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SUMMARY 

Urine and senarn &om patients with maple syrup urine disease @WJD) kave been exam- 
ined quantitatively and quaiitzttioely using glsss capilhry gas ckmmatngrapky in combination 
with W apectrametry. During ciinicd episxfes, patientt with tkis disease wem found TV es- 
crete iacreased amounts of tke folIowing met&aIites in addition to the previously recognized 
brancked&ab Z-keto and Z-kydrory acids, lactate and 3-kydmtybutymte: 2-kydroxyhuty- 
rate. 2-ky&o~yfcokutyrate, 3_hydm~yisov~k~ate~ 3-kydmryisobutyrate and 2-metkyl-3-kg- 
dmsybutyrate. Moat of the latter compounds em to accompany Letoacidosis and lactic 
acidosi% Ihe cap- coh~n~n ah &eprusted the D- and L-forms of 2-ketu+meehytva2erate, 
aad both isomers were. in contra& to eariier ~umptioluc, preset& in tke MSUD patieats. Tke 
results de&y demonstrste that uew infomratiocx oa tie metahol~ situatiorr in well known 
disorders q ke obtaiaed by exptoiting tke kigk resalving pawer of capitlary cafumns. 



tine end vahne. Urine from patients with MSUD normally also contains a con- 
siderable amount of 3hydroxybuty&e, acetoacetate and lactate. Recent re- 
sults have shown that ketoacidosis in general is accompanied by increased ex- 
c&ion of 3-hydroxyisovaleric: acid [‘I], 3-hydroxyisobutyric acid, Z-methyl- 
3-hydroxybuQric s&d IS) in addition to the dicarboxylic acids adipic and 
suberic acid (93 _ SimiIarly, there is a correlation between the excretion of lac- 
tic and 2hydrowbuQric acids Il’O]. It is thus evident that MSUD patients 
who also have ketoacidosis and lactic ac:dosis may excrete increased amounts 
of many different organic &ds in their urine. The presence of these chemically 
similar carboxyhc compounds makes the exact quantitative measurement of 
the MSWD branchedchain keto and hydroxy acids difficuIt. Gas chromato- 
graphy (GC) on packed columns and combined gas chromatography?nass 
spectrometry (C&-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 
~~CZWX the packed GC columns do not separate ah of the acids that accumu- 
late in the patients. Thus, on packed GC columns, several of the closely related 
keto and hydroxy acids have a tendency to be co-chromatograph~. For in- 
stance, it is exkemeIy difficult to separate the D-form of 2-keto-3-methylvaleric 
acid from 2-ketoisocaproic acid on any type of packed co&xnn. 

The development of highly efficient glass capillary cohnnns with 80,006- 
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 MSUB patients who are also suffering from ketoaci- 
dosis and lactic acidosis. in this paper, we describe the use of this technique in the 
reinvestigation of the metabolic pattern in blood and urine from such patients 
before end after die&y treatment. 

MATERIALS 

The reference compounds DL-lactic, pyruvic, DL-3_hydroxybutyric, DL-2- 
hydroxyisovateric, malonic, DL&hydroxy-fz-vale&, methylmdonic, P-ketoiso- 
vale&, acetoacetic, L-2-hydroxy&methylaleric, L-2-hydroxyisocaproic, 
DL -2-keto-3-methylvaleric and 2-ketoisocaproic acids (usually the sodium s&s) 
were obtained from Sigma (St.-Louis, MO., U.S.A.). 2-HydroxyisobuQric acid 
was obtained from Koch-Light (Combrook, Great Britain) and 2-ketobutyric acid 
from Fluke (Buchs, Swifzz&an~). Ah acids were used without further purifica- 
tion. 2-Hydroxybutyric acid was synthesized from 2ketobutyric acid by re 
duction with sodium borohydride @%&a). 

Sulphoticylic acid, used for protein precipitation, was o&i&d from 
BDH (Pooie, Great Britain). The extrsction solvent (ethyl acetate) was obtain- 
ed from Merck (Darmst&t, G.F.R.) and the reagents used for the preparation 
of derivatives [bis(t.rhnethylsilyl)trinuoroacetemide (BSTFA), trimethyk5.1Iom- 
s&me and hydroxyhzmine hydrochloride) were purchazed &oxn Pierce (Rock- 
ford, Ill., U.S.A.). The g&s capillary c~turxm for gas chromabgraphy (25 in X 
0.25 mm) was obtained from LK.R (Stockholm, Svzeden) and ~coated vi&h 
SE30. Packed GC cohnnns were aho used and contained X6% @V-I’? on G&r+ 
Chrom @, or 8% BBS on Cbromosorb W. The solid support and statiokuwy 
phases were obtained frsm Applied Science Labs. (State GoUege, Pa, U.S+Q. 



lbWFEK?DS -. 

All keto, hydrosy and other organic acids were determined by W of their 
corresponding trimethylsily~ and/or trimethyki3yl oxhe derivatives. A modified 
method based on the procedure described by SternowsBy et al. [X3] 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 hyd.ro- 
cid~ric acid. Saturated sodium chloride solutian (2 ml) was added before ex- 
traction with ethyl acetate (three 5-ml volume), and the organic phases were 
combined and evaporated to dryness in a roky evaporator. The residue was 
dissokd in pyridine (&O ~1) contcining hydroxylamine hydrochloride (20 mg/ 
ml). The mixture was kept at room temperature for 30 min, before addition of 
BSTFA (50 yl, co&aining IWZY, v/v, of trimethyMloro&a)_ After a further 
30 min at room tempera-, an txliquot was inje&ed inti the gas chromate- 
graph. Aqueous mixtures of reference compounds were treated in an identical 
manner for comparison. 

Gus chtomarogmphy 
A Varian Model 2100 gas chromatograph, equipped with a hydrogen flame- 

ionization detector, ~8s used. The instrument was fitted with tie g&s cap& 

lay cohmn or packed cohmms as. described above. The gas ehromatograph 
was operated under the following conditions: injectir temperatire, 250°; de- 
tector temperature, 250”; column temperaWe, programmed from 80° to 11Oo 
at a rate of 0_5”/min. A splitting ratio of 1:12 was used and the @IS flow-rate 
tbrougb t&e capillary column was adjusted to 1.2 ml/min. The number of theo- 
retical pi&es was approximateIy 85,000. 

Gas ehmmtogmphy-mass spectrometay 
In t&e combined GC-MS, one instrument consisted of a Vtian 1440 gas 

chromatograph, a molecular separator of the @ass&it type (kept at 230”) and 
a single-facusing mass spectrometer, Type 6H7 (Yarian-MAT), normaliy oper- 
ated with an ionization energy of 70 eV. The gas chromatograph was aRema- 
lively equipped with three different packed cobnms (2 m X l/4 in. Q-D_) filled 
with 10% OV-17 OQ Chromosorb Q, 8% BDS on Chromosorb W or 20% SE-30 
on Chromasurb Q. Helium was used as the carrier gas (30 ml/mW Parts of this 
investigation were also carried aut using a Vivian 112 mass spectrometer fitted 
with a ghs capmarp cahuI?a (SE-30,25 m x 0.25 mm; LKB) comlectf?d direct- 
ly to the ion so-. Both W-MS instnunenta were connected on-line to a 
c&puter system (&xx&o System 100 MS; Varian-MAT). - 



miad by compaiin of the CX retention tbnes snd MS data with fbose of 
authentic reference compounds_ The amount of an acid excreted in the urine 
B always related to the axe&nine content (determind in a Te&nicoa At&a- 
Analyzer). Corredim f&tms, i.ncludin~ both the degree of extra&cm and the 
relatme responses in the flame-ionization detector, were determined by treat- 
ing known ~BIOKII& of tie different 0-c acids and the internal sbndsd 
(maIonic mid) in the same way as the @3tient sampks. 

Patient.3 
SampIes were obtained from three patients with MSUD. One patielrt had 

MSUD of the persistent tsTpe (patient 1), the other two had intermittent types. 
01 these, patient 3 &I the least seversz czl!hbl fcxm This 6-montfisld girl was 
diagnosed for the first time during the present work. All patients were treated 
with a regularJ!&SUD diet, which ~8s administered and adjusted according to 
the serum leucine, v&e and isoleucine levels. 

Fig. 1 (bottom) shows the capillary gas chromatogram of 2 standard mixture 
of most of. the organic acids expected to occur in patients suffering from 
MSWD combined with ketaacidosis and iactic acidosis. The liatched peaks refer 
to solvents, excess of reagents aud reagent by-pra&cts. All acids were eluded as 
single GC peaks, except acetoacetic, Z-ketoisovakx-ic and 2-keto3_methylva- 
Ieric acids. With the last acid two peaks were obtained owing to the separation 
of the L- and D-isomers. It should be noted that the D-Z-keto&methylvalerie 
acid was well separated f&m 2-ketoisocaproic acid using the capillary column. 
The separation of these two compounds cannot be achieved using packed col- 
ulmns. 

Fig. 1 (top and middle) shows the gss chromatograms of the urinary organic 
acids of patient 3 before and after dietarg treatment. It can be seen &at most 
of the abnormal carboxy& acids (except 2-hydroxyisovaleric acid) had disap- 
peared after 2 days on the special diet. 

Table I shows the amounts of orgazie acids in the urine samples of patients 
1, 2 and 3 and the serum of patient 3. The values were calculated fro&~ the 
capillary GC data. It can be seen that both D- and r.&Bet&$-methyl 
acid were present in-neariy equal amounts and 2-hyd.roxvisovahzic acid was the 
dominating MSUD hydroxy acid, in agreement with ear&r reports ES, 1X, 121. 
Also, 2-hydroxy-3-met&h&xic acid was present to a significant extent, 
whereas 2-hydroxyisocaproic acid occurred in much smaller amounts (Fig. 1 
and Table I). When the ratios betieen the branehedehain keto acids and-the 
hydroxy acids were CaleM (Table X, last cohmm), it was found that these 
values are entirely difffxent for each pair of correspo~tding acids (see also. ref. 
6). It is aho notewq*y &a% m+my oganic acids -knee:@ be8ssocM& with 
keMid&s and .lq%ic acidosis .(&h$droxyj~u~c~ 3-kycI.ro~h~~c, !$- 
methyl-+hydrozqbx&y& zgd. 3-hydroxyisovaEeric acid). we& preseng-: in a& 
&ion, the patients exc.r&ed signi&ant am~tzn~ of %hy~~ok~c mid, 
which disappeared on:diary .$@&ment (E5.g.. -.I a@ -.Tal#e. 9.. The._most pqrs+ 
tent inetaholite, whic&,~~~ &iB.excreted after 2~* 9 ax~%WQ?diet, w-2- 

-.: ;_ ~ydroxyisovaleriti ac[d. ( -_ _.: -- : ..I.._ -. 
..-1:. 
-.q i .: 
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Numerous serum amino acid analyses were performed on the patients during 
tie observation period of several months. Eefore treatment, the v&ne Ievef was 
about twice, leucine about ten times and isoleucine six times tie normal IeveI. 
The &mine level, on the other hand, was reduced, being only one quarter of the 
noznxd value. Die- treatment normalized the amino acid pattern. 

Although MSUD is a disorder that has been known and studied for many 
years, the cause of the clinical symptoms still remains uncle*. Recent theories 
suggest that the accumulated branched&a&n keto acids, particularly 2-ketoiso- 
caproic acid, competitively inhibit pyruvate decarboqkze in the brain, thereby 
causing damage [ 14,15 J _ Qtumtiktive analyses of the keto acids are of interest 
in examining this hypothesis and it is aLso of interes$ to study the accumulation 
and excretion of other organic acids. Vtious forms of chromatography, 
e-g., paper, thin-layer and, more recently, gas chromatography on packed co& 
umns ES, 1&W, have been used for this purpose. Because the resolving power 
of these methods was not sufficient to separate and quantiitate aJ_l of the closely 
similar metabotites that were likely to occur 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 branchedchain keto-acids accumulated in 
MSLJD patients during clinical episodes. Most of the former metabolites were re- 
lated to the ketoacidosis and tactic acidosis accompanying the clinical condi- 
tion. The role of these new met&o&es 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 ceils, for instance through enzyme inhibition, and that these metabolites 
also may contribute to the clinical symptoms. 

In this context, the observation that some MSLJD patients are clinically iii 
for at least I day after they stop excreting the traditional keto acids should be 
mentioned. The explanation might he that some of the metabolites other than 
the bmnchedchain Ret0 acids have a longer half-life in the braa cells and thus 
prolong the clinical condition. 

Apart from demonstrating that MSUII patients excrete elevated amounts of 
at least 15 different organic acids, it is of interest that both the D- and L-forms 
of 2_ket&-methylvsEeric acid accumulated in nearly equal amounts. AHbough 
the presence of both isomers has been pqstulated and can be explained in terms 
of in viva tmmfomtion via enolization [Ml, previous methods, including GG 
have B&d to detect the D-form. The reason for this failure may be that on 
pz%V&ed COED the Dcompound is co&romatographed with 2-ketuisocapmic 
acid. The amount of the latter is thereby determined with an errontitiy high 
value, and this keto acid may therefore not n-y be the m~jot MWD 
mefabzite excreted, as is usudy asnnnrd 141. Thus, fzvo of the three patients 
egczeted more of L- + D-2-keto-%methykzak?rie acid and much more (2-5 
times) 2-hydroxyisovaleric acid them 24seMsocaproic acid (Table I). 

me hugi amount of 2-hydraqismS~ acid in MSUD patients and the 
w m h f&e patio of keixx acid to hydroxy acid (Table E), which have 
prev<ous.Iy been observed by other workers IS] and are confinnecp in this study, 



mapmaxmnt some d.kmssion. Most likely the hydroxy acids are formed en- 
zy~~ticalQ7 &om their c~fpespon* kfzt0 acids by the action of one or more 
d&ydrogenaEes. One enzyme ti be consider+ is L&afze dehydpogenS@ (IHI, 
which is known to be of broad specificity. However, it is unlikely &A this par- 
ticrjlar enzyme plays a signScant role in the abose conversion as the branched- 
chain keto acids that occur in MSUD are very poor substrates for LDH (tm- 
published results). Ott& debydmgenases must therefore be con&d&. The en- 
tirely different ratios of, e.g., t+e keta@m@iwbydroxyismaleric acid pair 
and OftLrek~~~~y~~~~~acidpairmgyindicate~~no~ 
only one, but sever4 dehymnases are involved_ Alterations in fhe NADH~AD 
ratio cannot explain these findings as the redox situation within Ihe SEame cells 
of a p&ient must necessapiEg be identical whether one is concerned with the re- 
duction of 2-ketoisocaproic acid or of Z-ketoisovqle&z acid. Fuxtber enzyme 
investigations axe tequired, however, in order to give an adequate solution to 
t&e large variatio~~in the proportions of keto ti hydmxy acid, and facfxxs 
suchasis -es, Em values aud product inhibition must also be considered. 

The presence of a hit&&o unrecognized inet&olite in co~e&ion with 
MBUD, 2hydroxyisobutyric acid, was demonstzated in all three patients. The 
metiolic origin and fate of this eompouad are not known, although one might; 
speculate that it stems from ~~xidation of branchedchain fatty acids.. 
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