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SUMMARY

Proper maintenance of mitochondrial activity is essential for metabolic homeostasis. Widespread 

phosphorylation of mitochondrial proteins may be an important element of this process; yet little 

is known about which enzymes control mitochondrial phosphorylation, or which phosphosites 

have functional impact. We investigate these issues by disrupting Ptc7p—a conserved but largely 

uncharacterized mitochondrial matrix PP2C-type phosphatase. Loss of Ptc7p causes respiratory 

growth defects concomitant with elevated phosphorylation of select matrix proteins. Among these, 

Δptc7 yeast exhibit an increase in phosphorylation of Cit1p—the canonical citrate synthase of the 

tricarboxylic acid cycle—that diminishes its activity. We find that phosphorylation of S462 can 

eliminate Cit1p enzymatic activity likely by disrupting its proper dimerization, and that Ptc7p-

driven dephosphorylation rescues Cit1p activity. Collectively, our work connects Ptc7p to an 

essential TCA cycle function and to additional phosphorylation events that may affect 

mitochondrial activity inadvertently or in a regulatory manner.
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INTRODUCTION

Nearly all cells rely on mitochondria for their core metabolic needs. As such, it is essential 

that cells are able to appropriately maintain the content, function, and activity of these 

organelles. Mitochondrial adaptation can involve transcriptional reprogramming, protease-

based proteome remodeling, altered mitochondrial dynamics, and the use of post-

translational modifications (PTMs) to regulate protein activity (Lin et al., 2005; Nunnari and 

Suomalainen, 2012; Pagliarini and Dixon, 2006; Quiros et al., 2015). The importance of 

PTMs in mitochondrial metabolism was recognized ~50 years ago with the discovery that 

reversible phosphorylation modulates the activity of pyruvate dehydrogenase (PDH) (Linn et 

al., 1969). More recently, roles for mitochondrial acylation (He et al., 2012), nitrosylation 

(Doulias et al., 2013), and redox modifications (Mailloux et al., 2014) have been identified, 

and a more exhaustive cataloging of protein phosphorylation sites has been achieved 

(Grimsrud et al., 2012). From this collective work, it is clear that PTMs are abundant, 

dynamic, and can affect enzymatic function.

Despite this progress, various aspects of PTM-driven regulation of mitochondrial function 

are unclear. First, it remains largely uncertain which mitochondrial PTMs—from among the 

thousands identified—might affect protein function, and which may instead be 

inconsequential. Second, the enzymes that regulate these modifications are largely 

unidentified or uncharacterized. To explore these issues, we focused on Ptc7p, a poorly 

characterized mitochondrial PP2C phosphatase conserved from yeast through humans. Our 

work connects this phosphatase to a select set of ~20 mitochondrial phosphoproteins from 

amongst thousands of observed phosphoisoforms that span distinct pathways. In particular, 

we demonstrate that Ptc7p-driven dephosphorylation of mitochondrial citrate synthase may 

be an important process for maintaining optimal mitochondrial activity.
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RESULTS

Ptc7p phosphatase activity supports respiratory function

To further elucidate the nature of mitochondrial protein phosphorylation, we focused on 

identifying phosphatases that could directly dephosphorylate matrix phosphoproteins. The 

MitoCarta compendium includes 11 proteins with predicted PFAM phosphatase domains 

(Calvo et al., 2016; Pagliarini et al., 2008), and two additional dual specificity phosphatases 

have also been localized to mitochondria (Rardin et al., 2008). Among these, we prioritized 

PPTC7 for further study based on its matrix localization (Rhee et al., 2013), conservation 

through Saccharomyces cerevisiae (Ptc7p), and canonical PP2C protein phosphatase domain 

(Figure 1A).

We expressed and purified recombinant Ptc7p from E. coli and found that it 

dephosphorylates para-nitrophenyl phosphate (pNPP) in vitro with kinetics consistent with 

known protein phosphatases (Figure S1A) (McAvoy and Nairn, 2010), and that it strongly 

prefers Mn2+ to Mg2+ for catalysis (Figure 1B). Mutation of the conserved aspartic acid 

residues that coordinate these metal ions completely abrogated activity (Figure 1C), 

consistent with the established catalytic mechanism of PP2C-type phosphatases (Das et al., 

1996).

We next examined phenotypes related to mitochondrial function in Δptc7 yeast. We found no 

difference in growth between wild type (WT) and Δptc7 yeast in dextrose-based media 

(Figure S1B), but a marked decrease in Δptc7 growth rate in non-fermentable glycerol-based 

media (Figure 1D). This growth deficiency was rescued by expression of WT but not the 

catalytically inactive D109A Ptc7p mutant (Figure 1D). Consistently, Δptc7 yeast also 

exhibited a decreased oxygen consumption rate (OCR) that was likewise rescued only by 

WT Ptc7p (Figure 1E). In contrast to a recent report (Martin-Montalvo et al., 2013), we did 

not observe a defect in coenzyme Q (CoQ) levels in Δptc7 yeast (Figure S1C), and thus 

hypothesize that the growth impairment we observe is caused by distinct mitochondrial 

defects. Collectively, these results suggest that Ptc7p is an active protein phosphatase poised 

to dephosphorylate mitochondrial matrix proteins to promote mitochondrial function.

Quantitative phosphoproteomics identifies potential Ptc7p substrates

To identify potential substrates of Ptc7p, we performed quantitative phosphoproteomic 

analysis on WT, Δptc7, and Δptc7 + ptc7 (rescue) yeast strains (Figure 2A, Table S1, Table 

S2). Yeast were cultured in media containing 0.1% glucose and 3% glycerol to enable a 

short fermentation phase (allowing the growth of sufficient yeast for proteomics analysis), 

followed by a longer respiration phase during which the Δptc7 growth defect is evident 

(Figure S2A). Total proteomic and phosphoproteomic analyses were performed using 8-plex 

tandem mass tags (TMTs) for isobaric quantification, resulting in the quantification of 4271 

proteins (886 mitochondrial) and 6647 phosphoisoforms (1182 mitochondrial) (Figure 2B).

Given that Ptc7p is an active protein phosphatase, we hypothesized that Δptc7 yeast would 

exhibit increased phosphorylation levels of its substrate(s). Indeed, the deletion of ptc7 
caused a marked increase of 23 mitochondrial phosphoisoforms (Figure 2B). In contrast, 

only 7 non-mitochondrial phosphoisoforms (~0.1%) were significantly increased (Figures 

Guo et al. Page 3

Cell Rep. Author manuscript; available in PMC 2017 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2B, S2B). Furthermore, 19 of the 23 upregulated phosphoisoforms returned to WT levels (or 

below) when we rescued the Δptc7 strain with plasmid-based ptc7 expression (Figure 2C). 

Coupled with the general lack of proteome alterations in Δptc7 yeast (Figure S2C), these 

data suggest that these 19 phosphoproteins may be direct substrates of Ptc7p. None of these 

phosphorylation sites were associated with enzymes in CoQ biosynthesis, again suggesting 

our observed mitochondrial defect in Δptc7 yeast is distinct from this pathway.

To prioritize these likely Ptc7p substrates, we considered the submitochondrial localization 

of each protein and the conservation of each phosphosite. Five of the 19 phosphoproteins 

noted above—Yml6p, Lat1p, Cit1p, Mdh1p, and Hsp10p—share matrix localization with 

Ptc7p and have conserved phosphorylatable residues at the positions identified in our 

analyses (Figures S2D – S2H). Notably, three of these proteins (Lat1p, Cit1p, and Mdh1p) 

are enzymes associated with the pyruvate dehydrogenase complex/TCA cycle. From among 

these, we focused on Cit1p, the mitochondrial citrate synthase in yeast whose activity is 

generally not known to be affected by PTMs.

Phosphorylation of Cit1p at S462 disrupts enzyme function

The mitochondrial dysfunction of Δptc7 yeast (Figure 1) suggests that the phosphorylation 

of putative Ptc7p substrates likely diminishes their function. To test this hypothesis, we 

focused on phosphorylation of S462 on Cit1p (Figure S3A). We made non-phosphorylatable 

(S462A) and phosphomimetic (S462E) mutants of Cit1p and assessed their functional 

effects. First, we tested the ability of these mutants to rescue the growth of Δcit1 yeast on 

acetate-based media. Consistent with our hypothesis, S462E was unable to rescue the Δcit1 
growth deficiency, while WT and S462A fully restored growth (Figure 3A). Second, we 

measured the activity of each construct from yeast lysate and found that Δcit1 yeast 

expressing S462E had no Cit1p activity, while lysate containing a S462A mutant had a slight 

increase in activity versus WT (Figure 3B). Further, expression of S462E failed to restore 

total cellular citrate levels in Δcit1 yeast (Figure S3B), and resulted in an altered metabolic 

profile more similar to Δcit1 yeast expressing empty vector (EV) than those expressing WT 

or S462A (Figure S3C). Finally, we purified recombinant WT and Cit1p mutants and 

measured their kinetics with oxaloacetate (OAA). Consistent with our in vivo data, the 

phosphomimetic S462E completely disrupted activity, while, surprisingly, S462A showed a 

significantly higher Vmax for OAA compared to WT (Figure 3C).

To further assess whether Cit1p is a bona fide substrate of Ptc7p, we tested citrate synthase 

activity in Δptc7 yeast. Citrate synthase activity was decreased by ~40% in this strain, and 

was restored by WT Ptc7p, but not by the D109A mutant (Figure 3D). These data are 

consistent with our hypothesis that phosphorylation of Cit1p S462 can decrease its 

enzymatic activity, especially given that Cit1p protein levels are largely unchanged in Δptc7 
yeast (Figure S3D). Ptc7 can be alternatively spliced to create mRNAs that encode Ptc7p 

isoforms that translocate to the nuclear envelope (the unspliced form) or to mitochondria 

(the spliced form) (Juneau et al., 2009). To ensure that the change in citrate synthase activity 

was due to the mitochondrial form of Ptc7p, we mutated endogenous ptc7 to disrupt its 

splicing. This strain (uns-ptc7), which produces only the non-mitochondrial form of Ptc7p, 

exhibited the same loss of citrate synthase activity as did Δptc7 yeast (Figure S3E, S3F).
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To confirm the ability of Ptc7p to dephosphorylate Cit1p, we performed phosphatase assays 

with phospho-S462 Cit1p at the peptide and protein level. Ptc7p can efficiently 

dephosphorylate the S462 phosphopeptide and exhibits a more favorable Km for this 

substrate than for pNPP (Figure S3G). Ptc7p also robustly dephosphorylated recombinant 

Cit1p phosphorylated specifically at S462, which caused a band shift on a PhosTag gel and 

resulted in a marked increase in Cit1p catalytic activity (Figures 3E, 3F). Notably, Ptc7p did 

not affect the activity of unphosphorylated Cit1p, demonstrating that the differences in 

activity are due specifically to phosphorylation. These data confirm that Ptc7p can directly 

dephosphorylate Cit1p at S462 to enhance its catalytic activity.

Phosphorylation of Cit1p occurs at the dimer interface

We next explored how a single phosphorylation event could cause a dramatic decrease in 

Cit1p activity. As the region surrounding S462 is highly conserved (Figure S4A), we used 

the porcine (PDB:3ENJ) and chicken (PDB:5CSC) citrate synthase structures to investigate 

the potential effects of S462 phosphorylation. These structures have revealed that eukaryotic 

citrate synthases function as obligate homodimers, with each subunit contributing essential 

residues for activity (Figure S4B) (Larson et al., 2009; Liao et al., 1991). Interestingly, S462 

lies at this dimer interface, where it produces inter-subunit contacts (Figure S4C) and packs 

tightly with the L89 side chain of the opposite monomer (Figure 4A). To assess the effects of 

disrupting S462, we mutated this residue in silico (Kulp et al., 2012) and found that neither 

phosphorylation of S462 nor the phosphomimetic substitution (S462E) is accommodated 

due to significant clashes that arise with L89, while the S462A substitution is readily 

accommodated (Figures 4B–E). Further, our analyses reveal that S462 is proximal to a salt-

bridge between K461 and E277 on the opposite subunit (Figure S4D), suggesting that 

phospho-S462 may disrupt inter-subunit interaction through competition with E277 to 

destabilize this salt-bridge. Collectively, these data suggest that S462 likely mediates 

important interactions between citrate synthase monomers, leading us to hypothesize that 

phosphorylation of S462 may interfere with proper dimer formation or subunit orientation.

To test this hypothesis, we determined the dimerization states of recombinant WT and 

mutant Cit1p purified from E. coli using native-PAGE. WT Cit1p from two separate 

purifications displayed a mixed proportion of dimeric and monomeric states, with the 

majority of Cit1p existing as a monomer (Figure 4F). Mutation of S462 disrupted this 

equilibrium: S462A purified almost exclusively as a dimer, while S462E was almost 

exclusively monomeric (Figure 4F). The increased proportion of the S462A dimer likely 

explains the increased Vmax we observe for this variant (Figure 3C). To confirm that the 

S462E mutation is sufficient to disrupt dimerization in vivo, we determined the native states 

of WT, S462A, and S462E mutants in yeast lysate. Consistent with our in vitro data, WT 

and S462A Cit1p formed dimers in vivo, whereas S462E was almost exclusively monomeric 

(Figure 4G). Collectively, these experiments highlight the importance of a single conserved 

non-catalytic residue (S462) in enabling Cit1p function, and support a model whereby the 

proper dimerization state—and thus activity—of Cit1p can be influenced by Ptc7p-

dependent dephosphorylation in vivo.
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DISCUSSION

Numerous recent investigations have revealed a vast landscape of mitochondrial PTMs 

associated with a diverse array of activities. From among these, select phosphorylation sites 

have already been implicated in apoptosis, oxidative phosphorylation, mitochondrial protein 

import, ketogenesis, and mitochondrial biogenesis (O’Rourke et al., 2011; Pagliarini and 

Dixon, 2006; Schmidt et al., 2011). Despite these findings, the nature and importance of 

most protein phosphorylation events in mitochondria remain unclear, and there is uncertainty 

regarding which enzymes are responsible for modulating the levels of this PTM.

To begin addressing these issues, we focused on Ptc7p, one of multiple likely protein 

phosphatases in the core mitochondrial proteome (Pagliarini et al., 2008; Rardin et al., 

2008). We rationalized that disruption of Ptc7p would result in higher levels of the 

phosphosites that it dephosphorylates. Indeed, the knockout of ptc7 resulted in significantly 

elevated levels of just 23 mitochondrial phosphosites—less than 2% of those observed in 

mitochondria. Moreover, groups of these sites are on proteins are of related function. We 

focused on one of these proteins, Cit1p—the mitochondrial citrate synthase in S. cerevisiae
—because of its central function in mitochondrial and cellular metabolism. We discovered 

that phosphorylation of S462 can inhibit Cit1p activity, likely through disruption of proper 

dimerization, and that Ptc7p can dephosphorylate Cit1p in vitro and in vivo to reverse this 

inhibition.

Further studies will be required to determine whether the phosphorylation of Cit1p and other 

Ptc7p-related targets is part of bona fide regulatory processes. Given the general absence of 

established kinases for these events, and the fact that mitochondrial enzymes can exhibit 

autophosphorylation in a potentially spurious manner (Phillips et al., 2011), it is possible 

that Ptc7p serves to reverse unintended and damaging protein phosphorylation. However, 

multiple lines of evidence suggest a more discrete regulatory process is also a possibility. 

First, it is curious that evolution has selected and maintained a phosphorylatable residue for 

Cit1p at its dimer interface (Figure S2H), given our demonstration that substitution of an 

alanine markedly enhanced its activity. This suggests that a balance between the monomeric 

and dimeric forms of Cit1p may play a role in its regulation, although this remains to be 

proven. Second, the thioredoxin-mediated redox regulation of citrate synthase in 

Arabidopsis and the regulation of the glyoxylate cycle Cit2p by ubiquitinylation in yeast 

suggest that post-translational modification of citrate synthase can be beneficial 

(Nakatsukasa et al., 2015; Schmidtmann et al., 2014). Finally, acute regulation of citrate 

synthase could have cellular benefits. In addition to its function in the TCA cycle, citrate 

acts allosterically to regulate glycolytic flux and fatty acid synthesis, is the source of extra-

mitochondrial acetyl-CoA used for de novo fatty acid synthesis, and its overabundance can 

contribute to iron accumulation-induced mitochondrial dysfunction (Chen et al., 2002).

Beyond citrate synthase, our data suggest that additional mitochondrial proteins from diverse 

pathways and processes may likewise be affected by Ptc7p (Figure 2B) and contribute to the 

Δptc7 phenotype. Moreover, ptc7 is alternatively spliced in response to cellular nutrient 

status, with the protein isoform encoded by the spliced message translocating to the 

mitochondrion (Juneau et al., 2009). Collectively, these data suggest that Ptc7p may 
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participate in a nutrient-responsive adaptive process aimed at fine tuning mitochondrial 

function. Determining the origin of these PTMs and their full effects on enzyme and 

organellar function will be critical toward understanding the broader role of PTMs in 

maintaining mitochondrial metabolic homeostasis.

EXPERIMENTAL PROCEDURES

Yeast Strains and Cultures

BY4741 yeast (Open Biosystems) were transformed with vector (p416-GPD) or ptc7-

expressing plasmids. Knockout (Δptc7) and rescue (Δptc7 + ptc7) strains were generated by 

replacing ptc7 with His3MX in cells expressing vector or ptc7 plasmids, respectively. 48 

hours after transformation, individual colonies were picked directly into uracil dropout 

(Ura−) media containing 0.1% glucose and 3% glycerol. Yeast were grown at 30°C for 16–

24 hours to an OD ~1 before collection, and were snap frozen for proteomics analysis.

OCR and Growth Curve Analysis

OCR was analyzed using a Seahorse analyzer as previously described (He et al., 2013). 

Growth rates of yeast were calculated based on the logarithmic growth phase (ΔOD600/

minute) in strains grown in 3% glycerol in a 96-well plate.

Ptc7p Recombinant Protein Purification and Phosphatase assay

N-terminally truncated ptc7 (Nd38) was expressed in RIPL E. coli and purified using 

methods previously described (Stefely et al., 2015). Ptc7p and associated mutants were 

assayed for phosphatase activity using pNPP absorbance at 402 nm (A402).

LC-MS/MS Proteomics

Yeast were lysed, digested and labeled with 8-plex TMT as previously described (Hebert et 

al., 2014) with modification. Phosphopeptides were enriched by immobilized metal affinity 

chromatography (IMAC). High pH reversed phase chromatography was used to fractionate 

both nonphospho- and phospho-fraction after IMAC. Nano LC-MS/MS analysis was 

performed on Thermo Orbitrap Fusion, and raw MS data searching was done by our custom 

software COMPASS with 1% false discovery rate (FDR) for both peptide and protein group.

Citrate Synthase Activity Assay

A citrate synthase enzyme assay was performed using 100 mM Tris (pH=7.4), 0.3 mM 

acetyl CoA, 0.1 mM 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB), and 0.5 mM OAA (all 

final concentrations). Cell lysate or recombinant Cit1p protein were added as source of 

enzyme. Absorbance at 412 nm (A412) was monitored for reaction rate calculation.

Cit1p Recombinant Protein Purification

N-terminally truncated cit1 (Nd48) was cloned into pGEX-6P-1, expressed in RIPL E. coli, 
and purified as described (Fuhs et al., 2015). Phosphoserine-incorporated Cit1p was 

generated using the Rinehart lab reagents for recombinant protein expression (Addgene). 

Briefly, Nd48-Cit1p with S462 mutated to a TAG codon as well as WT protein (both in 
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pGEX) were co-expressed with SepOTSλ (a gift from Jesse Rinehart; Addgene # 68292) in 

C321.ΔA E. coli (a gift from Jesse Rinehart; Addgene # 68306), and purified to generate 

pSer462 Cit1p and WT Cit1p. Phospho-incorporation was confirmed using PhosTag 

acrylamide (Wako Chemical).

Molecular modeling

Molecular modeling of S462 variants (A, E and pS) was based on the structures of citrate 

synthase from pig heart (3ENJ) and chicken (5CSC). Side chains were optimized using 

conformers from the Energy-Based Conformer Library (Subramaniam and Senes, 2012). 

The calculations were performed with programs written with the Molecular Software 

Library (Kulp et al., 2012).

Native-PAGE

Samples were loaded on a 4–16% Native-PAGE Bis-Tris gel and run for 2 hours according 

to manufactural protocol (Life Technologies). Protein was visualized via western blotting or 

Coomassie staining.

Statistical Analysis

Statistical analysis was performed using Excel with a two-tailed Student’s t-test.

Further details for all procedures can be found in the Supplemental Experimental 

Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ptc7p phosphatase activity supports respiratory function
(A) Summary table of mitochondrial phosphatases, analyzed for protein phosphatase 

domains, matrix localization, non-association with a protein complex (e.g. PDH), and 

presence of a yeast ortholog. PPTC7 (highlighted) is the only phosphatase to meet all four 

criteria.

(B) In vitro phosphatase activity assay of Ptc7p against pNPP with divalent cations Mn2+ 

and Mg2+ (mean ± SD, n=3).

(C) In vitro pNPP phosphatase activity assay of WT Ptc7p and two mutants predicted to 

disrupt metal binding (mean ± SD, n=3). Coomassie staining (below) demonstrates 

comparable protein concentration and purity.

(D) Maximum growth rate of WT and Δptc7 yeast in Ura− media containing 3% glycerol 

(G) (mean ± SD, n=4). Rescue strains express a plasmid containing ptc7 (WT: wild type 

ptc7; D109A: catalytically inactive mutant of ptc7).
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(E) OCR of same cultures as in (D) grown in Ura− media containing 2% dextrose (D) (mean 

± SD, n=3).

* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; N.S., not significant.

See also Figure S1.
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Figure 2. Quantitative phosphoproteomics identifies potential Ptc7p substrates
(A) Experimental workflow of phosphoproteomics. Peptides from three strains (WT, Δptc7, 

and Δptc7 + ptc7) were tagged with 8-plex TMT for isobaric quantification.

(B) Fold changes in mitochondrial phosphoisoform abundances (log2(Δptc7/WT), 

normalized to total protein abundance, n=3) versus significance (−log10(p-value)). Grey area 

indicates significance threshold (log2(Δptc7/WT) > 1 and p-value < 0.05). Five highlighted 

phosphoisoforms are prioritized candidate Ptc7p substrates. Inset table summarizes 

quantified total and mitochondrial proteins or phosphoisoforms; up arrow indicates 

significantly increased changes; down arrow indicates significantly decreased changes.

(C) Heat map of 19 mitochondrial phosphoisoforms whose abundances were significantly 

increased in Δptc7, and were restored to WT level or below in the rescue strain (Δptc7 + 

ptc7). * denotes mitochondrial matrix phosphosites conserved in higher eukaryotes.

See also Figure S2, Table S1, and Table S2.
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Figure 3. Phosphorylation of Cit1p at S462 disrupts enzyme function
(A) Serial dilutions of WT and Δcit1 yeast expressing various plasmids grown on glucose- 

or acetate-containing Ura− plates.

(B) Citrate synthase activity of Δcit1 lysate expressing EV, WT, S462A, or S462E Cit1p 

(mean ± SD, n=3). Statistics are relative to WT activity (lane #2). Inset shows immunoblot 

against FLAG (Cit1p-FLAG), or actin (loading control).

(C) Kinetic curve of recombinant WT, S462A, or S462E Cit1p. Citrate synthase activity 

(μM/sec) is plotted versus concentration of OAA (μM). Inset shows comparable loading 

(Coomassie staining). Table shows calculated Vmax and Km for each Cit1p mutant.

(D) Citrate synthase activity of lysate from WT or Δptc7 (mean ± SD, n=4). Rescue strains 

express a plasmid containing ptc7 (WT: wild type ptc7; D109A: catalytically inactive mutant 

of ptc7).
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(E) Citrate synthase activity of recombinant WT or phospho-S462 (pSer462) Cit1p treated 

with WT or D109A Ptc7p (mean ± SD, n=3).

(F) Coomassie staining of a PhosTag gel loaded with samples in (E).

* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; N.S., not significant.

See also Figure S3.
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Figure 4. Phosphorylation of Cit1p occurs at the dimer interface
(A–D) Structural interaction of residue 462 with L89 in the opposite chain with residue 462 

modeled as (A) S (WT), (B) A, (C) pS (phospho-serine), and (D) E (based on structure PDB 

code 3ENJ).

(E) Energy of computed models of A, pS, and E mutants at position 462, compared to WT, 

with analysis of pig and chicken structures and a yeast homology model.

(F) Coomassie staining of native-PAGE loaded with recombinant WT (2x biological 

replicates), S462A, and S462E Cit1p.

(G) FLAG immunoblot of native- and SDS-PAGE resolved lysates of Δcit1 expressing EV, 

or c-terminal FLAG-tagged WT, S462A, or S462E Cit1p.

See also Figure S4.
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