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Abstract

In experiments performed on protonated proteins at high fields, 80% of the NMR spectrometer time is spent waiting for the 1H atoms
to recover their polarization after recording the free induction decay. Selective excitation of a fraction of the protons in a large molecule
has previously been shown to lead to faster longitudinal relaxation for the selected protons [K. Pervushin, B. Vögeli, A. Eletsky, Lon-
gitudinal 1H relaxation optimization in TROSY NMR spectroscopy, J. Am. Chem. Soc. 124 (2002) 12898–12902; P. Schanda, B. Brut-
scher, Very fast two-dimensional NMR spectroscopy for real-time investigation of dynamic events in proteins on the time scale of
seconds, J. Am. Chem. Soc. 127 (2005) 8014–8015; H.S. Attreya, T. Szyperski, G-matrix Fourier transform NMR spectroscopy for com-
plete protein resonance assignment, Proc. Natl. Acad. Sci. USA 101 (2004) 9642–9647]. The pool of non-selected protons acts as a ‘‘ther-
mal bath’’ and spin-diffusion processes (‘‘flip-flop’’ transitions) channel the excess energy from the excited pool to the non-selected
protons in regions of the molecule where other relaxation processes can dissipate the excess energy. We present here a sensitivity
enhanced HSQC sequence (COST-HSQC), based on one selective E-BURP pulse, which can be used on protonated 15N enriched
proteins (with or without 13C isotopic enrichment). This experiment is compared to a gradient sensitivity enhanced HSQC with a water
flip-back pulse (the water flip-back pulse quenches the spin diffusion between 1HN and 1Ha spins). This experiment is shown to have
significant advantages in some circumstances. Some observed limitations, namely sample overheating with short recovery delays and
complex longitudinal relaxation behaviour are discussed and analysed.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Most experiments include a delay d1 for the recovery of
longitudinal magnetization after recording the free induc-
tion decay (FID). The recovery delay d1 is usually set to
1–5 times the longitudinal relaxation time-constant (T1)
where T1 for deuterated proteins can be as long as 10 s.
With mono-exponential relaxation, characterized by a sin-
gle time constant T1, the optimal interscan delay d1 is equal
to 1.25 · T1 � d0, where d0 is the pulse sequence duration
[1–3]. A significant fraction of the NMR spectrometer time
is thus spent waiting for system recovery. For proteins, the
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T1 value and linewidth (�1/T2) usually increase with the
correlation time sc (>1 ns) thus giving a size limit to protein
studies. Substituting most of the 1H atoms with 2H atoms
leads to a line sharpening of the amide protons and facili-
tates the use of TROSY experiments [4] but 2H isotopic
enrichment further increases T1.

In large protonated proteins, the 1H longitudinal relax-
ation rates are usually dominated by spin diffusion and the
relaxation rate of rotating methyl groups [5]. A more de-
tailed study of the relaxation properties of a two-spin sys-
tem is given in Appendix A [6]. Radiofrequency pulses
perturb the spin system and, usually, a portion of the spin
system has no net polarization after the acquisition period.
For small molecules, the double-quantum W2 and single-
quantum W1 transition probabilities (proportional to the
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Fig. 1. Longitudinal relaxation behaviour for the amide proton of residue
73 and 33 in 4F15F1, for non-selective (grey $) and band selective (black
m—all amide protons together) inversion recovery experiments (180�–T1

relaxation delay–HSQC–recovery delay). HN
73: Like most amide protons,

the relaxation in the non-selective case can be described by a mono-
exponential curve and a single T1 constant (T1 = 962.1 ± 88.6 ms),
whereas the relaxation in the selective case can only be described by a
bi-exponential function, with one short (T1s = 54.1 ± 1.8 ms) and one long
(T1l = 388.3 ± 33.1 ms) time constants. The fast and slow component have
been separated, with respective weight 0.68 and 0.32, and plotted on the
graph (dashed lines). HN

33: In both cases, the relaxation is described by a
single exponential with a selective T1 = 310.4 ± 7.0 ms and an unselective
T1 = 793.9 ± 25.0 ms.
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spectral density functions J (2x0) and J (x0), respectively)
are high and such transitions dissipate the energy of the
system. For large molecules, W0 (proportional to J (0)),
or ‘‘flip-flop’’ transition probabilities dominate and these
do not dissipate energy but they channel it to other regions
of the system where other relaxation mechanisms occur.

Hence, for a protein HSQC spectrum, where only amide
protons (1HN) are observed, the input of energy should be
minimized, and the resonances of protons other than
amides should not be perturbed. Thus, the �RcrossðhIBzi�
hIeqBziÞ term stemming from these protons is initially zero in-
stead of being negative, resulting in faster longitudinal
relaxation and a shorter effective recovery time as shown
in Appendix A.

2. Results and discussion

2.1. Longitudinal relaxation behaviour

The effectiveness of quenching the cross-relaxation con-
tributions can be studied via band-selective and non-selec-
tive inversion-recovery experiments, which characterize
longitudinal relaxation. In our case, these experiments were
followed by a 1H, 15N HSQC filter, using a 3 s recovery de-
lay between scans. Two experiments were performed on a
15N, 13C enriched pair of human fibronectin modules,
4F15F1 [7]: first, a non-selective inversion-recovery experi-
ment, with a short non-selective 180� pulse, and second, a
selective inversion recovery with an I-BURP pulse [8],
which inverts the amide protons selectively, as described
in Section 4. Almost no saturation was observed when
using the I-BURP pulse, with signal intensities in the
inverted region for the selective case being P90% of the
intensities of the non-selective experiment. The longitudi-
nal relaxation behaviour of HN

73, when all protons (non-
selective case) or when the amide protons (selective case)
are inverted, is shown in Fig. 1 as an example of what is ob-
served for most of the amide protons.

Quenching the cross-relaxation term works very well ini-
tially, and initial R1 rates are ten times larger in the selec-
tive case than in the non-selective case (Fig. 2). However,
the inversion of amide protons perturbs the neighbouring
protons, and their polarization states are modified (i.e.,
through a NOE transfer). Hence, the cross-relaxation term
reappears, and the relaxation is slowed down, which ex-
plains why a second regime appears, with longer longitudi-
nal relaxation time-constants T1l (compare [1]). For
selective inversion of residue 73, the recovery can be ana-
lysed in terms of two exponentials with one short,
T1s = 54.1 ± 1.8 ms, and one long, T1l = 388.3 ± 33.1 ms,
time-constant. A simple example is treated analytically in
Appendix A to give a better understanding of the situation.
The characterization of the second time-constant is some-
times difficult, especially for residues where the T1l value
is larger than the maximum delay (1.5 s), leading to large
errors in the fitted T1l. For non-selective inversion, one sin-
gle time-constant T1 = 962.1 ± 88.6 ms is sufficient to fit
the relaxation behaviour of 1HN
73. For residue 33, the lon-

gitudinal relaxation behaviour is somewhat different: both
selective and unselective inversions give rise to apparent
monoexponential relaxation, with T1 time constants of
310.4 ± 7.0 and 793.9 ± 25.0 ms, respectively.

For non-selective inversion, the range of initial T1 values
is between 700 ms and 2 s, with a median of 1.27 s, and a
standard deviation of 380 ms. For selective inversion, the
range is smaller, between 47.5 and 426.6 ms, with a median
of 93.9 ms and a standard deviation of 50.5 ms. Only nine
residues have initial T1 constants longer than 150 ms



Fig. 2. Comparison between initial T1 time-constants in the selective and
non-selective inversion recovery experiment, observed for recovery delays
ranging between 1 and 125 ms.
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(residues 70, 26, 71, 9, 11, 92, 72, 33, 93 fall in the range
from 150 to 426.6 ms). Residues 33 and 93 seem to have
mono-exponential relaxation behaviour in both selective
and unselective cases. Half of the residues have initial T1

constants between 82 and 115 ms. Fig. 3 highlights these ini-
tial T1 constants, measured for each amide proton in the
protein. 25% of the residues (23 a.a., highlighted in red) of
4F15F1 have initial T1 constants less than 82 ms. A detailed
study of possible relaxation effects, including cross-correla-
tion between CSA/dipolar interaction and long-lived HN-
HOH dipolar interactions, has been published for another
protein [10]. The most likely explanation for the unusually
slow relaxation (blue residues in Fig. 3) is either local back-
bone mobility or cross-relaxation with neighbouring amide
protons. These results emphasize that in COST-NMR
experiments, where only amide protons are excited, recov-
ery delays, d1 P 400 ms are sufficient to allow the slowly
relaxing protons to recover. Using too short recovery delays
might lead to the saturation of these protons.
Fig. 3. Structure of the pair of fibronectin module 4F15F1 (1FBR.pdb). Residu
(first quartile) are shown in red; residues with initial T1 constants longer than 1
T1 constants between 82 and 115 ms, are shown in purple. The residues for whic
The figure was made with MolMol [9].
2.2. The COST-HSQC experiment

We have designed a new experiment, called COST-
HSQC to utilize selective amide inversion or ‘‘cooling over-
all spin temperature (COST).’’ It is based on a gradient
sensitivity enhanced HSQC [11] (Fig. 4A) and uses a
band-selective E-BURP pulse on the amide protons
(Fig. 4B). This experiment can be independently used on
both 15N and 15N, 13C enriched and protonated proteins.
The previously published TROSY sequences optimized
for longitudinal relaxation [1] require either 100% 13C iso-
topic enrichment or several selective pulses. The SOFAST-
HMQC [2] experiment also requires two selective pulses
and uses Ernst-angle excitation. It is specifically designed
for very short interscan delays. A very thorough compari-
son between HSQC and HMQC experiments in proteins
has already been published [12]. In the COST-HSQC
experiment, the use of an E-BURP pulse on HN protons
with a 0� phase, followed by a 90� pulse with a 270� (�y)
phase, allows the creation of HN

zNz after the fourth proton
pulse and leaves the magnetization of all the other protons
(including water) near the equilibrium state (Hz). Only the
resonances located within the excitation bandwidth of the
E-BURP pulse are observed, which might lead to the loss
of high field HN signals, which are located near the water
frequency. Excitation of these resonances near the water
peak might lead to degradation of the water flip back.
The magnetization of the other protons spends some time
in the xy plane and undergoes transverse relaxation.
Hence, the flipped-back magnetization might not be exact-
ly at its equilibrium value just before acquisition. A purge
gradient is used before the first 90� pulse on nitrogen spins.
Afterwards, the sequences are the same.

Another element must also be considered: the water
flip-back pulse (E-SNOB [13]) will flip back the magnetiza-
tion of some of the Ha protons which are usually located
between 4.0 and 4.75 ppm [14]. Hence, the HSQC experi-
ment which includes a water flip-back pulse is already
�longitudinal-relaxation optimized,� because the neighbour-
ing Ha protons are kept in the equilibrium state. However,
we show here that a median 20% signal improvement can
be obtained using the COST-HSQC when a recovery delay
es whose amide protons have an initial T1 time constant shorter than 82 ms
15 ms (last quartile) are shown in blue and the remaining 50%, with initial
h no result was available (residues 2, 7, 22, 37, and 45) are shown in white.



Fig. 4. Schemes for (A) the reference [11] and (B) COST (cooling overall spin temperature) HSQC experiments. When different from 0, pulse phases are
indicated on the top of the squares representing the radiofrequency pulses.
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d1 = 1 s is used. The peak heights of each 15N 1HN pair
from 4F15F1 have been compared in the two experiments,
i.e., the standard and the COST-HSQCs. The ratios be-
tween the standard and the COST peak heights are shown
for every residues in Fig. 5, for six different d1 delays (500,
750 ms, 1, 1.5, 2, and 3 s). The median signal improvements
were calculated and were found to be 1.25, 1.20, 1.20, 1.18,
1.10, and 1.08 for d1 delays of 500, 750 ms, 1, 1.5, 2, and
3 s, respectively. The dispersion between improvement val-
ues is quite high, ratios between 1.1 and 1.9 are observed
for d1 = 500 ms, and this can be explained by the different
longitudinal relaxation behaviour of residues.

For d1 = 1 s, the COST-HSQC gives a median gain of
20%, and the signal to noise ratio which is observed for a
standard HSQC with d1 = 3 s is recovered in 1 s using the
COST-HSQC. A recovery delay of 1 s is commonly used
for proteins, even if the complete recovery of polarization
takes longer. Hence, the optimization of NMR experiments
to create conditions for a faster polarization recovery can
easily increase the measured peak intensities in protonated
biomolecules.
There are, however, a few limitations: for some residues
the selective T1 is still around several hundreds of millisec-
onds; in addition, the use of very short recovery delays
(250 ms) led to small observed chemical shift changes
(�0.01 ppm), attributed to a small rise of the sample temper-
ature (�1 �C) [15,16], which are certainly due to the use of
15N decoupling during the acquisition time (81 ms) and the
presence of buffer salts (�50–100 mM). This effect can usual-
ly be reduced by using shorter acquisition time (if compatible
with T2 values of the fast relaxing residues), or L-TROSY
experiments (which do not make use of 15N decoupling) or
by reducing the concentration of charged species in solution.

3. Conclusions

We have presented a new HSQC experiment which is
optimized to speed up the recovery of polarization during
the inter-scan delay by partial recovery (or flip-back) of
unused proton polarization to cool the overall spin
temperature. This is achieved by leaving the unobserved
protons in the equilibrium position. The COST-HSQC uses



Fig. 5. COST improvement ratios (j) for each peak as a function of d1, with the median value (�) calculated over all the residues. The distribution of the
ratio values is plotted vertically (grey squares). Below 500 ms, the water and protein chemical shifts are changing slightly (�0.01 ppm), indicating some
heating of the sample (�1 �C) due to the short duty cycle and the salt content of the sample (�50–100 mM).
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a single E-BURP pulse, band-selective for the amide pro-
ton region, in a modified gradient sensitivity enhanced
HSQC experiment. The longitudinal relaxation behaviour
of amide protons in a protein were analysed to determine
the limits of COST.

COST can be used for d1 longer than 500 ms, to avoid
saturation of 1HN protons with slow selective longitudinal
relaxation and to prevent mild sample heating in some
unfavourable cases, leading to an average gain of 20% in
peak heights for d1 = 1 s for a 93 residues protein at
750 MHz and a temperature of 8 �C. Larger gains (up to
90%) have been observed for individual residues.

4. Experimental

The 4F15F1 protein (93 residues) was expressed as de-
scribed elsewhere [7] and all NMR measurements were per-
formed at temperature T = 8 �C on a spectrometer
operating at 750 MHz for 1H and the pH of the samples
was adjusted to 5.0. The selective pulses for inversion and
excitation were I-BURP2 and E-BURP2 pulses, respective-
ly [8], with pulse length of 1221 and 1333 ls (bandwidth
�3700 Hz or 4.93 ppm, centered at 8.17 ppm) and maxi-
mum amplitudes 1.72 and 3.08 kHz, respectively. For inver-
sion-recovery experiments, a 1 ms purge gradient was used,
followed by fifteen different recovery delays: 1, 5, 15, 25, 35,
50, 75, 100, 125, 150, 200, 350, 500, 1000, and 1500 ms
(Fig. 2). Longitudinal relaxation fitted well with a single
exponential function in the non-selective case, and no
improvement was detected using a bi-exponential function,
as checked with an F test. In the selective case, a bi-expo-
nential function was necessary to fit the data correctly. Ini-
tial T1 time constants were calculated by fitting the peak
intensities with a single exponential on the first nine delays
(1–125 ms, see Fig. 3). The water flip-back pulse was a time
reversed E-SNOB pulse [13] with pulse length equal to 2 ms
and maximum amplitude of 8.35 kHz (bandwidth = 700 Hz
or 0.93 ppm, centered on water). An acquisition time of
81 ms was used with a data size of 1024 complex points. De-
lay s was set to 2.75 ms (1/4JNH).
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Appendix A

The longitudinal relaxation of a proton spin can be de-
scribed by the Solomon equations

d IAzh i
dt

¼ �Rauto IAzh i � IeqAzð Þ þ Rcross IBzh i � IeqBzð Þ with

Rauto ¼ W 0 þ 2W 1 þ W 2 and Rcross ¼ W 0 � W 2;

d IBzh i
dt

¼ Rcross IAzh i � IeqAzð Þ � Rauto IBzh i � IeqBzð Þ and

IAzh i � IeqAz 6 0; IBzh i � IeqBz 6 0. ð1Þ

The Rauto term contributes to the relaxation towards equi-
librium, while the dipolar Rcross term can either make relax-
ation faster (Rcross is negative when W2>W0 for small
molecules, i.e., sc is short) or slower (Rcross is positive when
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W2 < W0 for larger molecules when sc is long in the ‘‘spin
diffusion limit’’).

For a system with N spins, the relaxation properties have
to be studied using the whole relaxationmatrix withN differ-
ent eigenvalues and eigenvectors. Such a task depends upon
the system geometry and many other parameters which are
beyond the scope of this paper. If one looks at a two spin sys-
tem, however, one can already have a simplified idea about
relaxation behaviours in the selective and non-selective
cases. The relaxation properties can be described by:

d IAzh i
dt

¼ �RA
auto IAzh i � IeqAzð Þ þ Rcross IBzh i � IeqBzð Þ

d IBzh i
dt

¼ Rcross IAzh i � IeqAzð Þ � RB
auto IBzh i � IeqBzð Þ;

ð2Þ

where RX
auto is a phenomenological constant describing the

global longitudinal relaxation properties of spin X, an-
dRcross describes the cross-relaxation term. In the selective
inversion case, hIAzi ¼ �IeqAz and hIBzi ¼ IeqBz initially,
whereas in the non-selective inversion case, the initial con-
ditions arehIAzi ¼ �IeqAz and hIBzi ¼ �I eqBz.

This problem can be solved analytically, using
R ¼ ðRA

auto þ RB
autoÞ=2 and d ¼ ðRA

auto � RB
autoÞ=2; or

RA
auto ¼ Rþ d and RB

auto ¼ R� d, where �R 6 d 6 R. Two
eigenvalues are obtained, i.e., a slow component

ðR�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ R2

cross

q
Þ and a fast component ðRþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ R2

cross

q
Þ.

In the non-selective case

IAzh i ¼IeqAz 1� 1þ d þ Rcrossffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ R2

cross

q
2
64

3
75e� R�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2þR2

cross

p� �
t

0
B@

� 1� d þ Rcrossffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ R2

cross

q
2
64

3
75e� Rþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2þR2

cross

p� �
t

1
CA: ð3Þ

In the selective case

IAzh i ¼IeqAz 1� 1þ dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ R2

cross

q
2
64

3
75e� R�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2þR2

cross

p� �
t

0
B@

� 1� dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ R2

cross

q
2
64

3
75e� Rþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2þR2

cross

p� �
t

1
CA: ð4Þ

If R ¼ RA
auto ¼ RB

auto, d = 0 and Eqs. (3) and (4) can be sim-
plified. In the non-selective case, only the slow component
remains (R � |Rcross|).

IAzh i ¼ I eqAz 1� 2e� R� Rcrossj jð Þt� �
: ð5Þ
In the selective case, the fast component is reintroduced

IAzh i ¼ IeqAz 1� e� R� Rcrossj jð Þt � e� Rþ Rcrossj jð Þt� �
: ð6Þ

In a larger system, one can assume that R ¼ RA
auto ¼ RB

auto,
d = 0, and spin diffusion leads to equal proton polarization
i.e., hIAzi � IeqAz ¼ hIBzi � I eqBz hence both terms relax with a
rate equal to R�Rcross. The relaxation in the selective case
becomes faster and bi-exponential, which is what we ob-
served in our experiments.
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