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Abstract

The 'H nuclear magnetic resonance (NMR) spectra of biological samples, such as blood plasma and tissues, are information rich
but data complex owing to superposition of the resonances from a multitude of different chemical entities in multiple-phase
compartments, hampering detection and subsequent resonance assignments. To overcome these problems, several spectral-editing
NMR experiments are described here, combining spin-relaxation filters (based on Tj, T,, and T,) with both one-dimensional and
two-dimensional (2D) NMR spectroscopy. These techniques enable the separation of NMR resonances based on their relaxation
times and allow simplification of the complex spectra. In this paper, the approach is exemplified using a control human blood
plasma, which is a complex mixture of proteins, lipoproteins, and small-molecule metabolites. In the case of Ti,- and T,-edited 2D
NMR experiments, a “flip-back” pulse was introduced after the relaxation editing to make the phase cycling of the “relaxation
filter” and the 2D NMR part independent, thus enabling easy implementation of the phase-sensitive 2D NMR experiments. These
methods also permit much higher receiver gains to be used to reduce digitization error, in particular, for the small resonances, which
are sometimes vitally important for metabonomics studies. Both pulse sequences and experimental results are discussed for T-, T,-,

and T»-filtered COSY, T,-filtered phase-sensitive DQF-COSY, and T, Ti,-, and T,-filtered TOCSY NMR.
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NMR spectra of biological fluids and intact tissues
are rich in useful information. However, they are often
complex [1-3] due to the presence of a large number of
overlapping resonances from a wide range of molecules
[4-6], such as proteins, lipids, lipoproteins, and metab-
olites, with different line shapes resulting from the bio-
molecules having a wide range of molecular weights and
mobility [4,5]. Consequently, some substances at a low
concentration that may be extremely important for
classifying toxicological or disease processes are often
not observable due to predominating peaks arising from
the relatively high concentration of other molecules. In
blood plasma, for instance, lipoproteins with intense
broad resonances can overwhelm the signals from small
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metabolites. In the case of tissues, the dominant lipid
resonances sometimes make it prohibitively difficult to
observe small metabolite signals [7].

To overcome the above problems and improve the
detection, a number of NMR spectral editing methods
can be employed utilizing the variation of diffusion
properties [8] and spin relaxation [2-5]. Generally,
molecules with greater molecular weight diffuse slowly
but have relatively short spin-relaxation times, whereas
small molecules diffuse quickly but have relatively long
spin-relaxation times (unless they are bound to macro-
molecules). Therefore, the complex NMR spectra of
biofluids can be edited by taking advantage of the dif-
ferences in diffusivity and spin-relaxation times.

Diffusion-edited NMR spectroscopy has been imple-
mented by inserting a ‘““diffusion filter” to eliminate
resonances from the fast-diffusing molecules [8—11] prior
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to the detection. Both 1D' and 2D diffusion-edited
NMR methods have been reported for the study of
biofluids to aid the assignment of resonances arising
from lipoproteins [8,10,11], nucleotides [12], and amino
acid mixtures [13].

For spin-relaxation editing, a “‘relaxation filter” can
be inserted in a similar fashion, prior to detection, to
attenuate or climinate the resonances having relatively
short relaxation times. Three major spin-relaxation
phenomena can be encountered, spin-—lattice relaxa-
tion characterized by T; and T, and spin—spin relaxa-
tion described by T,. All these editing methods have
been widely used in high-resolution NMR of biopoly-
mers in the solid state [14-19] for many years and have
proven useful. While the three relaxation times are
identical for small molecules tumbling rapidly and iso-
tropically, they can be different in multiphase, multi-
compartment systems, such as biofluids and tissues.

To use Tj-editing, an inversion-recovery sequence
(180°¢-71-90°) can be employed to prepare spins in such
a way that NMR signals in the final spectrum have in-
tensities depending upon the length of 7| relative to T.
The 90° pulse can serve as a read-pulse in 1D experi-
ments or the excitation pulse for 2D experiments. One
can conveniently make a choice of 7| to have a positive
peak (t; > T;*In2), negative peak (t; < T;*In2), or no
peak at all (r; =T;*In2). The T-editing has been re-
ported as WEFT in 1D NMR as a method of solvent
suppression [20].

Similarly, the magnetization can be prepared using a
spin-locking sequence (90°¢-tspy) such that resonances
with different T;, can be separated by choosing an ap-
propriate spin-lock time, tsp, and spin-lock power. So
far, there are no reported results on Tj,-edited NMR
spectroscopy of biofluids and tissues.

In the case of T,-editing, the magnetization can be
prepared using a spin-echo sequence, typically a CPMG
sequence, (90°-(tg-180°-1g)n), by choosing g and n
such that signals can be separated according to their T,
(i.e., inverse of the line width). Generally, the broad NMR
signals from macromolecules or bound small molecules
are attenuated or even eliminated, leaving the sharper
resonances from the mobile small molecules unaffected.
The resonances having intermediate T, will be attenuated
to an intermediate extent. T,-edited 1D NMR spectros-
copy has been employed in solvent suppression [21] and
has become a standard method in biofluids studies.

However, the T;-, Ti,-, and T,-edited 1D NMR
spectra of biological samples can still be complex since
NMR spectral peaks from the low concentration me-
tabolites can still be severely overshadowed. Conse-
quently, it is necessary to extend the relaxation editing
approach to multidimensional NMR spectra to establish

U Abbreviations used: 1D, one-dimensional; 2D, two-dimensional;
TSP, trimethylsilyl propionic acid.

atomic connectivity and to achieve resonance assign-
ments unambiguously. Examples for T;- and T,-edited
COSY NMR methods have been reported in studying
biological tissues [22,23]. The T;-edited 2D COSY [21]
and 2D J-resolved NMR [24] methods have also been
used to suppress water (known as WATR) so as to
characterize the solutes. T,-edited 1D NMR has been
extensively employed in plasma studies and most of the
early work was reviewed [25] systematically in 1988.
Recently, an example of the T,-filtered TOCSY method
was employed for the study of pig blood plasma [26]. All
these reported T,-filtered 2D NMR methods appear to
be a direct attachment of COSY or TOCSY sequences
to the relaxation filters and no experimental information
was given, in particular, for the phase-sensitive experi-
ments. While such a direct attachment is suitable for the
phase-insensitive COSY, J-resolved, and T-edited 2D
NMR experiments, it is nontrivial to implement the T} ,-
and T,-edited phase-sensitive experiments such as
TOCSY and DQF-COSY.

In effect, TOCSY and ROESY experiments can be
considered “mild” Tj,-edited methods since T, relax-
ation occurs during the mixing time (spin-lock). J-re-
solved 2D NMR experiment can also be regarded a T,-
edited experiment. However, in all these cases, the re-
laxation editing is restricted by the needs of 2D (e.g.,
TOCSY, ROESY, and J-resolved) NMR experiments.
Therefore, explicit relaxation editing sequence is often
essential.

In this paper, we extend the concept of relaxation
editing to Ty,-edited 1D NMR and T;-, Ty,-, and T,-
edited 2D experiments, in particular, the phase-sensitive
experiments, such as T,-edited phase-sensitive DQF-
COSY and T;/T;,/T-edited TOCSY. These methods
were tested with a control human blood plasma sample.
A “flip-back™ pulse is introduced immediately after the
Ti,- and T,-editing, making it easier to implement the
edited 2D experiments, in particular, the phase-sensitive
ones such as DQF-COSY and TOCSY.

Materials and methods
Sample preparation

A control blood plasma sample was prepared using
standard methods from a local healthy volunteer. The
sample was diluted with an equal volume of isotonic
saline solution (pH 7.4) containing 10% D,O for the
NMR field lock; 600 uL of the prepared sample was
transferred into a 5-mm NMR tube for measurements.

Pulse sequences

Figs. 1A—C show the relaxation “filters” for T}, T,
and Ti,. In the T; filter (Fig. 1A), a standard
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Fig. 1. Pulse sequences for relaxation-edited NMR spectroscopy. (A) A
T, (inversion-recovery) filter which can be followed with direct ac-
quisition or 2D sequences; phase cycling for 180° pulse, +x, —x; for 90°
pulse, the same phase cycling as the first pulse of the 2D sequences or
+X, +X, =X, —X, 1y, +y, =y, —y in the case of 1D. (B) A T, (CPMG)
filter; phase cycling for 90° pulse, +x, +x, —x, —x, +y, +y, -y, —y; for
180° pulse, +y, -y, +y, =y, +x, =X. (C) T}, (spin-lock) filter which can
be followed with direct acquisition or 2D sequences; phase cycling for
90° pulse, +x, —x, +y, —y; for spin-lock pulse, +y, -y, —x, +x. (D)
Relaxation-edited COSY with gradient selection, where pl is a “flip-
back” pulse; phase cycling for pl, Ty-edited version, —x, —X, +X, +X,
-y, =y, +y, +y; Tip-edited version, —x, +x, —y, +y; normal phase cy-
cling is used for the COSY [36]. (E) Relaxation-edited TOCSY with
gradient selection and WATERGATE (W5) [37] as water suppression,
where pl is a “flip-back” pulse, p2 is a 90° pulse, and the usual phase
increment schemes (e.g., TPPI) can apply; phase cycling for pl, T,-
edited version, —x, =X, +X, +X, =y, =y, +y, +y; Tj,-edited version, —x,
+x, —y, +y; phase cycling for p2 is the same as the normal one for the
unedited TOCSY [36]. (F) Relaxation-edited J-resolved sequence,
where pl is a “flip-back™ pulse, p2 a 90° pulse, and p3 an 180° pulse;
phase cycling for pl, T,-edited version, —X, —X, +X, +X, =y, =y, +y, +y;
Tip-edited version, —x, +x, —y, +y; p2 and p3 have the same phase
cycling scheme as in the normal J-resolved. (G) Relaxation-edited
phase-sensitive DQF-COSY, where pl is a “flip-back™ pulse, p2, p3,
and p5 are 90° pulses, p4 and p6 are 180° pulses, and t; is the evolution
period; phase cycling for pl, T,-edited version, —x, —x, +x, +x, -y, -V,
+y, +y; Ty,-edited version, =X, +X, =y, +y; p2, p3, p4, p5, and p6 have
the same phase cycling scheme as in the normal DQF-COSY [36]; for
Ti-edited, pl, 7, and 90° pulse of the “filter” are not needed.

inversion-recovery sequence is employed and the re-
laxation delay, 7, can be adjusted so that the edited
resonances can be recorded before or after the mag-
netization vectors have passed through the x—y plane.
Alternatively the signals can be zeroed. In a T, filter
(Fig. 1B), a standard CPMG sequence is used as re-
ported previously [27], where both 7g and n can be
adjusted. However, tg has to be short (250400 ps)
compared to the inverse of any spin—spin couplings to
avoid J-modulation. In a T, filter (Fig. 1C), both the
length and the power of the spin-lock can be adjusted
to edit out the short T;, components.

Fig. 1D shows the sequence for the relaxation-edited
'H-'H 2D COSY NMR. In the case of T,-editing, it
differs from that reported previously [22] in which the
COSY sequence was simply attached to the CPMG part.
In this implementation, a 90° pulse, p1, is introduced as
a “flip-back™ pulse, returning the prepared net trans-
verse magnetization to the z axis and storing it for a
short period of 2-3 s, during which the relaxation is
negligible. In the case of T;-editing, both the flip-back
pulse and the p2 are not needed since the prepared net-
magnetization lies in the z axis. Full phase cycling is
necessary for pl to minimize any artifacts. The pulses p2
and p3 can be implemented in the same way as that in
the normal COSY (p2, 90°; p3, 20-90°) [28] including
the phase cycling schemes. The flip-back pulse makes it
simple to implement phase-sensitive experiments, e.g.,
the phase increment of p2, and the phase cycling
schemes for the relaxation filter and COSY become in-
dependent of each other. The full phase cycling (Fig. 1)
is necessary for both the CPMG and the flip-back pulse
to minimize artifacts. This approach was, in particular,
tested for a phase-sensitive T,-edited DQF-COSY ex-
periment (Fig. 1G). The sequences for T1/T,/T,-edited
TOCSY and J-resolved NMR methods are shown in
Figs. 1E and F, respectively, where the signals were se-
lectively emphasized according to their relaxation times.
In principle, other 2D NMR, such as ROESY, can be
implemented in a similar fashion.

NMR measurements

All the NMR experiments were carried out without
spinning at 600.22 MHz on a Bruker DRX600 spec-
trometer (Bruker Biospin, Rheinstetten Germany)
equipped with a 5-mm inverse-broad-band probe. The
chemical shift was referenced to that of the lactate
doublet (at 1.33 ppm relative to TSP) since TSP is not a
suitable reference in the plasma samples due to inter-
action-induced line broadening.

All 1D "H NMR spectra were acquired with a spec-
tral width of 7.2kHz, at 300K, into 32K data points
zero-filled to 64 K before Fourier transformation. The
other parameters were recycle delay 2s, 64 scans, 8
dummy scans, and 90° pulse length about 10 ps.
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1D NOESYPRID spectra were recorded with the
standard sequence 90°4-t(-90°-t,,-90°-Acq [29]. Water
presaturation was achieved by selective irradiation of
water signal with a power equivalent to 50 Hz during the
mixing time (t,) of 150 ms and during the recycle delay
of 2 s unless stated otherwise. The delay between the first
two 90° pulses (to) was 3 pus. The Tj-edited 1D 'H NMR
spectrum was recorded using the sequence shown in
Fig. 1A with 7; of 0.265s and a total repetition time
(recycle delay plus acquisition time) of 10s. The T,-ed-
ited 1D '"H NMR spectrum was recorded using the se-
quence shown in Fig. 1B with tg of 400 us and 400 loops
(n). The T,-edited 1D '"H NMR spectrum was recorded
using sequence shown in Fig. 1C with zgp of 120 ms and
spin-lock power equivalent to 5kHz.

'H T, was measured using a standard inversion-re-
covery pulse sequence (180°-711-90°%). Sixteen spectra
were acquired with the same acquisition parameters as
in the 1D NMR described above except for recycle de-
lay, which was 12s. The relaxation delay, t;, was chosen
logarithmically as described previously [30-35], to cover
the values of 0.05-12s.

'H T), was measured using a standard spin-lock
pulse sequence (90°-tspy). The spin-lock power was
adjusted to be equivalent to SkHz and the spin-lock
time (relaxation delay), zsp, was chosen in the same
logarithmic fashion [30-35] as in the T| measurement to
cover the values of 5-200ms. T;, with values greater
than 200ms was not possible to measure with this
method since long spin-lock time (>200ms) was not
permitted for the safety of probe head and samples. The
T, can be measured at a lower spin-lock power. Sixteen
spectra were acquired with the same acquisition pa-
rameters as those in the 1D NMR described above ex-
cept for recycle delay, which was 12s.

T, was measured using a standard CPMG approach.
Sixteen relaxation delays (800 us-9.6 s) were chosen
logarithmically as described previously [30-35] to enable
easy detection of multiple processes. The T, values were
extracted from fitting the intensity of a given signal as a
function of relaxation delays assuming single or biex-
ponential decay processes as appropriate. The effective
relaxation times, T,*, of lactate (1.33 ppm) and glucose
(4.65 ppm, 5.23 ppm) were also estimated from the line
width assuming Lorenz line shapes.

The 2D NMR spectra were acquired into 2K data
points for the acquisition dimension (f2) and 128 in-
crements for the indirect dimension (f1) except for the
J-resolved spectrum, which was recorded with 48 in-
crements. The time domain data were Fourier trans-
formed into 2K x 2K points except for the J-resolved
spectrum, which was transformed into 128 points for the
second dimension.

Relaxation-edited 2D COSY spectra were recorded
with gradient selection (Fig. 1D) with water presatura-
tion. The T,-filtered phase-sensitive DQF-COSY spec-

trum was also recorded with gradient selection [36]
(Fig. 1G). For the Tj,- and T,-filtered TOCSY experi-
ments, gradient selection was also employed and the
water suppression was achieved with an improved ver-
sion of WATERGATE [37]. For the phase-sensitive 2D
experiments, the phase increment in the second dimen-
sion was implemented according to the TPPI scheme
[38] following a “flip-back” pulse, pl (Fig. 1). For other
“phase-insensitive” experiments, the flip-back pulse is
optional. For the T-filtered experiments, the flip-back
pulse was not inserted. For the T,-edited TOCSY, two
methods were tested using a “Tj, filter” as shown in
Fig. 1E and prolonged mixing time. For T,-filtered
TOCSY, both MLEV-17 [39] and DIPSI2 [40] sequences
were tested for the spin-lock schemes. The T;-edited 2D
J-resolved spectrum was recorded with the sequence
initially proposed by Rabenstein et al. [24].

Results and discussion

ID "H T,IT,,IT>-filtered NMR spectroscopy of human
blood plasma

Fig. 2 shows 1D '"H NMR spectra of a typical control
human blood plasma sample; Fig. 2A shows a normal
'H NMR spectrum, obtained using the NOESYPRI1D
pulse sequence. This spectrum contains effectively all 'H
resonances in the sample although their relaxation
properties are drastically different. The Ty, Ti,, and T,
values of these peaks have been measured; T, values of
resonances at 1.33 ppm (lactate), 4.65 ppm (p-glucose),
and 5.23 ppm (a-glucose) were also estimated from their
line widths. Some of the T; and T, data are shown in
Table 1. It is clear that the T; values of the protons in
the small metabolites (showing sharp resonances) are
about 1-2.5s while these of the lipid protons of lipo-
proteins (showing broad peaks) are much smaller, being
in accord with observations reported previously [11].
The T, values are in fact about 0.3-0.4 s for the proteins/
lipoproteins.

In dilute solution, the values of T1, and T, of the small
metabolites, such as amino acids and glucose, are ex-
pected to be identical to their T values due to fast iso-
tropic motions (w2t < 1). However, in a system as
complex as blood plasma, the situation can be different.
For example, the measured T, values (Table 1) were
about 280, 260, and 160 ms, respectively, for H-1 of a-
glucose (5.23 ppm), H-1 of B-glucose (4.65ppm), and
lactate (1.33 ppm). The value for lactate is, in fact shorter
than T35 (Av;; ~ 1.5Hz). The poor accuracy of T,
measurements for the sharp metabolite peaks is probably
due to severe overlapping with the broad protein/lipid
signals. So far, there are no improved methods reported
to deal with this problem. Multiple-component relaxa-
tion has also been detected for the broad peaks. For
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Fig. 2. 1D '"H NMR spectra of a human blood plasma sample, (A) NOESYPR 1D with water presaturation; (B) T;-edited NMR spectrum plotted
inverted (with 180° phase shift); 7; = 0.265s; (C) Tj,-edited NMR spectrum; spin-locking time, 120 ms; spin-locking power, 5kHz; (D) T,-edited
NMR spectroscopy; spin echo delay, 400 ps; loop-number, 400. Resonance assignments are given in Table 2.

example, the resonances at 7.72, 7.06, and 6.86 ppm,
assigned to proteins, showed T, values of 4-9ms; the
peak at 0.89 ppm, corresponding to CHj; of lipids,
showed two T, components of 7 and 90 ms; the peaks at
1.278 and 1.296 ppm (CH; of lipids) also showed two T,
components of 7 and 70-90 ms, respectively. Their exact
structural characteristics are unknown at present but
they can be tentatively assigned to proteins/lipoproteins
(<10ms) and more mobile lipids (70-90ms). For the
purpose of spectral editing in this work, it is interesting
to note that the T, of lipoproteins and proteins (~10 ms)
is more than an order of magnitude shorter than the T,
of the metabolites (>100ms). Even for the intermediate
T, component, its T, (70-90 ms) is much shorter than
that of the metabolites. These differences in the T, re-
laxation times of macromolecules and a small metabo-
lites provide a good basis for spectral editing.

In the case of Ty, the values are 10-50 ms for pro-
teins/lipoproteins (Table 1), which are about an order of
magnitude smaller than the corresponding T; values
(0.3-0.5s). This implies that the proteins/lipoproteins
are “rigid” as far as T is concerned (w?t2 >> 1) but are
still in the extreme narrowing situation [41] for T,
(wdpt2 < 1, where wsp is the spin-lock field in frequency

units). The T, values for small metabolites were too
long to be measured with reasonable accuracy even with
relaxation delays as long as 200 ms. It is, thus, reason-
able to assume that their T;, values are longer than
200ms. Therefore, Ty, for small metabolites is also
about an order of magnitude longer than that for pro-
teins/lipoproteins, offering great opportunities for T,-
based spectral editing. In a multiphase, multicompart-
ment system, such as blood plasma and semi-solid bio-
logical samples, more than one component may exist for
Ty, Tip, and T, relaxation processes. Nevertheless, the
differences in the T;, Ti,, and T, relaxation times of
different chemical moieties can be exploited for the
purpose of spectral editing.

Fig. 2B shows a 1D Tj-edited NMR spectrum of
human blood plasma using a relaxation delay of 0.265s.
At this point, the resonances with T| longer than 0.382s
(0.265/In2) are still inverted and for the convenience of
plotting, the spectrum was 180° phase-shifted. Com-
pared with the unedited 1D spectrum (Fig. 2A), the
broad signals at 0.8-0.9, 1.2-1.4, 1.5, 1.9-2.1, 2.7-3.0,
5.1-5.4, and 6.5-8.0 ppm, corresponding to signals of
lipoproteins and proteins, have been substantially at-
tenuated or almost zeroed, whereas the sharp resonances
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Table 1
Spin relaxation times for some resonances of human blood plasma
o (ppm) T, (s) T, (ms)* T, (ms) Assignment
7.72 0.35 (estimated) 28+10 4.98+0.93 Protein (broad)
7.43 1.1 (estimated) b — Phenylalanine
7.34 b —
7.06 0.35 (estimated) 25+7 6.96 +0.67 Protein (broad)
7.18 1.1 (estimated) b Tyrosine
6.89 b —
6.86 0.35 (estimated) 35£10 8.74 £0.66 Protein (broad)
5.32 0.43£0.08 39+13 16.00 £4.39 Lipids (CH=CH)
5.23 2.2940.14 b 280 +£21° a-Glucose
— 17.12£2.76° Broad peak underneath
4.65 2.144+0.12 — 257 +£39¢ B-Glucose
— 7.79 £1.67° Broad peak underneath
3.21 2.41+0.12 b 165 +5¢ N(CHs;)s, choline
0.33+0.02 2344 4.18+£0.57¢ Lipoproteins
2.04 1.06+0.03 b 84.6+12.4° Acetate
0.36 +£0.02 14+6 4.71 £0.65¢ Lipoproteins
1.48 1.4 (estimated) b 63 4+29° Alanine
— 4.61 +£1.67¢ Broad peak underneath
1.33 1.594+0.12 — 161 £+ 38° Lactate
0.30£0.02 53+15 5.71 £1.86° Lipids (-CH,-)/lipoproteins
1.296 0.40+0.02 60+ 8 6.19 +1.09° Lipids (-CH,-)/lipoproteins
74 +10¢ Mobile lipids
1.278 0.35 (estimated) 30£8 7.60 £ 0.64¢ Lipids (-CH,-)/lipoproteins
78 £5¢ Mobile lipids
1.04 1.4 (estimated) b 93432¢ Valine
— 5.19£0.44¢ Broad peak underneath
0.99 1.4 (estimated) b — Valine
0.89 0.38£0.02 50+£6 7.27+£1.02¢ Lipids (-CH;)/lipoproteins
90 + 16° Mobile lipids

#The measured T, values are for the broad resonance.

lep for the sharp resonances cannot be measured with the short relaxation delays (up to 200 ms) used in the experiments due to limited decay of
signal intensity. This implies much longer T, for them compared to 200 ms.

¢ Bi-exponential decay was observed and evaluated.

of small metabolites remain inverted (Fig. 2B; bearing in
mind that the spectrum was 180° phase-shifted). As-
suming exponential T; relaxation processes for the small
metabolites protons, there ought to be some signal in-
tensity loss for the small metabolites (due to relaxation)
on the order of 20% during the relaxation delay
(0.265s). Nevertheless, the removal of the intense broad
signals enables the metabolite signals to be more easily
observed and allows increased receiver gain (~15-fold)
to be used to reduce the digitization errors, favoring the
detection of small metabolite signals.

In the case of the T),-edited spectrum with a relax-
ation time of 120ms (Fig. 2C), similar effects were
brought about although the intensity of the broad peaks
was evidently attenuated to a lesser degree than that of
the T;-edited spectrum. With the T;, values of proteins
and lipoproteins on the order of 15-60ms and the re-
laxation period of 120 ms, the protein/lipoprotein signals
were attenuated substantially (86-98%). However, the
sharp signals suffered less intensity reduction, based on
the assumption that all the T;, processes were expo-
nential and T, values for the metabolites were greater
than these for proteins/lipoproteins. The attenuation

sufficed to reveal the “buried” sharp signals such as
methyl resonances of isoleucine (0.94-1.01 ppm)/leucine
(0.97 ppm), glutamine (2.12, 2.44ppm), and glutamate
(2.08, 2.35 ppm). This technique again allowed increased
receiver gain (up to fivefold) to be used to enhance the
detection of the small signals.

A T-edited spectrum (Fig. 2D), using a total relax-
ation delay of 320 ms, showed that the broad resonances
from proteins and lipoproteins are almost completely
attenuated, leaving most of the sharp resonances ob-
servable although their intensity suffered some loss also.
This experiment is well known and has been used ex-
tensively [2-5]. To maximize the differentiation in this
experiment, a much longer relaxation filter was applied
than that employed in the literature [4] (~90 ms). On the
other hand, even with such a long relaxation delay, some
lipid signals (1, 2, 8, 47) are still visible due to their long
T, (about 70-90 ms). There are clear similarities between
the effects of T,-editing and T,-editing for this partic-
ular sample since the T;, differences between small
metabolites and proteins/lipoproteins were similar to the
T, differences between them. However, in semisolid
systems, such as tissues, where Ti, and T, values are
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markedly different, both methods should be indepen-
dently useful. Nevertheless, in the T,-editing, long re-
laxation periods can be tolerated without concern over
sample heating caused by the spin-lock in the T;, ex-
periments. Compared to T;,- and T,-edited spectra, the
Ti-edited spectrum (Fig. 2B) showed relatively more
intense signals for lactate (10, 42) and threonine (43).

The intensity of lipid resonances (1, 8, and 47) in the T;-
edited spectrum is only slightly higher than that in the
T,-edited spectrum but much lower than that in Tp-
edited one. Therefore, T;-editing is particularly efficient
in distinguishing two groups of signals.

Most of the sharp peaks are readily assigned ac-
cording to the literature [4] (Table 2). A number of

Table 2
"H NMR assignment for human blood plasma as detailed in the figure captions
Peak d (ppm) Coupling pattern (Hz) Assignments
2 0.94 d(7.6) Isoleucine, 5-CH;
3 0.97 t(6) Leucine, 5-CHj;3
4 0.99 d(7.0) Valine CHj3
5 1.01 d(7.0) Isoleucine B-CHj;
6 1.04 d(7.0) Valine, CH;
7 1.20 d(6) 3-hydroxylbutyrate y-CHjs
8 1.29 br Lipid, CH,CH,CH=CH
9 1.32 d(6.5) Threonine, y-CHj3
10 1.33 d(6.6) Lactate
11 1.47 m Lysine 8-H
12 1.48 d(7.0) Alanine CHj;
13 1.72 m Arginine (y-H), Lysine (y-H), Leucine (B,y-H)
14 1.90 m Arginine (3-H), Lysine (f-H)
15 2.01 m Proline (y-H)
16 2.04 s Glycoproteins lipid CH,CH,CH=CH
17 2.07 m Prolone (B-H)
18 2.12 m Glutamine ($-H)
19 2.14 s Acetoacetate
20 2.27 m Valine (B-H)
21 2.34 m Prolone (B-H)
22 2.35 m Glutamate (y-H)
23 2.54 dd Asparagine (-H)
24 2.69 - Asparagine (B-H), Aspartic acid (B-H)
25 2.75 s lipid CH=CHCH,CH=CH
26 2.82 d Aspartic acid (B-H)
27 3.03 t(7.7) Lysine (6-H)
28 3.04 s Creatinine
29 3.21 s Choline
30 3.24 t(8) Arginine (8-H)/Glucose
31 3.37 d(7) Proline (5-H)
32 - - Glucose
33 3.54 m Myo-inositol
34 3.58 d(g) Threonine (o-H)
35 3.62 d(7) Valine (o-H)
36 - - Glucose
37 3.77 d Arginine (o-H)
38 3.79 d Lysine (o-H)
39 391 - Asparagine (o-H), Aspartic acid (a-H)
40 4.08 brm Myo-inositol
41 4.12 q Lactate
42 4.13 - Proline (a-H)
43 4.25 m Threonine (o-H)
44 4.65 d(7) B-Glucose, H-1
45 5.19 br Lipid, glyceryl
46 5.23 d4) a-Glucose, H-1
47 5.32 br Lipid, CH=CH
48 6.89 d(8) Tyrosine
49 7.18 d(g) Tyrosine
50 7.32 d Phenylalanine (ortho-)
51 7.37 t Phenylalanine (para-)
52 7.43 dd Phenylalanine (meta-)
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peaks, which were obscured in the normal 1D spectrum
(Fig. 2A), are observable following the relaxation
editing, including those for amino acids (isoleucine
~1.01 ppm, leucine ~0.97 ppm, threonine ~1.32 ppm,
glutamate ~2.08/2.35ppm, glutamine ~2.12/2.44 ppm,
tyrosine ~6.89/7.18 ppm), 3-hydroxybutyrate ~1.20
ppm, and lactate at 4.12 ppm. For lipids, in addition to
the usual alkyl peaks, the fatty acyl chains of lipids
showed peaks at 2.75 and 5.32ppm, indicating the
presence of the structure -CH=CH-CH,-CH=CH-.

All three relaxation filters are adjustable to discrimi-
nate against the broad protein and lipid peaks to various
degrees to suit different purposes. Moreover, these three
filters are extendable to 2D NMR spectroscopy to
identify internuclear connectivity.

T,/T,;,/T,-edited COSY NMR spectroscopy of human
blood plasma

Fig. 3A shows the aliphatic region of a normal 'H-'H
COSY spectrum of human blood plasma, in which most
of the strong signals are readily observable such as these
of lipids, a- and B-glucose, and lactate. However, the
weak peaks, such as those of proline (2.01/4.13, 2.34/
4.13 ppm) and threonine (3.58/4.25 ppm), are not readily
observable without large vertical expansions. In con-
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trast, the T;-, Ti,-, and T»-edited COSY spectra (Figs.
3B-D) all showed great enhancement for the weak me-
tabolite peaks, e.g., those of proline and threonine, as a
consequence of the reduction of the lipid signals (e.g.,
2.04/5.32, 2.75/5.32, and 1.29/0.89 ppm). The spectral
editing clearly favored the detection of the small mole-
cule metabolite signals. For example, following the re-
laxation editing, the signals of amino acids (valine,
leucine, isoleucine) in the region at 0.7-2.0 ppm (dashed
box in Figs. 3B-D) emerged much more clearly from
under the intense lipid peaks. This provides an oppor-
tunity to resolve the overlapped signals in the regions of
1.20-1.33 and 0.80-1.05 ppm.

What is particularly encouraging is that the cross
peaks for the a-hydrogens of several amino acids are
clearly displayed and can be assigned for arginine, ala-
nine, valine, and threonine (Figs. 3B-D). They are
normally overlapped with sugar signals and otherwise
may be assigned only by “spiking.” Two observable
cross peaks that were not readily observable without
editing (Fig. 3A) are now also visible for proline (2.01/
4.13, 2.34/4.13ppm) and threonine (3.58/4.25 ppm)
(Figs. 3B-D).

The advantage of this approach is illustrated even
more clearly in the Tj-edited phase-sensitive DQF-
COSY spectrum for human blood plasma (Fig. 4).
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Fig. 3. Relaxation-edited 'H-'"H COSY NMR spectra of human blood plasma recorded with the gradient selection and the recycle delay of 2s. (A)
Normal COSY spectrum; (B) Ti-edited spectrum; 7, = 0.265s; (C) T,-edited spectrum; spin-locking power, 5 kHz; spin-locking time, 120 ms; (D)
T,-edited spectrum; relaxation delay, 400 ps; total loop, 400. 2K and 128 data points were acquired for {2 and f1 dimensions, respectively, and zero-

filled to 2K by 2K before Fourier transformation.
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Fig. 4. T»-edited phase-sensitive 'H-'"H DQF-COSY NMR spectrum of human blood plasma recorded with the gradient selection and recycle delay
of 2s. In the T, filter, the relaxation delay was 400 us and the total loop was 400. 2K and 128 data points were acquired for f2 and f1 dimensions,
respectively, and zero-filled to 2K by 2K before Fourier transformation. Phase increment in fl was carried out with TPPI. Thick solid and faint

dashed lines indicate the positive and negative contours.

Resolved peaks for amino acids, such as glutamine,
glutamate, threonine, leucine, and isoleucine, were de-
tectable more readily than in the unedited spectrum
(data not shown). With the excellent resolution in this
spectrum, the unambiguously resolved signals for thre-
onine and lactate are observed in the expanded region at
1.31-1.35/4.0-4.35 ppm since the lipid CH, signals are
substantially attenuated with T;-editing. In this experi-
ment, the flip-back pulse (pl in Fig. 1G) leads to inde-
pendence for the phase cycles of the relaxation editing
and that of the 2D NMR, making implementation of the
phase-sensitive 2D NMR feasible.

T,/T,,/T,-edited TOCSY NMR spectroscopy of human
blood plasma

Fig. 5A shows a normal 'H-'H TOCSY NMR
spectrum of control human blood plasma, in which the
lipid peaks (0.89/1.29, 1.29-2.04-2.7-5.32ppm) are
dominating. Consequently, it is much harder to observe
the less intense peaks close to the lipid signals, such as
isoleucine (0.94/1.27, 0.94/1.46, 1.01/1.27, and 1.01/
1.46 ppm), leucine (0.97/1.72 ppm), threonine (3.58/
4.25ppm), and proline (4.13/2.01, 2.34/4.13 ppm).
However, the Ti-edited 2D TOCSY spectrum (Fig. 5B)
clearly shows drastic reduction of the lipid signal in-

tensity relative to the signals of the amino acids. As a
result, the peaks of proline (4.13/2.01, 4.13/2.34 ppm)
and threonine (4.25/3.58 ppm) are detectable with their
proton connectivity. Peaks for aspartate and asparagine
are better resolved and the region at 0.9-2.0 ppm (in the
dotted box) also showed much improved resolution for
isoleucine and leucine.

In theory, the Ti,-edited TOCSY spectrum can be
implemented with a relaxation preparation followed
with 2D as shown in Fig. 1E and by simply using a long
mixing time, during which T}, relaxation will take place
at the field strength of the TOCSY spin-lock field.
Clearly, the second approach is restricted by the choice
of TOCSY parameters (mixing time and spin-lock field
strength). Fig. 5C shows a spectrum obtained from the
second approach using an MLEV-17 spin-locking
scheme. It is clear that, compared to the normal TOCSY
spectrum (Fig. 5A), the Tjp-edited TOCSY spectrum
(Fig. 5¢) showed some signal attenuation for the lipids
and hence enhancement of the sharp peaks of the small
metabolites. However, the attenuation of lipid peaks is
observed to be of a lesser extent (compared that of to
T,- and T»-editing). This is due to the restriction on the
spin-lock parameters to satisfy the need of TOCSY se-
quence. The method described in Fig. 1E, nevertheless,
will not suffer from this restriction because the spin-
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Fig. 5. Relaxation-edited 'H-'H TOCSY NMR spectra of human blood plasma recorded using MLEV17 as spin-locking scheme and WATER-
GATE sequence [37] as solvent suppression scheme. TPPI was used for the phase incrementation in f1. The mixing time was 90 ms with exception in
the T),-edited spectrum; the recycle delay was 2s. (A) Normal TOCSY spectrum; (B) T,-edited spectrum; 7; = 0.265s; (C) T,-edited spectrum; spin-
locking power, 5 kHz; spin-locking time, 120 ms as mixing scheme; (D) T,-edited spectrum, relaxation delay, 400 ps; total loop, 250. 2K and 128 data
points were acquired for f2 and f1 dimensions, respectively, and zero-filled to 2K by 2K before Fourier transformation.

locking power for T, becomes independent from the
TOCSY mixing pulses and it thus can be adjusted to a
much lower power level.

A Tz-edited TOCSY NMR spectrum recorded with
the sequence illustrated in Fig. 1E is shown in Fig. 5D
with a total T, relaxation duration (2ntg) of 200 ms. The
strategy in general is the same as that employed previ-
ously [26]. However, a flip-back pulse was employed
immediately after the CPMG preparation to facilitate
easy phase incrementation in the second dimension of
the 2D experiment. Cross peaks are now readily ob-
servable for amino acids such as valine, alanine, gluta-
mine, glutamate, lysine, arginine, leucine, and
isoleucine, sugars such as a-glucose and B-glucose, and
hydroxycarboxylates, such as citrate and 3-hydroxybu-
tyrate, which are hardly visible in the 1D NMR spec-
trum. The cross peaks at 2.12/3.72 for glutamine and
1.01/1.27, 1.01/1.46 ppm for isoleucine which are not
detectable in the unedited TOCSY or 1D NMR are also
observable. It is particularly encouraging to note that
cross peaks help to unambiguously assign threonine
peaks overshadowed by the lactate and lipid peaks. A
T,-edited TOCSY spectrum of this human blood plasma
sample with a much longer relaxation delay (2ntg) of
400ms is also displayed in Fig. 6, showing that the
method is robust. In this spectrum, the cross peaks ob-
served at 0.89/1.29, 1.29-2.04-2.75-5.32 ppm (data not
shown) are consistent with the fatty acyl structure hav-

ing a fragment as expected of CH;3(CH;);CH=CH-
CH,-CH=CH. An expansion of the regions 2.0
2.9 ppm (upper left inset) showed excellent resolution for
aspartic acid, asparagine, glutamic acid, glutamine, and
proline, which are not readily achievable with the nor-
mal TOCSY. The connectivity of aromatic protons is
also clearly displayed for tyrosine and phenylalanine
(lower left inset). The overall quality of the edited
TOCSY spectrum is improved compared to those re-
ported previously for plasma [26].

This experiment is particularly useful to enable the
detection of some possible metabolites buried under big
broad peaks. For example, in the literature, there has
been debate about detection of fucose in blood plasma
[42,43] of a cancer patient. Although this sugar was not
detected in this sample (a control sample), the experi-
ments described here should be useful to detect such
chemical moieties since the cross peaks should be de-
tected between the methyl group (1.32), the H-5 (4.13),
and the rest of the ring protons for fucose.

Ts-edited J-resolved 2D NMR spectroscopy

A T,-edited J-resolved 2D NMR method where the
experiment was employed to eliminate water signals and
to characterize solutes has already been reported [24].
However, no applications of this approach for blood
plasma or tissues have been reported so far. In effect, the



270 H. Tang et al. | Analytical Biochemistry 325 (2004) 260-272

Le\ctate %

T ¥ T ] T
74 73 72 71 170 ppm 4.0

T
3.0 25 2.0 15 10 ppm

Fig. 6. T»-edited 'H-'"H TOCSY NMR spectra of human blood plasma recorded using MLEV17 as spin-locking scheme and TPPI for the phase
incrementation in f1. The mixing time was 90 ms and recycle delay was 2s. The relaxation delay was 400 ps and the total loop was 512. 2K and 128
data points were acquired for f2 and f1 dimensions, respectively, and zero-filled to 2K by 2K before Fourier transformation.

J-resolved 2D NMR is a T,-edited experiment itself.
However, the extent of such editing is dependent on the
spectral width and the total increment time in the second
dimension (f1). For a normal J-resolved experiment with
48 increments and spectral width of 50 Hz in f1 (digital
resolution of 1.04 Hz), the first increment time (spin-
echo delay) will be about 20 ms, which is too short to
edit out the broad signals substantially (requiring
>200ms). Therefore, some broad peaks could still be
present in the spectrum. If a true T, filter is inserted
prior to the J-resolved sequence, the T,-editing process
is completely controlled. A T,-edited J-resolved NMR
spectrum of human blood plasma (Fig. 7) gives direct
information on the multiplicity structure of the observed
signals and provides confirmation of the observations in
the previous NMR spectra. The T,-edited phase-sensi-
tive DQF-COSY spectrum should provide similar in-
formation in many cases in addition to connectivity
information. As in the normal 2D NMR, the T,-edited
experiments are particularly useful for the detection and
assignment of the low-concentration metabolites in
complex biofluids. Although only the Tj-edited J-re-
solved experiment has been demonstrated here, the T;-
and Ti,-edited versions can be implemented in a similar
fashion.

Conclusion

Relaxation-edited 1D and 2D NMR spectroscopy is a
powerful method to detect NMR peaks for the small
molecules masked by intense and broad resonances in
multiphase, multicompartment biological samples. For
2D NMR experiments, the introduction of a flip-back
pulse prior to 2D sequences makes the phase cycling for
the relaxation filters independent from the 2D parts,
thus making it easy to implement phase-sensitive 2D
NMR experiments. In addition, these methods enable
higher receiver gains to be employed, offering greater
dynamic range for detection and assignment of low-
concentration metabolites in biological samples or low-
concentration molecules in other heterogeneous systems.
All three relaxation times, Ty, T;,, and T, can be easily
employed to edit the complex 1D and 2D NMR spectra.
For blood plasma samples, the T;-, Ti,-, and T>-based
editing methods are all efficient to edit out protein/li-
poprotein signals by choosing appropriate “‘relaxation
filters.” The T;-editing enables one to selectively detect
metabolites by using an appropriate relaxation delay
(t1 ~ Ln2%T; of proteins/lipoproteins) or proteins/lipo-
proteins (17 < Ln2«T; of metabolites) or metabolites as
negative peaks and proteins/lipoproteins as positive
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peaks in the same spectrum (Ln2%T; of proteins/lipo-
proteins < 7; < Ln2«T) of metabolites). Apart from T;-
editing, diffusion editing is the only other technique that
one can employ to detect proteins/lipoproteins without
metabolites signals. The choice of an editing method is
dependent on the sample systems and the differences
between the relaxation times of metabolites and pro-
teins/lipoproteins. For biological tissues, with optimized
parameters, these editing methods are expected to be
equally useful. However, for urine samples, they are less
useful to detect metabolites since most of the signals of
urine samples are from small metabolites. It may be
useful to detect macromolecules there and both T;- and
diffusion-editing techniques are expected to be effective.
The relaxation-edited approaches can be used easily in
most other types of 2D NMR spectroscopy, such as
ROESY, and the inverse-detected 2D experiments, such
as HSQC, in a similar fashion and this line of work is
ongoing. Although demonstrated with a blood plasma
sample, the catalogue of techniques is expected to be
useful in combinatorial chemistry also.
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