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A general and very simple strategy for achieving clean spin-
state-selective excitation with full sensitivity in carbon-selective
gradient-enhanced 1D HMQC and HSQC pulse schemes is pre-
sented. The incorporation of an additional hard 90° **C pulse
applied along a specific orthogonal axis just prior to acquisition
into the conventional sequences allows us to select a simultaneous
coherence transfer pathway which usually is not detected. The
superimposition of this resulting antiphase magnetization to the
conventional in-phase magnetization gives the exclusive excitation
of the directly attached proton showing only the e or 8 spin state
of the passive *C nucleus. The propagation of this particular spin
state to other protons can be accomplished by adding any homo-
nuclear mixing process just after this supplementary pulse. Such
an approach affords a suite of powerful selective 1D "“*C-edited
NMR experiments which are helpful for resonance assignment
purposes in overcrowded proton spin systems and also for the
accurate determination of the magnitude and sign of long-range
proton—carbon coupling constants in CH spin sytems for samples
at natural abundance. Such measurements are performed by mea-
suring the relative displacement of relayed signals in the corre-
sponding « and B 1D subspectra. © 2001 Academic Press

Key Words: NMR; spin-state-selective excitation; long-range
proton—carbon coupling constants; selective experiments; pulsed
field gradients.

INTRODUCTION

Spin-state-selective {Bpulse schemes that manipulate th

coherences exclusively belonging to theor B state of a

particular coupling pattern have been successfully applied

biomolecular NMR. For instance, coupling constants can

measured with high accuracy from multidimensional NM

experiments based on the generation of two separate SUngfPasswe

with each displaying only one multiplet component of a d

blet. Applications have been reported for the determination %

homonuclear 1-3), heteronuclear 1 4), through-hydrogen-

bond 6, 6), and residual dipolaf7&10 coupling constants. On
the other hand, the selection of the slowest relaxing componén
of a multiplet improves the sensitivity and resolution of mul

tidimensional NMR experiments of large biomolecules in hi
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magnetic fields by applying the well-known TROSY approac
(11). Other applications of the*rinciple have been demen

strated for the suppression of diagonal peaks in multidime
sional spectra 12,13 or the sensitivity improvements
achieved in INADEQUATE experimentd.4).

Selective $ excitation has been also achieved in carbol
selective 1D inverse experiments by applying an specific ¢
lective carbon pulse on a particular satellite line or a prop
combination of delay and offset settings. Such an approach |
been applied to measure precise long-range proton—carl
coupling constants for samples at natural abundahbe2)
by appending a TOCSY transfer step after achieving the
lective S’ excitation and recording two separate 1D subspect
one for thea state and one for th@ state. Thus, coupling
constants even smaller than the linewidth can be direclty me
sured by comparing the relative displacement of the 1
TOCSY multiplets.

In this work we show that a very simple modification o
the previously reported gradient-enhanced 1D HMQC al
HSQC pulse sequence®2-27 achieves clean selectiveé’ S
excitation without needing to apply extra selective pulses
considering appropiate delays and offset settings. The p
posed idea is based in the original works of Sorensteal.
(1) and Rosset al. (28). The incorporation of a single hard
90° C pulse (referred to as the® pulse) applied from a
specific orthogonal axis just prior to acquisition selects
8imultaneous coherence transfer pathway (CTP) which u
ally is not detected. The superimposition of this resultin
amtiphase magnetization to the conventional in-phase m:

tization gives the exclusive excitation of the directl
ctttfaalChed proton showing only the or 8 spin state of the

ive®C nucleus with full sensitivity. In fact, this ap
goach is a reduced version of the well-known PEP met
odology @9) in which the second retro-INEPT29) is
limited to a single carbon pulse. The extension of this simp
strategy to analogs pseudo-3D experiments allows the

cutrate determination of long-range proton—carbon couplii

ﬁonstants on protonated carbons by directly measuring |
9 isplacement of signals in the corresponding two 1D su

spectra.
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RESULTS AND DISCUSSION 90)5(
I"(S"+S)—— 17 (S*"+ 397 [2a]
The basic pulse schemes of carbon-selectived®HMQC
and a/B-HSQC experiments are despicted in Fig. 1, in which s
the only novelty with respect to the original sequences is the 90y

inclusion of the mentioned>$ulse with phasep. 17(S" +57) > 21'S, [2b]
As predicted theoretically, both pulse sequences offer sim-
ilar experimental sensitivity ratios and they are easily analyzed 90%,
and understood in terms of shift product operat@@),( 1"7(S*+S)———> —2I°*S, [2c]
1= =1,%il,, [1] . . , . . "
y Spin-selective states are defined using single-transition ope

tors (~S* and|~S?) which are best described as the sum «
in which |* corresponds to a coherence order= +1, difference of in-phase and antiphase magnetization.
wheread ~ corresponds to a coherence orger —1. The 90°

and 180° pulse effects and the evolution und@oupling are |"S*=1"+21"S, [3a]
the only basic transformations to consider. Otherwhise, chem- e -
ical shift evolution can be neglected because offsets are set on I"SF=1"=-21"§ [3b]

the selected resonances during all experiments. The crucial

point of the strategy described in this work relies on the effect Analyzing both sequences of Fig. 1, the following cohei
of a 90°S pulse applied along an axison a mixture of DQC ences are present just before thep8ise:

and ZQC as shown in Egs. [2a-2c].

TI(I*+|*S*+I*S*). [4]
b
ow 1 The first term stands for conventional in-phase magnetizati
'H |N2|M-j |A/2|A/2 5|5> whereas the second and third terms represent DQ and
90° sel 0 coherences, respectively. These multiple-quantum coheren
13¢ | . 8 | 5 | I | (MQC) are usually not observed but can be converted
detectable magnetization by applying the PEP methodology,
G, G other words by repeating the same spin manipulation but frc
2 A an orthogonal axis29). Considering Egs. [2a—2c], the simple
G Gs choice of the phase of this additional $ pulse allows us to
obtain the conventional large in-phase doublet dugltq if it
a is applied along the axis,

Iy | A C-w A ala
90° sel ) ! 90?—5—180&—8 -
13¢ ‘a|5| | 2 [5a]

G,

Y ‘ or the corresponding or 8 multiplet component if it is applied
Gy Gs from they or —y axis, respectively,

FIG. 1. Selective gradient-enhanced carbon-selective 1R@)HMQC
and (b)a/B-HSQC pulse schemes. Hard 90° and 180° pulses are indicated by 905 — & — 180} — & —j —j

vertical narrow and wide black bars. A selective 90° carbon pulse is indicated — (" +21"S)=—1"S"
by a shaded shape. Proton decoupling during the selective carbon pulse is 4 4
achieved by applying a simultaneous 3-kHz continuous wave (CW) period. All [5b]

pulses are applied from the axis unless otherwise indicated. A minimum
two-step phase cycle was applied in which the selective carbon 90° pulse and 90§Y - & — 180!>< -5

the receiver are inverted on alternate scans. The interpulse d&lais — (" —21"S)= ;' | ~SP

optimized to1/(2*'J.,,). Gradients of durationd) of 1 ms, with a recovery 4 4 ’
time of 100 us and maximum strength of 50 G/cm, are also indicated by

shaded shapes on the lig. Proton and carbon offsets are set on resonance [50]

of the selected proton and carbon signals through all experiments. See text for ) _ )
discussion about the phageand gradient ratios. Other interesting advantages of the proposed experime
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are that selective *Sexcitation is achieved without needing Hy Hb
extra selective pulses or changing offsets during the sequence,
there are no special data processing requirements, and maxi- Hp
mum sensitivity with high spectral quality is always obtained
under standard conditions.

Ha“"""‘

a/B-HMQC EXPERIMENT

The first approach is a simple modification of the selective
ge-1D HMQC experiment1-23, in which the first 90*°C
pulse is applied selectively on the target carbon (Fig. 1a). After
this pulse, MQCs are labeled with two dephasing gradients
inserted into a heteronuclear spin echo in order to avoid proton
and carbon chemical shifts evolution. These MQCs are repre-
sented as

ii(|++ 1) (S" — S). [6] 1

The general equation for gradient refocusing in this expektowever, other undetectable terms are presents in this poin
ment can be written as described in Eq. [4]. Thus, the application of another §@
pulse (the & pulse) can convert the remaining MQCs tc
antiphase proton magnetization whereas the above mentio
in-phase proton magnetization would remain unaffected (s
Egs. [5a-5c]). In any case, a final refocusfdggradient must
where p;; define the selected coherence orgeeduring the be inserted into a spin-echo period in order to refocus only t
gradienti and for the nucleugs Several gradient ratios can bedesired proton magnetization which must be detected withc
chosen depending on whether DQC or ZQC are retained durifig decoupling. The result is a clean 1D proton spectrum or
the defocusings, and G, gradients (Table 1). displaying one or both’C satellites due tdJ, of the chosen

In the following, we assume that the following pathway igarbon signal where the central and strdhg-“C signal and
selected by a-2:2:5 gradient ratio although all other optionsther artifacts are efficiently suppressed by the effect of tl

(4p1y+ P1,dG1 + (4pon + P0G, — 4G =0,  [7]

give the same final results. gradients. Figure 2 shows the experimental results obtair
after selectively pulsing the C-12 resonance of strychnine,
i 180./180S ) Clean in-phase excitation is achieved by setting the pthasfe
—i X X —i . . e
s R 8] the S pulse tox (Fig. 2c). In this case, a sensitivity decreas
2 2

by a factor of 2 is achieved at the expense of improved qual
when compared to an analog phase-cycle experiment (Fig. .
because only a single CTP is selected. Of course, the sg
A hard 90, *°C pulse generates antiphase SQ proton cohggsit is obtained if the pulse is omitted.
ences which evolve during a freeevolution period in order  gn the other handy or B spin states are exclusively selecte
to obtain the conventional in-phase proton magnetizatiogy settings to'y or —y, respectively, and the sensitivity of the
experiment is improved by a factor of 2 by the coaddition c

the two contributed CTPs (Figs. 2d and 2e).
TABLE 1

Gradient Ratios to Achieve Coherence Selection
in a/B-HMQC-like Experiments

a/B-HSQC EXPERIMENT

G;:G,:G; ratio CTP selected durinG, CTP selected during,
2:-2:5 I"'s* I"s The same modification described above can be also applied
—2:2:5 I's” I's’ the regular HSQC pulse trai@1-23, as shown in Fig. 2b. In fact,
2;233’ 'Ig :2 this sequence can be regarded as a carbon-selective version c

experiment described in ReR8). During the defocusing gradi-
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S/N=30.6
d

S/N=32.0
C

S/N=16.1
b

§/N=30.0
a

e U

T T T T T T T LI T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm

FIG. 2. The 500.13 MHZ'H spectra of strychnine in CDgI(a) Conventional; (b) phase-cycled selective 1D HMQC using a BIRD cluster followed b
400-ms recovery delay to minimize unwantét-°C magnetizationg1); (c—e) selective ge-1@/8-HMQC acquired with the pulse sequence of Fig. 1a usin
¢ = X, y, —y, respectively. All spectra have been recorded in a AVANCE 500 Bruker spectrometer equipped with a triple-resonance inverse pre
incorporating &-gradient coil. The following experimental conditions were applied: relaxation delay of 1 s, interpulse dalay 8f3 ms, 16 transients with
two dummy scans, and a 12-ms selective 90° carbon pulse with a gaussian shape applied on the C-12 carbon resonance. The experimental sefil-tc
is displayed for each spectrum.

ents, antiphase carbon magnetization is present in the form ofn this case, the refocusing condition is fullfilled when

—1,(8" = 8). [9] Gipict+ Gypyc— 4G; = 0. [10]
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TABLE 2 experiments also retain all interesting features of the origir
Gradient Ratios to Achieve Coherence Selection sequences for resonance assignment purposes. In additio
in o/B-HSQC-like Experiments the use of the already proposed TOCSY transfer, such m

surements could be also succesfully performed using COS

G,:G,:G; ratio CTP selected durinG; CTP selected during, . o

type and NOE-based building blocks as homonuclear mixil

2:-2:1 1,.S* .S processes. An important point to mention is that all experime
—2:2:1 .S 1.S' tal aspects described above for thig-HMQC anda/B-HSQC

experiments, such as parameter settings, gradient ratios, or
effect of the phase of the S pulse remain exactly the same
and, therefore, such experiments can be defined for gene
Two equivalent options for coherence selection are possikise.
(Table 2). Assuming that the following CTP is selected,

1803
1,8 — —1,57, [11] cw
b IA-als Al : Iala
90° sel
a behavior similar to that described for thf8-HMQC exper- e ‘ | | |
iment is obtained when simultaneous 90° pulses are applied to G ‘
both nuclei. Thus, in addition to the conventional antiphase : L;Z
proton magnetization, MQCs are also created although they are G Gs
not detected under standard conditions. c
1H cw SPIN-LOCK
90/908 - 7777l
1,8 ———— — (I"ST+ 1S + 2iS,| - 90° sel
zZ 4 ( z ) 13C ‘5 |5| |
Al2 — 1805 — A/2 —i G, G, ‘
T(I*S‘+I+S++I+) c.._' G5
[12] b
. Ccw
As found for the HMQC counterpart, the phasef the S n | a [ | | o <] | |5|5»
pulse offers the three possiblities described in Egs. [5a-5c]. 90° sel o T

Figures 5b—5d show the/3-HSQC spectra after select the C4 Bc ‘ 5 | sl |
resonance. Although the same sensitivity ratios may be ob-
tained using both HMQC and HSQC sequences, we have ‘_32 .
experimentally found that the HMQC experiment offers G Gs
slightly improved sensitivity, possibly due to fewer pulses
involved and, therefore, the experiment should be more toler-

G,

ant to pulse miscalibrations and imperfections. Iy | A 2 A a iﬁ I8
90° sel
a/B-PSEUDO-3D EXPERIMENTS 3 ‘ 8Ial ‘I’
The in-phase character of the detected signal with respect to G, . '
all homonuclear proton—proton couplings in betfiB-HMQC "-22 o

anda/B-HSQC schemes becomes suitable for introducing any
homonuclear mixing process, just between the@se and the  FIG. 3. General schemes for selective gradient-enhanced carbon-selec
last spin-echo period (Fig. 3). In other words, the simphP (a)a/B-HMQC-COSY, (b)a/B-HMQC-RELAY, (c) a/B-HMQC-TOCSY
incorporation of the Spulse in all pseudo-3D pulse sequence’ 2s02/B-HMQC-ROESY), and (d}/-HMQC-NOESY experiments. The

. . . - T and 7' delays are optimized as a function &f,. A 8-kHz MLEV-16 pulse
reported in Ref. 24) affords a suite of interesting NMR meth_train was used as a spin-lock for TOCSY transfer and a 3-kHz CW pulse |

odologies for the measurement of long-range proton—carbRBEsy transfer in sequence c. Al other details are as described in the leg
coupling constants for samples at natural abundance. Stuchig. 1.
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d Cl2-Hlla Cl2-H1llb

-1.55% Hz -6.35 Hz

[
H-12 H-1la
b
H-11b
a
T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

FIG. 4. (b-c)a/B-HMQC-COSY spectra after selectively pulsing on the C-12 resonance. A total of 128 scans have been recorded with two dumm
for each spectrum using a COSY interpulse deldyf 50 ms. All of the other experimental parameters are as described in the legend to Fig. 2. (d) Expar
of COSY multiplets.

Figure 3a shows the correspondingB-HMQC-COSY instance, in the case @f = y the transfer mechanism can be
pulse sequence in which a delay){90,(*H) block has been summarized as
inserted just after the *Spulse. The result is a typicafC-
selective-edited COSY spectrum in which 1D COSY peaks - 90!
appear, showing the characteristic antiphase pattern with re- Y
spect to the active homonuclear coupling with the directly
attached proton (Figs. 4b and 4c). As an additional feature, all
COSY signals have also encoded a particular spin state of the 5—180,— &
target carbon nucleus as a function of the chogemlue. For 21,158 214,15 S [13]

158" —— 21 1,8 ——
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J(H2-C4) = +7.4 Hz

J{(H3-C4) = +2.1 Hz

¢
b
a H-4 H-1
H-3 H-2
M T T T l T T T T T T T T M
8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 ppm

FIG.5. o/B-HSQC-type spectra after selectively pulsing on the C-4 resonance. g-#JSQC spectra recorded using the pulse sequence of Fig. 1b, us
a phasep = x, y, and —vy, respectively. The interpulse delag)(was set to 3 ms. (e-£/B-HSQC-COSY spectra using an interpulse detgyof 50 ms. A
total of 128 scans have been recorded with two dummy scans for each spectrum. (g—h) Quig-Bt8QC-RELAY spectra using = 50 ms andr’ = 60 ms.
A total of 512 scans have been recorded with two dummy scans for each spectrum. All other experimental parameters are as described in the legen

The relative displacement between the and B-relayed ment in the same sense as the large one-bond coupli
signals in the two separate 1D spectra affords the exclusiwbereas opposite sense is found for negative values. Note
measurement of the corresponding two-bond proton—carbibie antiphase character of COSY signals is not a disturbat
coupling constants (Fig. 4d). Furthermore, the sense of tlitsg such a measurement. Similar results are also obtained fr
displacement is an indication of the sign of the measurde relatedx/B-HSQC-COSY spectra, as shown in Figs. 5e ar
coupling constant. Thus, positive values are due to displacd:-
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FIG. 6. (b—c)a/B-HMQC spectra after selectively pulsing on the C-14 resonance, using a ¢phasg and —y, respectively. (d—ey/B-HMQC-TOCSY
spectra with a 50-ms mixing time using the scheme of Fig. 2c. The interpulse dglayaé set to 3.6 ms. A total of 256 scans have been recorded with t
dummy scans for each spectrum. Other experimental parameters are as described in Fig. 2.

In a similar way, multiple RELAY steps could be addeduitable for transferring magnetization \daFigure 3c shows
by concatenating additional COSY blocks. Thus, one-stéipe equivalent/B-HMQC-TOCSY pulse sequence in which &
alB-HMQC-RELAY (Fig. 3b) anda/B-HSQC-RELAY ex- MLEV-16 isotropic mixing sequence is appended after the
periments would afford three-bond proton—carbon couplinmlse. Figure 6 shows the clean spectra obtained after appl
constants. For instance, Figs. 5g and 5h show how the the C-14 resonance and Fig. 7 shows the correspond
o/ B-HSQC-RELAY spectra, after selectively pulsing thenultiplet expansions. Equivalent results are obtained using 1
C-4 aromatic carbon, allow the unambiguous measuremeiB-HSQC-TOCSY experiment, as demonstrated for the C
of the value and the sign of th&(C4—H2) coupling con- resonance in Fig. 8. In this case even the small four-bo
stant. coupling constant between C-4 and H-1 is measured with hi

However, an in-phase TOCSY-like transfer can be moatcuracy from the in-phase multiplets.
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Cl4-H15a SL 85— 180y — &

1,S* [14]

Cl4-H16
+6.90 Hz ~-2.55 Hz
| ;Se 5S¢

It should also be possible to design new approaches |
measuring proton—carbon coupling constants in systems wh
propagation via homonucledrcoupling constants is not effi-
cient by using a ROESY (Fig. 3c) or NOESY (Fig. 3d) building
block. The resulting experiment could be also used to meas|
such coupling values in HGC spin systems whebé should be
a quaternary carbon or a heteronucleus, such as oxyger
nitrogen, as those found through glycosidic linkages in pol
saccharides or nucleotides. However, the use of long mixi
times in such experiments would afford undesired signal los¢

basically due to diffusion effects.

C14-H13 CONCLUDING REMARKS

C14-H15Db
-2.95 Hz -4.50Hz
i i i C
FIG. 7. Expansions of spectra d and e of Fig. 6. In_ C(_)nclusmn, a stralghtforyvard way to atheve cledr ¢
excitation forlS spin systems in selective 1D inverse exper
ments without needing to include extra requirements for de
b
c4a-H1

-1.10Hz

C4-H3

+2.20 Hz

H-1

T A T
15 7.10 ppm

T T I R T
7.30 7.25 7.20 7.

FIG. 8. Expansion of the aromatic part of thé3-HSQC-TOCSY experiment under the same conditions as described in legend to Fig. 5. The TOCSY i

time was set to 65 ms.
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acquisition or data processing with respect to conventiorf& A.Meissnerand O. W. Sorensen, Suppression of diagonal peaks in
. . 1 15 H
experiments has been described. Measurement of long-range!ROSY-type "H NMR NOESY spectra of “N-labeled proteins, J.

proton—carbon coupling constants even smaller than the line-

width with high precission has been carried out with simplicit)l/3

Magn. Reson. 140, 499-503 (1999).

K. V. Pervushin, G. Wider, R. Riek, and K. Wuthrich, The 3D
NOESY-['H-""N]-ZQ TROSY NMR experiment with diagonal peak

for samples at natural abundance using different pulse gyppression, Proc. Natl. Acad. Sci. USA 96, 9607-9612 (1999).
schemes. Simultaneous extraction of the magnitude and ey, ¢ nielsen, H. Thogersen, and O. W. Sorensen, Doubling the
sign of these coupling constants is performed by direct analysis sensitivity of INADEQUATE for tracing out the carbon skeleton of

of multiplet displacements in 1D spectra without regard to the

molecules by NMR, J. Am. Chem. Soc. 117, 11365-11366 (1995).

in-phase or antiphase coupling pattern of the analyzed multp. L. Poppe, S. Sheng, and H. van Halbeek, Stereospecific assign-

plet and without needing of extra fitting procedures.
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