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ABSTRACT

A capillary gas chromatographic—mass spectrometric method for the simultaneous determination of stable isotopically labelled
L-histidine (1-[3,3-*H,,1',3"-*>N_Jhistidine, L-His-[M +4]) and urocanic acid ([3-2H,1",3'-!3N,Jurocanic acid, UA-[M + 3]) in human
plasma was developed using pL-{2,3,3,5'-?H,,2"-'3C,1",3"-13N,]histidine (pL-His-[M +7]) and [2,3,5'-?H,,2"-13C,1",3'-**N, Jurocanic
acid (UA-[M + 6]) as internal standards. L-Histidine and urocanic acid were derivatized to *“N-(trifluoroacetyl)-™N-(ethoxycarbonyl)-L-
histidine n-butyl ester and N-(ethoxycarbonyl)urocanic acid n-butyl ester. Quantification was carried out by selected ion monitoring
of the molecular ions of the respective derivatives of L-His-[M +4], pL-His-[M +7], UA-[M +3] and UA-[M +6]. The sensitivity,
specificity, precision and accuracy of the method were demonstrated to be satisfactory for measuring plasma concentrations of L-His-

[M + 4] and UA-[M + 3] following administration of trace amounts of L-His-{M + 4] to humans.

INTRODUCTION

Histidinaemia is a hereditary metabolic disor-
der characterized by mental and/or speech retar-
dations and is caused by a virtual deficiency of
the liver enzyme, histidine ammonia-lyase, which
catalyses f-elimination of ammonia from L-histi-
dine to produce urocanic acid [1]. The metabo-
lism of L-histidine to urocanic acid in vivo can be
investigated by treating human subjects with sta-
ble isotopically labelled L-histidine. In an attempt
to detect the heterozygote state [2-4] of histidi-
naemia by stable isotope methodology, we have
previously developed a gas chromatographic—
mass spectrometric (GC-MS) method for the de-
termination of endogenous (unlabelled) and ex-
ogenous (labelled) histidine in human plasma fol-
lowing administration of stable isotopically la-

0378-4347/92/$05.00 ©

belled L-histidine (L-[3,3,5'-*H3,3'-!’Nlhistidine)
[5].

This paper describes the development of a cap-
illary GC-MS method for the simultaneous de-
termination of stable isotopically labelled L-histi-
dine (L-[3,3-2H3,1',3’-1N,]histidine) and uro-
canic acid ([3-2H,1’,3’-15N;Jurocanic acid) in hu-
man plasma.

EXPERIMENTAL

Materials

L-Histidine free base and urocanic acid were
obtained from Sigma (St. Louis, MO, USA), tri-
fluoroacetic anhydride from Kanto (Tokyo, Ja-
pan) and diethyl pyrocarbonate from Aldrich
(Milwaukee, WI, USA). L-[ring-2-!*C]Histidine
(specific activity 1.92 GBq/mmol) was purchased
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from CEA (Gif-sur-Yvette, France). Stable iso-
topically labelled compounds, ie., L-
[3,3-2H,,1",3’-1°N, Jhistidine (L-His-[M + 4]),
DL-[2,3,3,5'-2H4,2’-13C,1",3'-1>N, ] histidine (DL-
His-[M + 7)), [3-2H,1’,3-15N,]urocanic acid
(UA-M + 3]) and [2,3,5-*H;,2'-13C,1',3'-
13N, Jurocanic acid (UA-[M + 6]), were synthe-
sizedin our laboratory [6,7]. [ring-2-!#C]Urocanic
acid (1.92 MBg/mmol) was synthesized by the
enzymatic reaction of L-[ring-2-1*C]histidine us-
ing histidine ammonia-lyase (EC 4.3.1.3) from
Pseudomonas fluorescens (Sigma).

The radioactive urocanic acid was purified by
anion-exchange column chromatography (Do-
wex 1-X8, 200400 mesh; 5 cm x 1.5 cm 1.D.
column). The radiochemical purity was more
than 94.5%, determined by radio thin-layer chro-
matography (JTC-600; Aloka, Tokyo, Japan).

All other chemicals and reagents were of ana-
lytical-reagent grade and were used as received.

Preparation of standards

Stock solutions of L-His-[M + 4] (107.3 ug/
ml), bL-His-[M + 7] (1.936 ug/ml), UA-[M + 3]
(47.30 pg/ml) and UA-]M + 6] (2.332 ug/ml)
were prepared in 2% ethanol in distilled water.
All analyses were performed by diluting the stock
solutions with 2% ethanol in distilled water.

Gas chromatography—mass spectrometry with se-
lected ion monitoring (GC-MS-SIM )

Capillary GC-MS-SIM analysis was carried
out on a QP2000 gas chromatograph~mass spec-
trometer equipped with a data processing system
(Shimadzu, Kyoto, Japan). GC was performed
on a Durabond (DB-5) fused-silica capillary col-
umn (40 m X 0.32 mm I.D.) with the stationary
phase coated at a 0.1-um film thickness (J & W
Scientific, Rancho Cordova, CA, USA). Helium
was used as the carrier gas at a column head pres-
sure of 78.4 kPa. A split-splitless injection system
(Shimadzu SPL-9) operated in the splitless mode
was used with a septum purge flow-rate of 10 ml/
min and a split flow-rate of 60 ml/min. The purge
activation time was 2 min. The initial column
temperature was set at 100°C. After the sample
injection, it was maintained for 2 min and then
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increased at 25°C/min to 200°C and subsequently
at 10°C/min to 250°C. The temperature of the
injector was 250°C. The mass spectrometer was
operated in the electron impact (EI) mode at an
energy of 70 eV and the ion source temperature
was set at 270°C. The multiple-ion detector was
focused on the molecular ions at m/z 379 for *N-
(trifluoroacetyl)-"™N-(ethoxycarbonyl)-L-histi-
dine n-butyl ester (L-His-TEB) and at m/z 266 for
imN-(ethoxycarbonyl)urocanic acid n-butyl ester
(UA-EB), and at m/z 383, 386, 269 and 272 for
the corresponding derivatives of labelled histi-
dines and urocanic acids, L-His-[M + 4], pL-
His-[M + 7], UA-M + 3] and UA-[M + 6],
respectively.

Sample preparation for GC-MS-SIM
Extraction. To 0.5 ml of human plasma in a
conical centrifuge tube (100 x 13 mm 1.D.) were
added 193.6 ng of pL-His-[M + 7] and 233.2 ng
of UA-[M + 6] as the internal standards dis-
solved in 100 ul of 2% ethanol in distilled water.
The plasma sample was deproteinized and ex-
tracted with ethanol (2 X 2 ml) on a vortex mixer
for ca. 0.5 min. After centrifugation at 1500 g for
5 min, the ethanol solution was transferred into
another conical centrifuge tube and evaporated
at 50-60°C under a stream of nitrogen. The resi-
due was dissolved in 0.5 ml of ethanol and then
applied to a Sep-Pak C;5 cartridge (Waters As-
soc., Milford, MA, USA). The cartridge was
washed with 0.5 ml! of ethanol and then eluted
with 1 ml of distilled water. The eluate was trans-
ferred into a 2-ml micro product V-vial (Whea-
ton, Millville, NJ, USA) and then evaporated to
dryness at 50°C under a stream of nitrogen.
Derivatization. To the residue containing L-his-
tidine and urocanic acid were added 200 pl of 3
M hydrogen chloride in n-butanol. The reaction
mixture was sealed under a nitrogen atmosphere
and heated at 100°C for 15 min. After removal of
the solvent at 70°C under a stream of nitrogen,
200 ul of dichloromethane were added and the
solution was evaporated to dryness. The residue
was reconstituted in 250 ul of 20% trifluoroacetic
anhydride (TFAA) in dichloromethane and heat-
ed at 150°C for 5 min under a nitrogen atmo-
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sphere. After the reaction, the excess of reagent
and solvent were evaporated at room temper-
ature under a gentle stream of nitrogen. The res-
idue was dissolved in 200 ul of 1.5% diethyl pyro-
carbonate (DEPC) in dichloromethane, heated at
150°C for 20 min and then evaporated to dryness
at room temperature under a gentle stream of
nitrogen.

Purification. The derivatized sample was dis-
solved in a small volume (50-100 ul) of dichloro-
methane and subjected to thin-layer chromato-
graphic (TLC) purification (Kieselgel 60F;sq4;
Merck, Darmstadt, Germany). The TLC plate
was developed with dichloromethane-methanol
(10:1, v/v) and the UV-visual zones correspond-
ing to Ry values of 0.30 for L-histidine and of 0.37
for urocanic acid were scraped off. The deriva-
tives were extracted with 2 ml of acetone twice
and the solvent was evaporated to dryness at
room temperature under a gentle stream of nitro-
gen. The residue was reconstituted with 50 ul of
dichloromethane for GC-MS-SIM analysis.

Recovery

To 0.5 ml of human plasma were added 57.5
Bq of L-[ring-2-'*C}histidine or 87.3 Bq of
[ring-2-1*Clurocanic acid. The sample was then
carried through the sample preparation proce-
dure described above. The recoveries of L-histi-
dine and urocanic acid were calculated by com-
paring the radioactivities before and after the ex-
traction procedures. The radioactivity was mea-
sured with a liquid scintilation counter
(LSC1000; Aloka).

Calibration

To each of seven standards containing a
known ratio of L-His-{M + 4] to UA-[M + 3]
(1.07:0.95, 5.37:4.73, 21.46:23.65, 107.30:47.30,
214.60:94.60, 536.50:236.50 and 2146.0:473.00)
were added 193.6 ng of pL-His-[M + 7] and
233.2 ng of UA-[M + 6] as internal standards
and 11.60 ug of unlabelled L-histidine and 51.80
ng of unlabelled urocanic acid as carriers. Each
sample was prepared in triplicate. After evapora-
tion of the solvent, the samples were derivatized
according to the procedure described above. A

0.5-1.0-ul portion of the dichloromethane solu-
tion (50 ul) was analysed by GC-MS-SIM. The
peak-height ratios (m/z 383 to 386 for L-histidine
and m/z 269 to 272 for urocanic acid) were deter-
mined in triplicate. The calibration graph was
obtained as the peak-height ratios versus the con-
centrations (ng/ml) of L-His-[M + 4] or of
UA-[M + 3] on each analysis of the standard
mixtures.

Accuracy

Accuracy was examined by assaying five prep-
arations of human plasma spiked with 53.65 or
536.50 ng/ml of L-His-[M + 4] and 193.6 ng of
DL-His-[M + 7] as the internal standard and with
47.30 or 237.00 ng of UA-[M + 3] and 233.2 ng
of UA-[M + 6] as the internal standard. After
preparation of the sample for GC-MS-SIM as
described above, the peak-height ratios (m/z 383
to 386 and m/z 269 to 272) were measured.

RESULTS AND DISCUSSION

Recently we reported evidence for a stepwise
mechanism via a carbanion intermediate in the
elimination of ammonia from L-histidine to uro-
canic acid in vitro, catalysed by histidine ammo-
nia-lyase (EC 4.3.1.3) from Pseudomonas fluores-
cens [8-10]. The reaction mechanism was ratio-
nalized based on the observation that the en-
zyme-catalysed hydrogen exchange occurred at
C-5' of the imidazole ring in the reaction of L-
[3,3,5'-H3,3'-!*N}histidine with the enzyme.
This indicates that L-histidine labelled with deu-
terium at C-5" in the imidazole ring is inappropri-
ate as a biological internal standard because of its
instability caused by the enzymatic reaction. Suc-
cessful application of stable isotope methodology
to the biochemical and clinical investigations is
always dependent on the availability of com-
pounds labelled at predesigned positions that are
chemically and biologically inert. We have syn-
thesized multi-labelled r-histidine and urocanic
acid containing at least three non-exchangeable
stable isotopes with high isotopic purity, i.e., L-
[3,3-°H2,1",3"-15N, Jhistidine (L-His-[M + 4]) [6]
for a biological internal standard, DL-
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[2,3,3,5'-2H,4,2"-13C,1",3"-15N, Jhistidine (pL-
HissM + 7)) and [2,3,5-H,,2-13C,1'3"-
15N, ]Jurocanic acid (UA-[M + 6)) for analytical
internal standards. [3-H,1’,3'-**N,]Urocanic
acid (UA-[M + 3]), which would be formed me-
tabolically from r-His-[M + 4], was also syn-
thesized for development of the GC-MS assay.
Detailed discussion concerning the synthesis of
pL-His-[M + 7], UA-[M + 6] and UA-{M + 3]
will be described elsewhere [7].

For the simultaneous assay of L-histidine and
urocanic acid, solvent extraction and purification
from the plasma sample followed by GC deriv-
atization should preferably be the same for the
two compounds. The simultaneous derivatiza-
tion of L-histidine and urocanic acid was carried
out by the following three-step reaction to give
“N-(trifluoroacetyl)-"™N-(ethoxycarbonyl)-L-his-
tidine n-butyl ester (L-His-TEB) [5,11,12] and
imN-(ethoxycarbonyl)urocanic acid n-butyl ester
(UA-EB): initial esterification with 3 M HCl in
n-butanol at 100°C for 15 min, followed by triflu-
oroacetylation with TFAA at 150°C for 5 min
and then ethoxycarbonylation with diethyl pyro-
carbonate (DEPC) at 150°C for 20 min. The opti-
mum conditions for each step were determined
by following the reaction by radio-TLC, using
human blank plasma spiked with trace amounts
of radioactive L-histidine and urocanic acid. The
trifluoroacetylation step is not required for the
derivatization of urocanic acid but is necessary
for the simultaneous derivatization of both L-his-
tidine and urocanic acid. The reaction conditions
employed for trifluoroacetylation left urocanic
acid n-butyl ester unaffected and subsequent eth-
oxycarbonylation gave the desired UA-EB deriv-
ative.

Fig. 1 shows the EI mass spectra of TEB deriv-
atives of unlabelled L-histidine and stable isotop-
ically labelled histidines (L-His-[M + 4] and DL-
His-[M + 77). The isotopic purities were calculat-
edtobe97.3% forM + 4and 95.2% forM + 7,
based on the ion intensities in the region of the
molecular ion of each compound. Fig. 2 shows
the EI mass spectra of EB derivatives of unla-
belled urocanic acid and labelled urocanic acids
(UA-[M + 3] and UA-[M + 6]). The isotopic
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Fig. 1. Electron impact mass spectra of TEB derivatives of un-
labelled L-histidine (A) and stable isotopically labelled histidines,
i.e., L-His-{M + 4] (B) and pL-His-[M + 7} (C). Bu = Butyl; Et
= ethyl.

purities were 93.9% for M + 3 and 93.8% for M
+ 6. When the molecular ions were monitored,
the sensitivity of the capillary GC-MS-SIM as-
says was ca. 10 pg per injection for the pure refer-
ence L-histidine (m/z 379) and ca. 50 pg per in-
jection for urocanic acid (m/z 266), with a signal-
to-noise ratio of more than 5 (Fig. 3).

The efficiency of extraction of L-histidine and
urocanic acid from plasma was examined on the
basis of recovery using radioactive L-histidine
and urocanic acid. The plasma sample was de-
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Fig. 2. Electron impact mass spectra of EB derivatives of un-
labelled urocanic acid (A) and stable isotopically labelled uro-
canic acids, i.e., UA{[M + 3] (B) and UA-[M + 6] (C).

proteinized and extracted with 2 ml of ethanol
twice. After removal of the solvent, the extract
was dissolved in ethanol (0.5 ml) and subjected to
a Sep-Pak C,s cartridge. The cartridge was
washed with 0.5 ml of ethanol to remove endoge-
nous compounds present in plasma and eluted
with 1 ml of water. The recoveries were 78.5—
80.4% (n = 3) for L-histidine and 71.1-74.7% (n
= 3) for urocanic acid. After the aqueous solu-
tion had been dried, the residue was derivatized
according to the procedure described above and
then purified by TLC. Fig. 4 shows selected ion
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Fig. 3. Sensitivity for L-histidine (top) and urocanic acid (bot-
tom).
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Fig. 4. Selected ion recordings of TEB derivatives of unlabelled
L-histidine (m/z 379), L-His-[M + 4] (m/z 383) and DL-His-[M +
71 (m/z 386) and of EB derivatives of unlabelled urocanic acid
(m/z 266), UA-[M + 3] (m/z 269) and UA-[M + 6] (m/z 272)
after processing a plasma sample.
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TABLE 1
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ACCURACY OF GC-MS-SIM ANALYSIS OF L-HIS-[M + 4] AND UA-[M + 3] IN HUMAN PLASMA

Compound Added Found (ng/ml) Relative C.V.
(ng/ml) error (%)

Individual values® Mean + S.D. (%)
L-His-[M + 4] 53.65 52.19 52.19 53.79 49.79 53.47 5229 £ 1.57 —2.53 3.01
536.50 550.09 506.44 545.14 543.86 538.91 536.89 + 1748 —0.07 3.26
UA-M + 3] 47.30 50.39 47.31 47.79 45.42 45.89 4736 + 1.96 +0.13 4.13
237.00 244.29 241.84 253.42 248.98 253.89 248.48 + 5.38 +4.84 2.16

¢ Each individual value is the mean of triplicate measurements.

recordings of TEB derivatives of unlabelled L-
histidine (m/z 379), L-His-[M + 4] (m/z 383) and
pL-His-[M + 7] (m/z 386), and of EB derivatives
of unlabelled urocanic acid (m/z 266), UA-[M +
3] (m/z 269) and UA-[M + 6] (m/z 272) after
processing from spiked plasma. Blank plasma
samples were found to contain no interfering
substances derived from plasma.

Calibration graphs were prepared in the ranges
1-2000 ng of labelled L-histidine (L-His-[M + 4])
and 1-500 ng of labelled urocanic acid (UA-[M
+ 3]) with pL-His-[M + 7] (193.6 ng) and
UA-[M + 6] (233.2 ng) as the internal standards
for the GC-MS assays. The mixture was assayed
as L-His-TEB and UA-EB derivatives by mon-
itoring the molecular ion intensities at m/z 383
(L-His-[M + 4}, m/z 386 (DL-His-(M + 7]), m/z
269 (UA-[M + 3]) and m/z 272 (UA-[M + 6]).
The peak-height ratios were plotted against the
concentrations (ng/ml) of L-His-[M + 4] and
UA-[M + 3]. The graphs were linear over the
ranges 1-2000 ng [y = (6.2521 - 107 3)x —
0.0063, r = 0.9999] for L-His-[M + 4] and 1-500
ng [y = (4.2308 - 10~ %) x — 0.0068, r = 0.9998]
for UA-[M + 3].

The accuracy of measurements was determined
for L-His-[M + 4] and UA-[M + 3] added to
0.5-ml aliquots of pooled plasma. The plasma
samples contained fixed amounts of pL-His-[M
+ 71 (193.6 ng) and UA-[M + 6] (233.2 ng) as
the internal standards and different amounts of
L-His-[M + 4] (53.65 and 536.50 ng) and UA-[M
+ 3] (47.30 and 237.00 ng). Table I shows that

the amounts of L-His-[M + 4] and UA-[M + 3]
determined were in good agreement with the ac-
tual amounts added, the relative error being less
than 2.53% of for L-His-[M + 4] and 4.84% for
UA-[M + 3]. The inter-assay coefficients of vari-
ation (C.V.) (n = 5) were 3.01% for 53.65 ng/ml
and 3.26% for 536.50 ng/ml of L-His-[M + 4]
and 4.13% for 47.30 ng/ml and 2.16% for 237.00
ng/ml of UA-[M + 3}. The intra-assay C.V. val-
ues (n = 3) were less than 3% for both L-His-[M
+ 4] and UA-[M + 3].

The present method provides a sensitive and
reliable technique for the simultaneous determi-
nation of plasma concentrations of stable isotop-
ically labelled L-histidine and urocanic acid with
good accuracy and precision. The method can be
applied to pharmacokinetic and metabolic stud-
ies of L-histidine following administration of sta-
ble isotopically labelled r-histidine to patients
with histidinaemia.
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