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Abstract

Methylmalonic acidemia (MMA) is a heterogeneous and severe autosomal recessive inborn error
of metabolism most commonly caused by the deficient activity of the vitamin B12 dependent
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Concise sentence
Proteome profile of hepatic tissue isolated from methylmalonic acidemia (MMA) patients reveals deregulation in protein expression of
enzymes involved in energy metabolism, gluconeogenesis and Krebs cycle anaplerosis.
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enzyme, methylmalonyl-CoA mutase (MUT). The main treatment for MMA patients is dietary
restriction of propiogenic amino acids and carnitine supplementation. Despite treatment, the
prognosis for vitamin B12 non-responsive patients remains poor and is associated with neonatal
lethality, persistent morbidity and decreased life expectancy. While multi-organ pathology is a
feature of MMA, the liver is severely impacted by mitochondrial dysfunction which likely
underlies the metabolic instability experienced by the patients. Liver and/or combined liver/kidney
transplantation are therefore sometimes performed in severely affected patients. Using liver
specimens from donors and MMA patients undergoing elective liver transplantation collected
under a dedicated natural history protocol (clinicaltrials.gov: NCT00078078), we employed
proteomics to characterize the liver pathology and impaired hepatic metabolism observed in the
patients. Pathway analysis revealed perturbations of enzymes involved in energy metabolism,
gluconeogenesis and Krebs cycle anaplerosis. Our findings identify new pathophysiologic and
therapeutic targets that could be valuable for designing alternative therapies to alleviate clinical
manifestations seen in this disorder.

Introduction

Methylmalonic acidemia (MMA) is one of the most common inborn errors of organic acid
metabolism and is usually caused by the deficient activity of mitochondrial
adenosylcobalamin-dependent methylmalonyl-CoA mutase (MUT, EC 5.4.99.2). MUT
converts L-methylmalonyl-CoA into succinyl-CoA, a Krebs cycle intermediate. This
reaction is essential for the metabolism of propionyl-CoA, an important intermediate in the
degradation of isoleucine, valine and odd-chain fatty acids. A block at this enzymatic step
results in elevated plasma levels of methylmalonic acid as well the accumulation of other
propionyl-CoA-derived metabolites such as 2-methylcitratel.

The main treatment for vitamin B12 non-responsive patients is through the dietary
restriction of propiogenic amino acids, especially isoleucine and valine, to reduce circulating
metabolites?—. Patients with mutations in the MUT gene typically have severe disease and
demonstrate poor outcomes, with early mortality and substantial lifelong morbidity®=’. They
exhibit multisystemic manifestations, such as “metabolic strokes” of the basal ganglia®?, a
propensity to develop pancreatitisl?, progressive renal insufficiencyl!, and a perhaps most
importantly, a predisposition to develop metabolic crises in the face of stress, dietary
indiscretion and/or infection.

Liver12-14 kidney® and/or combined liver/kidney6:17 transplantation has been performed in
a limited fashion in an attempt to improve metabolic stability through the provision of organ-
specific enzymatic activity. The pathophysiology of disease manifestations in MMA remains
unknown. Although the MUT enzyme is expressed ubiquitously, it is not present at the same
levels in all tissues!® and the clinical features observed in the patients indicate a tissue-
specific vulnerabilityl®-20, Because patients that have received liver transplantations are
effectively cured of the propensity to develop recurrent metabolic instability, we have used
liver specimens from donors and MMA patients that received elective liver or combined
liver-kidney transplantation to identify deregulated proteins using differential proteomics.
The pathways perturbed by the underlying disease represent targets for the design of
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therapies to alleviate clinical manifestations of the disorder, and delineate the hepatic
adaptations that occur in patients with MMA.

Experimental Section

Patient and control livers

MMA patient livers were obtained in compliance with the Helsinki Declaration and were
approved by the National Human Genome Research Institute Institutional Review Board as
part of NIH study 04-HG-0127 "Clinical and Basic Investigations of Methylmalonic
Acidemia and Related Disorders” (clinicaltrials.gov: NCT00078078). The patient materials
were derived from the discarded livers from patients undergoing either elective liver or
combined liver/kidney transplant procedures. Because the livers from patients with MMA
are not suitable for transplantation, they were considered surgical waste specimens and
subsequently procured from the operating room for research use. The liver tissues were snap
frozen in liquid nitrogen and then held at —80°C until use. In all cases, the diagnosis was
vitamin B12 non-responsive MMA. Cellular biochemical studies, including [1-14C]
propionate incorporation studies on skin fibroblasts, molecular genetics and clinical
metabolic parameters, such as massive elevations of methylmalonic acid and related
propionyl-CoA derived metabolites, indicated a vitamin B12 non-responsive form of MMA
(Table 1). Control liver samples were procured from adults who had undergone liver
resection, typically after trauma (Table 1), 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).

In all cases, the livers were obtained from the operating room while the donor was alive or
well perfused, and either snap frozen in liquid nitrogen in the case of MMA patients in the
operating room, or processed in an identical fashion in a hepatocyte isolation facility
(controls) and proven to yield hepatocytes in high viability before further study.

Metabolite studies

Frozen wedges of liver (400mg) were homogenized in 1 ml of 4% perchloric acid by using
Dounce tissue homogenizer. The mechanical disruption of human tissues was obtained by
using a loose pestle. After centrifugation to remove proteins, supernatant were adjusted to
pH 6-7 with KOH and re-centrifuged. Amino acids, acylcarnitines and organic acids were
measured in the resulting supernatant. The protein pellet was dissolved in 1M NaOH and
results were normalized to protein as determined by Lowry assay.

Amino acids and acylcarnitines were measured by LC-MS/MS as described?!. Analysis was
performed using an APl 2000 triple quadrupole mass spectrometer (Applied Biosystems-
Sciex, Toronto, Canada) coupled with the Agilent high performance liquid chromatograph of
the 1100 series (Agilent Technologies, Waldbronn, Germany). Data were quantitatively
analysed with ChemoView v1.2 software by comparing the signal intensities of the analyte
and its corresponding internal standard.
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Organic acids were measured using GC/MS as described?. GC/MS analysis was carried out
with a fused silica capillary column 30 m x 0.25-mm internal diameter, fitted with a fused
methyl silicone DB-1 column. The GC/MS system consisted of an Agilent 7890A (Agilent
Technologies, Waldbronn, Germany) gas chromatograph and an Agilent 5975C (Agilent
Technologies, Waldbronn, Germany) mass spectrometer. After data acquisition, the organic
acids were identified using the NIST process and the Wiley mass spectra library (release
2008). Compounds were quantified on the basis of the areas of total ion chromatograms.
Metabolites were quantified by comparing the area of each compound with the area of the
internal standards used at known concentrations.

Differential Gel Electrophoresis (DIGE)

DIGE experiments were performed on liver extracts from six MMA patients and six donors
as previously described?2-24, Liver tissues were homogenized in 0.5 ml of lysis buffer (7M
urea, 2M thiourea, 4% chaps, 30mM Tris-HCI pH 7.5) using a Dounce homogenizer. The
protein extract concentrations were determined and equal amounts of the protein lysates
deriving from each control (n=6) and patients (n=6) were then labeled /n vitro using two
different fluorescent cyanine minimal dyes (Cy3 and Cy5, respectively) differing in their
excitation and emission wavelengths. A third cyanine dye (Cy2) was used to label a mixture
of all samples, controls and patients (n=12) as internal standard. Isoelectric focusing was
peformed at a pH range of 3—10 over a length of 24 cm. Six gels were obtained, each of
them contained three differently labeled protein mixtures constituted by one patient, one
control and the internal standard. The reducing and alkylating steps were performed between
the first and the second electrophoretic step.

Acrylamide strips were then transferred to the top of a classical SDS PAGE gel for a second
orthogonal electrophoresis analysis. The Cy2, Cy3 and Cy5 images were obtained by
scanning each of the six DIGE gels at excitation/emission wavelength of 480/ 530 nm for
Cy2, 520/590 nm for Cy3 and 620/680 nm for Cy5 using a Typhoon 9410 TM scanner (GE
Healthcare). A semi-preparative gel, prepared in an identical fashion, but obtained by using
500 ug of total protein extract, was scanned with 480/633 nm wavelengths. After
consecutive excitation at both wavelengths, the images from the preparative gel were
overlaid and subtracted (normalized) from the samples, whereby only differences (up or
down regulated proteins) between the two samples were visualized. Images were analyzed
using the DeCyder software suite, version 5.02 (GE Healthcare) in batch processing mode as
described previously?2-24, Each spot intensity was expressed as mean of six standard
abundances calculated for the six gels. Spot intensities were then compared in the two
conditions under analysis: MMA and control livers. The statistical significance of
differences in spot intensity was determined by Student’s t-test. Only protein spots with fold
changes of at least 1.1 in volume (p < 0.05) after normalization were considered
significantly altered. We verified the accuracy of spot matching by manual investigation.

The gels showed a high degree of similarity, with more than 80% of all spots not showing
any variations in the intensity and therefore representing proteins which do not have a
different expression in the two conditions (Figure 1S of supplemental materials). The
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remaining 20% showed variation in the intensity and were further studied because they
represents dysregulated proteins in patients.

Proteomic analysis

The spots of interest were excised, hydrolyzed and the peptide mixtures analyzed by mass
spectrometry, MALDI-MS and LC-MSMS using respectively 4800 Plus MALDI TOF/
TOF™ Analyzer, Applied Biosystems 4800 Proteomics Analyzer (Applied Biosystems,
Framingham, MA, USA) and a LC/MSD Trap XCT Ultra (Agilent Technologies, Palo Alto,
CA) equipped with a 1100 HPLC system and a chip cube (Agilent Technologies). MALDI
spectra were acquired in the positive ion reflector mode using delayed extraction in the mass
range between 800 and 4000 Da. LC-MSMS analysis was performed using data-dependent
acquisition of one MS scan followed by MS/MS scans of the three most abundant ions in
each MS scan. Raw data analyses were converted into a Mascot format text to identify
proteins using Matrix Science software. The protein search considered the following
parameters: non-redundant protein sequence database (NCBInr), specificity of the
proteolytic enzyme used for the hydrolysis (trypsin), taxonomic category of the sample, no
protein molecular weight was considered, up to one missed cleavage, cysteines as S-
carbamidomethylcysteines, unmodified N- and C-terminal ends, methionines both
unmodified and oxidized, putative pyro-Glu formation by Gln, precursor peptide maximum
mass tolerance of 200 ppm, and a maximum fragment mass tolerance of 200 ppm.

Western blot studies

Results

Protein extracts (10 pg) from livers of MMA patients and donors were analyzed by
immunoblotting with monoclonal antibodies anti-a-actin (Sigma Aldrich), anti-UROC1
(Santa Cruz, sc-99712, rabbit polyclonal), anti-ASS1 (Santa Cruz, sc-99718, rabbit
polyclonal), anti-AKR1A1 (Santa Cruz, sc-100500, mouse monoclonal), anti-HMGCS2
(Santa Cruz, sc-33828, rabbit polyclonal), anti-GLUD?2 (Santa Cruz, sc-160382, goat
polyclonal). The anti-p-actin was used at 1:5,000 and all monoclonal antibodies were used at
a dilution of 1:1000. Immunoblot detections were carried out using HRP-conjugated
secondary antibodies and enhanced chemiluminescence (GE Healthcare, Piscataway, NJ).
The resulting Western blot images were scanned and analyzed using Chemi Doc software
(Biorad, Hercules, CA).

Patient’s clinical characteristics

Table 1 presents basic information on the age, sex and enzymatic characterization of the
patients with MMA compared to controls. The controls had variably suffered from motor
vehicle trauma, cerebrovascular accidents, and intracranial hemorrhages yet were deemed
organ donors. Furthermore, lobes from each control were tested for the ability to produce
viable hepatocytes in high yield as a criterion for inclusion in this study. All patients with
MMA had massive biochemical perturbations and were clinically non-responsive to vitamin
B12. Patients M1-M4 had additional cellular characterization and mutation analyses.
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Metabolite studies

A combination of LC-MS/MS and GC/MS based metabolic measurements were performed
and metabolite concentrations were normalized to the protein content of the extract. As
presented in Table 2, propionyl (C3) and methylmalonyl (C4DC) carnitine esters as well as
glycine and methylmalonic acid were significantly increased in the liver extracts of the six
patients compared to controls, while succinate was decreased.

Differential proteomics

Protein lysates from liver tissue from six MMA patients were used to identify dysregulated
proteins compared to liver tissue from six controls. The set of representative fluorescent
scans is depicted in Figure 1S of supplemental materials. A quantitative analysis was
performed so that only proteins up or down regulated in all six patients versus controls were
taken into account. The preparative gel, labeled with proteins that migrated to each spot, is
presented in Figure 1.

We identified 19 up- and 37-down regulated proteins in the hepatic proteome of MMA
patients compared to controls (Tables 3 and 4). Spot numbers are shown. For each protein,
fold change, p-value, protein description, GI (sequence identification number provided by
NCBI), gene ID, official symbol (sequence identification number provided by HGCN), MW
and pl are presented. Details of the mass spectrometric identification, i.e. the identified
peptide sequence, the MASCOT score for each peptide and the number of identified
peptides for protein, are presented in Table 1S and 2S of supplemental materials.

The whole groups of differentially expressed proteins and metabolites were analysed using
the Ingenuity Pathway Analysis (IPA) software 7.0 (http://www.ingenuity.com) to evaluate
the significant networks and canonical pathways associated with the 56 proteins
differentially expressed and 6 alterated metabolites. The top-ranked network was in
Amminoacid Metabolism and Carbohydrate Metabolism with a score of 48, in which 20
nodes out of 35 (57% of the total nodes) were represented by proteins and metabolites
identified in this study (Figure 2S of supplemental materials). Many proteins have
interaction with insulin, the most important hormone regulating carbohydrate metabolism.
Next, the statistically enriched canonical pathways were explored. IPA analysis revealed
perturbations in a variety of pathways including small molecule biochemistry, carbohydrate,
amino acid and nucleic acid metabolism, free radical scavenging and molecular transport

Western blot analyses of deregulated proteins

Western blot analyses were performed to examine differentially expressed proteins. A major
constraint was the availability of commercial antibodies and whether those tested detected
the targets as advertised. Figure 2 shows the results of the experiments confirming the
relative increased expression of 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS?2,
Santa Cruz, sc-33828, rabbit polyclonal), glutamate dehydrogenase 2 (GLUD2, Santa Cruz,
sc-160382, gooat polyclonal) and decreased expression of aldo-ketoreductase family 1,
member Al (AKR1AL, Santa Cruz, sc-100500, mouse monoclonal), urocanase domain
containing 1 (UROC1, Santa Cruz, sc-99712, rabbit polyclonal), and argininosuccinate
synthetase 1 (ASS1, Santa Cruz, sc-99718, rabbit polyclonal) compared to beta-actin.
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Western blot analysis was performed in six independent replicates. Optical density was
measured for each sample and normalized using beta actin run on the same gel. In Figure 2
B the results are shown as means + SD.

Discussion

The primary objective of this study was to identify differentially expressed proteins in livers
from 6 patients with severe MMA. Although it is well recognized that the 2D-DIGE
technique used here only allows for the detection of a small portion of the hepatic proteome
in comparison to proteomic methods that utilize LC/MS-MS, we and others have
successfully used this method as a starting point to perform comparative proteomics on
samples derived from patients with IEMs.

The top-ranked network was in Amminoacid Metabolism and Carbohydrate Metabolism
with a score of 48, in which 20 nodes out of 35 (57% of the total nodes) were represented by
proteins and metabolites identified in this study (Figure 2S of supplemental materials).
Many proteins have interaction with insulin, the most important hormone regulating
carbohydrate metabolism. These proteins and metabolites will be further discussed below.

In addition we reported perturbations in pathways including amino acid and nucleic acid
metabolism, free radical scavenging and molecular transport. These pathways include a
small percentage of proteins identified in this study and need further investigations.

As stated above, most of the differentially abundant proteins detected in our proteomic are
involved in metabolic pathways such as energy and carbohydrate metabolism. These include
decreased levels of succinate dehydrogenase (SDHA) and ATP synthase (ATP5B); the
gluconeogenic enzymes, phosphoenlopyruvate carboxykinase 2 (PCK2), aldolase B
(ALDOB), and triosephosphate isomerasel (TPI1) and glycogen phosphorylase (PYGL).
Conversely, increased levels of 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGS2) and
glutamate dehydrogenase (GLUD 1 and 2) (Figure 3) were noted. In total, the pattern of
changes may suggest that the MMA liver is attempting a metabolic adaptation, perhaps as a
compensation for mitochondrial dysfunction that is well-recognized in mice and patients
with MUT deficiency19:25,

While the pattern of metabolites observed in the patient livers, such as increased
methymalonic acid and propionylcarnitine, was expected, the more intriguing observation is
the reduction of intermediates of the citric acid cycle, in particular succinate (Table 2). As
others have also suggested?®, it would be interesting to investigate whether supplementation
of alternative energy substrates such as succinate might be beneficial for metabolic
maintenance treatment in patients with MMA. The data reported here provide the first direct
measurements to support this approach.

Among the differentially expressed proteins that were upregulated in the MMA patient
livers, both 3-hydroxy-3methylglutaryl-CoA synthase 2 and glutamate dehydrogenase 1 and
2 (GLUD1 and 2) may have particular relevance to metabolic adaptations caused by the
underlying disorder. The inhibition of citric acid cycle activity due to the lack of
intermediates, oxaloacetate, succinate and malate facilitate the formation of ketone bodies
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from acetyl CoA and perhaps increased levels of 3-hydroxy-3-methylglutaryl-Coa synthase
2 (HMGS2) may contribute to the propensity of patients with MMA to develop ketonemia/
ketonuria. Similarly, ureagenesis is disturbed in MMA and manifests as a propensity to
develop hyperammonemia in the patients; the reasons are unclear and likely multifactorial.
One theory posits that the functional lack of B-ketoglutarate due to an impairment of Krebs
cycle in MMA could shift the equilibrium of the reaction catalyzed by glutamate
dehydrogenase, producing ammonia and consuming hepatic glutamate stores. The
subsequent observations2” showing that hyperammonemia in patients with propionic
acidemia was accompanied by a decrease of the plasma levels of glutamine/glutamate
support this theory. It is therefore intriguing that glutamate dehydrogenase 1 (GLUD 1) and
the related glutamate dehydrogenase 2 (GLUD 2) are up-regulated in the liver of MMA
patients studied here (Figure 3). Perhaps the targeted inhibition of these enzymes, with
concomitant anaplerotic therapy directed toward the Krebs cycle, might present a new
therapeutic approach to the treatment of hyperammonemia in MMA.

Some of the differentially regulated enzymes we have noted, while lacking direct and
obvious connections to MMA, have also been seen in other forms of liver disease with
steatosis and mitochondrial dysfunction?®. For example, in the study of ethanol induced liver
disease in rats, aldehyde dehydrogenase (ALDH2), carbonic anhydrase | (CA 1), and
glutamate dehydrogenase 1 (GLUD1) were differentially upregulated in the disease state, to
a similar magnitude as we have observed in the MMA patient livers. Whether this represents
a common response to hepatic injury or commonality in underlying pathophysiology is
uncertain, but might be investigated in future experiments by determining the sensitivity of
MMA mouse models to ethanol and assessing ethanol sensitivity in the patients for untoward
toxicity.

We are cognizant that metabolism differs between cell types, and studied liver extracts
because of the relevance of the liver to MMA and the relative abundance of hepatocytes in
the liver compared to the biliary tract and supportive cells, such as Kuppfer cells. Thus
although we cannot definitively assign dysregulated proteins to distinct cell types within the
liver, our study constitutes the initial step to explore the proteome in MMA. Likewise, we
recognize that the lack of age and sex matched controls is not ideal but have been practically
constrained by the availability of control human livers from such a population, and therefore
have used livers that were available through a donor program and quality controlled by
testing each sample for the ability to yield viable and normal appearing hepatocytes. Future
studies should concentrate on using iPS-derived hepatocytes, perhaps with and without
correction with the MUT gene, to further extend this work.

Conclusions

In summary, we have discovered that diminished or absent MUT activity caused changes of
enzymes involved in energy metabolism, gluconeogenesis and Krebs cycle anaplerosis. The
identification of proteins whose expression was altered by MUT deficiency, and their
respective pathways, could represent useful targets for further research and perhaps as
targets for new therapies designed to alleviate the symptoms of the disease.
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MMA isolated methylmalonic acidemia

MS mass spectrometry

PCK?2 phosphoenlopyruvate carboxykinase 2

PYGL glycogen phosphorylase

SDH succinate dehydrogenase

TPI1 triosephosphate isomerase 1
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Figure 1.
Preparative 2D gel carried out using 24cm pH 3-10 NL in the first dimension and 10% SDS

PAGE in the second dimension. The differentially expressed spots, picked-out and used for
subsequent identification by mass spectrometry are labeled with official symbols reported in
Tables 3 and 4.
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Figure 2.
A) Western Blot analysis of protein lysates using livers from controls and MMA patients.

Proteins were separated on 10% SDS-PAGE and immunoblotted with specific antibodies B)
Densitometric measurements of Western Blot analysis of protein lysates using livers from
controls and MMA patients. The results are shown as mean £ SD (three replicates).
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Metabolic pathways. Proteins marked with ¢ were found downregulated, proteins marked

with 1 were found up regulated.
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