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a b s t r a c t

Diffusion-edited NMR spectroscopy is used to enable the structural characterization of low level metabo-
lites in the presence of endogenous compounds, and organic solvents. We compared data from standard
one-dimensional (1D) 1H, 1D NOESY-presaturation, and 1D diffusion-edited experiments run on 20 �g
and 100 �g samples of ethacrynic acid glutathione thioether (EASG) and a previously unreported metabo-
lite of mefenamic acid, mefenamic acid glutathione thioester (MSG). The 1D NOESY-presaturation
technique gave spectra with the best signal-to-noise (S/N) ratio, approximately three times that observed
with the standard 1H experiment, with respect to the metabolite signals. However, it was not selective
for solvent signals as overlapping metabolite signals were also suppressed by this technique. In some
cases, these signals were key to determining the site of glutathione attachment on the parent molecule.
1D NOESY-presaturation spectra also produced baseline distortions and inconsistent integration values.
By comparison, 1D diffusion-edited experiments were found to selectively and simultaneously remove
multiple solvent signals, resolve overlapping metabolite signals, and provide more uniform integration
for metabolite signals overlapping with or proximal to solvent peaks, without producing baseline distor-
tions. However, the diffusion-edited experiments caused significant signal attenuation of the metabolite
signals when compared with a standard 1H spectrum. Partially purified metabolites isolated from biolog-
ical matrices were also characterized by using two-dimensional diffusion-ordered spectroscopy (DOSY).
DOSY spectra acquired on a sample of EASG purified from rat bile proved useful in ‘separating’ the signals
of EASG, from those of a co-eluting bile acid and parent drug ethacrynic acid (EA) in the diffusion-
dimension in regions where there was no spectral overlap. In the low-field regions of high overlap, the

DOSY experiment did not effectively separate the signals from the individual components. Diffusion based
experiments provide a way to determine the total number of components that are present in a metabolite
sample as well as an ability to identify them based on the chemical shift information, without the need
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. Introduction

Reactive metabolites of many pharmaceutical agents are asso-
iated with idiosyncratic toxicities and adverse drug reactions that
an lead to product recalls and costly labeling changes [1]. Many
eactive metabolites are produced by electrophilic or free radical
eactions that occur during Phase I metabolism and these inter-
ediates are thought to cause toxicity by covalently modifying
ssential cellular components. Pharmaceutical discovery efforts
ave become increasingly focused on characterizing and identify-

ng reactive metabolites early on in the discovery process in order

∗ Corresponding author. Tel.: +1 650 244 2375; fax: +1 650 837 9369.
E-mail address: Skhera@amgen.com (S. Khera).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.07.010
on small samples.
© 2009 Elsevier B.V. All rights reserved.

to produce drug candidates with better safety profiles. One popu-
lar strategy for the identification of reactive metabolites is through
‘trapping’ the metabolites by conjugation with nucleophilic agents
such as glutathione [2]. This technique takes advantage of the nat-
ural process for the detoxification of xenobiotics during Phase II
metabolism. In vitro experiments involving the incubation of a drug
candidate with liver microsomes in the presence of glutathione are
conducted to produce conjugates of chemically reactive molecules.
These glutathione conjugates are often more stable then the reac-
tive intermediates, and thus are generally amenable to structure

determination and the identification of site(s) of metabolic lia-
bilities in parent molecules. With this structural information,
medicinal chemists can attempt to design better molecules that
bypass undesirable bio-activation and/or block labile sites on the
original molecule.

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:Skhera@amgen.com
dx.doi.org/10.1016/j.jpba.2009.07.010
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In order to determine structures of unknown metabolites, it is
ften necessary to collect and analyze 1H NMR data and compare

t to the data acquired on the parent compound. The 1H NMR spec-
rum provides rich structural information through chemical shifts,
oupling interactions, and peak integration data and this informa-
ion can be used to assign the structure of drug metabolites and
he sites of conjugation with glutathione or other ‘trapping’ agents.
here are numerous examples in the literature where the 1H NMR
lone has provided sufficient information to determine the struc-
ure of unknown drug metabolites [3–5]. Because the quantity of

etabolites obtained from in vitro or in vivo experiments are usually
imited (sub-milligram), their 1H NMR spectra are typically dom-
nated by large signals arising from the organic solvents used in
hromatographic mobile phases, in addition to water and/or resid-
al non-deuterated solvent. These undesirable signals can cause
ynamic range issues and complicate the assignment of metabolite
eaks, especially when they are obscured by the solvent peaks.

Differences in the molecular diffusion properties of the solute
nd solvent molecules, have been utilized previously for the pur-
ose of solvent suppression in NMR [6,7], as with the DRYCLEAN
pproach to suppress water signals in aqueous solutions of macro-
olecules [8]. More recently, an application of 1D diffusion-editing

as been reported for the suppression of water and residual
on-deuterated solvent signals from 1H NMR spectra of organic
ompounds [9] and two-dimensional DOSY has also been used
o suppress solvent signals in neat ionic liquids [10]. DOSY has
lso been reported to monitor the production of lovastatin in the
resence of other co-metabolites and impurities during the fermen-
ation process [11].

In this study we use 1D diffusion-editing techniques to suppress
olvent and other signals from small-molecular weight impurities
n the 1H NMR spectrum of metabolites isolated in microgram quan-
ities. We present a comparison of data obtained from standard
H, 1D NOESY-presaturation, and 1D diffusion-edited experiments,
sing 20 �g and 100 �g samples of a glutathione adduct of
thacrynic acid and a new glutathione conjugate of mefenamic acid.
e also evaluate the use of DOSY as a means of ‘separating’ NMR

ignals belonging to a metabolite, purified from rat bile, from those
f endogenous co-eluting impurities.

. Experimental

The glutathione conjugate of ethacrynic acid is well known and
tudies of this compound have been widely reported [12–14]. The S-
cyl-glutathione conjugate of mefenamic acid (MSG) is a previously
nreported metabolite which was first detected by LC/MS/MS tech-
iques in extracts from incubations of mefenamic acid with freshly

solated rat hepatocytes (data not shown). However, structurally
issimilar, thioether-linked glutathione conjugates of mefenamic
cid that were formed by P450-mediated metabolism of the drug
ave also been reported [15]. Standards for ethacrynic acid glu-
athione thioether (EASG, 1) and mefenamic acid glutathione
hioester (MSG, 2) were synthesized in-house as described below
Fig. 1). The proton NMR spectra of these standards were fully
ssigned using 2D NMR experiments and these assignments were
ound to be consistent with those reported previously for EASG [13].
his report presents the first proton chemical shift assignments for
SG.

.1. Chemicals
Ethacrynic acid (EA), mefenamic acid, glutathione (GSH),
otassium hydrogen carbonate (KHCO3), hydrochloric acid (HCl),
etrahydrofuran (THF), ethyl acetate, acetone, ethyl chlorofor-

ate, triethylamine (TEA), formic acid, and phosphoric acid were
Fig. 1. Ethacrynic acid glutathione thioether (EASG) (1), and mefenamic acid glu-
tathione thioester (MSG) (2).

obtained from Sigma–Aldrich (St. Louis, MO). All solvents used for
liquid chromatography–tandem mass spectrometry (LC–MS/MS)
analysis were of chromatographic grade. DMSO-d6 (99.9%) and
CD3OD (99.8%) used for the NMR experiments were obtained from
Cambridge Isotope Laboratories, Inc. (Andover, MA).

2.2. Preparation and identification of ethacrynic acid glutathione
thioether (EASG)

EASG was synthesized by adding GSH (6.5 mmol, 2 g) to EA
(1.7 mmol, 500 mg) dissolved in 100 ml of 1:1 H2O/THF, contain-
ing KHCO3 (8 mmol, 0.8 g, pH 8.1). The mixture was stirred for 24 h
at room temperature after which 20 drops of HCl (concentrated)
were added. The THF was evaporated off under reduced pressure to
afford an aqueous mixture containing precipitated EASG. The pre-
cipitate was isolated by filtration through a glass filter where it was
washed with acidic water (0.1N HCl; 4× 50 ml, pH 3) followed by
washing with ethyl acetate (4× 50 ml). The washed precipitate was
dried under a stream of N2 gas at room temperature to provide a
white solid where the yield was ∼80%.

The Tandem CID MS/MS spectrum in the positive ion mode of
EASG was as follows: (CID of MH+ ion at m/z 610), m/z (%): m/z 535
([M+H–glycine]+, 7%), m/z 481 ([M+H–pyroglutamic acid]+, 5%), m/z
378 ([ethacrynic-S-CH2CH NH2]+, 5%), m/z 335 ([ethacrynic-S]+,

+ +
100%), m/z 308 ([glutathione + H] , 0.5%), m/z 303 ([M+H–GSH] ,
4%), m/z 232 ([cys-�-glu]+, 1%) m/z 178 ([cys-gly]+, 16%), m/z 76
([glycine]+, 2%).

1H NMR of re-synthesized EASG consists of signals from two
diastereomers formed during the conjugation reaction. In the aro-
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atic region the signals from the two diastereomers were well
esolved but in the aliphatic region they were broad and overlapped,
onsistent with a previous report [13]. The spectrum also contains
ignals from parent EA and GSH as a result of degradation of EASG
n solution. This gives rise to several broad and overlapped signals
n the aliphatic region of the spectrum. To get accurate integration
alues for the EASG NMR peaks, data from diffusion-edited 1H NMR
nd 1H–13C HSQC experiments were used complementarily.

1H NMR (in DMSO-d6, 500 MHz): ı8.56 (1H, br t, J = 5 Hz, H-19),
.40 and 8.33 (1H, 2 d, J = 8 Hz, H-22 iomer A and B), 7.74 and 7.66
1H, 2 d, J = 9 Hz, H-8 isomer A and B), 7.08 and 7.01 (1H, 2 d, J = 9 Hz,
-9 isomer A and B), 4.76 (2H, br s, H-2), 4.46 (1H, br m, H-17), 3.73

2H, br s, H-20), 3.61 and 3.56 (1H, 2 br t, J = 6 Hz, H-11 isomer A
nd B), 3.47 (1H, ov m, H-26), 2.90 (2H, ov m, H-14b and H-16b),
.76–2.55 (2H, ov m, H-14a and H-16a), 2.27 (2H, br m, H-24), 1.91
2H, br m, H-25), 1.63 (1H, sex, J = 7 Hz, H-12b), 1.52 (1H, br m, H-
2a), 0.83 (3H, br t, J = 7 Hz, H-13).

.3. Preparation and identification of mefenamic acid glutathione
hioester (MSG)

MSG was synthesized by a conventional method employing
thyl chloroformate in a manner as described previously for the
ynthesis of clofibryl-S-acyl-glutathione thioester [16] and pro-
ided the glutathione thioester derivative as a white solid with a
ield of 63%. Thus, MSG was synthesized by dissolving 1.6 mmol
386 mg) of mefenamic acid in 25 ml of anhydrous THF at room
emperature and adding 1.6 mmol (220 �l) of triethylamine while
he solution was stirred. Next, 1.6 mmol (160 �l) of ethyl chlorofor-

ate was added and the mixture stirred for an additional 30 min.
he precipitate was removed by filtration through glass wool and
he filtrate added directly to 25 ml of H2O/THF (1:1.5) containing
SH (3.3 mmol, 1 g) and KHCO3 (1.6 mmol, 100 mg). The resulting
ixture was stirred for 1 h at room temperature under nitrogen, at
hich time the reaction was terminated by the addition of 8 drops

f HCl (concentrated). The THF was removed under vacuum, and
he remaining aqueous phase was extracted four times with ethyl
cetate (50 ml). The product, MSG, was precipitated at the interface
etween the aqueous and organic layers. The MSG was recovered
nd washed four times with H2O (50 ml) to remove GSH. The result-
ng product was then washed four times with acetone (50 ml) to
emove mefenamic acid. The final precipitate was dried under a
tream of nitrogen. The resulting MSG was pure as determined by
eversed-phase LC/MS analysis in the positive ion scan mode.

The Tandem CID MS/MS spectrum in the positive ion mode of
SG was as follows: (CID of MH+ ion at m/z 531), m/z (%): m/z

84 ([M+H–pyroglutamic acid–H2O]+, 1%), m/z 325 ([mefenamyl-
-CH2CH(NH)C O]+, 0.6%), m/z 308 ([glutathione + H]+, 0.5%), m/z
24 ([M+H–GSH]+, 100%), m/z 130 ([pyroglutamic acid]+, 1%).

1H NMR (in DMSO-d6, 500 MHz): ı9.32 (1H, s, H-9), 8.84 (1H,
r s, H-21), 8.56 (1H, d, J = 8 Hz, H-24), 7.92 (1H, d, J = 8 Hz, H-14),
.36 (1H, dd, J = 7, 8 Hz, H-12), 7.05–7.16 (3H, ov, H-4, H-5, and H-6),
.76 (1H, dd, J = 7, 8 Hz, H-13), 6.64 (1H, d, J = 8 Hz, H-11), 4.52 (1H,
d, J = 4, 9 Hz, H-19), 3.71 (2H, d, J = 5 Hz, H-22), 3.61 (1H, dd, J = 4,
3 Hz, H-18b), 3.25 (1H, t, J = 7 Hz, H-28), 3.13 (1H, dd, J = 10, 13 Hz,
-18a), 2.33 (2H, ov m, H-26), 2.29 (3H, ov s, H-8), 2.09 (3H, s, H-7),

.92 (1H, m, H-27b), 1.80 (1H, m, H-27a).

.4. Purification of EASG from rat bile

Ethacrynic acid was administered to a 300–330 g bile duct-

annulated rat as a 20 mg PO dose (dissolved as suspension in
istilled water with final pH ∼7). Approximately 4 ml bile was col-

ected for 4 h into a tube containing 400 �l of phosphoric acid (pH
) on wet-ice post-administration. Collected bile then was treated
ith 4 ml of acetonitrile (containing 3% formic acid) followed by
Biomedical Analysis 51 (2010) 164–169

purification by reversed-phase HPLC to collect the major metabolite
observed by UV detection at 226 nm. Chromatographic resolu-
tion was achieved with a Shiseido Capcell Pak-AQ C-18 column
(4.6 mm × 250 mm, 3 �m, Tokyo, Japan). Mobile phases consisted
of 0.1% aqueous formic acid (solvent-A) and acetonitrile with 0.08%
formic acid (solvent-B) run at a constant flow rate of 1 ml/min. The
solvent gradient was initially held at 0% solvent-B for 5 min, and
increased linearly to 70% solvent-B over another 45 min, kept at 70%
solvent-B for an additional 4 min, then immediately dropped to 0%
solvent-B over 0.1 min where it was held constant at 0% solvent B
for 6 min for re-equilibration.

2.5. NMR instrumentation

All 1D NMR experiments were acquired on a Bruker Avance
500 MHz spectrometer operating at a resonance frequency of
500.13 MHz for proton (Bruker BioSpin Corporation, Billerica, MA)
equipped with a 5 mm QNP cryoprobe with a z-axis gradient. DOSY
spectra were acquired on a Bruker Avance 600 MHz spectrome-
ter operating at a resonance frequency of 600.13 MHz for proton
equipped with a 5 mm TCI cryoprobe with a z-axis gradient coil.
All experiments were acquired at 298 K without sample spinning.
1H chemical shifts were referenced to the residual solvent signals
from DMSO-d6 at ı2.50 and CD3OD at ı3.30. All experiments were
run with samples volumes of 150 �l in 3 mm diameter thin-walled
NMR tubes.

2.6. NMR experiments

1H spectra were acquired using the pulse sequence ‘zg30’ with
4096 transients (64k pts, 3.2 s) and 32 dummy scans. 1D diffusion-
edited spectra were acquired with the Bruker pulse sequence
‘ledbpgp2s1d’ using square gradient pulses to reduce spectral arti-
facts. The relative gradient field strength and diffusion delay were
adjusted to optimize both the quality of solvent suppression and
the S/N ratio for each metabolite. The best results were obtained
with a 1 ms gradient pulse (at 52.3 G/cm) for both metabolites with
an optimum diffusion delay of 200 ms for EASG and 150 ms for
MSG. A 0.2 ms gradient recovery delay, a 5 ms eddy current delay,
a 6.5 �s pre-scan delay and a 2 s relaxation delay were employed
in all experiments. All spectra were acquired with 4096 transients
(32k pts, 1.6 s) and 32 dummy scans.

The standard Bruker pulse sequence ‘lc1pnf2’ was used to
acquire the 1D NOESY-presaturation experiment with simultane-
ous suppression of two solvent signals. The residual solvent signals
at ı2.50 for DMSO-d6 and ı3.30 for H2O were selected for presatura-
tion in both EASG and MSG samples. Two presaturation pulses were
used in this experiment, a 2.4 s pulse during the relaxation delay
followed by a 100 ms pulse during mixing time, with an optimized
power level of 56 dB for best S/N and solvent signal suppression
results. All spectra were acquired using 4096 transients (32k pts,
1.6 s) and 32 dummy scans.

DOSY spectra were acquired using the Bruker pulse program
‘ledbpgp2s’ using a sine-shaped gradient pulse. The gradient pulse
duration used was 1.4 ms while the diffusion delay was optimized
to 100 ms. The relative gradient strength was incremented from
5% to 100% sequentially to collect 80 increments with 32 transients
each preceded by 8 dummy scans per increment. A 0.35 ms gradient
recovery delay, a 5 ms eddy-diffusion delay, a 20 �s pre-scan delay,
and a 5 s relaxation delay were also employed in these experiments.

DOSY spectra were processed using Bruker Topspin 2.1 employing
exponential fitting with a maximum of three components. The pres-
ence of at least three components in the sample was indicated by
the 1D diffusion-edited experiment as well as LC–MS data (data not
shown). Baseline correction was applied to data prior to processing.
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For the 1D experiments with EASG, the S/N was calculated using
he pair of doublets centered at ı8.34 and noise was measured from
9.00 to ı9.50 region of the spectrum. For the 1D experiments with
SG the S/N was calculated using the doublet at ı7.92 and noise
as measured from ı10.00 to ı10.50.

.7. Tandem MS

The EASG and MSG were characterized by tandem mass spec-
rometry on a Thermo Fisher TSQ Quantum Discovery Max mass
pectrometer (Thermo Fisher Scientific, Waltham, MA), linked to an
gilent 1100 HPLC (Agilent Technologies, Santa Clara, CA) and a CTC
TS PAL Autosampler (Leap Technologies, Carrboro, NC). LC–MS
nalysis of EASG and MSG was performed with a Phenomenex Luna,
�m, C18(2), 100 Å, 150 mm × 2.00 mm reverse phase column (Tor-

ance, CA) at a flow rate of 0.3 ml/min. The mobile phase used was
.1% formic acid in water (solvent-A) and 0.1% formic acid in ace-
onitrile (solvent-B). Gradient elution was achieved by increasing
olvent-B from 0% to 95% over 13 min. Electrospray ionization was
mployed with the needle potential held at 4.5 kV. MS/MS con-
itions used were 2 mTorr argon collision gas and 20 eV collision
otential. Positive ion mode full scan (50–1200 amu), was con-
ucted with scan time 0.73 s and source collision energy of 10 V.
calibur software (version 2.0) was used to acquire all data.

. Results and discussion

The NMR spectra for the 20 �g and 100 �g samples of EASG
issolved in 150 �l of DMSO-d6 are shown in Figs. 2 and 3, respec-
ively. The residual solvent and H2O signals dominate the 1H spectra
Figs. 2A and 3A), obscuring some of the signals from EASG due to
he low metabolite concentration. Some signals from the metabo-
ite lie buried under these solvent peaks, making it desirable to use
olvent suppression techniques in order to improve the information
ontent of the spectra. As shown in Figs. 2B and 3B, the 1D NOESY-
resaturation experiment is effective in suppressing the two main
olvent signals. This technique effectively increases the dynamic
ange of signal detection such that the observed S/N ratios of the

etabolite signals, which are well separated from the solvent peaks
e.g. peak at ı8.34), increased by approximately threefold when
ompared to a standard proton spectrum. This effective improve-

ent in S/N is of special interest as sample quantities are often

imited when studying metabolites. However, the signal suppres-
ion is non-selective in the 1D NOESY-presaturation experiment,
nd overlapped metabolite peaks are also suppressed. Selective

ig. 2. EASG 20 �g in 150 �l DMSO-d6. Standard 1H spectrum, S/N = 30 (A), 1D
OESY-presaturation spectrum, S/N = 82 (B), and 1D diffusion-edited 1H spectrum,
/N = 7 (C).
Fig. 3. EASG 100 �g in 150 �l DMSO-d6. Standard 1H spectrum, S/N = 43 (A), 1D
NOESY-presaturation spectrum, S/N = 121 (B), and 1D diffusion-edited 1H spectrum,
S/N = 13 (C).

saturation of the H2O signal at ı3.30 also suppresses key proton
resonance H-11 at ı3.61 and ı3.56 (isomer A and B), the site of
glutathione addition to ethacrynic acid, and H-26 at ı3.47. In a
structure determination scenario where the identity of EASG was
unknown, the correct assignment of H-11 would be critical to the
structural characterization of EASG as it represents a new chiral
center created during conjugation with glutathione. Suppression
of the large solvent signals can also introduce baseline errors that
result in integral values inconsistent with the chemical structure for
those resonances that are close to the irradiated signal. As shown
in Fig. 3B, the proximity of signals H-14b and H-16b (ı2.90, 1.2H),
H-14a and H-16a (ı2.76–2.55, 0.3H), and H-24 (ı2.27, 1.3H), to the
suppressed residual DMSO-d6 signal at ı2.50 leads to structurally
inconsistent and non-uniform integration (shown in italicized let-
ters) for these peaks in the 1D NOESY-presaturation experiment.
Also, 13C satellites of the DMSO-d6 signal appear in the spectrum
(Figs. 2B and 3B) and are overlapped with signals from the metabo-
lite at positions H-14a, and H-16a.

The 1D diffusion-edited 1H NMR spectra of 20 �g and 100 �g
samples of EASG in DMSO-d6 are shown in Figs. 2C and 3C, respec-
tively. Selective suppression of the solvent signals is observed to
increase the effective resolution of the peaks of interest close to,
and overlapped with the solvent peak. Also, integration of sig-
nals H-11 and H-26 (ı3.47–3.61, 2H), H-14b and H-16b (ı2.90,
2H), H-14a and H-16a (ı2.76–2.55, 2H), and H-24 (ı2.27, 2H) were
found uniform and consistent with structure in contrast with the
1D NOESY-presaturation experiment. The diffusion-edited spectra
were free from baseline distortions and 13C satellites of the solvent.
However, due to relaxation losses during the refocusing and diffu-
sion delays employed in the diffusion-edited experiments, signal
attenuation is observed for the metabolite signals when compared
to the standard 1D 1H spectrum. This can be a significant disadvan-
tage for samples that are available in limited quantities and the loss
of signal may require the use of sensitive NMR instrumentation or
cryoprobe technologies.

It should be noted that the synthesis of EASG used here intro-
duces a new chiral center (marked with ‘*’ in Fig. 1.) in the molecule
resulting in two diastereomers of EASG, consistent with both enzy-
matic and non-enzymatic conjugation of EA as previously described
[13]. These diastereomers were not purified in this study and as
a result the 1H NMR spectra of EASG consists of a mixture of
diastereomeric signals in the downfield region (ı6.0–9.0), and the
appearance of broad and unresolved peaks in the upfield (ı0.0–5.0)

region of the spectrum. Additionally, the sample slowly degrades to
the parent ethacrynic acid (EA) and free glutathione (GSH) in solu-
tion, further complicating spectral assignments. The signals arising
from these decomposition products are seen in the NMR spectra
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ig. 4. MSG 20 �g in 150 �l DMSO-d6 spiked with MeOH. Standard 1H spectrum,
/N = 15 (A), 1D NOESY-presaturation spectrum, S/N = 83 (B), 1D diffusion-edited 1H
pectrum, diffusion delay = 150 ms, S/N = 12 (C), and 1D diffusion-edited 1H spec-
rum, diffusion delay = 200 ms, S/N = 7 (D).

Figs. 2A–B and 3A–B). As shown in Figs. 2C and 3C, the diffusion-
dited experiment is useful in suppressing signals from these small
olecular weight impurities and thus simplifies spectral interpre-

ation.
Metabolites are generally purified from biological media in

icrogram quantities, using reversed-phase chromatography prior
o NMR characterization [3,4,17]. Due to the small amounts of mate-
ial, residual mobile phase solvent signals can reduce the quality
f the spectra. To simulate a metabolite isolated using reversed-
hase purification, 2 �l of CH3OH was added to the initial stock of
.75 mg/ml mefenamic acid glutathione thioester (MSG) in DMSO-
6 from which the two dilutions were made for analysis. The NMR
pectra acquired for 20 �g and 100 �g of MSG in 150 �l of DMSO-d6
piked with CH3OH are shown in Figs. 4 and 5 respectively.

As shown in Figs. 4A and 5A, the standard 1H NMR spec-
ra are dominated by four solvent signals arising from CH3OH,
2O, CH3OH, and the residual signal from DMSO-d6. The 1D
OESY-presaturation experiments (Figs. 4B and 5B) were set-up

o suppress the water and DMSO-d6 signals at ı3.30 and ı2.50
espectively. The CH3OH signal at ı4.13 is also suppressed as a
esult of saturation exchange with H2O (Fig. 5B), but the CH3OH
ignal at ı3.17 is not affected. As seen in Figs. 4B and 5B (by com-
arison with the corresponding diffusion-edited spectra), H-28 at

3.25 and H-18a at ı3.13 are overlapped with the solvent signal
t ı3.17 and H-26 at ı2.33 is overlapped with the unsuppressed
3C satellite of the residual DMSO-d6 peak. Additionally, the prox-
mity of signals H-22 (ı3.71, 1.0H), H-18b (ı3.61, 0.3H), H-26 and

ig. 5. MSG 100 �g in 150 �l DMSO-d6 spiked with MeOH. Standard 1H spectrum,
/N = 158 (A), 1D NOESY-presaturation spectrum, S/N = 463 (B), 1D diffusion-edited
H spectrum, diffusion delay = 150 ms, S/N = 70 (C), and 1D diffusion-edited 1H spec-
rum, diffusion delay = 200 ms, S/N = 37 (D).
Biomedical Analysis 51 (2010) 164–169

H-8 (ı2.29–2.33, 2.7H) to the suppressed residual DMSO-d6 and
H2O signal leads to integration inconsistencies (shown in italicized
letters). In comparison, the corresponding diffusion-edited spec-
tra (Figs. 4C–D and 5C–D) show selective suppression of signals
from all small molecular weight impurities and thus they are able
to resolve metabolite signals, H-28, H-18a and H-26. The integra-
tion of signals H-22 (ı3.71, 2H), H-18b (ı3.61, 1H), H-28 (ı3.25, 1H),
H-18a (ı 3.13, 1H), H-26 and H-8 (ı2.29–2.33, 5H) was consistent
with the proposed structure for MSG and thus the structure could
be unequivocally assigned. The observations made in the case of
EASG regarding the gains in S/N with respect to signals from the
metabolite in the 1D NOESY-presaturation experiment versus the
loss observed in S/N in the diffusion-edited spectrum when com-
pared with a standard 1D 1H spectrum, hold true for MSG as well.
But, as shown in Figs. 4C–D and 5C–D, by optimizing diffusion-
specific parameters such as the diffusion delay, one can find the best
compromise between the loss of signal intensity and efficiency of
solvent suppression. Alternatively, the gradient strength and gra-
dient pulse duration may be optimized while setting the diffusion
delay to the minimum possible value in order to minimize relax-
ation losses. It may not be necessary in all cases to completely
suppress the signals arising from solvents or other impurities as
partial suppression of these signals may be sufficient to reduce their
intensity while maintaining an appreciable S/N ratio for the signals
of interest.

Based on the results from the experiments with EASG and MSG,
1D diffusion-editing proved useful in selectively suppressing sig-
nals from solvents and other small molecular weight impurities in
complex mixtures containing metabolites. This may be particularly
advantageous in the structure determination of metabolites where
the paucity of sample available for NMR limits the use of several
other NMR techniques. However, care should be taken when using
this experiment for the purpose of NMR signal assignment as the
data may misrepresent sample composition and presence of impu-
rities that may be otherwise observed in a standard 1H experiment.
The signal attenuation observed in the diffusion-edited spectra can
be controlled by optimizing a number of parameters as discussed
above. Some loss of sensitivity is unavoidable in gradient-based
diffusion techniques and these losses need to be balanced with
other signal enhancement strategies such as the use of low sample
volumes and sensitive instrumentation.

In this study we compared data from a 1D diffusion-edited
spectrum with the data obtained from 1D NOESY-presaturation
experiment, but other popular solvent suppression techniques such
as WATERGATE and excitation sculpting would encounter the same
issues as observed in case of 1D NOESY-presaturation, i.e. possible
suppression of signals of interest leading to difficulties in spectral
analysis and characterization of metabolites.

While 1D diffusion-edited experiments are useful in suppress-
ing signals arising from chemical species that have molecular
weights much smaller then the compound of interest, a common
problem in characterizing metabolites by NMR post-purification is
the presence of co-eluting and/or weakly UV-absorbing endoge-
nous materials. In the case of metabolites isolated from bile, bile
acids and fatty acids often end up co-eluting with the metabo-
lites of interest and can complicate the NMR spectra. The signals
from these impurities cannot be easily suppressed by 1D diffusion-
editing since their molecular weights may be similar to those of the
metabolites of interest.

We evaluated the use of DOSY in order to gain ‘separation’ of the
NMR signals of the metabolite from those of the endogenous impu-

rities. To this end, we analyzed bile from a bile duct-cannulated rat
that was fed 20 mg of ethacrynic acid (EA). LC–MS demonstrated
that the main metabolite in the bile is EASG (data not shown). EASG
was purified by reversed-phase chromatography for NMR analysis.
The LC–MS and NMR analysis of this purified metabolite suggested
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ig. 6. DOSY spectrum of EASG purified from rat bile in CD3OD with a 1H NMR spe
pectrum expanded from ı5.40 to ı7.85 (B).

he presence of EASG, parent drug EA and an unidentified impurity.
DOSY spectrum of this sample is shown in Fig. 6. The NMR peaks

n the aromatic region were well resolved and three distinct compo-
ents could be distinguished in the sample based on the separation
f their NMR signals along the diffusion axis (Fig. 6B). These compo-
ents were identified as EASG (ı7.60, and ı7.00), an uncharacterized
ile acid (ı6.65 and ı5.84) and EA (ı7.20, ı6.95, ı6.05 and ı5.65).

n the higher field region where spectral overlap was more evident,
here was no separation of signals along the diffusion-dimension
ith the three-component exponential data fitting employed here.

t is unclear whether the parent ethacrynic acid observed here was
ormed as a result of decomposition of EASG, as described above, or

as co-purified with the metabolite from bile. These observations
uggest a possible use of the DOSY experiment for the determi-
ation of the structure of a metabolite of interest in the presence
f co-eluting endogenous compounds, provided there is minimal
pectral overlap. This experiment can also be used to determine
he total number of components present in the NMR sample along
ith an ability to identify them based on their distinct NMR signals,
ithout the need for laborious chromatography.

. Conclusions

We have compared data from the 1D NOESY-presaturation and
iffusion-edited experiments with standard 1H NMR using 20 �g
nd 100 �g samples of mefenamic acid and ethacrynic acid glu-
athione conjugates. 1D NOESY-presaturation experiments were
ble to suppress two solvent signals simultaneously while improv-
ng the S/N for the metabolite peaks, but, the observed solvent
uppression was non-selective and overlapping metabolite sig-
als were also suppressed by using this technique. Baseline errors,
olvent 13C satellites, and suppression of signals of interest can
ead to errors in the spectrum analysis. In comparison, the 1D
iffusion-edited experiments were selective in simultaneously sup-
ressing multiple solvent peaks and other small molecular weight

mpurities without producing baseline distortions or integration
nconsistencies. However, diffusion-edited spectra showed atten-
ated metabolite signals when compared with a standard 1H

pectrum.

Two-dimensional DOSY was used to analyze the major metabo-
ite isolated from the bile of an ethacrynic acid-fed rat. This
xperiment was useful in separating the metabolite NMR signals
rom those of a co-eluting endogenous bile acid and parent drug

[

[
[

of the sample projected over the x-axis (A), and the downfield region of the DOSY

in the downfield region of the spectrum. In the upfield regions of
high spectral overlap, no separation along the diffusion axis was
observed. Thus, this experiment provides an easy way to determine
the total number of compounds present in the NMR sample without
need to run additional analyses, which would further deplete the
small amount of material available for structure determination. It
also provides a quick read-out of chemical shift information of the
metabolite by ‘separating’ the NMR signals of the metabolite from
those of co-eluting endogenous substances, in cases where there is
minimal overlap between the same.
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