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Abstract

The SOFAST-HMQC experiment [P. Schanda, B. Brutscher, Very fast two-dimensional NMR spectroscopy for real-time investiga-
tion of dynamic events in proteins on the time scale of seconds, J. Am. Chem. Soc. 127 (2005) 8014-8015] allows recording two-dimen-
sional correlation spectra of macromolecules such as proteins in only a few seconds acquisition time. To achieve the highest possible
sensitivity, SOFAST-HMQC experiments are preferably performed on high-field NMR spectrometers equipped with cryogenically
cooled probes. The duty cycle of over 80% in fast-pulsing SOFAST-HMQC experiments, however, may cause problems when using a
cryogenic probe. Here we introduce SE-IPAP-SOFAST-HMQC, a new pulse sequence that provides comparable sensitivity to standard
SOFAST-HMQC, while avoiding heteronuclear decoupling during 'H detection, and thus significantly reducing the radiofrequency load
of the probe during the experiment. The experiment is also attractive for fast and sensitive measurement of heteronuclear one-bond spin

coupling constants.
© 2007 Elsevier Inc. All rights reserved.
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Fast-pulsing NMR experiments provide a means for
speeding up multi-dimensional NMR data acquisition.
An example of fast-pulsing NMR is the SOFAST-HMQC
experiment introduced recently [1,2] for recording two-
dimensional heteronuclear "H-'>N correlation spectra of
proteins in only a few seconds. Short scan times of less than
100 ms are achieved by reducing the recycle delay between
scans to almost zero. High sensitivity in this fast-pulsing
regime is retained by Ernst-angle excitation [3] and longitu-
dinal relaxation enhancement [4]. All "H pulses in SO-
FAST-HMQC are applied band-selectively, leaving the
'H spins outside the excitation band unperturbed. For
slowly tumbling molecules (wyt.>> 1) such as proteins,
this situation yields efficient energy dissipation from the ex-
cited 'H spins to the unperturbed 'H spins via dipolar
interactions (spin diffusion). In addition, if the excited spins
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are amide 'H, amide-water hydrogen exchange also accel-
erates the return to thermal equilibrium. As a result of
these effects, longitudinal 'H relaxation times are reduced
from more than a second to typically a few hundred milli-
seconds [1,4,5]. Furthermore, a polychromatic shaped 'H
excitation pulse [6] provides the variable flip-angle capabil-
ities required for Ernst-angle excitation that further en-
hances the sensitivity of SOFAST-HMQC for very short
recycle delays. An example of average sensitivity as a func-
tion of scan time, obtained for 'H-'"N SOFAST-HMQC
of the small globular protein ubiquitin, is shown in
Fig. Ic and compared to the results obtained using a con-
ventional HSQC-based pulse scheme.

In order to achieve the highest possible sensitivity, pro-
tein NMR experiments are preferably performed on high-
field NMR spectrometers equipped with a cryogenically
cooled probe. Such equipment also provides the intrinsic
sensitivity required for recording heteronuclear correlation
spectra of proteins at sub-millimolar concentrations in a
few seconds acquisition time [7]. Generally, duty cycles of
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Fig. 1. (a) Pulse sequence for the sensitivity-enhanced (SE) IPAP-SOFAST-HMQC experiment. Filled and open pulse symbols indicate 90° and 180° rf
pulses, except for the HY excitation pulse applied with flip angle o (with « chosen in the range 90° < & < 150°). The variable flip-angle HY pulse has a
polychromatic PC9 shape [6], and band-selective HY refocusing is realized using REBURP [18]. The H™ pulses are typically centered at 8.2 ppm and cover
a band width of ~4.0 ppm, corresponding to pulse lengths of 2.25 ms (PC9) and 1.52 ms (REBURP) at 800 MHz. The transfer delay 4 is set to
1/(2Jyn) = 5.4 ms, and the delay J accounts for chemical shift and spin coupling evolution during about half of the PC9 pulse. Four repetitions of the
experiment are recorded per ¢, increment with the following phase settings: (1) o1 =x, 02 =3, (2) 01 =X, p2==y,3) 1 =y, 02=y,(4) 1 =, P2 = —).
The recorded time domain data sets are then combined as explained in the main text before Fourier transformation. The pulse sequence code for Varian
spectrometers and processing protocols for NMR Pipe software are available from the authors upon request. (b) >N pulse width calibration curves
recorded as a function of time for SOFAST-HMQC (upper panel) and SE-IPAP-SOFAST-HMQC (lower panel). The acquisition time was set to
% = 50 ms, and low-power WURST-40 [19] decoupling (yB™/2n = 580 Hz) was used for the standard version. The integrated spectral intensity is
plotted as a function of time. The >N pulse width was first calibrated setting the recycle delay to frec = I s. Then a series of 15 1D spectra was recorded
with the '°N pulse width incremented from 80% to 120% of the initially determined optimal value, and setting the recycle delay to f.c = 1 ms. This
calibration series, taking about 5 s acquisition time each, was repeated for about 2 min (pulsing time) to monitor the effects of rf heating. (c) Average
sensitivity of SOFAST-HMQC (triangles), SE-IPAP-SOFAST-HMQC (circles), and SE-HSQC (squares) as a function of scan time. The variable flip angle
was set to o = 120° for the two SOFAST-HMQC experiments. The sensitivity curves were obtained from integrating 2D spectral intensities measured for

different recycle delays, normalized for equal experimental times.

a few percent are recommended when running NMR
experiments on cryogenically cooled probes to maintain
the probe temperature stable at about 25 K. Although it
has been shown recently that fast-pulsing SOFAST-
HMQC experiments with duty cycles on the order of 80%
are not incompatible with cryogenic probes [8], the availabil-
ity of a pulse sequence yielding similar minimal experimental
times and comparable sensitivity to SOFAST-HMQC but
with reduced radiofrequency (rf) load may still be of inter-
est to reduce rf heating problems, and the risk of long-term
damage of expensive cryogenic probes. The main source of
if heating in SOFAST-HMQC is the composite '*N-decou-
pling applied during 'H detection. Fig. 1b illustrates the
kind of effects that may be observed when performing an
>N-decoupled SOFAST-HMQC experiment with fast rep-
etition rates (7san <100 ms) on a high-field cryogenic
probe: First, a slight detuning of the '>N resonance circuit
that increases the '>N pulse width by up to 20%. Second, a
drop in the detected NMR signal that can be ascribed to an

increased B, magnetic-field inhomogeneity. A stable situa-
tion is reached after about 1 min of pulsing. Interestingly,
these effects are significantly less pronounced when '°N-
decoupling is avoided. In the absence of composite decou-
pling, steady-state conditions are reached after only a few
seconds of pulsing. A way to avoid heteronuclear decou-
pling during 'H detection is the use of an IPAP filter
[9,10] where the 2 doublet components of a scalar (J)-cou-
pled 'H-X spin system are separated in different subspec-
tra. A single correlation spectrum is obtained by adding
the 2 subspectra after appropriate shifting of the 2 spectra
along the 'H dimension by an amount +J/2. This approach
has first been proposed and applied to '*C-detected NMR
experiments in solids [11] and liquids [12] to remove homo-
nuclear spin coupling-induced line splitting. The originally
proposed IPAP version of SOFAST-HMQC, however,
suffers from a /2 sensitivity loss with respect to the '°N-
decoupled experiment [2]. Here we introduce a sensitivity-
enhanced (SE) version of IPAP-SOFAST-HMQC that
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provides comparable sensitivity to standard SOFAST-
HMQC, and therefore presents an attractive alternative
in situations where the NMR experimentalist has to worry
about radiofrequency load and duty cycle issues. It also al-
lows the use of much longer ¢, acquisition times in situa-
tions where high resolution in the 'H dimension is
important. In addition, SE-IPAP-SOFAST-HMQC pro-
vides a tool for fast and sensitive measurement of (scalar
and dipolar) "H-"°N coupling constants, as demonstrated
previously [2].

The pulse sequence of SE-IPAP-SOFAST-HMQC is
shown in Fig. la. To simplify the following discussion
we will focus on 'H-'>N correlation experiments, although
the experiment is equally applicable to other heteronuclear
"H-X two-spin systems, e.g. aromatic °C—'H and ali-
phatic "*C*-"H* groups in proteins, or *C—"H groups in
the sugar and base moieties of nucleic acids. In the stan-
dard SOFAST-HMQC sequence only one of the two
>N quadrature components present after the 7, evolution
period is transferred into detectable 'H coherence. This
coherence transfer pathway, described by Eq. (1), is pre-
served in the SE-IPAP-SOFAST-HMQC sequence of
Fig. 1a, while a second coherence transfer pathway, given
by Eq. (2), also contributes to the detected NMR signal.
Chemical shift evolution of the multiple-quantum coher-
ence 2H, N, present at time point ‘a’ is refocused by a pair
of 'H and "N 180° pulses. Then an antiphase coherence
2H,N. is created at time point ‘4> by an additional N
90° pulse.

LN 2H,N, cos(wnt) 2O 2H, N, cos(wnt1)

Pathway(I) : g o
= H, cos(wnt;) — H, cos(wnt)
(1)
2L 2H, N, sin(wxt )MQH N, sin(wnt)
Pathway(IT) : e N (e N

Z82H, N, sin(wnt) o5 £2H,N. sin(wnt;)

(2)

In the absence of '’N-decoupling the 2 coherence transfer
pathways are detected as inphase (I) and antiphase (II)
Jnp-doublets during 'H detection. Contrary to the usual
planar-mixing-based  sensitivity-enhanced  quadrature
detection scheme [13], the detection of the 2 orthogonal
pathways is achieved without additional transfer delays.
The 2 pathways can be separated experimentally by adding
(I) and subtracting (II) a second data set recorded with a
180° phase shift of the last 90° >N pulse (¢,) yielding

NMR signals with the following time modulation
functions:

Ryp : cos(wnty) cos(nty) exp(imnts) (3)
Iap : sin(onty) sin(nJty) exp(i(wnt, + ©/2)) 4)

Additional 90° phase incrementation of ¢; as usual for
quadrature detection in the '’N dimension yields the 2
additional components:

Ip : sin(wnty) cos(mty) exp(iont,) (5)
Rap : cos(wnty) sin(nJt,) exp(i(wpt, + 1/2)) (6)

After complex two-dimensional Fourier transformation
(2D FT) of Ryp+ilip and Rap+ilpp, and appropriate
phasing, 2 spectra are obtained with inphase (IP) and anti-
phase (AP) Jnp-splitting along the 'H dimension. Note
that this sensitivity enhancement scheme is similar to sensi-
tivity-enhanced HSQC-type pulse sequences previously
proposed for the measurement of heteronuclear coupling
constants [14,15], and for multiplet component selection
in C*~C’ correlation experiments [16].

The signal-to-noise (S/N) ratio in each of these IP and
AP spectra is a factor of 2 lower than in a conventional
'N-decoupled SOFAST-HMQC spectrum recorded under
identical conditions because of the observed line splittings
in the '"H dimension. Addition and subtraction of these
IP and AP spectra separates the upfield and downfield
components of the peak doublet into subspectra
(Fig. 2a), and increases the S/N ratio by a factor /2. To
further increase the signal-to-noise ratio by a factor /2,
the two single-transition state spectra are shifted in fre-
quency by Av = +J/2 with respect to each other, and added
(Fig. 2b). This is possible because the scalar one-bond
J-couplings differ only little from one nuclear site to the
other. Overall, if spin-relaxation and pulse-imperfection-in-
duced signal loss can be neglected, the SE-IPAP and stan-
dard SOFAST-HMQC experiments are expected to yield
the same overall sensitivity for backbone amide groups.
For the NH, groups of Asn and Gln side chains, the multi-
ple-quantum coherence 2H, N, present between time points
‘@’ and ‘b’ in the sequence of Fig. 1a is transformed by the
scalar coupling with the additional 'H spin into 4H,N H.
that is not converted into detectable 'H coherence by the
final >N 90° pulse. Therefore only pathway (I) is detected
for NH, groups, and each of the two NH, correlation
peaks appears as a 1:2:1 triplet motif along the 'H dimen-
sion in the final SE-IPAP-SOFAST-HMQC spectrum
(Fig. 2c). The single-transition state spectra shown in
Fig. 2a also allow the measurement of the heteronuclear
spin coupling constants from the relative peak position in
the 'H dimension. This may be of interest for the fast mea-
surement of '"H-'"N residual dipolar couplings (RDCs)
during the course of a kinetic reaction such as protein fold-
ing that can be monitored by real-time 2D NMR spectros-
copy [7]. Such kinetic RDC measurements will provide
valuable information about structural changes occurring
during the kinetic event.

We have experimentally compared the sensitivity
obtained for the new SE-IPAP-SOFAST-HMQC and
the conventional SOFAST-HMQC pulse schemes. The
experiments were performed on a Varian Inova 800 spec-
trometer equipped with a coldprobe using a 1.9 mM
sample of '"N-labeled ubiquitin at 25 °C. Despite the in-
creased number of "N rf pulses required for SE-IPAP-
SOFAST-HMQC, a comparable overall sensitivity is
observed for very short recycle delays using the same
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Fig. 2. '"H-'>N SE-IPAP-SOFAST-HMQC spectra (central region) of ubiquitin (1.9 mM, pH 6.3) recorded at 25 °C on a 800 MHz Varian spectrometer
equipped with a coldprobe. The acquisition times were set to ™ =28 ms and 4™ = 50 ms, and the recycle delay to t.. =1 ms, resulting in an
experimental time of 30 s. The spectra shown correspond to the result of different processing steps as explained in the text. (a) Single-transition state
spectra, where the 2 doublet components are detected in different subspectra. These spectra are useful for the measurement of 'H-'>N coupling constants.
(b) Final SE-IPAP-SOFAST-HMQC spectrum (left) obtained by adding the spectra shown in (a) after shifting them by +£46.5 Hz with respect to each
other along the 'H dimension. A standard SOFAST-HMQC spectrum, recorded on the same ubiquitin sample in the same overall experimental time using
identical acquisition parameters, is shown in the right panel for comparison. Additional 1D 'H traces, extracted at a '>N frequency of 115.6 ppm, are
plotted for a better appreciation of the S/N ratios. (¢) NH, region of the SE-IPAP-SOFAST-HMQC (left) and SOFAST-HMQC (right) spectra.
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number of scans (see Figs. 1c and 2b). For longer re-
cycle delays the standard pulse sequence performs
slightly better (Fig. lc) mainly because of the smaller
number of rf pulses. The maxima of the sensitivity
curves shown in Fig. lc are reached at similar scan
times (7gan) Indicating that the aliphatic and water
'H polarization are only little affected by the additional
'H pulses in the SE-IPAP-SOFAST-HMQC experiment.
The minimal experimental time required for SE-IPAP-
SOFAST-HMQC, however, is twice as long as for stan-
dard SOFAST-HMQC because a total of 4 (instead of
2) repetitions of the basic pulse sequence need to be
performed to obtain the different quadrature compo-
nents (Egs. (3)—(6)). Therefore in the same experimental
time as required for SE-IPAP-SOFAST-HMQC, it is
possible to record a standard SOFAST-HMQC using
a two-times longer scan time (7.,). In the fast-pulsing
regime (7scan < 100 ms) this will yield a sensitivity
advantage for the standard SOFAST-HMQC version
that should be preferred whenever radiofrequency heat-
ing is not a problem.

If one has to worry about radiofrequency heating, the
SE-IPAP-SOFAST-HMQC pulse sequence provides a sen-
sitive alternative for recording high-quality "H-"°N “finger-
print” spectra of small proteins at sub-millimolar
concentration in about 15s data acquisition time on a
high-field NMR spectrometer equipped with a cryogenic
probe. This is demonstrated for a 0.4 mM sample of the
14 kDa protein o-lactalbumin in Fig. 3a. The absence of
>N-decoupling in SE-IPAP-SOFAST-HMQC allows
choosing longer acquisition times in the 'H dimension
without increasing the radiofrequency load of the probe.
This is especially important when studying helical-rich pro-
teins or partially unfolded systems characterized by reduced
chemical shift dispersion in the amide 'H spectrum. An
example of a SE-IPAP-SOFAST-HMQC '"H-'°N correla-
tion spectrum recorded in 15s using an acquisition time
** =70 ms on a small highly dynamic a-helical protein is
shown in Fig. 3b.

In conclusion, we have presented a new experiment,
SE-IPAP-SOFAST-HMQC that provides comparable sen-
sitivity to standard SOFAST-HMQC while avoiding '°N
composite decoupling during '"H detection. Sensitivity
enhancement is achieved by a slight modification of the orig-
inally proposed IPAP-SOFAST-HMQC pulse sequence
that converts both orthogonal transverse >N components
present after ¢, into detectable 'H coherence. SE-IPAP-
SOFAST-HMQC provides an attractive alternative to
standard SOFAST-HMQC for recording 'H-'°N protein
spectra in a few seconds, whenever, due to hardware limita-
tions, the use of composite decoupling during detection is
not recommended. It also allows the fast measurement of
heteronuclear coupling constants. The sensitivity enhance-
ment “trick” presented here is not limited to SOFAST-
HMQC, but it is also applicable to many other IPAP-type
NMR experiments. Examples are '*C-detected correlation
experiments recently proposed for protonless NMR of pro-
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Fig. 3. SE-IPAP-SOFAST-HMQC spectra of 2 protein samples: (a)
"H-’N spectrum of 0.4mM o-lactalbumin (14 kDa). This spectrum,
recorded in only 14 s, demonstrates the high sensitivity provided by the
experimental setup. (b) "H-'°N spectrum of a 63-residue highly dynamic
a-helical protein. A long acquisition time 74'** = 70 ms was chosen for
optimal resolution in the detection dimension as most amide 'H resonate
within a spectral width of less than 1 ppm.

teins and nucleic acids [12,17] where line splitting due to
homonuclear *C-'°C couplings is removed by an IPAP
filter.
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