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Abstract

Organic acidemias such as methylmalonic acidemia (MMA) are a group of inborn errors of
metabolism that typically arise from defects in the catabolism of amino and fatty acids. Accretion
of acyl-CoA species is postulated to underlie disease pathophysiology, but the mechanism(s)
remain unknown. Here, we surveyed hepatic explants from patients with MMA and unaffected
donors, in parallel with samples from various mouse models of methylmalonyl-CoA mutase
(MMUT) deficiency. We found a widespread posttranslational modification, methylmalonylation,
that inhibited enzymes in the urea cycle and glycine cleavage pathway in MMA.. Biochemical
studies and mouse genetics established that sirtuin 5 (SIRT5) controlled the metabolism of MMA-
related posttranslational modifications. SIRT5 was engineered to resist acylation-driven inhibition
via lysine to arginine mutagenesis. The modified SIRT5 was used to create an adeno-associated
viral (AAV) 8 vector and systemically delivered to mutant and control mice. Gene therapy
ameliorated hyperammonemia and reduced global methylmalonlyation in the MMA mice.

One Sentence Summary:

Hyperacylation, specifically methylmalonylation, underlies disease pathophysiology in MMA and
can be modulated by SIRTS5 activity.
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Editor’s summary: Methylmalonylation in metabolic disease

Methylmalonic acidemia (MMA\) is a genetic metabolic disorder that results in a buildup of
methylmalonic acid in the body and can lead to severe symptoms. Examining liver tissue from
patients and a mouse model of MMA, Head et a/. found that the buildup of this metabolite resulted
in a widespread posttranslational modification, methylmalonylation, on a variety of proteins. This
included the sirtuin (SIRTS5) that reverses methylmalonylation, dampening its ability to undo the
protein modification damage. A SIRT5 gene engineered to be resistant to methylmalonylation
reduced symptoms in the MMA mice, demonstrating a proof of concept gene therapy strategy.

INTRODUCTION

During vertebrate metabolism, the terminal catabolism of essential amino acids (AAS)
valine, isoleucine, methionine, and threonine as well as odd chain fatty acids (OCFAs) and
cholesterol into the Krebs cycle intermediate succinyl-CoA is mediated by the vitamin B12
(cobalamin) dependent enzyme methylmalonyl-CoA mutase (MMUT) (1-3). A deficiency
of MMUT or its obligate cofactor, 5’-deoxyadenosylcobalamin (AdoCbl) results in the
accretion methylmalonyl-CoA and the related acyclic acids methylmalonic acid, propionic
acid, and 2-methyl citrate (1-4). This loss causes a lethal inborn error of metabolism known
as methylmalonic acidemia (MMA), a common and severe organic acidemia (OA) (5).

Treatment options for patients with MMA are limited to dietary protein restriction, carnitine
supplementation, clinical monitoring, and in severely affected children, elective liver/kidney
transplantation (3, 6-13). Even with vigilant management, patients are prone to recurrent
episodes of metabolic ketoacidosis and encephalopathy associated with hyperammonemia.
Hyperglycinemia, reduced glutathione production, and more globally, a severe secondary
mitochondriopathy affecting certain cell types such as hepatocytes characterize the disease
in most patients. Multiple organ systems including the CNS, ocular, renal, hepatobiliary,
cardiac, endocrine, and skeletal systems can manifest severe pathology with unclear
causation. For example, the mechanism(s) predisposing patients to increased blood ammonia
is undetermined. Similarly, MMA-associated dysfunction noted in other metabolic pathways
including the urea cycle, the glycine cleavage system, the Krebs cycle, and ROS defense,
have been widely attributed to toxic metabolites (14) without mechanistic validation.

That more than the circulating metabolic pool underlies the pathophysiology seen in
MMA is supported by the clinical and biochemical phenotype of combined malonic and
methylmalonic aciduria (CMAMMA). CMAMMA is most commonly caused by mutations
in acyl-CoA synthetase family member 3 (ACSF3)(15-17), the enzyme responsible for
converting free methylmalonic and malonic acid to methylmalonyl-CoA and malonyl-
CoA in mitochondrial matrix (16, 17). CMAMMA, like MMA, is characterized by
elevated concentrations of methylmalonic acid in body fluids, but without the accretion
of the respective CoAs (16, 17). In stark contrast to patients with isolated MMA,

patients with CMAMMA do not manifest intermediary metabolic disease symptoms. The
disparate phenotypes presented by patients with different forms of MMA suggests that
methylmalonyl-CoA rather than methylmalonic acid contributes to the manifestations of
classical MMA.
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We hypothesized that aberrant acyl-CoA accretion in isolated MMA could perturb
endogenous cellular homeostasis through the unregulated formation of CoA-derived
covalent posttranslational modifications (PTMs)(18-22). Although the movement of

acyl groups from acyl-CoA onto protein lysine residues is enzymatically driven by

histone acetyltransferases (HATSs) outside of the mitochondrial matrix(23-28), the alkaline
conditions maintained in the mitochondrial matrix circumvent the need for enzymatic
generation (18). Hence, in MMA and related OAs, an overabundance of mitochondrial
acyl-CoA species generated as a consequence of the enzyme defect could create a unique
environment for excessive, unregulated acylation (23, 27-31), with subsequent inhibition,
and dysregulation, of diverse metabolic pathways(23, 29, 30). Here, we set out to examine
the acylation landscape in liver explants from patients with MMA and various tissues
from MMA mouse models compared to unaffected controls, and to establish methylmalonyl-
lysine as a disease-specific PTM that impacts disease pathophysiology.

Hyperacylation characterizes the PTM landscape of MMA in humans and mice

We surveyed total acylation in tissue extracts from mouse models of methylmalonyl-
CoA mutase deficiency and liver explants donated by patients with MMA.. Hepatic
extracts from Mmut™~; Tg/NS-MCK-Mmut mice  a model that recapitulates the hepatorenal
mitochondriopathy of MMA (32), were studied using Western blot analysis with anti-
malonyl, anti-succinyl, anti-acetyl, and anti-propionyl antibodies. We noted that the anti-
malonyl antibody could also detect methylmalonylation, a form of acylation we identified
with an in vitro assay (fig. S1). We noted grossly increased propionylation and malonyl/
methylmalonylation in MMA mice compared to heterozygous control littermates, but did
not see an observable change in succinylation or acetylation (FIG. 1A) (33, 34). Hepatic
extracts from patients with MMA exhibited the same pronounced hyper-malonylation/
methylmalonylation and propionylation compared to controls seen in the MMA mice (FIG.
1A-B) indicating these forms of hyper-acylation are specific to MMA and likely occur on
conserved protein targets.

To further support the hypothesis that disease-related PTMs were dependent upon
intramitochondrial malonyl- and methylmalonyl-CoA pools, we generated Acsf3”~ mice
that recapitulate CMAMMA(35) and examined their liver extracts for PTMs. Acsf37~ mice
had reduced methylmalonylation and malonylation compared to Mmut™~ Tg/NS-MCK-Mrmut
mice and even less than littermate controls (FIG. 1C-D), indicating that accumulation of
acylation PTMs seen in MMA derive from precursor CoA species (23, 27, 29, 30, 36-41)
(42).

Tandem mass spectrometry profiling of the hepatic proteome in MMA mice reveals a
landscape of aberrantly malonyl- and methylmalonylated proteins

To determine which metabolic pathways would be most adversely affected in MMA
as a result of hyperacylation, we surveyed the hepatic proteome of MMA using
LC-MS/MS. First, we generated anti-malonyl antibody immunoprecipitation columns
and purified malonylated and methylmalonylated proteins from the hepatic extracts
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of Mmut™=; Tg/NS-MCK-Mmut and control mice. Due to the cross-reactivity of the anti-
malonyl-lysine antibody to methylmalonyl-lysine but not to succinyl-lysine and because
succinylation was not elevated in MMA mice, we were able to enrich for proteins with
malonylation or methylmalonylation PTMs. We distinguished the type of acylation on any
given protein lysine residue prior to using tandem mass spectrometry as methylmalonylation
and succinylation are isobaric. We then subjected the resulting proteins to gene ontology
analysis (43, 44). Enrichment of malonylation and methylmalonylation PTMs on multiple
enzymes that function in metabolic pathways such as glutathione production, the urea cycle,
arginine biosynthesis, and oxidoreduction were present in MMA samples versus controls,
and modeled using KEGG ontology into protein network webs via NetworkAnalyst (45—
49) (FIG. 2A-B). Many of the hits mapped into pathways critical to mitochondrial and
intermediary metabolism, further suggesting that hyperacylation resulting from increased
disease specific acyl-CoA pools could have pathophysiological consequences.

We also observed increased acylation of multiple urea cycle enzymes including CPS1,
Arginase 1 (ARG1), argininosuccinate lyase (ASL), and argininosuccinate synthase (ASS1)
in MMA mice. CPS1 exhibits increased malonylation or methylmalonylation on 15 different
lysine residues in MMA mice compared to controls, including sites previously established
to be associated with CPS1 inactivation (lysine 1291) and impaired ureagenesis (50).

To validate these modifications of CPS1, we repeated the purification of malonylated/
methylmalonylated proteins from hepatic tissue extracts of Mmut™~, Tg/NS-MCK-Mmut gnqd
control mice. We noted increased capture of malonylated/methylmalonylated CPS1 from
MMA mouse tissue samples compared to controls despite lower total CPS1 abundance in
MMA mice (FIG. 2C).

We then examined CPS1 enzymatic activity in vitro using a well-established assay
previously used in the clinical diagnosis of CPS1 deficiency (51). CPS1 enzymatic

activity from hepatic tissue extracts was lower in Mmut™=; Tg/NS-MCK-Mmut mice compared
to controls (**p<0.01, **p=0.0026) (FIG. 2D), further indicating malonylation and
methylmalonylation negatively impact CPS1 activity in MMA. We also performed
immunoprecipitation analysis on CPS1 directly from human hepatic MMA tissue samples
and control samples: patients had malonylation/methylmalonylation of CPS1 but there was
no detectable malonylation/methylmalonylation in unaffected donors (FIG. 2E). Therefore,
disease specific hyper-malonylation/methylmalonylation of CPS1, and potentially other urea
cycle enzymes, could account for the impairment of the proximal urea cycle and subsequent
propensity toward hyperammonemia that is common in MMA.

A number of Krebs cycle proteins including malate dehydrogenase 2 (MDH2),

citrate synthase (CS), isocitrate dehydrogenase (IDHZ2), dihydrolipoyllysine-residue
succinyltransferase (DLST), and aconitase 2 (ACO2) were also aberrantly modified in
MMA mice. These enzymes, along with 2-oxoglutarate dehydrogenase (OGDH), had
increased abundance of immunoreactive enzymes (FIG 2F) and increased global malonyl/
methylmalonylation (FIG 2G) in hepatic extracts from Mmut™"; Tg/NS-MCK-Mmut mjce
compared to controls. Glutamate dehydrogenase 1 (GDH1), which has previously been
identified as a possible target of pathology in MMA (52), exhibited both methylmalonylation
and malonylation, specifically at K503 (Fig. S2A). We confirmed increased malonyl or
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methylmalonylation of GDH1 when purified from MMA murine liver tissue samples
compared to control samples (FIG. 2H). Acetylation of K503 may increase enzymatic
activity due to the location of this residue in the GTP binding pocket of GDH1 (53). Thus,
for this target, increased malonyl or methylmalonylation of K503 could lead to increased
enzymatic activity and paradoxically activate glucose metabolism, which is dysregulated in
MMA (54). Overall, the proteomic data from MMA mice revealed that aberrant acylation
was present on numerous proteins in pathways that display impaired activity in the disease
state, and for selected hits, was confirmed in human liver samples.

Effects of aberrant acylation on mitochondrial DNA maintenance

To explore the basis of the electron transport chain (ETC) dysfunction in tissues affected by
MMA mitochondriopathy, we performed targeted exploration of low abundance proteins,
such as those involved in mitochondrial DNA maintenance, that might not have been
detected by mass spectrometry. We first examined mitochondrial transcription factor A
(TFAM), which localizes to the mitochondria where it stabilizes mtDNA, maintains mtDNA
copy number, and regulates the expression of mtDNA genes such as electron transport chain
subunits (55). Total TFAM protein abundance was not reduced in MMA mouse hepatic or
renal tissues compared to controls (FIG. 3A-B), indicating loss of mtDNA expression is
not the result of reduced TFAM. Increased malonylation/methylmalonylation of TFAM was
evident in hepatic and renal tissues of MMA mice but not controls (FIG. 3A-B). Initial
tandem mass spectrometry analysis indicated POLRMT, an essential mtDNA transcription
enzyme recruited to mtDNA promoters by TFAM to form a transcription complex with
mitochondrial transcription factor B2 (TFB2m) (56), exhibited increased malonylation in
MMA hepatic extracts compared to controls. We confirmed increased malonylation via co-
immunoprecipitation with TFAM, and additionally discovered POLRMT exhibits increased
propionylation in MMA mice compared to controls (FIG. 3A). Increased acylation of

these transcription factors, especially with negatively charged PTMs such as malonylation
and methylmalonylation, could lead to diminished activity (55) and subsequently reduced
mtDNA copy number and reduced transcription of mtDNA-encoded ETC subunits. To
explore whether DNA depletion might be present in hepatocytes, a cell that that typically
displays the secondary enzymatic and mitochondrial manifestations seen in MMA, we
examined mtDNA copy number in both human and mouse MMA liver extracts compared to
controls. We found that both human (*p<0.05, p=0.0221 ND6, p=0.0246 COXI) and mouse
MMA tissue (****p<0.0001, p=0.00003 ND6) exhibited significantly reduced mtDNA
copy number compared to their respective controls (FIG. 3C-D), identifying a putative
mechanism to explain the ETC defect that classically accompanies MMA (32, 57-59).

Methylmalonylation of components of the glycine cleavage system explains MMA-
associated hyperglycinemia

Patients with methylmalonic acidemia, propionic acidemia, and isovaleric acidemia
classically display hyperglycinemia, which were historically considered forms of ketotic
hyperglycinemia (KH) (60-63). However, despite the fact that organic acidemias have
been recognized as a cause of KH since the 1960s, the causative molecular mechanism
for increased glycine has yet to be uncovered (60-63). To probe the underlying
mechanism of hyperglycinemia in MMA, we began by examining enzymes of the
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glycine cleavage system in hepatic tissue samples from patients with MMA compared to
unaffected donors. MMA livers exhibited a consistent decrease in glycine dehydrogenase
(GLDC) compared to controls but had increased aminomethyltransferase (GCST/AMT),
dihydrolipoyl dehydrogenase (DLD), and glycine cleavage H protein (GCSH) (FIG. 4A).
This increase in DLD, GCST, and GCSH could potentially be attributable to increased
mitochondrial mass seen in MMA via megamitochondria formation (32, 57).

Because acylation PTMs occupy lysine residues, we explored whether aberrant acylation
could effectively block the placement of lipoic acid by lipoyltransferase 2 (LIPT2) and
lipoyl synthase (LIAS) on GCSH. Overall, liver tissues from patients with MMA exhibited
increased lipoylation PTMs compared to controls, likely due to increased mitochondrial
mass, with the exception of one band at 15-18 kDa that exhibited lipoylation in control

but not MMA samples (FIG. 4B). We suspected this band was GCSH, the only protein at
this molecular weight that is known to be lipoylated. We performed an immunoprecipitation
analysis against GCSH (or IgG control) from hepatic tissue samples from patients with
MMA and stained for lipoylation and total GCSH protein. We confirmed that GCSH

was lipoylated in unaffected donor tissues but not in MMA liver extracts (FIG. 4C). To
determine if aberrant acylation of GCSH was present, we generated an antibody that
specifically recognized methylmalonylation (Fig. S3) and performed immunoprecipitation
against GCSH or 1gG control. We observed increased methylmalonylation of GCSH from
MMA samples but not controls (FIG. 4D). These results suggest that methylmalonylation
of GCSH on or near catalytic lysine residueK107 inhibits placement of lipoic acid by
LIPT2/LIAS (64). Without lipoylation, GCSH would not be able to shuttle the methylamine
group from GLDC for degradation by GCST. The lack of lipoylation combined with reduced
abundance of GLDC likely explains the association of MMA with hyperglycinemia.

In parallel, we confirmed the pattern of decreased GLDC expression, loss of lipoylation of
GCSH, and aberrant methylmalonylation of GCSH in MMA mouse liver tissues compared
to heterozygous controls, finding these modifications are conserved (FIG. 4E). Additionally,
GCSH abundance and modification were normal in MMA mice that harbored a liver-specific
transgene (Mmut™~,; Tg/NS-Alb-Mmuty (F1G, 4F), further supporting the hypothesis that loss of
MMUT function and subsequent disease pathophysiology is driven by methylmalonyl-CoA
derived PTMs.

Loss of function of Sirt5 increases disease severity in MMA mice

Because sirtuin (SIRT) enzymes are essential in maintaining metabolic homeostasis through
the removal of acylation PTMs (65-67), we surveyed SIRTs using a modified in vitro

assay we developed where purified BSA is specifically modified with various acyl groups
and then used as a substrate to probe deacylase activity and substrate preference. SIRTS

and SIRT1 exhibited the strongest activity against methylmalonylation and propionylation
in vitro (fig. S5). Because SIRT5 is mitochondrially localized and has a preference for
negatively charged acylation modifications including malonylation (27), we posited that a
loss of SIRTS activity would likely result in increased disease severity in MMA due to an
escalation of methylmalonylation. Using a genetic approach, we generated a double mutant
line mouse line, Sirt5'=; MmutG715V/G715V by breeding mice with a partial deficiency form
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of isolated MMA (MmutG725V/G715V (68) with those carrying a Sirz5 loss of function allele
(69).

As predicted, Sirt5™'~; MmutG715V/G715V mice were more severely affected with MMA

and significantly runted (*p<0.05, *p=0.03 at 2.75 months, **p<0.01, **p=0.0048

at 4 months, **p=0.0028 at 5 months, and **p=0.0032 at 6 months) compared to
Sirt5*~:MmutC715V/G715V |ittermates (FIG. 5A). Hepatic protein extracts were analyzed
for global methylmalonylation and propionylation PTMs, as well as f-actin and SIRT5
expression. Mice with MmutG715V/G715V genotypes exhibited the highest amount of
methylmalonylation marks when they also lacked both Sirz5 alleles, followed by

Sirt5*1=; MmutC715V/G7I5V and Sirt5t*; MmutG715V/G7I5V mice (FIG. 5B). These results
further indicated that SIRT5 recognizes and removes excessive methylmalonylation PTMs
in vivo. However, propionylation marks remained consistent between these genotypes
indicating that SIRT5 preferentially removes negatively charged PTMs over neutral charged
PTMs in vivo (FIG. 5C). Last, a functional effect on ureagenesis was assessed by measuring
ammonia concentrations in plasma from terminal bleeds, with Sirt5™=; MmutG715V/G715V
mice exhibiting elevated blood ammonia compared to control genotypes (***p<0.001,
p=0.0002) (FIG. 5D). In aggregate, the data presented here demonstrate an explanation

for disease pathophysiology in MMA and provide proof of concept for the exploration of an
adjunct deacylase therapy as a treatment for MMA.

Engineering an acylation inhibition-resistant SIRTS5 for therapeutic application in MMA

Because SIRT5 would be essential to the reduction of methylmalonylation in MMA, we
examined endogenous abundance of SIRT5 in MMA mouse (Mmut™~, Tg!NS-MCK-Mmuty
and patient liver tissue samples. Using Western blot analysis, we found SIRT5 protein
abundances were uniformly reduced in MMA hepatic protein extracts compared to
respective controls (FIG. 6A-B). We also determined that SIRT4, SIRT7, and SIRT6
abundances were reduced whereas SIRT1 and SIRT3 were elevated in MMA mice (FIG 6A)
whereas patients with MMA exhibited reductions in SIRT4, SIRT3, and SIRT1 compared
to unaffected donors (FIG 6B). We previously determined if differences in Sirtuin protein
abundance in Mmut~; Tg!NS-MCK-Mmut mice could be a change in gene expression by
examining a transcriptomic microarray data set produced for this mouse line, and found

no significant difference in any of the Sirtuin mMRNA abundances between MMA mice

and controls (32). Therefore, differences in SIRT abundances may be post-transcriptionally
mediated, by translation, protein stability, or turnover. Although changes in the abundances
of various Sirtuins were variable, the consistent depression of SIRT5 may potentiate the
disease phenotype, given we established its activity as a demethylmalonylase. To test the
potential therapeutic benefit of increasing SIRT5 activity as a treatment for MMA, we
delivered SIRT5 to Mmut™=; Tg/NS-MCK-Mmut and Mmut*~; Tg/NS-MCK-Mmut mice using
systemic AAV gene therapy. Because /n vitro studies indicated that SIRTS5, when acylated,
led to decreased enzymatic activity (fig. S5A), we first engineered a modified version of
the SIRT5 enzyme, designated SuperSIRT5, using conservation analysis and site-directed
mutagenesis. SuperSIRTS5 retained enzymatic activity under hyperacylation conditions and
also exhibited resistance to inhibition by nicotinamide /n vitro (fig. S6B-C).
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Using a retro orbital delivery route, we then treated Mmut™~, Tg/NS-MCK-Mmut gnqd
Mmut/~ : Tg/NS-MCK-Mmut mice between 2 and 3 months of age with a liver-specific
SuperSIRT5-FLAG AAV8 vector or similar GFP control and monitored the mice over

8 months. 4 of the 6 SuperSIRTS5 treated Mmut™~, Tg/NS-MCK-Mmut mice exhibited high
levels of SuperSIRT5-Flag expression as assessed by Western blot analysis of liver

tissue extracts (fig. S4C). These four mice demonstrated a significant increase in percent
body weight compared to GFP-treated Mmut™" ; Tg/NS-MCK-Mmut control mice (*p<0.05,
*p=0.039 at 3 months, *p=0.017 at 3 months, and *p=0.039 at 3 months)) indicating
SIRTS5 activity mitigated the disease phenotype, presumably via reversal of excessive
MMA-specific PTMs (FIG. 6C). Indeed, Mmut™~; Tg/NS-MCK-Mmut mice that expressed
SuperSIRT5-FLAG exhibited reduced global methylmalonylation compared to GFP-treated
Mmut~ Tg!NS-MCK-Mmut controls, supporting the in vivo efficacy of SuperSIRTS as a
demethylmalonylase (FIG. 6C-D).

Further analysis of a candidate target, CPS1, in hepatic extracts from SuperSIRT5 and
GFP-treated control mice (FIG. 6E) demonstrated that SuperSIRTS5 treatment led to
reduced methylmalonylation. Functionally, SuperSIRTS-treated Mmut™~, Tg/NS-MCK-Mmut
mice, as compared to GFP-treated Mmut™~, Tg/NS-MCK-Mmut and untreated

Mmut™=, Tg/NS-MCK-Mmut mice, demonstrated decreases in blood ammonia concentrations
(FIG. 6F). SuperSIRTS-treated Mmut™~, Tg/NS-MCK-Mmut mice also exhibited restored
lipoylation of GCSH (FIG. 6G), further demonstrating how a Sirtuin-based therapy could
mitigate MMA pathophysiology. We also examined endogenous protein abundances of the
other urea cycle enzymes in both Mmut™=; Tg/NS-MCK-Mmut and Mmut~; Tg!/NS-MCK-Mmut
mice treated with SuperSIRT5-FLAG AAVS8 or GFP AAVS (FIG S6B). Doing so allowed
us to further demonstrate decreased ammonia concentrations in SuperSIRT5-FLAG-treated
MMA mice was likely the result of decreased PTMs on CPS1 and not due to altered
abundances of urea cycle enzymes. Western blot analysis revealed that the total abundance
of each urea cycle enzyme, CPS1, ASL, ASS1, OTC, and ARG1 was not altered between
treatment groups (fig. 3 SB). In fact, both CPS1 and OTC had increased protein abundances
in MMA mouse liver tissues, likely as a result of increased mitochondrial mass (fig. S4 B)
(32).

DISCUSSION

The organic acidemias, as a group of metabolic disorders, are among the most common
inborn errors of metabolism (70). However, despite efforts to identify affected individuals
early in life by newborn screening, many patients, especially those with MMA and related
disorders, continue to experience disease symptoms despite aggressive dietary and medical
management. Although previous theories have focused on the toxicity of acylic acids

as the primary cause of disease pathophysiology (4), the accretion of circulating toxic
metabolites alone cannot account for the wide array of OA symptoms and secondary
metabolic perturbations.

Here we have discovered a disease mechanism likely common to all OAs and potentially
other forms of metabolic disease: the accumulation of aberrant acylation PTMs on
enzymes in critical intracellular pathways. A wide array of proteins exhibited substantially
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altered acylation in hepatic protein extracts from human patients with MMA and well as
hepatic, neuronal, and renal protein lysates from MMA murine models. The pattern of
PTM accumulation was highly conserved between species, indicating modification occurs
consistently on specific proteins and further providing evidence that this unbalanced PTM
axis contributes to the disease phenotypes.

Mass spectrometry analysis confirmed that aberrant acylation was heavily enriched on
mitochondrial, metabolic regulatory proteins including those in key cellular pathways known
to be dysregulated in MMA. We found that CPS1, Krebs cycle enzymes, and GDHL1 in
MMA mice were marked with increased acylation PTMs. In the cases of CPS1 in the

urea cycle and the enzymes of the Krebs cycle, aberrant acylation is predicted to decrease
enzymatic activity. In the case of GDH1, methylmalonylation and malonylation of K503
could increase enzymatic activity due to its location in the allosteric binding site for

the GDHL1 inhibitor GTP (53) Specifically, by reversing the positive charge on lysine

to negative, malonylation or methylmalonylation would diminish binding of GTP, thus
increasing GDHL1 activity (53) and subsequently dysregulating glucose metabolism.

An analysis of candidate targets not detected by mass spectrometry methods revealed
hyperacylation and potential disruption of mitochondrial DNA regulatory transcription
factors. We also found evidence of acylation driven disruption of the GCS providing
mechanistic insights into the basis of MMA associated mitochondriopathy and the reason
underlying a mysterious and prominent secondary metabolic perturbation seen in several
OAs. Through these studies we not only identified a new disease mechanism in MMA

but also discovered a disease-specific form of PTM that we termed methylmalonylation.
Although propionylation and malonylation PTMs are well known, we suspected that
methylmalonyl acyl groups could be also recruited as lysine PTMs, especially in the
mitochondrial environment in MMA where there are high concentrations of methylmalonyl-
CoA in the matrix. After we confirmed that methylmalonylation could occur non-
enzymatically in vitro, and we generated an antibody against methylmalonylated lysine
that demonstrated weak cross-reactivity to malonylated lysine but had no cross reactivity

to propionylated or succinylated lysine. We then demonstrated reactivity of the purified
antibody only to methylmalonylation in vitro and through Western blotting of hepatic tissue
samples from patients with MMA compared to unaffected donors. Hepatic, brain, and renal
tissues from MMA mice further demonstrated that methylmalonylation is a disease-specific
modification and is present in target tissues where pathology develops. This reagent should
be useful for the development of biomarker assays for monitoring disease progression and
assess the efficiency of new treatments that target the aberrant acylome of MMA.

The discovery of methylmalonylation presented a subsequent challenge to discern whether
a mechanism(s) was present to reverse its placement, especially since methylmalonylation
was not detectable in controls. Acylation PTMs, especially those in the mitochondria, are
normally metabolized by the deacylase enzyme family known as the Sirtuins (67). Of the

7 SIRTs, SIRT1 and SIRT5 exhibited the strongest demethylmalonylase activity. Although
we observed variation in other Sirtuins, which differed across species, SIRT5 was pursued
as the lead deacylase because it localizes to the mitochondria, has an established preference
for negatively charged acylation PTMs (50), and we established that it functions as a
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demethylmalonylase in vitro. We then explored the effects of loss of function of Sirt5in a
genetic study. Using a partial deficiency MMA mouse model (MmutG715V/G7I5V) the |oss
of function of Sirt5worsened the MMA-related phenotypes. Therefore, although not directly
involved in the catabolism of methylmalonyl-CoA, SIRTS5 is essential to the regulation of
aberrant acylation marks in MMA, and likely other OAs where negatively charged acylation
marks may accumulate.

Insights from in vitro biochemical studies taken together with the accentuated disease
phenotype displayed by Sirt5/=; MmutG725V/G715V mice provided strong proof of concept
for the development of a SIRT5 therapeutic for MMA.. Because endogenous SIRT5

protein abundance was uniformly diminished in mice and patients with MMA, with

further enzymatic activity greatly reduced by propionylation or methylmalonylation, we
engineered a SIRT5 enzyme, termed SuperSIRT5, that maintained activity even when
aberrantly acylated or in the presence of the natural sirtuin inhibitor nicotinamide. We

used an AAV8 vector configured to express SuperSIRT5 under the control of a liver-
specific promoter and delivered the virus to Mmut™=,; Tg/NS-MCK-Mmut mice. SuperSIRTS
expression lowered inhibitory methylmalonylation on key enzymes such as CPS1 and
resulted in increased weight gain, lowered blood ammonia concentrations, re-establishment
of lipoylation on GCSH in MMA mice. Although we noted an improved phenotype in the
treated Mmut™~, Tg/NS-MCK-Mmut mice, hepatic expression of SuperSIRTS did not decrease
blood methylmalonic acid concentrations, further demonstrating that aberrant acylation
likely contributes more significantly to secondary enzymatic dysfunction as compared to
the accumulation of the corresponding acylic acid. Although the disease mechanisms of
organic acidemias are multifaceted, our studies have led to the proposal of a PTM centric
model to interpret the complex pathophysiology of MMA.

Herein, we established a mechanism for disease pathophysiology in OAs broadly extendable
to genetic and environmental causes of deranged vitamin B12 metabolism (fig. S7) and
developed a treatment approach that might be applied to disorders where intramitochondrial
coenzyme A accretion is pathogenic. Current gene or mMRNA therapies therapies aimed at
partially restoring MMUT, via gene or mRNA therapies, could be diminished by aberrant
acylation in the disease mileau. Therefore, conventional genomic therapies might benefit
from a small molecule adjunct deacylase therapy, and in OAs without any treatments

in place, deacylase activators, and perhaps AAV gene therapy with SuperSIRT5, could
potentially serve as a therapeutic.

Through combined mouse and human studies, we identified a candidate regulatory axis

that includes SIRTS5 as a critical deacylase in MMA but there are several limitations that
warrant further discussion. We documented that other SIRTSs, such as 1, 3, and 4, were
reduced. These sirtuins catalyze deacylation reactions, some with substrate overlap with
SIRT5. Moreover, the decrease in SIRT1 has been observed in other disorders of vitamin
B12 metabolism (71). The roles of the other SIRTs as mediators of pathophysiology remain
unclear as we were unable to explore the matter further herein. We are also limited in that
we did not examine off-target effects of overexpression of SIRT5 as a potential therapy.
Furthermore, we noted that the enzymes of the urea cycle were intact, although the activities
of each may be subject to additional regulation that has yet to be explored via additional
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proteomic analyses and examination of epigenetic effects (72). The spectrum of effects
mediated by PTMs is growing (73), and our studies firmly establish a critical role for SIRT5
in mediating the biochemical perturbations observed in MMA, and, we believe, related
disorders.

MATERIALS AND METHODS

Study design

The aim of this study was to demonstrate the impact of aberrant acylation of metabolic
enzymes on MMA pathogenesis and to examine the therapeutic benefit of a deacylase-
directed therapy. We first analyzed the acylation landscape of murine MMA and control
liver tissues by Western blot, immunoprecipitation, and mass spectrometry analysis. We
validated mass spectrometry results on multiple key metabolic enzymes purified from
murine and human MMA liver tissue and respective controls (minimum n=3 for each group)
via Western blot and immunoprecipitation analysis. We also examined aberrant acylation
on low abundance enzymes not detected by mass spectrometry using Western blot and
immunoprecipitation analyses (n=3 per group). In some instances, enzymatic function was
assessed via in vitro enzymatic assay (n=3 per group) or using RT-PCR (n=3 per group) to
measure relative expression.

We next examined the therapeutic potential of deacylase enzymes. We determined SIRT5

to be the most effective demethylmalonylase using an in vitro assay. To establish an in

vivo role for acylation, we examined the effect of SIRT5 loss of function in a partial
deficiency MMA mouse model. Mice with Sirt5and Mmut mutations were examined

for acylation abundance (n=1 to n=4), body weight (n=6 to n=19), and blood ammonia
concentrations (n=1 to n=11). To protect SIRT5 from inactivation in the setting of MMA, we
used conservation analysis and site-directed mutagenesis to generate an acylation-resistant
SuperSIRT5-FLAG enzyme and used in vitro assays to confirm activity was intact.

To examine the therapeutic benefit of SuperSIRTS in MMA, we packaged SuperSIRT5-
FLAG in an AAV8 under a liver specific promoter and used this vector to treat

6 Mmut™=; Tg/NS-MCK-Mmut mice and 3 Mmut*/~, Tg/NS-MCK-Mmut mice. A similarly
configured GFP control vector was injected into 5 Mmut™~; Tg/NS-MCK-Mmut mice and

3 Mmut*’~ Tg/NS-MCK-Mmut mice. One GFP treated and 3 Mmut™~, Tg!NS-MCK-Mmut

mice died early in the study reducing n to 4 and only 4 SuperSIRT5-FLAG treated
Mmut™~; Tg!NS-MCK-Mmut mice exhibited SuperSIRT5-FLAG expression via Western blot
analysis and were included in weight data records (n=4 for each Mmut~; Tg/NS-MCK-Mmut
group and n=3 for each Mmut*/~,; Tg/NS-MCK-Mmut group). Ammonia was measured in blood
from the same mice as well as 3 untreated Mmut™~; Tg/NS-MCK-Mmut mice and 3 untreated
Mmut/=,; Tg/NS-MCK-Mmut mice. Power analysis/calculations were not used in this study to
select sample sizes; samples were not randomized, and experimenters were not blinded.
Mouse experiments were carried out over a course of 6-12 months due to COVID-related
personnel restrictions.
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SuperSIRT5 mutagenesis

Using conservation analysis and site directed mutagenesis, we made a modified version

of SIRT5-FLAG (Addgene plasmid #13816) we renamed to SuperSIRT5-FLAG. We
performed conservational analysis of the 9 lysines within the deacylase domain of

human SIRTS5 protein sequence (amino acids 58-255) using Protein Blast (74) to

compare the human sequence (NP_001363727.1) to the SIRT5 sequences found in
chimpanzee (XP_001169506.2), mouse (NP_849179.1), frog (NP_001263631.1), chicken
(NP_001263293.1), zebrafish (6FKY_A), and fruit fly (NP_572241.2). Sites with low
conservation or lack of conservation in human, chimpanzee, and mouse were eliminated
as potential targets. Lysines that were documented to by ubiquitinated by PhosphoSitePlus
(75) were eliminated as targets as they were likely involved in proper protein turnover.
The remaining 5 residues were run through PolyPhen-2 (76) to determine if mutation from
lysine to arginine would be benign to protein function through more in depth conservation
analysis. We then examined the crystal protein structure of SIRT5 (Research Collaboratory
for Structural Bioinformatics Protein Data Bank or RCSB PDB, structure 5XHS) (77) and
determined to modify 4 of these 5 lysines based on their proximities to the deacylase
catalytic and co-factor binding pockets. Lysines modified to arginine included K79, K112,
K148, and K152. This SIRT5 was resistant to acylation-based inhibition of enzymatic
function and also demonstrated reduced inhibition by nicotinamide.

Mouse Models

Animal work was performed in accordance with the guidelines for animal care at NIH

and the Guide for the Care and Use of Laboratory Animals. For the Acsf37~ mouse

line, a C57BL/6J BAC clone containing the murine Acsf3 gene was used to prepare

a targeting construct. Through homologous recombination, the first coding exon of the
murine Acsf3 gene (exon 2) was replaced with a neomycin resistance marker cassette in
B6.129 embryonic stem cells. Briefly, we cloned the 5’ end of the gene in a pPNT vector
containing a neomycin resistance gene flanked by locus of X(cross)-over in P1 (loxP) sites.
These loxp sites in turn were flanked by a 5 homology arm to Acsf3exon 1 upstream

and a 3’ homology arm to Acsf3exons 3 and 4 downstream. The 3’ arm was cloned in
PPNT non-specifically with EcoRI found on the vector and tested for orientation. We also
incorporated the Herpes Simplex Virus-1 Thymidine Kinase (HSV-TK) gene downstream
of the 3* homology arm. Cloning of the 5* homologous arm required linearizing the
construct via incorporated Notl and Ssp1l restriction sites in. ES clones were screened

using combination of long-range PCR/enzyme digestion and Southern blotting. Primers that
flank the 5 loxP were used to genotype the animals. The resulting murine embryonic stem
cells were microinjected into murine blastocysts and then implanted into female mice mated
with a vasectomized male. The resulting chimeras were screened for germline Acsf3/*
transmission and positive founders were used in further breeding to generate the knockout
mouse line.

For the Mmut™=; Tg/NS-MCK-Mmut ang Mmut~; Tg!NS-Ab-Mmut moyse lines, see the

methods as previously described in (32) (58). For the Sirt5™~:MmutC715V/G715V mouse
line, B6;129- Sirt5!m1Fwall mice from the Jackson Laboratory (JAX stock #012757) (69)
were crossed to the MmutG725V/G715V (68) line to generate mice heterozygous for both
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mutant alleles. Heterozygous mice were then crossed to generate Sirt5*/~; Mmut*/G715V
and Sirt5~; Mmut/G715V females and Sirt5™~; MmutC715V/G715V males, which were
then crossed to the Sirt5™~; Mmut*/725V females to generate double mutant Sirt57~;
MmutG7I5V/G7I5V mice. Weights were recorded every week following weaning at 3 weeks
of age. At 6 months of age, mice were euthanized following retro-orbital bleeding and
organs were harvested and snap frozen before storage at —80°C.

Patient and control human liver samples

Patient studies were approved by the National Human Genome Research Institute
Institutional Review Board as part of the NIH study “Clinical and Basic Investigations

of Methylmalonic Acidemia and Related Disorders” (Clinicaltrials.gov, NCT00078078)
and performed in compliance with the Declaration of Helsinki. Patients or their parents/
legal guardians provided informed consent. Three MMA patient liver tissues were used
consistently throughout this manuscript with genotypes: MMUT c.671_678dup, p.Val227fs/
€.1022dup, p.Asn341fs; MMUT c.349G>T, p.Glul17Ter/ ¢.1038_1040del, p.Leu347del;
and MMUT c.2053_2055dup, p.Leu685dup/c.2053_2055dup, p.Leu685dup. These were
snap-frozen specimens from explanted native livers removed during an orthotopic liver
transplantation procedure. Unaffected donor liver samples were obtained from adults who
had undergone liver resection, usually after trauma, and then donated their liver tissues

to the University of Pittsburgh cell isolation facility (Pittsburgh, PA, USA), established as
part of an NIH-funded liver tissue cell distribution system. The collection of resected liver
specimens was approved by the University of Pittsburgh Institutional Review Board (IRB
Number 0411142) (54).

SuperSIRT5 AAV gene therapy

Six Mmut™~ Tg/NS-MCK-Mmut gnd three Mmut*’~; Tg!NS-MCK-Mmut mice were treated with
1x1013 GC/kg of an AAVS vector (retro-orbital injection) that encapsulated a transgene that
uses the thyroxine binding globulin (TBG) promoter to drive the expression of SuperSIRT5-
FLAG in the liver, abbreviated AAV8 TBG SuperSIRT5. Five Mmut™~, Tg/NS-MCK-Mmut
and three Mmut*/~, Tg!NS-MCK-Mmut \yere treated with 1x1013 GC/kg of an AAV8 TBG
SuperSIRT5-FLAG or a AAV8 TBG GFP control. Mice were between 2 and 3 months

of age and were weighed before treatment and then twice a week every week following
treatment. At 8 months of age, mice were euthanized following retro-orbital bleed and
organs were harvested and snap frozen before storage at —80°C.

Statistical analysis

In mass spectrometry analysis a 1% FDR was used for peptides (including PTM peptides)
and proteins. For the following experiments all data sets were assessed for normality and
logonomality in GraphPad/PRISM 8 via the Anderson-Daring test, D’Agnostino8 & Person
test, Shaprio-Wilk test and Kolmogorov-Smirnov test. For all data sets, most normality
assessments were incompatible because the sample size was too small. In cases where

the normality was assessable, alpha=0.05). For CPS1 activity, measurements of activity
from spectrophotometer were normalized to relative CPS1 protein abundance in MMA

vs control murine live tissues (CPS1 abundances were on average 1.3x higher in MMA

due to increased mitochondrial mass as measured in Image Studio). Significance was
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determined using an unpaired Welch’s corrected t-test GraphPad Prism 8. For mtDNA copy
number measurements, ND6 and/or COX1 were normalized to measurements of a control
nuclear gene (B-actin). Significance was determined using an unpaired Welch’s corrected
t-test. Results were deemed significant at a p<0.05. For body weight measurements in

the Sirt5™~; MmutC715V/G715V spydy, multiple t-tests were performed with Holm-Sidak
correction method. Each row was analyzed individually, without assuming a consistent
standard deviation in GraphPad.Prism 8. Results were deemed significant at a p<0.05. For
ammonia assay measurements in the Sirt5™~ MmutC725V/G715V stydy, Welch’s corrected
T-tests were performed in GraphPad. Prism 8. Results were deemed significant at a p<0.05.
For body weight measurements in the SuperSIRT-FLAG study, multiple t-tests with Holm-
Sidak correction method were performed for each time point. Each row was analyzed
individually, without assuming a consistent standard deviation in in GraphPad.Prism 8.
Results were deemed significant at a p<0.05. For ammonia assay measurements in the
SuperSIRT-FLAG study, an unpaired Welch’s corrected t-test was performed in GraphPad
Prism 8. Results were deemed significant at a p<0.05.
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Figure 1. Malonylation/methylmalonylation and propionylation PTMsare elevated in murine

MMA hepatic tissues.

A. Western blot analysis showing of hepatic tissues from Mmut™~ ; Tg/NS-MCK-Mmut

and Mmut*’~; Tg!/NS-MCK-Mmut |ittermate controls. Blots were immunoblotted (1B) for
acetylation, malonylation/methylmaonylation, propionylation, succinylation, and p-actin. p-
actin served as a loading control. B. Western blot analysis of of liver tissue samples from
patients with MMA and unaffected donors. Blots were immunoblotted for propionylation,
malonylation/methylmalonylation, and B-actin. p-actin served as a loading control. C.
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Western blots of in murine hepatic tissues from Acsf3/~, Acsf3*/~, and Acsf3*/* mice.
Blots were immunoblotted for ACSF3 and B-actin. B-actin served as a loading control. D.
Western blot analysis of hepatic tissues from Acsf37~, Acsf3*/~, Mmut™=; Tg/NS-MCK-Mmut
and Mmut?/~; Tg/NS-MCK-Mmut mice. . Blots were immunoblotted for propionylation,
malonylation/methylmalonylation, and B-actin. B-actin served as a loading control.
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Figure 2. Mass spectrometry analysis and validation of the malonyl and methylmalonyl PTM
proteomein MMA.

(A-B) Representation of cellular pathways containing proteins that were found to be
aberrantly malonylated (A) or aberrantly methylmalonlated (B) in Mmut™, Tg/NS-MCK-Mrmut
mouse hepatic tissue compared to littermate controls as found by tandem mass spectrometry
and gene ontology analysis. The size of each sphere is representative of the number of
proteins modified in that pathway. C. Immunoprecipitation assay using an anti-malonylation
antibody with cross-reactivity to methylmalonylation on hepatic tissue protein extracts

Sci Transl Med. Author manuscript; available in PMC 2023 August 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Head et al.

Page 23

from Mmut™~, Tg/NS-MCK-Mmut mice and control Mmut?/~; Tg/NS-MCK-Mmut mice along
with corresponding rabbit or mouse IgG immunoprecipitation. Immunoprecipitations

were run on SDSPAGE analysis and were immunoblotted for CPS1. Corresponding

input Western blot analysis for CPS1 and loading control Gapdh also shown. D.

Enzymatic activity for CPS1 from livers of Mmut™~; Tg/NS-MCK-Mmut mice (n=3) and
control Mmut*/=,; Tg/NS-MCK-Mmut mice (n=3). Each biological replicate was performed

in technical triplicate. E. Immunoprecipitation assay using anti-CPS1 antibody on liver
tissue protein extracts from patients with MMA and control liver tissue extracts along

with corresponding rabbit or mouse IgG immunoprecipitation. We immunostained for
malonyl/methylmalonylation and CPS1. Corresponding input Western blot analysis for
CPS1, MMUT, and B-actin. F. Western blot analysis of total protein of Krebs cycle
enzymes OGDH, ACO2, DLST, CS, IDH2, and MDH2 in hepatic tissue protein extracts
from Mmut™/~, Tg/NS-MCK-Mmut mice and control Mmut*/~; Tg/NS-MCK-Mmut mice, G,
Immunoprecipitation assay using anti-IDH2 antibody on hepatic tissue protein extracts
from Mmut™~, Tg/NS-MCK-Mmut mice and control Mmut*/~; Tg/NS-MCK-Mmut mice along
with corresponding rabbit or mouse IgG immunoprecipitation followed by immunostaining
for malonylation/methylmalonylation and IDH2. Corresponding input Western blot analysis
for IDH2 and B-actin (loading control) can be found above. H. Immunoprecipitation assay
using anti-GDH1 antibody on hepatic tissue protein extracts from Mmut™~; Tg/NS-MCK-Mmut
mice and control Mmut*/~ ; Tg/NS-MCK-Mmut mice along with corresponding rabbit or
mouse IgG immunoprecipitation followed by immunostaining and Western blot analysis
for malonylation/methylmalonylation and GDHZ1. Corresponding input Western blot analysis
for GDH11 and B-actin (loading control) can be found above.
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Figure 3. Aberrant acylation effects on mitochondrial DNA maintenance.
(A-B). Immunoprecipitation assay using anti-TFAM antibody on hepatic (A) and

renal (B) tissue protein extracts from Mmut™~; Tg/NS-MCK-Mmut mice and control
Mmut*’~ Tg/NS-MCK-Mmut mice along with corresponding rabbit or mouse 1gG
immunoprecipitation. Resulting Western blots were immunoblotted for malonylation/
methylmalonylation, propionylation, POLRMT and TFAM. Corresponding input Western
blot analysis for TFAM and B-actin (loading control) also shown. C. RT-PCR analysis of
mitochondrial DNA copy number using probes against Nd6 in Mmut™~ ; Tg/NS-MCK-Mmut
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(n=3) mouse liver tissues as compared to Mmut*’~; Tg/NS-MCK-Mmut control mice (n=3).
Mitochondrial DNA content was normalized to nuclear DNA using probes against p-actin.
Each sample measurement was performed in technical duplicate. D. RT-PCR analysis of
mitochondrial DNA copy number using probes against ND6 and COXI in liver tissues from
patients with MMA (n=3) as compared to control human liver tissues (n=3). Mitochondrial
DNA content was normalized to nuclear DNA using probes against p-actin. Each sample
measurement was performed in technical duplicate.
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Figure 4. Aberrant acylation blocks lipoylation

of H-Protein in the glycine cleavage system.

A. Western blot assay demostrating total GLDC, DLD, GCST/AMT and GCSH in hepatic
tissues from patients with MMA and unaffected donor samples. B-actin served as loading
control. B. Western blot assay demonstrating total lipoylation in hepatic tissues from
patients with MMA and unaffected donor using the same samples and loading conditions
as Figure 5A. C. Immunoprecipitation assay using anti-GCSH antibody on hepatic tissue

protein extracts from patients with MMA and

unaffected donors along with corresponding

rabbit or mouse 19G immunoprecipitation followed by immunostaining for lipoylation
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and GCSH. Corresponding input Western blot analysis for GCSH and p-actin (loading
control) are shown in (B). Excess protein lysate from patient sample 3 was used for 1gG
control immunoprecipitation. D. Immunoprecipitation assay using anti-GCSH antibody on
hepatic tissue protein extracts from patients with MMA and unaffected donors along with
corresponding rabbit or mouse IgG immunoprecipitation followed by immunostaining for
methylmalonylation and GCSH. Corresponding input Western blot analysis for GCSH and
B-actin (loading control) also shown. E... Immunoprecipitation assay using anti-GCSH
antibody on hepatic tissue protein extracts from Mmut™~, Tg!/NS-MCK-Mmut mice and control
Mmut*’~ Tg!NS-MCK-Mmut mice along with rabbit or mouse 1gG immunoprecipitation
followed by immunostaining for methylmalonylation and GCSH. Corresponding input
Western blot analysis for GLDC, DLD, GCST/AMT, MMUT, lipoylation, GCSH and f-
actin (loading control) also shown. F. Western blot assay demonstrating total lipoylation,
MMUT protein, B-actin (loading control) protein, and GCSH protein in in hepatic tissues
from Mmut*/~,; Tg/NS-MCK-Mmut and Mmut; Tg!NS-MCK-Mmut mice, The arrow indicates
the lipoylation PTM band corresponding to GCSH.
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Figure5. Loss of Sirt5increases MM A disease severity in MmutG715V/G715V mice.
A. Weight data (g) of Sirt5™~;Mmutc715V/G715V mice (n=6, purple),

Sirt5"~:MmutC7I5V/G715V mice (n=6, red), Sirt5*"*;MmutC715V/G7I5V mice (n=4, pink),
Sirt5™=:Mmut/G715V mice (n=19, black), Sirt5*’~:Mmut/G725V mice (n=13, orange),
and Sirt5™~;Mmut*’* mice (n=4, blue) from wean date to 6 months of age.

(**p<0.01, **p=0.0048 at 4 months, **p=0.0028 at 5 months, and **p=0.0032

at 6 months) B. Western blot assay of hepatic tissue protein extract from

Sirt5**, MmutC715V/G7I5V mice, Sirt5™~;Mmut/C715V mice, Sirt5™~ MmutC715V/G715V
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mice, Sirt5*/~:Mmut*/S715V mice, and Sirt5*/~MmutG715V/G715V mice. Immunoblots

were immunoblotted for methylmalonylation, Sirt5, and p-actin (loading control). C.
Western blot assay of hepatic tissue protein extract from Sirt5** :MmutC725V/G715V mice,
Sirt5™~; Mmut/6715V mice Sirts™~;MmutC715V/G7I5Y mice, Sirt5*/~:Mmut*/G7I5V mice,
and Sirt5*/~;MmutG715V/G715V mice. Immunoblots were immunoblotted for propionylation,
Sirt5, and B-actin (loading control). D. Ammonia concentrations in terminal bleed

plasma samples from Sirt5—/-:MmutG715V/G715V mice (n=6), Sirt5*/~;Mmutc715V/G715V
mice (n=6), Sirt5*~;Mmut*/725V mice (n=8), Sirt5”~;Mmut*/G725V mice (n=11),

Sirt5*"* -MmutC715V/G715V mice (n=1), and Sirt5”~:;Mmut*’* mice (n=2) (***p<0.001,
£=0.0002).
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Figure 6. Acylation inhibition-resistant SIRT5 and itstherapeutic application in an MM A mouse

model.

A. Western blot assay of hepatic tissue protein extract from Mmut™

- TgINS—MCK -Mmut

and Mmut?/~; Tg/NS-MCK-Mmut immunoblotted for SIRT1, SIRT2, SIRT3, SIRT4, SIRTS5,
SIRT6, SIRT7, and p-actin (loading control). B. Western blot assay of hepatic tissue
protein extract from patients with MMA and unaffected donors immunoblotted for
SIRTY, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, SIRT7, and B-actin (loading control).
C. Analysis of percent body weight change of Mmut™~, Tg/NS-MCK-Mmut mice treated
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with SuperSIRT5-Flag AAVS (n=4) or GFP AAVS (n=5) and Mmut*’~, Tg/NS-MCK-Mmut
mice treated with SuperSIRT5-Flag AAV8 (n=3) or GFP AAV8 (n=3) over 8 months

after AAV injection. (*p<0.05, *p=0.039 at 3 months, *p=0.017 at 3 months, and

*p=0.039 at 3 months) D. Western blot assay of hepatic tissue protein extract from
Mmut™~; Tg!NS-MCK-Mmut mice reated with SuperSIRT5-Flag AAV8 or GFP AAVS8 and
Mmut/=,; Tg/NS-MCK-Mmut mice treated with SuperSIRT5-Flag AAVS or GFP AAVS.

The resulting blots were immunoblotted for methylmalonylation, propionylation, Flag,

and B-actin (loading control). E. Immunoprecipitation assay using anti-CPS1 antibody

on hepatic tissue protein extracts from Mmut™~, Tg/NS-MCK-Mmut mice treated with
SuperSIRT5-Flag AAVS or GFP AAVS and control Mmut?/~, Tg/NS-MCK-Mmut mice treated
with SuperSIRT5-Flag AAV8 or GFP AAV8 along with corresponding rabbit or mouse

IgG immunoprecipitation followed by immunostaining for methylmalonylation and CPSL1.
Corresponding input Western blot analysis for CPS1, Flag, and p-actin (loading control)
also shown. F. Ammonia assay performed on terminal bleed plasma samples from
Mmut™=; Tg/NS-MCK-Mmut mice treated with SuperSIRT5-Flag AAVS (n=4) or GFP AAVS
(n=4), control Mmut*/~,; Tg/NS-MCK-Mmut mice treated with SuperSIRT5-Flag AAVS (n=3)
or GFP AAV8 (n=3), and Mmut™~,; Tg/NS-MCK-Mmut (n=3) and Mmurt*/~, Tg/NS-MCK-Mmut
mice (n=3) that received no AAV treatment. (**p<0.01, **p=0.0092 and *p<0.05, *p=0.018)
G. Western blot assay of hepatic tissue protein extract from Mmut™~, Tg/NS-MCK-Mmut mice
treated with SuperSIRT5-Flag AAVS or GFP AAVS and Mmut/~,; Tg/NS-MCK-Mmut mjce
treated with SuperSIRT5-Flag AAV8 or GFP AAVS. The resulting blot was immunoblotted
for Sirt5, lipoylation, GCSH, and p-actin (loading control).
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