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Abstract

Deficiency of 3-hydroxy-3-methylglutaryl-coenzyme A (CoA)
lyase affects the metabolism of leucine as well as ketogenesis.
This disorder is one of an increasing list of inborn errors of
metabolism that presents clinically like Reye’s Syndrome or
nonketotic hypoglycemia.

Four patients with proven 3-hydroxy-3-methylglutaryl-CoA
lyase deficiency were shown to excrete a new diagnostically spe-
cific metabolite. The technique of fast atom bombardment and
tandem mass spectrometry revealed that only 3-methylglutaryl-
CoA is a substrate for acylcarnitine formation. Neither 3-meth-
ylglutaconyl-CoA nor 3-hydroxy-3-methylglutaryl-CoA are ex-
creted as acylcarnitines.

The excretion of 3-methylglutarylcarnitine may explain, in
part, the apparent secondary carnitine deficiency in this disorder.
Carnitine supplementation with moderate dietary restrictions may
be a useful treatment strategy for this disorder.

Introduction

The enzyme 3-hydroxy-3-methylglutaryl-coenzyme A lyase
(HMG-CoA lyase)' (EC 4.1.3.4) serves both the degradation of
L-leucine and the production of acetoacetate from fatty acid
metabolism. A deficiency of this enzyme results in a clinical
presentation resembling Reye’s syndrome with nonketotic hy-
poglycemia, metabolic acidosis, encephalopathy, hyperammo-
nemia, and a characteristic organic aciduria (1).

Several patients with this disorder have been reported to
have very high levels of urinary acylcarnitines associated with
depressed levels of free carnitine, which suggests a need for car-
nitine supplementation in addition to dietary restriction (2).
There has been increasing evidence that specific acylcarni-
tines are excreted in the organic acidurias that have been
studied (3-7).

Here is presented the identification of a new metabolite, 3-
methylglutarylcarnitine, which characterizes the HMG-CoA

Address correspondence to Dr. Roe.
Received for publication 26 November 1985.

1. Abbreviations used in this paper: CoA, coenzyme A; FAB, fast atom
bombardment; HMG, 3-hydroxy-3-methylglutaryl; GC, gas chromatog-
raphy; MS, mass spectrometry; MS/MS, tandem mass spectrometry.
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lyase deficiency and suggests a role for carnitine therapy in this
organic aciduria.

Methods

Organic acid profiles were obtained on urine samples (2 ml) by deriva-
tization and gas chromatography-mass spectrometry (GC-MS) analysis
as described previously (6). The acids were identified by matching re-
tention times and mass spectra with those of standards.

Plasma- and urine-free carnitine and short-chain acylcarnitine and
plasma long-chain acylcarnitine concentrations were determined by radio-
enzymatic assay (8). 3-Methylglutarylcarnitine was synthesized by con-
densation of the mono-chloride of 3-methylglutaric acid (Fluka, Haup-
pauge, NY), which was formed in situ from thionyl chloride, with excess
L-carnitine essentially as described previously (9). The product that was
obtained after repeated precipitation from acetone-methanol-ether was
characterized by fast atom bombardment (FAB)-mass spectrometry (MS)
(10), which showed the expected protonated molecular ion at a mass/
charge ratio (m/z) of 290 with some contamination from L-carnitine
(m/z 162).

The patients’ urine (25 pl) or standard solution of 3-methylglutaryl-
carnitine (~1 g/liter, 25 ul) were desiccated over NaOH/H,SO,, and
then methylated (25 pl of 3 M HCI/MeOH, 80°C, 15 min). FAB-MS
was also performed on these samples (1-2 ul), and the signal correspond-
ing to the molecular cation of 3-methylglutarylcarnitine (m/z 318) was
structurally analyzed by tandem mass spectrometry (MS/MS) (11)on a
VG 7070 E-Q tandem mass spectrometer (VG Analytical, Ltd., Man-
chester, United Kingdom). The collision gas used to induce fragmentation
was air and the collision energy was 100 eV.

Another aliquot of urine from one of the patients (1 ml) was partially
purified to remove organic acids by elution through an ionic exchange
column (Dowex 1(CI7); Bio-Rad Laboratories, Richmond, CA), and then
hydrolyzed in base (0.2 N KOH, 37°C, 1 h). After acidification, the
liberated acids were extracted into ether (2 X 1 ml) and the combined
extracts dried, derivatized (50 ul bis(trimethylsilyl)trifluoroacetamide
(BSTFA), 80°C, 15 min), and then analyzed by GC-MS.

Results

Four patients with HMG-lyase deficiency were identified by uri-
nary organic acid analysis by capillary GC-MS and enzyme assay
from cultured fibroblasts. Large amounts of 3-hydroxyisoval-
erate, 3-methylglutarate, 3-methylglutaconate, and 3-hydroxy-
3-methylglutarate characterized their urinary organic acid pro-
files, which is consistent with earlier findings (1). The clinical
course of two of these patients has been reported (12).

The carnitine distribution in urine from these patients re-
vealed a markedly increased ratio of acylcarnitines to free car-
nitine ranging from 15-28 (normal < 4). This high ratio indicated
an increased production of acyl-CoA compounds acting as sub-
strate for carnitine acyltransferase(s).

The patients were given a single oral dose of L-carnitine (100
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mg/kg), and urine collected during the first 6-12 h was used to
determine the nature of the acylcarnitine species excreted in this
disorder.

The MS studies on methylated urine from all four patients
gave virtually identical information. Fig. | a illustrates the char-
acteristic FAB mass spectrum which includes the molecular cat-
ions of the esters of free carnitine (m/z 176), acetylcarnitine (m/
z 218), smaller signals for C; (m/z 232), C, (m/z 246), and C;
(m/z 260) acylcarnitines, and a predominant ion at m/z 318.
Analysis of this ion by MS/MS (Fig. 1 b) confirmed the loss of
59 D characteristic of acylcarnitines, in this case leaving a frag-
ment at m/z 259. The MS/MS spectrum of the same ion from
synthetic 3-methylglutarylcarnitine was identical (Fig. 1 ¢). The
other acylcarnitine signals were confirmed similarly; m/z 276
and 294 were thus shown not to be acylcarnitines. In many
cases, the FAB mass spectrum of underivatized new urine ex-
hibited the protonated molecular ions of the acylcarnitines, in-
cluding that of 3-methylglutarylcarnitine (m/z 290). High-res-
olution accurate mass determination of this ion revealed a mass
0f290.1627, which is consistent with the elemental composition
of C,3H,406N (required mass, 290.1604). These data are con-
sistent with a six-carbon dicarboxylic monoacylcarnitine which
could have been either adipylcarnitine or 3-methylglutarylcar-
nitine in this metabolic disorder. :

GC-MS analysis of the trimethylsilyl derivatives of the acids
liberated by mild alkaline hydrolysis of the acylcarnitine fraction
from the patients’ urines revealed a peak with the appropriate
retention time (Fig. 2 a) and mass spectrum for 3-methylglutarate
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Figure 1. Typical fast atom bombardment mass spectrum from urine
of a patient with HMG-lyase deficiency after methylation (a). The
prominent ion at m/z 318 exhibited an identical daughter-ion spec-
trum by tandem mass spectrometry (b) as did the parent cation of syn-
thetic 3-methylglutarylcarnitine (c). Free carnitine (m/z 176), acetyl-
carnitine (218), and small amounts of C, (m/z 246) and Cs (m/z 260)
acylcarnitine methyl esters were also detected in this sample.
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Figure 2. 1dentification of 3-methylglutaric acid released from the
acylcarnitine by mild alkaline hydrolysis of a urine sample from the
same patient. The partial chromatogram (a) shows a peak coincident
in retention time to the standard, 3-methylglutarylcarnitine-di-trimeth-
ylsilyl ester (»). The mass spectrum of this peak (b) is identical with
that of the standard (c).

(Fig. 2 b). The characteristic ions in the mass spectrum are at
m/z 275 (M-15), and at m/z 204, 172, and 159 consistent with
the mass spectrum of authentic 3-methylglutarate-di-trimethyl-
silyl ester (Fig. 2 ¢).

These studies failed to detect signals corresponding to car-
nitine esters of 3-hydroxyisovaleric, 3-methylglutaconic, or 3-
hydroxy-3-methylglutaric acids, despite the high concentration
of the free acids in the urine.

Two of these patients are being treated with dietary protein
restriction alone and have required additional hospitalizations
(12). The other patients have been treated with oral carnitine
supplementation (50 mg/kg/d in four divided doses) and starch
supplement (2 g/kg in cold water) at bedtime with modest protein
restriction (1.5-2.0 g/kg/d). These patients have remained
asymptomatic.

Discussion

Identification of acylcarnitine species in several organic acidurias
indicates that carnitine represents a significant alternate pathway
for the elimination of toxic intermediates which accumulate due
to the enzyme deficiency. These acylcarnitine profiles are also
of significant diagnostic value. To date, propionylcarnitine is
characteristic of both propionic acidemia (3) and methylmalonic
aciduria (4); isovalerylcarnitine is the dominant species in iso-
valeric acidemia (5); medium-chain length acylcarnitines, pre-
dominantly octanoylcarnitine, reflect the medium-chain acyl
CoA dehydrogenase deficiency (6); n-butyrylcarnitine is the ma-
jor species in ethylmalonic adipic aciduria, which is thought to
be a mild form of glutaric aciduria Type II (unpublished results).

Several of the disorders whose acylcarnitine excretion has
now been characterized share the clinical features of hypogly-
cemia, similarity to Reye’s syndrome, and potentially affected
siblings. Although organic acid analysis by GC-MS clearly iden-
tifies patients with HMGe-lyase deficiency, other patients pre-
senting with a Reye-like syndrome or with recurrent hypogly-
cemia need not be subjected to diagnostic fasting. Administration
of L-carnitine (100 mg/kg) as a single dose and acylcarnitine



species identification by FAB-MS appears to be an excellent
alternative without clinical risk and has recently proven useful
in detecting presymptomatic siblings with medium-chain acyl-
CoA dehydrogenase deficiency before metabolic deteriora-
tion (13).

In four patients with HMGe-lyase deficiency, 3-methylglu-
tarylcarnitine has now been identified as the characteristic acyl-
carnitine species. This represents the first conclusive identifi-
cation of the intact molecule of a dicarboxylic monoacylcarnitine
from humans. Of particular interest is the absence of acylcar-
nitine species derived from 3-hydroxyisovaleryl-CoA, 3-methyl-
crotonyl-CoA, 3-methylglutaconyl-CoA, or the major metabolite
of this disorder, HMG-CoA. These are all intermediates in leu-
cine degradation (Fig. 3). In HMG-lyase deficiency, both leucine
degradation and ketogenesis are impaired. However, fatty acid
oxidation is not impaired until after acetoacetyl-CoA is formed.
Therefore, it is not surprising that acetylcarnitine is prominent
in the acylcarnitine profile.

3-Methylglutarate is believed to originate from reduction of
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3-methylglutaconyl-CoA (14), and therefore, serves as an alter-
nate pathway for that compound and its precursors toward acyl-
carnitine formation. The existence of 3-methylglutarylcarnitine
indicates that formation of 3-methylglutaric occurs after reduc-
tion of 3-methylglutaconyl-CoA to 3-methylglutaryl-CoA. In the
leucine pathway, therefore, only isovaleryl-CoA and 3-methyl-
glutaryl-CoA appear to act as substrates for carnitine acyltrans-
ferase(s). 2-Oxoisocaproate, which is not a CoA thio-ester, cannot
serve as substrate and is not seen as an acylcarnitine. The re-
maining intermediates either have unsaturation between carbons
2 and 3 or a hydroxyl attached to carbon 3. Compounds with
either a ketone or hydroxyl substituent at carbon 3 (acetoacetate,
2-methylacetoacetate, 3-hydroxypropionate, 3-hydroxybutyrate,
3-hydroxy-2-methylbutyrate, etc.) have not been detected in the
urine of patients with propionic acidemia, methylmalonic aci-
duria, or ketosis. These observations suggest that these functional
groups may preclude the formation of acylcarnitines from these
intermediates.

Carnitine supplementation would seem to have a therapeutic
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Figure 3. Origins of metabolites in HMG-CoA lyase deficiency. 3-methylglutaryl-CoA is an effective substrate for L-carnitine acylation. Urinary

organic acid and acylcarnitine metabolites are enclosed in boxes.
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role in this disorder since two of the three dicarboxylic acyl-CoA
compounds present can be excreted as 3-methylglutarylcarnitine.
After 10 mo and 2 yr of therapy, respectively, the two patients
receiving supplementation have not required hospitalization and
have remained asymptomatic. '

Acknowledgments

We would like to express our appreciation to Dr. R. A. Chalmers, Clinical
Research Centre, Harrow, United Kingdom, Dr. W. G. Wilson, Uni-
versity of Virginia Medical Center, Charlottesville, VA, and Dr. G. Buf-
fone, Texas Children’s Hospital, Houston, TX for urine samples from
these patients. We also wish to thank Sigma Tau, Rome, Italy, for a
generous supply of L-carnitine.

This study was supported in part by a grant from the National Reye’s
Syndrome Foundation, Bryan, OH; the Reye’s Syndrome Research Fund-
S.F.A., Duke University Medical Center, Durham, North Carolina; and
the RR-30 General Clinical Research Centers Program, Division of Re-
search Resources, National Institutes of Health, Bethesda, MD.

References

1. Faull, K., P. Bolton, B. Halpern, J. Hammond, D. M. Danks, R.
Hahnel, S. P. Wilkinson, S. J. Wysocki, and P. L. Masters. 1976. Patient
with defect in leucine metabolism. N. Engl. J. Med. 294:1013.

2. Chalmers, R. A., C. R. Roe, T. E. Stacey, and C. L. Hoppel. 1984.
Urinary excretion of L-carnitine and acylcarnitines by patients with dis-
orders of organic acid metabolism: evidence for secondary insufficiency
of L-carnitine. Pediatr. Res. 18:1325-1328.

3. Roe, C. R, D. S. Millington, D. A. Maltby, T. P. Bohan, and
C. L. Hoppel. 1984. L-carnitine enhances excretion of propionyl CoA
as propionyl-carnitine in propionic acidemia. J. Clin. Invest. 73:1785-
1788.

4. Roe, C. R,, C. L. Hoppel, T. E. Stacey, R. A. Chalmers, B. M.

1394 C. R. Roe, D. S. Millington, and D. A. Maltby

Tracey, and D. S. Millington. 1983. Metabolic response to carnitine in
methylmalonic aciduria. Arch. Dis. Child. 58:916-920. .

5. Roe, C. R,, D. S. Millington, D. A. Maltby, S. G. Kahler, and
T. P. Bohan. 1984. L-Carnitine therapy in isovaleric acidemia. J. Clin.
Invest. 74:2290-2295.

6. Roe, C. R, D. S. Millington, D. A. Maltby, T. P. Bohan, S. G.
Kahler, and R. A. Chalmers. 1985. Diagnostic and therapeutic impli-
cations of medium-chain acylcarnitines in the medium-chain acyl-CoA
dehydrogenase deficiency. Pediatr. Res. 19:459-466.

7. Roe, C. R, D. S. Millington, D. A. Maltby, and T. P. Bohan.
1985. Relative carnitine insufficiency in Reye’s syndrome and related
metabolic disorders. In Reye’s Syndrome IV. J. D. Pollack, editor. Na-
tional Reye’s Syndrome Foundation, Bryan, OH. 201-215.

8. Brass, E. P, and C. L. Hoppel. 1978. Carnitine metabolism in the
fasting rat. J. Biol. Chem. 253:2688-2693.

9. Bohmer, T., and J. Bremer. 1968. Propionylcarnitine: physiological
variations in vivo. Biochim. Biophys. Acta. 152:559-567.

10. Millington, D. S., C. R. Roe, and D. A. Maltby. 1984. Application
of fast atom bombardment and constant B/E ratio linked scanning to
the identification and analysis of acylcarnitines in metabolic disease.
Biomed. Mass Spectrom. 11:236-241.

11. Busch, K. L., and R. G. Cooks. 1983. Analytical applications of
tandem mass spectrometry. /n Tandem Mass Spectrometry. F. W.
McLafferty, editor. John Wiley & Sons, Inc., New York. 11-39.

12. Stacey, T. E., C. de Sousa, B. M. Tracey, A. Whitelaw, J. Mistry,
P. Timbrell, and R. A. Chalmers. 1985. Dizygotic twins with 3-hydroxy-
3-methylglutaric aciduria: unusual presentation, family studies and di-
etary management. Eur. J. Pediatr. 144:177-181.

13. Roe, C. R, D. S. Millington, D. A. Maltby, and P. Kinnebrew.
1986. Recognition of Medium-Chain Acyl CoA Dehydrogenase Defi-
ciency in asymptomatic siblings of children dying of sudden infant death
and Reye-like syndromes. J. Pediatr. 108:13-18.

14. Chalmers, R. A., and A. M. Lawson. 1982. Organic acids in man.
Analytical Chemistry, Biochemistry and diagnosis of the organic acidurias.
Chapman and Hall, London.



