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SUMMARY

A metheod is deseribed for the guantitative determinstion of aliphatic e-keto acidsin urine
after derivatization with o-phenylenediamine and big(trimethylsilyl)trifluoroacetamide.
«-Ketovaleric acid and c-ketocaprylic acid are used as internal standards.

The chemical yield is 80—100%. At physiological concentrations, the coefficient of varia-
tion after repeated derivatizations is 4% for pyruvie acid and 14% for a-ketoglutaric acid.

With mass spectrometric single-ion detection at m/e = 217, 232 and 245, the hiologically
interesting aliphatic x-keto acids can be determined at very low lewvels in hiological fluids.

INTRODUCTION

In a previous paper [1], we reported on the gas chromatography (GC) of
eleven O-irimethylsilylquinoxalinols (TMS-quinoxalinols) which were synthe-
sized from e-keto acids, o-phenylenediamine and bis(trimethylsilyl}trifivore-
acetamide {BSTFA). On silicone phasses, these derivatives have favourable chro-
matographic properties [1,2]. In addition, as a useful prerequisite to single-ion
detection, their mass spectra have many abundant fragments in common with
each other [3]. '

Owing fo its mhe:ent technical difficulties, the quantltatxve GC of a-keto
acids in’ mapie syrup urine ‘disease, for exsmple, has only rarely been reported
- [4—10}. It therefore secemed worthwile to develop a quantitative quinoxalinol
prccedure that ccu!d be re!mbly apphed to. the analysis of small urine samples
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of patients with hereditary ketoacidurias [11,12]. In this paper we report on
our efforts to achieve that aim.

MATERIALS AND METHODS

The GC studies were carried out with a Hewlett-Packard Madel 7611 A gas
chromatograph, equipped with a flame-ionization detector (FID) and a Model
7128A dual-pen recorder (1 and 10 mV full scale) from the same manufacturer.
U-<haped glass columns, 180 cm X 3 mm LD., were used. High-purity nitrogen
at a flow-rate of 60 ml/min was used as the carrier gas.

A Finnigan Model 3000 guadrupole mass spectrometer was coupled to a
Varian Model 1400 gas chromatograph by 2'heated glass jet Boehlke-type sepa-
rator and a thermoconstant mefal transfer line. The gas chromatograph was
equipped with a spiral glass column, 240 ¢m X 1.5 mm L.D. High-purity helium
was used as the carrier gas at 20 ml/min. The mass spectrometer was run at.
70 eV with ion energies between 4 and 8 V and a2 multiplier voltage of 1.5—2.0
kV. A Servogor Model RE 511 recorder (Metrawatt) with multiple spans was
used.

A Sartorius Model 4401 microbalance was used for weighing the keto acid
standards.

The carrier gases were obtained from Messer Griesheim (Diisseldorf, G.F.R.).

Dexsil 300 GC, 3% on 100—120 mesh Supelcoport, was obtained from
Supelco (Bellefonte, Pa., U.S.A.), OV-1, 3% on 100—120 mesh Gas-Chrom Q
from Applied Seience Labs. (State College, Pa., U.S.A.) through Serva (Heidel-
berg, G.F.R.) and BSTFA, pyridine (silylation grade} and reaction vials with
PTFE-lined screw-caps from Pierce Eurochemie (Rotterdam, The Netherlands).
Sodium pyruvate was obfained from Boehringer Mannheim (Tutzing, G.F.R.},
a-ketoglutaric acid from E. Merck (Darmstadt, G.F.R.) and the remaining keto
acids from Sigma (St. Louis, Mo., U.S.A.). All other chemicals and solvents
were obtained from Merck,

For the quantitative derivatization of a«-keto acids to the corresponding
quinoxalinols, we modified the method of Mowbray and Ottaway [13]. The
procedure is as follows: 10 ml of urine are mixed with 500 ul each of acetic
acid and toluene. The aliphatic urinary keto acids are then stable for about 5
days without refrigeration. To 2 ml of the acidified urine, 50 ul of internal
standard solution [20 mM a-ketovaleric acid (KVA) and a-ketocaprylic acid

(KCA)]} in water plus acetic acid are added and well mixed. Then 0.5 ml of
:urine plus internal standard are heated for 1 h at 70° with 6.5 m! of 4 N hydro-
chioric acid and 1 ml of a 1% solution of fo-pheny’lenedi’smine in 2 N hydro-
chloric acid. The incubation is carried out in vials with PTFE-lined screw-caps
using a Reacti-Therm Heating Module (Pierce Eumchemxe)

The samples are then saturated with solid ammonivm sulphate and extracted
twice with 5 ml of chloroform in vials as described by Mamer et al. [14].
Vigorous shaking for 1 min each time is performed with a VirTis Model Whirl-.
mix shaker. The extract is dried for 2 h over anhydrous sodium gulphate and
then filtered. After evaporstion to dryness in a Heidolph-Elektro Model VV1.
rotary evaporator at room. temperature, the residue is-taken up in 50 gl of

. pyridine and mcubated for 30 min at 7o° afeez addition of 50 pk cf BS‘I‘E‘A. Ge:_



is performed with a two-step linear temperature programme from 70° to 160
at 2°/min, then from 160° to 2090° at 4°/min to purge the column. The injection
port temperature is 200° and the FID 250°, About 1 zl of sample is injected,
which corresponds to 5 ul of urine.

The molar response factors [15] are defermined in normal urine samples in
the following way. One sample is derivatized without any additional keto acids,
and to a second sample of 2 ml only the intemnal standard solution is added.
Five more samples of 2 m! each receive from 0.3 to 3 gmole of the natural
a-keto acids in addition to a consftant amount of about 1 umole of ihfernal
standard.

Quantitation is made by peak height measurements. From these measure-
ments, a straight line is obtained when the ratios of the peak heights of natural
and internal standard keto acids are plotted agsinst the amounts of natursl keto
acids added. The linear regression coefficient, B, was calculated on a Wang Lab-
oratories Model 450 programmable desk-top calculator. The molar response
factor (RF) is then obtained as

Internal standard added (umole)
B

RF, =

The value of the correlation coefficient, r, reflects the quality of the analytical
technique.

The molar chemical yield, A, of quinoxalinoles in the derivatization of keto
acids can be calculated from the molar response factor, RF,, of pure added
quinoxalinoles (recrystallized from ethanol—water) versus the internal standard
keto acids:

With the molar response factor RF,, differential chemical and extraction
yields are fully taken info account.

RESULTS

Flame-ionization detection

The chromatograms of the derivatives of pyruvic acid, ketoglutaric acid and
the intemal standards KVA and KCA are shown in Fig.1. On Dexsil 300,
. palmitic acid and carboxyethylquinozalinol (from «-ketoglutaric acid) are weil
separated, whereas they are eluted as a single peak on OV-1. Palmitic acid may
be excreted in considersble amounts. Therefore, chromatographic separation
should be achieved in quantitative work with an FID,

Branched chain a-keto acids are determined on OV-1 because n-propyl-
gquinoxalincl (from KVA) and isobutyl-1-quinoxalinol (from a-keto-$-methyl-
valeric acid) are well separated on this phase (Fig.2) but not on Dexsijl 300 [1].
Hexylquinoxalinel {from KCA) overlaps with an unknown organicacid onOV-1
(methylene unit = 19, 23). Howeve:, the effect on quantxtatwe detezmmatmns
is negligible in mast instances.

- In Table L. the molar response factozs (RF,) and the chemicat yields for six
ahphaﬁe a-keto acids are given. In our method of determination of RF, we ob-
tamed eozzelafzon coefﬁc;enf.s ‘between 0.965 and 0.899 (mean 0 992) The
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Fig. 1. Urinary extract of a normal male cantrol. (A) No keto ac:ds added (B) Keto acids are
added to urine: pyruvate 0.90; ketovaleric acid 1.04; ketocaprylic acid 1.03; ketoglutaric
acid 1.33 gmole/ml. Methods of derivatization and extraction as described in the text. Con-
ditions of chromatography: 3% Desxil 300 GC; 50—160° at 2°/min; range 10%; attenuation 2.
The numbered peaks are the following trimethylsilylated compounds: 1, methylquinoxalinol
(from pyruvic acid); 2, propylquinoxalinol (from c-ketovaleric acid); 3, hippuric acid; 4,

hexylquinoxalinol (from a-ketocaprylic acid); 5, palmitic acid; 6, carboxyethylquinoxzalinol
(from a-ketoglutaric acid).
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Fig. 2. Urinary extract of a normal female control. (A) No keto auds added; endogenous
pyruvic acid (1) at 2 concentration of 356 uM; (B) keto acids added to give the following
concentrations: 2, a-ketoisovaleric z2cid, 172 uM; 3, c-ketovwaleric acid, 507 ui; 4, a-keto-f-
methyl-n-valeric acid, 152 pM; 5, «-ketoizocsproic azeid, 152 uM; 6, ms-hippu_fic acid.
Methods of derivatization and extraction as described in the text. Conditions of chromato-
graphy: 3% OV-1;70—160" at 2°/min; range 10°; attenustion 4.
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recovery from extraction is about 50% for hexylquinoxzalinol and about 30%
for ca.rbcxyeuhqumnoxahnol. On repeated {(n=6) derivatization and exfraction
of endogenous pyruvic and a-ketoglutaric acid from seven urines, the mesn co-
efficients of variation were 4 and 14% for pyruvic aad az-kecoglutanc acxd ‘re-
spectively. . ’

In 11 urines f:om nonnal adults we determined the concentm{zons of
pyruvic and e-ketoglutaric acids as 2.6 £ 0.8 mg-%andéStItimg-% respec-
tively. The quantitative determination with either of the two internal standards
agreed satisfactorily. On Dexsil 800, correlation coefficients of 0.595 and G 99" ,
were found for pyruvic and o-ketoglutaric acid, mectveiy {(r=21).- =

The GC samples could-be stored- fo:atleast2weeksaﬁmomtemperatme

without detectable (less than 5%) loss of the qmnoxshnols mﬁ: a carboxya!kyi ’
;;,_szdecham The other qmnoxahneis are even mom stahie. . , :



TABLEI

MOLAR RESPONSE FACTORS (RF,) OF ALIPHATIC «-KETO ACIDS IN FLAMEION-

IZATION DETECTION WITH «-KETOVALERIC (KVA) AND «-KETOCAPRYLIC (KCA)
ACIDS AS INTERNAL STANDARDS

For each keto scid, five experiments were performed.

Keto acid RF, with KVA RF, with KCA Molar chemical  GC column
. yield (%) -
Pyruvic 0.932:0.058 0894+0075 93:11 Dexsil 300
a-Keatoizovaleric 0.845 + 0.060 0.830:0.077 81 =10 ov-1
a-Ketog-methyl-n-veleric 0.850+0.092 0901 +0.166 N.D* av-l
a-Ketoisacaproic 1.01 £0077 109 :0.142 94:12 ov-1
a-Ketoglutaric 0.781+0.056 0.755:0.065 115:6 Desxsil 300
«-Ketoadipic 0.784 = 0.139 0.784:0.164 93:4 Dexsil 300

*N_.D. = not determined.
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Fig. 3. Urinsry extract of a 3-week-cld Turkish girl (Tav.) with maple syrup urine digease.
The urine was kept frozen from April 10th, 1874, to February, 1976. Methods of derivatiza-
tion and extraction as described in the text. Conditions of chromatography: 3% OV-1; 50—
60° st 1°/min, 60—160° st 2°/min then 160—200" st £°/min; renge 10°; attenuation 2.
Peaks: 1, o-hydroxyisowaleric acid (by methylene units); 2, methylquinoxalino! (from
pyruvic acid); 3, isopropylauinoxalinel (from a-ketoisovaleric acid); 4, n-propylquinoxalinol
{from x-keto-n-valeric scid, infernal standerd); 5, isobutyl-l-quinoxalinol (from a-keto-5-
methyinnvsleric' acid): 6, isobutyl-2-quinoxalincl (from «-ketoisocaproic acid); 7, hexyl-
quinoxsiino? (from «-ketocaprylic acid, internal .standard}); 8, palmitic acid plus carboxy-
_ethylguinoxalinol (from a-ketoglutaric acid). * = Position of a-hydroxy-f-methyl-n-valeric acid
‘and a-hydroxyisocaproic acid. The following concentrations (i5f) were measured (The 2¢4-h
cutput in milligrams is given in paréntheses): pyruvic acid, 69.9 (0.79); «-ketoglutaric acid,

87.3°(3.66) (both on Pexsil 500); «-ketaisovaleric acid, £03.1 (1.56); o-ketag-methyl-n-

valeric acid; 248.2 (£.20); o-ketolsocaproic acid, 476.0(8.05). -
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Fig. 4. Unnary extract of a patient mth cx-keboachplc acxduna (S.G., described in ref. 17).
The urine was kept frozen from September 11th, 1974, to Febnm:y 1976. See legend to
Fig. 1 for explapation; range 10°; attenuation 4. 7 Carboxypmpquumoxalmol (fzom a-keto-
adipic acid). The following concentrations (;.:M) were measured (The 24-h output in milli-
grams is given in parentheses): pyruvic acid, 273.9 (3.13); «-ketoglutaric acid, 438.8 (8.33);

e-ketoadipic acid, 2423 (50.39). The high concentration of a-ketogluteric acid reported in
ref. 17 could not be confirmed. The values for a-ketoadipic acid agree fairly well.

In Figs.3 and 4, it is shown that our method can be applied, for example, to
the study of maple syrup urine disease {16] and «-ketoadipic aciduria [17].
The GC of urine from a patient (T.) with pyruvic acid dehydrogenase deficiency
was dominated by a large peak (6.0 mM) of O-TMS-methylquinogalinol.

In a survey of ketoaciduria among patients with severe mental defects [18],
we found a 14-year-old incontinent girl (A.Mii. 190262) with 106.7 zmole of
pyruvic acid per mmole of creatinine and 262.5 pmole of ketoglutaric acid per
mmole of creatinine, which are about 5 and 10 times the normal levels, respec-
tively. The urine culture yielded various or no bacteria [19,20]}.

We checked the method further on urine samples from two normal persons
who were given orally 200 mg of Lleucine plus 480 mg of glucose per kilogram
of body weight. No excretion of a-ketoisocaproic acid above 12 nmole/min
could be detected within 10 h. The excretion rate of pyruvic and keto{im..
acid (about 100 and 150 nmolelmm, respectmely) was never depmsei 28 e}.

Mass spectrometnc smgle—zon detection : '

With an FID, urinary keto acids can convemently be quzm{a&ted dcwn to -3
concentration of about 100—150 pM. At lower concentrations, other organic
acids inferfere in the a.naiys:s, as shown in Fig.5A. n-Propyl- and mobutgloz-,
_ quinoxalinols were added to urine {o give a final concentration of . 16 #M.Quan-
.. titation is no longer pessible with an FID. Single-ion de!;ec_izon 21,221 inprin-
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Fig. 5. Comparison of FID and single-ion detection of quinoxalinol standards in urine. To
5 ml urine 10 gl of 2 5 mM standard solution of r-propyl- and iscbutyl-2-quinoxalinol were
added. After acidification, the urine was extracted three times with £ ml of ethyl acetate and
diethyl ether. Final sample volume, 250 ul. (A) Chromatography of 1 splon2 180 cm x 8
mm 1D, BDexsil 360 GC column; 120° isothermal; FID; range 103; attenuation 4. (B) Chro-
matography of 1 gl on a 240 cm X 2 mm LD. BDexsil 300 GC column; 180° isothermal;
single-ion detection at mfe = 232; electron energy T0 eV; ion energy 6.0 V; recorder span
1 V. Peaks: 1, O-TMS-n-propylauinoxzalinol; 2, O-TMS-isobutyl-2quinoxslinol; 1 ) of final
sample contained about 200 pmole of each com_ound fram 20 gl of urine, assuming com-
plete extraction.

ciple solves this problem, as shown in Fig. 5B. The mass spectrometer was fo-
cused at an mfe ratio of 232. Both quinoxalinols have their base peak at this
m/e ratio owing to a McLafferty-type rearrangement [3]. The other urinary
constituents were not detected because they have no major fragments in their
mass spectra at mfe = 232. Thus, the guinoxalinols were easily determined at
these very low concentrations.

In Fig.6 it is shown that a linear and almost proportional response is obtained
for n-propyl— and isobutyl-2-quinoxalinal when amounts from 39 to 800 pmole
are injected. The molar response factor in 11 determinations carried out on the
same day was 1.28 £ 0.02 (ccefficient of variation: 1.5%).

- In Table H the molar response factors of standard quinoxalinols in smgle-ion
' deeechomate ‘given for three m/e ratios. {Interprefation of the mass spectra is
the subject of a forthcoming paper [31.} In order to obtain the response factors
in gingle<ion detection when keto acids are anslyzed, the corresponding values
in Tabia I and E have to be muiﬁphed. pyruvic acid, for example, measured st
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Fig.6. Singie-ion detection of O-TMS-n-propyl- and isobutyl-2-quinoxalinol standards at
mfe = 232, From 30 to 800 pmole of each compound were infected on to 3% Dexsil 300 at
180°. Electron energy 70 eV; ion energy 6.0 V; recorder span 0.5—5 V.

TABLE I

MOLAR RESPONSE FACTORS (RF) OF O-TMS-QUINOXALINOL STANDARD COM-
POUNDS IN SINGLE-ION DETECTION WITH O-TMS-HEXYLQUINOXALINOL AS
INTERNAL STANDARD

Sirailar data are to be obtained with propylquinoxalinel as internal standard (ef., Table II).

The conditions of operation were: 240 em X 2 mm L.D. glass column; 100—230° at 4°/min;

electron energy 70 eV;ion energy 4.0 V;recorder span 1 V; 0.5—1 nmole of each compound
T injection yielded peak heights of up to 25 em.

Substituent in position 3  Parent a-keto acid RF
in quinoxalinol

mje =217 nife =232 mje = 245

Methyl Pyruvic 2.37 0.17 0
Ethyl - Ketobutyric 0.40 0.14 ]
Isopropy! Ketoisovalerie 0.25 006 - 3.30
Isobutyl-1 Ketog-metaylvaleric 0.33 0.43 042
Isobutyl-2 Ketoisocaproic 185 0.95 0
2-4{Methylthio)ethyl Keto-y-(methylﬁuo)butync 0.11 0.04 .3.80
Carkoxyethyl Ketogiutaric : 0.20 Q 8.66

mfe = 217 with ¢-ketocaprylic acxd as the infernsl standani would givea mciar
response factor of 0.894 X 2.37 = 2.12. The response factam in Table I are
directly dependent on the percentage portion of the total ion cnn:ent ﬁmt is
present in th%e fragments (%= 35) These values-are gxm i Ta.bte IEL



TABLE I

PERCENTAGE FORTION OF THE TOTAL ION CURRENT FROM mfe = 35 TO M;FZ
(A?i_‘ 87,6) ‘I‘:QUND IN THE THREE MAJOR E‘RAGMEN‘IS OF O-TMS-QUINOXALINOLS
e

Subastituent in position 3 mfe
217 232 245

Methyl 326 41 (1}
Ethyl 5.1 3.1 0
Isopropyl 2.6 9.9 113
Propyl 9.8 19.5 78
Isobutyl-1 24 5.2 08
Isobutyl-2 119 18.3 <0.1
Hexyl 7.2 126 2.2
2(Methylthio)ethyl 08 04 113
Carhoxzyethyl 0.7 ] 11.2
Carboxypropyl 4.3 46 - 18.6

The data in Tables Il and III were collected at different times, and a close
examination reveals that they are not entirely compatible and can serve only as
a guide. Because of day-to-day variations in performance of the mass spectrom-
efer for single-ion detection, standards must be run every day. Re-focusing of
the fragments had to be carried out every 3—4 h. The good results of determina-
tion of isobutyl-2-quinoxalinol with n-propylquinoxsalinol as the internal stan-
dard (Figs.5B and 8) could not be duplicated with hexylguinoxalinol. This in-
ternal standard was eluted 6 min after isobutyl-2-quinoxalinol, leaving the sys-
tem enough time to change. Fluctuations in the beam current seem to be the
major source of this analytical error.

The sensitivity of the single-ion detection method could not be increased
further by lowering the electron energy. The increase in the percentage portion
of the fragments at m/e 217, 232 and 245 is more than compensated for by the
decrease in the total ion current.

DISCUSSION

Disorders that are characterized by the accumulation of «-keto acids in the
bedy fluids are phenylkefonuria [23], maple syrup urine disease [4—10,16],
pyruvic acid dehydrogenase deficiency [24—26],a-ketoadipic aciduria [17,27]},
ketotic hypoglycaemia with dwarfism and congenital cataract [28], methionine
malshsorption syndrome [29], hereditary tyrosinemia [30] and cystinosis
{31). The association of most of these disorders with severe mental deficiency
deserves much interest and justifies efforts to mpmve techniques for the anal-
wuis of a-keto acids.

. The GC of a-keto acids has been reported for the free acids [32] as well as
- for the methyl esters of the free acids {6, 33], methoximes [34, 48] and 2,4-di-
' mt:ophengihydrazones {35]. Furthermore, trimethylsilyl: esters of the free
acuis {35}, tbe ox:mes {8 2, 36 3?}, meﬂmxzmes {38—40], ethoximes [40]



and benzoximes [39,40] have been used in GC. This large number of analytical
methods indicates the inherent technical difficulties.

The O-TMS-quinoxalinol method described here and elsewhere {1,2,41—43]
offers some useful advantages which make it worthy of consideration: (1) the
derivatives have a low volatility; (2) multiple derivatives do not occur; (3) deriv-
atives of isomeric a-keto acids are completely separated; (4) complete separa-
tion from the corresponding e-hydroxy acids is accomplished; (5} the chemical
vield is close to 100%; (6) the derivatives are stable for several weeks; (7) chro-
matographic losses are negligible even at 3-10~'' mole per injection; (8) with
only three fragments at relatively high mass numbers (m/fe = 217, 232 and 245),
all a-keto acids can be measured by combined GC—MS.

The method described here also offers advantages over the original quantita-
tive O-TMS-quinoxzalinol method [41—43}: (1) we take 2 ml of urine instead of
50 ml for addition of the internal standard, and only 0.5 ml or even 0.1 mlis
used for derivatization; (2) use of a-keto acids instead of decyl cyanides as in-
temal standards gives a greater specificity to the assay of natural a-keto acids;

(2) extraction with chloroform instead of ethyl acetate leaves most of the by-
" products in the agueous phase, The extraction recovery of quinoxalinols with
chloroform is not quantitative, but this does not have much influence on the
quantitaiive determination of keto acids because the internal standards belong
to ihe same chemical class. The response factors indicate that all steps in the
procedure, including extraction, are reproducible fairly well.

Only two a-keto acids cannot be measured with the quinozalinol method:
(1) oxaloacetic acid decarbozylates to yield pyruvic acid {1,42,44]; also the
quinoxalinol is unstable [13,44]; (2) o-hydroxyphenylpyruvic acid at low pH
forms a § -lactone which does not react with o-phenylenediamine {451.

Our quantitative results with#&ifie-ion detection were not as good as ex-
pected. More modermn instrumentation (ours dates from 1369) with stable elec-
tronic parts [46] might not pose such problems. We have no experience yet

.- with the use of a selective nitrogen-sensitive FID as described by Hoffman

- and co-workers [41—43]. High selectivity will also eventually be obtained with
electron-capture detection of fluoroquinoxalinoles: it has been reported {13}
that 1,2-diamino-4-fluorobenzene reacts with a-keto acids to the same extent as

o-phenylenediamine. 1,2-Diamino-3,4,5,6-tetrafluorobenzene can also be used
[47].

In urine extracts from four untreated adult patlents with phenylketonuria
[18] we consistenily found a large peak of benzylquinoxzalinol (from §-phenyl-
pyruvic acid) fogether with a similarly large peak of phenyliactic acid. Our
quantitative GC—FID results on aromatic keto acids will be published later.
Our further work is aimed at extending the quinoxzalinol method to the GC
study of a-keto acids in blood [44} and tissues.
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