JOURNAL OF MAGNETIC RESONANCE, Series B 104, 193-198 (1994)

Improvements in HSMQC-Type Double- and Triple-Resonance NMR
Experiments by Using Full-Sweep (Semi-)Constant-Time Shift Labeling
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In efforts to enhance the sensitivity or resolution of het-
eronuclear correlation experiments, progress has been made
in overlapping chemical-shift labeling periods with scalar-
evolution periods. Grzesiek and Bax (/) as well as Logan et
al. (2) have introduced such overlapping periods to shorten
the duration of transverse relaxation in INEPT transfer steps
by (2J)~!, dubbed semiconstant-time or shared incremen-
tation times. In other progress in overlapping evolution pe-
riods, Madsen and Serensen (3) demonstrated a method of
doubling the resolution in constant-time dimensions of “out-
and-back™ triple-resonance experiments. The method
amounts to letting the “transfer” from an I spin, measured
in the constant-time period, to an S spin be of the HMQC
type and then using the chemical-shift evolution during both
the defocusing and refocusing periods. We refer to this
method as full-sweep constant time (FCT). Vuister and Bax
(4) demonstrated a variation of this method which requires
an additional w pulse on I as well as one on S, which we
refer to as double constant time. A synthesis of semiconstant
time and double constant time was recently proposed but
not demonstrated (5).

In many experiments edited with a heterospin S, HSQC-
type transfers are preferred over HMQC transfers since
HSQC gives better lineshapes for the S spin because it is not
affected by the passive couplings to the I spin or because
single-quantum S magnetization relaxes more favorably.
However, the methods for doubling of resolution in the con-
stant-time dimension by utilizing both the dephasing and
the rephasing periods cannot be used with the HSQC-type
experiments. The HSMQC represents a compromise in that
it constructs a linear combination of multiple- and single-
quantum coherence with a lineshape improved over that of
the HMQC (6). Furthermore, HSMQC uses fewer RF pulses
than HSQC. We demonstrate that the methods of doubling
resolution can be used with HSMQC versions of “out-and-
back”-style triple-resonance experiments. Further, we dem-
onstrate full-sweep semiconstant-time periods in labeling 'H
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chemical shift in H(S)MQC-NOESY resulting in a line nar-
rowing from a total time savings of nearly 1/J.

A brief product-operator description for an HSMQC block
with a full-sweep, semiconstant-time period (FSCT) refers
to Fig. 1. As of point A, assuming that 12 — ¢® + ¢S = (2Ji5) ',
I, has dephased with respect to S with these terms present:

—21.S.cos (13 + 15 — 15) + 21, S.sin Q15 + 15 — 15).

(1]

At point B, the relevant multiple- and single-quantum terms
are, respectively,
[21,\‘Sycos Ql(t? + [ll’ = 11)

+ 21.S,sin (25 + 15 — 15)]cos Qgt,. [2]
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FIG. 1. Pulse sequence of the HSMQC-NOESY using full-sweep sem-
iconstant-time measurement of 'H chemical shift. The phase cycle is ¢, =
X, X, =X, =X 02 = X, =X, 3 = 4(X), 4(¥); ds = 4(X), 4()); ¢5s = 4(—x),
4(—y); 6 = 8(x), [8(¥)]; ¢7 = x; and receiver = x, —x, —x, x, —X, X,
x.—x,[y,—y, =y, ¥, =y, ¥, y,—y], where the optional step for quadrature
image suppression is bracketed. States quadrature ( /2) is applied to ¢, and
States-TPPI (/3) is applied to ¢,. Optional gradient pulses and optional
composite 7 pulse during 7, used for the sample in 'H,O are hatched.
Length and magnitude of z gradient pulses were G, = 100 us, 8 G/cm; and
Gy = 3 ms, 12 G/cm. In the absence of pulsed field gradients, ¢s = x; ¢,
= 8(x), 8(»). 8(—x), 8(—y); and receiver = x, —x, —x, x, 2[—x, X, X,
—-x1,2[x, —x, —x, x], 2[-x, x, x, —x], x, — X, — X, X.
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FIG. 2.

SN HSMQC-NOESY spectrum acquired in full-sweep semiconstant-time (FSCT) fashion in 29.5 hours each on 1.8 mM E. coli flavodoxin,

5% D,0. 20 m M protonated Tris- HCI, pH 8.0, 25°C. The spectrum was acquired on a Bruker AMX-500 equipped with a Bruker GRASP unit and
triple-resonance probe. The NOE mixing time, 7, was 100 ms. Presaturation of the water with an RF field strength of 6 Hz was performed. The optional
16-step phase cycle, composite = pulse, and gradient pulses during 7, described in the legend to Fig. 1 were used. During ¢,, 192 complex points were
collected using a spectral width of 6760 Hz. The following delays were used: 13(0) = 265 us, 15(0) = 4.865 ms, r = 4.6 ms, {(N) = 200 ps. Time-domain
convolution of the water frequency was performed (/4). A squared sine bell, shifted 45°, was applied in r,. The data were zero filled for digital resolutions

of 6.6 and 3.3 Hz/point in the directly and indirectly detected dimensions, respectively. The ridge at 3.8 ppm is due to the protonated Tris.

If r = (2Jis) "' is assumed, at point C, scalar refocusing has
occurred:
{cos (e3 + 5 —15)[,cos U7 — I,sin Q7]
(multiple-quantum path)
—sin (23 + 1% — 15)[1,.cos r + I sin 7] } cos Qs
(single-quantum path). [3]
If relaxation during ¢, and multiplicity were identical for the
multiple- and single-quantum pathways, the above expres-
sion would immediately simplify to
[,cos (5 + 12— 1t5+7)

— Lsin Q13 + (% — 1§ + 7)]cos Qgts. [4]

As this is generally not the case, a second transient with
orthogonal phases for ¢;, ¢4, and ¢ (see the legend to Fig.
1) is needed to account for these differences (6). This phase
shift results in the interchange of the single- and multiple-
quantum pathways and the relevant terms at point B are

—~[21.S,cos (13 + 1% — %)
+ 21,S,sin @(13 + 1§ — 15)]cos Qst,. [5]

The subsequent terms at point C originating from this co-
herence are the negation of the terms listed in expression
[3]. By subtracting the two transients, the modulation in
expression [4] is obtained. Thus, the chemical shift of spin
I evolves throughout f; = ¢3 + % — t$ + 7, independent
Of tz.

The experiment is carried out with the following delays
and increments. The initial values of the delays are ¢3(0) =
duration of G, gradient delays plus the length of the = pulse
on S; r7(0) = 0; £§(0) < (2Jis) '; and 7 = 1§(0) — 13(0) —
48199-/ w, where O199- is the width of the pulse on I with a
w /2 flip angle. The total acquisition time in ¢, is

AT, = 1H(N) + (}(N) — §(N) + 7 = (N = 1)/SW,,

where the spectral width in #;, SW,, equals (Az3 + Az} —
Ar$)™', and N is the number of complex points acquired.
With ({(N) = 13(0) + (N — 1)A¢4, one finds the incre-
ments
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F1G. 3. lllustration of the line-narrowing effect in HSMQC-NQESY
using full-sweep semiconstant time. B and D from the spectrum in Figure
2 are compared with A and C from a conventional HSMQC-NOESY (/5)
acquired with the same relevant parameters. A and B were taken at —0.69
ppm while C and D were taken at 6.20 ppm, from uncrowded regions of
the spectrum as indicated in Fig. 2.

Ard = I[N = 1)/SW, 1+ (2J5) !
— 7= 203(0)}/[2(N - D],

At = {[(N = 1)/SW,] = (2Ji5) ™"
+209(N) = 7}H/[2(N - D],

Ar§ = [17(N) = t5(0)]/(N = 1),

where 1§(N) is the length of gradient G, typically ~ 100 us
for the gradient pulse and ~ 100 us for gating it on and off.

Figure 2 illustrates that the FSCT-HSMQC-NOESY se-
quence described in Fig. 1 gives rise to clean spectra of 1.8
mM Escherichia coli flavodoxin at 500 MHz. Artifacts in
this data potentially arise from the nonideality of the trav-
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eling 'H = pulse. These artifacts can be suppressed by either
employing the pulsed field gradients shown or by applying
Exorcycle ( 7) to this = pulse. As of the Nth point in ¢, the
duration of the pulse sequence is shorter by 1/J)s than a
conventional sequence without overlapping ¢, period. In
practice, the gains are perhaps about 0.85/.Jis as defocusing
and refocusing delays are optimized to minimize effects of
relaxation. This gives rise to an apparent decrease in the
rate of relaxation during 7, of by a factor of about (AT, —
0.85/Jis)/AT,. Another small advantage is that the ho-
monuclear Jy; coupling also evolves for 0.85/Js less time.
Columns along F| show the narrowing in FSCT-HSMQC-
NOESY (Figs. 3B and 3D) relative to the conventional
spectrum (Figs. 3A and 3C). Relative line narrowing more
dramatic than this can be obtained when shorter 'H ¢, ac-
quisition times, approaching 1/Js, are used, e.g., in 4D
isotope-edited NOESY experiments. As seen in Fig. 3, a
sensitivity enhancement is realized by the FSCT-HSMQC-
NOESY experiment over the conventional '’N HSMQC-
NOESY experiment.

The linewidth advantages can also be obtained using dou-
ble semiconstant time (DSCT), proposed recently for
HMQC-type experiments (5). However, the DSCT approach
introduces three additional = pulses relative to the conven-
tional experiment, which we have found to be particularly
problematic. First of all, the imperfections of the additional
7 pulses reduce the sensitivity of DSCT-H(S)MQC-NOESY.
Second, the additional pair of incremented = pulses in the
DSCT approach introduces more artifacts to be suppressed
by PFGs or more extensive phase cycling. Where pulsed field
gradients are not available, the FSCT-HSMQC-NOESY can
be implemented by using a 32-step phase cycle as indicated
in the legend to Fig. 1. For the DSCT version without gra-
dients, Exorcycle is needed on both traveling 'H 7 pulses
for an impracticable 128 steps.

The overlap methods FSCT-H(S)MQC and DSCT-
H(S)MQC do not permit the use of field gradients in zz
filters for solvent suppression, as is possible in HSQC. This
limitation is irrelevant for 3D or 4D '3C-edited NOESY and
for 4D '*C/'®N NOESY. When FSCT is implemented in
13C editing, the one additional 'H = pulse may cause some
sensitivity loss, offsetting gains from the line narrowing. Very
attractive applications of full-sweep HSMQC methods exist
in out-and-back-style triple-resonance experiments, where a
pair of = pulses is actually removed from the sequence, as
discussed below.

The 4D HNCAHA experiment (8, ¢) suffers from se-
verely limited resolution in the constant-time 'C* di-
mension. If the HSQC transfer between '*C® and 'H* were
changed to an HMQC, the method of Madsen and Seren-
sen (3) could be applied 10 obtain twofold more resolution.
However, Boucher ¢t al. ( 9) showed that the HSQC version
gives a clearly better lineshape in the '"H* dimension (and
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FIG. 4. Puise sequence of the HNCAHA experiment with full-sweep constant-time measurement of '*C? chemical shift during an HSMQC transfer
between *C~ and 'He. Narrow and wide pulses represent 7 /2 and = flip angles, respectively. The first and last 'SN 7 pulses were composite. Unlabeled

pulses are applied along the x axis. The phase cyclingis ¢, = x, x, —x, =X, ¢, = X; P35 = X, =X ¢hy =
—x, X, x, —x. States-TPPI quadrature (13) is applied to ¢,, ¢,, and ¢;. Delays were 7, = 2.3 ms; 7, = 54 ms; 7y = 12

and receiver = x, —x, — X, X,

4(x), 4(¥)i ¢s = 4(x), 4(1): @6 = 4(—x), 4(—y);

ms; T¢ = 3.2 ms. The spin-lock pulse (/6) was | ms long. The durations and strengths of the gradients along the z axis were G, = 1.25 ms, 10 G/cm; G,
=2ms, 12 G/cm; Gy = 1.35 ms, 13 G/cm. A radiofrequency field strength of about 300 Hz was used to decouple the '3C == O spectrum with WALTZ-

16 (17). No water presaturation was applied.

thus better sensitivity ) than the HMQC version due to the
effect of the passive Jc,4 coupling on the latter. Employing
the HSMQC transfer instead, much of the linewidth and
sensitivity advantage of the HSQC version can be recov-
ered. Using the method of full-sweep, constant time (FCT)
in HSMQC described above, we can achieve a dramatic
twofold resolution enhancement in the '*C* dimension
(Fig. 5) while keeping the total delay time in the pulse
sequence the same (Fig. 4). The phase cycle must be
shortened from the published 16-step cycle in order to
take advantage of the twofold resolution gain in the '*C*
dimension. Use of the spin-lock pulse, first pair of gradient
pulses, and first zz filter with gradient allows removal of
the inversion of the first (or second) 'H = /2 pulse ordi-
narily used for suppression of axial magnetization (70).
Using the resulting eight-step phase cycle with the pulsed
field gradients shown in Fig. 4, artifact and water suppres-
sion are excellent. The resolution gain in the '*C dimension
from acquiring twofold more points is clear in Fig. 5.
However, one anticipates line-broadening effects in the
'H2 dimension because of an admixture of '*C*, '"H* mul-
tiple-quantum coherence into the 'H* single-quantum co-
herence. Fortunately, the effect upon 'H* lineshape is mi-

nor as documented by a comparison of vectors from the
HSQC (Fig. 6A) and revised HSMQC (Fig. 6B) versions
of the HNCAHA. The FCT-HSMQC modification of the
HNCAHA experiment makes possible good resolution in
the '*C* dimension without sacrificing resolution in the
other dimensions. The use of “‘mirror-image” linear ex-
tension (/1) in the *°N and '*C dimensions should make
the resolution in this 4D experiment quite adequate for
assignment purposes.

In summary, applications for overlapping chemical-
shift evolution periods with both the defocusing and re-
focusing scalar-evolution periods of H(S)MQC editing
steps have been extended. The method of doubling reso-
lution in constant-time periods ( 3) can be applied not only
to HMQC-style but also to HSMQC-style labeling of het-
eronuclei, permitting a lineshape advantage in some ex-
periments. The technique has been adapted to semicon-
stant-time periods, bringing about 'H line narrowing in
experiments such as HSMQC-NQESY. Compared with
the approach of sweeping two pairs of = pulses (4, 5), the
full sweep of a single pair of = pulses generates fewer ar-
tifacts to be suppressed by gradients or Exorcycle phase
cycling.
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FIG. 5. Comparison of the *C* resolution obtainable from (A) the HNCAHA experiment previously described (8), which uses a conventional
constant-time period with an HSQC transfer between '*C* and 'H*®, and from (B) the FCT-HNCAHA experiment described in the legend to Fig. 4, which
utilizes full-sweep constant-time shift labeling during the HSMQC transfer between '*C* and 'H. The parameters of the pulse sequence used to collect
spectrum A were the same as those listed in the legend to Fig. 4 but ¢, = 4(x), 4(—x); by = J; s = X} g = ¥, and an additional pair of = pulses at '*C*
and 'H“ frequencies were of course applied during the refocusing period of the HSQC transfer. The spectra were acquired on a Bruker AMX-500 equipped
with a fourth channel described previously ( /8), pulsed field gradients, and a triple-resonance probe. A and B are skyline projections of 3D spectra of 1
m M T4 lysozyme, 30°C, in which 'H", C*, and '"H* frequencies were measured. Using a '3C* spectral width of 3760 Hz, 12 complex points were
collected for spectrum A and 24 complex points were collected for spectrum B. In the *C* dimension, a 60°-shifted squared sine bell was applied and
zero filling used for a digital resolution of 29.4 Hz per point. No linear prediction was used. Over a 'H" spectral width of 1890 Hz, 32 complex points
were collected and a Kaiser window was applied. Total acquisition time was 23.5 hours each using 48 scans per FID for A and 24 scans per FID for B.
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FIG. 6. Comparison of the 'H” lineshape in the spectra in Figs. 5A and
5B. A vector along the 'H* dimension through the peak indicated in Fig.
5B was taken through the intraresidue peaks of Phe 114 and Asn 114 of the
HSQC-type spectrum (A) and of the revised FCT-HSMQC-type spectrum
(B).
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