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Abstract

A quantitative analysis of 2D 1H-15N spectra is often complicated by resonance overlap. Here a simple method
is presented for resolving overlapped correlations by recording 2D projection planes from HNCO data sets. Ap-
plications are presented involving the measurement of 15N T1ρ relaxation rates in a high molecular weight protein,
malate synthase G, and in a system that exchanges between folded and unfolded states, the drkN SH3 domain. By
supplementing relaxation data recorded in the conventional way as a series of 2D 1H-15N data sets with a series of
a pair of projection planes the number of dynamics probes is increased significantly for both systems studied.

Over the past decade a large number of 2D hetero-
nuclear correlation experiments have been developed
for quantifying a wide range of molecular proper-
ties. Such 2D spectra have the advantage in that they
can be recorded rapidly and in that they are intrins-
ically more sensitive than their higher dimensionality
counterparts, but a major limitation with quantification
results from resonance overlap. Possible solutions in-
volve the use of new processing schemes which can
improve resolution (Gutmanas et al., 2004) or ex-
tending the ‘classical’ 2D experiments to 3D, using
sensitive HNCO data sets, for example (Caffrey et al.,
1998; Tugarinov and Kay, 2003). Here we describe
an alternative strategy that is based very closely on
the reduced-dimensionality methodology of Szyperski
and coworkers (Kim and Szyperski, 2003, 2004) and
on the projection-reconstruction approach of Kupce
and Freeman (2003a–c, 2004a,b).

To illustrate the utility of the approach, we focus
on the measurement of protein backbone 15N T1ρ re-
laxation rates. Typically, such rates are measured from
a series of 2D 1H-15N correlation maps and resolu-
tion is critical in applications involving high molecular
weight monomeric proteins or protein systems with
substantial populations of disordered or partially un-

folded states. It would be advantageous, therefore, to
introduce a third chemical shift without increasing the
dimensionality of the experiments, by simultaneous
incrementation of a pair of indirect evolution delays,
t1 and t2, in a 3D-type experiment. Here we increment
t1(13C′) and t2(15N) in HNCO spectra that have been
adapted for 15N relaxation measurements. The utility
of the methodology is demonstrated with applications
to malate synthase G (Howard et al., 2000; Tugarinov
et al., 2002), a 723-residue enzyme (MSG, 82 kDa)
and to the N-terminal SH3 domain from drk (drkN
SH3) that exists in equilibrium between folded and
unfolded states under physiological buffer conditions
(Zhang and Forman-Kay, 1995; Zhang et al., 1997).

Figure 1 illustrates the TROSY-HNCO based pulse
scheme that has been developed to measure 15N T1ρ

rates in high molecular weight proteins. The design of
the pulse scheme follows very closely from 2D 15N
T1ρ and 3D HNCO sequences that exist in the literat-
ure (Peng and Wagner, 1992; Yang and Kay, 1999) and
only the salient features will be described here. Briefly,
at point a in the scheme transverse 15N magnetiza-
tion from spin j is locked along an effective field that
makes an angle θ = tan−1 (ν1/�νj ) with respect to the
z-axis, where ν1 is the strength of the spin-lock field



348

Figure 1. TROSY-based pulse scheme for the measurement of 15N T1ρ relaxation rates from HNCO-plane projections. All narrow (wide)

rectangular pulses are applied with flip angles of 90◦ (180◦) along the x-axis unless indicated otherwise. The 1H,15N and 13C′ carriers are
positioned at 4.7, 119 and 176 ppm, respectively. Water magnetization is preserved and placed along the +z-axis at the end of the sequence;
the pulse labeled ‘w’ prior to G3 is water selective (1.5 ms). In order to suppress cross-correlation/cross-relaxation effects a small number (≤3)
of 1H 180◦ pulses are applied during the spin lock interval T (Kay et al., 1992b; Palmer et al., 1992). Denoting the maximum value of T as
Tmax, m=1, 2 or 3 1H pulses are applied if 0≤T <Tmax/3, Tmax/3≤T <2Tmax/3 or 2Tmax/3 ≤ T ≤ Tmax, respectively. The total number of 1H
pulses is kept constant at 3 by applying (3-m) pulses prior to G5. 90◦ 13C′ pulses are applied with a field of �/

√
15, while 180◦ 13C′ and 13Cα

pulses employ a field of �/
√

3, where � is the difference (Hz) between the centers of the 13Cα (58 ppm) and 13CO (176 ppm) chemical shift
regions (Kay et al., 1990). 13Cα pulses are applied off-resonance using phase modulation of the carrier (Boyd and Soffe, 1989; Patt, 1992).
The vertical arrow denotes the position of the Bloch-Siegert shift compensation pulse (Vuister & Bax, 1992). Nitrogen pulses are applied with
a field strength of 7 kHz, while an 15N spin-lock (phase x) between 1.8–2 kHz was employed. The phase cycling used is: φ1 = x,−x; φ2 = x;
φ3 = 2(x), 2(y), 2(−x), 2(−y); φ4 = x,−x; φ5 = 4(y), 4(−y); φ6 = 8(x), 8(−x); φ7 = x; rec = x,−x,−x,x,−x,x,x,−x. The delays used are:
τa = 2.3 ms, ε = 2.68 ms, TN = 13 ms, β = 250 µs, σ = 2∗pwn − pwcα180, where ‘pwn’ (‘pwcα180’) is the length of the 15N 90◦ (13Cα

180◦) pulse (15N and 13Cα pulses are applied simultaneously in the center of t1, and t1, t2 are incremented by sw−1∗sin(δ), sw−1∗cos(δ)
respectively, as described in the text. Delays ζ and ξ are set to 1/(2π∗ν1) and 1/(2π∗ν1) − 4∗pwn/π, respectively, with ν1 the spin-lock field
strength (Griesinger and Ernst, 1987; Yamazaki et al., 1994). The durations and strengths of the pulsed field z-gradients are: G1 = (0.5 ms,
8 G/cm), G2 = (0.5 ms, 5 G/cm), G3 = (1 ms, 15 G/cm), G4 = (0.6 ms, −10 G/cm), G5 = (0.8 ms, −7.5 G/cm), G6 = (0.75 ms, 10 G/cm),
G7 = (1 ms, 10 G/cm), G8 = (1.25 ms, 30 G/cm), G9 = (0.4 ms, 2.9 G/cm), G10 = (0.4 ms, 5.35 G/cm), G11 = (62.5 µs, 28.7 G/cm).
Shared constant-time evolution is implemented in t2 (Grzesiek and Bax, 1993; Logan et al., 1993); for evolution times t2 > 2∗TN the scheme
is modified as indicated. (It is worth noting that the use of linear prediction can distort peak intensities in the case where data is acquired in the
shared constant-time mode). Four data sets are recorded for each simultaneous increment of (t1,t2): (a) φ2 = x, φ7 = x; (b) φ2 = y, φ7 = x;
(c) φ2 = x, φ7 = −x with the sign of gradient G8 inverted; and (d) φ2 = y, φ7 = −x with the sign of G8 inverted. Pairs a and c, b and d are
processed using the enhanced sensitivity pulsed field gradient method (Kay et al., 1992a; Schleucher et al., 1993) and subsequently combined
as described in the text. A non-TROSY version of this scheme has also been developed and is available from the authors upon request.

applied for time T and �νj is the offset of the spin
(Griesinger and Ernst, 1987; Yamazaki et al., 1994).
Subsequently, the flow of magnetization follows that
which is typical for an HNCO. The values of t1 and
t2 are incremented by sw−1∗sin(δ) and sw−1∗cos(δ)
respectively, where sw is the spectral width in the
indirectly detected dimension and δ is a ‘projection
angle’ (see below). Note that the value of t2 can ex-
ceed 2TN , Figure 1, so that resolution is not limited
by the requirement to refocus 15N magnetization that
is coupled to 13C′, which occurs during the interval
where 15N chemical shift is recorded. In this regard it
is also possible to use the first 2TN period to record
15N chemical shift as well (McCoy, 1998), although
this has not been implemented here. For each simul-
taneous increment of (t1, t2) a set of four spectra are
obtained in exactly the same manner as for the regu-
lar enhanced sensitivity 3D-HNCO experiment (Yang
and Kay, 1999) and these spectra are manipulated to

produce four data sets modulated in the indirect di-
mension by
a = cos(�N,it2) cos(�C′,i−1t1),
b = cos(�N,it2) sin(�C′,i−1t1),
c = sin(�N,it2) cos(�C′,i−1t1), and
d = sin(�N,it2) sin(�C′,i−1t1), (software available
upon request). Subsequent addition and subtraction
of the data sets as described in the caption to Fig-
ure 1 and in detail by Kupce and Freeman (2004b)
gives two hypercomplex sets of interferograms that
are modulated in t by cos[(�N,i cos δ±�C′,i−1 sin δ)t]
(a∓d), sin[(�N,i cos δ±�C′,i−1 sin δ)t] (c±b), where
�N,i and �C′,i−1 are frequency offsets of residues i
and i−1 from the 15N and 13C′ carriers, respectively.
Finally, Fourier transformation leads to spectra with
correlations at (�+i, �HN) and (�−i, �HN), where

�±,i = �N,i cos(δ) ± �C′,i−1 sin(δ) (1)

In this manner a pair of projection planes is obtained
where, for each �HN, correlations that would normally
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Figure 2. Computed number of resolved cross-peaks expected in projection data sets of MSG and of the drkN SH3 domain that are unique
from those resolved in 1H-15N correlation maps, δ = 0, as a function of δ. A total of 690 and 114 backbone amide probes are available in
MSG and in the drkN SH3 domain, respectively. δ = 0◦ and δ = 90◦ correspond to 1H-15N and 1H-13C′ plane projections, respectively. The
computation is based on Equation 1 and the known 1H,15N and 13C′ chemical shifts of each protein (i.e., assignment tables) and assumes (for
MSG) that pairs of peaks are overlapped if their centers are separated by less than 30 and 50 Hz in the indirect and direct (1H) dimensions,
respectively. In the case of the drkN SH3 domain peaks separated by less than 12 and 20 Hz in F1,F2 are considered overlapped. Thus, for a
given value of δ a ‘computed’ peak-table is generated for the projection data set. For each correlation not resolved in regular 1H-15N correlation
maps (δ = 0) a search through the ‘computed table’ establishes whether it is resolved in the projection (based on the criteria listed above).

appear in a (�C′,i−1, �N,i) plane of the 3D HNCO
are projected along a line that makes an angle of ±δ

with respect to the 15N axis. (Note that in previous
publications Kupce and Freeman (2003b,c) define the
projection angle α with respect to the 13C′ axis, i.e.,
α = 90◦-δ). The intensity of each of the correlations is
attenuated by the factor exp(−T/T1ρ), corresponding
to the decay of magnetization during T , from which
the value of T1ρ is extracted on a per-residue basis, as
in conventional 1H-15N correlation experiments. Note
that if a set of projections were acquired with different
values of δ for each value of T , a set of 3D HNCO
relaxation data sets could be reconstructed, following
the procedures of Kupce and Freeman (2003a,b) and
Coggins et al. (2004). We prefer not to do this here
since the process of reconstruction may distort cross-
peak intensities, depending on the algorithm used, and
because for large proteins the sensitivity of a given
plane projection decreases significantly with δ (see
below).

Figure 2 plots the number of unique cross-peaks
that would be expected to be observed in projection
data sets of MSG and of the drkN SH3 domain as a
function of δ (i.e., peaks that are overlapped in 1H-
15N correlation maps, δ = 0, but are resolved in either
the +δ or −δ projection). The number of unique cor-
relations increases rapidly with δ for values less than
approximately 10◦ and then levels off. However, the
effective decay rate in the indirect dimension, t , in-
creases with δ as R2,C ′ sin δ (in the 15N dimension
constant-time acquisition is employed for t2 < 2TN ),
and in applications involving large proteins at high
magnetic fields R2,C ′ can be large (R2,C ′ ∼ 100 s−1,
while by comparison R2,N (TROSY) ∼ 15 s−1 for
MSG at 37 ◦C, 800 MHz (Tugarinov et al., 2002)).
Average decreases in signal-to-noise by factors of 1.4
and 1.7 were obtained for spectra of MSG recorded
at 37 ◦C, 800 MHz with δ = 10◦ and 20◦, respect-
ively, relative to δ = 0◦. We have, therefore, chosen to
record a pair of data sets with δ = 10◦(i.e., ±10◦ pro-
jections) as a compromise between the need to resolve
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Figure 4. 15N T1ρ relaxation times (ms) in MSG vs. residue number. Residues whose correlations are resolved in conventional 2D 1H-15N
data sets and for which accurate T1ρ values can be extracted are shown in black. Additional probes available from at least one of the ±10◦
projections are shown in red. Errors in T1ρ were obtained from 120 Monte-Carlo simulations (Kamith and Shriver, 1989) using the noise-floor
as an estimate of errors in peak intensities.

as many additional peaks as possible and sensitivity
concerns. In this regard the use of cryo- or cold-probes
should prove particularly advantageous.

Figure 3A illustrates the utility of the projection
approach for G183 (a-e) and A321 (f-j) of MSG. The
correlation derived from G183 is partially overlapped
with cross-peaks from G602 and G218 in the stand-
ard 2D 1H-15N correlation map (a), but becomes well
resolved in both ±10◦ projections (b,c). Similarly the
partial overlap involving A321 and V389 in the 1H-
15N plane (f) is resolved in both projection-spectra
(g,h), allowing the quantification of T1ρ values for
these residues. Residues N29 and E40 from the un-
folded state of the drkN SH3 domain are completely
overlapped in the 2D 1H-15N map, yet are resolved
in the +10◦ projection so that 15N T1ρ values can be
obtained, Figure 3B. It is noteworthy that all spectra
recorded on MSG were of the TROSY variety (Per-
vushin et al., 1997) (Figure 3A), while non-TROSY
schemes were used in the case of the SH3 domain
(Figure 3B).

Correlations in crowded regions of spectra of MSG
and of the drkN SH3 domain were quantified only in
cases where the separation between nearest neighbors
in both direct and indirect dimensions is more than
0.75 of the sum of their linewidths. In this manner
an additional 114 peaks could be resolved for MSG
from the ±δ projections (relative to conventional 1H-
15N maps) and 45 of these correlations had sufficient
signal-to-noise for accurate quantification of T1ρ val-
ues. By means of comparison, using the same criteria
for resonance overlap in 2D 1H-15N T1ρ spectra, 197

cross-peaks were resolved and 119 of these could be
fit reliably. The smaller fraction of peaks that could
be well fit in the case of the projection data sets re-
flects the fact that these experiments are on average
3-4 fold less sensitive (δ = 10◦) than the correspond-
ing 1H-15N maps. In this regard it should be noted
that the sensitivity/unit measuring time is no worse in
the projection 2D data sets than for corresponding 3D
HNCO-based spectra (Caffrey et al., 1998; Tugarinov
and Kay, 2003). In cases where sensitivity is not limit-
ing, such as in many applications involving (partially)
unfolded proteins, or involving proteins of interme-
diate size, the projection methodology offers distinct
advantages over 3D approaches since relaxation data
can be obtained in shorter measurement periods, with
projection angles chosen suitably to remove overlap.

Figure 4 plots 15N T1ρ values vs. residue num-
ber in MSG, with black (red) circles delineating those
residues for which relaxation times were obtained
from standard 1H-15N (projection) spectra. The pro-
jection data sets were also particularly useful in the
case of the drkN SH3 domain where 18 additional
peaks belonging to the unfolded state could be quan-
tified, increasing by a factor of 1.8 the number of
probes that are available relative to 1H-15N experi-
ments. In addition, a further 10 peaks from the folded
state (+24%) were resolved in at least one of the
projections.

In summary, a simple approach for increasing the
number of residues available for quantification in 2D
correlation maps is presented and illustrated in the
context of 15N spin relaxation measurements. It is
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clear that this methodology can be applied to a large
number of different experiments and that for cases in-
volving large proteins or unfolded protein states the
benefits will be significant.
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Kupče, E. and Freeman, R. (2003a) J. Biomol. NMR, 27, 101–113.
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