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In this work we present a new pulse sequence for the measure- based on the standard heteronuclear multiple-bond corre
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ment of long-range heteronuclear coupling constants in which the
optimization of coherence selection by pulsed field gradients offers
a net increase in sensitivity. This type of experiments is extremely
valuable for conformational studies of molecules in natural abun-
dance and in this context the use of gradients is essential for an
efficient suppression of 12C bound proton signals. A comparative
analysis of the different gradient schemes available is presented
with a conclusive elucidation of the relative sensitivities. Our
gradient scheme could be advantageous as a building block for
other related experiments. © 2001 Academic Press

Key Words: HMBC; long-range heteronuclear couplings; gradi-
nt spectroscopy.

Heteronuclear correlations and corresponding coupling
stants, especially1H–13C coupling constants, are recognized
aluable parameters in assessing the conformation and
ure of molecules in solution (1). In the specific case of th
onformational analysis of nucleosides in solution, the c
ined use of1H–13C and1H–1H couplings greatly improves th

level of accuracy that can be obtained for the conformatio
the sugar ring, as was already demonstrated in the ca
39-azido-39-deoxythymidine (AZT) (2).

A number of different approaches have been used fo
measurement of these parameters, including experiment
the HECADE (3, 4), HETLOC (5, 6), HSQMBC (7),

SQMBC (8–10), HMBC (11–14), and Accordion-optimize
experiments (15).

A very convenient way of measuring heteronuclear coup
onstants in natural abundance is the use of the two-di
ional heteronucleus-coupledv1 hetero-half-filtered proton

proton correlation (HETLOC) (5, 6). A more recent 1D versio
of this technique was developed in our laboratory (16). These

xperiments provide coupling constants only for fragmen
he type H–C–C(H)–C–H. On the other hand, experim
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HMBC) technique (17) are of more general applicabilit
ince they provide values for coupling constants among
ons and all classes of carbons, including quaternary car

The first approach to render the original HMBC useful
he measurement of the heteronuclear coupling was des
y Titmanet al. in 1989 (18). This experiment uses a pha
ensitive 2D HMBC pulse sequence (Fig. 1A) and a refer
D spectrum collected to provide the phase correction n
ary for the extraction of the long-range coupling values f
he corresponding multiple-bond correlation peaks. Indeed
nternal multiplet structure of such cross peaks is in gen
ather complex due to a large phase modulation arising
roton shifts and proton–proton coupling evolution during

ong fixed delay necessary to build up the multiple-bond
elation. In order to extract the value of such long-ra
ouplings, a fitting procedure has been devized (18), whereby
n accurate model is used to represent both the phase

ation and the antiphase structure. In a subsequent pape19),
he authors examined how the accuracy of the coupling
tant values measured by this method were affected bo
ystematic deviations of the data from the theoretical ass
ions and by random errors.

The basic assumption of the method described above
ossibility of generating, by calculation from a simple pro
pectrum, multiplets withpreciselythe same phase distortio
ue to the evolution of proton shifts and couplings as foun

he two-dimensional spectrum. More recently, Sheng and
albeek have proposed an elegant procedure for obta

hesereference multiplets(12) without the need of any ext
ata or calculation. They observed that if no suppressio
ne-bond correlations is performed, one can use the c
ponding1JCH correlation peaks as reference, as the two-
llite” lines have the same phase properties since the
ollected under identical experimental conditions.
A second contribution of the authors to this method was

ntroduction of pulsed field gradients (PFG) to obtain a b
uppression of the strong signal arising from protons atta

25.
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210 COMMUNICATIONS
to 12C nuclei, leading to a significant reduction int 1 noise
There are at least three different methods for the use of PF
the selection of the coherence transfer pathways that in
13C, and produce at the same time pure-absorption lines
in the t 1 dimension. The switched acquisition time (SWA
method employs gradients during acquisition (20). The secon

ethod combines a conventional quadrature detection int 1 (for
example, using the States–TPPI recipe), with a subse

FIG. 1. Pulse sequences of the phase-sensitive HMBC. The delayD is for
H–C long-range coupling evolution, typically on the order of 40 to 60 ms
Phase-sensitive 2D HMBC, without gradient selection (18). (B) Gradient
enhanced 2D HMBC with gradient selection after quadrature detection12).
Quadrature detection is accomplished by incrementingf1 via the States–TPP
method (29). Delay d is calculated to center the subsequent 180° pulse

ith respect to the two flanking 90° pulses. The gradient ratio used isG1:G2:

3 5 4:3:25. (C) Phase-sensitive HMBC with echo–antiecho quadr
etection proposed in this work. Even and odd transients are stored in se
emory locations for later recombination to afford fully phase-sensitive
he following phase cycling is applied:f 1 5 x, 2x; f 2 5 x, x, 2x, 2x;

f 3 5 4x, 4(2x); fR 5 x, 2x, x, 2x, 2x, x, 2x, x. Gradient ratios
G1:G2 5 5:23 (odd experiments) and 3:25 (even experiments). Delayz is se
to guarantee no13C chemical shift evolution for the first value oft 1, thereby
producing a 0,0 phase correction inF 1. Its value is calculated asz 5 (t 1) 0 1
p180H, where (t 1) 0 is the initial value oft 1, andp180H is the duration of the proto
180° pulse.
for
ve
es

ent

(21), and it is the one proposed by Sheng and van Halbeek
B). The third method involves the use of gradients also in
uadrature detection, by combining two experiments that s
lternatively thep 5 1 or thep 5 21 coherence pathway
he combination of these two experiments yields a p
bsorption lineshape int 1 (22).
Although these two latter gradient selection methods

presented as equivalent (12), the last one proves to be mo
sensitive. Therefore, on this basis we propose a new
sequence (Fig. 1C) that improves by a factor of=2 the
ensitivity of pulse sequence 1B.
In the pulse sequence of Fig. 1B, the gradient selection

e considered an addendum to the original phase-sen
MBC 1A. It is clear that the intensity of the cosine-
ine-modulated terms of the quadrature int 1, generated b

changing the phasef in the odd or even experiments, resp
tively, is diminished by a factor of 2 by the gradient selec
of only one of the two pathways. This leads to an overall
in S/N of a factor of 2 when comparing sequences 1B and

On the other hand, both the cosine- and the sine-modu
terms are detected in the odd or even experiments when
sequence 1C is used (see Appendix), with a reduction by
of their intensity due to the gradient selection. The combina
of the two experiments, with a phase shift of 90° of the e
experiments, yields a pure-absorption lineshape int 1, where
the signal intensity is the same as that in 1A (and thus do
with respect to 1B). However, as we obtain this resul
summing two experiments, the noise is increased by a fac
=2, thereby leading to a reduction of=2 in S/N when
compared with sequence 1A, but with an identical gain
respect to sequence 1B. Similar arguments have earlier
proposed for the application of gradients to the three-dim
sional HNCO experiment (23).

Two experiments, using sequences 1B and 1C, wer
orded using identical conditions on a solution of AZT
MSO as test sample. Figure 2 shows the 2D spectrum

ained using sequence 1C, and the arrow indicates the
xtracted to compare the relative sensitivity of the two ex

ments. The two traces are shown in Fig. 3, where the d
1JHC correlation between H-19 and C-19 is shown together wit
the long-range3JHC correlation between H-19 and C-49 (centra

ultiplet), since C-19 and C-49 have virtually identical chem
ical shifts. Traces I and II correspond to the application
sequences 1B and 1C, respectively. As expected, the
intensity is doubled when applying pulse sequence
whereas the noise is increased by a factor of=2 (see Fig. 3)
The resulting experimentalS/N is almost identical to the th
oretical value (62/44' 1.41).

Additionally, one should appreciate that sequence 1C
tains fewer pulses than 1B, and therefore it is less sensit
RF pulse imperfections.

Finally, it is important to point out that the application of
method developed by Rance and Lewis (24–26), although
convenient in many experiments, can hardly be expect
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improve sensitivity in this particular case since it requires
refocusing of the corresponding heteronuclear coupling
stants. This is perfectly feasible only for IS spin syst
leading to a gain inS/N of 2 compared to sequences like 1

FIG. 2. 2D HMBC spectrum of a 50 mM 39-azido-39-deoxythymidine (
spectrometer equipped with az-shielded gradient triple-resonance probe, a
timest 2 andt 1 were 1.3 s (spectral width 6410 Hz, 8K complex data points

elay was 2 s; 80 scans were accumulated pert 1 increment. Sine-bell gradie
respectively. The total acquisition time was approximately 6 h. The arrow
experiment.

FIG. 3. Rows of the 2D experiments performed using sequences 1B
I) and 1C (trace II). The rows were obtained at the chemical shift of ca
19 and 49 (see Fig. 2). Both experiments were performed using iden
conditions.
e
n-
s
,

or 2=2 with respect to sequence 1B. However, a fast ins
tion of Fig. 2 will suffice to realize that most of the sp
systems are of the InS type, withn ranging from 2 to 6, or eve
more, since in this casen represents the number of protons
are one, two, or three bounds removed from a given carbo
extra complication comes from the fact that all the coup
constants are in principle different, spanning values as diff
as 1 to 11 Hz. Clearly, as shown by Griesinger and co-wo
(27) the refocusing is still at least partially feasible for syst
ike the directly coupled CH, CH2, and CH3 groups, with the
direct coupling constants of similar known magnitude.
long-range unknown coupling constants simply the trick d
not apply.

In conclusion, the only possible sensitivity enhanceme
the experiment proposed by Sheng and van Halbeek (12) is
represented by our scheme (sequence 1C). One should
ciate that the echo–antiecho quadrature detection is her
plemented by employing only two gradients, whereas t
gradients are commonly used. The difference here is that
two gradients one needs, in alternate scans, to swap the
ent absolute intensities while keeping the same sign (se
legend to Fig. 1), whereas with three gradients one need
reverse the sign of one. In this case with a marginally m

) sample in DMSO-d6, recorded at 500 MHz and 25°C on a Bruker Ava
using the pulse sequence 1C. The delayD was set to 48.28 ms and the acquisi

nd 3 ms (spectral width 20,100 Hz, 64 real data points), respectively. The
ulses of 1 ms duration were used;z gradientsG1 andG2 were 25 and 15 G/cm
icates the trace used for sensitivity comparison in Fig. 3. C-4 is foldedin the presen
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of a third one that would necessarily impose an extra d
Therefore also in other pulse sequences one could find th
of our scheme more convenient than the conventional on

A detailed description of the experiments, with partic
attention to the coherence evolution induced by gradien
reported in the Appendix, using the product operator forma
(28).

APPENDIX

Let us consider a three-spin system consisting of two pro
I 1 and I2, and a carbon-13 nucleus S, where the two proton
oupled with a coupling ofJH, I1 is coupled to S with

couplingJIS, and I2 is not coupled to S. This system is su-
cient to illustrate the phase modulation and the relative s
tivity of the sequences depicted in Fig. 1.

Sequence 1B

The first part of the sequence is identical to that alre
described by Titmanet al. (18), with quadrature detection int 1

by changing phasef1. At point a the magnetization can
described by (18)

ra 5 sin~pJISD!cos~VSt1!@2cHc12I 1xSz 2 cHs12I 1ySz

1 sHs14I 1xI 2zSz 2 sHc14I 1yI 2zSz#, [1]

here

cH 5 cos~pJHD!, sH 5 sin~pJHD!,

c1 5 cos~V1D!, s1 5 sin~V1D!.

Next, we apply the gradient selection. We can derive
expression for each one of the four terms in [1], and we
calculate the gradient refocusing condition by obtaining
expression for the first term (2I 1xSz). This term is converted b
the subsequent pulses and gradients to

2
i

2
@I 1

1S2exp~2iua! 2 I 1
1S1exp~2iub!

1 I 1
2S2exp~iub! 2 I 1

2S1exp~iua!#, [2]

where

ua 5 g1G1 1 ~g I 1 gS!G2 1 ~g I 2 gS!G3,

ub 5 g IG1 1 ~g I 2 gS!G2 1 ~g I 1 gS!G3,

i 5 B1(z)it i is the product of the gradient strength by
gradient duration, andg I andgS are the gyromagnetic ratios
proton and carbon, respectively. Then one can choose a
y.
se

r
is

m

ns
re

si-

y

e
ll
e

ra-

both). Withu a 5 0 one can deduce the following transform-
tion produced by the gradient selection:

2I xSz3 2
1

2
~2I xSz!. [3]

A similar result can be deduced for the other three terms w
[1], yielding the following expressions for the two sepa
experiments:

odd experiments (f 1 5 x):

1
2 sin~pJISD!cos~VSt1!@A# [4]

even experiments (f 1 5 y):

1
2 sin~pJISD!sin~VSt1!@A#, [5]

here

A 5 2cHc12I 1xSz 2 cHs12I 1ySz

1 sHs14I 1xI 2zSz 2 sHc14I 1yI 2zSz.

Cross peaks are obtained with an absorption-mode linesh
F1 (the cosine- and sine-modulated terms are separate), an
a complex superposition of lines of all phases inF2. If compared
to the standard quadrature-detected experiments without the
gradients a factor of 2 in sensitivity is formally lost.

Sequence 1C

At point a the density operator has the form

ra 5 sin~pJISD!cos~VSt1!@2cHcI2I 1xSy 2 cHs12I 1ySy

1 sHs14I 1xI 2zSy 2 sHc14I 1yI 2zSy#

2 sin~pJISD!sin~VSt1!@2cHc12I 1xSx 2 cHs12I 1ySx

1 sHs14I 1xI 2zSx 2 sHc14I 1yI 2zSx#. [6]

As in the precedent case, we will derive the expression at
b for the first term of each bracket in [6]. It can be ea
calculated that these two terms are transformed into

2I 1xSy3
1

2i
@I 1

1S2exp~2iu1! 2 I 1
1S1exp~2iu2!

1 I 1
2S2exp~iu2! 2 I 1

2S1exp~iu1!# [7]

2I 1xSx3
1

2
@I 1

1S2exp~2iu1! 1 I 1
1S1exp~2iu2!

1 I 1
2S2exp~iu2! 1 I 1

2S1exp~iu1!#, [8]



where

od

ly

m o
ion

[6
bl

e

w e
s

ro-
d d
d on
e

B ily
r , a

we have obtained this result by combining two experiments,
e

213COMMUNICATIONS
u1 5 ~g I 1 gS!G1 1 ~g I 2 gS!G2,

u2 5 ~g I 2 gS!G1 1 ~g I 1 gS!G2.

In this case we will perform two separate experiments. The
experiments will have a ratioG1:G2 so as to makeu1 5 0. The
even experiments will makeu2 5 0. This can be readi
achieved by using the following gradient ratios:

odd experiments: G1:G2 5 5:23

even experiments: G1:G2 5 3:25.

Using these two conditions, we can calculate the final for
these two operators in both experiments, just before detect

odd experiments (u1 5 0):

2I 1xSy 3 2 1
2 ~2I 1xSz!, 2I 1xSx 3 2 1

2 ~2I 1ySz! [9]

even experiments (u2 5 0):

2I 1xSy 3 2 1
2 ~2I 1xSz!, 2I 1xSx 3 1 1

2 ~2I 1ySz!. [10]

This result can be extended to the remaining terms in
producing the following expression for the observa
magnetization:

odd experiments (u1 5 0):

2 1
2 sin~pJISD!cos~VSt1!@A# 1 1

2 sin~pJISD!sin~VSt1!@A# #

[11]

ven experiments (u2 5 0):

2 1
2 sin~pJISD!cos~VSt1!@A# 2 1

2 sin~pJISD!sin~VSt1!@A# #,

[12]

hereA has the same meaning as in [4], andA# represents th
ame operators but with a 90° phase difference for I1.
As already described (26), the processing recipe that p

uces a phase-sensitive spectrum implies the sum an
ifference of the two experiments and a 90° phase correcti
ach second experiment, to yield

sin~pJISD!cos~VSt1!@A# ~sum! [13]

sin~pJISD!sin~VSt1!@A# ~difference!. [14]

y comparing [13] with [4] and [14] with [5], one can eas
ecognize the gain factor of 2 in signal intensity, although
d

f
:

],
e

the
of

s

the noise is also increased by a factor of=2. In conclusion, th
final gain in signal/noise is, as it turns out, precisely=2.
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