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BIOCHEMISTRY

Defective import of mitochondrial metabolic enzyme

elicits ectopic metabolic stress

Kazuya Nishio't, Tomoyuki Kawarasaki!, Yuki Sugiura>*t, Shunsuke Matsumoto®,
Ayano Konoshima?, Yuki Takano?, Mayuko Hayashi?, Fumihiko Okumura®, Takumi Kamura’*,

Tsunehiro Mizushima"®*, Kunio Nakatsukasa®*

Deficiencies in mitochondrial protein import are associated with a number of diseases. However, although non-
imported mitochondrial proteins are at great risk of aggregation, it remains largely unclear how their accumu-
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lation causes cell dysfunction. Here, we show that nonimported citrate synthase is targeted for proteasomal
degradation by the ubiquitin ligase SCFY““". Unexpectedly, our structural and genetic analyses revealed that
nonimported citrate synthase appears to form an enzymatically active conformation in the cytosol. Its excess
accumulation caused ectopic citrate synthesis, which, in turn, led to an imbalance in carbon flux of sugar, a
reduction of the pool of amino acids and nucleotides, and a growth defect. Under these conditions, translation
repression is induced and acts as a protective mechanism that mitigates the growth defect. We propose that the
consequence of mitochondrial import failure is not limited to proteotoxic insults, but that the accumulation of a

nonimported metabolic enzyme elicits ectopic metabolic stress.

INTRODUCTION

Most mitochondrial proteins are synthesized as precursors with an
N-terminal mitochondrial targeting sequence, also known as a pre-
sequence. During posttranslational import, these precursors are
kept in an unfolded, import-competent state by cytosolic molecular
chaperones to facilitate their passage through the translocator of the
outer membrane (TOM) and translocator of the inner membrane
(TIM) channels (I-4). However, the import process is affected by
mitochondrial defects, problems in the cytosol, and cytosolic aggre-
gation of pathological protein species including mutant huntingtin/
polyQ protein, a-synuclein, or f-amyloid (5-15).

The impairment of mitochondrial import results in an accumu-
lation of nonimported proteins in the cytosol, an environment
where there is a potential risk of misfolding due to the absence of
suitable maturation factors. The accumulation of nonimported pro-
teins in the cytosol may be toxic to the cell (16-19). To cope with
these deleterious situations, cells have evolved various quality
control mechanisms (6, 20-28), by which nonimported mitochon-
drial proteins are eliminated by the ubiquitin-proteasome system.
Cells also respond to the accumulation of precursor proteins by sup-
pressing mitochondrial precursor overaccumulation stress and by
up-regulating proteasome and chaperone capacities (5, 18, 19).
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When mitochondrial import is decreased, the mitochondrial
protein uptake may be modulated by the import and translation ma-
chineries via the activation of the integrated stress response
(ISR) (29).

The mechanism by which the accumulation of nonimported mi-
tochondrial protein causes cellular dysfunction is poorly under-
stood. It has been suggested that they may form toxic aggregates
and/or associate with other proteins or organelles in the cell,
thereby leading to proteostasis disturbance, cellular growth
defects, or neurodegenerative diseases (15, 18, 19, 28, 30, 31). At
the same time, sequestration of cytosolic molecular chaperones by
nonimported precursor proteins may lead to a reduced protein-
folding capacity and hence proteostatic stress, a situation that is
related to aging and the development of various protein conforma-
tional diseases (5, 15).

In this study, to further elucidate how the accumulation of non-
imported mitochondrial proteins exerts gain-of-function toxicity
and cell dysfunction, we analyzed the consequence of the cytosolic
accumulation of nonimported citrate synthase (Citl), the first rate-
limiting enzyme in the tricarboxylic/citrate acid (TCA) cycle. We
demonstrate that cytosolic Cit1 is targeted for proteasomal degrada-
tion by the ubiquitin ligase complex SCFV*“" (Skp1-Cdc53-F-box
protein Uccl). Our structural, biochemical, genetic, and metabolo-
mics analyses demonstrate that, in contrast to the assumption that
precursor proteins are kept in an unfolded, import-competent state
in the cytosol, nonimported Citl almost certainly forms an enzy-
matically active conformation and that its accumulation exerts
gain-of-function toxicity by synthesizing excess citrate in the
cytosol. Intriguingly, under these conditions, translation repression
is induced and acts as a protective mechanism against the ectopic
citrate stress. These results suggest that the consequence of mito-
chondrial import failure is not limited to proteostatic insults, but
that nonimported precursor proteins can elicit ectopic metabol-
ic stress.
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RESULTS

The F-box protein Ucc1 discriminates the relatively subtle
but refined structural changes of citrate synthase

While citrate is mainly produced in the mitochondria, cytosolic
citrate can be supplied from the mitochondria and from the extra-
cellular environment and is also crucial for epigenetic regulation
and fatty acid synthesis (32). In plants and fungi, cytosolic citrate
is also supplied via the glyoxylate cycle, a cytosolic/peroxisomal glu-
coneogenic pathway that is similar to the TCA cycle (33). We dem-
onstrated previously that Cit2, a cytosolic and peroxisomal citrate
synthase in the glyoxylate cycle, is targeted for proteasomal degra-
dation by the SCFV““" ubiquitin ligase and that the SCF"*'-medi-
ated degradation of Cit2 acts as a metabolic switch for the glyoxylate
cycle (34). The importance of Uccl-mediated degradation of Cit2 in
maintaining citrate homeostasis is underscored by the fact that
Uccl exhibits negative genetic interactions with a number of mito-
chondrial enzymes including Idh1, the mitochondrial isocitrate de-
hydrogenase (www.yeastgenome.org/) (34). To investigate the
mechanism by which Uccl, a substrate recognition subunit, recog-
nizes citrate synthase, we performed an x-ray crystal structure anal-
ysis. Instead of peptides that are commonly used to mimic the
substrate proteins (35), we succeeded in determining the structure
of Uccl-Skpl in a complex with full-length Cit2 at a 2.30-A resolu-
tion (Fig. 1A). The electron densities of the N-terminal region of
Skpl (residues 1 to 84 and 97 to 112) were not visible in this
complex (Fig. 1A). However, when a nonessential loop (residues
37 to 64), which was previously suggested to interfere with crystal-
lization (36), was deleted from Skp1, we were able to obtain a more
complete structure, with a resolution of 2.53 A (fig. S1, A and B).
The Cit2-Uccl-Skpl complex structure contained one Uccl-Skpl
complex and one Cit2 dimer (Fig. 1A). This quaternary complex
had a curved structure in which Skpl and Cit2 were located at the
opposite ends of Uccl. In addition, Uccl held one of two Cit2 mol-
ecules [Cit2(A) in Fig. 1A]. Uccl contains a typical F-box domain at
its N terminus, but other regions formed a unique structure with no
known motifs (35, 37).

At the interaction surface, the H14 and H20 helices in Cit2 are
associated with the H9 and H10 helices in Uccl, respectively, and
the H6-H7 loop in Cit2 is associated with the S10 strand in Uccl
(Fig. 1B). The interaction surface of Uccl and Cit2 comprised com-
plementary charged residues (fig. S1C). Among the residues located
on these surfaces, D154 and E309 in Cit2 were predicted to form salt
bridges with K345 and R184 in Uccl, respectively, while E309 and
$409/8410 in Cit2 were predicted to form hydrogen bonds with
Y185 and E212 in Uccl, respectively (Fig. 1B). Mutant Cit2 variants
harboring a D154A, E309A, or S409A/S410A substitution displayed
reduced binding to Uccl (Fig. 1C). Similarly, mutant Uccl variants
harboring R184A/Y185A, E212A, or K345A substitutions displayed
reduced binding to Cit2 (Fig. 1D). Consistent with these findings,
Cit2 was stabilized almost completely in cells expressing Uccl
mutants (R184A/Y185A or K345A) that were defective in Cit2 rec-
ognition (fig. S1D).

The structure of Cit2 in the Uccl1-Skp1-Cit2 quaternary complex
was almost identical to that of the open form of Cit2 [Apo-Cit2(A)]
shown in Fig. 1E. This form is free from its substrates oxaloacetate
(OAA) and acetyl-CoA. We also determined the crystal structure of
the closed form of Cit2 in complex with OAA and CoA. Here, CoA
was used instead of acetyl-CoA to prevent the reaction during
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crystallization. We found that in the presence of OAA and CoA,
Cit2 undergoes a ligand-induced conformational change that in-
cludes movement of E309, resulting in the destruction of both a hy-
drogen bond between E309 in Cit2 and Y185 in Uccl and the salt
bridge between E309 in Cit2 and R184 in Uccl (fig. S2A). Perhaps
more critically, this conformational change also involves a large
movement of helix 14 in Cit2, resulting in steric hindrance that
likely prevents recognition by Uccl (fig. S2, A to C). Uccl preferen-
tially recognized the open (ligand-free) form but not the closed
(ligand-bound) enzyme (fig. S2D). These results suggest that, in
contrast to the canonical degron-mediated substrate recognition
that occurs for other well-studied F-box proteins, such as Fbw?7,
Cdc4, B-TrCP1, and Skp2 (36, 38—40), Uccl discriminates the rela-
tively subtle but refined structural changes that are induced upon of
substrate binding during catalysis. This arises as a result of comple-
mentary polar interfaces through hydrogen bonds and salt bridges.
Moreover, these results provide a structural basis for the previously
proposed positive feedback loop in which a higher amount of glu-
coneogenic metabolites (e.g., acetyl-CoA and OAA) stabilizes Cit2
to further activate the glyoxylate cycle (34).

Nonimported mitochondrial citrate synthase is targeted for
proteasomal degradation by the SCFU““! ubiquitin

ligase complex

Cit2 shares 75.6% primary sequence identity and 86.7% similarity
with Citl, a mitochondrial citrate synthase (fig. S3A). We solved
the crystal structure of Apo-Citl, and it was almost identical to
that of Apo-Cit2 (Fig. 2A). We therefore reasoned that nonim-
ported Citl in the cytosol could also be targeted for proteasomal
degradation via SCFY““", To test this hypothesis, we first construct-
ed a Citl mutant that lacked amino acids 2 to 42, the region con-
taining the N-terminal mitochondrial targeting sequence
(hereafter, we call this mutant NACitl) (Fig. 2, B and C). Green
fluorescent protein (GFP)-tagged NACitl was localized in the
cytosol (Fig. 2D). The cytosolic localization of NACitl was
further confirmed by subcellular fractionation analysis (Fig. 2D).
To assess the stability of NACitl, we performed a cycloheximide
chase experiment and found that NACitl was degraded with a
half-life of ~45 min but was stabilized by the addition of the protea-
some inhibitor MG132 (Fig. 2E and fig. S3B). We also found that
NACitl degradation was attenuated in temperature-sensitive
cdc34-2, cdc53-1, and skpI-11 mutant cells and in cells lacking
Uccl (Fig. 2, F and G, and fig. S3, C, and D). Moreover, NACitl,
but not the mitochondrial form of mature Citl (mtCitl), was ubiq-
uitinated in a Uccl-dependent manner in vivo (Fig. 2H). Together,
these results demonstrate that NACit1 is ubiquitinated by SCFYV*!
for proteasomal degradation.

Next, we analyzed the physical interaction between Uccl and
NACitl using a pull-down assay. An anti-FLAG affinity gel
loaded with the recombinant 3xFLAG-Uccl-Skpl complex was in-
cubated with yeast lysate prepared from cells expressing hemagglu-
tinin (HA)-tagged Citl or NACitl. As shown in Fig. 2I, NACit1 is
bound to the 3xFLAG-Uccl-Skp1 complex (lane 3). Direct binding
was confirmed by a pull-down assay with purified recombinant
maltose binding protein (MBP)-tagged Citl and the Uccl-Skpl
complex (Fig. 2], lane 9). In addition, direct binding between puri-
fied MBP-Cit2 and the Uccl-Skpl complex was confirmed in the
same experiment (lane 10). We noticed that when whole-cell
lysate containing Citl was used in the lysate-based pull-down
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Fig. 1. Structural basis for the recognition of citrate synthase by the Ucc1-Skp1 complex. (A) Ribbon representation of the complex comprising the Cit2 dimer
[Cit2(A), green; Cit2(B), cyan], Ucc1 (magenta), and full-length Skp1 [Skp1(FL), yellow] in two different side-view orientations. Ucc1 associates with Cit2(A). (B) Intermo-
lecular contacts between Cit2 and Ucc1 in the Cit2-Ucc1-Skp1 complex. Enlarged view of the contacts shown in the red box in (A). Ribbon representation of the Cit2(A)
monomer (green) and Uccl (magenta). Critical hydrogen bonding residues are shown as sticks, with hydrogen bonds as broken yellow lines. (C) Interaction between
Ucc1-Skp1 and MBP-Cit2 or its mutant derivatives was analyzed using a pull-down assay with purified proteins. Amylose resin loaded with MBP-Cit2 or its mutant de-
rivatives was incubated with an equal amount of the Ucc1-Skp1 complex purified from bacteria. Ucc1 and Skp1 bound to MBP-Cit2 were quantified. The amounts of Ucc1
and Skp1 bound to wild-type (WT) MBP-Cit2 (lane 5) were set to 100%. Data in the graph represent the means + SE of five independent experiments; ****P < 0.0001, one-
way analysis of variance (ANOVA) with Dunnett’s multiple comparison test. (D) Same experiment as shown in (C), with the exception that Ucc1 and its mutant derivatives
were used. The amounts of WT Ucc1 and Skp1 bound to MBP-Cit2 (lane 5) were set to 100%. Data in the graph represent the means + SE of four independent experiments;
*#%¥P < 0.0001, one-way ANOVA with Dunnett’s multiple comparison test. (E) Superposition of the dimers of Apo-Cit2 alone [Apo-Cit2(A), black; Apo-Cit2(B), gray] and Cit2
in complex with Ucc1 [Cit2(A), green; Cit2(B), cyan; Uccl, magental.
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Fig. 2. NACit1 is degraded by the proteasome in an SCFV' ubiquitin ligase-dependent manner. (A) Comparison of the structures of Apo-Cit1 (black) and Apo-Cit2
(green). (B) Schematic illustration of preCit1, NACit1, and mtCit1 constructs. (C) Cells expressing WT Cit1-HA or NACit1-hemagglutinin (HA) were treated with (+) or
without (—) carbonyl cyanide m-chlorophenyl hydrazine (CCCP). Coomassie brilliant blue (CBB) staining of the membrane served as a loading control. (D) Subcellular
localization of NACit1. Microscopic analysis of Cit1-GFP and NACit1-GFP in WT and uccTA cells (left). Pgk1-mCherry served as a cytosolic marker. DIC, Differential Inter-
ference Contrast. Scale bars, 2 um. Subcellular fractionation analysis of NACit1 (right). Hsp60 and Pgk1 served as mitochondrial and cytosolic markers, respectively. (E)
Stabilities of mtCit1-HA and NACit1-HA were assessed by cycloheximide chase analysis in the presence or absence of the proteasome inhibitor MG132. Pgk1 served as a
loading control. Quantified results for NACit1-HA (n = 3) are shown in fig. S3B. DMSO, dimethyl sulfoxide. (F) Stability of NACit1-HA was assessed by cycloheximide chase
analysis in the indicated temperature-sensitive strains. Cdc48 served as a loading control. Quantified results (n = 3) are shown in fig. S3C. (G) Stability of NACit1-HA was
analyzed in uccTA cells. Pgk1 served as a loading control. Quantified results (n = 3) are shown in fig. S3D. (H) In vivo ubiquitination states of mtCit1-HA and NACit1-HA
were analyzed in the indicated strains. Asterisks indicate immunoglobulin G (IgG) and/or nonspecific bands. IP, immunoprecipitation; WB, western blotting. (I) Interaction
between 3xFLAG-Ucc1-Skp1 and Cit1-HA or NACit1-HA was analyzed using a lysate-based pull-down assay. PD, pull-down. Note that 3xFLAG-Ucc1-Skp1 appears as two
bands (PD, aFLAG; WB, aFLAG), possibly due to processing in host insect cells (34). (J) Interaction between Ucc1-Skp1 and MBP-Cit1 or MBP-Cit2 was analyzed as in Fig. 1C.
The bound proteins were analyzed by CBB staining of SDS—polyacrylamide gel electrophoresis (SDS-PAGE) gel.
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assay, the mature mitochondrial form of Citl (mtCitl) was pulled
down with the 3xFLAG-Uccl-Skpl complex (Fig. 21, lane 1, faster
migrating band in the middle panel). This finding is most likely ex-
plained by detergent-induced solubilization of mtCit1 from the mi-
tochondrial matrix into the lysate fraction and its subsequent
binding to Uccl. Notably, the slower migrating band, which corre-
sponded to the presequence-containing precursor form of Citl
(preCitl), was also enriched by pull down with the 3xFLAG-
Uccl-Skpl complex (lane 1 in the middle panel), although it was
barely detectable in whole-cell lysate (lane 1 in the top panel).
This result raised the intriguing possibility that preCitl could also
be recognized by the SCEV*“! complex for degradation (see below).

Although the crystal structure of the Skp1-Uccl-Citl complex is
currently unknown, we found that the amino acid residues in Cit2
that were predicted to be critical for Uccl binding were conserved in
Citl (Fig. 3A and fig. S3A). When D173 and S429 of NACitl, which
correspond to D154 and S410 in Cit2, respectively, were simultane-
ously mutated to alanine, the resultant mutant (hereafter referred to
as NACit1-DS/AA) was no longer recognized and ubiquitinated by
Uccl (Fig. 3B, lane 3; Fig. 3C, lane 3). Consistent with these results,
a cycloheximide chase experiment demonstrated that NACit1-DS/
AA was stable in wild-type (WT) cells (Fig. 3D, lanes 17 to 20) to the
same extent as NACitl in ucclA cells (lanes 5 to 8). These results
demonstrate that presequence-lacking, nonimported Citl

(NACit1) is recognized and ubiquitinated by the SCFV**! complex
for proteasomal degradation. Moreover, our results also suggest that
Uccl appears to recognize the folded citrate synthase because the
amino acid residues critical for Uccl binding are assembled on
the same surface in the three-dimensional structure although they
are located distantly in the primary sequence (figs. S1C and S3A).

NACit1 toxicity depends on enzymatic activity

To examine the physiological significance of SCFY**'-mediated
degradation of nonimported Citl, we analyzed the growth of cells
in which NACitl accumulated in the cytosol. Cells overexpressing
NACitl under the control of the GALI promoter grew somewhat
slower than control cells harboring empty plasmids (Fig. 4A,
compare lines 1 and 3). The growth defect phenotype caused by
NACit]l expression was exacerbated when UCCI was deleted
(Fig. 4A, line 6) or when DS/AA mutations were introduced into
NACitl1 (Fig. 4B, line 2), suggesting that toxicity is dose dependent.
By contrast, cells overexpressing WT Citl grew robustly to the same
extent as control cells, regardless of the presence or absence of Uccl
or the DS/AA mutations (Fig. 4A, lines 2 and 5, and fig. S4A). The
NACitlgrowth phenotype was more pronounced in another genetic
background (fig. S4, B and C), yet NACitl toxicity was apparent
even when expressed at endogenous levels (fig. S4B). Similar to
the results obtained with NACitl, the overexpression of Cit2
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Fig. 3. Ucc1 recognizes folded citrate synthase via its conserved amino acids. (A) Predicted intermolecular contacts between Apo-Cit1 and Uccl. Apo-Cit1 was
superimposed on Cit2 in the Cit2-Ucc1-Skp1 complex. Apo-Cit1 and Ucc1 are depicted in black and magenta, respectively. Conserved amino acids predicted to form
hydrogen bonds are shown as stick models. (B) Interactions between 3xFLAG-Ucc1-Skp1 and NACit1-HA or NACit1-HA-DS/AA were analyzed using a lysate-based pull-
down assay, as described for Fig. 2I. Cdc48 served as loading controls for lysate preparation. Asterisk indicates IgG. (C) In vivo ubiquitination states of NACit1-HA in WT or
ucclA cells (lanes 1 and 2), and NACit1-HA-DS/AA in WT cells (lane 3) were analyzed in the indicated strains. Asterisks indicate IgG and/or nonspecific bands. (D) Stabilities
of NACit1-HA and its mutant derivatives were assessed using a cycloheximide chase analysis. Pgk1 served as a loading control.
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promoter. Cells were grown at 30°C for 2 to 3 days. (C) Cellular citrate levels were measured in WT and uccTA cells expressing Cit1-HA, NACit1-HA, or NACit1-HA-H/G.
Values are arbitrary units (A.U.), and the amount of citrate in WT cells harboring empty vector was set to 1.0. Data represent the means + SE of three independent
experiments; ns, not significant; ***P < 0.001 and ****P < 0.0001, one-way ANOVA with Bonferroni's multiple comparison test. (D) Solubilities of NACit1-HA and its
mutant variants expressed in WT cells were analyzed by ultracentrifugation at 100,000g for 1 hour at 4°C in the presence of 1% Triton X-100. Where indicated, the
lysate was heated at 100°C (boil), and the supernatant (S100) and pellet (P100) fractions were subjected to SDS-PAGE analysis. Blots for Pgk1 (soluble protein) are

shown. (E) Schematic representation of ectopic citrate synthesis caused by NACit1.

under the control of the GALI promoter in uccIA cells also im-
paired growth (fig. S4D), suggesting that there is not a substantial
difference between NACitl and Cit2 as enzymes in the cytosol.
Because our structural analysis demonstrated that Uccl recog-
nizes only folded citrate synthase, we hypothesized that NACitl
forms an enzymatically active conformation in the cytosol.
NACit1 rescued a glutamate auxotrophic phenotype of cit1Acit2A
cells (fig. S4E) (34, 41), indicating that it maintains citrate synthase
activity in the cytosol. The citrate synthase activity of NACitl was
also confirmed by directly measuring cellular citrate (Fig. 4C, line
3). In addition, ucclA cells expressing NACitl or WT cells express-
ing NACitl-DS/AA accumulated more citrate than WT cells or
those expressing NACitl (Fig. 4C, line 7, and fig. S4F). By contrast,
when histidine 312 (fig. S3A), which is critical for citrate synthase
activity (42, 43), was mutated to glycine, the citrate synthase activ-
ities of NACitl and NACit1-DS/AA were nearly eliminated (Fig. 4C,
lines 4 and 8, and fig. S4F). In addition, the H/G mutation eliminat-
ed the growth defect phenotype caused by the accumulation of
NACitl or NACit1-DS/AA (Fig. 4B, lines 3, 4, 7, and 8), indicating
that NACit1 toxicity arises from enzymatic activity. It should be
noted that the H/G mutation did not affect the half-lives of the
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NACitl and NACitl-DS/AA variants (Fig. 3D, lanes 9 to 16 and
21 to 24), suggesting that lower citrate levels and the elimination
of the growth defect phenotype were not due to a reduction in
protein levels. We also noted that NACitl and its variants were
soluble and did not form insoluble aggregates in cells (Fig. 4D).
Opverall, these results demonstrate that the cellular toxicity of ectop-
ically accumulated citrate synthase depends on its enzymatic activ-
ity (Fig. 4E).

Intriguingly, cells expressing Citl, most of which is imported
into the mitochondria and becomes the mature form (mtCitl), ex-
hibited lower citrate levels than those expressing NACitl (Fig. 4C;
compare lines 2 to 3 and lines 6 to 7). This is most likely because
citrate produced by mtCitl in the mitochondria might be rapidly
consumed by enzymes in the TCA cycle, while citrate produced
by NACitl might be consumed to a lesser degree. We note that
adenosine triphosphate citrate lyase, which breaks citrate down to
acetyl-CoA and OAA, has not been found in Saccharomyces cerevi-
siae (44). It is also possible that the availability of mitochondrial
component(s) that regulate mtCitl activity (45) might be limited
in the cytosol.
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preCit1 toxicity depends on enzymatic activity

Thus far, our studies were based on a mutant that lacked the mito-
chondrial targeting sequence (Fig. 5A, left), an element that would
be retained in bona fide mislocalized proteins caused by mitochon-
drial import failure. To investigate the stability of presequence-con-
taining Citl, we used a tom40-97 temperature-sensitive mutant
(Fig. 5A, right) (46). The tom40-97 allele carries a single-point mu-
tation (W243R) that results in ineffective transfer of precursors to
the TIM23 complex (46). When Citl was overexpressed in tom40-97
cells, preCitl accumulated (Fig. 5B, lane 1) and was degraded over
time (lanes 1 to 4). Although we were unable to create tom40-
97ucclA cells due to the unknown difficulty of genetic manipulation
for this strain, we found that preCit1-DS/AA was stable (Fig. 5B,
lanes 5 to 12), suggesting that preCitl degradation depends on
Uccl. A similar trend was observed when Citl was expressed
under the control of its own promoter (fig. S5A). We note that
the precursor form of Hsp60 that accumulated in tom40-97 cells re-
mained constant during the chase period (Fig. 5B). This observation
emphasizes the specificity of precursor protein quality control. The
Uccl-dependent degradation of preCitl was also observed in cells
when import was blocked by a “clogger,’ b2(220)-dihydrofolate re-
ductase (DHFR), which is imported into mitochondria slowly and
thus competes with the import of other precursor proteins (fig. S5,
B to F) (5).

Next, we investigated whether the accumulation of preCitl using
this alternate system is also toxic, with toxicity depending on enzy-
matic activity (see above). When Citl was overexpressed under the
control of the GALI promoter, torm40-97 cells grew almost as well as
control cells harboring an empty plasmid at both a permissive tem-
perature of 26°C and a restrictive temperature of 35°C (Fig. 5C, lines
6 and 7). However, tom40-97 cells expressing Citl-DS/AA, which
escapes Uccl-mediated degradation, grew more slowly than cells
harboring an empty plasmid at 35°C (Fig. 5C, lines 6 and 8). A
similar trend was observed when cells were grown in liquid
medium at a semipermissive temperature of 30°C (Fig. 5, D and
E). The growth defect phenotype of tom40-97 yeast expressing
Cit1-DS/AA was canceled by introduction of the H/G mutation
that eliminates activity (Fig. 5C, line 10; Fig. 5E). Consistent with
these results, a greater level of citrate was present in tom40-97
cells expressing Citl-DS/AA than in those expressing Citl or
Cit1-DS/AA-H/G (Fig. 5F and fig. S5G). Similarly, in cells express-
ing b2(220)-DHER, the deletion of UCCI resulted in higher accu-
mulation of citrate (fig. SSH). In this experiment, CIT2 was deleted
to exclude the effect caused by its accumulation upon loss of Uccl.
This data suggests that preCitl expressed from the purely endoge-
nous locus can exhibit enzymatic activity when it accumulates in the
cytosol upon import failure.

Because Uccl recognizes folded citrate synthase (Figs. 1 and 3),
the fact that nonimported preCitl is recognized and targeted for
degradation by Uccl (Figs. 2I and 5B, and fig. S5) suggests that
preCitl likely folds into a three-dimensional conformation similar
to NACitl, which is catalytically active in the cytosol, although
further analysis is required to fully prove whether preCitl forms a
dimer in the cytosol in vivo. This notion was supported by the ob-
servation that preCit1-DS/AA was soluble (Fig. 5G). Moreover, ac-
cumulation of enzymatically active citrate synthase was more toxic
in the cytosol than in the mitochondria (Fig. 4 and fig. S4). On the
basis of these results, we propose that the growth defect of tom40-97
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cells expressing Cit1-DS/AA (Fig. 5, C to E) can be ascribed to cy-
tosolic citrate synthesis by nonimported preCitl.

The idea that preCitl in the cytosol can affect cellular activity was
also supported by competitive growth analysis (47). In this experi-
ment, we used pam17A cells, which are defective in import of select
matrix-targeted precursors (48). Cells overexpressing WT Citl
under the control of the GALI promoter displayed better fitness
than those expressing Cit1-DS/AA, suggesting that Uccl-mediated
degradation of preCitl is crucial for cellular homeostasis (fig. S5, I
and J). Cells expressing WT Citl under the control of the CIT1
(native, physiological) promoter displayed slightly better fitness
than those expressing Cit1-DS/AA (fig. S5, K and L), although
the difference was not statistically significant. By contrast, when
these cells were grown in synthetic “minimum” medium containing
only necessary amino acids, cells expressing WT Citl displayed
lower fitness than those expressing Cit1-DS/AA (fig. S5SM), suggest-
ing that moderate accumulation of preCitl can increase or decrease
cellular fitness depending on the environment. Regardless, these
results further support our idea that preCitl that accumulates in
the cytosol exhibits enzymatic activity upon import failure and
affects cellular activity.

Ectopic citrate synthesis triggers metabolic imbalance

Our data suggest that ectopic citrate synthesis by nonimported Citl
represents a form of metabolic perturbation, one that might mimic
the consequence of mitochondrial import failure, for example, in
cancer cells that overexpress citrate synthase (49-51). To compre-
hensively evaluate the impact of cytosolic citrate synthesis on me-
tabolism, we compared the metabolomic profiles of WT cells
expressing NACit1-DS/AA and NACit1-DS/AA-H/G (Fig. 6A,
left, comparison I) and those of tom40-97 cells expressing Citl-
DS/AA and Cit1-DS/AA-H/G (Fig. 6A, right, comparison II). For
this purpose, cationic and anionic metabolites were comprehensive-
ly quantified by liquid chromatography—mass spectrometry (LC-
MS) and ion chromatography-MS (IC-MS), respectively. We
showed that citrate was accumulated significantly in both cases as
expected from Figs. 4C and 5F, resulting in fluctuations in diverse
metabolites (Fig. 6B). The size of the accumulated citrate pool was
significantly larger than that of other organic acids in the TCA cycle
(Fig. 6C). Because citrate originates from carbohydrate metabolism,
we evaluated '*C influx into the citrate pool 24 hours after admin-
istration of ’C-labeled galactose. We found that a large amount of
sugar-derived '>C was incorporated into the citrate pool (Fig. 6D).
On the basis of these results, we concluded that carbohydrate flux
was largely directed to the citrate pool. The rewiring of carbohydrate
pools likely affects the production of other metabolites derived from
sugar because cytosolic citrate synthesis perturbs normal carbon
flux through which hexose is oxidized and eventually converted
into CO, in the mitochondria. Pathway analysis revealed that
many amino acids and nucleotide metabolic pathways were affected
in addition to the TCA and glyoxylate cycles, both of which include
citrate as a component (Fig. 6E and fig. S6, A and B). Intriguingly, a
marked decrease in aspartate and an increase in glutamine and glu-
tamate were observed in both WT cells accumulating NACitl and
tom40-97 cells accumulating preCitl (Fig. 6F). Because these amino
acids are used for de novo synthesis of nucleotides, the observed
amino acid imbalance was predicted to affect nucleic acid metabo-
lism, and nucleotide and deoxynucleotide levels did indeed decrease
(Fig. 6G). However, the supplementation of nutrients outside of
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Fig. 5. Accumulation of preCit1 is toxic to cells in an enzymatic activity—-dependent manner. (A) Schematic representation of ectopic citrate metabolism caused by
NACit1 and preCit1. (B) Stabilities of preCit1-HA and its derivatives expressed under the control of the GALT promoter were analyzed in tom40-97 mutant cells by cy-
cloheximide chase assay. Pgk1 served as a loading control. Results are means + SE of three independent experiments. (C) Ten-fold serial dilutions of TOM40 (JKR101) cells
and tom40-97 cells expressing Cit1-HA or its mutant derivatives were spotted on SGal medium. Cells were grown at 26° or 35°C for 3 to 6 days. (D and E) Growth rates of
TOM40 (JKR101) cells and tom40-97 cells expressing Cit1-HA or its mutant derivatives. Cells were inoculated into SGal medium before the ODgqq (optical density at 600
nm) was measured every 12 min. Results for tom40-97 cells are means + SE of five independent experiments. (F) Cellular citrate levels were measured in tom40-97 cells
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SDS-PAGE analysis. Blots for Pgk1 (soluble protein) and CBB staining of membranes are shown.
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cells did not completely rescue the growth defect of cells expressing
NACit1 (fig. S6C). Ectopic citrate synthesis likely causes decreases
and increases of different kinds of metabolites and disrupts the
global metabolic balance.

Nonetheless, intracytosolic retention of citrate seems to attenu-
ate sugar-based aspartate production (via OAA production in the
mitochondrial TCA cycle), and aspartate deficiency may have im-
paired nucleotide production. By contrast, levels of glutamate and
glutamine, which donate amino groups to OAA in this pathway,
were elevated, supporting this interpretation. Thus, cytosolic
citrate synthesis may cause an amino acid imbalance and a decrease
in purine/pyrimidine nucleotides via a shift in carbon flux from
sugar (Fig. 6H).

Translation repression mitigates growth defect from
mislocalized citrate turnover
To more broadly investigate the cellular response against ectopic
citrate synthesis, we performed a transcriptome analysis of cells ex-
pressing NACit1-DS/AA or NACitl-DS/AA-H/G. Next-generation
RNA sequencing revealed that citrate synthesis in the cytosol altered
the levels of transcripts encoding >2600 genes (fig. S7A). Notably,
up-regulated mRNAs included the targets of stress-responsive
Msn2/Msn4 transcription factors, which also control the energy
metabolism (17, 52, 53). msn2A cells and msn4A cells were sensitive
to the expression of NACitl-DS/AA but not NACitl-DS/AA-H/G
(fig. S7B), suggesting that the Msn2/Msn3-mediated stress response
protects cells from the metabolic perturbation by cytosolic citrate
synthesis. By contrast, nRNAs encoding translation, ribosome bio-
genesis, ribosomal RNA processing, and ribosome assembly were
down-regulated significantly (Fig. 7A and fig. S7C). Therefore, we
performed a puromycin incorporation assay to directly evaluate
translation efficiency. Puromycin is a chain terminator that is incor-
porated into growing nascent polypeptide chains and can be detect-
ed by Western blotting (WB) using an anti-puromycin antibody
(54). The efficiency of puromycin incorporation in cells expressing
NACit1-DS/AA (Fig. 7B, lane 2) was lower than that in cells ex-
pressing NACitl-DS/AA-H/G (lane 4). Pretreatment of cells with
cycloheximide blocked puromycin incorporation (lanes 1 and 3),
confirming the detection of newly synthesized proteins. This
result suggested that cytosolic citrate synthesis decreases translation
efficiency. To confirm this finding, we also performed a polysome
fractionation assay, in which the relative amounts of monosomes
and polysomes are detected. We found that the relative mono-
some:polysome fraction was higher in cells expressing NACit1-
DS/AA than in those expressing NACit1-DS/AA-H/G (Fig. 7C).
Last, we examined whether translation repression plays a protec-
tive role in alleviating cellular dysfunction. To this end, we deleted
the DOT6 and TOD6 genes, whose products have partially overlap-
ping functions, to repress the expression of ribosome biogenesis
genes downstream of the target of rapamycin complex 1 and
cyclic adenosine 3',5'-monophosphate-dependent protein kinase
pathways (55-57). As shown in Fig. 7D, the overexpression of
NACitl-DS/AA slowed the growth of WT cells, as observed
earlier, as well as that of dot6A cells and fod6A cells (Fig. 4B; galac-
tose plate, WT, dot6A, and tod6A). The growth defect was exagger-
ated when DOT6 and TOD6 were simultaneously deleted
(dot6Atod6A). In contrast, cellular growth was unaffected even in
dot6Atod6A cells when NACitl-DS/AA with the H/G mutation
was expressed. A similar trend was observed when the growth
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phenotype was analyzed in liquid medium (Fig. 7E). These results
suggest that translation repression protects against ectopic citrate
synthesis.

DISCUSSION

While the quality control pathways for nonimported mitochondrial
proteins have been extensively studied in recent years, it remains
largely unclear how these proteins are recognized for degradation,
how cells respond to their accumulation, and how their excess ac-
cumulation causes cell dysfunction. In this study, we demonstrate
that, in contrast to the assumption that precursor proteins are
kept in an unfolded, import-competent state in the cytosol, nonim-
ported citrate synthase almost certainly forms an enzymatically
active conformation, which is recognized and degraded by the ubiq-
uitin ligase SCFV*! and the proteasome. Defects in its degradation
and its excess accumulation led to abnormal production of citrate in
the cytosol, amino acid imbalances, purine/pyrimidine nucleotide
depletion, and a cellular growth defect. Under these conditions,
we found that translation repression was induced and acted as a pro-
tective mechanism for cell survival. On the basis of these results, we
propose that mitochondrial import failure not only causes a proteo-
toxic insult but also triggers ectopic metabolic stress (Fig. 7F).

Uccl was originally identified as a factor that targets cytosolic
citrate synthase Cit2 for proteasomal degradation to regulate the ac-
tivity of glyoxylate cycle. Our structural study of Skp1-Uccl-Cit2
revealed that Uccl preferentially recognized the ligand-free form
but not the ligand-bound form of citrate synthase. Moreover, in
contrast to the canonical degron-based substrate recognition, it
turned out that Uccl discriminates relatively subtle but refined
structural change caused by binding of acetyl-CoA and OAA
during the physiological catalytic cycle of citrate synthase. These
results provide a structural basis for our previous observation that
Cit2 is stabilized more in cells where there is a higher amount of
gluconeogenic metabolites (e.g., acetyl-CoA and OAA) to further
activate the glyoxylate cycle (34). Our structural study also suggest-
ed that Uccl recognizes the folded citrate synthase rather than the
peptide motif. In addition, Uccl targeted preCitl for proteasomal
degradation. These findings inspired us to investigate the possible
enzymatic activities of nonimported Citl and the cellular conse-
quences of its accumulation.

The amount of TCA cycle metabolites in the cytosol has been
shown to be crucial for epigenetic regulation, the regulation of tran-
scription factors such as hypoxia-inducible factor-1a, and the reg-
ulation of pluripotency (58, 59). While ectopically localized excess
metabolites generated upon mitochondrial import failure could
cause cellular stress, they could also function similar to a “second
messenger” that cooperatively transmits the mitochondrial status
to the nucleus and other cellular components. Further investigation
is needed to clarify whether a broad range of metabolic enzymes ora
specific subset of them are active outside mitochondria upon
import failure. In either case, we speculate that mitochondrial
import deficiency would generate a broad spectrum of ectopic me-
tabolites, and their constituents may differ depending on mitochon-
drial status. In this respect, we propose that the ectopic citrate
synthesis analyzed in this study can be considered as a “model met-
abolic perturbation.” One potential downstream event could be the
ISR activation through eukaryotic initiation factor 2 alpha subunit
(eIF2a) (Sui2 in yeast) phosphorylation (60); however, we failed to
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antibody. Where indicated, cells were treated with cycloheximide (100 pg/ml) for 5 min before puromycin. CBB staining of the SDS-PAGE gel served as a loading control.
(€) Polysome profiles of cells expressing NACit1-HA-DS/AA or NACit1-HA-DS/AA-H/G. The monosome (80S)/polysome ratio was calculated on the basis of the trapezoidal
area under the curve. Data in the graphs represent the means + SE of four independent experiments; A,s4, UV absorbance at 254 nm; **P < 0.01, two-tailed unpaired t test.
(D) Ten-fold serial dilutions of WT, dot6A, tod6A, and dot6Atod6A cells expressing NACit1-HA-DS/AA or NACit1-HA-DS/AA-H/G under the control of the GALT promoter
were spotted on SD (glucose) or SGal (galactose) medium. Cells were grown at 30°C for 2 to 8 days. (E) Growth rates of WT, dot6A, tod6A, and dot6Atod6A cells expressing
NACit1-HA-DS/AA or NACit1-HA-DS/AA-H/G were measured in SGal medium. Data represent the means + SE of five independent experiments. (F) Model depicting the
ectopic metabolic stress response. See text for details.
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observe elF2a-P (fig. S7D). Instead, we found that the Dot6/Tod6-
mediated repression of ribosome biogenesis and the Msn2/Msn4-
mediated stress response were involved in the downstream events
of ectopic citrate stress (Fig. 7 and fig. S7).

The importance of regulating intracellular citrate concentrations
is underscored by the fact that citrate is involved in inflammation,
cancer, insulin secretion, histone acetylation, neurological disor-
ders, and several metabolic diseases (61, 62). In addition, citrate
levels are high in patients with nonalcoholic fatty liver disease
(NAFLD) and in those with citrin deficiency, which is caused by
a rare genetic defect that causes a dysfunctional mitochondrial as-
partate/glutamate carrier (61). The mechanism by which citrate
causes these diseases is still enigmatic, but recent studies suggest
that citric acid triggers the mitochondrial unfolded protein response
(UPR™) in Caenorhabditis elegans (63). Our finding that cytosolic
accumulation of citrate causes a metabolic imbalance (e.g., amino
acid and nucleotide pools) and translational repression may
provide potential insights into these diseases.

Several important questions remain unanswered. It is now pos-
sible that precursors of mitochondrial metabolic enzymes, which
were assumed to be in an unfolded, import-competent state in
the cytosol, could achieve a catalytically active conformation
outside of the mitochondria. However, it remains unclear
whether their folding occurs during the normal import process
before they are docked onto the import receptor at the TOM or
whether it is only facilitated when they remain in the cytosol for a
prolonged period as a result of an import deficiency. Second, the
potential mechanisms by which cytosolic chaperones and other
factors contribute to the discrimination between import, degrada-
tion, and folding of newly synthesized mitochondrial precursor pro-
teins in vivo require clarification. Moreover, it will be important to
elucidate the physiological significance of why only a limited
number of substrates are degraded. Third, although Uccl is only
conserved in fungal species (64), our results demonstrate that it is
a critical F-box protein that controls citrate metabolism. In this
respect, it should be noted that in mammals, Ubr5-mediated ubiq-
uitination and degradation was suggested to regulate the level of
citrate synthase in triple-negative breast cancer cells (65). Fourth,
it remains to be established whether ectopic metabolic stress re-
presses the translation of global proteins or a specific subset of pro-
teins. It is also important to analyze the time frame, namely,
whether the translation repression happens once a specific change
in metabolic products occurs. Last, changes in mitochondrial
import rates have been shown to affect the longevity of nematodes
(66). Thus, analyzing the contribution of ectopic metabolism to
these events represents a future line of work.

Clearly, the precise localization of metabolites is a fundamental
aspect of cellular homeostasis, and their mislocalization can lead to
functional decline and cellular deficiencies. The technical advance-
ment of methods that can detect the quantity and localization of
cellular metabolites would deepen our understanding of the
ectopic metabolic stress and may aid the development of future
pharmacological and engineering approaches to neurodegenerative
disease, cancer, cellular differentiation, development, and aging.
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MATERIALS AND METHODS

Yeast strains and plasmids

The yeast strains used in this study are listed in the table S1. Plas-
mids used in this study are listed in the table S2. Yeast strains were
grown in YP-rich medium [1% yeast extract, 1% peptone, and
adenine hydrochloride (100 mg/liter)] containing 2% glucose
(YPD), 2% galactose (YPGal), or synthetic complete medium
[0.67% yeast nitrogen base without amino acids, adenine hydro-
chloride (100 mg/liter), and all standard amino acids] containing
2% glucose (SD), 2% raffinose (SRaf), or 2% galactose (SGal).
Where indicated, cells were grown in synthetic minimum
medium [0.67% yeast nitrogen base without amino acids and
adenine hydrochloride (100 mg/liter)] containing only necessary
amino acids and 2% carbon source.

Protein expression and purification

Ucc1-Skp1 expression

DNA fragments encoding HisSUMO1-Uccl or its mutant deriva-
tives, Skp1(FL), or Skp1(AL) were cloned into a pET21 vector.
The resultant plasmids were transformed into BL21(DE3) cells.
The transformants were inoculated into LB medium containing am-
picillin (100 pg/ml) and were cultured at 37°C until the ODggg
(optical density at 600 nm) reached ~0.5. Protein expression was
induced by the addition of 0.1 mM isopropyl-p-p-thiogalactopyra-
noside (IPTG) and incubation at 18°C overnight. Cells were pelleted
and stored at —80°C until purification.

Cit2 expression

To express HisSUMO1-tagged Cit2, the DNA fragment encoding
WT Cit2 with an N-terminal HisSUMOI-tag was cloned into the
pET28 vector. The resultant plasmid, pET28-HisSUMO1-Cit2,
was transformed into BL21(DE3) cells. The cells were inoculated
into LB medium containing kanamycin (20 pug/ml) and were cul-
tured at 37°C until the ODg reached 0.5. Protein expression was
induced by the addition of 0.1 mM IPTG and incubation at 18°C
overnight. Cells were pelleted and stored at —80°C until purifica-
tion. To express N-terminally MBP-tagged Cit2, DNA fragments
encoding WT and mutant derivatives of Cit2 were cloned into the
pMAL-p2X (New England Biolabs) vector. The series of pMAL-
Cit2 plasmids encoding WT Cit2 or its mutant derivatives
(D154A, E309A, R332A, or S409A/S410A) were transformed into
BL21(DE3) cells. The transformants were inoculated in LB
medium containing ampicillin (100 ug/ml) and were cultured at
37°C until the ODgq reached 0.5. Protein expression was induced
by the addition of 0.1 mM IPTG and incubation at 18°C overnight.
Cells were pelleted and stored at —80°C until purification.

Cit1 expression

To express HisSUMO1-tagged Cit1(A1-37), the DNA fragment en-
coding WT Citl that lacked the N-terminal mitochondrial signal
sequence (residues 1 to 37) was fused to an N-terminal
HisSUMOI-tag. The resultant fragment, HisSUMO1-Citl(Al-
37), was cloned into a pCold vector. The resultant plasmid,
pCold-HisSUMO1-Cit1(A1-37), was transformed into BL21(DE3)
cells. The transformant was inoculated into LB medium containing
ampicillin (100 pg/ml) and was cultured at 37°C until the ODgg
reached 0.5. Protein expression was induced by the addition of
0.1 mM IPTG and incubation at 18°C overnight. Cells were pelleted
and stored at —80°C until purification. To express N-terminally
MBP-tagged Citl1(A1-37), the DNA fragment encoding Cit1(Al-
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37) was cloned into a pMAL vector. The resultant plasmid, pMAL-
Cit1(A1-37), was transformed into BL21(DE3) cells. The trans-
formant was inoculated in LB medium containing ampicillin (100
pg/ml) and was cultured at 37°C until the ODgg reached 0.5.
Protein expression was induced by the addition of 0.1 mM IPTG
and incubation at 18°C overnight. Cells were pelleted and stored
at —80°C until purification.

Cit2-Ucc1-Skp1 complex expression

To express the Cit2-Uccl-Skpl complex, pET21-ySkpl-
HisSUMO1-Uccl and pET28-HisSUMO1-Cit2 were simultane-
ously transformed into BL21(DE3) cells. The transformant was in-
oculated in LB medium containing ampicillin (100 pg/ml) and
kanamycin (20 pg/ml) and was cultured at 37°C until the ODgq,
reached 0.5. Protein coexpression was induced by the addition of
0.1 mM IPTG and incubation at 18°C overnight. Cells were pelleted
and stored at —80°C until purification.

Purification of the Cit2-Ucc1-Skp1 complex

To purify the Cit2-Uccl-Skpl complex for crystallization, frozen
cell pellets were thawed and resuspended in lysis buffer [20 mM
tris-HCI (pH 7.5) and 150 mM NaCl]. Subsequently, the cells
were lysed by sonication, and cell debris was removed by centrifu-
gation. The supernatant was subjected to purification using Ni-
NTA resin (Ni Sepharose 6 FF, GE HealthCare) affinity column
chromatography. Unbound proteins were washed away using Ni-
NTA column washing buffer [20 mM tris-HCI (pH 7.5), 20 mM im-
idazole, and 500 mM NacCl], and then the bound protein was eluted
from the column using Ni-NTA column elution buffer [20 mM tris-
HCI (pH 7.5), 300 mM imidazole, and 500 mM NaCl]. The eluates
were dialyzed overnight at 4°C against dialysis buffer [25 mM tris-
HCI (pH 7.5) and 10 mM B-mercaptoethanol]. The HisSUMO1-tag
was cleaved from the complex by treatment with a HisSUMO1-
tagged Ulpl protease (in-house) after dialysis. To separate the
cleaved HisSUMO1-tag from the Cit2-Uccl-Skpl complex, pro-
teins were purified by size exclusion column chromatography
(HiLoad 26/600 Superdex 200 pg, GE HealthCare) using a fast
protein LC (FPLC) system (AKTA explore, GE HealthCare). The
column was equilibrated and eluted with size exclusion column
buffer A [25 mM tris-HCI (pH 7.5), 150 mM NacCl, and 10 mM
B-mercaptoethanol]. The eluates were dialyzed overnight at 4°C
against crystallization buffer [25 mM tris-HCl (pH 7.5) and 1
mM dithiothreitol (DTT)] and then concentrated to ~15 mg/ml
using a centrifugal concentrator (Amicon Ultra, Merck).
Purification of Cit1 and Cit2

To purify Citl and Cit2 for crystallization, frozen cell pellets were
thawed and resuspended in lysis buffer. Subsequently, the cells were
lysed by sonication, and cell debris was removed by centrifugation.
The supernatant was subjected to purification using Ni-NTA resin
affinity column chromatography. Unbound proteins were washed
away using Ni-NTA column washing buffer, and then the bound
protein was eluted from the column using Ni-NTA column
elution buffer. The eluates were dialyzed overnight at 4°C against
dialysis buffer. The HisSUMO1-tag was cleaved from Citl or Cit2
by treatment with a HisSUMO1-tagged Ulp1 protease (in-house)
after dialysis. To separate the cleaved HisSUMO1-tag from Citl
or Cit2, proteins were purified by size exclusion column chromatog-
raphy (HiLoad 26/600 Superdex 75 pg, GE HealthCare) using an
FPLC system. The column was equilibrated and eluted with size ex-
clusion column buffer A. The eluates were dialyzed overnight at 4°C
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against crystallization buffer and then concentrated to ~25 mg/ml
using a centrifugal concentrator.

Purification of the MBP-Cit1 and -Cit2 series

To purify MBP-Citl and MBP-Cit2 for assay, frozen cell pellets were
thawed and resuspended in lysis buffer. Subsequently, the cells were
lysed by sonication, and cell debris was removed by centrifugation.
The supernatant was subjected to amylose resin affinity column
chromatography (Amylose resin, NEB). Unbound proteins were
washed away using lysis buffer, and then the bound protein was
eluted from the column using amylose column elution buffer [20
mM tris-HCI (pH 7.5), 150 mM NaCl, and 10 mM maltose]. Pro-
teins were purified further by size exclusion column chromatogra-
phy (HiLoad 26/600 Superdex 200 pg, GE HealthCare) using an
FPLC system. The column was equilibrated and eluted with size ex-
clusion column buffer A. The eluates were dialyzed overnight at 4°C
against dialysis buffer and then concentrated to ~3 mg/ml using a
centrifugal concentrator.

Purification of the Ucc1-Skp1(FL) series

To purify the Uccl-Skp1(FL) series for assay, frozen cell pellets were
thawed and resuspended in lysis buffer. Subsequently, the cells were
lysed by sonication, and cell debris was removed by centrifugation.
The supernatant was subjected to Ni-NTA resin affinity column
chromatography. Unbound proteins were washed out with Ni-
NTA column washing buffer, and then the bound protein was
eluted from the column using Ni-NTA column elution buffer.
The eluates were dialyzed overnight at 4°C against size exclusion
column buffer B [40 mM tris (pH 7.5), 60 mM NaCl, and 10% glyc-
erol]. The HisSUMO1-tag was cleaved from the complex by treat-
ment with a HisSUMO1-tagged Ulpl protease (in-house) after
dialysis. To separate the cleaved HisSUMO1-tag and the Uccl-
Skpl complex, proteins were subjected to size exclusion column
chromatography (HiLoad 16/600 Superdex 75 pg, GE HealthCare)
using an FPLC system. The column was equilibrated and eluted
with size exclusion column buffer B. The eluates were dialyzed over-
night at 4°C against dialysis buffer and then concentrated to ~5 mg/
ml using a centrifugal concentrator.

Structure determination of Cit1 and Cit2

Crystallization experiments were performed by sitting-drop vapor
diffusion at 20°C. A 1-pl aliquot of protein sample was mixed
with 1 pl of reservoir solution. For Cit2-OAA-CoA sample prepara-
tion, Cit2 was mixed with 20 mM OAA and 20 mM CoA and then
incubated at 4°C for 1 hour. Crystals of Apo-Citl were obtained
from a Citl sample mixed with reservoir solution [140 mM
Ca(OAc),, 70 mM tris (pH 7.0), and 14% (w/v) PEG-3000 (polyeth-
ylene glycol, molecular weight 3000)]. Crystals of Apo-Cit2 were
obtained from a Cit2 sample mixed with reservoir solution [90
mM KCl, 90 mM Hepes (pH 7.5), 13.5% (w/v) PEG-6000]. Crystals
of Cit2-OAA-CoA were obtained from a Cit2-OAA-CoA sample
mixed with reservoir solution [80 mM KCl, 80 mM Hepes (pH
7.5), and 12% (w/v) PEG-6000]. Crystals were soaked in the reser-
voir solution containing 20% glycerol and were flash frozen in
liquid nitrogen. Diffraction data were collected at 100 K on beam-
line BL44XU at the SPring-8 facility, with a wavelength of 0.9000 A,
using an MX-300HE charge-coupled device (CCD) detector
(Rayonix). The datasets were processed using HKL-2000 software
(67). Data collection and processing statistics for the crystals are
given in table S3. The structure of Apo-Cit2 was solved by molecular
replacement (MR) using Phaser (68) with the Cit2 homology
model. The Cit2 homology model for MR was generated using
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the pig citrate synthase structure (Protein Data Bank code: 1CTS),
whose sequence was substituted with Cit2 using the SWISS-
MODEL server (69). The Apo-Cit2 model was built using COOT
(70) and was refined using PHENIX (71). The structures of Apo-
Citl and Cit2-OAA-CoA were also determined by MR.

Structure determination of Cit2-Ucc1-Skp1

Crystallization experiments were performed by sitting-drop vapor
diffusion at 20°C. A 1-pl aliquot of protein sample was mixed
with 1 pl of reservoir solution. Crystals of the Cit2-Uccl-
Skp1(FL) complex were obtained from a Cit2-Uccl-Skp1(FL)
sample mixed with reservoir solution [200 mM Na acetate, 100
mM Na citrate (pH 5.5), and 10% (w/v) PEG-4000]. Crystals of
the Cit2-Uccl-Skpl(AN) complex were obtained from a Cit2-
Uccl-Skpl(AN) sample mixed with reservoir solution [70 mM
Na citrate (pH 5.5) and 10.5% (w/v) PEG-6000]. Cit2-Uccl-
Skp1(FL) and Cit2-Uccl-Skp1(AL) crystals were soaked in reservoir
solution containing 20% glycerol and 20% ethylene glycol, respec-
tively, and then flash frozen in liquid nitrogen. Diffraction data were
collected at 100 K on beamline BL44XU at the SPring-8 facility, with
a wavelength of 0.9000 A, using an MX-300HE CCD detector. The
datasets were processed using HKL-2000. Data collection and pro-
cessing statistics for the crystals are given in table S3. The initial
phases of Cit2-Uccl-Skpl(FL) were calculated by MR using
Phaser with the Cit2 homology model as a search model. The
initial model was automatically built using Buccaneer (72), and
the manual model was built using COOT, with structural refine-
ment using PHENIX. The extra electron density was interpreted
for Uccl and Skp1(FL), whereas the N-terminal region of Skpl
was disordered. The structure of Cit2-Uccl-Skp1(AL) was deter-
mined using the refined model of Cit2-Uccl-Skp1(FL). The
density quality of the N-terminal region of Skp1(AL) was slightly
higher than that of Skp1(FL). Protein structures and electrostatic
surfaces were visualized with PyMOL (www.pymol.org). The
Cit2-Uccl interactions were analyzed using LigPlot+ (73). The
protein domain motion was analyzed using DynDom (74).

Cycloheximide chase experiment

The cycloheximide chase protein degradation assay was performed
as described previously (34). In Fig. 2 (E to G) and fig. S5 (A and E),
NACitl-HA, Citl-HA, or their mutant derivatives were expressed
under the control the CITI promoter from a low-copy plasmid.
In Figs. 3D and 5B, the expression of NACitl-HA, Citl-HA, or
their mutant derivatives was induced under the GALI promoter
from a low-copy plasmid for 30 min and 2 hours, respectively.
Cit2-GFP-SKL was expressed from its endogenous locus under
the control of its own promoter (fig. S1D). In fig. S5A, tom40-97
cells harboring a low-copy plasmid encoding Citl-HA or Citl-
HA-DS/AA under the control of the CIT1 promoter were grown
in SGal medium until ODgq reached 0.5 to 1.2. Citl expressed
from its endogenous locus from its own promoter was observed
in fig. S5F. To allow the action of the proteasome inhibitor
(MG132), a pdr5A null mutant was used in Fig. 2E . To assess the
stability of NACit1-HA in the SCF temperature-sensitive strains
(Fig. 2F), cells were grown at 26°C and shifted to 30°C for
3 hours before cycloheximide was added. When the stability of
preCitl-HA was analyzed in cells expressing b2(220)-DHFR (fig.
S5E), the cells were first grown in SD medium and then diluted
~100-fold into YPGal medium to induce b2(220)-DHEFR expression
for 16 hours at 30°C. When the stability of endogenous preCitl was
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analyzed in cells expressing b2(220)-DHER (fig. S5F), cells were first
grown in YPD medium and then diluted ~100-fold into YPGal
medium to induce b2(220)-DHFR expression for 16 hours at
30°C. When the stability of preCitl-HA was analyzed in tom40-97
cells (Fig. 5B), cells were grown in SRaf medium to ODgq = 1.0 to
2.0, and then the Citl expression was induced by adding 2% galac-
tose for 2 hours before cycloheximide was added to the culture. In
all methods, cycloheximide was added at a final concentration of
100 to 200 pg/ml. At the indicated time points, cells were collected
and suspended in 20% trichloroacetic acid on ice. The cells were
then collected by centrifugation, and the pellet was stored at
—30°C. Subsequently, the cell pellet was suspended in 300 pl of
20% trichloroacetic acid and lysed by vigorous vortexing with
glass beads for ~30 min (TAITEC Max Mixer EVR-032), with oc-
casional inversion of the tube to prevent the accumulation of cells at
the bottom. The broken cell Iysate was added to 900 pl of 5% trichlo-
roacetic acid, the tube was inverted several times, and then 900 pl of
the suspension was transferred to a new tube. Proteins were precip-
itated by centrifugation at 20,000¢ for 15 min at 4°C. The precipi-
tates were dissolved in either KNTCASB [80 mM tris-HCI (pH 7.5),
8 mM EDTA (pH 8.0), 12.5% glycerol, 8 M urea, 4% SDS, 200 mM
DTT, tris (0.8 mg/ml), and 0.1% Bromophenol blue (BPB)]. Before
SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and WB
analyses, samples were heated at 55°C for 15 min and cleared by
centrifugation at 20,000¢ for 1 min at room temperature.

Immunoblotting

Proteins were transferred from polyacrylamide gels to Immobilon-P
membranes (Millipore) in blotting buffer (25 mM tris, 192 mM
glycine, and 10% methanol) using the GENIE electrophoretic trans-
fer device (Idea Scientific Company) at a constant current of 650
mA. The membranes were washed with TBS-T buffer [20 mM
tris-HCI (pH 7.5), 150 mM NaCl, and 0.1% Tween 20) and, when
necessary, blocked with 3% skimmed milk in TBS-T buffer for 30
min. Subsequently, the membranes were incubated with primary
antibodies in either TBS-T buffer or TBS-T buffer supplemented
with 3% skimmed milk at 4°C overnight. The membranes were
then washed three times with TBS-T (10 to 60 min per wash), incu-
bated with secondary antibodies for ~60 min, and washed three
times with TBS-T. Last, the membranes were incubated with
Chemi-Lumi One (Nacalai Tesque) or Luminata Forte Western
HRP substrate (Millipore) and exposed to x-ray film. Band intensi-
ties were quantified with ImageJ [National Institutes of Health
(NIH)] directly from films scanned at high resolution (EPSON,
catalog no. GT-X980) in TIF file format (600 dpi). Anti-Pgkl anti-
body was purchased from Abcam (#ab113687, 22C5D8). Anti-
Cdc48 and anti-Hsp60 antibodies were gifts from T. Endo.

Fluorescence microscopy

Cells expressing Pgkl-mCherry from its endogenous locus and
Cit1-EGFP or NACit1-EGFP under the control of the CITI promot-
er from a low-copy plasmid were inoculated into SGal medium and
grown at 30°C. Cells were observed under an Axio Observer invert-
ed microscope equipped with an Axiocam 503 mono camera (Carl
Zeiss) manipulated by ZEN software. GFP was excited at 475 nm
(Colibri 7 Type RYB-UV), and the emission was passed through a
524/50-nm band-pass filter {92 HE light-emitting diode (LED)
[4',6-diamidino-2-phenylindole (DAPI)/GFP/mCherry)]};
mCherry was excited at 590 nm (Colibri 7 Type RYB-UV), and
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the emission was passed through a 688/145-nm band-pass filter [92
HE LED (DAPI/GFP/mCherry)].

Subcellular fractionation assay

Cells expressing NACit1-HA under the control of the CIT1 promot-
er were grown in SGal medium until ODgyo reached ~0.6. Cells
(~300 ODgg equivalent) were collected by centrifugation and incu-
bated with 10 ml of 100 mM tris-HCI (pH 9.4) supplemented with
10 mM DTT at 30°C for 10 min. Cells were collected again and sus-
pended in 10 ml of KCI-EM buffer [180 mM KCl, 1 mM EDTA, and
5 mM Mops/KOH (pH 7.2)] supplemented with 2.5 mg of Zymo-
lyase-100 T (Nacalai Tesque, catalog no. 07665-55) and incubated at
room temperature for 30 min. Cells were chilled on ice, collected by
centrifugation, and washed twice with ice-cold KCI-EM bulffer.
Cells were suspended in 4 ml of KCI-EM buffer supplemented
with 1x complete EDTA-free protease inhibitor cocktail (PIC)
(Roche, catalog no. 11873580001) and disrupted with a dounce ho-
mogenizer. The homogenate was centrifuged at 250g for 2 min,
1000g for 4 min, and 1900g for 4 min. The supernatant was trans-
ferred to a new tube and further centrifuged at 17,000g for 15 min at
4°C. The supernatant was saved as a cytosol fraction (S17). The re-
sultant pellet was washed with KCI-EM and centrifuged again at
17,000g for 15 min at 4°C. The resultant pellet was saved as a mem-
brane fraction (P17).

In vivo ubiquitination assay

Cells expressing Cit1-HA, NACitl-HA, or their mutant derivatives
under the control of the CITI promoter from a low-copy plasmid
were transformed with the pKN365 plasmid (2 um, TRPI, Pcyp;-
8xHis—tagged Ub). The cells were then cultured in SD medium over-
night and diluted 50- to 100-fold in fresh medium. His-tagged ubiq-
uitin expression was induced by adding 100 pM CuSOy, to the
medium for 5 to 8 hours before ~50 ODyg(, equivalents of cells
were collected and stored at —80°C. Subsequently, the cells were
lysed in 250 pl of buffer [20 mM tris-HCI (pH 7.5), 150 mM
NaCl, 0.5% Triton X-100, 0.1% SDS, and 10 mM N-ethylmaleimide]
supplemented with 1x PIC using glass beads in a round-bottom
plastic tube by eight rounds of vigorous vortexing for 30 s with
30-s interval on ice. The same buffer (500 pl) was then added,
and the suspension was transferred to a new tube. The glass beads
were washed again with 500 pl of buffer and pooled in the same
tube. The collected lysates were cleared by centrifugation at
15,000 rpm for 10 min at 4°C, and the cleared lysates were incubated
with 1 ul of anti-HA antibody (MBL, catalog no. 180-3 TANA2) and
Dynabeads Protein G (Invitrogen) at 4°C overnight. The beads were
then washed four times with a buffer [20 mM tris-HCI (pH 7.5), 150
mM NacCl, 0.5% Triton X-100, 0.05% SDS, and 10 mM N-ethylma-
leimide]. Immunoprecipitated proteins were eluted with KNTCASB
at 55°C for 30 min, separated by SDS-PAGE, and subjected to WB.
The extent of the polyubiquitin chains was detected with mono-
and polyubiquitinated conjugated/mouse monoclonal antibody
horseradish peroxidase conjugate (FK2H) (BioMol, #PW0150).

Pull-down analysis

The Hiss-3xFLAG-Uccl-Skpl complex was purified from S$f21 cells
that had been infected with a baculovirus encoding Hiss-3xFLAG-
Uccl and Skpl by Ni-NTA agarose (FUJIFILM Wako, catalog no.
141-09764) chromatography (34). This complex was dialyzed
against dialysis buffer [40 mM tris-HCI (pH 7.5), 60 mM NaCl,
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and 10% glycerol] and stored at —80°C. The complex was then im-
mobilized to anti-FLAG M2 affinity gel (Sigma-Aldrich) in a buffer
[40 mM tris-HCI (pH 7.5), 150 mM NaCl, 10% glycerol, and 0.1%
Triton X-100] by rotating at 4°C for ~30 min. Subsequently, the
beads were washed three times with the same buffer. In parallel,
ucclA cells expressing Citl-HA or NACit1-HA under the control
of the CITI promoter from a low-copy plasmid were lysed in
buffer [40 mM tris-HCI (pH 7.5), 150 mM NacCl, and 0.5% Triton
X-100] supplemented with 1x PIC using glass beads in a round-
bottom plastic tube by eight rounds of vigorous vortexing for 30 s
with 30-s intervals on ice. The suspension was added to 400 pl of the
same buffer, and the suspension was transferred to a new tube. The
glass beads were washed with 400 pl of buffer and pooled in the
same tube. The lysates were cleared by centrifugation at 20,000g
for 10 min at 4°C. A portion of the supernatant was saved, trichlo-
roacetic acid—precipitated, dissolved in KNTCASB, and used as an
input control. The remaining lysate was incubated with anti-FLAG
beads that had been loaded with the Hiss-3xFLAG-Uccl-Skpl
complex (see above) and rotated at 4°C for 20 to 40 min. The
beads were then washed five times with buffer [40 mM tris-HCl
(pH 7.5), 150 mM NacCl, 10% glycerol, and 0.1% Triton X-100].
The proteins were eluted with KNTCASB at 55°C for 30 min, sep-
arated by SDS-PAGE, and subjected to WB.

For the in vitro pull-down assay with purified proteins, 25 pg of
purified MBP-Cit2 and its mutant derivatives were incubated with
60 pl (50% slurry) of amylose resin, and the resin loaded with im-
mobilized proteins was washed three times with 600 pl of pull-down
buffer [40 mM tris-HCI (pH 7.5), 150 mM NaCl, and 10% glycerol].
The resulting immobilized MBP-Cit2 and its mutants were incubat-
ed with 16 pg of Uccl-Skp1(FL) or its mutant derivatives at 4°C for
1 hour, washed three times, and then suspended in 20 pl of 2x
Laemmli SDS-PAGE sample buffer. The resultant supernatants
were subjected to SDS-PAGE, followed by Coomassie brilliant
blue (CBB) staining.

Spot assay (serial dilution assay)

Spot assay was performed as described previously (75). Cells were
transformed with a low-copy plasmid encoding Cit1-HA, NACitl-
HA, or their mutant derivatives under the control of the CITI pro-
moter (fig. S4, B and E), a low-copy plasmid encoding Citl-HA,
NACit1-HA, or their mutant derivatives under the control of the
GALI promoter (Figs. 4, A and B; 5C; and 7D; and fig. S4A), a mul-
ticopy plasmid encoding Cit1-HA or NACitl-HA under the control
of the CITI promoter (fig. S4C) or a low-copy plasmid encoding
Cit2-HA-SKL under the control of the GALI promoter (fig. S4D).

Yeast growth analysis in liquid culture

In Fig. 5D, TOMA40 cells harboring a plasmid encoding Citl or its
mutant derivatives under the control of the GALI promoter were
grown in SRaf medium at 30°C overnight and diluted 50-fold into
SGal medium. In Fig. 5E, tom40-97 cells harboring a plasmid en-
coding Citl or its mutant derivatives under the control of the
GALI promoter were grown in SRaf medium at 30°C until the
ODgqo reached 7.0 to 8.0. Cells were then diluted 50-fold into
1 ml of SGal medium to induce the expression of Citl or its
mutant derivatives. In Fig. 7E, WT, dot6A, tod6A, or dot6Atod6A
cells harboring a plasmid encoding NACitl-HA-DS/AA or
NACitl1-HA-DS/AA-H/G under the control of the GALI promoter
were grown in SRaf medium at 30°C and then diluted 200-fold into
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SGal medium. In fig. S7B, WT, msn2A, or msn4A cells harboring a
plasmid encoding NACit1-HA-DS/AA or NACitl-HA-DS/AA-H/
G under the control of the GALI promoter were grown in SRaf
medium at 30°C and then diluted 200-fold into SGal medium.
The cell culture was transferred to a 24-well plate (Cell Culture
Plate TR5002 24 well, TrueLine), and the cell growth was analyzed
at 30°C using a plate reader (Infinite 200 PRO, Tecan) that was set
up to measure the ODgg at 10- or 12-min intervals. The plate was
agitated for 15 to 45 s just before the optical density was measured.
The initial value of ODggo was usually ~0.02. For each well, the
ODyggo was measured at four or nine positions, and the mean
value was used for the analysis.

Citrate assay

In Fig. 4C and fig. S4F, cells expressing Cit1-HA, NACitl-HA, or
their mutant derivatives under the control of the GALI promoter
from a low-copy plasmid were grown to mid-log phase
(ODggp = 0.8 to 1.5) in SGal medium. In Fig. 5F, tom40-97 cells ex-
pressing Citl-HA or its mutant derivatives were grown in SRaf
medium at 30°C until the ODggo reached approximately 6 to
9. The culture was then diluted 50-fold into SGal medium and
further grown at 30°C until the ODgg reached 0.2 to 0.3, which
was measured using a plate reader (Infinite 200 PRO, Tecan); this
usually took ~1 day. In all cases, cells were treated with 0.05% azide
and washed with distilled water before their pellets were stored at
—80°C. To extract metabolites, cells were suspended in 100 pl of
70% methanol. Subsequently, the cells were heated at 100°C for 5
min and then agitated on a vortex mixer (TAITEC Max Mixer
EVR-032) at room temperature for 5 min. The suspension was
cleared by centrifugation at 20,000¢ for 2 min, and the supernatant
(80 pl) was transferred to a new tube. Methanol was removed by
evaporation at 55°C for 1 hour in a microcentrifugal vacuum con-
centrator (TOMY, MV-100). The dried pellet was dissolved in
500 pl of Milli-Q water, and the solution was passed through cen-
trifugal filter units (Ultra-0.5 ml Amicon, catalog no. UFC501096)
by centrifugation at 12,000 rpm for 10 min at room temperature to
remove proteins. The cleared solution was subjected to the citrate
assay (Sigma-Aldrich, catalog no. MAK057-1KT) according to the
manufacturer’s instructions.

Aggregation assay

In Fig. 4D, cells were grown in SRaf medium at 30°C overnight until
ODgg reached 3 to 5. Cells were 10-fold diluted into the same
medium and further grown at 30°C for 9 hours. Expression of
NACitl-HA and its mutant variants was induced by adding 2% ga-
lactose to the medium. After 30 min, 10 ODgq equivalents of cells
were collected and stored at —80°C. Cells were lysed in 300 pl of
buffer [30 mM tris-HCI (pH 7.5), 20 mM KCl, 150 mM NacCl,
and 5 mM EDTA] supplemented with 1x PIC using glass beads
in a round-bottom plastic tube by eight rounds of vigorous vortex-
ing for 30 s with 30-s intervals on ice. The same buffer (450 ul) was
added, and the suspension was transferred to a new tube. The glass
beads were washed again with 450 pl of buffer and pooled in the
same tube. The resultant crude lysate was added to 1% Triton X-
100 and stored on ice for 15 min. The lysate was cleared by centri-
fugation at 20,000g for 10 min at 4°C, and the supernatant was
transferred to a new microfuge tube. Where indicated, the lysate
was heated at 100°C (“boil”). A portion of the lysate (generally
~50 pl) was saved, trichloroacetic acid-precipitated, dissolved in
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KNTCASB, and used as an input control. The remaining lysate
(~800 pl) was subjected to ultracentrifugation at 100,000g for
1 hour at 4°C in a P50A3 rotor (himac, CP80NX). The supernatant
was saved, trichloroacetic acid-precipitated, and dissolved in
KNTCASB supplemented with an equal amount of 1 M tris (desig-
nated S100). The pellet fraction was dissolved in KNTCASB supple-
mented with 100 mM tris (designated P100). The volume of P100
and S100 samples was adjusted, and proteins that were derived from
an equal number of cells were subjected to SDS-PAGE analysis after
samples were heated at 55°C for 15 min and centrifuged for 1 min at
room temperature.

In Fig. 5G, tom40-97 cells harboring plasmids encoding Cit1-
HA-DS/AA or Citl-HA-DS/AA-H/G under the control of the
GALI promoter were grown in 15 ml of SRaf medium at 30°C.
When the ODggy reached 0.8 to 1.0 (it generally took 18 to
19 hours), galactose was added at a final concentration of 2% to
induce expression of Citl-HA-DS/AA and Citl-HA-DS/AA-H/G,
the temperature was shifted to 33°C, and cells were further cultures
for 2 hours. Subsequently, 10 ODggo equivalents of cells were col-
lected by centrifugation at 3300 rpm for 2 min at room temperature
using a KUBOTA s-722 rotor. Cells were directly lysed in 300 pl of
buffer [30 mM tris-HCI (pH 7.5), 20 mM KCI, 150 mM NaCl, 5 mM
EDTA, and 1% Triton X-100] supplemented with 1x PIC using
glass beads in a round-bottom plastic tube by eight rounds of vig-
orous vortexing for 30 s with 30-s intervals on ice. The same buffer
(450 pl) was then added, and the suspension was transferred to a
new tube. The glass beads were washed once again with 450 ul of
buffer and pooled in the same tube. Next, 900 pl of the lysate was
transferred to a protein low-binding tube (WATSON, catalog no.
PK-15C-500). The lysate was cleared by centrifugation at 300g for
3 min at 4°C, and the supernatant was further subjected to ultracen-
trifugation at 100,000¢ for 1 hour at 4°C in a P50A3 rotor (himac,
CP80ONX). The supernatant was harvested, trichloroacetic acid-pre-
cipitated, and dissolved in KNTCASB supplemented with an equal
amount of 1 M tris (designated S100). The pellet fraction was rinsed
with 900 pl of the same lysis buffer followed by centrifugation at
20,000¢ for 10 min before being dissolved in KNTCASB supple-
mented with 100 mM tris (designated P100). The volume of P100
and S100 samples was adjusted, and samples were processed
as above.

Metabolome analysis

Sample preparation

Cells (BY4741) harboring a low-copy plasmid encoding NACit1-
DS/AA or NACit1-DS/AA-H/G under the control of the GALI pro-
moter (comparison I) were grown in SD medium at 30°C overnight.
The cells were then diluted 10,000- or 20,000-fold into SGal
medium (three biological replicates for each strain) and grown at
30°C for ~40 hours until the ODgq, reached approximately 0.7 to
0.8. Next, 10 ODg( equivalents of cells were collected. For metab-
olome analysis in tom40-97 cells harboring a low-copy plasmid en-
coding Citl-DS/AA or Cit1-DS/AA-H/G under the control of the
GALI promoter (comparison II), cells were grown in SRaf medium
at 30°C for 3 days. The cells were then diluted 50-fold into SGal
medium (three biological replicates for each strain) and grown at
30°C for ~24 hours until the ODgq reached approximately 1 to
2. Next, 10 ODg equivalents of cells were collected. For metabolo-
mic tracing analysis using '*C-labeled galactose, cells were grown as
described above, with the exception that they were cultured in SGal
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medium containing '*C-labeled galactose (Cambridge Isotope Lab-
oratories Inc., catalog no. CLM-1570-0.1) for approximately
40 hours until the ODggy reached approximately 0.6 to 0.9
(BY4741 cells) or for ~24 hours until the ODgo reached approxi-
mately 0.7 to 0.9 (tom40-97 cells). Next, 0.7 ODgq equivalents of
cells were collected. In all cases, cells were collected by vacuum fil-
tration using vacuum filter holders (SHIBATA, catalog no. 061630
to 2501) and Omnipore membrane filters (Merck, catalog no.
JHWP02500). Immediately after cells were washed with 5 ml of
50 mM ammonium acetate, the membrane filter with cells attached
was transferred into 1.6 ml of —80°C methanol supplemented with
20 pM MES and 20 pM r-methionine sulfone and stored at —80°C
until metabolite extraction. Subsequently, 640 pl of Milli-Q water
and 1.6 ml of chloroform were added, and metabolites were extract-
ed by vortexing for 1 min and sonicating for 1 min. The solution was
cleared by centrifugation at 3300 rpm at 4°C for 10 min. The super-
natant was then transferred to a new microcentrifuge tube, centri-
fuged at 15,000 rpm for 5 min at 4°C, and then subjected to
centrifugal filtration through a 5-kDa cutoff filter (Merck, catalog
no.UFC3LCCNB-HMT) to remove proteins.

IC-FTMS for anionic metabolite analysis

For metabolomic analysis focusing on glycolysis, the TCA cycle, the
pentose phosphate pathway, and nucleotide metabolism, an Orbi-
trap mass spectrometer (Q-Exactive Focus, Thermo Fisher Scien-
tific) was connected to a high-performance IC system (ICS-5000
+, Thermo Fisher Scientific) to measure anionic metabolites. This
system enabled efficient separation of ionic metabolites and highly
selective and sensitive detection of metabolites using the principle
of Fourier transform MS (FTMS) (76). The IC instrument was
equipped with a modified anion electrolytic suppressor (Dionex
AERS 500, Thermo Fisher Scientific) to convert the potassium hy-
droxide gradient to pure water before entering the mass spectrom-
eter. Separation was performed post-column on a Dionex IonPac
AS11-HC (4-um particle size) column (Thermo Fisher Scientific)
with an IC flow rate of 0.25 ml/min and methanol make-up flow
of 0.18 ml/min. Potassium hydroxide gradient conditions for IC
separations were 1 to 100 mM (0 to 40 min), 100 mM (40 to 50
min), and 1 mM (50 to 60 min); column temperature was 30°C.
The Q Exactive Focus mass spectrometer was operated in electro-
spray ionization (ESI) negative mode for all detections. A full
mass scan (mass/charge ratio 70 to 900) was used with a resolution
of 70,000. The automatic gain control target was set to 3 x 106 ions
with a maximum ion implantation time of 100 ms. Ion source pa-
rameters were optimized at a spray voltage of 3 kV, transfer temper-
ature of 320°C, S-lens level of 50, heater temperature of 300°C,
sheath gas of 36, and aux gas of 10. Relative amounts of metabolites
were normalized using internal standard compounds.

LC-MS/MS analysis of cationic metabolite analysis

Cationic metabolite (amino acid) levels were quantified LC-tandem
MS (LC-MS/MS). Briefly, a triple quadrupole mass spectrometer
(LCMS-8040, Shimadzu, Kyoto, Japan) equipped with an ESI ion
source was used in positive and negative ESI multiple reaction mon-
itoring (MRM) mode. Samples were separated on a Discovery HS
F5-3 column [2.1 mm inner diameter x 150 mm length, 3-pm par-
ticle, Sigma-Aldrich, St Louis, MO, USA) with mobile phase A
(0.1% formate) and mobile phase B (0. 1% acetonitrile). Separation
was performed using a step gradient of mobile phase A (0.1%
formate) and mobile phase B (0. 1% acetonitrile) in ratios of
100:0 (0 to 5 min), 75:25 (5 to 11 min), 65:35 (11 to 15 min), 5:95
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(15 to 20 min), and 100:0 (20 to 25 min), with a flow rate of 0.25 ml/
min and a column temperature of 40°C. MRM conditions for each
amino acid have been reported previously (77). The obtained me-
tabolome dataset was subjected to pathway enrichment analysis
using Metaboanalyst (www.metaboanalyst.ca/) software (78).

RNA sequencing

Cells (BY4741) expressing NACit1-DS/AA (termed 8A) or NACit1-
DS/AA-H/G (termed 8I) under the control of the GALI promoter
from a low-copy plasmid were grown in SGal medium (three bio-
logical replicates for each cell type). When the ODgg, reached ap-
proximately 0.7 to 0.9 (which usually took approximately 24 to
32 hours), cells were collected by centrifugation at 3300 rpm for 2
min, washed with 1 ml of TBS buffer [20 mM tris-HCI (pH 7.5) and
150 mM NaCl], frozen in liquid nitrogen, and then stored at —80°C.
RNA was extracted using the RNeasy Kit (QIAGEN KK, catalog no.
74104). RNA library preparations, sequencing reactions, and most
statistical analyses were performed by Hokkaido System Science Co.
Ltd. Briefly, RNA sequencing libraries were prepared using the
NEBNext Ultra II Directional RNA Library Prep Kit for Illumina
(NEB, Ipswich), following the manufacturer’s instructions. The se-
quencing library was validated on the Agilent TapeStation (Agilent
Technologies) and was quantified using a Qubit 2.0 Fluorimeter
(Invitrogen) and quantitative polymerase chain reaction (KAPA Bi-
osystems). The sequencing libraries were clustered on a single lane
of a flow cell. After clustering, the flow cell was loaded on the Illu-
mina NovaSeq 6000 instrument, according to the manufacturer’s
instructions. The samples were sequenced using a 2 x 150-base
pair paired-end configuration. Sequence reads were trimmed to
remove possible adaptor sequences and nucleotides with poor
quality using Cutadapt v.1.8. The trimmed reads were quantified
in mapping-based mode using Salmon v.1.2.1 based on the S. cer-
evisiae S288c reference transcripts available via ENSEMBL. After
extraction of gene hit counts, the gene hit count table was used
for downstream differential expression analysis. A comparison of
gene expression between 8A and 8I cells was performed using
Tag Count Comparison. The exact test (79) was used to generate
q values and log, fold changes. Genes with a g value < 0.05 were
considered differentially expressed.

Puromycin incorporation assay

Some of the following methods are similar to those previously pub-
lished (75). Cells (pdr5A) harboring a plasmid encoding NACit1-
HA-DS/AA or NACitl-HA-DS/AA-H/G under the control of the
GALI promoter were grown in 5 ml of SRaf medium at 30°C for
24 hours. The next day, the culture was diluted 10,000-fold in
10 ml of fresh medium and grown at 30°C overnight. Subsequently,
galactose was added to the medium at a final concentration of 2%.
After 8 hours, the cell density was adjusted to ODgg = 0.5 by adding
SGal medium. Next, 900 pl of culture was added to 100 pl of puro-
mycin dihydrochloride (2 mg/ml; FUJIFILM Wako, catalog no. 160
to 23151) (final concentration of 200 pg/ml) for 20 min at 30°C to
label the nascent polypeptides. Where indicated, cells were treated
with cycloheximide (100 pg/ml) for 5 min before the addition of
puromycin. Cells were collected by centrifugation at 15,000 rpm
for 1 min, and the cell pellet was stored at —80°C until use. To
prepare whole-cell lysates, cells were incubated with 180 ul of 0.2
M NaOH at room temperature for 10 min, collected by centrifuga-
tion at 15,000 rpm for 1 min, suspended in 60 pl of 2x SDS-PAGE
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sample buffer [120 mM tris-HCI (pH 7.5), 4% SDS, 20% glycerol,
0.05% BPB, and 6% 2-mercaptoethanol], and vortexed vigorously
for 20 min at room temperature to extract proteins. Next, the
samples were heated at 55°C for 20 min and cleared by centrifuga-
tion, and the supernatant was applied to an SDS-PAGE gel. Puro-
mycilated proteins were detected by WB using an anti-puromycin
antibody (COSMO BIO, catalog no. PEN-MAO001).

Polysome analysis

Some of the following methods are similar to those previously pub-
lished (75). Cells harboring a low-copy plasmid encoding NACit1-
HA-DS/AA or NACitl-HA-DS/AA-H/G under the control of the
GALI promoter were grown in SRaf medium overnight and then
diluted 5000-fold into SRaf medium. The next morning, when the
ODgpp reached approximately 0.1 to 0.4, 2% galactose was added to
induce the expression of NACitl-HA-DS/AA or NACitl1-HA-DS/
AA-H/G. When the ODgq reached approximately 1.0 to 1.5, the
cells were transferred to a conical tube with cycloheximide (final
concentration of 100 ug/ml) on ice. All subsequent steps were per-
formed at 4°C. The cells were centrifuged at 5000 rpm for 10 min in
a KUBOTA A-5006 rotor and washed with 50 ml of water supple-
mented with cycloheximide (100 ug/ml). Subsequently, the cells
were pelleted by centrifugation at 3300 rpm for 2 min at 4°C in a
KUBOTA s-722 rotor. The cell pellet was transferred to a microcen-
trifuge tube and stored at —80°C until use. To generate a lysate, cells
were resuspended in 500 pl of lysis buffer [50 mM tris-HCI (pH 7.5),
12 mM Mg(OAc),, and 100 mM KCl] supplemented with 1 mM
DTT (FUJIFILM WAKO, catalog no. 048-29224), heparin sodium
salt (50 pg/ml; Nacalai Tesque, catalog no. 17513-41), 1x PIC, cy-
cloheximide (100 pg/ml), and 0.5% Triton X-100. The cell suspen-
sion was transferred to a 50-ml conical tube and lysed in the
presence of one volume of zirconia beads (0.5 mm; YZBO05, Yasui
Kikai) by vortexing eight times for 30 s with 30-s intervals.
Lysates were transferred to microcentrifuge tubes and cleared by
centrifugation at 15,000 rpm for 10 min at 4°C. A portion of the
supernatant was saved for quantification of proteins. The remaining
supernatant was loaded onto a 10 to 50% linear sucrose gradient,
which was prepared in lysis buffer supplemented with 0.1%
Triton X-100. The gradient was prepared using a Gradient Master
instrument (BioComp, Model 108), according to the manufactur-
er's instructions. Ultracentrifugation was performed in a SW41
rotor (Beckman Instruments) for 1.5 hours at 37,000 rpm. The gra-
dients were collected from the top using a Piston Gradient Fraction-
ator (BioComp). The UV absorbance at 254 nm (A,s4) was
measured continuously using a Bio-Mini UV monitor (AC-5100
L) to generate traces, which were analyzed using the WebPlotDigi-
tizer tool and the Excel program. The saved supernatant was sepa-
rated by SDS-PAGE and stained with CBB to measure the relative
amounts of proteins. The y axis of the polysome profile was stan-
dardized to the relative amount of proteins that was
ultracentrifuged.

Statistical analysis

Image] (NIH) was used for quantification of Western blot images.
Statistical analyses were performed in GraphPad Prism 9 or Excel
using two-tailed unpaired t tests or one-way analysis of variance
(ANOVA) with Dunnett’s or Bonferroni's multiple comparison
test. Error bars represent the SE. Significance is indicated as
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follows: ns, not significant. *P < 0.05, **P < 0.01, **P < 0.001,
and ***P < 0.0001.
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