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Abstract

In this study, the hyphenation of LC-SPE-NMR-MS at 500 MHz was applied to the structural elucidation of a low concentrated paracetamol
metabolite present in human urine. Single or multiple peak trapping of the mass detected metabolite on SPE cartridges was employed to
increase the sensitivity and quality NMR measurement over the conventional LC-NMR method. After the elution of the metabolite from the
SPE cartridge to the NMR flow probe using deuterated acetonitrile for initial NMR investigation, the fraction was revovered by flushing the
sample out of the NMR probe head with nitrogen gas. On the recovered fraction, high resolution FT-ICR-MS measurements were conducted,
giving exact mass information about the unknown metabolite. In addition, a cryogenic NMR micro probe head was used to enhance the
sensitivity of the NMR measurement by a factor of 5 in order to run 2D experiments for structural elucidation of the unknown metabolite.
The combination of both MS and NMR results, led unequivocally to the elucidation of the structure as the ether glucuronide of 3-methoxy-
paracetamol.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction pounds in biofluids and thereby aid the structure elucida-
tion of unknown drug metabolite,8]. SPE is normally

High field NMR spectroscopy is a very powerful tool used in front of a separation to preclean or to preconcentrate
and efficient method for the direct investigation of xenobi- samples (SPE-LC) prior to injection. Several studies report
otic metabolites in complex matrixes, i.e., urine, plasma and the use of SPE off-line, prior to chromatographic analysis,
bile [1-5]. The unambiguous identification of drug metabo- e.g., for the removal of endogeneous compounds in urine to
lites can usually only be accomplished by spectroscopic char-facilitate studies of drug metabolit¢€,7]. In these cases,
acterization, generally mass spectroscopy (MS) and nuclearSPE is used to concentrate the sample before the separa-
magnetic resonance (NMR) spectroscopy. By use of directly tion on a HPLC column, which is then connected to the
coupled stopped flow LC-NMR at 800 MHz even compo- NMR probe. Another combination of SPE, HPLC and NMR
nents at very low concentration levels can be identified. The was used to increase the sensitivity of HPLC-NMR analysis
first study presenting the use of directly coupled 800 MHz for by concentrating the eluted compounds on a guard column
the analysis of drug metabolites was published by Sidelmann[9,10].
et al.[6]. Examples of off-line SPE followed by on-line LC-NMR

Solid phase extraction (SPE) has been proven to be verycoupling include the analysis of natural produft$—13]
successful for the selective removal of endogenous com-One of the latest technological improvements was the re-

cently introduced LC-SPE-NMR setyp4—-16] In the case
+ Corresponding author. Tel.: +49 721 5161 209; fax: +49 721 5161 207. d€Scribed here, SPE is used on-line after the analytical col-
E-mail addressmarkus.godeiohann@bruker-biospin.de umn to trap LC peaks. One of the latest developments in
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automated SPE system as interface between liquid chro-75min. The flow rate used was 0.2 mL/min and the separa-
matography (LC) and NMR, is demonstrated. tion was carried out at 10C to improve the separation of the
The identification of metabolites of paracetamol in hu- unknown metabolite from closely eluting peaks.
man urine by directly coupled LC-NMR was one of the first
examples to show the efficiency of this technique. Major 2.4. SPE-procedure
metabolites are known and have already been described in
the literaturg5,17,18] The objective of this study is to apply The peaks of interest were detected using the UV re-
newly developed techniques such as LC-NMR-MS or LC- sponse at 254 nm and the mass response/aB58. Sol-
SPE-NMR to the investigation of paracetamol metabolites. vents used were non-deuterated, saving cost and preventing
This study includes the use of Fourier transformion cyclotron the exchange of acidic protons like —OH, —NH, —NWlith
resonance mass spectrometry (FT-ICR-MS) for exact massD,0 and, therefore simplify mass spectrometric analysis. A
determination of unknown constituents and LC-SPE-NMR make-up flow of eluent A was added to the post column eluate
to increase the sensitivity of the measurement at lower fieldsin a ratio of 4:1 in order to improve the retention on the Hy
(e.g., 400 or 500 MHz) and to eliminate HPLC solvent sig- sphere GP cartridge (10 mm 2 mm) from Spark Holland
nals. (Emmen, Holland).
After the trapping process, the cartridges were dried with
nitrogen to remove residual solvents. Pure deuterated ace-

2. Experimental tonitrile was used to flush the peak from the SPE cartridge
directly into the NMR cell. The S/N gain for the SPE-NMR
2.1. Chemicals over conventional LC-NMR depends on the probe volume,

the peak broadening during transfer and the ratio of the vol-
All compounds used in the experiments were purchasedume of the original LC peak to the volume of the elution
from Sigma—Aldrich (Deisenhofen, Germany), except for the band.
HPLC solvents. Acetonitrile was purchased from Riedel-de
Haen (Seelze, Germany) and high purity HPLC-grade water 2.5. NMR spectroscopy
was obtained from Carl Roth GmbH (Karlsruhe, Germany).
The deuterated solvents were purchased from Deutero GmbH From the SPE cartridges the collected fractions were

(Kastellaun, Germany). eluted into a Bruker AVANCE 500 MHz NMR spectrome-
ter operated at 500.13 MHz, equipped with a 3.0 Aif-3C
2.2. Dosing and urine collection inverse LC flow probe (active volume @@.).

Routine measurements were carried out using multiple
Urine was obtained from a normal healthy male 4 h after an solvent suppressioi9,20]with time-shared double presat-
oral dose of 1 g of paracetamol. Samples were stored frozen auration of the water and the acetonitrilel frequencies by
—38°Cuntil analysis. The urine was injected directly ontothe means of a shaped low power rf-pulse and CW-decoupling
LC column without any further pretreatment of the sample. on the F2-channel for the decoupling of tH€ satellites of
acetonitrile. The data were collected into 32 K computer data

2.3. LC-SPE-NMR-MS at 500 MHz points with a spectral width of 10,000 Hz, 9pulses were
used with an acquisition time of 1.6 s, and the spectra were
2.3.1. Chromatography acquired by accumulation of 128 scans for the triple trapping

A 1100 series chromatographic system including a qua- (1024 scans for the single trapping). Prior to Fourier trans-
ternary pump, column thermostat, autosampler and variableformation, an exponential multiplication was applied to the
wavelength detector from Agilent (Waldbronn, Germany) FID, corresponding to a line broadening of 1 Hz.
was connected to an NMR/MS interface from Bruker (Bruker
BioSpin, Rheinstetten, Germany). Five percent of the eluent2.6. FT-ICR-MS
was split to an Esquire 3000 iontrap multipole mass spec-
trometer equipped with an electrospray interface from Bruker  All experiments were performed using an APEX I
Daltonik (Bremen, Germany) and operated in positive ioni- Fourier transformion cyclotron resonance mass spectrometer
sation mode. The major fraction of the eluent (95%) followed (Bruker Daltonics Inc., Billerica, MA, USA) equipped with a
the flow path to a Prospekt 2 automated solid phase extraction7 T superconducting magnet (Bruker Biospin GmbH, Rhein-
unit from Spark Holland (Emmen, Holland). Chromatogra- stetten, Germany). A cylindrical “infinity cell[21] type
phy was performed using a YMC-Pack J'Sphere H80 col- ICR trap was used with equipotential-line-segmented trap-
umn (250 mmx 2.0 mm i.d, 4um patrticle size) from YMC ping plates. The electrospray mass spectra were acquired us-
Europe (Schermbeck, Germany). Gradient elution was per-ing an APOLLO electrospray ion source (Bruker Daltonics
formed using eluent A (b0 +0.1% formic acid) and eluentB  Inc., Billerica, MA, USA) in negative ion mode in the mass
(acetonitrile) with the following linear gradient: 1% B held range fromm/z 55 to 1500 using 512 K data points. External
over 5min to 30% B within 60 min and to 100% B within calibration of the spectra was accomplished by measuring
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a homologous series @gkhydroxy benzoic acid esters. Ac- 1

1 glucuronide
quisition and post-processing of MS data have been carried 254nm 2 sulphate
out using the software XMASS 5.0 (Bruker Daltonics, Biller- 3 paracetamol

4 unknown metabolite

ica, MA, USA). For the infusion experiments, the recovered
peaks from the SPE-NMR run were dissolved in acetonitrile
and 0.1% formic acid (50:50, v/v). Samples were introduced il achl
by directinfusion using a syringe pump (Cole Parmer, Vernon %

34 p
Hills, IL, USA) at a flow rate of 6QL/h. | i \WA_A,;{L

0 5 10 15 20 25 30 Time [min]

5 indoxyl sulphate
6 N-acetyl cysteine conjugate

2.7. Off line measurement from recovered SPE fraction

ina3mm cryogenic probehead at 600 MHz Fig. 1. HPLC chromatogram of paracetamol metabolite in human urine.

Peak 1: glucuronide; 2: sulphate; 3: paracetamol; 4: unknown paracetamol

. metabolite; 5: indoxyl sulphate; 6l-acetyl cysteine conjugate; 7: hippuric
The set-up consisted of a Bruker AVANCE 600 MHz spec-  acid.

trometer equipped with a 3.0 mm dual inverse Cryopi#be
(active volume 5%.L). The samples were recovered from the
previously described LC-SPE run. The sample was obtained
by repeating the chromatography and trapping the unknown
paracetamol metabolite peak three times. After drying the
SPE cartridge with nitrogen, the sample was eluted directly
into a 3 mm sample tube with 150 deuterated acetonitrile.

The fractions which correspond to peaks 1 and Biin 1
were infused into the FTMS and the mass spectra are shown
in Fig. 2c and d, respectively, whilEig. 2a and b shows the
result from first LC-NMR/MS runs performed withJD in-
stead of water using the Esquire 3000. The nominal masses
obtained from this experiment can be used for the calculation
ofthe number of exchangeable protons as visualizEdjra
2.8. NMR measurements which indicates that both, the known and unknown paraceta-

mol glucuronides own five exchangeable protons. The FT-MS

A phase-sensitive 2D NOESY experimg@@—24] was measurements were carried out in non-deuterated solvents,
carried out with the unknown paracetamol metabolite on a therefore, exact masses could be obtained. For the known
Bruker AVANCE 600 MHz spectrometer equipped with a paracetamol glucuronide (peak 1) amz = 326.0881 M —

3.0 mm CryoprobE (active volume 5@.L). 'HNMR spec-  H]~ was expected (found at 326.0880; mass error: 0.3 ppm).
tra were obtained at 600.23 MHz. Chemical shifts were ref- For the unknown metabolite a massmfz = 356.0991 was
erenced to that of acetonitrile defined as 2.0 ppm. A total of found, which is in good agreement with the proposed molec-
181 increments with 128 transients and 2 K computer dataular formula of GsH19NOg of the ether glucuronide of 3-
points were acquired in simultaneous mode with a spectral methoxy-paracetamol (expected: 356.098[7 H] ~; mass
width in both dimensions of 6127.5 Hz. With an acquisition error: 1.0 ppm).
time of 167 ms and an applied mixing time of 2's, the total The formation pathway for this metabolite is postulated
acquisition time was 20h. The data were apodized with a in Fig. 3. Paracetamol is first hydroxlated at position 3. The
shifted squared sine bell window function (2.5Hz) in both enzyme catechol O-methyl transferase (COMT) then catal-
dimensions and zero-filled in the Fi dimension to 1024 data yses the transfer of a methyl group from the coenzyme S-
points. adenosylmethionine to the 3-position hydroxyl grdag].
The phenol group at position 4 then undergoes conjugation
to give the ether glucuronide of 3-methoxy-paracetamol.
3. Results and discussion Atthe lower NMR field strength of 500 MHz, it was possi-
ble to obtain a ID proton NMR spectrum of the new metabo-

Chromatographic separation of the individual metabolites lite with 1024 scans after a single trapping step with an injec-
was readily achieved by HPLC using gradient meth&itgs.1 tion volume of only 5QuL. The use of the newly developed
presents the separation of human uriney&0njection) af- LC-SPE-NMR interface, with its possibility to multiply trap
ter dosage of 1 g paracetamol. Small amounts of unchangedhe same peak from several injections on one cartridge, can
paracetamol (peak 3) can still be observed. Interpretation of help to overcome sensitivity problems. After trapping the
the MS/MS data obtained during optimisation of the chro- same peak out of three injections on the same cartridge it
matography revealed the presence of an unknown metabolitevas possible to reduce the required number of scans from
in the sample showing a mass difference of 30 in compari- 1024 to 128 to get an interpretable NMR spectrum as shown
son with the known glucuronide of paracetamol. However, in Fig. 4b. A major advantage of this approach is the fact
the concentration was too low for structural elucidation at that the drying process removes most of the water from the
500 MHz. cartridge leading to the detection of the exchangeable amide

To gain the exact mass of the unknown metabolite, high Proton of the ether glucuronide of 3-methoxy-paracetamol.
resolution FT-ICR-MS[25,26] measurements were carried This proves the new glucuronide to be an oxygen rather than
out on peaks recovered from the SPE experiments. a nitrogen bound glucuronide.
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359.9
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protons
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Fig. 2. Esquire 3000 LC-NMR/MS result withD instead of water allowing the calculation of the number of exchangeable protons (a) paracetamol glucuronide
and (b) unknown metabolite, and Apex Il FT-ICR/MS determination of exact mass measurements ugiiy-€611% formic acid with 6@.L/h infusion. (c)
Paracetamol glucuronide and (d) unknown paracetamol metabolite.

Further, gain in sensitivity was achieved using a cryo- tion of a full 2D NOESY experiment within 20 h. The proton
probe. The recovery of the measured fraction into an NMR spectrum on top of the NOESY spectrumFig. 5 shows
tube was easily achieved by backflushing the LC probe heada 1,3,4-trisubstituted pattern in the aromatic region with a
with nitrogen gas. This reduced the danger of further di- doublet at 7.4 ppm showing a meta coupling, a doublet at
lution or contamination with proton carrying solvents. The 7.04 ppm indicating a large otho coupling and a doublet of
fraction recovered in a 3mm NMR tube was transferred to doublet at 6.98 ppm with an ortho and meta coupling besides
a 600 MHz spectrometer equipped with a cryogenic probe two signal groups resulting from the ABB’ spin system
head. The gain of NMR sensitivity now enabled the acquisi- of un-metabolised paracetamol. In the sugar region, a dou-

ol Glucuronic acid <
OH

OH (|:H3 o
4
s 3 4 OH 4 0 5
. 5
Hydroxylation 5 Methylation Glucuronidation
6 —— —_— —_———
6 2 (COMT) 6 (GT) 6 ;
1
1 1
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TCHS HN\[(CHz HNYCH*

i
0]

HN CH, HN
0 0 0 o
Paracetamol Ether glucuronide of 3-methoxy-
N-(4-hydroxyphenyl)acetamide paracetamol

Fig. 3. One probable mechanism that leads to the ether glucuronide of 3-methoxy-paracetamol.
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Fig. 4. Fifty microliters paracetamol in human urine was injected for SPE
trapping. (a) Shows the result after single trapping and (b) the result after
tripple trapping. 4

blet at 4.8 ppm with a large coupling constant corresponds to| 4 - : ; o
the anomeric proton of the glucuronic acid moiety. The sin- ~—— T
glet at 3.8 ppm shows a chemical shift typical for methoxy ' ' ) T . T
groups. Fig. 5. 2D NOESY spectrum (mixing time = 2 s) of the ether glucuronide of
A correlation in the NOESY spectrum Fig. 5between 3-methoxy-paracetamol at 600 MHz in a 3mm cryogenic probe head (total
the methoxy group at 3.8 ppm and the aromatic proton at experimenttime 20 h).The samp_lewas recovered fromaconve_n_tional3mm
7.4 ppm proves the close spatial relationship between bothLC probe head after atriple trapping SPE-NMR run (result showagrdb).
protons.
A second strong correlation can be observed between theshowing a doublet of doublet with an ortho and meta coupling
anomeric proton resonating at 4.8 ppm and the doublet show-(H5).
ing the large ortho coupling constant at 7.04 ppm as indicated
in Fig. 5.
It has to be emphasized that the anomeric proton shows4. Conclusion
only one correlation to a proton in the aromatic region. This
strongly points to the proposed structure with a methoxy  The LC-SPE-NMR coupling allows to increase the sensi-
group being in the three-position rather than a second pos-tivity of a hyphenated system over conventional LC-NMR by
sible structure where the methoxy group would be in the afactor of atleast 2. Quantitative enrichment on the SPE car-
two-position, which would also give a NOESY correlation tridges enables multiple trapping steps increasing the NMR
between the methoxy group and a doublet with the small sensitivity by additional factors. As the chromatography is
meta coupling in the aromatic region. performed with standard HPLC solvents, the exact mass in-
However, this molecule would not show a correlation be- formation can be deduced. The drying and elution step with
tween the anomeric proton and the doublet with a meta coup-pure deuterated acetonitrile allows the detection of most ex-
ling only. changeable protons in the NMR spectrum if no presaturation
Instead, an ether glucuronide of 2-methoxy-paracetamol of the residual water resonance is applied. In addition, the
would show a strong NOESY correlation between both the sample can be recovered without further dilution or contam-
methoxy group and the anomeric proton to a doublet in the ination by flushing the LC-probe head with nitrogen once
aromatic region with a small meta coupling (H3). In addition the routine NMR measurement is finished. Recovering of the
one would expect a correlation between the anomeric protonpeak into an NMR tube enables the re-investigation of the
and the second adjacent aromatic proton in this moleculefraction in a cryogenic probe increasing the sensitivity of the
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NMR measurement by a factor of 5-6. A small portion of
this fraction can be diluted with aqueous buffer to perform
accurate MS measurements yielding the sum formula of the
analyte.

Acknowledgement

We wish to thank Olivia Corcoran (King's College, Lon-
don) for helpful discussions on the manuscript.

References

[1] J.K. Nicholson, I.D. Wilson, Prog. Drug. Res. 31 (1987) 427.

[2] R.D. Farrant, S.R. Salman, J.C. Lindon, B.C. Cupid, J.K. Nicholson,
J. Pharm. Biomed. Anal. 8 (1993) 687.

[3] E. Holmes, S. Caddick, J.C. Lindon, I.D. Wilson, S. Kryvawych,
J.K. Nicholson, Pharm. Biochem. Pharmacol. 49 (1995) 1349.

[4] M. Spraul, M. Hofmann, P. Dvortsak, J.K. Nicholson, 1.D. Wilson,
J. Pharm. Biomed. Anal. 8 (1992) 601.

[5] M. Spraul, M. Hofmann, J.C. Lindon, R.D. Farrant, M. Seddon, J.K.
Nicholson, I.D. Wilson, NMR Biomed. 7 (1994) 295.

[6] U.G. Sidelmann, U. Braumann, M. Hofmann, M. Spraul, J.C. Lin-
don, J.K. Nicholson, S.H. Hansen, Anal. Chem. 69 (1997) 607.

[7] 1.D. Wilson, J.K. Nicholson, J. Pharm. Biomed. Anal. 6 (1988) 151.

[8] J.C. Lindon, J.K. Nicholson, E. Holmes, J.R. Everett, Concepts
Magn. Reson. 12 (5) (2000) 289.

M. Godejohann et al. / J. Chromatogr. A 1058 (2004) 191-196

[9] L. Griffiths, R. Horton, Magn. Reson. Chem. 36 (1998) 104.

[10] J.A. De Koning, A.C. Hogenboom, T. Lacker, S. Strohschein, K.
Albert, U.Th. Brinkman, J. Chromatogr. A 813 (1998) 813.

[11] M. Godejohann, A. Preiss, C. hgge, G. Winsch, Anal. Chem. 69
(1997) 3832.

[12] M. Sandvoss, A. Weltring, A. Preiss, K. Levsen, G.uNgéch, J.
Chromatogr. A 917 (2001) 75.

[13] M. Dachtler, K. Kohler, K. Albert, J. Chromatogr. B 720 (1998) 211.

[14] N.T. Nyberg, H. Baumann, L. Kenne, Magn. Reson. Chem. 39 (2001)
236.

[15] N.T. Nyberg, H. Baumann, L. Kenne, Anal. Chem. 75 (2003) 286.

[16] V. Exarchou, M. Godejohann, T.A. Van Beek, I.P. Gerothanassis, J.
Vervoort, Anal. Chem. 75 (2003) 6288.

[17] J.R. Bales, P.J. Sadler, J.K. Nicholson, J.A. Timbrell, Clin. Chem.
30/10 (1984) 1631.

[18] J.R. Bales, J.K. Nicholson, P.J. Sadler, Clin. Chem. 31/5 (1985) 757.

[19] J.K. Nicholson, P.J. Foxall, M. Spraul, R.D. Farrant, J.C. Lindon,
Anal. Chem. 34 (1995) 793.

[20] U. Sidelmann, C. Gavaghan, H.A.J. Carless, M. Spraul, M. Hofmann,
J.C. Lindon, I.D. Wilson, J.K. Nicholson, Anal. Chem. 67 (1995)
4441.

[21] P. Caravatti, M. Allemann, Org. Mass Spectrom. 26 (1991) 514.

[22] J. Jeener, B.H. Meier, P. Bachmann, R.R. Ernst, J. Chem. Phys. 71
(1979) 4546.

[23] S. Macura, R.R. Ernst, Mol. Phys. 41 (1980) 95.

[24] S. Macura, Y. Huang, D. Suter, R.R. Ernst, J. Magn. Reson. 43
(1981) 259.

[25] A.G. Marshall, C.L. Hendrickson, G.S. Jackson, Mass Spectrom.
Rev. 17 (1998) 1.

[26] 1.J.J. Amster, Mass Spectrom. 31 (1996) 1325.

[27] H.C. Guldberg, C.A. Marsden, Pharmacol Rev. 27 (2) (1997) 135.



	Characterization of a paracetamol metabolite using on-line LC-SPE-NMR-MS and a cryogenic NMR probe
	Introduction
	Experimental
	Chemicals
	Dosing and urine collection
	LC-SPE-NMR-MS at 500MHz
	Chromatography

	SPE-procedure
	NMR spectroscopy
	FT-ICR-MS
	Off line measurement from recovered SPE fraction in a 3mm cryogenic probehead at 600MHz
	NMR measurements

	Results and discussion
	Conclusion
	Acknowledgement
	References


