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One of the most challenging problems for the NMR struc-
ture determination of helical proteinsis the tendency for the
protein core to be made up of aiphatic side chains. The
assignment of NOEs between the methyl groups of side
chains such as leucine, isoleucine, and valine is often crucial
for the precise determination of interhelical angles and the
orientation of side chains packed in the core (1-3). The
proton chemical shifts of methyl groups are not well dis-
persed, and it is usually necessary to use **C labeling and
3D **C-edited NOESY spectra to assign these NOEs (4).
The resolution in all three dimensions of these spectra must
be as high as possible to resolve the methyl—methyl NOEsS,
and although areduced *3C spectral width improves the reso-
lution in this dimension, one of the *H dimensionsis usually
poorly resolved. The low resolution in theindirect *H dimen-
sion, combined with the potential overlap of nonmethyl reso-
nances in the *C dimension, make the assignment of the
methyl —methyl NOEs a problem.

One protein whose spectra have particularly poorly re-
solved methyl resonances is interleukin 2 (IL-2) (5, 6). IL-
2 is a member of the four-helix bundle family of cytokines
and plays a crucial role in the immune response. A mutant
of IL-2 used in these studies contains 21 Leu, 4 Val, 9 lle,
and 14 Thr residues which could give rise to a total of 82
methyl groups which are expected to resonate within 10 ppm
in the C dimension and 0.75 ppm in the *H dimension.
The majority of these methyl groups are packed together in
the hydrophobic core of the protein with relatively few aro-
matic side chains to disperse their chemical shifts. Three-
dimensional *C NOESY —-HSQC spectra were useful for
assigning NOEs between methyl groups in the IL-2 core,
but the resolution in this spectrum was still not sufficient to
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distinguish all the cross peaks of interest. There are two
reasons for the lack of resolution in these spectra: the resolu-
tion is limited due to the small number of data points that
can be acquired within the available experiment time, and
13C—-13C couplings are present in the **C dimension. One
solution to both of these problems is the use of a HQQC-
filtered 3D experiment (7) such as HQQC—NOESY.

The original HQQC (8, 9) experiment uses a DEPT (10)-
type transfer to generate heteronuclear quadruple-quantum
coherence, which is allowed to evolve under the carbon
chemical shifts before being transferred back to the protons
where the magnetization is detected; the pulse sequence is
shown in Fig. 1a. The phase cycle selects heteronuclear qua-
druple-quantum coherence during the evolution time, t;, en-
suring only methyl groups are present in the final spectrum.
This alows the use of narrow spectral widths in both the
proton and carbon dimensions, enabling the acquisition of
high-resolution spectra in a reasonable time. However, for
uniformly labeled proteins, the resolution in the carbon di-
mension is reduced due to the presence of unresolved split-
tings caused by the evolution of the *C—**C couplings.
Thus, the resolution of the HQQC experiment could be im-
proved by removing the modulation due to these couplings,
using the constant-time approach (11, 12).

The simplest way to improve the resolution in the carbon
dimension is to monitor the **C chemical shift during a
constant time delay. Figure 1b shows a simple constant-
time HQQC experiment in which the t; evolution time of
the HQQC experiment has been made into a constant-time
period. The intensity at the start of acquisition can be ex-
pressed as

cos(Qcty)sin[ Iy A)cos(mlec(ct + 2A)],  [a]
where Q) is the carbon offset, Joy and Jec are the proton—
carbon and carbon—carbon coupling constants, respectively.
Since the signa intensity is not modulated by Jec during
the t; evolution time, the resulting HQQC spectrum will not
contain splittings due to this coupling. In this simple con-
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FIG. 1. Pulse sequences showing (a) the HQQC experiment, (b) the
simple constant-time HQQC experiment, and (c) the new constant-time
HQQC experiment respectively. Pulses with anominal flip angle of 90° are
shown in black, 7 pulses are shown in white. In the constant-time experi-
ments, the arrows are used to indicate the direction in which the pulses are
shifted as t; is incremented; the A delay was set to 4 ms. All unlabeled
pulses were applied with phase x. The phase cycle used in these experiments
was ¢, {0, 60, 120, 180, 240, 300}, ¢, {6(x), 6(—x)}, and receiver
{2(0, 120, 240), 2(180, 300, 60)} . Frequency discrimination in F; was
achieved by incrementing ¢ in accordance with the States—TPPI procedure.

stant-time HQQC experiment, the proton—carbon couplings
will not evolve during the constant-time period since the
desired magnetization is present as heteronuclear quadruple-
guantum coherence.

The simple HQQC experiment has two disadvantages: (i)
the length of the experiment has been increased compared
to the non-constant-time version causing a loss in sensitivity
due to relaxation, and (ii) the intensity of the final signal
has an inconvenient dependence on the length of the con-
stant-time period. Assuming a carbon—carbon coupling of
35 Hz and ignoring relaxation, the signal intensity will be
a minimum when ct = 6.3 ms and a maximum when ct =
20.6 ms. To obtain reasonable resolution, ct should be in
the region of 8—12 mswhich, unfortunately, fallsfairly close
to the intensity minimum. In practice, for our IL-2 sample,
the best intensities were observed using a constant-time pe-
riod in the range 13—14 ms. A constant-time period on this
order means that large losses in sensitivity occur due to

COMMUNICATIONS

relaxation, making the experiment rather insensitive. Figure
2 shows dlices taken from an HQQC spectrum (2a, 2c)
and a simple constant-time HQQC spectrum (2b, 2d), both
recorded using a maximum value of t;, t; ., Of 14 ms.
From these spectra, it is clear that the simple constant-time
experiment does indeed provide higher resolution, but the
loss in sensitivity is unacceptable.

An alternative method for monitoring the carbon offsets
during a constant-time delay is to use the delays required
for transferring magnetization from proton to carbon as con-
stant-time evolution periods. An implementation of thisidea
isshownin Fig. 1c. In the new constant-time HQQC experi-
ment, the second and third A delays are used as a constant-
time period in which the **C offset is monitored. Both the
first and the second pairs of 180° pulses must be shifted
through the appropriate A delays to enable the **C offsets
to be monitored while still refocusing the evolution of the
proton chemical shifts. The signal intensity at the start of
acquisition depends on

cos(cty)SiN® (7 IcpA) cos(m Iec2A) [b]
which shows that the signal intensity is not modulated by
the carbon—carbon couplings during t;. The new experiment
should thus show better resolution than the non-constant-
time version, and it should also be more sensitive since it
is shorter when t; > 0.
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FIG. 2. Strips taken from HQQC spectra recorded on IL-2 using (a,
c¢) the non-constant-time experiment and (b, d) the simple constant-time
experiment. The higher resolution exhibited by traces (b, d) is readily
apparent. The poor sensitivity of the simple constant-time experiment is
illustrated by the lines marked on traces (&, ¢) which indicate the intensities
of the corresponding peaks from the non-constant-time experiments shown
in traces (b, d), respectively.
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FIG. 3. Plots showing the signa intensity from a one-dimensiona
HQQC spectrum acquired using the new constant-time sequence with differ-
ent values of the A delay. (a) shows data acquired using the GFL peptide
and (b) shows data acquired using a core residue of IL-2. The transfer
function, Eq. [b], has been fitted to the data using Joc = 35 Hz and Jcy
= 123 Hz. For convenience, the relaxation behavior during the A delay
has been modeled using a single exponential decay with a fitted relaxation
rate of 30 and 60 Hz for the GFL and IL-2 data, respectively. Although
the loss of signal due to relaxation during the A delays is expected to have
amultiexponentia form, the single-exponential form workswell in practice.

The value of t; in the new constant-time experiment is
limited to 2A which somewhat restricts the choice of t;
since the signal intensity depends strongly on the choice of
A as shown in Eqg. [b]. Increasing A with the aim of ob-
taining higher resolution results in dramatic losses in sensi-
tivity. Intensities of peaks from one-dimensiona HQQC
spectraof the so-called GFL peptide sample, an eight-residue
peptide with the sequence Y GGFLRRI in which the segment
GFL is uniformly labeled with **N and **C, and the IL-2
sample are shown in Fig. 3. These plots show that values
of A which differ from (2n — 1)/2Jc4, Where nisan integer,
result in large sensitivity losses. If the resolution require-
ments dictate that t; . Mmust be larger than 10 ms then, to
obtain optimal sensitivity, A should be set about 12 ms,
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allowing for the use of any value of t; . Up to 24 ms. Figure
4 shows HQQC spectra of IL-2 acquired using the new
constant-time sequence with A set to 4, 5, and 12 ms. The
spectrum recorded with A set to 12 ms shows significant
losses in sensitivity for the less mobile residues, although at
a sufficiently low contour level all cross peaks are visible.
This suggests that spectra recorded using long values of A
will generally only be useful for small proteins or concen-
trated samples of larger proteins. It should be noted, how-
ever, that the sensitivity of the new constant-time experiment
with A set to 12 ms is higher than the sensitivity of the
simple constant-time experiment for all values of ct between
8 and 20 ms; clearly, the new experiment is the better method
for recording constant-time HQQC spectra.

The improvement in resolution obtained using the new
constant-time experiment can be seen in Fig. 5. This figure
shows cross sections taken from HQQC spectra recorded
using both the old HQQC sequence, lower traces, and the
new constant-time HQQC sequence, upper traces, on a sam-
ple of the GFL peptide. Figure 5a displays cross sections
from spectra recorded using a value of t; . of 8 ms. The
improved resolution and sensitivity is evident from these
spectra. Figure 5b contains the same cross sections taken
from spectra processed with t; . extended to 16 ms (for
the old experiment, this was achieved by increasing the ac-
quisition timein t; and for the new constant-time experiment
by using mirror-image linear prediction). The improvement
in resolution for the new experiment is even more evident
from these traces.

The improved resolution of the new constant-time HQQC
spectrum is also illustrated using spectra of IL-2 in Fig. 6.
The HQQC spectrum acquired using the old sequence is
shown in Fig. 6a and the spectrum acquired using the new
sequence is shown in Fig. 6b. Both spectra have been pro-
cessed using a value of t; . Of 16 ms and have been plotted
at the same level. Although contour plots do not give a
guantitatively accurate picture of resolution, it is quite clear
from this diagram that the new constant-time experiment
provides significantly better resolution than the old experi-
ment. The resolution in the new constant-time experiment
is certainly sufficient to resolve most of the methyl —methyl
NOEsfor this protein using a constant-time HQQC—NOESY
experiment.

The HQQC experiment mani pulates magnetization which
originates on the methyl protons, making it possible to sup-
press the water signal using presaturation without sustaining
unacceptable losses in sengitivity. Although the methyl pro-
ton signals are well separated from the water resonance,
presaturation can still reduce the sensitivity of the HQQC
experiments as a result of spin diffusion from protons with
similar chemical shifts to the water (13). An aternative
method of water suppression is to use a gradient-selective
pulse combination, such as Watergate or the double-gradi-
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FIG. 4. HQQC spectra of IL-2 recorded using the new constant-time HQQC sequence with A set to (a) 4, (b) 5, and (c) 12 ms. All spectra have
been acquired using a value of t; . of 8 ms and have been processed identically. The loss in sensitivity associated with increasing A is apparent;

however, it should be noted that at a lower contour level in spectrum (c) all

ent-echo method, to dephase the water signal (14, 15). The
HQQC spectrum of IL-2 showed a loss in sensitivity of
approximately 20% when presaturation was used for water
suppression. There was no noticeable improvement in sensi-
tivity when the gradient-sel ective-pul se methods were used
for water suppression. Although these methods do not satu-
rate the apha protons during the recycle delay, they do
lengthen the experiment, and hence sensitivity losses can
result from relaxation during the time required for the gradi-
ent and selective pulses. Consequently, we chose to use
presaturation for water suppression because it is easier to
implement.

cross peaks are visible.

The new constant-time HQQC pulse sequence is quite
sensitive to imperfectionsin the **C 180° pulses. Such imper-
fections can introduce unwanted signals into the HQQC
spectrum, which may need to be suppressed (16, 17). If the
carbon pulses have been calibrated correctly and if the car-
bon transmitter is placed in the methyl region of the spec-
trum, these unwanted signals should be small. They can,
however, be removed completely by adding a pair of weak
gradient pulses around both the carbon 180° pulses in the
constant-time evolution periods. The addition of gradient
pulses in the constant-time period will have the effect of
reducing slightly the achievable resolution, if A isunaltered,
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FIG. 5. Slices taken from an HQQC spectrum acquired using the old pulse sequence, lower trace, and the new HQQC pulse sequence, upper trace,

using the GFL peptide sample. (a) shows the data acquired with a t; ., Of 8

ms, while (b) shows the data acquired using a t; ms Of 16 ms, lower trace,

and data extended to at; . Of 16 ms using mirror image linear prediction, upper trace. The higher resolution and sensitivity of the new experiment is
apparent from (a). The improvement in the resolution of the new experiment is more marked in (b) where the limiting resolution has been increased.
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FIG. 6. HQQC spectraof IL-2 acquired using (&) the old HQQC pulse sequence and (b) the new constant-time HQQC pulse sequence. Both spectra
use a tymx Of 16 ms which has been achieved in (b) by using mirror image linear prediction and in (&) by acquiring additional pointsin t;.

or reducing sightly the sensitivity if A isincreased to allow
for the time required for the gradient pulses. If short (60
us) gradient pulses are used, the losses in sensitivity or
achievable resolution are small.

Data were collected using homebuilt spectrometers op-
erating at *H frequencies of 600 and 750 MHz, at atempera-
ture of 30°C. The sample of the IL-2 mutant was dissolved
in 450 ul H,O and 50 ul of D,O. The GFL peptide was
obtained from Cambridge |sotopes dissolved in DM SO-ds.
When presaturation was used for water suppression, a 104
Hz RF field was applied at the water frequency during the
recycle delay. The field strengths used for the high power
'H and **C pulses were 20 and 12.8 kHz, respectively. De-
coupling of *C was achieved using the GARP sequence
(18) with adecoupling field strength of 2.5 kHz. The proton
transmitter was shifted from the water resonance, after pre-
saturation, to the middle of the methyl—proton region (1.08
ppm); the carbon transmitter was positioned at 20.3 ppm.
The HQQC spectra of the GFL peptide were acquired at 600
MHz using spectral widths of 7500 and 10,000 Hz in F, and
F., respectively. The **C transmitter was positioned at 26.3
ppm in these spectra. The HQQC spectra of 1L-2 were ac-
quired at 750 MHz using spectral widths of 4149 and 12,500
Hz in F, and F,, respectively; the **C transmitter was posi-
tioned at 20.3 ppm. Data were processed using a mild
Gaussian window function in F, and a Kaiser apodization
function in F;.
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