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Summary

Recently, strategies for double sensitivity enhancement in heteronuclear three-dimensional NMR experi-
ments were introduced (Krishnamurthy, V.V, (1995) J Magn. Reson., B106, 170-177; Sattler et al.
(1995) J. Biomol NMR, 6, 11-22; Sattler et al. (1995) J Magn. Reson., BI08, 235-242). Since a sensitiv-
ity enhancement of a factor 2" can be achieved for each indirect dimension, nD spectra can theoretically
be enhanced up to a factor of 2%, We prapose and analyze a doubly enhanced three-dimensional
TOCSY-HSQC sequence. The application of the doubly enhanced three-dimensional {*N,'H} TOCSY-
HSQC sequence is shown for uniformly PC-/*N- and '*N-labeled samples of the relatively large Azoto-
bacter vinelandii flavodoxin II (179 amino acids). The main factors that contribute to the final signal-to-
noise enhancement have been systematically investigated. The sensitivity enhancement obtained for the
doubly enhanced TOCSY-HSQC pulse sequence as compared to the standard (unenhanced) version is

close to the theoretically expected factor of two.

Introduction

Pulse sequences employing B, field gradients have been
shown to yield spectra of very high quality with respect
to artifact and solvent suppression (Jahnke and Kessler,
1994; Schleucher et al., 1994; Stonehouse et al., 1994,
1995; Kontaxis et al., 1994; Kay, 1995; Sattler et al.,
1995a,b). B, ficld gradients can eliminate the undesired
signals in NMR spectra in at least two distinct ways. In
the first approach, signals resulting from unwanted coher-
ence pathways are rejected. The gradients are applied
each time the signal of interest lies along the z-axis so
that (hopefully) all unwanted coherences are defocussed.
This approach thus provides an additional means over
phase cycling for removing artifacts, with the advantage
that artifacts can be removed per individual scan (Bax
and Pochapsky, 1992; Keeler et al., 1994). Even better
artifact and solvent suppression is obtained in the second
approach, in which the gradients are used to actively
select coherence pathways of interest (Jahnke and Kessler,
1994; Kay, 1993; Sattler et al., 1995a.b).

Initially, it was thought that the use of gradients to

actively select coherence pathways would lead to a loss in
sensitivity by a factor of 2" as compared to the conven-
tional phase-cycled experiments, since only one of the two
possible coherence pathways is selected. Therefore, the
first approach, in which unwanted coherence pathways
are rejected and which thus has the same sensitivity as a
phase-cycled experiment, was favored (e.g. Bax and
Pochapsky, 1992; Keeler et al., 1994). Later, Kay et al.
{1992) demonstrated that instead of a lower sensitivity, in
fact an enhanced sensitivity can be achieved via the sec-
ond approach when used in combination with the en-
hanced INEPT sequence (eINEPT) developed by Rance
et al. (Cavanagh and Rance, 1990; Palmer III et al.,
1991). The eINEPT sequence gives a factor of 2'7 higher
sensitivity as compared to the regular INEPT sequence,
since it allows to retain both coherence pathways. Be-
cause the gradients also select these two coherence path-
ways, no signal loss is incurred. Subsequently, the corre-
sponding theoretical background was thoroughly analyzed
by Keeler and co-workers (Keeler et al., 1994; Kontaxis
et al., 1994; Stonehouse et al., 1994,1993) and by Grie-
singer et al. (Schleucher et al., 1994). Sequences such as
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Fig. 1. Pulse sequences used for 3D TOCSY-HSQC experiments. Narrow bars indicate rf pulses with a 90° flip angle, while wider bars indicate
tf pulses with a 180° flip angle. The 90° water flip-back pulse has a Gaussian profile and a duration of 2.1 ms. All B, field gradients are sine-bell
shaped. The 1 ms trim pulses bracketing the DIPSI3 sequence are indicated by vertical lines. (A} Standard 3D TOCSY-HSQC pulse sequence.
The phase cycle used is: @)= y.y,=¥,~y; §, =X; &;=x,—x; 0;=%X,~X,—%,X. Quadrature detection in the t, and the t, dimension is obtained by using the
STATES-TPPI method {(Marion et al., 1989} in which the phases ¢, and ¢, are incremented separately. (B) Singly sensitivity-enhanced 3D TOCSY-
HSQC pulse sequence. The phase cycle used is: ¢,=y,v.~¥,-¥; &, =X; 0;=X,~X; ¢,=¥; ¢;=X,—Xx,—X,X. Optimal sensitivity for rapidly exchanging amide
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protons is achieved when ¢, =y, as the water magnetization is not defocussed by the gradients and lies along the +z-axis just prior to acquisition.
Quadrature detection in the t, dimension is obtained via the STATES-TPPI method by incrementing phase ¢, Absorption-mode spectra in the
t, dimension are obtained by separate measurements of the N- and P-type coherences, which is achieved by simultaneously inverting the sign of
the final gradient and of phase ¢,, as described in the text. The amplitudes and durations of gradients 1 and 2 are equal to those of the third and
fourth gradients of sequence 1D. (C) Singly sensitivity-enhanced 3D TOCSY-HSQC pulse sequence with coherence pathway selection by gradients
on going from (, to t,, The phase cycle used is: ¢,=y; ¢, =x; &, =X,~X; 0,=¥; ®; =X,~X; ;=Y. Water magnetization is dephased for any seiting of
0, (see text). Absorption-mode spectra in the t, dimension are obtained by separate measurements of N-type and P-type coherences, by inverting
the sign of the first gradient as described in the text; absorption-mode spectra in the t, dimension are obtained as discussed for sequence 1B.
Gradient amplitudes and durations used are the same as for sequence 1D. (D) Doubly sensitivity-enhanced 3D TOCSY-HSQC pulse sequence.
The phase cycle used is: §,=y: §, =X; P =X,~X; 0;=¥—¥; O, =¥; 0; =X,—X; §, =—x. Water magnetization is dephased for any setting of ¢, (see text).
Absorption-mode spectra in the t, dimension are obtained by separate measurements of N- and P-type coherences, which is done by inverting the
sign of the first gradient in concert with the sign of phase ¢,, as described in the text; absorption-mode spectra in the t, dimension are obtained
as described for sequence 1B, For gradients 1 to 4 the amplitudes used are 16, 40, 80 and 16, respectively (with 100 corresponding to 60 Gfen)
and the corresponding durations are 0.125, 0.5, 0.5 and 0.25 ms, respectively. {E) Doubly sensitivity-enhanced 3D TOCSY-HSQC pulse sequence,
optimized for maximal sensitivity of rapidly exchanging amide protens; the water magnetization is not defocussed and lies along the +z-axis just
prior to acquisition. The phases used are identical to those in sequence 1D, except for ¢, which is set to x. Absorption-mode spectra in both the
t, and the t, dimension are oblained as described for sequence 1D, with the exception that in order to refocus the water magnetization g}t =|g|z,
with s1 =—s2, and coherence pathway selection in the t, and the 1, dimension is obtained by proper setting of the other gradient amplitudes and
signs, as described in the text (gradient strengths used are 24.5, 13.1, 83.2 or 76.8, and 20.4 for gradients | to 4, respectively). The INEPT delays
7 and 7' are set to 2.3 ms. The length of the constant-time period T is 9 ms, and { +n="T/2. The delays & and £ are set to 0.25 and 0.5 ms,
respectively, which includes both the gradient length and the recovery time. Nitrogen decoupling during acquisition is achieved via a GARP
sequence (Shaka et al., 1985) with a 2 kHz rf field. A 46.6 ms DIPSI3 sequence of 8.7 kHz (Shaka ct al., 1988) is used for 'H,'H TOCSY transfer.
The 'H, N and “C carrier positions are at the H,0 resonance frequency, {10 ppm and 47 ppm, respectively. The 'H, *N and "C pulses are
applied with rf field strengths corresponding with 90° pulse lengths of 13, 24 and 20 ps, respectively.
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the enhanced INEPT were termed coherence order selec-
tive coherence transfer (COS-CT) by Griesinger et al.,
since such sequences transfer the coherence order com-
pletely, e.g. 21,8 — I". Regular INEPT sequences, on the
other hand, mix the coherence orders on transfer, e.g.
2L,8" > I" + I'. The coherence transfer sequences that
transfer in-phase coherence, e.g. 8* — I", require an addi-
tional J-refocussing period and were termed 1COS-CT. It
was also shown that the heteronuclear cross-polarization
sequence can be modified into a COS-CT (eCP), and that
by adding an additional J-coupling refocussing period it
can be modified into an ICOS-CT (Schleucher et al,,
1994; Sattler et al., 1995a,b).

In nD NMR experiments employing COS-CT or
ICOS-CT sequences instead of regular CT sequences, an
improvement by a factor of 292 in sensitivity can be
achiecved as compared to non-enhanced experiments.
Krishnamurthy (1995) was probably the first to demon-
strate double enhancement in a 3D NMR experiment
(HSQC-TOCSY); however, without using gradients for
coherence pathway selection. The caveat of the use of
such singly, doubly or multiply enhanced approaches is
that apart from a gain in signal intensity also a loss of
signal intensity may occur. This is mainly due to four
effects:

(1) A larger number of pulses is required in eINEPT as
well as in eCP pulse sequences, which leads to signal loss
due to rf inhomogeneity.

{2) The eINEPT and eCP pulse sequences are longer
than their unenhanced counterparts. This leads to signal
loss due to transverse relaxation.

(3) Sattler et al. (1995a,b) showed that the delays re-
quired for optimal enhancement in ¢[NEPT sequences
depend on the XHn multiplicity. The eINEPT sequence
cannot be simultaneously optimized for all multiplicities.
Similarly, for eCP sequences the mixing time cannot be
optimized for all multiplicities simultaneously.

{4) Application of gradients for coherence pathway
selection requires initial defocussing followed by a re-
focussing of the wanted coherences. The latter is achieved
after a waiting period, so that the refocussing may be
incomplete due to translarional diffusion of the sample
molecules during this period.

Interestingly, the original application of enhancement,
which is in the context of homonuclear TOCSY, does not
require a significantly longer pulse sequence (Cavanagh
and Rance, 1990) and does not suffer from these detri-
mental effects.

To successfully modify existing sequences into en-
hanced versions, it is required that such sequences contain
as COS-CT steps either homonuclear TOCSYs, or S— 1
coherence transfer steps that are short enough to fulfil the
condition 2" * exp —/T2> 1, with T=1/{2],) and T2 the
transverse relaxation time. In 3D HCCH experiments,
double enhancement 1s therefore expected to give signal-

to-noise improvements because of the large 'J; couplings
present and the use of a homonuclear transfer step
(Schleucher et al., 1994; Sattler et al., 1995a,b}). However,
4 sensitivity loss may be incurred due to multiplicity
effects. Sattler et al. (1995a,b) demonstrated the imple-
mentation of the double enhangement procedure in a 3D
HCCH experiment using refocussed eINEPTs as COS-CT
steps. The doubly enhanced 3D HCCH experiment con-
tains short C—= H and C - C transfer steps and indeed
gave an additional enhancement as compared to the sing-
ly enhanced 3D HCCH experiment, depending on the
multiplicity involved. On the other hand, most 3D triple
resonance experiments contain C— N or C - P transfer
steps involving relatively small J-couplings. As a conse-
quence, the durations in such doubly enhanced sequences
will take too much time, particularly for large proteins or
nucleic acids. It was indeed observed that the doubly
enhanced 3> HNCO experiment, which contains a long
C — N transfer period, did not have an improved sensitiv-
ity with respect to the singly enhanced 3D HNCO experi-
ment (Sattler et al., 1995a).

The 3D {"N,'H} TOCSY-HSQC experiment is ideally
suited for obtaining sensitivity improvement via the dou-
ble enhancement approach, since it features (i) a homo-
nuclear 'H —» 'H TOCSY transfer step; (ii) a 'H = °N
INEPT step as well as a "N — "H reverse INEPT step,
both of which require only approximately 5 ms; and
because (11i) multiplicity effects do not play a rele. 1n this
paper, we present the implementation of the double en-
hancement approach in a 3D TOCSY-HSQC experiment.
The mam factors contributing to the signal-to-noise en-
hancement are systematically investigated; uniformly *C-/
’N- and "“N-labeled H,O samples of flavoedoxin IT of
Azoiobacter vinelandii (179 amino acid residues, 20 kDa)
are used for this purpose. It is demonstrated that the
sensitivity can be improved by nearly a factor of 2.

Analysis of 3D TOCSY-HSQC sequences

Figure 1 shows the pulse sequences for different ver-
sions of the 3D TOCSY-HSQC experiment. The standard
non-enhanced version of the experiment is given in Fig.
1A. In the singly enhanced versions only the second
transfer step is enhanced, either without (Fig. 1B} or with
(Fig. 1C) coherence pathway selection by gradients during
the first transfer step. The doubly enhanced version is
presented in Fig. 1D. In the standard 3D> TOCSY-HSQC
experiment (Fig. 1A) the coherence transfer from 'H to
N takes place via a homonuclear {'H,"H} TOCSY and
a subsequent INEPT sequence. In the doubly enhanced
version of the 3D TOCSY-HSQC experiment (Fig. 1D)
the latter two sequences are replaced by an eTOCSY-
eINEPT sequence. In addition, the final *N — 'H reverse
INEPT transfer step has been replaced by an e[NEPT
sequence.



In the following, we describe the development of the co-
herences during the pulse sequence of the doubly enhanced
ID TOCSY-HSQC experiment (Fig. 1D) in terms of H',
H", N*, N, H, and N, (for conventions see Van de Ven,
1995). Starting with the excitation pulse,

6, =—H, N

is generated at point A (Fig. 1D), which evalves during t,
into;

op = —H, cos{wy t,) + H, sin(wy t,)

= 112 {FT* efiog t,) + H ety 1)} @)

which after the 1802 proton pulse and application of the
gradient evolves into:

Oc = =12 {H™ e(ioy t, - 17y 8, 7)) (3)
+ H e(—wyt, +ivy g )t

at point C. Note that as compared to the non-enhanced
version of the experiment (Fig. 1A) an additional delay
period 28 had to be included after the t, evolution period
to incorporate the gradient. Subsequently, the eTOCSY-
eINEPT transfer step gives at point D rise to:

oy = —1/2 {—i ZH, N e(im, 1, —iyy £, T,) @)

+12H,N" el—ioyt, +1vu g 1) (4 = x)
when ¢, =x. This corresponds to the N-type signal. When
¢, =—x, the P-type signal is obtained:

ob, = =1/2 {+1 2H, N e(im, t, —iy, g, T,) 5)
—i12H, N e(—loyt, +ivg g 7)) (@ =-X)

The subsequent "N evolution period t, is incorparated
into a constant-time period of total fixed duration 2T. As
a result, both the refocussing gradient for t; and the de-
focussing gradient for the second evolution period t, can
be incorporated into the constant-time period without
requiring extra delays. After the constant-time evolution
period, the previously considered N- and P-type terms
have at point E evolved into:

Gy = ~1/2 1 2H N* e(+imy t, ~ iy g T,
— YN & T iy 8 Ty — iy 1)
+ 1/212H, N e(=iooy b+ 1V B T (6)
HiYy & T~ Y g T Hiog ty)
(with ¢, =x, N-type)
and

of =+1/212H, N e(+iwy t,— i1, g, T,
Yy & T~ i 8 Ta H iy L)
— 1/212H, N* e(—iw, t, + 1y, 2, T, (7)
=Y B T+ iYy 85 Ty~ 10y 1)
(with ¢, ==x, P-lype}
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The subsequent reverse eINEPT period, which includes a
refocussing gradient, links the evolution period t, with the
acquisition period t,. The separate P- and N-type terms,
ot and of, each give rise to both a P-type as well as an
N-type term in this step, depending on the settings of o,.
Finally, four possible terms arise at point F in the 3D
doubly enhanced TOCSY-HSQC sequence:

opt = —1.12 i HY e(-f-iu)H t, —-in 8T
—ING LT g Ty T Iy & Ty~ ty)
+ /21 H e(—iogt, +1Ya g T, +IWE T, (8)
=1y Bs Ta— 1Yy 84 Ta+ 10y 1)
(with ¢, =x, N-type; ¢,=v, N-type)
YP =121 H e(+Hiog L, —iyy g T,
I G Tyt YN T 1Y & Ty — iy 1)
— 1721 H e(—iog t + 1V g, T 1V 2T, ©
—IN B Tat W Ba T+ 10
(with ¢, =x, N-type; 0,=—y, P-type)

PN
Gf

=+1/21 H el+iwg t, -1y, 8, T

i 8 Ty — T 81 T3 — 1) 84 Ta H iy 1)

—172i H e(~ioy, t, + 1Y 2, T — 1 & T o
FiYn s Ty 1V B Ty — 10 1)

(with ¢, =-x, P-type; b,=y, N-type)

off =-121 H e(+o,t, —iv, g T,
Yy & Ty~ TV B Ta iV S Ty Hiy 1)
+ 121 H e(-ogt +1m g, T -1V T, (1)
+ Yy 83 Ty — Wy Ba Ty — 100 1)
(with 9, =—x, P-type; ¢,=-y, P-type)

Only the H™ terms will lead to detectable signal. Ampli-
tude-modulated detectable H™ coherences can be obtained
via proper linear combinations of the o terms:

or +op’ + o + o =2 H cos(oy, ;) cos(my t,) (12a)
o™ — ghP 4 6N — 6IF = —2 H™ cos(my, t,) sin(my t,) {12b)
oY — g — ofN + off =2 1 sinfayt,) cos(igty)  (12¢)
oM+ o — oY — off =21 H sinf{wy t,) sin(oy ) (12d)
The signal amplitude is four times as large as that ob-
tained for the conventional unenhanced scquence. The

latter sequence namely, with the phases of the pulses as
shown in Fig. 1A, gives rise to the detectable signals:

Gy = 112 H cos(ay; t,) cos{on t,) (13a)
G, = 112 H™ cos(my t)) sin{my t,) (13b)
Oy = 112 H sinfwy t)) cos(myty) {13c)

G = 172 H™ sin(, t,) sin(my t,) (13d)
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1t is important to realize that per free induction decay the
same signal amplitudes are obtained in the conventicnal
unenhanced and in the doubly enhanced versions of the
3D experiment, compare Eqs. 8-11 with Egs. 13a-d. In
case of the conventional sequence of Fig. 1A, both the
cos- and sine-modutated signals have to be measured to
obtain sign discrimination in F1 and F2 (Keeler and
Neuhaus. 1985). Note that Eqgs. 12a and 12d are 90° out
of phase with respect to the corresponding terms obtained
using the conventional sequence of Fig. 1A, as follows
from the imaginary number i. Their correct phuses are
obtained by interchanging the imaginary and real parts of
their FIDs and negating the imaginary parts of the result-
ing FIDs. Subsequent three-dimensional Fourier trans-
formation of the amplitude-modulated H™ coherences
leads to pure absorption-mode cross peaks with sign dis-
crimination in F1 and F2.

The difference between the conventional experiment
and the experiment employing gradients for coherence
pathway selection is that the separately measured N- and
P-type signals are added or subtracted for the latter ex-
periment (Eqs. 12a—d). This procedure leads to an avera-
ging of the noise by a factor of 4'?. Hence, whereas the
signal increases by a factor of 4 in the gradient-selected
experiment, the ultimate signal-to-noise ratio increases
only by a factor of 2 (i.e., 4 divided by 4" as compared
to the conventional experiment. This corresponds to a
signal-to-noise improvement by a factor of 2.

To select a specific coherence pathway, the correspon-
ding net phase resulting from the gradients incorporated
into the pulse sequence has to be zero (see Eqs. 8-11):

NN+ s1igi|T) + 1 521807 — 1 83|23/t — 11w sdlgylt. = 0
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PN: —iy, slig|t; + 1%y 52/galt, — it 83leslt, — ivy s4lgdlt, = 0
(¢,==%, 0,=Y) (14¢)

PP: +iyy sllg,|T) — vy s21golT, + iy 33(galt; — iy sdlgdt, = 0
9 =—x, 0,=-y) (14d)

in which sl to s4 represent the sign of gradients g, to g,
respectively. Since four gradients are used, 4 certain ele-
ment of freedom remains to achieve the desired coherence
pathway selection. Both the number of pradients used as
well as their length or amplitude may be altered. Firstly,
it can be concluded that only one gradient during the
constant-time period would suffice for caherence pathway
selection in both the t; and the t, evolution period. How-
ever, we instead have chosen to use two gradients during
the constant-time evolution period. This has the advan-
tage that one can achieve coherence pathway selection
independently for each of the two transfer steps and
thereby test the quality of each individual selection step.
Secondly, w¢ have decided to keep both the gradient
amplitudes and lengths constant: |g,jt,=+(y,/1y) I/t and
|24t = +(¥e/ 1) |galts. Consequently, coherence pathway
selection of the four different routes can be achieved by
simply permuting the signs of the first and last gradients:

NN: s{—+,+-) (15a)
NP: s(—+++) {15b)
PN: s(+.+,+-) (15¢)
PP: s(+,+,+.1) {15d)

To keep the delays & and € in the pulse sequence as
short as possible, we decided to choose a duration of
0.125 ms for the first gradient with a recovery time of
0.125 ms, so that 8 =2 = 0.125 ms. Similarly, the final
gradient lasted 0.25 ms with a recovery time of 0.25 ms,

(4 =%, b,=¥) (14a)
NP: -y, Sllglltl — iy S2|@,|T, + 1Y 83]g3)T5 — Ty sdlglt, = 0
(9, =x, 6,=-y) (14b)
(——

Fig. 2. Two-dimensional initial planes (t, =0 or t,=0) from 3D TOCSY-HSQC experiments obtained by using the sequences in Fig. | for either
a uniformly 5 mM BC-/PN-abeled (A, B, C and D) or a 3 mM uniformly "N-labeled (E and F) flavodoxin sample. The planes demonstrate the
effect of several factors on the signal intensities. Firstly, planes A and B demonstrate the combined effect of exclusion of presaturation and inclu-
sion of a Gaussian flip-back pulse on the TOCSY-HSQC experiment. (A) 'H-'H plane recorded with the doubly enhanced pulse sequence 1E {t,
=0); no presaturation is used and a Gaussian flip-back pulse is included, which positions the water magnetization along the +z-axis prior to
acquisition. (B} "H-"H plane recorded with the doubly enhanced pulse sequence 1D (t;=0); the sclvent is presaturated and the Gaussian flip-back
pulse results in dephasing of any residnal water (see text); for comparison, the contour levels are set to the values used in (A). Secondly, planes
C und D demonstrate the effect of enhancement of the reverse INEPT part on the TOCSY-HSQC experiment. {(C} ""N-"H plane recorded with
the standard non-enhanced sequence A (t,=0) with presaturation. (D) “N-'H plane recorded with the singly enhanced sequence 1B (t,=0) with
solvenl presaturation and the phase of the Gaussian flip-back pulse set to x, so that net dephasing of the transverse water magnetization is
achieved. For comparison, the contour levels are set to the values used in C. Thirdly, planes E and F demonstrate the effect of enhancement of
the TOCSY-INEPT part on the TOCSY-HSQC experiment. (E) '"H-'H plane recorded with the singly enhanced sequence 1B (t, = 0) with
presaturation. (F) "H-"H plane recorded with the doubly enhanced sequence 1D (t,=0) with presaturation; for comparison, the contout levels are
set to the values used in E. All spectra were recorded with the following settings: spectral widths of 9615 Hz in the proton dimensions, and 2057
Hz in the *N dimension, 512 and 64 complex points in the 'H acquisition and "H indirect dimension, respectively, and 32 complex points in the
N dimension; 32 FIDs were accumulated per increment. All acquired data were processed identically. Prior to Fourier transformation, the FIDs
were muliiplied by a quadratic cosine filter in both dimensions and zero-filled. All spectra were acquired on a Bruker AMX2 600 spectrometer
equipped with a Lriple resonance probehead with a doubly tuned {'H,"*C} inncr coil and a broadband outer coil and a self-shielded z-gradient codl.
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so that £ =2 * 0.25 ms. The second and third gradient
were both chosen to last 0.5 ms and cach was associated
with a 0.5 ms recovery time. Consequently, the ratio of
the amplitudes of gradients 1, 2, 3 and 4 is now fixed. We
used gradient strengths of 16, 40, 80 and 16 (with 100
corresponding to 60 G/em), for gradients 1, 2, 3 and 4,
respectively.

The second and third gradient deliberately have the
same sign, as this results in additive defocussing of un-
wanted residual 'H coherences corresponding to protons
not bound 1o “N atoms. As the change of gradient signs
necessary for coherence pathway selection takes place on
the relatively weak and short first and last gradient in the
pulse sequence, the resulting variation in total defocussing
of such unwanted coherences is limited.

The doubly enhanced 3D TOCSY-HSQC pulse se-
quence contains extra delay periods as compared to the
standard pulse sequence, but in contrast to the standard
sequence, it does not need the two trim pulses around the
DIPSI3, sequence. Consequently, the net lengthening of
the pulse sequence as compared to the standard sequence
is: 28+ 27+ 21+ 2e-2trim=0.5 ms+4.5 ms+4.5 ms+ 1.0
ms -5 ms=>5.5 ms. When we neglect the effect of rf in-
homogeneity, the doubly enhanced pulse sequence is only
expected to perform poorer in terms of sensitivity as
compared to the standard sequence when 2 * exp —5.5
ms/T2 <1. This is the case when T2 > 8 ms, which roughly
corresponds to proteins with a molecular weight well over
20 kDa.

Much attention has recently been given to the effect of
water suppression on the signal intensity of relatively
rapidly exchanging NH protons (Grzesiek and Bax, 1993;
Jahnke and Kessler, 1994; Stonehouse ¢t al., 1995). The
standard technique of water suppression has been pre-
saturation of the water magnetization during the relax-
ation delay. As a result of the exchange of water protons
with rapidly exchanging NH protons, the magnetization
of NH protons also becomes partly saturated, which leads
to a loss of NH signal intensity (see e.g. Grzesiek and
Bax, 1993). When instead of presaturation B, field gradi-
ents are used to defocus the residual water signal, the
possibility of incomplete recovery of water magnetization
during the relaxation delay period exists. This also leads
to a loss of signal intensity (Grzesiek and Bax, 1993;
Jahnke and Kessler, 1994; Stonehouse et al., 1995).
Hence, both methods should be avoided whenever poss-
ible. Instead, the water magnetization needs to be posi-
tioned along the +z-axis at the start of the acquisition, so
that exchange of NH protons with waler protons does
not lead to signal loss.

In the singly enhanced 3D TOCSY-HSQC sequence
{Fig. 1B), an optimal positioning of the water magnetiz-
ation can be achieved by simply including a Gaussian
water flip-back pulse with phase y prior ta the first gradi-
ent. The water magnetization then lies along the +z-axis

when the first gradient is applied and since the eINEPT
sequence positions it ultimately again along the +z-axis
just before the second gradient is applied, no defocussing
of the water magnetization takes place at all. On the
other hand, in both the gradient-selected singly enhanced
pulse sequence of Fig. 1C and the doubly enhanced pulse
sequence of Fig. 1D the water magnetization is de-
focussed by the first gradient. The pulse phases are
chosen in such a way that as a consequence a fan of
water magnetization vectors lies in the XY-plane just
priar to the Gaussian flip-back pulse. This pulse, which
has phase —x, rotates this fan into the XZ-plane, The
water magnetization is thus only partially positioned
along the +z-axis. The remaining transverse water compo-
nent is subsequently defocussed by the second, third and
fourth gradient. This approach is expected to result in a
good solvent suppression, but it is not optimal for detect-
ing rapidly exchanging amide protons because only part
of the water magnetization vectors lies along the +z-axis
prior to acquisition.

Thanks to the flexibility in choosing both the ampli-
tudes and the positions of the second and third gradients
in pulse sequences 1C and 1D, these sequences can easily
be modified in such a way that the water magnetization
is no longer defocussed and is positioned along the +2-
axis at the start of acquisition. Such an optimized doubly
enhanced pulse sequence is shown in Fig. 1E. The second
gradient is now placed directly in front of the Gaussian
water flip-back pulse and is used to refocus the water
coherence, which was defocussed by the first gradient.
The Gaussian water flip-back pulse subsequently rotates
the refocussed water coherence to the +z-axis. The third
gradient can then be used to select the coherences of
interest by properly adjusting its amplitude. To select a
specific coherence pathway, the net phase resulting from
the gradients incorporated into the pulse sequence has to
be zero. We can use the former scheme (Eq. 14) with the
new prerequisite |g,|t, =|g|t, with s1 =-s2 to refocus the
water coherence. The amplitudes of the first, second and
last gradient can be set to fixed values, which then deter-
min¢ the amplitude of the third gradient: we choose s3
positive and |g,|t; = +{vu/t) 12117 + (Yult) 1841T: +- lgilT,.
Coherence pathway selection can now be obtained by
permuting the signs of the first, second and last gradients
as follows:

NN: s(+,—+.-) (16a)
NP: s(+,—,+,+) (16b)
PN: s(—,+,+,-) (l6c)

PP: s(—,++,+) (16d)

Note that for the NN and NP pathways {g,|T, =Hyu/vw) X
lgdt; + (hf ) |zt —lgifr, while for the PN and PP path-

ways |g:|T; = (/M) l&ilT1 + O ) |2l Ts + sl



Results and Discussion

With respect to the sensitivity of a 3D TOCSY-HSQC
experiment, two main aspects are expected to be of im-
portance: (i) the water suppression method, and (i1) the
enhancement resulting from the introduction of the COS-
CTs. To investigate how these aspects affect the sensitiv-
ity, we recorded a set of 2D planes corresponding to the
pulse sequences shown in Fig. 1. The ratios of the corre-
sponding cross-peak amplitudes of such 2D spectra give
the relative changes in the signal intensities and thereby
allow to establish the relative importance of the afore-
mentioned aspects.

Firstly, we consider the effect of the water suppression
method. Figure 2A shows the 'H-'H plane recorded using
the doubly enhanced sequence 1E without presaturation
(but with flip-back pulse). A similar plane, recorded using
the doubly enhanced pulse sequence 1D but with presatu-
ration, is shown in Fig. 2B. The comparison of Fig. 2A
with Fig. 2B directly demonstrates the drastic increase in
signal intensity, resulting from the combined effect of (i)
exclusion of presaturation and (ii) inclusion of the
Gaussian flip-back pulse. To estimate solely the effect of
presaturation, we recorded a 'H-'H spectrum without
presaturation (not shown), using the doubly enhanced
pulse sequence 1E from which the Gaussian flip-back
pulse has been removed, and compared it to the presatu-
rated spectrum shown in Fig. 2B (the Gaussian flip-back
pulse in the latter sequence causes dephasing of the water
magnetization for any setting of its pulse phase; see pre-
vious section). The ratios of the corresponding cross-peak
amplitudes are shown in the histogram in Fig. 3A. On
avoiding presaturation, an average improvement of a
factor of 1.47 is found for the cross-peak amplitudes in
the '"H-'H planes. Similarly, we found an average cross-
peak amplitude improvement of 1.38 for the "N-'H
planes (not shown) using the singly enhanced pulse se-
quence 1B either with or without presaturation (note that
both spectra were recorded with the phase of the
Gaussian pulse set to —x, so that no flip-back of the water
magnetization occurred). To estimate solely the effect of
the water flip-back pulse itself, a comparison was made
of the "H-"H planes (not shown) recorded using the dou-
bly enhanced sequence 1E, either with or without
Gaussian flip-back pulse (in both cases water presatura-
tion was avoided). The relative peak amplitudes of the
cross peaks in the two spectra are shown in the histogram
in Fig. 3B. Only a slight improvement in sensitivity of on
average a factor of 1.07 results from the inclusion of such
a water flip-back pulse. We can thus conclude that the
omission of presaturation significantly increases the sensi-
tivity, whereas the inclusion of a Gaussian flip-back pulse
only results in a slight improvement. The large effect of
the inclusion of presaturation is a result of transfer of
saturated magnetization from water protons to NH pro-
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tons. This exchange takes place during the whole relax-
ation delay period of 1 s. The effect of inclusion of a
Gaussian flip-back pulse without the use of presaturation
is small. The reason for this is that without a flip-back
pulse the defocussed water magnetization recovers rela-
tively quickly due to radiation damping (in about 300 to
500 ms). Consequently, the remaining time in the relax-
ation delay suffices for the NH magnetization to relax
back to the +z-axis.

Secondly, to investigate the effect of the reverse
eINEPT part, we compare the "N-'H plane recorded
using the singly enhanced sequence 1B with the one re-
corded employing the standard non-enhanced sequence
1A (using the "C-/""N-enriched flavodoxin sample). The
'N-"H planes are shown in Figs. 2C and 2D, respectively.
To correctly estimate the effect of single enhancement,
beth "N-'H planes were recorded with presaturation and
with a Gaussian flip-back pulse included, which has a
phase such that the water coherence is not returned to the
+z-axis. In Fig. 3C the histogram of the ratios of the
cross-peak amplitudes of the two spectra demonstrates
the effect of enhancement of the reverse INEPT part on
the TOCSY-HSQC experiment. As can be seen, the peak
amplitudes increase significantly on using the singly en-
hanced pulse sequence. The average enhancement factor
is 1.55. This factor is lower than the theoretically ex-
pected maximum of two. Note that in order to establish
the improvement in signal-to-noise ratio this factor of
1.55 should be divided by 2', since the noise in the singly
enhanced spectrum is a factor of 2'* higher than in the
standard spectrum, as discussed before.

Thirdly, to investigate the effect of enhancement of the
TOCSY-INEPT part on the TOCSY-HSQC experiment
we compared 'H-'H planes recorded using the doubly en-
hanced sequence 1D and the singly enhanced sequence
1B, respectively (with the “N-enriched flavodoxin sam-
ple). Both spectra were recorded with presaturation to
ensure a correct comparison. The obtained "H-'H spectra
are shown in Figs. 2F and 2E, respectively. The ratios of
the cross-peak amplitudes of the doubly enhanced spec-
trum and of the singly enhanced spectrum are shown in
Fig. 3D. Apgain, a significant increase in signal intensity
of on average 1.78 is found.

Thus, replacing the TOCSY-INEPT sequence and the
reverse INEPT sequence by their enhanced counterparts
which include gradients leads to signal enhancements of
1.78 and 1.55, respectively. At first sight it seems not
surprising that both values are lower than the theoretical-
ly expected factor of 2, since the enhanced pulse se-
quences are slightly longer and contain more pulses. The
lower value of 1.55 obtained for the C-/"*N-enriched
flavodoxin sample as compared to the value of 1.78 ob-
tained for the "N-enriched sample is consistent with the
idea that smaller T2 values (in the doubly enriched sam-
ple) will lead to an increased signal loss.
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Fig. 3. Histograms of the relative cross-peak amplitudes (I over II), demonstrating the effects of several factors on the signal enhancement of the
TOCSY-HSQC experiment. The height of each bar represents the number of residues with the indicated relative cross-peak amplitude. The arrows
indicate the average enhancements obtained. (A) The effect of presaturation: sequence 1E without presaturation and without flip-back pulse (I}
is compared to sequence [ D with presaturation (IT); both sequences were used to acquire "H-'H planes. (B) The effect of introducing a Gaussian
water flip-back pulse: a comparison of sequence 1E with (I) and without (I1} Gaussian flip-back pulse. 'H-"H planes were acquired. Both spectra
were recorded without presaturation. (C) The effect of enhancement of the reverse INEPT part: the singly enhanced sequence 1B (I) is compared
with the standard non-enhanced sequence 1A (IT); “*N-"H planes were acquired. Both spectra were recorded with presaturation. (D) The effect of
enhancement of the TOCSY-INEPT part: the doubly enhanced sequence 1D (I) is compared with the singly enhanced sequence 1B (II); 'H-'H
planes were acquired. Both planes were recorded with presaturation. (E) The effect of enhancement of the TOCSY-INEPT part under exclusion
of potential gradient effects (see text): the doubly enhanced sequence 1D (I) is compared with the singly enhanced sequence 1C (IT); 'H-'"H planes
were acquired. Both planes wete recorded with presaturation. (F} The effect of the mere inclusion of gradients for coherence pathway selection:
the singly enhanced sequence | C (1) is compared with the singly enhanced sequence 1B (1I); 'H-"H planes were acquired. Both planes were recorded
with presaturation. For (A), (B} and (C) a uniformly *C-/*N-enriched flavodoxin sample was used, and for (D), (E) and (F) a uniformly '*N-
enriched flavodoxin sample,
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Fig. 4. One-dimensional slices through (A) F2=127.4 ppm and F3=1527 ppm and (B) F2 = 128.6 ppm and F3 =870 ppm of the 3D doubly
enhanced TOCSY-HSQC spectrum obtained with sequence 1D, A 3 mM uniformly “N-labeled flavodoxin sample was used.

To exclude the potential effect of the introduction of
gradients on the enhancement obtained by replacing the
TOCSY-INEPT part by eTOCSY-cINEPT, we recorded
a '"H-"H plane with pulse sequence 1C and compared its
cross-peak amplitudes with those of the 'H-'H spectrum
recorded with sequence 1D (Fig. 2F, using the "“N-en-
riched flavedoxin sampie). Since the pulse sequences only
differ by the replacement of the TOCSY-INEPT sequence
(sequence 1C) by an ¢TOCSY-¢INEPT scquence (sc-
quence 1D), a theoretical signal enhancement of a factor
of 2 is expected. In Fig. 3E the ratios of the cross-peak
amplitudes are shown. Indeed, now an enhancement
factor of nearly 2 is observed for the majority of the NH
protons (on average a factor of 1.87). This demonstrates
that the loss in signal intensity due to the presence of
additional pulses and to an increase of the total duration
of the pulse sequence is rather limited for the "N-en-
riched sample of this relatively large protein. It also sug-
gests that the mere inclusion of gradients for coherence
pathway selection leads to a reduction in signal intensity.
That the latter is true follows from Fig. 3F, in which the
histogram is shown of the ratios of the cross-peak ampii-
tudes obtained with pulse sequence 1C to those obtained
with pulse sequence 1B. Indeed, a slight but significant
decrease of on average 0.92 is observed. Thus, the mere
inclusion of gradients for coherence pathway selection

leads to a signal loss of about 8%. The previously dis-
cussed single enhancement factors of 1.55 for the
¢TOCSY-¢INEPT part and of 1.78 for the reverse
eINEPT part for the “C-/""N-enriched and for the ""N-
enriched flavodoxin samples, respectively, are lower than
the theoretically expected maximum of 2. We now know
that these lower values are not only due to the lengthen-
ing of the pulse sequences, but that they are also partly
caused by the inclusion of gradients.

The overall gain in signal intensity on using the doubly
enhanced TOCSY-HSQC sequence (1E) as compared to
the standard sequence (1A) can therefore be estimated to
be 498 (=1.78+*1.78 »1.47* 1.07) and 3.78 (=1.55% 1.55
*1.47 % 1.07) for the *N- and PC-/"*N-enriched flavodoxin
samples, respectively. To obtain the corresponding signal-
to-noise improvements, the gain should be divided by 2.
This gives overall signal-to-noise enhancements of 2.49
and 1.89, respectively.

Finally, a high-quality 3D spectrum is obtained, as
can be inferred from the two slices shown in Figs. 4A
and 4B,

Conclusions

We have presented pulse sequences for singly and
doubly enhanced 3D TOCSY-HSQC experiments and
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demonstrated their application on both "*C-/""N- and "*N-
enriched samples of the relatively large (179 amino acid
residues) protein flavodoxin. Good artifact and seolvent
suppression is observed. The singly and doubly enhanced
3D TOCSY-HSQC pulse sequences can be set up in such
a way that (i) presaturation is avoided and (ii) the water
magnetization vector is not defocussed by the gradients
and lies along the +z-axis just prior to the start of acquisi-
tion. This provides optimal sensitivity for rapidly ex-
changing NH protons. The net overall improvement in
signal-to-noise ratio with respect to the standard sequence
is 2.49 for the doubly enhanced version of the pulse se-
quence using a ""N-enriched flavodoxin sample. A signifi-
cant part of this total improvement, namely a factor of
1.47, stems from the elimination of water presaturation.
Hence, the net overall gain in signal-to-noise ratio result-
ing from the double enhancement procedure as compared
to the standard sequence is 1.38, when excluding the
effect of water presaturation and of the flip-back pulse.
This value should be compared to the theoretical maxi-
mum enhancement of 2. We found that the lower value
of 1.58 is partly due to the incorporation of gradients,
since introduction of the enhanced coherence transfer
sequence alone does give an enhancement close to the
theoretically expected value.
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