of these colonies are correct transformants. Test microscopy of 96
randomly picked colonies showed that 70% of the transformants had membrane localization,
whereas 30% had cytosolic localization, which confirms that the transformation works
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efficiently as successful mMNG-TMD transformants are expected to have membrane
localization. Cytosolic localization might be present in the variants where FCY1 was replaced

with oligo which contained mutations, e.g., a premature stop-codon, or from the variants
where FCY1 got spontaneous mutations.

a

+ Scel

oligo pool + Scel

freshly prepared CC CC, stored at -80

c 2.5% transformation volume 5% transformation volume

Scel

oligo pool, Scel

Figure 17. Optimizing transformation efficiency and colony picking procedure.

Testing transformation efficiency with freshly prepared competent cells (CC) (a) and with CC stored at -80 (b). Testing the
optimal number of colonies per plate for the automated colony picking (c). n — number of colonies.
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Taken together, transformation of freshly prepared CC with oligo pool and the plasmid
encoding Scel endonuclease followed by 6 h recovery in YPD is efficient.

5.1.3 OPTIMIZING COLONY PICKING PROCEDURE

It is very important that the colony comes from a single cell to achieve reliable results
in the experiment. Strains that arose from several cells show several TMDs matched to the
same barcode at the sequencing step and heterogeneous localization at the microscopy step.
| have plated different amounts of cells to find out the optimal density of the colonies for
colony picking using an automated colony picking robot (Figure 17-c). Plating 2.5% of the
transformation volume gives the optimal number of colonies per plate (250-300). Test
microscopy of 96 re-arrayed colonies showed that 98% of the strains had homogeneous
localization, which confirms that each colony is clonal.

5.1.4 OPTIMIZING BARCODING PROCEDURE

To identify the position of the TMD variants on the well plate, | used in vivo barcoding
procedure previously described in the study from Smith et al. with slight modifications (Smith
et al., 2017). The barcoder array consists of 1536 strains of MATa mating type. Each strain
carries a unique 26-bp barcode associated with the strain position on the plate and a loxP site
for recombination. The strains in the barcoder array (MATa) and the re-arrayed transformants
(MATalpha) also contain Cre recombinase encoded under inducible GAL promoter. Mating
both arrays and inducing the expression of Cre recombinase by switching the carbon source
from glucose to galactose results in recombination in the diploid cells. Cre recombinase
recognizes loxP sites encoded in both strains and physically links variable TMD region and the
barcode. Selection of diploid recombinants is possible due to the presence of a part of URA3
gene and a part of artificial intron in both strains. As a result of splicing, functional Ura3 protein
is produced and recombinants can be selected on the medium lacking uracil. Then the
recombinants strains can be pooled together, with the TMD-barcode part amplified by PCR
and validated by sequencing.

For barcoding, the array of the transformants is crossed with the barcoder array on
YPD. Next, the expression of Cre recombinase is induced by re-plating the strains on
YP+Raf/Gal plates (raffinose and galactose are used as a carbon source). Selection of diploid
recombinants is performed on SC-URA (synthetic complete media without uracil). | have
tested the possibility of plating the strains on YP+Raf/Gal and then on SC-URA or directly on
SC-URA+Raf/Gal (Figure 18-a). Plating on SC-URA+Raf/Gal resulted in the slower growth of the
strains. Plating only once on SC-URA after YP+Raf/Gal led to the presence of colonies of
different sizes, which is not optimal for pooling the strains together because the proportion
of each colony in the pool should be similar and different colony sizes will lead to a bias. To
achieve maximum efficiency of the barcoding and have a similar colony size, | plated diploid
strains on YP+Raf/Gal twice and performed the selection of the recombinants on SC-URA twice
(Figure 18-b). Plating the strains on SC-URA twice also helped to get rid of the traces from the
strains that failed the recombination step.
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Figure 18. Optimizing barcoding procedure.

a - Testing the media for in vivo barcoding. 1 — Diploids were stamped on YP+Raf/Gal, incubated for 24h for recombination
induction, and then stamped on SC-URA and incubated for 24h for the selection of the recombinants. 2 - Diploids were
stamped on SC-URA+Raf/Gal and incubated for 24h and 48h to test combined recombination and recombinants selection. 3
— Diploids were stamped directly on SC-URA and incubated for 24h and 48h (negative control, recombination was not induced
and colonies did not grow on the selection media).

b - Plating the strains on SC-URA twice makes the colony size more even.

¢ — Final barcoding procedure used for iPAL: diploids were pinned and grown on Raf/Gal plates in two rounds. Successful
recombination events were selected in two rounds by growth on SC-URA plates. Raf — raffinose; Gal — galactose.
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The following in vivo barcoding procedure was used for iPAL (Figure 18-c): stamping
diploids on YP+Raf/Gal twice and selecting the recombinants on SC-URA twice.

5.1.5 LIBRARY PREPARATION FOR SEQUENCING

To cover all oligo variants and have biological replicates | picked a number of colonies
equal to approximately 20x fold size of the oligo pool (e.g., to cover the pool of 384 TMD
variants with different flanking residues | picked 7815 colonies). The barcoder array consists
of 1536 unique barcodes, therefore | prepared several libraries for sequencing with different
indexes and pooled them together for the NGS step. The recombinants were stamped on SC-
URA agar plates in 1536 format. In order to pool all recombinants with 1536 unique barcodes
from one plate to make one library, the recombinants were washed with SC media, and then
total genomic DNA was purified from ~150 million cells.
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Figure 19. Library preparation for sequencing.

a — A scheme of the DNA amplicon size for the first and second PCR and primer binding regions. During the first PCR, TMD-
barcode (BC) region is amplified with the primers containing parts of p5 and p7 adapters for lllumina sequencing. During the
second PCR, p5 and p7 adapter regions are extended and p7-indexes are added to mark different libraries. Second PCR is
performed in the emulsion of oil mixture and aqueous phase to avoid template switching.

b — DNA fragments for gel extractions from the first and second PCR. TMD-barcode amplicon has a size around 800-900 bp,
and FCYI-barcode amplicon has a size of 1500 bp.

The genomic region of interest containing variable TMDs and 26 bp unique barcodes
was PCR-amplified from 2 pg gDNA in 2 steps PCR (Figure 19-a,b), using emulsion PCR at the
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second step to avoid template switching (Williams et al., 2006). | have tested 0.5, 1, 2 and 4
ug of gDNA as a template and 2 pg gave the best yield.

DNA amplicon sequencing is limited to PCR products of 1000 bp, because longer
amplicons will not be able to cluster on the flow cell efficiently. In my experiment, the PCR
gives two products — 900 bp TMD-barcode amplicon and 1500 bp FCY1-barcode amplicon in
the case when the FCY1 picked up spontaneous mutations and was not replaced by the oligo
(Figure 19-b). 1500 bp product can bind to the flow cell but it is unable to form the bridges
due to the large size. It is important to get rid of the leftover FCY1 marker to avoid blocking
the flow cell with the unwanted product. It is not possible to separate 900 and 1500 bp
amplicons using beads purification, therefore | have decided to perform gel extraction at both
PCR steps (Figure 19-b). The quality of the prepared libraries was assessed using Bioanalyzer.
Several libraries (different plates) were pooled together in equal molarity and sequenced
using MiSeq Micro Flow Cell (FC).

5.1.6 LIBRARY DESIGN AND PROOF OF PRINCIPLE EXPERIMENT

It has been reported that the context around the TMD is important for the correct
localization of some TA proteins. Therefore, | used iPAL to construct a library (Figure 20-a) of
TMDs from all 59 TA proteins (Figure 15) flanked by one or five amino acids (AA) from the
native protein sequence and fused them with mNG with a short Myc-(GS)x3 linker or short
linker and GGPG sequence. Myc-(GS)x3 and GGPG linkers did not show a dramatic change in
TMD predictions compared to (GA)x5 linker (Figure 15-b ,c) and | wanted to compare Myc-
(GS)x3 and GGPG linkers, used in other studies for the separation of multiple TMDs from each
other, in the experiment (Hessa et al., 2005, 2007). The analysis of the localization of the TMD
variants with different number of flanking residues separated from mNG with two different
linkers is a good proof of principle of iPAL and it allows defining localization determinants for
all yeast TA proteins.

Paired-end DNA sequencing was performed using MiSeq Micro FC. 235 cycles were
used to sequence the exogenous DNA in the forward direction, and 80 sequencing cycles were
used to sequence the barcode in the reverse direction. Sequencing reads were binned
according to short (i.e. six nucleotide) indexing barcodes included in the reverse primers of
the second PCR step (index was unique to each plate of diploid recombinants), and, then, by
the 26-bp barcode (unique to each barcoder strain and, thus, colony position in the arrayed
plate of recombinants) (done by Jorge Boucas, Max Planck Institute for Biology of Ageing).
These steps required sequences to perfectly match the designed barcodes (all other
sequences were excluded from further analysis). The TMD sequence in each colony was then
identified as the most commonly observed sequence (at least 65% frequency) between the
common priming regions, in each set of binned reads. 98% of the barcodes were identified for
each library. The same barcodes on the different plates had different TMDs, which indicates
that there was no cross contamination during the library preparation step. Only the variants
with more than 100 reads were selected for microscopy experiment.
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98% of TMD variants from the starting pool were present in the library, and 93% of the
variants had a biological replicate, which demonstrates that barcoding and sequencing

procedures are working well. 20 randomly picked variants were analyzed

by Sanger

sequencing and had barcode and TMD sequences identical to NGS results.

a
Protein sequence Predicted TMD
I e
TMD
'TMD!
'TMD®
mMNG N
STMD
Myc-(GS),
MNG ke STMDS cytosol
. + —> TMD
GGPG 1 il  'TMD' lumen -~
GGPG 1 5 TMD?
GGPG 5 il  STMD’
GGPG 5 5 STMD?
Hessa, T etal. 2005. Nature
384 TMD variants from 59 TA proteins
b C
NA |2 2123 5 2 NA (1 2
puncta 46 puncta |1 1 21 1
~ cyto | 1 2 g cyto 2
@ vac 20 £ vac 0 11
S PM 32 1 e PM |1 17 1
mixed 08| 9  mixed |5
mito 34 mito 15 1 11
ER 1 ER 1
x 0T U o®m< x0T U om<
52gzEgiz S2gEsggs
£ a = a
clone 1 (GS)3 linker

Figure 20. Library design and proof of principle experiment.

a - The TMD sequences from 59 yeast TA proteins, with the indicated number of native residues flanking the TMD (a single
residue before and after the TMD (1TMD?), a single residue before and 5 residues after the TMD (1TMD?3), 5 residues before
and a single residue after the TMD (°TMD?), 5 residues before and 5 residues after the TMD (*TMD?®) without and with GGPG
separating sequence (Hessa et al., 2005, 2007)), used for the integration into the mNG-TMD acceptor strain with Myc-(GS)x3
linker. The white dashed outlines indicate cell boundaries; scale bar, 5 um.

b - Comparison of observed subcellular localizations of mNG-TMD fusions from two biological replicates.

¢ - Comparison of observed subcellular localizations of mMNG-TMD variants with two different linkers. ER, endoplasmic
reticulum; mito, mitochondria; mixed, several compartments; PM, plasma membrane; vac, vacuole; cyto, cytosol; NA — mNG-
TMD variants, which were not identified.

After the library validation by sequencing, | consolidated the correct TMD variants into
the final array and performed high-throughput fluorescence microscopy to determine the
subcellular localization of the variants. Microscopy analysis of 696 strains revealed that 98%
of the biological replicates for TMD variant show the same localization (Figure 20-b). 98% of
the strains had homogeneous localization, which shows that iPAL protocol is working well,
each transformant is clonal and there is no cross-contamination during the preparation for
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microscopy. TMD variants with Myc-(GS)x3 and Myc-(GS)x3-GGPG linkers showed very similar
localization (Figure 20-c). 90% of the variants show the same localization, 5% of the variants
localize at the connected compartments (e.g., ER and mixed or vacuole and mixed) and only
5% show completely different localization, which might be related to the linker effect for the
particular variant or spontaneous mutations within the reporter sequence. This demonstrates
that Myc-(GS)x3 linker is neutral and does not affect TMD properties for most of the variants,
as well as that the iPAL approach is reproducible and reliable.

90% of TMD variants showed certain localization pattern (membrane compartments
or puncta) and 10% of the variants showed cytosolic localization. Half of the variants that
showed cytosolic localization were not predicted to have a TMD, therefore, there is a
possibility that they actually do not have a TMD and are not TA proteins. 68% of the mNG-
TMD fusions anchored at the ER, mitochondria, PM, vacuole or several membrane
compartments simultaneously (mixed) and 22% of the mNG-TMD fusions showed puncta
localization. These results prove that TMD alone can act as a localization signal, but detailed
analysis is required to understand the correlation between TMD sequence properties and the
localization.

5.1.7 ESTABLISHING AUTOMATED IMAGE ANALYSIS

As an outcome of high-throughput fluorescence microscopy in my proof of principle
screen, | had hundreds of images with different subcellular localization, which | annotated
manually. Increasing the number of TMD variants to investigate localization determinants of
TA proteins in detail will result in thousands of microscopic images making the manual
annotation extremely time-consuming and erroneous.

Therefore, we have decided to use machine-learning approach for data classification
and segmentation, which would allow assessing two parameters — protein localization and
abundance (by quantifying signal intensities). To perform automated classification and
segmentation | created the strain yEIO064 (Table S 1) expressing cytosolic tagBFP2 for cell
segmentation and the ER marker Sec61-mScarlet-1 (mSc-1). Haploid mNG-TMD libraries were
crossed with the strain yEIO064 and imaging was performed in diploid cells. This allowed me
to introduce cell segmentation marker for automated classification and signal intensity
guantification into mNG-TMD strains and directly validate the localization of ER and mixed
(when the protein localizes at several compartments simultaneously, typically ER, Golgi and
vacuole) categories. In collaboration with and , we have established an automated
classification algorithm to classify 5 localization categories: ER, mitochondria, PM, vacuole and
mixed (Figure 21-a). NE, Golgi and peroxisomes were underrepresented in our dataset and we
did not include these categories in the pipeline. Cytosol and punctate images had a very high
variety of signal intensities and were difficult to predict. Therefore, the image analysis was
performed in the following way: first, | checked the images manually to identify cytosol and
puncta, excluded them from the dataset and run the predictions for the rest of the categories.
Then | combined the data from the predictor with my manual annotation for cytosol, puncta,
NE, peroxisome and Golgi (Figure 21-b).
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Figure 21. Establishing automated image analysis.

Example images of localization categories predicted by the classifier (a) and annotated manually (b). Localization class is
indicated in the top left corner; the yellow dashed outlines indicate cell boundaries; scale bar, 5 um.

¢ — Comparison of subcellular localizations of mMNG-TMD variants predicted by the classifier and annotated manually.

d - Comparison of localization predictions of mNG-TMD fusions from two biological replicates. ER, endoplasmic reticulum;
mito, mitochondria; mixed, several compartments; PM, plasma membrane; vac, vacuole; cyto, cytosol.

e - The correlation between protein abundance of the mNG-TMD variants from two biological replicates. Orange: mNG-TMD
variants with the difference in localization. a.u - arbitrary units.

As we needed to make sure that the predictor is reliable, later, | performed manual
annotation of all the images in my screens and compared it with the predictions (Figure 21-c).
The results show that the predictor can identify the localization of five categories with high
accuracy (96% for the ER class, 100% for the mitochondria class, 78% for mixed class, 96% for
PM class and 94% for vacuole class). Automated classification pipeline often confused mixed
category, which typically contains ER, Golgi and vacuole, with single ER or vacuole categories,
because in some cases one of these three compartments was dominant. In this case this type
of misclassification is not an error and the results can be used.

In total 98% of TMD variants were identified in my screens, and 95% of the identified
variants had a biological replicate. Microscopy analysis of total of 2633 strains revealed that
98% of the biological replicates for the TMD variant show the same localization. Figure 22-c
shows the correlation between classifier predictions and manual annotation for the images
from the flanking residues screen and screen with different TMD extensions, as a subset of
the images from these two experiments was used to train the predictor. Microscopy analysis
of the biological replicates for these TMD variants shows that 95% of the biological replicates
have the same localization predictions (Figure 21-d). Biological replicates also have a high
correlation of the mNG intensities (97% of biological replicates show very similar mNG
intensity) (Figure 21-e).
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5.1.8 MICROSCOPY VALIDATION WITH CO-LOCALIZATION MARKERS

To validate microscopy data | have created a set of co-localization markers, expressing
cytosolic tagBFP2 for cell segmentation and different marker proteins tagged with mSc-I at
the C-terminus (ER marker Sec61-mSc-I, mitochondrial marker Cox4-mSc-l, Golgi marker
Anp1-mSc-I, peroxisomal marker Pex3-mSc-I) (Figure 22-a, b). Co-localization assay with these
markers allows the validation of all localization categories predicted by the classifier.

First, all haploid mNG-TMD libraries were crossed with the strain yEIO064 (Table S 1)
and imaging was performed in diploid cells to quantify signal intensity and perform automated
classification and directly validate the localization of two most abundant localization
categories (ER and mixed). 96% of the strains classified as ER colocalized with the ER marker.

Second, strains with mitochondria and puncta localization classes were consolidated
into a new array and crossed to the strains yEI0O063, yEIO072 and yEIO073 (Table S 1) to validate
mitochondrial localization and distinguish between peroxisomal, Golgi and protein aggregates
for the strains with puncta localization. All strains classified as mitochondria colocalized with
the mitochondrial marker. Interestingly, puncta localization observed for mNG-TMD fusions
did not co-localize with Golgi or peroxisome markers (Figure 22-b) suggesting it being protein
foci containing, possibly, protein aggregates. 2% of the strains classified as puncta colocalized
with the mitochondrial marker.

a b MNG-~(GS),-'TMD'(Far9)

mScarlet-| merge mScarlet-l merge

mMNG-(GS),-TMD*(Sec20)

mMNG-(GS),-"TMD*(Prm3)

Figure 22. Validation of subcellular localization of mNG-TMD fusions using colocalization markers.

a — Colocalization of mMNG->TMD3(Sec20) variant with mitochondrial marker Cox4-mScarletl; colocalization of mNG-
STMD5(Prm3) variant with ER marker Sec61-mScarletl.

b — mNG-"TMD>(Far9) variant showed puncta localization and did not colocalize with Golgi marker Anpl-mScarletl or
peroxisomal marker Pex3-mScarletl. Scale bar, 5 um.

To sum up the results of section 5.1, the transformation of the acceptor strain is
efficient and gives enough colonies to cover 98% of the variants in the pool and have biological
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replicates for more than 90% of the variants. The amount of failed transformants is about 30%.
98% of the barcodes were identified for each library by NGS. The same barcodes on the
different plates had different TMDs, which indicates that there was no cross contamination
during the library preparation step. Microscopy showed that 98% of the strains had
homogeneous localization, which confirms that each strain is clonal. Manual annotation of the
microscopy images confirmed that the automated image classifier can identify the localization
of five categories with high accuracy. 96% of the strains classified as ER colocalized with the
ER marker and 100% of the strains classified as mitochondria colocalized with the
mitochondrial marker, which proves that the image classification is accurate. Taken together,
these results demonstrate that iPAL is reproducible and efficient.

5.2 MNG-TMD FUSIONS ARE RECOGNIZED BY THE TARGETING AND QC SYSTEMS OF TA
PROTEINS

To make sure that mNG-TMD fusions behave as TA proteins in the cell, | first generated
a set of full-length TA proteins tagged with mNG that can be used for comparison. | picked 50
strains encoding different sfGFP-tagged tail-anchored proteins from the N-SWAT-sfGFP
collection (Yofe et al., 2016) (each ORF of S. cerevisiae is tagged with GFP at the N-terminus
under the NOP1 promoter) and swapped the sfGFP tag with mNG under the control of
endogenous promoter or GPD promoter. The 9 ORFs that were not present in the N-SWAT-
sfGFP collection were tagged individually and added to the collections (it was not technically
possible to tag Yel010w and Ycl007c). The localizations of the mNG-tagged proteins expressed
from endogenous promoter (MNG-ORF) or from GPD promoter (GPD-mNG-ORF) are listed in
Table S 3.

Using iPAL | constructed a library of TMDs from 59 TA proteins (Figure 15) flanked by
one or five amino acids (AA) from the native protein sequence and fused them with mNG with
a short linker. From this library, | took a subset of the 53 TMDs flanked by five amino acids
(AA) from the native protein sequence (MNG-"TMD?>) that showed membrane localization to
compare with full-length TA proteins tagged with mNG (mNG-TA). Both mNG->TMD> and
mMmNG-TA were under the control of GPD promoter. | did not include 6 mMNG-TMD variants in
this experiment as they showed cytosolic localization.

To test if mMNG->"TMD? fusions are recognized by the protein targeting and QC systems
in a similar way as mNG-TA proteins, | performed a genetic screen. Two known targeting
pathways for TA protein targeting are the GET pathway and the EMC-dependent pathway, of
which Get3 and Emc3 are the major components respectively (Figure 7) (Guna et al., 2018;
Hegde and Keenan, 2011). Different E3 ligases such as Tull, Hrd1, Asil and Doal0 can control
the abundance of membrane proteins and target them for proteasomal degradation (Figure
11) (Bays et al., 2000; Carvalho et al., 2006; Deak and Wolf, 2001; Dederer et al., 2019; Foresti
et al.,, 2014; Khmelinskii et al., 2014; Natarajan et al., 2020; Reggiori and Pelham, 2002;
Swanson et al.,, 2001). Also two protein dislocases Mspl and Spfl remove mislocalized
proteins from the mitochondrial and ER membranes (Figure 11) (Krumpe et al., 2012;
Matsumoto et al., 2019; Mckenna et al., 2020; Okreglak and Walter, 2014; Qin et al., 2020). |
introduced the knockouts of the above-mentioned targeting and quality control components
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into mMNG-TA and mNG->TMD? libraries using synthetic genetic array (SGA) methodology
(Baryshnikova et al., 2010; Tong et al., 2001) and assessed protein localization and abundance
(Figure 23). ER and mitochondrial localization was validated by colocalization with the ER

marker Sec61-mSc-I and the mitochondrial marker Cox4-mSc-I.
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Figure 23. mNG-TMD fusions behave as TA proteins in the cell.

a, b - Log2 fold change of mNG fluorescence of N-terminally mNG-tagged TA proteins (a) or mNG->TMD? fusions (b) expressed
under a GPD promoter within GET3, SPF1, DOA10, EMC3 or MSP1 knockout background compared against wild type. Colony
fluorescence measurements were taken from colonies grown on agar in 3 technical replicates and corrected for plate and
spatial effects. Highlighted proteins show significant increase (blue) or decrease (red) in abundance (p<0.05). n — number of

mMNG-TA proteins or mNG-TMD variants analyzed.

c,d - Localization of N-terminally mNG-tagged TA proteins (c) or mNG-TMD> fusions (d) expressed under a GPD promoter in
a wild type background or within GET3, SPF1, DOA10, EMC3 or MSP1 knockout background. ER, endoplasmic reticulum; ER
(fuzzy), ER with disrupted shape; mito, mitochondria; mixed, several compartments; PM, plasma membrane; vac, vacuole;
cyto, cytosol; NE, nuclear envelope; pex, peroxisome; NA, protein variants, which were not included in the experiment. For

the variants without long C terminal extension, the mNG->TMD!? variants were used.

Comparison of emc3A and get3A mutants showed that the GET pathway is more
important for TA protein targeting in yeast as 38% of mNG-TA proteins changed localization
(Figure 23-c) and abundance (Figure 23-a) upon GET3 deletion and only 6% upon EMC3
deletion. The change in protein abundance, in this case, indicates that the insertion in the ER

might be impaired and non-inserted proteins end up in a different compartment, form
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aggregates or are degraded. A similar number of proteins changed localization (Figure 23-c,d)
and abundance (Figure 23-a,b) in the full-length mNG-TA library (38%) and the mNG->TMD>
library (50%) upon GET3 deletion with 48% of mNG-TA and corresponding mNG-"TMD?>
variants being affected in the same way, which shows that the recognition by the targeting
factors is largely TMD specific. For instance, mNG-TA and mNG->TMD? variants for Far9, Ubc6,
HIj1, Dpm1 and Sbh2 showed defects in the ER shape upon GET3 deletion. mNG-Ybl100c and
mNG-"TMD>(Ybl100c) variant showed change in localization from ER to puncta upon GET3
deletion.

Knocking out different E3 ligases involved in the turnover of membrane proteins
showed that Doal0 is very important for TA protein turnover (34% of mNG-TA and 54% of
mNG-"TMD? fusion proteins changed localization and abundance upon DOA10 deletion),
which correlates with previously published data (Figure 23-b,d) (Dederer et al., 2019). Upon
DOA10 deletion, mitochondrial proteins Fmp32, Tom6, Tom7, Tom22 and mNG->TMD? fusions
with mitochondrial localization MNG-"TMD>(Fmp32), mNG-TMD>(Tom7) and mNG-
>TMD>(Pex15) changed the localization to the ER (Figure 24-a,b), which indicates that
mislocalized mitochondrial proteins might be recognized and eliminated from the ER
membrane with the help of Doal0.

Knocking out the protein dislocases Spfl and Msp1 also confirmed the involvement of
these regulators in TA protein homeostasis. 24% of mMNG-TA and 46% of mMNG-"TMD? fusion
proteins changed localization and abundance upon SPF1 deletion. Mitochondrial proteins
Fisl, Tom5, Tom6, Tom22 and mNG-"TMD?® fusions with mitochondrial localization mNG-
>TMD>(Fis1), mNG-"TMD>(Tom5), mNG-"TMD>(Sec20) and mNG->"TMD>(Pex15) changed the
localization to the ER upon SPF1 deletion (Figure 24-a,b), which correlates with recently
published data about Spfl involvement in the removal of mislocalized mitochondrial proteins
from the ER membrane (Mckenna et al., 2020). Only Sss1, Pex15 and Fmp32 accumulated at
the mitochondria upon MSP1 deletion in the mNG-TA screen (Figure 24-c). The presence of
previously reported peroxisomal protein Pex15 (Li et al., 2019; Okreglak and Walter, 2014)
among the hits confirms the involvement of the Mspl in the removal of mislocalized
peroxisomal proteins from the mitochondrial membrane. mNG-"TMD>(Fmp32) and mNG-
>TMD>(Sec20) variants with mitochondrial localization showed significant increase in
abundance upon MSP1 deletion in mNG-TMD?® screen. This is in line with the previously
reported accumulation of the full-length version of Fmp32 upon MSP1 deletion (Dederer et
al., 2019). These results indicate that Msp1 might control the levels of mitochondrial proteins
in the outer mitochondrial membrane (OMM) in addition to the removal of mislocalized
proteins.

In general, higher proportion of mNG-"TMD?> fusions was affected upon QC factors
deletion compared to mNG-TA proteins. Thus, 54% of mNG-"TMD? fusion proteins and 34% of
mMNG-TA proteins changed localization and abundance upon DOA10 deletion and 46% of mMNG-
>TMD? fusion proteins and 24% of mNG-TA proteins changed localization and abundance upon
SPF1 deletion. These might be related to the fact that mNG-TMD fusions are artificial
constructs, lacking any functional domains except the localization signal. The insertion of such
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proteins into the membranes might prevent the interaction of other membrane proteins with
the binding partners and QC system is able to recognize and eliminate mMNG-"TMD? fusions.
The analysis of the TMD hydrophobicity of Msp1, Spfl and Doal0 substrate revealed that they
tend to have the TMDs of low hydrophobicity compared to the variants, which were not
affected by QC factors (Figure 24-d).
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Figure 24. Change in localization for mNG-TA and mNG->TMD? fusions upon the deletion of QC factors.

a — Mitochondrial protein mNG-Tom22 showed change in localization from mitochondria to ER in doa10A and spf1A mutants.
b — mMNG->TMD5(Pex15) variant showed change in localization from mitochondria to ER in doa10A and spf1A mutants.

¢ - mNG-Sss1 showed change in localization from ER to mitochondria in msp1A mutant. Localization class is indicated in the
top left corner; Scale bars, 5 um.

d — TMD GRAVY (grand average of hydropathy) of Msp1, Spfl and Doal0 substrates compared to non substrates. CYSTM
variants are separated from non substrates. Centerlines mark the medians, box limits indicate the 25th and 75th percentiles,
and whiskers are the 95% confidence interval and any outliers are shown as circles. n — number of TMDs used in the analysis.
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Overall, this genetic screen shows that mNG-"TMD? fusions behave as TA proteins in
the cell and can be used as a model to study the sequence properties of the TMDs and the
flanking regions. It is also a good demonstration of how synthetic protein variants generated
using iPAL can be used for downstream applications.

5.3 MNG-TMD FUSIONS LOCALIZE AT DIFFERENT MEMBRANE-BOUND COMPARTMENTS

The results of the screen with different number of flanking residues (Figure 20)
demonstrated that TMD alone can act as a localization signal, as 90% of TMD variants showed
certain localization pattern and only 10% of the variants showed cytosolic localization. 68% of
the mNG-TMD fusions anchored at the ER, mitochondria, PM, vacuole or several membrane
compartments simultaneously (mixed category) and 22% of the mNG-TMD fusions showed
puncta localization (Figure 25-d). Thus, Golgi, peroxisome and NE localization classes were not
observed in the screen, even though the TMDs from the full-length proteins with these
localization categories were included in the screen. This might indicate that extra localization
signals are encoded somewhere else within the full-length sequence for these proteins. While
for 30% of the variants (mostly ER category) the localization did not change upon the addition
of the flanking residues, the rest of the variants showed different localization depending on
the length of the flanking regions. This suggests that for a group of proteins specific targeting
information is encoded in the TMD flanking regions.
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Figure 25. mNG-TMD fusions anchor at the different membrane compartments.

a - Library design. The TMD sequences from 59 yeast TA proteins, with the indicated number of native residues flanking the
TMD (a single residue before and after the TMD (TMD?), a single residue before and 5 residues after the TMD (1TMD?3), 5
residues before and a single residue after the TMD (*TMD?), 5 residues before and 5 residues after the TMD (*TMD?) and with
randomly shuffled TMD sequence (*TMD?-sh1 and TMD?>-sh2)), were fused with the mNG.

b - TMD GRAVY (grand average of hydropathy) and localization of mMNG-TMD fusions.

¢ — Length and localization of mMNG-TMD fusions.

d — Localization of mMNG-TMD fusions. ER, endoplasmic reticulum; mito, mitochondria; mixed, several compartments; PM,
plasma membrane; vac, vacuole; cyto, cytosol; NE, nuclear envelope; NA, protein variants, which were not identified in the
experiment; NP, protein variants without C-terminal extension, which were not included in the experiment.

To check the importance of the AA order within the TMD sequence | generated TMD
variants with shuffled AA for the TMD region flanked by five AA from the native protein
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sequence at the N- and C-terminal side (Figure 25-a highlighted in grey). To make sure that
shuffled sequences still possess TMD properties, | used Phobius predictor (Kall et al., 2004)
and checked if mMNG-"TMD>-sh1 and mNG-"TMD?>-sh2 variants are still predicted to have a
TMD. 95% of mMNG-"TMD?>-sh1 and mNG-"TMD?>-sh2 variants were predicted to have a TMD
and the TMD start and end were similar to the predictions for the mNG-"TMD?® variants.
Interestingly, 73% of the mNG-TMD variants showing ER and mixed localization did not change
the localization upon shuffling the AA within the TMD sequence (Figure 25-d), whereas 80%
of the mitochondria and PM localized mNG-TMD variants changed the localization to a
completely different compartment upon shuffling the AA within the TMD sequence (Figure
25-d). It is important to take into account that AA were scrambled randomly and different
variants might have different degree of shuffling.

One of the important TMD features is hydrophobicity. | observed that TMDs of average
hydrophobicity localize at the ER or throughout the endomembrane system (mixed category
— variants localize at several compartments simultaneously), whereas mitochondrial TMDs
have lower hydrophobicity and the PM group has 2 different trends — very high or low
hydrophobicity (Figure 25-c). Most of the TMDs have a length of 18-20 AA but the PM group
has 2 different trends — long (21-24 AA) or short (18-19 AA) TMDs (Figure 25-d). The puncta
class has TMDs of low hydrophobicity. Such TMDs generally are not recognized by GET and,
thus, might be more prone to aggregation.

Taken together, TMD alone can act as a localization signal, as 68% of mMNG-TMD fusions
demonstrated different membrane localization. The analysis of the TMD hydrophobicity and
length suggests that these features of the TMD might be important for targeting specificity in
combination with the presence of flanking residues.

5.4 IMPORTANCE OF POSITIVELY CHARGED FLANKING RESIDUES FOR LOCALIZATION

Comparison of the localization of the full-length proteins to the localization of the
corresponding mNG-TMD fusions revealed several trends (Figure 26-a). About 30% of the
TMDs do not depend on the flanking residues around hydrophobic stretch — even the shortest
variants for these TMDs show the same localization as full-length proteins (Figure 26-e
diagonal). About 40% of the variants show broad localization — they localize at several
compartments simultaneously, including the expected compartment (Figure 26-f — mixed
category). About 20% of the mNG-TMD fusions show completely different localization
compared to the full-length protein in the absence of flanking residues (Figure 26-f, g, h). And
for 9% of the dataset all TMD variants bring mNG to a completely different compartment
compared to the full-length protein (Figure 26-a).

Comparison of the localization of MNG-'TMD* to mMNG->TMD? showed that for PM and
mitochondria localized variants the presence of the flanking residues is important (Figure 26-
b, mitochondrial and PM-localized variants highlighted in red). In particular, the residues at
the C-terminus are important for mitochondrial localization (Figure 26-e,h). For example, the
versions of the TMD from the mitochondrial protein Fisl with C-terminal extension bring
MNG-1TMD>(Fis1) and mNG->"TMD>(Fis1) to the mitochondria, whereas the versions of the
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same TMD without flanking residues at the C-terminal part bring mNG-'TMD?(Fis1) and mNG-
>TMD?(Fis1) to the ER (Figure 26-c).
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Figure 26. Importance of the flanking residues for localization.

a - Comparison of observed localization of all MNG-TMD fusions and full-length TA proteins localization.

b - Comparison of observed localization of mMNG-1TMD?* and mNG->TMD?>. For the variants without long C terminal extension
the localization data for mNG->TMD?* was used. Mitochondrial and PM localized variants that changed the localization in the
absence of flanking residues are highlighted in red.

¢, d - Microscopy examples of change in localization in the absence of the flanking residues for the TMDs from mitochondrial
TA proteins (c) and PM TA proteins (d). FL- full-length protein. Mean mNG intensity and SD normalized to the mNG intensity
of the corresponding mMNG-'TMD? variants are indicated in the bottom left corner; scale bar, 5 um; localization class is
indicated in the top right corner; the yellow dashed outlines indicate cell boundaries; schematic TMDs of the variants that
changed localization in the absence of flanking residues with the indicated length and net charges of the flanking residues
are shown on the right.

e, f, g, h - Comparison of observed localization of mMNG-1TMD? (e), mNG->TMD? (f), mNG-"TMD! (g), mNG-1TMD?> (h) fusions
and full-length TA proteins localization. For the variants without long C terminal extension the localization data for mNG-
STMD! was used. ER, endoplasmic reticulum; mito, mitochondria; mixed, several compartments; PM, plasma membrane;
vac, vacuole; cyto, cytosol; NE, nuclear envelope; pex, peroxisome; NA, not identified.

Interestingly, for PM localization, the flanking residues at the N-terminus are important
(Figure 26-e,g). For the TMD from PM localized protein Sncl N-terminal extension seems to
be important as MNG-"TMD?(Snc1) and mNG->TMD>(Snc1) show higher PM signal than mNG-
ITMD>(Snc1) and mNG-TMD?*(Snc1l) (Figure 26-c,d). Figure 26-c,d shows the schematic TMDs
of the mitochondrial and PM localized variants with the length of the TMD sequences and the
net charge of the corresponding flanking residues. One common feature of these sequences
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is the presence of positively charged AA within the flanking regions (Figure 26-c,d).
Mitochondrial TMDs have shorter length and positive charge mainly at the C-terminus (Figure
26-c), and PM TMDs tend to be longer and have higher positive charge at the N-terminus
(Figure 26-d).
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Figure 27. C- and N-terminal positively charged flanking residues are important for mitochondrial and PM localization.

a — Library design. 2 (*TMDRR) and 4 (STMDRRRR) positively charged arginine residues were added to the C-terminal side of the
TMD sequences from 59 yeast TA proteins, with 5 N-terminal flanking residues before the TMD (°TMD) and fused with the
mNG. 1 (RTMD?), 2 (RRTMD?) and 4 (RRRRTMD?) positively charged arginine residues were added to the N-terminal side of the
TMD sequences from 59 yeast TA proteins, with 1 C-terminal flanking residue after the TMD (TMD?) and fused with the mNG.
b - localization of MNG-TMD fusions with C- and N-terminal positively charged flanking residues compared to the TMD
variants with a single residue before and after the TMD (TMD?), 5 native residues before and a single native residue after
the TMD (°TMD?) and 5 native residues before and after the TMD (°TMD?). The variants are ordered by TMD hydrophobicity.
¢ — Microscopy examples of the variants, which changed the localization upon the addition of the charge to the C-terminus
and N-terminus. Mean mNG intensity and SD normalized to the mNG intensity of the corresponding mMNG-"TMD?! and mNG-
ITMDvariants are indicated in the bottom left corner. Localization class is indicated in the top right corner. The yellow dashed
outlines indicate cell boundaries; scale bar, 5 um.

d, e — Dot plots with density overheads showing the localization of mMNG-TMD fusions and the correlation between TMD
GRAVY (grand average of hydropathy) and charge of C- (d) or N-terminal (e) flanking residues. Top curves show the
distribution of TMD GRAVY, the curves on the right show charge scores distribution.

ER, endoplasmic reticulum; mito, mitochondria; mixed, several compartments; PM, plasma membrane; PM+, PM, ER and

vacuole; vac, vacuole; cyto, cytosol; NE, nuclear envelope; NA, protein variants, which were not identified in the experiment.

To investigate how the presence of positively charged flanking residues affects the
localization | generated mNG-TMD variants with two (MNG->"TMDRR) and four (mNG->TMDRRRR)
arginine residues at the C-terminus (Figure 27-a), and mNG-TMD variants with one (mMNG-
RTMD!?), two (mMNG-RRTMD?) and four (mNG-RRRRTMD?) arginine residues at the N-terminus
(Figure 27-a). | have chosen arginine over lysine residues for this modification to avoid creating
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Results: 5.5 Importance of TMD length and hydrophobicity for localization

a ubiquitination site on my synthetic variants. Thus, together with mNG-TMD?, mNG-1TMD>,
mNG-"TMD? and mNG->TMD® my dataset contained the variants without charged flanking
residues, with medium positive charge of 1 (R) or 2 (RR), and with very strong positive charge
4 (RRRR).

17% of mNG-TMD fusions changed the localization to mitochondria upon the presence
of high charge (RRRR) at the C-terminus (Figure 27-b). All these variants had TMDs of low
hydrophobicity (Figure 27-d, hydrophobicity less than 2.25). For instance, mMNG-"TMD?(Far9)
and mNG->TMD>(Far9) with ER localization changed the localization to mitochondria upon the
addition of 4 arginine residues to the C-terminus (Figure 27-c). A similar change in localization
was observed for MNG->"TMD?(Sss1) and mNG-"TMD>(Sss1) with mixed localization (Figure 27-
).

In contrast, 30% of mMNG-TMD fusions changed the localization to the PM or PM, ER
and vacuole (PM+) upon the addition of medium (RR) and high (RRRR) N-terminal positive
charge. Initially, these PM+ localized variants were classified as a mixed class by the
automated classifier. Another round of visual inspection revealed the differences between
mixed variants containing ER, Golgi and vacuole and mixed variants containing PM, ER and
vacuole. The latter class was reannotated as PM+. Genetic validation of this reannotation is
described further below (5.6). 70% of PM and PM+ localized variants had TMDs of high
hydrophobicity (Figure 27-f, hydrophobicity more than 2.7). For example, mNG-1TMD? and
mNG-"TMD* for Phm6 and Vtil with mixed localization changed the localization to PM+ upon
the addition of 2 and 4 arginine residues to the C-terminus (Figure 27-c). These findings are in
line with the observations from the previous experiment with different number of flanking
residues. Unexpectedly, the addition of high charge (RRRR) to the C-terminus of 10 TMDs that
previously localized at the ER resulted in puncta localization of these mNG->"TMDRRRR yariants.
50% of these variants had the TMDs of medium hydrophobicity and 50% had the TMDs of low
hydrophobicity. These puncta structures did not colocalize with Golgi and peroxisomal
markers.

Overall, these results suggest that the combination of low hydrophobicity of the TMD
and the presence of positively charged residues at the C-terminus ensure mitochondrial
localization, whereas high hydrophobicity of the TMD and the presence of positively charged
residues at the N-terminus ensure PM localization.

5.5 IMPORTANCE OF TMD LENGTH AND HYDROPHOBICITY FOR LOCALIZATION

When | took a closer look at the TMD’s features of PM-localized proteins there were
two groups with different properties: long TMDs with high hydrophobicity and asymmetric
distribution of valine residues, and shorter TMDs with low hydrophobicity enriched with
cysteine residues (Figure 24-c,d). The properties of the first group were previously described
in a computational study and were shown to be specific for the PM TMDs of fungal proteins
(Figure 4) (Sharpe et al., 2010).
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Results: 5.5 Importance of TMD length and hydrophobicity for localization

To test how important are TMD hydrophobicity and length for PM localization in vivo |
elongated all TMD sequences to the total length of 22, 24 or 26 AA by adding V and A to the
C-terminal part of the TMD (Figure 28-a).
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Figure 28. TMD elongation and increase of hydrophobicity lead to PM localization.

a — Library design. The TMD sequences from 59 yeast TA proteins with 5 native residues before and a single native residue
after the TMD (STMD?) were elongated by adding valine (V) and alanine (A) residues to the C-terminal part of the TMD to the
total length of 22 (22V), 24 (24V) and 26 (26V and 26VA) AA. For the longest version of the TMD (26V), two combinations of
randomly shuffled elongated TMD sequences (26V-sh1 and 26V-sh2) were created.

b - Localization of mNG-TMD fusions with the elongated TMDs compared to the TMD variants with 5 native residues before
and a single native residue after the TMD (°TMD?). The variants are ordered by TMD hydrophobicity for the TMD variants
with 5 native residues before and a single native residue after the TMD (*TMD?).

¢ — Microscopy examples of the variants, which changed the localization upon the TMD elongation. Mean mNG intensity and
SD normalized to the mNG intensity of the corresponding mNG->TMD? variants are indicated in the bottom left corner.
Localization class is indicated in the top right corner. Scale bar, 5 um.

d, e - Dot plots with density overheads showing the localization of mNG-TMD fusions and the correlation between TMD
GRAVY (grand average of hydropathy) and length (d) or charge of N-terminal (e) flanking residues. Top curves show the
distribution of TMD GRAVY, the curves on the right show length (d) and charge scores (e) distribution.

ER, endoplasmic reticulum; mito, mitochondria; mixed, several compartments; PM, plasma membrane; PM+, PM and
vacuole; vac, vacuole; cyto, cytosol; NE, nuclear envelope; NA, protein variants, which were not identified in the experiment;
NP, TMD variants with the TMD length more than 22 residues, which were not included in the experiment.
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Results: 5.5 Importance of TMD length and hydrophobicity for localization

Changing the length of the TMD by adding V residues to the C-terminal part resulted
in the accumulation of mMNG-TMD fusions at the PM and vacuole for 19% of TMD sequences
(Figure 28-b,c). For example, mNG-"TMD?*(Ubc6) variant localizes at the ER similar to the full-
length protein but the extension of this TMD to 24 and 26 AA (24V, 26V and 26VA) changes
the localization of the synthetic protein from ER to the PM+ (PM, ER and vacuole) (Figure 28-
c). 70% of the variants that changed the localization to the PM and PM+ had TMDs of high
hydrophobicity. Long TMDs of medium hydrophobicity showed ER localization (Figure 28-d).
The analysis revealed that 80% of the variants that changed the localization to the PM and
PM+ upon the TMD elongation had positively charged flanking residues at the N-terminus
(Figure 28-e). This correlates with the previous screen, where the addition of positive charge
to the N-terminus from the TMD resulted in the change of localization to the PM and PM+ for
the highly hydrophobic TMDs. These results suggest that a combination of the hydrophobicity
and presence of positive charges is required for targeting specificity and not a single property.
To test this hypothesis, | picked 5 TMD variants (Sec20, Sbh1, Phm6, Scs2 and Bos1) with the
longest extension (26V) that had very high hydrophobicity (more than 2.8) but no N-terminal
charge and showed ER and mixed localization in the TMD length screen (Figure 29-a, b). Then
| generated a set of variants of the same TMDs with the positive charge of 3 at the N-terminal
side of the TMD (Figure 29-a). All the variants changed the localization to PM+ (Figure 29-b)
confirming that the combination of high hydrophobicity and presence of positively charged
flanking residues at the N-terminal side of the TMD ensures PM targeting specificity.

a (GS); TMD 4

26V 5 VVVVVV 1

+++ 26

26V 5 VVVVVV 1

b Sec20 Sbh1 Phmé Scs2 Bos1

wild type

+ N charge

Figure 29. The presence of N-terminal positive charge is required for PM localization.

a — Oligo design. N-terminal charge of 3.0 was added to the 26V TMD variants.

b — Microscopy examples of change in localization from the ER and mixed to PM+ upon the addition of N-terminal charge.
Localization class is indicated in the top right corner. Scale bar, 5 um. ER, endoplasmic reticulum; mixed, several
compartments; PM, plasma membrane; PM+, PM, ER and vacuole.

To check the importance of the asymmetric distribution of the valine residues and the
importance of the AA order | generated the additional TMD variants with the shuffled AA order
to balance the pool (Figure 28-a). 70% of the variants in this screen showed ER, mixed, PM and
PM+ localization. The analysis of the fraction of each AA at the N- and C-terminal halves of the
TMD, revealed an enrichment for V residues at the C-terminal half of the TMD for the PM and
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Results: 5.5 Importance of TMD length and hydrophobicity for localization

PM+ localized variants. 83% of the variants had C-terminal fraction of V more than 0.3 (Figure
30-b), whereas for ER class only 51% of the variants had C-terminal fraction of V more than
0.3 (Figure 30-b). The mixed class shared the properties of ER and PM+ classes (Figure 30-f).
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Figure 30. Importance of the AA composition for localization.

a, b, e, f— Dot plots with density overheads showing the localization of mMNG-TMD fusions for ER, mixed, PM and PM+ classes
and the correlation between TMD GRAVY (grand average of hydropathy) and fraction of V at the N-terminus (a, e) and fraction
of V at the C-terminus (b, f). Top curves show the distribution of TMD GRAVY, the curves on the right show fraction of V at
the N-terminus (a, e) distribution and fraction of V at the C-terminus (b, f) distribution.

¢, d, g, h— Dot plots with density overheads showing the localization of mMNG-TMD fusions for ER, mixed, PM and PM+ classes
and the correlation between TMD GRAVY (grand average of hydropathy) and fraction of Lat the N-terminus (c, g) and fraction
of L at the C-terminus (d, h). Top curves show the distribution of TMD GRAVY, the curves on the right show fraction of V at
the N-terminus (c, g) distribution and fraction of V at the C-terminus (d, h) distribution. ER, endoplasmic reticulum; mixed,
several compartments; PM, plasma membrane; PM+, PM, ER and vacuole.

In collaboration with , we have performed the analysis of different sequence
properties on the combined dataset, which contained 816 TMD variants with the different
number of flanking residues, variants with the extra N- and C-terminal charged flanking
residues, variants with the alterations of the TMD length and shuffled TMD sequences. We
have calculated TMD’s hydrophobicity, AA composition, asymmetry in V and L residues, the

charge of the flanking residues and residue volume within the TMD.

The analysis of the sequence properties of the combined dataset showed that low
hydrophobicity and high C-terminal charge of the flanking residues are important for
mitochondrial localization (Figure 31-a). Mitochondrial TMDs have short length (16-20
residues) (Figure 31-c). ER localization requires TMDs of medium hydrophobicity (Figure 31-a,
b) and medium length (18-22 residues) (Figure 31-c). PM localized variants have long TMDs
(22-26 residues) of high-hydrophobicity flanked with high N-terminal charge (Figure 31-b) or
short CYSTM modules (18-20 residues) (Figure 31-f) of low hydrophobicity (Figure 31-d,e). The
variants from mixed class localize at several compartments simultaneously, typically ER, Golgi
and vacuole. The analysis of the sequence properties of this class revealed that this class
shares the properties of ER and PM groups (Figure 31-d, e, f). Vacuolar class also shares the
properties of ER and PM groups (Figure 31— g, h, i). The variants with cytosolic and puncta
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Results: 5.5 Importance of TMD length and hydrophobicity for localization

localization have TMDs of low hydrophobicity without charged flanking residues (Figure 31—
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Figure 31. Biophysical properties of the TMDs important for protein localization.

a, b, ¢ — Dot plots with density overheads showing the localization of MNG-TMD fusions for mitochondria, ER, PM and PM+
classes and the correlation between TMD GRAVY (grand average of hydropathy) and charge of C-terminal (a), N-terminal (b)
flanking residues or TMD length (c). Top curves show the distribution of TMD GRAVY, the curves on the right show C-terminal
(a) and N-terminal (b) charge scores distribution or TMD length distribution (c).

d, e, f — Dot plots with density overheads showing the localization of mNG-TMD fusions for mixed and PM CYSTM classes and
the correlation between TMD GRAVY (grand average of hydropathy) and charge of C-terminal (d), N-terminal (e) flanking
residues or TMD length (f). Top curves show the distribution of TMD GRAVY, the curves on the right show C-terminal (d) and
N-terminal (e) charge scores distribution or TMD length distribution (f).

g, h, | — Dot plots with density overheads showing the localization of mMNG-TMD fusions for vacuole, cytosol and puncta
classes and the correlation between TMD GRAVY (grand average of hydropathy) and charge of C- (d), N-terminal (e) flanking
residues or TMD length (f). Top curves show the distribution of TMD GRAVY, the curves on the right show C-terminal (d) and
N-terminal (e) charge scores distribution or TMD length distribution (f). ER, endoplasmic reticulum; mito, mitochondria;
mixed, several compartments; PM, plasma membrane; PM+, PM, ER and vacuole; CYSTM, variants with CYSTM module; vac,
vacuole, cyto, cytosol.

Overall, these results suggest that a combination of TMD hydrophobicity and the
charged flanking residues ensures correct targeting of mitochondrial and PM localized
proteins, ER targeting requires the TMDs of medium hydrophobicity and a fraction of proteins
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with the TMDs of medium and high hydrophobicity destined for residence at the vacuole and
Golgi can migrate from the ER to these organelles by a vesicular trafficking route.

5.6 GENETIC VALIDATION OF PM LOCALIZATION

The images from the mixed category, which includes ER, Golgi and vacuole, and PM+
category, which includes PM, ER and vacuole, looked very similar (Figure 28-c). To make sure
that these categories indeed represented localization at different compartments | performed
additional genetic validation (Figure 32).
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Figure 32. Genetic validation of PM+ localization class.

a — Change of the cortical ER shape in the triple tether mutant (ist24 scs2A scs22A) compared to the WT. ER and mixed strains
show the disruption of the cortical ER in ist2A scs2A scs22A background, whereas PM and PM+ strains do not show any change
of the phenotype. Localization class is indicated in the top left corner. Scale bar, 5 um.

b — Quantification of the mNG intensity in the periphery fraction of the triple mutant in relation to the WT using Pmal-mSc-|
as a segmentation marker. Cell periphery and inner part were segmented based on the signal of Pmal-mScarletl.



Results: 5.7 Deep mutational scanning of cysteine-rich transmembrane module

To differentiate between PM and cortical ER localization of mMNG-TMD fusions, |
created a strain yEI0164 with the knockout of three tethering factors SCS2, SCS22 and IST2,
and introduced the kanMX-GPDpr-mNG-TMD cassettes with 35 TMD variants with ER, PM,
mixed and PM+ localization into this strain. It has been shown that cortical ER is disrupted in
the triple deletion mutant due to the lack of PM-ER contact sites (Manford et al., 2012). Thus,
only mNG-TMD fusions with the ER and mixed localization changed the phenotype in the
mutant but not with PM and PM+ localization (Figure 32-a). yEI0164 also expresses the Pmal-
mSc-l1 PM co-localization marker, which allowed the quantification of mNG signal intensity at
the cell periphery. The quantification of the mNG ratio at the cell periphery and inside the cell
in relation to WT shows a decrease in the mNG signal at the cell periphery for ER and mixed
localized strains (Figure 32-b). This result proves that there are differences between mixed
and PM+ localization categories and that our annotation of PM+ localization class is reliable.

5.7 DEEP MUTATIONAL SCANNING OF CYSTEINE-RICH TRANSMEMBRANE MODULE

The second group of PM-localized TMDs contained very short TMDs with low
hydrophobicity enriched in cysteine residues. The enrichment in cysteine residues of PM-
localized proteins was first identified by Thiago M. Venancio and L. Aravind using sensitive
sequence profile analysis and referred to as CYSTM module (Figure 5) (Venancio and Aravind,
2010). Whether or not the CYSTM is a TMD is not confirmed experimentally. | decided to use
iPAL scanning to check if cysteine residues are important for PM localization.

SECONDARY_STRUCTURE ~  ————————m————m oo HHHHHHHHHHHHHHHHHHHHHHEE - —————— Localization

YBRO16W_ Scer 6319490 92 HQQOPVYVQQQPPQ-RG--NEGEL-- LA----AL@I@@TMDMLEF*------ 128 PM

YDLO12C_ - 6320192 71 PQQPIYVQQQOP---ASSGNEDBL--AGELA----GLELBBTLDMLE*---—--— 107 cytosol
YDR210W Scer 6320415 39 QOQPVYVQQGQP--KE---ESBL--DS@LK----CLEBEFLLELVCDN*---— 75 PM
YDRO34W-B_Scer 6320239 12 QQQPVYVQQPPP--RR-ESGG| LELINLCCDVF*--- 51 PM
YBROS56W-A Scer KAG2518812.1 16 QPQPIYIQQGPPPPRND-CCCECNCGDECSAIANVLEELELIDLCCSCAGGM* 66 PM
All C->A

. dk ok kK e eeenen ¥ eooe L AP KK i eeossessssocsccs
YBRO16W Scer 6319490 92  HQQPVYVQQQOPPQ -NEGAL--AARLA----ALNTRATMDMLF* - ————— 128 cytoso
YDLO12C Scer 6320192 71 PQQPIYVQQQP---ASSGNEDAL--AGHLA----GLALARTLDMLE*-----~ 107 cytoso
YDR210W Scer 6320415 39 QQQPVYVQQGQP--K S ALABAFLLELVCDN*---- 75 cytosol
YDRO34W-B_Scer 6320239 12 QQQPVYVQQPPP--RR-ESGGAA--RTAAH----FLANLELINLAADVF*--- 51 cytosol
YBROS6W-A Scer KAG2518812.1 16  QPQPIYIQQGPPPPRND-AAAMANAGDMASATIANVLEALALIDLAASCAGGM* 66 cytosol
All C->S

ok k L o ieersrerre®eireeeFioenene

YBRO16W Scer 6319490 92  HQQPVYVQQQPPQ-RG--NEGHL 128
YDL012C_. - 6320192 71 PQQPIYVQQQP---ASSGNED 107
YDR210W_, 6320415 39 QOQPVYVQOGQP--KE- 15
YDRO34W-B_Scer 6320239 12 QQQPVYVQQPPP--RR- -RTHSH----FLBSLELINLSSDVF*--- 51

YBROSﬁW—A:SC@r:KAG25lRH12.1 16 QPQPIYIQQGPPPPRND-S5

NSGDESSAIANVLESLSLIDLSSSCAGGM* 66

All C->V

..**.*.** ............ ¥ eoose LIPS KK i eeosssssocsccs
YBRO16W Scer 6319490 92 HOQOPVYVQQQPPQ-RG--NEGML--AANLA----ALMIMNTMDMLEF* ————~— 128 cytosol
YDL012C 6320192 71 PQQPIYVQQQP---ASSGNEDML--AGMLA----GLYLUMTLDMLEF*—————— 107 PM
YDR210W_Scer 6320415 39 QQQPVYVQQGQP--KE- SML--DSMLK----VL¥WMFLLELVCDN*---- 75 puncta
YDRO34W-B r 6320239 12 QOOPVYVQQOPPP--RR-ESGGMV--RTMVH----FLEWNLYMLINLVVDVF*--- 51 ER
YBROS6W-A Scer KAG2518812.1 16  QPQPIYIQQGPPPPRND-VVVMVNVGDYVSATIANVLEMLYLIDLVVSCAGGM* 66 ER

Figure 33. Mutations of C residues within CYSTM disrupt PM localization. Alignment of the C-terminal region of the CYSTM
proteins and localization of mMNG-TMD fusions. C residues in WT sequences are highlighted in purple. Mutated C positions are
highlighted in grey. AA residues used for C substitutions are highlighted in red.

To test the importance of the cysteine motif for PM localization, | performed deep
mutational scanning (DMS) of the TMDs from five CYSTM-containing proteins (YbrO16w,
Ydr034w-b, YbrO56w-a, Ydr210w, YdI012c). | constructed 379 sequence variants, where each
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Results: 5.7 Deep mutational scanning of cysteine-rich transmembrane module

AA residue within the TMD was replaced by V or L, every single C was replaced by S, and all C

were replaced by S, V or A. Replacing all C simultaneously by S or A resulted in cytosolic

localization for all mMNG-TMD fusions (Figure 33). Replacing all C simultaneously by V resulted

in the change of localization to the ER, puncta and cytosol (Figure 33). Shuffling the AA order

within the CYSTM region resulted in the change of localization from PM to puncta or cytosol

(Figure 25-d). DMS did not reveal the particular importance of any individual C or other

individual AA within the module.

To investigate if pairs or triplets of cysteine are important for PM-localization, |

generated a series of mutants of YbrO16w with all possible pairs, triplets and quadruplets of C

replaced by S (Figure 34). | also generated the variants where C positions within the TMD were

fixed while other AA residues were shuffled and the variants where the complete TMD

sequence was shuffled randomly.

SECONDARY STRUCTURE

YBRO1l6w

156_YBRO16w:C_
149 YBRO1l6w:C
150 YBRO16w:C
152 _YBRO16w:C
151 YBRO1l6w:C
153 YBRO16w:C
154 YBRO16w:C
155 YBRO16w:C
148 YBRO16w:C_
157 YBRO16w:C

167 YBRO16w:C
158_YBRO16w:
164_YBRO16w:
165 YBRO16w:
166_YBRO16w:
163_YBRO16w:
161 YBRO16w:
162_YBRO16w:
160_YBRO16w:
159 YBRO16w:

172 _YBRO16w:
171_YBRO16w:
170_YBRO16w:
168 YBRO16w:
169 _YBRO16w:

193 YBRO16w:
196 YBROl6w:
202 _YBRO16w:
199 YBRO16w:
200 YBRO16w:
194 YBRO16w:
197 _YBRO16w:
201_YBRO16w:
198 YBRO16w:
195 YBRO16w:

175 YBRO16w:
176 YBROl6w:
181 _YBRO16w:
178 YBRO1l6w:
180 _YBRO16w:
179 YBRO16w:
173 YBRO16w:
177 _YBRO16w:
182 YBRO16w:
174 _YBRO16w:

OOOOOOOOOO
ﬁ’ﬁ N ﬁ'ﬁ ol

[oNeNoNoNoNoNoNoNoNe]

C to S . quadruplet QRGNEGSLAAILAALS
C to S quadruplet QRGNEGSLAASLAA
C to_S_quadruplet QRGNEGHLAASLAALEIS

o S pair
fo_ S pair
o S _pair
o S pair
fo_ S pair
o S _pair
o S pair
Lo S _pair
o_ S _pair
o S pair

o S triplet

to S triplet
to S triplet

o S triplet

: o S triplet
to S triplet
to S triplet

o S triplet

: o S triplet
to S triplet

ORGNEGELAABLAA LG TE@ T™MDMLE

oRuNEGlL LAALEI
QRGNEGHLAABLAALST
QRGNEGHLAABLAALGT
QRGNEGiLAA§LAALSI
QR@NEGSLAA‘LAA 188
QRGNEGELAASLAALET
ORGNEGELAASLAATE @S T
ORGNEG LAAILAALQI]
QRbNEGSLAASLAA I
QRGNEGEL IS8 TMDMLF

QRGNEGELAABLAALS 1SS TMDMLF
QRGNEGHLAASLAALSI@@TMDMLEF
ORGNEGE@LAASLAALS IS@TMDMLEF
ORGNEGE@LAASLAALS I@STMDMLF
ORGNEG@LAASLAAL@ISSTMDMLE
QRGNEGHL ISSTMDMLF
QRGNEGHL |
QRGNEGHL - E
QRGNEGHLAASLAALET

QR(JNE(JSLAASLAA 8

TMDMLF
C to S quadruplet QRGNEGHLAASLAALSI@STMDMLF

shuffled fixed C
shuffled fixed C
shuffled fixed C
shuffled fixed C
shuffled fixed C
shuffled fixed C
shuffled fixed C
shuffled fixed C
shuffled fixed C
shuffled fixed C

shuffled
shuffled
shuffled
shuffled
shuffled
shuffled
shuffled
shuffled
shuffled
shuffled

ORGNE LLI:]TLALAIMA.DF

ORGNE@DMEAMAG TBGALLLELTAF
ORGNELTLLEBILAG F
QRGNEDT ABGMLLILMABLAF
ORGNEA@MIEALLDGMLAABTEELF
ORGNEALEL TEBBMAALGLMADGIF
ORGNEMAIMBLLLDGAAABEEELTF
QRGNE LDGL LILTAMF
QRGNEMAGLILLLT]

GAAAEDEF

QRGNEFAIV.LI*'LAAALDACGLT IF

Localization

PM

cytosol

PM

PM

PM

PM

PM

PM
PM+cytosol
PM

PM

cytosol
cytosol
cytosol
cytosol
cytosol
cytosol
cytosol
cytosol
PM+cytosol
PM+cytosol

cytosol
cytosol
cytosol
cytosol
cytosol

PM

ER+PM

ER

ER+PM
PMtcytosol
PM+cytosol
PM

PM
PM+cytosol
puncta

cytosol
ER

PM+cytosol
PM

PM

PM+ER

Figure 34. C residues at the C-terminal part of the CYSTM module are important for PM localization. DMS of YbrO16w. C
residues are highlighted in purple. Mutated C positions are highlighted in grey. AA residues used for C substitutions are

highlighted in red. The shuffling of the AA was performed within the helical domain indicated in dark purple.
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The results show that mutating the pair of C to S in the C-terminal part of the CYSTM
disrupts PM localization of the fusion protein in two combinations. A similar phenotype is
present in the mutant with triple C mutated to S, with the third, fourth and fifth C residues in
the module seem to have particular importance for PM localization. Mutating 4 out of 5 C
residues to S completely disrupted PM localization. 70% of the shuffled variants with fixed C
positions and 70% of randomly shuffled AA changed the localization, which suggest that some
other AA contribute to the localization in addition to the cysteine residues at the C-terminal
part of the module. This results also demonstrate how iPAL can be used for DMS experiments.

5.8 TAIL-ANCHORED PROTEINS CAN CARRY MORE THAN ONE LOCALIZATION SIGNAL

For the subset of mMNG-TMD fusions that showed completely different localization
compared to the full-length proteins (Figure 35-a), | analyzed the full-length protein sequences
and checked the literature to find out if there are other localization signals present in the
cytosolic part of the protein.

It has been demonstrated that full-length Pex15 mislocalizes to mitochondria upon the
deletion of the last 30 AA at the C-terminus (Dederer et al., 2019; Okreglak and Walter, 2014).
This implies that the peroxisomal targeting signal for this protein is located within these last
30 AA. The analysis of the full-length protein sequence of Sec20 revealed that it carries the
ER-retention signal HDEL at the very C-terminus. Sequence analysis of the NE protein Prm3
with the NLS predictor (Nguyen Ba et al., 2009) showed that there is a non-canonical NLS at
the positions 63-91. This suggests that some proteins carry several localization signals and
targeting machinery might prefer some signals instead of the others.

The TMD of Sec20 has properties similar to the TMDs from mitochondrial proteins (low
hydrophobicity, high positive C-terminal charge) and shows mitochondrial localization in
fusion with mNG. However, full-length Sec20 localizes at the ER, probably, due to the presence
of the ER-retention signal HDEL at the very C-terminus located 86 AA away from the TMD. |
performed a small competition experiment to find out what happens upon fusing
mitochondrial localization signal with the HDEL (Figure 35-b). | generated the following
mutants: MNG-"TMD>(Sec20), mMNG->TMD>"PEL(Sec20) and mMNG->TMD?(Sec20). Interestingly,
mMNG-"TMD>"PEL(Sec20) variant still showed mitochondrial localization, whereas the presence
of a small spacer of 6 AA coming from the Sec20 protein sequence in the variant mNG-
>TMD!}(Sec20) lead to ER localization (Figure 35-c). To test the minimum distance between
the mitochondrial and ER-retention signal, | generated three variants with GS linkers of
different length: mMNG->TMD3G)3HDE(Sec20), mMNG-"TMD>(CS2HPEL(Sec20) and mMNG-
STMD3(GSMPEL(Sec20). The result shows that the spacer of at least 4 AA is required for the HDEL
signal to be preferred instead of mitochondrial TMD.
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Figure 35. Targeting machinery can prefer one localization signal to the other.

a — Comparison of observed localization of mNG-TMD fusions and full-length (FL) TA proteins localization. Mean mNG
intensity and SD normalized to the mNG intensity of the corresponding mMNG-°TMD!? variant are indicated in the bottom left
corner. The yellow dashed outlines indicate cell boundaries; localization class is indicated in the top right corner; scale bar, 5
pm.

b — Design of the competition assay for mitochondrial TMD and ER retention signal. HDEL sequence was fused with
STMD5(Sec20) directly or separated with 6 native residues from the native Sec20 sequence, (GS)x3, (GS)x2 or GS linker.

c- localization of mMNG-TMD(Sec20) variants fused with HDEL and different linkers. Scale bar, 5 um. ER, endoplasmic
reticulum; mito, mitochondria; mixed, several compartments; PM, plasma membrane; cyto, cytosol; NE, nuclear envelope;
pex, peroxisome.

These observations show that some tail-anchored proteins carry two different types of
localization signals and the targeting machinery can prefer one signal to the other, probably,
based on the position of the localization signals within the protein sequence.
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6 DISCUSSION

6.1 IPAL HAS A WIDE RANGE OF APPLICATIONS

The initial aim of my PhD project was to expand the high-content screening toolbox by
developing iPAL scanning, a deep mutational scanning approach to dissect protein localization
signals. iPAL combines the high performance of pooled experiments with the advantages of
downstream applications of arrayed libraries. In iPAL, pooled libraries of protein variants with
alterations in a potential localization signal are converted into verified arrayed libraries using
in vivo barcoding and deep sequencing. Due to the presence of a fluorescent reporter, high-
throughput fluorescence microscopy can be used to determine the localization of each
variant.

Using a set of TMDs from TA proteins, | demonstrated the efficiency and reproducibility
of iPAL (Figure 20-b, c, Figure 21-c, e). The main advantage of iPAL compared to the recently
developed visual screening methods based on photoconversion (Hasle et al., 2020; Kanfer et
al., 2021; Yan et al., 2021) is that iPAL is not limited by the number of phenotypic bins and
thus can be used to dissect complex localization signals. An automated image classification
pipeline can identify 5 localization categories (ER, mitochondria, PM, vacuole and mixed) with
high accuracy (Figure 21-c), which makes image analysis straightforward and quick. It is
possible to modify the pipeline and retrain the algorithm to recognize more classes if needed.

iPAL has very high efficiency — 96% of the starting TMD variants were identified in the
screens, and 95% of the identified variants had a biological replicate. Microscopy analysis of
the biological replicates showed that the biological replicates for TMD variant show a very
high correlation in terms of localization and mNG signal intensity (Figure 21-d, e). To
demonstrate a proof of principle of iPAL, | included a subset of the TMD variants separated
from mNG with Myc-(GS)x3 linker or Myc-(GS)x3-GGPG linker (Figure 20-a). Oligo variants with
Myc-(GS)x3 and Myc-(GS)x3-GGPG linkers showed very similar localization (Figure 20-b). This
result shows that Myc-(GS)x3 linker is neutral and does not affect TMD properties, as well as
that the iPAL approach is reproducible and accurate.

In this study, | have demonstrated two different ways of applying iPAL. It is possible to
perform massive parallel studies of different localization signals (TMDs from different proteins
or different species) as well as canonical DMS with single amino acid substitutions (DMS of the
CYSTM module) with localization as a read-out. The current reporter is ideal for investigating
C-terminal localization signals. However, the system can be modified for investigating N-
terminal localization signals. Therefore, iPAL is applicable for the detailed studies of different
localization signals described in the introduction (NLS, PTS, MTS, etc.).

Another great advantage of iPAL compared to other modern methods for studying
visual phenotypes is that all generated protein variants can be directly used for downstream
applications, e.g., co-localization experiments or genetic screens. | have performed
microscopy validation of all the variants in my screens by simply crossing them with different
donor strains carrying co-localization and segmentation markers. | have also performed a
genetic screen to identify TA protein turnover factors by crossing mNG-TMD variants with the
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knockouts of the components of protein targeting and quality control systems. Another
potential application of iPAL is to generate protein variants with mutations in a catalytic
activity domain/interaction domain and perform downstream assays to test protein
functionality.

The main limitation of iPAL is that it can only be used in S. cerevisiae, which makes it
not compatible with visual cell sorting and IACS. However, the high accuracy and efficiency of
iPAL are definitely attractive for the yeast genetics field.

6.2 MNG-TMD FUSIONS CAN BE USED TO STUDY TMD PROPERTIES IMPORTANT FOR THE
LOCALIZATION

To make sure that mNG-"TMD? fusions behave as mMNG-TA proteins, | introduced the
knockouts of the known protein targeting and QC components GET3, EM(C3, TUL1, HRD1, ASI1,
DOA10, MSP1 and SPF1 into the mNG-TA and mNG-"TMD? libraries using synthetic genetic
array (SGA) methodology and assessed protein localization and abundance (Figure 23). |
observed that mNG->"TMD? fusions are affected by the knockouts of the protein targeting and
turnover components in a similar way as mMNG-TA. These results show that mNG->"TMD?>fusions
are recognized as TA proteins in the cell and can be used as a model to study the sequence
properties of the TMDs and the flanking regions.

Comparison of emc3A and get3A mutants showed that the GET pathway is more
important for TA protein targeting in yeast as more mNG-TA and mNG-"TMD? fusion proteins
changed the localization (Figure 23-c) and abundance (Figure 23-a) upon GET3 deletion. This
is in line with the study from Bai and colleagues, where TMT mass spectrometry experiment
identified only one TA protein among potential EMC substrates (Bai et al., 2020). Interestingly,
it has been demonstrated that in mammalian cells EMC is required for the targeting of TA
proteins with the TMDs of moderate hydrophobicity and multiple TA substrates were
identified (Guna et al., 2018; Tian et al., 2019). This suggests that the role of EMC is more
important in mammalian cells.

Since only about half of mMNG-TA and mNG-TMD fusion proteins changed the
localization and abundance upon GET3 deletion, there is a possibility that GET and EMC
pathways are partially redundant. To test this hypothesis the assessment of protein
localization and abundance in the double mutant background is required.

6.3 DOA10 AND SPF1 ARE IMPORTANT FOR MAINTAINING ER HOMEOSTASIS

Knocking out different E3 ligases involved in the turnover of membrane proteins
showed that Doal0is very important for TA protein turnover, which correlates with previously
published data (Figure 23-b,d) (Dederer et al., 2019). Due to the properties of my reporter
(strong GPD promoter and bright fluorescent tag - mNG) | could identify some potentially new
Doal0 substrates (mitochondrial proteins Tom22, Tom7, Tom6, peroxisomal protein Pex15
and ER residents HIj1, Ufel, Ybl100c) (Figure 23-c,d, Figure 24) in addition to previously
reported ones (mitochondrial protein Fmp32 and ER residents Scs2, Pgcl, YDL241W) (Dederer
et al., 2019). These proteins accumulated at the ER upon DOA10 deletion.

58
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Knocking out protein dislocases Mspl and Spfl also confirmed the involvement of
these regulators in TA protein homeostasis. | could identify some potentially new Spfl
substrates (mitochondrial proteins Tom5, Tom6, Tom22) (Figure 23-c,d, Figure 24) in addition
to the previously reported Fisl (Keskin et al., 2017; Krumpe et al., 2012). Deletion of Spfl
results in the accumulation of these proteins at the ER. mNG-TMD> fusions with
mitochondrial localization MNG-TMD>(Fis1), mNG-TMD>(Tom5), mNG-TMD>(Tom22),
mMNG-"TMD>(Sec20) and mNG->TMD>(Pex15) also changed the localization to ER upon SPF1
deletion. It has been hypothesized that Spfl directly interacts with a positively charged
lumenal segment of mitochondrial proteins and then flips the TMD out of the membrane
(Mckenna et al., 2020). However, not all mitochondrial proteins have positively charged
flanking residues. For instance, MNG-Tom22, mNG-Tom6 and mNG-"TMD>(Tom22) proteins
that changed localization upon SPF1 deletion in my screens (Figure 23-c,d, Figure 24) do not
have a C-terminal charge. It would be interesting to test if there are more Spfl substrates that
do not possess a C-terminal charge and if they share other common features that might be
important for the recognition by Spf1.

Interestingly, | found several mitochondrial proteins (Fmp32, Tom6, Tom7, Tom22) and
mNG-"TMD> fusions with mitochondrial localization (MNG-TMD>(Fmp32), mNG-
>TMD>(Tom7) and mNG-"TMD?>(Pex15)), which accumulated at the ER upon DOA10 deletion,
and three of them are also substrates of Spfl (Tom6, Tom22 and mNG->"TMD>(Pex15)) (Figure
23-c,d, Figure 24). | also observed that all Spfl and Doal0 substrates tend to have TMDs of
low hydrophobicity (Figure 24). TMDs of low hydrophobicity are generally not recognized by
the SRP and GET targeting factors and, thus, might be more subjected to the QC. These
findings open the question if Spfl and Doal0 cooperate in the removal of mitochondrial
proteins from the ER membrane or if they are involved in two independent pathways. Another
guestion is what the fate of mislocalized proteins after Spfl-dependent extraction is — re-
insertion into the correct compartment or degradation? It would be interesting to use a time-
lapse microscopy-based approach to answer these questions as Matsumoto and colleagues
did for studying the fate of Msp1 substrates (Matsumoto et al., 2022). By combining inducible
gene expression systems and time-lapse microscopy, Matsumoto and colleagues showed that
authentic ER-TA proteins mistargeted to mitochondria return to the ER via the Msp1-GET
pathway.

The tight collaboration between protein targeting and protein quality control systems
is necessary to maintain correct targeting and protein homeostasis. Recent publications about
protein dislocases and the observations in my screens raise the possibility that the ER serves
as a default destination for all membrane proteins, and that protein dislocases are part of the
targeting pathway instead of quality control components (Hansen et al., 2018; Matsumoto et
al., 2022; Mckenna et al., 2020). Further studies are required for a better understanding of
these processes. It would be important to test the behavior of the Spfl substrates in
spflA/doal10A background as well as to test how the localization of mitochondrial proteins is
changing in spf14 background upon the induction of GET3 and MSP1.
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6.4 BIOPHYSICAL PROPERTIES OF THE TMDS ENSURE CORRECT TARGETING OF TA PROTEINS

It has been shown for a few individual proteins that the TMD is important for the
localization and that mutations in the TMD can lead to degradation, aggregation or protein
mislocalization (Figueiredo Costa et al., 2018; Keskin et al., 2017; Okreglak and Walter, 2014;
Vitali et al., 2018). However, the features of the TMDs crucial for targeting specificity are not
well defined. Therefore, | applied iPAL to systematically dissect the features of the TMDs of all
59 yeast TA proteins important for targeting fidelity and constructed the library, containing
the TMD variants with the different amounts of flanking residues. 68% of mMNG-TMD fusions
had membrane localization, which confirmed that the TMD alone can act as a localization
signal (Figure 25).

Comparison of the localization of the mMNG-TMD fusions with different length of
flanking residues revealed that about 30% of the TMDs do not depend on the flanking residues
around the hydrophobic stretch for their localization. Additional comparison with the
corresponding full-length proteins demonstrated that all these variants show the same
localization as full-length proteins (Figure 26-a diagonal). This group might be considered as
“strong” localization signals since even the shortest variant of the TMD is enough to bring the
reporter to the expected compartment (mostly including the TMDs from ER residents). Some
of the variants show broad localization — they localize at several compartments
simultaneously, including the expected compartment (Figure 25-d — mixed category). The
analysis of TMD hydrophobicity showed that mNG-TMD fusions that localize at the ER or
throughout the endomembrane system have TMDs of average hydrophobicity. Interestingly,
most of the ER and mixed localized mNG-TMD variants did not change the localization upon
shuffling the AA within the TMD sequence, suggesting that for these variants the average
hydrophobicity of the TMD might be important and not a certain sequence pattern (Figure 25-
d).

Additional sequence analysis of several mNG-TMD fusions for which all TMD variants
showed completely different localization compared to the full-length proteins (Figure 35-a)
revealed the presence of other localization signals within the full-length protein sequence.
This suggests that some proteins carry several localization signals and that the targeting
machinery might prefer some signals over others. The competition experiment between the
TMD of Sec20 with the properties of mitochondrial TMDs and ER-retention signal HDEL
showed that the spacer of at least 4 AA is required for the HDEL signal to be preferred instead
of the mitochondrial TMD (Figure 35-b, c). This might be connected to the protein structure —
possibly, with the shorter spacer HDEL signal is not exposed far enough from the a-helix and
cannot be recognized by the HDEL receptor.

About 20% of the mNG-TMD fusions show completely different localization compared
to the full-length protein in the absence of flanking residues (Figure 26-b, e mitochondrial and
PM-localized variants highlighted in red). One common feature of these variants is the
presence of positively charged AA within the flanking regions (Figure 26-c, d). In particular, the
residues at the C-terminus are important for mitochondrial localization (Figure 26-¢e,f), which
correlates with the previously published data for Fis1 protein — removing or mutating R and K
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within Fis1 C-terminus led to the anchoring of Fisl at ER (Rao et al., 2016). Interestingly, for
PM localization, the positively charged residues are enriched at the N-terminus (Figure 26-c),
which might be related to the topology of the protein and membrane properties and can
potentially contribute to the targeting (Figure 26-g, h). The experiment with different number
of flanking residues shows that the context around the TMD is important for the correct
localization of mitochondrial and PM TA proteins (Figure 26). However, most of the
mitochondria and PM localized mNG-TMD variants changed localization upon shuffling the AA
within the TMD sequence, suggesting the presence of a certain sequence motif within the
TMD that is responsible for localization of these variants in addition to the flanking residues
(Figure 25-d).

Additional screens with different number of positively charged flanking residues at the
C- and N-terminus of the TMD showed that mNG-TMD fusions with TMDs of low
hydrophobicity changed the localization to mitochondria upon the presence of high charge
(RRRR) at the C-terminus (Figure 27). This is in line with the previous study from Costello and
collegues, where they demonstrated that TMDs of low hydrophobicity and a C-terminal
extension with a net positive charge are targeted to mitochondria and peroxisomes (Costello
et al., 2017). This result shows that a combination of biophysical properties is important for
localization and not just a single feature. Unexpectedly, the addition of a high positive charge
(RRRR) to the C-terminus of several TMDs that previously localized at the ER brought these
mNG-"TMD? RRRR variants to puncta, which did not colocalize with Golgi and peroxisomal
markers.

In contrast, mMNG-TMD fusions with TMDs of high hydrophobicity changed the
localization to the PM upon the addition of a high N-terminal charge (RRRR). These findings
are in line with the observations from the previous screen with the different number of
flanking residues where long TMDs with high hydrophobicity and positive N-terminal charge
showed PM localization in the fusion with mNG. The sequence analysis of the TMDs from
single-span transmembrane proteins also demonstrated the enrichment in positively charged
flanking residues at the cytosolic site and high hydrophobicity of the TMD for PM-localized
transmembrane proteins (Sharpe et al., 2010). Changing the length of the TMD by adding V
residues to the C-terminal part resulted in the accumulation of mMNG-TMD fusions at the PM
and vacuole for the variants with the TMDs of high hydrophobicity (Figure 28-b,c). This result
indicates that longer length and high hydrophobicity might be required for the stable insertion
of the TMD into the thick PM (Mitra et al., 2004; Sharpe et al., 2010).

The analysis of the sequence properties of the combined dataset with all generated
variants (done by ) confirmed that there is a correlation between hydrophobicity and
positively-charged flanking residues important for the localization (Figure 31). Additionally,
we have also checked AA composition, asymmetry in V and L residues and residue volume
within the TMD, but this analysis did not reveal any additional features contributing for the
localization. Overall, three localization classes can be distinguished based on the differences
in hydrophobicity and positively charged flanking residues: mitochondrial localization requires
low hydrophobicity of the TMD and a high positive charge at the C-terminal extension, ER
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localization requires average hydrophobicity of the TMD and non-charged flanking residues,
and PM localization requires high hydrophobicity of the TMD and high positive N-terminal
charge or short CYSTM modules of low hydrophobicity. These features might be related to the
differences in the membrane thickness and lipid composition for the various organelles
(Krumpe et al., 2012; Mitra et al., 2004; Sharpe et al., 2010).

Hammond and colleagues show that plasmalemmal phosphatidylinositol 4-phosphate
(P14P) is involved in controlling protein recruitment and ion channel activity by electrostatic
interactions (Fairn and Grinstein, 2012; Hammond et al., 2012). PI4P carries two or three
negative charges at physiological pH and, thus, can recruit soluble polycationic proteins to the
inner leaflet of the plasma membrane. PI4P can also bind to positively charged domains of the
cytosolic aspect of transmembrane proteins during the fusion of vesicles. The enrichment of
the TMDs flanked with positively charged residues in the PM fraction in my screens suggests
that some TA proteins might be recruited to the PM by electrostatic interactions with PI4P.

The targeting route of TA proteins to mitochondria remains a mystery. The fact that
the mitochondrial TMDs of low hydrophobicity flanked by positively charged residues are
efficiently inserted into the mitochondrial membrane suggest the presence of an unknown
targeting factor, which might recognize one of these properties or their combination. The
systematic microscopic screen, in which the localization of a model OMM TA protein was
visualized on the background of mutants in all yeast genes, revealed the change of localization
from mitochondria to ER only upon SPF1 deletion (Krumpe et al., 2012). It might worth trying
to repeat this systematic microscopic screen in the double deletion background.

6.5 THE CYSTM MODULE IS IMPORTANT FOR PM LOCALIZATION

The detailed analysis of the TMDs from PM-localized variants revealed that there are
two different trends — long TMDs of high hydrophobicity or short TMDs of low hydrophobicity
(Figure 25-b, c). The latter class contains the variants with a short TMD enriched in cysteine
residues (CYSTM) without charged flanking residues. In order to find whether cysteine
residues are important for PM localization, | performed DMS of the CYSTM module from five
CYSTM proteins. The results show that cysteine residues at the C-terminal part of the module
are important for PM localization as mutating pairs of C to S in the C-terminal part of the
CYSTM disrupts PM localization of the fusion protein (Figure 34). 70% of the shuffled variants
with fixed C positions and 70% of randomly shuffled AA changed the localization, which
suggest that some other AA contribute to the localization in addition to the cysteine residues
at the C-terminal part of the module (Figure 34).

These results raise the possibility that the CYSTM module might have a different
function. Very low hydrophobicity of the CYSTM module compared to the very high
hydrophobicity of the other PM-localized transmembrane proteins contradicts the proposed
model that the longer length and higher hydrophobicity are required for stable insertion of
the TMD into the thick PM. Interestingly, replacing C by other non-hydrophobic AA within the
low hydrophobic CYSTM region completely disrupted the localization of mNG-TMD fusions
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(Figure 33). Replacing C by very hydrophobic V might have made it more similar to the
canonical TMD sequence and resulted in different localizations but not the PM (Figure 33).

It is possible that cysteine residues are important for the oligomerization of CYSTM
proteins (Mir and Ledn, 2014; Xu et al., 2018) or for their interaction with TMDs from other
PM proteins in the bilayer. However, it remains possible that CYSTM proteins are not
integrated into the PM but are associated with the periphery. It would be important to
conduct mass-spectrometry based proteomics to identify potential interactors of CYSTM
proteins and perform fractionation assays to understand whether the CYSTM module can be
inserted into the lipid bilayer.

6.6 CONCLUDING REMARKS

Taken together, in this study | described in detail the development of iPAL and the
application of this novel visual screening approach to investigate localization determinants of
TA proteins in S. cerevisiae. The resulting datasets of mNG-TMD variants localization and
biophysical properties of the TMDs will enable future studies of targeting and QC mechanisms
of transmembrane proteins. | anticipate that the iPAL approach will have a wide range of
applications and help to understand the interplay between protein sequence and visual
phenotypes.
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7 MATERIAL AND METHODS

7.1 YEAST METHODS AND PLASMIDS

Yeast strains and plasmids used in this study are listed in Table S 1 and Table S 2,
respectively. All yeast strains are in S288c background, derivatives of BY4741 and BY4742.
Yeast genome manipulations (gene tagging and gene deletion) were performed using PCR
targeting and lithium acetate transformation (Janke et al., 2004), unless stated otherwise.
Experiments were performed at 30°C in synthetic complete (SC) medium with 2% (w/v)
glucose as carbon source, unless stated otherwise.

Yeast tail-anchored proteins (Table S 3) were chromosomally tagged with
mNeonGreen under the endogenous or the strong GPD promoters using the SWAp-Tag
(SWAT) approach (Yofe et al., 2016). For that, N-SWAT acceptor strains were obtained from
the N-SWAT library (Yofe et al., 2016). Using a pinning robot (Rotor, Singer Instruments) for
sequential pinning and growth of yeast colonies on appropriate selective media following the
synthetic genetic array (SGA) methodology (Baryshnikova et al., 2010; Tong et al., 2001), N-
SWAT strains were mated with donor strains yEIO059 (carrying donor plasmid pEI0O98 for
markerless tagging with mNeonGreen) or yEIO060 (carrying donor plasmid pEI099 for tagging
with GPDpr-mNeonGreen), followed by sporulation, selection of haploids carrying both a
donor plasmid and an N-SWAT acceptor locus, expression of the Scel endonuclease to
promote tagging and selection of successful tagging events (Meurer et al., 2018; Weill et al.,
2018).

Several reporter strains with different promoters for iPAL of TMDs in the context of
tail-anchored proteins were created in the following way. The reporter strain yEI0011 with the
GPD promoter was derived from strain JHY650 (Smith et al., 2017). First, the Sce/“ts'te-FCY1-
ScelUt site cassette was removed from the ybr209wA locus. Subsequently, a GPDpr-
mNeonGreen-GAGAGAGAGA-Scel®tste-FCY1-ScelUtst-T8term  cassette  for  eventual
expression of mNeonGreen-TMD fusions, controlled by the GPD promoter and the synthetic
T8 terminator (Curran et al., 2015), was inserted into the ybr209wA locus between kanMX and
URA3pr by PCR targeting using plasmids pEIO87 as template. Successful transformants were
selected on SC-ADE/URA agar plates (SC medium lacking adenine and uracil) (6.7 g/ | Bacto
yeast nitrogen base without amino acids, 2 g/l amino acid dropout mix, 2% (w/v) glucose, 2%
(w/v) agar) supplemented with 10 mg/L cytosine (BICO713, Apollo Scientific) and validated by
Sanger sequencing. Subsequently, GPDpr was replaced by a natNT2-TEFlpr cassette,
amplified from plasmid pYM-N19, to create the strain yEI0024 with TEF1pr, and by a natNT2-
ADH1pr cassette, amplified from plasmid pYM-N7, to create the strain yEI0025 with ADH1pr.

The final reporter strain yEIO038 with Myc-GSGSGS linker (Table S 1) for iPAL of TMDs
in the context of tail-anchored proteins were derived from strain JHY650 (Smith et al., 2017).
First, the Scel®t si®-FCY1-ScelUt s cassette was removed from the ybr209wA locus.
Subsequently, a GPDpr-mNeonGreen-linker-Scel®Utsite-FCY1-Scel®ts®-T8term cassette for
eventual expression of mNeonGreen-TMD fusions, controlled by the GPD promoter and the
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synthetic T8 terminator (Curran et al., 2015), was inserted into the ybr209wA locus between
kanMX and URA3pr by PCR targeting using plasmid pEI091 (Myc-GSGSGS linker) as template.

The tether mutant strain yEIO164 (Table S 1) was used to differentiate between plasma
membrane and cortical ER localization of mNeonGreen-TMD fusions. For that, kanMX-GPDpr-
mNeonGreen-TMD cassettes were amplified by PCR with primers mNG-TMD-fw and mNG-
TMD-rev from genomic DNA of individual iPAL library strains and integrated into the his3A1
locus of yEIO164.

7.2 CONSTRUCTION OF IPAL LIBRARIES

Oligonucleotide libraries encoding TMD variants (Table S 4) were designed for
replacement by homologous recombination of the Scel®ts-FCY1-Scel®“*" cassette in the
haploid reporter strain yEIO038 and were obtained as oligonucleotide pools (Twist Bioscience).
Each pool (~70-100 ng of DNA) was amplified by PCR [Velocity DNA polymerase (Meridian
Bioscience), 98°C for 2 min, (98°C for 30 s, 70°C for 30 s, 72°C for 5 s) x 20 cycles, 72°C for 5
min] using primers TMDpool-fw and TMDpool-rev (Table S 5) to elongate the homologous
arms to 55 bp. 300 uL of each PCR product were purified using a PCR purification kit (Qiagen),
transformed in the reporter strain yEIO038 and plated out on 5-FC plates (SC agar medium
with 2% (w/v) glucose as carbon source and 1 g/L 5-fluorocytosine (5-FC, Apollo Scientific)).
Transformations were scaled to obtain ~20x transformants for the number of TMD variants in
a pool. After ~1-2 days of growth at 30°C, transformants were selected by size and circularity
and arrayed on 5-FC plates in 384 format using a colony picking robot (PIXL, Singer
Instruments; colony separation algorithm, radius filter 0.5-1.1, circularity filter 0.63-1.0). For
some experiments oligos encoding TMD variants were ordered separately (Table S 6) and
integrated into the reporter strain yEIO038 individually.

To identify the TMD variant in every transformant, arrayed transformants were mated
in 1536 format, using a pinning robot (Rotor, Singer Instruments), with a barcoder library
consisting of 1536 strains each carrying a different 26-nucleotide barcode in the ybr209wA
locus (Smith et al., 2017). Diploids were pinned and grown on Raf/Gal plates (10 g/L Bacto
yeast extract (ThermoFisher), 20 g/L Bacto peptone (ThermoFisher), 20 g/L Bacto agar
(ThermoFisher), 2% (w/v) raffinose and 2% (w/v) galactose)) in two rounds to induce
expression of the Cre recombinase and, through recombination, physically link the
mNeonGreen-TMD and barcoder loci. Successful recombination events were selected in two
rounds by growth on SC-URA plates (SC medium lacking uracil).

Diploid recombinants from each 1536-colony plate were pooled and total genomic
DNA was extracted from ~150 million cells using a Gentra Puregene Yeast/Bact. Kit B (Qiagen)
following the manufacturer’s protocol. The genomic region of interest with a TMD linked to a
barcode was amplified by PCR in two steps. A first PCR using 2 pg of genomic DNA as template
and primers TMDamp_fw and TMDamp_rev (Table S 5) [NEBNextUIltra DNA library prep kit
(New England Biolabs), 98°C for 30 s, (98°C for 10 s, 60°C for 30 s, 72°C for 20 s) x 5 cycles,
72°C for 2 min] yielded a 747-809 bp amplicon. This product was gel-purified (QlIAquick gel
extraction kit, Qiagen) and used as a template for a second emulsion PCR with primers
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P5_Scriptseq and P7-ix_Scriptseq (with a different 6-nucleotide index (ix) specific to each
1536-colony plate) (Table S 5) [98°C for 30's, (98°C for 10 s, 58°C for 30's, 72°C for 1 min) x 27
cycles, 72°C for 5 min]. Emulsion PCR was performed to minimize template switching (Williams
et al., 2006). The resulting 827-889 bp amplicon was gel-purified and sequenced on a MiSeq
platform using a MiSeq Micro flow cell and a 300-cycle kit (lllumina): 235 cycles for read1 (to
determine the TMD sequence) and 80 cycles for read2 (to determine the barcode sequence
and the plate index).

Analysis of sequencing data was performed in Python. Plate indexes and barcodes
were matched to read2 sequences using Python’s ‘in” operator. Common before and after the
TMD common to all variants were used to trim readl using Python’s string split method.
Alternatively, cutadapt 3.1 package (Martin, 2011) was used to identify matching plate
indexes, barcodes and trim readl. TMD sequences were matched to trimmed read 1 using
Python’s ‘in" operator. Reads were binned by plate-specific indexes and subsequently by the
26-nt barcodes specific to each position in the 1536-colony array. Only reads with perfect
matches to the expected indexes and barcodes were considered. For each set of binned reads
with more than 100 reads, the TMD sequence was then identified as the most commonly
observed sequence (at least 65% frequency). Whenever possible, two independent clones
were selected for each TMD sequence and the corresponding haploid strains in yEIO038
background were consolidated a new colony array using a colony picking robot (PIXL, Singer
Instruments). Borders of the consolidated array were populated with yEIO038 as a dummy
strain to minimize spatial growth effects within each plate.

7.3 GENETIC SCREENS

Using SGA (Baryshnikova et al., 2010; Tong et al., 2001), knockout alleles of GET3, SPF1,
EMC3, HRD1, ASI1, TUL1, MSP1, DOA10 or URA3 as control were introduced into GPDpr-mNG-
TA strains (MATalpha canlA::STE2pr-SpHIS5 lyplA::STE3pr-LEU2 his3A1 ura3A0
leu2A0::GAL1pr-NLS-I-SCEI-natNT2 hphMX-GPDpr-mNeonGreen-ORF) (Table S 3) by mating
with strains yNS0010, yNS0011, yNS0012, UPS_hrdl, UPS_ asil, UPS tull, UPS_mspl,
UPS_doal0, UPS_ura3 (Table S 1), followed by sporulation and selection of haploids carrying
both a GPDpr-mNG-TA construct and a knockout allele on SD(MSG)-Leu/Arg/Lys +
can/thi/G418/Hyg plates (1.7 g/ | Bacto yeast nitrogen base without amino acids and
ammonium sulfate, 2 g/l amino acid dropout mix, 2% (w/v) glucose, 2% (w/v) agar, 1 g/l
monosodium glutamic acid (MSG) (G1626, Sigma-Aldrich), 50 mg/I canavanine (C1625, Sigma-
Aldrich), 50 mg/I thialysine (A2636, Sigma-Aldrich), 200 mg/l G418 (A291-25, Biochrom), 400
mg/l hygromycin B Gold (ant-hg-5, Invivogen)).

Similarly, GPDpr-mNG-(GS)3->TMD* strains (MATalpha his3A leu2A lys2A ura3A
ybr209w::KanMX-GPDpr-mNG-Myc-(GS)x3->TMD>-T8term-URA3prom-5‘URA3-Barcode-
lox71-GalCre canl::MFalpr-HIS3-MFalphalpr-LEU2 fcyl::HphMX SAL1 CAT5(91M)
MIP1(661T)) were crossed with strains yEI0112, yEI0113, yNS0015, yNS0016, yNS0017,
yNS0019, yNS0020, yNS0021 and yNS0025 (Table S 1) and haploids carrying both a GPDpr-
mNG-(GS)s->TMD? construct and a knockout allele were selected on SD(MSG)-Leu/Arg/Lys +
can/thi/G418/Nat plates (1.7 g/ | Bacto yeast nitrogen base without amino acids and
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ammonium sulfate, 2 g/l amino acid dropout mix, 2% (w/v) glucose, 2% (w/v) agar, 1 g/l
monosodium glutamic acid (MSG) (G1626, Sigma-Aldrich), 50 mg/I canavanine (C1625, Sigma-
Aldrich), 50 mg/I thialysine (A2636, Sigma-Aldrich), 200 mg/| G418 (A291-25, Biochrom), 100
mg/l clonNAT (5.0, Werner BioAgents)).

The GPDpr-mNG-TA KO and GPDpr-mNG-"TMD?> KO libraries were arranged in 1536-
colony format using a pinning robot (RoToR, Singer Instruments). In each 4x4 quadrant, there
are 3 technical replicates of the mNG-tagged strain or 3 technical replicates of the untagged
control strain, each crossed with a KO strain and also with a WT strain. In each 4x4 quadrant,
there are also 4 technical replicates of a reference strain. The reference strain has a strong
mNG fluorescence signal and is spaced evenly across each plate and is present on all plates in
the libraries. On each plate, dummy colonies are placed on the outer rows and columns to
minimize the influence of nutrient access on colony size and fluorescence readout.
Fluorescence intensities of the final colonies were measured after 24 h of growth using Infinite
M1000 plate readers (TECAN) equipped with stackers for automated plate loading (TECAN)
and custom temperature control chambers. Measurements in mNeonGreen (506/5 nm
excitation, 524/5 nm emission, optimal detector gain) channel were performed at 400 Hz
frequency of the flash lamp, with ten flashes averaged for each measurement.

Fluorescence measurement data were imported into R for data analysis. Data from
dummy colonies were first removed and then mNeonGreen fluorescence intensities were
normalized to the median of all reference strains on each plate to put all plates on the same
scale. Fluorescence intensities were then corrected for spatial effects by normalizing to the
median of the local reference strain in the 4x4 quadrant and corrected for cellular
autofluorescence by subtracting the median of the untagged control strain. After all the
normalizations, t-tests were performed to compare the knockout condition against the wild-
type condition for each mNG-tagged strain and p-values were corrected using the Benjamini-
Hochberg correction method. For plotting, mNeonGreen intensity values of technical
replicates were then summarized by taking the mean and this final value was used to calculate
the log2 fold change in intensity of knockout against wild type.

7.4 FLUORESCENCE MICROSCOPY

Haploid mNG-TMD libraries were mated with strain yEIOO64 (Table S 1) expressing
cytosolic tagBFP2 for cell segmentation and the ER marker Sec61-mScarlet-I. Strains with
mNG-TMD variants localized to mitochondria or punctate structures were further examined
by mating with strains yEIO063 (mitochondrial marker Cox4-mScarlet-1), yEIO072 (Golgi marker
Anpl-mScarlet-l) and yEIO073 (peroxisomal marker Pex3-mScarlet-I) (Table S 1). To determine
how mutations in protein targeting and turnover factors affect the localization of mMNG-TMD
fusions, mMNG-(GS)3->TMD?® and GPDpr-mNG-TA libraries (Table S 3) in wild type, get3A, emc3A,
msplA, spflA and doalOA backgrounds were mated with strains mutated for the same
targeting/turnover factors and expressing the mitochondrial marker Cox4-mScarlet-l or the ER
marker Sec61-mScarlet-l and (yEIO063, yEIO064, yNS0086-yNS0095) (Table S 1). Diploid strains
used for high-throughput fluorescence microscopy were selected on SD(MSG)-Ura+Hyg plates
(1.7 g/ | Bacto yeast nitrogen base without amino acids and ammonium sulfate, 2 g/l amino
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acid dropout mix, 2% (w/v) glucose, 2% (w/v) agar, 1 g/l monosodium glutamic acid (MSG)
(G1626, Sigma-Aldrich), 400 mg/l hygromycin B Gold (ant-hg-5, Invivogen)) (Baryshnikova et
al., 2010).

Diploid strains were grown to saturation in 96-well plates, diluted into fresh SC low
fluorescence medium (6.7 g/ | Bacto yeast nitrogen base without amino acids and without folic
acid and riboflavin (LoFlo, Formedium), 2 g/l amino acid dropout mix, 2% (w/v) glucose)
supplemented with 300 mg/L adenine (A8626, Sigma-Aldrich) and grown for 6 h to 0.5x10’
cells/mL. 60 pL of culture per well were transferred to 384-well plates (PhenoPlate 384-well
microplates, PerkinElmer) coated with 2 mg/mL concanavalin A (C2010, Sigma-Aldrich)
solution in water (Khmelinskii and Knop, 2014). Imaging was performed at room temperature
on a high-throughput spinning disk confocal microscope (Opera Phenix, PerkinElmer),
equipped with four laser lines (405nm, 488nm, 568nm, 640nm), a 63X water-immersion
objective (NA 1.15) and two 16-bit CMOS cameras (2160 by 2160 pixels). For each well, single
plane images of at least 10 fields of view (corresponding to an average of ~400 cells/well) were
acquired with 2x2 pixel binning (corresponding to 300 nm pixel size) in the following order:
mCherry (561 nm excitation, 570-630 nm emission filter), brightfield, tagBFP2 (405 nm
excitation, 435-480 nm emission filter), mNeonGreen (488 nm excitation, 500-550 nm
emission filter).

7.5 AUTOMATED IMAGE SEGMENTATION AND CLASSIFICATION

We developed a custom deep learning-based pipeline to classify the subcellular
localization of mNeonGreen-TMD fusions. The pipeline segments cells in the BFP channel
using a U-Net++ model (Zhou et al., 2018) and identifies the subcellular localization in the mNG
channel using a Res-Net model (He et al., 2016) as follows:

— Input BFP channel images were normalized by dividing each pixel value with the
median intensity of the corresponding pixel across all BFP images used to train the model. We
clipped pixel values at the 99th intensity percentile, replacing higher values with that
percentile, and linearly scaled the values between 0 and 255. To generate the ground truth
data for training the cell segmentation model, ten randomly selected fields of view were
segmented using ilastik (Berg et al., 2019) with human supervision. The segmentation masks
were refined using the scikit-image package (Van Der Walt et al., 2014) to remove objects less
than 100 pixels in size (morphology.remove_small_objects function) and to fill holes
(morphology.remove_small_holes function).

— Next, we trained the U-Net++ model (Zhou et al., 2018), previously pre-trained to
segment nuclei in mammalian cells (Ali et al., 2021), to segment yeast cells from 288 x 288
pixel patches of images in the BFP channel. Patches were randomly selected for training. The
model was trained for up to 200 epochs with an initial learning rate of 3x10* and a mini-batch
size of 8 to optimize binary cross-entropy loss using the Adam optimizer (Kingma and Ba,
2015). The learning rate was reduced by a factor of 10 once the validation loss was not
improving for 10 consecutive epochs, and training was terminated if validation loss did not
improve for 20 consecutive epochs.
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— The trained U-Net++ model was applied to segment cells in sample BFP channel
images. Sample images were pre-processed as training images, each image was split into 288
x 288 pixel patches, the segmentation masks were predicted by the model for each patch, and
the masks were stitched back to a single image. The output segmentation masks were
binarized and holes filled. Water-shedding was used to split the segmented objects into single
cells. First, the seeds for water-shedding were obtained by considering the only pixels of the
segmented objects that are 0.4 * the maximum distance from object pixel to the closest
background pixel in the image. Water-shedding was applied starting from those seeds until all
pixels of the segmented objects were covered. Objects smaller than 25 um? or those with a
circularity of less than 0.85, which likely correspond to out-of-focus buds, were filtered out.

— The subcellular localization model was trained to classify 100 x 100 pixel patches
from the mNG channel centered on a cell. Cell masks were obtained from the segmentation
model described above, and a patch was centered on the average of the extreme pixel
coordinates in x and y directions for each cell segmentation mask. The pixel values in the input
mNG images were linearly scaled between 0 to 255. We used the ResNet deep learning
classification model (He et al., 2016) to distinguish between five localization categories:
endoplasmic reticulum (ER), mitochondria (mito), plasma membrane (PM), vacuole (vac) and
mixed. The mixed category is a complex phenotype with co-occurrence of mostly ER, vac and
PM localizations in the same cell. To train the localization model, 170 and 30 manually
annotated fields of view per localization category were used for training and validation,
respectively. The model was trained for up to 200 epochs with an initial learning rate of 5x10"
4 and a mini-batch size of 128 to optimize the binary cross-entropy loss using the Adam
optimizer (Kingma and Ba, 2015). The learning rate was reduced by a factor of 10 when
validation loss did not improve for 10 consecutive epochs, and training was terminated if
validation loss did not improve for 20 consecutive epochs.

—The trained ResNet model was applied to sample mNG images with the same scaling
and patching. To determine the protein localization category of an image, we averaged the
localization probability of the patches in this image for each category and assigned the
category with the highest average probability to the image. In addition, we quantified the
average single-cell mNG signal for each strain. For that, we subtracted the median image
intensity in the GFP channel, removed the 2% brightest and dimmest cells, and then calculated
the average pixel intensity for each cell.

—The model architectures were built using the Keras framework with TensorFlow
backend 2.3.0 (Abadi et al., 2016) and the experiments were run on Tesla V100-PCIE-GB
Graphics Processing Units at The High-Performance Computing Center of the University of
Tartu.

7.6  ANALYSIS OF TMD PROPERTIES

To minimize linker influence on TMDs properties | have tried to identify the most
neutral linker computationally by testing how the different linker sequences between
mNeonGreen and TMD might affect predictions of the TMD’s position. 50 yeast TA proteins’
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sequences, which TMDs can be identified by Phobius prediction tool (Kall et al., 2004), and
corresponding mNG-linker-TMD synthetic fusions were analyzed using Phobius prediction
tool. Difference in TMD’s predicted start and end were compared for (GA)x5, (GS)x3 and GGPG
linkers using R.

We analyzed the patterns in the physical and physiochemical property of the TMDs of
the 59 peptides under study with their localization. Peptides were represented using five
physical properties, namely fraction of Valine at N Terminal half, fraction of Valine at C
Terminal half, Fraction of Leucine at N terminal half and Fraction of Leucine at C terminal half
and Length of the TMD, and three physiochemical property - Hydrophobicity, N Terminal
Charge, C Terminal Charge. Hydrophobicity of the TMD was calculated using the KyteDoolittle
scale and the charges were calculated using the “Zimmerman” scale from the “peptides”
package in R. The physical properties were calculated using string functions in R. Visualization
was done using “ggplot2” library in R.
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8 APPENDIX I

8.1 SUPPLEMENTARY

Table S 1. Yeast strains.

Strain Background Genotype Source

BY4741 S288c MATa his3A1 leu2A0 met15A0 ura3A0 (Brachmann et al., 1998)

BY4742 S288c MATalpha his3A1 leu2A0 lys2A0 ura3A0 (Brachmann et al., 1998)

Y8205 $288c MATalpha his3A1 leu2A0 met15A0 ura3A0 can1A::STE2pr-SpHIS5 (Tong and Boone, 2007)
lyp1A::STE3pr-LEU2

yMaM639 Y8205 leu2A0::GAL1pr-NLS-I-SCEI-natNT2 (Meurer et al., 2018)

JHY650 BY4742 ybr209wA::kanMX-URA3pr-URA3AC-barcode-Scel“tste-FCY1- Scel®*t  (Smith et al., 2017)

site_|ox71-GALpr-Cre can1A::MFalpr-HIS3-MFalphalpr-LEU2
fcy1A:hphMX SAL1 CAT5(91M) MIP1(661T)

SHA349 BY4742 ybr209wA::NatMX-GalCre can1A::MFalpr-HIS3-MFalphalpr-LEU2 (Smith et al., 2017)

SHA345 BY4741 ybr209wA::GalCre-NatMX can1A::MFalpr-HIS3-MFalphalpr-LEU2 (Smith et al., 2017)

#2797 BY4742 ybr209wA::KanMX-URA3prom-5‘URA3-Barcode-lox71-GalCre (Smith et al., 2017)
canlA::MFalpr-HIS3-MFalphalpr-LEU2

#2836 BY4742 ybr209wA::KanMX-URA3prom-5‘URA3-Barcode-lox71-GalCre (Smith et al., 2017)
canlA::MFalpr-HIS3-MFalphalpr-LEU2 fcylA::HphMX

#2849 BY4742 ybr209wA::KanMX-URA3prom-5‘URA3-Barcode- Scelutsite - (Smith et al., 2017)

FCY1prom-FCY1- Scel®tsit¢ -J]ox71-GalCre can1A::MFalpr-HIS3-
MFalphalpr-LEU2 fcylA::HphMX

N-SWAT_TA BY4741 L1-hphAN-Scelctsite-URA3-SpNOP1pr-sfGFP-L2::ORF (Yofe et al., 2016)
yEIOO11 JHY650 ybr209wA::kanMX-GPDpr-mNeonGreen-GAGAGAGAGA-Sce|ct site- this study
FCY1-Scele“tsite-T8term-URA3pr-URA3AC-barcode-lox71-GALpr-Cre
yEI0024 yEIO011 ybr209wA::kanMX-natNT2-TEF1pr-mNeonGreen-GAGAGAGAGA- this study
Scelcutsitt-FCY1-Scelvtsite-T8term-URA3pr-URA3AC-barcode-lox71-
GALpr-Cre
yEI0025 yEIO011 ybr209wA::kanMX-natNT2-ADH1pr-mNeonGreen-GAGAGAGAGA- this study
Scelcutsitt-FCY1-Scelvtsite-T8term-URA3pr-URA3AC-barcode-lox71-
GALpr-Cre
yEI0059 yMaM639 pEI098 (pSD-N1-mNeonGreen) this study
yEI0060 yMaM639 PEI099 (pSD-N4-GPDpr-mNeonGreen) this study
yEIO038 JHY650 ybr209wA::kanMX-GPDpr-mNeonGreen-Myc-GSGSGS-Scelcut site- this study

FCY1-Scele“tsite-T8term-URA3pr-URA3AC-barcode-lox71-GALpr-Cre

yEI0063 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term COX4-mScarlet-I-KanMX this study

yEIO064 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1lterm SEC61-mScarlet-I-KanMX this study

yEI0072 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term ANP1-mScarlet-I-KanMX this study

yEIO073 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term PEX3-mScarlet-I-KanMX this study

yNS0086 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term COX4-mScarlet-I-KanMX this study
msplA::natNT2

yNS0087 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term COX4-mScarlet-1-KanMX this study
get3A::natNT2

yNS0088 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term COX4-mScarlet-1-KanMX this study
spflA::natNT2

yNS0089 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term COX4-mScarlet-I-KanMX this study
emc3A::natNT2

yNS0090 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term COX4-mScarlet-1-KanMX this study
doalOA::natNT2

yNS0091 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1lterm SEC61-mScarlet-I-KanMX this study
msplA::natNT2

yNS0092 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1lterm SEC61-mScarlet-I-KanMX this study
get3A::natNT2

yNS0093 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term SEC61-mScarlet-1-KanMX this study
spflA::natNT2

yNS0094 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term SEC61-mScarlet-I-KanMX this study
emc3A::natNT2

yNS0095 BY4741 leu2A::URA3-GPDpr-tagBFP2-CYC1term SEC61-mScarlet-1-KanMX this study

doalOA::natNT2

yNS0010 BY4741 get3A::kanMX this study
yNS0011 BY4741 spflA::kanMX this study
yNS0012 BY4741 emc3A::kanMX this study
UPS_hrd1 BY4741 hrd1A::kanMX (Kong et al., 2021a)
UPS_asil BY4741 asilA::kanMX (Kong et al., 2021a)
UPS_tull BY4741 tullA::kanMX (Kong et al., 2021a)
UPS_mspl BY4741 msplA::kanMX (Kong et al., 2021a)
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Strain Background Genotype Source
UPS_doal0 BY4741 doal0A::kanMX (Kong et al., 2021a)
UPS_ura3 BY4741 ura3A::kanMX (Kong et al., 2021a)
yEIO112 BY4741 lyp1AO0 hrd1A::natNT2 this study
yEIO113 BY4741 lyp1AO msplA::natNT2 this study
yNS0015 BY4741 lyp1A0 get3A::natMX this study
yNS0016 BY4741 lyp1A0 spflA::natMX this study
yNS0017 BY4741 lyp1A0 emc3A::natMX this study
yNS0019 BY4741 lyp1AO tullA::natMX this study
yNS0020 BY4741 lyp1A0 doal0A::natMX this study
yNS0021 BY4741 lyp1AO0 asilA::natMX this study
yNS0025 BY4741 lyp1AO0 his3A::natMX this study
yEIO164 BY4741 scs2A::natNT2 scs22A::hphNT1 ist2A::CaURA3 PMA1-mScarlet-I- this study
HIS3MX6
Table S 2. Plasmids.
Plasmid Description Source
pSD-N1 donor template for markerless tagging using N-SWAT (L1-MCS-L2), kanMX4 (Yofe et al., 2016)
plasmid selection
pSD-N4 donor template for tagging using N-SWAT with reconstitution of the (Yofe et al., 2016)
hphNT1 marker (hphAC-MCS-L2), kanMX4 plasmid selection
pEI098 pSD-N1-mNeonGreen (N-SWAT donor type I) this study
pEI099 pSD-N4-GPDpr-mNeonGreen (N-SWAT donor type ) this study
p415GPD PBLUESCRIPT Il shuttle vector, AmpR, CEN6 ARSH4 LEU2, GPDpr (Mumberg et al., 1995)
pEI091 p415GPD-mNeonGreen-Myc-GSGSGS-Scelcutsite-FCY1-ScelcUt ste-T8term this study
pEIO80 p413TEF-NLS-SCEI this study
pEIO87 p415GPD-mNeonGreen-p415GPD-mNeonGreen-Scelsite-FCY1-Scelsite- this study
T8term
pYM-N19 pFA6a-natNT2-TEFpr (Janke et al., 2004)
pYM-N7 pFA6a-natNT2-ADHpr (Janke et al., 2004)

Table S 3. Localization of yeast native TA proteins.

o . . Localization

RF Protein Tagging mNG-ORF GPDpr-mNG-ORF
YBLO91C-A Scs22 N-SWAT below threshold cytosol
YLRO26C Sed5 N-SWAT Golgi Golgi
YBR162W-A Ysy6 N-SWAT ER ER
YDRO86C Sss1 N-SWAT ER ER
YDR200C Far9/Vps64 N-SWAT below threshold ER
YDR498C Sec20 N-SWAT ER ER
YER087C-B Sbh1 N-SWAT ER ER
YER100W Ubc6 N-SWAT ER ER
YER120W Scs2 N-SWAT ER ER
YGLO98W Usel N-SWAT ER ER
YLR238W Farl0 N-SWAT below threshold ER
YLR268W Sec22 N-SWAT ER ER
YMR161W Hlj1 N-SWAT ER ER
YNL111C Cyb5 N-SWAT ER ER
YNL188W Karl N-SWAT ER ER
YORO75W Ufel N-SWAT below threshold ER
YOR324C Frtl N-SWAT below threshold ER
YPR183W Dpm1 N-SWAT below threshold ER
YDR468C Tigl N-SWAT Golgi Golgi
YHLO31C Gosl N-SWAT Golgi Golgi
YILOO4C Betl N-SWAT below threshold Golgi
YKLOO6C-A Sftl N-SWAT below threshold Golgi
YLRO78C Bosl N-SWAT Golgi Golgi
YMR197C Vtil N-SWAT below threshold Golgi
YOL018C Tlg2 N-SWAT below threshold Golgi
YFLO46W Fmp32 N-SWAT below threshold mitochondria
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YILO65C Fis1
YNLO70W Tom7
YNL131W Tom22
YOR045W Tom6
YPR133W-A Tom5
YDLO12C Ydlo12c
YPL192C Prm3
YOL044W Pex15
YALO30W Sncl
YDRO34W-B Ydr034w-b
YDR210W Ydr210w
YMR183C Sso2
YOR327C Snc2
YPL232W Ssol
YDL241W YdI241w
YDR281C Phmé
YLR0O93C Nyv1
YORO036W Pepl12
YOR106W Vam3
YPL200W Csm4
YBL100C Ybl100c
YALO28W Frt2
YDR522C Sps2
YELO73C Yel073c
YMLO36W Cgil21
YERO19C-A Sbh2
YAL014C Syn8
YBRO16W YbrOol6w
YBRO56W-A Mncl
YPL206C Pgcl
YJL119C Yjl119c
YELO1OW Yel010w
YCLO07C Ycl007c

N-SWAT mitochondria mitochondria
N-SWAT mitochondria mitochondria
N-SWAT mitochondria mitochondria
N-SWAT mitochondria mitochondria
N-SWAT mitochondria mitochondria
N-SWAT PM/bud Golgi
N-SWAT below threshold NE

N-SWAT peroxisome peroxisome
N-SWAT below threshold puncta
N-SWAT PM PM

N-SWAT PM PM

N-SWAT PM PM

N-SWAT Golgi PM/bud
N-SWAT PM PM

N-SWAT below threshold puncta
N-SWAT below threshold vacuole
N-SWAT vacuole vacuole
N-SWAT Golgi vacuole
N-SWAT vacuole, low signal vacuole
N-SWAT below threshold cytosol

PCR targeting NA ER

N-SWAT below threshold ER

N-SWAT below threshold cytosol
N-SWAT below threshold cytosol, puncta
N-SWAT below threshold cytosol

PCR targeting NA ER

PCR targeting below threshold Golgi

PCR targeting PM PM

PCR targeting PM/cytosol PM/cytosol
PCR targeting NA ER/puncta
PCR targeting NA puncta

NA NA NA

NA NA NA

Table S 4. Oligonucleotide pools encoding TMD variants.

Variant

Sequence

YALO14c/Syn8:TAvariants_1_1_

ggttctggatcaggttcaAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTATTAtaactccaggagTATATAAACTC
AT

YALO14c/Syn8:TAvariants_1_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTATTAtaactccaggagT
ATATAAACTCAT

YALO14c/Syn8:TAvariants_5_1_

ggttctggatcaggttcaAGGTTCAAGGATAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTATTAtaactccagg
agTATATAAACTCAT

YALO28w/Frt2:TAvariants_1_1_

ggttctggatcaggttcaGAGGATGACAATAAGGCGTTTATTAATGAATTAAAGATATCAGTCGAAGAAAGTGTAGCGCAATTACAAtaactccaggag TAT
ATAAACTCAT

YALO28w/Frt2:TAvariants_1_1_ggtgga
ccaggt

gattctggatcaggttcaggtggaccaggtGAGGATGACAATAAGGCGTTTATTAATGAATTAAAGATATCAGTCGAAGAAAGTGTAGCGCAATTACAAtaa
ctccaggag TATATAAACTCAT

YALO28w/Frt2:TAvariants_1_5_

ggttctggatcaggttcaGAGGATGACAATAAGGCGTTTATTAATGAATTAAAGATATCAGTCGAAGAAAGTGTAGCGCAATTACAAGGATTGGAAAG
GtaactccaggagTATATAAACTCAT

YALO28w/Frt2:TAvariants_5_1_

ggttctggatcaggttcaTCAGACTTTGACGAGGATGACAATAAGGCGTTTATTAATGAATTAAAGATATCAGTCGAAGAAAGTGTAGCGCAATTACAAL
aactccaggagTATATAAACTCAT

YALO30w/Sncl:TAvariants_1_1_

gettctggatcaggttcaATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTtaactccaggagTATATA
AACTCAT

YALO30w/Sncl:TAvariants_1_1_ggtgg
accaggt

gettctggatcaggttcaggtggaccaggtATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTtaactcca
ggagTATATAAACTCAT

YALO30w/Sncl:TAvariants_1_5_

gettctggatcaggttcaATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTCGAtaactccaggagTAT
ATAAACTCAT

YALO30w/Sncl:TAvariants_5_1_

ggttctggatcaggttcaCTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTtaac
tccaggagTATATAAACTCAT

YBLO91c-A/Scs22:TAvariants_1_1_

ggttctggatcaggttcaAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACTACtaactccaggagTATATAAA
CTCAT

YBLO91c-
A/Scs22:TAvariants_1_1_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACTACtaactccagg
agTATATAAACTCAT

YBLO91c-A/Scs22:TAvariants_5_1_

gettctggatcaggttcaGGTAACGGGCAAAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACTACtaacte
caggagTATATAAACTCAT

YBL100c:TAvariants_1_1_

ggttctggatcaggttcaATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTTGTtaactccaggagTATATAAACTCAT

YBL100c:TAvariants_1_1_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTA GTtaactccaggagTATATAAA
CTCAT

YBL100c:TAvariants_1_5_

ggttctggatcaggttcaATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTA GTTACTGTTCTTGCtaactccaggagTATATA
AACTCAT

YBL100c:TAvariants_1_5_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTA GTTACTGTTCTTGCtaactcca
ggagTATATAAACTCAT
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YBL10Oc:TAvariants_5_1_

ggttctggatcaggttcaGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTTGTtaactccaggagTATAT
AAACTCAT

YBL10Oc:TAvariants_5_1

_>_1_ggtggaccagg
t

gettctggatcaggttcaggtggaccaggt GATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTA GTtaactc
caggagTATATAAACTCAT

YBL10Oc:TAvariants_5_5_

ggttctggatcaggttcaGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTTGTTACTGTTCTTGCtaa
ctccaggag TATATAAACTCAT

YBRO16w:TAvariants_1_1_

gettctggatcaggttcaGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT CtaactccaggagTATATAAACT
CAT

YBRO16w:TAvariants_1_1_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggtGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT CtaactccaggagT
ATATAAACTCAT

YBRO16w:TAvariants_5_1_

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBR162w-A/Ysy6:TAvariants_1_1_

gettctggatcaggttcaACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCCTAtaactccaggag TATAT
AAACTCAT

YBR162w-
A/Ysy6:TAvariants_1_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCCTAtaactcc
aggagTATATAAACTCAT

YBR162w-A/Ysy6:TAvariants_5_1_

gettctggatcaggttcaGTGATATCCAAAACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCCTAtaac
tccaggag TATATAAACTCAT

YCLOO7¢/Cwh36:TAvariants_1_1_

gettctggatcaggttcaGACACATACAAACTACTCATTACTCTTTGTTCTTTATTATTCGTTGGACCTTTGTTTCTTAAAtaactccaggagTATATAAACTCAT

YCLOO7¢/Cwh36:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggt GACACATACAAACTACTCATTACTCTTTGTTCTTTATTATTCGTTGGACCTTTGTTTCTTAAAtaactccaggagTAT
ATAAACTCAT

YCLOO7¢/Cwh36:TAvariants_1_5_

gettctggatcaggttcaGACACATACAAACTACTCATTACTCTTTGTTCTTTATTATTCGTTGGACCTTTGTTTCTTAAAGTAtaactccaggagTATATAAAC
TCAT

YCLOO7¢/Cwh36:TAvariants_1_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGACACATACAAACTACTCATTACTCTTTGTTCTTTATTATTCGTTGGACCTTTGTTTCTTAAAGTAtaactccagga
gTATATAAACTCAT

YCLO07¢/Cwh36:TAvariants_5_1_

ggttctggatcaggttcaAGAAGAGATTATGACACATACAAACTACTCATTACTCTTTGTTCTTTATTATTCGTTGGACCTTTGTTTCTTAAAtaactccaggag
TATATAAACTCAT

YCLOO7¢/Cwh36:TAvariants_5_5_

gettctggatcaggticaAGAAGAGATTATGACACATACAAACTACTCATTACTCTTTGTTCTTTATTATTCGTTGGACCTTTGTTTCTTAAAGTAtaactcca
ggagTATATAAACTCAT

YDLO12c:TAvariants_1_1_

ggttctggatcaggttcaGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccaggagTATATAAACT
CAT

YDLO12c:TAvariants_1_1_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGT T TtaactccaggagT
ATATAAACTCAT

YDLO12c:TAvariants_5_1_

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

YDL241w:TAvariants_1_1_

ggttctggatcaggttcaTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCtaactccaggagTATATAAACTCAT

YDL241w:TAvariants_1_1_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggtTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTC CtaactccaggagTATATAAACTCAT

YDL241w:TAvariants_5_1_

ggttctggatcaggttcaAGGCCTTCTCATTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCtaactccaggagTATATAAACTCA
T

YDL241w:TAvariants_5_1_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggtAGGCCTTCTCATTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTC CtaactccaggagTA
TATAAACTCAT

YDRO34W-B:TAvariants_1_1_

ggttctggatcaggttcaGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACtaactccaggagTATATAAACTC
AT

YDRO34W-
B:TAvariants_1_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACtaactccaggagTA
TATAAACTCAT

YDRO34W-B:TAvariants_1_5_

gettctggatcaggttcaGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taactccaggagTATATA
AACTCAT

YDRO34W-
B:TAvariants_1_5_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taactcc
aggagTATATAAACTCAT

YDRO34W-B:TAvariants_5_1_

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACtaactccagga
gTATATAAACTCAT

YDRO34W-B:TAvariants_5_5_

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO86¢/Sss1:TAvariants_1_1_

ggttctggatcaggttcaAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCAAGtaactccaggagTATATAAACT
CAT

YDRO86¢/Sss1:TAvariants_1_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCAAGtaactccaggag
TATATAAACTCAT

YDRO86¢/Sss1:TAvariants_1_5_

gettctggatcaggttcaAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCAAGTTGATTCATATTtaactccagg
agTATATAAACTCAT

YDRO86¢/Sss1:TAvariants_5_1_

ggttctggatcaggttcaAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCAAGtaactccag
gagTATATAAACTCAT

YDR200c/Far9:TAvariants_1_1_

gettctggatcaggttcaAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGtaactccaggagTATATAAACTCAT

YDR200c/Far9:TAvariants_1_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGtaactccaggagTAT
ATAAACTCAT

YDR200c/Far9:TAvariants_1_5_

gettctggatcaggttcaAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGCAATTGCCACAAtaactccaggagT
ATATAAACTCAT

YDR200c/Far9:TAvariants_5_1_

gettctggatcaggttcaACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGtaactccaggag
TATATAAACTCAT

YDR210w:TAvariants_1_1_

gettctggatcaggttcaAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAAtaactccaggagTATATAAACTCAT

YDR210w:TAvariants_1_1_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggtAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAAtaactccaggagTATA
TAAACTCAT

YDR210w:TAvariants_1_5_

ggttctggatcaggttcaAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCGATtaactccaggagT
ATATAAACTCAT

YDR210w:TAvariants_5_1_

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAAtaactccaggagT
ATATAAACTCAT

YDR281c/Phm6:TAvariants_1_1_

gettctggatcaggttcaGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTCTT ATGTGATGtaactccaggagTA
TATAAACTCAT

YDR468c/Tlgl:TAvariants_1_1_

ggttctggatcaggttcaGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTGCTtaactccaggagTATATAAACTCA
T

YDR468¢/TIgl:TAvariants_1_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAGTTTTATTAG GGCATTCATTGCTtaactccaggagTA
TATAAACTCAT

YDR468¢/Tlgl:TAvariants_5_1_

ggttctggatcaggttcaGAAAAATACGACGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTGCTtaactccagga
gTATATAAACTCAT

YDR498c/Sec20:TAvariants_1_1_

ggttctggatcaggttcaGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTtaactccaggagTATATAAACTCAT

YDR498c/Sec20:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTtaactccaggagTATATAA
ACTCAT
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YDR498c/Sec20:TAvariants_1_5_

ggttctggatcaggttcaGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTCGTA CAAGtaactccaggagTATAT
AAACTCAT

YDR498¢/Sec20:TAvariants_1_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTCGTA CAAGtaactcc
aggagTATATAAACTCAT

YDR498c/Sec20:TAvariants_5_1_

gettctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTtaactccaggagTATA
TAAACTCAT

YDR498c¢/Sec20:TAvariants_5_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggt CAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTtaactc
caggagTATATAAACTCAT

YDR498c/Sec20:TAvariants_5_5_

ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTCGTA CAAGtaa
ctccaggag TATATAAACTCAT

YDR522¢/Sps2:TAvariants_1_1_

ggttctggatcaggttcaAACA ATTGATGCTTTCAAAATGTCAGTTTATGCAG CACGGTATTGTTCTCGATAATTT TTtaactccaggag TATATA
AACTCAT

YDR522¢/Sps2:TAvariants_1_1_ggtgg
accaggt

gettctggatcaggttcaggtggaccaggtAACA ATTGATGCTTTCAAAATGTCAGTTTATGCAG CACGGTATTGTTCTCGATAATTTTTtaactcca
ggag TATATAAACTCAT

YDR522¢/Sps2:TAvariants_5_1_

ggttctggatcaggttcaAGTGCTCCGAAGAACA ATTGATGCTTTCAAAATGTCAGTTTATGCAG CACGGTATTGTTCTCGATAATTTTTtaac
tccaggag TATATAAACTCAT

YELO10w:TAvariants_1_1_

ggttctggatcaggttcaAGGCTTTCGAGC CTATTA AAGTGCTGTGTTTCCGGACGTGCTCTTCACTTTCTTA CTtaactccaggag TATATAA
ACTCAT

YELO10w:TAvariants_1_1_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggtAGGCTTTCGAGC CTATTA AAGTGCTGTGTTTCCGGACGTGCTCTTCACTTTCTTATTTTCTtaactcca
ggagTATATAAACTCAT

YELO10w:TAvariants_5_1_

ggttctggatcaggttcaAGGTTAGAGACGAGGCTTTCGAGC CTATTATTTTAAGTGCTGTGTTTCCGGACGTGCTCTTCACTTTCTTA CTtaact
ccaggag TATATAAACTCAT

YELO73c:TAvariants_1_1_

gettctggatcaggttcaGAAACTTCAGGTTATTATGCCTTTTCAACAGTAGTACCTG AATGGGGAATATGAAAGTAGCAtaactccaggagTATATAA
ACTCAT

YELO73c:TAvariants_1_1_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtGAAACTTCAGGTTATTATGCC CAACAGTAGTACCTG AATGGGGAATATGAAAGTAGCAtaactccag
gagTATATAAACTCAT

YELO73c:TAvariants_5_1_

ggttctggatcaggttcaACTAACCCATACGAAACTTCAGGTTATTATGCC CAACAGTAGTACCTG AATGGGGAATATGAAAGTAGCAtaactc
caggagTATATAAACTCAT

YER019¢c-A/Sbh2:TAvariants_1_1_

gettctggatcaggttcaTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGtaactccaggagTATATAAAC
TCAT

YERO19c-
A/Sbh2:TAvariants_1_1_ggtggaccaggt

gettctggatcaggttcaggtggaccaggtTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGtaactccaggag
TATATAAACTCAT

YER019¢c-A/Sbh2:TAvariants_1_5_

gettctggatcaggttcaTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGAAATTTACACACtaactccag
gagTATATAAACTCAT

YER019¢-A/Sbh2:TAvariants_5_1_

ggttctggatcaggttcaTTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGtaactccag
gagTATATAAACTCAT

YER087¢-B/Sbh1:TAvariants_1_1_

ggttctggatcaggttcaCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATC CTGTTGTTGCATTACATGTTATTTCTtaactccaggagTATATAAACT
CAT

YERO87c-
B/Sbh1:TAvariants_1_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATC CTGTTGTTGCATTACATGTTATTTCTtaactccaggag
TATATAAACTCAT

YER087¢-B/Sbh1:TAvariants_1_5_

ggttctggatcaggttcaCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATC CTGTTGTTGCATTACATGTTATTTCTAAAGTTGCCGGTtaactccag
gagTATATAAACTCAT

YERO87¢-B/Sbh1:TAvariants_5_1_

gettctggatcaggticaCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATTTC Ttaactccag
gagTATATAAACTCAT

YER100w/Ubc6:TAvariants_1_1_

gettctggatcaggttcaTCTTCAATGGTTTATATTGGTATCGCTA TTG GGTTGGCC TATGAAAtaactccaggagTATATAAACTCAT

YER100w/Ubc6:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtTCTTCAATGGTTTATATTGGTATCGCTA TGTTTTTGGTTGGCC ATGAAAtaactccaggagTATATA
AACTCAT

YER100w/Ubc6:TAvariants_5_1_

gettctggatcaggttcaCCTAATGATAGTTCTTCAATGGTTTATATTGGTATCGCTA TTTGTTTTTGGTTGGCC ATGAAAtaactccaggag TAT
ATAAACTCAT

YER120w/Scs2:TAvariants_1_1_

ggttctggatcaggttcaAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGG AGGATGGTTCTACAGAtaactccaggagTATATAAACTCAT

YER120w/Scs2:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGG ‘AGGATGGTTCTACAGAtaactccaggagTATA
TAAACTCAT

YER120w/Scs2:TAvariants_5_1_

gettctggatcaggttcaAATGAATCATCCAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTACAGAtaactccaggagTA
TATAAACTCAT

YFLO46w/Fmp32:TAvariants_1_1_

gettctggatcaggttcaCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGtaactccaggagTATATAA
ACTCAT

YFLO46w/Fmp32:TAvariants_1_1_ggt
ggaccaggt

ggttctggatcaggttcaggtggaccaggt CAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGtaactccag
gagTATATAAACTCAT

YFLO46w/Fmp32:TAvariants_1_5_

gattctggatcaggttcaCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGTTTATTAACAtaactccagg
agTATATAAACTCAT

YFLO46w/Fmp32:TAvariants_5_1_

gettctggatcaggticaTCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGtaactc
caggagTATATAAACTCAT

YGLO98w/Usel:TAvariants_1_1_

gettctggatcaggttcaAGTTACTTGTTTTATATTACTGTTTTCA ATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAATTATTCCCGtaactc
caggagTATATAAACTCAT

YHLO31c/Gos1:TAvariants_1_1_

ggttctggatcaggttcaAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG TGTTTTTCACATGGtaactccaggagTATATAAACTCAT

YHLO31c/Gos1:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG GTTTTTCACATGGtaactccaggagTATAT
AAACTCAT

YHLO31c/Gos1:TAvariants_5_1_

gettctggatcaggttcaAGAAGGAAGAAAAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG TG CACATGGtaactccaggagT
ATATAAACTCAT

YILOO4c/Bet1:TAvariants_1_1_

gettctggatcaggttcaGGGATCAGTATAAAAACATGGTTAATAATA TTATGGTAGGCGTGCTA GGGTATGGATTACAtaactccaggagT
ATATAAACTCAT

YILO65¢/Fis1:TAvariants_1_1_

gettctggatcaggttcaAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAtaactccaggagTATATA
AACTCAT

YILO65¢c/Fis1:TAvariants_1_1_ggtggac
caggt

ggttctggatcaggttcaggtggaccaggtAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAtaactcca
ggagTATATAAACTCAT

YILO65¢/Fis1:TAvariants_1_5_

gettctggatcaggttcaAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAAACAAGAGAAGGtaa
ctccaggagTATATAAACTCAT

YILO65¢c/Fis1:TAvariants_5_1_

ggttctggatcaggttcaAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAtaac
tccaggag TATATAAACTCAT

YJL119c:TAvariants_1_1_

ggttctggatcaggttcaGAAGCCATCACTG CGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG taactccaggag TATATAAACTCA
T

YJL119c:TAvariants_1_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtGAAGCCATCACTG TTTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG taactccaggagTA
TATAAACTCAT

YJL119c:TAvariants_1_5_

gettctggatcaggttcaGAAGCCATCACTG CGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG TTTTCGCAtaactccaggagTAT
ATAAACTCAT

YJL119c:TAvariants_5_1_

ggttctggatcaggttcaACTGAAAAGCATGAAGCCATCACTG TTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG taactccagga
gTATATAAACTCAT

YKLOO6c-A/Sft1:TAvariants_1_1_

gettctggatcaggttcaAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGtaactccaggagTATATAAA
CTCAT
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YKLOO6c-
A/Sft1:TAvariants_1_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGtaactccagg
agTATATAAACTCAT

YKLOO6¢-A/Sft1:TAvariants_1_5_

ggttctggatcaggttcaAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGTTAT T TtaactccaggagTA
TATAAACTCAT

YKLOO6c-A/Sft1:TAvariants_5_1_

gettctggatcaggticaTTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGaactce
aggagTATATAAACTCAT

YLR026¢/Sed5:TAvariants_1_1_

ggttctggatcaggttcaAGATGGTTAGCCGCAAAGG ATAATCTTTGTA CGTTATTTGGGTTTTAGTCAATtaactccaggagTATATAAAC
TCAT

YLR026¢/Sed5:TAvariants_1_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAGATGGTTAGCCGCAAAGG ATAATCTTTGTATTTTTCGTTATTTGGG AGTCAATtaactccagga
gTATATAAACTCAT

YLR026¢/Sed5:TAvariants_5_1_

gattctggatcaggticaATAAAGAGTAATAGATGGTTAGCCGCAAAGGTTTTTTTTATAATCTTTGTATTTTTCGTTATTTGGGTTTTAGTCAATtaactcca
ggagTATATAAACTCAT

YLRO78c/Bos1:TAvariants_1_1_

ggttctggatcaggttcaAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAAtaactccaggagTATATAAACTCAT

YLRO78c/Bos1:TAvariants_1_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAAtaactccaggagTATAT
AAACTCAT

YLRO78c/Bos1:TAvariants_1_5_

ggttctggatcaggttcaAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAATGGTTAAGAtaactccaggagTATAT
AAACTCAT

YLRO78c/Bos1:TAvariants_1_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAATGGTTAAGAtaactc
caggagTATATAAACTCAT

YLRO78c/Bos1:TAvariants_5_1_

gettctggatcaggttcaGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAAtaactccaggagTA
TATAAACTCAT

YLRO78c/Bos1:TAvariants_5_5_

ggttctggatcaggttcaGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAATGGTTAAGAtaa
ctccaggag TATATAAACTCAT

YLR093c¢/Nyv1:TAvariants_1_1_

gettctggatcaggttcaAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATGTTTTTCTATCTGTGGtaactccaggagTATATA
AACTCAT

YLR093c/Nyv1:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGTGGtaactcca
ggag TATATAAACTCAT

YLR093c¢/Nyv1:TAvariants_5_1_

ggttctggatcaggttcaCAGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGTGGtaact
ccaggag TATATAAACTCAT

YLR238w/Far10:TAvariants_1_1_

ggttctggatcaggttcaCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCCtaactccaggagTATATA
AACTCAT

YLR238w/Far10:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCCtaactcca
ggagTATATAAACTCAT

YLR238w/Far10:TAvariants_1_5_

ggttctggatcaggttcaCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCCCCCAACtaactccaggag
TATATAAACTCAT

YLR238w/Far10:TAvariants_5_1_

gettctggatcaggttcaACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCCtaact
ccaggagTATATAAACTCAT

YMLO36w/Cgil21:TAvariants_1_1_

gettctggatcaggttcaGATGATTTCAAGCCCCAAGACGTAAATGGTCTCTCAAGAGCTTTGGTAGACGCTATTCAATTGAGGGGTGTGtaactccaggag
TATATAAACTCAT

YMR161w/HIj1:TAvariants_1_1_

ggttctggatcaggttcaAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGTtaactccaggagTATATAAACTCAT

YMR161w/HIj1:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGTtaactccaggagTAT
ATAAACTCAT

YMR161w/HIlj1:TAvariants_5_1_

ggttctggatcaggttcaTCGCAATTAAAAAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGTtaactccaggagT
ATATAAACTCAT

YMR183c/Sso2:TAvariants_1_1_

gettctggatcaggticaAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTTGTGGAAtaactcca
ggagTATATAAACTCAT

YMR197c/Vtil:TAvariants_1_1_

gettctggatcaggttcaAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCTCAtaactccaggagTATATAAACTCA

YMR197c/Vtil:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGA GCTAG GTTCTCAtaactccaggagTA
TATAAACTCAT

YMR197c/Vtil:TAvariants_1_5_

gettctggatcaggttcaAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCTCAAAGTTTAAAtaactccaggagTAT
ATAAACTCAT

YMR197¢/Vtil:TAvariants_5_1_

gettctggatcaggttcaCTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCTCAtaactccaggag
TATATAAACTCAT

YNLO70w/Tom7:TAvariants_1_1_

ggttctggatcaggttcaAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTG GTATTTGGGCTGGGCAtaactccaggagTA
TATAAACTCAT

YNL111c/Cyb5:TAvariants_1_1_

gattctggatcaggttcaAGTGGTACATTGGTTGTCATATTGGCCATTTTAATGCTAGGTGTTGCTTATTATTTGTTGAACtaactccaggag TATATAAACTC
AT

YNL111c/Cyb5:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACtaactccaggagT
ATATAAACTCAT

YNL111c/Cyb5:TAvariants_1_5_

ggttctggatcaggttcaAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACGAAtaactccaggagTATATAAA
CTCAT

YNL111c/Cyb5:TAvariants_1_5_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACGAAtaactccagg
agTATATAAACTCAT

YNL111c/Cyb5:TAvariants_5_1_

ggttctggatcaggttcaCAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACtaactccagg
agTATATAAACTCAT

YNL111c/Cyb5:TAvariants_5_5_

gettctggatcaggttcaCAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACGAAtaactc
caggagTATATAAACTCAT

YNL131w/Tom22:TAvariants_1_1_

gettctggatcaggttcaAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAAtaactccaggag TAT
ATAAACTCAT

YNL188w/Karl:TAvariants_1_1_

gettctggatcaggttcaGAATATTTCTTATGGACAATTTGTATTTTAATATTGTTATATTGCAATATATATGTGTATTATAGGtaactccaggagTATATAAAC
TCAT

YNL188w/Karl:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATAGGtaactccagga
gTATATAAACTCAT

YNL188w/Karl:TAvariants_1_5_

ggttctggatcaggttcaGAATATTTCTTATGGACAATTTGTATTTTAATATTGTTATATTGCAATATATATGTGTATTATAGGTTTtaactccaggagTATATA
AACTCAT

YNL188w/Karl:TAvariants_1_5_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATAGGTTTtaactcca
ggagTATATAAACTCAT

YNL188w/Karl:TAvariants_5_1_

ggttctggatcaggttcaAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATAGGtaactcc
aggagTATATAAACTCAT

YNL188w/Karl:TAvariants_5_5_

gettctggatcaggttcaAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATAGGTTTtaac
tccaggagTATATAAACTCAT

YOLO018c/TIg2:TAvariants_1_1_

ggttctggatcaggttcaAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGAAAtaactccaggagTATATAAACTCAT

YOLO018c/Tlg2:TAvariants_1_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGAAAtaactccaggagTATAT
AAACTCAT

YOLO018c/Tlg2:TAvariants_1_5_

ggttctggatcaggttcaAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGAAACCACATGGCGGTtaactccaggagTA
TATAAACTCAT

YOLO018c/Tlg2:TAvariants_5_1_

gettctggatcaggttcaACTCAAAAATGTAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGAAAtaactccaggagTAT
ATAAACTCAT
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YOLO44w/Pex15:TAvariants_1_1_

ggttctggatcaggttcaAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAtaactccaggagTATATAAACTCAT

YOLO044w/Pex15:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAtaactccaggagTATA
TAAACTCAT

YOLO44w/Pex15:TAvariants_1_5_

gettctggatcaggttcaAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAAAATATAAGTCAtaactccaggagT
ATATAAACTCAT

YOLO044w/Pex15:TAvariants_5_1_

ggttctggatcaggttcaCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAtaactccaggagT
ATATAAACTCAT

YORO036w/Pepl2:TAvariants_1_1_

gettctggatcaggttcaAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTC TA TCTCATTATGAAAtaactccaggagTATATAAAC
TCAT

YOR036w/Pepl12:TAvariants_1_1_ggt
ggaccaggt

ggttctggatcaggttcaggtggaccaggtAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTC TATTTTTCTCATTATGAAAtaactccagga
gTATATAAACTCAT

YOR036w/Pep12:TAvariants_1_5_

ggttctggatcaggttcaAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTC TATTTTTCTCATTATGAAATTGtaactccaggagTATATA
AACTCAT

YORO036w/Pepl2:TAvariants_1_5_ggt
ggaccaggt

ggttctggatcaggttcaggtggaccaggtAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTC TATTTTTCTCATTATGAAATTGtaactcc
aggagTATATAAACTCAT

YOR036w/Pep12:TAvariants_5_1_

gattctggatcaggticaAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTATTTTTCTCATTATGAAAtaactce
aggagTATATAAACTCAT

YORO036w/Pepl2:TAvariants_5_5_

ggttctggatcaggttcaAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTA CTCATTATGAAATTGtaac
tccaggag TATATAAACTCAT

YOR045w/Tom6:TAvariants_1_1_

gettctggatcaggttcaTCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAAtaactccaggagTATATAAACTC
AT

YORO045w/Tom6:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtTCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAAtaactccaggagT
ATATAAACTCAT

YORO045w/Tom6:TAvariants_1_5_

gettctggatcaggttcaTCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAATCTCCACTCATGtaactccagga
gTATATAAACTCAT

YOR045w/Tom6:TAvariants_5_1_

ggttctggatcaggttcaGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAAtaactccagga
gTATATAAACTCAT

YORO075w/Ufel:TAvariants_1_1_

gettctggatcaggttcaAAAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGGTtaactccaggagTATATAAACTC
AT

YOR075w/Ufel:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAAAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGGTtaactccaggagT
ATATAAACTCAT

YORO075w/Ufel:TAvariants_5_1_

gettctggatcaggttcaGGAAGAACTGCTAAAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGGTtaactccagg
agTATATAAACTCAT

YOR106w/Vam3:TAvariants_1_1_

gettctggatcaggttcaAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAAGTtaactccaggagTATATAAACTCAT

YOR106w/Vam3:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAAGTtaactccaggagTATA
TAAACTCAT

YOR106w/Vam3:TAvariants_5_1_

ggttctggatcaggttcaAACAAATGCGGTAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAAGTtaactccaggagT
ATATAAACTCAT

YOR324c/Frtl:TAvariants_1_1_

ggttctggatcaggttcaTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTC GATGGGCGGCTTTATCGTTTACGTCAAGtaactccaggagTAT
ATAAACTCAT

YOR327¢/Snc2:TAvariants_1_1_

gettctggatcaggttcaAGAATGTGTTTATTCTTAGTTGTTATTA ACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCAGCtaactccaggagTAT
ATAAACTCAT

YPL192¢c/Prm3:TAvariants_1_1_

gattctggatcaggticaTCATTTTACCAAGGTGCCATTTTCGGTTCGTTCCTTGGTGCTGCTGTAACTACTGTTTTAAGTAACCTAGCAGTTAAAtaactcca
ggagTATATAAACTCAT

YPL200w/Csmé4:TAvariants_1_1_

gettctggatcaggttcaGAACTAAATTCATTGATAATAG TATTTCTTTAGTA GTGGGTATCGATAGAAtaactccaggagTATATAAACTCA
T

YPL200w/Csmé4:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGAACTAAATTCATTGATAATAG TTTATTTCTTTAGTATTTTTGTGGGTATCGATAGAAtaactccaggagTA
TATAAACTCAT

YPL200w/Csmé4:TAvariants_1_5_

gettctggatcaggttcaGAACTAAATTCATTGATAATAG TATTTCTTTAGTATTTTTGTGGGTATCGATAGAAGTTtaactccaggag TATATAAAC
TCAT

YPL200w/Csmé4:TAvariants_1_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGAACTAAATTCATTGATAATAG TTTATTTCTTTAGTATTTTTGTGGGTATCGATAGAAGTTtaactccagga
gTATATAAACTCAT

YPL200w/Csmé4:TAvariants_5_1_

gattctggatcaggttcaTTCGTCATCGCGGAACTAAATTCATTGATAATAGTTTTTTTTATTTCTTTAGTATTTTTGTGGGTATCGATAGAAtaactccaggag
TATATAAACTCAT

YPL200w/Csmé4:TAvariants_5_5_

gettctggatcaggttcaT TCGTCATCGCGGAACTAAATTCATTGATAATAGTTTTTTTTATTTCTTTAGTATTTTTGTGGGTATCGATAGAAGTTtaactcca
gagTATATAAACTCAT

YPL206¢/Pgcl:TAvariants_1_1_

gattctggatcaggttcaAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATTTTTTTGTTCCTTCGAtaactccaggag TATATAAACTC
AT

YPL206¢/Pgcl:TAvariants_1_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGA GTTCCTTCGAtaactccaggagTA
TATAAACTCAT

YPL206¢/Pgcl:TAvariants_1_5_

gettctggatcaggttcaAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGA TGTTCCTTCGAACCATTCA taactccaggag
TATATAAACTCAT

YPL206¢/Pgcl:TAvariants_5_1_

gettctggatcaggttcaCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATT GTTCCTTCGAtaactccaggag
TATATAAACTCAT

YPL232w/Ssol:TAvariants_1_1_

gettctggatcaggttcaAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAAAtaactccaggagTA
TATAAACTCAT

YPL232w/Ssol:TAvariants_1_5_

gettctggatcaggttcaAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAAAACGCGTtaactce
aggagTATATAAACTCAT

YPR133w-A/Tom5:TAvariants_1_1_

gettctggatcaggttcaCAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAtaactccaggagTATATAAACTCAT

YPR133w-
A/Tom5:TAvariants_1_1_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtCAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAtaactccaggagTATA
TAAACTCAT

YPR133w-A/Tom5:TAvariants_1_5_

gettctggatcaggttcaCAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAAAGCAATGGAAAtaactccaggagT
ATATAAACTCAT

YPR133w-A/Tom5:TAvariants_5_1_

ggttctggatcaggttcaAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAtaactccaggagT
ATATAAACTCAT

YPR183w/Dpm1:TAvariants_1_1_

ggttctggatcaggttcaAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATtaactccaggagTATATAAACT
CAT

YPR183w/Dpm1:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATtaactccaggag
TATATAAACTCAT

YPR183w/Dpm1:TAvariants_1_5_

gettctggatcaggttcaAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATTTGGTCTTTtaactccaggagT
ATATAAACTCAT

YPR183w/Dpm1:TAvariants_5_1_

ggttctggatcaggttcaTTTGGCGCCAATAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATtaactccag
gagTATATAAACTCAT

YALO14c/Syn8:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAGGTTCAAGGATAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTAT
TAtaactccaggagTATATAAACTCAT

YALO28w/Frt2:TAvariants_1_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtGAGGATGACAATAAGGCGTTTATTAATGAATTAAAGATATCAGTCGAAGAAAGTGTAGCGCAATTACAAGG
ATTGGAAAGGtaactccaggagTATATAAACTCAT
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YALO28w/Frt2:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtTCAGACTTTGACGAGGATGACAATAAGGCGTTTATTAATGAATTAAAGATATCAGTCGAAGAAAGTGTAGCG
CAATTACAAtaactccaggagTATATAAACTCAT

YALO28w/Frt2:TAvariants_5_5_

ggttctggatcaggttcaTCAGACTTTGACGAGGATGACAATAAGGCGTTTATTAATGAATTAAAGATATCAGTCGAAGAAAGTGTAGCGCAATTACAA
GGATTGGAAAGGtaactccaggagTATATAAACTCAT

YALO28w/Frt2:TAvariants_5_5_ggtgga
ccaggt

gettctggatcaggticaggtggaccaggtTCAGACTTTGACGAGGATGACAATAAGGCGTTTATTAATGAATTAAAGATATCAGTCGAAGAAAGTGTAGCG
CAATTACAAGGATTGGAAAGGtaactccaggagTATATAAACTCAT

YALO30w/Sncl:TAvariants_1_5_ggtgg
accaggt

gattctggatcaggticaggtggaccaggtATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTCGAtaa
ctccaggag TATATAAACTCAT

YALO30w/Sncl:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggt CTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCA
CTTTAGTtaactccaggagTATATAAACTCAT

YALO30w/Sncl:TAvariants_5_5_

ggttctggatcaggttcaCTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTCGA
taactccaggagTATATAAACTCAT

YALO30w/Sncl:TAvariants_5_5_ggtgg
accaggt

gattctggatcaggticaggtggaccaggt CTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCA
CTTTAGTCGAtaactccaggagTATATAAACTCAT

YBLO91c-
A/Scs22:TAvariants_5_1_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtGGTAACGGGCAAAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATAT
ACTACtaactccaggagTATATAAACTCAT

YBL100c:TAvariants_5_5_ggtggaccagg
t

gattctggatcaggticaggtggaccaggtGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTGTTTTTTTTATTTATTTTGTTACTG
TTCTTGCtaactccaggagTATATAAACTCAT

YBRO16w:TAvariants_5_1_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggt CAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTA
TTCtaactccaggagTATATAAACTCAT

YBR162w-
A/Ysy6:TAvariants_5_1_ggtggaccaggt

gattctggatcaggticaggtggaccaggtGTGATATCCAAAACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTGTTTTGCAACTAATCAGCTA
TATCCTAtaactccaggagTATATAAACTCAT

YCL007¢/Cwh36:TAvariants_5_1_ggtg
gaccaggt

gattctggatcaggticaggtggaccaggtAGAAGAGATTATGACACATACAAACTACTCATTACTCTTTGTTCTTTATTATTCGTTGGACCTTTGTTTCTTAAA
taactccaggagTATATAAACTCAT

YCLOO7¢/Cwh36:TAvariants_5_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtAGAAGAGATTATGACACATACAAACTACTCATTACTCTTTGTTCTTTATTATTCGTTGGACCTTTGTTTCTTAAA
GTAtaactccaggag TATATAAACTCAT

YDLO12c:TAvariants_5_1_ggtggaccagg
t

gattctggatcaggticaggtggaccaggtAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGT
TTtaactccaggagTATATAAACTCAT

YDRO34W-
B:TAvariants_5_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGA
Ctaactccaggag TATATAAACTCAT

YDRO34W-
B:TAvariants_5_5_ggtggaccaggt

gattctggatcaggticaggtggaccaggtAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGA
CG taactccaggag TATATAAACTCAT

YDRO86¢/Sss1:TAvariants_1_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAGATTGTCAAGGCTGTTGGTATTGGTTTTATTGCAGTCGGTATCATTGGTTACGCCATCAAGTTGATTCATA
TTtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGGTTTTATTGCAGTCGGTATCATTGGTTACGCCATCA
AGtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:TAvariants_5_5_

ggttctggatcaggttcaAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCAAGTTGATTC
ATATTtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:TAvariants_5_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGGTTTTATTGCAGTCGGTATCATTGGTTACGCCATCA
AGTTGATTCATATTtaactccaggagTATATAAACTCAT

YDR200c/Far9:TAvariants_1_5_ggtgga
ccaggt

gattctggatcaggticaggtggaccaggtAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGCAATTGCCACAAL
aactccaggagTATATAAACTCAT

YDR200c/Far9:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGE
aactccaggagTATATAAACTCAT

YDR200c/Far9:TAvariants_5_5_

ggttctggatcaggttcaACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGCAATTGCCAC
AAtaactccaggagTATATAAACTCAT

YDR200c/Far9:TAvariants_5_5_ggtgga
ccaggt

gattctggatcaggticaggtggaccaggtACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAG
CAATTGCCACAAtaactccaggagTATATAAACTCAT

YDR210w:TAvariants_1_5_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggtAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCGATt
aactccaggagTATATAAACTCAT

YDR210w:TAvariants_5_1_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggt CAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAAL
aactccaggagTATATAAACTCAT

YDR210w:TAvariants_5_5_

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:TAvariants_5_5_ggtggaccag
gt

ggttctggatcaggttcaggtggaccaggt CAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAAT
TGGTATGCGATtaactccaggagTATATAAACTCAT

YDR281c/Phm6:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTCTTTTTTATGTGATGtaa
ctccaggag TATATAAACTCAT

YDR281c/Phm6:TAvariants_1_5_

ggttctggatcaggttcaGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTCTTTTTTATGTGATGACGATGACGAA
GtaactccaggagTATATAAACTCAT

YDR281c/Phm6:TAvariants_1_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC TATGTGATGAC
GATGACGAAGtaactccaggagTATATAAACTCAT

YDR281c/Phm6:TAvariants_5_1_

ggttctggatcaggttcaGGGTTTCTCGAGGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTCTTTTTTATGTGAT
GtaactccaggagTATATAAACTCAT

YDR281c/Phm6:TAvariants_5_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGGGTTTCTCGAGGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC
TTATGTGATGtaactccaggagTATATAAACTCAT

YDR281c/Phm6:TAvariants_5_5_

gattctggatcaggttcaGGGTTTCTCGAGGAACTCATCATCGTCATTATTATIGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTCTTTTTTATGTGAT
GACGATGACGAAGtaactccaggagTATATAAACTCAT

YDR281c/Phm6:TAvariants_5_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGGGTTTCTCGAGGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC
TTATGTGATGACGATGACGAAGtaactccaggagTATATAAACTCAT

YDR468¢/Tlgl:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtGAAAAATACGACGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAG GGCATTCATTGC
TtaactccaggagTATATAAACTCAT

YDR498c/Sec20:TAvariants_5_5_ggtg
gaccaggt

gattctggatcaggttcaggtggaccaggt CAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTCGTA
TTTTCAAGtaactccaggagTATATAAACTCAT

YDR522¢/Sps2:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGTGCTCCGAAGAACA ATTGATGCTTTCAAAATGTCAGTTTATGCAG CACGGTATTGTTCTCGAT
AATTTTTtaactccaggagTATATAAACTCAT

YELO10w:TAvariants_5_1_ggtggaccag
gt

gattctggatcaggttcaggtggaccaggtAGGTTAGAGACGAGGCTTTCGAGCTTTTCTATTATTTTAAGTGCTGTGTTTCCGGACGTGCTCTTCACTTTCTT
A CTtaactccaggagTATATAAACTCAT

YELO73c:TAvariants_5_1_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtACTAACCCATACGAAACTTCAGGTTATTATGCC CAACAGTAGTACCTG AATGGGGAATATGAAAG
TAGCAtaactccaggagTATATAAACTCAT

YERO19c-
A/Sbh2:TAvariants_1_5_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggt TCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGAAATTTACA
CACtaactccaggagTATATAAACTCAT

YERO19c-
A/Sbh2:TAvariants_5_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggt TTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTG
ACGtaactccaggagTATATAAACTCAT

YER019¢-A/Sbh2:TAvariants_5_5_

gettctggatcaggttcaTTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGAAATTTA
CACACtaactccaggagTATATAAACTCAT

YERO19c-
A/Sbh2:TAvariants_5_5_ggtggaccaggt

gattctggatcaggttcaggtggaccaggt TTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTG
ACGAAATTTACACACtaactccaggagTATATAAACTCAT

YER087c-
B/Sbh1:TAvariants_1_5_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATC CTGTTGTTGCATTACATGTTATTTCTAAAGTTGCC
GGTtaactccaggagTATATAAACTCAT
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YERO87c-
B/Sbh1:TAvariants_5_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATT
TCTtaactccaggagTATATAAACTCAT

YER087¢-B/Sbh1:TAvariants_5_5_

ggttctggatcaggttcaCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATTTCTAAAGTT
GCCGGTtaactccaggagTATATAAACTCAT

YERO87c-
B/Sbh1:TAvariants_5_5_ggtggaccaggt

gettctggatcaggticaggtggaccaggtCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATT
TCTAAAGTTGCCGGTtaactccaggagTATATAAACTCAT

YER100w/Ubc6:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggt CCTAATGATAGTTCTTCAATGGTTTATATTGGTATCGCTA TITG TGGTTGGCC ATGAAAtaac
tccaggag TATATAAACTCAT

YER120w/Scs2:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggt AATGAATCATCCAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTACAGAta
actccaggag TATATAAACTCAT

YFLO46w/Fmp32:TAvariants_1_5_ggt
ggaccaggt

gattctggatcaggticaggtggaccaggt CAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGTTATTAA
CAtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:TAvariants_5_1_ggt
ggaccaggt

gattctggatcaggticaggtggaccaggt TCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATA
TGAGGtaactccaggagTATATAAACTCAT

YFLO46wW/Fmp32:TAvariants_5_5_

ggttctggatcaggttcaTCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGTTATT
AACAtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:TAvariants_5_5_ggt
ggaccaggt

gattctggatcaggticaggtggaccaggt TCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAG GTACATTTGCACTTGTATTAGCATATA
TGAGGTTATTAACAtaactccaggagTATATAAACTCAT

YGL098w/Usel:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGTTACTTGTTTTATATTACTGTTTTCATTTTTATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAATTAT
TCCCGtaactccaggagTATATAAACTCAT

YGLO98w/Usel:TAvariants_1_5_

ggttctggatcaggttcaAGTTACTTGTTTTATATTACTGTTTTCA ATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAATTATTCCCGGCCCT
Ataactccaggag TATATAAACTCAT

YGL098w/Usel:TAvariants_1_5_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGTTACTTGTTTTATATTACTGTTTTCATTTTTATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAATTAT
TCCCGGCCCTAtaactccaggagTATATAAACTCAT

YGL098w/Usel:TAvariants_5_1_

ggttctggatcaggttcaAAGAGTAAATTGAGTTACTTG ATATTACTG CATTTTTATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAAT
TATTCCCGtaactccaggagTATATAAACTCAT

YGLO98w/Usel:TAvariants_5_1_ggtgg
accaggt

gattctggatcaggticaggtggaccaggtAAGAGTAAATTGAGTTACTTGTTTTATATTACTGTTTTCATTTTTATGATTCTCGGACTGGTGTTTACATTTATC
ATAATTCAATTATTCCCGtaactccaggagTATATAAACTCAT

YGL098w/Usel:TAvariants_5_5_

gettctggatcaggttcaAAGAGTAAATTGAGTTACTTG ATATTACTG CATTTTTATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAAT
TATTCCCGGCCCTAtaactccaggagTATATAAACTCAT

YGLO98w/Usel:TAvariants_5_5_ggtgg
accaggt

gattctggatcaggticaggtggaccaggtAAGAGTAAATTGAGTTACTTGTTTTATATTACTGTTTTCATTTTTATGATTCTCGGACTGGTGTTTACATTTATC
ATAATTCAATTATTCCCGGCCCTAtaactccaggagTATATAAACTCAT

YHLO31c/Gos1:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGAAGGAAGAAAAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTGTTTTTGTTTTTCACATGGta
actccaggag TATATAAACTCAT

YILOO4c/Betl:TAvariants_1_1_ggtgga
ccaggt

gattctggatcaggticaggtggaccaggtGGGATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTATTTTTTTGGGTATGGATTACAta
actccaggagTATATAAACTCAT

YILOO4c/Bet1:TAvariants_5_1_

ggttctggatcaggttcaGCCAGAAGATCTGGGATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTA GGGTATGGATTAC
Ataactccaggag TATATAAACTCAT

YILOO4c/Betl:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtGCCAGAAGATCTGGGATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTATTTTTTTGGG
TATGGATTACAtaactccaggagTATATAAACTCAT

YILO65¢/Fis1:TAvariants_1_5_ggtggac
caggt

gattctggatcaggticaggtggaccaggtAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAAACAAG
AGAAGGtaactccaggagTATATAAACTCAT

YILO65c/Fis1:TAvariants_5_1_ggtggac
caggt

ggttctggatcaggttcaggtggaccaggtAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTC
TTAAGAtaactccaggagTATATAAACTCAT

YILO65¢/Fis1:TAvariants_5_5_

gettctggatcaggttcaAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAAAC
AAGAGAAGGtaactccaggagTATATAAACTCAT

YILO65c/Fis1:TAvariants_5_5_ggtggac
caggt

gettctggatcaggticaggtggaccaggtAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTC
TTAAGAAACAAGAGAAGGtaactccaggagTATATAAACTCAT

YJL119c:TAvariants_1_5_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtGAAGCCATCACTG TTTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG CGCAtaac
tccaggag TATATAAACTCAT

YJL119c:TAvariants_5_1_ggtggaccaggt

gattctggatcaggticaggtggaccaggtACTGAAAAGCATGAAGCCATCACTGTTTTTTTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAGTTTTT
Ttaactccaggag TATATAAACTCAT

YJL119c:TAvariants_5_5_

ggttctggatcaggttcaACTGAAAAGCATGAAGCCATCACTGTTTTTTTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAGTTTTTTTTTTTCGCAt
aactccaggagTATATAAACTCAT

YJL119c:TAvariants_5_5_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggtACTGAAAAGCATGAAGCCATCACTG CGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG
TTTTTTCGCAtaactccaggagTATATAAACTCAT

YKLOO6c-
A/Sft1:TAvariants_1_5_ggtggaccaggt

gattctggatcaggttcaggtggaccaggtAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGTTATT Ttaa
ctccaggag TATATAAACTCAT

YKLOO6c-
A/Sft1:TAvariants_5_1_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggt TTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGT
TTAAGtaactccaggagTATATAAACTCAT

YKLOO6¢-A/Sft1:TAvariants_5_5_

gettctggatcaggttcaTTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGTTATT
Ttaactccaggag TATATAAACTCAT

YKLOO6c-
A/Sft1:TAvariants_5_5_ggtggaccaggt

ggttctggatcaggttcaggtggaccaggt TTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGT
TTAAGTTATTTtaactccaggagTATATAAACTCAT

YLRO26¢/Sed5:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtATAAAGAGTAATAGATGGTTAGCCGCAAAGG TATAATCTTTGTA CGTTATTTGGG AGT
CAATtaactccaggagTATATAAACTCAT

YLRO78c/Bos1:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtGTGTTCAAAGATAAACTAGTCTTTTGGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAAta
actccaggagTATATAAACTCAT

YLRO78c/Bos1:TAvariants_5_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAATG
GTTAAGAtaactccaggagTATATAAACTCAT

YLR093c/Nyv1:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtCAGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATGTTTTTCTAT
CTGTGGtaactccaggagTATATAAACTCAT

YLR238w/Far10:TAvariants_1_5_ggtg
gaccaggt

gattctggatcaggttcaggtggaccaggtCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCCCCCAAC
taactccaggagTATATAAACTCAT

YLR238w/Far10:TAvariants_5_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGAT
CCTTTCCtaactccaggagTATATAAACTCAT

YLR238w/Far10:TAvariants_5_5_

ggttctggatcaggttcaACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCCCCC
AACtaactccaggagTATATAAACTCAT

YLR238w/Far10:TAvariants_5_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGAT
CCTTTCCCCCAACtaactccaggagTATATAAACTCAT

YLR268w/Sec22:TAvariants_1_1_

ggttctggatcaggttcaAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTCTTTTTCGTCTTTCTCTTCTGGTGGATCTTCCTCta
actccaggagTATATAAACTCAT

YLR268w/Sec22:TAvariants_1_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTC CGTCTTTCTCTTCTGGTGG
ATCTTCCTCtaactccaggagTATATAAACTCAT

YLR268w/Sec22:TAvariants_1_5_

gettctggatcaggttcaAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTCTTTTTCGTCTTTCTCTTCTGGTGGATCTTCCTCAA
Ataactccaggag TATATAAACTCAT

YLR268w/Sec22:TAvariants_1_5_ggtg
gaccaggt

gattctggatcaggttcaggtggaccaggtAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTCTTTTTCGTCTTTCTCTTCTGGTGG
ATCTTCCTCAAAtaactccaggagTATATAAACTCAT

YLR268w/Sec22:TAvariants_5_1_

gettctggatcaggttcaGCGCAAAAGATCAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTC TCGTCTTTCTCTTCTGGT
GGATCTTCCTCtaactccaggagTATATAAACTCAT

YLR268w/Sec22:TAvariants_5_1_ggtg
gaccaggt

gattctggatcaggttcaggtggaccaggtGCGCAAAAGATCAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTCTTTTTCGTCTTT
CTCTTCTGGTGGATCTTCCTCtaactccaggagTATATAAACTCAT
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YLR268w/Sec22:TAvariants_5_5_

ggttctggatcaggttcaGCGCAAAAGATCAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTC TCGTCTTTCTCTTCTGGT
GGATCTTCCTCAAAtaactccaggagTATATAAACTCAT

YLR268w/Sec22:TAvariants_5_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGCGCAAAAGATCAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTC CGTCTTT
CTCTTCTGGTGGATCTTCCTCAAAtaactccaggagTATATAAACTCAT

YMLO36w/Cgil21:TAvariants_1_1_ggt
ggaccaggt

ggttctggatcaggttcaggtggaccaggtGATGATTTCAAGCCCCAAGACGTAAATGGTCTCTCAAGAGCTTTGGTAGACGCTATTCAATTGAGGGGTGTG
taactccaggagTATATAAACTCAT

YMLO36w/Cgil21:TAvariants_5_1_

ggttctggatcaggttcaTATAAATTAAGTGATGATTTCAAGCCCCAAGACGTAAATGGTCTCTCAAGAGCTTTGGTAGACGCTATTCAATTGAGGGGTG
TGtaactccaggagTATATAAACTCAT

YMLO36w/Cgil21:TAvariants_5_1_ggt
ggaccaggt

gettctggatcaggticaggtggaccaggt TATAAATTAAGTGATGATTTCAAGCCCCAAGACGTAAATGGTCTCTCAAGAGCTTTGGTAGACGCTATTCAAT
TGAGGGGTGTGtaactccaggagTATATAAACTCAT

YMR161w/HIj1:TAvariants_5_1_ggtgg
accaggt

gattctggatcaggticaggtggaccaggt TCGCAATTAAAAAATATGCTCGTTCTTTTCATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGTE
aactccaggagTATATAAACTCAT

YMR183c/Sso2:TAvariants_1_1_ggtgg
accaggt

gattctggatcaggticaggtggaccaggtAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTTGTG
GAAtaactccaggagTATATAAACTCAT

YMR183c/Sso2:TAvariants_1_5_

ggttctggatcaggttcaAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTTGTGGAAACAAGA
AAGtaactccaggagTATATAAACTCAT

YMR183c/Sso2:TAvariants_1_5_ggtgg
accaggt

gattctggatcaggticaggtggaccaggtAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTTGTG
GAAACAAGAAAGtaactccaggagTATATAAACTCAT

YMR183c/Sso2:TAvariants_5_1_

ggttctggatcaggttcaGCAAGAAAAAACAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTT
GTGGAAtaactccaggagTATATAAACTCAT

YMR183c/Sso2:TAvariants_5_1_ggtgg
accaggt

gattctggatcaggticaggtggaccaggtGCAAGAAAAAACAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGT
TCCATCCGTTGTGGAAtaactccaggagTATATAAACTCAT

YMR183c/Sso2:TAvariants_5_5_

gettctggatcaggttcaGCAAGAAAAAACAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTT
GTGGAAACAAGAAAGtaactccaggagTATATAAACTCAT

YMR183c/Sso2:TAvariants_5_5_ggtgg
accaggt

gettctggatcaggticaggtggaccaggtGCAAGAAAAAACAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGT
TCCATCCGTTGTGGAAACAAGAAAGtaactccaggagTATATAAACTCAT

YMR197c/Vtil:TAvariants_1_5_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGA GCTAG GTTCTCAAAGTTTAAAtaac
tccaggagTATATAAACTCAT

YMR197c/Vtil:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggt CTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCTCA
taactccaggagTATATAAACTCAT

YMR197¢/Vtil:TAvariants_5_5_

ggttctggatcaggttcaCTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAG GTTCTCAAAGTTTAAAL
aactccaggagTATATAAACTCAT

YMR197c/Vtil:TAvariants_5_5_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggt CTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCTCA
AAGTTTAAAtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:TAvariants_1_1_ggtg
gaccaggt

gattctggatcaggticaggtggaccaggtAAMAATTTTAACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTGTTTTGTATTTGGGCTGGGCAta
actccaggagTATATAAACTCAT

YNLO70w/Tom7:TAvariants_1_5_

ggttctggatcaggttcaAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTG GTATTTGGGCTGGGCACACACTTCTAAT
taactccaggagTATATAAACTCAT

YNLO70w/Tom7:TAvariants_1_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggt AAAATTTTAACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTGTTTTGTATTTGGGCTGGGCACA
CACTTCTAATtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:TAvariants_5_1_

ggttctggatcaggttcaGAACGTATTTCCAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTG GTATTTGGGCTGGGC
Ataactccaggag TATATAAACTCAT

YNLO70w/Tom7:TAvariants_5_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGAACGTATTTCCAAAATTTTAACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTGTTTTGTATTT
GGGCTGGGCAtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:TAvariants_5_5_

ggttctggatcaggttcaGAACGTATTTCCAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTG GTATTTGGGCTGGGC
ACACACTTCTAATtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:TAvariants_5_5_ggtg
gaccaggt

gettctggatcaggticaggtggaccaggtGAACGTATTTCCAAAATTTTAACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTGTTTTGTATTT
GGGCTGGGCACACACTTCTAATtaactccaggagTATATAAACTCAT

YNL111c/Cyb5:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggt CAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCATTTTAATGCTAGGTGTTGCTTATTATTTGTTGA
ACtaactccaggagTATATAAACTCAT

YNL111c/Cyb5:TAvariants_5_5_ggtgg
accaggt

gattctggatcaggticaggtggaccaggt CAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCATTTTAATGCTAGGTGTTGCTTATTATTTGTTGA
ACGAAtaactccaggagTATATAAACTCAT

YNL131w/Tom22:TAvariants_1_1_ggt
ggaccaggt

gattctggatcaggttcaggtggaccaggtAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAAtaa
ctccaggag TATATAAACTCAT

YNL131w/Tom22:TAvariants_1_5_

gettctggatcaggttcaAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAACAACAGCTAATC
taactccaggagTATATAAACTCAT

YNL131w/Tom22:TAvariants_1_5_ggt
ggaccaggt

ggttctggatcaggttcaggtggaccaggtAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAACA
ACAGCTAATCtaactccaggagTATATAAACTCAT

YNL131w/Tom22:TAvariants_5_1_

gettctggatcaggttcaACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAA
taactccaggagTATATAAACTCAT

YNL131w/Tom22:TAvariants_5_1_ggt
ggaccaggt

ggttctggatcaggttcaggtggaccaggtACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTAT
ACTTGCCGAAtaactccaggagTATATAAACTCAT

YNL131w/Tom22:TAvariants_5_5_

ggttctggatcaggttcaACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAA
CAACAGCTAATCtaactccaggagTATATAAACTCAT

YNL131w/Tom22:TAvariants_5_5_ggt
ggaccaggt

ggttctggatcaggttcaggtggaccaggtACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTAT
ACTTGCCGAACAACAGCTAATCtaactccaggag TATATAAACTCAT

YNL188w/Karl:TAvariants_5_1_ggtgg
accaggt

gattctggatcaggttcaggtggaccaggtAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTATTTTAATATTGTTATATTGCAATATATATGTGTATTA
TAGGtaactccaggagTATATAAACTCAT

YNL188w/Karl:TAvariants_5_5_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTATTTTAATATTGTTATATTGCAATATATATGTGTATTA
TAGGTTTtaactccaggagTATATAAACTCAT

YOLO018c/Tlg2:TAvariants_1_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAAGTCATTTTATTACTAACATTGTGCGTAATAGCGCTCTTTTTCTTTGTTATGTTGAAACCACATGGCGGTtaa
ctccaggag TATATAAACTCAT

YOLO018c/Tlg2:TAvariants_5_1_ggtgga
ccaggt

gattctggatcaggttcaggtggaccaggtACTCAAAAATGTAAAGTCATTTTATTACTAACATTGTGCGTAATAGCGCTCTTTTTCTTTGTTATGTTGAAAtaa
ctccaggag TATATAAACTCAT

YOLO18c/Tlg2:TAvariants_5_5_

gettctggatcaggttcaACTCAAAAATGTAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGAAACCACATGGCGGT
taactccaggagTATATAAACTCAT

YOLO018c/Tlg2:TAvariants_5_5_ggtgga
ccaggt

gattctggatcaggttcaggtggaccaggtACTCAAAAATGTAAAGTCATTTTATTACTAACATTGTGCGTAATAGCGCTCTTTTTCTTTGTTATGTTGAAACC
ACATGGCGGTtaactccaggagTATATAAACTCAT

YOLO044w/Pex15:TAvariants_1_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAAAATATAAGTCAL
aactccaggagTATATAAACTCAT

YOL044w/Pex15:TAvariants_5_1_ggtg
gaccaggt

gattctggatcaggttcaggtggaccaggt CATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAta
actccaggagTATATAAACTCAT

YOLO044w/Pex15:TAvariants_5_5_

gettctggatcaggttcaCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAAAATATAAGTC
Ataactccaggag TATATAAACTCAT

YOLO044w/Pex15:TAvariants_5_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAA
AATATAAGTCAtaactccaggagTATATAAACTCAT

YORO036w/Pepl12:TAvariants_5_1_ggt
ggaccaggt

gattctggatcaggttcaggtggaccaggtAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTATTTTTCTCATTAT
GAAAtaactccaggag TATATAAACTCAT

YOR036w/Pep12:TAvariants_5_5_ggt
ggaccaggt

ggttctggatcaggttcaggtggaccaggtAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTC ATTTTTCTCATTAT
GAAATTGtaactccaggagTATATAAACTCAT

YORO045w/Tom6:TAvariants_1_5_ggtg
gaccaggt

gattctggatcaggttcaggtggaccaggt TCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAATCTCCACTCAT
GtaactccaggagTATATAAACTCAT
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YORO045w/Tom6:TAvariants_5_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCA
AtaactccaggagTATATAAACTCAT

YOR045w/Tom6:TAvariants_5_5_

ggttctggatcaggttcaGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAATCTCCACTC
ATGtaactccaggagTATATAAACTCAT

YORO045w/Tom6:TAvariants_5_5_ggtg
gaccaggt

gettctggatcaggticaggtggaccaggtGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCA
ATCTCCACTCATGtaactccaggagTATATAAACTCAT

YORO75w/Ufel:TAvariants_5_1_ggtgg
accaggt

gattctggatcaggticaggtggaccaggtGGAAGAACTGCTAAAATGACCACTTATGGTGCCATTATCATGGGTGTTTTTATATTGTTCCTAGATTATGTAG
GTtaactccaggagTATATAAACTCAT

YOR106w/Vam3:TAvariants_5_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggtAACAAATGCGGTAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAAGTt
aactccaggagTATATAAACTCAT

YOR324c/Frt1:TAvariants_1_1_ggtgga
ccaggt

gattctggatcaggticaggtggaccaggt TACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCAAGtaa
ctccaggag TATATAAACTCAT

YOR324c/Frtl:TAvariants_1_5_

ggttctggatcaggttcaTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTC GATGGGCGGCTTTATCGTTTACGTCAAGAATTTGTTAACTt
aactccaggagTATATAAACTCAT

YOR324c/Frt1:TAvariants_1_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggt TACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCAAGAA
TTTGTTAACTtaactccaggagTATATAAACTCAT

YOR324c/Frt1:TAvariants_5_1_

ggttctggatcaggttcaACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCAAG
taactccaggagTATATAAACTCAT

YOR324c/Frt1:TAvariants_5_1_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGT
TTACGTCAAGtaactccaggag TATATAAACTCAT

YOR324c/Frt1:TAvariants_5_5_

ggttctggatcaggttcaACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCAAG
AATTTGTTAACTtaactccaggagTATATAAACTCAT

YOR324c/Frt1:TAvariants_5_5_ggtgga
ccaggt

gettctggatcaggticaggtegaccaggtACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGT
TTACGTCAAGAATTTGTTAACTtaactccaggagTATATAAACTCAT

YOR327c¢/Snc2:TAvariants_1_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCAGCtaac
tccaggag TATATAAACTCAT

YOR327¢/Snc2:TAvariants_5_1_

ggttctggatcaggttcaGATCTAAAAATGAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCAGCt
aactccaggagTATATAAACTCAT

YOR327c¢/Snc2:TAvariants_5_1_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtGATCTAAAAATGAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTC
CATTTCAGCtaactccaggagTATATAAACTCAT

YPL192c/Prm3:TAvariants_1_1_ggtgg
accaggt

gattctggatcaggttcaggtggaccaggt TCATTTTACCAAGGTGCCATTTTCGGTTCGTTCCTTGGTGCTGCTGTAACTACTGTTTTAAGTAACCTAGCAGT
TAAAtaactccaggagTATATAAACTCAT

YPL192¢c/Prm3:TAvariants_1_5_

ggttctggatcaggttcaTCA ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGCAGTTAAAGCTCTT
CAAAATtaactccaggagTATATAAACTCAT

YPL192¢c/Prm3:TAvariants_1_5_ggtgg
accaggt

gattctggatcaggticaggtggaccaggt TCATTTTACCAAGGTGCCATTTTCGGTTCGTTCCTTGGTGCTGCTGTAACTACTGTTTTAAGTAACCTAGCAGT
TAAAGCTCTTCAAAATtaactccaggagTATATAAACTCAT

YPL192¢c/Prm3:TAvariants_5_1_

ggttctggatcaggttcaGAGAATAAGGGTTCA ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGC
AGTTAAAtaactccaggagTATATAAACTCAT

YPL192¢c/Prm3:TAvariants_5_1_ggtgg
accaggt

gettctggatcaggticaggtegaccaggtGAGAATAAGGGTTCATTTTACCAAGGTGCCATTTTCGGTTCGTTCCTTGGTGCTGCTGTAACTACTGTTTTAA
GTAACCTAGCAGTTAAAtaactccaggagTATATAAACTCAT

YPL192¢/Prm3:TAvariants_5_5_

ggttctggatcaggttcaGAGAATAAGGGTTCA ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGC
AGTTAAAGCTCTTCAAAATtaactccaggagTATATAAACTCAT

YPL192¢c/Prm3:TAvariants_5_5_ggtgg
accaggt

gettctggatcaggticaggtggaccaggtGAGAATAAGGGTTCATTTTACCAAGGTGCCATTTTCGGTTCGTTCCTTGGTGCTGCTGTAACTACTGTTTTAA
GTAACCTAGCAGTTAAAGCTCTTCAAAATtaactccaggag TATATAAACTCAT

YPL200w/Csmé4:TAvariants_5_1_ggtg
gaccaggt

gattctggatcaggticaggtggaccaggt TTCGTCATCGCGGAACTAAATTCATTGATAATAGTTTTTTTTATTTCTTTAGTATTTTTGTGGGTATCGATAGAA
taactccaggagTATATAAACTCAT

YPL200w/Csmé4:TAvariants_5_5_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggt TTCGTCATCGCGGAACTAAATTCATTGATAATAGTTTTTTTTATTTCTTTAGTATTTTTGTGGGTATCGATAGAA
GTTtaactccaggagTATATAAACTCAT

YPL206¢/Pgcl:TAvariants_1_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggtAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATTTTTTTGTTCCTTCGAACCATTCATTTT
taactccaggagTATATAAACTCAT

YPL206¢/Pgcl:TAvariants_5_1_ggtgga
ccaggt

gattctggatcaggticaggtggaccaggtCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATTTTTTTGTTCCTTCGA
taactccaggagTATATAAACTCAT

YPL206¢/Pgcl:TAvariants_5_5_

gettctggatcaggticaCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATTTTTTTGTTCCTTCGAACCATTCATT
TTtaactccaggagTATATAAACTCAT

YPL206¢/Pgcl:TAvariants_5_5_ggtgga
ccaggt

ggttctggatcaggttcaggtggaccaggt CTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGA TGTTCCTTCGA
ACCATTCATTTTtaactccaggagTATATAAACTCAT

YPL232w/Ssol:TAvariants_1_1_ggtgg
accaggt

gattctggatcaggttcaggtggaccaggtAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAAAta
actccaggagTATATAAACTCAT

YPL232w/Ssol:TAvariants_1_5_ggtgg
accaggt

ggttctggatcaggttcaggtggaccaggtAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAAAAC
GCGTtaactccaggagTATATAAACTCAT

YPL232w/Sso1:TAvariants_5_1_

gettctggatcaggttcaAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAA
Ataactccaggag TATATAAACTCAT

YPL232w/Ssol:TAvariants_5_1_ggtgg
accaggt

gettctggatcaggttcaggtggaccaggtAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAG
CCGTTGTCAAAtaactccaggagTATATAAACTCAT

YPL232w/Ssol:TAvariants_5_5_

gettctggatcaggttcaAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAA
AACGCGTtaactccaggagTATATAAACTCAT

YPL232w/Ssol:TAvariants_5_5_ggtgg
accaggt

gettctggatcaggticaggtegaccaggtAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAG
CCGTTGTCAAAACGCGTtaactccaggagTATATAAACTCAT

YPR133w-
A/Tom5:TAvariants_1_5_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggt CAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAAAGCAATGGAAAL
aactccaggagTATATAAACTCAT

YPR133w-
A/Tom5:TAvariants_5_1_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAL
aactccaggagTATATAAACTCAT

YPR133w-A/Tom5:TAvariants_5_5_

ggttctggatcaggttcaAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAAAGCAATGGA
AAtaactccaggagTATATAAACTCAT

YPR133w-
A/Tom5:TAvariants_5_5_ggtggaccagg
t

ggttctggatcaggttcaggtggaccaggtAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAA
AGCAATGGAAAtaactccaggagTATATAAACTCAT

YPR183w/Dpm1:TAvariants_1_5_ggtg
gaccaggt

gattctggatcaggttcaggtggaccaggtAACCTTATCCTTTTCATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATTTGGTCTTTta
actccaggagTATATAAACTCAT

YPR183w/Dpm1:TAvariants_5_1_ggtg
gaccaggt

ggttctggatcaggttcaggtggaccaggt TTTGGCGCCAATAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACC
ATtaactccaggagTATATAAACTCAT

YPR183w/Dpm1:TAvariants_5_5_

gettctggatcaggttcaTTTGGCGCCAATAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATTTGGTCTT
Ttaactccaggag TATATAAACTCAT

YPR183w/Dpm1:TAvariants_5_5_ggtg
gaccaggt

gattctggatcaggttcaggtggaccaggt TTTGGCGCCAATAACCTTATCCTTTTCATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACC
ATTTGGTCTTTtaactccaggagTATATAAACTCAT

YALO14c/Syn8:length_22_V

gettctggatcaggttcaAGGTTCAAGGATAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTAGTTGTCGTATT
Ataactccaggag TATATAAACTCAT

YALO14c/Syn8:length_24_V

gettctggatcaggttcaAGGTTCAAGGATAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTAGTTGTCGTAGT
TGTCTTAtaactccaggagTATATAAACTCAT
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YALO14c/Syn8:length_26_V

ggttctggatcaggttcaAGGTTCAAGGATAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTAGTTGTCGTAGT
TGTCGTAG AtaactccaggagTATATAAACTCAT

YALO14c/Syn8:length_26_V_shuffled_
1

ggttctggatcaggttcaAGGTTCAAGGATAACGTACTTCTACTGATTGTGAACGTGTTAGTTGTCGTCGTTGGCGTACTCTTGGTAATACTTTGCATTGT
GGTTGTGCTGTTAtaactccaggagTATATAAACTCAT

YALO14c/Syn8:length_26_V_shuffled_
2

ggttctggatcaggttcaAGGTTCAAGGATAACCTTCTTATTAACTTAGTCGTAGGCGTGCTGGTTGTCTGCGTGGTGATACTAGTAGTACTCGTTGTGA
TTGTTCTGTTGTTAtaactccaggagTATATAAACTCAT

YALO14c/Syn8:length_26_VA

gettctggatcaggttcaAGGTTCAAGGATAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTAGTTGCTGTCGC
AGTAGCCG Ataactccaggag TATATAAACTCAT

YALO14c/Syn8:TMD_shuffled_1

gettctggatcaggttcaAGGTTCAAGGATAACCTTATTGTGATACTTTGCA ACTGCTCGTGGGCGTGGTGGTATTGCTGCTAAACTTAtaactccagg
agTATATAAACTCAT

YALO14c¢/Syn8:TMD_shuffled_2

gettctggatcaggttcaAGGTTCAAGGATAACGTACTTA GGTGCTGCTGATAAACGTGTTACTTGTGTGCCTAGTGATTCTCGGCTTAtaactccagg
agTATATAAACTCAT

YALO30w/Sncl:length_24_V

ggttctggatcaggttcaCTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTGTT
GTCCGAtaactccaggagTATATAAACTCAT

YALO30w/Sncl:length_26_V

ggttctggatcaggttcaCTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTGTT
GTCGTAGTTCGAtaactccaggagTATATAAACTCAT

YALO30w/Sncl:length_26_V_shuffled
1

ggttctggatcaggttcaCTAAAAATGAAGATGGCTGTCGTTATCATTTGTTTTCCCG AAGTCTTGTCGTAATAATCGTACACGTTATCGTAGCTGTT
TTGATCCTGCGAtaactccaggagTATATAAACTCAT

YALO30w/Sncl:length_26_V_shuffled
2

ggttctggatcaggttcaCTAAAAATGAAGATGTTAGTTGCTATAGTTGTCCTTGTAGTCGTTTGTATCAGTGTAATTATCGCTATCATCGTAG G
CTGCCCCACCGAtaactccaggagTATATAAACTCAT

YALO30w/Sncl:length_26_VA

ggttctggatcaggttcaCTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTGTT
GCTGTCGCACGAtaactccaggagTATATAAACTCAT

YALO30w/Sncl:TMD_shuffled_1

ggttctggatcaggttcaCTAAAAATGAAGATGTTAGTTCTGTTGAGTCTTCCCTTTATTGCTATCATCGTAATCGTTATAGCTATCCACGTCGTATGTCGA
taactccaggagTATATAAACTCAT

YALO30w/Sncl:TMD_shuffled_2

ggttctggatcaggttcaCTAAAAATGAAGATGATCGCTGCTAGTATCGTTGTATGTTTGGTCATAGTATTTATTATCCTGCCCCACTTAATCCTTGTTCGA
taactccaggagTATATAAACTCAT

YBLO91c-A/Scs22:length_22_V

ggttctggatcaggttcaGGTAACGGGCAAAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACGTTGTCT
ACtaactccaggagTATATAAACTCAT

YBL091c-A/Scs22:length_24_V

ggttctggatcaggttcaGGTAACGGGCAAAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACGTTGTCG
TAGTTTACtaactccaggagTATATAAACTCAT

YBLO91c-A/Scs22:length_26_V

ggttctggatcaggttcaGGTAACGGGCAAAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACGTTGTCG
TAGTTGTCGTATACtaactccaggagTATATAAACTCAT

YBLO91c-
A/Scs22:length_26_V_shuffled_1

ggttctggatcaggttcaGGTAACGGGCAAAGTATCGTAATCGTTCTGCTTTGGATCTCCGCAACCGTAGCAG GTACATAAGTAGAGTCGGCCTCG
TCGTCTTGGTTTACtaactccaggagTATATAAACTCAT

YBLO91c-
A/Scs22:length_26_V_shuffled_2

ggttctggatcaggttcaGGTAACGGGCAAAGTTACGTAATCATCGTTGTTGTCGTCAGTACCTCCATCGCAATAGTTTGGCTGCTTCTCTTGGTCGTATT
GAGAGGCGCATACtaactccaggagTATATAAACTCAT

YBL0O91c-A/Scs22:length_26_VA

ggttctggatcaggttcaGGTAACGGGCAAAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACGTTGCTG
TCGCAGTAGCCTACtaactccaggagTATATAAACTCAT

YBL091c-A/Scs22:TMD_shuffled_1

ggttctggatcaggttcaGGTAACGGGCAAAGTTCCTGGAGAGCAACCCTGATCGCAAGTTACATCTTGTTGATAGTCCTTCTCATCGTTGGCTACtaactc
caggagTATATAAACTCAT

YBL091c-A/Scs22:TMD_shuffled_2

gettctggatcaggttcaGGTAACGGGCAAAGTTTGTTGTCCATCATAGCAATCCTGACCATCGTTTGGCTCGGCCTTAGAAGTGCAGTCTACTACtaactc
caggagTATATAAACTCAT

YBL10Oc:length_22_V

ggttctggatcaggttcaGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTGTTGTCGTAGTTGTCTG
Ttaactccaggag TATATAAACTCAT

YBL10Oc:length_24_V

ggttctggatcaggttcaGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTGTTGTCGTAGTTGTCGT
AGTTTGTtaactccaggagTATATAAACTCAT

YBL10Oc:length_26_V

ggttctggatcaggttcaGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTGTTGTCGTAGTTGTCGT
AGTTGTCGTATGTtaactccaggagTATATAAACTCAT

YBL100c:length_26_V_shuffled_1

ggttctggatcaggttcaGATAGAGAACGAATAGTATTTGCAGTCTGTTTATTTGTCGTTGTTGCAATATGTCGAGTCGTAGTAGCGGTTGCC ATAT
TATTGTAAACTGTtaactccaggagTATATAAACTCAT

YBL100c:length_26_V_shuffled_2

ggttctggatcaggttcaGATAGAGAACGAATAA ATTGTTTAGTAGTAGTAGTCGCACGAGCGGTCGCAATAGTTTGTGTTAACG TGT
CGCCGTAATTTGTtaactccaggagTATATAAACTCAT

YBL10Oc:length_26_VA

ggttctggatcaggttcaGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTGTTGCTGTCGCAGTAGC
CGTTGCTGTCTGTtaactccaggagTATATAAACTCAT

YBL100c:TMD_shuffled_1

gattctggatcaggttcaGATAGAGAACGAATATTTAACGTAGCATATGCGTGTATTGCCTTTCGATTTTTATGTATAGCAATTTGTTACTGTTCTTGC taa
ctccaggagTATATAAACTCAT

YBL100c:TMD_shuffled_2

ggttctggatcaggttcaGATAGAGAACGAATATTAATATTTGTATGTATTCGATTTTATGCCGCAAACTTTGCAATTTGTGCGTGTTACTGTTCTTGC Ctaa
ctccaggag TATATAAACTCAT

YBRO16w:all_C_to_A

gettctggatcaggttcaCAGAGGGGTAACGAAGGTGCACTGGCTGCAGCCCTGGCTGCATTAGCTATAGCAGCCACCATGGATATGCTATTCtaactcca
ggagTATATAAACTCAT

YBRO16w:all_C_to_S

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTCACTGGCTGCATCCCTGGCTGCATTATCTATATCATCCACCATGGATATGCTATTC Ctaactccagg
agTATATAAACTCAT

YBRO16w:all_C_to_V

gettctggatcaggttcaCAGAGGGGTAACGAAGGTGTCCTGGCTGCAGTACTGGCTGCATTAGTTATAGTCGTAACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:C1_to_S

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTCCCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:C2_to_S

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATCTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:C3_to_S

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATCCATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:C4_to_S

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATCATGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:C5_to_S

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTCCACCATGGATATGCTATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos1

gettctggatcaggttcaCAGAGGGGTAACGAATTGTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos10

gattctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:L_pos11

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATTGATATGCTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:L_pos12

gattctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTTTATGCTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:L_pos13

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATTGTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_posl4

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTTAACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:L_pos15

gattctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCTTGATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:L_posl6

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCTTAGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos17

gattctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGTTGATGCTATTCtaactccag
gagTATATAAACTCAT
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YBRO16w:L_pos18

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATTTACTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos19

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGTTGTTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos2

gettctggatcaggticaCAGAGGGGTAACGAAGGTTTACTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos3

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTTTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos4

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGTTAGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:L_pos5

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTTTGTGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:L_pos6

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATTACTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos7

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTTTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos8

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGTTAGCATTATGTATATGCTGCACCATGGATATGCTATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:L_pos9

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTTTGTTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:length_22_V

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTAGTTGTCGTAT
TCtaactccaggag TATATAAACTCAT

YBRO16w:length_24_V

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTAGTTGTCGTA
GTTGTCTTCtaactccaggagTATATAAACTCAT

YBRO16w:length_26_V

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTAGTTGTCGTA
GTTGTCGTAG Ctaactccaggag TATATAAACTCAT

YBRO16w:length_26_V_shuffled_1

gettctggatcaggttcaCAGAGGGGTAACGAAATGTGTGTTGGTCTGGCTGCAGTCGCACTATTATGTGTTATAGTTATGACCTGCTGCGTAGTAGTCG
ATTGTCTGGCTTTCtaactccaggagTATATAAACTCAT

YBRO16w:length_26_V_shuffled_2

ggttctggatcaggttcaCAGAGGGGTAACGAAGATGTCGCTACCGCAGTCTGTCTATGTATGTGCATGGGTTGCGCAGCTGTTCTGTTATGTGTTCTGG
TAGTAGTTATATTCtaactccaggagTATATAAACTCAT

YBRO16w:length_26_VA

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTAGTTGCTGTCG
CAGTAGCCG Ctaactccaggag TATATAAACTCAT

YBRO16w:TMD_shuffled_1

gettctggatcaggticaCAGAGGGGTAACGAAGCATTAATGCTGTGTTGCATAGCAGCTCTGATGGATTGCTGTGCTACCGGTCTATGTTTCtaactccag
gagTATATAAACTCAT

YBRO16wW:TMD_shuffled_2

ggttctggatcaggttcaCAGAGGGGTAACGAACTGTGCATGGGTGCTTGTTGCTTAGATCTATGTGCTGCAACCGCAATGTGTCTGATATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_posl

ggttctggatcaggttcaCAGAGGGGTAACGAAGTCTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos10

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCAGTCTGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos1l

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTAGTAATATGCTGCACCATGGATATGCTATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos12

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTGTTTGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos13

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATAGTCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_posl4

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCGTAACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YBRO16w:V_posl5

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCGTTATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos16

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCGTCGATATGCTATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_posl7

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGTAATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos18

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATGTTCTATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos19

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGGTCTTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos2

gettctggatcaggttcaCAGAGGGGTAACGAAGGTGTACTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos3

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTGTTGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos4

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGTCGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos5

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGTATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos6

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCAGTTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos7

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTGTCGCTGCATTATGTATATGCTGCACCATGGATATGCTATTC Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos8

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGTAGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

YBRO16w:V_pos9

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTG ATGTATATGCTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

YbRO56W-A/Mnc1:all_C_to_A

gettctggatcaggttcaCCACCAAGAAATGATGCAGCCGCTGCAGCCAACGCTGGCGATGCAGCCTCAGCAATTGCGAACG AGCTGCACTGGCC
CTAATTGATCTATGTTGTtaactccaggag TATATAAACTCAT

YbRO56W-A/Mncl:all_C_to_S

ggttctggatcaggttcaCCACCAAGAAATGATTCATCCTCTTCATCCAACTCTGGCGATTCATCCTCAGCAATTGCGAACG ATCTTCACTGTCCCTA
ATTGATCTATGTTGTtaactccaggag TATATAAACTCAT

YbRO56W-A/Mncl:all_C_to_V

gettctggatcaggttcaCCACCAAGAAATGATGTCGTAGTTGTCGTAAACGTTGGCGATGTCGTATCAGCAATTGCGAACG AGTTGTCCTGGTAC
TAATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

YbRO56W-A/Mnc1:C1_to_S

ggttctggatcaggttcaCCACCAAGAAATGATTCATGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

YbRO56W-A/Mnc1:C10_to_S

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTCCCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

YbRO56W-A/Mnc1:C11_to_S

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTCACT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

YbRO56W-A/Mnc1:C2_to_S

ggttctggatcaggttcaCCACCAAGAAATGATTGTTCCTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

YbRO56W-A/Mnc1:C3_to_S

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTCTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

YbRO56W-A/Mncl:C4_to_S

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTCATGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT
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3 YbRO56W-A/Mncl:C5_to_S

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTCCAACTGTGGCGATTGCTGTTCAGCAATTGCGAACGTTTTATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggag TATATAAACTCAT

3 YbRO56W-A/Mnc1:C6_to_S

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTCAGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:C7_to_S

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTCATGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:C8_to_S

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTCCTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:C9_to_S

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATCATGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posl

gettctggatcaggttcaCCACCAAGAAATGATTTGTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos10

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTTATGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posll

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTTGTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posl12

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTTAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posl3

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCATTGATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posl4

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCATTAGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posl5

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAA GAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posl6

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGTTAGTTTTATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posl17

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACTTGTTATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_posl8

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos19

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATTGTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos2

gettctggatcaggttcaCCACCAAGAAATGATTGTTTATGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos20

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTTACTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos21

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTTTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos22

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTTACT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos23

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTTT
GATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos3

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTTGTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos4

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTTATGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos5

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTTGAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos6

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTTTATGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos7

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTTGGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos8

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTTTAGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCTA
ATTGATCTATGTTGTtaactccaggag TATATAAACTCAT

3 YbRO56W-A/Mncl:L_pos9

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCTTGTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:length_24_V

gettctggatcaggticaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACGTTTTATGTTGTCTGTGTCT
AGTTATTtaactccaggag TATATAAACTCAT

3 YbRO56W-A/Mncl:length_26_V

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AGTTGTCGTAATTtaactccaggagTATATAAACTCAT

3 YbRO56W-
A/Mncl:length_26_V_shuffled_1

gettctggatcaggttcaCCACCAAGAAATGATTGTGCAATTTGTCTGTGTTGTTGTGCGGTCTGTCTAGGCTGTGTTTGTTGCGATTGTGTTGTAAACTG
TTTATCAAACATTtaactccaggagTATATAAACTCAT

3 YbROS6W-
A/Mncl:length_26_V_shuffled_2

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTGTCGATTGTGGCAACGTTGTATTATCATGTTGTTGTTGTATTAACGCGTGTTGCGTTTGTTG
TCTGGCACTAATTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:length_26_VA

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACGTTTTATGTTGTCTGTGTCT
AGTTGCTGTCATTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:TMD_shuffled_1

ggttctggatcaggttcaCCACCAAGAAATGATAACTGTTGCCTATGTTGTTTAGCGTGTTGTTGTAACTGTATTTGTTCACTGGGCGTTGCATGTGATTG
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:TMD_shuffled_2

gettctggatcaggttcaCCACCAAGAAATGATCTAAACGGCCTGTGTTTATGTTGTTGTTGTGCATCAGTTAACTGTTGCTGTATTTGTGCGTGTTGTGA
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_posl

ggttctggatcaggttcaCCACCAAGAAATGATGTCTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos10

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATGTCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos1l

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCGTATCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos12

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTGTTGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos13

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGTCATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_posl4

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAGTAGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_posl15

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGTTAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos16

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGGTCG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos17

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACGTATTATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos18

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACGTTGTTTGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos19

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG AGTCTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT
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3 YbRO56W-A/Mncl:V_pos2

gettctggatcaggttcaCCACCAAGAAATGATTGTGTATGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mnc1:V_pos20

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTGTACTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos21

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTGTTTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos22

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGGTCCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos23

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTGT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos3

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTGTTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos4

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTGTCTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos5

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTGTAAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos6

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTGTTTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos7

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACGTCGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos8

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGTAGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YbRO56W-A/Mncl:V_pos9

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGTTTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

3 YBR162w-A/Ysy6:length_22_V

ggttctggatcaggttcaGTGATATCCAAAACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCGTTCTA
taactccaggagTATATAAACTCAT

3 YBR162w-A/Ysy6:length_24_V

gettctggatcaggttcaGTGATATCCAAAACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCGTTGTC
GTACTAtaactccaggagTATATAAACTCAT

3 YBR162w-A/Ysy6:length_26_V

ggttctggatcaggttcaGTGATATCCAAAACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCGTTGTC
GTAGTTGTCCTAtaactccaggagTATATAAACTCAT

3 YBR162w-
A/Ysy6:length_26_V_shuffled_1

ggttctggatcaggttcaGTGATATCCAAAACTCAAGTAGGTGTTCTTGTCCTGATCGTCATCTATCTATTTCTCCTTGTTTGGTTGGGTTTGGGTAGCGTA
GTTGGTATTCTAtaactccaggagTATATAAACTCAT

3 YBR162w-
A/Ysy6:length_26_V_shuffled_2

ggttctggatcaggttcaGTGATATCCAAAACTG GGGTAGCCTGGGTTTGCTAATCTTTATCCAAGTTGTAGGTATTCTCTATGTTGGTGTACTTGTC
GTCCTTTGGCTAtaactccaggagTATATAAACTCAT

3 YBR162w-A/Ysy6:length_26_VA

gettctggatcaggttcaGTGATATCCAAAACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCGTTGCT
GTCGCAGTACTAtaactccaggagTATATAAACTCAT

3 YBR162w-A/Ysy6:TMD_shuffled_1

gettctggatcaggttcaGTGATATCCAAAACTCTTTGGCAATTTGTTCTTAGCTTGATTGGTGGTGGTATCATCTTGCTGCTCTATCTAGGTGTACTAtaac
tccaggagTATATAAACTCAT

3 YBR162w-A/Ysy6:TMD_shuffled_2

ggttctggatcaggttcaGTGATATCCAAAACTTTGGGTGTACTGCTAGGTTTGTATGG ATCGTTATCCTCTGGCTTATTAGCCTTGGTCAACTAtaac
tccaggag TATATAAACTCAT

3 YDLO12c:all_C_to_A

ggttctggatcaggttcaAGTTCTGGAAATGAAGACGCACTAGCGGGCGCCCTAGCGGGTTTAGCTTTAGCAGCCACTTTGGATATGCTGTT Ttaactccag
gagTATATAAACTCAT

3 YDLO12c:all_C_to_S

gettctggatcaggttcaAGTTCTGGAAATGAAGACTCACTAGCGGGCTCCCTAGCGGGTTTATCTTTATCATCCACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:all_C_to_V

ggttctggatcaggttcaAGTTCTGGAAATGAAGACGTCCTAGCGGGCGTACTAGCGGGTTTAG AGTCGTAACTTTGGATATGCTGTT Ttaactccag
gagTATATAAACTCAT

3 YDLO12¢:C1_to_S

gettctggatcaggttcaAGTTCTGGAAATGAAGACTCCCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12¢:C2_to_S

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTCTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

3 YDLO012¢:C3_to_S

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATCCTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:C4_to_S

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATCATGTACTTTGGATATGCTG T TTtaactccagg
agTATATAAACTCAT

3 YDLO12¢:C5_to_S

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTCCACTTTGGATATGCTGTT Ttaact ccagg
agTATATAAACTCAT

3 YDLO12c:L_posl

ggttctggatcaggttcaAGTTCTGGAAATGAATTGTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos10

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos11

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATTGTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos13

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATTGTGTACTTTGGATATGCTG T TTtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos14

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTTAACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos15

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTTTGTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos16

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTAGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos17

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGTTGATGCTGTT Ttaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos18

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATTTACTGT T Ttaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos19

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGTTGTT Ttaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos2

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTTACTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos20

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTAtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos3

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTTTGGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos4

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTATTAGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos5

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGTTGTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos6

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTTACTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos7

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTTTGGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGT T Ttaactccagg
agTATATAAACTCAT

3 YDLO12c:L_pos8

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTATTAGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT
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YDLO12c:L_pos9

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGTTGTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

YDLO12c:length_22_V

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTGTTGTCta
actccaggagTATATAAACTCAT

YDLO12c:length_24_V

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTGTTGTCGT
AGTTtaactccaggagTATATAAACTCAT

YDLO12c:length_26_V

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTGTTGTCGT
AGTTGTCGTAtaactccaggagTATATAAACTCAT

YDLO12c:length_26_V_shuffled_1

ggttctggatcaggttcaAGTTCTGGAAATGAAGTTGCGTTTCTAATGGACTTAGGTGTTTGTGCGGATCTGTTGCTATGTACTGTAGTCTTAGTCTGCTG
TTGTGTAGGCtaactccaggagTATATAAACTCAT

YDLO12c:length_26_V_shuffled_2

gettctggatcaggttcaAGTTCTGGAAATGAACTATTATGTTGTACTTGCGCGGTATGTTGTTTAGATGACGTTCTAATGGTCGGCTTTGTCCTGGGTGT
TGCGGTATTGtaactccaggagTATATAAACTCAT

YDLO12c:length_26_VA

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTGTTGCTGT
CGCAGTAGCCtaactccaggagTATATAAACTCAT

YDLO12¢c:TMD_shuffled_1

gettctggatcaggttcaAGTTCTGGAAATGAAGCGTGTTGTCTAATGCTGTGCTTATTATTTGACGGTGCGTTGACTGATTGTCTATGTGG Ctaactccagg
agTATATAAACTCAT

YDLO12¢c:TMD_shuffled_2

ggttctggatcaggttcaAGTTCTGGAAATGAAGCGGATTGTTTACTGCTAGACATGTTAGCGGGTTGCCTATTGTG GGCACTTGTTGTtaactccagg
agTATATAAACTCAT

YDLO12c:V_posl

gettctggatcaggttcaAGTTCTGGAAATGAAGTCTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGT T Ttaactccagg
agTATATAAACTCAT

YDLO12c¢:V_pos10

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTGTCTGTTTATGCTGTACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos1l

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTAGTATTATGCTGTACTTTGGATATGCTGT T Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos12

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTGTTTGCTGTACTTTGGATATGCTGT T Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos13

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTAGTCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

YDLO12c:V_posl4

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCGTAACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos15

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTG GGATATGCTGTTTtaactccagg
agTATATAAACTCAT

YDLO12c:V_posl6

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTGTCGATATGCTGT T Ttaactccagg
agTATATAAACTCAT

YDLO12c¢:V_posl7

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGTAATGCTGT T Ttaactccagg
agTATATAAACTCAT

YDLO12c¢:V_pos18

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATGTTCTGTT Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos19

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGGTCT T Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos2

ggttctggatcaggttcaAGTTCTGGAAATGAAGACGTACTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

YDLO12c:V_pos20

gettctggatcaggticaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGGTAtaactccag
gagTATATAAACTCAT

YDLO12c:V_pos3

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTGTTGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

YDLO12c:V_pos4

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGTCGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGT T Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos5

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGTATGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos6

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCGTTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccagg
agTATATAAACTCAT

YDLO12c:V_pos7

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTGTCGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGT T Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos8

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGTAGGTTTATGTTTATGCTGTACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

YDLO12c:V_pos9

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGG ATGTTTATGCTGTACTTTGGATATGCTGTT Ttaactccagg
agTATATAAACTCAT

YDL241w:length_22_V

gettctggatcaggttcaAGGCCTTCTCATTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCGTTGTCGTAGTTGTCGTAtaac
tccaggagTATATAAACTCAT

YDL241w:length_24_V

ggttctggatcaggttcaAGGCCTTCTCATTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCGTTGTCGTAGTTGTCGTAGTT
GTCtaactccaggagTATATAAACTCAT

YDL241w:length_26_V

ggttctggatcaggttcaAGGCCTTCTCATTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCGTTGTCGTAGTTGTCGTAGTT
GTCGTAGTTtaactccaggagTATATAAACTCAT

YDL241w:length_26_V_shuffled_1

gettctggatcaggttcaAGGCCTTCTCATTCTTATGTTTTCGTCACCGTGTTGCTCGTCGTAGTCGCCCTGGTAGTCATTGTAATATTTACAGTTATGGTT
GTTCTAAAAtaactccaggagTATATAAACTCAT

YDL241w:length_26_V_shuffled_2

ggttctggatcaggttcaAGGCCTTCTCATTCTGTTGTCGTCTATAAATTCATGCTAGTATTTATTGCCGTTGTCGTACTGACATTGCTCGTCGTTATAGTT
GTAGTGACCtaactccaggagTATATAAACTCAT

YDL241w:length_26_VA

gettctggatcaggttcaAGGCCTTCTCATTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCGTTGCTGTCGCAGTAGCCGTT
GCTGTCGCAtaactccaggagTATATAAACTCAT

YDR034W-B:all_C_to_A

ggttctggatcaggttcaAGAGAATCCGGTGGTGCAGCCAGAACCGCTGCACACTTCCTAGCCGCTCTAGCATTAATTAACCTAGCCGCTGACGTTTTTta
actccaggagTATATAAACTCAT

YDR034W-B:all_C_to_S

gettctggatcaggticaAGAGAATCCGGTGGTTCATCCAGAACCTCTTCACACTTCCTATCCTCTCTATCATTAATTAACCTATCCTCTGACGTTTTTtaact
ccaggagTATATAAACTCAT

YDRO34W-B:all_C_to_V

gettctggatcaggttcaAGAGAATCCGGTGGTGTCGTAAGAACCGTTGTCCACTTCCTAGTAGTTCTAGTCTTAATTAACCTAGTAGTTGACG taa
ctccaggagTATATAAACTCAT

YDRO34W-B:C1_to_S

ggttctggatcaggttcaAGAGAATCCGGTGGTTCATGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:C2_to_S

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTCCAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:C3_to_S

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTCCTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:C4_to_S

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTCTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:C5_to_S

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATCATGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:C6_to_S

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTCCCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:C7_to_S

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATCATTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:C8_to_S

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATCTTGTGACG taac
tccaggag TATATAAACTCAT
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YDRO34W-B:C9_to_S

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTCAGACG taac
tccaggag TATATAAACTCAT

YDR034W-B:L_posl

ggttctggatcaggttcaAGAGAATCCGGTGGTTTGTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos10

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATTATGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos11

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTTGCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos12

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTTTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos13

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATTGTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos14

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:L_pos15

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTATTGAACCTATGTTGTGACG taa
ctccaggag TATATAAACTCAT

YDRO34W-B:L_pos16

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAA ACTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos17

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACTTGTGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos18

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATTATGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos19

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTTGGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos2

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTTAAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos3

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTTTGACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:L_pos4

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGATTATGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos5

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTTGTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:L_pos6

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTTACACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:L_pos7

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTTTGTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:L_pos8

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTACTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:L_pos9

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCTTGTGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:length_22_V

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGTTGTCGTAGA
Ctaactccaggag TATATAAACTCAT

YDRO34W-B:length_24_V

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGTTGTCGTAGTT
GTCGACtaactccaggagTATATAAACTCAT

YDRO34W-B:length_26_V

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGTTGTCGTAGTT
GTCGTAGTTGACtaactccaggagTATATAAACTCAT

YDR0O34W-B:length_26_V_shuffled_1

ggttctggatcaggttcaAGAGAATCCGGTGGTAGACTATGTGTTTGTATTTGTTGCCACTGTGTTGTACTATTCG AGTATGTGTCTGTAACTGTGT
CCTAACCTGTGACtaactccaggagTATATAAACTCAT

YDR0O34W-B:length_26_V_shuffled_2

ggttctggatcaggttcaAGAGAATCCGGTGGTCTATTCATTTGTGTTGTAGTTTGTGTCTGTCTATGTCACTGTTGTTGCCTATTAACCGTATGTGTCGTT
AACAGATGTGACtaactccaggagTATATAAACTCAT

YDRO34W-B:length_26_VA

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGTTGCTGTCGC
AGTAGCCGTTGACtaactccaggagTATATAAACTCAT

YDRO34W-B:TMD_shuffled_1

ggttctggatcaggttcaAGAGAATCCGGTGGTTTATGTATTTGTTGTAACCTACTATGTCTATGCTGTTGTTGTTGTTTCAGAACCCACGACG taac
tccaggag TATATAAACTCAT

YDR034W-B:TMD_shuffled_2

gettctggatcaggttcaAGAGAATCCGGTGGTAACTGTAGATGTTTCTGTCTATGTTGTCACACCTGTTGTTGTATTTTACTATGCCTAGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:V_pos1

ggttctggatcaggttcaAGAGAATCCGGTGGTGTCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:V_pos10

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTAGTCTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:V_pos11

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTGTACTATGTTTAATTAACCTATGTTGTGACG taa
ctccaggagTATATAAACTCAT

YDRO34W-B:V_pos12

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTGTTTGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:V_pos13

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTAGTCTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:V_pos14

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTGTAATTAACCTATGTTGTGACGTTTTTtaa
ctccaggag TATATAAACTCAT

YDRO34W-B:V_pos15

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAGTTAACCTATGTTGTGACG taa
ctccaggagTATATAAACTCAT

YDRO34W-B:V_pos16

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTGTCCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:V_pos17

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACGTATGTTGTGACG taa
ctccaggag TATATAAACTCAT

YDRO34W-B:V_pos18

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTAGTTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:V_pos19

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTGTCGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:V_pos2

gettctggatcaggttcaAGAGAATCCGGTGGTTGCGTAAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taa
ctccaggag TATATAAACTCAT

YDRO34W-B:V_pos3

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTGTTACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:V_pos4

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAGTCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:V_pos5

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCGTATGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taa
ctccaggagTATATAAACTCAT

YDRO34W-B:V_pos6

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTGTTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO34W-B:V_pos7

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTGTCTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

YDRO34W-B:V_pos8

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACGTACTATGTTGTCTATGTTTAATTAACCTATGTTGTGACG taa
ctccaggag TATATAAACTCAT
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YDRO34W-B:V_pos9

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCGTTTGTTGTCTATGTTTAATTAACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

YDRO86¢/Sss1:length_22_V

ggttctggatcaggttcaAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCGTTGTCGTAA
AGtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:length_24_V

ggttctggatcaggttcaAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCGTTGTCGTAG
TTGTCAAGtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:length_26_V

ggttctggatcaggttcaAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCGTTGTCGTAG
TTGTCGTAGTTAAGtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:length_26_V_shuffled_
1

ggttctggatcaggttcaAAGGAATACACCAAGGCCTTTGCTGTTGTAGTTGTAGTTGTCATTATTGGTGGTGTCGGTGGTATTGTTATCATTGTCTACAT
CGCAAAGGTCAAGtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:length_26_V_shuffled_
2

ggttctggatcaggttcaAAGGAATACACCAAGATTATTAAGGTCGTAGGTGCTGTTATCGGTGGTGCCGGTGTCGTTGTCATTGTAGTTGTTGCAGTCT
ACATCTTTATTAAGtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:length_26_VA

ggttctggatcaggttcaAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCGTTGCTGTCG
CAGTAGCCGTTAAGtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:TMD_shuffled_1

ggttctggatcaggttcaAAGGAATACACCAAGTACGTCATTAAGGCTATTATTGCCGCAGG GTTGGTATTATCATCGGTGGTGTCAAGTTGATTC
ATATTtaactccaggagTATATAAACTCAT

YDRO86¢/Sss1:TMD_shuffled_2

ggttctggatcaggttcaAAGGAATACACCAAGGCAGGTATCGCCAAGTACGTCATTATCATTGGTATTATTGTTGGTGTCGC GGTAAGTTGATTC
ATATTtaactccaggagTATATAAACTCAT

YDR200c/Far9:length_22_V

ggttctggatcaggttcaACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTGTTGTCGTAGTTA
AGtaactccaggagTATATAAACTCAT

YDR200c/Far9:length_24_V

ggttctggatcaggttcaACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTGTTGTCGTAGTTG
TCGTAAAGtaactccaggagTATATAAACTCAT

YDR200c/Far9:length_26_V

gettctggatcaggttcaACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTGTTGTCGTAGTTG
TCGTAGTTGTCAAGtaactccaggagTATATAAACTCAT

YDR200c/Far9:length_26_V_shuffled_
1

ggttctggatcaggttcaACAAGAGTTAGTAAGGGTGTTGGAGTTGGAATGTTAGCCTTTGTATTCGTCGTTGTTGCCGTAATTCTCGCGGTCTCAGTAA
CGGTCGTTGTTAAGtaactccaggagTATATAAACTCAT

YDR200c/Far9:length_26_V_shuffled_
2

ggttctggatcaggttcaACAAGAGTTAGTAAGATTACGGTACTCG CATGGTCGGTG GTTTTAGTATCAGCCGCCGTCGTTGGAGTCGTTGG
AGTAGTTGCGAAGtaactccaggagTATATAAACTCAT

YDR200c/Far9:length_26_VA

gettctggatcaggttcaACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTGTTGCTGTCGCAG
TAGCCGTTGCTAAGtaactccaggag TATATAAACTCAT

YDR200c/Far9:TMD_shuffled_1

ggttctggatcaggttcaACAAGAGTTAGTAAGGCCTCAGCGCTCATTGCCTTTGGAGGTG ATTCGGAGTTGTAGTTATGACGAAGCAATTGCCAC
AAtaactccaggagTATATAAACTCAT

YDR200c/Far9:TMD_shuffled_2

ggttctggatcaggttcaACAAGAGTTAGTAAGTTCTCAGGTGGAGTAA AATGACGGTTGGATTTGCGGTTCTCGCCGTTGCCAAGCAATTGCCAC
AAtaactccaggagTATATAAACTCAT

YDR210w:all_C_to_A

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCGCATTGGACAGTGCCTTAAAAGCTTTGGCAGCCGCTTTCTTATTAGAATTGGTATGC
GATtaactccaggagTATATAAACTCAT

YDR210w:all_C_to_S

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTCATTGGACAGTTCCTTAAAATCTTTGTCATCCTCTTTCTTATTAGAATTGGTATGCGA
TtaactccaggagTATATAAACTCAT

YDR210w:all_C_to_V

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCGTCTTGGACAGTGTATTAAAAG GGTCGTAG CTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:C1_to_S

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTCATTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:C2_to_S

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTCCTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:C3_to_S

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATCCTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:C4_to_S

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTCATGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:C5_to_S

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTCCTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:C6_to_S

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTCTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos1

ggttctggatcaggttcaCAAGGTCAACCAAAGTTGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos10

gattctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTATTATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos1l

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATTGTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos12

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTATGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos13

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTTGTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos14

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTTATGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos15

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTTGTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos16

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTATTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos17

gattctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTGTTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos2

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGTTAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos3

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAATTGTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos4

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTTATTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos5

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos6

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGTTAAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos7

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACTTGTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos8

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTTATTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:L_pos9

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTGAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:length_22_V

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGTTGTCGTAGTTG
AAtaactccaggagTATATAAACTCAT

YDR210w:length_24_V

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGTTGTCGTAGTTGT
CGTAGAAtaactccaggagTATATAAACTCAT

YDR210w:length_26_V

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGTTGTCGTAGTTGT
CGTAGTTGTCGAAtaactccaggagTATATAAACTCAT
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YDR210w:length_26_V_shuffled_1

ggttctggatcaggttcaCAAGGTCAACCAAAGGTCGTAGTCGAGGACTGTTGTGTCG ATTATGTTTGTTCAGTTGTTTGGTTAAAGTTAGCGTATG
TTTATGCGAAGAAtaactccaggagTATATAAACTCAT

YDR210w:length_26_V_shuffled_2

ggttctggatcaggttcaCAAGGTCAACCAAAGTTAGTTTGTAAAGACGTAAGCTGTGAATGCTGTGAGGTCAGTGTCTGTTTATTGTGTGTAGTTGTTG
TCTTGTTCTTAGAAtaactccaggagTATATAAACTCAT

YDR210w:length_26_VA

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGTTGCTGTCGCAG
TAGCCGTTGCTGAAtaactccaggagTATATAAACTCAT

YDR210w:TMD_shuffled_1

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGACTGTTTGGAATGTAGTAGCTGCTTGTTCTGTTTATGTTTATTATGTAAAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:TMD_shuffled_2

ggttctggatcaggttcaCAAGGTCAACCAAAGGAATGTAAATTGTGTTTATTCTGTTGTTTAGACTGCTTGAGTTTATGTAGCGAGGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos1

ggttctggatcaggttcaCAAGGTCAACCAAAGGTCGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos10

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAGTCTGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos1l

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAAGTATTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos12

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTGTTTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos13

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGGTCTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos14

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTGTATGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos15

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTG CTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos16

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTGTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos17

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCGTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos18

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTAGTTGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos2

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGTAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos3

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAGTTTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos4

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCGTCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos5

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCGTAGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos6

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGTTAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos7

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACGTCTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos8

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTGTATTAAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR210w:V_pos9

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTGTTAAATGTTTGTGTTGTTGTTTCTTATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

YDR281c/Phmé:length_24_V

ggttctggatcaggttcaGGGTTTCTCGAGGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC ATGTGGTT
GTCATGtaactccaggagTATATAAACTCAT

YDR281c/Phmé:length_26_V

ggttctggatcaggttcaGGGTTTCTCGAGGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC ATGTGGTT
GTCGTAGTTATGtaactccaggagTATATAAACTCAT

YDR281c/Phmé:length_26_V_shuffled
1

ggttctggatcaggttcaGGGTTTCTCGAGGAATTGACACTCTTGCTTA GAGTGTAATCTATCTGGTAGTGGTGGTCGGTTACGTTATCGTCATGAT
ATTGTTATGtaactccaggagTATATAAACTCAT

YDR281c/Phmeé:length_26_V_shuffled
2

ggttctggatcaggttcaGGGTTTCTCGAGGAATTGCTCTATACAATTTACGTGATTATGTTGGTTGTCATCTTTAGTGTGGGTC GGTAGTTATTGTA
GTCATCCTGATGtaactccaggagTATATAAACTCAT

YDR281c/Phm6:length_26_VA

gettctggatcaggttcaGGGTTTCTCGAGGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC ATGTGGTT
GCTGTCGCAATGtaactccaggagTATATAAACTCAT

YDR281c/Phm6:TMD_shuffled_1

gattctggatcaggttcaGGGTTTCTCGAGGAATTGATCTATGTAATTCTCTTGGTCCTGATGTTTATTCTTGTGTTGACAATTAGTATCTACGGTGTGAT
GACGATGACGAAGtaactccaggagTATATAAACTCAT

YDR281c/Phm6:TMD_shuffled_2

ggttctggatcaggttcaGGGTTTCTCGAGGAACTCACAGGTTTGAGTATCGTAGTCATGATCTTGGTGTTGGTGCTGTATTACTTTATTATTCTTATTAT
GACGATGACGAAGtaactccaggagTATATAAACTCAT

YDR468c/Tlgl:length_22_V

ggttctggatcaggttcaGAAAAATACGACGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTGTTGTCGTAGCT
taactccaggagTATATAAACTCAT

YDR468c/Tlgl:length_24_V

ggttctggatcaggttcaGAAAAATACGACGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTGTTGTCGTAGTT
GTCGCTtaactccaggagTATATAAACTCAT

YDR468c/Tlgl:length_26_V

ggttctggatcaggttcaGAAAAATACGACGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTGTTGTCGTAGTT
GTCGTAGTTGCTtaactccaggagTATATAAACTCAT

YDR468¢/Tlgl:length_26_V_shuffled_
1

ggttctggatcaggttcaGAAAAATACGACGATG GGTCATAGGAGTTGTAA ATGTGTCGTTCTTGTTTTAGTCTGTATAGTCA CGTTGCA
C GGTAGCTtaactccaggagTATATAAACTCAT

YDR468¢/Tlgl:length_26_V_shuffled_
2

ggttctggatcaggttcaGAAAAATACGACGATG AC GTGTGTCGTCGTAGGAGTTATTGTTGTTATATTGATTGTTATAGTCTTATGTGTCGC
AC CGTAGCTtaactccaggagTATATAAACTCAT

YDR468c/Tlgl:length_26_VA

ggttctggatcaggttcaGAAAAATACGACGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTGTTGCTGTCGCA
GTAGCCGTTGCTtaactccaggagTATATAAACTCAT

YDR468¢/Tlg1:TMD_shuffled_1

gettctggatcaggttcaGAAAAATACGACGATTTAGGAATTATAGCATTACTTTTGTTCATACTTTGTTGTGTCGTTGTCATTG GGCTtaactccagga
gTATATAAACTCAT

YDR468c/Tlg1:TMD_shuffled_2

gettctggatcaggttcaGAAAAATACGACGATTTATGTGTCATAGCATTCTGTG GGGAATAA AGTTCTTTTGGTCCTTATTGCTtaactccagga
gTATATAAACTCAT

YDR498c/Sec20:length_22_V

ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGGTTGTCGTAGTTGTCCG
Ttaactccaggag TATATAAACTCAT

YDR498c¢/Sec20:length_24_V

gettctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGGTTGTCGTAGTTGTCGT
AGTTCGTtaactccaggagTATATAAACTCAT

YDR498c/Sec20:length_26_V

ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGGTTGTCGTAGTTGTCGT
AGTTGTCGTACGTtaactccaggagTATATAAACTCAT

YDR498c¢/Sec20:length_26_V_shuffle
d_1

gettctggatcaggttcaCAAGAGAAACGAGATTGGCTTGTATCAGTCTGCTGCTATTGGCTAGTCCTCGTTGTCGTCGTCTTCGTTGGGCTATTAGTTGT
TGTATCGGTACGTtaactccaggagTATATAAACTCAT

YDR498c¢/Sec20:length_26_V_shuffle
d_2

gettctggatcaggttcaCAAGAGAAACGAGATTCAGTTTGGCTCGTCGTCTGGGTCCTAGTTGTTGTAGTAGTCCTTTGCTTCCTAGTAG ATGCTA
TTCGGTCGGGCGTtaactccaggagTATATAAACTCAT

YDR498c/Sec20:length_26_VA

ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGGTTGCTGTCGCAGTAG
CCGTTGCTGTCCGTtaactccaggagTATATAAACTCAT

YDR498c¢/Sec20:TMD_shuffled_1

gettctggatcaggttcaCAAGAGAAACGAGATTCGTGCGTCCTACTCTGGTGGGGGTGCCTTTCATTCGTCTTAGTTCTATATCGTCGTATTTTCAAGtaa
ctccaggagTATATAAACTCAT

YDR498¢/Sec20:TMD_shuffled_2

ggttctggatcaggttcaCAAGAGAAACGAGATTTCCTCTGCCTAGTTGTCCTATGCTGGTATTCGTCAGTCTGGCTTGGGTTACGTCGTA CAAGtaa
ctccaggag TATATAAACTCAT
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YER019¢c-A/Sbh2:length_22_V

ggttctggatcaggttcaTTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGGTTAAAL
aactccaggagTATATAAACTCAT

YER019c-A/Sbh2:length_24_V

ggttctggatcaggttcaTTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGGTTGTC
GTAAAAtaactccaggagTATATAAACTCAT

YER019¢-A/Sbh2:length_26_V

ggttctggatcaggttcaTTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGGTTGTC
GTAGTTGTCAAAtaactccaggagTATATAAACTCAT

YERO19c-
A/Sbh2:length_26_V_shuffled_1

ggttctggatcaggttcaTTCAGAGTCGACTCCTTCGTCCATGTCTTGCTAGTTTCTGTCTTCGGTGTAATTCTTGTCACGGCTTTGCTATCCGTAATCGTG
G GTTCAAAtaactccaggagTATATAAACTCAT

YERO19c-
A/Sbh2:length_26_V_shuffled_2

ggttctggatcaggttcaTTCAGAGTCGACTCCATTATCGTGTTCTTCGGTTTGGTCTTGTTCGTTGTCGTTGTCCTACTACATGCTTCCTCTGTAACGGTC
TTGCTTGTAAAAtaactccaggagTATATAAACTCAT

YER019c-A/Sbh2:length_26_VA

ggttctggatcaggttcaTTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGGTTGCT
GTCGCAGTAAAAtaactccaggagTATATAAACTCAT

YER019¢-A/Sbh2:TMD_shuffled_1

ggttctggatcaggttcaTTCAGAGTCGACTCCACGCATTTCCTAC GATTGTGGTATTCGGTCTATTGATCTTGTCTGCTGTCTTCGTCTCCAAATTTA
CACACATTtaactccaggagTATATAAACTCAT

YER019¢-A/Sbh2:TMD_shuffled_2

ggttctggatcaggttcaTTCAGAGTCGACTCCCTATTGTCTCATA GTTGTCCGCTTTCGTCGTATTCATCACGCTAC CGTCGGTGTGAAATTTA
CACACATTtaactccaggagTATATAAACTCAT

YER087c-B/Sbh1:length_22_V

ggttctggatcaggttcaCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATTTCTGTTAAAL
aactccaggagTATATAAACTCAT

YER087¢-B/Sbh1:length_24_V

ggttctggatcaggttcaCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATTTCTGTTGTC
GTAAAAtaactccaggagTATATAAACTCAT

YER087c-B/Sbh1:length_26_V

ggttctggatcaggttcaCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATTTCTGTTGTC
GTAGTTGTCAAAtaactccaggagTATATAAACTCAT

YERO87c-
B/Sbh1:length_26_V_shuffled_1

ggttctggatcaggttcaCTAAGAGTAGATCCCGTTATTGTTGTCTTCGCAATCG GTTTTGGTCCATCTATTAGTAGTTGTG AGGTGTTTCT
GCGTCTGTCAAAtaactccaggagTATATAAACTCAT

YERO87c-
B/Sbh1:length_26_V_shuffled_2

ggttctggatcaggttcaCTAAGAGTAGATCCCG ATTGTGTTCGTTGTTGCAGTA CTGCGTTAGGTCTATTATTGGTTATCGTTGTTGTCGTC
CATGTCTCTAAAtaactccaggagTATATAAACTCAT

YER087c-B/Sbh1:length_26_VA

ggttctggatcaggttcaCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATTTCTGTTGCT
GTCGCAGTAAAAtaactccaggagTATATAAACTCAT

YER087¢-B/Sbh1:TMD_shuffled_1

ggttctggatcaggttcaCTAAGAGTAGATCCCTTTATCGTTATTCATTCTGGTTTCGTTGCAGTCTTATTGTCTGCGG AGTTCTATTTGTGAAAGTT
GCCGGTAAGtaactccaggagTATATAAACTCAT

YER087¢-B/Sbh1:TMD_shuffled_2

gettctggatcaggttcaCTAAGAGTAGATCCCTCTTTATTGGGTGTTATCG CTTATCTGTTTTTGTTGCGGCACATGTGGTCCTAA AAAGTT
GCCGGTAAGtaactccaggagTATATAAACTCAT

YER100w/Ubc6:length_22_V

ggttctggatcaggttcaCCTAATGATAGTTCTTCAATGGTTTATATTGGTATCGCTA TTGTTTTTGGTTGGCC ATGGTTGTCGTAGTTAAAt
aactccaggagTATATAAACTCAT

YER100w/Ubc6:length_24_V

ggttctggatcaggttcaCCTAATGATAGTTCTTCAATGGTTTATATTGGTATCGCTA TTIGTTTTTGGTTGGCC ATGGTTGTCGTAGTTGTCG
TAAAAtaactccaggagTATATAAACTCAT

YER100w/Ubc6:length_26_V

ggttctggatcaggttcaCCTAATGATAGTTCTTCAATGGTTTATATTGGTATCGCTA TTGTTTTTGGTTGGCC ATGGTTGTCGTAGTTGTCG
TAGTTGTCAAAtaactccaggagTATATAAACTCAT

YER100w/Ubc6:length_26_V_shuffled
1

ggttctggatcaggttcaCCTAATGATAGTTCTTTGATGGTTATTTTGATGG ATTGGTGTTGTAATCGTTGTAGTTTATTCAGTCTTTGCTGTCG
GCGTCCTTAAAtaactccaggagTATATAAACTCAT

YER100w/Ubc6:length_26_V_shuffled
2

ggttctggatcaggttcaCCTAATGATAGTTCTGCTATCTTGTCAGTTGG GTTCTTGTTGTCGTTTTTGGCGTATTGATGGTCTATATTATGTTTGTCG
TTGTAATTAAAtaactccaggagTATATAAACTCAT

YER100w/Ubc6:length_26_VA

ggttctggatcaggttcaCCTAATGATAGTTCTTCAATGGTTTATATTGGTATCGCTA TTGTTTTTGGTTGGCC ATGGTTGCTGTCGCAGTAG
CCGTTGCTAAAtaactccaggagTATATAAACTCAT

YER120w/Scs2:length_22_V

ggttctggatcaggttcaAATGAATCATCCAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTACGTTGTCGTAGTTAG
Ataactccaggag TATATAAACTCAT

YER120w/Scs2:length_24_V

ggttctggatcaggttcaAATGAATCATCCAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTACGTTGTCGTAGTTGTC
GTAAGAtaactccaggagTATATAAACTCAT

YER120w/Scs2:length_26_V

ggttctggatcaggttcaAATGAATCATCCAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTACGTTGTCGTAGTTGTC
GTAGTTGTCAGAtaactccaggagTATATAAACTCAT

YER120w/Scs2:length_26_V_shuffled
1

ggttctggatcaggttcaAATGAATCATCCAGCGGTGTAGTTGTAATCCTTTACTTATTGATACTCGTTGTTGTTGGAG CTTGATGATAGTCGTCGTC
TTCTGGGCAAGAtaactccaggagTATATAAACTCAT

YER120w/Scs2:length_26_V_shuffled
2

ggttctggatcaggttcaAATGAATCATCCAGCTTGGTTATAATGTTCATACTCGTTGTCGTATACCTTGGTTTATTGGTCATCTTCGTTTGGGTAGGAGTT
GCAGTTGTCAGAtaactccaggagTATATAAACTCAT

YER120w/Scs2:length_26_VA

gettctggatcaggttcaAATGAATCATCCAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTACGTTGCTGTCGCAGT
AGCCGTTGCTAGAtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:length_22_V

ggttctggatcaggttcaTCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGGTTGTCA
GGtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:length_24_V

ggttctggatcaggttcaTCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGGTTGTCGT
AGTTAGGtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:length_26_V

ggttctggatcaggttcaTCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGGTTGTCGT
AGTTGTCGTAAGGtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:length_26_V_shuffle
d_1

ggttctggatcaggttcaTCTGTCAAGACTCAAGCAACACTTGTAGG GTCACAGTCCTGGTCCAAGTTGTATGGGCAGTATTATATATGTGTGTCAT
AGGTGTTATGAGGtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:length_26_V_shuffle
d_2

gettctggatcaggttcaTCTGTCAAGACTCAAACAGGTGCATTTGTCACACAAGTCGTTATGGTTGTCGGTGTCGTAC AGTATGTTATATACTGTG
GGCAATGGTAAGGtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:length_26_VA

ggttctggatcaggttcaTCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGGTTGCTGT
CGCAGTAGCCAGGtaactccaggagTATATAAACTCAT

YFLO46w/Fmp32:TMD_shuffled_1

gettctggatcaggttcaTCTGTCAAGACTCAATTTATGTATACAGTCGCACTGGTACAAGGTATACTTACAATGGTCTGTTTAGGTTGGGCAAGGTTATT
AACAtaactccaggagTATATAAACTCAT

YFLO46wW/Fmp32:TMD_shuffled_2

ggttctggatcaggttcaTCTGTCAAGACTCAAATGACAGCAATACAAACAGCA GTGTCGGTTGGCTGGTCTATATGGGTTTACTTGTAAGGTTATT
AACAtaactccaggagTATATAAACTCAT

YGL098w/Usel:length_26_V

ggttctggatcaggttcaAAGAGTAAATTGAGTTACTTG ATATTACTG CATTTTTATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAAT
TATTCGTTCCGtaactccaggagTATATAAACTCAT

YGLO98w/Usel:length_26_V_shuffled
1

gettctggatcaggttcaAAGAGTAAATTGAGTACACTGTTCTTTA CCTCTTATTTCAAGTTGTTGGAATTATCTACGTGATTATAA GT
ATATGACTCCGtaactccaggagTATATAAACTCAT

YGL098w/Usel:length_26_V_shuffled
2

gettctggatcaggttcaAAGAGTAAATTGAGTTATATTATCG CTACATGCAATTTATATTTATTGTTTTGCTCTTCA TATTGTGCTGTTTTTAG
GAACAACTCCGtaactccaggagTATATAAACTCAT

YGLO98w/Use1:TMD_shuffled_1

gettctggatcaggttcaAAGAGTAAATTGAG A ATGGATTCTTGTACCTCATACAATTTTTAACTATTGTGATTATTATGCTGG CA
CAATCCCGGCCCTAtaactccaggagTATATAAACTCAT

YGL098w/Usel:TMD_shuffled_2

gettctggatcaggttcaAAGAGTAAATTGAGTATGTTAATCTTTATTCTGTTTGGATTCACTGTGATACTCATTGTTCAA ACATTATTTTGACATTCT
TTTATCCGGCCCTAtaactccaggagTATATAAACTCAT

YHLO31c/Gos1:length_22_V

gettctggatcaggttcaAGAAGGAAGAAAAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG TG CACAGTTGTCGTAGTTTG
GtaactccaggagTATATAAACTCAT

YHLO31c/Gos1:length_24 V

gettctggatcaggttcaAGAAGGAAGAAAAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG TG CACAGTTGTCGTAGTTGT
CGTATGGtaactccaggagTATATAAACTCAT

YHLO31c/Gos1:length_26_V

ggttctggatcaggttcaAGAAGGAAGAAAAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG G CACAGTTGTCGTAGTTGT
CGTAGTTGTCTGGtaactccaggagTATATAAACTCAT

YHLO31c/Gos1:length_26_V_shuffled
1

gettctggatcaggttcaAGAAGGAAGAAAAACTTTGTCACAGTAATAGTA GGTTGTCGTCATATTTACCCTGTTGGCGTTCACGTGTGCCGTTAC
CGTTGTACTTTGGtaactccaggagTATATAAACTCAT

YHLO31c/Gos1:length_26_V_shuffled
2

ggttctggatcaggttcaAGAAGGAAGAAAAACTTTGCCG CACGCTGTTGTTTATATTTGTAGCGACCGTAGTCGTCATAGTTGTAACAACCCTTGT
TTGTGTCTTGTGGtaactccaggagTATATAAACTCAT
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YHLO31c/Gos1:length_26_VA

gattctggatcaggttcaAGAAGGAAGAAAAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTGTTTTTGTTTTTCACAGTTGCTGTCGCAGT
AGCCGTTGCTTGGtaactccaggagTATATAAACTCAT

YILOO4c/Betl:length_24_V

ggttctggatcaggttcaGCCAGAAGATCTGGGATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTA GGGTATGGATTG
TTGTCACAtaactccaggagTATATAAACTCAT

YILOO4c/Betl:length_26_V

ggttctggatcaggttcaGCCAGAAGATCTGGGATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTA GGGTATGGATTG
TTGTCGTAGTTACAtaactccaggagTATATAAACTCAT

YILOO4c/Bet1:length_26_V_shuffled_
1

ggttctggatcaggttcaGCCAGAAGATCTGGGATTGTATTAGTATTTATAATCGTTAGTCTATTTGTTGGCGTATGGTTTGTGATAACATTTATGTGGTG
GAAAATAGTCACAtaactccaggagTATATAAACTCAT

YIL0O4c/Betl:length_26_V_shuffled_
2

ggttctggatcaggttcaGCCAGAAGATCTGGGAGTATTTGGACAGTTATATTTTGG TTGTGGTCCTAGTAATGATAGGC AGTAAAAATAGT
AGTTTGGATCACAtaactccaggagTATATAAACTCAT

YILOO4c/Betl:length_26_VA

gettctggatcaggttcaGCCAGAAGATCTGGGATCAGTATAAAAACATGGTTAATAATA ATGGTAGGCGTGCTA GGGTATGGATTG
TTGCTGTCGCAACAtaactccaggagTATATAAACTCAT

YILOO4c/Bet1:TMD_shuffled_1

gettctggatcaggttcaGCCAGAAGATCTGGGACAGTAATTTGGTGGTTTAAAATGTTTGTGTTTATCCTAATATTTAGTATAATATTATGGGGCGTAAC
Ataactccaggag TATATAAACTCAT

YILOO4c/Bet1:TMD_shuffled_2

ggttctggatcaggttcaGCCAGAAGATCTGGGAGTATCTGGGTGATAATAAAATGGTTTATAATTTTTTGGTTTGGCGTATTAATGTTTCTAGTAACAAC
AtaactccaggagTATATAAACTCAT

YILO65¢/Fisl:length_22_V

ggttctggatcaggttcaAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAGTTGTC
AGAtaactccaggagTATATAAACTCAT

YILO65c/Fisl:length_24_V

ggttctggatcaggttcaAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAGTTGTC
GTAGTTAGAtaactccaggag TATATAAACTCAT

YILO65¢/Fis1:length_26_V

ggttctggatcaggttcaAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAGTTGTC
GTAGTTGTCGTAAGAtaactccaggagTATATAAACTCAT

YILO65c/Fis1:length_26_V_shuffled_1

gettctggatcaggttcaAAGGAAACACTCAAGGCTGCCGCCGTCGCTGCTGTCGGTGTACTAGGCGTATTAGTTGTCAGTGTGGTAGGCGTTGTTGGA
GTCTTCTTCGTGAGAtaactccaggagTATATAAACTCAT

YILO65c/Fis1:length_26_V_shuffled_2

gettctggatcaggttcaAAGGAAACACTCAAGTTAAGTGTACTAGTTGCCGTGGTTGGCGGAGTCTTCGTCGTGGTAGGTGTAGCCGCTGTCGTTGTC
TTCGCTGCTGGCAGAtaactccaggagTATATAAACTCAT

YILO65¢/Fis1:length_26_VA

ggttctggatcaggttcaAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAGTTGCT
GTCGCAGTAGCCAGAtaactccaggagTATATAAACTCAT

YILO65¢/Fis1:TMD_shuffled_1

ggttctggatcaggttcaAAGGAAACACTCAAGGGACTAAGTGCTTTCGCCGCCTTCGTGGGCGTAGCTGTGGGTGTCGTCGGCGTTGCTTTAAGAAAC
AAGAGAAGGtaactccaggagTATATAAACTCAT

YILO65¢/Fis1:TMD_shuffled_2

ggttctggatcaggttcaAAGGAAACACTCAAGGTGTTCCTAGCTGCTGGCGCCTTAGCTGTCGCCGTCGGTGGCAGTGTTGTAGTGTTCGGAAGAAAC
AAGAGAAGGtaactccaggagTATATAAACTCAT

YJL119c:length_22_V

ggttctggatcaggttcaACTGAAAAGCATGAAGCCATCACTG TTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAGTTTGTTGTCGTATTT
taactccaggagTATATAAACTCAT

YJL119c:length_24_V

gettctggatcaggttcaACTGAAAAGCATGAAGCCATCACTG TTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAGTTTGTTGTCGTAGTT
GTCTTTtaactccaggagTATATAAACTCAT

YJL119c:length_26_V

gettctggatcaggttcaACTGAAAAGCATGAAGCCATCACTG TTTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAGTTTGTTGTCGTAGTT
GTCGTAG taactccaggag TATATAAACTCAT

YJL119c:length_26_V_shuffled_1

ggttctggatcaggttcaACTGAAAAGCATGAAG CGTTAAGAAAATCGCCGTAGTCGTCGTGTTTGTAACTCTATATGTTTTTGCCGTCATAGTTTC
AACGTATTTtaactccaggagTATATAAACTCAT

YJL119c:length_26_V_shuffled_2

ggttctggatcaggttcaACTGAAAAGCATGAAAAG ATTTCGTAGCCGTTCTAGTGGTAAACATATTTACTGTCGTC CTGTTAAAGTTGTTGTA
GCCATCGTCTTTtaactccaggagTATATAAACTCAT

YJL119c:length_26_VA

ggttctggatcaggttcaACTGAAAAGCATGAAGCCATCACTG TTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAGTTTGTTGCTGTCGC
AGTAGCCG taactccaggag TATATAAACTCAT

YJL119¢:TMD_shuffled_1

ggttctggatcaggttcaACTGAAAAGCATGAAGCCGTAACTATAATCAAATTTGTTTTTGCCTTCAAGGTGGTCTC ATCTAAACTTTTTTTTCGCAt
aactccaggagTATATAAACTCAT

YJL119c:TMD_shuffled_2

ggttctggatcaggttcaACTGAAAAGCATGAAGCCCTATTTATAGCCGTTTCTACTGTA ATAAGAACGTCTTCATCAAATTTGTGTTT CGCAt
aactccaggagTATATAAACTCAT

YKLOO6c-A/Sft1:length_22_V

ggttctggatcaggttcaTTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTGTTGTCAA
GtaactccaggagTATATAAACTCAT

YKLOO6c-A/Sft1:length_24_V

gettctggatcaggttcaTTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTGTTGTCGT
AGTTAAGtaactccaggagTATATAAACTCAT

YKLOO6c-A/Sft1:length_26_V

ggttctggatcaggttcaTTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTGTTGTCGT
AGTTGTCGTAAAGtaactccaggagTATATAAACTCAT

YKLOO6c-
A/Sftl:length_26_V_shuffled_1

ggttctggatcaggttcaTTAAAGGCTGGTAATCTGTGGGTCCTAATAGTCGGTTTGAGCTATGTTACCG CTTCATTGTGTTAT AATGGTAATA
AGAGCGGTAAAGtaactccaggagTATATAAACTCAT

YKLOO6c-
A/Sftl:length_26_V_shuffled_2

ggttctggatcaggttcaTTAAAGGCTGGTAATATTGGTTTCGTATTATTTCTAATGATAACCGTCTTGCTGGTAGTTGTTTATGCGTGGTTCAGCTTAGTC
AGAATAGTGAAGtaactccaggagTATATAAACTCAT

YKLOO6¢-A/Sft1:length_26_VA

ggttctggatcaggttcaTTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTGTTGCTGT
CGCAGTAGCCAAGtaactccaggagTATATAAACTCAT

YKLOO6¢-A/Sft1:TMD_shuffled_1

gettctggatcaggttcaTTAAAGGCTGGTAATTGGTTACTGGCGTTCACCGTGTTAATATTCATTGGTAGCAGATTTCTAATATATTTGATGAAGTTATT
Ttaactccaggag TATATAAACTCAT

YKLOO6¢-A/Sft1:TMD_shuffled_2

gettctggatcaggttcaTTAAAGGCTGGTAATTTCTATCTAATGACCATTTGGATATTTATAAGATTGTTCCTGGGTTTATTAAGCGTGGCGAAGTTATT
Ttaactccaggag TATATAAACTCAT

YLRO26¢/Sed5:length_22_V

ggttctggatcaggttcaATAAAGAGTAATAGATGGTTAGCCGCAAAGG TTTATAATCTTTGTATTTTTCGTTATTTGGG AGTCGTTGTCAAT
taactccaggagTATATAAACTCAT

YLR026¢/Sed5:length_24_V

gettctggatcaggttcaATAAAGAGTAATAGATGGTTAGCCGCAAAGG TTTATAATCTTTGTATTTTTCGTTATTTGGG AGTCGTTGTCGTA
GTTAATtaactccaggag TATATAAACTCAT

YLR026c/Sed5:length_26_V

ggttctggatcaggttcaATAAAGAGTAATAGATGGTTAGCCGCAAAGG TTTATAATCTTTGTATTTTTCGTTATTTGGG AGTCGTTGTCGTA
GTTGTCGTAAATtaactccaggagTATATAAACTCAT

YLR026¢/Sed5:length_26_V_shuffled_
1

ggttctggatcaggttcaATAAAGAGTAATAGAGTAGTTATATTCATTGTCGTTGTTTTATTTTTTTTTGTCGCCTTAGTCAAGTGGGTTTGGGCAGTAATC
GTAG AATtaactccaggag TATATAAACTCAT

YLR026¢/Sed5:length_26_V_shuffled_
2

ggttctggatcaggttcaATAAAGAGTAATAGAGTTGTCTTCGTTGTTGTAGTCTTTTTAATTATATTAGTTGTTATCTTTGTAGTAGTCTGGTTTTGGTTT
GCAGCCAAGAATtaactccaggagTATATAAACTCAT

YLRO26c/Sed5:length_26_VA

ggttctggatcaggttcaATAAAGAGTAATAGATGGTTAGCCGCAAAGG TTTATAATCTTTGTATTTTTCGTTATTTGGG AGTCGTTGCTGTC
GCAGTAGCCAATtaactccaggagTATATAAACTCAT

YLR026¢/Sed5:TMD_shuffled_1

ggttctggatcaggttcaATAAAGAGTAATAGAG GTTATATGGA ATTAGTATTCGTCATCGCCGTTAAGTGG TTTTGCAAATtaactcca
ggagTATATAAACTCAT

YLRO26¢/Sed5:TMD_shuffled_2

ggttctggatcaggttcaATAAAGAGTAATAGATTAGCAGTTTGGTTTATTATCTTTGTTGTTGTATGGTTTGTCTTATTTGCCAAGATATTCAATtaactcca
ggag TATATAAACTCAT

YLRO78c/Bosl:length_22_V

gettctggatcaggttcaGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGGTTGTCGTAGTTAAA
taactccaggagTATATAAACTCAT

YLRO78c/Bos1:length_24_V

gettctggatcaggttcaGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGGTTGTCGTAGTTGTC
GTAAAAtaactccaggagTATATAAACTCAT

YLRO78c/Bos1:length_26_V

gettctggatcaggttcaGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGGTTGTCGTAGTTGTC
GTAGTTGTCAAAtaactccaggagTATATAAACTCAT

YLRO78c/Bosl:length_26_V_shuffled_
1

ggttctggatcaggttcaGTGTTCAAAGATAAACTCA GTTATCGTCTTAGTGGTTGTTATCTTGGTCGTAGTCTGGCTATATATATTGTATGCGGGT
GTAATTGTCAAAtaactccaggagTATATAAACTCAT

YLRO78c/Bos1:length_26_V_shuffled_
2

gettctggatcaggttcaGTGTTCAAAGATAAAGTTTATATAATTATTGCGGTCGTCGTTGTAGTCTTGCTATATTTGTGGCTCGTGTTAGTAGGTATCGT
TATCGTCTTTAAAtaactccaggagTATATAAACTCAT

YLRO78c/Bosl:length_26_VA

ggttctggatcaggttcaGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGGTTGCTGTCGCAGT
AGCCGTTGCTAAAtaactccaggagTATATAAACTCAT
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YLRO78c¢/Bos1:TMD_shuffled_1

ggttctggatcaggttcaGTGTTCAAAGATAAAGGTGTGTATATTTGGTTGTTATTTATTATATTGTATCTACTCGTCGCGATCATCAAATGGTTAAGAtaa
ctccaggagTATATAAACTCAT

YLRO78c¢/Bos1:TMD_shuffled_2

ggttctggatcaggttcaGTGTTCAAAGATAAATATATACTATGGTTTATTATCATTATCTATCTCGTGTTGGTCGGTTTAGCGTTGAAATGGTTAAGAtaa
ctccaggagTATATAAACTCAT

YLR093c¢/Nyv1l:length_22_V

ggttctggatcaggttcaCAGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG CTATCTGGTTTGGt
aactccaggagTATATAAACTCAT

YLR093c¢/Nyv1:length_24 V

gettctggatcaggttcaCAGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGGTTGTC
GTATGGtaactccaggagTATATAAACTCAT

YLR093c¢/Nyv1l:length_26_V

ggttctggatcaggttcaCAGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGGTTGTC
GTAGTTGTCTGGtaactccaggagTATATAAACTCAT

YLR093c¢/Nyv1:length_26_V_shuffled_
1

ggttctggatcaggttcaCAGAAGGTCAAAAATGTATATACTATTTTTGTCACTGCTGCTGTTCTGTTATTACTATTCATGGTTATAAGTGTCATTGTAACG
TTCTTTTTCTGGtaactccaggagTATATAAACTCAT

YLR093c¢/Nyv1:length_26_V_shuffled_
2

ggttctggatcaggttcaCAGAAGGTCAAAAATGTCACGATGTTAACTTATACTGCTTTATTCTTTCTAATTGTTATAGTTGTAGTCGTATTCAGTGC
A CCTGTGGtaactccaggagTATATAAACTCAT

YLR093c/Nyv1:length_26_VA

ggttctggatcaggttcaCAGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGGTTGCT
GTCGCAGTATGGtaactccaggagTATATAAACTCAT

YLR093¢/Nyv1:TMD_shuffled_1

ggttctggatcaggttcaCAGAAGGTCAAAAATCTGTATAGTGCTTTATTCGCTA CTTCATATTTACGTTAATTACTCTATTTACTATGGTATGGtaact
ccaggag TATATAAACTCAT

YLR093¢/Nyv1:TMD_shuffled_2

ggttctggatcaggttcaCAGAAGGTCAAAAATATTATGACTACGTTCTA CGCTGTATTCTTAATTCTACTGAGTACTATAGC TATGGtaact
ccaggag TATATAAACTCAT

YLR238w/Far10:length_22_V

ggttctggatcaggttcaACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTGTTTCCt
aactccaggagTATATAAACTCAT

YLR238w/Far10:length_24_V

ggttctggatcaggttcaACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTGTTGTC
GTATCCtaactccaggag TATATAAACTCAT

YLR238w/Far10:length_26_V

ggttctggatcaggttcaACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTGTTGTC
GTAGTTGTCTCCtaactccaggagTATATAAACTCAT

YLR238w/Far10:length_26_V_shuffle
d_1

ggttctggatcaggttcaACGCTATGTAATCATGTAATTAAGGCTCTTG CGGAATCA CGGGACTTTAATTACAG ATATCCACAGTCGTC
GTCATCCTATCCtaactccaggagTATATAAACTCAT

YLR238w/Far10:length_26_V_shuffle
d_2

ggttctggatcaggttcaACGCTATGTAATCATTTAACAGTAGCTATTCTAG CATCGTCGGGGTCAAGA CATAGGAACATTTGTCGTTTCCACT
CTTATTATCTCCtaactccaggagTATATAAACTCAT

YLR238w/Far10:length_26_VA

ggttctggatcaggttcaACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTGTTGCT
GTCGCAGTATCCtaactccaggagTATATAAACTCAT

YLR238w/Far10:TMD_shuffled_1

ggttctggatcaggttcaACGCTATGTAATCATATAATCATCACTGTCCTTATTTCCGGACTATTCAAGTTTACAGGGTTATTCATTGCTATTACATCCCCC
AACtaactccaggagTATATAAACTCAT

YLR238w/Far10:TMD_shuffled_2

ggttctggatcaggttcaACGCTATGTAATCA CATCGTCAAGCTTATATCCGGATTAACTTTCGCTCTAATTACAACAATCGGGATTATTTCCCCC
AACtaactccaggag TATATAAACTCAT

YLR268w/Sec22:TMD_shuffled_1

ggttctggatcaggttcaGCGCAAAAGATCAACA CTATTTCGCTATCCCTA CGTCCAAATCAGTGTCGATGTCGCTCTCTTCTTCCTC
GTGGTGGCTCAAAtaactccaggagTATATAAACTCAT

YLR268w/Sec22:TMD_shuffled_2

ggttctggatcaggttcaGCGCAAAAGATCAACCTCGCTTGGCAAATTATCTGGGCTCCTTATATTATCGTCCTCAGTGTCTTG TCCTCTTCGATTTC
TTCTTTGTCTTCAAAtaactccaggagTATATAAACTCAT

YMR161w/HIj1:length_22_V

ggttctggatcaggttcaTCGCAATTAAAAAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTGTTGTCGTAAGTt
aactccaggagTATATAAACTCAT

YMR161w/Hlj1:length_24_V

ggttctggatcaggttcaTCGCAATTAAAAAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTGTTGTCGTAGTTG
TCAGTtaactccaggagTATATAAACTCAT

YMR161w/HIj1:length_26_V

ggttctggatcaggttcaTCGCAATTAAAAAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTGTTGTCGTAGTTG
TCGTAGTTAGTtaactccaggagTATATAAACTCAT

YMR161w/Hlj1:length_26_V_shuffled
1

ggttctggatcaggttcaTCGCAATTAAAAAATGTACCTATTGTAGTTAAAGTCATGCTGCTTGTCGTTATTCTCGTTTACATCATCCTTGATTTCATGTTT
G GTTAGTtaactccaggagTATATAAACTCAT

YMR161w/Hlj1:length_26_V_shuffled
2

gettctggatcaggttcaTCGCAATTAAAAAATGTTCCTGTTCTGGTACTCTTTGTCCTTGTTATTATGAAACTTGATGTCTACTTTATCTTCGTAATGGTTA
TCGTTATTAGTtaactccaggagTATATAAACTCAT

YMR161w/HIj1:length_26_VA

ggttctggatcaggttcaTCGCAATTAAAAAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTGTTGCTGTCGCAG
TAGCCGTTAGTtaactccaggagTATATAAACTCAT

YMR161w/HIj1:TMD_shuffled_1

ggttctggatcaggttcaTCGCAATTAAAAAATATCG CATTGTTATGCTGATGCTCCCTCTTGATTACAAAATCTTTCTTATTAGTtaactccaggagT
ATATAAACTCAT

YMR161w/HIj1:TMD_shuffled_2

gattctggatcaggttcaTCGCAATTAAAAAATCTTCTTATCCTCCTGTTTGTTCCTGATATGATTAAATTTGTTTTCATCATTATGTACAGTtaactccaggagT
ATATAAACTCAT

YMR183c/Sso2:length_26_V

ggttctggatcaggttcaGCAAGAAAAAACAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTT
GTGGTTGTCGAAtaactccaggagTATATAAACTCAT

YMR183c/Sso2:length_26_V_shuffled
1

ggttctggatcaggttcaGCAAGAAAAAACAAAGTTGTTGCTTGTATTATCTTTGTGATCATCTCCATATTTCCAGTTGTTATTGTCGTCGTTGTGTTGGTT
GTTTGCAGAGAAtaactccaggagTATATAAACTCAT

YMR183c/Sso2:length_26_V_shuffled
2

ggttctggatcaggttcaGCAAGAAAAAACAAAGTGATCGTTGTCCCAATTGTTGTTTTTG GATCTTTGTGATAGTTATCAGAGTTATTTCCTGTGTT
TGCGTCGCTGAAtaactccaggagTATATAAACTCAT

YMR183c/Sso2:length_26_VA

ggttctggatcaggttcaGCAAGAAAAAACAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTT
GTGGTTGCTGAAtaactccaggagTATATAAACTCAT

YMR183¢/Ss02:TMD_shuffled_1

gettctggatcaggttcaGCAAGAAAAAACAAACCATGCGTTGTTATATTGGTTGCTGTTGTTTTTTTTTCCGTGATCGTCGTGATCGTTATTTGTATTAGA
ATCGAAACAAGAAAGtaactccaggagTATATAAACTCAT

YMR183¢/Ss02:TMD_shuffled_2

ggttctggatcaggttcaGCAAGAAAAAACAAATCCCCAATCATTTGTGTTATCGTGAGAATCGTTATTGCTTTTGTTATAGTTTGCTTGGTTGTTTTTGTG
GTCGAAACAAGAAAGtaactccaggagTATATAAACTCAT

YMR197¢/Vtil:length_22_V

ggttctggatcaggttcaCTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCTCAGTTGTCAAGt
aactccaggagTATATAAACTCAT

YMR197¢/Vtil:length_24_V

ggttctggatcaggttcaCTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAG GTTCTCAGTTGTCGTA
GTTAAGtaactccaggagTATATAAACTCAT

YMR197¢/Vtil:length_26_V

ggttctggatcaggttcaCTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAG GTTCTCAGTTGTCGTA
GTTGTCGTAAAGtaactccaggagTATATAAACTCAT

YMR197c/Vtil:length_26_V_shuffled
1

ggttctggatcaggttcaCTAGTTGCTAATAAATTGGTTGTAGTCGCAATAATTATCTTCATAGTCTTGG GATTCTAGTAGCCGTCTTATCATATCTTT
TCGTTAGCAAGtaactccaggagTATATAAACTCAT

YMR197c/Vtil:length_26_V_shuffled
2

ggttctggatcaggttcaCTAGTTGCTAATAAAAGCG CTTATTGCTTGTCGTTATAGTTGTCTTCTCAGTACTAGCATTGATTTATGTCGTAATTATC
GCCTTGATAAAGtaactccaggagTATATAAACTCAT

YMR197c/Vtil:length_26_VA

gettctggatcaggttcaCTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAG GTTCTCAGTTGCTGTCG
CAGTAGCCAAGtaactccaggagTATATAAACTCAT

YMR197¢/Vti1:TMD_shuffled_1

ggttctggatcaggttcaCTAGTTGCTAATAAAGTTAGCATACTTGCCTTCTTCATAATTTTACTAATCGTCATTGCATATTTGTCATTGTTGAAGTTTAAAL
aactccaggagTATATAAACTCAT

YMR197¢/Vti1:TMD_shuffled_2

gettctggatcaggttcaCTAGTTGCTAATAAATTCC AATTATTTCATTGTTGGCCATACTAGTCGTTTATGCAATATTCATCTTGAGCAAGTTTAAAL
aactccaggagTATATAAACTCAT

YNLO70w/Tom7:length_24_V

gettctggatcaggttcaGAACGTATTTCCAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTG GTATTTGGGCTGGGTT
GTCGCAtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:length_26_V

ggttctggatcaggttcaGAACGTATTTCCAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTGTTTTGTATTTGGGCTGGGTT
GTCGTAGTTGCAtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:length_26_V_shuffle
d1

gettctggatcaggttcaGAACGTATTTCCAAATGGGTTCATTATGTATTGACTTATGGCATCGGCACTA GTTATTTGTTGTATGGTTGGCACATAAT
CCAGTCGTTGCAtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:length_26_V_shuffle
d_2

ggttctggatcaggttcaGAACGTATTTCCAAAGTTGTAGCAGTATTGATCG ATATGTTACTTGGCATATTTTGTTGCCAGGCTGGGTCCA ACT
TATGGCAATGCAtaactccaggagTATATAAACTCAT
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YNLO70w/Tom7:length_26_VA

ggttctggatcaggttcaGAACGTATTTCCAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTG GTATTTGGGCTGGGTT
GCTGTCGCAGCAtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:TMD_shuffled_1

ggttctggatcaggttcaGAACGTATTTCCAAAGTACATTGGATCCATTTGTATTATTTAACTTTGTTTGTTGCATTGTGGGGCGGCACTAATCCAATTGC
ACACACTTCTAATtaactccaggagTATATAAACTCAT

YNLO70w/Tom7:TMD_shuffled_2

ggttctggatcaggttcaGAACGTATTTCCAAATTTCATATTAATCCATGGTGGTTAGGCATCTATACTGTACATTTGG GGGCTATTTGACTGCAGC
ACACACTTCTAATtaactccaggag TATATAAACTCAT

YNL111c/Cyb5:length_22_V

ggttctggatcaggttcaCAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACGTTGTCGA
Ataactccaggag TATATAAACTCAT

YNL111c/Cyb5:length_24_V

ggttctggatcaggttcaCAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACGTTGTCGT
AGTTGAAtaactccaggagTATATAAACTCAT

YNL111c/Cyb5:length_26_V

ggttctggatcaggttcaCAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACGTTGTCGT
AGTTGTCGTAGAAtaactccaggagTATATAAACTCAT

YNL111c/Cyb5:length_26_V_shuffled
1

ggttctggatcaggttcaCAAAGTAAAGGTAGTAACTATGTTGGTGTTGTTGCCACAGTCG GGTCGTAATTATGTTAGTCGCTTATGGTGTACTATT
GTTGTTGATAGAAtaactccaggagTATATAAACTCAT

YNL111c/Cyb5:length_26_V_shuffled
2

ggttctggatcaggttcaCAAAGTAAAGGTAGTCTAG GGGTGCCATTAACGTCGCTGTTGTTGTATTGGTCTATACAATATTGTTAGTCATGGTTGG
TTATGTATTGGAAtaactccaggagTATATAAACTCAT

YNL111c/Cyb5:length_26_VA

ggttctggatcaggttcaCAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACGTTGCTGT
CGCAGTAGCCGAAtaactccaggagTATATAAACTCAT

YNL111c/Cyb5:TMD_shuffled_1

ggttctggatcaggttcaCAAAGTAAAGGTAGTTTGTATATTGTTGCTATGTATGTTTTGAACATATTATTGGTCCTAACAGCCGGTTTGGGTGAAtaactc
caggagTATATAAACTCAT

YNL111c/Cyb5:TMD_shuffled_2

gettctggatcaggttcaCAAAGTAAAGGTAGTAACGTCTTGGCTATGTTGTTGATAGTTCTAGGTTTGGCCTATACAG ATATATTGGTGAAtaactc
caggagTATATAAACTCAT

YNL131w/Tom22:length_24_V

ggttctggatcaggttcaACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGTT
GTCGAAtaactccaggagTATATAAACTCAT

YNL131w/Tom22:length_26_V

ggttctggatcaggttcaACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGTT
GTCGTAGTTGAAtaactccaggag TATATAAACTCAT

YNL131w/Tom22:length_26_V_shuffl
ed_1

ggttctggatcaggttcaACAAAATCCGGAAACTTGCTTATACCACTCTTATTGGTCTCCACCGTTTCTACCCTAGTACTTGTGACTGCTGCCTGGG A
GCTACTGGTGAAtaactccaggagTATATAAACTCAT

YNL131w/Tom22:length_26_V_shuffl
ed_2

ggttctggatcaggttcaACAAAATCCGGAAACATACTATCTCTTGCTGGTGTCTTAACTTTATTGTGGACCGCCGTGGCTTTGGTTACTCCACTCGTTTCC
CTTACCGTAGAAtaactccaggagTATATAAACTCAT

YNL131w/Tom22:length_26_VA

ggttctggatcaggttcaACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGTT
GCTGTCGCAGAAtaactccaggagTATATAAACTCAT

YNL131w/Tom22:TMD_shuffled_1

ggttctggatcaggttcaACAAAATCCGGAAACTGGTCCGGTACTACCGCCCCATCTACCC ATTGTTGCTTGTGGCTATAACTCTACTCGCTTTAGAA
CAACAGCTAATCtaactccaggagTATATAAACTCAT

YNL131w/Tom22:TMD_shuffled_2

gettctggatcaggttcaACAAAATCCGGAAACCTAGCTTTATTGACCTTGCTTTCCCCAGCTGCCACCTCTATAACTTTACTCGGTTGGCTTACTGTGGAA
CAACAGCTAATCtaactccaggagTATATAAACTCAT

YNL188w/Karl:length_22_V

ggttctggatcaggttcaAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATGTTGTCAGG
taactccaggagTATATAAACTCAT

YNL188w/Karl:length_24_V

ggttctggatcaggttcaAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATGTTGTCGTA
GTTAGGtaactccaggag TATATAAACTCAT

YNL188w/Karl:length_26_V

ggttctggatcaggttcaAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATGTTGTCGTA
GTTGTCGTAAGGtaactccaggagTATATAAACTCAT

YNL188w/Karl:length_26_V_shuffled
1

ggttctggatcaggttcaAAAAAGTATAGGGAATTATATTGCACAGTCTATATTGTGTGGA ATTGATATATGTCGTATTCGTTTATTTATATTGTGTA
ATAGTTAATAGGtaactccaggagTATATAAACTCAT

YNL188w/Karl:length_26_V_shuffled
2

ggttctggatcaggttcaAAAAAGTATAGGGAATTATTGTATGTCACAGTCTATATTGTAATTG ATATTATATATGTGTGTGGG AGTATATTTC
ATAAATTGCAGGtaactccaggagTATATAAACTCAT

YNL188w/Karl:length_26_VA

gettctggatcaggttcaAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATGTTGCTGTC
GCAGTAGCCAGGtaactccaggagTATATAAACTCAT

YNL188w/Karl:TMD_shuffled_1

ggttctggatcaggttcaAAAAAGTATAGGGAATGCTATGTGTGTTATTATATTTTGTGGATATATTTAATTACATTAATATTAAATTTCTATAGGT T Ttaac
tccaggag TATATAAACTCAT

YNL188w/Kar1:TMD_shuffled_2

ggttctggatcaggttcaAAAAAGTATAGGGAAACATGGTATTATTTGATAATTGTGATAAATTTATATTTATGCTTATATTTCTATATTTGTAGGT T Ttaac
tccaggagTATATAAACTCAT

YOLO018c/Tlg2:length_22_V

ggttctggatcaggttcaACTCAAAAATGTAAAGTCATTTTATTACTAACATTGTGCGTAATAGCGCTCTTTTTCTTTGTTATGTTGGTTGTCGTAGTTAAA
taactccaggagTATATAAACTCAT

YOLO018c/Tlg2:length_24_V

gettctggatcaggttcaACTCAAAAATGTAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGGTTGTCGTAGTTGTC
GTAAAAtaactccaggagTATATAAACTCAT

YOLO018c/Tlg2:length_26_V

ggttctggatcaggttcaACTCAAAAATGTAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGGTTGTCGTAGTTGTC
GTAGTTGTCAAAtaactccaggagTATATAAACTCAT

YOL018c/Tlg2:length_26_V_shuffled_
1

ggttctggatcaggttcaACTCAAAAATGTAAAGTCTTGTGCGTAGCGGTCTTATTCGTCCTCTTGGTTCTAGTAATAG ATGGTAGTCTTAGTTACA
TTTGTTATTAAAtaactccaggagTATATAAACTCAT

YOL018c/Tlg2:length_26_V_shuffled_
2

ggttctggatcaggttcaACTCAAAAATGTAAAATATTATTACTCGTATTGGTTTGCTTTCTAGTTGTTGTCATGGTATTCTTTGCGGTAGTCGTCTTGACA
ATTGTCGTTAAAtaactccaggagTATATAAACTCAT

YOLO018c/Tlg2:length_26_VA

ggttctggatcaggttcaACTCAAAAATGTAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGGTTGCTGTCGCAGTA
GCCGTTGCTAAAtaactccaggagTATATAAACTCAT

YOLO018¢/Tlg2:TMD_shuffled_1

ggttctggatcaggttcaACTCAAAAATGTAAATTGGTATTA TAGTCCTCACATTCTGCTTTGTTATATTGCTAGCGATTATGAAACCACATGGCGGT
taactccaggagTATATAAACTCAT

YOLO018c/Tlg2:TMD_shuffled_2

ggttctggatcaggttcaACTCAAAAATGTAAAGTAATATTATTACTAATGGTCTTCGCGTGCTTTATTCTCTTGTTGTTTGTTACAAAACCACATGGCGGT
taactccaggagTATATAAACTCAT

YOL044w/Pex15:length_22_V

gettctggatcaggttcaCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGGTTGTCGTAGTTAA
Ataactccaggag TATATAAACTCAT

YOL044w/Pex15:length_24_V

ggttctggatcaggttcaCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGGTTGTCGTAGTTGT
CGTAAAAtaactccaggagTATATAAACTCAT

YOL044w/Pex15:length_26_V

ggttctggatcaggttcaCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGGTTGTCGTAGTTGT
CGTAGTTGTCAAAtaactccaggagTATATAAACTCAT

YOLO044w/Pex15:length_26_V_shuffle
d_1

gettctggatcaggttcaCATTTCACAAGAAGTGTTTGTGTTGTCGTAGTTCTCGTCCTGCTCAACCTGGTATTGGTCCTGGGACTTACACTAGGTTTAGT
GAACCTGAAAAAAtaactccaggagTATATAAACTCAT

YOL044w/Pex15:length_26_V_shuffle
d_2

ggttctggatcaggttcaCATTTCACAAGAAGTCTTAAACTCCTGCTCAACACACTGCTAGTGAACGTCTGTGTATTATTGGGACTGGTTGTCGTAGTCGG
TGTTGTTCTGAAAtaactccaggagTATATAAACTCAT

YOLO044w/Pex15:length_26_VA

gettctggatcaggttcaCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGGTTGCTGTCGCAGT
AGCCGTTGCTAAAtaactccaggagTATATAAACTCAT

YOL044w/Pex15:TMD_shuffled_1

ggttctggatcaggttcaCATTTCACAAGAAGTCTCACACTGGGAAAACTGAACCTGTTGTGTCTAC AGTGCTGCTCGGTAACAAAAAATATAAGTC
AtaactccaggagTATATAAACTCAT

YOLO044w/Pex15:TMD_shuffled_2

gettctggatcaggttcaCATTTCACAAGAAGTCTAGTGGGACTGCTGTTATTGACACTGAACCTCCTTCTCTGTGGTAAACTGAACAAAAAATATAAGTC
Ataactccaggag TATATAAACTCAT

YORO036w/Pep12:length_22_V

gettctggatcaggttcaAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTA CTCATTATGGTTGTCAAA
taactccaggagTATATAAACTCAT

YORO036w/Pepl12:length_24_V

ggttctggatcaggttcaAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTA CTCATTATGGTTGTCGTA
GTTAAAtaactccaggag TATATAAACTCAT

YOR036w/Pep12:length_26_V

gettctggatcaggttcaAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTA CTCATTATGGTTGTCGTA
GTTGTCGTAAAAtaactccaggagTATATAAACTCAT

YORO036w/Pep12:length_26_V_shuffl
ed_1

ggttctggatcaggttcaAAACGTACGAGCAGACTCA AGGGTATATCTTGTTGTCC TTGGGTAATGGTCATTATGTTGATTTTGCTCGTGCTT
GTAGTGGTTAAAtaactccaggagTATATAAACTCAT
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YORO036w/Pep12:length_26_V_shuffl
ed_2

ggttctggatcaggttcaAAACGTACGAGCAGACTCTATTGGGTAGTGAGGGTCGTGGTAATTCTTATTGTTCTTTTGGTCTTTCTCTTTCTTGTAATGATT
ATGTTGGTTAAAtaactccaggagTATATAAACTCAT

YOR036w/Pep12:length_26_VA

ggttctggatcaggttcaAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTA CTCATTATGGTTGCTGTC
GCAGTAGCCAAAtaactccaggagTATATAAACTCAT

YORO036w/Pep12:TMD_shuffled_1

ggttctggatcaggttcaAAACGTACGAGCAGAATGGTGTTTCTTTTGGTGTATCTCTTGCTTATGGTAATTCTTATT GGATTCTCAGGAAATTGtaac
tccaggag TATATAAACTCAT

YOR036w/Pep12:TMD_shuffled_2

ggttctggatcaggttcaAAACGTACGAGCAGA GGTACTCTTTATTCTCCTTCTTATGCTTAGGATTTGGGTGTATGTGTTGATGATTAAATTGtaac
tccaggag TATATAAACTCAT

YORO045w/Tom6:length_22_V

ggttctggatcaggttcaGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTGTTGTCGTACA
AtaactccaggagTATATAAACTCAT

YOR045w/Tomé:length_24_V

ggttctggatcaggttcaGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTGTTGTCGTAGT
TGTCCAAtaactccaggagTATATAAACTCAT

YOR045w/Tomé:length_26_V

ggttctggatcaggttcaGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTGTTGTCGTAGT
TGTCGTAGTTCAAtaactccaggagTATATAAACTCAT

YORO045w/Tom6:length_26_V_shuffle
d_1

ggttctggatcaggttcaGCTTTCAAGGAATCTGTCTACCTAGCGTTCGCCGTATTTGCAGTTAACG CCCAGGTGTAATTGGTATTGTCGTTGTTAC
ACTAGTTGCACAAtaactccaggagTATATAAACTCAT

YOR045w/Tomé:length_26_V_shuffle
d_2

ggttctggatcaggttcaGCTTTCAAGGAATCTGTATTCGTTGCAGGTATTGTAGGTGCCTACGTCATTACAGCATTTAACGCGGTCCTATTCGTTGTTCC
AGTTCTAGTTCAAtaactccaggagTATATAAACTCAT

YORO045w/Tom6:length_26_VA

ggttctggatcaggttcaGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTGTTGCTGTCGC
AGTAGCCGTTCAAtaactccaggagTATATAAACTCAT

YOR045w/Tom6:TMD_shuffled_1

ggttctggatcaggttcaGCTTTCAAGGAATCTACAGCACCATTCATTGCCTTCGTTAACGGTATTGCACTACTATACTTTGTTGCGGGTCAATCTCCACTC
ATGtaactccaggagTATATAAACTCAT

YORO045w/Tom6:TMD_shuffled_2

ggttctggatcaggttcaGCTTTCAAGGAATCTCTAAACGCAACAATTGGTGGTCTATTCG CCATTCGCGGTTGCATACGCCATTCAATCTCCACTC
ATGtaactccaggagTATATAAACTCAT

YORO075w/Ufel:length_22_V

ggttctggatcaggttcaGGAAGAACTGCTAAAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGTTGTCGTAGG
Ttaactccaggag TATATAAACTCAT

YORO75w/Ufel:length_24_V

ggttctggatcaggttcaGGAAGAACTGCTAAAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGTTGTCGTAGT
TGTCGGTtaactccaggagTATATAAACTCAT

YORO075w/Ufel:length_26_V

ggttctggatcaggttcaGGAAGAACTGCTAAAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGTTGTCGTAGT
TGTCGTAGTTGGTtaactccaggagTATATAAACTCAT

YOR075w/Ufel:length_26_V_shuffled
1

ggttctggatcaggttcaGGAAGAACTGCTAAACTATTCATGATTATAGTTTATGTTGTAACCGATGTCACTTTGATCATGTA GGTGTAGGTGTTGC
CGTCGTAGTTGGTtaactccaggagTATATAAACTCAT

YORO075w/Ufel:length_26_V_shuffled
2

gettctggatcaggttcaGGAAGAACTGCTAAATTCTATATTGTTATGGTCAC GGTGTTATCGTTGTCGTTTATTTGACCCTAATGGATGGTATAGT
AGTAGCCGTAGGTtaactccaggagTATATAAACTCAT

YOR075w/Ufel:length_26_VA

ggttctggatcaggttcaGGAAGAACTGCTAAAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGTTGCTGTCGC
AGTAGCCGTTGGTtaactccaggagTATATAAACTCAT

YOR075w/Ufel:TMD_shuffled_1

ggttctggatcaggttcaGGAAGAACTGCTAAAAC ACCG CGGTATTTATATATATATGGCCATCGGTGTAATGCTATTGGATGGTtaactccagg
agTATATAAACTCAT

YORO075w/Ufel:TMD_shuffled_2

gettctggatcaggttcaGGAAGAACTGCTAAATTTGTTGGTATGTATTATGGTTTGCTAACTGTAATGGATACCTTCATTGCCATAATCGGTtaactccagg
agTATATAAACTCAT

YOR106w/Vam3:length_22_V

ggttctggatcaggttcaAACAAATGCGGTAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAGTTGTCGTAGTTA
GTtaactccaggagTATATAAACTCAT

YOR106w/Vam3:length_24_V

ggttctggatcaggttcaAACAAATGCGGTAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAGTTGTCGTAGTTGT
CGTAAGTtaactccaggag TATATAAACTCAT

YOR106w/Vam3:length_26_V

gettctggatcaggttcaAACAAATGCGGTAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAGTTGTCGTAGTTGT
CGTAGTTGTCAGTtaactccaggagTATATAAACTCAT

YOR106w/Vam3:length_26_V_shuffle
d_1

ggttctggatcaggttcaAACAAATGCGGTAAGGTAGTGGTATTGCTTGTCGTCATAGTTGTTATAGTCGTCTGCCTATTAGTAACCATTGTTGTGATGGT
AGCTGTTATCAGTtaactccaggagTATATAAACTCAT

YOR106w/Vam3:length_26_V_shuffle
d_2

gettctggatcaggttcaAACAAATGCGGTAAGGTAGTACTTGCTGTGTTAATAGTGTGCTTGATAATGGTCGTTATCACCGTTCTAATTGTCGTCGTCGT
TGTAGTAGTTAGTtaactccaggagTATATAAACTCAT

YOR106w/Vam3:length_26_VA

ggttctggatcaggttcaAACAAATGCGGTAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAGTTGCTGTCGCAG
TAGCCGTTGCTAGTtaactccaggagTATATAAACTCAT

YOR324c/Frtl:length_24_V

ggttctggatcaggttcaACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCGTT
GTCAAGtaactccaggagTATATAAACTCAT

YOR324c/Frtl:length_26_V

ggttctggatcaggttcaACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCGTT
GTCGTAGTTAAGtaactccaggagTATATAAACTCAT

YOR324c/Frtl:length_26_V_shuffled_
1

ggttctggatcaggttcaACGAAATCCATCTACCTTGCA ATTTGATCGGCGTCATTGTCGTTTATGTTCTGAGGATGA ATTATCGACGGCGTT
TACTTCGTAAAGtaactccaggagTATATAAACTCAT

YOR324c/Frtl:length_26_V_shuffled_
2

gettctggatcaggttcaACGAAATCCATCTACTACATGGTCA ATTTGAGGGTTGCAGGCCTGTATGTAATCGTCGTTCTTATCGACTTTGGCATT
TTCATTGTTAAGtaactccaggagTATATAAACTCAT

YOR324c/Frt1:length_26_VA

ggttctggatcaggttcaACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCGTT
GCTGTCGCAAAGtaactccaggagTATATAAACTCAT

YOR324c¢/Frt1:TMD_shuffled_1

ggttctggatcaggttcaACGAAATCCATCTACGCAATCATTCTTCTGATTATGAGGGGCTTTGGCTACGTCG ATCTATTTCATTTTGGACTATAAG
AATTTGTTAACTtaactccaggagTATATAAACTCAT

YOR324c/Frt1:TMD_shuffled_2

gettctggatcaggttcaACGAAATCCATCTACATCCTGTACAGGTTCGACC ATCATTGCAATGGTTGGCGGCTA ATA GATTGTCAAG
AATTTGTTAACTtaactccaggagTATATAAACTCAT

YOR327¢/Snc2:length_24_V

ggttctggatcaggttcaGATCTAAAAATGAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCGTT
GTCAGCtaactccaggagTATATAAACTCAT

YOR327c/Snc2:length_26_V

ggttctggatcaggttcaGATCTAAAAATGAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCGTT
GTCGTAGTTAGCtaactccaggagTATATAAACTCAT

YOR327c¢/Snc2:length_26_V_shuffled
1

ggttctggatcaggttcaGATCTAAAAATGAGATTCATCGTCGTTGTTTGTATTATGGTCGTCTTAGTTATCGTACATCCTATTCTAG AGTGTTCGTA
A AGTTAGCtaactccaggagTATATAAACTCAT

YOR327c¢/Snc2:length_26_V_shuffled
2

ggttctggatcaggttcaGATCTAAAAATGAGACATTTAA AATCGTTGTCGTTTGTGTCATCGTGGTACTACCTATTGTTTTCATTGTCTTCTTAGTTG
TTGTAATGAGCtaactccaggagTATATAAACTCAT

YOR327c/Snc2:length_26_VA

ggttctggatcaggttcaGATCTAAAAATGAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCGTT
GCTGTCGCAAGCtaactccaggagTATATAAACTCAT

YOR327¢/Snc2:TMD_shuffled_1

ggttctggatcaggttcaGATCTAAAAATGAGAGTGTTAGTACATGTCTTCATTTTCGTCGTTATTGTTTGTATCCTATTAGTTATTCCTTTAATGATCAGCt
aactccaggagTATATAAACTCAT

YOR327¢/Snc2:TMD_shuffled_2

gettctggatcaggttcaGATCTAAAAATGAGATTAGTCTTATGTCTAGTAA AGTTGTCATGATCGTTATCGTGCCTCATG CATTTTCATTAGCt
aactccaggagTATATAAACTCAT

YPL192¢c/Prm3:length_26_V

ggttctggatcaggttcaGAGAATAAGGGTTCA ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGC
AGTTGTTGTCAAAtaactccaggagTATATAAACTCAT

YPL192c/Prm3:length_26_V_shuffled
1

gettctggatcaggttcaGAGAATAAGGGTTCACTAGTAGGTAACGTCTTAGGTCTTGCTTTCTACGTTTCGGTTGCCTTTACTG CAGTGCTATTACT
CAAGGTGCAAAAtaactccaggagTATATAAACTCAT

YPL192c/Prm3:length_26_V_shuffled
2

gettctggatcaggttcaGAGAATAAGGGTTCAGCTTCGTTCTTATTCG ACTGCTGGTACTCTAGTTGTAGGTGCAAACGCCTACGTTCAACTTAG
TGGTGTCATTAAAtaactccaggagTATATAAACTCAT

YPL192¢/Prm3:length_26_VA

ggttctggatcaggttcaGAGAATAAGGGTTCA ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGC
AGTTGTTGCTAAAtaactccaggagTATATAAACTCAT

YPL192¢/Prm3:TMD_shuffled_1

gettctggatcaggttcaGAGAATAAGGGTTCAGGTGCTCAAGTTGGTGGTATTGCTAACTTAAGTTTCGCCCTTTACTCGGTAGTTACTAC CTATT
CGCAAAAGCTCTTCAAAATtaactccaggagTATATAAACTCAT

YPL192¢/Prm3:TMD_shuffled_2

ggttctggatcaggttcaGAGAATAAGGGTTCACTAG AAACGCATTTCAAGGTGGTTACATTGCTGCTTTCGGTGCCTCGACTTTCAGTGTAACTCT
TGTTAAAGCTCTTCAAAATtaactccaggagTATATAAACTCAT
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YPL200w/Csmé4:length_22_V

ggttctggatcaggttcaTTCGTCATCGCGGAACTAAATTCATTGATAATAGTTT ATTTCTTTAGTATTTTTGTGGGTATCGATAGTTGTCGTAGAAtL
aactccaggagTATATAAACTCAT

YPL200w/Csmé4:length_24_V

ggttctggatcaggttcaTTCGTCATCGCGGAACTAAATTCATTGATAATAGTTT ATTTCTTTAGTATTTTTGTGGGTATCGATAGTTGTCGTAGTT
GTCGAAtaactccaggagTATATAAACTCAT

YPL200w/Csmé4:length_26_V

ggttctggatcaggttcaTTCGTCATCGCGGAACTAAATTCATTGATAATAGTTT ATTTCTTTAGTATTTTTGTGGGTATCGATAGTTGTCGTAGTT
GTCGTAGTTGAAtaactccaggagTATATAAACTCAT

YPL200w/Csmé:length_26_V_shuffled
1

ggttctggatcaggttcaTTCGTCATCGCGGAAGTCTCAG AATAGTAGTATTGATTATATTGATATCTTTTTCGGTTGTTGTCTTTCTAAATGTTG
TATGGGTAGAAtaactccaggagTATATAAACTCAT

YPL200w/Csmé4:length_26_V_shuffled
2

ggttctggatcaggttcaTTCGTCATCGCGGAA CTTTAATTCTAGTCGTAGTAGTTATAGTAG GAATTTGG GTCGTTATATCAGTATGG
TCGTTTATAGAAtaactccaggagTATATAAACTCAT

YPL200w/Csmé4:length_26_VA

ggttctggatcaggttcaTTCGTCATCGCGGAACTAAATTCATTGATAATAGTTT ATTTCTTTAGTATTTTTGTGGGTATCGATAGTTGCTGTCGCA
GTAGCCGTTGAAtaactccaggagTATATAAACTCAT

YPL200w/Csm4:TMD_shuffled_1

gattctggatcaggttcaTTCGTCATCGCGGAAATATTGTTTTTAGTATCTATTGTAATATTGTTTTGGTCATTTGTTCTAAATTCGATAGAAGTTtaactcca
ggagTATATAAACTCAT

YPL200w/Csm4:TMD_shuffled_2

gettctggatcaggticaTTCGTCATCGCGGAATTTGTTTTAATAATATCAGTATTTTGGTCGTCTATAAATCTAGTATTGTTTATTTTGGAAGTTtaactcca
ggagTATATAAACTCAT

YPL206¢/Pgcl:length_22_V

ggttctggatcaggttcaCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATT GTTCCTTGTTGTCGTACGAt
aactccaggagTATATAAACTCAT

YPL206¢/Pgcl:length_24_V

ggttctggatcaggttcaCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATT GTTCCTTGTTGTCGTAGTT
GTCCGAtaactccaggagTATATAAACTCAT

YPL206¢/Pgcl:length_26_V

gettctggatcaggttcaCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATT GTTCCTTGTTGTCGTAGTT
GTCGTAGTTCGAtaactccaggagTATATAAACTCAT

YPL206¢/Pgcl:length_26_V_shuffled_
1

ggttctggatcaggttcaCTTCTATATTCCAAATTCTATTGGGTAGTGGTCTGGCATTTGTTGGCTGTTAAGGTCTCTGTTGTATGCTTTATTGTCCTTGTT
GGTATTATTCGAtaactccaggagTATATAAACTCAT

YPL206¢/Pgcl:length_26_V_shuffled_
2

ggttctggatcaggttcaCTTCTATATTCCAAAGTTGTCGGTTGGTTGTTTATTATTTGGCTTGTATATTCTGTTGTCGTGTGCGCTTTCAAGCATGTTGTC
GTATTGATTCGAtaactccaggagTATATAAACTCAT

YPL206¢/Pgcl:length_26_VA

gettctggatcaggttcaCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATT GTTCCTTGTTGCTGTCGCA
GTAGCCGTTCGAtaactccaggagTATATAAACTCAT

YPL206¢/Pgcl:TMD_shuffled_1

ggttctggatcaggttcaCTTCTATATTCCAAACTTGGTATTTCTGTCTGGTTGATTTGCGTGTGG CATTTATAAGGCTTTGCATCGAACCATTCATT
TTtaactccaggagTATATAAACTCAT

YPL206¢/Pgcl:TMD_shuffled_2

ggttctggatcaggttcaCTTCTATATTCCAAATGCTGGCTTGGTGTGTATTTGATTAAGATTGTCCA ATTTCTTGGTTCTTGGCTCGAACCATTCATT
TTtaactccaggagTATATAAACTCAT

YPL232w/Ssol:length_24_V

ggttctggatcaggttcaAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCGT
TGTCAAAtaactccaggagTATATAAACTCAT

YPL232w/Ssol:length_26_V

gettctggatcaggttcaAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCGT
TGTCGTAGTTAAAtaactccaggagTATATAAACTCAT

YPL232w/Ssol:length_26_V_shuffled
1

ggttctggatcaggttcaAAGAACAAGATTAGAGTCGTCTTGGTTGTCGCCGTAGTTGTTGTACCAATTTGGGTTGTTGCCGTCTTCGTTATCGTAGTTTG
TATTGTTGTCAAAtaactccaggagTATATAAACTCAT

YPL232w/Ssol:length_26_V_shuffled
2

ggttctggatcaggttcaAAGAACAAGATTAGAGTAGTTGTTATCATTGTCGCCGCCATTCCATTCGTCGTCGTTGTAGTAGTCGTTTGTGTCG GGT
TGTTTGGGTTAAAtaactccaggagTATATAAACTCAT

YPL232w/Ssol:length_26_VA

ggttctggatcaggttcaAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCGT
TGCTGTCGCAAAAtaactccaggagTATATAAACTCAT

YPL232w/Ss01:TMD_shuffled_1

ggttctggatcaggttcaAAGAACAAGATTAGATGTGCCTTGGTTTGGGTCATTGTCCCAGTCGTTATCATTTTCGTAGTTGTAGTTGTTGTCGCCGTTAA
AACGCGTtaactccaggag TATATAAACTCAT

YPL232w/Sso1:TMD_shuffled_2

ggttctggatcaggttcaAAGAACAAGATTAGAGTCGCCGTAGCCA CGTCCCAATCTGGTGTGTTGTTGTTGTAGTCGTCGTTATTG GGTTAA
AACGCGTtaactccaggagTATATAAACTCAT

YPR133w-A/Tom5:length_22_V

gettctggatcaggttcaAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGGTTGTCGTAGTTAA
AtaactccaggagTATATAAACTCAT

YPR133w-A/Tom5:length_24_V

ggttctggatcaggttcaAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGGTTGTCGTAGTTGT
CGTAAAAtaactccaggagTATATAAACTCAT

YPR133w-A/Tom5:length_26_V

ggttctggatcaggttcaAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGGTTGTCGTAGTTGT
CGTAGTTGTCAAAtaactccaggagTATATAAACTCAT

YPR133w-
A/Tom5:length_26_V_shuffled_1

ggttctggatcaggttcaAAAACCTTGAAACAGGTATGGGTCGTCGTGTGGCCAATGGCGGCTATCTTGCATGTACTTTCCTTTGTGGTTGTTGCTTATGT
CGTTGCCGTTAAAtaactccaggagTATATAAACTCAT

YPR133w-
A/Tom5:length_26_V_shuffled_2

gettctggatcaggttcaAAAACCTTGAAACAGTCCTTGTATCTTGTACATGTTGCTGTCGTTGCCTGG GGGTGATCCCAGTGGCGGTTGTCGTTGT
CATGGCTGTAAAAtaactccaggagTATATAAACTCAT

YPR133w-A/Tom5:length_26_VA

ggttctggatcaggttcaAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGGTTGCTGTCGCAGT
AGCCGTTGCTAAAtaactccaggagTATATAAACTCAT

YPR133w-A/Tom5:TMD_shuffled_1

gettctggatcaggttcaAAAACCTTGAAACAGGCTGTGTCCGCGATGCCACATATCGTTTGGTTGTGGGCTCTTGTG ATGCCAAAAAGCAATGGA
AAtaactccaggagTATATAAACTCAT

YPR133w-A/Tom5:TMD_shuffled_2

gettctggatcaggttcaAAAACCTTGAAACAGTTGGTGGTGGCCTGGTTTATCCTTTGGGCTCCATCCATGTATCATGTTGCGGCTAAAAAGCAATGGA
AAtaactccaggagTATATAAACTCAT

YPR183w/Dpm1:length_22_V

ggttctggatcaggttcaTTTGGCGCCAATAACCTTATCCTTTTCATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACGTTGTCCATta
actccaggagTATATAAACTCAT

YPR183w/Dpm1:length_24_V

gettctggatcaggttcaTTTGGCGCCAATAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACGTTGTCGTAG
TTCATtaactccaggagTATATAAACTCAT

YPR183w/Dpm1:length_26_V

ggttctggatcaggttcaTTTGGCGCCAATAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACGTTGTCGTAG
TTGTCGTACATtaactccaggagTATATAAACTCAT

YPR183w/Dpm1:length_26_V_shuffle
d1

gettctggatcaggttcaTTTGGCGCCAATAACACTCTTATTCTACTTGTATTCTTCGTATACGTTATTTACATCCTGGTCTGCCAGTACGTTTGGGTTGTCT
TCTTCTCCCATtaactccaggagTATATAAACTCAT

YPR183w/Dpm1:length_26_V_shuffle
d_2

gettctggatcaggticaTTTGGCGCCAATAACGTATGCCAGATTGTATTCCTAGTTCTTGTCATCCTGTACTGGTCCTTCTACATTACTGTCGTTCTTTTCT
ACTTCGTTCATtaactccaggagTATATAAACTCAT

YPR183w/Dpm1:length_26_VA

ggttctggatcaggttcaTTTGGCGCCAATAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACGTTGCTGTCG
CAGTAGCCCATtaactccaggagTATATAAACTCAT

YPR183w/Dpm1:TMD_shuffled_1

gettctggatcaggttcaTTTGGCGCCAATAACATCTTCTTCATTTACTACTTCCTACTTATTTCCCAGTTCCTGTACGTTTGCTGGCTTACTCATTTGGTCTT
Ttaactccaggag TATATAAACTCAT

YPR183w/Dpm1:TMD_shuffled_2

ggttctggatcaggttcaTTTGGCGCCAATAACCTGG CTTCTCCTTCCTATGCATTTACATCCAGCTTTACATTTACTTCTGGCTTACTCATTTGGTCTT
Ttaactccaggag TATATAAACTCAT

0_YDL241w:TAvariants_AGAAGG_0_1

ggttctggatcaggttcaAGAAGGCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCtaactccaggagTATATAAACTCAT

1_YDR498c/Sec20:TAvariants_AGA_0
1

ggttctggatcaggttcaAGAGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTtaactccaggagTATATAAACTCAT

2_YBL100c:TAvariants_AGA_0_1_

ggttctggatcaggttcaAGAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTTGTtaactccaggagTATATAAACTCAT

3_YPR133w-
A/Tom5:TAvariants_AGA_0_1_

ggttctggatcaggttcaAGAGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAtaactccaggagTATATAAACTCAT

4_YER100w/Ubc6:TAvariants_AGA_0
1

gattctggatcaggticaAGATCAATGGTTTATATTGGTATCGCTATTTTTTTGTTTTTGGTTGGCCTTTTTATGAAAtaactccaggagTATATAAACTCAT

5_YER120w/Scs2:TAvariants_AGA_0_
1

ggttctggatcaggttcaAGAATGGGTATATTCATATTGGTTGCACTCCTTATCTTGG AGGATGGTTCTACAGAtaactccaggagTATATAAACTCAT

6_YOLO44w/Pex15:TAvariants_AGA_0
1

ggttctggatcaggttcaAGAGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAtaactccaggagTATATAAACTCAT

95



Appendix I: 8.1 Supplementary

7_YHLO31c/Gos1:TAvariants_AGA_0_
1

ggttctggatcaggttcaAGAGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG TGTTTTTCACATGGtaactccaggagTATATAAACTCAT

8_YLRO78c/Bos1:TAvariants_AGA_0_
1

ggttctggatcaggttcaAGACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAAtaactccaggagTATATAAACTCAT

9_YDR200c/Far9:TAvariants_AGA_0_
1

gettctggatcaggttcaAGAGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGtaactccaggagTATATAAACTCAT

10_YOLO018c/TIg2:TAvariants_AGA_0_
1

ggttctggatcaggttcaAGAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGAAAtaactccaggagTATATAAACTCAT

11_YOR106w/Vam3:TAvariants_AGA_
0_1_

gettctggatcaggttcaAGAGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAAGTtaactccaggagTATATAAACTCAT

12_YDR210w:TAvariants_AGA_0_1_

gettctggatcaggttcaAGAGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAAtaactccaggag TATATAAACTCAT

13_YDR498c/Sec20:TAvariants_AGAA
GG_0_1_

gettctggatcaggttcaAGAAGGGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTtaactccaggagTATATAAACTCAT

14_YBL100c:TAvariants_AGAAGG_0_
1

gettctggatcaggttcaAGAAGGGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTATTTATTTTGTtaactccaggagTATATAAACTCAT

15_YDL241w:TAvariants_CGTAGGCGT
AGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGACTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTC CtaactccaggagTATATAAACTCAT

16_YORO045w/Tom6:TAvariants_AGA_
0_1_

gettctggatcaggttcaAGACCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAAtaactccaggagTATATAAACTC
AT

17_YORO075w/Ufel:TAvariants_AGA_
0.1

gettctggatcaggttcaAGAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGGTtaactccaggag TATATAAACTC
AT

18_YPL200w/Csm4:TAvariants_AGA_
0_1_

gettctggatcaggttcaAGACTAAATTCATTGATAATAG TATTTCTTTAGTA GTGGGTATCGATAGAAtaactccaggagTATATAAACTCA
T

19_YMR161w/HIlj1:TAvariants_AGA_O
1

gettctggatcaggttcaAGAATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGTtaactccaggagTATATAAACTCAT

20_YDRO086¢/Sss1:TAvariants_AGA_0
1

ggttctggatcaggttcaAGAATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCAAGtaactccaggagTATATAAACT
CAT

21_YPL206c/Pgcl:TAvariants_AGA_0_
1

gettctggatcaggttcaAGATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGA TGTTCCTTCGAtaactccaggagTATATAAACTC
AT

22_YNL111c/Cyb5:TAvariants_AGA_0
1

ggttctggatcaggttcaAGAGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACtaactccaggagTATATAAACTC
AT

23_YDR468c¢/TIgl:TAvariants_AGA_0_
1

gettctggatcaggttcaAGATGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTGCTtaactccaggagTATATAAACTCA
T

24_YMR197c/Vti1:TAvariants_AGA_O
1

ggttctggatcaggttcaAGATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCTCAtaactccaggagTATATAAACTCA
T

25_YALO14c/Syn8:TAvariants_AGA_0
1

ggttctggatcaggttcaAGAGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTATTAtaactccaggagTATATAAACTC
AT

26_YDLO12c:TAvariants_AGA_0_1_

gettctggatcaggttcaAGAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTtaactccaggagTATATAAACT
CAT

27_YBRO16w:TAvariants_AGA_0_1_

gettctggatcaggttcaAGAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT CtaactccaggagTATATAAACT
CAT

28_YJL119c:TAvariants_AGA_0_1_

gettctggatcaggttcaAGAGCCATCACTG CGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG taactccaggagTATATAAACTCA
T

29_YDRO034W- ggttctggatcaggttcaAGATGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACtaactccaggagTATATAAACTC
B:TAvariants_AGA_0_1_ AT
30_YPR133w- ggttctggatcaggttcaAGAAGGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAtaactccaggagTATATAAACT

A/Tom5:TAvariants_AGAAGG_0_1_

CAT

31_YER100w/Ubc6:TAvariants_AGAA
GG_0_1_

gettctggatcaggttcaAGAAGGTCAATGGTTTATATTGGTATCGCTA TITG TGGTTGGCC ATGAAAtaactccaggagTATATAAACTC
AT

32_YER120w/Scs2:TAvariants_AGAAG
G_0_1

ggttctggatcaggttcaAGAAGGATGGGTATATTCATATTGGTTGCACTCCTTATCTTGG AGGATGGTTCTACAGAtaactccaggagTATATAAACT
CAT

33_YOLO44w/Pex15:TAvariants_AGA
AGG_0_1_

gettctggatcaggttcaAGAAGGGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAtaactccaggagTATATAAACT
CAT

34_YHLO31c/Gos1:TAvariants_AGAAG
G_0_1

gettctggatcaggttcaAGAAGGGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTGTTTTTGTTTTTCACATGGtaactccaggag TATATAAACTC
AT

35_YLRO78¢/Bosl:TAvariants_AGAAG
G 0.1

gettctggatcaggttcaAGAAGGCTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAAtaactccaggagTATATAAACTC
AT

36_YDR200c/Far9:TAvariants_AGAAG
G_0_1

gettctggatcaggttcaAGAAGGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGtaactccaggagTATATAAACT
CAT

37_YOL018¢/Tlg2:TAvariants_AGAAG
G_0.1

gattctggatcaggttcaAGAAGGGTCATTTTATTACTAACATTGTGCGTAATAGCGCTCTTTTTCTTTGTTATGTTGAAAtaactccaggag TATATAAACTC
AT

38_YOR106w/Vam3:TAvariants_AGA
AGG_0_1_

gettctggatcaggttcaAGAAGGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAAGTtaactccaggagTATATAAACT
CAT

39_YDR210w:TAvariants_AGAAGG_0
1

gettctggatcaggttcaAGAAGGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAAtaactccaggagTATATAAACT
CAT

40_YFLO46w/Fmp32:TAvariants_AGA
0_1

gettctggatcaggttcaAGAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGtaactccaggagTATATAA
ACTCAT

41_YIL065¢/Fis1:TAvariants_AGA_O_1

gettctggatcaggttcaAGAGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAtaactccaggag TATATA
AACTCAT

42_YER019c-
A/Sbh2:TAvariants_AGA_0_1_

ggttctggatcaggttcaAGACTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGtaactccaggagTATATAAAC
TCAT

43_YPR183w/Dpm1:TAvariants_AGA_
0_1_

ggttctggatcaggttcaAGACTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATtaactccaggagTATATAAACT
CAT

44_YER087c-
B/Sbh1:TAvariants_AGA_0_1_

gettctggatcaggttcaAGATTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATC CTGTTGTTGCATTACATGTTATTTCTtaactccaggagTATATAAAC
TCAT

45_YLR026¢/Sed5:TAvariants_AGA_0
1

ggttctggatcaggttcaAGATGGTTAGCCGCAAAGG ATAATCTTTGTATTTTTCGTTATTTGGGTTTTAGTCAATtaactccaggagTATATAAAC
TCAT

46_YKLOO6C-
A/Sft1:TAvariants_AGA_0_1_

ggttctggatcaggttcaAGAAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGtaactccaggagTATATAA
ACTCAT

47_YORO036w/Pepl12:TAvariants_AGA
0_1

ggttctggatcaggttcaAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTC TATTTTTCTCATTATGAAAtaactccaggagTATATAAAC
TCAT

48_YNL188w/Karl:TAvariants_AGA_0
1

ggttctggatcaggttcaAGATATTTCTTATGGACAATTTGTATTTTAATATTGTTATATTGCAATATATATGTGTATTATAGGtaactccaggagTATATAAAC
TCAT

49_YBLO91c-
A/Scs22:TAvariants_AGA_0_1_

ggttctggatcaggttcaAGACTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACTACtaactccaggagTATATAA
ACTCAT

50_YOR045w/Tom6:TAvariants_AGA
AGG_0_1_

gettctggatcaggttcaAGAAGGCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAAtaactccaggagTATATAA
ACTCAT

51_YOR075w/Ufel:TAvariants_AGAA
GG 0.1

ggttctggatcaggttcaAGAAGGATGACCACTTATGGTGCCATTATCATGGGTGT ATATTGTTCCTAGATTATGTAGGTtaactccaggagTATATAA
ACTCAT

52_YPL200w/Csm4:TAvariants_AGAA
GG_0_1_

gettctggatcaggttcaAGAAGGCTAAATTCATTGATAATAG ATTTCTTTAGTATTTTTGTGGGTATCGATAGAAtaactccaggagTATATAAA
CTCAT
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53_YMR161w/Hlj1:TAvariants_AGAA
GG_0_1

ggttctggatcaggttcaAGAAGGATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGTtaactccaggagTATATAAAC
TCAT

54_YDRO86¢/Sss1:TAvariants_AGAAG
G_0_1

ggttctggatcaggttcaAGAAGGATTGTCAAGGCTGTTGGTATTGG! ATTGCAGTCGGTATCATTGGTTACGCCATCAAGtaactccaggagTATATAA
ACTCAT

55_YPL206c/Pgcl:TAvariants_AGAAG
G_0_1

gettctggatcaggttcaAGAAGGTGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATTT GTTCCTTCGAtaactccaggagTATATAAA
CTCAT

56_YNL111c/Cyb5:TAvariants_AGAAG
G_0_1

gettctggatcaggttcaAGAAGGGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACtaactccaggagTATATAA
ACTCAT

57_YDR468¢/TIgl:TAvariants_AGAAG
G_0_1

gettctggatcaggttcaAGAAGGTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTGCTtaactccaggagTATATAAA
CTCAT

58_YMR197c/Vtil:TAvariants_AGAAG
G_0_1

gettctggatcaggttcaAGAAGGTTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCTCAtaactccaggagTATATAAAC
TCAT

59_YALO14c/Syn8:TAvariants_AGAAG
G_0_1

gettctggatcaggttcaAGAAGGGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTATTAtaactccaggag TATATAA
ACTCAT

60_YDLO12c:TAvariants_ AGAAGG_0_
1

gettctggatcaggttcaAGAAGGGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTT TtaactccaggagTATATAA
ACTCAT

61_YBRO16w:TAvariants_AGAAGG_0_
1

ggttctggatcaggttcaAGAAGGGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATTC CtaactccaggagTATATAA
ACTCAT

62_YJL119c:TAvariants_AGAAGG_0_1

gettctggatcaggttcaAGAAGGGCCATCACTG CGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG TTtaactccaggagTATATAAA
CTCAT

63_YDR0O34W-
B:TAvariants_AGAAGG_0_1_

ggttctggatcaggttcaAGAAGGTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACtaactccaggagTATATAAA
CTCAT

64_YDR498c/Sec20:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTtaactccaggagTATATAA
ACTCAT

65_YBL100c:TAvariants_CGTAGGCGT
AGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTA GTtaactccaggagTATATAAA
CTCAT

66_YDL241w:TAvariants__5_0_CGTA
GA

ggttctggatcaggttcaAGGCCTTCTCATTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCCGTAGAtaactccaggagTATAT
AAACTCAT

67_YBR162w-
A/Ysy6:TAvariants_AGA_0_1_

gettctggatcaggttcaAGATGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCCTAtaactccaggag TATAT
AAACTCAT

68_YLR238w/Farl10:TAvariants_AGA_
0_1_

ggttctggatcaggttcaAGATTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCC CtaactccaggagTATATA
AACTCAT

69_YLR093c/Nyv1:TAvariants_AGA_0
1

gettctggatcaggttcaAGAATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATGTTTTTCTATCTGTGGtaactccaggagTATATA
AACTCAT

70_YALO30w/Sncl:TAvariants_AGA_0
1

ggttctggatcaggttcaAGATGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTtaactccaggagTATATA
AACTCAT

71_YFLO46w/Fmp32:TAvariants_AGA
AGG_0_1

ggttctggatcaggttcaAGAAGGGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGtaactccaggag TAT
ATAAACTCAT

72_YILO65¢/Fis1:TAvariants_AGAAGG
0.1

gettctggatcaggttcaAGAAGGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAtaactccaggag TAT
ATAAACTCAT

73_YERO19c-
A/Sbh2:TAvariants_AGAAGG_0_1

ggttctggatcaggttcaAGAAGGCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGtaactccaggagTATATA
AACTCAT

74_YPR183w/Dpm1:TAvariants_AGAA
GG_0_1_

gettctggatcaggttcaAGAAGGCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATtaactccaggagTATATA
AACTCAT

75_YERO87c-
B/Sbh1:TAvariants_ AGAAGG_0_1.

ggttctggatcaggttcaAGAAGGTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATTTCTtaactccaggagTATATA
AACTCAT

76_YLR026¢/Sed5: TAvariants_ AGAAG
G_0_1

gettctggatcaggttcaAGAAGGTGGTTAGCCGCAAAGG TTATAATCTTTGTATTTTTCGTTATTTIGGG AGTCAATtaactccaggagTATAT
AAACTCAT

77_YKLOO6c-
A/Sft1:TAvariants_ AGAAGG_0_1_

gettctggatcaggttcaAGAAGGAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGtaactccaggagTATA
TAAACTCAT

78_YOR036w/Pep12:TAvariants_AGA
AGG_0_1_

ggttctggatcaggttcaAGAAGGTGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTC A CTCATTATGAAAtaactccaggagTATAT
AAACTCAT

79_YNL188w/Karl:TAvariants_AGAA
GG_0_1_

gettctggatcaggttcaAGAAGGTATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATAGGtaactccaggagTATAT
AAACTCAT

80_YBLO91c-
A/Scs22:TAvariants_ AGAAGG_0_1_

gettctggatcaggttcaAGAAGGCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACTACtaactccaggagTATA
TAAACTCAT

81_YPR133w-
A/Tom5:TAvariants_CGTAGGCGTAGA
0_1

gettctggatcaggttcaCGTAGGCGTAGAGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAAAtaactccaggagTATA
TAAACTCAT

82_YER100w/Ubc6:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGATCAATGGTTTATATTGGTATCGCTA TGTTTTTGGTTGGCC ATGAAAtaactccaggagTATAT
AAACTCAT

83_YER120w/Scs2:TAvariants_CGTAG
GCGTAGA 0_1_

gettctggatcaggttcaCGTAGGCGTAGAATGGGTATATTCATATTGGTTGCACTCCTTATCTTGG AGGATGGTTCTACAGAtaactccaggagTATA
TAAACTCAT

84_YOLO44w/Pex15:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAAAtaactccaggagTATA
TAAACTCAT

85_YHL031c/Gos1:TAvariants_CGTAG
GCGTAGA_ 0_1_

gettctggatcaggttcaCGTAGGCGTAGAGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG TG TCACATGGtaactccaggag TATAT
AAACTCAT

86_YLRO78¢/Bos1:TAvariants_CGTAG
GCGTAGA 0_1_

gettctggatcaggttcaCGTAGGCGTAGACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAAAtaactccaggag TATAT
AAACTCAT

87_YDR200c/Far9:TAvariants_CGTAG
GCGTAGA 0_1_

gettctggatcaggttcaCGTAGGCGTAGAGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAAGtaactccaggagTAT
ATAAACTCAT

88_YOL018c/Tlg2:TAvariants_CGTAG
GCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGAAAtaactccaggag TATAT
AAACTCAT

89_YOR106w/Vam3:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAAGTtaactccaggagTATA
TAAACTCAT

90_YDR210w:TAvariants_CGTAGGCG
TAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAGAAtaactccaggagTATA
TAAACTCAT

91_YDR498c¢/Sec20:TAvariants__5_0_
CGTAGA

ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGCGTAGAtaactccaggagT
ATATAAACTCAT

92_YBL100c:TAvariants__5_0_CGTAG
A

ggttctggatcaggttcaGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTCGTAGAtaactccaggagT
ATATAAACTCAT

93_YNLO70w/Tom7:TAvariants_AGA_
0_1_

ggttctggatcaggttcaAGAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTG GTATTTGGGCTGGGCAtaactccaggagTA
TATAAACTCAT

94_YNL131w/Tom22:TAvariants_AGA
0_1

gettctggatcaggttcaAGACTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAAtaactccaggagTA
TATAAACTCAT

95_YILOO4c/Bet1:TAvariants_AGA_0_
1

ggttctggatcaggttcaAGAATCAGTATAAAAACATGGTTAATAATATT ATGGTAGGCGTGCTA TTGGGTATGGATTACAtaactccaggagT
ATATAAACTCAT

96_YOR324c/Frt1:TAvariants_AGA_0_
1

ggttctggatcaggttcaAGACTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCAAGtaactccaggagTA
TATAAACTCAT

97_YPL232w/Ssol:TAvariants_AGA_0O
1

ggttctggatcaggttcaAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAAAtaactccaggagTA
TATAAACTCAT
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98_YOR327c¢/Snc2:TAvariants_AGA_0
1

ggttctggatcaggttcaAGAATGTGTTTATTCTTAGTTGTTATTA ACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCAGCtaactccaggagTAT
ATAAACTCAT

99_YDR281c/Phm6:TAvariants_AGA_
0_1_

gettctggatcaggttcaAGACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC ATGTGATGtaactccaggagTA
TATAAACTCAT

100_YBR162w-
A/Ysy6:TAvariants_ AGAAGG_0_1_

gettctggatcaggttcaAGAAGGTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCCTAtaactccaggagTA
TATAAACTCAT

101_YLR238w/Far10:TAvariants_AGA
AGG_0_1

ggttctggatcaggttcaAGAAGGTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCCtaactccaggagTA
TATAAACTCAT

102_YLR093c/Nyv1:TAvariants_AGAA
GG_0_1

gettctggatcaggttcaAGAAGGATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGTGGtaactccaggagTAT
ATAAACTCAT

103_YALO30w/Sncl:TAvariants_AGAA
GG_0_1

gettctggatcaggttcaAGAAGGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTtaactccaggagTA
TATAAACTCAT

104_YORO045w/Tom6:TAvariants_CGT
AGGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGACCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCAAtaactccaggagT
ATATAAACTCAT

105_YORO75w/Ufel:TAvariants_CGT
AGGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAGGTtaactccaggagT
ATATAAACTCAT

106_YPL200w/Csm4:TAvariants_CGT
AGGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGACTAAATTCATTGATAATAG TTTATTTCTTTAGTATTTTTGTGGGTATCGATAGAAtaactccaggagTA
TATAAACTCAT

107_YMR161w/HIlj1:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGTtaactccaggagTAT
ATAAACTCAT

108_YDRO86¢/Sss1:TAvariants_CGTA
GGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGAATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCAAGtaactccaggagT
ATATAAACTCAT

109_YPL206¢/Pgcl:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGA TTTGTTCCTTCGAtaactccaggagTA
TATAAACTCAT

110_YNL111c/Cyb5:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAACtaactccaggagT
ATATAAACTCAT

111_YDR468c/Tlgl:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGATGTTGTATAGGACTTCTTATTGTCGTCTTGATAGTTTTATTAGTTTTGGCATTCATTGC CTtaactccaggagTA
TATAAACTCAT

112_YMR197c¢/Vtil:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAG GTTCTCAtaactccaggagTAT
ATAAACTCAT

113_YALO14c/Syn8:TAvariants_CGTA
GGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGAGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTATTAtaactccaggagT
ATATAAACTCAT

114_YDLO12c:TAvariants_CGTAGGCG
TAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGT T TtaactccaggagT
ATATAAACTCAT

115_YBRO16w:TAvariants_CGTAGGCG
TAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATTC CtaactccaggagT
ATATAAACTCAT

116_YJL119c:TAvariants_CGTAGGCGT
AGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGAGCCATCACTG TTTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAG taactccaggagTA
TATAAACTCAT

117_YDRO34W-
B:TAvariants_CGTAGGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGATGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTGACtaactccaggagTA
TATAAACTCAT

118_YPR133w-
A/Tom5:TAvariants__5_0_CGTAGA

ggttctggatcaggttcaAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGCGTAGAtaactccagg
agTATATAAACTCAT

119_YER100w/Ubc6:TAvariants__5_0
_CGTAGA

gettctggatcaggttcaCCTAATGATAGTTCTTCAATGGTTTATATTGGTATCGCTA TTGTTTTTGGTTGGCC ATGCGTAGAtaactccaggag
TATATAAACTCAT

120_YER120w/Scs2:TAvariants_ 5_0_
CGTAGA

ggttctggatcaggttcaAATGAATCATCCAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTACCGTAGAtaactccagg
agTATATAAACTCAT

121_YOLO44w/Pex15:TAvariants__5_
0_CGTAGA

gettctggatcaggttcaCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGCGTAGAtaactccagg
agTATATAAACTCAT

122_YHLO31c/Gosl1:TAvariants_ 5_0_
CGTAGA

gettctggatcaggttcaAGAAGGAAGAAAAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG TG CACACGTAGAtaactccagg
agTATATAAACTCAT

123_YLRO78c/Bos1:TAvariants__5_0_
CGTAGA

gettctggatcaggttcaGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGCGTAGAtaactccagga
gTATATAAACTCAT

124 _YDR200c/Far9:TAvariants__5_0_
CGTAGA

gettctggatcaggttcaACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTCGTAGAtaactccag
gagTATATAAACTCAT

125_YOLO018c/TIg2:TAvariants__5_0_
CGTAGA

gettctggatcaggttcaACTCAAAAATGTAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGCGTAGAtaactccagga
gTATATAAACTCAT

126_YOR106w/Vam3:TAvariants__5_
0_CGTAGA

gettctggatcaggttcaAACAAATGCGGTAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTACGTAGAtaactccagg
agTATATAAACTCAT

127_YDR210w:TAvariants__5_0_CGT
AGA

gettctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTACGTAGAtaactccag
gagTATATAAACTCAT

128_YDL241w:TAvariants__5_0_AGA
CGTAGGCGT

gettctggatcaggttcaAGGCCTTCTCATTCTCTCGCCAAATTTACCATACTGTTCATGCTAGTGTTGTATACAATTGTCAGACGTAGGCGTtaactccagga
gTATATAAACTCAT

129_YbRO56W-
A/Mncl:TAvariants_AGA_0_1_

gettctggatcaggttcaAGATGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCTAATTtaactccagga
gTATATAAACTCAT

130_YNLO70w/Tom7:TAvariants_AGA
AGG_0_1_

gettctggatcaggttcaAGAAGGA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTG GTATTTGGGCTGGGCAtaactccagg
agTATATAAACTCAT

131_YNL131w/Tom22:TAvariants_AG
AAGG_0_1_

gettctggatcaggttcaAGAAGGCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAAtaactccagga
gTATATAAACTCAT

132_YILOO4c/Bet1:TAvariants_AGAAG
G_0_1

ggttctggatcaggttcaAGAAGGATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTA TTGGGTATGGATTACAtaactccagg
agTATATAAACTCAT

133_YOR324c/Frt1:TAvariants_AGAA
GG_0_1

gettctggatcaggttcaAGAAGGCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCAAGtaactccagga
gTATATAAACTCAT

134_YPL232w/Ssol:TAvariants_AGAA
GG_0_1_

ggttctggatcaggttcaAGAAGGTGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAAAtaactccagg
agTATATAAACTCAT

135_YOR327¢/Snc2:TAvariants_AGAA
GG_0_1

gettctggatcaggttcaAGAAGGATGTGTTTATTCTTAGTTGTTATTA ACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCAGCtaactccaggag
TATATAAACTCAT

136_YDR281c/Phm6:TAvariants_AGA
AGG_0_1_

gettctggatcaggttcaAGAAGGCTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC ATGTGATGtaactccagga
gTATATAAACTCAT

137_YFLO46w/Fmp32:TAvariants_CGT
AGGCGTAGA 0_1_

gettctggatcaggttcaCGTAGGCGTAGAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGGtaactccag
gagTATATAAACTCAT

138_YILO65c/Fis1:TAvariants_CGTAG
GCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGAGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGAtaactcca
ggagTATATAAACTCAT

139_YER019c-
A/Sbh2:TAvariants_CGTAGGCGTAGA _
0_1_

ggttctggatcaggttcaCGTAGGCGTAGACTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGACGtaactccagga
gTATATAAACTCAT

140_YPR183w/Dpm1:TAvariants_CGT
AGGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGACTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCATtaactccaggag
TATATAAACTCAT

141_YERO87c-
B/Sbh1:TAvariants_CGTAGGCGTAGA_
0_1_

gettctggatcaggttcaCGTAGGCGTAGATTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATC CTGTTGTTGCATTACATGTTATTTCTtaactccaggag
TATATAAACTCAT

142_YLR026¢/Sed5:TAvariants_CGTA
GGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGATGGTTAGCCGCAAAGG ATAATCTTTGTATTTTTCGTTATTTGGG AGTCAATtaactccagga
gTATATAAACTCAT
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4 143_YKLOO6c-
A/Sft1:TAvariants_CGTAGGCGTAGA_

ggttctggatcaggttcaCGTAGGCGTAGAAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAAGtaactccagg
agTATATAAACTCAT

0_1

4 144_YOR036w/Pep12:TAvariants_CG | ggttctggatcaggttcaCGTAGGCGTAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTATTTTTCTCATTATGAAA aactccagga
TAGGCGTAGA_0_1_ gTATATAAACTCAT

4 145_YNL188w/Karl:TAvariants_CGTA | ggttctggatcaggttcaCGTAGGCGTAGATATTTCTTATGGACAATTTGTATTTTAATATTGTTATATTGCAATATATATGTGTATTATAGGtaactccagga
GGCGTAGA_0_1_ gTATATAAACTCAT

4 146_YBLO91c- gattctggatcaggticaCGTAGGCGTAGACTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACTACtaactccagg
A/Scs22:TAvariants_CGTAGGCGTAGA | agTATATAAACTCAT

0.1

4 147_YbRO56W-
A/Mncl:TAvariants_1_1_

gettctggatcaggttcaGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCTAATTtaactccagga
gTATATAAACTCAT

4 148_YBRO16w:C_to_S_pair gettctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATCTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTATT Ctaactccag
gagTATATAAACTCAT

4 149_YBRO16w:C_to_S_pair gattctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATGTCTGGCTGCATTATCTATATGCTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

4 150_YBRO16w:C_to_S_pair gettctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATGTCTGGCTGCATTATGTATATCTTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

4 151_YBRO16w:C_to_S_pair gattctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTCTACCATGGATATGCTATTCaactccag
gagTATATAAACTCAT

4 152_YBRO16w:C_to_S_pair gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATCTCTGGCTGCATTATCTATATGCTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

4 153_YBRO16w:C_to_S_pair gattctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATCTCTGGCTGCATTATGTATATCTTG CACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

4 154_YBRO16w:C_to_S_pair gattctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATCTCTGGCTGCATTATGTATATGCTCTACCATGGATATGCTATTCaactccag
gagTATATAAACTCAT

4 155_YBRO16w:C_to_S_pair gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATCTATATCTTGCACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

4 156_YBRO16wW:C_to_S_pair gattctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATCTATATGCTCTACCATGGATATGCTATTCtaactccag
gagTATATAAACTCAT

4 157_YBRO16w:C_to_S_pair gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATCTTCTACCATGGATATGCTATT Ctaactccagg
agTATATAAACTCAT

4 158_YBRO16w:C_to_S_triplet gattctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATCTCTGGCTGCATTATCTATATGCTGCACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 159_YBRO16w:C_to_S_triplet gettctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATCTCTGGCTGCATTATGTATATCTTGCACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 160_YBRO16w:C_to_S_triplet gettctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATCTCTGGCTGCATTATGTATATGCTCTACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 161_YBRO16w:C_to_S_triplet gattctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATGTCTGGCTGCATTATCTATATCTTGCACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 162_YBRO16w:C_to_S_triplet gettctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATGTCTGGCTGCATTATCTATATGCTCTACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 163_YBRO16w:C_to_S_triplet gattctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATGTCTGGCTGCATTATGTATATCTTCTACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 164_YBRO16w:C_to_S_triplet gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATCTCTGGCTGCATTATCTATATCTTGCACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 165_YBRO16w:C_to_S_triplet gattctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATCTCTGGCTGCATTATCTATATGCTCTACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 166_YBRO16w:C_to_S_triplet gattctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATCTCTGGCTGCATTATGTATATCTTCTACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT

4 167_YBRO16w:C_to_S_triplet gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATCTATATCTTCTACCATGGATATGCTATTCtaactccagg

agTATATAAACTCAT

4 168_YBRO16w:C_to_S_quadruplet

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATCTCTGGCTGCATTATCTATATCTTGCACCATGGATATGCTATTC Ctaactccagg
agTATATAAACTCAT

4 169_YBRO16w:C_to_S_quadruplet

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATCTCTGGCTGCATTATCTATATGCTCTACCATGGATATGCTATT Ctaactccagg
agTATATAAACTCAT

4 170_YBRO16w:C_to_S_quadruplet

gettctggatcaggttcaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATCTCTGGCTGCATTATGTATATCTTCTACCATGGATATGCTATTC Ctaactccagg
agTATATAAACTCAT

4 171_YBRO16w:C_to_S_quadruplet gettctggatcaggticaCAGAGGGGTAACGAAGGTTCTCTGGCTGCATGTCTGGCTGCATTATCTATATCTTCTACCATGGATATGCTATTCtaactccagg
agTATATAAACTCAT
4 172_YBRO16w:C_to_S_quadruplet gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATCTCTGGCTGCATTATCTATATCTTCTACCATGGATATGCTATTCtaactccagg

agTATATAAACTCAT

4 173_YBRO16w:shuffled

gettctggatcaggttcaCAGAGGGGTAACGAAGCACTGTGCCTGACCTGTTGTTGTATGGCTGCTTTAGGTCTAATGGCAGATTGCATATT Ctaactccag
gagTATATAAACTCAT

4 174_YBRO16w:shuffled

ggttctggatcaggttcaCAGAGGGGTAACGAAATGGCATGTCTGATATTACTACTGACCTGCTGTATGGGTGCTGCAGCTTGCGATTGTT T Ctaactccag
gagTATATAAACTCAT

4 175_YBRO16w:shuffled

gettctggatcaggttcaCAGAGGGGTAACGAATGCTGCATGTGTCTGATGTGTCTAGCAGCAGCTCTGGATGCTTGTGGTTTAACCATATT Ctaactccag
gagTATATAAACTCAT

4 176_YBRO16w:shuffled

gettctggatcaggttcaCAGAGGGGTAACGAATGTATGGCACTGTTAATAGGTTGCACCCTAGCTCTGGCTTGTATGGCATGCTGTGATT T Ctaactccag
gagTATATAAACTCAT

4 177_YBRO16w:shuffled

gettctggatcaggttcaCAGAGGGGTAACGAAATGGCTATAATGTGTCTGCTGTTAGATGGTGCAGCTGCATGTTGTTGCTGCCTAACCTTCtaactccag
gagTATATAAACTCAT

4 178_YBRO16w:shuffled

gettctggatcaggttcaCAGAGGGGTAACGAACTAACCCTGTTATGTTGTATACTGGCAGGTGCTGCAATGATGTGTGCTGATTGCTGCTTC Ctaactccag
gagTATATAAACTCAT

4 179_YBRO16w:shuffled

ggttctggatcaggttcaCAGAGGGGTAACGAAGCATGCATGATATGTGCTCTGTTAGATGGTATGCTAGCAGCTTGTACCTGTTGCCTGTTC Ctaactccag
gagTATATAAACTCAT

4 180_YBRO16w:shuffled

gettctggatcaggticaCAGAGGGGTAACGAAGATACCGCTTGCTGTTGTGCTTGCGGTATGCTGCTAATATTAATGGCATGTCTGGCATTCtaactccag
gagTATATAAACTCAT

4 181_YBRO16w:shuffled

gattctggatcaggttcaCAGAGGGGTAACGAATGCGATATGTGTGCTATGGCTTGTATATGTGGTGCACTGTTACTATGCCTGACCGCATTCtaactccag
gagTATATAAACTCAT

4 182_YBRO16w:shuffled

gettctggatcaggticaCAGAGGGGTAACGAAGCTGCATGTTGCTTAGATGGTCTGGCTTGCTGTTGTATGCTGATACTAACCGCAATGTTCtaactccag
gagTATATAAACTCAT

4 183_YDLO12c:shuffled

gettctggatcaggttcaAGTTCTGGAAATGAATTAGCGACTCTATGCGGCATGGCGCTAGATTTATGTTTGGACTGTCTGTGTTGTGG taactccagg
agTATATAAACTCAT

4 184_YDLO12c:shuffled

gettctggatcaggttcaAGTTCTGGAAATGAAACTCTAATGTGTGGTTGTTTGTTATGTGACCTGTGTGGCGATGCGTGCGCGTTACTATTTtaactccagg
agTATATAAACTCAT

4 185_YDLO12c:shuffled

ggttctggatcaggttcaAGTTCTGGAAATGAACTAGGTCTATGTTGTGCGTGTGCGTTAATGGACTGCTGTTTGCTGGATACTTTAGGCT T Ttaactccagg
agTATATAAACTCAT

4 186_YDLO12c:shuffled

gettctggatcaggttcaAGTTCTGGAAATGAAACTTTACTGTGTTGTGGTGATTGTGCGTGTTTACTACTATGCGCGATGGGCTTGGACT T Ttaactccagg
agTATATAAACTCAT

4 187_YDLO12c:shuffled

ggttctggatcaggttcaAGTTCTGGAAATGAACTAATGCTGTTATTATGTTGTCTAGGTACTGCGTGTTTGTGCGGCGATGCGTGTGACT T Ttaactccagg
agTATATAAACTCAT
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188_YDLO12c:shuffled

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTTGTTATGCTGTTGTGGCGCGGATCTAGGTCTGCTATTAACTTGTGCGTGTATGT T Ttaactccagg
agTATATAAACTCAT

189_YDLO12c:shuffled

ggttctggatcaggttcaAGTTCTGGAAATGAATGCGGCTTGTGTGCGTGTATGCTAACTCTATGTGCGTTACTGTGTGACGATGGTTTATTTtaactccagg
agTATATAAACTCAT

190_YDLO12c:shuffled

gettctggatcaggttcaAGTTCTGGAAATGAAATGTTGTGTGACTGCCTATGTCTGCTAGGTTGTTTAGGCTTATGTGATACTGCGGCGTTTtaactccagg
agTATATAAACTCAT

191_YDLO12c:shuffled

gettctggatcaggttcaAGTTCTGGAAATGAAGCGTTAATGGATGGTTGTTGTACTGCGGACCTAGGCCTATTGTGTCTGTGTTGCTTAT T Ttaactccagg
agTATATAAACTCAT

192_YDLO12c:shuffled

gettctggatcaggttcaAGTTCTGGAAATGAAACTTTGATGTGTCTATGTGCGGACTGTGATTTACTGTGTGCGTGCGGTTTAGGCCTATTTtaactccagg
agTATATAAACTCAT

193_YBRO16w:shuffled_fixed_C

ggttctggatcaggttcaCAGAGGGGTAACGAAGCTTGTGCATTAATGTGTGATCTGACCCTGTGTGCATGCTGCATGCTAGCTGGTATATT Ctaactccag
gagTATATAAACTCAT

194_YBRO16w:shuffled_fixed_C

ggttctggatcaggttcaCAGAGGGGTAACGAATTATGTCTAGCTCTGTGTCTGATGATAGGTTGTACCTGCTGCATGGCAGCAGCTGATTTCtaactccag
gagTATATAAACTCAT

195_YBRO16w:shuffled_fixed_C

gettctggatcaggticaCAGAGGGGTAACGAAACCTGTATGCTGCTATGTGCTGCAATAGCATGTGATTGCTGCTTACTGGGTATGGCTTTCtaactccag
gagTATATAAACTCAT

196_YBRO16w:shuffled_fixed_C

ggttctggatcaggttcaCAGAGGGGTAACGAACTGTGTGATCTGATGTGTATGGCTGCAACCTGTCTATGCTGCGCAATAGGTTTAGCTTTCtaactccag
gagTATATAAACTCAT

197_YBRO16w:shuffled_fixed_C

gettctggatcaggttcaCAGAGGGGTAACGAACTGTGTGCAATGGCATGTTTAATAATGGATTGTCTGTGCTGCCTAGCTGCTACCGGTTTCtaactccag
gagTATATAAACTCAT

198_YBRO16w:shuffled_fixed_C

ggttctggatcaggttcaCAGAGGGGTAACGAAATGTGTGCAGCTGCTTGTGATCTGATGATATGTGCATGCTGCTTAGGTACCCTACTGTTC Ctaactccag
gagTATATAAACTCAT

199_YBRO16w:shuffled_fixed_C

gettctggatcaggticaCAGAGGGGTAACGAACTATGTGCACTGATGTGTTTAACCATGGCATGTCTGTGCTGCATAGCTGCTGATGGTTTCtaactccag
gagTATATAAACTCAT

200_YBRO16w:shuffled_fixed_C

gettctggatcaggticaCAGAGGGGTAACGAAGCTTGTATGTTAATATGTGCACTAATGGATTGTGCATGCTGCACCGGTGCTCTGCTGTTCtaactccag
gagTATATAAACTCAT

201_YBRO16w:shuffled_fixed_C

ggttctggatcaggttcaCAGAGGGGTAACGAAATGTGTATGGCTCTATGTTTACTGGATCTGTGTGCTTGCTGCGCAGGTACCGCAATATTC Ctaactccag
gagTATATAAACTCAT

202_YBRO16w:shuffled_fixed_C

gettctggatcaggttcaCAGAGGGGTAACGAAATGTGTATGGCACTGTGTATATTAGCTGGTTGTCTGTGCTGCGCTGCACTAACCGATTTC Ctaactccag
gagTATATAAACTCAT

203_YDLO12c:shuffled_fixed_C

ggttctggatcaggttcaAGTTCTGGAAATGAATTGTGTGGTTTAATGTGTCTAGACCTAGCGTGTCTGTGCTGTGGCGCGTTAGATAC taactccagg
agTATATAAACTCAT

204_YDLO12c:shuffled_fixed_C

gettctggatcaggttcaAGTTCTGGAAATGAAGCGTGTCTAATGGACTGTGGTTTGCTGGCGTGTCTATGCTGTGATACTTTATTAGGCT T Ttaactccagg
agTATATAAACTCAT

205_YDLO12c:shuffled_fixed_C

ggttctggatcaggttcaAGTTCTGGAAATGAATTATGTCTATTGCTGTGTTTACTAGATGCGTGTATGTGCTGTGGTACTGACGCGGGCTTTtaactccagg
agTATATAAACTCAT

206_YDLO12c:shuffled_fixed_C

ggttctggatcaggttcaAGTTCTGGAAATGAAGGCTGTGATCTACTGTGTGCGGCGACTCTATGTATGTGCTGTGACTTGTTATTAGGTTT Ttaactccagg
agTATATAAACTCAT

207_YDLO12c:shuffled_fixed_C

gettctggatcaggttcaAGTTCTGGAAATGAACTGTGTCTAGGCTTATGTCTAATGGCGTTGTGTTTATGCTGTGACGGTACTGATGCGTTTtaactccagg
agTATATAAACTCAT

208_YDLO12c:shuffled_fixed_C

ggttctggatcaggttcaAGTTCTGGAAATGAATTATGTCTGACTGGTTGTGCGGCGGACGATTGTATGTGCTGTTTAGGCTTGCTACTATTTtaactccagg
agTATATAAACTCAT

209_YDLO12c:shuffled_fixed_C

gettctggatcaggttcaAGTTCTGGAAATGAATTATGTGGTCTGCTATGTGCGACTGACCTATGTGATTGCTGTGGCTTGATGGCGTTATTTtaactccagg
agTATATAAACTCAT

210_YDLO12c:shuffled_fixed_C

ggttctggatcaggttcaAGTTCTGGAAATGAACTATGTGATGGCCTATGTGCGATGCTGACTTGTTTATGCTGTGCGTTGTTAGGTGACTTTtaactccagg
agTATATAAACTCAT

211_YDLO12c:shuffled_fixed_C

gettctggatcaggttcaAGTTCTGGAAATGAACTATGTGGTTTAGACTGTCTGCTATTAGATTGTGGCTGCTGTATGACTTTGGCGGCGTTTtaactccagg
agTATATAAACTCAT

212_YDLO12c:shuffled_fixed_C

gettctggatcaggttcaAGTTCTGGAAATGAAGGTTGTCTACTGATGTGTCTAGCGTTAGACTGTGCGTGCTGTGGCGATTTATTGAC taactccagg
agTATATAAACTCAT

213_YOR045w/Tom6:TAvariants__5_
0_CGTAGA

gattctggatcaggticaGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTCGTAGA aactce
aggagTATATAAACTCAT

214_YORO75w/Ufel:TAvariants__5_0
_CGTAGA

gettctggatcaggticaGGAAGAACTGCTAAAATGACCACTTATGGTGCCATTATCATGGGTGTTTTTATATTGTTCCTAGATTATGTACGTAGAtaactcc
aggagTATATAAACTCAT

215_YPL200w/Csma:TAvariants__5_0
_CGTAGA

gettctggatcaggttcaT TCGTCATCGCGGAACTAAATTCATTGATAATAGTTTTTTTTATTTCTTTAGTATTTTTGTGGGTATCGATACGTAGAtaactcca
ggagTATATAAACTCAT

216_YMR161w/Hlj1:TAvariants_ 5_0
_CGTAGA

gettctggatcaggttcaTCGCAATTAAAAAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTCGTAGAtaactccag
gagTATATAAACTCAT

217_YDRO86¢/Sss1:TAvariants__5_0_
CGTAGA

gettctggatcaggttcaAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCCGTAGAtaactc
caggagTATATAAACTCAT

218_YPL206c/Pgcl:TAvariants__5_0_
CGTAGA

gettctggatcaggttcaCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATTTTTTTGTTCCTTCGTAGAtaactcca
ggagTATATAAACTCAT

219_YNL111c/Cyb5:TAvariants_ 5_0_
CGTAGA

gettctggatcaggticaCAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCATTTTAATGCTAGGTGTTGCTTATTATTTGTTGCGTAGAtaacte
caggagTATATAAACTCAT

220_YDR468c/TIgl:TAvariants__5_0_
CGTAGA

gettctggatcaggttcaGAAAAATACGACGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAGTTTTATTAGTTTTGGCATTCATTCGTAGAtaactcc
aggagTATATAAACTCAT

221_YMR197c/Vtil:TAvariants_ 5_0_
CGTAGA

gettctggatcaggttcaCTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAGTTTTGTTCCGTAGAtaactcca
ggagTATATAAACTCAT

222_YALO14c/Syn8:TAvariants__5_0_
CGTAGA

gettctggatcaggttcaAGGTTCAAGGATAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTACGTAGAtaactc
caggagTATATAAACTCAT

223_YBRO16w:TAvariants__5_0_CGT
AGA

gettctggatcaggticaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTACGTAGA taact
ccaggagTATATAAACTCAT

224_Y)L119c:TAvariants__5_0_CGTA
GA

gettctggatcaggticaACTGAAAAGCATGAAGCCATCACTGTTTTTTTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAGTTTCGTAGAtaactce
aggagTATATAAACTCAT

225_YDRO34W-
B:TAvariants__5_0_CGTAGA

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTCGTAGAtaactce
aggagTATATAAACTCAT

226_YDR498c/Sec20:TAvariants__5_0
_AGACGTAGGCGT

ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGAGACGTAGGCGTtaactc
caggagTATATAAACTCAT

227_YBL100c:TAvariants__5_0_AGAC
GTAGGCGT

gettctggatcaggttcaGATAGAGAACGAATAGCAGCAGTACGAGCCAACATTATTATATGTGCGTG TTTATTTATTTAGACGTAGGCGTtaactc
caggagTATATAAACTCAT

228_YPL192c/Prm3:TAvariants_AGA_
0_1_

ggttctggatcaggttcaAGA ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGCAGTTAAAtaactcc
aggagTATATAAACTCAT

229 _YMR183c/Sso2:TAvariants_AGA_
0_1_

ggttctggatcaggttcaAGAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTTGTGGAAtaactcca
ggagTATATAAACTCAT

230_YbRO56W-
A/Mncl:TAvariants_ AGAAGG_0_1_

gettctggatcaggttcaAGAAGGTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCTAATTtaactcc
aggagTATATAAACTCAT

231_YBR162w-
A/Ysy6:TAvariants_ CGTAGGCGTAGA_
0_1_

ggttctggatcaggttcaCGTAGGCGTAGATGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCCTAtaactcc
aggagTATATAAACTCAT

232_YLR238w/Far10:TAvariants_CGT
AGGCGTAGA_0_1_

gettctggatcaggticaCGTAGGCGTAGATTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTTCCaactcca
ggagTATATAAACTCAT
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233_YLR093c/Nyv1:TAvariants_CGTA
GGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGAATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGTGGtaactcca
ggag TATATAAACTCAT

234_YALO30w/Sncl:TAvariants_CGTA
GGCGTAGA_0_1

gattctggatcaggttcaCGTAGGCGTAGATGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGTtaactcca
ggagTATATAAACTCAT

235_YFLO46w/Fmp32:TAvariants__5_
0_CGTAGA

ggttctggatcaggttcaTCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGCGTAGAta
actccaggagTATATAAACTCAT

236_YIL065¢/Fis1:TAvariants__5_0_C
GTAGA

ggttctggatcaggttcaAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTACGTAGA
taactccaggagTATATAAACTCAT

237_YERO19c-
A/Sbh2:TAvariants__5_0_CGTAGA

ggttctggatcaggttcaTTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGCGTAGAtaact
ccaggag TATATAAACTCAT

238_YPR183w/Dpm1l:TAvariants_ 5_
0_CGTAGA

ggttctggatcaggttcaTTTGGCGCCAATAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACCGTAGAtaact
ccaggag TATATAAACTCAT

239_YERO87c-
B/Sbh1:TAvariants__5_0_CGTAGA

ggttctggatcaggttcaCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACATGTTATTCGTAGAtaac
tccaggag TATATAAACTCAT

240_YLR026¢/Sed5:TAvariants__5_0_
CGTAGA

ggttctggatcaggttcaATAAAGAGTAATAGATGGTTAGCCGCAAAGG TTTATAATCTTTGTATTTTTCGTTATTTGGG AGTCCGTAGAtaac
tccaggag TATATAAACTCAT

241_YKLOO6c-
A/Sft1:TAvariants__5_0_CGTAGA

gettctggatcaggttcaTTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTCGTAGAtaa
ctccaggag TATATAAACTCAT

242_YORO036w/Pepl12:TAvariants_ 5_
0_CGTAGA

ggttctggatcaggttcaAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTA CTCATTATGCGTAGAtaa
ctccaggag TATATAAACTCAT

243_YNL188w/Karl:TAvariants__5_0
_CGTAGA

ggttctggatcaggttcaAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATCGTAGAtaa
ctccaggag TATATAAACTCAT

244 _YBLO91c-
A/Scs22:TAvariants__5_0_CGTAGA

ggttctggatcaggttcaGGTAACGGGCAAAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACCGTAGAL
aactccaggagTATATAAACTCAT

245_YDLO12c:TAvariants__5_0_CGTA
GA

ggttctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTCGTAGAta
actccaggag TATATAAACTCAT

246_YPR133w-
A/Tom5:TAvariants__5_0_AGACGTAG
GCGT

gettctggatcaggttcaAAAACCTTGAAACAGGCCGCTTATGTGGCTGCGTTTCTTTGGGTTTCCCCAATGATCTGGCATTTGGTGAGACGTAGGCGTta
actccaggagTATATAAACTCAT

247_YER100w/Ubc6:TAvariants__5_0
_AGACGTAGGCGT

ggttctggatcaggttcaCCTAATGATAGTTCTTCAATGGTTTATATTGGTATCGCTA TTGTTTTTGGTTGGCC ATGAGACGTAGGCGTtaact
ccaggag TATATAAACTCAT

248 _YER120w/Scs2:TAvariants__5_0_
AGACGTAGGCGT

gettctggatcaggttcaAATGAATCATCCAGCATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTACAGACGTAGGCGTtaa
ctccaggagTATATAAACTCAT

249_YOLO44w/Pex15:TAvariants__5_
0_AGACGTAGGCGT

ggttctggatcaggttcaCATTTCACAAGAAGTGTGCTGAACAAAAACGGACTTCTGCTCACAGGTCTGCTGCTACTCTTATGTTTGAGACGTAGGCGTta
actccaggagTATATAAACTCAT

250_YHL031c/Gos1:TAvariants__ 5_0_
AGACGTAGGCGT

ggttctggatcaggttcaAGAAGGAAGAAAAACGCGTTTGTATTGGCCACGATAACCACCCTTTGTATACTG TG CACAAGACGTAGGCGTta
actccaggag TATATAAACTCAT

251_YLRO78c/Bos1:TAvariants_ 5_0_
AGACGTAGGCGT

ggttctggatcaggttcaGTGTTCAAAGATAAACTAGTC GGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTTGAGACGTAGGCGTtaa
ctccaggagTATATAAACTCAT

252_YDR200c/Far9:TAvariants__5_0_
AGACGTAGGCGT

ggttctggatcaggttcaACAAGAGTTAGTAAGGGAATGCTCTTTGGAGTAGTTGCCATTTCATTCGGTTTAGTTGCGACGGCCGTTAGACGTAGGCGTt
aactccaggagTATATAAACTCAT

253_YOL018¢/Tlg2:TAvariants__5_0_
AGACGTAGGCGT

ggttctggatcaggttcaACTCAAAAATGTAAAGTCA ATTACTAACATTGTGCGTAATAGCGCTC CTTTGTTATGTTGAGACGTAGGCGTtaa
ctccaggagTATATAAACTCAT

254_YOR106w/Vam3:TAvariants__5
0_AGACGTAGGCGT

gettctggatcaggttcaAACAAATGCGGTAAGGTCACCCTAATCATTATAATAGTTGTGTGCATGGTGGTATTGCTTGCTGTATTAAGACGTAGGCGTta
actccaggagTATATAAACTCAT

255_YDR210w:TAvariants__5_0_AGA
CGTAGGCGT

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGAAAGCTGCTTGGACAGTTGTTTAAAATGTTTGTGTTGTTGTTTCTTATTAAGACGTAGGCGTt
aactccaggagTATATAAACTCAT

256_YGL098w/Usel:TAvariants_AGA
0_1

ggttctggatcaggttcaAGATACTTG ATATTACTGTTTTCA ATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAATTATTCCCGtaactc
caggagTATATAAACTCAT

257_YPL192c/Prm3:TAvariants_AGAA
GG_0_1_

ggttctggatcaggttcaAGAAGG ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGCAGTTAAAtaa
ctccaggag TATATAAACTCAT

258_YMR183c/Sso2:TAvariants_AGAA
GG 0.1

gettctggatcaggttcaAGAAGGATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTTGTGGAAtaa
ctccaggagTATATAAACTCAT

259_YNLO70w/Tom7:TAvariants_CGT
AGGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGAATTTTAACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTGTTTTGTATTTGGGCTGGGCAtaa
ctccaggag TATATAAACTCAT

260_YNL131w/Tom22:TAvariants_CG
TAGGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGACTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCGAAtaa
ctccaggagTATATAAACTCAT

261_YILOO4c/Betl:TAvariants_CGTAG
GCGTAGA 0_1_

ggttctggatcaggttcaCGTAGGCGTAGAATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTATTTTTTITGGGTATGGATTACAta
actccaggagTATATAAACTCAT

262_YOR324c/Frt1:TAvariants_CGTA
GGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGACTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCAAGtaa
ctccaggag TATATAAACTCAT

263_YPL232w/Sso1:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAAAtaa
ctccaggagTATATAAACTCAT

264_YOR327c¢/Snc2:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggticaCGTAGGCGTAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCAGCtaact
ccaggagTATATAAACTCAT

265_YDR281c/Phm6:TAvariants_CGT
AGGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC ATGTGATGtaa
ctccaggagTATATAAACTCAT

266_YDR034W-B:shuffled

ggttctggatcaggttcaAGAGAATCCGGTGGTTGTTTATGTTGTCTATGCTGTTGTCTACTATGTACCTTCTGTAACTGTCACATTAGAGACG taac
tccaggag TATATAAACTCAT

267_YDR034W-B:shuffled

gettctggatcaggttcaAGAGAATCCGGTGGTTGTTTCATTTGTCTATGTAACTGTTGTTTAACCAGACACCTATGCTGTCTATGTTGTGACG taac
tccaggagTATATAAACTCAT

268_YDR034W-B:shuffled

gettctggatcaggttcaAGAGAATCCGGTGGTTTCTGTCTATGTTTATGTTGTTGTTGTCTACTAATTCACTGCAGAAACACCTGTTGTGACG taac
tccaggagTATATAAACTCAT

269_YDR034W-B:shuffled

ggttctggatcaggttcaAGAGAATCCGGTGGTACCTGTTGTTGTAACTTAAGATGTCTAATTTGTCTATGTTTCTGTTGCCTATGTCACGACG taac
tccaggag TATATAAACTCAT

270_YDRO034W-B:shuffled

gettctggatcaggttcaAGAGAATCCGGTGGTCTAATTTGTTGTTGTCACACCCTATGTTTATGCCTATGTTGTTGTTTCTGTAGAAACGACG taac
tccaggagTATATAAACTCAT

271_YDRO034W-B:shuffled

ggttctggatcaggttcaAGAGAATCCGGTGGTTTACACTGTTGCCTATGTTGTTGTATTTGTTGTTGTCTACTATGTACCAGAAACTTCGACG taac
tccaggag TATATAAACTCAT

272_YDRO034W-B:shuffled

gettctggatcaggttcaAGAGAATCCGGTGGTAACTGTTGTTGTCACCTATGTATTTGTTGTTGTTTCACCTGCCTACTATTAAGATGTGACG taac
tccaggagTATATAAACTCAT

273_YDRO034W-B:shuffled

ggttctggatcaggttcaAGAGAATCCGGTGGTTGTCTAAACTGTTGTTTACTATTCTGCTGTATTCACACCCTATGTTGTTGTAGATGTGACG taac
tccaggag TATATAAACTCAT

274_YDRO034W-B:shuffled

ggttctggatcaggttcaAGAGAATCCGGTGGTTTCCTAACCCACCTATGTCTATGTTGTTGTTGTTGTTGTATTAACTGTTTAAGATGCGACG taac
tccaggag TATATAAACTCAT

275_YDR034W-B:shuffled

gettctggatcaggttcaAGAGAATCCGGTGGTCACTTAAACATTTGTCTATGTAGACTATGTTGCTGTCTATTCACCTGTTGTTGTTGTGACG taac
tccaggagTATATAAACTCAT

276_YDRO34W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAACTTCTGTTGTATTCTACACTGTTGCCTATGTCTATTAAGAACCTGTTGTGACG taac
tccaggag TATATAAACTCAT

277_YDR034W-B:shuffled_fixed_C

gettctggatcaggttcaAGAGAATCCGGTGGTTGCTGTCTAATTTGTTGTCTACTATTCTGTTGCAACTGTAGAACCTTACACTGTTGTGACG taac
tccaggagTATATAAACTCAT
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278_YDR034W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTATTAGATGTTGTCTAACCCACTGTTGCTTCTGTCTAAACTTACTATGTTGTGACGTTT TTtaac
tccaggag TATATAAACTCAT

279_YDRO34W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTATTAACTGTTGTCTACTATTATGTTGCACCTGTTTCCTAAGACACTGTTGTGACG taac
tccaggag TATATAAACTCAT

280_YDRO034W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAACCACTGTTGTCTAA ATGTTGCTTCTGTAGACTAACCCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

281_YDR034W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAACCACTGTTGTTTACTAAGATGTTGCCTATGTTTCCTAACCATTTGTTGTGACG taac
tccaggag TATATAAACTCAT

282_YDRO034W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTCTATTCTGTTGTACCAACCACTGTTGCATTTGTCTATTAAGACTATGTTGTGACG taac
tccaggag TATATAAACTCAT

283_YDR034W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTCTAATTTGTTGTAGACTATTATGTTGCACCTGTTTCAACCACCTATGTTGTGACG taac
tccaggag TATATAAACTCAT

284_YDR034W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTCTACTATGTTGTCTATTAACCTGTTGCCACTGTATTAACTTCAGATGTTGTGACG taac
tccaggag TATATAAACTCAT

285_YDR034W-B:shuffled_fixed_C

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTATTCACTGTTGTCTATTCAGATGTTGCAACTGTACCCTACTATTATGTTGTGACG Ttaac
tccaggag TATATAAACTCAT

286_YBR162w-
A/Ysy6:TAvariants__5_0_CGTAGA

gettctggatcaggttcaGTGATATCCAAAACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCCGTAG
Ataactccaggag TATATAAACTCAT

287_YLR238w/Farl10:TAvariants__5_0
_CGTAGA

ggttctggatcaggttcaACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTCGTAGA
taactccaggagTATATAAACTCAT

288_YLR093c/Nyv1:TAvariants_ 5_0_
CGTAGA

ggttctggatcaggttcaCAGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGCGTAGAt
aactccaggagTATATAAACTCAT

289_YALO30w/Sncl:TAvariants__5_0
_CGTAGA

ggttctggatcaggttcaCTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTCGTAGA
taactccaggagTATATAAACTCAT

290_YOR045w/Tom6:TAvariants__5_
0_AGACGTAGGCGT

ggttctggatcaggttcaGCTTTCAAGGAATCTCCACTATACACAATTGCACTAAACGGTGCCTTCTTCGTTGCAGGTGTTGCGTTTATTAGACGTAGGCG
Ttaactccaggag TATATAAACTCAT

291_YOR075w/Ufel:TAvariants__5_0
_AGACGTAGGCGT

ggttctggatcaggttcaGGAAGAACTGCTAAAATGACCACTTATGGTGCCATTATCATGGGTG ATATTGTTCCTAGATTATGTAAGACGTAGGC
GTtaactccaggagTATATAAACTCAT

292_YPL200w/Csm4:TAvariants__5_0
_AGACGTAGGCGT

ggttctggatcaggttcaTTCGTCATCGCGGAACTAAATTCATTGATAATAG TTATTTCTTTAGTATTTTTGTGGGTATCGATAAGACGTAGGCGT
taactccaggagTATATAAACTCAT

293_YMR161w/HIj1:TAvariants__5_0
_AGACGTAGGCGT

ggttctggatcaggttcaTCGCAATTAAAAAATATGCTCGTTC CATCATCTTTATTGTTCTTCCTATGATTAAAGATTACCTGTTTAGACGTAGGCGTt
aactccaggag TATATAAACTCAT

294_YDRO086¢/Sss1:TAvariants__5_0_
AGACGTAGGCGT

ggttctggatcaggttcaAAGGAATACACCAAGATTGTCAAGGCTGTTGGTATTGG ATTGCAGTCGGTATCATTGGTTACGCCATCAGACGTAGGC
GTtaactccaggagTATATAAACTCAT

295_YPL206¢/Pgcl:TAvariants__5_0_
AGACGTAGGCGT

gettctggatcaggttcaCTTCTATATTCCAAATGGGTCCATATTAAGTTGTGCGGTTGGTCTATTGCTTATGTGATT GTTCCTTAGACGTAGGCGT
taactccaggagTATATAAACTCAT

296_YNL111c/Cyb5:TAvariants_ 5_0_
AGACGTAGGCGT

ggttctggatcaggttcaCAAAGTAAAGGTAGTGGTACATTGGTTGTCATATTGGCCA AATGCTAGGTGTTGCTTATTATTTGTTGAGACGTAGGC
GTtaactccaggagTATATAAACTCAT

297_YDR468¢/Tlgl:TAvariants__5_0_
AGACGTAGGCGT

ggttctggatcaggttcaGAAAAATACGACGATTGTTGTATAGGACTTCTTATTGTCGTCTTGATAG ATTAGTTTTGGCATTCATTAGACGTAGGCG
Ttaactccaggag TATATAAACTCAT

298_YMR197c/Vtil:TAvariants_ 5 0_
AGACGTAGGCGT

ggttctggatcaggttcaCTAGTTGCTAATAAATTCATAAGCTATGCCATTATCGCAGTCCTTATATTATTGATTTTGCTAG GTTCAGACGTAGGCGT
taactccaggagTATATAAACTCAT

299_YALO14c/Syn8:TAvariants__5_0_
AGACGTAGGCGT

ggttctggatcaggttcaAGGTTCAAGGATAACGGCAACTGCGTGATTATTCTTGTGCTGATAGTGGTGCTCCTGTTGCTTCTATTAGTAAGACGTAGGC
GTtaactccaggagTATATAAACTCAT

300_YBRO16w:TAvariants__5_0_AGA
CGTAGGCGT

ggttctggatcaggttcaCAGAGGGGTAACGAAGGTTGTCTGGCTGCATGTCTGGCTGCATTATGTATATGCTGCACCATGGATATGCTAAGACGTAGG
CGTtaactccaggagTATATAAACTCAT

301_YJL119c:TAvariants__5_0_AGAC
GTAGGCGT

ggttctggatcaggttcaACTGAAAAGCATGAAGCCATCACTG TTCGTGGTCTTTCTATATATAAACAAAGCCTCTGTAAAGTTTAGACGTAGGCG
Ttaactccaggag TATATAAACTCAT

302_YDRO34W-
B:TAvariants__5_0_AGACGTAGGCGT

ggttctggatcaggttcaAGAGAATCCGGTGGTTGCTGTAGAACCTGTTGTCACTTCCTATGTTGTCTATGTTTAATTAACCTATGTTGTAGACGTAGGCG
Ttaactccaggag TATATAAACTCAT

303_YLR268w/Sec22:TAvariants_AGA
0_1

ggttctggatcaggttcaAGATTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTC CGTCTTTCTCTTCTGGTGGATCTTCCTCta
actccaggagTATATAAACTCAT

304_YGLO98w/Usel:TAvariants_AGA
AGG_0_1_

ggttctggatcaggttcaAGAAGGTACTTGTTTTATATTACTGTTTTCATTTTTATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAATTATTCCCGta
actccaggagTATATAAACTCAT

305_YbRO56W-
A/Mncl:TAvariants_CGTAGGCGTAGA
0.1

gettctggatcaggttcaCGTAGGCGTAGATGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCTAAT
TtaactccaggagTATATAAACTCAT

306_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGTTATGTTTCGAGTTATGTGAATTAAAAAGTGACTGTTGCAGCTTGTGTTTGTGTGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

307_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGGACTTGTGTAGTTGTTTATGCTGTGAGGAAAGCTTCTTATTATTGTGTTGTAAAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

308_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGTGCTGTTGTTTGAGTTTATGTTGTTTCTGTTTATTGAGCGAGGACAAAGAATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

309_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGTGTTTGTGTAAATTATTCTTGTGTTGTAGTTGTGACTGCAGCTTAGAGGAATTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

310_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGAGTTGTGAGGAATGCTGTTTGTTCTGTTGTTGTAGCTTAAAATTGTTAGACTTAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

311_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGTGTTTATGTTTATTAGACTGCTGTTTCGAAGAGAGCAAATTGAGTTGTTTGTGTGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

312_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGTGTTGTTTATGTAGTGAATTGTGTTTCTGCAGCTGTTTAGAGGACTTGTTAAAAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

313_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGTTCTTGTGCAAATGTGAAAGTAGCGAGTTATTATTATGTTGTTTGGACTGTTGTGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

314_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGTTGTGTTGTTTGTGCGAGAAATGTTTCTTATTAAGTGACGAATGTTTAAGCTGTGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

315_YDR210w:shuffled

ggttctggatcaggttcaCAAGGTCAACCAAAGAAATTATTATGTAGTTTAAGCTGTTGCGAGTTGGAATGTTTGGACTGTTTCTGTGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

316_YDR210w:shuffled_fixed_C

ggttctggatcaggttcaCAAGGTCAACCAAAGAGCTTAGAGTGCAGTTTGTTATGTTTGTTATGTAAATGTTGTTGCGACGAATTCGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

317_YDR210w:shuffled_fixed_C

gettctggatcaggttcaCAAGGTCAACCAAAGTTGTTAGAGTGCAGTTTCAGCTGTAAAGACTGTTTATGTTGTTGCTTATTGGAAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

318 _YDR210w:shuffled_fixed_C

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGACTTGTGCAGTTTATTATGTTTGTTATGTAGCTGTTGTTGCTTCGAAAAAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

319_YDR210w:shuffled_fixed_C

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGTTAGACTGCAGCGAAAAATGTTTCTTATGTTTATGTTGTTGCTTGTTGAGTGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

320_YDR210w:shuffled_fixed_C

gettctggatcaggttcaCAAGGTCAACCAAAGAAATTATTGTGCGAAAGTGACTGTTTAAGCTGTTTCTGTTGTTGCTTGTTAGAGGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

321_YDR210w:shuffled_fixed_C

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGTTGTTCTGCTTATTATTATGTAAAAGCTGTTTGTGTTGTTGCGACAGTGAAGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

322_YDR210w:shuffled_fixed_C

gettctggatcaggttcaCAAGGTCAACCAAAGTTGTTATTCTGCTTAAGTTTATGTTTGGACTGTGAGTGTTGTTGCGAAAAAAGCGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT
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323_YDR210w:shuffled_fixed_C

ggttctggatcaggttcaCAAGGTCAACCAAAGTTGGAGTTATGCAGCTTAAGTTGTTTATTGTGTGAATGTTGTTGCAAAGACTTCGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

324_YDR210w:shuffled_fixed_C

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGAAAGAATGCGACTTATTGTGTAGCTTATGTTTCTGTTGTTGCTTAAGTTTGGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

325_YDR210w:shuffled_fixed_C

ggttctggatcaggttcaCAAGGTCAACCAAAGGAGGACTTGTGCAGTTTGGAATGTTTATTATGTAAATGTTGTTGCAGCTTATTCGAATTGGTATGCG
ATtaactccaggagTATATAAACTCAT

326_YNLO70w/Tom7:TAvariants__5_
0_CGTAGA

ggttctggatcaggttcaGAACGTATTTCCAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTGTTTTGTATTTGGGCTGGCGT
AGAtaactccaggagTATATAAACTCAT

327_YNL131w/Tom22:TAvariants__5
_0_CGTAGA

ggttctggatcaggttcaACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCCGT
AGAtaactccaggagTATATAAACTCAT

328_YIL004c/Betl:TAvariants__ 5_0_C
GTAGA

ggttctggatcaggttcaGCCAGAAGATCTGGGATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTA GGGTATGGATTC
GTAGAtaactccaggagTATATAAACTCAT

329_YOR324c/Frt1:TAvariants__5_0_
CGTAGA

ggttctggatcaggttcaACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTC GATGGGCGGCTTTATCGTTTACGTCCGT
AGAtaactccaggagTATATAAACTCAT

330_YPL232w/Ssol:TAvariants__5_0_
CGTAGA

ggttctggatcaggttcaAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCCG
TAGAtaactccaggagTATATAAACTCAT

331_YOR327c¢/Snc2:TAvariants__5_0_
CGTAGA

ggttctggatcaggttcaGATCTAAAAATGAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCCGT
AGAtaactccaggagTATATAAACTCAT

332_YDR281c/Phmé6:TAvariants__5_0
_CGTAGA

ggttctggatcaggttcaGGGTTTCTCGAGGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC ATGTGCGT
AGAtaactccaggagTATATAAACTCAT

333_YFLO46w/Fmp32:TAvariants__5_
0_AGACGTAGGCGT

ggttctggatcaggttcaTCTGTCAAGACTCAAGTCATGCAATGGCTGATAGGTGTCTGTACAGGTACATTTGCACTTGTATTAGCATATATGAGACGTA
GGCGTtaactccaggagTATATAAACTCAT

334_YILO65c¢/Fis1l:TAvariants__5_0_A
GACGTAGGCGT

ggttctggatcaggttcaAAGGAAACACTCAAGGGTGTTGTCGTCGCTGGAGGCGTACTAGCCGGCGCTGTGGCCGTGGCTAGTTTCTTCTTAAGACGT
AGGCGTtaactccaggag TATATAAACTCAT

335_YERO19c-
A/Sbh2:TAvariants__5_0_AGACGTAG
GCGT

ggttctggatcaggttcaTTCAGAGTCGACTCCCTTGTCGTATTGTTCCTATCTGTCGGTTTCATCTTCTCCGTGATTGCTTTGCATCTATTGAGACGTAGG
CGTtaactccaggagTATATAAACTCAT

336_YPR183w/Dpm1:TAvariants_ 5_
0_AGACGTAGGCGT

ggttctggatcaggttcaTTTGGCGCCAATAACCTTATCC CATTACTTTCTGGTCCATTCTGTTCTTCTACGTTTGCTACCAGCTATACAGACGTAGGC
GTtaactccaggagTATATAAACTCAT

337_YER087c-
B/Sbh1:TAvariants__5_0_AGACGTAG
GCGT

ggttctggatcaggttcaCTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATC CTGTTGTTGCATTACATGTTATTAGACGTAGG
CGTtaactccaggagTATATAAACTCAT

338_YLRO26¢/Sed5:TAvariants__ 5_0_
AGACGTAGGCGT

ggttctggatcaggttcaATAAAGAGTAATAGATGGTTAGCCGCAAAGG TTTATAATCTTTGTATTTTTCGTTATTTGGG AGTCAGACGTAG
GCGTtaactccaggagTATATAAACTCAT

339_YKLOO6C-
A/Sft1:TAvariants__5_0_AGACGTAGG
CGT

ggttctggatcaggttcaTTAAAGGCTGGTAATAGCATATGGAGAATGGTGGGTTTGGCGTTATTAATATTCTTCATTCTATATACCCTGTTTAGACGTAG
GCGTtaactccaggagTATATAAACTCAT

340_YOR036w/Pepl12:TAvariants_ 5_
0_AGACGTAGGCGT

ggttctggatcaggttcaAAACGTACGAGCAGATGGAGGGTGTATTTGTTGATTGTGCTTCTCGTAATGCTTCTTTTTA TCTCATTATGAGACGTAG
GCGTtaactccaggagTATATAAACTCAT

341_YNL188w/Karl:TAvariants_ 5_0
_AGACGTAGGCGT

ggttctggatcaggttcaAAAAAGTATAGGGAATATTTCTTATGGACAATTTGTA AATATTGTTATATTGCAATATATATGTGTATTATAGACGTAG
GCGTtaactccaggagTATATAAACTCAT

342_YBLO91c-
A/Scs22:TAvariants__5_0_AGACGTAG
GCGT

ggttctggatcaggttcaGGTAACGGGCAAAGTCTGAGTTCCAGAGCATTGCTTATCATCACCGTTATCGCATTGCTCGTCGGCTGGATATACAGACGTA
GGCGTtaactccaggagTATATAAACTCAT

343_YDLO12c:TAvariants__5_0_AGAC
GTAGGCGT

gettctggatcaggttcaAGTTCTGGAAATGAAGACTGTCTAGCGGGCTGTCTAGCGGGTTTATGTTTATGCTGTACTTTGGATATGCTGTTTAGACGTA
GGCGTtaactccaggagTATATAAACTCAT

344_YLR268w/Sec22:TAvariants_AGA
AGG_0_1_

ggttctggatcaggttcaAGAAGGTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTC CGTCTTTCTCTTCTGGTGGATCTTCC
TCtaactccaggagTATATAAACTCAT

345_YPL192c/Prm3:TAvariants_CGTA
GGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGA ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGCAGT
TAAAtaactccaggagTATATAAACTCAT

346_YMR183c/Sso2:TAvariants_CGTA
GGCGTAGA_0_1_

gettctggatcaggttcaCGTAGGCGTAGAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTTGTG
GAAtaactccaggagTATATAAACTCAT

347_YbRO56W-
A/Mncl:TAvariants_1_5_

ggttctggatcaggttcaGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCTAATTGATCTATGT
TGTtaactccaggagTATATAAACTCAT

348_YbRO56W-
A/Mncl:TAvariants_5_1_

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTtaactccaggagTATATAAACTCAT

349_YbRO56W-
A/Mncl:TAvariants__5_0_CGTAGA

gettctggatcaggticaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACGTTTTATGTTGTCTGTGTCT
ACGTAGAtaactccaggagTATATAAACTCAT

350_YBR162w-
A/Ysy6:TAvariants__5_0_AGACGTAG
GCGT

ggttctggatcaggttcaGTGATATCCAAAACTTGGTTGGGTATTCTTCTGTTTCTTCTCGTAGGTGGTGGTG GCAACTAATCAGCTATATCAGACG
TAGGCGTtaactccaggagTATATAAACTCAT

351_YLR238w/Far10:TAvariants__5_0
_AGACGTAGGCGT

ggttctggatcaggttcaACGCTATGTAATCATTTCACACTATTAACATTTGGAACTATTTCCATCGGGATTATAGCTATTGTCTTCAAGATCCTTAGACGT
AGGCGTtaactccaggagTATATAAACTCAT

352_YLR093c/Nyv1:TAvariants_ 5_0_
AGACGTAGGCGT

ggttctggatcaggttcaCAGAAGGTCAAAAATATTACGTTATTAACTTTCACTATTATACTATTTGTAAGTGCTGCTTTCATG TCTATCTGAGACGT
AGGCGTtaactccaggagTATATAAACTCAT

353_YALO30w/Sncl:TAvariants__5_0
_AGACGTAGGCGT

gettctggatcaggttcaCTAAAAATGAAGATGTGTCTGGCTTTAGTAATCATCATATTGCTTGTTGTAATCATCGTCCCCATTGCTGTTCACTTTAGACGT
AGGCGTtaactccaggagTATATAAACTCAT

354_YGL098w/Usel:TAvariants_CGTA
GGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGATACTTG ATATTACTG CATTTTTATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAATTAT
TCCCGtaactccaggagTATATAAACTCAT

355_YPL192¢/Prm3:TAvariants__5_0_
CGTAGA

gettctggatcaggttcaGAGAATAAGGGTTCA ACCAAGGTGCCA CGGTTCGTTCCTTGGTGCTGCTGTAACTACTG AAGTAACCTAGC
AGTTCGTAGAtaactccaggagTATATAAACTCAT

356_YMR183c/Sso2:TAvariants__5_0
_CGTAGA

ggttctggatcaggttcaGCAAGAAAAAACAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTT
GTGCGTAGAtaactccaggagTATATAAACTCAT

357_YNLO70w/Tom7:TAvariants__ 5_
0_AGACGTAGGCGT

ggttctggatcaggttcaGAACGTATTTCCAAAA AACTTTGACTCATAATGTAGCACATTATGGCTGGATCCCATTTGTTTTGTATTTGGGCTGGAG
ACGTAGGCGTtaactccaggagTATATAAACTCAT

358_YNL131w/Tom22:TAvariants__5
_0_AGACGTAGGCGT

gettctggatcaggttcaACAAAATCCGGAAACCTTGCTTGGACTTTGACCACCACTGCTTTGTTACTCGGTGTGCCACTATCCTTATCTATACTTGCCAGA
CGTAGGCGTtaactccaggagTATATAAACTCAT

359_YILO04c/Betl:TAvariants__5_0_A
GACGTAGGCGT

ggttctggatcaggttcaGCCAGAAGATCTGGGATCAGTATAAAAACATGGTTAATAATATTTTTTATGGTAGGCGTGCTA’ GGGTATGGATTA
GACGTAGGCGTtaactccaggagTATATAAACTCAT

360_YOR324c/Frt1:TAvariants__5_0_
AGACGTAGGCGT

gettctggatcaggttcaACGAAATCCATCTACCTGTATAGGTATTTCATCATTGACATTATTGCATTTCTTTTGATGGGCGGCTTTATCGTTTACGTCAGA
CGTAGGCGTtaactccaggagTATATAAACTCAT

361_YPL232w/Ssol:TAvariants_ 5_0_
AGACGTAGGCGT

ggttctggatcaggttcaAAGAACAAGATTAGATGTTGGTTGATTGTATTCGCCATCATTGTAGTCGTTGTTGTTGTCGTTGTTGTCCCAGCCGTTGTCAG
ACGTAGGCGTtaactccaggagTATATAAACTCAT

362_YOR327c¢/Snc2:TAvariants__5_0_
AGACGTAGGCGT

ggttctggatcaggttcaGATCTAAAAATGAGAATGTGTTTATTCTTAGTTGTTATTATTTTACTAGTGGTAATTATCGTTCCTATCGTCGTCCATTTCAGA
CGTAGGCGTtaactccaggagTATATAAACTCAT

363_YDR281c/Phm6:TAvariants__5_0
_AGACGTAGGCGT

gettctggatcaggttcaGGGTTTCTCGAGGAACTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGGTC ATGTGAG
ACGTAGGCGTtaactccaggagTATATAAACTCAT

364_YLR268w/Sec22:TAvariants_CGT
AGGCGTAGA_0_1_

ggttctggatcaggttcaCGTAGGCGTAGATTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTCT CGTCTTTCTCTTCTGGTGGA
TCTTCCTCtaactccaggagTATATAAACTCAT

365_YGL098w/Usel:TAvariants__5_0
_CGTAGA

gettctggatcaggttcaAAGAGTAAATTGAGTTACTTG ATATTACTG CATTTTTATGATTCTCGGACTGGTGTTTACATTTATCATAATTCAAT
TATTCCGTAGAtaactccaggagTATATAAACTCAT

103



Appendix I: 8.1 Supplementary

4 366_YbROS6W-
A/Mncl:TAvariants__5_0_AGACGTAG

gettctggatcaggticaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACGTTTTATGTTGTCTGTGTCT
AAGACGTAGGCGTtaactccaggagTATATAAACTCAT

GCGT

4 367_YLR268w/Sec22:TAvariants__5_0 ggttctggatcaggttcaGCGCAAAAGATCAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTCTTTTTCGTCTTTCTCTTCTGGT
_CGTAGA GGATCTTCCGTAGAtaactccaggagTATATAAACTCAT

4 368_YPL192c/Prm3:TAvariants__5_0_ gettctggatcaggttcaGAGAATAAGGGTTCATTTTACCAAGGTGCCATTTTCGGTTCGTTCCTTGGTGCTGCTGTAACTACTGTTTTAAGTAACCTAGC
AGACGTAGGCGT AGTTAGACGTAGGCGTtaactccaggagTATATAAACTCAT

4 369_YMR183c/Sso2:TAvariants__5_0 ggttctggatcaggttcaGCAAGAAAAAACAAAATAAGATGTTTGATCATCTGCTTTATTATCTTTGCTATTGTTGTTGTCGTTGTGGTTGTTCCATCCGTT
_AGACGTAGGCGT GTGAGACGTAGGCGTtaactccaggagTATATAAACTCAT

4 370_YbRO56W-
A/Mncl:TAvariants_5_5_

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTAACTGTGGCGATTGCTGTTCAGCAATTGCGAACG ATGTTGTCTGTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 371_YbRO56W-A/Mncl:shuffled

gettctggatcaggttcaCCACCAAGAAATGATGTTCTGTGTTGTCTAGATTGTTCAATTAACTGTTGTAACGCGTGTTGCTGTGCATGTTGTTGTGGCTT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 372_YbR0O56W-A/Mncl:shuffled

ggttctggatcaggttcaCCACCAAGAAATGATTGCCTGGGCTGTCTATTAGTTAACGCGATTGCATGTTGTTGTAACTGTTGTGATTGTTCATGTTGTTG
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 373_YbRO56W-A/Mncl:shuffled

gettctggatcaggttcaCCACCAAGAAATGATTGTCTAATTGCGGTTGGCTGTTGTTCATGTTGTCTGTTAGCAAACTGTAACTGTGATTGTTGCTGTTG
TATTGATCTATGTTGTtaactccaggag TATATAAACTCAT

4 374_YbRO56W-A/Mncl:shuffled

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTAACTGTGATGGCCTATGTCTGTGTTCATGCTGTTGTTGTGTTAACGCGTGTGCAA ATG
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 375_YbRO56W-A/Mncl:shuffled

gettctggatcaggttcaCCACCAAGAAATGATCTATGTTCAGCGAACTGTAACTGTGTTTGTTGTGCATTATGTTGTTGTCTGGGCTGTATTGATTGTTG
CATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 376_YbRO56W-A/Mncl:shuffled

ggttctggatcaggttcaCCACCAAGAAATGATTGTAACTGTGTTTGTTGTA ATCATGTTGCCTGGATAACTGTCTATGTGGCGCATGTGCGTGTTG
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 377_YbRO56W-A/Mncl:shuffled

ggttctggatcaggttcaCCACCAAGAAATGATCTATGTGATTGTGCATGTTGTTTATGTAACGGCGCGGTTTCATGCAACTGTTGTTGTTGTTGTCTGAT
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 378_YbRO56W-A/Mncl:shuffled

gettctggatcaggttcaCCACCAAGAAATGATAACTGTTGCGTTCTATGTTCATGTGCACTGTTATGTTGTTGTTGTGATATTTGTGCGGGCAACTGTTG
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 379_YbRO56W-A/Mncl:shuffled

ggttctggatcaggttcaCCACCAAGAAATGATGCGCTGGTTAACTGTTGTTGTTGTGATTGTTGTCTAGGCTGCTGTTGTTCATGTTTAATTAACTGTGC
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 380_YbR0O56W-A/Mncl:shuffled

gettctggatcaggttcaCCACCAAGAAATGATGTTGGCTCATGTGATGCGTTATGTTGCCTATGTTGTTGTTGTCTGTGTATTTGTTGTAACAACTGTGC
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 381_YbRO56W-
A/Mncl:shuffled_fixed_C

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTTTATGTGTTGCGTGTTGTTCAAACAACGCACTGCTAGGCTGTTGTATTTGTGA
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 382_YbRO56W-
A/Mncl:shuffled_fixed_C

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTGTTTGTGGCGCGTGTTGTTCATTACTACTGATTAACGATTGTTGTGCATGTAA
CATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 383_YbRO56W-
A/Mncl:shuffled_fixed_C

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTGCGTGTCTAAACTGTTGTCTGGCAGGCGTTGATAACTCATGTTGTATTTGTTT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 384_YbRO56W-
A/Mncl:shuffled_fixed_C

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTGTTTGTAACGATTGTTGTGGCCTAGCATTACTGGCGATTTGTTGTTCATGTAA
CATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 385_YbRO56W-
A/Mncl:shuffled_fixed_C

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTCTGTGTGCGCTATGTTGTGATGGCGTTAACTCATTAGCATGTTGTAACTGTAT
TATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 386_YbRO56W-
A/Mncl:shuffled_fixed_C

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTGTTTGTGATCTGTGTTGTATTTTAAACGGCGCACTATCATGTTGTAACTGTGC
GATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 387_YbRO56W-
A/Mncl:shuffled_fixed_C

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTGCATGTCTAGTTTGTTGTCTGAACGATGGCGCGTTAATTTGTTGTAACTGTTC
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 388_YbRO56W-
A/Mncl:shuffled_fixed_C

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTATTTGTGATGCATGTTGTGGCAACCTGG ATCAGCGTGTTGTCTATGTAA
CATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 389_YbRO56W-
A/Mncl:shuffled_fixed_C

ggttctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTTTATGTGCGGCATGTTGTAACGATGGCTCACTGATTGTTTGTTGTAACTGTCT
AATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

4 390_YbRO56W-
A/Mncl:shuffled_fixed_C

gettctggatcaggttcaCCACCAAGAAATGATTGTTGTTGTTGTTGTGATTGTCTGGGCTGTTGTAACTTAAACGTTGCATCACTATGTTGTATTTGTGC
GATTGATCTATGTTGTtaactccaggagTATATAAACTCAT

Table S 5. Primers.

Primer Sequence Description

TMDpool-fw CAGAAGTTGATTTCTGAAGAAGACCTCGGTTCTGGATCAGGTTCA forward primer to amplify TMD oligo
pools and extend the homology arms

TMDpool-rev ACTCTTTATTCCTACATAAGTAAATGAGTTTATATACTCCTGGAG reverse primer to amplify TMD oligo
pools and extend the homology arms

TMDamp-fw CTACACGACGCTCTTCCGATCTNosATGGACGAATTGTACAAGGA mixture of four primers with 0, 2, 3
or 5 degenerate (N) positions

TMDamp-rev GACGTGTGCTCTTCCGATCTNosCGAATTCAAGCTTAGATCTGATA mixture of four primers with 0, 2, 3

P5_Scriptseq

CTTCCGAT*C*T
P7-ix_Scriptseq

GTGTGCTCTTCCGAT*C*T
mNG-TMD-fw
mNG-TMD-rev

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CAAGCAGAAGACGGCATACGAGAT_ix_GTGACTGGAGTTCAGAC

TTCTTCGAAGAATATACTAAAAAATGAGCAGGCAAGATAAACGAAGGCA
AAGATGCGCACTTAACTTCGCATCTG
TATATACACATGTATATATATCGTATGCTGCAGCTTTAAATAATCGGTGT
CACTACCTTCCTTCGTTCTTCCTTC

or 5 degenerate (N) positions
*phosphorothiolate bond

_ix_indicates a 6-nucleotide plate-
specific index;

*phosphorothiolate bond

forward primer to amplify kanMX-
GPDpr-mNG-TMD cassette
reverse primer to amplify kanMX-
GPDpr-mNG-TMD cassette
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Table S 6. Individual Oligonucleotides encoding TMD variants.

Oligo

Sequence

YDL241w_shuffled_1
YDL241w_shuffled_2
Ubc6_shuffled_1
Ubc6_shuffled_2
Scs2_shuffled_1
Scs2_shuffled_2
Gos1_shuffled_1
Gos1_shuffled_2
Vam3_shuffled_1
Vam3_shuffled_2
Usel_TAvariants_ 5 0
_AGACGTAGGCGT
Sec22_TAvariants__5_
0_AGACGTAGGCGT
Sec20_variantl
Sec20_variant2
Sec20_var3
Sec20_var4d
Sec20_var5
Sec20_26V_Ncharge
Sbh1_26V_Ncharge
Phm6_26V_Ncharge

Scs2_26V_Ncharge

Bosl_26V_Ncharge

ggttctggatcaggttcaAGGCCTTCTCATTCTCTCTATTTCACAATAGTGTTTGTCATGTTGGCCCTGCTAAAAATTACCtaactcc
aggagTATATAAACTCAT
ggttctggatcaggttcaAGGCCTTCTCATTCTCTATTCGCCCTCACCATAGTCCTGATGTATTTGAAATTTGTGATTACAtaactcc
aggagTATATAAACTCAT
ggttctggatcaggttcaCCTAATGATAGTTCTTATGGTGTTATTTTTTTTGCTTTGTTTATTTCAATGCTTATGGTTTTGGGCATC
AAAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaCCTAATGATAGTTCTTTTGGCATTTCACTTATGGTTGGTTTTTATTTGGCTGTTTTGTTTATTATGATC
AAAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaAATGAATCATCCAGCATCTTCTTGTTCGGTCTCTTAATGATAGGACTTGTTTTGGCAATAGTTTGGT
ACAGAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaAATGAATCATCCAGCTTGGGTATCATAGTTCTCTTCCTTATGTTAATATTCTTGGTTGCATGGTACG
GAAGAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaAGAAGGAAGAAAAACTTGACCTTTACCTTCGCCGTAACAGCGTGTCTGTTGCTTATAATATTTACGT
TTTGGtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaAGAAGGAAGAAAAACTTTACGTTTCTTTTTACCGTATGTATATTCGCCATACTGACCGCGACATTGT
TGTGGtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaAACAAATGCGGTAAGACCGCTATAATGATAGTCGTGTTAGTATTGATCATTCTTGTATGCGTGGTT
CTAAGTtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaAACAAATGCGGTAAGGTAATTATAGTTGTGACCGTAGCTGTCGTGTTGATCTTAATGTGCCTTATA
CTAAGTtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaAAGAGTAAATTGAGTTACTTGTTTTATATTACTGTTTTCATTTTTATGATTCTCGGACTGGTGTTTAC
ATTTATCATAATTCAATTATTCAGACGTAGGCGTtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaGCGCAAAAGATCAACTTCGATCTCTTGATCAGTCAATATGCTCCTATTGTCATTGTCGCTTTCTTTTT
CGTCTTTCTCTTCTGGTGGATCTTCAGACGTAGGCGTtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGC
GTCGTATTTTCAAGCATGATGAGCTAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGC
GTCGTATTTTCAAGTTACCTGTTAAACTCGGCCATGATGAGCTAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGC
GTCGTATTTTCAAGggcagtggttctggatccCATGATGAGCTAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGC
GTCGTATTTTCAAGggcagtggttctCATGATGAGCTAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaCAAGAGAAACGAGATGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGC
GTCGTATTTTCAAGggcagtCATGATGAGCTAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaCAAtctAAACGAaagGTCTATTTATCACTTGGGTTCCTCCTATGCTGCGTCTCGTGGGTTCTATGGGTT
GTCGTAGTTGTCGTAGTTGTCGTACGTtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaCTAAGAGTAQagagaTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTCTGTTGTTGCATTACAT
GTTATTTCTGTTGTCGTAGTTGTCAAAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaGGGagaCTCaagaagCTCATCATCGTCATTATTATTGTGTTGCTGTTGTACAGTTTGACAATGGTAGG
TCTTTTTTATGTGGTTGTCGTAGTTATGtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaAATagaTCAaagaagATGGGTATATTCATATTGGTTGCACTCCTTATCTTGGTTTTAGGATGGTTCTAC
GTTGTCGTAGTTGTCGTAGTTGTCAGAtaactccaggagTATATAAACTCAT
ggttctggatcaggttcaGTGTTCAAAagaAAACTAGTCTTTTGGATCGCGTTAATTCTCTTGATCATAGGTATTTATTATGTGTT
GGTTGTCGTAGTTGTCGTAGTTGTCAAAtaactccaggagTATATAAACTCAT

Table S 7. List of general consumables, machines and software used.

General solutions or chemicals

Item

Supplier

Velocity DNA polymerase

Meridian Bioscience

NEBNextUItra DNA library prep kit New England Biolabs

cytosine

5-fluorocytosine

BIC0713, Apollo Scientific
PC3735, Apollo Scientific

Monosodium glutamic acid (MSG) G1626, Sigma-Aldrich
Canavanine C1625, Sigma-Aldrich
Thialysine A2636, Sigma-Aldrich
G418 A291-25, Biochrom

Hygromycin B Gold
clonNAT
Adenine

Concanavalin A

ant-hg-5, Invivogen
5.0, Werner BioAgents
A8626, Sigma-Aldrich
C2010, Sigma-Aldrich
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Bacto yeast extract
Bacto peptone
Bacto agar

Bacto yeast nitrogen base without amino acids
Bacto yeast nitrogen base without amino acids
and ammonium sulfate

Yeast Nitrogen base without Amino acids and

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

BD Biosciences

BD Biosciences

Opera Phenix

Infinite M1000 plate reader
ChemiDoc imaging system
Thermoshaker

Professional Trio Thermocycler

PerkinElmer
Tecan
BioRad
Eppendorf

Biometra

without Folic Acid and Riboflavin. LoFlo FORMEDIUM
Gentra Puregene Yeast/Bact. Kit B Qiagen
Plasmid Miniprep Kit Qiagen
QlAquick gel extraction kit Qiagen
MiSeq Standard FC (300 cycles) v2 Illumina
NextSeq 500/550 Mid Output Kit v2.5 (300
cycles) Illumina
Ethanol Sigma Aldrich
Sodium chloride (NaCl) Sigma Aldrich
PhenoPlate 384-well microplates PerkinElmer
PhenoPlate 96-well microplates PerkinElmer
Table S 8. List of software used.
Software
Item Developer Identifier
Adobe lllustrator 24.3 Adobe
Microsoft Excel Microsoft
R studio 1.2.5033 R studio PBC
Image) (Schneider et al., 2012) https://imagej.nih.gov/ij/
Imagelab Bio-Rad www.bio-rad.com/en-hk/product/image-lab-software?|
Phobius (Kall et al., 2004)
SignalP (Mitchell et al., 2019)
NLStradamus (Nguyen Ba et al., 2009) https://www.moseslab.csb.utoronto.ca/NLStradamus/
TMHMM (Krogh et al., 2001)
Table S 9. List of machines used.
Machines
Item Supplier
ROTOR Singer Instruments
PIXL Singer Instruments
PhenoBooth Singer Instruments
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8.2 LIST OF ABBREVIATIONS

AA —amino acid

AAA - ATPase associated with diverse cellular activities
ADE - adenine

CRISPR - clustered regularly-interspaced short palindromic repeats
CFTR - cystic fibrosis transmembrane conductance regulator
CYSTM - cysteine-rich transmembrane module

DMS - deep mutational scanning

DNA - deoxyribonucleic acid

DSB — double strain breaks

DUB — deubiquitinase

EMC - ER-membrane protein complex

ER - endoplasmic reticulum

ERAD - ER-associated degradation

ER-SURF - ER surface retrieval pathway

FC — fluorocytosine

FHH - familial hypocalciuric hypercalcemia

FISH - fluorescent oligonucleotide probes

FU — fluorouracil

Gal — galactose

GET - guided entry of tail-anchored protein

GPI - glycosylphosphatidylinositol

HR — homologous recombination

IACS - image-activated cell sorting

iPAL - imaging pooled-to-arrayed libraries

MAD - mitochondria-associated degradation
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MPP - mitochondrial processing peptidase
MRP - mitochondrial ribosomal protein
MSF - mitochondrial import stimulation factor
MTS - mitochondria-targeting sequence
MNG — mNeonGreen

mSc-1 — mScarletl

NE - nuclear envelope

NGS — next-generation sequencing

NHEJ - non-homologous end joining

NLS - nuclear localization signal

NoS - nucleolar localization signal

NSHPT - neonatal severe hyperparathyroidism
OMM - the outer mitochondrial membrane
ORF — open reading frame

PI4P - phosphatidylinositol 4-phosphate
PM — plasma membrane

PTS - peroxisomal targeting signal

Raf — raffinose

QC — quality control

RNA —ribonucleic acid

RNC - ribosome-nascent chain complex

SR - SRP receptor

SRP - signal recognition particle

SPC - signal peptidase complex

TA - tail-anchored

TIM - translocase of the inner membrane

TMD - transmembrane domain
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TOM - translocase of the outer membrane
TPR — tetratricopeptide

v-SNARE - vesicle membrane receptor protein
UBQLNSs - ubiquilin family proteins

UPS — ubiquitin-proteasome system

URA — uracil
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