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THEORY 

We describe the coherence-selection process with gradients using the coherence- 
transfer formalism ( 19, 20), in which transverse magnetization is described by the 
two spin-rotation components I+ and I-. In this formalism, the evolution of mag- 
netization in the presence of magnetic field gradients can be conveniently described 
in terms of an acquired phase (5c, 8, 9, 12-14, 21). The definitions used in this 
formalism differ slightly in different publications and to avoid confusion we have given 
all our definitions and evolution rules in the Appendix. Also, proton chemical shifts 
are refocused in HSQC and HMQC experiments and are therefore not included in 
the evolution description of the preparation and refocusing periods. Since quadrature 
detection is used, only one of the spin-rotation components is detected. We conven- 
tionally choose this to be I-. 

When using gradients, the phase 4 acquired due to evolution of a spin I of coherence 
order p depends on the spatial position r of the spin in the sample: 

IP + ~~~-ipdr) - _ p@-/l(G~rb [II 
G denotes the gradient vector, T is the duration of gradient application, and yi is 

the nuclear gyromagnetic ratio for spin I. Since the signal S is measured over the 
complete sample, application of enough gradient strength causes a random distribution 
of phases and the signal is dispersed: 

s- 
s 

e-4vl(c.rb& + 0 for G + co. [21 
Thus, signal for a certain coherence pathway is refocused only when the sum of the 

effects of all applied coherence-selection gradients G, in directions (Y (01 = x, y, z) is 
zero for this pathway: 

C m(G- r)iTi = C PYI( C GJ,),T; = 0. [31 
i I c* 

In the description of the HMQC and HSQC sequences, we use three selection gra- 
dients ( G,-G3). For simplicity we denote the magnitude of the vector sum over all 
three gradient directions by Gr and apply only gradients of equal length Ti = T. We 
assume complete signal dispersion when a gradient term is left uncompensated in the 
final formula for the signal intensity. In practice this can of course be accomplished 
only when sufficient gradient strength is available. Equations [ l]-[ 31 also show that 
dephasing by gradients depends on the nuclear gyromagnetic ratios. Thus, in heter- 
onuclear experiments, the ratio of the y values of the different nuclei involved becomes 
important. 

In the next paragraphs we analyze the gradient-enhanced versions of the HMQC 
(ge-HMQC) and HSQC (ge-HSQC) sequences. The calculation is for an AX system 
and relaxation is ignored as usual. In the treatment we describe proton magnetization 
by I and heteronuclear magnetization by S. The origin of frequencies and gyromagnetic 
ratios is indicated by subscripts H and X for a proton and the X nucleus, respectively. 
The heteronuclear scalar coupling constant is denoted J. 

HMQC 
Figure 1 shows the pulse sequence and coherence pathways for the gradient-enhanced 

HMQC experiment. The pathways were calculated following the rules in the Appendix. 
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FIG 1. Coherence pathways and pulse sequence (bottom) for gradient-enhanced HMQC spectroscopy 
(ge-HMQC). The phase of all RF pulses is indifferent. G(sel) denotes gradients for coherence selection. 
G(add) denotes additional gradients for eliminating water signal resulting from imperfections in the proton 
7r pulse. 

The sequence consists of a 7r/2 proton excitation pulse followed by two 7r/2 carbon 
pulses for transfer of magnetization to the heteronucleus and back to ‘H. The r proton 
pulse in the middle of the sequence refocuses the ‘H chemical shift at the start of the 
acquisition. After the preparation time of length 1 /( 25), zero-quantum (Z+S, Z-S+) 
and double-quantum (Ifs+, Z-S-) coherences are generated. The effect of the proton 
R pulse is to switch I+ for I-, interchanging double-quantum coherence (DQC) and 
zero-quantum coherence (ZQC). This transfer is represented by the crossing lines in 
Fig. 1. As a result the proton chemical shift is refocused during t, and the evolution 
for the heteronucleus is pseudo-single quantum (15b, 19). For instance, for the cl 
pathway Z+S+ - Z-S+, the effective chemical-shift evolution is 

e-r(wH+wx)f,/2e~i(-wH+~~)~,/2 = epiwx/l 
t41 

When one selects only pathways that result in single-quantum proton magnetization 
I- after the second carbon pulse, the following phases are acquired during t, for the 
DQ - ZQ and ZQ - DQ pathways, respectively: 

e-‘@(z+S+ -F z-s+) = e- ~(~x)~I~~~(YH+Yx)GI~T~-;(~YH+Yx)G~~T [sal 
,-i$ zfs- + z-s-1 = _e-i(-wx)tle-i(rH~rx)ClrT~-i(rH-rx)G‘zrr 

( [5bl 
The phase acquired during the gradient pulse G3 in the refocusing period before 

acquisition (I- evolution) is - THG3r7-. Thus, for gradients of equal duration, signal 
rephasing and detection are achieved if 
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(YH + YXG, + (-YH + ~xF2 - ~73 = 0 [6al 

(YH - YXGI + (-YH - ~x)G2 - yHG3 = 0. [6bl 
As a consequence, five different dephasing-rephasing conditions can be distinguished 

for the gradient-enhanced HMQC (Table 1) : 
Pseudo-S& 13C dephusing/SQ ‘H rephasing. This occurs for G, = Gz, where, due 

to the canceling proton contributions, dephasing is proportional to yx. The solution 
for this condition is accomplished if 

G,=G =kzG. 2 
2Yx 

3 [71 

Thus, for a 13C- ‘H system (Yn/YX = 4), the gradient ratio G, :G2:G3 = 2:2:+ 1 rephases 
the Ifs+ + Z-S’ - I- pathway, while the 2:2:-l combination rephases Z+S + 
ZZS + I-. These pathways correspond to positive ( wx) and negative (-ox) het- 
eronuclear evolution during t, , respectively. 

ZQ dephasing/SQ ‘H rephasing. This occurs for the following gradient combina- 
tions, where dephasing during one-half oft, is proportional to Tn - yx: 

G, = 0, G2 = - YH G3 
‘-fH - YX 

G2 = 0, G, = + YH G3. [8bl 
YH - YX 

Hence, for 13C- ‘H, the ratio 0:4:-3 rephases the Z+Sf --) Z-S+ + I- pathway, while 
4:0:3 rephases ZfS + ZZS -+ ZZ. 

DQ dephasing/SQ ‘H rephasing. The condition for rephasing is 

G, = 0, G2 = - YH G3 
YH + TX 

G2 = 0, G, = + YH G3. 
YH + TX 

[9bl 

Thus, in the 13C-‘H case, a 4:0:5 gradient ratio selects Z+S+ + ZZSf - I-, while 0: 
4:-5 rephases Z+S + ZZS + ZZ. 

TABLE 1 

Gradient Ratios for Selecting Certain Coherence Pathways during f, 
in Gradient-Enhanced HMQC and HSQC Spectroscopy 

Pathway 1; G/G, = G,/G, G, G/G G,/G, G GIG G 

HMQC I’S+ - I-S+ wx CYHPfX) 0 --Y”I(Y” - Yx) YHI(YH + rx) 0 (YH ~ YXMYH + yx) 0 
I’s- + I-s -wx -(YllPYx) 0 -YH/(YH + Yx) YHI(YH - rx) 0 (y” + yx)/(y14 ~ yx) 0 

HSOC s+ + s+ wx -(Y”nYX) 0 3YH/YX) -(Ytl/Yx) 0 NA NA 
s-+s- -wx (YHOYX) 0 (YHIYX) (YH/YX) 0 NA NA 
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DQ dephasing/ZQ rephasing. The condition for rephasing is 

G3 = 0, G I = YH - Yx 
YH + TX 

G2. 

Thus, in the 13C-‘H case, a 3:5:0 gradient ratio selects I+S+ + Z-S+ + I-. 
ZQ dephasing/DQ rephasing. The condition for rephasing is 

G3 = 0, G I = ‘YH + yx G 
YH-YX 2’ 

1111 

In the 13C-‘H case, a 5:3:0 gradient ratio selects I+,!- + Z-S- --f I-. 
The additional gradients G,, in Fig. 1 are not of importance for coherence selection, 

but assist in removal of water signal that may be excited by an imperfect 7r pulse 
during t, . 

HSQC 

Figure 2 shows the pulse sequence and coherence-transfer pathways for gradient- 
enhanced heteronuclear single-quantum spectroscopy. This experiment employs an 
INEPT (22) for transfer to the heteronucleus and a reverse INEPT to return to ob- 
servable proton magnetization. The three 7r pulses refocus the ‘H chemical shift, and 

G2 

G (4 G3 

G 

FIG. 2. Coherence pathways and pulse sequence (bottom) for gradient-enhanced HSQC spectroscopy (ge- 
HSQC). The phase of the proton transfer pulse after I /( 25) is perpendicular to the first pulse: the phase of 
the carbon-transfer pulse is equal to that of the first pulse. Chemical-shift refocusing is necessary after 
preparation and, contrary to the HMQC sequence, no gradients can be placed around /, The phases of the 
other RF pulses are indifferent. G( sel) and G( add) are defined as in the legend to Fig. 1. 
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the 7r pulse during t, also refocuses the heteronuclear couplings in this period. After 
the preparation time only single-quantum magnetization ( Sf , S ) is generated. 

Unlike in the HMQC sequence, there is no change of coherence order during t, 
(see Figs. 1 and 2). Considering gradients on both sides of the central ?rn pulse, the 
acquired phases for the two selected pathways are 

Since the rn pulse has no effect on the 13C chemical-shift evolution, all three gradient 
combinations have the same effect as a single gradient pulse somewhere during tl. In 
the HSQC (Fig. 2), gradient rephasing occurs before the 7r pulses during the refocusing 
period. Because I+ is evolving there, a phase of -yHG3r7 is acquired. Thus, rephasing 
is assured when 

YX(G + G~)+YHG = 0 [13al 

-YX(GI +G~)+YH& =o. [13bl 
This corresponds to 

G, +G =+%G 2 
Yx 3. 

[141 

Therefore, for a 13C- ‘H system, the 2:2:- 1, 0:4:- 1, and 4:0:- 1 gradient ratios 
rephase the S+ + S+ + It + I- coherence pathway, while the 2:2: 1, 0:4: 1, and 4: 
0: 1 ratios select S + S --* I+ + I- (cf. Table 1). The only valid solution for G3 = 
0 is when the two other gradients are also zero, which is not useful for dephasing of 
unwanted coherences. 

The additional gradients ( Ga1,2) around the K pulses in the preparation and refocusing 
periods are useful for removing solvent signals excited by imperfect r pulses. However, 
they cannot remove all of the additional coherence pathways for coupled spins caused 
by the r/2 character of these pulses. 

EXPERIMENTAL 

Recent studies have demonstrated the feasibility of using gradient-enhanced HMQC 
(13, 14) and HSQC (13) for macromolecules at low concentration in HZ0 solution. 
For this paper, discussing the principles of the method, we apply the sequences to the 
simple case of 100 mM ‘3C1-enriched glucose (Cambridge Isotopes) in 99% D20. 

All experiments were performed on a GE PSG wide-bore 400 MHz NMR spec- 
trometer, equipped with shielded gradients coils. The length of the gradient pulses 
was 1.7 ms. The postgradient delay was 50 /IS, leading to a minimum t, of 3.5 ms. 
Unless mentioned otherwise, the gradient strengths used per unit were 0.026 T/m (X 
and z axes). The experiments without gradients used the phase-cycling schemes in 
Table 2 (23). 

All experiments were recorded with four dummy scans, a spectral width of 5000 
Hz, and a predelay of 1 s. All 1 D spectra were eight-scan FIDs of 2048 complex points, 
processed with a 2 Hz exponential line broadening. Single-scan 2D experiments with 
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TABLE 2 

Phase-Cycle Schemes Used for HMQC and 
HSQC Spectroscopy (23) 

HMQC 

(T/2) H 0 0 
(?rP) X 0 180” 
CT) H 180” 180” 
(*/2) X 0 0 
Receiver 0 180” 

HSQC 

(*PI H 0 0 0 0 
(*) H, X 0 0 0 0 
(r/2) H 90” 90” 90” 90” 
(*/a X 0 180” 0 180” 
(T) H 180” 180” 180” 180” 
(77/a H 270” 270” 270” 270” 
(*/a X 0 0 180” 180” 
(*) H, X 0 0 0 0 
Receiver 0 180” 180” 0 

gradients consisted of 128 (ti ) FIDs of 256 complex points. For comparison with 
conventional phase-cycled experiments the number of scans was adjusted to the number 
of phase-cycle steps. Both magnitude- and phase-sensitive spectra were recorded. Phase- 
sensitive gradient experiments were obtained by cycling G3 for alternating scans. For 
HMQC experiments with Gi = GZ, the sign of G3 was cycled, while for experiments 
with G, = 0 or G2 = 0, G3 was cycled between -3 and -5, and 3 and 5, respectively. 
For the phase-sensitive HSQC, the sign of G3 was cycled for alternating scans. Quad- 
rature detection in the,fi dimension was obtained by the States method (24). The DC 
offset in all experiments was removed by fitting the final 50 points of both real and 
imaginary parts of the FID and averaging them to obtain the zero level. All 2D data 
were processed with sine-bell windows shifted by 90” before Fourier transformation 
in t, and t2. The data were zero-filled once in t, prior to Fourier transformation. 

RESULTS AND DISCUSSION 

Sensitivity Comparison between Gradient A4ethod.y and Conventional Experiments 

Table 3 compares the proton signal intensities for ge-HMQC, ge-HSQC, and the 
conventional phase-cycled experiments. These intensities reflect the integrated FID, 
which is the sum of absolute values of all points in the real and imaginary FID. For 
each sequence, a loss of a factor of 2 with respect to phase cycling is found. This is 
expected, since both pathways are detected in the conventional experiments and only 
one in the gradient experiments. Thus, when a two-scan phase-sensitive method is 
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TABLE 3 

Comparison of Signal Intensities between Conventional (Phase-Cycle) Coherence-Selection Experiments 
and Methods Based on Gradient Selection 

G, = G-2 Gt = 0 G> = 0 Gj = 0 

Pd.% Phase 
sequence CYCk u h a h a h a b 

HMQC IIll?? 15 588 + 10 607 2 13 578~~ 24 579 k 8 553 t 14 520t 22 470 k 6 563 + 9 
HSQC 806 ? 5 460 f I I 399 k 6 418k 6 367 k IO 461 k 7 467 k 9 

IV~XP. Values are integrated FIDs (see text): eight scans and four dummy scans were taken for all experiments. 
Additional gradients (see Figs. I and 2) were turned off. Numbers are the average of five measurements: the 
error is the standard deviation from mean. Situation a is for the .S+ + I- pathway: h is for .Y + I-. 

used for indirect detection in a phase-cycling experiment, signal intensities are equal 
to a two-scan gradient magnitude experiment, since one component is removed. 

For both phase-cycled and gradient-enhanced experiments, signal intensities are 
higher for multiple-quantum experiments, mainly because of the smaller number of 
RF pulses. This makes the HSQC sequence more sensitive to B, inhomogeneity. Most 
signal loss is due to imperfections in the 7r pulses during preparation and J refocusing, 
where either the gradient pair or phase cycling removes improperly refocused signals. 
When magnitude spectra are obtained, the K pulses during the last refocusing period 
can in principle be deleted. 

It should be noted here that. despite a loss in resolution, the gradient experiment 
has advantages in many situations. For instance, in conventional experiments using 
RF presaturation for water suppression, signal of exchangeable protons may be lost. 
In the gradient-enhanced experiments, the time for possible magnetization transfer 
from saturated (dephased) water to exchangeable protons is very short, allowing their 
efficient detection (13~). When signal-to-noise is high enough, gradient experiments 
are advantageous for studying kinetics. Also, experimental setup time for water 
suppression is negligible and water suppression is frequency independent ( 10-14). 

ilrtjfbcfs in the Heteronucleur Dimension 

The presence of artifacts in the t, dimension was studied in both gradient and 
conventional phase-cycling experiments. In both cases, most artifactual cross peaks 
arise due to excitation of the additional coherence pathways when the central proton 
r pulse is inaccurate. However, depending on the gradient dephasing-rephasing path- 
way chosen. these artifacts may or may not become visible. Of course their presence, 
even if not detected, results in signal loss. As a demonstration, Figs. 3a-3c show 2D 
HMQC spectra of glucose, recorded with a central 7r/2 proton pulse and gradient 
selections 2:2:- 1,0:4:-3, and 4:0:3, respectively. Clearly the results are quite different. 
This can be explained when calculating the signal intensities using a flip angle p instead 
of K for the central proton pulse: 
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em’@(Z+S+ + Z-S+) = -1/2(cos 0 - l)e- i(wx)tle~i(rH+rx)GlrTel(YH+YX)G2rT [15al 
ep’@(Z+S- + Z-S-) = +1/2(cos p - l)e- I( wx)r~~-i(r~~rx)G~rr~-i(-~~~~x)Gzr~ [15bl 
e-@(Z-S+ + Z-S+) 

= +1/2(cos @ + l)e- i( oH+wx)rle~i(-yH+rx)Glrie-i(~YH+YX)G*rr [15cl 
eef4(ZpSp + Z-S-) 

= - 1 /qcos p + 1 )e-r(-w~~wx)l~e~l(-r~-~x)G~rre-ioGzr~ . [15dl 
This expression equals Eq. [ 51 for /I = r. The artifacts in Eqs. [ 15~1 and [ 15d] 

correspond to pathways in which the sign of the proton coherence is not changed by 
the central pulse. It can be seen at once that the dephasing condition for these artifacts 
is the same during G, and G2. Thus, these artifacts are visible if 

(-YH + yx)(G, + G2) - YH& = 0 [16al 

(-YH - rx)(G, + G2) - YH’& = 0. [16bl 
These equations and Eq. [6] only have identical solutions for G, :G2:G3 = 0:4:-3 and 
0:4:-5, since these combinations are independent of the effect of the central proton 
pulse. In addition to these expected artifacts, extra cross peaks at ox - tin/ 2 and -ox 

TABLE 4 

Normal Frequencies and Possible Artifacts in/; for Gradient-Enhanced HMQC and HSQC Spectroscopy 

HMQC HSQC 

G3 = I G,= -1 G,= -1 G, = I 

G, = Gz = 2 wx -wx wxa --Wxa 
wx - %I2 -wx + WH/2 wx ~ %I2 

G, = -3 G3 = -5 

G, = 0, Gz = 4 WX -0X wx” -wxa 
ax - (a/2 -lox - w,/2 
wx - WH -.0x - W” 

Gj = 5 Gz = 3 

G, = 4, tiz = 0 wx -@X mxn -wxa 
WX + wH/2 -0x + W”/2 

wx -  w/2 -wx -  cd”/2 

G, = 3, G, = 5 G, = 5, G> = 3 

G, = 0 WX -ax 

’ These peaks are singlets for a normal n pulse and doublets when this pulse has r/2 character. 
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- OH/2 were found for some of the gradient combinations (Table 4, Fig. 3). Their 
origin can be traced back from these frequencies. Since only I- is detected, the proton 
magnetization after the last proton pulse in the middle oft, must be I-. The carbon 
magnetization does not change due to this proton pulse and is the same during t, . 
Since the frequency of the cross peak has an offset of tiu/2, there is only proton 
evolution during one-half of t,. Thus the pathways causing these artifactual cross 
peaks must be S+ + ZZS’ -P I- and SP + Z-S- + ZZ. This conclusion should agree 
with the occurrence of artifacts for only some of the gradient combinations. The 
rephasing conditions for the two pathways are 

YXGI + (-YH + YX)G~ - YHGX = 0 [17al 
-yxG, + (-YH - yx)G2 - y& = 0. [17bl 

Equation [17a] is solved for GI:G2:G3 = 2:2:-l and 0:4:-3 and artifacts are indeed 
found at wx - au/2 for these gradient combinations (Table 4, Figs. 3a and 3b). 
Equation [ 17b] is satisfied for G, :Gz:G3 = 0:4:-5, in agreement with the cross peak 
found at -wx - an/2 for this gradient ratio. The occurrence of these artifacts due to 
a coherence pathway for magnetization only first excited by the first carbon pulse is 
a consequence of bad B, homogeneity. 

In the HSQC experiment, four additional pathways can be attained if the central 
proton pulse in t, has 90” character. This is more than that in the HMQC, since a 
central 7r/2 pulse excites I+ and I- magnetization, which are both transferred to I- 
by the r/2 proton pulse after t, . The corresponding signal intensities for the six path- 
ways are 

e-fd(s+ + S+) = -cos pe~f(wx)lle-f(7x)(;lrrei(rx)Gzrr 

epfd(S+ + Z+S+) = -l/2 sin fle- i(wH/2+wX)lle~,(rX)c;lrT~,-l(YH+rx)c;z’i 

e-‘@(S+ + Z-S+) = +1/2 sin fie ~r(~o~/2+w~)t~~~i(rx)G1rrel(-yHCy~)G~r~ 

e-‘4(~- + s-) = +cos ~e~i(-~~)r~e~i(-~~)G~rreloG‘ZI~ 

C’“(S- --t Z+S-) = +1/2 sin j3eP i(wH/2~WX)rle-f(-rX)(;Ilre-l(yHYX)(i21i 

p-‘@(fj- --f Z-S-) = -l/2 sin ppmr(-wH/2-wX)flg -I(~YX)G‘I’Te-i(~YH-yx)GZri 

This equation equals Eq. [ 121 for /3 = r. Artifacts are refocused when 

YXG, + (YH + ~xV32 + YH’% = 0 

YXG~ + (-YH + -1x)G2 + YHG~ = 0 

-YxG, + (?H - YXFZ + YHGX = 0 

-YXGI + (-YH - ~xY32 + YHG~ = 0. 

It is clear that artifacts and correct cross peaks are refocused simultaneously for Gz = 
0, which is found experimentally (Table 4, Fig. 4~). Equations [ 19b] and [ 19~1 have 
additional solutions for G, :G2:G3 = 2:2:1 and 2:2:-l, respectively. Indeed artifacts 
for these gradient combinations are found at the expected frequencies. It is interesting 
to see that, when fi = 7r/ 2, the cross peaks (for both isomers) at the correct frequencies 
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-I I ’ ’ I ’ ’ I ’ 
5.4 4.8 4.2 

II-I chemical shift (ppm) 

r5141 
1H chemical shift (ppm) 

I 1 1 I 1 I I 1 I 
5.4 4.8 4.2 

1H chemical shift (ppm) 

FIG. 4. Magnitude 2D ge-HSQC spectra of [ “CI Jglucose ( 100 mM) in 99% D,O, showing the effect of 
a proton pulse with 7~/2 character in the middle of tl. The gradient ratios G, :G2:G3 are: (a) 2:2:-l, (b) 
0:4:- I. and (c) 4:0:- I The “C offset is 90 ppm; the ‘H offset 3.5 ppm. 
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are split into a doublet with peak separation in the order of magnitude of the heter- 
onuclear coupling. Thus the decoupling effect of the central pulse is not effective 
anymore, as expected. 

Phase-Sensitive Experiments 

Equations [ 51 and [ 61 (HMQC) and [ 121 and [ 13 ] (HSQC) show that the dephasing- 
rephasing conditions for positive and negative heteronuclear chemical-shift evolution 
during t, are different. Since amplitude modulation in t, can be achieved only if both 
pathways are retained, it is therefore not trivial for most gradient-enhanced experiments. 
Although attaining amplitude modulation is not a necessary requirement for phase- 
sensitive detection, phasing problems (first order) due to the presence of a minimum 
tI as well as the presence of dispersion components (when a straightforward FT is 
used in the indirect dimensions) make it convenient to use this approach. In principle, 
amplitude modulation is attained when the dephasing-rephasing conditions for the 
two pathways have simultaneous solutions. However, solutions that satisfy Eqs. [6a] 
and [6b] simultaneously (G, = G2 = G3 = 0 and G1 = -G2 = G3/2) also rephase 
signals of spins not coupled to the heteronucleus (e.g., water) and are thus not very 
useful. The same is true for Eqs. [13a] and [ 13b], which have a simultaneous solution 
only for G, = G2 = G3 = 0. 

Possible approaches to attain both coherence pathways in a single scan are alternate 
rephasing of both pathways with gradient modulation during acquisition [SWAT; Ref. 
(25)] or avoiding dephasing during the t, period, e.g., in DQ-filtered COSY (26) or 
in NOESY-HMQC ( 13b). Another approach is cycling one of the gradients in two 
subsequent scans and adding the scans in order to detect both pathways. The effect 
of this method is illustrated in Figs. 5b and 5c, where spectra are shown for pathways 
with double-quantum dephasing (G, :G2:G3 = 0:4:-5) and zero-quantum dephasing 
(G, :Ga :Gg = 0:4:-3), respectively. These dephasing-rephasing schemes by themselves 

2.8 - 7 

7 - -\i-- 

21 u A--‘“, 

‘L._ii___i”i A 3-A 

0.7 n i\ 
I I I 

5.3 5.1 4.9 4.1 5.3 5.1 4.9 4.7 5.3 5.1 4.9 4.7 

1~ chemical shift (ppm) W chemical shin (ppm) 1~ chemical shift (ppm) 

FIG 5. Spectral modulation as a function oft, for (a) a two-scan gradient cycle using G, = -3 and -5, 
(b) G, = -3, and (c) G3 = -5. G, = 0 and G2 = 4 were kept constant. Note the amplitude modulation in 
(a) and the phase modulation in (b) and (c). 
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OE+O 1 
OE+O 

Gradient Strength (‘I’m-‘) Gradient Strength CT m-l) 

FIG. 6. HMQC signal intensity as a function of gradient strength in the x (square), J: (circle), and 2 
(triangle) directions, without (left) and with gradient tweaking (right). The gradient combinations 
G,:G*:G, used are: (a) 0:4:-3 (closed symbols) and 4:0:3 (open symbols) and(b) 2:2:-l (closed symbols) 
and 2:2: 1 (open symbols). 

produce phase modulation as a function oft, (Figs. 5b and 5c), while their combination 
provides amplitude modulation (Fig. 5a). Although this approach loses the advantage 
of speed of single-scan techniques and a factor of two in signal-to-noise, it may be 
useful for studies with enough available signal-to-noise, where the advantage of fre- 
quency-independent water suppression is still needed. 

Gradient Requirements 

The requirements for dephasing efficiency as a function of gradient strength and 
the influence of B0 inhomogeneity on this have been discussed recently (27). The 
gradient strength for our sample can be kept low, because it is in D20 and not much 
dephasing power is required for suppression of unwanted coherences. In Hz0 the 
demands are much higher and our sample provides a very suitable test case for the 
study of the influence of higher gradient strengths on the signal intensity. 

Optimization ofgradient ratios. Figures 6a and 6b show the effect of increasing 
gradient strength on the HMQC signal intensity for our particular experimental setup. 
It is clear that care must be taken when using gradients, because severe signal losses 
can be introduced. Several effects are clear from the figure. First, when higher gradient 
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strengths are used, it becomes necessary to optimize the signal rephasing by carefully 
adjusting (tweaking) the gradient ratios. Since the exact ratio of 7” and yc is not 4, 
but 3.976, the correct gradient numbers should be 2.994, 5.006, and 1.006 for ZQ, 
DQ, and SQ (‘H) dephasing/rephasing, respectively. In Fig. 6 left, the uncorrected 
gradient ratios are used, while G3 was adjusted for optimum rephasing in Fig. 6, right. 
For the ZQ dephasing/SQ ‘H rephasing (Fig. 6a, closed symbols), we indeed find an 
optimum gradient ratio G, :G2:G3 = 0:4:-2.994 and the signal is completely rephased 
(within a few percent) for gradient strengths as high as 1 T/m. However, the optimum 
G3 for the pathway of opposite sign (Fig. 6a, open symbols) was 3,005 for the x, y 
gradients and 2.980 for the z direction, while signal losses of 30-60% occurred for 
these respective directions at the highest gradient strength. We attribute this effect to 
eddy currents/residual gradients that persist during acquisition. The successful com- 
pensation for the 0:4:-3 combination is due to the fact that the opposite sign and 
small difference in magnitude of G3 with respect to G2 can compensate for most of 
the effects during acquisition. In the 4:0:3 combination, this is not possible. However, 
in the latter case, additional signal losses can occur due to diffusion or to inaccuracies 
in the proton r pulse. One combination where the influence of the latter two parameters 
is equal for both pathways is G, :G2:G3 = 2:2:+ 1. Figure 6b shows that both the positive 
(open symbols) and negative (closed symbols) G3 values are unable to compensate 
for residual gradients, with the optimum tweak values of - 1.015 and 0.99 1 being 
unequal to that expected based on the gyromagnetic ratios. The situation is better for 
negative G3. but in both cases the magnitude difference of G3 with G, and G2 is too 
large for correct compensation. 

The small residual gradients experienced for the large gradient strengths in our 
experiments could originate from the RF coil as well as the magnet coil. Residual 
gradients caused by different gradient directions are expected to be different for x, y 
versus z due to the cylindrical symmetry of the RF coil and the magnet, which is 
found experimentally. When additional hardware compensation schemes (28) are 
implemented, gradient tweaking will probably not be necessary any longer. The RF 
coil can be improved by splitting the RF shield and by reducing the amount of con- 
ducting materials. A new coil with these features is already being designed. 

D@lsion .@cts. The presence of pairs of pulsed gradients during periods in which 
transverse magnetization evolves introduces diffusion weighting and may lead to signal 
losses. In general, the signal attenuation for free diffusion can be described by (29, 
30) 

S/So = e- -,2G2~2(A ,/3)D for A 9 r [20al 
s/so = e-r*G*T3n for A + 7. [20bl 

S and S, are signal intensities with and without gradients, respectively, y is the gy- 
romagnetic ratio (26.75 19 X 10’ rad T-’ s-l), and D is the nuclear diffusion constant, 
which can generally be assumed equal to the molecular one. In our experiments, y 
and G differ for the gradient pulses in a pair of gradients, but their product remains 
the same. For instance, for the gradient combination 4:0:-5, one has (7” + yc)G2 
and yHG3, which are equal. 
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FIG. 7. (a) Two-dimensional ge-HMQC time-domain spectrum of [ 13C,]glucose for gradient selection 
0:4:-S (a) and 4:0:5 (b). The absolute-value projections of a- and P-glucose peaks on,f; for both gradient 
selections are given at the bottom. The effect of [,-dependent diffusion weighting is clearly reflected in the 
signal intensities. The 4:O:S combination also shows tail-shaped resonances due to slight residual gradients. 
Gradient strengths used were G, = 0.516 T/m, G, = 0.419 T/m. and Gz = 0.104 T/m. for a total gradient 
strength of 0.673 T/m. 

Depending on the gradient combination chosen, diffusion influences can drastically 
change the spectrum. This effect is shown in Fig. 7, where the intensity of the 2D 
time-domain signal is plotted as a function oft, for gradient combinations 0:4:-5 and 
4:0:5. Two effects play a role. First, due to the presence of a minimum t, , the signal 
intensities at the first value of 2, in the 4:0:5 combination are less than those in 
0:4:-5. Second, in multidimensional experiments. A varies as a function oft, for the 
4:0:5 combination and a II-dependent diffusion weighting is introduced. Since signal 
intensity decreases exponentially as a function of t,, this t,-dependent diffusion 
weighting can be seen as an additional apodization of the original intensity with line 
broadening LB: 

L-211 
For the glucose molecule in our solution at probe temperature we determined D = 

1.17 X 10 + m2 s -’ using a simple diffusion-weighted spin-echo experiment. This D 
value should lead to an initial signal loss of 9% for combination 4:0:5 (Eq. [20a]) 
with respect to 0:4:-5 (Eq. [20b]) for the gradient values in the legend to Fig. 7. It 
should be kept in mind that we use sinusoidal gradients and that the actual gradient 
strength must be multiplied by a factor 2/7r to obtain the correct G for Eq. [ 201. The 
expected line broadening can be calculated to be 14 Hz, in good correspondence with 
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experiment, where a broadening of about 13 Hz is found. The total signal intensity 
drop due to line broadening (original linewidth, 52 Hz; final, 65 Hz) and the initial 
loss should be about 29%. We find about 4 1% in the data. We attribute this extra drop 
to some residual gradient effects, whose presence is reflected in the asymmetrical line- 
shapes. The intensity drop in the time-domain plots agrees qualitatively with the cal- 
culated ones: at point 128 of 256 points we calculate an intensity of 53% of the value 
of the first point (a dwell time of 140 1s was used). Combined with the 9% initial 
drop, the agreement with experiment is good. 

The diffusion effects will be most pronounced for small molecules. For instance, 
water-suppression becomes more efficient at longer cl, which may cause l,-dependent 
baseline modulation. However, since suppression due to gradient coherence selection 
is usually very effective. this baseline effect is probably not very important. The diffusion 
weighting will generally not be large enough to cause significant signal loss for mac- 
romolecules. 

The additional gradients G,, in the HMQC sequence can introduce severe ti-de- 
pendent diffusion weighting and should be avoided when studying small molecules 
or adjusted as a function of tl to compensate for increasing diffusion time. The gradient 
pairs G,, and Gaz in the HSQC experiment have only a very short time between 
dephasing and rephasing and do not vary as a function oft, Their contribution to 
diffusion weighting is therefore generally negligible. 

Locking and spinning. An additional effect of strong pulsed gradients on the NMR 
experiment is a dephasing of the lock signal during the pulses. However, we found 
experimentally that the lock is able to recover during the periods between scans and 
is not lost. Gradient effects may also cause incoherent frequency shifts of the lock 
signal, but no significant I, noise was found in our experiments. Thus, it does not 
seem to be necessary to gate the lock, although this would be a better approach. Two 
of the factors that are important in enabling locking without gating are the high quality 
of the gradients (small residual gradients with short time constants) and the fact that 
dephasing for deuterium is a factor of 6.5 smaller than that for protons, due to the 
difference in gyromagnetic ratio. 

All reported experiments were performed nonspinning. In principle, when only z 
gradients are used, it should be possible to spin as long as there is no motion in the z 
direction. With our present probe setup we cannot yet test this hypothesis. 

Multiple gradient directions. The question often arises if it is sufficient to have only 
one gradient direction when performing gradient-enhanced spectroscopy. For instance, 
only a z gradient could suffice for spoiling, since this is the most effective direction 
due to the dimensions of the NMR tube. However, it may be important to have 
multiple gradient directions if interscan gradient-recalled echoes (e.g., those occurring 
in experiments with short repetition times) are rephasing the previously coherently 
spoiled resonances. Interscan echoes can be avoided by cycling gradient directions 
from scan to scan, which of course does not add to the experiment time (136). It is 
also convenient to have more gradient directions when multiple gradient functions 
are necessary, e.g., for coherence selection, spoiling and diffusion. In diffusion exper- 
iments, which can be useful for studying proton exchange (31) and motion of mac- 
romolecules, x, y, and z gradients are equally effective, since dephasing depends on 
microscopic displacements. To avoid interference between spoiling and diffusion gra- 
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dients in gradient-enhanced NOESY (31) or stimulated echo (5) experiments, it will 
therefore be best to use the z gradient for signal dispersion during the mixing time 
and x or y gradients for diffusion weighting. 

CONCLUSIONS 

We have presented an overview of gradient methods for heteronuclear correlation 
spectroscopy (ge-HMQC and ge-HSQC) and compared them with conventional ex- 
periments. Gradient-enhanced experiments detect only a single coherence pathway 
and have the disadvantage of losing a factor of 2 in signal per scan. However, since 
phase-sensitive experiments using the States method or TPPI also select only for one 
pathway, equal amounts of signals are detected in a multiscan experiment. On the 
other hand, absolute-value processing is mandatory in many gradient-enhanced ex- 
periments, resulting in resolution loss. The most important feature of gradient-en- 
hanced experiments is coherence selection with efficient frequency-independent water 
suppression in a single scan. This may for instance be useful for kinetic experiments, 
where time resolution is essential. Phase-cycle experiments have the disadvantage that 
the process of subtraction may not be as perfect as desirable, causing t, noise and the 
presence of baseline artifacts. The occurrence of artifacts due to imperfections of the 
K pulse in the middle oft, was checked for the conventional and gradient-enhanced 
methods, and it was found that the gradients do not introduce additional resonances. 
The fact that spectra without artifacts can be selected using specific gradient combi- 
nations may be important in the interpretation of dubious cross peaks. 

We have shown the possibility of attaining phase-sensitive spectra in two-scan ex- 
periments adding different dephasing-rephasing pathways. 

Increasing gradient strengths may cause a dramatic signal loss when the gradients 
are not adjusted exactly, e.g., for the correct ratio of gyromagnetic ratios. With correct 
tweaking, our high-quality gradients gave excellent results for gradient strengths as 
high as 1 T/m. For some gradient combinations, residual gradients persisting through 
acquisition could not be completely compensated and showed reduced signal intensity. 
Incremental diffusion weighting as a function of I, may also produce severe 
signal loss. 

The choice of a certain combination depends on the experiment that must be per- 
formed. For convenience of the reader, Table 5 summarizes the most important aspects 
for both ge-HMQC and ge-HSQC. One column is added for the percentage of the 
maximum gradient strength available to dephase unwanted coherences that experience 
a normal spin-echo sequence, e.g., water. For instance, for G, :Gz:G3 = 3:5:0 in the 
HMQC sequence, the available power strength per unit is 40%. The refocusing central 
7r pulse changes the sign of the evolving coherence and a 3:3:0 combination would 
refocus all water. So, two units on a maximum of 5 (40%) are available for dephasing 
of unwanted coherences. Since residual gradients are negligible for high-quality gra- 
dients, the best combinations for HMQC are G,:Gs:Gs = 3:5:0 and 5:3:0. In these 
combinations no diffusion weighting is induced when G, and G2 are placed directly 
around the proton 7 pulse, and no artifacts are visible. One potential disadvantage of 
these two combinations is that the phase-sensitive SWAT method cannot be used, but 
the other phase-sensitive approaches are still applicable. For HSQC spectroscopy, 
GI:G2:G3 = 0:4:?1 are most suitable. The HSQC sequences have higher dephasing 
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TABLE 5 

Summary of Characteristics for ge-HMQC and ge-HSQC 

Gradient 
combinations 

G,:G2:G3 

Sensitivity 
to residual 
gradients 

Diffusion 
weighting 

(t,-dependent) 

Artifacts 
(due to K pulse 

inaccuracy) 

Cross 
peaks Multiplets” 

% maximum 
gradient strength 

(for dephasing water) 

212: I 
22-I 
0:4:-3 
0:4:-5 
4:0:3 
4:0:5 
3:5:0 
5:3:0 

0:4: 1 
0:4:-l 
4:o: I 
4:0:-I 
2:2: 1 
2:2:+ I 

++ 
+ 
- 

++ 
++ 
++ 
++ 

++ 
+ 

++ 
+ 

++ 
+ 

HMQC 

Yes No No 50 
Yes Yes No 50 
No Yes No 25 
No Yes No 20 
Yes No No 25 
Yes No No 20 
No No No 40 
No No No 40 

No No 
No No 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 

HSQC 

Yes 100 
Yes 60 
Yes 60 
Yes 100 
Yes 50 
Yes 50 

u Multiplets at the normal frequency due to the fact that the J-coupling evolution is not refocused. 
R;ote. Gradient combinations and dephasing efficiencies are for r3C (yH:yx = 4: I); for “n (yH:-yx = 9.88: 

1) dephasing efficiencies are much lower, except for the 100% cases. 

efficiency, but are more susceptible to signal losses than the HMQC methods, mainly 
due to the larger number of RF pulses used. 

In summary, gradient-enhanced heteronuclear NMR provides an excellent alter- 
native to phase cycling and may be advantageous for several experiments, especially 
when time resolution is essential and when efficient frequency-independent water 
suppression is required. It will certainly take an important place in 2D, 3D, and 4D 
studies of large macromolecules. 

APPENDIX 

The coherence-transfer formalism ( 19, 20) uses shift operators, otherwise known 
as raising and lowering operators. These operators are related to the angular momentum 
operators by 

If = z., + iZ> 
I- = Z, - iI,. 
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Using this formalism, it is easier to see how a particular coherence-transfer pathway 
can be selected by gradients (Eq. [I]). The effects of chemical shift, spin coupling, 
and radiofrequency pulses with flip angle p on the magnetization are 

wgz, 
chemical shift: I” -----. pe-‘lw 

spin coupling: I+ 
n- Jt2 I;& 

+ I+cos(?rJt) - 2iI+&sin(rJt) [24al 

I- 
P Jt2 I& 

+ I-cos(sJt) + 2iImSosin(rJt) [24bl 

PI, 
radio frequency: I+ - 1/2[I+(cos p + l)] 

+I,(isinp)- 1/2[I-(cosp- l)] [25a] 

I- PI, . 1/2[I-(cos p + l)] 

-I,,(isinp)- 1/2[I+(cos~- l)] [25b] 

PI, 
IO- i/2(I+sin 0) 

+ Iocos p - i/2(IPsin P) [25cl 

IO p!l. . 1/2(I+sin /3) 

+ Iocos /3 + 1/2(I-sin 0). Wdl 
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