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Abstract

3-Methylglutaconic (3MGC) aciduria is a common phenotypic feature of a

growing number of inborn errors of metabolism. “Primary” 3MGC aciduria is

caused by deficiencies in leucine pathway enzymes while “secondary” 3MGC

aciduria results from inborn errors of metabolism that impact mitochondrial

energy production. The metabolic precursor of 3MGC acid is trans-3MGC CoA,

an intermediate in the leucine catabolism pathway. Gas chromatography-mass

spectrometry (GC-MS) analysis of commercially available trans-3MGC acid

yielded a mixture of cis and trans isomers while 1H-NMR spectroscopy of trans-

3MGC acid at 25�C provided no evidence for the cis isomer. When trans-3MGC

acid was incubated under conditions used for sample derivatization prior to

GC-MS (but with no trimethylsilane added), 1H-NMR spectroscopy provided

evidence of trans to cis isomerization. Incubation of trans-3MGC acid at 37�C
resulted in time-dependent isomerization to cis-3MGC acid. Cis-3MGC acid

behaved in a similar manner except that, under identical incubation conditions,

less isomerization occurred. In agreement with these experimental results,

molecular modeling studies provided evidence that the energy minimized struc-

ture of cis-3MGC acid is 4 kJ/mol more stable than that for trans-3MGC acid.

Once generated in vivo, trans-3MGC acid is proposed to isomerize via a

mechanism involving π electron delocalization with formation of a resonance

structure that permits bond rotation. The data presented are consistent with the

occurrence of both diastereomers in urine samples of subjects with 3MGC

aciduria.
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1 | INTRODUCTION

3-Methylglutaconic (3MGC) acid accumulates in urine of
individuals suffering from a wide variety of inborn errors
of metabolism. Two categories of 3MGC aciduria have
been identified.1 In primary 3MGC aciduria, mutations in
genes encoding either of two leucine metabolic pathway
enzymes results in a buildup of upstream intermediates
and excretion of 3MGC acid. Specifically, deficiencies in
3MGC CoA hydratase (AUH) or 3-hydroxy-3-methyl-
glutaryl (HMG) CoA lyase (HMGCL) are associated with
3MGC aciduria.2 In leucine metabolism, AUH catalyzes
hydration of trans-3MGC CoA to (S)-HMG CoA while
HMG CoA lyase cleaves (S)-HMG CoA to acetoacetate
plus acetyl CoA. When either of these enzymes is defi-
cient, leucine administration results in increased urinary
excretion of 3MGC acid.3 Normally, during leucine catab-
olism the pathway intermediate 3-methylcrotonyl CoA is
carboxylated to form trans-3MGC CoA which is hydrated
to HMG CoA by AUH. When a deficiency occurs in AUH
or HMGCL, trans-3MGC CoA accumulates and, above a
threshold, undergoes thioester hydrolysis, generating free
CoASH and trans-3MGC acid, which is excreted in urine.

Unlike primary 3MGC aciduria, no leucine pathway
enzyme deficiencies exist in secondary 3MGC aciduria.
Moreover, leucine loading has little effect on the amount
of 3MGC acid excreted in urine.3 These features indicate
that secondary 3MGC aciduria arises from an alternate
biosynthetic route. In every case, secondary 3MGC
aciduria is associated with mutations in genes encoding
proteins that, directly or indirectly, affect mitochondrial
energy metabolism. By interfering with the efficiency of
aerobic respiration, electron transport chain (ETC) activ-
ity, and oxidative phosphorylation, are compromised.
Under these circumstances, in cardiac and skeletal muscle
mitochondria, NADH levels rise, the TCA cycle is
inhibited and, in three steps, acetyl CoA is diverted to
3MGC CoA.2 The enzymes involved include methyl-
acetoacetyl-CoA thiolase, HMG CoA synthase 2 and
AUH, which functions in the reverse direction,
dehydrating (S)-HMG CoA to trans-3MGC CoA. When
formed under these conditions, trans-3MGC CoA has few
options and, ultimately, some portion undergoes thioester
hydrolysis to trans-3MGC acid, which is excreted in urine.

By either biosynthetic route, 3MGC CoA is formed
exclusively as the trans diastereomer. Based on this it may
be anticipated that, upon analysis of urine organic acids,
trans-3MGC acid should be the sole diastereomer present.
However, in nuclear magnetic resonance (NMR) studies,
Iles et al4 and Engelke et al 5 reported an approximate 2:1
ratio of cis/trans-3MGC acid in urine of individuals with
primary 3MGC aciduria. In a similar manner, organic
acid analysis by gas chromatography-mass spectrometry

(GC-MS) of urine samples from subjects with secondary
3MGC aciduria revealed a mixture of cis- and trans-
3MGC acid.6 Moreover, when diastereomerically pure
trans-3MGC acid was analyzed by GC-MS, a 60:40 cis:
trans ratio was observed.7

Given that no chemical or biological explanation
exists for the apparent isomerization of trans-3MGC acid,
studies were conducted to investigate this phenomenon.
Using commercially available trans- and cis-3MGC acid
standards, GC-MS and one dimensional 1H-NMR spec-
troscopy experiments were conducted. The results
obtained reveal that isomerization is dependent on tem-
perature, time and chemical environment and that isom-
erization of trans-3MGC acid to cis-3MGC acid occurs
more readily than isomerization of cis-3MGC acid to
trans-3MGC acid at both physiological and elevated tem-
peratures. These results, together with molecular model-
ing studies, support the conclusion that cis-3MGC acid is
the more stable diastereomer. The activation energy bar-
rier for isomerization is likely overcome under relatively
mild conditions by alkene π electron delocalization that
permits C2-C3 bond rotation.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Synthetic standards of cis- and trans-3MGC acid (HPLC
grade, >97% pure) were purchased from Millipore-Sigma
and used without further modification. Deuterated sol-
vents (D2O and DMSO-d6) used for 1H-NMR experiments
were from Millipore-Sigma. N,O-Bis(trimethylsilyl)tri-
fluoroacetamide-trichloromethylsilane (BSTFA-TCMS,
99:1) was from TCI Chemicals and anhydrous pyridine
(>99%) was from Chem-Impex.

2.2 | Incubation, extraction, and sample
preparation of 3MGC acid

Samples containing cis- or trans-3MGC acid were
extracted from acidified aqueous media with ethyl acetate
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Isomerization of trans-3-methylglutaconic
acid occurs spontaneously as a function of
time and temperature, explaining the pre-
sence of both isomers in 3-methylglutaco-
nic acidurias.
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and dried under a stream of N2 gas. For 1H-NMR spec-
troscopy, the dried extract was dissolved in 600 μL D2O
or DMSO-d6. For GC-MS analysis, extracts were dissolved
in 100 μL anhydrous pyridine plus 100 μL BSTFA:TCMS
(99:1) and incubated for 30 minutes at 70�C. The samples
were cooled, dried under a stream of N2 gas and dissolved
in acetonitrile.

2.3 | GC-MS analysis

Silylated 3MGC acid was applied to an Agilent 7890 GC
equipped with a 5977 mass spectrometer detector (MSD)
and flame ionization detector (FID). A 30-m DB-5 ms GC
column connected with a 10-m DuraGuard column
(250 μm i.d. 0.250 μm film thickness) was used as the pri-
mary column. Samples (2 μL in acetonitrile) were
injected via splitless injection. Injector temperature was
held at 230�C. Column flow rate (He) was a constant
2 mL/min. The GC oven was programmed with an initial
temperature of 80�C that was increased by 10�C/min to
270�C and held for 10 minutes. Column eluent was
directed to an FID electronic pressure control (EPC) flow
control manifold that splits the flow to the FID and MSD
(~1:1 ratio). Columns running from the EPC to the FID
(1.7 m, 18 μm i.d.) or MSD (1 m, 200 μm i.d.) were com-
prised of deactivated fused silica. FID temperature was
set to 240�C. MSD transfer line was set to 280�C. MSD
parameters: EI 70 eV, m/z 40-700, 2 scans s−1. Data were
analyzed using Agilent MassHunter Qualitative Analysis
software.

2.4 | NMR spectroscopy

1H-NMR (400 MHz) spectra were obtained on a Varian
400 spectrometer. All chemical shifts for cis- and trans-
3MGC acid are in ppm units relative to solvent reso-
nances: H2O: 4.8 ppm, DMSO-d5 = 2.50 ppm. 1H-NMR
spectra were processed using MestReNova software. The
ratio between cis:trans diastereomers was calculated by
integration of the methyl proton resonances of each iso-
mer. Variable-temperature 1H-NMR experiments were
conducted by adjusting the probe temperature between
5�C and 95�C. When the desired probe temperature
was reached, 24 scans were collected, the probe temper-
ature was increased by 10�C and another 24 scans col-
lected. For constant temperature 1H-NMR experiments,
the probe was heated to a specified temperature and
maintained for indicated times prior to acquisition of
spectra.

2.5 | Molecular modeling of cis- and
trans-3MGC acid

Electronic structure calculations were performed using
the electronic structure package GAMESS.8 All calcula-
tions utilized Ahlrich's def2-tzvp basis set9 obtained from
the basis set exchange,10-12 and B3LYP13-16 hybrid density
functional. Numerous input geometries yielded opti-
mized structures. These optimized geometries were veri-
fied as stationary points on the potential energy surface
by Hessian calculations.

3 | RESULTS

3.1 | GC-MS analysis of trans- and cis-
3MGC acid standards

Upon GC-MS analysis of trans- and cis-3MGC acid stan-
dards, each diastereomer gave rise to two distinct peaks.
Mass spectrometry analysis confirmed that these peaks
correspond to cis- and trans-3MGC acid, respectively
(Figure 1). This data confirms that trans-3MGC acid is
susceptible to isomerization,6,7 and reveals that cis-3MGC
acid behaves in a similar manner. The isomer ratio in
both samples favored the cis diastereomer. Insofar as
sample preparation for GC-MS involves trimethyl-
silylation of 3MGC acid, it is conceivable that the

FIGURE 1 GC–MS analysis of 3MGC acid standards. Trans-

3MGC acid and cis-3MGC acid standards (>97% isomeric purity for

each) were derivatized with trimethylsilane (TMS) as described in

Materials and Methods. The resulting TMS derivatives were

dissolved in acetonitrile and 2 μL injected onto a Agilent 7890 GC

equipped with a 5977 mass spectrometer detector and flame

ionization detector. A, GC trace of the TMS derivative of trans-

3MGC acid and B, GC trace of the TMS derivatize of cis-3MGC acid
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derivatization conditions employed, promote isomeriza-
tion of diastereomerically pure trans- and cis-3MGC
acids. To investigate this further, 1H-NMR spectroscopy,
was employed.

3.2 | 1H-NMR spectroscopy of trans- and
cis-3MGC acid

1H-NMR is a discriminating method that permits cis and
trans diastereomers of 3MGC acid to be readily distin-
guished. When subjected to 1H-NMR spectroscopy at 25�C
in D2O, trans-3MGC acid yielded a spectrum containing
three distinct resonance peaks (chemical shifts = 5.86, 3.30,
and 2.16 ppm). As reported previously,4,5 these resonances
correspond to the methyne proton (C2), methylene protons
(C4), and the methyl protons of trans-3MGC acid, respec-
tively (Figure 2A). The resonance at ~4.8 ppm corresponds
to residual H2O. A similar set of three resonances was
observed in spectra of cis-3MGC acid except that the chem-
ical shifts were different (Figure 2B). The methyne proton
shifted slightly downfield (5.86-5.99 ppm) while the methy-
lene protons showed a larger downfield shift (from 3.30 to
3.86 ppm). At the same time, the methyl protons shifted
upfield (from 2.16 to 2.02 ppm). The observed chemical
shifts and resonance assignments compare well with spec-
tra reported earlier.5 Whereas trans-3MGC acid gave rise to
a diastereomerically pure spectrum, cis-3MGC acid yielded
a spectrum consistent with the presence of a small amount
of trans-3MGC acid (~3%; see minor resonances at 3.31
and 2.17 ppm).

3.3 | Effect of sample preparation
conditions on 3MGC acid isomerization

To determine the extent to which conditions used to con-
vert cis- and trans-3MGC acids to their corresponding

TMS derivatives prior to GC-MS analysis induces isom-
erization, 1H-NMR experiments were performed. When
trans-3MGC acid was dissolved in pyridine and incu-
bated at 70�C for 30 minutes in the absence of TMS,
1H-NMR spectroscopy provided evidence of isomeriza-
tion [Figure 3; see methyl proton resonances at
2.16 ppm (trans-3MGC acid) and 2.02 ppm (cis-3MGC
acid)]. When cis-3MGC acid was subjected to the same
protocol isomerization was detected, although to a
lesser extent than that observed with trans-3MGC acid
(data not shown). Thus, differences observed in the
ratio of cis and trans diastereomers of 3MGC acid when
analyzed by GC-MS and 1H-NMR spectroscopy can be
attributed, at least in part, to the sample preparation
conditions.

FIGURE 2 1H-NMR spectroscopy of

3MGC acid. A trans-3MGC acid

standard, A, and a cis-3MGC acid

standard, B, were dissolved in D2O and
1H-NMR spectra obtained at 25�C on a

Varian 400 spectrometer. Chemical shifts

are in ppm units relative to the D2O solvent

resonance at 4.8 ppm, Spectra were

processed using MestReNova software.

Upper left corner of panels: chemical

structures of trans- and cis-3MGC acid with

carbons numbered

FIGURE 3 Effect of exposure to GC derivatization conditions

on 1H-NMR spectra of trans-3MGC acid. A sample of trans-3MGC

acid was dissolved in H2O, acidified and extracted with ethyl

acetate. The solvent was evaporated under a stream of N2 gas and

the residue dissolved in pyridine and incubated at 70�C for

30 minutes. Following incubation, the solvent was evaporated and

the residue dissolved in D2O and then analyzed by 1H-NMR

spectroscopy at 25�C. The relative abundance of each isomer was

calculated by integration of the methyl proton resonance for trans

(2.16 ppm) and cis (2.02 ppm) 3MGC acid, respectively
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3.4 | Effect of temperature and time on
3MGC acid isomerization

To further investigate how temperature affects 3MGC acid
isomerization, samples were analyzed by one dimensional
1H-NMR. When spectra of trans- or cis-3MGC acid were
collected immediately after the NMR probe reached a
specified temperature, no isomerization occurred until
~70�C (Figure 4A). As the probe temperature was
increased, however, isomerization was detected, with
trans-3MGC acid displaying a greater propensity to isom-
erize than cis-3MGC acid. To investigate this further, the
effect of incubation time at a constant temperature (90�C)
on trans-3MGC acid isomerization was examined. The
data revealed that, after 180 minutes, the trans:cis ratio
was ~60:40 (Figure 4B). Given that urine samples from
subjects with primary 3MGC aciduria manifest a mixture
of 3MGC acid diastereomers,5 the effect of incubation
time at 37�C was investigated. Over the course of 7 days
incubation, 1H-NMR spectroscopy analysis provided evi-
dence of trans-3MGC acid isomerization (Figure 4C).
When the same experiment was conducted using cis-
3MGC acid, less isomerization was detected (Figure 4D),
suggesting cis-3MGC acid resists temperature-induced
isomerization to a greater extent than trans-3MGC acid.

3.5 | Effect of solvent composition or
solution pH on 3MGC acid isomerization

1H-NMR spectra of trans- or cis-3MGC acid in DMSO-d6
at 25�C gave rise to three distinct proton resonances.
Although the observed chemical shifts differ slightly
from those observed in D2O, the relative positions of cis-
and trans-3MGC acid chemical shifts were unchanged.
When trans-3MGC acid was dissolved in DMSO-d6 and
incubated at 25�C for 0 and 48 hours, respectively, the
effect of incubation time on the diastereomeric ratio
was assessed by 1H-NMR spectroscopy (Figure 5). At
0 hour incubation no isomerization occurred. Aside
from resonances for DMSO-d5 (2.50 ppm) and residual
H2O (3.32 ppm), resonances corresponding to the
methyne proton (5.71 ppm), methylene protons
(3.12 ppm) and methyl protons (2.10 ppm) were present.
By contrast, after 48 hours, a total of six 3MGC acid-
specific resonances were present. The new resonance
peaks at 5.75, 3.62, and 1.88 ppm correspond directly to
resonance peaks that appear in 1H-NMR spectra of the
cis-3MGC acid standard in DMSO-d6 (not shown). These
data indicate that, compared to D2O, the activation
energy for trans-3MGC acid isomerization is lower in
DMSO-d6.

FIGURE 4 Effect of temperature and time on isomerization of 3MGC acid. A, Effect of temperature on isomerization of trans-3MGC

acid and cis-3MGC acids. Samples of each organic acid (in D2O) were brought to a specified temperature in the NMR probe. As soon as a

given temperature was reached, a 1H-NMR spectrum was collected. The ratio of trans and cis isomers was determined from integration of

the corresponding resonance peaks. B, Effect of incubation time at 90�C on isomerization of trans-3MGC acid. A sample of trans-3MGC

acid, dissolved in D2O, was brought to 90�C and maintained at that temperature for specified times. At each time point a 1H-NMR spectrum

was collected and the ratio of trans and cis isomers present determined. C, Effect of incubation time at 37�C on isomerization of trans-3MGC

acid. A sample of trans-3MGC acid in D2O was incubated for specified times at 37�C and, following incubation, 1H-NMR spectra were

collected and the ratio of trans and cis isomers present determined. D, Same as (c) except cis-3MGC acid was used
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To assess the effect of solution pH on 3MGC acid
isomerization, trans- and cis-3MGC acids were incubated
in D2O at 70�C for 30 minutes under basic or acidic con-
ditions. 1H-NMR revealed both diastereomers experience
a greater extent of isomerization when incubated under
basic conditions than under acidic conditions (data not
shown). When trans-3MGC acid was incubated at 25�C
under acidic or alkaline conditions, minimal isomeriza-
tion was detected, as reported previously.5

4 | DISCUSSION

The organic acid, 3MGC acid, is generated by thioester
hydrolysis of 3MGC CoA. The biologically relevant dia-
stereomer, trans-3MGC CoA, is produced by one of two
biosynthetic routes. In leucine metabolism 3MGC CoA is
generated by carboxylation of 3-methylcrotonyl CoA in a
biotin-dependent reaction catalyzed by 3-methylcrotonyl
CoA carboxylase. This reaction is stereospecific and
exclusively generates trans-3MGC CoA.17 When complete
leucine metabolism is prevented by downstream pathway
enzyme deficiencies, 3MGC CoA accumulates (primary
3MGC aciduria). An alternate route, termed the acetyl
CoA diversion pathway,2,18 occurs when mitochondrial
energy metabolism is compromised by specific gene
defects or disease processes (secondary 3MGC aciduria).
Under these circumstances, as acetyl CoA accumulates in
the matrix space it becomes a substrate for methyl-
acetoacetyl-CoA thiolase which functions in the reverse
of its normal direction, condensing two equivalents of
acetyl CoA to form acetoacetyl CoA. Acetoacetyl CoA
reacts with another equivalent of acetyl CoA via HMG
CoA synthase 2 to form (S)-HMG CoA. Under these met-
abolic circumstances, HMG CoA serves as a substrate for

AUH, which dehydrates (S)-HMG CoA to trans-3MGC
CoA. In both primary and secondary 3MGC acidurias, as
the concentration of trans-3MGC CoA increases, it is gen-
erally considered to undergo thioester hydrolysis in a
reaction catalyzed by a member of the acyl CoA
thioesterase family,19 producing trans-3MGC acid plus
CoASH. Whereas trans-3MGC acid is a dead-end metabo-
lite whose fate is excretion in urine, the liberated CoASH
becomes available to maintain the mitochondrial pool of
this key coenzyme.

A preferred method of analysis for 3MGC acid is
GC-MS.7 Interestingly, this method routinely yields a
mixture of cis- and trans-3MGC acids. The ratio of cis and
trans diastereomers observed by GC-MS is variable, rang-
ing from ~1:1 cis:trans to 2:1 cis:trans.7 Given that trans-
3MGC CoA is the sole diastereomer generated during
metabolism, these data indicate isomerization occurs
(a) naturally in vivo; (b) as an artifact of sample prepara-
tion procedures; or (c) a combination of both. Iles et al4

and Engelke et al5 used NMR spectroscopy to identify
3MGC acid in urine samples obtained from patients with
primary 3MGC aciduria. In this case, evidence for the
presence of cis- and trans-3MGC acid was obtained,
supporting the view that isomerization occurs in vivo. It
is not known if trans-3MGC CoA isomerizes to cis-3MGC
CoA in vivo, although indirect evidence, discussed below,
suggests this reaction also occurs.

In the present investigation, trans- and cis-3MGC acid
standards were used in experiments designed to assess
different aspects of the isomerization reaction. When
either isomer was derivatized with TMS and subjected to
GC-MS, two peaks were present (see Figure 1). In keep-
ing with previous studies,20 the earlier eluting peak was
assigned as cis-3MGC acid and the later eluting peak as
trans-3MGC acid. This assignment is consistent with the

FIGURE 5 Effect of solvent on 3MGC

acid isomerization. A sample of trans-

3MGC acid was dissolved in DMSO-d6 and

incubated for 0 or 48 hours at 25�C prior to

analysis by 1H-NMR spectroscopy. The

ratio of trans and cis isomers present was

determined by integration of the

corresponding resonance peaks. Chemical

shifts are in ppm units relative to the

DMSO-d5 solvent resonance at 2.5 ppm.

The resonance at 3.32 ppm corresponds to

residual H2O in the sample. New

resonance peaks appearing in the sample

incubated for 48 hours (5.75, 3.62, and

1.88 ppm) are specific for cis-3MGC acid
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concept that intramolecular hydrogen bond formation in
cis-3MGC acid results in decreased interaction with the
stationary phase.21

When samples of trans-3MGC acid and cis-3MGC
acid were subjected to 1H-NMR spectroscopy in D2O, a
much different result was obtained. At 25�C, both diaste-
reomers gave rise to spectra with little or no evidence of
isomerization. Given that differences between the two
methods of analysis include elevated temperature and
TMS derivatization in the case of GC-MS, an experiment
was performed wherein trans-3MGC acid and cis-3MGC
acid were subject to the GC-MS preparation conditions
without chemical derivatization. In this case, 1H-NMR
spectroscopy provided evidence of isomerization. Thus, it
may be concluded that temperature and/or solvent are
potential factors, but that TMS derivatization is not
required for isomerization under these conditions. To fur-
ther examine the effect of temperature on the isomeriza-
tion reaction, trans-3MGC acid and cis-3MGC acid were
subjected to various heating regimens followed by
1H-NMR spectroscopy-mediated determination of the
diastereomeric ratio. It was observed that both trans- and
cis-3MGC acid undergo isomerization as a function of
increasing temperature. However, under identical incu-
bation conditions trans-3MGC acid isomerized to a
greater extent than cis-3MGC acid. The results also reveal
a correlation between incubation temperature and extent
of isomerization. Moreover, the finding that incubation
of trans-3MGC acid at physiological temperature for days
led to isomerization indicates this reaction has a rela-
tively low energy of activation and occurs, albeit slowly,
at physiological temperature. This result is consistent
with the findings of Engelke et al5 who reported that
urine obtained from subjects with primary 3MGC
aciduria contains a mixture of cis- and trans-3MGC acids.

A question that has not been addressed to date relates
to the underlying mechanistic basis of 3MGC acid isom-
erization. In order for isomerization to occur, the C2-C3
alkene must lose its double bond character to permit
bond rotation. As shown in Figure 6, it is conceivable
that the C2-C3 double bond migrates to the C1-C2 posi-
tion due to electron withdrawing effects of the adjacent
carboxylic acid combined with the inherent stability of
the resulting tertiary allylic carbocation at C3. Once this
resonance state forms, free rotation around the C2-C3
bond is permitted. As the C1-C2 alkene migrates back to
the C2-C3 position, either the cis or trans isomer will be
produced.

A curious observation is that, not only does the ratio
of cis:trans diastereomers in urine of subjects with 3MGC
aciduria favor the cis diastereomer,5 the cis diastereomer
displays greater resistance to isomerization than

trans-3MGC acid. The fact that trans configurations of
double bonds generally confer stability to alkenes sug-
gests some unique factor(s) may be responsible for the
apparent higher stability of cis-3MGC acid. Density func-
tional calculations, that yielded energy-minimized struc-
tures of trans- and cis-3MGC acid, indicated that, relative
to each other, trans-3MGC acid is 4 kJ/mol higher in
energy. The lower energy of the cis diastereomer is
consistent with the observations that (a) cis-3MGC acid
displays greater resistance to isomerization than trans-
3MGC acid and (b) biological samples analyzed by NMR
spectroscopy manifest a higher percentage of cis-3MGC
acid.5

Thus, it appears that spontaneous isomerization of
trans-3MGC acid occurs slowly under in vivo conditions
and this reaction contributes to the appearance of cis-
3MGC acid in urine of subjects with 3MGC aciduria.5

This mechanism, however, does not preclude the possi-
bility of isomerization at the level of the acyl CoA.
Indeed, an important structural difference between cis-
and trans-3MGC CoA is their respective abilities to form
a cyclic anhydride. Wagner et al13 reported that various
acyl CoAs, including glutaryl CoA, 3-methylglutaryl CoA
and HMG CoA can undergo an internal rearrangement
to form a cyclic anhydride with loss of CoASH. Whereas
trans-3MGC CoA is not capable of undergoing such an
internal cyclization reaction, cis-3MGC CoA is capable of
cyclic anhydride formation via intramolecular nucleo-
philic attack of the thioester carbonyl by the carboxylate,
with loss of CoASH. The observation by Wagner et al22

that protein 3MGCylation occurs via a reactive cyclic
anhydride intermediate suggests that intramitochondrial
isomerization of trans-3MGC CoA takes place. Isomeriza-
tion of trans-3MGC CoA to cis-3MGC CoA is a prerequi-
site for cyclic anhydride formation since neither the trans
diastereomer of 3MGC CoA or cis-3MGC acid will form
the cyclic anhydride. Insofar as reaction of cis-3MGC
anhydride with H2O will generate cis-3MGC acid, this

FIGURE 6 Proposed mechanism of 3MGC acid isomerization.

Under appropriate conditions, the naturally occurring trans isomer

of 3MGC acid (left) adopts a resonance intermediate wherein the

double bond between C2 and C3 migrates to the C1-C2 position,

leaving a tertiary allylic carbocation at C3. The resonance

structures (in brackets) allow free rotation around the C2-C3 bond

(see red arrow) such that subsequent re-establishment of the C2-C3

double bond results yields either cis-3MGC acid (right arrow) or

trans-3MGC acid (left arrow)
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reaction sequence could contribute to the relative propor-
tion of cis- and trans-3MGC acid recovered in urine of
subjects with 3MGC aciduria. Although Wagner et al22

reported that protein 3MGCylation occurs via a reactive
anhydride intermediate, the relative reactivity of cis-
3MGC anhydride toward protein lysine side chains vs
H2O is not known. In any case, protein lysine
3MGCylation can be reversed through the action of the
NAD+ dependent deacylase, sirtuin 4,23 producing cis-
3MGC acid as product. Further studies will be required
to elucidate the precise pathway(s) responsible for the
appearance of a mixture of cis and trans diastereomers of
3MGC acid in urine of subjects with primary or second-
ary 3MGC aciduria.

ACKNOWLEDGMENTS
This work was supported by a grant from the NIH (R37
HL-64159), UNR for start-up funds and an NSF CAREER
Award (1753098) to Laina M. Geary. The authors would
like to thank Dr Korey M. Reid for his help with
1H-NMR instrumentation and Dr Andrzej Witkowski for
critical reading of the manuscript.

AUTHOR CONTRIBUTIONS
Dylan E. Jones conducted the experiments, analyzed the
data, prepared the figures, and edited the manuscript.
Juan David Ricker conducted molecular modeling experi-
ments and edited the manuscript. Laina M. Geary con-
tributed to the computational results data analysis and
edited the manuscript. Dylan K. Kosma participated in
GC-MS experiments, organic acid derivatization, mass
determinations, data interpretation, and manuscript
editing. Robert O. Ryan conceived the project, designed
experiments, interpreted data, and co-wrote the
manuscript.

DISCLOSURE OF INTERESTS
The authors declare they have no competing interests.

PATIENT CONSENT STATEMENT
Not applicable.

DOCUMENTATION OF IACUC APPROVAL
Not applicable.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID
Robert O. Ryan https://orcid.org/0000-0002-6739-5903

REFERENCES
1. Wortmann SB, Kluijtmans LA, Engelke UF, Wevers RA,

Morava E. The 3-methylglutaconic acidurias: what's new?
J Inherit Metab Dis. 2012;35:13-22.

2. Jones DE, Perez L, Ryan RO. 3-Methylglutaric acid in energy
metabolism. Clin Chim Acta. 2020;502:233-239.

3. Wortmann SB, Kluijtmans LA, Sequeira S, Wevers RA,
Morava E. Leucine loading test is only discriminative for
3-methylglutaconic aciduria due to AUH defect. JIMD Rep.
2014;16:1-6.

4. Iles RA, Jago JR, Williams SR, Chalmers RA. 3-Hydroxy-
3-methylglutaryl-CoA lyase deficiency studied using
2-dimensional proton nuclear magnetic resonance spectros-
copy. FEBS Lett. 1986;203:49-53.

5. Engelke UF, Kremer B, Kluijtmans LA, et al. NMR spectroscopic
studies on the late onset form of 3-methylglutaconicaciduria
type I and other defects in leucine metabolism. NMR Biomed.
2006;19:271-278.

6. Kelley RI, Cheatham JP, Clark BJ, et al. X-linked dilated car-
diomyopathy with neutropenia, growth retardation, and
3-methylglutaconic aciduria. J Pediatr. 1991;119:738-747.

7. Kelley RI. Quantification of 3-methylglutaconic acid in urine,
plasma, and amniotic fluid by isotope-dilution gas
chromatography/mass spectrometry. Clin Chim Acta. 1993;220:
157-164.

8. Barca GM, Bertoni C, Carrington L, et al. Recent developments
in the general atomic and molecular electronic structure sys-
tem. J Chem Phys. 2020;152:154102-154126. https://doi.org/10.
1063/5.0005188.

9. Weigend F, Ahlrichs R. Balanced basis sets of split valence, tri-
ple zeta valence and quadruple zeta valence quality for H to
Rn: design and assessment of accuracy. Phys Chem Chem Phys.
2005;7:3297-3305. https://doi.org/10.1039/b508541a.

10. Pritchard BP, Altarawy D, Didier B, Gibson TD, Windus TL. A
new basis set exchange: an open, up-to-date resource for the
molecular sciences. Community J Chem Inf Model. 2019;59:
4814-4820. https://doi.org/10.1021/acs.jcim.9b00725.

11. Feller D. The role of databases in support of computational
chemistry calculations. J Comput Chem. 1996;17:1571-1586.

12. Schuchardt KL, Didier BT, Elsethagen T, et al. Basis set exchange:
a community database for computational sciences. J Chem Inf
Model. 2007;47:1045-1052. https://doi.org/10.1021/ci600510j.

13. Becke AD. Density-functional thermochemistry. III. The role of
exact exchange. J Chem Phys. 1993;98:5648-5652.

14. Lee C, Yang W, Parr RG. Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron
density. Phys Rev B. 1988;37:785-789.

15. Vosko SH, Wilk L, Nusair M. Accurate spin-dependent electron
liquid correlation energies for local spin density calculations: a
critical analysis. Can J Phys. 1980;58:1200-1211.

16. Stephens PJ, Devlin FJ, Chabalowski CF, Frisch MJ. Ab initio
calculation of vibrational absorption and circular dichroism
spectra using density functional force fields. J Phys Chem. 1994;
98:11623-11627.

17. Apitz-Castro R, Rehn K, Lynen F. Beta methylcrotonyl-CoA-
carboxylase. Crystallization and some physical properties. Eur J
Biochem. 1970;16:71-79.

18. Su B, Ryan RO. Metabolic biology of 3-methylglutaconic acid-
uria: a new perspective. J Inherit Metab Dis. 2014;37:359-368.

68 JONES ET AL.

https://orcid.org/0000-0002-6739-5903
https://orcid.org/0000-0002-6739-5903
https://doi.org/10.1063/5.0005188
https://doi.org/10.1063/5.0005188
https://doi.org/10.1039/b508541a
https://doi.org/10.1021/acs.jcim.9b00725
https://doi.org/10.1021/ci600510j


19. Kirkby B, Roman N, Kobe B, Kellie S, Forwood JK. Functional
and structural properties of mammalian acyl-coenzyme A
thioesterases. Prog Lipid Res. 2010;49:366-377.

20. Rodríguez JM, Ruíz-Sala P, Ugarte M, Peñalva MA. Fungal
metabolic model for type I 3-methylglutaconic aciduria. J Biol
Chem. 2004;279:32385-32392.

21. Jin SJ, Tserng KY. Identification of isomeric unsaturated
medium-chain dicarboxylic acids in human urine. J Lipid Res.
1989;30:1611-1619.

22. Wagner GR, Bhatt DP, O'Connell TM, et al. A class of reactive
acyl-CoA species reveals the non-enzymatic origins of protein
acylation. Cell Metab. 2017;25:823-837.

23. Anderson KA, Huynh FK, Fisher-Wellman K, et al. SIRT4 is a
lysine deacylase that controls leucine metabolism and insulin
secretion. Cell Metab. 2017;25:838-855.

How to cite this article: Jones DE, Ricker JD,
Geary LM, Kosma DK, Ryan RO. Isomerization of
trans-3-methylglutaconic acid. JIMD Reports. 2021;
58:61–69. https://doi.org/10.1002/jmd2.12185

JONES ET AL. 69

https://doi.org/10.1002/jmd2.12185

	Isomerization of trans-3-methylglutaconic acid
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Chemicals and reagents
	2.2  Incubation, extraction, and sample preparation of 3MGC acid
	2.3  GC-MS analysis
	2.4  NMR spectroscopy
	2.5  Molecular modeling of cis- and trans-3MGC acid

	3  RESULTS
	3.1  GC-MS analysis of trans- and cis-3MGC acid standards
	3.2  1H-NMR spectroscopy of trans- and cis-3MGC acid
	3.3  Effect of sample preparation conditions on 3MGC acid isomerization
	3.4  Effect of temperature and time on 3MGC acid isomerization
	3.5  Effect of solvent composition or solution pH on 3MGC acid isomerization

	4  DISCUSSION
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  DISCLOSURE OF INTERESTS
	  PATIENT CONSENT STATEMENT
	  DOCUMENTATION OF IACUC APPROVAL
	  DATA AVAILABILITY STATEMENT

	REFERENCES


