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The yeast Mkt1/Pbpl complex promotes adaptive
responses to respiratory growth

Daniel Caballero'@®, Benjamin M. Sutter'®, Zheng Xing'®, Caroline Wang!®, Emma Choo'®, Yun Wang'@®, Yu-San Yang'®, Sina Ghaemmaghami*®,

Andrew Lemoff'@®, and Benjamin P. Tu?@®

An amino acid polymorphism in the Rad2/XPG protein Mkt1 (Mkt1-G30D) reportedly underlies variation in mitochondrial
phenotypes among laboratory yeast, but the function of Mkt1 and the effects of the polymorphism are unknown. We confirm
with genetics and biochemical assays guided by AlphaFold structure predictions that Mktl forms a complex with Pbpl, a
messenger RNP protein that supports adaptations to respiratory conditions, such as Pumilio protein Puf3-dependent
mitochondrial protein expression and TORC1-dependent autophagy. Using CEN.PK (Mkt1-G30) yeast, we show that, like Pbpl,
Mkt1 is required for Puf3-dependent mitochondrial protein expression and autophagy during respiratory growth. Notably,
we found the Mkt1-G30D mutation destabilizes the Mkt1/Pbpl complex, helping to explain its loss-of-function effects. A
HAP1* S288C strain exhibited defects in mitochondrial biogenesis and autophagy, which were rescued by replacing its Mkt1-D30
allele with the Mkt1-G30 allele. Thus, the Mkt1/Pbp1 complex supports adaptive processes during respiratory growth, and
the Mkt1-G30D mutation is an evolutionary adaptation that tempers respiratory processes by destabilizing the Mkt1/Pbp1

complex.

Introduction

The brewing yeast Saccharomyces cerevisiae has been an impor-
tant model organism for the study of metabolic pathways for
decades. Yeast vigorously consume glucose via glycolysis
(i.e., fermentation) and grow rapidly in its presence. Depletion of
glucose from the environment forces yeast to rely on mito-
chondrial energy production via the TCA cycle to consume by-
products of glycolysis, such as ethanol and acetate. Adaptation to
respiratory conditions involves regulatory changes across vari-
ous cellular processes, such as transcription, translation, and
autophagy. For instance, transcriptional activators such as the
HAP2/3/4 complex specifically drive respiratory gene expression
upon glucose deprivation (Buschlen et al., 2003). At the level of
translation, the Pumilio protein Puf3 promotes either the decay or
translation of its target mRNAs, which encode mitochondrial
proteins, in a manner dependent on the metabolic state of the cell
(Lee and Tu, 2015). Furthermore, we have shown yeasts are ca-
pable of undergoing TORCl-regulated autophagy when cultured
in a minimal medium that contains nitrogen and the non-
fermentable carbon source lactate (Wu and Tu, 2011). Thus,
respiratory growth is associated with the induction of specific
regulatory programs and processes that collectively rewire and
support energy production from non-fermentable carbon sources.

Poly(A) binding protein-binding protein 1 (Pbpl), known as
ataxin-2 in higher organisms, is a cytoplasmic RNA-binding
protein which is thought to have various roles in posttrans-
criptional regulation such as poly(A) tail length control,
translation, and stress granule formation (Mangus et al., 1998;
Mangus et al., 2004; Tadauchi et al., 2004; Swisher and Parker,
2010). In yeast, Pbpl has also been shown to be important for
maintaining mitochondrial function and homeostasis. Pbpl
overexpression has been reported to suppress survival defects
resulting from defective intron splicing, ethidium bromide
treatment, and expression of a mutant mitochondrial ADP/ATP
carrier (Waldherr et al., 1993; Dunn and Jensen, 2003; Wang and
Chen, 2015). More recently, we have reported Pbpl is required
for promoting the translation of Puf3-target mRNA transcripts,
which generally encode mitochondrial ribosomal and OXPHOS-
associated proteins during respiratory growth (van de Poll et al.,
2023). Pbpl overexpression also represses TORCI signaling
during heat stress, and we have additionally shown Pbpl pro-
motes autophagy during growth in minimal respiratory medium
by forming redox-sensitive condensates which repress TORC1
signaling (Takahara and Maeda, 2012; Yang et al., 2019; Kato
et al., 2019).
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Maintenance of K2 killer toxin 1 (Mkt1) is a poorly understood
member of the Rad2/XPG family of DNA repair enzymes and was
initially reported in 1980 by Reed Wickner to be involved in the
maintenance of viral M2 dsRNA (Wickner, 1980). Over two
decades later, Mktl was reported to function in a complex with
Pbpl to promote the expression of the HO endonuclease in a
manner dependent on the 3’ UTR region of the HO transcript
(Tadauchi et al., 2004). More recently, studies in Trypanosoma
brucei have proposed Mktl and Pbpl exist in a complex which,
in association with cytoplasmic mRNA-ribonucleoprotein com-
plexes, appears to be important for mRNA stabilization (Singh
et al., 2014; Melo do Nascimento et al., 2020). Interestingly, a
polymorphism at the 30th aa residue of yeast Mkt1 (Mkt1-G30D)
has also been reported to underlie defects across a range of
stress-related processes such as heat tolerance, sporulation, and
various mitochondrial-related phenotypes, including petite
colony growth, growth in low glucose liquid medium, ethanol
tolerance, and levels of mRNAs targeted by the Pumilio protein
Puf3 (Steinmetz et al., 2002; Deutschbauer and Davis, 2005;
Dimitrov et al., 2009; Anderson et al., 2010; Swinnen et al., 2012;
Lee etal., 2009). These reports collectively point to an important
role for Mktl in promoting mitochondrial function, and indeed,
one report even proposed Mktl is a “global regulator of mito-
chondrial mRNAs” (Anderson et al., 2010). However, despite
these studies, our knowledge of yeast Mktl/Pbpl complex
function and the effects of the Mkt1-G30D polymorphism re-
main limited.

In this study, we provide evidence that Mktl exists in a
complex with Pbpl which promotes Puf3-dependent mitochon-
drial protein expression during respiratory growth and au-
tophagy during nutritional stress under respiratory conditions.
We show for the first time that the Mkt1-G30D polymorphism
decreases Mkt1/Pbpl complex abundance and formation, lead-
ing to defective Puf3-dependent protein expression and au-
tophagy. Importantly, we find that expression of WT Mkt1-G30
alleles in a HAPI* S288C strain, which naturally harbors the
Mkt1-D30 allele, is sufficient to rescue defects in Puf3-dependent
mitochondrial protein expression and autophagy, indicating the
Mkt1-G30D polymorphism largely underlies the reduced capacity
of S288C yeast to carry out these processes. We define the Mktl/
Pbpl complex as a key regulator of mitochondrial homeostasis
and provide evidence that the Mkt1-G30D polymorphism rep-
resents an evolutionary adaptation that supports yeast survival
in glucose-rich laboratory environments that favor fermenta-
tive growth.

Results

Mkt1 and Pbp1 exist in a complex under fermentative and
respiratory conditions

Pbpl is thought to associate with cytoplasmic RNA processing
and translation factors such as Pabl, Dhhl, Lsmil2, and Pbp4
(Mangus et al., 1998; Fleischer et al., 2006; Swisher and Parker,
2010). Mktl, a poorly understood Rad2/XPG family protein, has
previously been reported to interact with Pbpl in S. cerevisiae,
Schizosaccharomyces pombe, T. brucei, and Cryptococcus neofor-
mans, but biochemical and structural evidence for a complex
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between Mkt1 and Pbpl has been lacking (Tadauchi et al., 2004;
Taglini et al., 2020; Singh et al., 2014; Son et al., 2019). To
identify Mktl and Pbpl protein interactors, we performed an
immunoprecipitation/mass spectrometry (IP/MS) experiment
using Mktl-Flag and Pbpl-Flag yeast strains cultured in rich
glucose (YPD, fermentative) and lactate (YPL, respiratory) me-
dia. In each Flag-tagged sample tested, we found Mktl and Pbpl
were the two most abundant proteins present (Fig. 1, A and B;
and Table S1). Based on protein sizes of the tagged and untagged
proteins in each sample, we reasoned the top and bottom bands
present in the Mkt1-Flag lanes were Mktl and Pbpl, respectively,
while the single band in the Pbpl-Flag lanes consisted of both
Mkt1 and Pbpl proteins. We confirmed the bands were Mktl and
Pbpl in a second IP/MS experiment in which protein bands
representing Flag-tagged Mktl and Pbpl were cut from a silver-
stained gel and identified by MS (Fig. 1 C and Table S2). Finally,
we determined the interaction between Mktl and Pbpl was not
dependent on RNA by performing a co-IP experiment with
RNase treatment (Fig. 1 D). In sum, we obtained evidence that
Mktl and Pbpl form a complex under both fermentative and
respiratory conditions.

Characterization of the Mkt1-binding region on Pbpl

Pbpl is defined by Lsm and LsmAD domains in its N-terminal
half, which are thought to be sites of RNA and protein bind-
ing, and a highly disordered C-terminal half that includes a
methionine-rich redox-sensitive disordered region (Yang et al.,
2019; Kato et al., 2019). Inspection of the AlphaFold structure of
Pbpl revealed additional predicted regions of structure inter-
spersed throughout Pbpl, including within the LsmAD domain
and the middle (aa 299-570) disordered region (Jumper et al.,
2021; Varadi et al., 2024) (Fig. 2 A). We speculated these regions
may represent uncharacterized sites of binding to protein and/or
RNA, including Mktl.

To learn more about the Mktl/Pbpl complex, we attempted to
identify a region of Pbpl required for binding to Mkt1 with co-IP
experiments. Using a collection of Pbpl truncation mutants, we
found that Pbpl mutants lacking aa 299-570, aa 491-570, and aa
491-513 did not interact with Mktl as assessed by co-IP, indi-
cating the region encompassing aa 491-513 may be required for
Mkt1-Pbpl binding (Fig. 2, B and C). The Pbpl aa 491-513 region
does not have an annotated domain, but based on AlphaFold, it is
predicted to contain two helical structures, which could repre-
sent binding sites. Consistent with this idea, inspection of the
PAE plot of the Mktl/Pbpl complex AlphaFold 3 prediction
revealed Mktl is confidently predicted to interact with Pbpl
throughout approximately aa 491-549 (Fig. S1 A) (Abramson
et al., 2024). The AlphaFold 3 prediction of Mktl and the Pbpl
aa 491-549 region also indicated a highly probable interaction,
while predictions between Mktl and adjacent Pbpl regions were
not confident (Fig. S1 B). Therefore, based on these data, we
propose that Pbpl aa 491-549 may contain the site of Mktl bind-
ing, which we term the Mktl-binding region (MBR) (Abramson
etal., 2024) (Fig. 2 D).

To further understand the proposed Pbpl MBR, we per-
formed a sequence alignment of Pbpl protein sequences across
yeasts. This revealed two conserved regions across the MBR,
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Figure 1. Mktl and Pbp1 form a complex under fermentative and respiratory conditions. (A) Silver stain of immunoprecipitated Flag-tagged Mkt1 and
Pbp1 protein samples used in IP/MS experiment to identify protein interactors. Cells were collected from YPD cultures in log phase and 3 h following switch to
YPL medium. (B) Top four most abundant proteins in each IP/MS sample from A. (C) IP/MS experiment to identify protein bands present on silver stain gel of
Mkt1-Flag and Pbpl-Flag IP samples. Length of gel sections cut and sent for protein identification is depicted. Cells were collected from YPL cultures grown to
log phase. (D) co-IP experiment showing Mkt1-Pbpl interaction is not dependent on RNA. IP samples were incubated with RNase I¢ for 15 min at 37°C. Cells
were collected from YPL cultures grown to log phase. Source data are available for this figure: SourceData F1.

including a four aa stretch corresponding to Pbpl aa 500-503,
which we speculated could be critical for Mktl-Pbpl binding
(Fig. S1 C). Indeed, we found Pbpl truncation strains lacking aa
500-514 and 500-503 were unable to interact with Mkt1 (Fig. 2,
E and F). Substitution of aa 500-503 with alanine residues also
prevented Mktl and Pbpl from interacting (Fig. 2 G). The loss of
Mkt1-Pbpl binding in these Pbpl mutants led to clear decreases
in both Mktl and Pbpl protein levels, indicating an intact com-
plex is required for normal levels of these proteins (Fig. 2, F and
G). Furthermore, we purified a complex comprising full-length
Mktl and a His-tagged Pbpl protein fragment containing the
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putative MBR using immobilized metal ion affinity chromatog-
raphy followed by gel filtration (Fig. 2, H and I). Taken together,
we provide in vitro and in vivo data that Mktl and Pbpl form a
complex.

Protein sequence and structure prediction analyses of Mktl

Mktl contains XPG-N and XPG-C domains characteristic of
Rad2/XPG family proteins, a helix-3-turn-helix domain, and
Mkt1-N and Mkt1-C domains (Fig. S2 A). Based on its AlphaFold
structure, Mktl is predicted to be a highly folded protein that
resembles other Rad2/XPG proteins (Fig. S2 A) (Jumper et al.,
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Figure 2. Evidence for an MBR within Pbpl. (A) AlphaFold protein structure prediction of S. cerevisiae Pbpl (AF-P53297-F1-v4) and protein domain
schematic. (B) Schematic representation of Pbp1 truncation mutants assayed for their ability to interact with Mkt1in C. The dotted lines represent the deleted
regions. (C) co-IP experiments testing interactions between Pbp1 truncation variants shown in B and Mkt1. Cells expressing each mutant version of Pbpl with
Flag from the endogenous locus and Mkt1-HA were collected at log phase during growth in YPL medium. Note: Pbp1A299-570, Pbp1A491-570, and Pbp1A491-
513 did not interact with Mktl. (D) AlphaFold structure depicting S. cerevisiae Pbpl’s putative MBR (aa 491-549). (E) Schematic representation of Pbpl
truncation mutants assayed for their ability to interact with Mktlin F and G. Truncations were made within aa 491-549, which encompasses the proposed MBR.
Two helical structures are predicted to reside within the MBR and are represented as orange rectangles. The Pbpl-4A strain has aa 500-503 replaced with four
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alanine residues. The dotted lines represent the deleted regions. (F) co-IP testing interactions between Pbp1 truncation variants depicted in E and Mkt1. Cells
expressing each mutant version of Pbpl with Flag from the endogenous locus and Mktl-HA were collected at log phase during growth in YPL medium.
Pbp1A500-514 and PbplA500-503 did not interact with Mktl. (G) co-IP testing interaction between Pbpl-4A variant depicted in E and Mktl. Cells were
collected at log phase during growth in YPL medium. Pbp1-4A did not interact with Mkt1. (H) Full-length Mkt1 and His-Pbp1 (aa 482-550) were co-expressed in
Rosetta cells and purified by immobilized metal ion affinity chromatography. Eluted complex was further purified by gel filtration using a HiPrep 26/60 Se-
phacryl S-200 High Resolution column. Depicted is the gel filtration purification trace. (1) Coomassie-stained SDS-PAGE analysis of the peak 2 fraction from H
representing the complex of Mkt1 and His-Pbp1 (aa 482-550). Source data are available for this figure: SourceData F2.

2021; Varadi et al., 2024). The Mktl aa 570-830 region corre-
sponding to the Mkt1-C domain was also previously reported to
be required for Mktl to interact with Pbpl (Tadauchi et al.,
2004). To assess the contribution of other Mktl regions toward
Pbpl binding, we created Mktl truncation strains lacking other
domains and assessed their interactions with Pbpl in a co-IP
experiment (Fig. S2, B and C). All the truncation strains ex-
hibited varying degrees of reduced Mktl protein levels, dis-
rupted binding with Pbpl, and similarly decreased Pbpl protein
levels. Overall, it is difficult to determine for each truncation
strain whether reductions in co-immunoprecipitated Pbpl pro-
tein were due mainly to reduced Mktl protein levels or to the loss
of a contacting domain on Mktl, but they indicate at least that
multiple Mktl domains are likely binding to Pbpl (consistent
with our AlphaFold 3 complex prediction) and that Pbpl protein
abundance is dependent on an intact complex.

Mktl proteins have only been reported in fungi and protozoa,
suggesting they are absent in multicellular organisms. We de-
cided to take advantage of the protein structure homology tool
Foldseek to determine whether Mktl-like proteins exist in
higher organisms (van Kempen et al., 2024). To our surprise, we
found four proteins predicted to be structurally similar to full-
length S. cerevisiae Mktl in Drosophila, mice, and humans—
asteroid homolog 1 (ASTE1), FAM120A, FAM120B, and FAM120C
(Table S3). These proteins contain PIN-like domains and long
C-terminal halves like Mktl despite exhibiting poor aa sequence
conservation with S. cerevisiae Mktl (Paysan-Lafosse et al., 2023).
Therefore, we propose Mktl is conserved in higher organisms in
the forms of ASTE1 and FAM120 proteins and that together they
comprise a previously unrecognized class of proteins within the
Rad2/XPG protein family.

The Mkt1/Pbpl complex promotes the expression of Puf3-
dependent nuclear-encoded mitochondrial proteins

We previously reported Pbpl interacts with the Pumilio RNA-
binding protein Puf3 and promotes the expression of its target
mRNAs, which encode mitochondrial proteins (van de Poll et al.,
2023). Interestingly, Mktl has been proposed to regulate Puf3-
target mRNA levels, but whether Mktl functions like Pbpl in
Puf3-dependent posttranscriptional regulation has not been
addressed (Lee et al., 2009). To assess the role of Mktl in Puf3-
dependent protein expression, we monitored the protein levels
of the direct Puf3 target mitochondrial ribosomal protein 51
(Mrpsl), the indirect Puf3 target subunit II of cytochrome c
oxidase (Cox2), and the non-Puf3 target Porl (voltage-dependent
anion channel porin) in cells grown in YPD and YPL media (Lee
and Tu, 2015). Both mktIA and pbplA cells exhibited reduced
Mrp51 and Cox2 protein levels consistent with diminished Puf3-
dependent protein expression, while Porl levels were similar

Caballero et al.
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between the WT and KO cells (Fig. 3 A). The mkt1A and pbplA cells
also exhibited reduced growth in YPL but not YPD media, indi-
cating the cells have defective respiratory growth (Fig. 3, B and
C). Next, we performed a tandem-mass tag/MS (TMT-MS) ex-
periment to comprehensively measure protein abundances in
cells grown in both YPD and YPL media. Notably, both mktIA and
pbplA cells exhibited significantly reduced levels of mitochon-
drial proteins previously shown using multi-omics methods to
be encoded by mRNAs directly regulated by Puf3 (Lapointe et al.,
2018) (Fig. 3, D-G and Table S4). Collectively, these data indicate
Mktl functions like Pbpl to promote Puf3-dependent nuclear-
encoded mitochondrial protein expression.

To further understand how the Mktl/Pbpl complex promotes
Puf3-dependent protein expression, we assessed Cox2 and Porl
protein levels in Pbpl and Mktl truncation mutant strains. We
previously showed cells lacking Pbpl aa 299-570 and aa 570-
830, which encompass Pbpl low-complexity regions, exhibit
reduced Cox2 protein abundance and proposed this was due to
defective Pbpl self-assembly (van de Poll et al., 2023). We found
that the Pbpl truncation strains PbplA491-570, PbplA491-513,
PbplA500-514, PbplA500-503, and Pbpl-4A, which all have
disrupted binding to Mktl, exhibited reduced Cox2 protein
levels and growth in YPL medium (Fig. 3, H and I; and Fig. S3, A-
E). The levels of mutant Pbpl were also reduced in these strains,
again suggesting Mktl binding is important for Pbpl stability.
Finally, the Mktl truncation strains, which all have disrupted
binding to Pbpl, had reduced Cox2 protein levels and growth in
YPL medium (Fig. S3, F and G). Overall, these results indicate
an intact Mktl/Pbpl complex is required for optimal Puf3-
dependent protein expression.

The Mkt1/Pbpl complex genetically and physically interacts
with Puf3

We previously showed Puf3 genetically interacts with Pbpl with
respect to Cox2 protein levels and Puf3-target mRNA levels (van
de Poll et al., 2023). To investigate the genetic relationship be-
tween the Mktl/Pbpl complex and Puf3, we assessed Cox2 and
Porl levels in single and double KO strains grown in YPD and
YPL media. As expected, mktlA and pbplA cells had a more severe
Cox2 deficit compared with puf3A cells, while pbplApuf3A and
mktlApuf3A cells exhibited Cox2 levels comparable with puf3A
cells (Fig. 4 A). The defects in Cox2 levels in these strains were
associated with reduced growth in YPL medium (Fig. 4 B). Next,
we tested the levels of Puf3-target and non-Puf3 target mRNAs
in cells grown in YPD and YPL media. Compared with WT cells,
Puf3-target mRNA levels were generally decreased in mktlA and
pbplA cells and increased in puf3A, pbplApuf3A, and mktlApuf3A
cells during growth in YPD medium (Fig. 4 C). However, only in
some cases were these comparisons statistically significant, such

Journal of Cell Biology
https://doi.org/10.1083/jcb.202411169

920z Ateniged 60 uo 3senb Aq 4pd'691 L L+Z0Z a0l/9r88Y6L/691 | L ¥20Z8/0L/vzz/Pd-8oe/qol/Bio sseidny/:dpy woly pepeojumoq

50f 23



A

w
@)
I
3

wWT pbp1A mkt1A  mkt1Apbp1A 15- L. — pbpia
TimeinYPL(h) 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 (kDa) — mktiA
Mrp51 8 Q 67
(cis Puf3 target) -37 £ 104 2 54 — mkt1Apbp1A
0.56 0.87 1.19 1.12 0.52 0.56 0.54 0.68 0.35 0.38 0.68 0.75 0.43 0.48 0.54 0.61 [0] q_,) 4
o e w———— s e — ] o § : 4
(trans Puf3 target) -25 5 5 37
0.19 0.38 0.78 1.02 0.24 0.46 0.42 0.62 0.05 0.17 0.32 0.51 0.09 0.11 0.21 0.30 iej 5] B o4
-37 & &
PO e e e e e o e e o e — o 1"

0 T 1 0 T T 1
GoPDH P S ——————— , 0 s M0 0 48w

6 FC>25% , ° All proteins
s, ° cis Puf3 targets (31/108)

" . p<0.0001
% 4 pbp1AIWT
=
(2]
229, 05

0 T T 1

T T -
3 2 A1 0 1 2 3
Protein fold change in YPD
log,(pbp1A/WNT)

Biological Processes
(Relative fold abundance
pbp1A/WT < log,(0.75) in YPD)

mitochondrial translation Count
mitochondrial cytochrome ¢ oxidase assembly {e ; 30

0 10 20 30 40

-log(p-value)
8- FC>25% “ All proteins
I * cis Puf3 targets (51/162)
5 6- p <0.0001
2 pbp1AIWT
>
541
=3
9
" 24p<0.05
0 T T 1

T T .
32 -1 0 1 2 3
Protein fold change in YPL
logo(pbp1A/WT)

Biological Processes
(Relative fold abundance
pbp1A/WT < log,(0.75) in YPL)

mitochondrial translation Count
mitochondrion organization 1@ e 10
mitochondrial respiratory chain complex assembly {® ® 20
cytochrome complex assembly {® ® 5
respiratory chain complex Il assembly {®

0 10 20 30 40 50 60
-log(p-value)

& Q"b &
Pbp1-Flag & {/D W

TimeinYPL(h) 0 5 0 5 0 5 0 5 0 5 (kDa)
-100

Flag

Cox2 .95

Porin <57

G6PDH &

Time in YPD (h) Time in YPL (h)

E

61 FC>25% " Al proteins
©oti b “cis Puf3 targets (40/119)

° p < 0.0001
247 mkt1AIWT
g
&
(2]
2 270<005

O T T 1

T T =
3 2 -1 0 1 2 3
Protein fold change in YPD
log,(mkt1AIWT)

Biological Processes
(Relative fold abundance
mkt1A 1 WT < log,(0.75) in YPD)
mitochondrial translation Co%nt
cytochrome complex assembly {1 @ e

@® 50
0 10 20 30 40 50
-log(p-value)
6 FC>25% ° All proteins
H * cis Puf3 targets (56/159)

- p < 0.0001
3 44 mkt1AIWT
g
a
D
229, 005

0 T T T T 1

3 2 A1 0 1 2 3

Protein fold change in YPL
logo(mkt1AIWT)

Biological Processes
(Relative fold abundance
mkt1A 1 WT <10g,(0.75) in YPL)

mitochondrial translation Count
mitochondrial respiratory chain complex assembly{ e ® 10
mitochondrion organization { ® ® 20
aerobic respiration{® ® 60
respiratory chain complex Il assembly {e

0 10 20 30 40 50 60

-log(p-value)
5..
— Pbp1-Flag

g 4 — pbp1A
.GE, o ~ Pbp1-4A-Flag
g — Pbp1A500-503-Flag
S 21
kel
L 14

0 T T 1

0 5 10 15

Time in YPL (h)

Figure 3. Mktl and Pbp1 are both required for proper translation of nuclear-encoded mitochondrial proteins regulated by Puf3. (A) Western blot
showing levels of the direct Puf3 target Mrp51, the indirect Puf3 target Cox2, and the non-Puf3 target Porl in indicated strains grown to log phase in YPD and
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after switch to YPL medium for the indicated times. Numerical values represent relative densities of Mrp51 and Cox2 bands compared with corresponding
G6PDH bands. pbplA, mkt1A, and mkt1ApbplA cells exhibited reduced levels of Mrp51 and Cox2 but not Porl. (B) Growth curves of indicated strains cultured in
YPD medium. Cells were monitored using an automated plate reader during incubation at 30°C, and measurements were collected every 30 min. WT, pbpIA,
mkt1A, and mkt1ApbpIA cells grew at similar rates. Representative traces from a single experiment are depicted (n = 6 per group). (C) Growth curves of indicated
strains grown in YPL medium using the method described in B. pbplA, mkt1A, and mkt1ApbpIA cells grew more slowly than WT. Representative traces from a
single experiment are depicted (n = 6 per group). (D) Relative abundances of proteins detected by TMT-MS in pbpIA cells compared with WT during log phase
growth in YPD medium (n = 3 per group). Statistical significance (P < 0.05) was calculated using unpaired, two-sided t test. The set of nuclear-encoded mi-
tochondrial proteins encoded by mRNAs previously shown to be directly regulated by Puf3 (cis Puf3 targets) was significantly reduced based on Fisher’s exact
test (Lapointe et al,, 2018). Accompanying plot depicts representative mitochondrial protein GO terms enriched among proteins found to be significantly
decreased (fold-change < log,(0.75)). (E) Relative abundances of proteins detected by TMT-MS in mkt1A cells compared with WT during growth in YPD medium
(n = 3 per group). Statistics were calculated using tests described in D. Accompanying plot depicts representative mitochondrial protein GO terms enriched
among proteins found to be significantly decreased (fold-change < log,(0.75)). (F) Relative abundances of proteins detected by TMT-MS in pbplA cells
compared with WT 3 h following switch from YPD to YPL medium (n = 3 per group). Statistics were calculated using tests described in D. Accompanying plot
depicts representative mitochondrial protein GO terms enriched among proteins found to be significantly decreased (fold-change < log,(0.75)). (G) Relative
abundances of proteins detected by TMT-MS in mktIA cells compared with WT 3 h following switch from YPD to YPL medium (n = 3 per group). Statistics were
calculated using tests described in D. Accompanying plot depicts representative mitochondrial protein GO terms enriched among proteins found to be sig-
nificantly decreased (fold-change < log,(0.75)). (H) Western blot depicting levels of Cox2, Pbpl-Flag, and Porl in cells grown in YPD and after switch to YPL
medium. Pbp1A500-503 and Pbp1-4A strains had reduced levels of Cox2 and Pbp1-Flag. (I) Growth curves of indicated strains cultured in YPL medium. Growth
was monitored using the method described in B. Pbp1A500-503 and Pbp1-4A strains had slower growth compared with WT. Representative traces from a single

experiment are depicted (n = 3 per group). Source data are available for this figure: SourceData F3.

as the Cox17 mRNA levels between WT and puf34, pbplApuf3A,
and mktlApuf3A cells. On the other hand, the levels of Puf3-target
mRNAs were significantly decreased in all KO cells during
growth in YPL medium, indicating both the Mkt1/Pbpl complex
and Puf3 are important, particularly during respiratory growth,
for maintaining Puf3-target mRNA levels (Fig. 4 C). The levels of
non-Puf3 target mMRNAs were similar between the strains during
growth in YPD and YPL media (Fig. 4 D). Taken together, these
data suggest the Mktl/Pbpl complex and Puf3 functionally in-
teract to maintain Puf3-target mRNA levels and promote their
translation during respiratory growth.

Puf3 is phosphorylated throughout its N-terminus when cells
are switched from glucose to respiratory media to promote the
translation of its target mRNAs (Lee and Tu, 2015). We previ-
ously found loss of Pbpl does not impact Puf3 phosphorylation
but does diminish Puf3 protein abundance (van de Poll et al.,
2023). Cells lacking Mktl also exhibited reduced Puf3 levels,
while Puf3 phosphorylation remained intact (Fig. 4 E). These
data suggest the Mktl/Pbpl complex maintains Puf3 protein
levels and that reduced Puf3 protein abundance could partially
underlie the Puf3-dependent translation defect in mktlA and
pbplA cells.

Pbpl preferentially interacts with Puf3 during growth in YPL
medium (van de Poll et al., 2023). We found Mktl, like Pbpl, also
interacts with Puf3 in a manner that is enhanced during growth
in YPL medium, suggesting the interactions between the Mkt1/
Pbpl complex with Puf3 are dependent on metabolic state
(Fig. 4 F). Notably, Mktl does not interact with Puf3 in pbplA
cells, while Pbpl interacts with Puf3 in mktlA cells despite re-
duced Pbpl protein abundance. These data indicate Mktl and
Pbpl associate with Puf3 specifically during respiratory con-
ditions and that Pbpl is required for Mktl to associate with Puf3
and possibly other translation and mRNA processing factors.

We have previously shown Puf3 localizes to polysomes spe-
cifically under respiratory conditions, while Mktl and Pbpl have
also been shown to localize to polysomes (Lee and Tu, 2015;
Tadauchi et al., 2004). We speculated the Mktl/Pbpl complex
and Puf3 interact predominantly during respiratory growth

Caballero et al.
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because Puf3 only becomes associated with the Mktl/Pbpl
complex at polysomes under this condition. To test this hy-
pothesis, we performed polysome profiling and verified Mkt1,
Pbpl, and Puf3 are localized to polysomes in cells growing in YPL
medium (Fig. 4 G and Fig. S4 A). In addition, as was previously
reported, Mktl was not detected in polysome fractions in pbplA
cells, while Pbpl was localized to polysomes in mktIA cells
(Fig. 4 H and Fig. S4 B) (Tadauchi et al., 2004). Mkt1 was also not
found in polysome fractions in Pbpl-4A cells, which have im-
paired Mktl binding (Fig. S4 C). In sum, these data in combi-
nation with our Puf3 co-IP experiment indicate that during
respiratory growth Puf3 associates with the Mkt1/Pbpl complex
at polysomes and that either the loss of Pbpl or disruption of
Mkt1-Pbpl binding renders Mkt1 less able to associate on poly-
somes with Puf3.

The Mkt1/Pbpl complex drives autophagy under

respiratory conditions

We have previously shown that Pbpl forms intracellular con-
densates which repress TORCI to drive autophagy and survival
specifically under starvation conditions requiring mitochondrial
respiration (Yang et al., 2019). Given our understanding of how
Mkt binding to Pbpl promotes mitochondrial protein expres-
sion, we hypothesized Mktl may also function with Pbpl in the
regulation of autophagy and TORCI signaling. Using imaging,
GFP cleavage, and alkaline phosphatase assays, we found both
mktlA and pbplA cells exhibited impaired autophagy when
switched from YPL medium to a minimal (SL) lactate medium
(Fig. 5, A-E). On the other hand, mktIA and pbplA cells exhibited
robust levels of autophagy when cultured in nitrogen starvation
(SD-N) medium, reflecting the specific role of Mktl and Pbpl in
regulating autophagy under respiratory conditions (Fig. 5, B
and C).

We next performed a GFP cleavage assay with yeast strains
that overexpress Pbpl to understand the functional relationship
between Mktl and Pbpl in autophagy. Previously, Pbpl over-
expression was found to inhibit TORCI signaling in an S288C
strain (Takahara and Maeda, 2012). In line with this observation,
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Figure 4. The Mkt1/Pbpl complex genetically and physically interacts with Puf3. (A) Western blot assessing Cox2 and Porl levels from cells grown in
YPD to log phase and following switch to YPL medium. puf3A, pbplApuf3A, and mktIApuf3 cells appear to exhibit increased Cox2 protein levels compared with
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pbplA and mktIA cells. (B) Growth curves of indicated strains collected using an automated plate reader during incubation in YPL medium. Cells were incubated
at 30°C, and measurements were obtained every 30 min. KO strains (pbplA, mkt1A, puf3A, pbplApuf3A, and mkt1Apuf3) exhibited reduced growth compared
with WT cells (n = 4 per group). (C) RT-qPCR analysis of Puf3-target mRNA levels from cells collected during log phase growth in YPD and then 3 h after
switching to YPL medium. P values were calculated using unpaired, two-sided t test (mean + SD, n = 5, except n = 4 for mktIA group). *P < 0.05; **P < 0.01;
*¥¥P < 0.001. (D) RT-qPCR analysis of non-Puf3-target mRNA levels from cells in C collected during log phase growth in YPD and then 3 h after switching to YPL
medium. P values were calculated using unpaired, two-sided t test (mean + SD, n = 5, except n = 4 for mkt1A group). *P < 0.05. (E) Western blot assessing Puf3-
HA protein levels from cells grown in YPD to log phase and then 1, 3, and 5 h after switching to YPL medium. Puf3 protein levels were decreased in KO cells, while
Puf3 phosphorylation persisted. (F) co-IP assessing interactions between Flag-tagged Mkt1 and Pbpl with Puf3-HA in cells cultured to log phase in YPD and 3 h
following switch to YPL medium. Mkt1-Flag and Pbpl-Flag interacted with Puf3-HA preferentially in YPL medium. Note: Mkt1-Flag did not interact with Puf3-
HA in pbplA cells, while Pbpl-Flag and Puf3-HA continued to interact in mkt1A cells despite diminished Pbpl-Flag levels. (G) Polysome profile of WT cells
collected 3 h following switch from YPD to YPL medium and associated western blot for Mkt1-Flag, Pabl, and Puf3-HA in collected fractions. Numerical values
represent relative densities of Mkt1-Flag and Puf3-HA bands compared with corresponding Pabl bands. Mkt1-Flag and Puf3-HA localized to polysome fractions.
(H) Polysome profile of pbpIA cells collected 3 h following switch from YPD to YPL medium and associated western blot for Mkt1-Flag, Pabl, and Puf3-HA in

collected fractions. Mkt1-Flag was less present in polysome fractions. Source data are available for this figure: SourceData F4.

we observed Pbpl overexpression led to enhanced autophagy
and rescued the autophagy defect in mktlA cells (Fig. 5 F). These
results suggest Mktl is dispensable for Pbpl to inhibit TORC1
signaling and that Pbpl is the effector of TORCI repression in the
Mkt1/Pbpl complex.

To appreciate the importance of Mktl-Pbpl binding to the
control of autophagy, we next performed GFP cleavage assays
using Mktl and Pbpl truncation strains with defective com-
plex formation. The Pbpl truncation mutants (PbplA491-570,
PbplA491-513, PbplA500-514, PbplA500-503, and Pbpl-4A) all
exhibited autophagy defects (Fig. 5 G and Fig. S5, A-C). Inter-
estingly, we detected residual GFP cleavage in the PbplA500-514,
PbplA500-503, and Pbpl-4A strains and speculate that this was
due to persistent TORCI signaling repression by Pbpl. In addi-
tion, the Mktl truncation strains exhibited defective autophagy
like mktIA cells during respiratory growth, presumably due to
the markedly reduced levels of Pbpl protein in these strains (Fig.
S5 D). In sum, Pbpl/Mktl truncation strains with defective
complex formation exhibit compromised autophagy during res-
piratory growth, indicating an intact Mktl/Pbpl complex is re-
quired for this process to optimally occur.

The Mkt1/Pbpl complex is required for TORC1-dependent
repression of autophagy and growth in minimal

respiratory medium

We next assessed the involvement of the Mktl/Pbpl complex
in TORCI signaling repression during respiratory growth. We
previously observed pbplA cells exhibit a hyperproliferative
growth phenotype when cultured in SL medium (Yang et al.,
2019). Similarly, mktlA cells also exhibited enhanced growth
when cultured in SL medium, suggesting Mktl may function
with Pbpl to repress TORCI signaling and induce autophagy
(Fig. 6 A). Consistent with this notion, rapamycin treatment was
able to rescue autophagy in mktlA and pbpIA cells following in-
cubation in SL medium (Fig. 6 B). We also performed a TMT-MS
experiment and found mktIA and pbplA cells grown in SL me-
dium have similar proteomic profiles characterized by increased
levels of proteins involved in anabolic metabolism and biosyn-
thesis, consistent with TORC1 hyperactivity (Fig. 6, C-E and
Table S5). Next, to monitor TORCI activity, we assessed phos-
phorylation of Sch9 at Thr737 by western blot and found that
both mktIA and pbplA cells exhibited markedly increased phos-
phorylation at this site after 6 h of growth in SL medium

Caballero et al.
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(Fig. 6 F). Collectively, these results indicate that the Mktl/Pbpl
complex is required to repress TORCI signaling during growth in
minimal respiratory medium.

We have shown that Pbpl interacts with the TORCI subunit
Kogl preferentially in respiratory conditions (Yang et al., 2019).
We next tested the ability of Mktl and Pbpl to interact with Kogl
during growth in minimal glucose (SD) and lactate media. Both
Mktl and Pbpl interacted with the TORC1 subunit Kogl prefer-
entially in SL medium. In addition, as was the case with the
Mkt1/Pbpl complex—Puf3 interaction, the ability of Mktl to
interact with Kogl was dependent on Pbpl, but Pbpl interacted
with Kogl in the absence of Mkt1 (Fig. 6 G). Altogether, these data
support the notion that the Mktl/Pbpl complex associates with
TORC1 during respiratory growth and that the complex is pro-
moting autophagy through repression of TORCI signaling.

The Mkt1-G30D point mutation disrupts the abundance and
formation of the Mkt1/Pbpl complex

The Mkt1-G30D polymorphism has been shown to be a loss-of-
function mutation that underlies variation across many yeast
complex phenotypes, but the effects of the mutation on Mktl are
unknown (Table S6). To study the Mktl-G30D mutation, we de-
cided to perform comparative studies using CEN.PK and S288C
yeast strains. Our lab historically has used the CEN.PK strain, which
harbors a WT Mktl-G30 allele, whereas the S288C strain back-
ground has the loss-of-function Mkt1-D30 allele (Fig. 7 A). Another
polymorphism (R453K) also differentiates the CEN.PK and S288C
Mktl alleles, and its effects are unknown. We generated CEN.PK
and S288C Mkt1 strains expressing alleles derived from substituting
aa at the 30th and 453rd positions at their respective endogenous
Mkt1locus (Mkt1-G30/R453, Mkt1-D30/R453, Mkt1-G30/K453, and
Mkt1-D30/K453) and used these in our experiments.

When we assessed the abundances of Mktl and Pbpl in our
CEN.PK and S288C strains by immunoblot, we noted Mkt1-D30
cells exhibited significantly reduced Mktl and Pbp1 levels, sug-
gesting the Mktl-G30D mutation diminishes complex abun-
dance (Fig. 7 B). Next, we assessed the effects of the Mkt1-G30D
point mutation on Mktl-Pbpl binding by co-IP and found Mkt1-
D30 cells had reduced Mktl and Pbpl protein abundances and
diminished binding (Fig. 7 C). These results suggest the Mkt1-
G30D mutation disrupts the formation of the Mktl/Pbpl com-
plex. To further show this is the case, we performed polysome
profiling using CEN.PK Mkt1-G30 and Mkt1-D30 cells and found
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Figure 5. The Mkt1/Pbpl complex is required for autophagy during respiratory growth. (A) Images of WT, pbplA, mktIA, and mkt1ApbplA cells before
and 6 h after switching from YPL to SL medium. Localization of GFP to the vacuole (Vphl-mCherry) indicates mitophagy (Kanki and Klionsky, 2008). pbpIA,
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mkt1A, and mkt1ApbplA cells were unable to induce mitophagy following switch to SL medium. Scale bar = 1 pm. (B) GFP cleavage assay showing mitophagy in
indicated strains following switch from YPL to either SL or SD-N (high glucose, nitrogen starvation) media for 6 h. The accumulation of free GFP indicates
mitophagy. Mitophagy was defective in pbplA, mkt1A, and mkt1ApbplA cells in SL medium. (C) GFP cleavage assay showing pexophagy in indicated strains
following switch from YPL to either SL or SD-N media for 6 h. Pexophagy was defective in pbpIA, mktIA, and mkt1ApbplA cells in SL medium. (D) Alkaline
phosphatase assay assessing general autophagy in cells 7 h following switch from YPL to SL medium. pbplA, mkt1A, and mkt1ApbplA cells had reduced alkaline
phosphatase activity reflective of a general autophagy defect. P values were calculated using unpaired, two-sided t test (mean + SD; n = 4). ***P < 0.001.
(E) Alkaline phosphatase assay measuring mitophagy in cells 7 h following switch from YPL to SL medium. pbplA, mkt1A, and mkt1ApbpIA cells had reduced
alkaline phosphatase activity indicative of a mitophagy defect. P values were calculated using unpaired, two-sided t test (mean + SD; n = 4). **P < 0.0L; ***P <
0.001. (F) Pbp1l overexpression rescues mitophagy in mkt1A cells following switch from YPL to SL medium for 6 h. Pbpl was overexpressed by swapping the
PBP1 promoter for the TEFI promoter. Mitophagy was assayed using the Idh1-GFP cleavage assay. (G) GFP cleavage assay showing Pbp1A500-503 and Pbp1-4A
strains had reduced Pbp1 protein levels and disrupted mitophagy following growth in SL medium for 6 h. Note: residual free GFP in PbplA500-503 and Pbp1-4A

cells was detected, which may reflect continued TORCI repression. Source data are available for this figure: SourceData F5.

Mkt1-G30 was present at polysomes while Mkt1-D30 was absent
(Fig. 7, D and E). The latter finding in Mkt1-D30 cells mirrors the
loss of Mktl polysome localization in pbpIA and Pbpl-4A cells,
which have disrupted Mktl/Pbpl complex formation (Fig. 4 H
and Fig. S4 C). In sum, the Mktl-G30D point mutation dimin-
ishes Mkt1/Pbpl complex abundance and formation.

The Mkt1-G30D polymorphism underlies the capacity of yeast
to promote Puf3-dependent mitochondrial protein expression
We next determined the effect of the Mkt1-G30D point mutation
on Puf3-dependent mitochondrial protein expression in CEN.PK
yeast. We found cells expressing Mktl-D30 alleles exhibited
reduced Cox2 and Mktl protein levels and reduced growth in
YPL medium like mktIA cells (Fig. 8, A and B). In addition,
CEN.PK Mktl1-D30 cells had reduced Puf3 protein levels com-
pared with WT and Mkt1-G30 cells (Fig. 8 C). These results in-
dicate Mkt1-D30 cells phenocopy the Puf3-dependent protein
expression and respiratory growth defects of mktlA cells.

Next, we reasoned that a yeast strain that naturally harbors
the Mktl-D30 allele, such as the S288C strain, may have an
underlying defect in Puf3-dependent protein expression that
can potentially be rescued by substituting it for an Mktl-G30
allele. To test this hypothesis, we monitored Cox2 and Porl pro-
tein levels in CEN.PK and S288C WT, Mktl-G30, and Mkt1-D30
strains. We found S288C cells have a marked Cox2 protein deficit
suggestive of an underlying defect in Puf3-dependent protein
expression (Fig. 8 D). In addition, we observed Cox2 protein levels
were rescued in S288C Mkt1-G30 cells compared with S288C WT
and Mkt1-D30 cells. We also observed CEN.PK and S288C cells
grew similarly when incubated in YPD medium, but S288C yeast
grew poorly in YPL medium compared with CEN.PK yeast (Fig. 8,
E and F). Despite this defect, the introduction of the Mktl-G30
alleles was able to partially rescue the respiratory growth of S288C
yeast (Fig. 8 F). In addition, we observed Puf3 protein abundance
was diminished in S288C WT and Mkt1-D30 cells and was rescued
in S288C Mkt1-G30 cells (Fig. 8 G). Together, these results indicate
the Mkt1-G30D polymorphism underlies the capacity of yeast to
promote Puf3-dependent expression of mitochondrial proteins
that are important for respiratory growth.

The Mkt1-G30D polymorphism underlies the capacity for yeast
to undergo autophagy in respiratory conditions

Given the effects of the Mktl-G30D mutation on Mkt1/Pbpl
complex abundance and formation, Puf3-dependent protein
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expression, and its reported links to TORCI signaling variation,
we next decided to test the effects of the mutation on autophagy
during respiratory growth (Gagneur et al., 2013; Weith et al.,
2023). We observed during growth in SL medium that CEN.PK
and S288C Mkt1-D30 cells had reduced Mktl/Pbpl complex
abundance and highly disrupted Mkt1-Pbpl binding (Fig. 9, A and
B). CEN.PK Mkt1-D30 cells also had defective Idh1-GFP cleavage
and increased growth in SL medium (Fig. 9, C and D). In addition,
in our first report describing yeast autophagy during growth
in medium containing non-fermentable carbon sources, we ob-
served CEN.PK and W303, but not S288C yeast, could undergo
autophagy (Wu and Tu, 2011). At the time, we hypothesized the
S288C autophagy defect might be due to the presence of SNPs
that are absent in the autophagy-competent CEN.PK and W303
yeast strains. Since we have shown CEN.PK Mkt1-D30 cells have
defective autophagy during growth in SL medium, we hypoth-
esized the Mkt1-G30D mutation in S288C yeast may underlie the
autophagy defect in this strain and could be corrected by sub-
stitution with the Mkt1-G30 alleles. Remarkably, expression of
the Mkt1-G30 alleles in S288C yeast rescued autophagy during
growth in SL medium, presumably due to a restoration of Pbpl
protein abundance and TORCI signaling repression (Fig. 9, E and
F). In support of this notion, treatment with rapamycin partially
rescued autophagy in S288C WT and Mkt1-D30 cells (Fig. 9 G).
Furthermore, we found we were able to rescue autophagy in
S288C WT yeast by overexpressing Pbpl, consistent with the
previous finding that Pbpl overexpression represses TORC1
signaling in S288C yeast and a role for Pbpl as the effector
of TORC1 signaling repression in the Mktl/Pbpl complex
(Takahara and Maeda, 2012) (Fig. 9 H). Overall, these results
indicate that the Mkt1-G30D polymorphism largely underlies the
capacity for yeast to undergo autophagy during nutritional
stress under respiratory conditions.

Discussion

In this study, we show Mktl exists in a complex with Pbpl that
functions to promote both the expression of Puf3-target nuclear-
encoded mitochondrial proteins during growth in a replete
respiratory (YPL) medium and the repression of TORCI signal-
ing to drive autophagy during growth in a minimal respiratory
(SL) medium. We also show for the first time that the Mkt1-G30D
loss-of-function mutation present in laboratory yeast decreases
the abundance of the Mktl/Pbpl complex and disrupts both
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Figure 6. The Mkt1/Pbpl complex negatively regulates TORC1 signaling during respiratory growth. (A) Growth curves of indicated strains grown in
batch SL cultures plotted from ODgoo measurements. pbplA, mkt1A, and mkt1ApbplA cells exhibited increased growth. P values were calculated with unpaired,
two-sided t test (mean + SD, n = 3). **P < 0.01. (B) GFP cleavage assay depicting rescue of autophagy following treatment with 200 nM rapamycin in pbp1A,
mktIA, and mkt1ApbpIA cells grown in SL medium for 6 h. (C) GO term analyses of TMT-MS experiment with pbpIA cells grown for 3 h in SL medium. Protein
categories overrepresented among proteins with significantly increased abundances (fold-change > log,(1.25)) are depicted. (D) GO term analyses of TMT-MS
experiment with mkt1A cells grown for 3 h in SL medium. Protein categories overrepresented among proteins with significantly increased abundances (fold-
change > log,(1.25)) are depicted. (E) Venn diagram depicting number of proteins with significantly increased abundances identified in both mkt1A and pbp1A
cells in the TMT-MS experiment. (F) Western blot depicting the phosphorylation of the TORCI substrate Sch9 at Thr737 before and following switch from YPL
to SL medium. Sch9 phosphorylation was monitored using an antibody specific for phospho-Thr737. All KO cells exhibited robust phospho-Thr737 signal at the
6 h time point. Cells with cycloheximide (25 pg/ml) and rapamycin (200 nM) served as positive and negative controls, respectively. (G) co-IP assessing in-
teractions between Flag-tagged Mktl and Pbpl with Kogl-HA 4 h following growth in either SD or SL media. Mkt1-Flag and Pbpl-Flag interacted preferentially
in SL medium with Kogl-HA. Mkt1-Flag did not interact with Kogl-HA in pbplA cells, while Pbpl-Flag interacted with Kogl-HA in mkt1A cells. Source data are
available for this figure: SourceData F6.
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Figure7. The Mkt1-G30D point mutation disrupts Mkt1/Pbpl complex abundance and formation. (A) Table depicting Mkt1 aa polymorphisms in CEN.PK
and S288C strains used in this study. (B) Western blot assessing Mkt1-Flag, Pabl, and Pbp1-HA protein levels in CEN.PK and S288C cells collected 3 h following
switch from YPD to YPL medium. Note: Mkt1-Flag and Pbp1-HA levels in CEN.PK and S288C strains expressing Mkt1-D30 from the endogenous locus were
diminished compared with strains expressing Mkt1-G30. (C) co-IP experiments testing interactions between Mkt1-Flag and Pbp1-HA in CEN.PK and S288C cells
collected during log phase in YPD and 3 h after switching to YPL medium. Mkt1-Flag interacted poorly with Pbp1-HA in CEN.PK and S288C strains expressing
Mkt1-D30 alleles. (D) Polysome profile of CEN.PK Mkt1-G30 cells collected 3 h following switch from YPD to YPL medium and associated western blot for Mkt1-
Flag and Pbpl-HA in the collected fractions. Mkt1-G30-Flag and Pbp1-HA were detected in polysome fractions. (E) Polysome profile of CEN.PK Mkt1-D30 cells
collected 3 h following switch from YPD to YPL medium and associated western blot for Mkt1-Flag and Pbp1-HA in the collected fractions. Mkt1-D30-Flag was
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Figure 8. The Mkt1-G30D point mutation decreases Puf3-dependent protein expression. (A) Western blot reflecting Cox2, Mkt1-Flag, and Porl protein
levels in CEN.PK cells during growth in YPD and 3 h after switch to YPL medium. Numerical values represent relative densities of Cox2 bands compared with
corresponding G6PDH bands. Note: Endogenous substitution of Mkt1-D30 alleles diminished Mkt1-Flag and Cox2 levels. (B) Growth curves of indicated strains
monitored in an automated plate reader during incubation at 30°C in YPL medium. ODgoo measurements were taken every 30 min. CEN.PK Mkt1-D30 cells
exhibited reduced growth compared with WT and Mkt1-G30 cells. Traces are from one representative experiment (n = 3 per group). (C) Western blot depicting
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Puf3-HA levels in CEN.PK cells grown in YPD to log phase and 5 h following switch to YPL medium. CEN.PK Mkt1-D30 cells had reduced Puf3-HA protein
accumulation in YPL medium compared with WT and Mkt1-G30 cells. (D) Western blot depicting Cox2, Mkt1-Flag, Pab1, and Por1 protein levels from CEN.PK
and S288C cells grown to log-phase in YPD and 5 h following switch to YPL medium. Endogenous substitution of Mkt1-G30 alleles rescued Cox2 and Mkt1-Flag
protein levels in the S288C strain background. (E) Growth curves of CEN.PK and S288C cells during incubation in YPD medium obtained using the method
described in B. All strains grew at similar rates (n = 3 per group). (F) Growth curves of CEN.PK and S288C cells during incubation in YPL medium obtained using
the same method described in B. Endogenous substitution of Mkt1-G30 alleles in S288C yeast enhanced growth in YPL medium (n = 3 per group). (G) Western
blot depicting Puf3-HA levels in CEN.PK and S$288C cells grown in YPD and 5 h following switch to YPL medium. Puf3-HA levels in cells collected from YPL
medium were reduced in $288C WT and Mkt1-D30 cells and rescued in S288C Mkt1-G30 cells. Source data are available for this figure: SourceData F8.

Puf3-dependent protein expression and autophagy during res-
piratory growth, helping explain previous genetics studies that
identified the Mkt1-G30D polymorphism as a QTL underlying
variation in mitochondrial function-related phenotypes. Col-
lectively, these results point to a fundamental role for the Mkt1/
Pbpl complex in promoting adaptive processes to respiratory
growth and help explain why Mktl1 is a mutational hotspot for
evolutionary adaptation to changes in fermentable carbon source
availability (Anderson et al., 2010).

Mktl was first proposed to be a Pbpl-binding partner over
20 years ago, but to date little is known regarding their inter-
action (Tadauchi et al., 2004). Using IP assays guided by Al-
phaFold predictions, we identified a previously uncharacterized
region of Pbpl (aa 500-503) that is required for Mktl/Pbpl
binding. Based on our complex structure predictions, we pro-
posed Pbpl aa 491-549 encompasses an MBR throughout which
Mkt1 possibly contacts Pbpl. We speculate this region contains
short linear motifs composed of helical structures that mediate
binding to Mktl analogous to other mRNA processing proteins
(Jonas and Izaurralde, 2013). The MBR aa sequence is only
conserved in yeast, but we speculate Pbpl/ataxin-2 homologs in
other organisms contain similar protein regions which mediate
binding to Mktl and other proteins.

To identify Mktl-like proteins in higher organisms, we used
Foldseek and found Mktl is predicted to bear structural ho-
mology to ASTE1 and FAMI20 proteins. We tentatively propose
that Mkt1 is conserved in higher organisms in the forms of these
proteins and that Mktl and these Mktl-like proteins represent a
previously undefined protein group within the Rad2/XPG pro-
tein family. FAMI120A has been shown to be a mammalian stress
granule protein and has been reported to interact with miRNA
proteins to control miRNA fate, while ASTE1 and FAM120B have
been reported to exhibit nuclease activity and function in DNA
repair (Jain et al., 2016; Kelly et al., 2019; Andrews et al., 2018;
Zhao et al., 2021). These studies point to a broad range of func-
tions performed by this poorly understood group of proteins and
suggest other possible functions for Mktl in yeast and other
organisms.

We recently reported Pbpl is required for optimal translation
of Puf3-target mRNAs (van de Poll et al., 2023). In our current
study, we found that loss of Mkt1 as well as genetic disruption of
the Mktl-Pbpl complex compromised Puf3-dependent protein
expression. How the Mktl-Pbpl complex helps promote the
translation of Puf3-target mRNAs remains unclear but pre-
sumably involves factors thought to bind Mktl and Pbpl. For
instance, the Mktl/Pbpl complex may act in a manner depen-
dent on Pabl, which has been reported to bind Pbpl and be in-
volved in Pumilio protein-dependent translational repression

Caballero et al.
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and mRNA deadenylation (Mangus et al., 1998; Lee et al., 2010;
Chritton and Wickens, 2010). In addition, Pbpl interacts with the
DEAD-box helicase Dhhl, which has been reported to induce
translational repression, mediate 5'-3' mRNA decay, and to
function in Pumilio protein-mediated control of mRNA fate
along with the CCR4-Not complex (Goldstrohm et al., 2006;
Nonhoff et al., 2007; Swisher and Parker, 2010; Carroll et al.,
2011). Mktl has also been reported in trypanosomes to interact
with Pumilio proteins and other factors implicated in Pumilio
protein-dependent posttranscriptional regulation, and in yeast
has been shown to localize to P-bodies and stress granules,
suggesting it may interact with posttranscriptional regulators in
the control of Puf3-target mRNA fate (Singh et al., 2014; Lewis
etal., 2014; Jain et al., 2016). In sum, we speculate that the Mkt1/
Pbpl complex may promote the translation of Puf3-target mRNAs
by opposing translational repression and/or mRNA decay by
factors previously implicated in Pumilio protein-dependent
posttranscriptional regulation.

We have previously shown Pbpl forms condensates spe-
cifically during respiratory growth which function to repress
TORCI signaling and drive autophagy under conditions that
require mitochondrial respiration (Yang et al., 2019). In this
study, we report that loss of Mktl also causes defective au-
tophagy during respiratory growth. Based on these data, we
propose that this is due to reduced protein levels of Pbpl, which
we hypothesize acts as the primary repressor of TORC1 signaling
in the complex. This hypothesis is supported by our findings
showing Pbpl truncation strains lacking Mktl binding exhibit
residual autophagy compared with pbplA cells, Pbpl over-
expression can rescue autophagy in mktlA cells, and a previous
study reporting Pbpl overexpression represses TORCI signaling
in S288C yeast (Takahara and Maeda, 2012). In the future,
identifying the TORCI signaling events that are regulated by the
Mkt1/Pbpl complex will lead to a more nuanced understanding
of how yeast autophagy is regulated during respiratory growth.

Mkt1 was first reported by Reed Wickner, with the ob-
servation that laboratory strains in his collection exhibited
temperature-sensitive defects in the maintenance of the dsSRNA
encoding the viral killer toxin K2 (Wickner, 1980; Wickner,
1987). Since the identification of the Mktl-G30D polymorphism
in the early 2000s, it has been shown in laboratory yeast to
underlie variation in many complex phenotypes (Table S6), but
surprisingly the effects of the mutation on the Mktl protein had
not been studied. We show for the first time using CEN.PK and
S288C yeast that the Mkt-G30D point mutation causes a marked
reduction in the abundance and formation of the Mktl/Pbpl
complex, providing an explanation for its loss-of-function ef-
fects. Functionally, CEN.PK Mkt1-D30 strains phenocopied
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Figure 9. The Mkt1-G30D polymorphism underlies the capacity of yeast to undergo autophagy during respiratory growth. (A) Western blot showing
CEN.PK and S288C cells expressing endogenously substituted Mkt1-D30 alleles had reduced Mkt1-Flag and Pbpl-HA protein levels 3 h following switch from
YPL to SL medium. (B) co-IP experiments testing interactions between Mkt1-Flag and Pbp1-HA in CEN.PK and S288C cells 3 h following switch from YPL to SL
medium. Mkt1-Flag interacted poorly with Pbpl-HA in CEN.PK and S288C cells expressing Mkt1-D30 alleles. (C) GFP cleavage assay depicting impaired mi-
tophagy and reduced Mkt1 protein levels in CEN.PK Mkt1-D30 cells 6 h following switch from YPL to SL medium. (D) Growth curves of CEN.PK strains incubated
in batch SL cultures plotted from ODgoo measurements. CEN.PK Mkt1-D30 cells phenocopied hyperproliferative growth of mktIA cells. P values were calculated
using unpaired, two-sided t test (mean + SD, n = 4). ***P < 0.001. (E) GFP cleavage assay reflecting endogenous substitution of Mkt1-G30 alleles rescued

Caballero et al. Journal of Cell Biology
The Mkt1/Pbpl complex promotes respiratory growth https://doi.org/10.1083/jcb.202411169

920z Areniga4 60 U0 1senb Aq Jpd 691 L L¥20Z A2l/9¥88¥61/691 | L¥20Z8/0L/vez/Hpd-ajonie/qol/Bi10 ssaidnl//:dpy woly pspeojumoq

16 of 23



-~

(oA}
(4] d
L”Q

mitophagy and Mkt1-Flag protein levels in S288C yeast. Cells were collected before and 6 h following switch from YPL to SL medium. (F) Alkaline phosphatase
assay to monitor general autophagy 6 h following growth in SL medium. $288C WT cells had decreased general autophagy, which was rescued by an en-
dogenously substituted Mkt1-G30 allele. P values were calculated using unpaired, two-sided t test (mean + SD, n = 4). **P < 0.01; ***P < 0.001. (G) GFP
cleavage assay representing partially rescued mitophagy in S288C WT and Mkt1-D30 cells treated with rapamycin following 6 h in SL medium. (H) GFP cleavage
assay showing Pbpl overexpression partially rescued mitophagy defect in S288C WT cells grown in SL medium for 6 h. Source data are available for this figure:

SourceData F9.

mktlA and pbplA cells with respect to loss of Puf3-dependent
mitochondrial protein expression and autophagy. Strikingly,
WT S288C yeast exhibited the same defects seen in CEN.PK
Mkt1-D30 cells and were largely rescued by endogenous ex-
pression of the CEN.PK Mkt1-G30 allele. Therefore, it appears
that the Mkt1-G30D point mutation significantly underlies the
differences in Puf3-dependent protein expression and autoph-
agy in our strains. We hypothesize that the effects of the Mkt1-
G30D polymorphism on the Mktl/Pbpl complex reported here
also explain the mutation’s effects on other traits, which have
previously been linked to it.

This work underscores the importance of strain selection for
the interpretation and reproducibility of previously published
work in yeast biology. We speculate that yeast strains harboring
the loss-of-function Mkt1-D30 allele, such as the S288C strain,
may not be ideal for studying processes that are impacted by the
Mkt1/Pbpl complex. For example, Puf3 has been proposed to
function primarily to drive the degradation of its target mRNAs,
but we and others have also shown Puf3 undergoes phosphor-
ylation during growth in non-fermentable medium that switches
its function to promoting their translation (Olivas and Parker,
2000; Lee and Tu, 2015; Liu et al., 2021b). Given that many
yeast studies on Puf3 have utilized strains containing the
Mkt1-G30D mutation, we suspect that inconsistencies in re-
ported Puf3 function can be explained by whether the strain
used harbored this mutation or not. In addition, we previously
reported S288C yeast exhibited an autophagy defect when cul-
tured in minimal respiratory medium and speculated at the time
that this was due to the presence of polymorphisms in §288C
yeast (Wu and Tu, 2011). Gratifyingly, we have found that au-
tophagy in S288C yeast under this condition was largely rescued
by Mkt1-G30 alleles, a result which reconciled our previous
work and highlighted the impact of the Mkt1-G30D mutation
on autophagy and growth signaling (Gagneur et al., 2013; Weith
et al., 2023). Furthermore, given the highly penetrant and plei-
otropic effects of the Mktl-G30D mutation, we speculate that the
usage of S288C yeast and other strains that harbor Mkt1-D30
alleles may have caused discrepancies between yeast studies
on processes known to be impacted by the Mktl-G30D polymor-
phism. Because of this, we caution against the use of Mktl-D30
strains to study biology impacted by the Mkt1-G30D polymor-
phism and advocate for a comparative approach in which more
than one strain is used to study processes with complex genetic
underpinnings.

Finally, Pbpl is the yeast homolog of ataxin-2, a well-known
genetic modifier of amyotrophic lateral sclerosis and spinocer-
ebellar ataxia in humans (Pulst et al., 1996; Sanpei et al., 1996;
Elden et al., 2010). Ataxin-2 is thought to form complexes with
proteins involved in RNA processing and translation that are
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conserved from yeast to humans such as the poly(A)-binding
protein, the Lsm protein LSM12, and the mRNA decay factor
DDX6 (Satterfield and Pallanck, 2006; Nonhoff et al., 2007,
Ayache et al., 2015). Based on this work, we speculate ataxin-
2 complexes with these and other proteins, including possibly
FAMI20 proteins, may regulate processes not limited to post-
transcriptional regulation but also mTORCl signaling, mito-
chondrial biogenesis, and stress responses. Future work is
needed to further establish the biochemical, functional, and
structural characteristics of ataxin-2 complexes in yeast and
higher organisms to improve our understanding of their roles in
biology and disease.

Materials and methods

Yeast strains

All strains were made using prototrophic CEN.PK or HAPI*
S288C yeast strains and are listed in Table S7 (van Dijken et al.,
2000; Hickman and Winston, 2007). Gene deletions and
C-terminal tagging were performed by gene targeting of PCR-
based transformation cassettes (Longtine et al., 1998). Mkt1 and
Pbpl deletion and point mutation alleles were constructed using
the Q5 Site-Directed Mutagenesis Kit (New England Biolabs) and
then integrated into the endogenous locus in mktlA or pbpIA
strains. Overexpression strains were constructed by swapping
the endogenous PBPI promoter for the TEFI promoter.

Media used in this study

Liquid culture media used were YPD (1% yeast extract [Bio Ba-
sic], 2% peptone [BD Biosciences], and 2% glucose), YPL (1% yeast
extract, 2% peptone, and 2% lactate [Sigma-Aldrich]), SL (0.67%
yeast nitrogen base without aa [BD Biosciences] and 2% lactate),
SD (0.67% yeast nitrogen base without aa and 2% glucose), SCL
(0.79% complete supplement mixture [Sunrise Science Prod-
ucts] and 2% lactate), and SD-N (0.17% yeast nitrogen base
without aa and ammonium sulfate [BD Biosciences] and 2%
glucose).

Media switches

For time-course experiments with YPD and YPL media, cells
were incubated in 1 ml of YPD medium overnight, then diluted to
ODgoo = 0.2 in fresh YPD and grown in log phase for 3-4 h.
Samples were collected when indicated, then cells were spun
down, washed, and resuspended to ODggo = 0.7 in YPL medium,
and samples were collected at the indicated time points.

For time-course experiments with SD, SD-N, and SL media,
cells were incubated overnight in 1 ml of YPD cultures, then
diluted to ODgpp = 0.2 in 5 ml of fresh YPD and grown for
at least two generations. Cells were spun down, washed, and
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resuspended in YPL medium at a low OD and incubated over-
night to mid-log phase. Samples were collected when indicated,
then cells were spun down, washed, and resuspended to ODggq =
0.7 in either SD, SD-N, or SL media, and samples were collected
at the indicated time points.

Growth assays

Growth assays in YPD and YPL media were performed in clear-
bottom 96-well plates with the SPARK multimode plate reader
(Tecan). Overnight YPD cultures were diluted into 5 ml of fresh
YPD cultures and grown to log phase for 3-4 h. Cells were then
diluted to ODgg = 0.1 in fresh YPD or YPL media, and 100 pl of
each culture was pipetted into indicated number of wells. Plates
were incubated at 30°C, and ODgoo measurements were obtained
every 30 min. For growth assays in SL medium, cells were
prepared in the same manner described in the Media switches
method, diluted into flasks at an ODgpo = 0.15, and ODggo
measurements were obtained at the indicated time points. Each
growth assay figure depicts results from one representative
experiment performed at least twice.

TCA-precipitated protein lysate preparation

Cell pellets (5 ODs) were quenched in 20% TCA for at least 15 min
on ice, pelleted, and frozen at -80°C until further use. Pellets
were washed with ice-cold 100% acetone, air-dried, and re-
suspended in 250 ul of urea extraction buffer (6 M urea, 50 mM
Tris-HCl, pH 7.5, 1 mM PMSF, 1% SDS, 5 mM EDTA, 1 mM DTT,
5 uM pepstatin A, 10 uM leupeptin, and 2x protease inhibitor
cocktail [Roche]) and lysed by five rounds of bead beating (30 s
of bead-beating/2 min of cooling on ice). Lysates were then in-
cubated for 5 min at 65°C, centrifuged at maximum speed for
3 min, vortexed briefly, and then centrifuged again at maximum
speed for 1 min. The supernatants were collected, and protein
concentrations were normalized using a bicinchoninic acid as-
say kit (Thermo Fisher Scientific).

Western blot

Protein lysate samples were run on NuPAGE 4-12% Bis-Tris
gels (Thermo Fisher Scientific), except Puf3-HA samples, which
were run on 3-8% Tris-acetate gels (Thermo Fisher Scientific).
Wet transfers were performed at 350 mA for 80 min onto 0.45-
pm nitrocellulose membranes. Membranes were stained with
Ponceau Red to verify protein loading and transfer. Membranes
were blocked with 5% milk/TBST and incubated in target pri-
mary antibodies at room temperature for 1-2 h or overnight at
4°C. Membranes were then washed three times in TBST and
incubated in HRP-conjugated secondary antibodies at room
temperature for 1-2 h or overnight at 4°C. Following incubation,
membranes were washed three times in TBST before visualizing
with either Pierce ECL Western Blotting Substrate or Super-
Signal West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher Scientific) using X-ray film. The following antibodies
were used in this study: mouse monoclonal anti-Flag (Cat#
F1804; Sigma-Aldrich, RRID:AB_262044), rabbit anti-FLAG
M2 antibody (Cat# 2368; Cell Signaling Technology, RRID:
AB_2217020), mouse monoclonal anti-Pabl antibody (Cat#
MCA-1G1; EnCor Biotechnology, RRID:AB_2572370), mouse

Caballero et al.
The Mkt1/Pbpl complex promotes respiratory growth

QO

[¢

2JCB

anti-Cox2 antibody (Cat# 459150; Thermo Fisher Scientific,
AB_2532228), mouse anti-porin antibody (Cat# 459500; Thermo
Fisher Scientific, RRID:AB_2532239), rabbit anti-G6PD antibody
(Cat# A9521; Sigma-Aldrich, RRID:AB_258454), anti-GFP from
mouse IgGlk (clones 7.1 and 13.1) (Cat# 11814460001; Roche,
RRID:AB_390913), rabbit anti-HA antibody (Cat# 3724; Cell Sig-
naling Technology, RRID:AB_1549585), and rabbit anti-Rpnl0
(Cat# ab98843; Abcam, RRID:AB_10672806). Densitometry quan-
tification was performed using Image].

(4
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Detection of phospho-Thr737 and total Sch9 by western blot
Phospho-Thr737-Sch9 and anti-732-743 Sch9 antibodies were
used to monitor Sch9 phosphorylation at Thr737 and total Sch9
protein by SDS-PAGE, respectively (Kingsbury et al., 2014). As
positive and negative controls, WT cells growing in YPL medium
were treated with either cycloheximide (25 pg/ml) or rapamycin
(200 nM), respectively, for 30 min prior to switching to SL
medium.

co-IP

At the indicated time points, 50 ODgqo units of cells were col-
lected, pelleted, and stored at —-80°C until cell lysis. Cell pellets
were resuspended in 350 pl of lysis buffer A (50 mM HEPES, pH
7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 2x protease in-
hibitor cocktail, 1 mM PMSF, 1 mM Na;V0,-2H,0, 10 uM pep-
statin A, 10 uM leupeptin, and 5 mM NaF) and subjected to five
rounds of bead beating (30 s of beating/2 min of cooling on ice).
The lysates were collected using the hole-punch method by
centrifugation at 6,000 rpm for 2 min at 4°C, diluted with 525 pl
of lysis buffer B (buffer A devoid of NP-40), and clarified by two
successive centrifugation spins at maximum speed for 10 min at
4°C. The protein concentrations of the lysates were measured
and normalized using the bicinchoninic acid assay. For input
samples, 30 pl of the lysates was mixed with 15 pl of the sample
buffer, denatured for 5 min at 65°C, and frozen until further use.
For each co-IP reaction, 25 wl of Dynabeads Protein G (Life
Technologies) were washed with a buffer A/B mixture (2:3 ratio,
A:B) and incubated with 5 g of mouse anti-Flag antibody (M2;
Sigma-Aldrich) for 1-2 h at 4°C. Unbound antibody was removed
by centrifugation at 500 x g for 1 min at 4°C. The Dynabeads-
antibody slurries were then added to the cleared lysates and
incubated for 1-2 h at 4°C. The slurries were then washed three
times with wash buffer (50 mM HEPES, pH 7.5, 150 mM Nacl,
1 mM EDTA, and 0.2% NP-40) to remove unbound proteins.
RNase treatment was performed by resuspending washed slur-
ries in 50 pl 1x NEBuffer 3 (New England Biolabs) and incubating
with 1 pl of RNase I (New England Biolabs) for 15 min at 37°C. IP
samples were collected by boiling the beads in sample buffer for
5 min at 95°C.

Protein expression and purification

Full-length Mkt and His-tagged Pbpl (aa 482-550) were cloned
into the petDuet plasmid and co-expressed in Rosetta cells cul-
tured in 1 liter of Terrific broth. Expression was induced by
adding 1 mM IPTG and incubating overnight at 16°C. Cells were
spun down and resuspended in 60 ml of lysis buffer (50 mM
Tris-HCl, pH 8, 500 mM NaCl, 10% glycerol, 1% NP-40, 5 mM
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imidazole, pH 8, 1 mM TCEP, 1X protease inhibitor cocktail,
5 mM PMSF, 0.625 mg/ml lysozyme, and 2 pl benzonase). The
sample was lysed using a handheld homogenizer, and the su-
pernatant was collected after spinning at 50,000 x g for 20 min
and filtered. The filtered supernatant was added to 4 ml Ni Se-
pharose 6 Fast Flow (Cytiva) and gently tilted at 4°C for 1 h. The
flow-through was passed twice through the column, the latter
was washed with 25 column volumes of lysis buffer, and then the
complex was eluted by passing 6.25-12.5 column volumes of
elution buffers (50 mM Tris, pH 8, 500 mM NaCl, 10% glycerol,
and 1 mM TCEP) with imidazole concentrations ranging from 50
to 500 mM. The complex was concentrated using a 50-ml ul-
tracentrifugal filter with a 50-kDa molecular weight cutoff and
further purified by gel filtration using a HiPrep 26/60 Sephacryl
S-200 High Resolution column (Cytiva) equilibrated in elution
buffer containing no imidazole.

RT-qPCR analysis

For each sample, 1 ml of cells was collected, flash-frozen, and
stored at -80°C until further use. Total RNA was extracted using
the MasterPure Yeast RNA Purification Kit (LGC BioSearch
Technologies) following the manufacturer’s protocol. cDNA was
synthesized using the Superscript III reverse transcriptase (In-
vitrogen) and random hexamers, and gene expression levels
were analyzed on a CFX384 Real-Time System (BioRad) with
SYBR Green (Invitrogen). Relative mRNA levels were calculated
using the AACq method and normalized to actin mRNA levels.
RT-PCR targets and primer sequences used: ACTI (F: 5'-TCCGGT
GATGGTGTTACTCA-3'; R: 5'-GGCCAAATCGATTCTCAAAA-3'),
ATP2 (5'-CCCAGTTGGGAGAGAAACTTTA-3’; R: 5'-CTGCGT
GAATTGGCTTTCTTAG-3'), COX17 (F: 5'-CCAGAAAAGGAGGAG
CGGGATA-3'; R: 5'-CGAAGCCATAACCCTTCATGCAC-3'), MEFI
(F: 5'-ACTGATGGTAGCGTTCAATACTC-3'; R: 5'-CACTCTGAA
TGTAGGGTCTTCC-3'), PORI (F: 5'-GGCTACAATGAACTGCAA
ACTAC-3’; R: 5'-AATCGGACACCTTAGCCTTAAC-3'), and RSM19
(F: 5'-ACCGGCAGCTAGACTTTTATC-3'; R: 5'-ATTGGAGTGCCC
TTAGTCATG-3').

Polysome profiling

Polysome profiling was performed as previously described (Liu
et al., 2021a). Upon sample collection, cycloheximide (0.1 mg
ml™! final concentration) was added to block translation elon-
gation, followed by ice pellets (2 g/10 ml medium) to rapidly chill
cells for 5 min. Cells were centrifuged at 4°C, snap frozen in
liquid nitrogen, and stored at -80°C until processing. Frozen cell
pellets were thawed on ice, washed twice in polysome extraction
buffer (20 mM Tris-HCl, pH 7.5, 140 mM KCl, 5 mM MgCl,,
0.1 mg ml™! cycloheximide, 1% Triton X-100, and 0.5 mM DTT),
and lysed by three rounds of bead beating (30 s of beating/2 min
of cooling on ice). Lysates were then clarified by centrifugation
at 8,000 x g for 5 min at 4°C, and the supernatants were collected
and concentrations measured by spectrophotometry at 260 nm.
10-50% (wt/vol) sucrose gradients were prepared in polysome
extraction buffer devoid of Triton X-100 using the BIOCOMP
Gradient Station ip. Approximately one Ay, unit of cell lysate
was layered onto the top of each sucrose gradient and centri-
fuged at 41,000 x g for 2 h at 4°C. Polysome profiles were
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recorded using BIOCOMP Gradient Station ip by measuring ab-
sorbance at 260 nm. Fractions were collected in tubes containing
1.4 ml of ethanol and 1 ul of glycogen and left at -20°C overnight.
Fractions were then spun at 14,000 x g for 15 min, the super-
natants were aspirated, and the pellets were washed in 70%
ethanol. Pellets were spun at 14,000 x g for 15 min, supernatants
were removed, and the pellets were left to air-dry and then re-
suspended in SDS-PAGE loading buffer.

(4
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Microscopy image acquisition and processing

Single-plane images were acquired using a Zeiss Axio Ob-
server.Zl inverted confocal fluorescence microscope (Carl Zeiss
Microscopy GmbH) equipped with a Plan-Apochromat 100x/
1.40 oil DIC M27 objective. Yeast cells were imaged live at room
temperature (~22°C). Cells grown in YPL medium were re-
suspended in SCL medium prior to imaging, while cells grown in
SL medium were imaged directly. Immersion oil (Immersol 518
F, n = 1.518 at 23°C; Carl Zeiss Microscopy GmbH) was used
for the objective. Imaging was performed using three tracks:
transmitted light (T-PMT-T1; 300-900 nm), mCherry (excita-
tion 587 nm, emission 610 nm; 543-658-nm detection), and EGFP
(excitation 488 nm, emission 509 nm; 481-543-nm detection).
Fluorescence was detected using photomultiplier tubes (PMTs):
GaAsP PMTs (600 V for mCherry and 750 V for EGFP) and a
multialkali PMT (340 V) for transmitted light. Excitation was
provided by 405-nm (0.5%), 488-nm (7.0%), and 561-nm (7.0%)
lasers via standard dichroic mirrors (MBS 405 and MBS 488/
561). Images were acquired in bidirectional scan mode with a
zoom factor of 2.0, line averaging of 1x, and 0.67-us pixel dwell
time at 512 x 512 resolution (0.083 um/pixel; 42.43 x 42.43-pm
field of view). The confocal pinhole was set to 1 Airy unit. Data
were acquired in 16-bit depth using ZEN Blue software and saved
in uncompressed .czi format. Postacquisition processing was
performed in ZEN (LSM Plus), with only linear brightness/
contrast adjustments and channel merging. Raw .czi files were
imported into Fiji using the Bio-Formats Importer with au-
toscaling disabled and channels split. For each channel, fixed
brightness and contrast values were applied uniformly across all
images.

Alkaline phosphatase activity assays

Protocol used was previously described with some modifications
(Noda et al., 1995; Yang et al., 2019). General autophagy and
mitophagy were assessed in cells that express Pho8A60p or
mitochondria outer membrane-targeted Om-pho8A60p, re-
spectively. Cell pellets for each strain were collected in qua-
druplicate and resuspended in 400 pl of lysis buffer (250 mM
Tris-HCl, pH 9, 25 mM MgS0y,, 1% Triton X-100, and 2x protease
inhibitor cocktail) and lysed by three rounds of bead beating
(1 min of beating/1 min of cooling on ice). Cell lysates were
clarified by centrifugation at maximum speed for 10 min at 4°C.
For each sample, 70 pl of lysate was added in triplicate to a 96-
well, flat-bottom plate, which was kept on ice before adding
substrate. Reactions were initiated by adding 70 pl of substrate
solution (250 mM Tris-HCI, pH 9, 25 mM MgSQ,, 1% Triton X-
100, and 2.7 mM p-nitrophenyl phosphate [MP Biomedicals Life
Sciences]) and allowed to proceed at room temperature for 5 min
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before halting with 140 pl of stop buffer (1 M glycine, pH 11).
The plate was read at 400 nm to measure the production of
p-nitrophenol.

Protein sequence alignments

Protein sequence alignments were generated using the online
Clustal Omega program (Madeira et al., 2024). Pbpl sequences
were obtained by accessing the following UniProt profiles: S. pombe
(QOUSW1), Kluyveromyces lactis (AOA5P2UCTS88), Kluyveromyces
marxianus (WOT9L5), Zygosaccharomyces rouxii (C5DRS7), Saccha-
romyces eubayanus (AOAOLSRJRS), Saccharomyces kudriavzevii
(J4TY66), Saccharomyces paradoxus (AOAS8BS8URZ4), S. cerevisiae
(P53297), Yarrowia lipolytica (AOA1ID8N902), Candida parapsilosis
(G8BH42), Candida albicans (AOA8H6C640), and Candida dublin-
iensis (BOWCZ5).

Protein structure prediction analyses

The S. cerevisiae Mktl and Pbpl AlphaFold structures were ac-
cessed from the AlphaFold Protein Structure Database (Jumper
et al., 2021; Varadi et al., 2024). Complex structure predictions
were performed by submitting S. cerevisiae Mkt1 (G30/K453 al-
lele) and Pbpl sequences to the AlphaFold Server (Abramson
et al., 2024). Models and confidence scores depicted are from
the top ranked predictions. Foldseek was accessed through the S.
cerevisiae Mktl UniProt profile (P53297) to search for structur-
ally similar proteins in the Drosophila, mouse, and human AFDB
proteomes (van Kempen et al., 2024).

Proteomics methods

IP/MS experiments to identify protein interactors

IP samples were collected and prepared in the same manner as
described above. In-gel samples were digested overnight with
trypsin (Pierce) following reduction and alkylation with DTT
and iodoacetamide (Sigma-Aldrich). The samples then under-
went solid-phase extraction cleanup with an Oasis HLB plate
(Waters), and the resulting samples were injected onto an Or-
bitrap Fusion Lumos mass spectrometer coupled to an Ultimate
3000 RSLC-Nano liquid chromatography system. Samples
were injected onto a 75 pm-i.d., 75-cm-long EasySpray column
(Thermo Fisher Scientific) and eluted with a gradient from 0 to
28% buffer B over 90 min. Buffer A contained 2% (vol/vol) ACN
and 0.1% formic acid in water, and buffer B contained 80% (vol/
vol) ACN, 10% (vol/vol) trifluoroethanol, and 0.1% formic acid
in water. The mass spectrometer operated in positive ion mode
with a source voltage of 2.5 kV and an ion transfer tube tem-
perature of 300°C. MS scans were acquired at 120,000 reso-
lution in the Orbitrap, and MS/MS spectra were obtained for up
to1sintheion trap for each full spectrum acquired using higher-
energy collisional dissociation for ions with charges 2-7. Dy-
namic exclusion was set for 30 s after an ion was selected for
fragmentation.

Raw MS data files were analyzed using Proteome Discov-
erer v. 3.0 (Thermo Fisher Scientific), with peptide identifi-
cation performed using a trypsin digest search with Sequest
HT (cleavage after Lys and Arg except when followed by Pro).
The S. cerevisiae protein database from UniProt (downloaded
Sept. 21, 2023, 6,650 entries) was used. Fragment and precursor
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tolerances of 10 ppm and 0.6 Da were specified, and three missed
cleavages were allowed. A minimum peptide length of six residues
was required, and at least two unique peptides were required for
positive protein identification. Carbamidomethylation of Cys was
set as a fixed modification, and oxidation of Met was set as a
variable modification. The false discovery rate cutoff was 1% for all
peptides and proteins. Peptide peak intensities were summed for
all peptides matched to a protein for protein quantitation.
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TMT/MS experiments to determine protein abundances
Protein lysates were prepared from ~5 ODg0, units of cells using
the TCA lysis method described above, and 15 pg of each lysate
was used for downstream TMT/MS sample preparation. Fol-
lowing disulfide bond reduction and alkylation, samples were
digested overnight with trypsin using an S-Trap (Protifi). The
peptide eluate from the S-Trap was dried and reconstituted in
100 mM TEAB buffer. For the TMT9-plex and TMTprol8-plex
experiments, TMT10-plex and TMTprol8-plex kits (Thermo
Fisher Scientific) were used to label the samples as per the man-
ufacturer’s instructions (TMTI131 label not used for TMT9-plex
samples), and equal amounts of each sample was mixed based
on NanoDrop A205 (Thermo Fisher Scientific) values. The com-
bined samples then underwent solid-phase extraction cleanup
with an Oasis HLB plate (Waters) and were dried in a SpeedVac.
The samples were then reconstituted in a 2% acetonitrile and 0.1%
TFA buffer and diluted such that ~1 pg of peptides were injected.
Peptides were analyzed on a Thermo Orbitrap Eclipse MS
system coupled to an Ultimate 3000 RSLC-Nano liquid chro-
matography system. Samples were injected onto a 75-ym i.d., 75-
cm-long EasySpray column (Thermo Fisher Scientific) and
eluted with a gradient from 0 to 28% buffer B over 180 min ata
flow rate of 250 nl/min. Buffer A contained 2% (vol/vol) ACN
and 0.1% formic acid in water, and buffer B contained 80% (vol/
vol) ACN, 10% (vol/vol) trifluoroethanol, and 0.1% formic acid in
water at a flow rate of 250 nl/min. Spectra were continuously
acquired in a data-dependent manner throughout the gradient,
acquiring a full scan in the Orbitrap (at 120,000 resolution with a
standard AGC target) followed by MS/MS scans on the most
abundant ions in 2.5 s in the ion trap (turbo scan type with an
intensity threshold of 5,000, CID collision energy of 35%, stan-
dard AGC target, maximum injection time of 35 ms, and isolation
width of 0.7 m/z). Charge states from two to six were included.
Dynamic exclusion was enabled with a repeat count of 1, an
exclusion duration of 25 s, and an exclusion mass width of +10
ppm. Real-time search was used for selection of peaks for SPS-
MS3 analysis, with searched performed against the S. cerevisiae
protein database from UniProt (downloaded Sept. 21, 2023,
6,650 entries). Up to 2 missed tryptic cleavages were allowed,
with carbamidomethylation (+57.0215) of cysteine and either
TMT reagent (+229.1629) or TMTpro reagent (+304.2071) of ly-
sine and peptide N termini used as static modifications, and
oxidation (+15.9949) of methionine used as a variable modifi-
cation. MS3 data were collected for up to 10 MS2 peaks, which
matched to fragments from the real-time peptide search iden-
tification, in the Orbitrap at a resolution of 50,000, higher-
energy collisional dissociation collision energy of either 65%
for TMT or 55% for TMTpro, and a scan range of 100-500.
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Raw MS data files were analyzed using Proteome Discoverer
v. 3.0 (Thermo Fisher Scientific), with peptide identification
performed using a trypsin digest search with both Comet and
Sequest HT (cleavage after Lys and Arg except when followed by
Pro). The S. cerevisiae protein database from UniProt (down-
loaded Sept. 21, 2023, 6,650 entries) was used. Fragment and
precursor tolerances of 10 ppm and 0.6 Da were specified, and up
to 2 missed tryptic cleavages were allowed. Carbamidomethy-
lation (+57.0215) of cysteine and either TMT reagent (+229.1629)
or TMTpro reagent (+304.2071) of lysine and peptide N termini
were used as static modifications, with oxidation (+15.9949) of
methionine used as a variable modification. A minimum peptide
length of six residues was required, and at least two unique
peptides were required for positive protein identification. Car-
bamidomethylation of Cys was set as a fixed modification, and
oxidation of Met was set as a variable modification. The false
discovery rate cutoff was 1% for all peptides and proteins. Re-
porter ion peak intensities were summed for all peptides
matched to a protein for protein quantitation.

Gene ontology analysis

The Gene Ontology Resource GO Enrichment Analysis tool
(https://geneontology.org) was used (Ashburner et al., 2000;
Aleksander et al., 2023). Analyses were performed with Fisher's
exact test with Bonferroni correction for multiple testing.

Statistical analyses

For TMT-MS experiments, the unpaired, two-sided t test was
performed to calculate P values. Fisher’s exact test was used for
qualitative gene set analyses of TMT-MS experiment in Fig. 3.
The unpaired, two-sided t test was also performed to calculate P
values for RT-qPCR, growth curve, and alkaline phosphatase
assays, and pooled data are presented as mean + SD. Significance
cutoff was P < 0.05 for all statistical tests. The number of bio-
logical replicates (n) for each experiment is reported in the
corresponding figure legend.

Online supplemental material

Fig. S1 shows the AlphaFold complex prediction of Mktl and
Pbpl full-length proteins, AlphaFold complex predictions of full-
length Mktl and Pbpl fragments, and an alignment of yeast Pbpl
protein sequences representing putative MBRs. Fig. S2 shows
the AlphaFold prediction of Mktl and a co-IP experiment testing
the interactions between truncated Mktl proteins and Pbpl. Fig.
S3 shows the mitochondrial protein levels in Mktl and Pbpl
truncation stains during growth in YPD and YPL media. Fig. S4
shows the polysome profiles of yeast cells collected 3 h following
switch from YPD to YPL. Fig. S5 shows the GFP cleavage assays
using Mktl and Pbpl truncation strains cultured in SL medium.
Table S1 shows the lists of proteins detected in IP/MS experi-
ment with Mktl-Flag and Pbpl-Flag IP lysates (related to Fig. 1).
Table S2 shows the lists of proteins detected in IP/MS experi-
ment with silver stain gel slices corresponding to Mkt1-Flag and
Pbpl-Flag proteins (related to Fig. 1). Table S3 shows the Fold-
seek results for S. cerevisine Mkt1 homologs in Drosophila, mouse,
and human AFDB proteomes. Table S4 shows the lists of pro-
teins detected and associated GO term analyses from TMT-MS
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experiment with mktIA and pbplA cells cultured in YPD and YPL
media (related to Fig. 3). Table S5 shows the lists of proteins
detected and associated GO term analyses from TMT-MS ex-
periment with mktlA and pbplA cells cultured in SL medium
(related to Fig. 6). Table S6 shows the list of yeast genetics and
QTL studies reporting associations between Mktl and com-
plex phenotypes. Table S7 shows the list of strains used in
this study.

Data availability

Primary data not available in the published article and its online
supplemental material can be requested by contacting the cor-
responding author.
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Figure S1. Protein sequence alignment and AlphaFold analyses of the putative MBR on Pbp1. (A) AlphaFold 3 complex prediction of S. cerevisiae Mkt1
and Pbpl. pTM (0.61) and ipTM (0.81) did not reflect a highly confident interaction, but this was due to Pbpl protein disordered regions driving down these
scores. Highlighted in dark blue on the PAE plot is the predicted Pbpl structure corresponding to approximately aa 491-549. Highlighted in red are the
corresponding ordered parts of Mkt1. PAE plot regions between Pbpl aa 491-549 and Mkt1 have low expected position error, suggesting a possible interaction
(Abramson et al,, 2024). (B) AlphaFold 3 predictions of S. cerevisiae full-length Mkt1 in complex with Pbpl aa 491-549, aa 432-490, and aa 550-608. pTM and
ipTM scores for the Mkt1/Pbp1-MBR (aa 491-549) complex indicated a high-quality prediction that might be similar to the true structure. In the cases of the
other two predicted complexes, ipTM scores < 0.6 indicated likely failed predictions. (C) Alignment of Pbp1 protein sequences from yeast species generated
using Clustal Omega. Two aa stretches in S. cerevisiae Pbpl, aa 500-503 and aa 536-538, are highly conserved across yeast species.
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Figure S2. Interaction and bioinformatic analyses of S. cerevisiae Mkt1. (A) AlphaFold protein structure prediction of S. cerevisiae Mkt1 (AF-P40850-F1-v4)
and schematic depicting Mkt1 protein domains. (B) Schematic representation of Mkt1 truncation mutants assayed for their ability to interact with Pbplin C. The
dotted lines represent the deleted regions. (C) co-IP testing interactions between Flag-tagged Mkt1 truncation mutants and Pbp1-HA. Cells were collected from
YPL cultures grown to log phase. All Mkt mutants tested had disrupted interactions with Pbpl-HA and reduced Pbpl-HA protein abundance. Source data are

available for this figure: SourceData FS2.
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Figure S3. Puf3-dependent protein expression is disrupted in Mktl and Pbp1 truncation strains. (A) Schematic representation of Flag-tagged Pbpl
truncation strains assayed for their capacity to express mitochondrial proteins and grow in YPL medium. (B) Western blot depicting Cox2, Pbpl-Flag, and Porl
protein levels during growth in YPD and following switch to YPL medium. Pbp1A491-570 and Pbp1A491-513 cells had diminished Cox2 and Pbp1-Flag protein
levels compared with WT. (C) Growth curves of indicated strains collected using an automatic plate reader during incubation in YPL medium at 30°C. ODggo
measurements were obtained every 30 min. Note: PbplA491-570 and Pbp1A491-513 cells had reduced growth. Representative traces from a single experiment
are depicted (n = 3 per group). (D) Western blot depicting Cox2, Pbp1-Flag, and Porl protein levels during growth in YPD and following switch to YPL medium.
Pbp1A500-514 cells had decreased Cox2 and Pbpl-Flag protein levels compared with WT. (E) Growth curves of indicated strains during incubation in YPL
medium obtained using the method described in C. Note: Pbp1A500-514 cells had reduced growth. Representative traces from a single experiment are depicted
(n = 3 per group). (F) Western blot depicting Cox2, Mkt1-Flag, and Porl protein levels during growth in YPD and following switch to YPL medium. Mktl
truncation strains had reduced Cox2 protein abundance compared with WT. (G) Growth curves of indicated strains during incubation in YPL medium using
method described in C. Note: Mkt1 truncation strains had reduced growth. Representative traces from a single experiment are depicted (n = 3 per group). Source
data are available for this figure: SourceData FS3.
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Figure S4. Assessment of Mkt1/Pbpl complex and Puf3 localization to polysomes. (A) Polysome profile of WT cells collected 3 h following switch from
YPD to YPL medium and associated western blot for Pbp1-Flag, Mkt1-HA, Puf3-myc, and Pabl in collected fractions. Note: Mkt1-HA, Pbpl-Flag, and Puf3-myc
were present in polysome fractions. (B) Polysome profile of mktIA cells collected 3 h following switch from YPD to YPL medium and associated western blot for
Pbp1-Flag, Puf3-HA, and Pabl in collected fractions. Note: Pbpl-Flag and Puf3-HA were present in polysome fractions. (C) Polysome profile of Pbpl-4A cells
collected 3 h following switch from YPD to YPL medium and associated western blot for Pbpl-Flag, Mkt1-HA, and Pabl in collected fractions. Note: Mkt1-HA
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was less present in polysome fractions. Source data are available for this figure: SourceData FS4.
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A Pbp1 1 722 aa Mutation Interacts with Mkt1?  Autophagy?
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Figure S5. Autophagy in Mkt1 and Pbpl truncation strains during growth in minimal respiratory medium. (A) Schematic representation of Flag-tagged
Pbpl truncation strains tested for their capacity to undergo autophagy during growth in SL medium. (B) GFP cleavage assay showing Pbp1A491-570 and
Pbp1A491-513 cells had disrupted mitophagy following incubation in SL medium for 6 h. (C) GFP cleavage assay showing PbplA500-514 cells had disrupted
mitophagy following incubation in SL medium for 6 h. Note: residual free GFP in PbplA500-514 cells was detected, which may reflect continued TORC1 re-
pression. (D) GFP cleavage assay showing Mkt1 truncation mutants had disrupted mitophagy following incubation in SL medium for 6 h. * indicates a non-
specific band. Source data are available for this figure: SourceData FS5.

Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, and Table S7. Table S1 shows the lists of proteins
detected in IP/MS experiment with Mkt1-Flag and Pbp1-Flag IP lysates (related to Fig. 1). Table S2 shows the lists of proteins
detected in IP/MS experiment with silver stain gel slices corresponding to Mkt1-Flag and Pbp1-Flag proteins (related to Fig. 1). Table
S3 shows the Foldseek results for S. cerevisiae Mkt1 homologs in Drosophila, mouse, and human AFDB proteomes. Table S4 shows
the lists of proteins detected and associated GO term analyses from TMT-MS experiment with mktIA and pbplA cells cultured in
YPD and YPL media (related to Fig. 3). Table S5 shows the lists of proteins detected and associated GO term analyses from TMT-MS
experiment with mkt1A and pbp1A cells cultured in SL medium (related to Fig. 6). Table S6 shows the list of yeast genetics and QTL
studies reporting associations between Mkt1 and complex phenotypes. Table S7 shows the list of strains used in this study.
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