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Mechanistic investigation of protein homeostasis by two key factors, ATAD1 and elF2A

Hannah Toutkoushian

ABSTRACT

Maintaining protein homeostasis is essential for a proper functioning cell. From the time a polypeptide
chain begins to be synthesized to the time the final product arrives at its destination there is an incredible
amount of regulation taking place. The dysregulation of these processes can have disastrous effects for the
cell. In this thesis I will be exploring two important areas of regulation: translation initiation and protein
targeting. In Chapter 1, I will show structural, biochemical, and cell-based data characterizing the AAA
ATPase ATADI. ATADI is tasked with removing mistargeted tail-anchored proteins from the
mitochondrial outer membrane. Through cryo-electron microscopy, we solved the structure of this protein
with a peptide trapped in the central pore and designed a cell-based assay to validate structure-based
predictions. We identified conserved structural elements that are essential for the function of ATADI, in
particular, the unusually aromatic nature of the pore loops that enable ATADI to extract it’s hydrophobic

substrates.

In Chapter 2, I will be describing our characterization of an alternative translation initiation factor
eukaryotic initiation factor 2A (e[F2A). From the initial discovery of this protein in the 1970’s, eIF2A has
been implicated in non-canonical translation initiation processes and has been shown to be important for
responding to stress. Using available genome-wide genetic interaction datasets for Saccharomyces
cerevisiae, we identified and characterized the genetic interaction between elF2A and TIF1 (the DEAD-
box helicase component of the e[F4F complex, e[F4A). We found that strains with both proteins deleted
exhibited translational reprogramming that resulted in a sensitivity to metabolic stressors. As an exciting

entry into detailed in vitro characterization, we also overcame a hurtle in the recombinant expression of

vi



the human version of elF2A and have begun re-examining the previously held assumptions about the

mechanism of eI[F2A-dependent translation.

vii



TABLE OF CONTENTS

Chapter 1: Conserved structural elements specialize ATADI1 as a membrane protein extraction

INACKIIIE .ottt ettt e e e e e et eeeese e e et e e eeesasaaaaeeeeessasaaaaeeeeesesanaaaaaeeeeesaaaateeeesesanaaaaeeeeas 1
SUIMIMATY <.ttt ettt ettt ettt sttt naeaennes 2
5910 (0 Ye L0115 10 ) 4 WUNUUUURROUR RSOOSR 3
RESULLS ...ttt ettt et et s et s et e st e st e s et e e et e es e e st sestsesesesesete st e st asstassteenteartsartsaresanesanesans 6

Hinge motion between the large and the small AAA domains accompanies subunit

TLANSIOCATION ..c.eviiiiitetc ettt 7
A unique a-helix at the C-terminus mediates intersubunit interactions ............c..ceceevuenee. 8
Direct visualization and quantification of ATADI1’s activity in cells ........cccoeceeverenennee. 10

The highly aromatic central pore of ATADI is crucial for substrate binding
AN EXITACTION .....viiiiieiieiieitetet ettt ettt st 14

Multiple aromatic amino acids in the central pore are essential for ATAD1’s function.. 15

DIISCUSSION 1.ttt ettt et et h et b e st et s bt bt e e b e she e st et e e bt ea e et e s bt ebeemt e besbeeseenaeebesaeenee 16
FAUTES ...ttt sttt s h et e b bt e a et s bt bt et et bt e st et b eaeenee 19
Materials and MEHOAS .....c..eoiiiiiiiieie ettt 45
RETETEICES ...ttt ettt ettt s b et e st s bt e st e e b sae e 51

Chapter 2: Characterization of the alternative translation initiation factor eukaryotic initiation factor

2A (RIF2A) ettt ettt a bttt h et h ettt e et h et et sttt b et et st ene et nen 58
IIETOAUCTION ..ttt sttt b e s bt ettt b e e bt ettt e be et e te s bt e st e aeebesaeenee 59

RESUILS ...ttt b et b e e et ettt s be et et bt et et b st enee 65

elF2A and elF4A (TIF1) interact genetically in Saccharomyces cerevisiae .................... 65

Strains without eI[F2A and TIF1 show a strong defect in translation ............ccccceevvenennnen. 66

viii



Ribosome profiling shows translational changes in the AeIF2AATIF1 background........ 66

AelF2AATIF1 yeast exhibit a sensitivity to homeostatic Stressors..........eevevvererereeneennene 68
Recombinant expression 0f @IF2A.........ccoccvviiiiiniieiece e e 69
Preliminary elF2A in vitro binding @SSAYS ........ceecveriiiienieriesienienieseeseeeseneseeesneseeenes 72
DIISCUSSION 1.ttt ettt h et b et e e st s bt e et e she e st et e bt ea e e e e st e e bt emt e tesbeeseenteebesaeenee 74
FRUTES ..ottt s e st e st e stae st e s st e s seessaessaessaesaeesasessseaseeasaesseesneenneenneennes 76
Materials and METROAS ..ottt 86
RETEIEIICES ...ttt sttt st s et e st ee e s s ee 91

X



LIST OF FIGURES

Figure 1.1 Architecture of the A40-ATAD1"'*-substrate COmMPIEXES...........o.ovreerervrrerreiereeiererereinanns 20
Figure 1.2 Helix 11 resides at the intersubunit interface of ATAD .....cc.cocoviiiiiiniiienineeeeeeee 21

Figure 1.3 A microscopy assay allows for the direct measurement and quantification of ATADI’s

Y018 A4 USSR 22
Figure 1.4 Helix a11 mediates hexamer assembIY .........c.cccevvveriirieniinieiie et 24

Figure 1.5 Pore-loop 1 aromatic amino acids are important for ATAD1’s function both in vivo and

BT VITFO ettt et et ettt ettt et e h e et e b e ettt et e b e e bbbt b e bt e bt e bt e bt e bt e bt e nheesb e e beenee 25
Figure 1.1 — Figure supplement 1 Sequence alignment of AAAMC PTOLEINS ......ovververieriiniereeienieneeeene 26
Figure 1.1 — Figure supplement 2 Size exclusion trace of A40-ATADI®'Q ... 27
Figure 1.1 — Figure supplement 3 Cryo-EM processing of the A40-ATAD1*'**®substrate

(670001 0) 155U 28

Figure 1.1 — Figure supplement 4 Hinge motion between the large and the small subdomain

ACCOMPANIES SUDUNIE MOVEIMICIILS ......eeuvieeiieiieieeieeieesieesteesseesseesseesseesseesseesseesseessessssesseesseessesssesssassseesseenses 30

Figure 1.2 — Figure supplement 1 Helices a11 form an additional spiral staircase beneath

JoTe it (00} o J0C TPV UYRPUOURPTRRS 31

Figure 1.2 — Figure supplement 2 ATADI possesses a unique helix at the C-terminus that is

structured differently from those in other AAAMC PIOtEINS .....ovveruieriiriiriieieiieieeee e 32

Figure 1.3 — Figure supplement 1 Verification of ATAD]1 knockout by western blot ...........c.cccceueneee. 33

Figure 1.3 — Figure supplement 2 Live-cell imaging showing the ATAD1 dependent localization
OF EGFP-PEX20 ....ceiiiiiiiie ettt st 34

Figure 1.3 — Figure supplement 3 Live-cell imaging showing the ATAD1 dependent localization
Of EGFP-G0828 in WT HELA CIIS ..c..eoiiiiiiieiiiieieee ettt 35



Figure 1.4 — Figure supplement 1 Reproducibility of EGFP-Gos28 mislocalization in live-cell

imaging with expression Of AT T MULANT ......c..ooiiiiiiiiiiieee ettt 36

Figure 1.4 — Figure supplement 2 ATAD1Aa11 expression level impacts substrate mislocalization

I WT HELA CEILS ettt e e e et e e e e e s et b e e e e s e sasaaaeeeesssssenaaeeeesssssnnaraeeeas 37

Figure 1.4 — Figure supplement 3 Size exclusion chromatography of A40-ATAD1 and A40-
ATADTAGLT ..ottt sttt a et aeeae s 38

Figure 1.4 — Figure supplement 4 Testing the effect of the disease-relevant mutations of ATADI ....... 39

Figure 1.4 — Figure supplement 5 ATPase assay of A40-ATAD1 and A40-ATAD1Aall ..................... 41

Figure 1.5 — Figure supplement 1 Live-cell imaging showing the pore-loop dependent localization

Of EGFP-G0S28 il ATAD I HELA CEIIS ..ottt eeee e e e e e eeeeseeeeeeeeseseseseeeeneens 42

Figure 1.5 — Figure supplement 2 Reproducibility of EGFP-Gos28 mislocalization in live-cell

imaging with expression of Pore LoOP MULANTS ........cc.eoirieiieririrteee ettt 44
Figure 2.1 PTEN does not have isoform specific changes in eIF2A knockout HeLa cells........................ 76
Figure 2.2 eIF2A and TIF1 have a synthetic growth defect..........cccovvveviiiciiniieniiirieriereee e 77
Figure 2.3 General translation is downregulated in the AeIF2AATIF1 background...........cceccevveriinnenncnne. 78

Figure 2.4 Ribosome profiling analysis reveals transcripts dependent on the combined presence

of eIF2A and TIF1, with a distinct lack of changes in the AelF2A background ...........ccccoevvvviriervennnnne. 79

Figure 2.5 The AeIF2AATIF1 strain exhibits metabolic reprogramming and an increased sensitivity

1O NOIMIEOSTATIC STIESSOTS ...vvvieieeeeeeieiieeeeeeeeeeeeeeeeeeeeteeeeeeeseeeaaaeeeeeseaeeasaeeeesssssaassaeesssssassaseeessssssnssseeessssssnnes 80

Figure 2.6 Expression and purification of 6xHis-elF2A in E.coli results in the purification of the

endogenous Protein, GIMS. .........ccoeviiiieiieieieee et se et et e st e e steessaesseesseesaessaessaesseesseensns 82

Figure 2.7 elF2A is readily expressed in Expi293 cells and elutes as a dimer on the size exclusion

Figure 2.8 Preliminary binding experiments show 6xHis-ybbR-eIF2A has a moderate affinity for
ribosomal subunits and a weak affinity for mMRNA/tRNA .......ccoooiiiiiiiiieieeceeeee e 84

Xi



Figure supplement 2.1 WT and AelF2A cells have similar polysome profiles

Xii



LIST OF TABLES

Table 1.1: Cry0-EM data analySis.........ccccverierierienieniesiesieseeseeseestteseessresssesseesseesssesssesssesssesssessessnenns 19

Table 2.1: Antibodies for validation of ribosome profiling hits............ccccoeevreirrviiecieciincieieee e 89

Xiii



ADH4
ATADI1
ATF4
BCL
BiP
Cryo-EM
EIF2
EIF2A
EIF4A
EGFP
ER
EMAP
ESCRT
GCN4
GET
GLMS
HCV
HEK
IRES
ISR
MOM
MSP1

PARS

LIST OF ABBREVIATIONS

ATPase associated with diverse cellular activities
alcohol dehydrogenase 4

ATPase family AAA domain containing 1
activation transcription factor 4

B-cell lymphoma

binding immunoglobulin protein

cryo-electron microscopy

eukaryotic initiation factor 2

eukaryotic initiation factor 2A

eukaryotic initiation factor 4A

enhanced green fluorescent protein

endoplasmic reticulum

epistatic mini array profiles

endosomal sorting complexes required for transport
general control nondepressible 4

guided entry of tail-anchored proteins
glutamine--fructose-6-phosphate aminotransferase
hepatitis C virus

human embryonic kidney

internal ribosome entry site

integrated stress response

mitochondrial outer membrane

mitochondrial AAA-ATPase

parallel analysis of RNA structure

X1V



PTEN

RPKM

SCC

SNARE

TA

TE

TORCI1

TRC

tRNA;

uORF

phosphatase and tensin homolog

reads per kilobase of transcript, per million mapped reads

squamous cell carcinoma

soluble N-ethylmaleimide-sensitive factor attachment protein receptor
tail-anchored

translational efficiency

target of rapamycin complex 1

transmembrane domain recognition complex

initiator tRNA

upstream open reading frame

XV



CHAPTER 1

Conserved structural elements specialize ATAD1 as a membrane protein extraction
machine



SUMMARY

The mitochondrial AAA protein ATADI (in humans; Msp1 in yeast) removes mislocalized membrane
proteins, as well as stuck import substrates from the mitochondrial outer membrane, facilitating their re-
insertion into their cognate organelles and maintaining mitochondria’s protein import capacity. In doing
s0, it helps to maintain proteostasis in mitochondria. How ATAD] tackles the energetic challenge to
extract hydrophobic membrane proteins from the lipid bilayer and what structural features adapt ATAD1
for its particular function has remained a mystery. Previously, we determined the structure of Mspl in
complex with a peptide substrate (Wang et al., 2020). The structure showed that Msp1’s mechanism
follows the general principle established for AAA proteins while adopting several structural features that
specialize it for its function. Among these features in Mspl was the utilization of multiple aromatic amino
acids to firmly grip the substrate in the central pore. However, it was not clear whether the aromatic
nature of these amino acids were required, or if they could be functionally replaced by aliphatic amino
acids. In this work, we determined the cryo-EM structures of the human ATADI in complex with a
peptide substrate at near atomic resolution. The structures show that phylogenetically conserved structural
elements adapt ATADI for its function while generally adopting a conserved mechanism shared by many
AAA proteins. We developed a microscopy-based assay reporting on protein mislocalization, with which
we directly assessed ATADI’s activity in live cells and showed that both aromatic amino acids in pore-
loop 1 are required for ATAD1’s function and cannot be substituted by aliphatic amino acids. In addition,
we also discovered a short a-helix at the C-terminus that strongly facilitates ATAD1’s oligomerization, a

structural feature that distinguishes ATAD1 from its closely related proteins.



INTRODUCTION

Mitochondria serve a multitude of functions, including ATP production, metabolism and proteostasis that
all require import of proteins from the cytosol (Pfanner et al., 2019). To ensure proper function, multiple
mechanisms facilitate faithful protein targeting and efficient protein import into the organelle. One of
these mechanisms is carried out by a protein on the mitochondrial outer membrane (MOM) named
ATADI (in humans; Msp1 in yeast). ATADI has important roles in various biological contexts
(Fresenius and Wohlever, 2019; Wang and Walter, 2020), including clearing out mistargeted proteins
from the mitochondria (Chen et al., 2014; Nuebel et al., 2021; Okreglak and Walter, 2014), extracting
mitochondrial precursor proteins stuck in the protein translocase channel during protein import overload
(Weidberg and Amon, 2018), and mediating apoptosis by removing a BCL-family member protein
(Winter et al., n.d.). In addition, ATADI has also been implicated in the regulation of synaptic plasticity
by mediating the endocytosis of neurotransmitter receptors from post-synaptic membranes (Wang and
Walter, 2020; Zhang et al., 2011). Among these, the removal of mistargeted tail-anchored (TA) proteins

from the MOM is ATADI1’s best understood function to date.

TA proteins are integral membrane proteins that are embedded in the membrane by a hydrophobic stretch
at the extreme C-terminus. They are targeted to organellar membranes post-translationally. The
endoplasmic reticulum (ER)-targeted TA proteins are delivered to the ER membrane by the TRC proteins
(Get proteins in yeast) (Favaloro et al., 2008; Schuldiner et al., 2008; Stefanovic and Hegde, 2007). From
there, they either stay on the ER membrane or travel to the peroxisome or other membranes along the
secretory pathway. By contrast, TA proteins on the MOM either insert spontaneously (Chio et al., 2017)
or are actively inserted by the mitochondrial import machinery (Doan et al., 2020). The partitioning of the
ER- and the mitochondria- targeted TA proteins relies on different biophysical properties of their

targeting signals (consisting of the transmembrane domain and the short segment C-terminal to it) (Chio



et al., 2017). Due to a number of similarities between the ER- and mitochondria-targeted TA proteins,
mistargeting happens in both directions. Recently, our lab and the Rutter lab independently discovered
that Msp1/ATADI could recognize the mislocalized TA proteins and extract them from mitochondria
(Chen et al., 2014; Okreglak and Walter, 2014). The extracted proteins are then correctly inserted into the
ER membrane, from which they travel to their cognate organelle or become degraded by the proteasome

(Dederer et al., 2019; Matsumoto et al., 2019).

ATADI is a member of a large family of proteins called the AAA (ATPase Associated with diverse
cellular Activities) proteins. It is strictly conserved from yeast to humans. Previously, we determined a
series of cryo-EM structures of the cytosolic domain of the Chaetomium thermophilum (C.t.) Msp1 in
complex with a peptide substrate (Wang et al., 2020). The structures revealed that Msp1 follows the
general principle established for many AAA proteins (Gates et al., 2017; Monroe et al., 2017; Pefia et al.,
2018; Puchades et al., 2020, 2017; Zehr et al., 2017): six Msp1 subunits form a helical hexamer
resembling a right-handed lock-washer that surrounds the substrate in a hydrophobic central pore.
Elements at the intersubunit interface couple ATP hydrolysis with stepwise subunit translocation to
unfold the substrate peptide in its central pore. The structures also revealed elements in Msp1 that are
adapted for its function of removing membrane proteins, one of which is an unusually hydrophobic
central pore. Whereas most AAA proteins extend only one short loop (pore-loop 1) containing a
conserved aromatic amino acid to directly contact the substrate, Msp1 utilizes a total of three aromatic
amino acids within two short loops to contact the substrate. We previously proposed that these aromatic
amino acids enhance the bulkiness and hydrophobicity of the pore-loops, giving Msp1 a firm grip on the
substrate to prevent it from backsliding, a feature that may be important for pulling hydrophobic

membrane proteins out of the lipid bilayer.



To test the importance of the additional aromatic amino acids, we previously mutated the second (Y167 in
S. cerevisiae (S. c.), corresponding to Y188 in C. ¢.) and the third (H206 in S. c., corresponding to H227 in
C. t.) aromatic amino acids to aliphatic or polar amino acids and measured their effects on yeast growth.
Surprisingly, while the Y167A mutation impacted Msp1’s activity, the Y167V or H206A mutation did
not have a significant impact on Msp1’s function. We hypothesized that this was perhaps because the
yeast growth assay provides an indirect readout (cell death) of Msp1’s function. In other words,
deficiencies in the protein’s activity could be masked by compensatory pathways promoting cell survival.
Therefore, in this study, we aimed to establish an assay that would allow the direct visualization of

protein mislocalization.

In addition to addressing these remaining questions concerning the pore-loops, we also explored unique
structural elements in ATAD1 that are not observed in its closely related family members. Within the
large AAA protein family, ATADI belongs to the “meiotic clade” (AAAwmc). Members of this clade
include microtubule severing proteins such as katanin and spastin, as well as the protein that disassembles
the ESCRT peptides, Vps4 (Frickey and Lupas, 2004). One of the unique structural elements shared by
these family members is a C-terminal extension of the classic AAA protein fold, helix a12. al2 is
important in hexamer assembly and protein function for AAAwc proteins (Sandate et al., 2019; Vajjhala
et al., 2008). The secondary structure prediction of ATAD1, however, shows the lack of a.12, and instead
predicts a longer 11 (the alpha helix proceeding it, Figure 1.1-figure supplement 1). Of note, there are
several disease-relevant mutations clustered around au11, making it particularly important to understand
this region in molecular detail: ROH, D221H and E290K are found in Schizophrenia patients (Umanah et
al., 2017); H357Rfs*15, (a frame shift mutation resulting in a 10 amino acid extension at the C-terminus)
is found in a family of patients with encephalopathy (Piard et al., 2018); and E267stop results in a
truncated protein that is missing a large portion of the C-terminal domain and is found in a family of

patients suffering from hypertonia, seizure and death (Ahrens-Nicklas et al., 2017). In the C.t. Mspl



structure, we did not observe density for a.11, which could be due to degradation or lack of rigid
secondary structure, leaving the structure and function of .11 unresolved. To address these questions, we
determined the structure of ATADI1 and tested the individual functional contributions of salient structural

features in a microscopy-based mislocalization assay.

RESULTS

To obtain a homogenous sample for structural analysis, we expressed human ATADI lacking the
first 40 amino acids (consisting of the transmembrane helix) with an N-terminal His-tag and bearing a
commonly used “Walker B” mutation that inactivates ATP hydrolysis but retains ATP binding (A40-
ATADI15'%39). A40-ATAD15'*? formed oligomers as assessed by size exclusion chromatography (Figure
1.1-figure supplement 2). We took the fraction corresponding to hexamers and incubated it with ATP

before preparing samples for cryo-EM imaging.

3D classification of the particles resulted in two distinct hexameric structures. In the first structure, the six
ATADI subunits (M1-M6) are arranged in a right-handed spiral with an open seam between the top and
the bottom subunits (45,003 particles analyzed, Figure 1.1-figure supplement 3B, Table 1.1), an
arrangement resembling the “open state” structure of Mspl (Wang et al., 2020), as well as other related
AAA proteins (Cooney et al., 2019; Han et al., 2019; Su et al., 2017; Sun et al., 2017; Twomey et al.,
2019; Zehr et al., 2017) (Figure 1.1A). Refinement of this structure resulted in a map with an average
resolution of 3.7 A. In the second structure, the subunits are arranged in a similar fashion as the first, with
the exception of M6, which is in transition to convert into M1 as part of the AAA protein functional
ATPase cycle and now bridges M1 and M5, closing the hexameric ring (96,577 particles analyzed). This
structure closely resembles the “closed state” structure observed in Msp1 (Figure 1.1B). Refinement of

this structure yielded a map with an average resolution of 3.2 A with most of the side chain densities



clearly visible, which allowed us to build an atomic model. Noticeably, the density of the M6 subunit in
the “closed state” structure was less well defined than the rest of the complex (local resolution ranging
from 4-6 A, Figure 1.1-figure supplement 3C), indicating a mixture of different states. A similar dynamic
nature of this subunit was also observed in the Msp1 structure (Wang et al., 2020) but the density was too
poorly resolved to be interpreted. By contrast, for ATADI1, we could identify secondary structure
elements clearly, which enabled us to build a polyalanine model for this subunit. In doing so, we were
able to analyze the interactions between M6 and neighboring subunits in the closed state, which was not

possible for Mspl.

Hinge motion between the large and the small AAA domains accompanies subunit translocation

The overall architecture of ATAD] closely resembles that of Msp1, pointing to significant
structure/function conservation throughout eukaryotic evolution. Six ATAD1 subunits rotate and
translocate progressively to form a hexameric spiral assembly. Each ATAD]1 subunit consists of two
subdomains, a large subdomain followed by a small subdomain (Figure 1.1C), and the nucleotide is
bound at the interface between the two. In the “open state”, all six subunits adopt similar overall
structures. To initiate the subunit translocation, the M6 subunit loses its bound nucleotide, and
translocates upward to bridge the gap with M1 (Figure 1.1-figure supplement 4A). Meanwhile, the small
subdomain of M5 rotates towards its large subdomain, allowing it to establish contacts with the small
subdomain of M6 in the “closed state” structure (Figure 1.1-figure supplement 4B). In the next step of
translocation, M6 continues to move upwards, assuming the M1 position (top position) in the open spiral,
detaching fully from M5, which now becomes the new M6, occupying the bottom position. Consequently,
the angle between the two subdomains of M5 widens, and the subunit resumes its original conformation
as it reaches the M6 position (Figure 1.1-figure supplement 4B and C). Similar hinge motions between
the two subdomains were observed previously: the crystal structure of the monomeric S.c. Mspl showed a

near 180-degree flip between the small and the large AAA domains and complete disruption of the



nucleotide binding pocket (Wohlever et al., 2017). It remained unclear, however, whether the flip resulted
from crystal packing forces or reflected a functionally relevant conformational change. The hinge motion
in ATADI1 observed here strongly argues that the two domains are connected by a flexible linker and
undergo significant rotations relative to each other in a nucleotide- and subunit position-dependent

mannecr.

A unique a-helix at the C-terminus mediates intersubunit interactions

While examining the interactions of the mobile subunit (M6) in the closed conformation, we noticed that
it is held in place by contacts on both sides: on the side of M5, substantial contacts exist between the large
and the small subdomains of the two subunits (Figure 1.1 — figure supplement 4D). By contrast, on the
side of M1, M6 is held in place by two contact points. One structural element stood out as it was not
observed previously in the C. ¢. Mspl structure (Wang et al., 2020): an a-helix at the extreme C-terminus
of M6 points towards the core 3 sheet of the large subdomain of M1. We next asked whether this a-helix
also mediates intersubunit contacts within the other subunits in the spiral. Indeed, slightly extended EM
density for this a-helix exists in other subunits as well (Figure 1.1C and Figure 1.2A). We modeled an o-
helix (11, amino acids 333-346) followed by a short turn (amino acids 347-351) into this density.
Density beyond that (amino acids 352-361) was not clearly visible indicating its lack of rigid structure. A
similar a—helix existed in the crystal structure of the monomeric S.c. Mspl (Wohlever et al., 2017).
However, the last few amino acids in that a-helix in the S.c. Mspl were replaced by amino acids left from

protease cleavage, making it difficult to interpret the original structure of this region.

In ATAD1’s helical assembly, six a1 1s form a staircase beneath pore-loop 3, which does not contact the
substrate directly but forms an interconnected network with pore-loops 1 and 2 that directly engage the

substrate (Figure 1.2 — figure supplement 1). Zooming in on a11 reveals that it lies at the interface



between two adjacent subunits (Figure 1.2A). It forms extensive contacts with both the rest of the subunit
and the counterclockwise (when viewed from the cytosol-facing side, as shown in figure 1.4) adjacent
subunit, bridging between the two (Figure 1.2B and D). In a1 1m4, for example, 1.336, A339 and 1340
pack against the core of M4 (Figure 1.2A); M343 rests on the interface created by M4 and M5, and A349
points to a hydrophobic groove formed by pore-loop 3 of the M5. Finally, both the side chain and the
backbone carbonyl of S346 form hydrogen bonds with R254 of M5 (Figure 1.2D). A few charged amino

acids (R254, K342, K344, K345, K347, E341 and D348) point into the cytosol (Figure 1.2C and 1.2E).

Interestingly, other AAAwmc proteins such as katanin, spastin and Vps4 are structured differently in this
region (Han et al., 2019, 2017; Sandate et al., 2019; Shin et al., 2019). For those proteins, a11 is shorter
(consisting of three helical turns instead of four as seen in ATAD1). It is followed by a loop and another
short helix, a12, that reaches across the intersubunit interface to contact the clockwise adjacent subunit
(Figure 1.2-figure supplement 2). a12 is functionally important as its deletion impacts oligomer assembly
and protein function both in vitro and in vivo (Vajjhala et al., 2008). Since ATAD1 lacks a12, and instead
has a longer a1 1, we hypothesized that a11 could also mediate hexamer assembly. If so, we expected that
a mutant version might fail to remove mislocalized membrane proteins in cells lacking wild-type (WT)
ATADI, but be unable to poison WT ATAD!’s activity, as it would not be able to incorporate into WT
hexamers. In other words, we expected it to display a recessive phenotype, rather than a dominant one. To
test this notion, we next sought to establish an assay that distinguishes between dominant and recessive
ATADI1 mutations and allows us to measure the activity of ATADI variants in a direct and quantifiable

way.



Direct visualization and quantification of ATAD1’s activity in cells

One of ATADI’s established substrates is Gos28, a Golgi-localized TA SNARE protein. In cells lacking
functional ATADI1, Gos28 localizes to mitochondria (Chen et al., 2014). We thus sought to use the
localization of Gos28 as a readout for ATAD1’s activity (Figure 1.3A). To analyze the activity of ATADI
mutants in the absence of the wild-type enzyme, we knocked out all alleles of ATAD1 in HeLa cells using
CRISPR/Cas9 (Figure 1.3-figure supplement 1). We next stably expressed Gos28 with an N-terminal
EGFP tag in the ATAD1™ cells and used confocal microscopy to visualize the localization of EGFP-
Gos28. In ATAD1” cells, we observed two populations of Gos28 molecules: one visualized as an
extended perinuclear region characteristic of the Golgi apparatus, and the other in a spread-out network
(Figure 1.3B, top row). Overlap of the EGFP signal with the signal from the mitochondria stain,
MitoTracker Deep Red, showed that the latter population corresponds to the mitochondrial network,
indicating that in ATAD1”" cells a portion of EGFP-Gos28 molecules are mislocalized to mitochondria, in
line with a previous study (Chen et al., 2014). We then expressed wild-type ATAD1 labeled with a C-
terminal HaloTag in the ATAD1™" cells (Figure 1.3B, middle row) and observed a prominent shift of
signal towards a Golgi-like distribution, indicating that ATAD]1 cleared mislocalized EGFP-Gos28 from
the mitochondria. Finally, we expressed the ATAD]1 bearing a mutation that inactivates its ATPase
activity, ATAD1"'*?. The result mimicked the localization pattern seen in the ATAD1™ cells (Figure
1.3B, top row), indicating that the ability of clearing mislocalized EGFP-Gos28 was dependent on
ATADI1’s enzymatic activity. We similarly observed ATAD1-dependent removal of mistargeted Pex26, a
peroxisomal TA protein, from mitochondria, suggesting that monitoring the clearance of a mislocalized
protein is a reliable method to examine ATAD1-dependent TA protein extraction (Figure 1.3-figure

supplement 2).

In addition to expressing the reporter in the ATAD1”" cell line, we stably expressed Gos28 in a wild-type
P g

HeLa cell line. We expected ATADI variants that impact its ability to form proper oligomers to induce
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Gos28 mislocalization in the ATAD1"" cell line, but not in the WT cell line. By contrast, inactive ATAD]1
variants that retain their ability to assemble into hexamers should act as dominant inhibitors of the
enzyme and induce substrate mislocalization.

To test the reliability of the system, we first expressed a known dominant-negative mutant, ATADI1E13Q
within the wild-type reporter cells (Figure 1.3 — figure supplement 3). Expression of ATAD1*%*? induced
mislocalization of EGFP-Gos28 to mitochondria, indicating that ATAD1"'%*? was incorporated into
hexamers, poisoning wild-type activity. As expected, expression of the wild-type ATAD1 or an empty

vector did not induce EGFP-Gos28 mislocalization in this background.

Before proceeding to test the function of al1, we wanted to see if we could quantify the degree of EGFP-
Gos28 mislocalization in an unbiased fashion and use it as a readout for ATAD1’s activity. To this end,
we developed a data analysis pipeline using CellProfiler (McQuin et al., 2018) (Figure 1.3C). In brief, we
first identified cells expressing ATAD1-HaloTag using the cell-permeable JF549 dye to label and
visualize ATADI protein. We then measured the colocalization of EGFP-Gos28 and mitochondria
(stained with MitoTracker) in ATAD1-expressing cells using the Pearson correlation coefficient (PCC) as
the metric, measured between the two channels for each cell (Figure 1.3D). As shown in Figure 1.3D,
expression of an empty vector or ATAD15'%*? in the ATADI1" reporter cell line led to a PCC of 0.31 +
0.022 and 0.31 £ 0.017, respectively. By contrast, transiently expressing wild-type ATAD1 showed a
significantly lower PCC of 0.13 = 0.015 (p < 0.0001), confirming the visually evident changes in EFGP-

Gos28 localization and validating this approach for the evaluation of functional mutants of ATADI.

With the EGFP-Gos28 reporter assay established in both an ATAD1” background and a WT background,
we next used it to test a.11’s function. To this end, we made two truncated versions of ATAD1: one in

which we deleted 30 amino acids at the C-terminus (removing a11 and everything C-terminal to it,
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ATADI1Aal1, Figure 1.1C), and another in which we kept a11 and removed everything C-terminal to it
(ATAD1,.51, Figure 1.1C). We first expressed these variants in the ATAD1™ cells. As shown in Figure
1.4A, EFGP-Gos28 showed significant mislocalization to mitochondria in cells expressing ATAD1Aal1
but not ATAD1,.351, suggesting that the o.11 helix is required for its function. By contrast, when
expressed in the wild-type cells, ATAD1Aa 11 did not induce significant mislocalization of EGFP-Gos28
(Figure 1.4B), indicating its recessive phenotype, i.e., its lack of incorporation into and inactivating the
wild-type hexamers present in these cells (the average values for the biological replicates are shown in
Figure 1.4- figure supplement 1A and B). While expression of ATAD1Aa11 did not induce substrate
mislocalization on average, it was evident by eye that a small population of wild-type cells expressing
ATADI1Aa11 showed EGFP-Gos28 mislocalization (Figure 1.4- figure supplement 2A). We assume that
this effect resulted from high ATAD1Aal1 expression in these outlier cells that compensated for
ATADI1Aa11’s reduced oligomerization ability and allowed assembly into wild-type hexamers. Indeed,
we observed a positive correlation between ATAD1Aal1 expression level and the degree of Gos28
mislocalization: cells that expressed more ATAD1Aal1 showed a higher degree of Gos28 mislocalization
(Figure 1.4-figure supplement 2B), suggesting that ATAD1Aa11 incorporated into wild-type hexamers
and inactivated them, or that the ATAD1Aa11 subunits prevented the wild-type enzyme from forming
stable hexamers. These data combined showed that a11 plays an important role in both subunit

oligomerization and hexamer function.

To further establish a.11’°s impact on ATADI1 oligomerization, we examined the elution profile of
recombinantly expressed ATAD1 with and without the C-terminal helix. To this end, we purified the
cytosolic domain of ATADI lacking the 11 helix (A40-ATAD1Aa11). On size-exclusion, A40-
ATADI1Aa11 eluted exclusively as a monomer. At similar concentrations, A40-ATAD1 formed
oligomers (Figure 1.4-figure supplement 3), indicating that o.11 mediates oligomerization in vitro. To

evaluate the functional impact of a defect in hexamer formation, we next asked if the ability to bind a
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peptide substrate was affected for A40-ATAD1Aal1, To this end, we sought to identify a peptide that
binds ATADI. First, we designed a peptide array by stepping through ATAD1’s known substrates and
measured the binding of individual peptides to ATAD1. We picked a few peptides that showed the
strongest binding and tested their affinity to ATADI in solution using fluorescence polarization. Out of
this group, a peptide (P13) that is derived from the sequence of the C-terminus of Pex26 (an established
ATADI substrate) emerged as the strongest binder, which we then used to test the effect of truncating

all on ATAD1’s substrate binding affinity. As expected and consistent with its inability to form

hexamers, A40-ATAD1Aca11 also showed substantially reduced peptide binding affinity (Figure 1.4C).

Several disease-related mutations are close to the al1 region at the C-terminus (see Introduction). We
tested these ATADI variants using our imaging assay to assess if their ability to remove mislocalized TA
proteins would be impacted. Out of the variants tested, the E267stop variant impacted ATAD1’s function
significantly, whereas the other variants (H357Rfs*15, D221H, R9H, and E290K) displayed WT-like
phenotypes (Figure 1.4 — figure supplement 4). These results indicate that the mechanism that underlies

neurological disorders may be separate from the extraction of Gos28.

As previously mentioned, a.11 packs against pore-loop 3 from the adjacent subunit and constitutes the
additional layer of the interconnected network involving three pore-loops (Figure 1.2 — figure supplement
1). The fact that it lies at the oligomerization interface and also contacts pore-loop 3 prompted us to ask
whether al1 could couple oligomerization with substrate binding. Given that oligomerization usually
enhances the ATPase activity of AAA proteins, we sought to measure the ATPase activity of [140-
ATADI and A40-ATAD1Aa11 and asked whether the activities can be stimulated by the addition of
substrate. As shown in Figure 1.4 -figure supplement 5, A40-ATAD1Aal1 displays a much lower
ATPase activity compared to A40-ATAD], indicating the lack of functional hexamers. With the addition

of a peptide substrate (P13), the activity of A40-ATADI is stimulated by around 41%, whereas no
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significant stimulation was observed for A40-ATAD1Aal1 (Figure 1.4 — figure supplement 5). These
results suggests that A40-ATAD1Aa11’s ability to oligomerize is significantly impacted and the addition
of a substrate is not able to bring the monomeric subunits into a functional oligomeric form. Having
examined the oligomer interface in detail, we next examined the substrate interactions within the central

pore.

The highly aromatic central pore of ATADI1 is crucial for substrate binding and extraction

Upon building all of ATAD1’s amino acids into the EM density, we observed a piece of density in the
central pore that resembles a linear peptide in both the closed and the open state structures. This density
likely represents a composite of peptides that co-purified with ATADI1 from E. coli. The side chain
density was clearly visible, and we modeled the peptide as a 10-mer polyalanine. A peptide in the
corresponding position was also observed in the Msp1 structures (Wang et al., 2020), suggesting the

proteins’ high affinity for their substrates.

Like for Mspl, six ATADI subunits tightly surround the peptide in the central pore. As summarized in
the introduction, amino acids used by ATAD] to contact the substrate are phylogenetically conserved
within the Msp1/ATAD]1 family, but differ from other AAA proteins. Each ATAD]1 subunit extends two
short loops containing three aromatic amino acids to engage the substrate peptide (Figure 1.1D and E).
Six pore-loops 1 form a spiral staircase surrounding the peptide substrate. Pore-loop 1 is comprised of a
conserved KX;X>G motif, where X is a tryptophan (W166) and X, a tyrosine (Y 167). Both aromatic
amino acids intercalate into the side chains of the translocating peptide (Figure 1.1D), holding it in place.
Below pore-loop 1, is a second staircase formed by pore-loops 2, which use a histidine (H206) to contact

the backbone of the substrate (Figure 1.1E). By contrast, in most other known AAA proteins, the X;
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position within pore-loop 1 is an aromatic amino acid, and the X, position is an aliphatic amino acid that

does not contact the substrate. Also, their pore-loops 2 usually do not contact the substrate directly.

Multiple aromatic amino acids in the central pore are essential for ATAD1’s function

We next revisited our hypothesis that ATAD]1 function, like Mspl function, necessitates engagement of
multiple aromatic amino acids in its central pore. To this end, we tested the effect of pore-loop mutations
in the ATAD1"- EGFP-Gos28 reporter cell line (Figure 1.5A) using our cell-based assay. Expression of
ATADI bearing either the W166A (the first aromatic amino acid in pore-loop 1) or Y167A (the second
aromatic amino acid in pore-loop 1) mutation led to significant mislocalization of EGFP-Gos28,
suggesting that these mutations inactivate ATAD]1. By contrast, expression of the aromatic mutant Y167F
cleared Gos28 from mitochondria, indicating functional ATADI1, which is consistent with what we
observed for Mspl. Interestingly, changing W166 or Y167 to an aliphatic amino impacted ATAD1’s
activity: ATAD1V'V ATAD1Y'"Y and ATAD1 Y'*"" were inactive, and the activity of ATAD1Y'%" was
also impacted, albeit to a lesser degree (Figure 1.5A, figure supplement 1 and figure supplement 2),
supporting the notion that the aromaticity of this position is important. This observation, namely that an
aliphatic amino acid did not functionally replace the aromatic amino acid in this position, contrasts with
our data from corresponding mutations in Mspl in the yeast growth assay (Wang et al., 2020), suggesting
either a better sensitivity of the microscopy-based assay or an inherit difference between the yeast and the
mammalian system. We also tested the effect of mutations on H206 (pore-loop 2) in our assay. While our
structural data clearly showed an interaction between H206 and the substrate backbone, mutations in this

position did not impact the function of ATADI in this context.

Having established the functional importance of the pore-loop 1 side chains in substrate extraction, we
further examined their specific impact on ATAD1’s ability to bind a substrate in vitro. Consistent with the

cell-based assay, ATAD1V!®A ATADIWV'®Y ATADIWV'®L ATAD1Y'%* and ATAD1Y'®”Y showed
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dramatically reduced (estimated > 100-fold) binding to P13 compared to wild-type ATADI1. Both
ATAD1"2%4 and ATAD1Y'"F showed wild-type like activities in the cell-based assay, but bound P13
with much weaker affinity than the wild-type enzyme in this assay. We reasoned that this difference
resulted either because the in vitro assay is more sensitive to small changes in activity that cell-based
assays fail to capture, or because a different substrate was used in the cell-based assay (Gos28) than the in
vitro binding assay (P13, derived from Pex26). Taken together, the in vitro peptide binding results,
implications from the structure, and the cell-based assay all converge on the conclusion that the

aromaticity of the second amino acid in pore-loop 1 is important for ATAD1’s function.

DISCUSSION

In this work, we present the cryo-EM structures of the soluble domain of the mitochondrial AAA protein
ATADI in complex with a peptide substrate. Our structures show that the overall architecture of ATADI1
is very similar to that of its yeast homolog Mspl. ATAD1’s architecture fully agrees with the conserved
mechanism of hand-over-hand spiral propagation established for many AAA proteins in substrate
translocation. We also discovered a distinct structural element, helix a11, that was present but remained
structurally unresolved in Mspl, which differentiates ATAD1/Msp1 from other AAAwc proteins.
Multiple lines of evidence including cell-based mislocalization, substrate binding, and ATPase activity all
suggest that a11 is required for the formation of functional oligomers. Although we do not know why it is
structured differently than the other AA Amc proteins (which adopt a a1 1- a12 organization), one
possibility is that a11 is useful in adaptor interaction. In particular, yeast Msp1 docks to the proteosome
to channel its substrate directly for degradation (Basch et al., 2020). Another study showed that during
mitochondrial import stress, Mspl is recruited to the TOM complex by the adaptor Cisl to remove

precursor proteins stuck in the TOM translocase (Weidberg and Amon, 2018). We reason that structural
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elements facing the cytosolic side of Mspl/ATADI (such as al1) may be evolutionarily adapted to
interact with these factors. In this view, the a1 1-a12 organizational differences in different AAAwmc
protein subfamilies may have evolved to suit their specialized functions, such as binding to microtubules
and ESCRT proteins for katanin and Vps4, respectively. This view is supported by the fact that
ATADI1/Mspl occupy the basal position in the evolutionary tree of this clade, and the other members

(katanin, spastin and Vps4) share a common evolutionary ancestor (Frickey and Lupas, 2004).

The cell-based imaging assay allowed us to directly quantify ATAD1-dependent substrate mislocalization
and thereby revisit a hypothesis raised in the previous study (Wang et al., 2020) on the functional
importance of the pore-loop amino acids. The notion that aromaticity of pore loop/substrate-interacting
sidechains is important is supported by single molecule force measurements of other AAA protein
translocases. A study on the bacterial AAA proteins ClpXP (Rodriguez-Aliaga et al., 2016), for example,
showed that the flat, bulkier pore-loop amino acids give the protein a stronger grip, that is higher coupling
efficiency between ATP hydrolysis and substrate unfolding, yet are compromised in the rate of substrate
translocation (measured as protein unfolding with ClpXP). Given ATADI’s function is to extract
hydrophobic membrane proteins from the lipid membrane, having a tighter grip on the substrate may be
important, even if it comes at the cost of a slower translocation speed. Similar to ATADI1, Cdc48, a
protein that removes misfolded membrane proteins from the ER membrane, also possesses two aromatic
amino acids in its pore-loop 1 (Cooney et al., 2019; Twomey et al., 2019), suggesting that the additional

aromatic amino acids in the central pore evolved to aid in the removal of membrane proteins.

To conclude, while ATAD1/Msp]1 utilize a conceptually similar mechanism for substrate translocation as
many other AAA proteins, the high conservation of several unique features between ATAD1 and Mspl
suggests that evolution fine-tuned these enzymes early in eukaryotic cell evolution for their special role in

membrane protein extraction and protein quality control. The phylogenetic comparison of structure and
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function, and the complementary experimental opportunities afforded by structural and cell-level analysis,
allowed us to extract hints regarding important functional principles and assess their generality over a
wide span of evolutionary time. The neurological phenotypes associated with a number of ATAD1
mutations still remain poorly understood, yet they serve to underscore the importance of proteostasis in
human physiology and raise hope that understanding these principles may help to develop new treatments

for combating devastating pathological dysfunctions arising from proteostasis imbalances.
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FIGURES

Table 1.1 Cryo-EM data analysis

Structure | A40-ATAD15'%9 (closed) |  A40-ATAD15'%%? (open)
Data collection
Microscope Titan Krios
Voltage (keV) 300
Nominal magnification 105000x
Exposure navigation Image shift
Electron dose (e'A?) 67
Dose rate (e7/pixel/sec) 15
Detector K3 summit
Pixel size (A) 0.832
Defocus range (um) 0.6-2.0
Micrographs 6937
Reconstruction
Total extracted particles (no.) 478463

Final particles (no.) 96577 45003
Symmetry imposed C1 C1
FfC average resolution, masked 3.2 3.5
(A)

FSC average resolution, 4.1 4.6
unmasked (A)

Applied B-factor (A) 121.9 119.2

Reconstruction package

Cryosparc v2.15 and Relion 3.0.8

Refinement

Protein residues 1676 1694
Ligands 17 19
RMSD Bond lengths (A) 0.003 0.017
RMSD Bond angles (°) 0.715 1.066
Ramachandran outliers (%) 0.00 0.06
Ramachandran allowed (%) 9.44 7.22
Ramachandran favored (%) 90.56 92.72
Poor rotamers (%) 9.63 11.29
CaBLAM outliers (%) 6.15 5.64
Molprobity score 2.81 2.81
Clash score (all atoms) 10.18 10.87
B-factors (protein) 118.19 171.87
B-factors (ligands) 93.95 161.45
EMRinger Score 1.42 1.05

Refinement package

Phenix 1.17.1-3660-000
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Figure 1.1 Architecture of the A40-ATAD1"'**?-substrate complexes

(A and B) Final reconstructions of A40-ATAD1*'*? (open) and A40-ATAD1%'*? (closed) complexes

M1

M4

shown in top and side views. Each subunit (M1 to M6) is assigned a distinct color, and the substrate is
shown in black. The spiral seam of the open conformation (panel A) is denoted with dashed lines. In the

top views, the membrane-facing side of ATAD] is shown. (C) Schematic of individual domains and

structural elements of human ATADI. (D) Pore-loops 1 (showing those of the closed conformation) form

a staircase around the substrate. The peptide density is shown in black mesh. (E) Pore-loops 2 form a
second staircase below pore-loops 1. H206s directly contact the peptide backbone carbonyls.
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M2

Exposed side Buried side

Figure 1.2 Helix 11 resides at the intersubunit interface of ATADI1

(A) Schematic showing the position of helix a11 within each ATAD1 subunit. ATADI subunits are
colored as in Figure 1. al1 is shown in cartoon representation. Different from Figure 1, here, the cytosol-
facing side (instead of the membrane-facing side) of ATADI is shown, and the order of subunits from
M1, M2 to M6 goes counterclockwise. (B to D) Zoomed-in view of 11 interaction with the neighboring
subunits. (E) Helical wheel showing the amphipathic property of al1. Hydrophobic amino acids are
colored in orange, positive charged amino acids in blue, negative charged amino acids in red and polar
amino acids in purple.
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Figure 1.3 A microscopy assay allows for the direct measurement and quantification of ATADI’s
activity

(A) Model for ATAD1-depedent extraction of Gos28: in cells expressing a functional ATADI (left
panel), mislocalized Gos28 on the MOM is extracted by ATADI1 and given a second chance to return to
the Golgi apparatus. In cells expressing a dysfunctional ATADI (right panel), Gos28 accumulates on the
MOM. (B) Representative average intensity projection images of live HeLa ATAD1™" cells stably
expressing EGFP-Gos28 (green channel) and transiently expressing empty vector (fop row), ATADI-
HaloTag (middle row), and ATAD1(E193Q)-HaloTag (bottom row). Mitochondria are stained with
MitoTracker (red channel). The individual channels are shown in black and white and overlay of the
EGFP and the MitoTracker channels are shown in the right-most column with Hoechst-stained nuclei in
blue. Insets are included to better show the absence or presence of co-localization between EGFP-Gos28
and the mitochondria. (C) Workflow of the CellProfiler pipeline for measuring EGFP-Gos28
mislocalization. (D) Mean Pearson correlation coefficient (PCC) values and the SEM between EGFP-
Gos28 and the mitochondria when expressing the indicated construct. Individual cell PCC values are
represented as a single dot. Significance values were calculated using the Mann-Whitney test, ****
p<0.0001.
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Figure 1.4 Helix a11 mediates hexamer assembly

(A) Mean Pearson correlation coefficient (PCC) values and the SEM between EGFP-Gos28 and the
mitochondria in ATAD1”~ HeLa cells, transiently expressing controls or the ATAD1Ac11 mutant. (B)
Mean Pearson correlation coefficient (PCC) values and the SEM between EGFP-Gos28 and the
mitochondria in WT HeLa cells, transiently expressing controls or the ATAD1Aal1 mutant. Significance
values were calculated using the Mann-Whitney test. *p<0.05, **** p<0.0001. (C) Fluorescence
polarization assay showing the different peptide binding abilities of the A40-ATAD1 (WT) versus A40-
ATADI1Aal1 (Aall). ATADI concentrations are expressed as hexamer concentrations. Each dot
represents an average of two replicates and the error bar represents SEM.
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Figure 1.5 Pore-loop 1 aromatic amino acids are important for ATAD1’s function both in vivo and in
Vitro

(A) Mean Pearson correlation coefficient (PCC) values and the SEM between EGFP-Gos28 and the
mitochondria in cells expressing ATAD]1 variants. Individual cell PCC values are represented as a single
dot. Significance values were calculated using the Mann-Whitney test. ** p< 0.01, **** p<0.0001. (B)
Different ATADI variants’ peptide binding abilities as measured by fluorescence polarization. ATADI
concentrations are expressed as hexamer concentrations. Here, WT refers to A40-ATADI, and each
mutant refers to A40-ATADI bearing that mutation. Each dot represents the average of two replicates,
and the error bar represents the SEM.
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Figure 1.1 — Figure supplement 1 Sequence alignment of AAAwc proteins

616

472

437

Sequence alignment of AAAwmc proteins showing the secondary structure of the C-terminal helices. While
ATADI has a longer a11, the other members of the AAAwmc subfamily have two shorter helices (al1 and

a12) separated by a linker. Secondary structure assignment is based on experimentally determined

structures: ATAD1 from this study; Spastin from PDB ID 6PEN; Vps4 from PDB ID: 6AP1 and Katanin

from PDB ID: 6UGE.
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Figure 1.1 — Figure supplement 2 Size exclusion trace of A40-ATAD1F'%3?

The SEC trace of A40-ATAD1%*? show that ATADI forms oligomeric species on the SEC column. The
grey bar indicated the fraction that was imaged by cryo-EM. Size markers are indicated on the top.
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Figure 1.1 — Figure supplement 3 Cryo-EM processing of the A40-ATAD15**®substrate complexes

(A) Representative micrograph showing the quality of data used for the final reconstruction of the A40-
ATADI1"%3? structures. (B) Data processing scheme showing the 2D and 3D classification done using the
RELION software. After two rounds of 3D classification, particles corresponding to ATADI1 are imported
into Cryosparc for another round of 2D classification to further purify particles. Particles selected from
the 2D classification were then subjected to heterogeneous refinement in which the open and the closed
conformations emerged as two distinct classes. CTF refinement followed by nonuniform refinement
generated the final reconstruction at 3.2 A and 3.5 A for the closed and the open conformations
respectively. (C) Local resolution maps of the open and the closed conformations show that the core of
the protein complex including the central pore and the nucleotide binding pockets are the best resolved
regions. (E) Fourier Shell Correlation (FSC) plots of the 3D reconstructions of A40-ATAD1%%*?: A40-
ATADI15%Q (closed) masked (orange), A40-ATAD1%'%*? (closed) unmasked (grey), A40-ATAD1"!%3?
(open) masked (blue), A40-ATAD15'**? (open) unmasked (yellow).
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M6 Open state Closed state Open state

Figure 1.1 — Figure supplement 4 Hinge motion between the large and the small subdomain
accompanies subunit movements

(A) In the open state, all six subunits have similar domain organization. M6 loses its bound nucleotide as
it translocates from the bottom position to the closed position. The angle between the large and the small
subdomain of M5 narrows (indicated by the orange lines). (B) M6 rebinds an ATP molecule as it
continues to translocate upward to assume the top position in the open spiral (C). M5 loses contacts with
M6 and the angle between its two subdomains widens. M6 is colored in dark blue, M5 in cyan, the rest of
the subunits in white and the peptide substrate in black. The blue arrow indicates the direction of M6
translocation and the orange arrow indicates the direction of hinge movement between the two
subdomains of M5. (D) 90 degrees flip from panel (B) showing the contact points between M6 and
adjacent subunits. Multiple contact points exist between the M6 and the M5 subunits, whereas fewer
contacts are made between the M6 and the M1 subunits. Among those, one is made by helix al1
(highlighted in the dashed circle).
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Figure 1.2 — Figure supplement 1 Helices a11 form an additional spiral staircase beneath pore-loop3
Cartoon representation of A40-ATAD1"'*? (open) showing the multiple staircases formed by three pore-

loops and a11 that surround the substrate. Pore-loops 1, 2 and 3 are colored in pink, yellow and dark red
respectively. Helix al1 is colored in green and the substrate peptide in black.
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Figure 1.2 — Figure supplement 2 ATADI possesses a unique helix at the C-terminus that is structured
differently from those in other AA Amc proteins

Structures of different AA Awmc proteins shown in cartoon representation. The cytosol-facing side is
shown. The C-terminal helices of each protein subunit (a.11 for ATADI, and a11-a12 for the others) are
colored as in Figure 1.1. The rest of the protein is colored in white. Whereas a1l of ATADI1 contacts the
counterclockwise subunit, the a.12 of Katanin (PDB ID: 6UGE), Vps4 (PDB ID: 6AP1) and Spastin (PDB
ID: 6PEN) reach across the intersubunit interface and contacts the clockwise subunit.
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Figure 1.3 — Figure supplement 1 Verification of ATAD1 knockout by Western blot
Representative western on total protein extracts prepared from wild-type HeLa cells (left lane) and

ATADI1™ HeLa cells (right lane). Knockout of ATAD1 was shown by the absence of ATADI signal (41
kDa). Histone H3 (17 kDA) served as the loading control.
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Figure 1.3 — Figure supplement 2 Live-cell imaging showing the ATAD1 dependent localization of
EGFP-Pex26

Representative average intensity projection images of live HeLa ATAD1™" cells stably expressing EGFP-
Pex26 (top row) and transiently expressing ATADI1-HaloTag (bottom row). Mitochondria are stained
with MitoTracker red. The individual channels are shown in black and white and overlay of the EGFP and
the MitoTracker red channels are shown in the right-most column with Hoechst-stained nuclei in blue.
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Figure 1.3 — Figure supplement 3 Live-cell imaging showing the ATAD1 dependent localization of
EGFP-Gos28 in WT HeLa cells

Representative average intensity projection images of live WT HeLa cells stably expressing EGFP-Gos28
(green channel) and transiently expressing empty vector (top row), ATAD1-HaloTag (middle row), and
ATADI(E193Q)-HaloTag (bottom row). Mitochondria are stained with MitoTracker (red channel). The
individual channels are shown in black and white and overlay of the EGFP and the MitoTracker channels
are shown in the right-most column with Hoechst-stained nuclei in blue. Insets are included to better
show the absence or presence of co-localization between EGFP-Gos28 and the mitochondria.
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Figure 1.4 — Figure Supplement 1 Reproducibility of EGFP-Gos28 mislocalization in live-cell imaging
with expression of Aatl1 mutant

Mean PCC values derived from the localization pipeline from each biological replicate were plotted for

each mutant in (A) ATAD” HeLa cells and (B) WT HeLa cells. Each dot represents a biological replicate
with an average of 47 cells per replicate.
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Figure 1.4 — Figure supplement 2 ATAD1Aa11 expression level impacts substrate mislocalization in
WT HeLa cells.

(A) Representative average intensity projection images of live WT HeLa cells stably expressing EGFP-
Gos28 and transiently expressing ATAD1Aal1-HaloTag. EGFP-Gos28 was only seen on the Golgi
apparatus (bottom row). However, a small population of cells (top row) showed mislocalization of EGFP-
Gos28 to the mitochondria. These cells also had a higher level of ATAD1Aa11-HaloTag expression (the
PCC of cells shown in the images are indicated in panel B by arrows of matching colors). (B) The
expression level of ATADIAal1 was plotted against the PCC for each cell. Linear regression analysis
was preformed and there was a significant positive correlation between the two variables (p < 0.0001).
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Figure 1.4 — Figure supplement 3 Size exclusion chromatography of A40-ATAD1 and A40-
ATADIAall

The SEC traces of A40-ATAD1 (WT) and A40-ATAD1Aa11 (Aal1l) show that the former forms
oligomeric species on the SEC column while the latter is predominantly a monomer. The SEC trace of
A40-ATADI1 is shown in a red line, and the SEC trace of A40-ATAD1Aa11 in a blue line.
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Figure 1.4 — Figure supplement 4 Testing the effect of the disease-relevant mutations of ATADI1

(A) Mean Pearson correlation coefficient (PCC) values and the SEM between EGFP-Gos28 and the
mitochondria when expressing the ATADI bearing disease-relevant mutations. Individual cell PCC
values are represented as a single dot. Significance values were calculated using the Mann-Whitney test.
*EEE p<0.0001, * p<0.05. (B) Mean PCC values derived from the localization pipeline from each
biological replicate were plotted for each mutant in ATAD”" HeLa cells. Each dot represents a biological
replicate, with an average of 43 cells per replicate. (C) Representative average intensity projection images
of live HeLa ATADI1™ cells stably expressing EGFP-Gos28 and transiently expressing ATAD1 mutants
(as indicated on the far-left panel). The individual channels are shown in black and white and overlay of
the EGFP and the MitoTracker channels are shown in the right-most column with Hoechst-stained nuclei
in blue.
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Figure 1.4 — Figure supplement 5 ATPase assay of A40-ATAD1 and A40-ATADI1A all

(A) Representative ATPase assay showing that the ATPase activity of A40-ATAD1 (WT) is stimulated
by the substrate (P13) whereas A40-ATAD1Aa11 (Aall) is not. (B) Quantification of panel (A). Each
bar represents an average of three replicates and the error bar represents the SD. ** p<0.01.
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Figure 1.5- Figure supplement 1 Live-cell imaging showing the pore-loop dependent localization of
EGFP-Gos28 in ATAD1” HeLa cells

Representative average intensity projection images of live HeLa ATAD1™" cells stably expressing EGFP-
Gos28 and transiently expressing ATADI1-HaloTag pore-loop mutants (as indicated on the far-left panel).
The individual channels are shown in black and white and overlay of the EGFP and the MitoTracker
channels are shown in the right-most column with Hoechst-stained nuclei in blue.
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Figure 1.5- Figure supplement 2 Reproducibility of EGFP-Gos28 mislocalization in live-cell imaging

with expression of pore loop mutants

Mean PCC values derived from the localization pipeline from each biological replicate were plotted for
each pore loop mutant in ATAD”" HeLa cells. Each dot represents a biological replicate, with an average

of 50 cells per replicate.
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MATERIALS AND METHODS

Molecular cloning

To generate the construct used for cryo-EM studies, the gene encoding the cytosolic domain of human
A40-ATADI was PCR amplified and subcloned into a pET28 vector encoding an N-terminal 6XHis tag
followed by a thrombin cleavage site. The Walker B mutation (E214Q) was introduced by QuickChange
site-directed mutagenesis. To generate the constructs used for imaging, the gene blocks for the human
ATADI and Gos28 were synthesized by Twist Bioscience. Gos28 was C-terminally fused to EGFP and
cloned downstream of a CMV promoter within a lentivirus production vector. ATADI was N-terminally
fused to HaloTag and cloned downstream of a truncated CMV promoter (CMVd3) for transient
transfections. Mutations to ATAD1 were made by QuickChange site-directed mutagenesis. All the

constructs are verified by Sanger sequencing.

Protein purification
His-A40-ATAD1%'*? was expressed and purified as previously described for His-A30-Msp152'“? (Wang

et al., 2020).

Sample preparation of cryo electron microscopy

His-A40-ATAD15'%*? was diluted to around 100 pM in buffer containing 25 mM HEPES pH 7.5, 300
mM NaCl, 1 mM DTT, 2.5% glycerol, 2 mM ATP and 2 mM MgCl,. The sample was incubated on ice
for 1 - 2 h before plunge freezing. A 3 ul aliquot of the sample were applied onto the Quantifoil R 1.2/1/3
400 mesh Gold grid and incubated for 15 s. A 0.5 ul aliquot of 0.1-0.2% Nonidet P-40 substitutes was
added immediately before blotting. The entire blotting procedure was performed using Vitrobot Mark IV

(FEI) at 10° C and 100% humidity.
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Electron microscopy data collection

Cryo-EM data was collected on a Titan Krios transmission electron microscope operating at 300 keV and
micrographs were acquired using a Gatan K3 summit direct electron detector. The total dose was 60 e’/
A?, fractioned over 100 frames during a 10 s exposure. Data was collected at 105,000 x nominal

magnification (0.832 A/pixel at the specimen level) and nominal defocus range of -1.0 to -2.0 um.

Cryo-EM data analysis

Micrograph frames were aligned using MotionCorr2. The contrast transfer function (CTF) parameters
were estimated with GCTF (Zhang, 2015). Particles were automatically picked using Gautomatch and
extracted in RELION (Scheres, 2012) using a 320-pixel box size. Images were down-sampled to a pixel
size of 3.328 A and classified in 2D in RELION. Classes that showed clear protein features were selected
and extracted with re-centering and then subjected to 3D classification. Particles from the best class
emerging from 3D classification were then subjected to 2D classification followed by another round of
3D classification to further purify the particles. Particles that showed clear hexameric features were then
re-extracted (pixel size = 0.832 A /pixel) and imported into cryoSPARC (Punjani et al., 2017). Within
cryoSPARC, particles were subjected to another round of 2D classification followed by heterogenous
refinement, from which two distinct conformations (the open versus the closed conformations) were
discovered. CTF refinement followed by nonuniform refinement was performed on both conformations to

yield final reconstructions of at 3.2 A and 3.5 A, for the closed and the open conformations.

Atomic model building and refinement

Model building and refinement was done in a similar way as previously described (Wang et al., 2020).
Briefly, the big and the small AAA domain of the crystal structure of the monomeric S. cerevisiae Mspl
(Wohlever et al., 2017) was used to generate the predicted structures of the human ATAD1 in SWISS-
MODEL (Waterhouse et al., 2018). The six big AAA domains and the six small AAA domains were

individually docked into the map of His-A40-ATAD15'*Q in UCSF Chimera (Pettersen et al., 2004) using
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the Fit in Map function. The resulting model was subjected to rigid body refinement in Phenix (Adams et
al., 2010), followed by real space refinement in Coot (Emsley et al., 2010). After the protein part has been
modeled, a piece of continuous density was left in the central pore, into which we modeled a polyalanine
sequence. Significant density was visible in the nucleotide-binding pockets within subunits M1 through
M35, and an ATP molecule was modeled into that density. For the M6 subunit, in the open conformation
the density there was not clear enough to distinguish between ATP and ADP, so although an ADP
molecule was modeled, we indicated in figure 1 that it could be either. In the closed conformation, no
significant density was observed in the nucleotide binding pocket. The figures displaying structures were

prepared with UCSF Chimera.

Fluorescence Polarization

All fluorescence polarization experiments were done in the FP assay buffer containing 25 mM HEPES
(pH 7.5), 150 mM KCI, 2 mM MgCl,, 1 mM DTT and 2 mM ATPyS and measured in 384-well non-stick
black plates using ClarioStar PLUS (BMG LabTech) at room temperature. Prior to the reaction set up,
ATADI1 was diluted in 2-fold dilution series and incubated with 100 nM fluorescently-labeled peptide
(P13: 5-FAM-FSRLYQLRIR, purchased from Genscript) for 20 minutes at room temperature. Then, the
mixture was subjected to measurement of parallel and perpendicular intensities (excitation: 482 nm,

emission: 530 nm). Data was plotted using GraphPad Prism 8.

ATPase assay

ATPase activity of ATAD1 was measured using the oxidation of NADH as a readout of ATP hydrolysis.
An enzyme mixture containing 0.2 mM NADH, 1 mM phosphoenol-pyruvate (PEP), 50 U/mL of
pyruvate kinase and lactate dehydrogenase was added to the wells of a 384-well black plate (Corning). 10

uM ATADI, assay buffer (25 mM HEPES pH 7.5, 100 mM KCI, 2 mM MgCl,, 10 mM BSA, 0.05%

Tween-20) and either 50 uM of the unlabeled version of P13 peptide (FSRLYQLRIR) or a blank was
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added to the enzyme mixture. Samples were incubated for 20 minutes at 37°C before 1 mM ATP was
added to start the reactions. Absorbance at 340 nm was measured every 15 seconds for a total of 60
minutes using the CLARIOstar Plus (BMG LabTech) microplate reader. Data was plotted using

GraphPad Prism 8.

Cell culture and transduction

HeL a cells were cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin/streptomycin, and
6 mM L-glutamine. A pooled ATAD1”" cell population was generated by Synthego with a guide RNA
targeting Exon 5 (CGGUCAGUGUCGAAGGCUGA). Monoclonal populations were obtained using
limiting dilution in a 96-well plate and expanding single cell populations into a 6-well plates. Knockouts
were confirmed by Sanger sequencing and Western blotting using anti-ATADI antibody (N125/10,

NeuroMab) and anti-Histone H3 (ab1791, Abcam) as a loading control.

WT HeLa and ATAD1”" HeLa cell lines expressing the reporter EGFP-Gos28 were generated by
lentiviral infection. In brief, Vesicular Stomatitis Virus (VSV)-G pseudotyped lentiviral particles were
produced in 293METR packaging cells (kind gift of Brian Ravinovich, formerly at MD Anderson Cancer
Center, Camden, NJ) using standard protocols. WT and ATAD1” HeLa cells were infected with
concentrated virus (supplemented with 8 ug/mL polybrene) by centrifugal inoculation at 2,000 rpm for 2
hrs. Viral supernatant was removed following overnight incubation and cells were expanded for FACS
sorting. EGFP positive cells were sorted using SONY SH800 FACS into high and low EGFP-expressing

populations. For all imaging experiments, the population that has high EGFP expression was used.

EGFP-Gos28 imaging
Expression of the ATADI variants in the cell-based assay was done through transient transfections. The

day before transfections, cells were seeded on Ibidi 8-well glass bottom p-slides in FluoroBrite DMEM
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(Life Technologies) media supplemented with glutamine and 10% FBS. Plasmids with the ATADI1
variants under a truncated CMVd3 promoter were transfected into cells using the FuGENE HD
transfection reagent (Promega), following the manufacturer’s protocol. Cells were incubated for 48 hours
before imaging. For visualizing cell structures, nuclei were stained with Hoechst 33342 and mitochondria
were stained with MitoTracker Deep Red FM (ThermoFisher). Transfected cells were stained with 25 nM
Janelia Fluor 549 dye conjugated with the HaloTag ligand (JF549-HaloTag; kind gift of Dr. Luke Lavis).
Cells were incubated with the dyes for 15 minutes at 37°C followed by 3 washes with FluoroBrite

DMEM media.

Microscopy

Confocal imaging was carried out on a Nikon Ti-E inverted microscope equipped with a Yokogawa CSU-
X high-speed confocal scanner unit and an Andor iXon 512 x 512 EMCCD camera. All images were
acquired through a 40% 1.3 NA oil immersion objective. Images were typically acquired with 60x EM
gain and 100-ms exposure. The four lasers used were 405 nm (operated at 10 mW), 488 nm (operated at
25 mW), 561 nm (operated at 25 mW), and 640 nm (operated at 15 mW). All components of the
microscope were controlled by the pManager open-source platform (Edelstein et al., 2010). The
microscope stage was enclosed in a custom-built incubator that maintained preset temperature and CO,
levels for prolonged live-imaging experiments. To avoid unintentional selection bias, fields-of-view were
selected by only looking at stained cell nuclei in the 405-nm channel. No cells or fields of view were
subsequently excluded from analysis, ensuring that the data faithfully capture the distribution of

fluorescence across the entire cell population.

Image quantification with CellProfiler
For each experiment, 15 fields-of-view were imaged per condition with an average number around 50

cells total. Average intensity z-projections were made for each image in each of the four channels and
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used as the input for the CellProfiler pipeline (McQuin et al., 2018). For automated image analysis, we
developed a pipeline in CellProfiler 4.0.5. First, the images were background-corrected in every channel.
Then, nuclei were identified as starting points for the propagation of cell body masks. Cells in which
integrated ATADI1 signal (labeled with the JF549-HaloTag dye) passed a manually chosen threshold were
identified as ATAD-positive cells. Within those cells, the MitoTracker signal was used to create a
pseudo-cell boundary mask, closing all gaps. This serves as a reasonably good proxy for total cell area
because the mitochondrial network is broadly distributed throughout HeLa cells. Measurements for
colocalization were made inside this mask and outside of the nucleus. Pearson correlation coefficients
(PCCs) were calculated for each individual cell by performing a pixel-wise comparison of the EGFP and

MitoTracker channels.
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CHAPTER 2
Characterization of the alternative translation initiation factor eukaryotic initiation factor

2A (eIF2A)

58



INTRODUCTION

Before a protein is synthesized and targeted to its final destination, there are a myriad of regulatory steps
to ensure the correct protein is being made at the right time. Faithful regulation of protein synthesis is
necessary for all living organisms. To adapt to changing conditions, various signaling pathways converge
on the control of protein synthesis. It is no surprise that cancerous cells often utilize aberrant signaling
pathways to maintain their high demand for protein synthesis while still growing and dividing. With the
increasing body of evidence that the translational landscape is changed in these cells, it is imperative to
determine on a mechanistic level how aberrant signaling pathways alter protein synthesis. Eukaryotic
initiation factor 2A (elF2A; denoted with a capital “A” — elF2A is entirely different from trimeric elF2
and its subunit elF2-alpha) has been implicated as an important piece of this puzzle: it is (1) an alternative
to elF2-dependent translation, (2) essential for tumorigenesis in an aggressive form of skin cancer, and (3)
has been shown to promote sustained translation of certain transcripts during global attenuation.
Elucidating the pathway in which elF2A functions will not only provide possible drug targets but also a

deeper understanding of how proteotoxic stress is managed by cells.

In eukaryotes, translation initiation begins with the formation of the ternary complex (TC), which consists
of eukaryotic initiation factor 2 (eIF2) bound to GTP and an initiator methionyl-tRNA (Met-tRNA;M).
The TC binds to the 40S subunit, along with eukaryotic initiation factor 1, 1A, 3, and 5, forming the 43S
preinitiation complex. This complex is recruited to mRNA through the cap-binding complex (elF4F
complex bound to the 5° cap of the mRNA). The elF4F complex consists of the cap-binding protein,
elF4E, the scaffold elF4G, and the DEAD-box helicase elF4A. Following cap recognition, the complex
scans the mRNA until it finds an AUG codon in favorable context, forming the 48S preinitiation
complex. An intricate series of events allows for release of the initiation factors from the 40S subunit and

the binding of the 60S subunit, resulting in an 80S ribosome primed for elongation.
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There are several safe-guards to ensure fidelity in start codon selection. In most cases, the first AUG
encountered by the ribosome scanning 5° to 3’ is the start codon. The sequence surrounding the start
codon has conserved features that are predictive of its translational efficiency, referred to as the Kozak
sequence (Kozak et al. 1986, 1987). Studies in a yeast reconstituted system have supported a model in
which full incorporation (Pi,) of TC into the P-site requires the dissociation of elF1, which only occurs
upon the proper codon-anticodon interaction between the mRNA in a favorable sequence context and
tRNAM (Maag et al., 2005). Similarly, the C-terminal tail of eIF1A promotes the scanning state. Upon
recognition of an AUG, the rotational freedom of the tail is reduced and no longer occludes the TC from
the P, state. Interactions between these factors as well as elF5, elF3, and eIF2 ensure that the ribosome

only completes scanning when the correct codon is in the P-site.

With the advent of ribosome profiling, however, it has become clear that canonical translation initiation
does not capture the whole picture. Ribosome profiling showed that there is often ribosome occupancy in
the 5° untranslated regions (UTRs) of genes at not just upstream AUGs, but also near cognate codons
such as CUG and UUG (Ingolia et al., 2009). Further studies confirmed that these were not just artifacts
of the protocol, but in several cases, upstream near-cognate codons served as the starting point for a
functional product. One particularly interesting example of this was seen with the tumor suppressor
PTEN. In addition to the 55 kDa protein, alternative initiation at an upstream CUG results in the extended
protein isoform PTEN-long (PTEN-L) (Liang et al., 2014). Translation of the long isoform was shown to
be dependent on the Kozak sequence as well as the elusive, and unfortunately named, initiation factor
eukaryotic initiation factor 2A (e[F2A). Unlike PTEN-short, the product was targeted to mitochondria
where it enhanced ATP production. These studies demonstrated that PTEN isoforms can serve different

biological functions and that the expression of these isoforms involves different translational machinery.

Characterization of the implicated factor eIF2A began in the early 1970s while researchers were

establishing the basic requirements for protein synthesis. Originally termed IF-M1, elF2A is a member of
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the WD-40 repeat protein family that was first isolated by William Merrick’s lab from the ribosomal
fraction of rabbit reticulocyte lysate (Adams et al., 1975). His group showed that this factor stimulated
initiator tRNA binding to the 40S subunit in the presence of a start codon. From these results, Merrick
proposed a model in which initiation through elF2A is an alternative to the GTP-dependent, elF2

pathway.

elF2A was later shown to be important for the translation of non-AUG initiated peptides. Conserved from
yeast to humans, the gene was originally thought to be nonessential in the wild-type context of all studied
systems. Subsequent studies, however, showed that having e[F2A was important for responding to certain
environmental cues. Supporting this idea, eIF2A-dependent translation has been observed in a range of
contexts, from MHC class I antigen presentation (Starck et al., 2012), to the integrated stress response
(ISR) (Starck et al., 2016), and most recently, squamous cell carcinoma (SCC) (Sendoel et al., 2017). In
this aggressive form of skin cancer, the authors observed a prominent shift of ribosome occupancy from
AUG to non-AUG codons in the 5’-UTRs of mRNAs, including those encoding the tumor suppressor
PTEN. The SCC mouse model also exhibited a striking tumorigenesis phenotype, in which knocking out
elF2A not only dramatically reprogrammed the translational landscape of the cells but also completely
abrogated tumor formation. There is compelling evidence that e[F2a phosphorylation resulting from ISR
induction is important for tumorigenesis, suggesting alternative translational pathways may be utilized to

maintain protein synthesis in tumor growth (Nguyen et al., 2018).

Considering the proposed role of eI[F2A in PTEN-L translation, and its essentiality for SCC malignancy,
this non-canonical initiation pathway likely represents an important node in cellular transformations, with
potential for therapeutic targeting. Despite the initial biochemical characterizations of this elF2-
independent translation initiation pathway and the more recently demonstrated importance of e[F2A, the

specifics of elF2A molecular requirements and the pathways involved have yet to be elucidated. The
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current model in the field is that e[F2A is a leucyl-tRNA carrier that is active when ternary complex is

limiting, although this has not been shown directly, i.e., biochemically.

Transcripts dependent on eIF2A for translation

While the current model in the field has eIF2A defined as an alternative initiation factor to elF2, there
have been a limited number of studies that have identified transcripts dependent on elF2A for translation.
There are three classes of mRNAs whose translation eIF2A has been implicated in 1) Internal Ribosome
Entry Site (IRES) containing 2) non-AUG initiated and 3) upstream Open Reading Frame (uORF)

containing mRNAs.

Hepatitis C viral (HCV) mRNA was the first transcript that was shown to have elF2A dependence (Kim
et al., 2011). HCV mRNA contains an IRES, and as such, utilizes different machinery than the canonical
cap-containing mRNAs. Translation of HCV was known to be independent of eI[F2—GTP—Met-tRNA;
ternary complex from several studies (Robert et al., 2006, Terenin et al., 2009), leading the Jang lab from
Pohang University of Science and Technology to probe the role of elF2A in this process. Kim et al. used
luciferase assays in cells to show that with limited elF2, the translation of HCV was maintained in control
cells. However, when elF2A was knocked down the protein levels were reduced by around 50%. They
also used radioactively labeled Met-tRNA; to conclude that elF2A was required for the binding of Met-
tRNA, to the 40S in the presence of the HCV mRNA. Finally, infection of Huh-7.5.1 cells with Hepatitis
C virus was reduced around 50% in cells with eIF2A knocked down, using the core of HCV as a readout

for viral levels.

Another compelling piece of evidence for eI[F2A-dependent translation came from the Yin lab of Peking
University (Liang et al., 2014). They discovered a long isoform of the tumor suppressor phosphatase and

tensin homolog (PTEN) that was the result of translation initiation at an upstream non-AUG start codon.
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Similar to an IRES-containing transcript, they hypothesized that secondary structure in the 5’UTR of this
gene recruited alternative initiation factors, such as eIF2A, to initiate translation at this non-canonical start
codon. Through western blot analysis, they noted a drastic decrease in the protein levels of the long
isoform of PTEN, while the canonical isoform was unaffected. From this study, e[F2A was also
implicated in non-AUG translation initiation, a phenomenon that was gaining interest in the field due to

the aforementioned ribosome profiling results showing the prevalence of non-AUG start codon usage.

Finally, eIF2A was again implicated in elF2-independent translation in a study from the Walter lab which
examined the relationship between uORF translation and the sustained translation of Binding
immunoglobulin protein (BiP) and Activating Transcription Factor 4 (ATF4) (Starck et al., 2016). The
mRNA for both genes contain uORFs, however, the uORFs for BiP utilize non-AUG start codons
whereas ATF4 uORFs initiate at the canonical AUG. The authors knocked down elF2A and saw a
decrease in uORF translation for BiP but not ATF4. They also saw a slight decrease in BiP levels upon
knocking down elF2A but only in the presence of stress. Mutating one of the uORFs and knocking down
elF2A showed a strong decrease in BiP levels in the presence of stress. From this, the authors concluded
that eIF2A and the uORFs for BiP were essential for the sustained translation of the downstream ORF

during stress.

Between these three transcripts (HCV, PTEN-L, and BiP) there are some common features. For HCV and
BiP, limiting elF2a. results in a dependence on elF2A. PTEN-L and BiP share the use of non-canonical
start codons upstream of the annotated AUG start codon, and all three have reported secondary structure
that could contribute to the recruitment of specific translation factors. The mechanistic detail in how
elF2A is participating in the translation of these transcripts, however, remains unclear, and to-date there is

no systematic analysis of what constitutes an “elF2A-dependent” transcript.
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Conflicting data in the field on elF2A-dependent transcripts

Redundancy in initiation factors, as well as cell line specific effects, makes establishing the role of
alternative factors especially difficult. Following the HCV study from Kim et al., another study was
published simply titled “The Initiation Factors elF2, eIF2A, elF2D, elF4A, and el[F4G Are Not Involved
in Translation Driven by Hepatitis C Virus IRES in Human Cells” (Gonzalez-Almela et al., 2018). In this
study, the authors also used a luciferase assay to look at HCV mRNA translation, however, this time the
authors saw no difference in eIF2A" HAP1 cells compared to Wild-Type. Besides using a different cell
line, the more recent study differs in that the measurements were made in an elF2A knockout cell line
whereas Kim et al. used a knockdown of elF2A. Perhaps compensatory methods in the knockout cell line

could mask the defect in translation. The role of eIF2A in HCV translation remains controversial.

The drastic and specific decrease in PTEN-L expression in e[F2A knockout cells made this an attractive
transcript to use as a reporter for e[F2A-dependent translation. Unfortunately, in our hands we were
unable to replicate the PTEN-L result in HeLa cells by western blot analysis (Figure 2.1). Using an
antibody against PTEN, we saw a slight decrease in the levels of both the AUG-initiated short isoform
(PTEN-S) and the CUG-initiated long isoform of PTEN (PTEN-L) in the knockout cell line. We did not

see the same dramatic decrease in PTEN-L levels that Liang et al. reported.

While there is clearly a need for systematic identification and analysis of eIlF2A-dependent transcripts,
this has proven to be difficult. In the squamous cell carcinoma (SCC) study that identified elF2A as a key
factor for tumorigenesis, they performed Ribo-seq and saw changes in the 5’UTR occupancy in elF2A
knockout cells (Sendoel et al., 2017). There was no accompanying RNA-seq, which makes analysis of
these data difficult in regards to translational efficiency. Other unpublished studies have observed
phenotypes in cells and organisms lacking e[F2A but were unable to detect differences in translation,

suggesting e[F2A might also be playing a role outside of translation.
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With the conflicting data in the field, we became interested in re-examining the basic model for e[F2A.
Instead of operating under the assumption that eI[F2A was an alternative tRNA; carrier to elF2, we wanted
to utilize two simplified systems to characterize el[F2A: 1) an in vivo yeast model 2) an in vitro system
developed at UC Davis in the Fraser lab for studying translation initiation where we could test the effect

of e[F2A on the canonical machinery.

RESULTS

elF2A and elF4A (TIF1) interact genetically in Saccharomyces cerevisiae

We wanted to take advantage of the large volume of genetic interaction datasets in the budding yeast
Saccharomyces cerevisiae to create a yeast strain that was sensitive to e[F2A deletion, as deletion of
elF2A alone has no apparent phenotype (Komar et al., 2005). From published Epistatic MiniArray
Profiles (E-MAPs) (Wilmes et al., 2008), eIF2A was shown to have a strong negative genetic interaction
with TIF1 and TIF2 (Figure 2.2A). As a result of the ancestral whole genome duplication event, TIF1
and TIF2 both encode for the DEAD box helicase e[F4A, an important member of the eIF4F complex. In
yeast, eIF4A is one of the two main helicases responsible for unwinding secondary structure in the 5’UTR
of mRNA during the initiation of translation. While ATIF1ATIF2 double deletion cells are not viable,
deleting just one of these genes results in a yeast strain that has reduced levels of eIF4A but is still viable
with no observable growth defect. To begin to examine the relationship between elF4A and elF2A, we
first confirmed the genetic interaction using both serial dilution plating assays and plate reader growth
assays. As previously reported, when we deleted eIF2A or TIF1 alone there was no observable growth

defect compared to WT (Figure 2.2B and C). When TIF1 was deleted in the AelF2A background,

however, the strain had a significant growth defect that was evident in both assays.
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Strains without elF2A and TIF1 show a strong defect in translation

We wanted to test whether the growth defect we had observed was concomitant with a defect in
translation. To do so, we ran polysome gradients using lysates from the different genetic backgrounds and
looked for changes in the monosome and polysome peaks. As expected, the e[F2A deletion strain showed
a similar polysome profile when compared to WT (supplemental figure 2.1). The ATIF1 profile showed a
slight defect in translation, evident by the increase in the monosome peak and reduction in the Azs4 signal
for the polysome peaks (Figure 2.3A, blue trace). When compared to WT and ATIF1, the AeIF2AATIF1
strain showed a significant increase in signal for the monosome peak and collapse of the polysomes
(Figure 2.3A, green trace), suggesting a strong defect in translation initiation. As a complementary
approach for measuring bulk translation, we also did a puromycin assay to quantify translation products,
where we did puromycin labeling followed by western blot analysis with an antibody against puromycin
(Figure 2.3B). Lysate from strains without elF2A or TIF1 showed similar signal to WT whereas the

lysate from the double mutant had a strong reduction in signal, also suggesting a defect in translation.

Ribosome profiling shows changes in translational efficiency in the AeIF2AATIF1 background

To further investigate the gene-specific translational changes taking place in the four genetic backgrounds
(WT, AelF2A, ATIF1, and AelF2AATIF1) we used mRNA-sequencing in conjunction with ribosome
footprint sequencing analysis (ribosome profiling or Ribo-Seq). In agreement with the growth assays and
bulk translation assays, ribosome profiling showed significant changes in the translational efficiency (TE)
of genes in the double mutant. 424 genes showed a greater than 0.5-fold log, decrease in translational
efficiency in the AeIF2AATIF1 background compared to just 74 in the ATIF1 background and 87 in the

AelF2A background.
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To compare the general properties of the mRNAs that were downregulated across the different genetic
backgrounds, we calculated the z-score for the TE of each gene and compared the groups of genes with a
z-score below -1.5 (Figure 2.4A). We then used the genome-wide parallel analysis of RNA structure
(PARS) dataset to quantify the degree of mRNA structure in these different groups (Kertesz et al., 2010).
PARS analysis of the 5’UTRs of the translationally downregulated genes in the ATIF1 background and
double mutant showed a significant increase (p < 0.0001) in the total PARS score of the 5’UTR when
compared to all mRNA in the dataset (Figure 2.4B). This difference could partially be explained by the
increase in 5’UTR length of the genes downregulated in these two backgrounds (Figure 2.4C), although
other measurements that are length-independent (First30 and Max30) showed a significant increase in the
double mutant as well. Of note, there did not appear to be any significant changes in the mRNA length or
structure of the genes downregulated in the AelF2A background when compared to all mRNA in the

dataset.

One of the most translationally downregulated genes in the ribosome profiling dataset was alcohol
dehydrogenase isoenzyme type IV (ADH4), which showed a strong dependence on the presence of elF2A
and TIF1. ADH4 has an unusually long 5’UTR for Saccharomyces cerevisiae with a length of 268
nucleotides (compared to 79 nucleotides for all mRNA) that may contribute to the requirement for these
two factors. Furthermore, the average PARS score for the 5’UTR is 0.19 (compared to 0.06 for all
mRNA), reflecting a higher propensity to form secondary structures in the 5’UTR. While RNA Reads Per
Kilobase of transcript, per Million mapped reads (RPKM) values were consistent among the four
backgrounds, there was a 3-fold reduction in ribosome protected fragment RPKM values in the double
mutant. We C-terminally FLAG-tagged endogenous ADH4 and were able to see a strong reduction in the
protein levels of ADH4 by western blot analysis (Figure 2.4D). Additional experiments mutating this

region are needed to show whether the translational dependence is due to properties of the 5S’UTR.

67



AelF2AATIF1 yeast exhibit a sensitivity to homeostatic stressors

GO Term analysis of the translationally downregulated genes in the double mutant showed an enrichment
for stress responsive genes as well as metabolic genes (Figure 2.5A). One of the genes included in this list
is the well-characterized uORF-containing transcript for General Control Nondepressible 4 (GCN4).
GCN4 is a transcriptional activator that responds to amino acid starvation and other metabolic stressors. It
has a long 5’UTR with four uORFs that regulate the translation of the downstream coding sequence.
Using an antibody against endogenous GCN4, we saw by western blot analysis that levels of GCN4
protein were indeed drastically reduced in the AeIF2AATIF1 background (Figure 2.5B). Unlike with
ADH4, however, there were lower levels of GCN4 in the single mutants as well, suggesting that the
decrease in the double mutant is an additive effect from losing both factors. Since expression of GCN4
has been shown to be the result of phosphorylation of elF2a, we also blotted for elF2a using a phospho-
serine-51 specific antibody. In agreement with the downregulation of GCN4 in the double and single
mutants, we also saw a decrease in the levels of phospho-elF2a. Future experiments are needed to

determine whether this result is due to an overall decrease in elF2a levels or a deficiency in the

phosphorylation of elF2a.

Consistent with a decrease in GCN4, Panther GO-slim analysis of the differentially expressed genes from
RNA-seq in the double mutant showed a significant enrichment for alpha-amino acid metabolic processes
(GO:1901605) among other metabolic processes (Figure 2.5C). We wanted to see if there were
consequences for the cell in response to stressors that upregulate GCN4 such as H>O» and rapamycin.
H,0; is an oxidative stressor for the cell and rapamycin inhibits TORC1, mimicking amino acid
starvation. Both stressors activate the lone elF2a kinase, GCN2. Treatment with H,O, and rapamycin did
indeed result in phenotypic changes in the different genetic backgrounds, with the most notable growth

defect in the double mutant following rapamycin treatment (Figures 2.5D-F). Interestingly, the sensitivity
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to stressors did not follow the same trend as GCN4 expression, suggesting the phenotype was not solely
due to the impairment in GCN4 expression. The AelF2A strain showed a similar delay to AeIF2AATIF1
in recovery from H»O; stress, however the rate of growth following that delay was comparable to WT
(Figure 2.5D). Following rapamycin treatment, AelF2A had a reproducible growth defect that was

exacerbated by the deletion of TIF1 (Figure 2.5E).

From these experiments, we were able to show that when the canonical translational apparatus is limited
(TIF1 deletion, limiting elF2a through GCN2, limiting eIF4F through TORC1) eIlF2A becomes important
in yeast. This contextual requirement could be the result of e[F2A participating in an alternative complex,
assisting the canonical machinery, or an indirect effect that is not necessarily due to modulation of

translation initiation.

Recombinant expression of human elF2A

To help get at the true mechanism of eIF2A-dependent translation we were particularly
interested in obtaining a reliable, purified protein preparation. Due to the powerful existing in
vitro reconstituted initiation systems that utilize the human proteins, we decided to attempt to
purify the human version of eIF2A. Previous reports have conflicting results regarding
recombinant expression and purification of e[F2A. To date, only one group has published results
using Escherichia coli (E.coli) purified protein (Kim et al., 2011). They demonstrated that eIF2A
stimulated tRNA binding to the 40S in the presence of HCV mRNA using filter binding assays.
Another group, however, showed that the stimulation of tRNA binding to the 40S subunit that

was originally shown by William Merrick’s group was misattributed to eIF2A due to a
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contaminated preparation, and rather, an alternative initiation factor eIF2D was the factor
responsible for GTP-independent binding of tRNA to the small subunit (Dmitriev et al., 2010).
Due to these discrepancies in the literature, we were interested in preparing our own sample to

examine the basics in vitro of eIF2A’s role in translation initiation.

Recombinant expression of human elF2A in Escherichia coli (E.coli)

Recombinant protein expression in E.coli has several advantages over mammalian systems,
mostly in regards to the cost and ease of growing a large quantity of cells. As previously
mentioned, one group had success in using E.coli to produce elF2A for in vitro binding assays
and we used this protocol as a starting point. In our hands, expression and purification of human
6xHis-eIF2A appeared to be successful at first. We were able to obtain a clean preparation of a
protein that eluted around 12 mL on the S200 size exclusion column (Figure 2.6A). and ran

around the expected molecular weight on an SDS page gel (Figure 2.6B).

There were a couple problematic aspects of this preparation. The first being that the yield was
low, with 6 liters of culture only producing a couple hundred micrograms of protein. The second
was that incubation with TEV protease did not result in detectable tag cleavage. Finally, by mass
spectrometry the size of the product was around 0.4 kDa too small (Figure 2.6C). To address
these concerns, we performed protein identification using mass spectrometry in collaboration
with QB3 at UC Berkeley. We were surprised to discover that the primary protein in the sample
was the E.coli protein Glutamine-fructose-6-phosphate aminotransferase (GImS) that was 66.9

kDa and co-eluted with eIF2A (Figure 2.6D). There were also a small number of peptide counts
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for elF2A, which explains the positive signal for eIF2A by western blot analysis that we had

previously seen. We were unable to separate e[F2A from this contaminating species.

Recombinant expression of human eIF2A in Expi293 cells

Based on these results we decided to change our expression system to a mammalian system.
elF2A is not conserved in bacterial species and we reasoned that the protein folding machinery
in a mammalian system may help with its expression and purification. The cell line we used,
Expi293, is a commonly used cell line for expression that is suspension-adapted and derived
from Human Embryonic Kidney (HEK) cells. We expressed elF2A with an N-terminal 6xHis-
tag and a ybbR tag either following the His-tag or at the C-terminus. These constructs readily
expressed in the Expi293 cells (Figure 2.7A) and resulted in a purified product following size
exclusion chromatography (SEC) (Figure 2.7B and C). 6xHis-elF2A-ybbR and 6xHis-ybbR-
elF2A eluted around 13 mL on the S200 column, which was earlier than we would expect for a
protein that was 68 kDa. Indeed, after running the standards through the column, we were able to
confirm that elF2A eluted as a dimer (Figure 2.7D). Finally, mass spectrometry analysis of the
purified product showed the primary product was 68.9 kDa, the expected size of the 6xHis-
elF2A-ybbr construct (Figure 2.7E). In contrast to the E.coli preparation, eI[F2A appeared to be

readily expressed and isolated from Expi293 cells.
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Preliminary in vitro binding assays suggest elF2A possesses weak general RNA binding properties

In collaboration with Dr. Sokabe of Dr. Fraser’s lab at UC Davis, we conducted a series of preliminary
binding assays. In order to observe anisotropy, we first covalently labeled e[F2A with fluorescein by Sfp
phosphopantetheinyl transferase-catalyzed conjugation to the ybbR tag on the recombinantly expressed
elF2A (Yin et al., 2006). We then incubated increasing amounts of 40S or 60S ribosomal subunits with
18 nM of fluorescently labeled eIF2A and measured the anisotropy change (Figure 2.8A). We were
surprised to see in this initial trial that while eI[F2A showed a moderate affinity for the 40S subunit (Kq of
270 nM), it had a lower Kg for the 60S subunit (K4 of 30 nM). At this stage, it is unclear if these are
functional interactions. By chasing labeled elF2A off 40S or 60S subunits with unlabeled elF2A, we saw
that the inhibitor constant (K;) was 9-fold higher than the K4 for the 60S (K; of 270 nM) (Figure 2.8B).
This could indicate that e[F2A is binding on multiple sites of the 60S, which would contribute to the
surprisingly low Kq. From polysome gradient analysis we see that elF2A primarily co-sediments with the

40S subunit, so the interaction with the 60S that we observed may be non-specific.

Finally, we tested the binding of elF2A to fluorescently labeled RNA molecules. eIF2A has been reported
to bind both mRNA and tRNA;. What we saw in these initial assays, however, was a rather weak affinity
for the tested RNA species (Figure 2.8C). We tested a CAA-repeat containing mRNA as well as a more
structured Globin-UTR mRNA. Binding of the CAA-repeat mRNA to elF2A showed the tightest binding
with a Kqaround 700 nM. Both the Globin-UTR mRNA and tRNA; bound to elF2A in the low
micromolar range. For comparison, the canonical initiator-tRNA carrier, elF2, binds unacylated tRNA;

with a Kq of 130 nM (Kapp et al., 2004).

These assays are all preliminary and there are countless additional conditions that we can test now that we
have a reliable preparation of e[F2A. We can examine how the presence of additional initiation factors

affects elF2A’s association with the 40S subunit and if e[F2A physically interacts with these factors or is
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competing for their binding sites. There are several potential mRNA molecules that have been associated
with e[F2A-dependent translation that could serve as a starting template for building up this alternative
initiation complex. The previous experiments in the literature examining eIF2A’s interaction with these
different components were all qualitative, so being able to deeply explore eIF2A’s interaction with the

translational machinery in a quantitative manner will be incredibly valuable to the field.
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DISCUSSION

To maintain protein homeostasis, the cell relies heavily on the regulation of translation initiation.
Regulation is achieved by controlling the availability of canonical initiation factors as well as the
utilization of alternative factors, such as e[F2A. As translational regulation is critical for the cell,
redundancies built into the system make studying the role of a particular factor especially difficult.
Through these studies, we have encountered a “slight change” from loss of eIF2A at almost every turn,
and a quick search through the literature will corroborate this finding. By sensitizing the yeast system
with reduced levels of el[F4A, we not only were able to characterize the relationship of elF2A to a
canonical initiation factor, but we were able to actually observe changes in the cell due to loss of eIF2A.
Through ribosome profiling we saw that loss of eI[F2A alone has minimal effects on the translational
efficiency of genes. We also saw that losing elF2A in the eI[F4A-depleted background did not change the
average length or PARS score of downregulated mRNA, however, the translational efficiency of genes
were drastically reduced. This result suggests eIF2A is not influencing mRNA selection but rather the
efficiency by which mRNA are translated. Further mechanistic studies will be necessary to establish

where in the initiation pathway elF2A is functioning.

Now with a purified sample of e[F2A and the proper assay system, we can both test long-held
assumptions about the function of eIF2A as well as start to build-up a more comprehensive model. We
have already seen that this positively charged protein interacts with every type of RNA we tested,
highlighting the importance of carefully controlled in vitro experiments. We know from polysome
gradient analysis that eIF2A primarily co-sediments with the 40S subunit and we also saw a moderate
affinity for the 40S subunit in vitro. Compared to other canonical factors, however, the measured affinity
for the 40S subunit was rather low. This result could be indicative that additional proteins are needed to
secure this interaction or that eIF2A requires post-translational modification(s). It could also reflect

elF2A’s role as an alternative factor in that the interaction is relevant only when other factors are limited.
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Combining these in vitro assays with additional in vivo characterization could prove invaluable for

understanding how this protein functions.

These studies are a considerable effort for a gene that was previously considered to be non-essential.
Recent reports looking at e[F2A at both the cellular and organismal level, however, have shown that
context matters when evaluating the importance of e[F2A. The first characterization of an elF2A
knockout mouse showed that offspring were viable, with no apparent phenotype when examined at 3-5
months of age (Golovko et al., 2016). The same group followed up with a more in-depth analysis that
uncovered a decrease in lifespan as well as a strong metabolic phenotype in the knockout mouse
(Anderson et al., 2021). After 1 year of age, the animals without el[F2A exhibited severe obesity and
enlarged livers when compared to WT. Furthermore, mice on a high fat diet gained weight at a faster rate
than WT mice fed the same diet, a phenomenon that was especially pronounced in the female mice. More
recently, in Drosophila melanogaster it was shown that disruption of the gene for elF2A was lethal and a
hypomorphic allele rendered males sterile (Lowe et al., 2022). Understanding how elF2A functions is not
only an interesting mechanistic question, but also clearly informs on basic developmental and metabolic

processes.

Beyond basic science, there are obvious advantages when considering a context-specific factor as a
therapeutic target. As discussed previously, eIF2A was implicated as a key component of the co-opted
translational machinery in Squamous Cell Carcinoma. Unlike with a factor such as elF2, whose inhibition
would drastically impair the translation of healthy cells as well as diseased cells, inhibition of eIF2A
could specifically target that aberrant growth. A better structural and biochemical understanding of what

the elF2A-containing initiation complex could inform on chemical inhibition
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Figure 2.1: PTEN does not have isoform specific changes in eIF2A knockout HeLa cells

Western blot analysis of protein lysate from monoclonal HeLa e[F2A knockout cells shows a slight
decrease in both the long and the short isoform of PTEN when compared to WT cells.
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Figure 2.2: e[F2A and TIF1 have a synthetic growth defect

(A) Scatter plot of the E-MAP interaction scores for e[F2A from Wilmes et al. (2008). Each point
represents the genetic interaction score between a gene and elF2A. TIF1 and TIF2 are represented by
red points. (B) 5-fold serial dilutions of WT W303 yeast, AelF2A, ATIF1 and AeIF2AATIF1on YPD
agar after 24 hrs. (C) Growth assay of the above strains in a plate reader format, with ODggo as the
readout for cell density. Average values of the three replicates are plotted with standard deviation.
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Figure 2.3: General translation is downregulated in the AeIF2AATIF1 background

(A) Polysome profiles for WT, ATIF1, and AelF2AATIF1 show a strong defect in translation in the
double mutant. (B) Similarly, the AeIF2AATIF1 mutant shows a decrease in puromycin labeled peptides

by western blot analysis when compared to WT and the single mutants. PGK serves as a loading
control.
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Figure 2.4: Ribosome profiling analysis reveals differentially expressed transcripts under the combined
presence of elF2A and TIF1, with a distinct lack of changes in the AelF2A background

(A) Frequency distribution of translation efficiency changes in the AeIF2AATIF1 background used to
calculate z-scores for mRNA analysis. (B) PARS scores for the different 5’UTR measurements for each
of the genetic backgrounds compared to WT. (C) 5’UTR length distributions for each of the genetic
backgrounds compared to WT. (D) Western blot analysis of C-terminally FLAG-tagged ADH4 shows

reduced protein levels in the double mutant. PGK serves as a loading control.
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Figure 2.5: The AeIF2AATIF1 strain exhibits metabolic reprogramming and an increased sensitivity to
homeostatic stressors.

(A) GO Term analysis of the translationally downregulated genes in the double mutant shows a
significant enrichment of stress responsive and metabolic genes. (B) Western blot of lysate from WT,
AelF2A, ATIF1, and AelF2AATIF1 with an antibody against GCN4 and PGK as a loading control. (C)
GO Slim analysis of the genes downregulated in the double mutant at the RNA level shows a significant
enrichment of genes involved in amino acid metabolism. (D) ODsoo of WT, AelF2A, ATIF1, and
AelF2AATIF1 read every hour for 40 hours following treatment with 1 mM H>O» The mean is plotted
with the standard deviation between three replicates. (E) Same as (D) except treated with 200 ng/mL
rapamycin for 67 hours. (F) Fold-change of the doubling time relative to WT following treatment with
each of the stressors.
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Figure 2.6: Expression and purification of 6xHis-eIF2A in E.coli results in the purification of the
endogenous protein, GImS.

(A) Schematic for the expression construct and size exclusion chromatography Azso trace for 6xHis-
elF2A purification. (B) SDS-PAGE gel of the fractions from the major peak. (C) Intact protein mass
spectrometry on the main peak reveals the major product is around 66.8 kDa. (D) Summary of the
results from LC-MS for protein identification. The E.coli protein GImS was the most abundant protein
in the sample.
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Figure 2.7: elF2A is readily expressed in Expi293 cells and elutes as a dimer on size exclusion column

(A) Schematic of the construct used for expression and a representative SDS-PAGE gel of the high
imidazole elutions from TALON resin. (B) The SEC trace shows that 6xHis-ybbr-eIF2A elutes at 13.14
mL. (C) An SDS-PAGE gel of the fractions from the major peak shows that main product is around 70
kDa. (D) Standard curve for SEC standards shows that e[F2A eluted as a dimer on the S200 SEC
column. (E) Mass spectrometry analysis of the final product from the 6xHis-ybbr-eIF2A purification
shows a final product of 68.9 kDa.
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Figure 2.8: Preliminary binding experiments show 6xHis-ybbR-eIF2A has a moderate affinity for

0.0

4000

—e— 408 subunit
—=— 608 subunit
L] L] L] L] I L] L] L] L] I Ll L] L] Ll I L] L] L] L] I
0 1000 2000 3000
Unlabeled elF2A (nM)

CAA repeat
Globin-UTR
tRNA;

) LI B N N B B B HN B B B B M m |

0

500

1000
Unlabeled elF2A (nM)

ribosomal subunits and a weak affinity for mRNA/tRNA;

(A) Anisotropy assays with labeled e[F2A and increasing amounts of ribosomal subunits. The fraction
bound was calculated and plotted against the concentration of the indicated ribosomal subunit. (B) The
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Supplemental figure 2.1: WT and AelF2A cells have similar polysome profiles

Polysome gradient analysis of WT (blue trace) and AelF2A (red trace) lysate run over a 10-45% sucrose

gradient.
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MATERIALS AND METHODS

Yeast growth assays

For agar plate assays, cultures were grown overnight to saturation then diluted to OD 0.1 and allowed to
grow until log phase. From there, cultures were again diluted to OD 0.1 and diluted 5-fold five times
consecutively. 4 mL from each dilution were plated on YPD plates and left to grow overnight. The plate
reader assay was performed with a similar set-up, instead of diluting the cells 5-fold, however, they were
plated at OD 0.1 in triplicate in a 96-well plate and read for 24-72 hrs in the ClarioStar PLUS (BMG

LabTech) plate reader at 30°C.

Construction of yeast strains and plasmids

Deletions of elF2A and TIF1 were performed by PCR-mediated gene-replacement (Longtine et al. 1998).
For AelF2A, primers with 40 bases to the 5* and 3 of e/FF24 were used to amplify the hygromycin B
cassette and transformed into WT W303. AelF2A transformants were selected by growth on hygromycin
B plates and confirmed by gDNA PCR amplification of the cassette with a forward primer in the
promoter region of e/F2A4. Similarly, ATIF1 was made by amplifying HIS3 using primers with 40 bases to
the 5” and 3’ of TIFI. Transformants were selected by growth on synthetic complete (SC) -His plates.
Deletions were confirmed by gDNA PCR amplification of the HIS3 gene with a forward primer in the
promoter region of 7/F1. The AeIF2AATIF1 double mutant was constructed by transforming the HIS3

gene with complementary regions to the 5” and 3’ of T/FI in the AelF2A background.

Polysome profiles and polysome gradient fractionation
Lysate was prepared by growing the indicated strain in YPD overnight and diluting to an OD of 0.1 in
500 mL of YPD. Cultures were grown until mid-log phase, and then harvested by vacuum filtration. The

cells were rapidly scraped off the filter and frozen in liquid nitrogen. Cells were lysed with the Retsch
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CryoMill in lysis buffer (20 mM Tris pH 8.0, 140 mM KCI, 5 mM MgCl,, 100 pg/mL cycloheximide, 1
mM DTT, 1% Triton-X 100, 20 U/mL RnaseOUT™, and Halt™ Protease Inhibitor Cocktail). The
resulting lysate powder was stored at -80°C while the gradients were prepared. 10-45% continuous
sucrose gradients were prepared in 1X polysome buffer (20 mM Tris pH 8.0, 140 mM KCl, 5 mM MgCl,,
100 pg/mL cycloheximide, I mM DTT, and 20 U/mL RnaseOUT™). The gradients were left at 4°C for at
least 1 hour.

Lysate was thawed at room temperature and centrifuged at 3,000 x g for 5 min at 4°C to pellet the debris.
The supernatant was then centrifuged again at max. speed for 10 minutes at 4°C. The Axg of the resulting
supernatant was determined and each sample was diluted to 1.0 pg/uL. 200 pL of the diluted lysate was

loaded on a sucrose gradient and centrifuged in a Beckman SW40Ti rotor at 36,000 RPM for 2 hours.

Ribosome footprinting and RNA-seq

RNA for RNA-seq and Ribo-seq were isolated from yeast cells grown to mid-log phase and harvested by
vacuum filtration. Cells were scraped off the filter and flash frozen in liquid nitrogen. Cells were lysed in
1x Lysis buffer (20 mM Tris pH 8.0, 140 mM KCl, 5 mM MgCl,, 100 ng/mL cycloheximide, 1% Triton
X-100, 1 mM DTT, and 20 U/mL RnaseOUT™) using the Retsch CryoMill. Half of the lysate was used
for isolating total RNA and the other half was used for isolating ribosome-protected fragments. Total
RNA for RNA-sequencing was isolated using the Direct-zol RNA Purification kit (Zymo). Ribosomal
RNA (rRNA) was depleted using the RiboMinus™ Transcriptome Isolation Kit (Invitrogen™). rRNA
depletion was confirmed by Bioanalyzer analysis before continuing to the library preparation. The RNA-
seq library was generated for each mutant using the NEBNext Ultra II RNA Library Prep Kit for [llumina

(NEB) according to the manufacturer’s protocol.

For Ribo-seq library preparation RNase I (Ambion) treatment was performed on yeast lysate for 1 hr at

RT. The digestion was loaded onto a 10-45% sucrose gradient and centrifuged at 36k RPM for 2 hours to
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isolate ribosome protected fragments. Library preparation of the isolated fragments were as previously

described (Ingolia et al., 2012) with multiplexing of each sample with a unique barcode:
/SApp/NNNNNCGTAAAGATCGGAAGAGCACACGTCTGAA/3ddC/
/SApp/NNNNNCTAGAAGATCGGAAGAGCACACGTCTGAA/3ddC/
/SApp/NNNNNGATCAAGATCGGAAGAGCACACGTCTGAA/3ddC/
/SApp/NNNNNGCATAAGATCGGAAGAGCACACGTCTGAA/3ddC/

50 bp single end read sequencing was performed by the Center for Advanced Technology at UCSF on the

HiSeq4000.

Western blot analysis

Yeast lysate were prepared as previously described (Zhang et al., 2011). Lysate was run on an SDS-page
gel and transferred to a PVDF membrane using the iBlot2 Western blot transfer system. Membranes were
blocked in 5% milk PBST and incubated with aFLAG (Sigma F1804), aHA (Biolegend, 901502),
aGCN4 (Novus, C11L34), aPhospho-elF2a (Cell Signaling, 9721), or aPGK (Invitrogen, 459250)
overnight at 4°C (dilutions and species in Table 2.1). Membranes were washed and incubated with either
anti-Rabbit or anti-Mouse IgG (H+L) HRP Conjugate (Promega) for 1 hr at RT. Membranes were then
developed with SuperSignal West Dura Extended Duration Substrate (Thermo Fisher) and imaged with

the Odyssey Imaging System (LiCor).
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Table 2.1: Antibodies for validation of ribosome profiling hits

Target Cat. # Dilution Host
FLAG-M2 Sigma 1:3000 Mouse
F1804
3xHA Biolegend, 1:2000 Mouse
901502
GCN4 Novus, 1:1000 Rabbit
Cl11L34
Phospho- Cell 1:1000 Rabbit
elF2a Signaling,
9721
PGK Invitrogen, 1:2000 Mouse
459250

Purification of 6xHis-elF2A in E.coli

6 liters of BL21 E.coli transformed with 6xHis-elF2A expression plasmid were grown to mid-log phase
and induced with 0.5 mM IPTG for 18 hours. Cells were harvested and lysed with the Emulsiflex in lysis
buffer (20 mM HEPES pH 7.4, 300 mM KCl, 20 mM imidazole, 10% glycerol, 0.5 mM TCEP, and
Halt™ Protease Inhibitor Cocktail). The lysate was centrifuged at 16,000 RPM for 30 min at 4°C and the
resulting supernatant was used for the purification steps. Lysate was run over a 5 mL HisTrap column and
eluted with a high imidazole buffer. The elution was further purified over a MonoQ column and then a
Superdex 200 10/300 GL Cytiva column in 20 mM HEPES pH 7.4, 200 mM KCl, 5% glycerol, 0.5 mM

TCEP.

Purification of 6xHis-ybbR-eIF2A and 6xHis-eIF2A-ybbR in Expi293 cells

Expi293 cells were cultured in the Expi293™ Expression Medium and transfected as per the
manufacturer’s instructions. The 6xHis-ybbR-eIF2A and 6xHis-eIF2A-ybbR plasmids were synthesized
by TwistBioscience. 1L of transfected Expi293 cells were harvested and lysed for 30 minutes at 4°C in
lysis buffer (20 mM HEPES pH 7.4, 300 mM KCl, 0.1% Triton X-100, 5 mM imidazole, 10% glycerol,

and Halt™ Protease Inhibitor Cocktail). The lysed cells were centrifuged at 16,000 RPM for 30 min at
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4°C to pellet debris, and the supernatant was incubated with TALON resin for another 20 min at 4°C. The
TALON resin was washed three times with wash buffer (20 mM HEPES pH 7.4, 300 mM KCl, 5 mM
imidazole, 10% glycerol, and Halt™ Protease Inhibitor Cocktail). 6xHis-eIF2A was eluted from the resin
with 1 mL of elution buffer (20 mM HEPES pH 7.4, 300 mM KCI, 200 mM imidazole, and 10%
glycerol). The eluted sample was then injected onto the Superdex 200 10/300 GL Cytiva column and

buffer exchanged into 20 mM HEPES pH 7.4, 200 mM KCl, 5% glycerol, and 0.5 mM TCEP.
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