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SUMMARY 

An enhanced-sensitivity gradient 4D 15N,13C-edited NOESY experiment is presented. Gradients are 
employed to suppress artifacts, eliminate the intense H20 signal and select for the coherence transfer 
pathway involving 15N magnetization. The latter use of the gradients results in a decrease in the number of 
phase cycle steps by a factor of two relative to the previously published 4D sequence (Kay et al., 1990) 
allowing for the recording of spectra with increased resolution per unit measuring time. Theoretical sensitiv- 
ity enhancements of as much as a factor of ~/2 can be expected over the previously published sequence, 
neglecting the effects of relaxation and pulse imperfections. 

Despite their relatively recent introduction into high-resolution NMR, pulsed field gradients 
have already found a number of important applications (Hurd and John, 1991; Vuister et al., 
1992; John et al., 1993). The use of pulsed field gradients can result in spectra with excellent levels 
of water suppression, allowing, for example, the recording of H20 spectra without the use of 
presaturation (Von Klienlin et al., 1991; John et al., 1992; Kay, 1993). This can result in signifi- 
cant improvements in spectral sensitivity, especially for peaks resonating at or near the water line 
or for resonances arising from labile protons. In addition, pulsed field gradients can be used to 
reduce the artifact content in spectra either by using gradients to select for particular coherence- 
transfer pathways (Maudsley et al., 1978; Bax et al., 1980; Hurd and John, 1991) or by eliminating 
undesired coherences at each step of a transfer path (Bax and Pochapsky, 1992). A reduction in 
the number of artifacts without a concomitant increase in the number of phase cycling steps is 
particularly important in 3D and 4D applications where, due to limitations in the total experi- 
mental acquisition time, there is often a trade-off between spectral resolution and the number of 
cycling steps possible. In this communication, all of the advantages of pulsed field gradients 
mentioned above are illustrated with an improved version of the 4D 15N,~3C-edited NOESY 
experiment. Moreover, as is discussed below, sensitivity improvements relative to spectra record- 
ed with the original 4D sequence (Kay et al., 1990) can be obtained. 
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Fig. 1. Pulse sequence of the enhanced-gradient 4D ~SN,~3C-edited NOESY experiment. All narrow (wide) pulses have a 
flip angle of 90 ~ (180~ The values OfZa, Xb, ~c, Xd and T m were set to 3.3 ms, 2.4 ms, 1.5 ms, 0.5 ms and 150 ms respectively. 
Proton x,y purge pulses were applied after t 4 using an 8.5-kHz RF field for 8 ms (x) and 5 ms (y). These pulses aid in water 
suppression and ensure that magnetization has the same initial state at the start of each scan (Marion et al., 1989). The 
spin-lock pulse, SLx was applied for 1 ms using an 8.5-kHz field (Messerle et al., 1989). The remaining ~H pulses were 
applied using a 22-kHz field. All 13C pulses were applied with an 18.5-kHz field with C' decoupling achieved using the 
SEDUCE-1 decoupling sequence at a field strength of 600 Hz (McCoy and Mueller, 1992a,b). 15N pulses were applied 
using a 5.3-kHz field with ~SN decoupling during acquisition achieved with a l-kHz WALTZ-16 decoupling sequence 
(Shaka et al., 1983). Quadrature detection in F~ and F2 was obtained via States-TPPI (Marion et al., 1989) of 02 and ~1, 
respectively. The value of ~3 and the phase of the receiver were incremented by 180 ~ for each successive complex t 3 value. 
The phase cycle employed is: ~1 -- 45~ 02 = x,-x; ~3 = x; 04 = x; Receiver = x,-x. For each t3 value, N- and P-type 
coherences are obtained by recording datasets where the sign of gl 3 is inverted concomitantly with a 180 ~ phase change 
in ~4 (no change in the receiver phase). Note that only a single relative orientation of the gradients g8 and gl 3 will result 
in refocusing of magnetization for each ~4 value. All of the gradients were applied along the z-axis. The durations and 
strengths of the gradients employed are: gl = (1 ms,5 G/cm), g2 -- g3 = (0.5 ms,8 G/cm), g4 = (3 ms,4 G/cm), 
g5 -- g6 -- (0.5 ms,8 G/cm), g7 = (1 ms,-10 G/cm), g8 = (1.25 ms,30 G/cm), g9 = gl0 = (0.5 ms,8 G/cm), gl l  = g12 = (0.5 
ms,5 G/cm) and g13 = (0.125 ms, + 27.8 G/cm). The value ofgl3 was optimized by maximizing the signal. The gradients 
are inserted in the sequence in such a way as to maximize the time between the application of a gradient pulse and the 
successive application of an RF pulse. We have found that on our system a minimum delay of 50 Its is necessary between 
a gradient and subsequent RF pulse in order to ensure that there is no sensitivity loss. The appropriate delays between 
gradients and pulses will vary between systems, however, and should be checked. 

F i g u r e  1 i l lus t ra tes  the  enhanced - sens i t i v i t y  g r a d i e n t  pu lse  s c h e m e  tha t  has  been  used  to  r e c o r d  

the  4 D  15N,13C-edited N O E S Y  e x p e r i m e n t .  T h e  m a g n e t i z a t i o n  t r ans fe r  p a t h w a y  c a n  be  desc r ibed  

conc i se ly  by:  

i H  i JCH> 13Ci (tl)  JCH l H  i (t2) NOE) N H i  JNH) 15Ni (t3) JNH) N H j  (t4) 

whe re  the  ac t ive  c o u p l i n g s  i n v o l v e d  in each  t r ans fe r  s tep are  i nd i ca t ed  a b o v e  the  a r rows .  G r a d i -  

ents  a re  u sed  to  suppress  a r t i f ac t s  as wel l  as  to  select  fo r  the  c o h e r e n c e - t r a n s f e r  p a t h w a y  i n v o l v i n g  

~SN m a g n e t i z a t i o n  d u r i n g  t3. I n  the  se lec t ion  o f  15N m a g n e t i z a t i o n  us ing  pu l sed  field g r a d i e n t s  we  

h a v e  e m p l o y e d  an  e n h a n c e d - s e n s i t i v i t y  a p p r o a c h  ( K a y  et al.,  1992; M u h a n d i r a m  a n d  K a y ,  1993) 

based  on  e n h a n c e d  n o n - g r a d i e n t  pu lse  s chemes  d e v e l o p e d  by  R a n c e  a n d  c o - w o r k e r s  ( C a v a n a g h  
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et al., 1991; Palmer et al., 1991). A product operator description (Ernst et al., 1987) of the 
sequence of Fig. 1 shows that immediately prior to detection the magnetization of interest is given 
by: 

M(t,,t2,t3,z) = A cos(O~ct0 cos(mHt2) {Hy COS(01) + Hx sin(00}, 04 = x 
(1) 

M(tl,t2,t3,z) TM A cos(f.octl) cos(o~t2) {-H e cos(0 0 + Hx sin(00}, 04 = - x  

where H~ and Hy are the x and y components of NH magnetization and A is a constant which is 
dependent on the efficiency of transfer of magnetization between the participating spins. The 
value 0~ is given by 01 = O)Nt3 + ~NBI(z)~! ----- ~HB2(z)z2 for 04 = + x, where oN is the 15N Larmor 
frequency, 7i is the gyromagnetic ratio of spin i and xi (i = 1,2) is the duration of the z gradient 
pulse generating a magnetic field of magnitude B i at position z in the sample. In the derivation of 
Eq. 1, 01 = 02 = x and the effects of relaxation and pulse imperfections have been neglected. 
Assuming (i) that the gradients used to select for ~SN magnetization (g8 and g13) are sufficiently 
strong so that each of the gradients causes complete dephasing of magnetization; and (ii) that for 
04 = + x the gradients are adjusted so that 7NBI(z)'cl = -7 3~HB2(z)~2, Eq. 1 reduces to 

M(t,,t2,t3,z ) = A cos(oyt 0 cos(o~Ht2) {Hy cos(o~t3) + H x sin(o~t3)}, 04 = x 

M(tl,t2,t3,z) = A cos(o~ct 0 cos(o~Ht2) {-Hy cos(oNt3) + Hx sin(o~t3)}, ~4 = - x  
(2) 

For each value of t3, datasets are recorded with 04 = x, 7NB~(z)x~ =--~HB2(z)'C2 and 04 = -x,  
7NBl(z)z~ = 7.BZ(z)z2 and stored in separate memory locations in a manner analogous to the 
recording of the x and y components of magnetization using the method of States (States et al., 
1982). The data recorded with 04 = x and 04 = - x  for a given value ofts are added and subtracted 
in a postacquisition manner to yield an amplitude-modulated dataset of the form: 

M(tl,t2,t3,z) = 2A cos(octl) cos(tOut2) {H~ sin(o~t3) }, (SUM) 

M(t~,t2,t3,z) = 2A cos(COctl) cos(coHt2) {My cos(0)Nt3)}, (DIFFERENCE) 
(3) 

Because the SUM data is proportional to H X at the start of the acquisition period while the 
DIFFERENCE data is proportional to Hy, a 90 ~ zero-order phase correction is applied in the 
acquisition dimension to either the SUM or DIFFERENCE data prior to Fourier transforma- 
tion. 

A similar calculation to that given above shows that if the HSQC portion of the pulse scheme 
is not of the enhanced-sensitivity type (Cavanagh et al., 1991; Palmer et al., 1991) but gradients 
are still used to select for ~SN magnetization during t 3 in a manner suggested by Boyd et al. (1992), 
Davis et al. (1992) and Tolman et al. (1992), the signal intensity is reduced by a factor of two, 
relative to the present experiment. Alternatively, a calculation of the maximum sensitivity 
enhancement that can be obtained using the enhanced-sensitivity gradient 4D lSN,~3C-edited 
NOESY sequence relative to the original 4D ~SN,~3C-edited NOESY sequence (Kay et al., 1990) 
which does not employ gradients to select for coherence-transfer pathways shows that signal-to- 
noise (S/N) enhancements of up to a factor of ,/2 can be obtained (Kay et al., 1992; Muhandiram 
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and Kay, 1993). This can be understood by recognizing that the process of adding and subtracting 
the N-type and P-type datasets to give SUM and DIFFERENCE data results in an increase in the 
signal by a factor of two over signal intensities observed in the unenhanced, nongradient experi- 
ment. However, the process of adding and subtracting the data will increase the noise floor by a 
factor of "~ (Palmer et al., 1991). Thus, the net increase in S/N is -42. A recent comparison of 
HNCO spectra acquired (a) using the sequence of Grzesiek and Bax (1992) with water suppres- 
sion achieved via purge pulses and not presaturation; (b) using a sequence with ~SN coherence 
selection and water suppression achieved using gradients in the manner suggested by Davis et al. 
(1992), Boyd et al. (1992) and Tolman et al. (1992); and (c) using an enhanced-sensitivity sequence 
based on the Rance modification (Cavanagh et al., 1991; Pahner et al., 1991) with 15N coherence- 
transfer selection and water suppression achieved with gradients shows average relative S/N 
ratios of 1.0(a):0.70(b):l.2(c) for four different proteins ranging in molecular weight from ~ 10 
kDa to 20 kDa (Muhandiram and Kay, 1993). The extent of the enhancements is dependent on 
relaxation which occurs during the extra delays in the enhanced-sensitivity experiment and is also 
a function of the RF homogeneity profile of the probe since the enhanced sequence does involve 
an increased number of pulses. 

The gradients g2-g7 and g9-g12 are applied in order to suppress potential artifacts arising 
from pulse imperfections. Application of the gradient pair (g2,g3) with g2 = g3 ensures that any 
transverse IH magnetization which is transferred to the z-axis by imperfections in the ~H 180 ~ 
pulse in the middle of the tl period is eliminated. In addition, transverse magnetization that does 
not experience the effects of this pulse is also removed by the action of the gradients. In a similar 
manner, the gradient pairs (gS,g6), (g9,gl0) and (gl 1,g12) eliminate potential artifacts caused by 
pulse imperfections. The gradient gl is applied immediately following the 13C 90 ~ pulse at the 
start of the pulse sequence. This eliminates magnetization originating from 13C and ensures that 
the signal detected originates on 1H. The gradient g4 is applied during the mixing period, Tm. 
Application of this gradient pulse ensures that any transverse magnetization present during Tm is 
effectively eliminated. This also includes transverse ~SN magnetization, generated by the applica- 
tion of the 15N 90 ~ pulse immediately prior to the gradient. The elimination of ~SN magnetization 
in this manner ensures that the ~SN signal present during t 3 originates exclusively from ~H 
magnetization at the start of the experiment. Application of this gradient pulse towards the end 
of the mixing time allows radiation damping to bring the water signal completely back to the 
+z-axis (Smallcombe, S., personal communication). Immediately prior to the spin-lock pulse, 
SLx, the desired magnetization is along the x-axis. Magnetization not parallel to the x-axis, 
including the water magnetization which is aligned along the y-axis, is scrambled by SLx. The 
gradient pulse g7 is applied when the magnetization of interest is of the form HzNz, where Hz and 
Nz are the z-components of NH and 15N magnetization respectively. Transverse magnetization is 
effectively eliminated at this point by gT. In addition, residual water in the transverse plane is also 
attenuated by the application of g7. Note that the gradients g7 and g8 are of opposite sign so that 
the effects of g7 and g8 are additive with respect to the elimination of water in the transverse plane 
(Bax and Pochapsky, 1992). As described previously, the use of g8 and gl3 selects for the 
coherence-transfer pathway involving tSN magnetization. It is therefore not necessary to cycle ~3, 
which reduces the phase cycling in this experiment by a factor of two relative to the original 4D 
experiment (Kay et al., 1990). 

In many triple-resonance experiments, 1H magnetization is recorded in an indirect detection 
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Fig. 2. Pulse scheme of the 'shared time' gradient 4D ~SN,~3C-edited NOESY experiment. Only the portion of the sequence 
which differs from the sequence of Fig. 1 is shown. The region of the pulse sequence in Fig. 1 which extends from point 
a to point b is to be replaced with the partial sequence indicated in Fig. 2. The duration XCH is set to 1.65 ms. The gradients 
g14 and g15 are set to (100 ps,10 G/cm) and (100 las,8 G/cm) respectively. As the lengths ofgl4  and g15 increase, the saving 
in the amount of time that ~H magnetization spends in the transverse plane relative to the sequence of Fig. 1 decreases. It 
is therefore important to make the values o fg l4  and g15 short. 

dimension prior to the transfer of the magnetization to a directly coupled heterospin, X. Recently 
Grzesiek and Bax (1993) and Logan et al. (1993) have described elegant improvements to these 
experiments whereby it is possible to combine the ~H evolution period with the IH/X scalar 
transfer time and in this manner decrease the time during which ~H magnetization is in the 
transverse plane by l/(2JHx). In the case of the gradient 4D 15N,~3C-edited NOESY it is possible 
to employ a similar strategy, resulting in a decrease in the total residence time of ~H transverse 
magnetization of ~ I/JHx, albeit at the expense of one additional 13C 180 ~ pulse and two extra 1H 
180 ~ pulses. Figure 2 illustrates the modified portion of the pulse scheme which combines the t 2 
(~H) evolution time with the ~H/~3C scalar transfer time. The values ~a, Xb and Xc are chosen 
according to 

"C a ~ "CcH Jr n~ 
"c b = n/(4 SW2) - n~ 

Xc = XcH + 2 pwc - n~ (4) 
= (XcH + 2 pwc - gl4)/(N-1) 

where xcH is chosen to be slightly less than 1/(4JHc) to minimize losses from relaxation, pwc is the 
~3C 90 ~ pulse width, SW2 and N are the spectral width and the number of complex acquisition 
points in the ~H dimension respectively, g14 is the duration of the pulsed field gradient applied 
during "co and n = 0,1,2...(N - 1) (i.e., n = 0 for the first complex t2 point, 1 for the second and so 
forth). The increase in Xa and decrease in xc results in the migration of the ~H and 13C 180 ~ pulses 
applied before and after the t~ period in Fig. 2 as a function of increasing t2 while maintaining a 
constant ln/13C scalar coupling evolution time. The values of'~a', I; b' and %' can be obtained from 
Eq. 4 by replacing g14 with gl 5. 
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Fig. 3. Slices from the 4D dataset of CBD, 1.5 mM, pH = 7.0, T = 30 ~ at a ~SN chemical shift of 122.0 ppm showing the 
separation of NOE cross peaks to V109 NH. Note that because of the nearly identical ~SN and NH chemical shifts of V 109 
and G 110, the G110et peaks also appear in some of the slices. The slice on the far right-hand side of the figure was obtained 
from a 3D dataset generated by taking the projection of the 4D spectrum onto the Ft = 0 plane. A spectral width of 23.9 
ppm was recorded in the ~3C dimension. Thus A = n �9 (23.9) ppm where n = 0, + 1, + 2 etc. Peaks in the carbon dimension 
which are folded an even number of times (n is even) are positive, while peaks folded an odd number of times are negative. 
For example, in the case of T108y, A = -23.9 ppm, while for T10813, A = 23.9 ppm. In both cases, the cross peaks are 
folded once in the carbon dimension and hence are negative in the 4D spectrum. Negative cross peaks are indicated with 
dashed lines. 

The  g rad ien t -enhanced  4 D  15N,~3C-edited N O E S Y  exper iment  was recorded  on a Var ian  U N I -  

T Y  500 M H z  spec t romete r  equ ipped  with  a t r ip le - resonance  p r o b e h e a d  with an act ively shielded 

z -grad ien t  and  a g rad ien t  amplif ier  unit.  The  spec t rum was acqui red  using a 1 .5-mM sample  o f  a 

f r agment  o f  a cellulase f rom Cellulomonas fimi (CBD,  d imer  consis t ing o f  m o n o m e r s  o f  110 

amino  acids) in 90% H20/10% D20,  p H  = 7.0, T = 30 ~ The  1H car r ie r  was pos i t ioned  at  3.8 

p p m  for the init ial  pa r t  o f  the sequence and subsequent ly  switched dur ing  the mix ing  t ime to 8.7 

ppm.  The  13C and  ~SN carr iers  were pos i t ioned  at  43 p p m  and  119 p p m  respect ively for  the 

d u r a t i o n  o f  the exper iment .  Spectra l  widths  in each d imens ion  were 23.9 p p m  ( F 0 ,  8.0 p p m  (F2), 

32.6 p p m  (F3 )  and  8.0 p p m  (F4) .  The d a t a  was acqui red  as a 16 x 64 x 16 x 256 complex  mat r ix  

with a repe t i t ion  de lay  o f  0.9 s, a mixing  t ime of0 .15  s and  with two t ransients  per  F I D ,  giving rise 

to a net  record ing  t ime o f  ~ 90 h. N o  p re sa tu r a t i on  was employed .  

F igure  3 i l lustrates  the qual i ty  o f  the d a t a  ob ta ined .  The  d a t a  was processed  using a combina -  

t ion o f  in-house  wri t ten  sof tware  and  commerc ia l  sof tware  ( N M R i ,  Syracuse,  New York) .  In  

o rde r  to improve  the reso lu t ion  in the lSN d imens ion ,  mi r ro r - image  l inear  p red ic t ion  was 

employed  (Zhu  and  Bax, 1990). The  final absorp t ive  pa r t  o f  the da tase t  consis ted  o f  a 
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32 • 128 • 32 • 512 matrix. In the figure the slice at the far right-hand side was obtained from a 
3D dataset generated by taking the projection of each 15N cube of  the 4D dataset onto the F1 = 0 
plane (corresponding to a ~SN-edited 3D NOESY spectrum). The remaining slices are extracted 
from the 4D dataset recorded with the sequence of Fig. 1. Each of  the slices from the 4D dataset 
is at the same ~SN chemical shift as the slice from the 3D dataset. Note that because extensive 
folding was employed in the ~3C dimension along with a first-order phase correction of 180 ~ 
some of  the cross peaks are negative. Although we have not recorded a 4D dataset using the 
modification indicated in Fig. 2, a preliminary comparison of 3D ~SN-filtered datasets recorded 
using the sequences of Figs. 1 and 2 with t~ = 0, suggests that sensitivity improvements can be 
realized with the sequence of  Fig. 2. The extent of the sensitivity gain for a particular protein is 
a function of  the ~H linewidths as well as the RF homogeneity of  the probe. 

In summary, in this communication we have presented a gradient-enhanced 4D ~SN,~3C-edited 
NOESY pulse sequence. The gradients are used to suppress water, to eliminate artifacts and for 
coherence-transfer selection. The use of  gradients in this way enables a reduction in the number 
of  phase-cycling steps by a factor of two (from four to two) relative to the original 4D 15N,13C- 
edited NOESY, thereby increasing the resolution that can be obtained for a given measuring time. 
This has important  consequences in 4D spectroscopy where resolution in the indirectly detected 
dimensions is often limiting. The ability to suppress H20 without resorting to presaturation 
schemes is particularly important for CBD, where for protein samples prepared at pH 7, presatu- 
ration results in a decrease in the entire spectral envelope by ~ 40%. In addition, by using the 
sensitivity-enhancement approach described previously, enhancements of up to a factor of 

beyond gains obtained by not using presaturation can be obtained relative to the previously 
published version of  this sequence. 
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