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SUMMARY

Urine and gerum from patients with maple syrup urine disease (MSUD) have been exam-
ined quantitatively and qualitatively using glass capillary gas chromatography in combination
with masg spectrometry. During clinical epigsodes, patients with this disease were found tcex-
crete increased amounts of the following metaholites in addition to the previously recognized
branched-chain 2-keto and 2-hydroxy acids, lectate and 3-hydroxybutyrate: 2-hydroxyhuty-
rate, 2-hydroxyisobutyrate, 3-hydroxyisovalerate, 3-hydroxyisabutyrate and 2-methyl-3-hy-
drozyhutyrate. Most of the latter compounds seem to accompany ketoacidosis and lactic
acidosis. The capillary cofumn algo separated the D- and L-forms of 2-keto-3-methylvalerate,
and hoth isomers were, in contrast to carlier assumptions, present in the MSUD patients. The
results clearly demaonstrste that new information on the metabolic situation in well known
disorders may be obtained by exploiting the high resolving power of capillary columns.

INTRODUCTION

Maple syrup urine disesse (MSUD) has been the subject of numerous reports
and review articles (see, e.g., refs. 1—5). The disease, which may have at least
four distinguishable forms, depending inter alia on the residual enzyme activi-
ties {3, 61, leads to the accumulation and increased excretion in the urine of
the branched-chain 2-keto and 2-hydroxy acids originating from leucine, isoleu-
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cine and valine. Urine from patients with MSUD normally also contains a con-
siderable amount of 3-hydroxybutyrate, acetoacetate and lactate. Recent re-
sults have shown that ketoacidosis in general is accompanied by increased ex-

- cretion of 3-hydroxyisovaleric acid [7], 3-hydroxyisobutyric acid, 2-methyl-

3-hydrozybutyric acid {8] in addition to the dicarboxylic aeids adipic and
suberic acid {9]. Similarly, there is a2 correlation between the excretion of lac-
tic and 2-hydroxybutyric acids [10}. It is thus evident that MSUD patients
who also have ketoacidosis and lactic acidosis may excrete increased amounts
of many different organic acids in their urine. The presence of these chemically
similar carboxylic compounds makas the exact guantitative measurement of
the MSUD branched-chain keto and hydroxy acids difficult. Gas chromato-
graphy (GC) on packed columns and combined gas chromatography—mass
spectrometry (GC—MS) have recently been used for the study of these acids in
MSUD patients [6,11,12].

However, even with the use of these methods, one may run into difficulties
because the packed GC columns do not separate all of the acids that accumu-
late in the patients. Thus, on packed GC cclumns, several of the closely related
keto and hydroxy acids have a tendency to be co-chromatographed. For in-
stance, it is extremely difficult to separate the D-form of 2-keto-3-methylvaleric
acid from 2-ketoisocaproic acid on any type of packed column.

The development of highly efficient glass capillary columns with 80,000—
100,000 theoretical plates, combined with a mass spectrometer for absolute
identification, opens up the possibility of separating and identifying all of the
organic acids that occur in MSUD patients who are also suffering from ketoaci-
dosis and lactic acidosis. In this paper, we describe the use of this fechnique in the

re-investigation of the metabolic pattern in blood and urine from such patients
before and after dietary treatment.

MATERIALS

The reference compounds DL-lactic, pyruvic, DL-3-hydroxybutyric, DL-2-
hydroxyisovaleric, malonic, DL-2-hydroxy-n-valeric, methylmalonic, 2-ketoiso-
valeric, acetoacetic, L-2-hydroxy.-3-methylvaleric, L-2-hydroxyisocaproic,
DL -2-keto-3-methylvaleric and 2-ketoisocaproic acids (usually the sodium saits)
were obtained from Sigma (St.-Louis, Mo., U.S.A.). 2-Hydroxyisobutyric acid
was cbtained from Kcch-Light (Colnbrook, Great Britain) and 2-ketobutyric acid
from Fluka (Buchs, Switzerland). All acids were used without further purifica-
tion. 2-Hydroxybutyric acid was synthesized from 2-ketobutyric acid by re-
duction with sodium beorohydride (Fluka). ,

Sulphosalicylic acid, used for profein precipitation, was obtained from
BDH (Poole, Great Britain). The extraction solvent (ethyl acetate) was obtain-
ed from Merck (Darmstadt, G.F.R.) and the reagents used for the preparation
of derivatives [bis(trimethylzilyl)trifluoroacetamide (BSTFA), trimethylchloro-
silane and hydroxylamine hydrochlioride] were purchased from Pierce {Rock-
ford, Il., U.S.A.). The glass capillary column for gas chromatography (25 m X
0.25 mm) was obtained from LKB (Stockholm, Sweden) and was coated with
SE-30. Packed GC columns were also used and confained 10% QV-17 on Gas-
Chrom Q, or 8% BDS on Chromosorb W. The solid suppott and stationary -
phases were obtained from Appiied Science Labs. (State College, Pa., US.A}.



33

METHODS

Preparation of derivatives for gas chromatography

All keto, hydroxy and other organic acids were determined by GC of their
corresponding trimethylsilyl and/or trimethylsilyl ozime derivatives. A modified
method based on the procedure described by Sternowsky et al. [13] was used.
To a urine sample or deproteinized serum sample (2 ml) was added malonic
acid (0.1 mg) as internal standard. The mixture was acidified using 6 N hydro-
chloric acid. Saturated sodium chloride solution (2 ml) was added before ex-
traction with ethyl acetate (three 5-ml volumes), and the organic phases were
combined and evaporated to dryness in a rolary evaporator. The residue was
dissolved in pyridine (50 g1} contsining hydroxylamine hydraochloride (20 mg/
m}). The mixture was kept at rcom temperature for 30 min, before addition of
BSTFA (50 ul, containing 10%, v/v, of trimethylchloresilane). After a further
30 min at room temperature, an aliquot was injected into the gas chromato-
graph. Aqueous mixtures of reference compounds were treated in an identical
manner for comparison.

Gas chromatography

A Varian Model 2100 gas chromatograph, equipped with a hydrogen flame-
ionization detector, was used. The instrument was fitted with the glass capil-
lary column or packed columns as described above. The gas chromatograph
was operated under the following conditions: injector temperature, 250°; de-
tector temperature, 250°; column temperature, programmed from 80° to 110°
at a rate of 0.5°/min. A splitting ratio of 1:12 was used and the gas flow-rate
through the capillary column was adjusted to 1.2 mi/min. The number of theo-
retical plates was approximatsly 85,000.

Gas chromatography—mass spectrometry

In the combined GC—MS, one instrument consisted of a Varian 1440 gas
chromatograph, a molecular separator of the glass-frit type (kept at 230°) and
a single-focusing mass spectrometer, Type CH7 (Varian-MAT), normally oper-
ated with an ionization energy of 70 eV. The gas chromatograph was altermna-
tively equipped with three different packed columns (2 m X 1/4 in. 0.D.) filled
with 10% OV-17 on Chromosorb Q, 8% BDS on Chromasorb W or 20% SE-30
on Chromasorb Q. Helium was used as the carrier gas (30 ml/min). Parts of this
investigation were also carried out using & Varian 112 mass spectrometer fitted
with a glass eapillary column {(SE-30, 25 m X 0.25 mm; LKB) connected direct-
ly to the ion source. Both GC—MS instruments were connected on-line to a
computer system {Spectro System 100 MS; Varian-MAT). -

Amino ac:d anatyses

The free amino acid levels in urine and serum {deproteinized with sulphosal-
icylic acid, 40 mgfml) were determined on a JEQL JLC-6AH Automatic Ana-
Iyzet ﬁﬁ;eet thh an electronic integrator (JEOL). Lithium buffers were used.

' Identzf:‘catxon and guantitative amlym Gf the organic acids
- The identities of the organic scids in the bioclogical specimens were deter- ;



mined by comparison of the GC retention times and MS data with these of
authentic reference compounds. The amount of an acid excreted in the urine
was always related to the creatinine content (determined in a Technicon Auto-
Analyzer). Correction factors, including both the degree of extraction and the
7elative responses in the flame-ionization detector, were determined by treat-
ing known amounts of the different organic acids and the internal standard
(malonic scid) in the same way as the patient samples.

Patients :

Samples were ohtamed from three patients with MSUD. One patient had
MSUD of the persistent type (patient 1}, the other two had intermitient types.
Of these, patient 3 had the least savere clinical form. This G-month-old girl was
diagnosed for the first time during the present work. All patients were treated
with a regular MSUD diet, which was administered and adjusted according to
the serum leucine, valine and isoleucine levels.

RESULTS

Fig. 1 (bottom) shows the capillary gas chromatogram of a standard mizture
of most of the organic acids expected to occur in patients suffering from
MSUD combined with ketoacidosis and lactic acidosis. ‘The hatched peaks refer
to solvents, excess of reagenis and reagent by-products. All acids were eluted as
single GC peaks, except acetoscetic, 2-ketoisgvaleric and 2-keto-3-methylva-
leric acids. With the last acid two peaks were abtained owing to the separation
of the L- and D-isomers. It should be nofed that the D-2-keto-3-methylvaleric
acid was well separated from 2-ketoisacaproic acid using the capillary column.
The separation of these two compounds cannot be achieved using packed col-
umns.

Fig. 1 (top and middle) shows the gas chromatograms of the urinary organic
acids of patient 3 before and after dietary treatment. It can be seen that most
of the abnormal carboxylic acids (except Zhydroxymovalenc acid) had disap-
peared after 2 days on the special diet.

Table I shows the amounts of organic acids in the urine samples of patients
1, 2 and 3 and the serum of patient 3. The values were calculated from the
capillary GC data. It can be seen that both D- and L-2-keto-3-methylvaleric
acid were present in nearly equal amounts and 2-hydrozvisovaleric acid was the
dominating MSUD hydroxy acid, in agreement with earlier reports [6, 11, 12].
Also, 2-hydroxy-3-methylvaleric acid was present to a significant extent,
whereas Z-hydroxyisocaproic acid occurred in much smaller asmounts (Fig. 1
and Table I). When the ratios between the branched-chain keto acids and the
hydroxy acids were calculated {Table I, last column), it was found that these
values are entirely different for each pair of caorresponding acids (see also ref.
6). It is also noteworthy that many organic acids known to be associated wztb
ketoacidosis and lactic acidosis (2-hydroxzybutyric, 3-hydroxyisobutyric, 2-
methyl-3-hydroxybutyric' and - 3-hydroxyisovaleric -acid} were present..In &d-
dition, the patients exereted significant amounts of 2-hydroxyisobutyric acid,
which disappesred on dietary. t¥eatment (Fig. 1 and Table I). The most persis:
.. tent metabolite, which was st:ll excreted &f&er 2 days on: m MSUBc{let, was: 2-
hydroxymovalenc acid. ,
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Fig. 1. Gas chrometographic separation of keto and hydroxy acids in the urine of a patient
with maple syrup urine disease. Top chramatogram, patient 3 before dietary treatment; mid-
dle chromstogram, patient 3 after 2 days on diet; hottom chromstogram, 2 mixture of ref-
erence compounds. An SE-30 glass capillary column {25 m X 0.25 mm) was used. Peaks; 1=
Isctic acid; 2 = 2-hydroxygischutyric acid; 3 = 2-hydroxybutyric acid; ¢ = pyruvic acid; 5 = 3-
hyd:oxymcbutync acid; 6 = S-Eydmxybutync acid; 7 = z-hydtoxymovalenc acid; 8 = 2-keto-
butyric scid; 8 = malonic acid (internal standard); 10 = 2-methyl-3-hydroxybutyric acid;
11 = 2-hydroxy-n-valeric acid; 12 ~» methylmalonic acid; 13 =~ 3-hydroxyisovaleric acid; 14a
and 14b = 2-ketoizowaleric acid; 15 = acetoacetic acid; 16 = 2-hydroxyisocaproic acid; 17 =
2-hydroxy-8-methylvaleric gcid; 182 = L-2-keto-3-meﬁzylv&lenc acid; 18b = D-2-keto-3-meth-
ylvaleric acid; 19 ~ 2-&etasccapzotc :ad. -
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Numerous serum amino acid analyses were performed on the patients during
the observation period of several months. Before treabment, the valine level was
about twice, leucine about ten times and isoleucine six times the normal level.
The alanine level, on the other hand, was reduced, being only one quarter of the
normsl value. Dietary treatment normalized the amino acid pattern.

DISCUSSION
|

Although MSUD is a disorder that has been known and studied for many
years, the cause of the clinical symptoms still remains unclear. Recent theories
suggest that the accumulated branched-chain keto acids, particulasly 2-ketoiso-
caproie acid, competitively inhibit pyruvate decarboxylase in the brain, thereby
causing damage [14, 15]. Quantitative analyses of the keto acids are of interest
in examining this hypothesis and it is also of inferest to study the accumulation
and excretion of other organic acids. Various forms of chromatography,
e.g., paper, thin-layer and, more recently, gas chromategraphy on packed col-
umns [6, 11, 12], have heen used for this purpose. Because the resolving power
of these methods was not sufficient to separate and gquantitate all of the closely
similar metabolites that were likely to cccur in MSUD patients, we have adopt-
ed highly efficient glass capillary columns, combined with mass spectrometry
for identification purposes. The results showed that as many as twelve differ-
ent metabolites in addition to the branched-chain keto-acids accumulated in
MSUD patients during clinical episodes. Most of the former metabolites were re-
lated to the ketoacidosis and lactic acidosis accompanying the clinical condi-
tion. The role of these new metabolites in the disease and the clinical picture is
not known. It is not unlikely, however, that some of them may be toxic to the
brain cells, for instance through enzyme inhibition, and that these metabolites
also may contribute to the clinical symptoms.

In this context, the observation that some MSUD patients are clinically ill
for at least 1 day after they stop excreting the traditional keto acids should be
mentioned. The explanation might be that some of the metabolites other than
the branched-chain Reto scids have a longer half-life in the brzin cells and thus
prolong the clinical condition.

Apart from demonstrating that MSUD patients excrete elevated amounts of
at least 15 different organic acids, it is of interest that both the D- and L-forms
of 2-keto-3-methylvaleric acid accumulated in nearly equal amounts. Although
the presence of both izomers has been postulated and can be explained in terms
of in vivo transformation viz enclization [16], previous methads, including GC,
have failed to detect the D-form. The reason for this failure may be that on
packed columns the D-compound is co-chromatographed with 2-ketoisocaproic
acid. The amount of the latter is thereby defermined with an erroneously high
value, and this keto acid may therefore not necessarily be the major MSUD
metabolite excreted, as is usually assumed [4]. Thus, two of the three patients
excreted more of L- + D-2-keto-3-methylvaleric acid and much more (2—5
times} 2-bydroxyisavaleric acid than 2-ketoisocaproic acid (Table I).

The large amount of 2-hydroxyisovaleric acid in MSUD patients and the
large differences in the ratio of keto acid to hydroxy acid (Table I), which have
previously been observed by other workers 6] and are confirmed in this study,



may - warrant some discussion. Most likely the hydroxy acids are formed en-
zymatically from their corresponding keto acids by the action of one or more
dehydrogenases. One enzyme to be considered is lactate dehydrogansse (LDEE),
which is known to be of broad specificity. However, it is unlikely that this par-
ticular enzyme plays a significant role in the ahove conversion as the branched-
chain keto acids that ocecur in MSUD are very poor substrates for LD (un-
published results). Othet dehydrogenases must therefore be considered. The en-
tirely different ratics of, e.g., the ketmsovalenc—-hydroxylsovalenc acid pair
and of the ketozsocaptom—hydroxylsoeeptoxc acid pair may indicate that not
only one, but several, dehydrogenases are involved. Alterationsin the NADHNAD
ratio cannot explain these findings as the redox situation within the same cells
of a pztient must necessarily be identical whether one is concermed with the re-
duction of 2-ketoisocaproie acid or of 2-ketoisovaleric acid. Further enzyme
investigations are reguired, however, in order to give an adequate solution to
the large variations in the prcportions of keto to hydroxy acid, and facfors
such as isoenzymes, K values and product inhibition must also be considered.
The presence of a hitherto unrecognized metabolite in connection with
MSUD, 2-hydroxyisobutyric acid, was demonstrated in all three patients. The
metabolic origin and fate of this compound are not known, although one might
speculate that it stems from «-oxidation of branched-chain fatty acids.
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