Journal of Magnetic Resonan@&9, 454 —459 (1999)

3 ®
Article ID jmre.1999.1808, available online at http://www.idealibrary.conl BWE %I.

Band-Selective HSQC and HMBC Experiments
Using Excitation Sculpting and PFGSE

Christine Gaillet, Christelle Lequart,* Philippe Debeire,* and Jean-Marc Nuzillard

Laboratoire de Pharmacognosie, UPRES-A 6013, Moulin de le Housse, 51097 Reims Cedex 2, Frarfit@banatoire de Fractionnement Enzymatique,
UPBP, Institut National de la Recherche Agronomique, Moulin de la Housse, BP 1039, 51687 Reims Cedex 2, France

Received February 17, 1999; revised April 27, 1999

Variants of the HSQC and HMBC experiments are described.
They allow the restriction of the heteronuclear chemical shift
domain without causing spectral folding. Selectivity is introduced
in the HSQC experiment by means of excitation sculpting. The
selective element of the pulse sequence is a double pulsed field
gradient spin echo. It may be used either split by the t, evolution
period, or not. The selectivity profile depends on the scheme used
as well as on the number of protons attached to the heteronucleus.
The selective HMBC experiment requires only a single echo se-
quence as no strict control of the signal phase is required. A
complex glycoconjugate is used as a test compound for the new

domain is achieved by selective pulses that cover the desire
frequency range of indirectly detected resonance frequel
cies @4—98). The resolution cannot be indefinitely improved
because it is limited by relaxation duriig An increase of
timax l€@ds thus to a decrease of the signal-to-noise ratio
the overall recording time is kept constant. This is the price
to pay for the resolution enhancement. This Communicatio
shows how gradient-enhanced HSQC and HMBC pulse s
guences can incorporate excitation sculpting and PFGSE
order to achievd-, band-selective experiments.

pulse sequences. © 1999 Academic Press
Key Words: excitation sculpting; heteronuclear chemical shift
correlation; selective pulses; NMR; glycoconjugates.

Excitation sculpting 9) is produced by the application of a
double pulsed field gradient spin-echo sequence (DPFGSE
The spin echoes are induced by selective inversion piBses
The sequenc8 needs only to be characterized by its inversior
) ) profile M,(€2). This is the amount oz magnetization that is

HMBC and HSQC experiments play a key role in struCcoyered after the action of the pulse on a nucleus of offs

tural elucidation of organic molecules. They offer a riclyoqency ), starting from its equilibrium state. A derived
information content and a sensitivity that makes them usefé{'LIJantity of interest is the inversion probabiliB(Q) = (1 —
in the resolution of_ a wide range of structural problerih)s ( M,(Q))/2. The DPFGSE sequence preserves the phase of t
When t_he C_Omp'ex'ty of t_he studied molec_qles Increases, t’?l%oming transverse magnetization and modulates its amp|
resolution in the~; domain becomes of critical importancey ,qq according t\(Q) = P(Q).
Even in simple molecules one can often find one or moré e ponselective pulse sequence in Fig. 1a was retained
couples of “C resonances that cannot be separated in 2, how the DPFGSE element can be introduced in a grac
inverse correlation maps. Data processing techniques SYeh o hanced HSQC experimea0), The coherence transfer
as linear prediction?) or filter diagonalizationd) exploit at pathway simultaneously selegis= +1 andp = —1 states of

best the available resolution through time domain Signg! q ring t,. This creates amplitude-modulated signals tha
moielmg. Ut defined bv th 0 of th b allow a quadrature detection schemé&inby the TPPI method.
T eF, resolution, define y_t e r_atlo oft € number 04Cl'he pulse sequence in Fig. 1b shows the straight insertion
t, increments to th&, spectral width, is proportional to they, o ppFEGSE element in the corresponding nonselective expe
width of the explorec_il domain, refe_rred {0 & There-_ iment. The latter was chosen so that there is no spatial labelir
fore, a better resolution can be obtained by an increase in %T}émagnetization before, thus avoiding signal loss by diffu-

number oft, Increments. The enhancement applies to tNeon if longt, periods are usedl(). The intrinsic selectivity
whole F, domain, even where not required. Alternatively

h ducti f the | width achi he desi (Erofile is modified by the action of one or more heteronuclea
the re u_ct|0n N _t 1 spectral wi t_ achieves the desire ouplings. InterestinglyA({2) can still be expressed by means
goal while keeping the number @f increments at a prac-

of the inversion probability functiorP in the absence of

tical value. The main drawback of this approach is th(‘?oupling. The analytical expressionsAf()) make use of the

folding of the resonance peaks lying outside of the Chosﬁ?obabilities
spectral domain. The clean reduction of the spectral
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univ-reims.fr. Fax: 33 3 26 05 35 96. P,=P(Qyx + nmJ) [1]
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a magnetization evolution during the DPFGSE sequence, leadi

Y ¥
L R °
X | i b . . XH group: A(Qy) = (P2 + P2))/2

XH, group: A(Qy) = (P3+ 2P3+ P2,)/4

g G g XH; group: A(Qy) = (P3+ 3P%2+ 3P%, + P2,)/8. [2]
1 =2 3
0 " - In these expression#({)y) appears to be the convolution
'H IT I TI I IT IT product ofP?(Q) by the shape of th& multiplet. Each line
- - ' V——— of the multiplet may indeed be considered separately g
X 1. 4 . being produced by a fictitious uncoupled nucleus of offse
I I e g I I II I [R:T:A frequencyQy, + nwJ. The intensity of each line is then
l n l‘ l independently modulated by the DPFGSE sequence accol
ing to theP? function. The effect produced is clearly visible
G, G,G, GG;G, Gq when the width of the selectivity profile is less thdn
C However, band-selective experiments are not intended to |
- I I i ¥ employed in _such a limit situation. _
1 B I [t IT hl Symmetry in the pulse sequence can be restored by setti
y ¢ y a PFGSE beforé; and the other one aftdr, as shown in
X I | [ =—1— || IIILI ﬂ]]]]"]i]ﬂ]]]m Fig. 1c. The presence of aX inversion pulse beford,
e B T ~inverts the apparent evolution frequency of tkenagneti-
' ' ' “ ' ' zation. The TPPI procedure is modified accordingly by
G G G. GG.G G changing the sign of the phase increment. The separation
Pt S the two echoes also affects the selectivity profile. The in
d version pulse in the middle df exchanges théH « and
Iy I I states. A new variablé is then needed to expresg(}). A
k_; soft pulse acting on uncoupled nuclei rotates the mag
X I ; I“' L I . netization around an axis located by means of the spheric
2t T Y coordinates® and ¢. In general, both depend on the
offset and on the intensity and phase of e field. For
' l' constant phase pulses,is simply this phase angle. Angles
G, GG, ¢, and derived coefficientg,, are defined for coupled
nuclei by
FIG. 1. Inall pulse sequences thin and thick vertical black bars indicate
7/2 and m pulses, respectively. Pulse phasesanmnless otherwise spec-
ified. Delaysr equal}'J(XH). (a) The basic nonselective pulse sequence of ¢dn = d(Qy + nmd) [3]
the gradient-enhanced HSQC experiment, using TPPI for quadrature de-
tection inF,. (b) Straight introduction of a DPFGSE in sequence (a). (c) Com = COS Ay — ). (4]

Alternative X-selective pulse sequence in which the spin echoes are sepa-
rated by the, period. (d) Introduction of a PFGSE sequence in the HMB

experiment.r’ is the action time of long-rang¥—H couplings. Cl'he theoretical select|V|ty proflle is then

XH group: A(Qy) = —(P,P_,c; 1)

in which Qy is the X offset andJ the involved coupling XHzgroup: A(Qy) = —(PoP _oC; » + P/ 2

constant. The incoming magnetization is described by thexp group: A(Q,) = —(PsP_sCs_5 + 3P.P_1C; _1)/4.
operatorl ,S,. The density matrix calculation of the resulting

IS, termis carried out in a way similar to that exposed in Ref. [5]

(9). The state of theX spin is described in theS(, S, S)

basis set, and the state of tHel spins is written in the  The minus sign appears becausela®, state is trans-
population operators basis. The Hamiltonian operator that afgémed into—1,S, by the,(1) pulse. The result in Eq. [5]
during the soft pulses is expressed as a sum of single transitiply be found as well by individually considering the lines
operators 12). These choices allow an easy tracing of thef a multiplet, taking into account the label inversion of the
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a b (Fig. 2b). The result is not as neat as expected, probably dt
e to nonlinearities of the shaped pulse modulator in the de
/ coupler channel. However, a slight “melting” of the selec-
tivity profile is observed in Fig. 2b, caused by the presenc
of three direct heteronuclear couplings. The same 1D puls
; \\ sequence is employed in the calibration of the soft inversio
L | ]l \____ pulse, even though other methods might be employlegl. (
1 |1

o ;,"k o TS S Re— . : The technique of spectral restriction used in the pulse s
guences in Figs. 1b and 1c applies to other HSQC-relate
2000 Hz 2000 Hz schemes, like the sensitivity-enhanced PEP-HSQ®). (

FIG. 2. Experimental determination of the selectivity profile achieved The F, band-selective HMBC1(6) experiment does not
by the pulse sequence in Fig. 1c, restricted to the recording of the firstrequire systematic refocusing of thie magnetization. Pro-
value. All spectra are recorded on a Bruker DRX 500 spectrometer fitttdn multiplets are indeed distorted at the beginning of the
with an inverse mode probe able to produce static field gradients up to EQHSG sequence, during the delay required by the productic

G - cm™* along thez axis. The compound is 2,3,4,6-acetyl-1-methaxy- : :
glucopyranose. Gradient strengis, G,, G;, G,, andG; are 35.5, 19, 15, of X coupled magnetlzatlonl(Y). The proposed pU|Se s€

40, and 10 G cm™. Gradient pulses are modulated by an arch of sindU€nce Is shown in Fig. 1d. It is designed to achieve phas
function; they last 1.2 ms and are followed by a 0.1-ms recovery delay. TRROdulation duringt,. Attempts to create amplitude-modu-
selective inversion is ensured by a RE-BURP pulse 5 ms long, coveringaged data sets produces cross-shaped correlations as alre.
1000-Hz bandwidth. ThX offset is incremented by 100-Hz steps betweepjascribed in Ref. 18). The benefit of resolution enhance-

lots. Th lot in the middle of h seri rr n . .
subplots. The subplot in the middle of each series corresponds to .y oy id then be partly lost, due to an increase in th
on-resonance inversion. Continuous lines are theoretical SeleCthlty pro-

files, computed according to Eq. [5]. (a) Test on the anomeric CH grouB.rObabi”ty Of_ correlation peak S_UperimpOSi_tion- As in the
(b) Test on the CH group. HSQC experiment, the application of gradient pulses wa

avoided beforet, in order to preserve the signal from

diffusion effect. The second gradient pulse of the PFGSE i

combined with the first gradient pulse required for the
'H spin states induced by the hard inversion pulse. Tlt@herence pathway selection, resulting in a rather simpl
coefficientsc, , equal 1 if ¢ is independent of the offset, pulse sequence.
like for a constant phase pulse. If the bandwidth is much Feruloylarabinoxylanel (see Fig. 3), isolated from wheat
smaller thanJ, then only theXH, groups respond (with half bran, presents very clos€C resonance lines around 76
intensity) because botR,P_, andP;P_; cannot be signif- ppm. They correspond to the carbon atoms at positions C-
icantly different from 0. Equations [2] and [5] were checke®-3, and C-4 of the xylose units. The ferulic acid part is
numerically using a brute force density matrix treatment ipresent as both theis andtrans forms, leading to two sets
which the effect of gradient pulses was evaluated at diffeof chemical shifts in the arabinose residue. The reducin
ent positions within the sample. The resulting spin state waglose is also present as a mixture of theand 8 forms.
calculated as the mean value of the terms of interest over tHenselective HSQC and HMBC spectra are drawn in Figs
sample. 4a and 5a. The spectra in Figs. 4b and 5b present tf

Figure 2 provides an experimental determination of sé--selective HSQC and HMBC spectra recorded accordin

lectivity profiles and a comparison of the result with theoryto pulse sequences in Figs. 1c and 1d, respectively. Ti
It is obtained by the 1D version of the pulse sequence in Figesolution improvement is particularly impressive in the
1c whent, has its minimum value. It uses a RE-BURP pulselSQC spectrum. The rapid decay rate of the signals upon
(13) applied to a CH carbon (Fig. 2a) and to a Ct¢hrbon increase in the HMBC spectrum limits the highest resolutiol

o 0 T eV e
oH Ol i Vo
O OH
MeO
~ 0 OH
HO 1

FIG. 3. The structure of the test compound, feruloylarabinoxylane, extracted from wheat bran.
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(a) The'H-"*C HSQC spectrum of compourid The sample (15 mg) is dissolved in 0.7 mL@ The total spectral width iff, is 160 ppm,

with 512t increments (i, = 25 ms). Only the zone around 76 ppm is displayed. Gradient stre@thS,, andG; are 15, 40, and 10 Gcm™*. Sixteen
scans were used pervalue, resulting in an overall recording time of 2.8 h. (b) Fheselective HSQC spectrum of compouhdrecorded with the pulse
sequence in Fig. 1c. The selective inversion is ensured by a RE-BURP pulse 5 ms long, as for the spectra in Fig. 2. The total spectral vedt@ in
ppm, with 256t, increments ;.. = 204 ms). Thirty-two scans were used pevalue, resulting in an overall recording time of 4.0 h. The TPPI procedure
requires the phase decrementation of the fir62(X) pulse at eachi, change.

that can be achieved. Greatsgy,,, values would only dete- correlation experiments to band-selective ones is straigh

riorate the signal-to-noise ratio.

forward and requires only a simple pulse calibration oper

The adaptation of existing nonselective heteronucleation. A limitation of the proposed approach appear:
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FIG.5. (a) The'H-"C HMBC spectrum of compountl The total spectral width i, is 130 ppm, with 512, increments {(;,,.. = 32 ms). Only the zone
around 76 ppm is displayed. Gradient strengihs G,, andG; are 25, 15, and 20 Gem *. Gradient pulses last 2 ms. The value of the defais 70 ms.
Sixty-four scans were used parvalue, resulting in an overall recording time of 13.4 h. (b) Fheselective HMBC spectrum of compourd recorded with
the pulse sequence in Fig. 1d. The selective inversion is ensured by a RE-BURP pulse 2.5 ms long, covering a 16 ppm bandwidth. The total spectral
F, is 20 ppm, with 25@, increments (.. = 102 ms). Gradient strengtl@,;, G,, andG; are 15,—25, and 20 G cm *. One hundred forty-four scans were
used pett; value, resulting in an overall recording time of 14.9 h.

when attempting to use an excitation bandwidth of th&hould usefully complete the arsenal of techniques ded
order of magnitude (or less) of the direct heteronucleaated to structure solving of complex organic molecules b
coupling constant. The new pulse sequences described heMR.
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